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Series Preface 

The present multi-volume Book Series, CANCER GROWTH AND PROGRESSION, 
encompasses the widest possible framework of cutting edge research in the field of neoplastic 
pathology and other integrated fields. Normal and pathologic growth is one of the most intensively 
studied yet challenging areas in pathology. Thus the individual volumes in this series focus on the 
topics of highest scientific interest for basic and clinical researchers, pathologists, medical and 
surgical oncologists and allied multidisciplinary teams interested in the study of these aspects of 
neoplastic growth, progression and inhibition. The range of topics covered is extensive, including 
but not limited to autonomous growth characteristics of malignancy, phenomena of progression of 
malignant growth involving the various body systems, and recent advances being made in 
successful neoplastic inhibition and control. 

Cell function may be described as producing progression or regression, often found as 
alternating features in tumors or as variations between normal tissues and tumors. The source of 
regression in normal melanin producing cells may not be the same as in melanomas. These 
functions of living matter persist in all phyla of eumetazoans vascular plants as well as in 
particular species of fungi. However, homo sapiens are the eumetazoan species, which interest us 
the most. 

Normal growth processes cannot be entirely understood in all its diversity until we have a 
thorough knowledge of what constitutes normal growth in various organisms. Complex cellular 
metabolic pathways are the fundamental elements of growth processes with wide variation in 
different tissues and organs subjected to a host of carcinogenic influences. The etiology of 
neoplasms that includes inherent/acquired gene defects, chemical and physical carcinogens, 
radioactive emissions, viruses, bacteria and parasites are too numerous to catalogue. Therefore, it 
would be a challenging task to address every aspect of the diverse processes of neoplastic growth 
and progression.  In order to accomplish this goal in the most practical manner, I have invited a 
highly select team of distinguished authors who are among the most knowledgeable authorities in 
their fields, to share their expertise in various areas of normal and neoplastic growth, progression, 
inhibition and control. 



x Series Preface 

A specific purpose of this Book Series is to provide a broad yet comprehensive review of the 
topics covered that will enrich the reader with the latest and most authentic information at the 
cutting edge of the field from the world authorities that will be of practical utility to a wide range 
of professionals in the field of cancer. I have dedicated all my life to the study, teaching and 
research in cancer. It is my utmost desire to wish you all a great success in your fight against 
cancer. I hope the second edition of this series will serve as a landmark in our continued efforts to 
unravel the complexities of the neoplastic phenomena at the one end and to improve the quality of 
life and minimize the suffering of the patients with cancer on the other! 

Hans E. Kaiser. D.Sc. 
 Series Editor
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Preface

Cell proliferation, apoptosis, invasion, and cellular remodeling are elements in the 
development of normal cells.  It is remarkable how well these intricate processes are controlled.  
During the development of cancer, normal cells develop a number of genetic mutations and 
alterations that alter normal mechanisms such that they no longer are subject to the environmental 
cues that control proliferation, survival, angiogenesis, and invasion.  Thus, a genetically instable 
cell is born “out of control”, and it must struggle vigorously for existence.  Tumor cells are not 
autonomously growing cells.  Rather they are extremely dependent on the host microenvironment 
for their survival.  An early response that ensues after limited in situ proliferation is angiogenesis, 
a reaction that will help to insure survival of a growing nexus of hypoxic tumor cells.  The 
important interactions and interrelationships between the host and the tumor become even more 
vital as the battle between the tumor and host continues.  Ultimately, without intervention, the 
invasive characteristics of the tumor and the ability of the tumor to overcome host defenses will 
prevail, and metastasis will occur.  Once this transpires additional host-tumor interactions take 
place and if the tumor finds the appropriate “soil”, the process starts all over again.  Without 
intervention a metastatic tumor can and does almost always leads to death of the host. 

This book addresses the interactions and interrelationships between tumor and host that 
modulate tumor progression and metastasis.  A continuous theme in the book is highlighting the 
host and tumor processes/signaling mechanisms that control metastasis in order to find new 
therapeutic approaches to control cancer progression.  One promising approach is to target the 
host rather than the tumor itself, and several authors examine the potential for this novel tactic to 
oppress the manipulative cancer cell. 

In Chapter 1 the authors discuss differences in the microenvironment between tumors and 
normal cells and the genomic changes that modulate cell survival, angiogenesis, migration and 
invasion, and metastasis.  They also discuss the possibility of using genes regulated by the 
microenvironment as intrinsic prognostic tumor markers.  Chapter 2 discusses the interactions 
between stromal cells and the tumor microenvironment in angiogenesis and the potential for 
development of novel targeted therapies.  Chapter 3 examines various imaging techniques for 
studying angiogenesis in vivo.  The role of the microenvironment on the molecular mechanisms 
that underlie vasculogenic mimicry and tumor cell transdifferentiation is reviewed in Chapter 4.  
In Chapter 5, the author’s examine the regulatory role of cell adhesion interactions that occur 
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during melanoma development, since they control proliferation, differentiation, migration, 
apoptosis, and vasculogenic mimicry. 

Important mediators of invasion include the matrix metalloproteinases and their inhibitors, and 
their role in remodeling the extracellular matrix and as targets for therapy are evaluated in 
Chapter 6.  It is well known that every organ of the body has its own unique microenvironment, 
and comprehension of this environment is important to finding new approaches to control tumor 
metastasis.  The role of the brain microenvironment in brain metastasis is examined in Chapter 7.  
Influence of the bone microenvironment on breast cancer metastasis is examined in Chapter 8, 
and the interaction between the tumor and liver stroma are reviewed in Chapter 9. 

It is well known that activation of the cellular immune system, at least in animals, can mediate 
tumor rejection; however complete success in humans has been illusive.  The microenvironment 
within the tumor is generally prohibitory to T cell activation and this is reviewed in Chapter 10.  
Inflammation and chemokines play an important role in control of tumor progression.  The role of 
inflammatory mediators and chemokines in breast cancer progression is discussed in Chapter 11.  
The interactions between tumor and host cells mediated by chemokines in the microenvironment 
is examined in Chapter 12, and the specific role of CXCR4, a chemokine receptor, in promoting 
the outgrowth of micrometastasis is reviewed in Chapter 13.   

Energy homeostasis is important to the survival of both host and tumor cells and many of the 
metabolic disturbances that occur during tumor progression could involve the brain.  The role of 
the brain in host defense and survival is understudied, and potential strategies that protect the 
brain from the consequences of tumor growth are discussed in Chapter 14.  Anti-angiogenic and 
pro-apoptotic mechanisms can be triggered by moderate dietary restriction.  In Chapter 15, the 
authors discuss the mechanisms associated with these effects.  The tumor and host interactions 
associated with dietary restriction of specific amino acids that limit invasion and metastasis are 
presented in Chapter 16.

Drug resistance is a major problem encountered by cancer patients during therapy. The 
contribution of tumor microenvironmental factors to drug resistance is reviewed in Chapter 17.  
In Chapter 18, the integrin-mediated mechanisms of drug resistance are reviewed.  Chapter 19 
contains an analysis of the mechanisms involving the microenvironment of the bone and the 
refractoriness of stage D3 prostate cancer to therapy.  In these chapters the possibilities for 
developing new therapeutic approaches to augment chemosensitivity and to develop novel 
therapeutic approaches through targeting the metastatic microenvironment are discussed.   

The local microenvironment and the interface between the tumor and host in the therapeutic 
intervention of cancer are not well understood.  Chapter 20 addresses current and future directions 
to target the tumor and host microenvironment and discusses an important new approach by 
targeting the stroma.  Chapter 21 considers bone stromal cells as targets to eliminate bone 
metastasis.  Lung cancer in particular, metastasizes to several organs.  The therapy of multiple 
organ metastases and the mechanisms underlying organotropism are not understood.  In Chapter 
22, the authors examine through c-DNA-microarray analyses the factors regulating organotropism 
of metastasis in four different organs, and discuss the potential for developing multi-organ, 
molecular targeted, antimetastatic therapy.  Maspin is a novel serine protease inhibitor that 
functions in many steps of tumor progression.  The research progress toward the potential use of 
this inhibitor clinically in anti-cancer therapies is reviewed in Chapter 23.  Metastasis suppressor 
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genes could have a significant impact in controlling metastasis and are unique therapeutic targets.  
In Chapter 24, updated information regarding thirteen defined metastasis suppressor genes is 
reviewed and in Chapter 25, the important host-tumor interactions involving MKK4, a metastasis 
suppressor gene important to prostate and ovarian cancer are reviewed.  Understanding the 
mechanisms underlying the suppression and progression of metastasis by these metastasis 
suppressor genes could ultimately lead to new treatment paradigms. 

The editors would like to thank all the contributing authors for their time and effort in 
preparing the chapters for this book.  We would especially like to acknowledge Dr. Cristina dos 
Santos, the publishing editor from Kluwer Academic Publishers (now Springer Life Sciences – 
Biomedical Unit) for her assistance and especially Ms. Melania Ruiz, her assistant for help with 
formatting the chapters.  Finally the editors are indebted to Mr. Daniel Campbell, Ms. Yvonne 
Rivers, and Ms. Melissa McGraw for their support in editing, proof reading, and general 
assistance in preparing the final versions of the chapters. 

                            Gary G. Meadows 
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Chapter 1 

Microenvironmental Effects on Tumour Progression and Metastasis 

Kårstein Måseide1,2, Tuula Kalliomäki1,2 and Richard P. Hill1,2,3

1Experimental Therapeutics Division, Ontario Cancer Institute/Princess Margaret Hospital, 2Departments of Medical 

Biophysics and 3Radiation Oncology, University of Toronto, 610 University Avenue, Toronto, Ontario, M5G 2M9, Canada 

Abstract: The microenvironment of a tumour differs significantly from that of a normal tissue due to abnormal 
vasculature and altered cellular metabolism in tumours.  Microenvironmental conditions in tumours, which 
include hypoxia, acidity, nutrient deprivation and high interstitial fluid pressure, have been associated with 
metastatic tumour progression both experimentally and clinically. The mechanisms by which this occurs are 
believed to include genomic instability, changes in gene expression levels and microenvironment-mediated 
selective pressure. These genomic changes modify cell survival and growth during the angiogenic, migratory 
and invasive stages of tumour progression and metastasis. This chapter summarises the data examining links 
between tumour microenvironment and metastasis and discusses the possibility of using 
microenvironmentally regulated genes as intrinsic prognostic markers.

Key words: Tumour microenvironment, hypoxia, acidity, IFP, nutrient deprivation, genomic instability, metastasis and 
prognostic markers, Apoptosis, angiogenesis, tumour progression, gene expression, intravasion, extravasion, 
ECM, epigenetic, VEGF, melanoma, fibrosarcoma, cervical carcinoma, lung carcinoma, lymphatic 
metastasis, head and neck carcinoma, soft tissue carcinoma, soft tissue sarcoma, rectal adenocarcinoma, oral 
squamous cell carcinoma, breast carcinoma, apoptosis, genomic stability, UPAR, UPA, TIMP, C-MET, 
AMF, chemokine, ovarian cancer, bladder cancer carcinoma, pancreatic carcinoma, colorectal carcinoma, 
gastric, non-small cell lung, plasminogen activator inhibitor, osteopontin

1. INTRODUCTION 

As tumours grow they tend to progress to a more 
aggressive phenotype and to spread to distant 
organs, a process known as metastasis. This is a 
major cause of treatment failure and death in cancer 
patients. Tumour progression involves a series of 
genetic and epigenetic changes in the tumour cells 
that occur at increased frequency because of 
genomic instability. This results in heterogeneity in 
the genomic and phenotypic properties of the cells 
from different tumours and even between the cells 
within a single tumour. Although there is uncertainty 
about the mechanisms by which tumour cells can 
acquire genomic instability, there is wide agreement 

that most tumour cells possess a significant number 
of genomic changes. The microenvironment of cells 
in tumours involves both the immediate interactions 
with surrounding cells and extracellular matrix, and 
exposure to pathophysiological conditions, such as 
low oxygen tension (hypoxia), low glucose 
concentrations, high lactate concentrations, low 
extracellular pH (acidity) and high interstitial fluid 
pressure that can vary between different tumour 
regions. There is increasing clinical and 
experimental evidence that the pathophysiological 
tumour microenvironment plays an important role in 
tumour progression. This chapter provides an 
overview of this evidence and discusses 
experimental studies that are shedding light on the 

G. G. Meadows (ed.), Integration/Interaction of Oncologic Growth, 1-22.
© 2005 Springer. Printed in the Netherlands.  



2 Chapter 1 

underlying mechanisms, with an emphasis on 
epigenetic factors. 

2. THE TUMOUR 

MICROENVIRONMENT AND 

METASTASIS – CLINICAL AND 

EXPERIMENTAL STUDIES 

The pathophysiological microenvironment of 
cells in solid tumours is complex, primarily because 
of the structural and functional abnormalities of the 
vasculature in tumours. The blood vessels that 

develop during tumour neoangiogenesis often have 
highly irregular architecture that includes such 
features as blind ends, arterio-venous shunts and 
high angle branching patterns. They can also lack 
smooth muscle and enervation, and may have an 
incomplete endothelial lining and basement 
membrane, which makes them more permeable than 
vessels in normal tissues. The result is a 
heterogeneous tumour microenvironment 
characterized by regions of hypoxia, low glucose 
concentrations, high lactate concentrations, acidity 
and high interstitial fluid pressure (Figure 1). 

Figure 1. Illustration of the tumour microvasculature. Whereas normal tissues have relatively uniform blood vessels that are 
sufficiently close together to supply all of the tissue with oxygen and other nutrients, tumour blood vessels are tortuous and 
have sluggish and irregular blood flow. Consequently, tumours have regions of hypoxia, nutrient deprivation, build-up of 
catabolic products and acidity. Hypoxia might occur as a result of diffusion limitations at a distance from blood vessels 
(chronic hypoxia) or adjacent to temporarily closed vessels (acute hypoxia). Modified from Brown (1).  

2.1 Hypoxia 

Regions of low oxygen tension (pO2), or 
hypoxia, are found in most solid tumours. The extent 
of hypoxic regions is heterogeneous even amongst 
tumours of identical histopathological type, and does 
not correlate with standard prognostic factors such 
as tumour size, stage and grade (2, 3). Although the 
definition of hypoxia depends on the effect being 
studied and varies between different studies, pO2 < 
10 mmHg is generally considered to be associated 
with changes in the expression of a number of genes 
and has also been associated with poor prognosis in 

a number of clinical studies. A significant proportion 
of tumour cells are in hypoxic regions beyond the 
maximum diffusion distance of oxygen from a 
capillary. This distance is usually in the range 50-
150 µm, depending on the pO2 in the capillary and 
on the oxygen consumption rate of the surrounding 
cells in the tumour (Figure 1). These cells may be 
exposed chronically to low oxygen tensions (chronic 
hypoxia) for hours to days. Tumour hypoxia can also 
occur transiently due to the substantial instability in 
microregional blood flow and tissue oxygenation 
that can occur in animal and human tumours. These 
fluctuations are thought to be due to transient 
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occlusion and narrowing of vessels and to arteriolar 
vasomotion. Also, the abnormal architecture of the 
vascular system itself may produce variations in red 
cell flow. High interstitial fluid pressure may further 
exacerbate the situation. This blood flow instability, 
in the context of an already poorly organized and 
regulated vascular system, can produce short-term 
(5-60 minutes) fluctuations in oxygenation (acute 
hypoxia) in substantial volumes of solid tumours (4). 

Since the early 1980s the Eppendorf pO2 
histograph has been available for clinical 
measurement of tumour oxygenation in patients. As 
a result, there have been an increasing number of 
clinical studies of tumour oxygenation. These 
studies have all demonstrated the presence of 
regions with low levels of oxygen in human tumours 
(Figure 2a). Many of these studies have also 
provided evidence for a negative impact of tumour 
hypoxia on treatment outcome in several tumour 
types, including soft tissue sarcoma, cervical 
carcinoma, and head and neck carcinoma (Table 1). 
Höckel et al. (20) demonstrated that tumour hypoxia 
was a poor prognostic factor in cervical carcinoma 
regardless of whether patients were treated with 
radiotherapy or with surgery alone, suggesting that 
hypoxia might be associated with poorer treatment 
outcome independently of its effect on reducing 
radiation sensitivity (21). Similarly, an association 
was found between hypoxia and metastatic disease 
in soft tissue sarcoma (22). Most of these studies 
involved radiotherapy with or without chemotherapy 
and surgery, and they demonstrated the predictive 
value of pre-treatment pO2 measurements for both 
local and distant (metastatic) relapse. 

A link between hypoxia and metastasis has also 
been demonstrated in experimental tumour models 
as discussed in a number of recent reviews (23-25). 
For example, a relation between pO2 levels of small 
primary tumours and micrometastases was found in 
the highly metastatic KHT murine fibrosarcoma 
when grown intramuscularly in mice. Furthermore, 
exposure of murine KHT cells, SCC-VII cells and 
B16F10 melanoma cells to hypoxia in vitro for 18-
24 hrs followed by 18 hr reoxygenation resulted in 
an enhanced number of lung metastases when the 
cells were injected intravenously into mice. Notably 
this effect was transient, suggesting a potential role 
for regulation of gene expression. Recent results 

have identified that in KHT cells, the mouse double 
minute 2 (Mdm2) gene is transiently up-regulated by 
hypoxic exposure independently of p53, and that 
transient over-expression of Mdm2 protein in 
oxygenated KHT cells can increase their metastatic 
potential26. An increase in the number of metastases 
was also observed in nude mice when D-12 human 
melanoma cells were injected intravenously after a 
24 hr hypoxia treatment in vitro. In this study the 
increase in metastases was observed without any 
period of reoxygenation and was found to be 
associated with a simultaneous induction of vascular 
endothelial growth factor (VEGF) secretion and 
enhanced angiogenic potential. No effect of hypoxic 
exposure was observed in A-07 melanoma cells, 
which have a constitutively high VEGF level. Taken 
together these data suggest a role of hypoxia in 
enhancing the metastatic potential of tumour cells, 
but they also suggest that this effect may occur 
through different mechanisms in different cell types. 

Currently there is no method to routinely 
measure and discriminate between chronic and acute 
hypoxia in tumours. Consequently, the extent of 
chronic versus acute hypoxia in human tumours and 
their respective importance for clinical outcome is 
unknown. Clinical studies have suggested a 
correlation between proteins that are regarded as 
markers of chronic hypoxia (see section 5) and 
metastases in cervical carcinomas (9, 27). 
Experimental studies using the D-12 human 
melanoma xenografts have shown that vascular hot 
spots were induced in foci of chronic hypoxia and 
associated with subsequent spontaneous lung 
metastasis formation (28). Other studies exposing 
mice bearing KHT murine fibrosarcomas or ME180 
human cervix carcinomas to cycles of low oxygen 
breathing (12 cycles of 10 min @ 7% O2 followed 
by 10 min air) every day during tumour growth 
resulted in an enhanced number of microscopic lung 
metastases or lymph node metastasis respectively 
(29, 30), while no such effect was seen after daily 
chronic treatment (2 hr @ 7% O2) of KHT-bearing 
mice. Since the tumours became severely hypoxic 
during the low oxygen part of these breathing cycles, 
these data suggest a role for acute hypoxia in the 
development of both blood-borne and lymphatic 
metastasis. 
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Figure 2. Levels of oxygenation (pO2), pH and interstitial fluid pressure (IFP) in human tumours (dark bars) and normal 
tissues (light bars). (a) Ranges of median pO2 values for individual patients5-11. (b) Ranges of pH values found in 
extracellular (pHe) and intracellular (pHi) spaces12-15. (c) Ranges of IFP values16-19. Overall medians are indicated with 
a vertical line in each panel. 

2.2 Acidity 

Initial measurements of pH in patients used 
needle-sheathed probes inserted into the tissue of 
interest and primarily recorded the pH of the 

extracellular space (pHe). Such measurements have 
demonstrated severe acidity in many tumours and 
mildly alkaline levels in normal tissues (Figure 2b). 
Tumour acidity is likely due to the accumulation of 
lactic acid and/or carbonic acid, resulting from 
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enhanced production of these acids by glycolysis 
and hydration of carbon dioxide, respectively, and/or 
insufficient removal by the abnormal vasculature 
and lymphatic drainage (31). Intracellular pH (pHi),
measured by magnetic resonance spectroscopy 
(MRS), is usually found to be mildly alkaline in 
tumours and neutral in normal tissues (32). 
Maintenance of pHi within a physiologically normal 
range is critical to ensure proper function of 
intracellular proteins and preservation of genomic 
integrity of a cell. It requires the activity of several 
energy-dependent cellular transmembrane ion 
pumps and ports, such as Na+/H+ 
antiporter/exchanger and HClO3-/Cl- exchanger, the 
concentration and activity of which vary with pHe 
and between cell lines. 

There is relatively sparse clinical information 
about the relation between tumour acidity and 
metastasis. Studies using an enzymatic 
bioluminescent technique demonstrated that elevated 
tumour lactate levels were associated with increased 
metastatic disease and reduced survival in patients 
with head and neck, cervical and rectal carcinoma 
(Table 1). However, lactate concentrations in the 
metastatic and non-metastatic patient groups 
overlapped, suggesting that elevated tumour lactate 
concentration alone is not sufficient for induction of 
metastasis. Tumour acidity might potentially be 
associated with regions of hypoxia since both 
parameters are linked to metabolism and the 
abnormal vascular network. Indeed, experimental 
studies have indicated a correlation of hypoxia with 
pHe and lactate concentrations, although local pO2 
and pHe gradients around individual microvessels 
showed no close correlation (33, 34).  

Experimental studies have demonstrated that 
murine KHT and B16F1 tumour cells grown at 
acidic conditions (pH = 6.5 for 1-2 days) in vitro and 
injected intravenously into mice form more lung 
metastases than cells cultured at physiologic pH (pH 
= 7.4) (35,36). However, a recent study showed that 
exogenously induced acidification of KHT and 
B16F1 solid tumours (pH = 6.9) had no effect on the 

number of spontaneous lung metastases (37). It 
remains unknown whether tumour hypoxia and 
acidity promote metastasis by different mechanisms. 

2.3 Glucose and nutrient deprivation  

Many tumours have a higher demand for glucose 
than normal tissues, as demonstrated by increased 
uptake of (18)-F-2-deoxy-2-fluoro-D-glucose (FDG) 
imaged by positron emission tomography (PET). 
The high glucose demand by tumour cells is likely 
due to a preferential use of glycolysis in the 
generation of cellular energy. Tumour cells have 
been demonstrated to use glycolysis even under 
well-oxygenated conditions (Warburg effect), in 
contrast to normal cells, which use glycolysis only 
under anaerobic conditions, thus amplifying the 
imbalance of nutrient supply and demand (55).  

Low glucose levels in tumours have been linked 
to metastasis both clinically and experimentally. 
Experimental studies with KHT, B16F1 and SCC 
VII murine tumour cells cultured in glucose-
deficient medium for 1-2 days followed by recovery 
in glucose-supplemented medium for 0-2 days 
demonstrated a significantly increased lung 
colonization ability when the cells were injected 
intravenously into mice (35, 36). Increased glucose 
uptake and reduced glucose concentration in 
tumours have been shown to be poor prognostic 
factors in patients with carcinomas of the head and 
neck, oral cavity, breast and rectum, but not of the 
cervix. Interestingly, no correlation was found 
between tumour ATP concentration and survival 
(Table 1), even though clinical data suggest a 
correlation between ATP, glucose and lactate 
concentrations in cervical carcinoma (41). Hypoxia-
inducible glucose transporter-1 (Glut-1) correlates 
with hypoxia in cervical carcinoma, but other 
clinical and experimental studies have not found 
consistent correlations between levels of hypoxia 
and glucose uptake or Glut-1 expression in tumours 
(27, 56, 57). 
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Table 1. Association between microenvironmental parameters measured at the time of diagnosis and clinical outcome. 
Abbreviations used are: ATP: adenosine triphosphate, IFP: interstitial fluid pressure, DFS: disease-free survival, DSS: 
disease-specific survival, DM: distant metastasis, DMFS: distant metastasis-free survival, LRC: loco-regional control, 
LRLNM: loco-regional lymph node metastasis. The clinical end-points DFS, DMFS, DSS and LRC refer to analysis of 
time-dependent follow-up data (Kaplan-Meier), while DM and LRLNM refer to correlation analysis between studies 
reporting overall survival only are excluded from this table. Studies marked with an asterisk were performed on the same 
patient population. 

Parameter Treatment Association Reference 

    
Cervical carcinoma

Hypoxia Radiation or surgery ↓ DFS  20 
Hypoxia  Radiation ↓ DFS  38 
Hypoxia Radiation ↓ DFS, ↓ LRC  39 
Hypoxia  Radiation ↓ DFS, ↓ DMFS    40* 
Lactate Radiation ↓ DFS, ↑ DM  41 
Glucose Radiation − DFS, − DM  41 
ATP Radiation − DFS, − DM  41 
IFP Radiation ↓ DFS, ↓ DMFS    42* 
   
Head and neck carcinoma

Hypoxia Radiation +/- radiation sensitizer ↓ LRC  43 
Hypoxia Radiation +/- chemo ↓ DFS, ↓ LRC  44 
Hypoxia Radiation − LRC  45 
Hypoxia Radiation +/- radiation sensitizer ↓ LRC  46 
Hypoxia Radiation +/- chemo ↓ DSS  47 
Lactate Radiation ↑ LRLNM  48 
Lactate Radiation or surgery + radiation ↓ DMFS  49 

   
Head and neck carcinoma

Glucose Radiation − LRLNM  48 
Glucose uptake Surgery +/- radiation or radiation 

+/- chemo 
↓ DFS, ↓ LRC  50 

ATP Radiation − LRLNM  48 
   
Soft tissue sarcoma

Hypoxia Radiation + surgery + hyperthermia ↓ DMFS  22 
Hypoxia Surgery +/- pre- or postoperative 

radiation
↓ DSS  51 

   
Rectal adenocarcinoma

Lactate Surgery ↑ DM  52 
Glucose Surgery ↓ DM  52 
ATP Surgery − DM  52 
   
Oral squamous cell 

carcinoma

Glucose uptake Radiation + chemo + surgery  ↓ DSS, ↓ LRC  53 
   
Breast carcinoma 

Glucose uptake Surgery +/- endocrine +/- chemo ↓ DFS  54 
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2.4 Interstitial fluid pressure 

Interstitial fluid pressure (IFP) is elevated in 
many human tumours including head and neck, 
breast, colorectal and cervical carcinoma, and 
metastatic melanoma (Figure 2c). Elevated IFP in 
tumours is a consequence of the abnormal tumour 
vasculature (reviewed by Milosevic (58). Tumour 
vessels are hyperpermeable with low resistance to 
transcapillary fluid flow and are of highly variable 
size and organization, resulting in high resistance to 
capillary blood flow. Hence, the microvascular 
hydrostatic pressure can drive fluid from the blood 
vessels into the tumour interstitium. Tumours 
generally have impaired lymphatic drainage due to 
incompletely formed or compressed lymphatic 
vessels, and as a result, fluid will accumulate and 
distend the extracellular matrix. The resulting 
elevated IFP may have severe consequences for the 
delivery and distribution of therapeutic 
macromolecules (59).  

High pretreatment IFP was reported to be a poor 
prognostic factor for disease-free survival and 
distant relapse (metastases) in cervical carcinoma 
patients treated with radical radiotherapy (Table 1). 
However, there was no correlation between IFP and 
lymph node metastasis at diagnosis similar to the 
findings of a smaller study in breast cancer patients 
(60). There was no correlation between tumour 
hypoxia (Eppendorf pO2 measurements) and IFP in 
the cervix study, and similarly no correlation has 
been observed between such measurements in 
experimental tumours (58). Such a correlation could 
have been expected since both IFP and pO2 are 
closely related to the structural and functional 
abnormalities of the vascular network, and high IFP 
is believed to cause vessel narrowing that can reduce 
blood red cell flow.  

A recent experimental study showed that high 
tumour IFP was associated with the development of 
pulmonary and lymph node metastases in A-07 
human melanoma xenografts (61). These tumours 
were not hypoxic, suggesting that high IFP might 
promote metastasis by mechanisms independent of 
tumour hypoxia, possibly by facilitating tumour cell 
intravasation (see Section 4). The IFP drops 
dramatically at the periphery of solid tumours 
towards the normal tissue, creating a fluid flow out 

of the tumour tissue that could assist peripheral 
tumour cells to migrate towards functional 
lymphatics (62). 

3. TUMOUR PROGRESSION 

MEDIATED BY THE 

MICROENVIRONMENT

As described above, both clinical and 
experimental studies have suggested a causal link 
between tumour hypoxia, acidity, or IFP, and 
metastatic potential. There are several mechanisms 
by which tumour microenvironmental factors may 
contribute to tumour progression as illustrated in 
Figure 3. Tumour cells from adverse 
microenvironments may acquire a number of 
genomic changes and exposure to these conditions in 
tumours may induce gene expression changes by 
activating transcription factors or specific signal 
transduction pathways. The tumour 
microenvironment may also enable preferential 
survival of tumour cells expressing specific 
phenotypic changes under the adverse conditions 
encountered in that environment, possibly leading to 
a more aggressive tumour. These mechanisms of 
tumour progression are discussed in more detail 
below.  

3.1 Genomic instability 

In contrast to normal cells where a damaged 
genome is usually deleted through apoptosis or 
restored through repair pathways, tumour cells 
commonly harbour multiple mutations. The types of 
mutations include a variety of chromosomal 
aberrations, such as aneuploidy, translocations, 
amplifications and loss of heterozygosity, as well as 
smaller alterations such as insertions, deletions and 
base changes. Hypoxia and nutrient deprivation of 
cells in vitro have been shown to increase the 
number of mutations. Repeated rounds of hypoxia-
treatment in vitro generated mutation spectra 
resembling those found in solid tumours (63). One 
mechanism by which this may occur is via reactive 
oxygen or nitrogen species (ROS/RNOS), i.e. 
superoxide radical (O2.-), hydrogen peroxide 
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(H2O2), hydroxyl radical (.OH), hydroperoxyl 
radical (HO2.) and peroxynitrite (ONOO-), and their 
interaction with cellular macromolecules, such as 
DNA and lipids.

In the absence of adequate anti-oxidant 
responses to ROS-mediated oxidative stress, more 
than 40 different DNA adducts can be formed by 
ROS interaction with DNA. One of the best-studied 
lesions, 8-hydroxy-2’-deoxyguanosine (8-OHdG), is 
mutagenic and causes G:C to T:A transversions by 
preventing accurate DNA template reading by 
polymerases (64). ROS may also attack 
polyunsaturated membrane lipids causing an 
oxidising chain reaction and the generation of 
secondary mutagenic end products such as 
malondialdehyde (MDA), which in turn can form 
adducts with DNA (65). ROS can also contribute to 
tumour progression by inactivating tumour 
suppressor genes such as p53 or by activating 
oncogenes, such as c-FOS, c-JUN and c-MYC, or 
transcription factors such as nuclear factor B (NF-

B), activator protein 1 (AP-1) and hypoxia-
inducible factor-1 (HIF-1) (66, 67). ROS can 
function as signaling molecules and induce 
expression of growth factors, such as VEGF and 
interleukin-8 (IL-8), or activate proteinases, such as 
matrix metalloproteinase-2 (MMP-2) (68). 
Alternatively, ROS and acidic pH may contribute to 
tumour progression by reacting with and inactivating 
proteins, including DNA repair proteins. Diminished 
repair of UV-induced DNA damage has been 
demonstrated in cells exposed to hypoxic and acidic 
culture conditions, and hypoxia has been shown to 
decrease the expression of two mismatch repair 
(MMR) proteins, MutL protein homolog-1 (MLH1) 
and postmeiotic segregation increased 2 
(PMS2)(69,70). 

The tumour microenvironment may also enhance 
genomic instability and promote tumour progression 
by selecting for genetic cell variants that have a 
survival advantage under the adverse 

microenvironmental conditions. Hypoxia has been 
identified as a selective pressure for MMR-deficient 
colorectal cell populations that had increased 
mutation frequencies (71). It has also been 
demonstrated that exposure of some transformed 
cells to hypoxia in vitro induces apoptosis, but that 
repeated cycles of hypoxia and reoxygenation can 
select for cells with mutated p53 that are resistant to 
apoptosis. A spatial correlation was observed 
between hypoxic and highly apoptotic regions in p53 
wild-type tumours grown in mice, whereas few 
apoptotic cells were seen in hypoxic regions of p53-
deficient tumours (72, 73). Apoptotic cell death has 
also been reported to depend on p53 under acidic 
conditions in vitro (74), which may suggest a growth 
advantage for p53 deficient cells under acidic 
conditions in vivo.

The role of oxidative stress in tumour 
progression is supported by clinical studies 
demonstrating decreased antioxidant responses in 
certain human tumours relative to normal tissues, 
increased plasma MDA concentration in patients 
with metastatic versus non-metastatic disease and 
increased hydroxyl radical-induced DNA damage in 
metastatic versus non-metastatic breast tumours 
(75,76). Clinical data have also linked low apoptotic 
index and pronounced hypoxia to a high probability 
of lymphatic spread and recurrence in a group of 
cervical carcinoma patients (77). However, no 
correlation was found between tumour oxygenation 
and p53 status in soft tissue sarcoma patients even 
though hypoxia was a poor prognostic factor and 
potentially linked to metastatic spread (51). 
Interpretation of these observations is complicated 
by studies demonstrating an absence of DNA 
damage despite increased oxidative stress and by 
studies showing a lack of correlation between DNA 
adduct levels and mutagenicity (78, 79). Such data 
highlight the importance of interactive mechanisms 
controlling DNA repair, antioxidant levels and 
cellular proliferation rates. 
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Figure 3. Schematic illustration of possible effects of the tumour microenvironment on malignant progression and 
metastasis. Microenvironmental conditions in tumours can lead to gene expression changes that will improve tumour cell 
survival. Alternatively, the tumour microenvironment may generate reactive oxygen or nitrogen species (ROS/RNOS) in 
excess of neutralizing anti-oxidants and damage repair proteins leading to macromolecule damage, which in the absence of 
functional repair and damage removal mechanisms induces genomic instability. Apoptosis preserves genomic stability 
therefore, its inhibition may promote genomic instability. 

3.2 Gene expression 

Although global protein synthesis is reduced in 
cells exposed to hypoxia, there is evidence that a 
number of genes are specifically up-regulated under 
hypoxic conditions both in normal and malignant 
cells, either through transcriptional activation or 
through post-transcriptional modifications. These 
responses promote cell adaptation to the adverse 
microenvironment, and thus promote essential 
functions for cell survival and growth under such 
conditions. Some of these genes may be involved in 
metastasis as discussed in Section 4. One of the key 
hypoxia regulatory transcription factors is HIF-1, 
which regulates more than 60 target genes involved 
in angiogenesis, metabolism, proliferation and 
survival (80). HIF-1 is a heterodimer composed of 
HIF-1α and HIF-1β subunits. While the HIF-1β

protein subunit is constitutively expressed, the HIF-
1α protein subunit is negatively regulated under 
normoxic conditions through several post-
translational modifications. First, under oxygenated 
conditions proline residues 402 and 564 are 
hydroxylated by oxygen-dependent prolyl 
hydroxylases. This modification facilitates the 
binding of the von Hippel-Lindau (VHL) tumour 
suppressor protein (an E3 ubiquitin ligase) that 
targets the HIF-1α protein for ubiquitylation and 
proteosomal degradation. Second, acetylation of 
lysine 532 by acetyltransferase stimulates HIF-1
degradation by inducing its interaction with VHL. 
Third, oxygen-dependent hydroxylation of 
asparagine 803 by aspargyl hydroxylase/factor 
inhibiting HIF-1 (FIH-1) sterically inhibits the 
interaction of HIF-1α with its co-activator 
CBP/p300 and prevents the initiation of 
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transcription. Finally, HIF-1 stability is regulated by 
several non-hydroxylase proteins, such as Hsp90, 
Cdc42, Rac1 and RhoA, of which the latter is also 
ROS-inducible (81).  

The response of HIF-1α protein levels in cells to 
changes in oxygen levels is rapid with stabilization 
by hypoxic exposure and a half-life upon 
reoxygenation of a few minutes (81). The maximal 
protein levels are achieved at oxygen concentrations 
of 0.5% O2 (∼ 3.8 mmHg). HIF-1  can also be 
activated by ROS, lactate, cytokines and growth 
factors. Epidermal growth factor (EGF), basic 
fibroblast growth factor (bFGF) and insulin-like 
growth factors (IGF) act through a mitogen-
activated protein kinase (MAPK) cascade resulting 
in increased HIF-1  transcriptional activity, or 
through a phosphatidyl inositol 3-kinase (PI3K) 
cascade leading to increased HIF-1  protein 
synthesis. In tumours, HIF-1 may also be activated 
as a result of the inactivation of the VHL gene (renal 
tumours) or by activation of oncogenes such as Ras

or Src, which can up-regulate the MAPK or PI3K 
pathways. 

Transcriptional regulation occurs by HIF-1 
binding in a sequence-specific manner to hypoxia 
responsive elements (HRE) in target genes. 
Although stabilization of HIF-1α protein can up-
regulate downstream genes such as VEGF, the 
constitutive HIF-1α mRNA levels can vary between 
different cell lines and might be of importance for 
the early induction of hypoxia-regulated genes and 
for the development of metastatic disease (82). 
However, the exact role of HIF-1 in tumour 
development is unclear. Some studies have reported 
reduced growth in allografted tumours from HIF-1α
and HIF-1β deficient cell lines, but others have 
reported opposite findings (80). Immunohistological 
analysis has shown an over-expression of HIF-1α in 
many human cancers and their metastases. HIF-1α
has also been associated with poor outcome in many, 
but not all studies of human cancers (Table 3, 
Section 5). Although HIF-1 is a key regulator of 
gene expression under hypoxic conditions, other 
stress-responsive transcription factors have also been 
shown to be up-regulated by hypoxia, such as AP-1, 
NF-κB, early growth response-1 (Egr-1), specificity 
protein-1 (SP-1), cyclic AMP-response-element-

binding protein (CREB), p53, CAAT enhancer 
binding protein-β (C/EPB)-β and activating 
transcription factor-4 (ATF-4)(83,84).

4. THE METASTATIC PROCESS – 

ROLE OF THE TUMOUR 

MICROENVIRONMENT

The process of metastasis is often described as a 
series of stages that include invasion of tumour cells 
from the primary tumour into blood or lymph 
vessels, survival of the cells in the circulation, arrest 
in the capillary bed of a secondary organ, 
extravasation from the vessel into the surrounding 
tissue of the secondary organ and proliferation of the 
cells in the secondary organ (Figure 4). Each of 
these stages involves interactions between the 
tumour cells and the host. The molecular 
mechanisms involved in these stages are diverse, but 
the factors that are generally accepted to play 
important roles include cell-cell and cell-matrix 
adhesion, degradation of extracellular matrix by 
proteinases, survival in the circulation, and the 
initiation and maintenance of early growth at new 
sites.

4.1 Intravasation and extravasation 

To metastasize, a tumour cell needs to invade a 
blood or lymphatic vessel, a process known as 
intravasation. The tumour cell has to migrate 
through the extracellular matrix and transverse the 
basement membrane. This involves the processes of 
detachment, mediated by adhesion proteins 
responsible for cell-cell and cell-matrix interactions 
such as cadherins and integrins, migration mediated 
by chemokines, and degradation of the extracellular 
matrix mediated by a number of proteinases and 
their inhibitors. Many of these molecules can be 
regulated by the hypoxic or acidic 
microenvironment, suggesting a direct role of the 
microenvironment in invasion (86, 87). 
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Figure 4. The metastatic process. Indicated are groups of genes that are known to be regulated by the tumour 
microenvironment. Modified by R.A. Cairns from Chambers et al. (85). 

A number of proteinases that have been 
implicated in invasion and metastasis, have been 
found to be regulated by the tumour 
microenvironment (Table 2). Plasmin, a serine 
protease that is formed by activation of plasminogen 
by the plasminogen activators, tPA and uPA, is often 
found in tumours as a result of vascular 
hyperpermeability. It facilitates tumour cell 
migration and invasion by degrading fibrin and other 
matrix proteins and by activating MMPs. The 
plasminogen activator uPA binds to a receptor, 
uPAR, on the tumour cell surface and can localize 
the activity of plasmin to the local tumour cell 
microenvironment. Recently uPAR has been shown 
to be up-regulated by hypoxia resulting in enhanced 
invasion and the promotion of lymph node 
metastasis (88, 89). Hypoxia-induced up-regulation 
of MMP-9 and down-regulation of tissue inhibitor of 
metalloproteinase-1 (TIMP-1) was demonstrated to 
be associated with enhanced invasion by MDA 

MB231 breast carcinoma cells in vitro, suggesting 
that hypoxia can modify tumour cell invasiveness by 
regulating the balance between proteinases and their 
inhibitors. 

There is also evidence that hypoxia might have a 
role in enhancing cell motility. Hepatocyte growth 
factor (HGF) is a cytokine involved in normal and 
neoplastic cell growth. Its biological effect is 
mediated by a tyrosine kinase receptor encoded by 
the c-MET proto-oncogene, which is over-expressed 
in several types of cancer. Recently it was shown 
that hypoxia sensitizes cells to HGF stimulation by 
up-regulating the c-MET receptor, resulting in cell 
migration and extracellular matrix invasion in vitro 

(90). Also, autocrine motility factor (AMF) has been 
reported to be up-regulated by hypoxia, resulting in 
enhanced random motility of pancreatic cancer cells 
(91). Tumour cells may home to specific target 
organs by the expression of certain chemokines or 
their receptors. The chemokine C-X-C receptor type 
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4 (CXCR4) has been reported to be up-regulated by 
hypoxia via HIF-1, and was associated with poor 
disease-specific survival in renal cell carcinoma 
(92,93). This receptor has also been associated with 
metastasis in other tumour types such as colon and 
breast carcinoma. Similarly, nutrient deprivation and 

acidic pHe have been reported to increase motility 
and invasiveness of human tumour cells through 
PI3K-dependent inhibition of the pHi-regulating 
Na+/H+ exchanger and activated MMPs, 
respectively (94,95). 

Table 2. Metastasis- or invasion-associated genes or gene products regulated by the tumour microenvironment. Referenced 
are experimental studies showing an association between the gene or gene product and the microenvironment in vivo or in 
vitro.
Gene ID Gene name Regulation Reference 

   
Intravasation/

extravasation 

   

MMP-9 Matrix metalloproteinase-9 Hypoxia, acidity  96,97 
TIMP-1 Tissue inhibitor of 

metalloproteinase-1
Hypoxia  97 

uPAR Urokinase type plasminogen 
activator receptor 

Hypoxia  88,89 

PAI-1 Plasminogen activator inhibitor-1 Hypoxia   98
c-MET Hypoxia  90 
AMF Autocrine motility factor Hypoxia  91 
CXCR4 C-X-C receptor type 4 Hypoxia  92,93 
CatB Cathepsin B Hypoxia, acidity  99,100 

Survival and growth 

Mdm2 Mouse double minute 2 Hypoxia  26 
ILK Integrin-linked kinase Hypoxia  101 
OPN Osteopontin Hypoxia  102 

Angiogenesis

VEGF Vascular endothelial growth factor Hypoxia, acidity, nutrient 
deprivation

 103,104 

IL-8 Interleukin-8 Hypoxia, acidity, nutrient 
deprivation

 28,104-106 

ANG Angiogenin Hypoxia  107 
bFGF Basic fibroblast growth factor Hypoxia  108 
PD-ECGF Platelet derived endothelial cell 

growth factor 
Hypoxia, acidity  109 

4.2 Survival and growth 

Only a small proportion of tumour cells released 
into the circulation form macroscopic metastases, 
thus the efficiency of metastasis is low. Cells may be 
destroyed in the circulation either by the immune 
system, by hemodynamic forces, or stress-induced 
apoptosis. Cells can arrest due to size constraints or 
by attachment to the vascular wall at the secondary 
site, which is usually the first capillary bed they 
encounter. It has been generally thought that the 

ability of tumour cells to extravasate is an important 
limiting step in metastasis formation (85), although 
some studies have indicated that micrometastases 
can form in blood vessels without initial 
extravasation (110, 111). Furthermore, intravital 
microscopy studies have shown that, for some 
tumour cells, extravasation can be efficient, allowing 
for most of the cells (> 80%) that enter the 
circulation to move from the vasculature into the 
interstitial space. On the other hand, only a small 
proportion of these cells were found to initiate cell 
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division to form micrometastases, and only a 
proportion of these became vascularized and grew 
into macroscopic metastases (85). These data 
indicate that growth after extravasation can be a 
critical limiting factor in metastatic spread. Recently 
CXCR4, which can be induced by hypoxia, was 
identified as one factor required for the outgrowth of 
colon carcinoma micrometastasis in the lung (112). 

Apoptosis can be an important determinant for 
metastatic inefficiency, as a significantly higher 
number of apoptotic cells was demonstrated among 
cells arrested in the lung following intraveneous 
injection of a low-metastatic versus a high-
metastatic cell line (113). Although hypoxia can 
induce apoptosis through both HIF-mediated and -
independent pathways (114), hypoxia and acidic 
pHe may also select for cells with diminished 
apoptotic potential that have a survival advantage as 
discussed in Section 3. Apoptotic resistance of 
hypoxic cells can be mediated by several 
mechanisms, such as up-regulation of inhibitor of 
apoptosis protein-2 (IAP-2), or up-regulation of 
telomerase activity (115,116). Recent data suggest 
that hypoxia-induced resistance to apoptosis might 
be an important mechanism for the enhanced 
number of lung metastases observed after 
intravenous injection of hypoxia-pretreated KHT 
tumour cells. This effect was mediated through 
increased expression of the Mdm2 gene, 
independently of p53 (26).  

Another reason for metastatic inefficiency is lack 
of growth (dormancy) of solitary tumour cells or, in 
small microscopic lesions, a balance between cell 
proliferation and cell death (117). Growth of tumour 
cells at a metastatic site requires the presence of 
growth factors either produced by the tumour cells 
(autocrine) or present in the surrounding tissue. 
Inhibitory factors may also be present in the tissue. 
Thus, tumour growth is a result of a positive 
interaction between the tumour cell phenotype and 
the tissue in which the tumour is growing (85). A 
number of metastasis suppressor genes have been 
identified that can suppress growth at a secondary 
site without suppressing primary tumour growth 
(118). The role of the tumour microenvironment, if 
any, in regulating these metastasis suppressor genes 
remains unknown. Recent work has suggested that 
proteases, such as those involved in intra- and 

extravasation, may play an additional role in 
metastasis by facilitating the release of growth 
factors from the extracellular matrix to promote 
metastatic growth at a secondary site (119). Up-
regulation of such molecules by exposure to the 
tumour microenvironment may play a role at more 
than one stage of the metastatic process (Figure 4).  

4.3 Angiogenesis 

Angiogenesis is important for metastasis both in 
terms of new vessel formation in the primary 
tumour, allowing tumour cells to more easily enter 
the circulation, and for the ability of tumour cells to 
survive and grow into macroscopic nodules at the 
metastatic site. A number of angiogenic factors have 
been shown to be induced by the tumour 
microenvironment, including VEGF, IL-8, 
angiogenin (ANG), bFGF and platelet derived 
endothelial cell growth factor (PD-ECGF) (Table 2), 
although inhibition of vascular development by 
acidic pH has also been reported (120). A number of 
clinical studies have reported that regions of high 
vascular density (hot spots) are associated with more 
aggressive disease (121). Experimentally, vascular 
hot spots, induced in hypoxic foci, were found to be 
associated with subsequent spontaneous lung 
metastasis formation. This effect was mediated by 
the angiogenic factors VEGF and IL-8, the latter of 
which co-localized with the hypoxic foci (28). A 
direct role of microenvironmentally-induced 
angiogenesis at the secondary site in enhancing 
initial metastasis formation has not been 
demonstrated. However, it was shown that human 
melanoma cells exposed to hypoxia in vitro could 
form an increased number of lung metastases when 
injected into mice, and this effect was associated 
with an up-regulation of VEGF and could be 
blocked by anti-VEGF antibody (122). The ability of 
tumour cells to produce angiogenic factors and 
recruit new blood vessels is crucial for microscopic 
metastases to grow into macroscopic lesions. 
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5. MICROENVIRONMENTALLY-

REGULATED GENES AS 

INTRINSIC PROGNOSTIC 

MARKERS

A large number of genes or gene products have 
been found to be associated with metastasis or poor 
prognosis in human tumours. The expression of 
some of these genes has also been found to be 
regulated by the pathophysiological tumour 

microenvironment as discussed above. Hence, they 
are potentially useful as intrinsic markers of these 
conditions and might be used as joint prognostic 
markers (Table 3). The microregional distribution of 
the markers can be assessed on histological sections 
in relation to other morphological or molecular 
features, even retrospectively, and thus might 
provide detailed information about the local tumour 
microenvironment and the potential for metastatic 
spread.

Table 3. Microenvironmentally-regulated genes or gene products as intrinsic prognostic markers for solid tumours.   good 
prognosis,   poor prognosis,  no effect. Listed are recent studies or recent review articles. The list is not comprehensive, 
and the exact definition of the end-points might vary from study to study. 

Gene ID Gene name Tumour type Reference 

ANG Angiogenin Bladder , breast  and pancreatic  123 
AMF Autocrine motility factor Lung 124
bFGF Basic fibroblast growth factor Bladder , breast −, colorectal −, gastric , head and 

neck −, hepatocellular , lung −, ovarian  and 
pancreatic

 123 

CA IX Carbonic anhydrase IX Breast , cervical −, head and neck −,
nasopharyngeal−, non-small-cell lung  and renal clear 
cell

 125-128 

CA XII Carbonic anhydrase XII Breast 129
CatB Cathepsin B Breast−, non-small-cell lung  and ovarian 130-132
CXCR4 C-X-C receptor type 4 Clear renal cell  and non-small-cell lung 92,133
Glut-1 Glucose transporter-1 Bladder , cervical , colorectal , gastric , non-small-cell 

lung , ovarian  and rectal
 125,126 

HIF-1α Hypoxia-inducible factor-1α Breast↓, cervical↓−, endometrial↓, head and neck↓↑,
nasopharyngeal−, non-small-cell lung−↑,
oropharyngeal↓, ovarian− and oligodendroglioma↓

 80,125 

IL-8 Interleukin-8 hepatocellular↓, melanoma↓ , non-small-cell lung↓ and 
ovarian↓

 134-137 

ILK Integrin-linked kinase Melanoma 138
c-MET  Breast  and prostate 139
MMP-9 Matrix metalloproteinase-9 Colorectal , gastric , head and neck , lung , non-small-

cell lung  and ovarian
 140 

OPN Osteopontin Breast , colorectal , head and neck , hepatocellular ,
lung  and prostate

 141 

PAI-1 Plasminogen activator 
inhibitor-1

Breast , cervical , gastric  and lung −, ovarian , renal 
cell ,

 142,143 

PD-ECGF Platelet derived endothelial 
cell growth factor 

Bladder , breast , colorectal −, gastric , head and 
neck , hepatocellular −, lung , ovarian  and 
pancreatic

 123 

TIMP-1 Tissue inhibitor of 
metalloproteinase-1

Bladder , breast , colorectal , gastric , prostate  and 
lung

 144,145 

uPAR Urokinase type plasminogen 
activator receptor 

Bladder , breast −, colorectal , endometrial−,
hepatocellular , non-small-cell lung−, ovarian−, renal 
cell , squamous cell lung  and chondrosarcoma

 146 

VEGF Vascular endothelial growth 
factor

Bladder −, breast , colorectal , gastric −, head and 
neck −, hepatocellular −, lung , pancreatic , prostate ,
ovarian , melanoma  and osteosarcoma

 123 
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Indeed, the expression of a number of genes or 
gene products regulated by hypoxic or acidic 
conditions in vitro such as HIF-1, VEGF, carbonic 
anhydrase IX (CA IX) and Glut-1 have recently 
been shown to correlate with hypoxia or acidosis in 

vivo. Although correlations between these markers 
and poor outcome have been demonstrated in a 
number of tumour types, this is not seen in all 
studies (Table 3). For instance, an association 
between CA IX and hypoxia was demonstrated in 
two independent studies of cervical carcinoma, 
although a correlation between CA IX levels and 
poor outcome was found in only one of these 
studies. Co-localization between different markers is 
not always observed, possibly reflecting that 
different levels and durations of microenvironmental 
stress are required to induce different proteins, 
and/or that these proteins can be regulated by 
alternate pathways (126). A recent study showed 
that CA IX up-regulation by hypoxia was further 
enhanced by glucose or bicarbonate deprivation, 
showing that CA IX up-regulation can reflect other 
microenvironmental stresses in addition to hypoxia 
(147). There are also inconsistencies in the 
prognostic value of the same marker between 
different tumour types (Table 3). While most studies 
report CA IX to be a marker of poor prognosis, it 
was associated with good prognosis in renal 
carcinoma. These tumours have a high frequency of 
VHL mutations, and hence, a constitutive up-
regulation of HIF-1α.

In addition to being indicative of prognosis, 
microenvironmentally-regulated gene products can 
also have a direct role in promoting tumour 
progression. The prognostic markers identified in 
Table 3 include genes that are known to have a role 
in angiogenesis, cell-cell and cell-matrix 
interactions, and/or cell survival and growth. Indeed, 
some of these genes have been shown to promote 
metastasis when studied in experimental models, as 
was the case for the angiogenic factors, VEGF, IL-8, 
PD-ECGF and bFGF (122). Some gene products 
might have several functions. Plasminogen activator 
inhibitor-1 (PAI-1), an inhibitor of tPA and uPA 
activity, is implicated in malignant progression and 
has also been shown to be up-regulated by hypoxia 
(98). It has been shown to be involved in cell 
adhesion, signalling and tissue remodelling, and may 

therefore play a role at more than one stage of the 
metastatic process.  

The complexity of the metastatic process 
suggests that enhanced metastasis most likely occurs 
as a result of coordinated regulation of many genes. 
The recent development of methods for large-scale 
analysis of gene expression such as representational 
difference analysis (RDA), serial analysis of gene 
expression (SAGE) and high density cDNA 
microarrays have allowed for studies of differences 
in expression in large groups of genes between 
different cell populations. This type of analysis 
allows for faster identification of novel genes that 
are regulated by the tumour microenvironment or 
identification of a role of the tumour 
microenvironment in regulating already known 
genes (recently reviewed by Subarsky (24)).

From studies of normal and transformed cell 
lines it has been estimated that approximately 1.5% 
of the genome is transcriptionally responsive to 
hypoxic treatment in vitro (83). Recent studies have 
identified the metastasis-related genes PAI-1 and 
osteopontin (OPN) as being up-regulated in hypoxic 
tumours and suggest that they may be useful as 
serum markers for tumour hypoxia (98,102). 
Another study identified integrin-linked kinase 
(ILK) as being hypoxia-responsive (Table 2). It 
localizes to focal adhesion plaques by interacting 
with the cytoplasmic domains of integrin β1 and β3,
and over-expression of ILK has been shown to 
inhibit anoikis, suggesting that hypoxic induction of 
ILK might enhance anchorage-independent survival. 
An association between ILK and poor prognosis was 
reported for human melanoma (Table 3).  

Coordinated regulation of many genes after 
exposure to microenvironmental stress conditions 
can also help in identifying specific functional 
responses. A recent study classified hypoxia-
regulated genes into functional categories, and 
showed that the largest functional groups 
represented genes involved in metabolism/transport, 
angiogenesis, tissue remodeling, apoptosis, 
proliferation/differentiation and gene expression 
(83). To address microenvironment-specific versus 
cell-type specific changes in gene expression, 
another study used cDNA microarray technology to 
identify functional groups of genes that were 
differentially regulated when a lung adenocarcinoma 
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and a glioblastoma cell line were grown 
subcutaneously in vivo versus in vitro (148). In vitro

growth resulted predominantly in up-regulation of 
genes associated with cell division and metabolism, 
while in vivo growth resulted in up-regulation of 
genes associated with the extracellular matrix, cell 
adhesion, cytokine and metalloendopeptidase 
activity, and neovascularization. However, the two 
cell lines expressed different sets of these genes, 
suggesting that different genes are involved in 
similar mechanisms in different cancers. These 
results emphasize the importance of the 
microenvironment as well as the cell type in gene 
regulation. Similar strategies could be used to 
identify functional groups of genes of importance for 
tumour progression and metastasis after exposures to 
different microenvironments in vitro and in vivo.

6. SUMMARY  

The tumour microenvironment can contribute to 
tumour progression and metastasis. Clinical 
investigations in cervical carcinoma and soft tissue 
sarcoma have suggested that the development of 
metastatic disease is associated with low oxygen 
levels, high lactate levels, or elevated IFP in the 
primary tumour. Experimental studies have shown 
that exposure of murine and human tumour cell lines 
to hypoxic or acidic conditions lead to increased 
metastases. Hypoxia may contribute to metastatic 
progression through alternate mechanisms, such as 
the induction of genomic instability or epigenetic 
regulation of gene expression. Furthermore, the 
tumour microenvironment may provide a selective 
pressure enriching for cells that are more aggressive 
or resistant to apoptosis. Evidence suggests that 
altered gene expression in response to the hypoxic 
microenvironment is a contributing factor to 
increased metastatic efficiency. The genes 
implicated are involved in processes such as 
adhesion to and degradation of the extracellular 
matrix, stimulation of growth and angiogenesis. The 
molecular aspects of metastasis are diverse, due to 
the complex interactions that occur during all stages 
of the process between the tumour cell and its 
immediate and more extended microenvironment. 
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Abstract: Solid tumors are organ-like entities. In addition to neoplastic cells, they consist of non-transformed host 
stromal cells such as endothelial cells, fibroblasts and inflammatory cells. All of these cells are embedded in 
a characteristic extracellular matrix and are surrounded by specific molecular and metabolic 
microenvironments. Blood and lymphatic vessels, which are important for maintaining the homeostasis of 
living organisms, are compromised in solid tumors, causing various physiological barriers to the delivery of 
therapeutic agents to tumors in sufficient quantity and under optimal conditions. There is a growing body of 
evidence that stromal cells are not quiescent bystanders; instead, they significantly influence the 
pathophysiology of tumors. Both stromal cells and tumor cells participate in the formation of this milieu, and 
the microenvironment, which includes the expression of positive and negative regulators of angiogenesis, 
influences the biology of these cells. Any of these factors – tumor cells, stromal cells, and the local 
microenvironment of particular organs – may vary during treatment and may influence the efficiency of 
various treatment modalities. Therefore, stromal cells and the tumor microenvironment offer novel targets 
for tumor detection and treatment. A better understanding of host-tumor interaction and formation, as well as 
of the function of blood and lymphatic vessels in tumors in different microenvironments, is warranted in 
order to facilitate the development of such strategies. 

Key words: Microenvironment, angiogenesis, stromal cells, extracellular matrix, fibroblasts, lymphocytes macrophages, 
hypoxia, intravital microscopy, VEGF, blood vessels, colon carcinoma, AKT, PI3K, acidosis, urokinase 
plasminogen activator, hypoxia inducing factor, gene expression 

1. INTRODUCTION 

Tumors consist not only of cancer cells but also 
of host stromal cells – non-malignant cells which 
include endothelial cells, peri-vascular cells, 
fibroblasts, macrophages, lymphocytes, dendritic 
cells and mast cells. These cells, embedded within a 
protein-rich extracellular matrix, face a hostile 
metabolic microenvironment characterized by 
hypoxia and acidosis (Figure 1). Each of these cells 
is capable of producing positive and negative 

regulators of angiogenesis in response to 
microenvironmental cues (1, 2). These local inter-
actions vary with tumor type and site of growth (host 
organ), and may change during the course of tumor 
growth and treatment. In this chapter, we will 
discuss the characteristics of tumor vasculature and 
the resulting microenvironment, as well as the roles 
of the metabolic microenvironment, the host stromal 
cells, and the host organ microenvironment in the 
regulation of tumor angiogenesis and physiological 
functions.

G. G. Meadows (ed.), Integration/Interaction of Oncologic Growth, 23-36.
© 2005 Springer. Printed in the Netherlands.  
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Figure 1. Composition of solid tumor. 

2. INTRAVITAL MICROSCOPY FOR 

THE DISSECTION OF TUMOR 

PATHOPHYSIOLOGY

In vivo tumor models and their monitoring 
systems must be used in order to understand the 
inner workings of solid tumors (i.e. angiogenesis and 
the functions of newly formed blood and lymphatic 
vessels). Intravital microscopy provides molecular, 
cellular, structural, and functional insights in vivo

with high spatial and temporal resolutions, and is 
thus ideal for the investigation of tumor 
pathophysiology (3). Intravital microscopy requires 
four essential components: a) appropriate animal 
models that allow optical access to tissues of 
interest, b) molecular probes (usually fluorescent) 
that can be imaged, c) microscopes and detection 
systems, and d) computer-assisted image processing 
and analysis systems (Figure 2). Our laboratory has 
established and modified many animal tumor models 
for intravital microscopy, including transparent 
window models such as the mouse dorsal skin 
chamber (4) and cranial window (5), and orthotopic 
tumor models such as liver (6), gall bladder (7), 
pancreas (8), mammary gland (9) and lung tumors 

(10). Molecular probes include the green fluorescent 
protein (GFP) driven by a promoter of interest (11), 
optical probes that are activated by specific enzymes 
(12), or microenvironments (for example, pO2 and 
pH-activated probes) (13) and endogenous and 
exogenous tracers that label specific target cells (14, 
15) or molecules (for example, second harmonic 
generation by fibrillar collagen) (16). Conventional 
fluorescent microscopes (15, 17), confocal laser 
scanning microscopes (11), and, more recently, 
multiphoton laser-scanning microscopes (10, 18) 
have been used for intravital studies. The 
development and application of multiphoton laser-
scanning microscopy has provided significant 
advances because it allows deep tissue penetration, 
high signal-to-noise ratio, and minimal photo-
damage. 

Structural analyses reveal quantitative 
information regarding tumor growth and 
angiogenesis (vessel density, diameter, volume), as 
well as information about the size of pores in the 
vessel walls and in the extracellular matrix (3, 10). 
In addition, functional analyses can evaluate hemo- 
and lympho-dynamics (blood and lymph flow, 
vasomotor action), leukocyte-endothelial interaction, 
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vascular permeability, cell migration (of tumor cells, 
lymphocytes, macrophages, fibroblasts, etc), and 
interstitial transport (3, 10). The combination of 
these tumor models with intravital microscopy 

techniques has allowed us to discern the regulation 
of tumor angiogenesis and microcirculation as well 
as the effects of various treatments on this 
regulation.

Figure 2. Four requirements for intravital microscopy. Reproduced from Reference (3). 

3. CHARACTERISTICS OF TUMOR 

VASCULATURE AND THE 

RESULTING

MICROENVIRONMENT

Vascular function is an important determinant of 
the local microenvironment. There are two vascular 
systems in the body: blood vessels and lymphatic 
vessels. In tumors, both types of vessels are 
morphologically and functionally abnormal (3). The 
normal microcirculation has a well-organized 
architecture consisting of arterioles, capillaries, and 
venules. Arterioles, the upstream element, have 
circumferential pericyte coverage and higher vessel 
tone. From arterioles, blood flows into capillaries, 
which represent the major portion of the 
microvasculature and have the smallest diameter and 
the thinnest vessel wall. Capillaries maintain tissue 
homeostasis by mediating the exchange of nutrients, 
gas, and waste. From the capillaries, the blood is 
collected into venules, the downstream portion of 
the microcirculation. Venules have intermediate wall 

thickness and non-circumferential pericyte coverage. 
In contrast to these highly organized, functional 
networks from normal tissue, the tumor vascular 
network is immature and mesh-like, similar to the 
primarily vascular plexus in early stage embryos. 
Tumor vessels are dilated, tortuous, and have an 
irregular surface and a heterogeneous spatial 
distribution. Recent studies show the presence of 
pericyte-like cells in tumor vessels. However, their 
morphology and association with vessels are 
abnormal (19), which results in poorly regulated 
vascular function. In normal vessels, arterioles have 
a higher flow velocity and nutrient/oxygen level, 
while venules have lower velocity and oxygen level. 
In each vessel category, flow velocity correlates well 
with vessel size. In tumor vessels, blood flow is very 
slow, is sometimes static, and may even change 
direction over time. Moreover, there is no 
correlation between tumor vessel diameter and flow 
rate or oxygen level (5, 13). Some tumor vessels 
contain almost no oxygen or other nutrients despite 
relatively good perfusion. This abnormal and non-
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homogenous blood flow creates a physiological 
barrier to the delivery of therapeutic agents to 
tumors (20) and can also lead to the hypoxia and 
acidosis which are often seen in tumors (13). Such a 
severe metabolic microenvironment reduces the 
efficacy of anti-tumor therapies. In addition, the 
abnormality of tumor vessels also results in high 
vascular permeability, and leaked plasma proteins 
such as fibronectin form an optimal provisional 
matrix for angiogenesis. Finally, leukocyte adhesion 
in tumor vessels is generally low, hiding tumors 
from immune surveillance. All of these vascular, 
interstitial, and cellular barriers have to be overcome 
for efficient delivery of anti-tumor therapies. 

By transporting both immune cells and 
interstitial fluid out of tissue, the normal lymphatic 
network plays an important role in immune function 
and in the maintenance of tissue interstitial fluid 
balance. Tumor cells grow in a confined space and, 
thus, create a mechanical stress (solid stress), which 
compresses the intratumor blood and lymph vessels 
(21). Consequently, there are no functional 
lymphatic vessels inside solid tumors (22). High 
permeability of intratumor blood vessels and 
impaired lymphatic drainage cause significant 
elevation of interstitial fluid pressure and oncotic 
pressure in solid tumors. As a result, the pressure 
gradient between blood vessel and tumor tissue is 
lost (23). High interstitial fluid pressure and the loss 
of pressure gradients constitute additional 
physiological barriers to the delivery of therapeutic 
agents to tumors. Nevertheless, in the peripheral 
region of the tumor, lymph-angiogenesis, lymphatic 
hypertrophy, and lymphatic dilatation are often 
found (22, 24, 25). Dysfunction of the lymphatic 
valves allows retrograde flow in these lymphatic 
vessels (25). Tumor cells can invade these peripheral 
lymphatic vessels and form metastases within the 
lymphatic system. Hence, a better understanding of 
the formation and function of blood and lymphatic 
vessels in tumors is necessary in order to develop 
new strategies to overcome these barriers to tumor 
treatment. 

4. VEGF, THE MAIN REGULATOR OF 

NEW BLOOD VESSEL 

FORMATION

Because tumor cells depend on a nutrient supply 
from blood vessels, neovascularization 
(angiogenesis) is required for tumors to grow 
beyond 1-2 mm in diameter (26). Newly formed 
blood vessels are important not only for the growth 
of primary tumors, but also for the metastatic spread 
of cancers (27). A variety of positive and negative 
regulators govern vasculogenesis, angiogenesis, and 
subsequent vessel maturation (1, 2, 28). More than 
20 angiogenic stimulators and inhibitors have been 
discovered in the past two decades, including 
vascular endothelial growth factor (VEGF), platelet 
derived growth factor (PDGF), and angiopoietin 
(Ang) (1, 2, 28, 29). These factors not only mediate 
tumor vessel formation but also affect the function 
of these vessels. VEGF is one of the most potent 
angiogenic factors and is the target of the first FDA 
approved anti-angiogenic agent, Avastin (approved 
for colorectal cancer in 2004) (30). VEGF 
expression levels in tumors, and the concentrations 
of this protein in the bodily fluids (serum, urine, 
CSF) of cancer patients, show significant correlation 
with the extent of angiogenesis and/or metastasis 
and have therefore been suggested as diagnostic and 
prognostic markers (29, 31). VEGF is a mitogen that 
acts primarily on endothelial cells (29). VEGF 
signaling is critical for the development of a nascent 
vascular network via physiological vasculogenesis 
as well as pathological angiogenesis (2, 29). VEGF 
induces nitric oxide-mediated relaxation of the 
arterial vessels (32), signaled through PI3K and Akt, 
and has a role as a survival factor in maintaining the 
vasculature (29, 33). VEGF is also believed to 
contribute to an angiogenic phenotype by increasing 
the permeability of existing vessels (31). This leads 
to the extravasation of fibrin, plasmin, and clotting 
factors, resulting in a fibrin-rich stroma that supports 
the migration of endothelial and peri-endothelial 
cells and the formation of new vasculature (31). 
Local variation in the concentrations of VEGF in the 
tumor may explain the heterogeneous angiogenesis 
and vascular dysfunction in tumor vessels as well 
the non-uniform response of these vessels to various 
therapies. The tumor microenvironment, in turn, 
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regulates the expression of VEGF and thereby 
regulates the formation and function of blood vessels 
in tumors. 

5. REGULATION OF VEGF AND 

ANGIOGENESIS BY THE 

METABOLIC

MICROENVIRONMENT

Hypoxia and acidosis are hallmarks of the 
metabolic environment in solid tumors (34-37). Both 
oxygen tension (pO2) and pH are important 
determinants of tumor growth, metabolism, and 
response to a variety of therapies such as radiation 
therapy, chemotherapy, hyperthermia, and 
photodynamic therapy (34-39). Hypoxia upregulates 
various angiogenic growth factors, including VEGF, 
Ang2, PDGF, Placenta growth factor (PlGF), 
transforming growth factor (TGF), interleukin (IL)-
8, and hepatocyte growth factor (35, 40). Hypoxia 
inducible factor (HIF) is a transcriptional factor that 
binds to the hypoxia responsive element (HRE) in 
the promoter of hypoxia-responsive genes such as 
VEGF, PDGF and TGF (35, 40). HIF-1 also 
mediates hypoxia-induced apoptosis via p53 and 
other mechanisms (35, 41). Tumor cells have 
developed many mechanisms to evade HIF-1-
mediated cell death under hypoxic conditions (35). 
A few other factors, such as IL-8 and PlGF, are 
activated by HIF-independent mechanisms (35, 42). 
Several lines of evidence have shown that 
microenvironmental hypoxia upregulates VEGF, 
both in tumors in vivo and in multicellular tumor 
spheroids in vitro (43, 44). Hypoxia may play an 
important role in the angiogenic switch (45) which is 
required for tumor growth and expansion. However, 
an immunohiostochemical study revealed a lack of 
spatial correlation between the staining of redox 
marker and VEGF in squamous cell carcinomas 
(46). There is a wide heterogeneity in intratumor and 
intertumor pO2 distributions (13, 47). To understand 
the extent of hypoxia which is required to upregulate 
VEGF in vivo, pO2 distributions should be measured 
simultaneously with VEGF profiles in vivo.

Low extracellular pH, another characteristic of 
solid tumors, causes stress-induced alteration of 

gene expression, including the upregulation of 
VEGF in macrophages and in tumor cells in vitro

(48, 49). Furthermore, low pH synergistically 
enhances the hypoxia-induced upregulation of 
VEGF in cancer cells in vitro (49). Despite its 
importance, the effect of the low and heterogeneous 
interstitial pH on hypoxia-induced VEGF production 
in vivo remained unknown for many years due to the 
lack of appropriate techniques and animal models. 
However, two non-invasive optical techniques have 
now been developed: fluorescence ratio imaging 
microscopy for pH measurements (50) and 
phosphorescence quenching microscopy for pO2

measurements (51). These two techniques provide 
high spatial resolution and are routinely used in 
combination to map temporal and spatial pH and 
pO2 profiles at the same tumor locations (13). 
Recently, we also developed a GFP reporter system 
(VEGFp-GFP) that monitors VEGF promoter 
activity in vivo (11). The combination of these 
techniques allows the coordinated study of pH, pO2,
and VEGF expression in vivo (52). 

We first determined the effect of hypoxia on 
VEGFp-GFP transfected cells in vitro, as a means of 
confirming the system. Both the endogenous VEGF 
gene and exogenous construct-derived GFP were 
comparably upregulated by hypoxia (52). Then, 
VEGFp-GFP U87 tumors were implanted in SCID 
mouse cranial windows (5) and grown into well-
vascularized tumors over a period of 7-8 days. GFP 
fluorescence in U87 tumor cells was visualized by 
fluorescence microscopy (10). To translate GFP 
fluorescence intensity into instantaneous GFP 
concentration, we generated calibration curves using 
known quantities of recombinant EGFP and the 
same intravital microscopy set-up. Tissue pO2 and 
pH were determined by phosphorescence quenching 
microscopy and ratio imaging microscopy, 
respectively (13). We analyzed the relationship 
between pO2, pH, and VEGF expression in VEGFp-

GFP U87 tumors by dividing the measurements into 
either hypoxic (pO2 < 30 mmHg) or oxygenated 
(pO2 > 30 mmHg) groups and either low pH (pH < 
6.8) or neutral (6.8 < pH < 7.4) groups. This allowed 
for the comparison of GFP expression under each of 
these conditions using linear regression. Figures 3A 
and 3D show that, under hypoxic conditions or 
neutral pH conditions, pO2, but not pH, is correlated 
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to GFP expression. Conversely, Figures 3B and 3C 
show that, under low pH or oxygenated conditions, 
pH and not pO2 is related to GFP expression. These 

results indicated, for the first time, that VEGF 
transcription in brain tumors is independently 
regulated by the tissue pO2 and pH (52). 
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Figure 3. Relationships between VEGF promoter activity, tissue pO2, and extracellular pH. Reproduced from (52). 

Our findings prompted us to study the signaling 
pathway in order to mediate acidic-pH-induced 
VEGF upregulation. Serial deletion of the VEGF 
promoter showed that the promoter region contains 
the activating protein (AP)-1 binding site but not 
HRE or AP-2, and also indicated that stimulatory 
protein-1 binding sites were crucial for acidic-pH-
induced VEGF upregulation. This is clearly a 
different signaling pathway from that which 
regulates hypoxia-induced VEGF expression, which 
is mediated by HIF-1 complex binding to HRE. 
Acidic pH also stabilized VEGF mRNA. 
Furthermore, the acidic-pH-activated Ras oncogene
and downstream signaling requires extracellular 
signal-related kinase1/2 but not p38 or Jun amino-
terminal kinase (53). These data confirmed that two 
major metabolic environments in solid tumors 
regulate VEGF expression in a complimentary 
manner via distinct signaling pathways. 

6. INVOLVEMENT OF HOST 

STROMAL CELLS IN TUMOR 

ANGIOGENESIS

Traditionally, cancer researchers have focused 
their studies on genetically transformed neoplastic 
cells. However, it is becoming increasingly apparent 
that the development and pathophysiology of a 
tumor cannot be explained simply by the genes 
carried by the tumor cells (54). The cell population 
in a tumor includes numerous non-neoplastic 
bystanders (stromal cells) such as endothelial cells, 
peri-vascular cells, fibroblasts, and inflammatory 
cells (Figure 1). We are beginning to understand that 
stromal cells profoundly influence many steps of 
tumor progression, such as tumor cell proliferation, 
invasion, angiogenesis, metastasis, and even 
malignant transformation (11, 55-60). Crosstalk 
between the diverse cell types within a tumor, via 
both soluble factors and direct cell-to-cell contact, 
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plays an important role in the induction, selection, 
and expansion of the neoplastic cells. Successful 
tumor cells are those that have acquired the ability to 
co-opt their normal neighbors by inducing them to 
release abundant fluxes of growth-stimulating 
signals (54, 58, 60). 

Although the importance of angiogenesis in 
tumor development has been appreciated for some 
time, the involvement of host stromal cells in tumor 
angiogenesis was overlooked due to a lack of 
methodology for determining the specific 
contributions of stromal cells. To this end, we have 
engineered transgenic mice bearing the VEGF 
promoter-GFP reporter construct (VEGFp-GFP

mice). VEGFp-GFP mice showed green cellular 
fluorescence around the healing margins and 
throughout the granulation tissue of superficial 
ulcerative wounds (11). Tumor implantation in the 
VEGFp-GFP mice led to an accumulation of green 
fluorescence resulting from the tumor induction of 
stromal VEGF promoter activity (15). Initially, 
surface-weighed confocal laser scanning microscopy 
of both wounds and tumors revealed that GFP-

positive cells are mainly spindle shaped fibroblast-
like cells (11). Subsequently, we used multiphoton 
laser-scanning microscopy to determine gene 
expression and function at depths of over 400 
microns in the tumor tissue (Figure 4). We then 
found that VEGF-expressing stromal cells co-
localize with the vasculature and even surround 
tumor blood vessels deep inside the tumor (18). 
These findings suggest that activated fibroblasts are 
involved in angiogenesis, the fortification of blood 
vessels, and the function of these vessels. In fact, co-
implantation of fibroblasts enhanced the 
tumorigenicity of breast cancer cells in vivo (61) and 
fibroblastic expression of three components of the 
urokinase-type plasminogen activator system (uPA, 
uPA receptor, PA inhibitor-1), which are also known 
to be angiogenic factors, showed a positive 
correlation with clinical parameters of breast cancers 
such as tumor size and grade (62). In addition to 
fibroblasts, some inflammatory cells recruited to 
tumors may also promote (rather than eliminate) 
angiogenesis and tumor cell growth (59). 

Figure 4. Imaging VEGF promoter activity in vivo. MCaIV murine breast tumor was grown in the dorsal skin chamber in 
VEGFp-GFP mice. The tumor vasculature was highlighted by injection of tetramethylrhodamine-labeled BSA (arrow 
head). Fluorescence of GFP and rhodamine was visualized by multiphoton laser-scanning microscopy (18). Deep inside the 
tumor (~200 µm) GFP positive cells (arrow) were often associated with angiogenic vessels (arrow). Adapted from 
Reference (18). 

The next question would be the extent of stromal 
cell contribution in tumor angiogenesis. To answer 
this question, we determined angiogenesis and tissue 
VEGF protein level in various tumors derived from 
genetically engineered embryonic stem cells (ES 

cells). We compared ES cells with mutations that 
can influence VEGF expression, including mutations 
in HIF-1, in HRE in the VEGF promoter, and in 
VEGF itself (63). We found that angiogenesis in 
these tumors correlated well with their VEGF levels, 
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i.e., VEGF-/- ≈ HRE-/- < HIF-1-/- < wild type (WT). 
VEGF protein levels in VEGF-/- ES cell-derived 
tumors, which have VEGF only from host stromal 
cells, were approximately half of those in WT ES 
cell-derived tumors, which contain both tumor cell-
derived and stromal cell-derived VEGF. This 
suggests that host stromal cells make a significant 
contribution (~50%) to the production of VEGF in 
these tumors (63). The ratio of tumor/host-derived 
VEGF may vary depending on tumor type, stage, 
and organ site. For an example, late stage orthotopic 
pancreatic tumors expressed significantly higher 
tumor cell-derived VEGF compared to early stage or 
ectopically-grown tumors (8). 

The contribution of host stromal cells to tumor 
angiogenesis was also altered by tumor treatments. 
The blockade of human epidermal growth factor 
receptor (HER)-2 signaling by a neutralizing 
antibody (Herceptin) downregulates VEGF, TGFα,

Ang1, and PAI-1, and also induces thrombospondin-
1, producing significant inhibition of angiogenesis 
and tumor growth (Figure 5) (64). Based on these 
findings, we proposed that Herceptin mimics an 
anti-angiogenic cocktail (64). It is noteworthy that 
although Herceptin significantly inhibited VEGF 
expression in tumor cells, the overall VEGF 
expression in tumor tissue did not change, due to 
compensation by the host stromal cells. Increased 
host stromal contribution to VEGF-promoter activity 
was observed following various anti-
angiogenesis/anti-vascular treatments such as 
hormone withdrawal (65) and photodynamic therapy 
(66). These findings suggest that host stromal cells 
may compensate for the loss of critical growth 
factors during anti-tumor treatment, and will thus 
provide a survival window for repopulation with 
treatment-resistant tumor cells. 

Figure 5. Effect of Herceptin on tumor vessels. Vasculature of control (left) and Herceptin (right) treated MDA-MB-361HK 
tumor grown in the cranial windows of SCID mice on day-15. The blood vessels are contrast enhanced by i.v. injection of 
FITC-dextran. Reproduced from Reference (64).  

In addition to primary tumor angiogenesis and 
growth, host stromal cells may also contribute to the 
spread of disease. Stromal cells and cancer cells 
exchange enzymes and cytokines that modify the 
local extracellular matrix and stimulate migration 
(56, 58). Macrophages have been shown to induce 
tumor cell intravasation (59). Fibroblasts promote 
tumor cell invasion by upregulation of matrix 
metalloproteinase-9 production (67), and 
proliferative activity of fibroblasts closely correlates 
with metastasis of breast carcinoma (68). The fact 
that stromal cells can survive and proliferate in 
distant organs (69) is particularly important. 

Heterotypic multicellular tumor fragments have been 
found in blood and lymphatic vessels (57, 70). 
Tumor cell aggregates form more metastatic tumors 
than single tumor cells (70-72). Co-injection of non-
neoplastic cells such as fibroblasts or embryo cells 
significantly increase metastasis in experimental 
tumor models (71, 73). Taken together these 
findings support the provocative idea that primary 
tumor-derived stromal cells may form the 
provisional stroma for the initial survival and growth 
of metastasic tumors. Stromal cells should 
subsequently be considered as an additional target 
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for both anti-tumor treatments and prevention of 
metastasis. 

7. REGULATION OF ANGIOGENESIS 

AND VESSEL FUNCTIONS BY 

ORGAN MICROENVIRONMENT 

Gene expression, angiogenesis, and 
microcirculatory functions differ significantly 
between sites of implantation when the same tumor 
cells are grown in different host organs (3, 74). 
These observations imply that growth factor 
expression and function are determined by a 
complicated interaction between tumor cells, host 
stromal cells, and the organ microenvironment 
where the tumor is growing. This hypothesis is 
supported by the facts that various human tumors 
have particular organ preferences for their 
metastases (75) and that tumor growth, 

angiogenesis, metastatic potential, and response to 
treatment differs among various host organs (76-78). 
These preferences/differences seem to be due to the 
organ-specific microenvironment. Organ-specific 
upregulation of bFGF (79), IL-8 (80), VEGF (6, 8), 
and various metastasis-related genes (81) in tumors 
has been reported (Table 1). Human renal cell 
carcinoma (HRCC) xenografts grown in the kidneys 
of immunodeficient mice were highly vascularized 
and metastatic, and they expressed levels of bFGF 
mRNA which were 10- to 20-fold higher than those 
from the same tumor grown subcutaneously (79). 
We found that LS174T tumors (human colon 
adenocarcinoma) grown in the liver expressed lower 
levels of VEGF mRNA and had a lower vessel 
density than those in subcutaneous tissue (6). 
Similarly, the levels of IL-8 mRNA were always 
high in A375 tumors (human melanoma) re-
established in the skin and were low in the tumors 
re-established in the liver (80). 

Table 1. Role of host organ microenvironment on angiogenesis and vascular function. 
Comparison Key conclusions Reference 

Cranium vs. skin Faster angiogenesis in a collagen gel in the cranial 
window.

(82)

Smaller pore cut off size in the cranial tumors. (83)

Lower vascular permeability in baseline and after 
VEGF superfusion in pial vessels. 

(84)

Higher interstitial diffusion in the cranial tumors due to 
less collagen (fibroblast) involvement. 

(85)

Tumor blood barrier formation in HGL21 human 
glioma only when grown in the cranial window. 

(86)

Liver vs. skin Higher IL-8 expression in skin tumors and induction of 
IL-8 by co-culture with keratinocytes. 

(80)

Lower VEGF expression and angiogenesis but higher 
vascular permeability in the liver tumor. 

(6)

Colon vs. skin Higher EGFR, FGF, collagenase, mdr-1 gene 
expression, and metastatic potential in colon tumors. 

(81)

Kidney vs. skin Higher bFGF expression, angiogenesis, and metastatic 
potential in kidney tumors. 

(79)

Gall bladder vs.

skin
Higher production of anti-angiogenesis factor (TGFβ1)
in the gall bladder tumor. 

(7)

Pancreas vs.

abdominal wall 
Higher VEGF protein level, angiogenesis, and tumor 
growth in tumors grown in the pancreas. 

(8)

Cranium vs. 
mammary fat pad 

Higher VEGF/receptor expression and permeability but 
lower angiogenesis in the mammary tumor. 

(9)
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The expression of endogenous anti-angiogenic 
factors is also regulated by organ specific host-tumor 
interaction. Human gall bladder primary tumors 
inhibit angiogenesis and growth of secondary tumors 
at a distant site. However, this result was only 
observed when the primary tumor was grown in the 
gall bladder (orthotopic), rather than the 
subcutaneous space (ectopic) (7). TGFβ1 mediates 
this process. Murine fibrosarcoma FsaII can also 
inhibit angiogenesis in secondary tumors in vivo.
Surgical removal of the primary tumor cancelled this 
effect. On the other hand, irradiation of the primary 
tumor induced a more pronounced inhibitory effect 
on angiogenesis in the distant site (87). Plasma 
endostatin levels correlate well with these 
endogenous antiangiogenic effects caused by tumor 
burden and/or treatments. Knowledge of organ-
dependent profiles of gene expression and protein 
level, in stromal cells and tumor cells from different 
organ microenvironments, will provide new insight 
into tumor biology and should allow us to 
understand why a given tumor behaves differently in 
different organs. 

Knowledge of gene expression alone, without 
corresponding functional analysis, provides an 
incomplete understanding at best of the putative role 
of the gene and/or its product in vivo. For example, 
it is widely accepted that VEGF is responsible for 
high permeability in tumors, but the organ 
microenvironment also plays a role: HGL21, a 
human glioblastoma, has high vascular permeability 
(similar to that in the majority of other tumors) when 
it is grown in subcutaneous tissue, but these tumors 
are no longer as permeable when grown in the 
cranium (88), despite similar expression levels of 
VEGF and its receptors in HGL21 tumors grown in 
both sites. Furthermore, the vascular pore cut-off 
size (the maximum functional pore size for trans-
vascular transport of macromolecules through the 
vessel wall) in various tumors decreased when the 
tumors were grown in the cranial window as 
compared to the dorsal skin chamber (89). Similarly, 
with the presence of a blood-brain-barrier, a 
significantly higher amount of VEGF was required 
to induce vascular hyperpermeability in normal 
vessels in the cranial window than in the dorsal skin 
chamber (84). On the other hand, the cranial 
environment is more angiogenic and forms new 

vessels faster than the subcutaneous tissue does in 
response to a given angiogenic factor (82). These 
differences are presumably due to differences in the 
phenotype of vascular endothelial cells, which is 
defined by their origin, by cell-cell and cell-matrix 
interactions, and by the surrounding 
microenvironment. These findings indicate that 
VEGF level alone may not be a sufficient predictor 
of angiogenesis or vascular permeability in the 
tumors of different organs. Indeed, the vascular 
permeability of LS174T human colon cancer grown 
in the liver versus subcutaneous space was inversely 
correlated with the expression levels of VEGF at 
these sites, while angiogenesis was parallel to VEGF 
levels (6). Conversely, higher VEGF expression and 
permeability but lower angiogenesis were observed 
in ZR75 human breast cancers grown in the 
mammary fat pad (primary site) compared to those 
grown in the cranial window (metastatic site) (9). 
These findings underscore the need for functional 
studies in conjunction with gene expression studies. 

In conclusion, host-tumor interaction influences 
the biology of both tumor cells and host stromal 
cells, including their expression of positive and 
negative regulators of angiogenesis. This interaction 
depends on the cross-talk between tumor cells and 
stromal cells. In addition, the local 
microenvironment of different organs may vary 
during treatment, which in turn will influence the 
efficiency of various treatment modalities. Unlike 
neighboring malignant cells, stromal cells are 
genetically stable, yet they play important roles in 
multiple steps of tumor progression. Thus, targeting 
stromal cells may be a superior strategy for tumor 
detection and treatment. The cellular, molecular, and 
metabolic environment of solid tumors activates 
stromal cells and tumor cells, inducing angiogenesis, 
tumor cell proliferation, invasion, and metastasis and 
reducing the therapeutic efficacy of conventional 
anti-tumor treatments. However, these characteristic 
tumor environments may offer novel targets for 
tumor detection and treatment. A better 
understanding of host-tumor interaction during 
tumor growth, response to treatments, regression, 
and regrowth would facilitate the development of 
innovative tumor treatment strategies. 
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Imaging of Angiogenesis In Vivo with Fluorescent Proteins

Robert M. Hoffman 
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Abstract: We have adapted the surgical orthotopic implantation (SOI) model to image angiogenesis of human tumors 
labeled with green fluorescent protein (GFP) in nude mice. The nonluminous induced capillaries are clearly 
visible against the very bright tumor fluorescence examined either intravitally or by whole-body imaging in 
real time. The fluorescence shadowing replaces the laborious histological techniques for determining blood 
vessel density. Intravital images of an SOI model of human pancreatic tumors expressing GFP visualized 
angiogenic capillaries at both primary and metastatic sites.  Whole-body optical imaging showed that blood 
vessel density increased linearly over a 20-week period in an SOI model of human breast cancer expressing 
GFP. Opening a reversible skin-flap in the light path markedly reduces signal attenuation, increasing 
detection sensitivity many-fold. The observable depth of tissue is thereby greatly increased. With dual-color 
fluorescence imaging, effected by using red fluorescent protein (RFP)-expressing tumors growing in GFP-
expressing transgenic mice that express GFP in all cells, great clarity the details of the tumor-stroma 
interaction, especially tumor-induced angiogenesis are visualized. The GFP-expressing tumor vasculature, 
both nascent and mature, are readily distinguished interacting with the RFP-expressing tumor cells.  Using a 
spectral imaging system based on liquid crystal tunable filters, we were able to separate individual spectral 
species on a pixel-by-pixel basis. Such techniques non-invasively visualized the presence of host GFP-
expressing vessels within the RFP-labeled tumor by whole-body imaging. This new differential dual-colored 
fluorescence imaging tumor-host model, along with spectral unmixing, can non-invasively visualize in real-
time the onset and progression of angiogenesis in a tumor. Thus, fluorescent proteins expressed in vivo offer 
the highest resolution and sensitivity for real-time whole-body imaging of angiogenesis. 

Key words: Green fluorescent protein, red fluorescent protein, imaging, mouse models 

1. INTRODUCTION 

1.1 Formation and Nature of Blood 

Vessels

Vasculogenesis is the formation of new blood 
vessels by endothelial progenitors. Angiogenesis is 
the sprouting and growth of existing vessels. 
Capillaries distribute the blood flow while proximal 
arterioles provide the bulk flow to tissue. Capillaries 

consist only of endothelial cells (ECs), whereas 
larger vessels are surrounded by mural cells such as 
pericytes and smooth muscle cells (1). ECs 
differentiate from angioblasts in the embryo as well 
as from endothelial progenitor cells (EPCs) in the 
adult bone marrow. Vascular endothelial growth 
factor (VEGF), angiopoietin (Ang)-1, cytokines, and 
other signals stimulate vasculogenesis and 
angiogenesis (1). 

G. G. Meadows (ed.), Integration/Interaction of Oncologic Growth, 37-45.
© 2005 Springer. Printed in the Netherlands.  
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1.2 Tumor Blood Vessels 

Vessel walls are abnormal in tumors and have 
uneven diameters. ECs form an imperfect and 
uneven vessel lining, with wide junctions at some 
locations and stacked layers of ECs at others.  Some 
ECs do not express endothelial markers such as 
CD31. ECs in tumors can undergo apoptosis, 
allowing cancer cells into the lumen resulting in 
mosaic vessels. Heterogeneity of tumor vessels is 
very common (2). Tumor vessels do not have the 
hierarchical branching pattern of normal vascular 
networks, resulting in avascular, hypoxic areas in the 
tumor (2). The abnormal organization and 
ultrastructure of tumor vessels makes the blood flow 
in tumor vessels chaotic and the vessels leaky (2). 
Due to remodeling of the vasculature, blood flow 
varies between a tumor and its metastases as well as 
within a given tumor from one location to another 
(2). A relative deficiency of pericytes, or pericyte 
function, could be responsible for the morphological 
features of tumor vascuature including their tortuous 
pattern (3). 

Cancer cells may be part of vessel-like structures 
found within some tumors. This concept is known as 
‘vasculogenic mimicry’ (4). Melanomas often have a 
histological pattern that is characterized by a 
network of periodic acid-schiff (PAS)-positive 
structures that appear to be channels formed without 
endothelial cells, which is different from cancer cells 
in the walls of blood vessels. Cancer cells have been 
reported to make up as much as 25% of the luminal 
surface of some tumor vessels, the remaining surface 
which is covered by an endothelium.  The tumor 
cells in the vessel lining might be in transit, entering 
or exiting the vessel (3). 

1.3 Methods of Imaging Blood Vessels (5) 

Magnetic resonance imaging and computed 
tomography have resolutions of 100 to 500 µm. PET 
and ultrasonography have resolutions of a few 
millimeters.  X-ray images, has a resolution of ~100 
µm. Computed tomographic angiography and 
magnetic resonance imaging angiography require 
intravascular contrast agents, and resolution is 
insufficient to resolve microvasculature. 
Macromolecular magnetic resonance imaging 

contrast agents enable resolution approaching 200 
µm in animals and thus most angiogenic blood 
vessels are not resolved. Micromagnetic resonance 
imaging has a resolution of approximately 10 µm
(5). Fluorescence has a resolution of approximately 
100 nm (5) and therefore seems best suited for 
imaging blood vessels. 

1.4 Models to Visualize Angiogenesis 

Tumor angiogenesis is a critical step in tumor 
growth, progression, and metastasis. As such, 
angiogenesis promises a uniquely effective yet 
remarkably benign target for cancer chemotherapy. 
A major requirement for the effective discovery of 
angiogenesis-related drugs is an assay system that is 
accurate, rapid, and economical. We have developed 
model systems that meet these requirements (6). 

The discovery and evaluation of antiangiogenic 
substances initially relied on in vivo methods such as 
the chorioallantoic membrane assay (7, 8), the 
monkey iris neovascularization model (9), the disk 
angiogenesis assay (10), and various models that use 
the cornea to assess blood vessel growth (11-16). 
Although they are important for understanding the 
mechanisms of blood vessel induction, these models 
did not deal with tumor angiogenesis and are poorly 
suited to drug discovery. 

Subcutaneous tumor xenograft angiogenesis 
models have been developed to study tumor 
angiogenesis, but these require cumbersome 
pathological examination procedures such as 
histology and immunohistochemistry. Measurements 
require animal sacrifice and therefore preclude 
ongoing angiogenesis studies in individual, live, 
tumor-bearing animals. Moreover, xenografts are not 
representative models of human disease. 

Tumors transplanted in the cornea of the rodents 
(17-19) and rodent skin-fold window chambers have 
also been used for angiogenesis studies (20-26). The 
cornea and skin-fold chamber models provide a 
means for studying angiogenesis in living animals. 
However, quantification requires specialized 
procedures, and the sites do not represent natural 
environments for tumor growth. The cornea and 
skin-fold window chamber tumor models do not 
allow orthotopic and metastatic angiogenesis, which 
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may involve mechanisms of angiogenesis (27) that 
are qualitatively different from these ectopic models. 

1.5 Orthotopic Tumor Models Expressing 

GFP to Visualize Tumor Angiogenesis 

A suitable model for drug discovery will 
accurately represent clinical cancer as well as enable 
real-time visualization of the angiogenesis process 
and its inhibition by effective agents. To develop 
realistic and real-time tumor angiogenesis models, 
the we have used surgical orthotopic implantation 
(SOI) metastatic models of human cancer (28). 
These models place tumors in natural 
microenvironments and replicate clinical tumor 
behavior more closely than do ectopic implantation 
models (28). For these studies the tumors implanted 
in the orthotopic model have been transduced and 
selected to strongly express green fluorescent 
protein (GFP) in vivo (28).

GFP expression in primary tumors and in their 
metastases in the mouse models can be detected by 
an intense fluorescence seen by intravital or by 
whole-body imaging. The nonluminous angiogenic 
blood vessels appear as sharply defined dark 
networks against this bright background. The high 
image resolution permits quantitative measurements 
of total vessel length. These genetically fluorescent 
tumor models thereby allow quantitative optical 
imaging of angiogenesis in vivo. Tumor growth, 
vascularization, and metastasis can now be followed 
in real time (28). 

1.6 Intravital Images of Angiogenesis of 

Arthotopic Pancreas Cancer 

The clarity of angiogenic blood vessel imaging 
was illustrated by intravital examination of the 
orthotopic growth of a Bx-PC-3-GFP pancreatic 
tumor. The nonluminous blood vessels were clearly 
visible against the GFP fluorescence of the primary 
tumor. Angiogenesis associated with metastatic 
growths was also easily imaged by intravital 
examination (28). 

1.7 Intravital Imaging of Angiogenesis of 

Orthotopic Prostate Cancer 

Because angiogenesis could be measured 
without animal sacrifice, it was possible determine a 
time course for individual animals. Sequential 
intravital images of angiogenesis for the human 
prostate tumor PC-3-GFP growing orthotopically in 
a single nude mouse were acquired. The tumor-
associated blood vessels were clearly visible by day 
7 and continued to increase at least until day 20 (28).

1.8 Whole-Body Imaging of Angiogenesis 

in Orthotopic Breast Cancer 

We have demonstrated whole-body images and 
quantitation of the time course of angiogenesis of 
the MDA-MB-435-GFP human breast cancer 
growing orthotopically in the breast fat pad in a nude 
mouse. The development of the tumor and its 
angiogenesis could be imaged in a completely 
noninvasive manner (28). The mouse breast fat pad 
is the orthotopic environment for the implanted 
MDA-MB-435-GFP breast cancer and allows 
noninvasive, whole-body imaging of tumor 
angiogenesis. The quantitative angiogenesis data 
show that microvessel density increased over 20 
weeks. Thus, tumors, even in their natural 
microenvironment, growing orthotopically in sites 
such as the fatpad and presumably others, can be 
whole-body imaged for quantitative angiogenesis 
studies (28). 

1.9 Comparative Advantages of 

Fluorescent Tumor Imaging 

Subcutaneous implantation sites (29-32) are not 
normal sites for tumor growth, and their 
microenvironments are very different from 
orthotopic sites with regard to regulation not only of 
tumor growth but of the angiogenesis process itself 
(27).  Orthotopically implanted GFP-labeled tumors 
also allow the study of angiogenesis for metastasis. 
The orthotopically growing tumors, in contrast to 
most other models, give rise to spontaneous 
metastases that resemble, both in target tissues and 
in frequency of occurrence, the clinical behavior of 
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the original human tumor (33). Moreover, the 
extreme detection sensitivity afforded by the strong 
GFP fluorescence allows imaging of very early 
events in blood vessel induction. As Li et al. (24)
point out, angiogenesis initiation in metastatic 
tumors may be very different from that of primary 
tumors and require different interventions. 

1.10 Skin Flaps Enable Ultra-High 

Resolution External Imaging of 

Angiogenesis 

Opening a reversible skin-flap in the light path 
markedly reduced signal attenuation, increasing 
detection sensitivity many-fold. The observable 
depth of tissue is thereby greatly increased (34). The 
brilliance of the tumor GFP fluorescence, facilitated 
by the reduced absorption through the skin-flap 
window, allowed imaging of the induced 
microvessels as dark against a bright background. 
The orthotopically growing BxPC 3-GFP human 
pancreatic tumor was visualized surrounded by its 
microvessels visible by their dark shadows (34). 

1.11 Dual Color Tumor-Host Models 

Okabe et al. (35) produced transgenic mice with 
GFP under the control of a chicken beta-actin 
promoter and cytomegalovirus enhancer.  All of the 
tissues from these transgenic mice, with the 
exception of erythrocytes and hair, fluoresce green.  

Tumor cells to be transplanted in the GFP mouse 
were made visible by transforming them with the red 
fluorescent protein (RFP) (28). In order to gain 
further insight into tumor-host interaction in the 
living state, including tumor angiogenesis, we have 
visualized RFP-expressing tumors transplanted in 
the GFP-expressing transgenic mice under dual-
color fluorescence microscopy. The dual-color 
fluorescence made it possible to visualize the tumor 
growth in the host by whole-body imaging as well as 
to visibly distinguish interacting tumor and host cells 
in fresh tissue.  The dual-color approach affords a 
powerful means of both visualizing and 
distinguishing the components of the host-tumor 
interaction (36). 

1.12 Visualizing Angiogenesis Onset and 

Development by Dual-Color Imaging 

Dual-color images of early events in tumor 
angiogenesis induced by a B16F10 mouse 
melanoma in the transgenic GFP expressing mouse 
were acquired in fresh tissue preparations. Host-
derived GFP-expressing fibroblast cells and 
endothelial cells form nascent blood vessels were 
visualized clearly against the red fluorescent 
background of the RFP-expressing mouse 
melanoma. Host-derived GFP-expressing blood 
vessels within the RFP-expressing mouse melanoma 
became visible. The images were acquired three 
weeks after subcutaneous injection of B16F10-RFP 
melanoma cells in the GFP mouse. 

1.13 Dual-Color Imaging with Spectral 

Resolution with Ultra-High Resolution 

Whole-Body Imaging of Angiogenesis 

The MDA-MB-435 human breast tumor 
expressing RFP was orthotopically transplanted to 
the transgenic GFP nude mice. The RFP tumors 
growing in the GFP-mice were visualized using 
excitation centered at 470 nm and appropriate >500-
nm emission filters. Using a spectral imaging system 
based on liquid crystal tunable filters, we were able 
to perform whole-body imaging yielding high-
resolution spectral information at each pixel of the 
resulting image. Powerful analysis algorithms allow 
the separation (unmixing) of individual spectral 
species on a pixel-by-pixel basis. Such techniques 
non-invasively visualized the presence of host GFP-
expressing stroma within the RFP-labeled tumor. 
Moreover, fluorescence spectra emitted in the far-
red, allow the whole-body imaging of tumor 
angiogenesis. This new differential dual-colored 
fluorescence imaging tumor-host model, along with 
spectral unmixing, can non-invasively visualize in 
real-time the onset and progression of angiogenesis 
in a tumor. Other host cells and structures in the 
tumor may also be visualized by whole-body 
spectral imaging (37). 
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Figure 1. A. Intra vital fluorescence imaging of Bx PC 3 GFP human pancreas cancer angiogenesis in an orthotopic tumor. 
The GFP expressing human tumor was transplanted to nude mice by surgical orthotopic implantation (SOI) and intravitally 
imaged 50 days later.  Bar = 200 µm. B. Intra vital fluorescence imaging of PC 3 human prostate cancer angiogenesis in 
orthotopic primary tumor. The GFP expressing human tumor was transplanted to nude mice by SOI and imaged at day 19. 
Bar = 470 µm. C. Direct view of microvessels of orthotopically-growing pancreatic cancer. The human Bx PC-3-GFP 
pancreatic tumor, microvessels were directly viewed on day-58 after SOI and highly resolved through the skin flap window 
at higher magnification.  Bar = 200 µm. D. Whole body fluorescence imaging of MDA MB 435 human breast cancer 
angiogenesis in orthotopic primary tumor. The GFP expressing human tumor was transplanted by SOI in the fat pad of nude 
mice and whole body imaged at week 20.  

2. MATERIALS AND METHODS 

2.1 Fluorescence Optical Imaging (6) 

A Leica fluorescence stereo microscope model 
LZ12 equipped with a mercury lamp and a 50-W 
power supply was used. Selective excitation of GFP 
was produced through a D425y60 band-pass filter 
and a 470 DCXR dichroic mirror. Emitted 

fluorescence was collected through a long-pass filter 
(GG475; Chroma Technology, Brattleboro, VT) on a 
Hamamatsu C5810 3-chip cooled color charge-
coupled device camera (Hamamatsu Photonics, 
Bridgewater, NJ). Images were processed for 
contrast and brightness and analyzed with the use of 
IMAGE PRO PLUS 3.1 software (Media 
Cybernetics, Silver Spring, MD). High-resolution 
images of 1024 3 724 pixels were captured directly 
on an IBM PC or continuously through video output 
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on a high-resolution Sony VCR (model SLVR1000; 
Sony, Tokyo). 

2.2 Expression Cectors (38) 

The pLNCX2 vectors were purchased from 
Clontech Laboratories (Palo Alto, CA). the pLNCX2

vector contains the neomycin resistance gene for 
antibiotic selection in eukaryotic cells.  The RFP 
gene (DsRed2; Clontech Laboratories) was inserted 
in the pLNCX2 vector at the Egl II and Not I sites.  

2.3 GFP and RFP Vector Production (6, 

36)

GFP expression vector. The pLEIN retroviral 
vector (CLONTECH) expressing enhanced GFP and 
the neomycin resistance gene on the same bicistronic 
message, which contains an internal ribosome entry 
site (6), was used to transduce tumor cells. 

RFP expression vector. PT67, a NIH 3T3-
derived packaging cell line expressing the 10 Al 
viral envelope, was purchased from CLONTECH. 
PT67 cells were cultured in DMEM (Irvine 
Scientific) supplemented with 10% heat-inactivated 
FBS (Gemini Biological Products, Calabasas, CA). 
For vector production, packaging cells (PT67), at 
70% confluence, were incubated with a precipitated 
mixture of N-[1-(2,3-dioleoyloxy)propyl]-
N,N,Ntrimethylammonium methylsulfate reagent 
(Roche Molecular Biochemicals) and saturating 
amounts of pLEIN plasmid for 18 h. Fresh medium 
was replenished at this time. The cells were 
examined by fluorescence microscopy 48 h after 
transfection. For selection, the cells were cultured in 
the presence of 500-2000 mgyml of G418 (Life 
Technologies, Grand Island, NY) for 7 days (6). 

2.4 Retroviral GFP and RFP 

Transduction of Tumor Cells (6) 

For GFP and RFP gene transduction, 25% 
confluent cells were incubated with a 1:1 
precipitated mixture of retroviral supernatants of 
PT67 cells and RPMI 1640 (GIBCO) containing 
10% FBS (Gemini Biological Products) for 72 h. 
Fresh medium was replenished at this time. Cells 

were harvested by trypsin EDTA 72 h after 
transduction and subcultured at a ratio of 1:15 into 
selective medium, which contained 200 mg/ml of 
G418. The level of G418 was increased stepwise up 
to 1000 mg/ml. Clones stably expressing GFP or 
RFP were isolated with cloning cylinders (Bel-Art 
Products) with the use of trypsin/EDTA and were 
then amplified and transferred by conventional 
culture methods. 

2.5 Animals (6) 

Six-week-old BALB/c nu/nu male and female 
nude mice were used.  Transgenic C57/B6-GFP 
mice (35) were obtained from Research Institute for 
Microbial Diseases, Osaka University, Osaka, Japan. 
The C57/B6-GFP mice express GFP under the 
control of the chicken beta-actin promoter and 
cytomegalovirus enhancer. All of the tissues from 
this transgenic line, with the exception of 
erythrocytes and hair, fluoresce green under 
excitation light. The GFP gene, regulated as 
described above, was crossed in to nude mice on the 
C57/B6 background.  Both immunocompetent and 
nude GFP transgenic mice were used. 

All animal studies were conducted in accordance 
with the principles and procedures outlined in the 
National Institute of Health Guide for the Care and 
Use of Animals under assurance number A3873-1. 
Animals were kept in a barrier facility under HEPA 
filtration. Mice were fed with autoclaved laboratory 
rodent diet (Tecklad LM-485, Western Research 
Products, Orange, CA). 

2.6 SOI Tumor Models (33) 

Tumor fragments (1 mm3), stably expressing 
GFP or RFP, previously grown s.c. in nude mice, 
were implanted by SOI on the appropriate organ in 
nude mice. After proper exposure of the organ to be 
implanted, 8–0 surgical sutures were used to 
penetrate the tumor pieces and attach them to the 
appropriate orthotopic organ. The incision in the 
skin was closed with a 7–0 surgical suture in one 
layer. The animals are kept under isoflurane 
anesthesia during surgery. All procedures of the 
operation described above were performed with a 37 
magnification microscope (MZ6; Leica, Nussloch, 
Germany). 
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2.7 Cutaneous Melanoma Model (36) 

Six-week-old male C57/B6-GFP mice were 
injected subcutaneously with 106 RFP-expressing 
mouse B16F0 melanoma cells. Cells were first 
harvested by trypsinization and washed 3 times with 
cold serum-containing medium, then kept on ice.  
Cells were inoculated by intradermal injection of the 
dorsal skin of the animal in a total volume of 50 µl
within 40 minutes of harvesting.   

2.8 Quantitative Analysis of Angiogenesis 

(6)

Periodically, the tumor-bearing mice were 
examined by intravital or whole-body fluorescence 
imaging. The extent of blood vessel development in 
a tumor was evaluated based on the total length of 
blood vessels (L) in chosen areas: areas containing 
the highest number of vessels were identified by 
scanning the tumors by intravital or whole-body 
imaging. To compare the level of vascularization 
during tumor growth, the ‘‘hot’’ areas with the 
maximum development of vessels per unit area were 
then quantitated for L expressed in pixels. Captured 
images were corrected for unevenness in 
illumination. Then the total number of pixels derived 
from the blood vessels was quantified with IMAGE 
PRO PLUS software. 

2.9 Skin-Flap Windows (34) 

Tumor cells on the various internal organs were 
visualized through the skull or body wall through 
different skin-flap windows over the scalp, chest 
wall, upper abdomen, and lower abdomen. The 
animals were anesthetized with the 
ketaminemixture. An arc-shaped incision was made 
in the skin, and s.c. connective tissue was separated 
to free the skin flap. The skin flap could be opened 
repeatedly to image tumor cells on the internal 
organs through the nearly transparent mouse body 
walls or skull and simply closed with an 6–0 suture. 
This procedure greatly reduced the scatter of 
fluorescent photons. 

2.10 Tumor Tissue Sampling (36) 

Tumor tissue biopsies were processed from three 
days to four weeks after inoculation of tumor cells. 
Fresh tissue were cut into ~1mm3 pieces and pressed 
on slides for fluorescence microscopy. For analyzing 
tumor angiogenesis, the tissues were digested with 
trypsin/EDTA at 37°C for 5 minutes before 
examination. After trypsinization, tissues were put 
on pre-cleaned microscope slides (Fisher Scientific, 
Pittsburgh, PA 15219) and covered with another 
microscope slide.  
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The Epigenetic Influence of the Tumor Microenvironment on 

Melanoma Plasticity 
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Abstract: Melanoma represents a growing public health burden worldwide, and like most other cancers, is a disease of 
the tumor-host microenvironment. An innovative cellular and molecular analysis has been used to study the 
epigenetic induction of a transdifferentiated phenotype in poorly aggressive melanoma cells exposed to the 
microenvironment of aggressive melanoma cells, including the acquisition of a plastic and invasive 
phenotype. These findings offer a unique perspective of the inductive properties associated with an 
aggressive melanoma microenvironment that might provide new insights into the regulation of tumor cell 
plasticity and differentiation, as well as mechanisms that could be targeted for novel therapeutic strategies. A 
dynamic, complex relationship exists between tumor cells and their microenvironment, which plays a pivotal 
role in cancer progression, yet remains poorly understood. Particularly perplexing is the revelation that 
aggressive melanoma cells express genes associated with multiple cellular phenotypes, in addition to their 
ability to form vasculogenic-like networks in three-dimensional (3-D) matrix -- vasculogenic mimicry. Key 
to identifying the molecular mechanisms underlying vasculogenic mimicry and tumor cell 
transdifferentiation is understanding the unique role of the tumor microenvironment in this process. This 
chapter will review the epigenetic effect of the microenvironment of aggressive melanoma cells. The data 
reveal profound changes in the global gene expression in poorly aggressive melanoma cells exposed to 3-D 
matrices preconditioned by aggressive melanoma cells, including the acquisition of a vasculogenic cell 
phenotype, upregulation of ECM remodeling genes, and increased migratory/invasive potential -- indicative 
of microenvironment-induced transdifferentiation.

Key words: Melanoma, epigenetic, plasticity, tumor microenvironment, vasculogenic mimicry, microarray, 
transdifferentiation, angiogenesis, cell signalling, 3-D matrix 

1. PLASTICITY OF HUMAN 

MELANOMA CELLS

Cancer is a disease of the tumor-host 
microenvironment consisting of a complex, dynamic 
relationship that remains enigmatic. Cutaneous 
melanoma is considered one of the few remaining 
cancers escalating in incidence (1, 2), and thus 
represents a growing public health burden 
worldwide (3-5). Uveal melanoma is considered the 

most common primary intraocular cancer in adults 
(6), and metastasis occurs in an unpredictable 
manner in approximately 50% of patients with a 
primary tumor originating in the choroid or ciliary 
body of the eye (6). Indeed, the clinical management 
of cutaneous and uveal melanoma, and many other 
types of cancer, would benefit significantly from the 
identification of valid predictors of disease 
progression and metastatic potential. Recent reports 
directed toward unveiling the molecular signature of 
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melanoma tumor cells have resulted in important 
classification schemes for cutaneous (7) and uveal 
(8, 9) melanoma. Indeed, translational studies are 
beginning to emerge that support the promise of 
microarray technology in melanoma care (10; for 
review, see 11); however, the precise biological 
function of aberrantly expressed genes and their 
role(s) in tumor cell interactions with the 
microenvironment are yet to be fully comprehended. 

To date, comparative global gene analyses of 
aggressive and poorly aggressive human cutaneous 
and uveal melanoma cell lines have revealed the 
unexpected finding that aggressive tumor cells 
express genes that are associated with multiple 
cellular phenotypes (8, 12, 13). These include genes 
that are usually expressed by epithelial, endothelial, 
pericyte, fibroblast, hematopoietic, kidney, neuronal, 
muscle, and several other cell types, and their 
respective precursor stem cells. These intriguing 
findings strongly suggest that aggressive melanoma 
cells revert to an undifferentiated, embryonic-like 
phenotype, a concept that challenges our current 
thinking of how to identify and target tumor cells 
with a “plastic” phenotype that can possibly 
masquerade as other cell types. A remarkable 
example of melanoma cell plasticity is vasculogenic 
mimicry, which describes the unique ability of 
aggressive melanoma cells (but not poorly 
aggressive melanoma cells) to express endothelia-
associated genes and form extracellular matrix 
(ECM)-rich vasculogenic-like networks in three-
dimensional (3-D) culture (14; for review, see 12). 
The formation of these networks recapitulates the 
embryonic development of vasculogenic networks, 
and they are associated with the distinctly patterned, 
ECM-rich networks observed in aggressive tumors 
of patients with melanoma (8, 14-17). Additional 
studies have reported vasculogenic mimicry in 
various tumor types (for review, see 12), including 
the demonstration of blood flow and fluid exchange 
between tumor cell-lined vascular spaces and 
endothelium-lined vasculature (18-20). Indeed, there 
is growing evidence for the existence of an 
intratumoral, tumor-cell-lined, ECM-rich, patterned 
network that can provide an extravascular fluid 
pathway, referred to as the “fluid-conducting 
meshwork” (19, 21). 

1.1 Vasculogenic Mimicry as an Example 

of Plasticity 

The etiology of vasculogenic mimicry remains 
unclear; however, it appears to involve dysregulation 
of the tumor-specific phenotype and the concomitant 
transdifferentiation of aggressive tumor cells into 
other cell types -- such as endothelial cells. 
Furthermore, select angiogenesis inhibitors are 
ineffective in destroying tumor cell vasculogenic 
mimicry (12, 22), which is an important 
consideration in the design of anti-vascular 
therapies. Key to our identifying the molecular 
mechanisms underlying vasculogenic mimicry and 
tumor cell plasticity is to first understand the unique 
role the tumor microenvironment plays in this 
process. Thus, the purpose of this chapter is to 
review the evidence demonstrating the potential 
epigenetic effect of the microenvironment of 
aggressive melanoma cells on the 
transdifferentiation of poorly aggressive melanoma 
cells. The data reveal profound changes in the global 
expression of genes in poorly aggressive melanoma 
cells exposed to 3-D collagen I matrices 
preconditioned by aggressive melanoma cells -- 
indicative of microenvironment-induced 
transdifferentiation. In addition, the poorly 
aggressive melanoma cells acquired characteristics 
associated with an aggressive phenotype, including 
the expression of various cell phenotype associated 
genes, ECM remodeling genes, and 
migratory/invasive potential. It is anticipated that 
these findings will offer an unique perspective of the 
inductive properties associated with the 
microenvironment of aggressive tumor cells that 
might provide new targets and paradigms for drug 
discovery. 

Using an unique experimental strategy, 
presented in Figure 1, we sought to determine 
whether the microenvironment of aggressive 
melanoma tumor cells could influence the 
phenotype, migratory and invasive potential of 
poorly aggressive melanoma cells exposed to a 
“preconditioned” ECM microenvironment. The 
biological properties of the human uveal melanoma 
cells used in this study are listed in Table 1. The cell 
phenotype was determined by 
immunohistochemistry and Northern blot analyses 
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for the expression of cell-type-specific intermediate 
filament markers: vimentin for the mesenchymal 
phenotype, and keratins 8, 18 for an epithelial 
phenotype. Additional assessments were conducted 
for in vitro invasive potential and for the ability of 
the tumor cells to form vasculogenic-like networks 
(vasculogenic mimicry) in 3-D collagen I matrices. 
The data presented in Table 1 revealed that the 
human uveal melanoma cells could be classified into 
two distinctive categories (based on their biological 
behavior) -- poorly aggressive and aggressive. 
Specifically, the poorly aggressive MUM-2C cells 

(derived from the MUM-2 heterogeneous metastatic 
cell line) expressed vimentin only, a classical 
melanoma mesenchymal marker, were poorly 
invasive in vitro, and did not engage in vasculogenic 
mimicry. In contrast, the aggressive MUM-2B cells 
(derived from the MUM-2 metastatic cell line) 
coexpressed vimentin and keratin(s), indicative of a 
dedifferentiated, interconverted phenotype, 
previously described by our laboratory (8, 23). In 
addition, these aggressive melanoma cells were 
highly invasive in vitro and formed vasculogenic-
like networks in 3-D collagen I matrix. 

Figure 1. Experimental plan. As shown in this model, aggressive melanoma cells are cultured on a 3-D, collagen I matrix 
for three days, after which the cells are removed using ammonium hydroxide followed by extensive washing of the matrix. 
This was followed by seeding the poorly aggressive melanoma cells onto the preconditioned matrix, then analyzing the cells 
for changes in gene expression and functional changes compared to the poorly aggressive cells cultured on a non-inductive 
matrix. 

Table 1. Biological Properties of Human Uveal Melanoma Cells. aScoring of tumor cell phenotype using classical 
pathology markers of vimentin (mesenchymal) and cytokeratins 8 and 18 (epithelial) intermediate filaments (IFs) was based 
on a positive (+) and negative   (-) ranking system, determined by immunohistochemistry and Northern blot analysis. 
bInvasiveness was calculated as the percentage of cells capable of invading a collagenous matrix-coated polycarbonate 
membrane over 24 hours within a membrane invasion culture system (MICS) chamber compared with the total number of 
cells seeded (± SE; n=6 wells per parameter and run in duplicate experiments). cVasculogenic mimicry was assessed based 
on the ability of cells seeded onto a three-dimensional collagen I matrix to form tubular vasculogenic-like networks over 7 
days. dDerived from the MUM-2 heterogeneous cell line obtained from a liver metastasis. 

Culture 

designation Cell phenotypea Invasive potentialb

Vasculogenic 

mimicryc

MUM-2Bd vimentin+keratin(s) High (13.3-15±0.6) + 
MUM-2Cd vimentin only Poor (2.0-2.3±0.06) −
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To address the potential epigenetic effect(s) of 
the tumor cell microenvironment (associated with 
aggressive melanoma cells) on the possible 
transdifferentiation of poorly aggressive melanoma 
cells, we allowed the aggressive MUM-2B cells to 
“precondition” a defined 3-D microenvironment 
consisting of collagen I for up to 3 days, then 

removed the tumor cells and seeded the poorly 
aggressive MUM-2C cells on the “preconditioned 
matrix”. An additional experimental combination 
tested included MUM-2B cells incubated on a 3-D 
matrix preconditioned by poorly aggressive MUM-
2C cells. The results from these experiments are 
shown in Figure 2. 

Figure 2. Phase contrast microscopy of human melanoma cells cultured on collagen I 3-D matrices under varying 
conditions. (A) Highly aggressive, metastatic  MUM-2B cells cultured on a collagen I (COL-1) 3-D matrix for seven days 
form patterned, vasculogenic-like networks that appear tubular when examined by cross-section and stained with H&E 
(inset). (B) Poorly aggressive, metastatic MUM-2C cells do not form these networks when cultured under the same 
conditions for seven days. (C) Cross-section of an H&E stained culture of MUM-2B cells on a 3-D matrix after three days 
and phase contrast image of the matrix after removal of the cells (left inset) and subsequent staining of the preconditioned 
matrix for laminin (right inset). (D) Poorly aggressive MUM-2C cells form patterned, vasculogenic-like networks when 
cultured on a matrix preconditioned by the MUM-2B cells (MUM-2B CMTX) and the structures appear tubular in cross-
section when stained with H&E (inset). (E) MUM-2B cells cultured on a MUM-2C preconditioned matrix are not inhibited 
in the formation of the patterned networks by the poorly aggressive cell preconditioned matrix. 

The aggressive MUM-2B cells formed mature, 
patterned, vasculogenic-like networks by 7 days on 
3-D collagen I matrix, and histological cross-
sections of these cultures revealed the tubular nature 
of the network structures (Figure 2A, inset). By 
comparison, the poorly aggressive MUM-2C cells 
were unable to engage in vasculogenic mimicry 
under similar experimental conditions (Figure 2B). 

In preparation for the next set of experiments 
involving the incubation of poorly aggressive 
melanoma cells on 3-D matrices preconditioned by 
aggressive tumor cells, it was important to first 
determine the morphological status of the aggressive 
melanoma cell cultures after 3 days of interacting 
with the 3-D collagen I matrix. As shown in Figure 
2C, a representative example of aggressive 
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melanoma cells (MUM-2B) interacting for 3 days 
with a 3-D collagen I matrix demonstrates that the 
tumor cells are invading into the 3-D matrix, but 
have not yet formed mature, tubular, vasculogenic-
like networks. The two insets in Figure 2C show that 
ammonium hydroxide treatment efficiently removed 
tumor cells from their respective 3-D matrices, and 
proteins, such as laminin, can be detected deposited 
in tracks within the preconditioned matrix. When the 
poorly aggressive MUM-2C cells were incubated on 
the 3-D matrix preconditioned by the aggressive 
MUM-2B cells, they formed patterned vasculogenic-
like networks -- for the first time -- some of which 
were tubular in nature as shown by cross-sectional 
histological analysis (Figure 2D, inset). We then 
tested whether the preconditioning of a 3-D matrix 
by poorly aggressive MUM-2C cells could affect the 
vasculogenic mimicry potential of MUM-2B cells, 
and it did not (Figure 2E). Collectively, these data 
support the hypothesis that the microenvironment 
preconditioned by aggressive melanoma tumor cells 
can induce a vasculogenic phenotype in poorly 
aggressive melanoma cells. 

2. INDUCTION OF DIFFERENTIAL 

GENE EXPRESSION BY THE 

MICROENVIRONMENT OF 

AGGRESSIVE MELANOMA CELLS 

To achieve a global gene analysis of the 
epigenetic changes associated with poorly 
aggressive melanoma cells exposed to 3-D collagen 
I matrices preconditioned by aggressive melanoma 
cells, we employed microarray analysis followed 
with hierarchical clustering using the average 
linkage method. Highlights of these data are shown 
in Tables 2 and 3 based on the hierarchical 
clustering of melanoma gene expression patterns 
under varying culture conditions. The culture 
condition parameters consisted of: 1) Aggressive 
MUM-2B or poorly aggressive MUM-2C cells 
grown on tissue culture plastic versus their 

respective incubation on unconditioned 3-D collagen 
I matrix; 2) MUM-2B versus MUM-2C cells 
cultured on either tissue culture plastic or on 
unconditioned 3-D collagen I matrix; and 3) MUM-
2C cells grown on 3-D collagen I matrix 
preconditioned by MUM-2B cells versus MUM-2C 
cells grown on an unconditioned (control) collagen I 
matrix. The complete global gene analysis is 
available at http://www.hgri.nih.gov. 

Comparative analysis of genes from the various 
cell lines grown on plastic relative to unconditioned 
collagen I matrix showed minimal to no change in 
their molecular profile or phenotype (data not 
shown). However, the microarray data demonstrate 
that the matrix microenvironment preconditioned by 
aggressive MUM-2B melanoma cells, exerted (in 
most instances) a profound, epigenetic effect on the 
poorly aggressive MUM-2C cells exposed to these 
preconditioned 3-D collagen I matrices. There are 
several categories of genes that are shown to be 
upregulated in the poorly aggressive melanoma cells 
indicative of a transdifferentiated phenotype, 
including genes associated with the ECM and 
remodeling, endothelial, epithelial, neuronal, and 
bone marrow mesenchymal stem cell phenotypes, 
growth factors, signal transduction and transcription 
factors, and a highly invasive/aggressive cell 
phenotype. 

The change in gene expression resulting from the 
epigenetic influence of the aggressive melanoma 
microenvironment on poorly aggressive cells 
coincides with many of the constitutively 
upregulated genes in the MUM-2B cells (relative to 
MUM-2C). Interestingly, many of the down-
regulated genes observed in the poorly aggressive 
melanoma cells exposed to the matrix 
microenvironment preconditioned by aggressive 
melanoma cells are associated with melanoma-
specific antigens -- similar to their constitutive 
down-regulation observed in the aggressive MUM-
2B cells. 
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Table 2. Microarray analysis of aggressive versus poorly aggressive uveal melanoma cells on preconditioned versus control 
collagen I matrices: Upregulated genes. Altered gene  expression in human uveal melanoma cells was identified by cDNA 
microarray analysis. aSelected genes with a differential expression of 1.4-fold or greater are reported as a ratio of aggressive 
to poorly aggressive uveal melanoma cells. bDifferential expression of selected genes reported as a ratio of poorly 
aggressive uveal melanoma cells grown on a Col I matrix (cmtx) preconditioned by aggressive uveal melanoma cells 
compared to cells grown on an unconditioned control Col I matrix. 

Gene Name 

MUM-2B/

MUM-2Ca

MUM-2C on MUM-2B cmtx/ 

MUM-2C Col Ib

Cell phenotype associated genes 

Aminopeptidase N, CD13 18.8 11
Vascular endothelial (VE)-cadherin 3.6 1.5 
Melanoma cell adhesion molecule >20 6.2
EphA2 protein tyrosine kinase    6.5 1.3
Keratin 7 9.8 2.6
Epithelial membrane protein 1 9.3 1.9
Putative lymphocyte G0/G1 switch gene >20 7.8
ECM-related genes 

Fibronectin 1          >20 11.6
Laminin 5 β3 18.6 7.5
Laminin 5 γ2 8.9 2.5
Integrin, α3 -subunit >20 2.8
Lysyl oxidase-like 2   5.5 2.4
Matrix metalloproteinase-2 (MMP-2) 4.2 1.5
Matrix metalloproteinase-14 (MT1-MP) 3.3 1.7
Urokinase 9.5 1.5
Transcription/signal transduction/growth factor-related genes 

c-met protooncogene 3.2 2.8
Interleukin-8 9.7 >20
Paired box gene 8 8.7 4.5
Colony stimulating factor 3  > 20 5.2
Cysteine-rich, angiogenic inducer, 61  16.9 2.0
GRO I oncogene 11.0 1.8
Interleukin-1β >20 5.8
Rho GDP dissociation inhibitor (GDI) beta 7.9 2.4
Urokinase Receptor 4.5 2.9
Inhibin, beta A 15.7 6.1
Zinc finger protein 41 >20 8.4
Transmembrane 4 superfamily member 1  11.7 4.4
Thymosin, beta 4, X chromosome  >20 4.8
Thymosin, beta 4, Y chromosome >20 3.4
Cytochrome P450, subfamily IIIA 
(niphedipine oxidase), polypeptide 4     >20 4.6

Table 3. Microarray analysis of aggressive versus poorly aggressive uveal melanoma cells on preconditioned versus control 
collagen I matrices: Down-regulated genes. Altered gene expression in human uveal melanoma cells was identified by 
cDNA microarray analysis. aSelected genes with a differential expression of 1.4-fold or greater are reported as a ratio of 
aggressive to poorly aggressive uveal melanoma cells. bDifferential expression of selected genes reported as a ratio of 
poorly aggressive uveal melanoma cells grown on a Col I matrix (cmtx) preconditioned by aggressive uveal melanoma cells 
compared to cells grown on an unconditioned control Col I matrix. 

Gene Name 

MUM-2B/

MUM-2Ca

MUM-2C onMUM-2B cmtx/ 

MUM-2C Col Ib

Melanoma antigen, family A, 8   0.53 0.49
Melanoma antigen, family D, 2 0.65 0.66
Preferred Expression in Melanoma 0.09 0.79
Tyrosinase-related protein I  0.05 0.62
Melan-A 0.25 0.41
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Confirmation of select differentially expressed 
genes was accomplished by semi-quantitative RT-
PCR analysis of human melanoma cells under 
various experimental conditions that underwent 
microarray analysis (Figure 3).  

Figure 3. Select genes were studied further by RT-PCR to 
determine the longevity of EphA2, VE-cadherin, TIE-1, 
VEGF-C, laminin 5 2 chain, PAX8, urokinase, keratin 7, 
CD13, integrin 3-subunit and c-met gene expression in 
MUM-2C cells grown on a 3-D collagen I matrix 
preconditioned by MUM-2B cells (MUM-2B CMTX), and 
subsequently removed from this “inductive” matrix and 
replated onto tissue culture plastic for 1, 3, 7, 14 and 21 
days, respectively, and then compared with the gene 
expression profiles of MUM-2C or MUM-2B cells grown 
on collagen I only (COL-I).  

The categories of genes tested consisted of: 
endothelial/vascular-associated genes [EphA2 
(erythropoietin-producing hepatocellular carcinoma-
A2), VE-cadherin (vascular endothelial), TIE-1 
(tyrosine kinase with Ig and epidermal growth factor 
homology domains-1), VEGF-C (vascular 
endothelial growth factor-C)]; ECM proteins 
associated with an aggressive cancer cell phenotype 
(laminin 5 2 chain and an associated receptor, α3-
containing integrin); a homeobox gene (PAX 8); an 

epithelial phenotype-specific gene (keratin 7); a 
matrix remodeling gene (urokinase); a mesenchymal 
stem cell-associated gene (CD13); and a proto-
oncogene associated with a migratory cell phenotype 
(c-met). Most noteworthy is the upregulation of 
genes (mentioned above) by the poorly aggressive 
MUM-2C cells exposed to matrices preconditioned 
by the aggressive, metastasis-derived MUM-2B 
cells, thus validating select data presented in Table 
2. In most cases, these genes are not expressed by 
the poorly aggressive melanoma cells grown on the 
control 3-D collagen I matrices, but their induced 
expression is similar (in many instances) to the 
genes expressed constitutively by the aggressive 
melanoma cells. 

The next question we addressed pertained to the 
stability of the epigenetic induction of a 
transdifferentiated phenotype. We focused our 
observations on the poorly aggressive MUM-2C 
cells exposed to the matrix microenvironment 
preconditioned by the aggressive MUM-2B cells, as 
shown in Figure 3. Following exposure to the 
preconditioned matrices, the MUM-2C cells were 
replated onto tissue culture plastic from 1 day to 21 
days. By 21 days, expression of VE-cadherin, TIE-1, 
urokinase, and the integrin α3-subunit appears to be 
gone; expression of EphA2, VEGF-C, laminin 5 2
chain, PAX 8, keratin 7, and CD13 is reduced, while 
c-met remains elevated. These data indicate that the 
epigenetic effect of the aggressive tumor cell 
microenvironment on poorly aggressive cells is 
long-lasting with respect to the induction of certain 
genes and transient in other cases. 

3. EPIGENETIC EFFECT OF THE 

TUMOR MICROENVIRONMENT 

The tumor microenvironment plays a critical role 
in cancer progression (24-26). However, most 
molecular analyses employed in cancer biology 
focus on differential gene expression of either cells 
in an artificial environment (such as tissue culture 
plastic) or whole tumors, where the contributions of 
individual cells and their respective 
microenvironment(s) are undeterminable. Thus, our 
study was designed to introduce an innovative 
approach to investigate the potential epigenetic 
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effect of the microenvironment of aggressive 
melanoma cells on the possible transdifferentiation 
of poorly aggressive melanoma cells exposed to it. 
The findings generated from this strategic approach 
showed profound changes in the phenotype, genetic 
profile, and biological activity of poorly aggressive 
melanoma cells exposed to a metastatic melanoma 
microenvironment, and indicated their 
transdifferentiation into an aggressive melanoma cell 
phenotype. Particularly noteworthy was the 
observation that some of the genes induced in the 
poorly aggressive melanoma cells through this 
epigenetic event remained upregulated 21 days after 
the cells were removed from an inductive 
microenvironment and maintained on tissue culture 
plastic, suggesting more than a transient response to 
the microenvironment. 

The selection of cell lines for the study allowed 
the comparative analyses of the vasculogenic 
phenotype, molecular profile, and migratory and 
invasive potential associated with aggressive versus

poorly aggressive uveal melanoma cells. Although 
previous studies from our laboratory had confirmed 
that both aggressive cutaneous and uveal melanoma 
cells formed vasculogenic-like networks in 3-D 
collagen I matrices, whereas poorly aggressive 
melanoma cells were incapable of vasculogenic 
mimicry (13, 14, 27), a global comparative 
molecular analysis of the possible epigenetic 
effect(s) of an aggressive melanoma cell 
microenvironment had not been attempted. Prior 
microarray analyses of human melanoma cell lines 
(grown on tissue culture plastic) derived from 
cutaneous and uveal melanomas showed comparable 
gene expression profiles (7, 8). However, our current 
work described in this chapter utilized only uveal 
melanoma as the experimental model because the 
aggressive and poorly aggressive clones were 
isolated from the same patient. 

The morphological analyses presented in Figure 
2 clearly demonstrate that by day 3, aggressive 
melanoma cells had formed cord-like structures with 
evidence of highly migratory cells invading the 3-D 
collagen I matrices. Furthermore, these cells 
deposited ECM proteins, such as laminin, in tracks 
throughout the 3-D matrix. Removal of cells from 
the preconditioned matrices was efficient and did not 
compromise the integrity of the collagen I matrix. 

Most noteworthy was the observation that poorly 
aggressive melanoma cells (MUM-2C) acquired a 
vasculogenic phenotype and formed tubular 
vasculogenic-like networks in response to a 
metastatic microenvironment (preconditioned by 
MUM-2B). Also intriguing was the finding that the 
matrix microenvironment preconditioned by the 
poorly aggressive MUM-2C cells offered no 
apparent informative cues with respect to inhibiting 
or enhancing the vasculogenic phenotype of the 
aggressive MUM-2B cells which demonstrated the 
predominance of the aggressive cell phenotype 
under these experimental conditions. 

To determine the molecular epigenetic effects 
induced by the matrix microenvironment 
preconditioned by aggressive melanoma cells, we 
utilized a nonbiased global gene analysis approach. 
Highlighted genes from the 14,000 cDNA element 
microarray are presented in Tables 2 and 3 
subdivided into the following categories to better 
appreciate their respective biological significance: 
Cell phenotype associated genes; ECM-related 
genes; and transcription/signal transduction/growth 
factor-related genes. 

In the category of cell phenotype associated 
genes, the poorly aggressive MUM-2C melanoma 
cells exposed to the metastatic-derived MUM-2B 
cell microenvironment showed a significant down-
regulation of several melanoma-specific markers -- 
similar to those constitutively down-regulated in the 
aggressive MUM-2B tumor cells. For example, 
melanoma antigen (family A,8 and family D,2), 
preferred expression in melanoma, tyrosinase-related 
protein 1, and melan-A were all down-regulated in 
MUM-2B aggressive melanoma cells, but not in 
MUM-2C poorly aggressive cells -- until they were 
exposed to the MUM-2B preconditioned matrix 
microenvironment. The expression of melanoma 
associated antigen genes has been linked to a 
favorable disease outcome in advanced stage 
melanoma (28), and several of these antigens are 
used as important markers in the diagnosis of 
melanoma (29, 30). Collectively, these data suggest 
that melanoma cells appear to dedifferentiate as they 
acquire an aggressive phenotype, which might make 
them more difficult to identify using routine 
histopathological markers for diagnosis. However, it 
is interesting to note that melanoma cell adhesion 



4. The Epigenetic Influence of the Tumor Microenvironment on Melanoma Plasticity 55

molecule, upregulated constitutively in the 
aggressive melanoma cells, was epigenetically 
induced in the poorly aggressive MUM-2C cells 
exposed to the MUM-2B-preconditioned matrix 
microenvironment. This adhesion molecule, also 
referred to as MCAM, MUC18, and CD146, is a 
member of the immunoglobulin supergene family 
and has been shown to mediate melanoma-
endothelial cell heterophilic ligand adhesion integral 
in the metastatic cascade and can facilitate cell-host 
interactions (31). 

Other cell phenotype associated genes that were 
upregulated in the aggressive melanoma cells and 
epigenetically induced in the poorly aggressive 
melanoma cells exposed to the MUM-2B 
microenvironment are involved in angiogenesis, 
lymphangiogenesis and vasculogenesis, including 
EphA2, VE-cadherin, TIE-1, and VEGF-C. These 
molecules, with their binding partners, are a few of 
the factors that are required for the formation and 
maintenance of the vasculature (32-35). At the 
protein level, VE-cadherin and EphA2 are expressed 
only by aggressive melanoma cells, and not by 
poorly aggressive melanoma cells (35, 36). 
Furthermore, down-regulation of VE-cadherin or 
EphA2 expression results in the complete inability 
of aggressive melanoma cells to form vasculogenic-
like networks in 3-D culture. These previous 
observations from our laboratory, together with the 
current findings, suggest that the metastasis-derived 
MUM-2B cells preconditioned their matrix 
microenvironment in a manner that induced the 
poorly aggressive cells to acquire a vascular 
phenotype as demonstrated by the expression of 
vascular cell-associated genes and ability to form 
vasculogenic-like networks for the first time in 3-D 
culture. Additional intriguing vascular cell 
phenotype associated genes that were induced 
epigenetically in the poorly aggressive melanoma 
cells are CD13 and putative lymphocyte G0/G1 
switch gene. CD13, a surface-bound 
metallopeptidase, also referred to as alanyl 
aminopeptidase (APN), has been identified as the 
leukocyte surface differentiation antigen 
(predominantly expressed on cells of myelo-
monocytic lineage), and most recently implicated as 
an angiogenic regulator and transcriptional target of 
Ras signaling pathways in endothelial 

morphogenesis and a prime target for anti-
angiogenic tumor-homing peptides (37-40). Of 
particular note in the current study was the 
observation that the epigenetically induced 
expression of CD13 endured 21 days after the poorly 
aggressive melanoma cells were removed from their 
inductive matrix preconditioned by MUM-2B cells. 
Thus, it is tempting to speculate that the 
upregulation of this gene might represent an early 
event in the differentiation pathway of vascular 
cells, possibly upstream of VE-cadherin, EphA2, 
and TIE-1. Coincident with the strong epigenetically 
induced expression of CD13 is a similar induction of 
the putative lymphocyte G0/G1 switch gene. 
Although this gene was originally thought to be the 
lectin-induced switch of lymphocytes from the G0 to 
the G1 phase of the cell cycle (41), more recent 
findings indicate its involvement in mesenchymal 
progenitor developmental events leading to the 
differentiation of osteogenic, chondrogenic and 
predominantly adipogenic lineages (42). The strong 
induction of the putative lymphocyte G0/G1 switch 
gene in the poorly aggressive melanoma cells 
supports the hypothesis that these cells acquire a 
dedifferentiated, embryonic-like phenotype, similar 
to that associated with the aggressive melanoma 
cells.

The epithelial-associated genes -- epithelial 
membrane protein 1 (EMP1) and keratin 7, were 
also upregulated in the poorly aggressive melanoma 
cells exposed to the MUM-2B preconditioned matrix 
microenvironment. EMP1, alternatively referred to 
as tumor-associated membrane protein, has been 
detected in embryonic kidney, brain, gut and is 
linked to cell-cell interactions and the regulation of 
cell proliferation, in addition to neuronal 
differentiation and neurite outgrowth (43-45). 
Similarly, the induced expression of keratin 7, 
indicative of a simple epithelial cell type, in the 
mesenchymally-derived poorly aggressive 
melanoma cells, strongly suggests their transition to 
a dedifferentiated, interconverted phenotype, 
previously shown by our laboratory and others to be 
closely associated with aggressive behavior and 
metastatic disease (23, 46-48). 

Many of the biological properties germane to 
embryogenesis, particularly the plasticity associated 
with stem cells, are also important in tumor 
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progression. The unexpected microarray profile of 
aggressive versus poorly aggressive melanoma cells 
revealed the coexpression of multiple phenotype-
specific genes by the aggressive tumor cells (7, 8, 
27), and current studies are addressing the functional 
significance of the melanoma vasculogenic 
phenotype in various models. One such study 
introduced fluorescently-tagged aggressive 
melanoma cells into an ischemic limb (non-tumor 
environment) and then assessed whether the tumor 
cells could participate in neovascularization (49). 
This investigation revealed that the limb was 
reperfused within 5 days with newly formed 
vasculature containing melanoma and endothelial 
cells forming chimeric vessels, thus demonstrating 
the influence of the microenvironment on the 
transendothelial differentiation of aggressive 
melanoma cells that were biologically functional. 
Although the current study indicates that poorly 
aggressive melanoma cells exposed to the metastatic 
cell-derived microenvironment were induced to 
express genes associated with a vascular cell 
phenotype and form vasculogenic-like networks, it is 
unknown whether they are fully competent to 
provide a vascular function similar to that 
demonstrated previously by aggressive melanoma 
cells. We are just beginning to appreciate the 
complexity of cell fate restriction and 
transdifferentiation (50-52), and the data generated 
in the present study strongly suggest that epigenetic 
regulation of cell phenotype specific genes plays a 
critical role in transdifferentiation and 
dedifferentiation. Understanding the lineage of 
tumor cells and the significance of their altered 
circuitry is critical in elucidating cancer as a disease 
of altered cellular behavior (53). Achieving a better 
perspective of the common transcriptional pathways 
regulating phenotype control genes, particularly with 
respect to melanocyte development, may hold the 
key to formulating new strategies to harness the 
aggressive melanoma cell phenotype. 

The epigenetic induction of ECM-related genes 
in poorly aggressive melanoma cells exposed to the 
matrix preconditioned by metastasis-derived 
aggressive MUM-2B cells (highlighted in Table 2) 
suggests a newly acquired potential to remodel the 
microenvironment. It is well accepted that the 
cellular microenvironment can directly modulate cell 

fate (54-55), but the molecular details governing this 
dynamic interplay remain poorly understood. 
However, we are gaining a greater appreciation of 
the cooperative roles of specific ECM components 
and matrix remodeling proteases involved in the 
interactions between tumor cells and their 
microenvironment (26, 56, 57). In the present study, 
the most robust epigenetic induction of an ECM-
related gene observed in poorly aggressive 
melanoma cells was fibronectin. Emerging evidence 
points to fibronectin as a critical regulator of ECM 
organization and stability with broader implications 
in cellular migration, differentiation, and metastasis 
(58-60). Of additional significance is earlier work 
uncovering the metalloproteinase stimulating ability 
of cleaved fragments of fibronectin (61), which may 
provide a biological mechanism for the increased 
migratory and invasive potential acquired by the 
poorly aggressive melanoma cells exposed to a 
metastatic melanoma cell preconditioned 
microenvironment. Other genes that were 
upregulated in the poorly aggressive melanoma cells 
exposed to the microenvironment preconditioned by 
metastasis-derived MUM-2B cells are associated 
with matrix remodeling: urokinase, lysyl oxidase-
like 2, and matrix metalloproteinases-2 and -14 
(MT1-MMP) (26, 62-67). The epigenetic 
upregulation of laminin 5 and an associated α3-
containing integrin observed in the poorly 
aggressive melanoma cells was of particular interest 
based on previous studies from our laboratory 
demonstrating the requirement for cooperative 
interactions of laminin 5 2 chain, MMP-2 and 
MT1-MMP for vasculogenic mimicry by aggressive 
melanoma cells (68-69). Laminins are important 
components of basement membranes that are 
involved in regulating differentiation, tumor 
metastasis, cell attachment, migration and 
angiogenesis (70-72). Proteolytic cleavage of the 
laminin 5 2 chain by MT1-MMP and MMP-2 
results in the formation of laminin 5 2’ and 2x
promigratory fragments (68, 73-75). Laminin is also 
an integral component of vasculogenic-like networks 
or fluid-conducting meshwork formed by aggressive 
melanoma cells in vitro and in vivo, respectively (12, 
19, 21, 69). Thus, it is tempting to speculate that the 
acquired ability of poorly aggressive melanoma cells 
to upregulate laminin 5 (and an associated α3-
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containing integrin) and the MMPs necessary to 
cleave it into promigratory signals in their 
microenvironment provides additional evidence that 
they have assumed a transdifferentiated phenotype 
that resembles a more aggressive melanoma cell, 
with possible implications in altered signaling 
capabilities as well (76). Quite interestingly, the 
inductive potential of the microenvironment 
preconditioned by aggressive metastatic melanoma 
cells can be neutralized by treatment with a 
chemically modified tetracycline (CMT-3 or COL-
3), which is a potent inhibitor of MMP activity, 
inhibits the cleavage of laminin 5 chain to 
promigratory fragments, and down-regulates MMP-
2, MMP-9, MT1-MMP, VE-cadherin, VEGF-C, and 
TIE-1 (27). Indeed, these are important biological 
findings that may be useful in targeting molecular 
cues in the microenvironment of aggressive tumors, 
ultimately inhibiting the triggering of the 
angiogenic/vasculogenic switch thought to initiate 
critical control pathways (77, 78). 

The third category of microarray data consists of 
transcriptional/signal transduction/growth factor-
related genes. Although these genes have been 
categorized separately from those related to the cell 
phenotype and the ECM, it is plausible to assume 
that they are interrelated. For example, as a tumor 
cell transdifferentiates and acquires different matrix 
remodeling capabilities, it may also gain the ability 
to activate poorly diffusible matrix-sequestered 
growth factors that regulate biological function and 
trigger various signal transduction pathways, as 
previously suggested in other models (56). There 
was quite a robust response by poorly aggressive 
melanoma cells, exposed to the matrix 
microenvironment preconditioned by metastatic 
MUM-2B cells, for the upregulation of genes 
involved in proliferation/survival, motility, and 
activation of important signaling pathways. Previous 
work from our laboratory correlated the expression 
of c-met proto-oncogene (receptor for hepatocyte 
growth factor/scatter factor; HGF/SF) in aggressive 
uveal melanoma cells expressing an 
interconverted/dedifferentiated phenotype (cells 
coexpressing vimentin and keratins), and suggested 
that HGF/SF may play an important role in the 
metastatic dissemination of this tumor (79). The 
significance of c-met as a regulator of mitogenesis, 

motility, and morphogenesis and its critical role in 
metastasis has been demonstrated in other studies as 
well (80, 81). Furthermore, the c-met/HGF/SF 
signaling pathway holds great promise as a 
therapeutic target for intervention strategies (82, 83). 
In the present study, it is interesting that the poorly 
aggressive melanoma cells retained a robust 
expression for c-met 21 days after their removal 
from the inductive metastatic preconditioned matrix 
microenvironment. 

Additional genes in this category that have 
significant implications in cellular migration and 
invasion include Rho GDP dissociation inhibitor, the 
thymosin β4 family and the transmembrane 4 
superfamily (84-87). The urokinase receptor 
(uPAR), also upregulated in the poorly aggressive 
melanoma cells exposed to inductive matrices, has 
been linked to cellular migration through its ability 
to promote pericellular proteolysis, mediate cell 
signaling, and regulate integrin function, and most 
recently has been identified as a preferential binding 
partner for α3β1 (88, 89).  The upregulation of uPAR 
coincides with the increased expression of the α3-
containing integrin -- also considered a binding 
partner for laminin. uPAR also activates α5β1 (a 
fibronectin-specific integrin), which coincides with 
the upregulation of fibronectin by these cells (90). 
Another potentially related upregulated gene that 
could provide a transduction role is cysteine-rich, 
angiogenic inducer, 61 (CYR61), which acts as an 
ECM-associated signaling molecule and promotes 
endothelial cell adhesion and neovascularization 
through an integrin-dependent pathway (91). Thus, 
the potential for multiple signaling interactions and 
down-stream events associated with the upregulation 
of key molecules may help to elucidate the pathways 
underlying the transdifferentiation of poorly 
aggressive melanoma cells. In conjunction with the 
upregulated signaling molecules were genes 
associated with potent cytokines and growth factors, 
including interleukin 8 (IL8), interleukin 1-beta 
(IL1β), colony stimulating factor 3 (CSF3; 
granulocyte colony-stimulating factor, GCSF), 
inhibin, beta A, and the GRO1 oncogene (melanoma 
growth stimulatory activity). IL8 is a member of the 
CXC chemokine family and is a proinflammatory 
mediator of neutrophil activation and migration (92). 
IL8 expression has been shown to be stimulated by 
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IL1β -- primarily produced by blood monocytes and 
most recently implicated in the development of 
hepatic metastases of melanoma (93). CSF3 (also 
called GCSF), is known to stimulate the 
proliferation and differentiation of the progenitor 
cells for granulocytes (94-95), in a manner similar to 
the biological activity on inhibin, beta A (also called 
activin A), whose ligands act as growth and 
differentiation factors in many cells (96). The GRO1 
oncogene, formerly called melanoma growth 
stimulatory activity, is a mitogenic polypeptide 
secreted by human melanoma cells and important to 
their growth and survival (97). Also intriguing was 
the upregulation (by poorly aggressive melanoma 
cells exposed to aggressive melanoma cell 
preconditioned matrices) of zinc finger protein 41 
that encodes regulatory proteins (98), paired box 
gene 8 important in differentiation (99), and 
cytochrome P450, subfamily 3A4 which plays a 
central role in the metabolism of drugs (100). 

Overall, the cellular and molecular analyses 
employed in this study to measure the effects of a 
microenvironment preconditioned by aggressive 
melanoma cells on poorly aggressive melanoma 
cells revealed an intriguing epigenetic induction of a 
transdifferentiated phenotype. The implications of 
these findings pose important clinical challenges 
involving: 1) the detection of tumor cells -- as they 
may phenotypically mimic other cell types; and 2) 
the targeting of aggressive tumor cells within a 
heterogeneous tumor that have the potential to 
modify their microenvironment is such a manner as 
to epigenetically induce transdifferentiation and a 
more aggressive phenotype in other tumor cells. It is 
interesting to note that a previous study comparing 
gene expression profiles between metastatic 
derivatives and their poorly metastatic parental cells 
implicated genes involved in matrix remodeling and 
signal transduction (101). Also germane to the 
interpretation of results from the current work are 
previous reports highlighting the molecular signature 
of metastasis-associated genes in primary tumors 
(102) and also raising questions about the concept of 
metastasis genes (103).  

Transdifferentiation is emerging as an important 
phenomenon that adds a new level of complexity to 
developing rational therapeutic strategies (50, 104-
106). It is interesting to note that during the 

development of Kaposi’s sarcoma, endothelial cells 
transdifferentiate into tumor cells (107), whereas 
aggressive melanoma cells, and poorly aggressive 
melanoma cells exposed to metastatic inductive 
matrices, transdifferentiate to an endothelial cell 
type. These observations raise the intriguing 
possibility that these two tumor cell types could 
have a common origin or lineage. Paramount to our 
efforts to manage melanoma is addressing the major 
problem of drug resistance (108). Compounding 
these efforts are recent in vitro and in vivo data 
showing that aggressive melanoma cells engaged in 
vasculogenic mimicry are relatively unaffected by 
angiogenesis inhibitors (12, 22). Additional evidence 
indicates that tumor cells may remodel their 
microenvironment with extra ECM to increase their 
survival in the presence of therapeutic agents (109), 
which has been shown to adversely affect interstitial 
transport in solid tumors (110). MMP inhibitors 
have also experienced challenges in clinical trials, 
but these proteinases are still worth consideration in 
the development of strategies to target the tumor 
microenvironment (24, 26, 27, 111). As we elucidate 
the pro-migratory inductive potential of 
proteolytically cleaved fragments of the ECM, it is 
clear that these partially degraded molecules could 
be prime targets for therapeutic intervention -- 
potentially for the use in a combinatorial manner 
with other therapies (72). Successful management of 
malignant melanoma and other cancers will benefit 
from the identification of essential regulatory 
pathways and molecular switches underlying the 
dedifferentiated, plastic tumor cell phenotype and its 
unique interactions with the microenvironment. 
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Dynamics of Cell Adhesion Interactions during Melanoma 

Development
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Abstract: Cell adhesion interactions are important processes during normal development and malignant 
transformation. Recent studies have shown that in melanoma, cell adhesion interactions play a critical role in 
regulating melanocytic cell proliferation, differentiation, migration, apoptosis and even vasculature mimicry. 
In the review we will discuss recent progresses in the study of the dynamic expression and function of the 
adhesion molecules in melanoma development. 
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1. INTRODUCTION 

Cutaneous melanoma is one of the fastest 
growing cancers in the last several decades in the 
United States and around the world (1). In contrast 
to many other cancers, melanoma affects a relatively 
younger population and is notorious for its 
propensity to metastasize and for its poor response 
to current therapeutical regiments. The morbidity in 
melanoma patients is mainly due to metastatic 
disease. Thus, understanding the progression of the 
tumor to the metastatic state and the changes taking 
place during the progression is critical for the 
development of effective methods to diagnose and 
treat melanoma.  

Human skin is a complex organ composed of 
two layers, the epidermis and the dermis, separated 
by a basement membrane. The pigment-producing 
melanocytes reside in the epidermal-dermal junction 
and are interspersed among every 5-10 basal 
keratinocytes, forming the "epidermal-melanin unit". 
Within this unit, each melanocyte transports 

melanin-containing melanosomes to surrounding 
keratinocytes through its multiple dendrites. Despite 
the dynamic nature of epidermal shedding, involving 
constant proliferation, differentiation, and migration 
of keratinocytes, proliferation of melanocytes is 
strictly controlled and rarely observed under 
physiologic conditions.  

The transition from normal melanocytes to 
benign lesions and to metastatic cancers usually 
occurs through a stepwise process involving increase 
in the expression and function of oncogenes or 
decrease in tumor suppressors, as well as changes 
that provide tumor cells the ability to overcome cell-
cell adhesion and micro-environmental controls by 
the host, to invade surrounding tissues and to 
translocate to distant locations (2, 3). Based on 
clinical and histopathological features, five steps of 
melanoma progression have been proposed (4, 5): 
common acquired and congenital nevi with 
cytologically normal melanocytes; dysplastic nevus 
with structural atypia; early radial growth phase 
(RGP) primary melanoma, which is non-tumorigenic 
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but may have the potential of uncontrolled growth; 
vertical growth phase (VGP) primary melanoma, 
which is tumorigenic and may have competence for 
metastasis; and metastatic melanoma. During the 
step-wise transition from normal melanocytes to 
RGP, VGP and metastatic melanoma, the 
transformed cells interact with their 
microenvironmental components such as 
keratinocytes, fibroblasts, endothelial cells and 
extracellular matrix (6, 7). These 
microenvironmental factors form a complex context 
that may either inhibit (6) or promote tumorigenesis 
(8), depending on the nature of the interactions (7, 
9). In multicellular organisms, homeostasis is 
governed by three major forms of communications: 
extracellular communication via soluble factors 
including hormones, growth factors, and cytokines; 
intracellular communication via complex signal 
transduction networks; and intercellular 
communication via cell-cell adhesion (7). Together 
these interactions provide the information that is 
critical to control normal cellular behavior and to 
maintain tissue structure integrity (9).  Therefore, 
defining intercellular dialogues in human skin may 
provide key information for the development of 
novel treatment strategies that target the structural 
and functional unit of tumor and its stroma.  

2. INTERCELLULAR INTERACTIONS 

BY DIRECT CONTACTS

Generally, intercellular adhesion junctions utilize 
four structural types of adhesion receptors. The first 
group consists of cadherins which mediate 
homophilic cell-cell adhesion (10, 11). The second 
structural type includes proteins with four 
transmembrane regions and intracellular amino- and 
carboxyl- termini. This diverse group consists of the 
gap junction proteins, connexins (12) and the tight 
junction proteins, occludin (13) and claudins (14). 
The third group includes those adhesion molecules 
with immunoglobulin-like repeats, such as MelCAM 
(MUC18, CD146) (15), L1-CAM and ICAM-1 (16). 
The fourth group contains integrins. Although 
integrins are primarily involved in cell-matrix 
interactions (17), they also participate in cell-cell 
adhesion. For example, integrin α4β1 expression is 

characteristic of advanced primary tumors and 
mediates interaction of the tumor cells with vascular 
cell adhesion molecule-1 (VCAM-1) on vascular 
endothelium (18).  

There are extensive crosstalks between different 
forms of cell adhesion. Cadherin-mediated cell 
adhesion appears to be the critical one because it 
can, at least in some cases, form the foundation for 
other cell-cell junctional complexes, including tight 
junctions (19), desmosomes (20) and gap junctions 
(21, 22). On the other hand, the expression and 
function of the adhesion molecules is a dynamic 
process exist not only in normal development and 
morphogenesis but also in tumor initiation and 
progression (Figure 1). 

3. CADHERINS IN NORMAL 

EPIDERMAL DEVELOPMENT AND 

MAINTENANCE

Cadherins form a family of cell surface 
glycoproteins that function in promoting calcium-
dependent cell-cell adhesion and serve as the 
transmembrane components of cell-cell adherens 
junctions (3).  The isotypes of classical cadherins, 
such as E-, N-, P-cadherin, and the non-classical 
cadherins, such as VE-cadherin, are expressed in a 
cell-, tissue-, and development-specific manner.  For 
example, in normal human skin, E-cadherin is 
expressed on the surfaces of all epidermal cells, 
including keratinocytes, melanocytes and 
Langerhans cells, while P- cadherin is expressed 
only on the surface of basal layer keratinocytes (24). 
During human skin development, P-cadherin 
expression is spatiotemporally controlled and is 
closely related to the segregation of the basal layers 
as well as to the arrangement of epidermal cells into 
eccrine ducts (25). N-cadherin is expressed in the 
human skin by dermal fibroblasts and vascular 
endothelial cells, but not by keratinocytes or 
melanocytes (26). Cadherin molecules and cadherin-
catenin complexes are involved during 
embryogenesis and morphogenesis in cell 
recognition, motility, tissue integrity, and 
homeostasis (27). The links between cadherin-
mediated cell-cell adhesion, growth factor/receptor 
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tyrosine kinases, and WNT signaling pathway form 
a complex network (28). The organization of such a 
hierarchy of multiple components allows cadherins 
to function as cell adhesion machinery as well as 
signaling receptors for intercellular and intracellular 
communication regulating cell growth, 
differentiation, and apoptosis. 

During embryonic development, expression of 
the cadherin subtypes correlates with the migration 
and segregation of different cell layers and cell 
populations (29). The development and migration of 
melanoblasts/melanocytes serves as a good example 
how microenvironmental factors affect the behavior 
of the cells. Melanocytes and their progenitor 
melanoblasts are derived from the neural crest and 
migrate along the dorsolateral pathway to their final 
destination. In the mouse, at 11.5 days postcoitum, 
melanoblasts are in the dermis and are E-cad-P-cad-. 
During the next 48 h, a 200-fold increase of E-

cadherin expression is induced on the surface of 
melanoblasts prior to their entry into the epidermis, 
thereby forming a homogeneous E-cadhighP-cad-
/low population. The cadherin expression pattern 
then diversifies, giving rise to three populations, an 
E-cad-P-cad- dermal population, E-cadhighP-cadlow 
epidermal population, and E-cad-P-cadmed-high 
follicular population. In all three populations, the 
patterns of expression are region-specific, being 
identical with those of surrounding cells such as 
keratinocytes and fibroblasts. These findings suggest 
a role for E- and P-cadherins in guiding melanocyte 
progenitors to their final destinations (30), 
particularly during and after melanocyte entry into 
the epithelial layer where the epidermal architecture 
of keratinocytes is maintained by E- and P-cadherins 
(31, 32). In the human skin, E-cadherin has been 
shown to be critical in the control of melanocytes by 
keratinocytes(6).  

Figure 1. Dynamics of intercellular interactions under normal and pathological situations during melanoma development.
(A) Normal melanocytes reside close to the basement membrane and form a "epidermal melanin unit" that contains one 
melanocyte and five to eight keratinocytes. Melanocytes interact with adjacent keratinocytes through E-cadherin, 
Desmoglein 1 and connexins. This contact-dependent interaction is required for the growth and phenotypic control of 
melanocytes by keratinocytes. (B) Malignant melanoma cells proliferate, penetrate basement membrane, and invade into 
dermis.  A shift of cadherin profile from E- to N- during melanoma development not only frees the cells from epidermal 
keratinocytes, but also confers new adhesive properties.  Melanoma cells form N-cadherin-mediated adhesion and 
connexin-mediated gap junction with N-cadherin-expressing fibroblasts, endothelial cells and adjacent melanoma cells.  
Mel-CAM and its unknown ligand are also involved in melanoma-melanoma cell interaction, which is implicated to play a 
role in the progression of melanoma (Reprinted from Li et al. (23), with permission by Nature Publishing Group). 
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Besides E-cadherin-mediated adherens junctions, 
desmosomes are also believed to play an important 
role in maintaining human skin integrity (33). 
Desmosomes contain specialized cadherin adhesion 
molecules, Desmogleins and Desmocollins, 
associating with various cytoplasmic proteins such 
as Desmoplakins and Plakoglobin (11, 33-35). 
Desmosomes provide the cells with binding domains 
for intermediate filaments network and are required 
for tissue organization (36-38).  Plakoglobin (γ-
catenin) is also part of the cadherin-catenin complex 
in adherens junctions (39-41) and may mediate 
crosstalk between adherens junctions and 
desmosomes (41). Reduction or loss of desmosomes 
may contribute to the invasive and metastatic 
behavior of various tumors, for example transitional 
cell carcinoma of the bladder (42) and squamous cell 
carcinomas (43-45). Reduction in desmosome 
formation was correlated with invasion and with 
reduction in E-cadherin staining (45). Therefore, 
desmosomes appear to have tumor-suppressor 
properties. In fact, overexpressing desmosomal 
cadherins in squamous cell carcinoma cells inhibited 
invasiveness (46, 47). 

4. LOSS OF E-CADHERINS IN 

MELANOMA

During melanoma development, a progressive 
loss of E-cadherin expression has been observed: 
superficial compartments of nevi show 
heterogeneous membranous E-cadherin 
immunoreactivity (48), while junctional nevus cell 
nests display heterogeneous or diffuse cytoplasmic 
staining (48); melanoma cells, with few exceptions, 
do not express E-cadherin (26, 49, 50).  

Loss of E-cadherin appears to be one of the 
critical steps in progression of melanoma, because 
loss of functional E-cadherin could trigger the 
release of cancer cells from the primary focus (51). 
This process is probably not only due to loss of 
physical adhesion, but also due to multiple events 
that lead to uncontrolled proliferation and 
migration/invasion (52). Forced expression of E-
cadherin in E-cadherin-negative melanoma cells 
restored their adhesion to keratinocytes and rendered 
them susceptible for keratinocyte-mediated control 

(6). After co-culture with keratinocytes, E-cadherin-
expressing melanoma cells no longer expressed 
αvβ3 or MelCAM. In a skin reconstruction model, 
ectopic E-cadherin expression inhibited the invasion 
of melanoma cells into dermis and induced tumor 
cell apoptosis (6).  

5. REGULATION OF CADHERIN 

EXPRESSION  

The regulation of the state of adherens junctions 
can occur at different levels and through different 
mechanisms (2, 10, 51). Studies have unveiled 
multiple potential causes for the loss of functional E-
cadherin, including:  1. deletion or mutational 
inactivation of E-cadherin gene (2); 2. abnormal 
expression and abnormal subcellular localization of 
cadherin or the components of the cadherin-
containing adhesion complex (10); 3. silenced 
expression by hypermethylation (53-55); 4. 
expression of transcriptional repressor, such as Snail 
family of transcription factors (56-59); 5. disruption 
of cadherin/catenin complex due to phosphorylation 
of catenins by activated receptor tyrosine kinases 
(2); 6. degradation of E-cadherin’s extracellular 
portion by proteases such as stromelysin 1 (60). 
However, in contrast to other cancer types (51), 
studies (7, 61, 62) have shown that loss of E-
cadherin in melanoma cell lines does not usually 
involve mutations in the E-cadherin gene or 
promoter methylation. The mechanisms of E-
cadherin downregulation remained a mystery until 
recently when several studies suggested that 
multiple factors are involved.  

One involves aberrant expression of growth 
factor hepatocyte growth factor (HGF) (63). HGF is 
a multifunctional cytokine acting as mitogen, 
motogen and morphogen for many cell types (64) 
through its tyrosine kinase receptor c-Met, which is 
present in epithelial cells and melanocytes (63, 65, 
66). HGF is physiologically secreted by cells of 
mesenchymal origin and acts on neighboring 
epithelial cells through a paracrine loop (67). 
However, coexpression of HGF and c-Met has been 
identified in a variety of transformed cells and 
tumors both in vitro and in vivo and shown to be 
involved in tumor development and invasion (68-
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72). Normal melanocytes do not produce HGF (63). 
However, a HGF/c-Met autocrine loop has been 
identified in melanoma cells, and shown to be 
involved in tumor development and invasion by 
downregulating E-cadherin and Desmoglein 1 
expression (63). Interestingly, the cadherin switch 
from E- to N-cadherin in epiblast cells can be 
recapitulated in vitro by treating the cells with HGF 
(73).

Besides the downregulation of E-cadherin and 
Desmoglein, an HGF autocrine loop in melanoma 
has other important implications. For example, a 
recent study showed that activation of αvβ3 can be 
induced by HGF (74). Up-regulation of αvβ3 has 
been implicated in melanomas (8, 75, 76). The 
involvement of αvβ3 will be discussed in more 
detail later.  

Lately, it was found that the Snail family of zinc 
finger transcription factors repress E-cadherin 
expression by interacting with the E-pal element of 
the E-cadherin promoter through its E2-box 
sequence (56, 58). Snail was originally implicated in 
the epithelial-mesenchymal transition required for 
the emigration of the neural crest from the neural 
tube and of the early mesoderm from the primitive 
streak during embryonic development (57, 77). 
Endogenous Snail protein is present in invasive 
mouse and human carcinoma cell lines and tumors 
in which E-cadherin expression has been lost (56, 
58, 59). Recent study by Hajra et al. (78) showed 
that Slug (another member of Snail family of zinc 
finger transcription factor (79) represses E-cadherin 
in breast cancer cells. Results from screening 
melanoma cells of different progression stages (23, 
62) indicated that the expression pattern of Snail 
negatively correlates with the expression of E-
cadherin, while there is no clear correlation between 
the expression of Slug and E-cadherin.  

6. CADHERIN SWITCH: 

EXPRESSION AND FUNCTION OF 

N-CADHERIN IN MELANOMA 

Whereas E-cadherin expression is 
downregulated in melanoma, the expression of 
another cadherin, N-cadherin is increased during 

melanoma progression (26). The phenomena of 
cadherin class switching have been observed in 
various biological processes such as cell 
differentiation and migration (30, 80-82) during 
embryonic development and tumor progression (26, 
83-85). It is possible that, by switching classes or 
subtypes of adhesion molecules, tumor cells could 
reconcile their changing requirements for variations 
in local microenvironment during metastasis, and 
adjust to different biological processes.  

What is the biological significance of the N-
cadherin expressed in melanoma cells? It has been 
demonstrated that N-cadherin expression in 
melanoma cells allows communication with N-
cadherin-expressing fibroblasts through gap 
junctions (86). N-cadherin can also mediate 
homotypic aggregation among melanoma cells as 
well as heterotypic adhesion of melanoma cells to 
dermal fibroblasts and vascular endothelial cells 
(61).

N-cadherin-mediated adhesion between 
melanoma cells and vascular endothelial cells may 
facilitate transmigration of cancer cells through the 
vascular endothelium during metastasis.  The two 
major cadherins of vascular endothelial cells are N-
cadherin and VE-cadherin (87).  VE-cadherin 
predominantly promotes the homotypic interaction 
between endothelial cells, whereas N-cadherin is 
responsible for the interaction between endothelial 
cells and other N-cadherin-expressing cells (87).  
Our data suggest that expression of N-cadherin in 
melanoma cells increase their adherence to the 
endothelium, thus promoting a critical step in the 
breaching of blood vessels by tumor cells (88). Anti-
N-cadherin antibodies can delay the transendothelial 
migration of melanoma cells (89, 90). 

N-cadherin-mediated adhesion between 
melanoma cells and the stromal fibroblasts may 
facilitate dynamic processes such as cell migration 
and outgrowth.  Cell migration depends on a delicate 
balance of cell adhesion and detachment.  Under 
different physiological conditions and 
microenvironments, cell adhesion molecules can 
either promote or inhibit migration (91).  Our studies 
show that N-cadherin mediates melanoma cells 
migration on fibroblasts, and that forced expression 
of N-cadherin in otherwise E-cadherin-positive, N-
cadherin-negative melanocytes promotes migration 



70 Chapter 5 

relative to fibroblasts. N-cadherin has been 
postulated to promote both stable and labile cellular 
interactions (92-94).  N-cadherin-expressing cells 
retained their adhesive properties in short-term 
aggregation assays and possibly in the apparently 
tightly clustered metastases in vivo (95-97), 
suggesting that reduced cell adhesion does not 
underlie N-cadherin–induced invasiveness. Rather, it 
is likely that N-cadherin promotes a state of dynamic 
adhesion that allows both attachment and 
detachment of cells from the primary tumor and 
selective association with tissues such as the stroma 
or the endothelium.  

In vivo observations showed that tumor cells 
predominantly invade the surrounding tissue as 
coherent clusters or cell nests (97). Cohort migration 
is a major form of migration in melanoma.  Our data 
provide evidence that melanoma cells may benefit 
from N-cadherin-mediated aggregation with 
increased viability and resistance to apoptosis.  N-
cadherin promoted anchorage-independent survival 
by activation of Akt/PKB and inactivation of the 
pro-apoptotic protein Bad (61). The mechanism(s) 
whereby cadherins stimulate those biochemical 
routes is not well understood; however, our findings 
indicate that N-cadherin can initiate outside-in signal 
transduction pathways that ultimately benefit 
melanoma cells.   

Thus, cadherin subtype switching from E- to N-
cadherin during melanoma development not only 
frees melanocytic cells from the control of 
keratinocytes but also provides growth and possibly 
metastatic advantages to melanoma cells (7, 96, 98, 
99).

7. GAP JUNCTION 

The observed cadherin subtype switch during 
melanoma development was also found to impact on 
partner-specific gap junctional communication 
among skin cells (86). Gap junctions are formed by 
clusters of connexin (Cx) subunits (100) that provide 
a direct pathway for small molecules (<2 kDa) such 
as ions (Ca2+ and H+), secondary messengers 
(phosphatidyl inositides, cAMP), and metabolic 
products (amino acids), between the coupled cells 
(101). Specificity of gap junction allows formation 

of communication compartments essential for tissue 
function and homeostasis. Melanocytes were able to 
form gap junctions with their natural neighbors, 
keratinocytes, whereas melanoma cells exhibited 
communication capabilities among themselves and 
with dermal fibroblasts and vascular endothelial 
cells (86) (Figure 1). The selective formation of 
heterotypic gap junctions between skin cells is likely 
dependent upon cell sorting dictated by specific 
cadherins. Intercellular communication via gap 
junctions may play a role in regulating cellular 
interactions during tumor invasion. For example, 
when B16 mouse melanoma cells were transfected 
with wild-type Cx26, the resulting cells became 
competent for coupling with endothelial cells and 
more competent for metastasis, suggesting that 
certain connexin(s) might play a role in intravasation 
and extravasation of tumor cells through 
heterologous gap junction formation with 
endothelial cells (102). Similarly, The switch of E- 
to N-cadherin expression during melanoma 
progression endows melanoma cells with new 
adhesive properties facilitating gap junction 
formation with adjacent N-cadherin-expressing 
melanoma cells or fibroblasts during dermal 
invasion and with vascular endothelial cells in the 
processes of intra- or extravasation. MelCAM 
expressed by melanoma cells may act as coreceptors 
with N-cadherin for gap junction formation (103). 
On the other hand, restoration of E-cadherin 
expression in melanoma cells resulted in the re-
establishment of gap junctional communication with 
keratinocytes (86).  

The mechanisms as to how the different 
heterotypic gap junctions serve to coordinate 
epidermal morphogenesis and melanocytic 
transformation remain at present unclear. There is 
emerging information showing that gap junctions 
serve to regulate cell growth and tissue 
morphogenesis. For example, GJIC can modulate 
gene expression, presumably via modulation of 
signals that diffuse from cell to cell (104). It is 
conceivable that alterations in gap junction signaling 
may directly stimulate melanomagenesis or simply 
allow tumor progression towards a more malignant 
phenotype through the loss of normal homeostatic 
growth regulation.  Further elucidation of the 
molecular components of the partner-specific gap 
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junctional signaling pathways in skin cells may 
provide new insights into the pathogenesis of human 
melanoma.   

8. CAMS IN MELANOMA  

Cell adhesion molecules (CAM) mediating 
homophilic and heterophilic cell-cell interactions 
have been suggested to play important roles in 
organogenesis and maintenance of tissue integrity 
(105).  These molecules do not simply function as a 
molecular glue sticking cells into static structures 
18. Instead, they support and direct the dynamic 
interchange of information between two cells by 
actively transducing signals into the cells through 
interaction of their cytoplasmatic regions with 
kinases as well as through interaction with growth 
factor receptors, and other unidentified mechanisms. 
Aberrant expression of different CAM is a 
contributing factor to tumor development and 
progression (7, 106). 

9. MELCAM 

The cell-cell adhesion protein MelCAM 
(MUC18, CD146), a member of the 
immunoglobulin superfamily (15, 107), has been 
strongly implicated in melanoma progression and 
metastasis (108). MelCAM mediates melanoma cell 
interactions via heterotypic Ca2+-independent 
adhesion to a currently undefined ligand (109). 
Although not expressed on normal melanocytes in 
vivo and only rarely detected on benign nevus cells, 
MelCAM is highly expressed in advanced primary 
tumors and metastatic melanoma lesions and (110). 
In addition, MelCAM expression is up-regulated 
proportional to increasing vertical tumor thickness 
which is an established indicator of metastatic 
potential (106). MelCAM-negative melanoma cells 
with a non-metastatic and low tumorigenic profile 
became highly tumorigenic upon transfection with 
MelCAM in vivo (111, 112). On the other hand, 
inhibition of MelCAM in a highly metastatic cell 
line resulted in reduced invasion and increased 
apoptosis in artificial skin reconstructs (103), and 

decreased tumorigenicity of melanoma cells in mice 
(103).

MelCAM is not only a cell adhesion molecule 
but also a signaling molecule. It possesses several 
protein kinase recognition motifs in its cytoplasmic 
domain (113), suggesting a potential involvement of 
the cytoplasmic region in cell signaling (107). It has 
been shown that activated MelCAM forms complex 
with Fyn and activates FAK (114).  

Our recent study has found new link between 
AKT activation and MelCAM expression in 
melanoma. AKT (also known as protein kinase B, 
PKB), the cellular homologue of the retroviral 
oncogene v-AKT, encodes a serine/threonine kinase. 
Upon activation, AKT acts to promote cell survival, 
proliferation and growth, and angiogenesis. 
Especially, AKT plays a critical role in survival 
when cells are exposed to pro-apoptotic stimuli such 
as growth factor withdrawal, irradiation, 
detachment, DNA damage and administration of 
apoptosis-inducing reagents (115).  In addition to 
BRAF mutations and MAPK activation (116), 
constitutive AKT activation has been observed in 
melanoma cell lines and in primary tumors (23, 
117). Pharmacological inhibition of AKT in human 
melanoma cell lines substantially reduced the 
expression of MelCAM. Overexpression of 
constitutively active AKT upregulated the levels of 
MelCAM in melanoma cell lines whereas expression 
of a dominant negative PI-3 kinase downregulated 
MelCAM. Overexpression of MelCAM activated 
endogenous AKT and inhibited pro-apoptotic 
protein BAD in melanoma cells, leading to increased 
survival under stress conditions.

10. L1 CAM (CD171) 

The cell adhesion molecule L1 (L1-CAM) is a 
200-220 kDa type I membrane glycoprotein of the 
immunoglobulin family with six immunoglobulin 
(Ig)-like and five fibronectin-type-III (FN III)-like 
domains in its extracellular segment. L1 can undergo 
homophilic L1-L1 binding involving 
immunoglobulin domains (118) and can form 
heterophilic binding to integrins including α5β1,
αvβ1, αvβ3 and αIIbβ3. It plays an important role 
in axon guidance and cell migration in the nervous 
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system (119). L1 is also expressed in tumors derived 
from neural crest and in certain carcinomas (120). 
An increase in L1 immunoreactivity in malignant 
melanomas as compared to melanocytic nevi was 
observed (120-122). L1 functions not only as an 
adhesive molecule but also as a signal transducing 
receptor (123) with its cytoplasmic domain 
interacting with the cytoskeleton [(124-126). L1-
CAM mediates neuronal adhesion and fasciculation, 
and stimulation of fibroblast growth factor (FGF)-
receptor-dependent neurite outgrowth by homophilic 
interaction. L1 may promote metastasis by 
facilitating tumor cell invasion or migration (127). 
However, the exact role of this molecule in invasion 
and metastasis in melanocytic transformation still 
needs to be determined.  

11. ICAM-1 

Expression of intracellular adhesion molecule-1 
(ICAM-1) is stronger in malignant than benign 
melanocytic lesions and correlates with increasing 
vertical thickness in primary melanoma (128-130), a 
marker of poor prognosis. Interfering with its 
expression by antisense nucleotides inhibits 
experimental metastasis by melanomas in nude 
mice. Although the mechanisms of ICAM-1 in the 
progression of melanoma is not known, expression 
of this adhesion molecule may promote aggregate 
formation with leukocytes and therefore enhance 
survival of melanoma cells in the vascular system 
and encourage extravasation (18). TNF, IL-1 and γ-
IFN cause the release of soluble ICAM-1 by the 
human melanoma cell line A375M, which is 
associated with tumor growth in nude mice. The 
release of soluble ICAM-1 from melanoma, in 
response to host-derived cytokines may, therefore, 
have relevance to immune recognition of the tumor. 
The serum of melanoma patients has been reported 
to contain elevated levels of soluble ICAM-1, 
correlating gradually with disease progression (31). 

12. INTEGRINS 

Integrins belong to a large group of 
heterodimeric cell surface receptors formed by non-

covalent association of an α-chain with a β-chain,
mediating cation-dependent adhesion to the ECM 
and to cell surface ligands (131, 132). At least 20 
different α and 9 different β subunits have been 
identified to date, each with distinct ligand binding 
and signalling specificity, which is determined by 
the combination of α and β subunits. Integrins are 
important for tumor progression because of their 
ability to mediate physical interactions with ECMs 
and their ability to regulate signaling pathways that 
control actin dynamics and cell movement (133). 
Integrin engagement activates a battery of 
downstream molecules crucial for motility and 
survival. For example, focal adhesion kinase (FAK), 
whose phosphorylation is necessary for functional 
adhesion signaling and migration, was shown to be a 
component of pro-survival pathways. FAK also links 
integrin-mediated signals to the Ras-Raf-MAPK-
ERK pathway (134-137). 

The expression of integrins αvβ3 and α4β1
correlates with prognostic parameters and with poor 
clinical outcome in melanoma patients and can 
confer invasive and metastatic properties to human 
melanoma cells injected into nude mice (18, 138). 

13. αVβ3 INTEGRIN (CD51/CD61) 

Expression of the vitronectin receptor, αvβ3
integrin, is one of the best molecular markers 
correlating with the change from RGP to the 
metastatically competent VGP melanoma (75, 76). 
A series of studies have shown that αvβ3 is a good 
prognostic indicator of poor survival and short 
disease-free interval. In melanoma cells, activation 
of αvβ3 integrin has been shown to prevent 
apoptosis (139), to stimulate growth through 
association with growth factor receptors and to 
stimulate matrix invasion through a physical 
association with MMP-2 and urokinase-type 
plasminogen activator receptor. Introduction of β3-
integrin into RGP melanoma cell lines converted 
them into VGP-like melanoma cells (8). A series of 
studies have shown that this integrin is a good 
prognostic indicator of poor survival and short 
disease-free interval. A number of potent small-
molecule antagonists of the αvβ3-integrin have now 
been identified and are progressing in the clinic. 
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14. α4β1 INTEGRIN (CD49D/CD29/VLA-

4)

The ligands of α4β1 integrin include 
thrombospondin, fibronectin and the vascular cell 
adhesion molecule (VCAM-1/CD106). α4β1
integrin expression is characteristic of advanced 
primary melanomas and may mediate interaction of 
the tumor cells with VCAM-1 on vascular 
endothelium (75, 129, 140). Adhesion mediated by 
α4β1 integrin expressed on lymphocyte 
subpopulations and VCAM-1 expressed on activated 
endothelial cells is one of the first steps in 
extravasation of these cells into tissue sites of 
inflammation. Therefore, expression of α4β1
integrin by melanoma cells could potentially enable 
the melanoma cells to emigrate from the vasculature 
by the same mechanism and metastasise into target 
tissues. Blocking α4β1 integrin/VCAM-1 
interaction, using either specific antibodies (140) or 
the disintegrin eristostatin, inhibited metastasis 
formation by human and murine melanoma cells. 
Pretreatment of recipient mice with TNF-α or IL-1 
leads to an increase in the number of pulmonary 
lesions, which is associated with the induction of 
VCAM-1 on vascular endothelia in the lung and is 
completely dependent on expression of α4β1
integrin by the tumor cells (49).  

15. SHARED CELL ADHESION 

MOLECULES BETWEEN 

MELANOMA CELLS AND 

VASCULAR ENDOTHELIAL 

CELLS

It is generally believed that in order to 
metastasize to distant organ, melanoma cells have to 
invade lymph or blood vessels, circulate to and 
arrest within the vasculature of distant organs and 
finally extravasate and form metastatic foci. 
However, recent findings suggest that the latter 
stages of the cascade are more complex because the 
tumor cells can proliferate at the site of arrest within 
a vessel (141) thus bypassing the final extravasation 
step, or can form vessel-like channels on their own 
(142, 143) bypassing the need for true endothelium 

lined vessels. In a series of experiments, Mary 
Hendrix and co-workers described that tumor cells 
can have endothelial cell-like functions and form 
channels that allow fluid flow (142, 143). The group 
has identified some of the cell surface molecules, 
such as EphA2 and VE-cadherin, on aggressive 
melanoma cells that are shared with endothelial cells 
and that are likely involved in 'vasculogenic 
mimicry' (143). Vasculogenic mimicry is the ability 
of aggressive cancer cells to form de novo vessel-
like networks in vitro in the absence of endothelial 
cells or fibroblasts, concomitant with their 
expression of vascular-associated cellular marker 
(144). These exciting new findings underscore the 
plasticity of malignant cells from advanced tumor 
progression stages. 

Table 1 lists some of the shared cell adhesion 
molecules between melanoma cells and endothelial 
cells. These melanoma-endothelial associated 
markers are mostly involved in adhesion, invasion 
and growth. For example, On endothelial cells, β3
integrin is predominantly expressed by activated and 
not in resting cells, whereas MelCAM is the most 
widely distributed endothelial cell marker that is 
constitutively expressed by all vessels including 
precursor cells in blood (145, 146). 

Table 1. Cell adhesion molecules shared between 
melanoma cells and vascular endothelial cells 

Family Molecule 

Cadherin VE-cadherin  
N-cadherin

CAM MelCAM 
 VCAM 
 ICAM-1 
 CEA-1 CAM
 N-CAM 
 ALCAM 
 PECAM 

Integrin αvβ3

REFERENCES

1 Ries, L.A., et al., 2000, The annual report to the 
nation on the status of cancer, 1973-1997, with a 
special section on colorectal cancer. Cancer, 
88:2398-2424.



74 Chapter 5 

2. Christofori, G. and Semb, H., 1999, The role of the 
cell-adhesion molecule E-cadherin as a tumour-
suppressor gene. Trends Biochem Sci, 24:73-76. 

3. Li, G., and Herlyn, M., 2000, Dynamics of 
intercellular communication during melanoma 
development. Mol Med Today, 6:163-169. 

4. Clark, W.H., Jr. et al., 1984, A study of tumor 
progression: the precursor lesions of superficial 
spreading and nodular melanoma:Lack of 
association between intraocular melanoma and 
cutaneous dysplastic nevi. Human Pathology, 
15:1147-1165.

5. Meier, F. et al., 1998, Molecular events in melanoma 
development and progression. Front Biosci, 
3:D1005-1010.

6. Hsu, M.Y. et al., 2000, E-cadherin expression in 
melanoma cells restores keratinocyte-mediated 
growth control and down-regulates expression of 
invasion-related adhesion receptors. Am J Pathol, 
156:1515-1525.

7. Li, G., Satyamoorthy, K., and Herlyn, M., 2002, 
Dynamics of cell interactions and communication 
during melanoma development. Crit Rev Oral Biol 
Med, 13:62-70. 

8. Hsu, M.Y. et al.,  1998, Adenoviral gene transfer of 
beta3 integrin subunit induces conversion from 
radial to vertical growth phase in primary human 
melanoma. Am J Pathol, 153:1435-1442. 

9. Bissell, M.J. and Radisky, D., 2001, Putting tumours 
in context. Nature Reviews, 1:46-54. 

10. Gumbiner, B.M., 2000, Regulation of cadherin 
adhesive activity. J Cell Biol, 148:399-404. 

11. Kowalczyk, A.P., Bornslaeger, E.A., Norvell, S.M., 
Palka, H.L., and Green, K.J., 1999, Desmosomes: 
intercellular adhesive junctions specialized for 
attachment of intermediate filaments. Int Rev Cytol, 
185:237-302.

12. Goodenough, D.A., Goliger, J.A., and Paul, D.L., 
1996, Connexins, connexons, and intercellular 
communication. Annu Rev Biochem, 65:475-502. 

13. Stevenson, B.R., and Keon, B.H., 1998, The tight 
junction: morphology to molecules. Annu Rev Cell 
Dev Biol, 14:89-109. 

14. Morita, K., Furuse, M., Fujimoto, K., and Tsukita, 
S., 1999, Claudin multigene family encoding four-
transmembrane domain protein components of tight 
junction strands. Proc Natl Acad Sci U S A, 96:511-
516 ,1999,. 

15. Lehmann, J.M., Riethmuller, G., and Johnson, J.P., 
1989, MUC18, a marker of tumor progression in 
human melanoma, shows sequence similarity to the 
neural cell adhesion molecules of the 
immunoglobulin superfamily. Proc Natl Acad Sci U 
S A, 86:9891-9895. 

16. Johnson, J.P., 1991, The role of ICAM-1 in tumor 
development. Chem Immunol, 50:143-163. 

17. Hynes, R.O., 1992, Integrins: versatility, 
modulation, and signaling in cell adhesion. Cell, 
69:11-25.

18. Johnson, J.P., Cell adhesion molecules in the 
development and progression of malignant 
melanoma. Cancer Metastasis Rev, 18:345-357. 

19. Siliciano, J.D., and Goodenough, D.A., 1988, 
Localization of the tight junction protein, ZO-1, is 
modulated by extracellular calcium and cell-cell 
contact in Madin-Darby canine kidney epithelial 
cells. J Cell Biol, 107:2389-2399. 

20. Pasdar, M., and Nelson, W.J., 1988, Kinetics of 
desmosome assembly in Madin-Darby canine 
kidney epithelial cells: temporal and spatial 
regulation of desmoplakin organization and 
stabilization upon cell-cell contact. I. Biochemical 
analysis. J Cell Biol, 106:677-685. 

21. Frenzel, E.M. and Johnson, R.G. Gap junction 
formation between cultured embryonic lens cells is 
inhibited by antibody to N-cadherin. Dev Biol 179, 
1-16 ,1996,. 

22. Fujimoto, K., et al., 1997, Dynamics of connexins, 
E-cadherin and alpha-catenin on cell membranes 
during gap junction formation. J Cell Sci, 110:311-
322.

23. Li, G., et al., 2003, Function and regulation of 
melanoma-stromal fibroblast interactions: when 
seeds meet soil Downregulation of E-cadherin and 
Desmoglein 1 by autocrine hepatocyte growth factor 
during melanoma development. Oncogene, 22:3162-
3171.

24. Tang, A., et al., 1994, E-cadherin is the major 
mediator of human melanocyte adhesion to 
keratinocytes in vitro. J Cell Sci, 107:983-992. 

25. Furukawa, F., et al., 1997, Roles of E- and P-
cadherin in the human skin. Microsc Res Tech, 
38:343-352.

26. Hsu, M.Y., Wheelock, M.J., Johnson, K.R., and 
Herlyn, M., 1996, Shifts in cadherin profiles 
between human normal melanocytes and 
melanomas. J Investig Dermatol Symp Proc, 1:188-
194.

27. Gumbiner, B.M., 1996, Cell adhesion: the molecular 
basis of tissue architecture and morphogenesis. Cell, 
84:345-357.

28. Kikuchi, A., 2000, Regulation of beta-catenin 
signaling in the Wnt pathway. Biochemical and 
Biophysical Research Communications, 268:243-
248.

29. Takeichi, M., 1995, Morphogenetic roles of classic 
cadherins. Curr Opin Cell Biol, 7:619-627. 

30. Nishimura, E.K.,, Yoshida, H., Kunisada, T., and 
Nishikawa, S.I., 1999, Regulation of E- and P-
cadherin expression correlated with melanocyte 
migration and diversification. Dev Biol, 215:155-
166.



5. Dynamics of Cell Adhesion Interactions during Melanoma Development 75

31. Hirai, Y., Nose, A., Kobayashi, S., and Takeichi, M., 
1989, Expression and role of E- and P-cadherin 
adhesion molecules in embryonic histogenesis. II. 
Skin morphogenesis. Development, 105:271-277. 

32. Takeichi, M., 1988, The cadherins: cell-cell 
adhesion molecules controlling animal 
morphogenesis. Development, 102:639-655. 

33. Garrod, D.R., 1993, Desmosomes and 
hemidesmosomes. Curr Opin Cell Biol, 5:30-40. 

34. Koch, P.J., and Franke, W.W., 1994, Desmosomal 
cadherins: another growing multigene family of 
adhesion molecules. Curr Opin Cell Biol, 6:682-687. 

35. North, A.J., et al., 1999, Molecular map of the 
desmosomal plaque. J Cell Sci, 112:4325-4336. 

36. Bornslaeger, E.A., Corcoran, C.M., Stappenbeck, 
T.S., and Green, K.J., 1996, Breaking the 
connection: displacement of the desmosomal plaque 
protein desmoplakin from cell-cell interfaces 
disrupts anchorage of intermediate filament bundles 
and alters intercellular junction assembly. J Cell 
Biol, 134:985-1001. 

37. Kouklis, P.D., Hutton, E., and Fuchs, E., 1994, 
Making a connection: direct binding between keratin 
intermediate filaments and desmosomal proteins. J 
Cell Biol, 127:1049-1060. 

38. Smith, E.A. and Fuchs, E., 1998, Defining the 
interactions between intermediate filaments and 
desmosomes. J Cell Biol, 141:1229-1241. 

39. Aberle, H. et al., 1994, Assembly of the cadherin-
catenin complex in vitro with recombinant proteins. 
J Cell Sci, 107:3655-3663. 

40. Butz, S., and Kemler, R., 1994, Distinct cadherin-
catenin complexes in Ca,2+,-dependent cell-cell 
adhesion. FEBS Lett, 355:195-200.

41. Lewis, J.E. et al., 1997, Cross-talk between adherens 
junctions and desmosomes depends on plakoglobin. 
J Cell Biol, 136:919-934.

42. Conn, I.G., Vilela, M.J., Garrod, D.R., Crocker, J., 
and Wallace, D.M., 1990, Immunohistochemical 
staining with monoclonal antibody 32-2B to 
desmosomal glycoprotein 1. Its role in the 
histological assessment of urothelial carcinomas. Br 
J Urol, 65:176-180. 

43. Depondt, J., Shabana, A.H., Florescu-Zorila, S., 
Gehanno, P., and Forest, N. 1999, Down-regulation 
of desmosomal molecules in oral and pharyngeal 
squamous cell carcinomas as a marker for tumour 
growth and distant metastasis. Eur J Oral Sci, 
107:183-193.

44. Krunic, A.L., Garrod, D.R., Smith, N.P., Orchard, 
G.S., and Cvijetic, O.B., 1996, Differential 
expression of desmosomal glycoproteins in 
keratoacanthoma and squamous cell carcinoma of 
the skin: an immunohistochemical aid to diagnosis. 
Acta Derm Venereol, 76:394-398. 

45. Shinohara, M., et al., 1998, Immunohistochemical 
study of desmosomes in oral squamous cell 

carcinoma: correlation with cytokeratin and E-
cadherin staining, and with tumour behaviour. J 
Pathol, 184:369-381.

46. De Bruin, A., et al., 1999, Loss of invasiveness in 
squamous cell carcinoma cells overexpressing 
desmosomal cadherins. Cell Adhes Commun, 7:13-
28.

47. Tada, H., Hatoko, M., Tanaka, A., Kuwahara, M., 
and Muramatsu, T., 2000, Expression of desmoglein 
I and plakoglobin in skin carcinomas. J Cutan 
Pathol, 27:24-29. 

48. Silye, R., et al., 1998, E-cadherin/catenin complex in 
benign and malignant melanocytic lesions. J Pathol, 
186:350-355.

49. Danen, E.H. et al., 1996, E-cadherin expression in 
human melanoma. Melanoma Res, 6:127-131. 

50. Scott, G.A., and Cassidy, L., 1998, Rac1 mediates 
dendrite formation in response to melanocyte 
stimulating hormone and ultraviolet light in a 
murine melanoma model. J Invest Dermatol, 
111:243-250.

51. Hirohashi, S., 1998, Inactivation of the E-cadherin-
mediated cell adhesion system in human cancers. 
Am J Pathol, 153:333-339. 

52. Guilford, P., 1999, E-cadherin downregulation in 
cancer: fuel on the fire?. Mol Med Today, 5:172-
177.

53. Graff, J.R., et al., 1995, E-cadherin expression is 
silenced by DNA hypermethylation in human breast 
and prostate carcinomas. Cancer Res, 55:5195-5199. 

54. Graff, J.R., Gabrielson, E., Fujii, H., Baylin, S.B., 
and Herman, J.G., 2000, Methylation patterns of the 
E-cadherin 5' CpG island are unstable and reflect the 
dynamic, heterogeneous loss of E-cadherin 
expression during metastatic progression. J Biol 
Chem, 275:2727-2732. 

55. Yoshiura, K., et al., 1995, Silencing of the E-
cadherin invasion-suppressor gene by CpG 
methylation in human carcinomas. Proc Natl Acad 
Sci U S A, 92:7416-7419. 

56. Cano, A., et al., 2000, The transcription factor snail 
controls epithelial-mesenchymal transitions by 
repressing E-cadherin expression. Nat Cell Biol, 
2:76-83.

57. Nieto, M.A., Sargent, M.G., Wilkinson, D.G., and 
Cooke, J., 1994, Control of cell behavior during 
vertebrate development by Slug, a zinc finger gene. 
Science, 264:835-839. 

58. Batlle, E., et al., 2000, The transcription factor snail 
is a repressor of E-cadherin gene expression in 
epithelial tumour cells. Nat Cell Biol, 2:84-89. 

59. Yokoyama, K., et al., 2001, Reverse correlation of 
E-cadherin and snail expression in oral squamous 
cell carcinoma cells in vitro. Oral Oncol, 37:65-71.

60. Lochter, A., et al., 1997, Matrix metalloproteinase 
stromelysin-1 triggers a cascade of molecular 
alterations that leads to stable epithelial-to-



76 Chapter 5 

mesenchymal conversion and a premalignant 
phenotype in mammary epithelial cells. J Cell Biol, 
139:1861-1872.

61. Li, G., Satyamoorthy, K., and Herlyn, M., 2001, N-
cadherin-mediated intercellular interactions promote 
survival and migration of melanoma cells. Cancer 
Res, 61:3819-3825. 

62. Poser, I., et al., 2001, Loss of E-cadherin expression 
in melanoma cells involves upregulation of the 
transcriptional repressor Snail. J Biol Chem, 25:25. 

63. Li, G., et al., 2001, Downregulation of E-cadherin 
and Desmoglein 1 by autocrine hepatocyte growth 
factor during melanoma development. Oncogene, 
20:8125-8135.

64. Nakamura, T., et al., 1989,  Molecular cloning and 
expression of human hepatocyte growth factor. 
Nature, 342:440-443. 

65. Sonnenberg, E., Meyer, D., Weidner, K.M., and 
Birchmeier, C., 1993, Scatter factor/hepatocyte 
growth factor and its receptor, the c-met tyrosine 
kinase, can mediate a signal exchange between 
mesenchyme and epithelia during mouse 
development. J Cell Biol, 123:223-235. 

66. Bottaro, D.P., et al., 1991, Identification of the 
hepatocyte growth factor receptor as the c-met 
proto-oncogene product. Science, 251:802-804. 

67. Rosen, E.M., Nigam, S.K., and Goldberg, I.D., 
1994, Scatter factor and the c-met receptor: a 
paradigm for mesenchymal/epithelial interaction. J 
Cell Biol, 127:1783-1787. 

68. Bellusci, S., et al., 1994, Creation of an hepatocyte 
growth factor/scatter factor autocrine loop in 
carcinoma cells induces invasive properties 
associated with increased tumorigenicity. Oncogene, 
9: 1091-1099.

69. Tamatani, T., Hattori, K., Iyer, A., Tamatani, K., and 
Oyasu, R., 1999, Hepatocyte growth factor is an 
invasion/migration factor of rat urothelial carcinoma 
cells in vitro. Carcinogenesis, 20:957-962. 

70. To, C.T., and Tsao, M.S., 1998, The roles of 
hepatocyte growth factor/scatter factor and met 
receptor in human cancers, Review, Oncol Rep, 
5:1013-1024.

71. Vande Woude, G.F., et al., 1997, Met-HGF/SF: 
tumorigenesis, invasion and metastasis. Ciba Found 
Symp, 212:119-130. 

72. Moriyama, T., Kataoka, H., Koono, M., and 
Wakisaka, S., 1999, Expression of hepatocyte 
growth factor/scatter factor and its receptor c-Met in 
brain tumors: evidence for a role in progression of 
astrocytic tumors, Review, Int J Mol Med, 3:531-
536.

73. DeLuca, S.M., et al., 1999,  Hepatocyte growth 
factor/scatter factor promotes a switch from E- to N-
cadherin in chick embryo epiblast cells. Exp Cell 
Res, 251: 3-15. 

74. Trusolino, L., et al., 1998, Growth factor-dependent 
activation of alphavbeta3 integrin in normal 
epithelial cells: implications for tumor invasion. J 
Cell Biol, 142:1145-1156. 

75. Albelda, S.M., et al., 1990, Integrin distribution in 
malignant melanoma: association of the beta 3 
subunit with tumor progression. Cancer Res, 
50:6757-6764.

76. Van Belle, P.A., et al., 1999, Progression-related 
expression of beta3 integrin in melanomas and nevi. 
Hum Pathol, 30:562-567.

77. Sefton, M., Sanchez, S., and Nieto, M.A., 1998, 
Conserved and divergent roles for members of the 
Snail family of transcription factors in the chick and 
mouse embryo. Development, 125:3111-3121.  

78. Hajra, K.M., Chen, D.Y., and Fearon, E.R., 2002, 
The SLUG Zinc-Finger Protein Represses E-
Cadherin in Breast Cancer. Cancer Res, 62:1613-
1618.

79. Savagner, P., Yamada, K.M., and Thiery, J.P., 1997, 
The zinc-finger protein slug causes desmosome 
dissociation, an initial and necessary step for growth 
factor-induced epithelial-mesenchymal transition. J 
Cell Biol, 137:1403-1419.

80. Hatta, K., and Takeichi, M., 1986, Expression of N-
cadherin adhesion molecules associated with early 
morphogenetic events in chick development. Nature, 
320:447-449.

81. Edelman, G.M., Gallin, W.J., Delouvee, A., 
Cunningham, B.A.,and Thiery, J.P., 1983, Early 
epochal maps of two different cell adhesion 
molecules. Proc Natl Acad Sci U S A, 80:4384-
4388.

82. Jouneau, A., Yu, Y.Q., Pasdar, M., and Larue, L., 
2000, Plasticity of cadherin-catenin expression in the 
melanocyte lineage. Pigment Cell Res, 13:260-272.  

83. Tran, N.L., Nagle, R.B., Cress, A.E., and Heimark, 
R.L., 1999, N-Cadherin expression in human 
prostate carcinoma cell lines. An epithelial-
mesenchymal transformation mediating adhesion 
withStromal cells. Am J Pathol, 155:787-798. 

84. Husmark, J., Heldin, N.E., and Nilsson, M. 1999, N-
cadherin-mediated adhesion and aberrant catenin 
expression in anaplastic thyroid-carcinoma cell 
lines. Int J Cancer, 83:692-699. 

85. Kawamura-Kodama, K., Tsutsui, J., Suzuki, S.T., 
Kanzaki, T., and Ozawa, M., N-cadherin expressed 
on malignant T cell lymphoma cells is functional, 
and promotes heterotypic adhesion between the 
lymphoma cells and mesenchymal cells expressing 
N-cadherin. J Invest Dermatol 112, 62-66 ,1999,. 

86. Hsu, M., Andl, T., Li, G., Meinkoth, J.L. and 
Herlyn, M., 2000, Cadherin repertoire determines 
partner-specific gap junctional communication 
during melanoma progression. J Cell Sci, 113:1535-
1542.



5. Dynamics of Cell Adhesion Interactions during Melanoma Development 77

87. Navarro, P., Ruco, L., and Dejana, E., 1998, 
Differential localization of VE- and N-cadherins in 
human endothelial cells: VE-cadherin competes with 
N-cadherin for junctional localization. J Cell Biol, 
140:1475-1484.

88. Jahroudi, N., and Greenberger, J.S., 1995, The role 
of endothelial cells in tumor invasion and metastasis. 
J Neurooncol, 23:99-108. 

89. Sandig, M., Voura, E.B., Kalnins, V.I., and Siu, 
C.H., 1997, Role of cadherins in the transendothelial 
migration of melanoma cells in culture. Cell Motil 
Cytoskeleton, 38:351-364. 

90. Voura, E.B., Sandig, M., and Siu, C.H., 1998, Cell-
cell interactions during transendothelial migration of 
tumor cells. Microsc Res Tech, 43:265-275. 

91. Ruoslahti, E., and Obrink, B., 1996, Common 
principles in cell adhesion. Exp Cell Res, 227:1-11. 

92. Bixby, J.L.,and Zhang, R., 1990, Purified N-
cadherin is a potent substrate for the rapid induction 
of neurite outgrowth. J Cell Biol, 110:1253-1260. 

93. Doherty, P., and Walsh, F.S., 1991, The contrasting 
roles of N-CAM and N-cadherin as neurite 
outgrowth-promoting molecules. J Cell Sci Suppl, 
15:13-21.

94. Riehl, R., et al., 1996, Cadherin function is required 
for axon outgrowth in retinal ganglion cells in vivo. 
Neuron, 17:837-848. 

95. Hazan, R.B., Kang, L., Whooley, B.P., and Borgen, 
P.I., 1997, N-cadherin promotes adhesion between 
invasive breast cancer cells and the stroma. Cell 
Adhes Commun, 4:399-411. 

96. Hazan, R.B., Phillips, G.R., Qiao, R.F., Norton, L., 
and Aaronson, S.A., 2000, Exogenous expression of 
N-cadherin in breast cancer cells induces cell 
migration, invasion, and metastasis [published 
erratum appears in J Cell Biol, Apr 3:149,1, 
following 236]. J Cell Biol, 148:779-790. 

97. Nabeshima, K., Inoue, T., Shimao, Y., Kataoka, H., 
and Koono, M., 1999, Cohort migration of 
carcinoma cells: differentiated colorectal carcinoma 
cells move as coherent cell clusters or sheets. Histol 
Histopathol, 14:1183-1197. 

98. Nieman, M.T., Prudoff, R.S., Johnson, K.R., and 
Wheelock, M.J., 1999, N-cadherin promotes motility 
in human breast cancer cells regardless of their E-
cadherin expression. J Cell Biol, 147:631-644. 

99. Williams, E.J., Furness, J., Walsh, F.S., and 
Doherty, P., 1994, Activation of the FGF receptor 
underlies neurite outgrowth stimulated by L1, N-
CAM, and N-cadherin. Neuron, 13:583-594. 

100. Evans, W.H., 1994, Assembly of gap junction 
intercellular communication channels. Biochem Soc 
Trans, 22:788-792. 

101. Kuraoka, A., Inai, T., Ishibashi, T., and Shibata, Y., 
2001, Diversity and molecular anatomy of gap 
junctions. Histochemistry and Cell Biology, 
115:277-284.

102. Ito, A., et al., 2000, A role for heterologous gap 
junctions between melanoma and endothelial cells in 
metastasis. J Clin Invest, 105:1189-1197. 

103. Satyamoorthy, K., Muyrers, J., Meier, F., Patel, D., 
and Herlyn, M., 2001, Mel-CAM-specific genetic 
suppressor elements inhibit melanoma growth and 
invasion through loss of gap junctional 
communication. Oncogene, 20:4676-4684. 

104. Huang, R.P., et al., 1998, Reversion of the 
neoplastic phenotype of human glioblastoma cells 
by connexin 43, cx43. Cancer Res, 58:5089-5096. 

105. Armstrong, D.K., et al., 1999, Haploinsufficiency of 
desmoplakin causes a striate subtype of 
palmoplantar keratoderma. Hum Mol Genet, 8:143-
148.

106. Johnson, J.P., 1992, Cell adhesion molecules in 
neoplastic disease. Int J Clin Lab Res, 22:69-72. 

107. Sers, C., Kirsch, K., Rothbacher, U., Riethmuller, 
G., and Johnson, J.P., 1993, Genomic organization 
of the melanoma-associated glycoprotein MUC18: 
implications for the evolution of the 
immunoglobulin domains. Proc Natl Acad Sci U S 
A, 90:8514-8518. 

108. Lehmann, J.M., et al., 1987, Discrimination between 
benign and malignant cells of melanocytic lineage 
by two novel antigens, a glycoprotein with a 
molecular weight of 113,000 and a protein with a 
molecular weight of 76,000. Cancer Res, 47:841-
845.

109. Shih, I.M., Speicher, D., Hsu, M.Y., Levine, E., and 
Herlyn, M., 1997, Melanoma cell-cell interactions 
are mediated through heterophilic Mel-CAM/ligand 
adhesion. Cancer Res, 57:3835-3840. 

110. Shih, I.M., Elder, D.E., Speicher, D., Johnson, J.P., 
and Herlyn, M., 1994, Isolation and functional 
characterization of the A32 melanoma-associated 
antigen. Cancer Res, 54:2514-2520. 

111. Luca, M., et al., 1993, Direct correlation between 
MUC18 expression and metastatic potential of 
human melanoma cells. Melanoma Res, 3:35-41. 

112. Xie, S., et al., 1997, Expression of MCAM/MUC18 
by human melanoma cells leads to increased tumor 
growth and metastasis. Cancer Res, 57:2295-2303. 

113. Johnson, J.P., Bar-Eli, M., Jansen, B., and Markhof, 
E., 1997, Melanoma progression-associated 
glycoprotein MUC18/MCAM mediates homotypic 
cell adhesion through interaction with a heterophilic 
ligand. Int J Cancer, 73:769-774. 

114. Anfosso, F., et al., 1998, Activation of human 
endothelial cells via S-endo-1 antigen ,CD146, 
stimulates the tyrosine phosphorylation of focal 
adhesion kinase p125,FAK. J Biol Chem, 
273:26852-26856.

115. Datta, S.R., et al., 1997, Akt phosphorylation of 
BAD couples survival signals to the cell-intrinsic 
death machinery. Cell, 91:231-241. 



78 Chapter 5 

116. Satyamoorthy, K., et al., 2003, Constitutive 
mitogen-activated protein kinase activation in 
melanoma is mediated by both BRAF mutations and 
autocrine growth factor stimulation. Cancer 
Research, 63:756-759. 

117. Singh, A.B., Ellis, D.L., Richmond, A., and 
Dhawan, P., 2002, Constitutive activation of 
Akt/protein kinase B in melanoma leads to up-
regulation of nuclear factor-kappaB and tumor 
progression. Cancer Research, 62:7335-7342. 

118. Sirim, P., et al., 1999, Pathological missense 
mutations of neural cell adhesion molecule L1 affect 
homophilic and heterophilic binding activities. 
Journal of Cell Biology, 145:865-876. 

119. MacFarlane, J., et al., 1999, The L1 family of neural 
cell adhesion molecules: old proteins performing 
new tricks. EMBO Journal, 18:4744-4753. 

120. Linnemann, D., Raz, A., and Bock, E., 1989, 
Differential expression of cell adhesion molecules in 
variants of K1735 melanoma cells differing in 
metastatic capacity. Int J Cancer, 43:709-712. 

121. Fogel, M., et al., 2003, L1 adhesion molecule , CD 
171, in development and progression of human 
malignant melanoma. Cancer Letters, 189:237-247. 

122. Thies, A., et al., 2002, Overexpression of the cell 
adhesion molecule L1 is associated with metastasis 
in cutaneous malignant melanoma. European Journal 
of Cancer, 38:1708-1716. 

123. Schuch, U., Lohse, M.J., and Schachner, M., 1989, 
Neural cell adhesion molecules influence second 
messenger systems. Neuron, 3:13-20. 

124. Davis, J.Q., and Bennett, V., 1994, Ankyrin binding 
activity shared by the neurofascin/L1/NrCAM 
family of nervous system cell adhesion molecules. J 
Biol Chem, 269:27163-27166. 

125. Wong, E.V., Schaefer, A.W., Landreth, G., and 
Lemmon, V., 1996, Involvement of p90rsk in 
neurite outgrowth mediated by the cell adhesion 
molecule L1. J Biol Chem, 271:18217-18223. 

126. Dahlin-Huppe, K., Berglund, E.O., Ranscht, B., and 
Stallcup, W.B., 1997, Mutational analysis of the L1 
neuronal cell adhesion molecule identifies 
membrane-proximal amino acids of the cytoplasmic 
domain that are required for cytoskeletal anchorage. 
Mol Cell Neurosci, 9:144-156. 

127. Ohnishi, T., Matsumura, H., Izumoto, S., Hiraga, S., 
and Hayakawa, T., 1998, A novel model of glioma 
cell invasion using organotypic brain slice culture. 
Cancer Res, 58:2935-2940. 

128. Schadendorf, D., et al., 1993, IL-8 produced by 
human malignant melanoma cells in vitro is an 
essential autocrine growth factor. J Immunol, 
151:2667-2675.

129. Schadendorf, D., Heidel, J., Gawlik, C., Suter, L., 
and Czarnetzki, B.M.,  1995, Association with 
clinical outcome of expression of VLA-4 in primary 
cutaneous malignant melanoma as well as P-selectin 

and E-selectin on intratumoral vessels. Journal of the 
National Cancer Institute, 87:366-371. 

130. Natali, P.G., et al., 1993, Expression of the c-
Met/HGF receptor in human melanocytic 
neoplasms: demonstration of the relationship to 
malignant melanoma tumour progression. Br J 
Cancer, 68:746-750. 

131. van der Flier, A., Sonnenberg, A., and Favre, B.,  
2001, Function and interactions of integrins. The 
hemidesmosomal protein bullous pemphigoid 
antigen 1 and the integrin beta 4 subunit bind to 
ERBIN. Molecular cloning of multiple alternative 
splice variants of ERBIN and analysis of their tissue 
expression. Cell and Tissue Research, 305:285-298. 

132. Eliceiri, B.P., and Cheresh, D.A., 2001, Adhesion 
events in angiogenesis. Circulation Research, 
89:1104-1110.

133. Hynes, R.O., 2002, Integrins: bidirectional, 
allosteric signaling machines. A reevaluation of 
integrins as regulators of angiogenesis. Cell, 
110:673-687.

134. Sudhakar, A., et al., 2002, New aspects of integrin 
signaling in cancer. Science, 295:140-143. 

135. Liotta, L.A., and Kohn, E.C., 2001, The 
microenvironment of the tumour-host interface. 
Nature, 411:375-379. 

136. Hutter, C., et al., 2002, Integrins in invasive growth. 
Development, 129:2303-2315. 

137. Cheresh, D.A., and Eliceiri, B.P., 2002, Src-
mediated coupling of focal adhesion kinase to 
integrin alpha,v,beta5 in vascular endothelial growth 
factor signaling. Journal of Cell Science, 115:3729-
3738.

138. Sherman, L., et al., 1999, Molecular role,s, for 
integrins in human melanoma invasion. Human 
Molecular Genetics, 8:267-275. 

139. Montgomery, A.M., et al., 1994, Integrin alpha v 
beta 3 rescues melanoma cells from apoptosis in 
three-dimensional dermal collagen. Cell, 79:1157-
1164.

140. Okahara, H., Yagita, H., Miyake, K., and Okumura, 
K., 1994, Involvement of very late activation antigen 
4 ,VLA-4, and vascular cell adhesion molecule 1 
,VCAM-1, in tumor necrosis factor alpha 
enhancement of experimental metastasis. Cancer 
Research, 54:3233-3236. 

141. Al-Mehdi, A.B., et al., 1998, Intravascular origin of 
metastasis from the proliferation of endothelium-
attached tumor cells: a new model for metastasis. 
Nature Medicine, 6:100-102 ,2000. 

142. Seftor, E.A., et al., 2000, Vasculogenic mimicry and 
tumor angiogenesis. Laboratory Investigation 78, 
153-163 ,. 

143. Hendrix, M.J. and Maniotis, A.J. Vascular channel 
formation by human melanoma cells in vivo and in 
vitro: vasculogenic mimicry.[see comment]. 
American Journal of Pathology, 156:361-381. 



5. Dynamics of Cell Adhesion Interactions during Melanoma Development 79

144. Sood, A., et al., 2001, The clinical significance of 
tumor cell-lined vasculature in ovarian carcinoma: 
implications for anti-vasculogenic therapy. Indian 
Journal of Gastroenterology, 20:22-23. 

145. Eliceiri, B.P., and Cheresh, D.A., 2000, Role of 
alpha v integrins during angiogenesis. Cancer 
Journal, 6: Suppl 3:S245-249. 

146. Masuda, H., Kalka, C., and Asahara, T., 2000, 
Endothelial progenitor cells for regeneration. Human 
Cell, 13: 153-160. 



Chapter 6 

Matrix Metalloproteinases: Mediators of Tumour-Host Cell 

Interactions

Robert J. Diaz*,1, Alexandra Eichten*,1, Karin E. de Visser*,1 and Lisa M. Coussens 1,2,3

1Cancer Research Institute, 2Department of Pathology, 3Comprehensive Cancer Center, University of California, San 

Francisco, CA, USA, * These authors contributed equally to this work 

Abstract: Matrix metalloproteinases (MMPs) are a family of metalloendopeptidases that induce remodelling of 
extracellular matrix (ECM) and differentially cleave many soluble mediators that regulate cell physiology. 
Due to their matrix-degrading capabilities and elevated expression levels in both neoplastic and host cells in 
human cancer, MMPs have acquired considerable attention as targets for anti-cancer therapy. This chapter 
summarizes two decades of research examining MMP biochemistry and biology utilizing in vitro cell-based 
and biochemical analyses, more recent examination of their functional significance in de novo mouse models 
of human cancer development and results from human clinical trials where MMP inhibitors were evaluated 
for efficacy as anti-cancer therapeutics. 
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1. INTRODUCTION 

Cancers develop in a multistep manner and 
evolve through distinct histopathological stages 
characterized by significant changes in cellular and 
acellular organization and phenotype. While it is 
clear that initiating events involving activation of 
oncogenes and inactivation of tumour suppressor 
genes are essential for cancer development (1-3), 
extrinsic changes involving the neoplastic 
microenvironment fundamentally contribute to and 
aid progression to the tumour state. Thus, cancer 
development can be viewed as a collaboration 
between initiated neoplastic cells and 
activated/responding “host” cells (fibroblasts, 
inflammatory cells and cells composing the 
vasculature) and the dynamic microenvironment in 
which they live (4-10).  

Autocrine and paracrine interactions between 
cellular and acellular components within developing 
tumours enable enhanced proliferative capacity, 
activation and persistence of angiogenesis and 
lymphangiogenesis, evasion of cell death programs 
and ectopic tissue growth capabilities (4). Many of 
these cellular programs are modulated by the actions 
of a family of secreted and cell surface enzymes, 
e.g., matrix metalloproteinases (MMPs), a family of 
zinc-dependent proteinases originally identified for 
their ability to cleave extracellular matrix (ECM) 
components in vitro (11). Since their original 
identification as ECM-degrading enzymes, the 
known biological activities of MMPs has expanded 
and now encompasses liberation of ECM-
sequestered growth factors (12), activation of 
inflammatory chemoattractants (13) and ligands 
regulating apoptosis (14), and inactivation of ligand-
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binding proteins modulating proliferation (15). 
Consistent with these multiple roles for MMPs 
during neoplastic progression, correlative studies on 
human cancers have revealed that elevated MMP 
mRNA levels are associated with higher tumour 
staging and worse clinical outcome (16, 17). 
Moreover, MMP loss-of-function and gain-of-
function studies utilizing mouse models of human 
cancer development have revealed that MMPs are 
functionally significant potentiators of 
carcinogenesis (12, 18-21). This chapter focuses on 
the complexity of interactions during cancer 
development involving MMPs and reviews recent 
findings where the functional significance of MMPs 
during neoplastic progression has been addressed 
experimentally. 

2. MMP STRUCTURE AND 

FUNCTION

MMPs belong to the super-family of metzincins 
metalloendopeptidases (11, 22, 23). To date, ~ 26 
human secreted or transmembrane MMPs have been 
identified (Figure 1) (24-26). Vertebrate MMPs each 
have distinct, but often overlapping, substrate 
specificities and collectively possess enzymatic 
activity against virtually all ECM components (24, 
26, 27). In addition to their dependence on zinc and 
calcium, MMPs share several other common 
features. Individual MMPs have been variously 
named, grouped and subdivided based on their 
substrate specificities and the presence or absence of 
specific functional protein domains (Figure 1). 

2.1 MMP Structure 

Like many other classes of proteolytic enzymes, 
MMPs are first synthesized as inactive proenzymes 
or zymogens. They are found as either secreted or 
cell surface enzymes sharing several highly 
conserved domains, including a pre- and pro-peptide 
domain, a catalytic domain containing a zinc atom 
binding site, as well as several other structural 
domains believed to facilitate specific interactions 
with substrates and/or other target molecules (11, 24, 
25, 28).

With the exception of MMP-7, -26 and the type 

II transmembrane MMP, MMP-23, all MMP family 
members contain the carboxyl-terminal 
hemopexin/vitronectin-like domain. Several 
functions have been ascribed to this domain 
depending upon the specific MMP family member. 
The hemopexin domain in proMMP-2 and -9 is 
thought to mediate interactions with specific 
proteinase inhibitors (28), while in MMP-1 and -8 
this domain is associated with inhibitor as well as 
substrate binding (28). With regards to substrate 
specificity, the hinge region that links the 
hemopexin and catalytic domains, may play a major 
role. Whereas the hinge region is variable in length 
and composition among family members, MMPs 
that are able to degrade fibrillar collagens (MMP -1, 
-8, -13, -14) contain a hinge region of distinct size 
and composition (25). Structure-function studies 
have confirmed the substrate specificity dictated by 
this region (29). The catalytic domain for all MMP 
family members contains three conserved histidines 
that coordinate the zinc ion in the active site (30). 
While MMP-2 and -9 contain these conserved 
histidine amino acid residues within their catalytic 
domains, they also contain a 182 amino acid 
insertion in this domain homologous to the collagen-
binding region of fibronectin. This region is required 
for gelatinolytic activity as well as the collagen 
binding properties of MMP-2 (31, 32). 

The seven different membrane type MMPs (MT-
MMPs) are anchored to the cell membrane either by 
a transmembrane type I domain, a 
glycosylphosphatidylinositol (GPI) domain or a type 
II N-terminal signal domain containing a unique C-
terminal cysteine array and an Ig-like domain (33). 
These distinct membrane-anchoring domains are 
thought to regulate location and activity of MT-
MMPs (34).  In addition, several MMPs contain 
small domain inserts that contribute to specific 
functions. For example, MMP-11, 14-17, 21-25 and 
–28 harbor furin-like inserts within propeptide 
domains that enable activation intracellularly by pro-
protein convertases, Ca2+-dependent serine proteases 
of the subtilisin group (furin/PACE) (35). In 
summary, although MMPs share functional domains, 
structural differences exist such that MMPs can be 
classified into eight categories (Figure 1). These 
differences are responsible in part for the variety of 
biological processes that MMPs are involved in. 
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Figure 1. MMPs can be classified into eight groups based on their domain organization.  Pre: signal sequence; Pro: zinc-
interacting sulfydryl (SH) group containing propeptide; Fu: furin-susceptible site; Vn: virtonectin-like insert; zinc-binding 
site (Zn) containing catalytic domain; F: collagen binding fibronectin type II insert; H: hinge region; Hemopexin-like 
domain with the first and last repeat linked by a disulfide bond; TM: transmembrane domain; C: cytoplasmic tail; GPI: 
glycophosphatidyl inositol-anchoring domain; C/P-rich IL-1R-like: cysteine/proline-rich interleukin-1 receptor domain. 
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2.2 Regulation of MMP activity 

The zymogen forms of MMPs are inactive.  
Crystallographic studies have confirmed that 
enzyme latency is due to coordinate bonding 
between the active site zinc atom with an unpaired 
cysteine thiol group located near the carboxyl end of 
MMP propeptides (36). Activation of zymogens is 
tightly controlled owing to cell-type specific 
expression characteristics, as well as post-
translational regulation at the levels of zymogen 
activation, interaction with endogenous inhibitors 
and spatial constraints in pericellular 
microenvironments (25, 28, 37).  

2.2.1 Transcriptional regulation of MMPs 

In quiescent tissue, MMPs are typically 
expressed at low levels or more commonly 
transcriptionally silent. However, upon induction of 
tissue remodelling, MMP expression is rapidly 
induced by cytokines and polypeptide growth 
factors, e.g. interleukin (IL)-1, tumour necrosis 
factor (TNF)-α, vascular endothelial growth factor 
(VEGF), transforming growth factor (TGF)-β,
epidermal growth factor (EGF), glucocorticoids, 
phorbol esters and collagen-induced signalling 
through receptor tyrosine kinases (discoidin domain 
receptors (DDR) 1 and 2) (38-42). A well-studied 
example of these processes is the induction of 
MMP-2 and -9 expression by TNF-α (43-46).  Upon 
binding to its receptor, TNF-R55, TNF-α activates 
protein kinase R (PKR) to induce transcription of 
MMP-2 and -9 via phosphorylation of NF-κB, c-jun, 
c-fos and AP-1 (43-46). The importance of this 
pathway in regulating MMP expression is 
highlighted by the significant reduction in skin 
tumours induced by TPA (12-O-
tetradecanoyolphorbol) in c-jun homozygous null (c-
jun-/-) mice (46). Alternatively, induction of MMP 
mRNA expression can be regulated as a result of 
varied interactions between ECM and pericellular 
collagens with plasma membrane spanning receptor 
tyrosine kinases, specifically discoidin domain 
receptor (DDR) 1 and 2 (47, 48).  DDR1 is activated 
by types I, IV or V collagens, is expressed primarily 
in epithelial tissues and has been implicated in 

neoplasms such as breast cancer and glioblastomas 
(49). DDR1 regulates chemokine production in 
tissue infiltrating macrophages via p38 mitogen-
activated protein kinase (50). In addition, studies 
using DDR1-/- transgenic mice indicate that DDR1 
activation is required for MMP-2 mRNA expression 
in both invading macrophages and leukocytes (41, 
51). DDR2 on the other hand is expressed in 
mesenchymal cells and in fibroblasts surrounding 
DDR1 positive tumour cells (52, 53). DDR2-/-

transgenic mice and real time PCR studies have 
shown that DDR2 regulates MMP-1 and -2 
expression in fibroblasts (42, 47). In summary, 
MMP mRNAs during neoplastic progression are 
regulated by diverse intracellular signalling 
pathways that reflect rapidly changing dynamic 
interactions between cells and their immediate 
microenvironments; thus, functionally linking MMP 
expression and tissue remodelling with the needs of 
expanding tumours.  

Expression levels of MMP mRNAs can also be 
effected by single-nucleotide polymorphisms (SNPs) 
present within MMP promoter regions (54). These 
polymorphisms contribute to individual differences 
in MMP transcription and are associated with 
increased susceptibility to cancer (54). For instance, 
insertion of an additional guanine residue in the 
MMP-1 promoter results in significantly higher 
levels of MMP-1 mRNA (55). Clinical studies have 
shown that a significantly higher proportion of 
ovarian and colorectal cancer patients carry this 
polymorphism suggesting it as a risk factor for poor 
prognosis (56). 

2.2.2 MMP activation by propeptide 

proteolysis

There are several distinct mechanisms by which 
MMP zymogens are activated.  The first involves an 
inter-molecular proteolytic reaction known as the 
“cysteine switch” (57, 58). The consensus 
PRCGXPDV motif in MMP propeptide domains 
contains a cysteine-sulphydryl group that binds to 
Zn2+ ions in the active site of the N-terminal 
catalytic domain, thus preventing proteolytic activity 
(25). When interactions between the Zn2+ ion and the 
cysteine-suphydrl group are destabilized, either by 
chemical or physical means, proteolytic cleavage 
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occurs at the carboxy terminal side of the 
PRCGXPDV consensus motif (11, 59) resulting in 
irreversible loss of the cysteine residue allowing 
further intra/intermolecular proteolysis generating a 
fully active enzyme (60). In cell-free systems, the 
cysteine-zinc atom interaction can be interrupted by 
organomercurials and chaotropic agents. 
Alternatively, limited proteolysis of the propeptide 
destabilizes the cysteine-zinc bond. Interruption of 
the cysteine-zinc bond by any means, results in 
conformational changes rendering the “switch” 
open. Following opening, autocatalytic or 
proteolytic cleavage of the remainder of the 
propeptide yields a truncated and catalytically 
competent enzyme. In contrast to MMPs activated 
via the cysteine switch, MMP-23, a type II 
transmembrane MMP, is activated by a single 
cleavage site at Arg79 within the signal anchor 
domain (34, 61). Sharing only two common features 
with other MMP family members, a catalytic 
domain and the basic motif, MMP-23 is unique 
among the MMPs in that cleavage in the signal 
peptide at residue Arg79 is responsible for both 
secretion and activation (34, 61).  

MMPs containing a furin-like recognition 
domain in their propeptides (MMP-11, -28 and MT-
MMPs) are activated intracellularly by a group of 
calcium-dependent transmembrane serine 
proteinases of the subtilisin group termed 
furin/PACE/kex 2-like proteinases (Figure 1). 
MMPs without this recognition sequence are 
secreted in latent form (37). Proteolytic activation of 
latent secreted MMPs involves propeptide cleavage 
by other MMPs (62-64) or by serine proteases, such 
as those within the urokinase-type plasminogen 
activator (uPA)-plasminogen system (65-67) or 
serine proteases expressed by inflammatory cells 
such as mast cell chymase (68-70) and neutrophil 
elastase (71-74). Serine proteinase mediated 
cleavage of secreted MMP propeptide domains 
induces autocatalytic activation of MMP-1, -3 and –
9, whereas proMMP-2 is resistant to activation by 
serine proteinases. Some activated MMPs can 
further activate other proMMPs. For example, 
MMP-3 activates proMMP-1 and proMMP-9; thus, 
serine and metalloproteinases also act as initiators 
for a complex array of proMMP activation cascades 
in vivo.

Cell-mediated activation mechanisms are also 
utilized as seen in the activation of proMMP-2 in 
complex with MMP-14 and TIMP-2. MMP-14 is 
associated with the plasma membrane where the N-
terminal domain of TIMP-2 binds to active site 
residues in MMP-14 resulting in a dimeric complex 
that then serves as a receptor for proMMP-2 via the 
C-terminal domain of TIMP-2 interacting with the 
C-terminal domain of proMMP-2 (75).  An adjacent 
free MMP-14 then cleaves proMMP-2 propeptides 
generating an intermediate MMP-2 species and the 
fully active MMP-2 is subsequently generated 
through an autocatalytic mechanism (67, 76). Recent 
data indicates that MMP-16 utilizes TIMP-2 and 
TIMP-3 to activate proMMP-2 by a similar process 
(77).

Several advantages for having proteolytic 
enzymes in a bound state at the cell surface have 
been proposed. First, bound proenzymes may be 
more readily activated, thus generating higher local 
levels of activity than what might be found in the 
soluble phase. Second, enzymes at the cell surface 
may be protected from activation by bound 
inhibitors. Third, the binding of an enzyme to the 
cell surface may provide a means of concentrating 
the components of a multistep pathway, thereby 
increasing the rate of reactions. Fourth, 
immobilizing enzymes on the surface of a cell or in 
the matrix may provide a means of restricting 
activity of the enzyme, so that only substrates in the 
vicinity of the cell or only adjacent matrix 
components are targeted. Hence, activation at the 
cell surface links MMP expression with proteolysis, 
and may actually provide the most significant 
control point in MMP activity. 

2.2.3 Regulation of MMP activity by 

endogenous inhibitors 

MMP activity is tightly regulated by several 
endogenous inhibitors including, tissue inhibitors of 
metalloproteinases (TIMPs), thrombospondins, α2-
macroglobulin and RECK (Reversion Inducing 
Cysteine rich protein with Kazal motifs (Table 1 
(78-82). The most thoroughly studied MMP 
inhibitors are the TIMPs. To date, four vertebrate 
TIMPS have been identified (TIMP-1 to -4). TIMPs 
are small proteins (21-28 kDa) that bind to MMPs in 
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a 1:1 stoichiometric ratio and reversibly block MMP 
activity (37). TIMP-1, -2 and –4 are secreted soluble 
proteins whereas TIMP-3 is matrix associated (83). 
TIMPs differ in both their expression patterns and 
affinities for MMPs. For example, TIMP-1 and 
TIMP-2 inhibit the activity of many MMPs.  TIMP–
3 on the other hand preferentially inhibits activity of 
MMP-1, -3, -7 and –13 (84), whereas TIMP-4 
primarily inhibits MMP-2 and –7 and to a lesser 
extent MMP-1, -3 and –9 (85). Thrombospondin-2 
binds MMP-2 and this complex results in scavenger 
receptor-mediated endocytosis and clearance of 
MMP-2 (86). Thrombospondin-1 on the other hand 
binds to proMMP-2 and –9 and thereby directly 
blocks their activation (79). The plasma protein α2-
macroglobulin also regulates MMP activity by 
forming a complex resulting in scavenger receptor-

mediated endocytosis (87); however, the inhibitory 
effect of α2-macroglobulin is more general in that it 
binds to the majority of MMPs (86). RECK is an 
endogenous inhibitor of MMP-2, -9 and -14 (82) and 
is abundant in adult tissues primarily found in 
vascular smooth muscle cells proximal to large 
blood vessels (82, 88). RECK is a secreted 
glycoprotein containing a serine-protease inhibitor-
like domain, two epidermal growth factor-like 
repeats and a modified C-terminal GPI domain 
anchoring it to plasma membranes. RECK also 
inhibits secretion of proMMP-9 and the final 
processing step of proMMP-2 (82).  The GPI anchor 
is thought to allow RECK access to regions of focal 
proteolysis along the cell surface thus enabling it to 
regulate proteolytic events during embryogenesis 
and angiogenesis (89). 

Table 1. Characteristics of MMP inhibitors. 
* Required for MMP-14 or MMP-16 mediated activation of MMP-2 

MMP inhibitor MMP-2 activation* MMPs inhibited (reference publication)

TIMP-1 No (365) MMP-1 (366), -2 (367), -3 (366), -7 (368), -8 (369),  -9 
(367), -10 (366), -11 (370), -12 (118), -13 (371), -17 
(372), -19 (373), -25 (374), -26 (375)

TIMP-2 Yes (67) MMP-1 (376), -2 (376), -3 (366), -7 (377), -8 (378), -9 
(376), -10 (366), -13 (371), -14 (379), -16 (380), -17 
(372), -19 (373), -24 (381), -25 (374), -26 (375. 382)

TIMP-3 Yes (382) MMP-1, (383), -2 (383), -9 (383), -13 (63), -14 (384), -
16 (380, 382), -17 (372), -19 (373), -25 (374)

TIMP-4 No (385) MMP-1 (386), -2 (374), -3 (374), -7 (374), -8 (385), -9 
(374), -14 (374), -19 (373), -26 (375, 382)

RECK No (82) MMP-2 (82), -9 (88), -14 (82).

Thrombospondin-1 No (79) MMP-2 (79), MMP-9 (79, 80)

Thrombospondin-2 No (86) MMP-2 (86)

α-Macroglobulin No (78) Universally inhibits MMPs via receptor mediated 
endocytosis (86, 87)

2.2.4 MMP Localization 

An increasing body of evidence suggests that 
cell surface localization of MMPs is critical for 
optimal MMP function (90). It has been shown that 
membrane bound MMPs and integrins are localized 
to invadopodia (91), whereas secreted MMPs 
transiently localize to cell surfaces by associating 
with cell surface proteoglycans, adhesion receptors 
or basement membrane components (92). Secreted 
MMPs like MMP-1 for example, associate with cell 

surfaces via integrin and EMMPRIN interactions 
(93-95). MMP-2 also associates with plasma 
membranes by interacting with αvβ3 integrin 
through its hemopexin-like domain (96), whereas 
MMP-7 binds to the hyaluronan receptor CD44 (97). 
MMP-9 associates with several plasma membrane 
spanning receptors (CD44, ICAM-1, integrins) as 
well as the basement membrane component type IV 
collagen (98-101).   

The significance of MMP localization in 
regulating their effects on cell function has been 
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examined by inhibiting cell surface localization of 
MMP-9 in a mouse mammary carcinoma cell line 
(102). This resulted in loss of both invasive and 
metastatic capacity, properties that were restored by 
constitutive cell surface expression of an MMP-9 
fusion protein (102), suggesting that for at least 
some cell types, migration through basement 
membrane structures may rely upon these 
interactions. Furthermore, disruption of CD44-
MMP-7 interactions in lactating mammary epithelia 
resulted in relocation of MMP-7 from apical to basal 
cell surfaces and was associated with increased 
epithelial cell death and tissue remodelling (97), 
suggesting that whereas cell surface localization of 
some MMPs may impart a migratory phenotype, 
similar association of other family members may 
regulate cell proliferation and/or cell death.  Taken 
together, MMP activity is regulated at four levels, 
e.g. transcriptional, post-translational propeptide 
cleavage, inhibition by endogenous inhibitors and 
differential cell surface localization. These processes 
are tightly regulated in normal homeostatic 
conditions; however, as will be discussed below, 
during neoplastic progression, MMP expression and 
activation is enhanced, a property that can stimulate 
and/or promote various aspects of neoplastic cell 
growth.  

2.3 MMP Function 

MMPs are thought to functionally contribute to 
physiological and pathological tissue remodelling, 
especially during embryonic and tumour 
development (17). It is believed that ECM 
remodelling is essential for maintaining tissue 
integrity and involves a tightly regulated balance 
between ECM synthesis and ECM degradation 
(103). During wound healing, MMPs secreted by 
epithelial cells, fibroblasts and inflammatory cells 
remodel pericellular ECM in the immediate area of 
tissue damage (104). In turn, fibroblasts and vascular 
cells synthesize appropriate amounts and 
composition of ECM components (type I collagen, 
fibronectin etc.) important for tissue repair (104). In 
contrast, in fibrotic environments (i.e. liver cirrhosis, 
lung fibrosis and scleroderma), the balance between 
ECM synthesis, accumulation and degradation is 
shifted favouring synthesis and accumulation 

resulting in the fibrotic phenotype, a phenotype that 
can also be caused by increased synthesis of ECM 
components independent of the degradative enzymes 
that remodel it (105, 106). In contrast, a shift in 
favour of ECM degradation is seen in degenerative 
pathologies such as arthritis (107) and tumour 
development (17, 108). During tissue remodelling, 
ECM components such as type I collagen and 
basement membrane components such as types IV, 
XV and XVIII collagen and laminin can be cleaved 
by various MMPs (17, 37). Cleavage of these larger 
macromolecules into smaller fragments can result in 
release of cryptic embedded bioactive fragments that 
regulate cell physiology in context-dependent 
manners, e.g., proliferation, angiogenesis, cell 
adhesion and migration (90, 109). The realization 
that ECM remodelling not only alters the 
organization and composition of physical barriers 
between tissue compartments potentially enabling 
migration, but also provides novel products that 
affect cell physiology, adds an additional level of 
functionality to MMP family members (110).  

Another major function of MMPs is thought to 
be in their ability to regulate presence of bioactive 
mediators such as other proteinases, proteinase 
inhibitors, clotting factors, chemokines, growth 
factors, growth factor binding proteins, cell surface 
receptors, and cell-cell and cell-matrix adhesion 
molecules (108, 111). These MMP substrate 
molecules are found sequestered in ECM or attached 
to cell surfaces, or represent ECM components 
themselves, e.g., type I, IV, XV and XVIII collagen 
and laminin (91, 110, 112-116). For example, MMP-
9 is known to target the proangiogenic growth factor 
vascular endothelial growth factor (VEGF) (12); 
however, VEGF itself is not believed to be a direct 
cleavage target of MMP-9 suggesting that an ECM 
molecule sequestering VEGF is the target.  Both 
MMP-2 and MMP-9 activate latent transforming 
grwoth factor beta (TGFβ) residing in the matrix 
(97) and numerous MMPs can activate components 
of the plasma clotting system such as fibrinogen and 
plasminogen (112, 117-119), while MMP-2, -3, -7, -
9 and 12 can cleave plasminogen generating the 
angiogenic inhibitor angiostatin (112, 118, 120).  It 
has also been shown that MMP-14 derived from 
macrophages regulates neovascularization in 
tumours by degrading fibrinogen networks that serve 
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as a temporary scaffold for endothelial cells (117). 
In addition, multiple MMPs can modulate immune 
responses by processing of chemokines (121, 122), a 
property important for resolution of acute 
inflammation and possibly also during tumour 
development.   

MMPs are also thought to promote tumour cell 
survival by conferring protection against apoptotic 
cell death.  For example, MMP-7 sheds membrane 
bound Fas ligand (FasL) resulting in production of 
soluble FasL that significantly lowers the ability to 
trigger apoptosis via the Fas receptor pathway (123).  
MMP-7 cleaves the heparin–binding EGF precursor 
(HB-EGF) from the cell surface resulting in 
generation of signals conferring protection from 
apoptosis by binding of mature active form of HB-
EGF to both the ErbB1 and ErbB2 tyrosine kinase 
cell spanning receptors (97). MMPs, besides 
promoting tumour progression via these diverse 
mechanisms, also exhibit anti-tumour functions.  For 
example, male homozygous null MMP-8 mice 
(MMP-8-/-) exhibit a significant increase in skin 
tumour incidence upon chemically induced 
carcinogenesis (124). Tumour susceptibility is sex 
hormone dependent since removal of ovaries in 
MMP-8-/- females also results in a similar enhanced 
susceptibility to chemically induced skin 
carcinogenesis (124). Moreover, treatment of MMP-
8-/- mice with tamoxifen, an estrogen receptor 
antagonist, also results in increased skin 
carcinogenesis in MMP-8-/- females (124), 
suggesting that loss of MMP-8 function, by either 
homozygous loss or MMP inhibition (natural or 
synthetic), enhances rather than reduces tumour 
susceptibility. Taken together, it is clear that MMP 
function extends well beyond ECM remodelling and, 
as a consequence of their diverse activities toward 
substrates, MMPs participate in many biological 
(e.g. embryogensis, angiogenesis, endometrial 
cycling and wound healing) and pathological (e.g. 
cancer, arthritis and cardiovascular disease) 
processes by both positive and negative 
mechanisms.  

3. CELL-TYPE SPECIFIC MMP 

EXPRESSION 

The association of MMP expression with 
neoplastic progression is well documented in vivo

and in vitro (17). MMPs have been associated with 
the malignant phenotype in a wide variety of human 
tissues, including breast, colon, lung, ovary, 
pancreas, prostate, stomach and squamous cell 
carcinomas of the head, neck and skin (Table 2; 
reviewed in: (17, 125-128). MMP-2, -3, -7, -9, -10, -
13, -14 and 17 were first cloned from tumour cells 
lines and MMP-11 was cloned as a metastasis-
specific gene from metatstatic tumours (reviewed in 
(17)). In fact, whether constitutively expressed or 
induced by oncogenes, growth factors or cytokines, 
expression of all members of the MMP family has 
been documented in cultured neoplastic cells derived 
from diverse developmental lineages (125). 
Although this characteristic led investigators to 
speculate that expression of MMPs by epithelial 
tumour cells was a critical step in the transformation 
and/or invasive process, it is not representative of 
MMP expression observed in in vivo situations (17). 
In situ hybridization and immunodetection studies 
have revealed that whereas neoplastic cells express a 
limited repertoire of MMPs, MMP expression more 
frequently originates from tumour-associated 
stromal cells, i.e. activated fibroblasts, macrophages, 
neutrophils, mast cells, endothelial cells and 
pericytes (Table 2). These expression patterns are 
indicative of distinct processes at a particular stage 
in neoplastic progression that either neoplastic or 
stromal cells are involved in. For example, during 
mammary carcinogenesis, mammary epithelial cells 
express MMP-3, -7, -9 and -13 (129-136), whereas 
epithelial cells undergoing an epithelial to 
mesenchymal transition express MMP-11 (137). 
Differential expression of MMPs is also observed in 
stromal fibroblasts.  An early step in neoplastic 
progression is marked by myofibroblast expression 
of MMP-13 (138). In contrast, at a later stage in 
neoplastic progression, myofibroblasts at the 
invasive front of a mammary carcinomas express 
MMP-1, -2, -11 and -14 (129, 130, 131).   

Cells of the immune system recruited to tumour 
sites also express a variety of MMPs. Macrophages 
express MMP-9 and -12 (131, 139), neutrophils 
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express MMP-8 and -9 and lymphocytes express 
MMP-3 and -9 (129, 140).  During angiogenesis, 
endothelial cells express MMP-2, -3 and -9 while 
pericytes express MMP-9 (131, 133).  Additional 
evidence that MMP expression is stage and cell 
type-dependent comes from studies showing that 
MMP-3 expression in squamous cell carcinomas 
switches from stromal fibroblast to neoplastic cells 
during epithelial to mesenchymal transitions (141). 
In addition, transgenic mouse models of human 
cancer have proven useful tools to examine 
expression characteristics of MMP mRNAs in 
various organs as well as for determining the role of 
particular MMPs during neoplastic development 
(21).  Excellent examples of this are represented by 
the Rip1-Tag2 model of pancreatic islet cell 
carcinogenesis and the K14-HPV16 model of 
squamous epithelial carcinogenesis (12, 20, 142).  

Data from both models have indicated that MMP-9 
regulates activation of the angiogenic switch and 
that the sources of MMP-9 are predominantly 
inflammatory cells recruited to the neoplastic site 
(12, 20, 142). Taken together, these studies have 
several implications. MMP-expression during 
neoplastic progression is stage and cell type-
dependent and the expression of MMPs observed in 
cultured cells may have to do with the fact that most 
culture environments fail to recapitulate the 
microenvironmental complexities present in vivo.

Most notably, spatial restrictions of MMP mRNA 
expression are maintained where they are either 
expressed by neoplastic epithelial cells or stromal 
cells but not typically both, implying that 
mechanisms regulating cell-type specificity, across 
tumour types, are maintained during neoplastic 
transformation.

Table 2. Expression of MMPs in most common human cancers* 
*Based on 2004 estimated US cancer cases (American Cancer Society). Adapted from (17, 125).  ISH: detection of mRNA 
expression as demonstrated by in situ hybridization; RT-PCR: detection of mRNA expression by RT-PCR; IHC: detection 
of protein expression by immunohistochemistry. 
Neoplasia MMP Localization in tumour

Lung MMP-1 Neoplastic cells (IHC)(387), Stromal cells (IHC) (387-390)
 MMP-2 Neoplastic cells (ISH) (387), Fibroblast (ISH) (391) (392-395), Endothelial cells 

(ISH: (393, 394)
 MMP-3 Neoplastic cells (IHC) (391, 393), Stromal cells (ISH) (393, 396), ECM near blood 

vessels (IHC) (396)
 MMP-7 Neoplastic cells (ISH) (396, 397), Endothelial cells (IHC) (397)
 MMP-9 Neoplastic cells (ISH) (391, 398-401), Stromal cells (ISH) (391, 393, 396, 402)
 MMP-10 Neoplastic cells (IHC) (403), ECM near blood vessels (IHC) (404)
 MMP-11 Neoplastic cells (IHC) (391, 398), Stromal cells (IHC) (391)
 MMP-13 Neoplastic cells (IHC) (391, 398), Stromal cells (IHC) (391)
 MMP-14 Neoplastic cells (ISH) (391, 393, 398), Fibroblast (ISH) (391, 393, 405), 

Endothelial cells (IHC) (393)
 MMP-26 Neoplastic cells (ISH) (406)
Breast MMP-1 Neoplastic cells (ISH) (129, 130), Stromal cells (ISH) (129-131)
 MMP-2 Neoplastic cells (ISH) (129, 133, 134, 407), Stromal cells (ISH) (129-131), 

Endothelial cells (ISH) (133)
 MMP-3 Neoplastic cells (ISH) (130, 131, 133, 408), Stromal cells (ISH) (130, 131, 133, 

408), Lymphocytes   (IHC) (129), Endothelial cells (IHC) (133), ECM near blood 
vessels (IHC) (409)

 MMP-7 Neoplastic cells (ISH) (131)
 MMP-9 Neoplastic cells (ISH) (129, 133, 134, 408), Stromal cells (ISH) (129), Fibroblast 

(IHC) (133, 134, 136) , Macrophages (ISH) (139), Neutrophils (IHC) (139) 
Endothelial cells (ISH) (131, 133), Pericytes (ISH) (139)

 MMP-10 ECM near blood vessels (IHC) (409)
 MMP-11 Neoplastic cells (ISH) (137), Stromal cells (ISH) (131, 137, 410)
 MMP-12 Macrophages  (IHC) (131)
 MMP-13 Neoplastic cells (IHC) (131), Myofibroblast (IHC) (138)
 MMP-14 Neoplastic cells (IHC) (134, 411), Myofibroblast (IHC) (412)
 MMP-19 Neoplastic cells (IHC) (413), Endothelial cells (IHC) (413)
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Neoplasia MMP Localization in tumour

 MMP-26 Neoplastic cells  (IHC) (382, 406)

Neoplasia MMP Localization in tumour
Prostate MMP-2 Neoplastic cells (ISH) (414-417), Stromal cells (ISH) (417)
 MMP-7 Neoplastic cells (ISH) (414, 417)
 MMP-9 Macrophages (ISH) (417)
 MMP-10 ECM near blood vessels (IHC) (418)
 MMP-14 Neoplastic cells (IHC) (416)
 MMP-26 Neoplastic cells (IHC) (406, 419)
Colon MMP-1 Neoplastic cells (ISH) (420), Stromal cells (ISH) (420, 421)
 MMP-2 Neoplastic cells (ISH) (422, 423), Fibroblast (ISH) (421-423), Endothelial cells 

(ISH) (424), Myofibroblast  (ISH) (424), ECM (IHC) (425)
 MMP-3 ECM near blood vessels (IHC) (425)
 MMP-7 Neoplastic cells (ISH) (397, 426, 427), Endothelial cells (ISH) (397)
 MMP-9 Macrophages (ISH) (140, 175, 428), Neutrophils (ISH) (140), ECM (IHC) (425)
 MMP-10 ECM near blood vessels (IHC) (425)
 MMP-11 Fibroblast (ISH) (429)
 MMP-12 Neoplastic cells (ISH) (430)
 MMP-14 Neoplastic cells (ISH) (423, 431), Stromal cells (ISH) (423, 431), Macrophages 

(ISH) (431)
 MMP-21 Neoplastic cells (IHC) (432)
Ovary MMP-1 Neoplastic cells (IHC) (433)
 MMP-2 Neoplastic cells (ISH) (433-436), Stromal cells (ISH) (433, 434, 436, 437), 

Fibroblast (ISH) (435) 
 MMP-7 Neoplastic cells (IHC) (438)
 MMP-9 Neoplastic cells (ISH) (434, 436, 439), Stromal cells (ISH) (436, 439, 440), 

Macrophages (ISH) (434, 437), Neutrophils (IHC) (434)
 MMP-11 Fibroblast (ISH) (441)
 MMP-14 Neoplastic cells (ISH) (436, 441)
 MMP-21 Neoplastic cells (ISH) (432)
Squamous
cell

MMP-1 Neoplastic cells (ISH) (442) Stromal cells (IHC) (442)

carcinoma  MMP-2 Fibroblast (ISH) (442-444)
of the skin MMP-3 Neoplastic cells (ISH) (443), Stromal cells (ISH) (443, 445)
 MMP-7 Neoplastic cells (ISH) (446), Macrophages (ISH) (444), Neutrophils (ISH) (447) , 

Eosinophils (ISH) (447)
 MMP-10 Neoplastic cells (IHC) (448)
 MMP-11 Fibroblast (IHC) (449)
 MMP-12 Neoplastic cells (ISH) (450), Macrophages  (ISH) (450)
 MMP-13 Neoplastic cells (ISH) (445), Stromal cells (ISH) (445)
 MMP-14 Neoplastic cells (IHC) (448), Fibroblast (IHC) (448)
 MMP-19 Neoplastic cells (RT-PCR) (451)
 MMP-21 Neoplastic cells  (RT-PCR) (432)

4. MMPS AND NEOPLASTIC 

PROGRESSION: PRO AND ANTI-

TUMOUR FUNCTIONS 

Various members of the MMP family are present 
and active in tumour microenvironments where they 
are thought to participate in many aspects of 
neoplastic progression including inflammation, 

angiogenesis, neoplastic cell proliferation, 
migration, invasion into ectopic compartments and 
metastasis formation (Figure 2). Our understanding 
of the molecular and cellular mechanisms regulated 
by MMPs that influence these processes in different 
tumour types has expanded greatly in recent years, 
however many outstanding questions remain. 
Understanding these mechanisms and elucidating 



6. Matrix Metalloproteinases: Mediators of Tumour-Host Cell Interactions 91

how MMPs exert pro- and/or anti-tumour affects, 
may reveal novel drug targets for development of 
rational anti-cancer therapeutics.

4.1 Inflammation and MMPs during 

tumour development 

Based on the characteristics of activation and the 
specificity of target recognition, the immune system 
can be divided into two subsets - innate and adaptive 
(143). The innate immune system, also called the 
first line of immune defence, comprises 
macrophages, neutrophils, granulocytes, mast cells, 
eosinophils, basophils and natural killer (NK) cells. 
The innate immune system is characterized by its 
ability to respond to foreign antigens in a non-
specific manner and is not intrinsically affected by 
prior contact with pathogens. The adaptive immune 
system on the other hand is composed of T and B 
lymphocytes and antibodies, is very specific in its 
capacity to recognize antigens and is characterized 
by immunological memory (143). In order to 
provide sufficient protection against all kinds of 
infectious agents, the innate and adaptive immune 
systems are closely linked by influencing each 
others recruitment and activation pathways (144).  

The immune system plays a dual role in tumour 
development and progression (145). Several studies 
have reported that the immune system, in particular 
the adaptive immune system, can suppress tumour 
development. Studies supporting this concept of 
immune-surveillance have shown that infiltration of 
tumours with T lymphocytes is beneficial for cancer 
patients (146-150). In addition, an increase in the 
incidence of spontaneous and chemically induced 
tumours has been observed in immune-deficient 
mouse models of tumour development (151).  Based 
on the idea that a ‘tumour’ can be a recognizable 
target for the immune system, many groups have 
attempted to activate the immune system in order to 
obtain successful anti-tumour immune responses 
(152).

In contrast to the immune-surveillance theory, 
accumulating clinical and experimental data suggest 
that the other arm of the immune system, the innate 
immune system, plays a promoting role during 
neoplastic progression (6, 153). Extensive analysis 
of human tumour samples has revealed abundance of 

innate immune cells, in particular mast cells and 
macrophages, that correlates with angiogenesis and 
poor prognosis (154-160). Another indication that 
inflammatory cells play a promoting role in 
carcinogenesis is the observation that chronic 
inflammation often predisposes patients to the 
development of cancer (161, 162). Well-known 
examples are the association of inflammatory bowel 
syndrome with development of colon cancer (163) 
and the increased risk to develop gastric cancer in 
patients with chronic helicobacter pylori infection 
(164). Consistent with these clinical observations are 
experimental findings that development of colon 
cancer in TGFβ1-deficient mice is eliminated by 
maintaining mice in germ-free environments, thus 
reducing risk of inflammation (165). In addition, 
long-term use of aspirin and non-steroidal anti-
inflammatory drugs has been shown to diminish 
cancers; colon cancer risk by ~ 50%, gastric and 
oesophageal cancer risk by ~ 40%, and breast cancer 
by ~ 20% (166-171). Thus, clinical data clearly 
suggest a promoting role of inflammatory cells 
during neoplastic progression; however, they do not 
provide any mechanisms by which inflammatory 
cells contribute to the tumour development process. 
Many investigators now believe that elucidating the 
mechanisms by which inflammatory cells participate 
in carcinogenesis will eventually facilitate 
development of novel therapeutic agents against 
human cancer (6, 153). As described above, 
inflammatory cells are important sources of MMPs 
in tissues engaged in either physiologic or 
pathologic remodelling. In the next paragraphs, we 
will focus on the role of inflammatory cell- and 
other host cell-derived MMPs in neoplastic 
progression.  

Expression of MMPs in human cancer often 
correlates with poor prognosis (154-158), suggesting 
that MMPs promote carcinogenesis via either direct 
and/or indirect pathways. In human carcinomas, the 
majority of MMPs present are not expressed by 
neoplastic cells, although exceptions do exist, but 
instead are predominantly expressed by activated 
stromal cells, e.g., fibroblasts, vascular cells and a 
diverse assortment of inflammatory cells (Table 2) 
(6, 172-175). Since inflammatory cells are often 
strongly associated with cancer progression, several 
studies have investigated whether MMPs are 
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involved as mediators linking inflammation with 
malignancy. 

Compelling evidence that inflammatory cells 
promote carcinogenesis via secretion of MMPs has 
been provided by experimental mouse models of de

novo carcinogenesis harboring homozygous null 
mutations in various MMPs (12, 18-20). The role of 
MMP-9 during tumorigenesis was addressed in a 
transgenic mouse model of squamous carcinogenesis 
of the skin (176) by studying the phenotypic 
consequences of genetic deletion of MMP-9 (20, 
177). In this tumour model, the appearance of 
activated MMP-9 in premalignant dysplastic lesions 
coincides with extensive mast cell infiltration of 
dermal stroma and when transgenic mice are 
rendered deficient for either mast cells (142) or 
MMP-9 (20), tumour-prone mice display 
significantly reduced epithelial proliferative indices, 
altered differentiation characteristics and attenuated 
angiogenesis. Importantly, MMP-9 deficiency 
results in 50% reduction in incidence of carcinomas
as compared to MMP-9 proficient controls (20). 
Importantly, the characteristics of neoplastic 
progression in this model were restored by 
reconstitution with wild type MMP-9 sufficient bone 
marrow-derived cells (20), thus providing 
compelling data suggesting that inflammatory cells 
contribute to neoplastic progression, in part, by their 
production of MMP-9 in the neoplastic 
microenvironment. In a different de novo mouse 
tumour model, e.g., pancreatic islet cell 
carcinogenesis, MMP-9 is also only detected in 
infiltrating inflammatory cells, not in neoplastic cells 
(12). In this mouse model, genetic ablation of MMP-
9 also results in suppression of angiogenesis and 
tumour growth (12). Likewise, growth and 
activation of angiogenesis in xenografted MMP-9-

expressing human ovarian carcinomas is 
significantly attenuated in MMP-9-
deficient/immune-deficient mice (178) that can be 
“rescued” by MMP-9 proficient splenocytes that 
induce MMP-9+ macrophage infiltration into the 
tumour microenvironment, resulting in increased 
vascularization and tumorigenicity (178).  These 
data provide compelling support for the contention 
that inflammatory cell-derived MMP-9 contributes 
to tumorigenesis in multiple organ environments. 
Recently it has also become clear that inflammatory 
cell-derived MMPs also play a contributing role 
during metastasis formation (179, 180). Utilizing a 
mouse model system of experimental lung 
metastasis, MMP-9 expression in macrophages and 
endothelial cells of lungs of tumor-bearing hosts 
positively regulated metastasis formation to the 
pulmonary site (179). Correlating with this, human 
cancer patients with metastatic pulmonary disease 
similarly exhibit significantly elevated MMP-9 
levels in diseased lung tissue as compared to those 
from tumour-free patients or disease-free lungs 
(179) suggesting that inflammatory cell-derived 
MMP-9 promotes metastatic tumour formation. 
What are the mechanisms by which activated 
stromal cells regulate MMP expression in neoplastic 
microenvironments and affect cancer development? 
MMPs are potent mediators with many different 
functional capacities and their biological activities 
greatly depend on the microenvironment in which 
they are deposited.  Consequently, MMPs participate 
in many aspects of neoplastic progression, including 
proliferation of neoplastic cells, extracellular matrix 
remodelling, angiogenesis, lymphangiogenesis and 
metastasis formation.  
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Figure 2. MMPs and tumor-host cell interactions: Cancer development results from the interplay of genetically altered 
neoplastic cells with activated stromal cells and the dynamic microenvironment in which they live.  The presence of 
genetically altered cells in otherwise healthy tissue activates a “host response”, in particular activation of fibroblasts and 
immune cells.  Both genetically altered cells and activated host cells present in early pre-malignant lesions secrete diverse 
factors, including MMPs.  MMPs can initiate remodeling of virtually all ECM components, resulting in release of mediators 
sequestered in the ECM and activation of latent growth factors.  Altered bioavailability of these mediators triggers 
proliferation of neoplastic cells and angiogenesis.  In addition, MMPs, produced by neoplastic and activated host cells, 
regulate various aspects of tumour development and facilitate many collaborative interactions between diverse cells types 
present in the neoplastic microenvironment.  Known regulatory mechanisms involving MMPs include: stimulating 
neoplastic cell hyperproliferation, activation of angiogenesis, stimulating inflammatory cell recruitment and function via 
modulation of chemotactic mediators, as well as inducing tissue remodelling resulting in both the synthesis as well as 
degradation of matrix components.  Following malignant conversion and development of bona fide invasive cancers, MMP 
activity can further influence the malignant phenotype of emerging tumours as well as the viability of metastatic cells in 
distant tissue compartments. 
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4.2 MMPs and neoplastic cell proliferation 

The balance between neoplastic cell proliferation 
and cell death is a critical determinant of tumour 
outgrowth. Multiple paracrine and autocrine growth 
factors have been identified that modulate the 
mitogenic activity and/or survival capacity of 
various cell types within tumours.  Since inhibition 
of growth factor-induced signalling cascades can 
block expansion of neoplastic cells in some contexts, 
and delay or inhibit growth in others, (181-187), 
there has been great interest in characterizing the 
mechanisms regulating growth factor bioavailability 
in neoplastic microenvironments.   

It has become clear that ECM remodelling by 
stromal- and/or neoplastic cell-derived MMPs 
results in release of a variety of growth factors 
sequestered in the ECM and in proteolytic shedding 
and activation of multiple latent ECM and 
membrane-anchored growth factors (108, 188-190). 
The increase in bio-available growth factors 
regulated by MMP-mediated proteolytic cleavage 
directly impacts proliferative capacity of diverse cell 
populations, including neoplastic cells (108). The 
role of MMPs in modulating the proliferative 
activity of neoplastic cells has been underscored by 
the observation that neoplastic keratinocytes in 
MMP-9 deficient/HPV16 transgenic mice exhibit a 
suppressed proliferative index (20). Likewise, 
collagenase expression in transgenic mouse skin 
promotes hyperproliferative changes in the 
epidermis (191) and transgenic overexpression of 
TIMP-1 inhibits SV40 T antigen-induced hepatocyte 
proliferation (192, 193). 

Several growth factors are produced as 
membrane anchored precursors requiring conversion 
to soluble forms for biological activity (97, 194-
196). Great effort has been placed in identification 
of enzymes responsible for proteolytic conversion of 
insoluble mitogenic precursors into diffusible active 
growth factors, as this is an important post-
translational event regulating growth location, 
activity and bioavailability. MMPs play a crucial 
role in proteolytic release of mitogenic precursors 
from the cell surface membrane, a process 
frequently referred to as ‘ectodomain shedding’ 
(197, 198).  For example, EGF family members, 
including EGF, heparin binding EGF-like growth 

factor (HB-EGF) and TGFα, are synthesized as 
latent membrane spanning proteins requiring 
cleavage and release by MMPs in order to obtain a 
conformation suitable for binding to their plasma 
membrane receptors (194-196). Soluble EGF family 
ligands stimulate many biological responses, in 
particular proliferation and migration in cells 
expressing EGF receptors, altered expression of 
which has been reported in various human cancers. 
MMP-3 releases HB-EGF from the cell surface 
whereas an MMP related proteinase ADAM17, 
releases soluble TGFα (195).  HB-EGF and MMP-7 
form a complex with CD44, a heparin sulphate 
proteoglycan found on the surface of normal and 
neoplastic cells (97, 199). Formation of this complex 
allows cleavage of HB-EGF by MMP-7, thus 
generating mature HB-EGF, which in turn enhances 
cell proliferation and cell survival (97). The 
importance of CD44 in neoplastic cell proliferation 
has been underscored by the observation that 
transgenic mice expressing antisense CD44 cDNA 
in skin keratinocytes display impaired keratinocyte 
proliferation and fail to undergo hyperproliferative 
growth in response to carcinogen exposure (200).  

Proteolytic release of membrane-anchored 
growth factor precursors can be inhibited by TIMPs 
(84, 196, 201) and by synthetic metalloprotease 
inhibitors (MPIs) (194, 202). For example, blocking 
proteolytic shedding of membrane-anchored EGF 
family member precursors by treatment with MPIs 
almost completely abolished proliferation of human 
mammary epithelial cells and colon cancer cell lines 
(194). Thus, proliferation of neoplastic cells can be 
manipulated by MMP-mediated regulation of 
ectodomain shedding suggesting that MPIs might be 
applied therapeutically to regulate bioavailability of 
growth factors in proliferating tissues. 

Other growth factors are maintained in a latent 
form by complex formation with soluble or cell-
surface bound proteins. For example, activity of 
insulin-like growth factors IGF-I and IGF-II is 
controlled by binding to various soluble IGF-binding 
proteins (IGF-BP) (203-205). Proteolytic cleavage 
of IGF-BP by several MPs, including MMP-1, -2, -
3, -9 and -11, releases IGF that subsequently exerts 
mitogenic effects (206-211). Expression of IGFs is 
often upregulated in hyperproliferative tissues, 
including cancer tissues where they correlate with 



6. Matrix Metalloproteinases: Mediators of Tumour-Host Cell Interactions 95

poor prognosis (204, 212-215).  The importance of 
MMPs in promoting neoplastic cell proliferation via 
increasing bioavailability of IGF has been 
demonstrated in a transgenic mouse model of 
hepatic carcinogenesis (211). Transgenic 
overexpression of TIMP-1 in SV40 T antigen-
induced hepatocytes inhibited proliferation (211) 
due to inhibition of MMP-mediated proteolysis of 
IGF-BP-3 resulting in reduced levels of bioavailable 
IGF-II (211). Similar to IGF, basic FGF (bFGF), a 
mitogenic growth factor linked to angiogenesis and 
fibroblast activation is sequestered in the ECM by 
specific binding to various proteins (216). Several 
heparin sulfates, including perlecan, regulate 
bioavailability of FGF by sequestering latent FGF at 
cell surfaces and within basement membranes (217). 
MMP-1 and -3 have been reported to degrade 
perlecan resulting in FGF release (216). However, 
MMP activity does not always result in enhancement 
of proliferation.  MMP-2 has been reported to cleave 
FGF receptor 1, which in turn prevents mitogenic 
signalling (218). Another protein regulating FGF 
activity is FGF-BP. In contrast to perlecan, FGF-BP 
does not limit bioavailability of FGF, but instead 
mobilizes and activates FGF (219). Whether MMPs 
also degrade FGF-BP and thus negatively modulate 
FGF bioavailability remains to be established.  
Likewise, bioavailability of TGFβ, a multi-potent 
polypeptide growth factor, is regulated by MMPs 
(220). The role of TGFβ during tumor progression 
and development is very complex and depends on 
the type and progression stage of neoplastic cells 
(221-224). In general, activated stromal and 
neoplastic cells in early tumour stages are sensitive 
to TGFβ-mediated growth inhibition (225, 226), 
whereas neoplastic cells in later stages often escape 
TGFβ-mediated growth inhibition (222, 223). TGFβ
is produced as a latent protein activated in part by 
proteolytic mechanisms (220, 227). The TGFβ
prodomain, also referred to as β-latency associated 
peptide (β-LAP), binds non-covalently to mature 
TGFβ thus forming an inactive latent complex 
(220). Latent TGFβ-binding proteins link to this 
complex stabilizing and maintaining TGFβ
sequestered within ECM in an inactive state (227-
230). TGFβ can be activated by proteolytic 
degradation of LAP by MMP-9 and MMP-2, 
resulting in release of active TGFβ (102). Likewise, 

several TGFβ binding proteins that sequester active 
TGFβ in ECM, including membrane-anchored 
proteoglycan betaglycan and the ECM proteoglycan 
decorin, are cleaved by various MMPs (231-234), 
where upon release from latent complexes, TGFβ
exerts its tumor suppressive and/or promoting 
functions (222). 

In conclusion, the function of stromal cell- and 
neoplastic cell- derived MMPs is not limited to 
degradation and remodelling of ECM.  An additional 
function, one that has implications for therapeutic 
anti-cancer strategies, is the shedding of various 
potent growth factors from cell surfaces and release 
of mitogens sequestered by ECM; thus, by 
regulating bioavailability of growth factors, MMPs 
deposited in tumor microenvironments can drive 
neoplastic progression and cancer development. 

4.3 MMP regulation of neoplastic cell 

adhesion, migration and invasion  

Tumours are characterized by their phenotype, 
cell of origin and whether they exhibit either benign 
or malignant characteristics, with malignancy 
directly inferring neoplastic cell invasion across 
basement membranes and ectopic tissue growth. In 
order for neoplastic cells to invade surrounding 
tissue, they must exit the primary tumour site, cross 
tissue boundaries and migrate into ectopic tissue. 
Based upon their collective ability to degrade 
structural components of basement membranes and 
ECM in vitro, MMPs have long been viewed as key 
regulators of neoplastic cell migration and invasion 
(17). However, examination of MMP functions in de

novo mouse models of tumour development have 
challenged these viewpoints and revealed new 
mechanisms for MMP action that functionally 
contribute to tumour development. 

Substrate targets for MMPs have been 
extensively studied in vitro (reviewed in (17, 111) 
which has generated a large body of literature 
describing ECM as well as non-ECM substrates for 
MMP family members, suggesting a role for MMPs 
in tissue remodelling and other physiological and 
pathological processes, including cancer. These 
studies have revealed tremendous overlap and 
functional redundancy among MMP family 
members (Table 3). 
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Table 3. MMP Substrates. Adapted from (17, 125).  *Only few MMP substrates have been verified as in vivo substrates. ADAMTS, A disintegrin and metalloproteinase

with thromobospondin type 1 motifs; C1q, complement component 1q; FGFR, fibroblast growth factor receptor; HB-EGF, heparin-binding epidermal growth factor; IGF-

BP, insulin-like growth-factor-binding-protein; IL-1β interleukin-1β; IL-2Rα, interleukin-2 receptor α; MMP, matrix metalloproteinase; NC1, non-collagenous 1 region; 

PA1, plasminogen activator inhibitor; TGF-β transforming growth factor-β; TNF-α, tumour necrosis factor-α; uPA, urokinase-type plasminogen activator. 

MMP ECM Substrates Non ECM substrates

Collagen Other ECM components Chemokines and 

Cytokines

Growth

Factors

MMPs Other 

MMP-1 Type, I, II, III, 
VII, X
(24), XI (59) 
collagen 

Gelatins (24), aggrecan (24), 
brevican (452) entatctin/nidogen 
(24), fibronectin (59) laminin (59), 
tenascin (24), vitronectin (59) 

CXCL12 (4), IL-1β
(59) proTNF-α (59) 

TGFβ
(59)

ProMMP-2 
(24)

IGFBP-2, -3, link protein (24),  
α1-antichymotypsin (59),  
α2-macroglobulin (59),  
α1-proteinase inhibitor (59), C1q (59), 
casein (59), myelin basic protein (59), 
L-selectin (5), fibrin (59) 
link protein link protein (24), link 
protein (24) 

MMP-2 Type, I (24), III 
(59), IV (24), V 
(24), VII (24), 
X (24) XI (24) 
collagen 

Gelatins (24), aggrecan (24), 
brevican (452), decorin (59), 
elastin (24), entactin/nidogen (59), 
fibronectin (24), fibulins (453), 
laminin (24), osteonecin (59), 
tenascin (59), vitronectin (59), 
ADAMTS-1 (454) 

CXCL12 (4), IL-
1β(59) TNF-α (59)

Pro-HB-
EGF
(195)

ProMMP-9 
(24),
-13 (63) 

IGF-BP (24), link protein (59),  
C1q (59), 
α1-antichymotypsin (59),  
α1-proteinase inhibitor (59) 
FGFR1 (218), substance P (59) 
plasminogen (59), 
myelin basic protein (59) 

MMP-3 Type III (59), 
IV (24), V (24), 
VII (24), IX 
(24), X (24), X1 
(24) collagen 

Gelatins (24), aggrecan (452), 
decorin (59), elastin (59), brevican 
(59), decorin (59), elastin (59), 
entactin. nidogen (24), fibronectin 
(59), laminin (24), osteonectin 
(59), osteopontin (455), perlecan 
(216), tenascin (24), vitronectin 
(24), NC1 fragment of collagen 
XVIII (289) 

CXCL12 (121), pro-
TNF-α (59) 

Pro-HB-
EGF (97) 

ProMMP-1 
(24), -7 
(195), -8 
(369), -9 
(456), -13 
(24)

PAI-1 (457), plasminogen (59), 
substance P (59), T kininogen(59), 
α1-antichymotrypsin (24),  
α2-macroglobulin (24), α1-proteinse 
inhibitor (24), uPA (458), link protein 
(24), myelin basic protein (59) C1q 
(59), casein (59), E-cadherin (24), 
fibrin (24), fibrinogen (59),  L-selectin 
(459), fibrillin (59) 
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MMP ECM Substrates Non ECM substrates

Collagen Other ECM components Chemokines and 

Cytokines

Growth

Factors

MMPs Other 

MMP-7 Type I (59), IV 
(59) collagen 

Gelatins (24), aggrecan (59), 
brevican (452) decorin (59) elastin 
(24), entactin/nidogen (24), 
fibronectin (24), fibulins (24), 
laminin (24), vitronectin (24), 
osteonectin (59), tenascin, (24),β4
integrin (246) 

Pro-TNF-α (59)  ProMMP-1 
(460), -2 (24),
-9 (460) 

Link protein (24), myelinbasic protein 
(59), osteopontin (461),  
α1-proteinase inhibitor (24), casein 
(59), E-cadherin, (59), FAS ligand (14), 
fibrinogen (59), plasminogen (59),  

MMP-8 Type I (24), II 
(24), III (24) 
collagen

Aggrecan (24), brevican (452), 
ADAMTS-1 (454) 

 Latent 
TGF-β
(102)

α2-macroglobulin (fibrillin (59), C1q 
(59), fibrinogen (59), substance P (59) 

MMP-9 Type IV (24), V 
(24), XI (24), 
XIV (24) 
collagen

Gelatins (24), aggrecan (24), 
decorin (59), elastin (24), laminin 
(59), NC1 fragment of collagen 
XVIII (289), osteonectin (59), 
vitronectin (24) 

CXCL1 (322), 
CXCL4 (322), 
CXCL7-precursor 
(322), CXCL12 
(121), IL-1β (59), 
IL-1β (59), IL-
8/CXCL8 (322), IL-
2R  (123), 
 pro-TNF-α (59) 

 ProMMP-2 
(24)

Link protein (24), myelin basic protein 
(24),
α2-macroglobulin (59),  α1-proteinase 
inhibitor (59), casein (59), C1q (59), 
endothelin (462), fibrin (59), fibrillin 
(59), fibrinogen (59),  galectin-3 (463), 
plasminogen (59), substance P (59), 
IGF-BP3 (r29),  fibrillin (59) 

MMP-10 Type III (464), 
IV (464), V 
(464), collagen

Gelatins (24), aggrecan (59), 
brevican (452), elastin (24), 
fibronectin (464)  

  ProMMP-1 
(24), -7 (465), 
-8 (466), -9 
(465)

Link protein (24), casein (59), 
fibrinogen (59) 

MMP-11   IGF-BP (2),
α2-macroglobulin (24), α1-proteinase 
inhibitor (24) 

       

α
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MMP ECM Substrates Non ECM substrates

Collagen Other ECM components Chemokines and 

Cytokines

Growth

Factors

MMPs Other 

MMP-12 Type I, (2), IV 
(24) collagen

Gelatins (24), aggrecan (59), 
elastin (24), fibronectin (24), 
entactin/ nidogen (24), fibrillin 
(59), laminin (24), vitronectin (59), 
NC1 fragment of collagen XVIII 
(289)

Pro-TNF-α (59)   Myelin basic protein (24), α2-
macroglobulin (59), α1-proteinase 
inhibitor (24), factor X11 (59), 
fibrinogen (24), IgG (467), 
plasminogen (24) 

MMP-13 Type I (24)II 
(24), III (24), IV 
(468), VI (59), 
IX (468), X 
(468), XIV (468)

Gelatins (59),  aggrecan (59), 
brevican (452), fibronectin (468), 
osteonectin (468), tenascin (468)  

   Fibrillin ,  
α2-macroglobulin (59) 

MMP-14 Type I (469), II, 
(469), III (469) 
collagen

Gelatins (24), aggrecan (469), 
entactin/nidogen (469),  fibrillin 
(59), fibronectin (469),  perlecan 
(469), vitronectin (24), tenascin 
(469),

CXCL12 (59), pro-
TNF-α (469) 

 ProMMP-2 
(59),
 -13 (63) 

α2-macroglobulin (1), α1-proteinase 
inhibitor (24), CD44 (237), factor XII 
(59), fibrin (59), fibrinogen (59),  
αv integrin (470) 
tissue transglutaminase (248) 

MMP-15 Aggrecan (471), entactin/nidogen 
(471), fibronectin (471), perlecan 
(471), laminin (471), tenascin 
(471), tissue, transglutaminase 
(248), ADAMTS-1 (472) 

  ProMMP-2 
(471)

MMP-16 Type III (59) 
collagen

Gelatin (473), fibronectin (59)    ProMMP-2 
(382)

Casein (473), tissue transglutaminase 
(248)

MMP-17 Gelatin (474) TNF -α (471)  ProMMP-2 
(474)

Fibrin (372), fibrinogen (372) 
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MMP ECM Substrates Non ECM substrates 

 Collagen Other ECM components Chemokines and 

Cytokines

Growth

Factors

MMPs Other 

MMP-19 Type I, (59), IV 
(373) collagen

Gelatins (373), aggrecan (475), 
entactin/nidogen (373), fibronectin 
(373), laminin (373), tenascin 
(373), Cartilage oligomeric matrix 
protein (475) 

   Casein (59)

MMP-20 Aggrecan (475), cartilage 
oligomeric matrix protein (475) 
NC1 fragment of collagen XVIII 
(289)

  Amelogenin (19)  

MMP-22 Gelatin (476)   Casein (476) 

MMP-24 Gelatin (474), fibronectin (474),    ProMMP-2 
(381)

MMP-25 Type IV (374) 
collagen

Gelatin (374), fibronectin (477)   ProMMP-2 
(375)

Fibrinogen (374), fibrin (374). 

MMP-26 Type IV (375) 
collagen

Gelatin (478), fibronectin (375), 
vitronectin (406)  

  ProMMP-9 
(375)

α1-proteinase inhibitor (59), casein 
(478), fibrinogen (406) 

MMP-28 Casein (479) 

Mcol-A Type I (480), II 
(480) collagen 

75-kDa
chicken 
gelatinase 

Gelatins (481), 
fibronectin (481) 
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To date however, only a few MMP substrates 
have been verified as bone fide in vivo substrates 
(17), validation of which in appropriate in vivo

contexts is necessary to fully understand the 
multitude of molecular and cellular events regulated 
by MMPs. 

Cell surface expression of cell-cell and cell-
ECM adhesion molecules are tightly regulated (235) 
with expression varying to accommodate changes in 
pericellular microenvironments and differential 
regulation of stationary versus migratory growth 
characteristics. Besides impacting migration and 
invasive capacities of neoplastic cells by 
remodelling key ECM molecules, MMPs also act in 
concert with diverse cell surface molecules 
implicated in adhesion (236-238). One family of cell 
surface adhesion molecules differentially affected by 
MMPs are integrins. These consist of dimeric 
membrane spanning cell-ECM adhesion molecules 
containing one α and β subunits (239).  Integrins are 
important mediators of cell migration in part due to 
the diversity of complexes formed by α and β
subunits forming ~ 24 different cell-ECM receptors 
in humans (240). Integrins engage ECM molecules 
pericellularly, whereas intracellulary they interact 
with signalling molecules and cytoskeletal 
components and regulate cell shape, polarity, 
differentiation and various aspects of intracellular 
signal transduction (240).  When cells are at rest and 
tissues are homeostatic, integrin expression reflects 
cell-ECM interaction favouring structural integrity 
and polarized cell growth (241). In contrast, when 
tissues are engaged in either physiological or 
pathological remodelling, integrin expression and 
repertoires change in a manner consistent with a 
cells need to ‘move’ within the microenvironment 
(242). While MMPs are known to target components 
of ECM to facilitate migration, they also are known 
to associate with various integrin receptors on cell 
surfaces where pericellular proteolysis is 
concentrated (111, 189). Several MMPs have been 
reported to co-localize with integrins at attachment 
and detachment sites on migrating cells, specifically 
MMP-2 and MMP-14 co-localize with αvβ3
integrins on migrating epithelial cells (243, 244). 
Co-localization of MMP-2 with αvβ3 integrin, in 
combination with the observation that MMP-2 
triggers cell migration by cleaving laminin 5, a 

component of basement membranes, suggests a 
mechanism by which MMPs promote cell migration 
and invasion (91). Moreover, it has been reported 
that type I collagen binding to integrin α2β1 results 
in increased expression of MMP-1, suggesting that 
interaction of integrins with ECM ligands regulates 
MMP expression (245). However, all MMP-integrin 
interactions are not merely mechanisms favouring 
membrane co-localization. This fact is highlighted 
by the observation that MMP-7 cleaves (or sheds) 
the extracellular domain of β4 integrins on prostatic 
carcinoma cells resulting in downregulation of β4
integrin-ECM adhesion – a scenario that favours a 
more migratory phenotype (246). Taken together, 
these observations articulate the diversity of 
interactions MMPs are involved in that can either 
favour a migratory phenotype or differentially 
regulate cellular response by inducing gene 
expression of proteins that themselves regulate 
stationary versus migratory cell growth.  

Tissue transglutaminase (tTG) is a ubiquitous 
cell surface receptor that promotes attachment of 
fibronectin via its association with β1 and β2
integrins and thereby impacts cell migration (247).  
Membrane-bound MT-MMPs have been shown to 
cleave and inactivate tTG resulting in decreased 
adhesion and migration of cells on fibronectin in 

vitro suggesting that tumour cells can adjust their 
adhesion and locomotion dependening upon matrix 
substrates (248). 

The transmembrane cell adhesion molecule E-
cadherin regulates homotypic interactions between 
epithelial cells via pericellular ectodomain 
engagement on opposing cells and intracellular 
engagement with catenins and components of 
cytoskeleton (249). It is thought that homotypic E-
cadherin-mediated interactions are significant for 
epithelial cell migration based on the observation 
that E-cadherin expression is downregulated or lost 
in many carcinomas (249-253), suggesting that E-
cadherin acts, in part, as a tumour suppressor (254). 
Based on these observations, Christofori and
colleagues tested this hypothesis using a mouse 
model of pancreatic islet cell carcinogenesis, e.g., 
Rip1-Tag2 mice (254-256). To test whether loss of 
E-cadherin-mediated cell adhesion is a cause or a 
consequence of tumour cell migration, either full 
length E-cadherin or a dominant-negative E-
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cadherin mutant was overexpressed in Rip1-Tag2 
pancreatic β cells. Expression of E-cadherin arrested 
tumour development at an early stage, while 
expression of the dominant negative E-cadherin 
mutant induced early invasion and metastasis (254-
256). These results suggest that loss of E-cadherin 
mediated cell-cell adhesion is a rate-limiting step 
during carcinogenic progression. Ectodomain 
shedding of E-cadherin has been demonstrated 
downstream of MMP-3 and -7 in vitro, cleavage of 
which parallels onset of migration in some cell types 
(236, 257). In human carcinomas, elevated MMP-3 
expression correlates with late-stage tumour 
development and overall prognosis (141, 258), 
suggesting a possible cell-cell regulatory mechanism 
important for invasive growth capacity. The 
significance of MMP-3 in regulating cell-cell and 
cell-ECM interactions is underscored by the 
observation that transgenic mice expressing an 
autoactivated form of MMP-3 in mammary 
epithelial cells develop reactive stroma and 
mammary tumours independent of carcinogenic 
initiation (259-261), suggesting that active MMP-3 
exhibits strong tumor promoting effects. The 
overexpression of MMP-7 in the mouse mammary 
gland promotes mammary hyperplasia and 
accelerates the onset of mammary tumours (262), 
which is thought to be mediated by the selection for 
apoptosis resistant cells during this chronic exposure 
to MMP-7 (263) as well as by the shedding of FasL 
by MMP-7 (123).  In contrast, deletion of MMP-7 in 
the Min mouse model of colorectal cancer resulted 
in suppression of intestinal tumourigenesis (18). 
MMP-7 also mediates E-cadherin shedding in 
injured lung epithelium (264) suggesting that MMP-
7 regulates cell migration and invasion via 
differential regulation of E-cadherin.  

The hyaluronan receptor CD44 is a broadly 
distributed transmembrane glycoprotein expressed 
by many cell types and is involved in a variety of 
physiological cell functions such as adhesion, 
migration, invasion and survival (237, 265-267).  
CD44 mediates cell-cell and cell-matrix interactions 
mainly via its affinity for hyaluronan, a 
glycosaminoglycan constituent of the ECM, but also 
to a lesser extend via its affinity for other ligands 
such as osteopontin (268). Histochemical 
evaluations of human carcinomas suggest that 

expression levels of CD44 positively correlate with 
poor prognosis implying a role for CD44 in tumour 
progression (269). Stamenkovic and colleagues have 
shown that CD44 serves as a docking molecule for 
MMP-9, retaining MMP-9 proteolytic activity at the 
cell surface (98). In addition, CD44 was reported to 
complex MMP-7 as well as MMP-14 at the cell 
surface of neoplastic cells and localize them to 
lamellipodia where they might be involved in 
migratory processes (97, 270). Taken together, these 
data suggest that CD44 mediated tumor cell 
migration and invasion is mediated by the targeted 
retention of MMPs at the tumor cell surface, thus 
directing ECM degradation to facilitate tumour cell 
migration through ECM.  

Taken together, there is an overwhelming body 
of experimental evidence supporting the concept that 
MMPs play a critical role in the invasion and 
metastatic potential of neoplastic cells. However, 
transgenic mouse models of de novo tumour 
formation harbouring homozygous null mutations in 
individual MMP genes, while generally 
demonstrating a decreased incidence of malignant 
tumours, have not revealed a significant role for any 
one MMP in regulating cellular invasion in vivo (12, 
20, 262). Why this disparity? One possible 
explanation is that although the two- and three-
dimensional in vitro culture conditions mimic 
microenvironmental conditions in vivo, they are not 
an exact recapitulation and do not include the 
alterations seen in vivo; thus, in vitro experiments 
can only provide clues about MMP-mediated events 
such as invasion and metastasis of tumour cells.  

4.4 MMPs and Tumour-associated 

Angiogenesis  

When any tissue expands or a primary tumour 
develops, in order to grow beyond ~2-4 mm3, influx 
of oxygen and nutrition and efflux of waste products 
must be ensured (272). In order to meet these 
metabolic needs of a rapidly growing tumour mass, 
development of a new blood vasculature is required 
and accomplished by activation of pre-existing 
vascular beds, e.g., angiogenesis (273-277). During 
angiogenesis, a well-orchestrated series of events 
encompassing initiation of endothelial cell 
proliferation and directional migration of endothelial 
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cells through remodelled basement membrane and 
perivascular stroma towards angiogenic stimuli 
(developing neoplasms) occurs (8, 278, 279). Once 
endothelial cells are enticed into a proliferative and 
migratory state, recruitment of perivascular support 
cells enables stabilization of nascent vessels, 
functional lumen formation and appropriate blood 
flow; however, while all these regulatory programs 
(cellular and molecular) are common to physiologic 
angiogenesis, tumour-associated angiogenesis 
possess a distinctly tortuous and chaotic 
organization that is inherently leaky (reviewed in 
(37, 280-283). Activation of pro-angiogenic 
molecular and cellular programs in a neoplastic 
context are regulated at many levels and controlled 
by a diverse assortment of positive and negative-
acting soluble and insoluble mediators whose 
balanced equilibrium is kept tightly in check under 
homeostatic conditions; however, under conditions 
of tissue stress, such as occurs during 
premalignancy, their balance is rapidly upset 
favouring the pro-angiogenic phenotype (4, 8, 278, 
284).

MMPs have been functionally implicated as 
mediators of tumour angiogenesis at several discrete 
steps, based upon bioactivity of their effector 
substrates that regulate angiogenesis by both 
positive and negative mechanisms. For example, 
using a modified chick chorioallantoic angiogenesis 
assay (CAM) that quantifies new blood vessel 
development into fibrillar collagen implants, it was 
revealed that helical domain cleavage of fibrillar 
type I collagen is required for growth factor 
stimulated angiogenesis (285). New vessel growth 
was significantly reduced by TIMP-1, a synthetic 
MPI BB3103 or when collagen implants were 
composed of collagenase-resistant type I collagen 
(286) suggesting that MMP mediated cleavage of 
type I collagen is a rate limiting step in growth 
factor-stimulated angiogenesis in vivo. In addition to 
cleavage products of type I collagen, a cleavage 
product of type IV collagen has been shown to 
promote angiogenesis in vivo (287). Proteolytic 
cleavage of type IV collagen by MMP-2 results in 
exposure of a cryptic epitope, designated HUIV26, 
within the triple helical domain that is required for 
angiogenesis and tumour growth (287). Inhibition of 
interactions between endothelial cells and the 

HUIV26 site by a monoclonal antibody directed to 
this site (Mab HUVI 26) decreased basic fibroblast 
growth factor (bFGF) and/or VEGF-induced 
angiogenesis by 70% compared to controls in both a 
rat corneal micropocket assay (288) and chick CAM 
angiogenic assay (287).  Furthermore, Mab HUVI26 
inhibited tumour growth in nude mice injected with 
M21 human melanoma cells and chick embryos 
injected with HT1080 human fibrosarcoma cells by 
80% - 90% when compared to controls (287). 
Interestingly, the exposure of the HUVI26 epitope 
was associated with a loss of endothelial cell α1β1
integrin binding and a gain in αvβ3 binding 
suggesting that this shift in endothelial cell-integrin 
binding initiates a signaling cascade required for 
angiogenesis in vivo (287).

In contrast to the angiogenic promoting activity 
of ECM cleavage products, the C-terminal globular 
non-collagenous (NC1) domains of the basement 
membrane collagens types IV, XV and XVIII have 
been shown to be potent inhibitors of angiogenesis. 
One of the first angiogenic inhibitors discovered was 
endostatin, a 20-kDa NC1 fragment from type XVIII 
collagen (112).  Endostatin can be produced by 
cleavage of collagen type XVIII by MMP-3, -7, -9, -
12, -13 and –20 (289) and acts by reducing 
endothelial cell proliferation (112, 290).  In addition, 
restin, a 22-kDa NC1 fragment from type XV 
collagen inhibits migration, but not proliferation, of 
endothelial cells in vitro and suppresses tumour 
induced angiogenesis in a renal xenograft carcinoma 
model (116). All three chains of type IV collagen 
(α1, α2 and α3) are potent inhibitors of 
angiogenesis and tumour growth (110, 113, 114, 
291).  For instance, the 24-kDa NC1 fragment of the 
α1 chain of type IV collagen, termed arrestin, 
inhibits the growth of human xenograft tumours in 
nude mice by significantly inhibiting growth factor 
mediated angiogenesis (110). Furthermore, its anti-
angiogenic activity is mediated by binding to 
endothelial α1β1 integrins (110). Likewise, 
canstatin, the 24-kDa NC1 fragment of the α2 chain 
of type IV collagen, suppressed growth of human 
xenograft tumours in nude mice by inhibiting 
angiogenesis (113). In vitro studies indicate that 
canstatin specifically inhibits proliferation, 
migration and tube formation of endothelial cells 
(113).  Lastly, the 24-kDa NC1 fragment of the α3
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chain of type IV collagen, termed tumstatin, acts as 
an angiogenesis inhibitor, inhibiting both endothelial 
cell proliferation and blood vessel formation (114, 
115, 291, 292) Studies using transgenic mouse 
models indicate that tumstatin is generated by MMP-
9 and suppresses angiogenesis via αvβ3 integrin 
interactions (293). Other MMP substrates identified 
as possessing anti-angiogenic activities include 
angiostatin, a cleavage product of plasminogen, that 
is a potent inhibitor of endothelial cell proliferation 
(118, 294). Pozzi et al. demonstrated that treatment 
of mice with doxycycline, which preferentially 
inhibits MMP-9 activity (295) results in reduced 
MMP-9 plasma levels and consequently in reduced 
angiostatin generation, that in turn results in 
decreased angiogenesis (296). Taken together these 
studies indicate that MMP-generated cleavage 
products of ECM, basement membrane proteins and 
other soluble molecules act as suppressors or 
activators of pathological angiogenesis in tissue-
dependent and stage-dependent manners and 
implicate MMPs as important mediators of tumour-
associated angiogenesis by pro-tumour and anti-
tumour mechanisms. 

4.5 MMPs and metastasis  

Metastases arise upon the spread of malignant 
cells from primary tumour sites to distant organs and 
are commonly found in the first capillary bed 
encountered by metastasizing malignant cells (10, 
297, 298). Tumour cells spread via three routes, e.g., 
hematogenous spread, dissemination via lymphatic 
vessels and direct migration along facial planes (10, 
299-305). To spread via a hematogenous route, 
malignant cells must leave the primary tumour, 
intravasate into blood vasculature, survive and 
extravasate at a distal site where once present, 
reinitiate proliferation, induce local angiogenesis, 
resist local cell death programs and grow to form a 
secondary tumour – a multi-step process where 
tissue remodelling is a prerequisite and thus 
implicating MMPs.  

MMPs were first implicated in hematogenous 
spread of tumour metastasis based on clinical 
observations correlating increased MMP expression 
in primary tumours with metastasis at distant sites 
(17, 127). For example, MMP-1 expression in 

primary cervical carcinomas is associated with 
lymph node (306) and peritoneal gastric metastases 
(307), while increased expression of MMP-7 in 
gastric carcinomas correlates with liver and lymph 
node metastases (308).  It has also been observed 
that expression levels of MMP-2 and -9 are 
especially high in metastatic lung carcinomas and 
melanomas (309). In the case of MMP-2, high serum 
levels were reported to correlate with the presence of 
metastases in lung cancer patients (310). To address 
the significance of these clinical correlates, several 
groups variably altered MMP expression/activity in 
experimental immune-deficient models of metastasis 
(311-317). While results from these studies were 
compelling, and in part fuelled by use of MPIs in 
human clinical trials (128, 318-321), to date 
experimental evidence definitively demonstrating 
that MMPs regulate de novo metastasis formation in 

vivo is minimal. One study has however provided a 
functional role for MMP-9 as a regulator of 
metastatic growth (179). In this study, 3LL-LLC 
cells spontaneously metastasize to lung in a VEGF 
receptor 1 (VEGFR1)-dependent manner. Increased 
MMP-9 expression in lungs of tumour-bearing 
animals was demonstrated to be essential for distal 
tumour formation, suggesting that MMP-9 was not 
utilized for travel to the secondary site, but instead 
was essential for establishing vascular support 
and/or tissue remodelling in the metastatic 
microenvironment (179, 180). Taken together, these 
studies suggest that MMPs are involved in 
metastasis formation; however, it is not clear, which 
MMPs promote or prevent metastasis development 
and what the underlying mechanisms they regulate 
are.

Chemokines have also been identified as 
important protein substrates of MMPs in vivo and as 
a consequence variably regulate infiltration and 
migration of leukocytes into or out of tissue 
compartments (13, 322) and by similar mechanisms, 
variably regulate neoplastic cell movements.  For 
example, MMP-1, -3, -9, –13 and –14 target and 
inactivate CXCL12, the ligand for CXCR4 on 
leukocytes (121).  The observation that expression 
of CXCR4 on breast carcinoma cells and its binding 
to CXCL12 is implicated in metastasis development 
(323), in combination with CXCL12 being reported 
to be a MMP target, suggest that MMPs might be 
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involved in regulating CXCR4/CXCL12 mediated 
metastasis development.  A study by van den Steen
et al. suggested that MMP-9-targetted CXCL8 
increased chemokine activity tenfold (324).  Since 
signalling via the two CXCL8 receptors CXCR1 and 
CXCR2 is required for the invasive potential of 
melanoma cells in vitro (325, 326), MMP-9 might 
be involved in metastasis of melanoma by regulating 
the binding activity of CXCL8 to its receptors.  
These studies suggest that MMPs directly impact 
chemokines by cleavage resulting in either 
inactivation or activation of the respective 
chemokine.  These modifications change the binding 
capacities of chemokines to their receptors and thus 
impact metastasis of tumour cells.  

5. CLINICAL IMPLICATIONS  

The studies discussed above indicate that 
complex interactions between neoplastic cells and 
their surrounding microenvironment regulate MMP 
expression, localization, activation and biological 
effect. Furthermore, these studies indicate that 
MMPs play diverse roles in tissue remodelling 
essential for tumour growth and maintenance.  
Based on compelling data supporting a pro-tumour 
role for MMPs in cancer development, in 
combination with data suggesting anti-cancer roles 
for TIMPs (192, 211, 327-339), synthetic MPIs were 
developed (340) and evaluated in both in vitro and in 

vivo cancer models (318-321, 341-345).  To date, 
over 150 US patents have been issued for MPIs (16, 
346) that can be categorized into five groups, e.g., 
collagen peptidomimetics, collagen non-
peptidomimetics, tetracycline derivatives, small 
peptides and unconventional MPIs (16, 17, 344).  
Peptidomimetic MPIs were designed to mimic 
cleavage sites of MMP substrates where the zinc 
binding group is positioned at the cleavage site, 
resulting in blockage of the active site zinc upon 
binding to the target MMP and are exemplified by 
Batimastat and Marimastat (16, 17, 344).  Collagen 
non-peptidomimetics, also known as deep pocket 
MPIs, were designed based on the crystal structure 
of MMP catalytic sites (16, 17, 344) and includes 
Prinomastat/AG3340 and tanomastat/BAY 12-9566 
(344) among others.  Tetracycline derivatives, such 

as Metastat, act by inhibiting both the synthesis and 
activity of MMPs (342).  Finally, the small peptide 
class was generated by screening phage display 
peptide libraries where peptides demonstrating high 
specificity for individual MMPs were amplified 
(347). For example, a class of cyclin peptides 
containing a HWGF motif specifically inhibits 
MMP-2 and -9 activity and inhibits tumour growth 
in mouse models (347).  Finally, unconventional 
MPIs include an extract from shark cartilage 
(Neovastat/AE-941) and a component of green tea 
(348, 349).

Initial efficacy of a broad spectrum MPI (SC-
44463) was first reported in an experimental mouse 
model of metastasis formation (350).  Many studies 
followed testing individual MPIs in more complex 
and clinically relevant models (16, 321, 351-355). 
For example, treatment of immune-deficient mice 
with batimastat, a broad-spectrum hydroxamate 
inhibitor, following resection of human breast cancer 
xenografts reduced metastasis and inhibited local re-
growth of tumours (356). In addition, in the Min

mouse model of intestinal tumorigenesis, batimastat 
reduced tumour multiplicity by 48% when 
administered between 6 and 14 weeks of age (354) 
and A-177430, a broadspectrum MPI, reduced 
tumour multiplicity by 69% when administered 
between 5 and 12 weeks of age (357).  Furthermore, 
MMI-166, a selective MPI for MMP-2, -3 and -9, 
significantly decreased the number of metastases of 
TK-4 human colon cancer cells injected in nude 
mice (358). Similar results were observed when 
CT1746, a selective inhibitor for MMP-2, -3, -7 and 
-9 was administered to nude mice injected with the 
human colon cancer cell line CO-3 (359).  Taken 
together, MPI studies in tumour xenograft mouse 
models strongly supported MPIs as promising 
anticancer therapeutics. More compelling and 
biologically relevant studies with MPIs involved 
efficacy testing in mouse models of de novo tumour 
formation (354, 355). MPI treatment in these models 
indicated that efficacy was best achieved if the MPI 
was administered during premalignant progression 
and prior to overt tumour development (354, 355) 
suggesting that tumor stage is a critical determinant 
of MPI efficacy. 

In spite of encouraging results with MPI in 
numerous mouse models of cancer development, 
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human clinical trials with MPIs were discouraging 
(128, 318-321, 346, 360, 361). While some MPIs 
elicited adverse patient effects in early trials, others 
entered Phase III clinical trials either alone or in 
combination with conventional chemotherapy 
(gemcitabine) as compared to chemotherapy alone 
where no significant survival advantage was found 
(128, 321, 360, 362). In advanced gastric cancer, 
advanced glioblastoma, small lung cell carcinoma 
(SCLC), non-small cell carcinoma (NSCLC) and 
ovarian cancer Phase III trials, no significant 
increase in survival was observed in Marimastat 
treated cohorts when compared to patients receiving 
placebo (128, 362). However, a significant 
improvement in survival was observed in patients 
that either received chemotherapy prior to entering 
trial or did not have metastases at time of diagnosis 
when compared to placebo treated patients (128, 
362) implying that Marimastat, if administered at 
earlier stages of cancer development represented an 
efficacious therapy (128, 321). In trials evaluating 
Prinomastat in advanced SCLC, no significant 
survival benefits were observed in patients treated 
with conventional chemotherapy (either cisplatin + 
gemcitabine or cisplatin + paclitaxel) plus 
Prinomastat and similar results were observed in 
patients with metastatic hormone refractory prostate 
cancer treated with chemotherapy (mitoxantrone + 
prednisone) plus Prinomastat (128).  The studies 
involving Tanomastat were even more disappointing 
and were terminated prematurely when patients 
demonstrated significantly poorer survival rates than 
patients receiving placebo (363).

Given our current knowledge of MMP biology 
and retrospective analysis of their mechanisms of 
action in developing tumours, the failure of MPIs in 
human clinical trials was not surprising. While 
human clinical trials were conducted according to 
currently accepted criteria, they failed to consider 
many facets of MMP biology and largely did not 
consider MMP expression differences between 
tumour types.  Trials were conducted in patients 
harbouring large tumour burdens where efficacy 
would only have been possible if tumour regression 
or enhanced survival was achieved - unlikely 
endpoints for non-cytotoxic agents and improbable 
given results obtained with de novo models of 
tumour development where best efficacy was 

achieved when MPIs were administered during early 
tumour development.  Failure of MPIs in clinical 
trials was in part attributed to limited understanding 
and appreciation for the diversity of cellular and 
mechanisms regulated by MMPs in vivo as 
exemplified by the fact that spatial and temporal 
expression and activity differences between MMPs 
during neoplastic progression of diverse cancer 
types was not taken into consideration.  Use of broad 
spectrum MPIs that, amongst other MMPs, inhibit 
MMP-8 activity, results in a significant increase 
rather than a decrease in tumour incidence (124).  
Given the observation that MMP-8 homozygous null 
mice exhibit an increased tumour incidence 
following carcinogen exposure (124) suggest that a 
sophisticated understanding of MMP biology is 
crucial for effective targeting of MMPs during 
carcinogenesis.  

6. CONCLUDING REMARKS  

MMPs have been found to promote or inhibit 
neoplastic progression by a multitude of 
mechanisms that not only include remodelling of 
ECM components, but also by regulating 
bioavailability and/or activity of cell adhesion 
molecules, growth factors, other proteases, 
chemokines, cytokines and proteins involved in the 
clotting cascade.  A more thorough understanding of 
the underlying mechanisms of MMP mediated 
molecular and cellular pathways important during 
carcinogenesis, as well as elucidating what MMPs 
are active at which tumour stage and type, will be 
crucial to insure that future MPI anti-cancer 
therapies will be effective.  

ACKNOWLEGEMENTS

We thank Evelyn Galenski for administrative 
assistance. AE is supported by a fellowship from the 
Serono Foundation for the Advancement of Medical 
Sciences. KEdV is supported by a fellowship from 
the Dutch Cancer Society. LMC is supported by the 
National Institutes of Health, the National Cancer 
Institute and the Department of Defense.  



106 Chapter 6

REFERENCES

1. Knudson, A.G.J., 1977, Genetic predisposition to 
cancer. In Origins of Human Cancer, J.D.W. H.H. 
Hiatt, J.A. Wiunsted eds, Vol. 4:45-52. Cold Spring 
Harbor Lab, Cold Spring Harbor, NY. 

2. Fearon, E. R., and Vogelstein, B., 1990, A genetic 
model for colorectal tumorigenesis. Cell, 61:759-
767.

3. Knudson, A. G., 2001, Two genetic hits (more or 
less) to cancer. Nat Rev Cancer 1:157-162. 

4. Hanahan, D., and Weinberg, R. A., 2000, The 
hallmarks of cancer. Cell, 100:57-70. 

5. Bissell, M. J., and Radisky, D., 2001, Putting 
tumours in context. Nat Rev Cancer, 1:46-54. 

6. Coussens, L. M., and Werb, Z., 2002, Inflammation 
and cancer. Nature, 420:860-867. 

7. Hahn, W. C., and Weinberg, R. A., 2002, Modelling 
the molecular circuitry of cancer, Nat Rev Cancer, 
2:331-341.

8. Bergers, G., and Benjamin, L. E., 2003, 
Angiogenesis: Tumorigenesis and the angiogenic 
switch. Nat Rev Cancer, 3:401-410. 

9. Hussain, S. P., Hofseth, L. J., and Harris, C. C., 
2003, Radical causes of cancer. Nat Rev Cancer, 
3:275-286.

10. Fidler, I. J., 2003, Timeline: The pathogenesis of 
cancer metastasis: the 'seed and soil' hypothesis 
revisited. Nat Rev Cancer, 3:453-458. 

11. Nagase, H., and Woessner, J. F., 1999, Matrix 
metalloproteinases. J Biol Chem, 274:21491-21494. 

12. Bergers, G., Brekken, R., McMahon, G., Vu, T. H., 
Itoh, T., Tamaki, K., Tanzawa, K., Thorpe, P., 
Itohara, S., Werb, Z., and Hanahan, D., 2000, Matrix 
metalloproteinase-9 triggers the angiogenic switch 
during carcinogenesis. Nat Cell Biol, 2:737-744. 

13. McQuibban, G. A., Gong, J. H., Tam, E. M., 
McCulloch, C. A., Clark-Lewis, I., and Overall, C. 
M., 2000, Inflammation dampened by gelatinase A 
cleavage of monocyte chemoattractant protein-3. 
Science, 289:1202-1206. 

14. Powell, W. C., Fingleton, B., Wilson, C. L., 
Boothby, M., and Matrisian, L. M., 1999, The 
metalloproteinase matrilysin proteolytically 
generates active soluble Fas ligand and potentiates 
epithelial cell apoptosis. Curr Biol, 9:1441-7. 

15. Manes, S., Llorente, M., Lacalle, R. A., Gomez-
Mouton, C., Kremer, L., Mira, E., and Martinez, A. 
C., 1999, The matrix metalloproteinase-9 regulates 
the insulin-like growth factor-triggered autocrine 
response in DU-145 carcinoma cells. J Biol Chem, 
274:6935-6945.

16. Sternlicht, M. D., and Bergers, G., 2000, Matrix 
metalloproteinases as emerging targets in anticancer 
therapy:  status and prospects. Emerg Theurpeut 
Targets, 4:609-633. 

17. Egeblad, M., and Werb, Z., 2002, New functions for 
the matrix metalloproteinases in cancer progression. 
Nat Rev Cancer, 2:161-174. 

18. Wilson, C. L., Heppner, K. J., Labosky, P. A., 
Hogan, B. L., and Matrisian, L. M., 1997, Intestinal 
tumorigenesis is suppressed in mice lacking the 
metalloproteinase matrilysin. Proc Natl Acad Sci 
USA, 94:1402-7. 

19. Sternlicht, M. D., Lochter, A., Sympson, C. J., 
Huey, B., Rougier, J. P., Gray, J. W., Pinkel, D., 
Bissell, M. J., and Werb, Z., 1999, The stromal 
proteinase MMP3/stromelysin-1 promotes mammary 
carcinogenesis. Cell, 98:137-146. 

20. Coussens, L. M., Tinkle, C. L., Hanahan, D., and 
Werb, Z., 2000, MMP-9 supplied by bone marrow-
derived cells contributes to skin carcinogenesis. 
Cell, 103:481-490. 

21. Coussens, L. M., Shapiro, S. D., Soloway, P. D., and 
Werb, Z., 2001, Models for gain-of-function and 
loss-of-function of MMPs. Transgenic and gene 
targeted mice. Methods Mol Biol, 151:149-179. 

22. Rawlings, N. D., and Barrett, A. J., 1995, 
Evolutionary families of metallopeptidases. Methods 
Enzymol, 248:183-228. 

23. Stocker, W., Grams, F., Baumann, U., Reinemer, P., 
Gomis-Ruth, F. X., McKay, D. B., and Bode, W., 
1995, The metzincins--topological and sequential 
relations between the astacins, adamalysins, 
serralysins, and matrixins (collagenases) define a 
superfamily of zinc-peptidases. Protein Sci, 4:823-
40.

24. Sternlicht, M.D., and Werb, Z., 1999, ECM 
Proteinases. In Guidebook to the Extracellular 
Matrix, Kries, T., and Vale, R., eds, 503-562. 
Oxford University Press, Oxford, UK. 

25. Overall, C. M., 2002, Molecular determinants of 
metalloproteinase substrate specificity: matrix 
metalloproteinase substrate binding domains, 
modules, and exosites. Mol Biotechnol, 22:51-86. 

26. Puente, X. S., Sanchez, L. M., Overall, C. M., and 
Lopez-Otin, C., 2003, Human and mouse proteases: 
a comparative genomic approach. Nat Rev Genet, 
4:544-558.

27. Lopez-Otin, C., and Overall, C. M., 2002, Protease 
degradomics: a new challenge for proteomics. Nat 
Rev Mol Cell Biol, 3:509-519. 

28. Woessner, J. F., and Nagase, H., 2000, Matrix 
metalloproteinases and TIMPs. Oxford University 
Press, Oxford, UK. 

29. Hirose, T., Patterson, C., Pourmotabbed, T., 
Mainardi, C. L., and Hasty, K. A., 1993, Structure-
function relationship of human neutrophil 
collagenase: identification of regions responsible for 
substrate specificity and general proteinase activity. 
Proc Natl Acad Sci USA, 90:2569-2573. 

30. Li, J., Brick, P., O'Hare, M. C., Skarzynski, T., 
Lloyd, L. F., Curry, V. A., Clark, I. M., Bigg, H. F., 



6. Matrix Metalloproteinases: Mediators of Tumour-Host Cell Interactions 107

Hazleman, B. L., Cawston, T. E., and et al., 1995, 
Structure of full-length porcine synovial collagenase 
reveals a C- terminal domain containing a calcium-
linked, four-bladed beta-propeller. Structure, 3:541-
9.

31. Murphy, G., Nguyen, Q., Cockett, M. I., Atkinson, 
S. J., Allan, J. A., Knight, C. G., Willenbrock, F., 
and Docherty, A. J., 1994, Assessment of the role of 
the fibronectin-like domain of gelatinase A by 
analysis of a deletion mutant. J Biol Chem, 
269:6632-6.

32. Banyai, L., Tordai, H., and Patthy, L., 1994, The 
gelatin-binding site of human 72 kDa type IV 
collagenase (gelatinase A). Biochem J, 298(Pt 
2):403-407.

33. Itoh, Y., Kajita, M., Kinoh, H., Mori, H., Okada, A., 
and Seiki, M., 1999, Membrane type 4 matrix 
metalloproteinase (MT4-MMP, MMP-17) is a 
glycosylphosphatidylinositol-anchored proteinase. J 
Biol Chem, 274:34260-34266. 

34. Pei, D., Kang, T., and Qi, H., 2000, Cysteine array 
matrix metalloproteinase (CA-MMP)/MMP-23 is a 
type II transmembrane matrix metalloproteinase 
regulated by a single cleavage for both secretion and 
activation. J Biol Chem, 275:33988-97. 

35. Seidah, N. G., and Chretien, M., 1997, Eukaryotic 
protein processing: endoproteolysis of precursor 
proteins. Curr Opin Biotechnol, 8:602-607. 

36. Nagase, H., 1997, Activation mechanisms of matrix 
metalloproteinases. Biol Chem, 378:151-160. 

37. Lafleur, M. A., Handsley, M. M., and Edwards, D. 
R., 2003, Metalloproteinases and their inhibitors in 
angiogenesis. Expert Rev Mol Med, 5:1-39. 

38. Esteve, P. O., Chicoine, E., Robledo, O., Aoudjit, F., 
Descoteaux, A., Potworowski, E. F., and St Pierre, 
Y., 2002, Protein kinase C-zeta regulates 
transcription of the matrix metalloproteinase-9 gene 
induced by IL-1 and TNF-alpha in glioma cells via 
NF-kappa B. J Biol Chem, 277:35150-35155. 

39. Troussard, A. A., Costello, P., Yoganathan, T. N., 
Kumagai, S., Roskelley, C. D., and Dedhar, S., 
2000, The integrin linked kinase (ILK) induces an 
invasive phenotype via AP-1 transcription factor-
dependent upregulation of matrix metalloproteinase 
9 (MMP-9). Oncogene, 19:5444-5452. 

40. Fini, M.E., Cook, J.R., Mohan, R., and Brinckerhoff, 
C.E., 1998, Regulation of matrix metalloproteinase 
gene expression. In Matrix Metalloproteinases, 
Parks, W.C., and Mecham, R.P., eds, 299-356. 
Academic Press, New York. 

41. Hou, G., Vogel, W. F., and Bendeck, M. P., 2002, 
Tyrosine kinase activity of discoidin domain 
receptor 1 is necessary for smooth muscle cell 
migration and matrix metalloproteinase expression. 
Circ Res, 90:1147-1149. 

42. Olaso, E., Labrador, J. P., Wang, L., Ikeda, K., Eng, 
F. J., Klein, R., Lovett, D. H., Lin, H. C., and 

Friedman, S. L., 2002, Discoidin domain receptor 2 
regulates fibroblast proliferation and migration 
through the extracellular matrix in association with 
transcriptional activation of matrix 
metalloproteinase-2. J Biol Chem, 277:3606-3613. 

43. Arnott, C. H., Scott, K. A., Moore, R. J., Hewer, A., 
Phillips, D. H., Parker, P., Balkwill, F. R., and 
Owens, D. M., 2002, Tumour necrosis factor-alpha 
mediates tumour promotion via a PKC alpha- and 
AP-1-dependent pathway. Oncogene, 21:4728-4738. 

44. Ventura, J. J., Kennedy, N. J., Lamb, J. A., Flavell, 
R. A., and Davis, R. J., 2003, c-Jun NH(2)-terminal 
kinase is essential for the regulation of AP-1 by 
tumor necrosis factor. Mol Cell Biol, 23:2871-2882. 

45. Gilbert, S. J., Duance, V. C., and Mason, D. J., 2004, 
Does protein kinase R mediate TNF-alpha- and 
ceramide-induced increases in expression and 
activation of matrix metalloproteinases in articular 
cartilage by a novel mechanism?. Arthritis Res Ther, 
6:R46-R55.

46. Chen, N., Nomura, M., She, Q. B., Ma, W. Y., Bode, 
A. M., Wang, L., Flavell, R. A., and Dong, Z., 2001, 
Suppression of skin tumorigenesis in c-Jun NH(2)-
terminal kinase-2-deficient mice. Cancer Res, 
61:3908-3912.

47. Vogel, W., Gish, G. D., Alves, F., and Pawson, T., 
1997, The discoidin domain receptor tyrosine 
kinases are activated by collagen. Mol Cell, 1:13-23. 

48. Vogel, W., 1999, Discoidin domain receptors: 
structural relations and functional implications. 
Faseb J, 13 Suppl:S77-82. 

49. Johnson, J. D., Edman, J. C., and Rutter, W. J., 
1993, A receptor tyrosine kinase found in breast 
carcinoma cells has an extracellular discoidin I-like 
domain. Proc Natl Acad Sci USA, 90:10891. 

50. Matsuyama, W., Wang, L., Farrar, W. L., Faure, M., 
and Yoshimura, T., 2004, Activation of discoidin 
domain receptor 1 isoform b with collagen up-
regulates chemokine production in human 
macrophages: role of p38 mitogen-activated protein 
kinase and NF-kappaB. J Immunol, 172:2332-2340. 

51. Kamohara, H., Yamashiro, S., Galligan, C., and 
Yoshimura, T., 2001, Discoidin domain receptor 1 
isoform-a (DDR1alpha) promotes migration of 
leukocytes in three-dimensional collagen lattices. 
Faseb J, 15:2724-2726. 

52. Alves, F., Vogel, W., Mossie, K., Millauer, B., 
Hofler, H., and Ullrich, A., 1995, Distinct structural 
characteristics of discoidin I subfamily receptor 
tyrosine kinases and complementary expression in 
human cancer. Oncogene, 10:609-618. 

53. Barker, K. T., Martindale, J. E., Mitchell, P. J., 
Kamalati, T., Page, M. J., Phippard, D. J., Dale, T. 
C., Gusterson, B. A., and Crompton, M. R., 1995, 
Expression patterns of the novel receptor-like 
tyrosine kinase, DDR, in human breast tumours. 
Oncogene, 10:569-575. 



108 Chapter 6

54. Ye, S., 2000, Polymorphism in matrix 
metalloproteinase gene promoters:  implication in 
regulation of gene expression and susceptibility of 
various diseases. Matrix Biol, 19:623-629. 

55. Kanamori, Y., Matsushima, M., Minaguchi, T., 
Kobayashi, K., Sagae, S., Kudo, R., Terakawa, N., 
and Nakamura, Y., 1999, Correlation between 
expression of the matrix metalloproteinase-1 gene in 
ovarian cancers and an insertion/deletion 
polymorphism in its promoter region. Cancer Res, 
59:4225-7.

56. Ghilardi, G., Biondi, M. L., Mangoni, J., Leviti, S., 
DeMonti, M., Guagnellini, E., and Scorza, R., 2001, 
Matrix metalloproteinase-1 promoter polymorphism 
1G/2G is correlated with colorectal cancer 
invasiveness. Clin Cancer Res, 7:2344-2346. 

57. Van Wart, H. E., and Birkedal-Hansen, H., 1990, 
The cysteine switch: a principle of regulation of 
metalloproteinase activity with potential 
applicability to the entire matrix metalloproteinase 
gene family. Proc Natl Acad Sci USA, 87:5578-82. 

58. Springman, E. B., Angleton, E. L., Birkedal-Hansen, 
H., and Van Wart, H. E., 1990, Multiple modes of 
activation of latent human fibroblast collagenase: 
evidence for the role of a Cys73 active-site zinc 
complex in latency and a "cysteine switch" 
mechanism for activation. Proc Natl Acad Sci USA, 
87:364-8.

59. Sternlicht, M. D., and Werb, Z., 2001, How matrix 
metalloproteinases regulate cell behavior. Annu Rev 
Cell Dev Biol, 17:463-516. 

60. O'Connell, J. P., Willenbrock, F., Docherty, A. J., 
Eaton, D., and Murphy, G., 1994, Analysis of the 
role of the COOH-terminal domain in the activation, 
proteolytic activity, and tissue inhibitor of 
metalloproteinase interactions of gelatinase B. J Biol 
Chem, 269:14967-73. 

61. Pei, D., 1999, CA-MMP: a matrix metalloproteinase 
with a novel cysteine array, but without the classic 
cysteine switch. FEBS Lett, 457:262-70. 

62. Fridman, R., Toth, M., Pena, D., and Mobashery, S., 
1995, Activation of progelatinase B (MMP-9) by 
gelatinase A (MMP-2). Cancer Res, 55:2548-2555. 

63. Knauper, V., Will, H., Lopez-Otin, C., Smith, B., 
Atkinson, S. J., Stanton, H., Hembry, R. M., and 
Murphy, G., 1996, Cellular mechanisms for human 
procollagenase-3 (MMP-13) activation. Evidence 
that MT1-MMP (MMP-14) and gelatinase a (MMP-
2) are able to generate active enzyme. J Biol Chem, 
271:17124-31.

64. Itoh, Y., Takamura, A., Ito, N., Maru, Y., Sato, H., 
Suenaga, N., Aoki, T., and Seiki, M., 2001, 
Homophilic complex formation of MT1-MMP 
facilitates proMMP-2 activation on the cell surface 
and promotes tumor cell invasion. Embo J, 20:4782-
4793.

65. Ramos-DeSimone, N., Hahn-Dantona, E., Sipley, J., 
Nagase, H., French, D. L., and Quigley, J. P., 1999, 
Activation of matrix metalloproteinase-9 (MMP-9) 
via a converging plasmin/stromelysin-1 cascade 
enhances tumor cell invasion. J Biol Chem, 
274:13066-76.

66. Overall, C. M., and Sodek, J., 1990, Concanavalin A 
produces a matrix-degradative phenotype in human 
fibroblasts. Induction and endogenous activation of 
collagenase, 72-kDa gelatinase, and Pump-1 is 
accompanied by the suppression of the tissue 
inhibitor of matrix metalloproteinases. J Biol Chem, 
265:21141-21151.

67. Strongin, A. Y., Collier, I., Bannikov, G., Marmer, 
B. L., Grant, G. A., and Goldberg, G. I., 1995, 
Mechanism of cell surface activation of 72-kDa type 
IV collagenase. Isolation of the activated form of the 
membrane metalloprotease. J Biol Chem, 270:5331-
5338.

68. Fang, K. C., Raymond, W. W., Lazarus, S. C., and 
Caughey, G. H., 1996, Dog mastocytoma cells 
secrete a 92-kD gelatinase activated extracellularly 
by mast cell chymase. J Clin Invest 97:1589-1596. 

69. Fang, K. C., Raymond, W. W., Blount, J. L., and 
Caughey, G. H., 1997, Dog mast cell alpha-chymase 
activates progelatinase B by cleaving the Phe88-
Gln89 and Phe91-Glu92 bonds of the catalytic 
domain. J Biol Chem, 272:25628-25635. 

70. Saarinen, J., Kalkkinen, N., Welgus, H. G., and 
Kovanen, P. T., 1994, Activation of human 
interstitial procollagenase through direct cleavage of 
the Leu83-Thr84 bond by mast cell chymase. J Biol 
Chem, 269:18134-18140. 

71. Okada, Y., and Nakanishi, I., 1989, Activation of 
matrix metalloproteinase 3 (stromelysin) and matrix 
metalloproteinase 2 ('gelatinase') by human 
neutrophil elastase and cathepsin G. FEBS Lett, 
249:353-356.

72. Rice, A., and Banda, M. J., 1995, Neutrophil 
elastase processing of gelatinase A is mediated by 
extracellular matrix. Biochemistry, 34:9249-56. 

73. Ferry, G., Lonchampt, M., Pennel, L., de Nanteuil, 
G., Canet, E., and Tucker, G. C., 1997, Activation of 
MMP-9 by neutrophil elastase in an in vivo model of 
acute lung injury. FEBS Lett, 402:111-115. 

74. Shamamian, P., Schwartz, J. D., Pocock, B. J., 
Monea, S., Whiting, D., Marcus, S. G., and Mignatti, 
P., 2001, Activation of progelatinase A (MMP-2) by 
neutrophil elastase, cathepsin G, and proteinase-3: a 
role for inflammatory cells in tumor invasion and 
angiogenesis. J Cell Physiol, 189:197-206. 

75. Butler, G. S., Hutton, M., Wattam, B. A., 
Williamson, R. A., Knauper, V., Willenbrock, F., 
and Murphy, G., 1999, The specificity of TIMP-2 
for matrix metalloproteinases can be modified by 
single amino acid mutations. J Biol Chem, 
274:20391-20396.



6. Matrix Metalloproteinases: Mediators of Tumour-Host Cell Interactions 109

76. Sato, H., Takino, T., Okada, Y., Cao, J., Shinagawa, 
A., Yamamoto, E., and Seiki, M., 1994, A matrix 
metalloproteinase expressed on the surface of 
invasive tumour cells. Nature, 370:61-5. 

77. Zhao, H., Bernardo, M. M., Osenkowski, P., Sohail, 
A., Pei, D., Nagase, H., Kashiwagi, M., Soloway, P. 
D., DeClerck, Y. A., and Fridman, R., 2004, 
Differential Inhibition of Membrane Type 3 (MT3)-
Matrix Metalloproteinase (MMP) and MT1-MMP 
by Tissue Inhibitor of Metalloproteinase (TIMP)-2 
and TIMP-3 Regulates Pro-MMP-2 Activation. J 
Biol Chem, 279:8592-8601. 

78. Baker, A. H., Edwards, D. R., and Murphy, G., 
2002, Metalloproteinase inhibitors: biological 
actions and therapeutic opportunities. J Cell Sci, 
115:3719-3727.

79. Bein, K., and Simons, M., 2000, Thrombospondin 
type 1 repeats interact with matrix metalloproteinase 
2. Regulation of metalloproteinase activity. J Biol 
Chem, 275:32167-32173. 

80. Rodriguez-Manzaneque, J. C., Lane, T. F., Ortega, 
M. A., Hynes, R. O., Lawler, J., and Iruela-Arispe, 
M. L., 2001, Thrombospondin-1 suppresses 
spontaneous tumor growth and inhibits activation of 
matrix metalloproteinase-9 and mobilization of 
vascular endothelial growth factor. Proc Natl Acad 
Sci USA, 98:12485-12490. 

81. Rhee, J., and Coussens, L., 2002, RECKing MMP 
function: implications for cancer development. 
Trends in Cell Bio, 12:209-211. 

82. Oh, J., Takahashi, R., Kondo, S., Mizoguchi, A., 
Adachi, E., Sasahara, R. M., Nishimura, S., 
Imamura, Y., Kitayama, H., Alexander, D. B., Ide, 
C., Horan, T. P., Arakawa, T., Yoshida, H., 
Nishikawa, S., Itoh, Y., Seiki, M., Itohara, S., 
Takahashi, C., and Noda, M., 2001, The Membrane-
Anchored MMP Inhibitor RECK Is a Key Regulator 
of Extracellular Matrix Integrity and Angiogenesis. 
Cell, 107:789-800. 

83. Brew, K., Dinakarpandian, D., and Nagase, H., 
2000, Tissue inhibitors of metalloproteinases: 
evolution, structure and function. Biochim Biophys 
Acta, 1477:267-283. 

84. Amour, A., Slocombe, P. M., Webster, A., Butler, 
M., Knight, C. G., Smith, B. J., Stephens, P. E., 
Shelley, C., Hutton, M., Knauper, V., Docherty, A. 
J., and Murphy, G., 1998, TNF-alpha converting 
enzyme (TACE) is inhibited by TIMP-3. FEBS Lett, 
435:39-44.

85. Liu, L., Rich, B. E., Inobe, J., Chen, W., and 
Weiner, H. L., 1997, A potential pathway of Th2 
development during primary immune response. IL-
10 pretreated dendritic cells can prime naive CD4+ 
T cells to secrete IL-4. Adv Exp Med Biol, 417:375-
81.

86. Yang, Z., Strickland, D. K., and Bornstein, P., 2001, 
Extracellular matrix metalloproteinase 2 levels are 

regulated by the low density lipoprotein-related 
scavenger receptor and thrombospondin 2. J Biol 
Chem, 276:8403-8408. 

87. Sottrup-Jensen, L., Sand, O., Kristensen, L., and 
Fey, G. H., 1989, The alpha-macroglobulin bait 
region. Sequence diversity and localization of 
cleavage sites for proteinases in five mammalian 
alpha- macroglobulins. J Biol Chem, 264:15781-9. 

88. Takahashi, C., Sheng, Z., Horan, T. P., Kitayama, 
H., Maki, M., Hitomi, K., Kitaura, Y., Sasahara, R. 
M., Horimoto, A., and al., e., 1998, Regulation of 
matrix metalloproteinase-9 and inhibition of tumor 
invasion by the membrane-anchored glycoprotein 
RECK. Proc Nat Acad Sci USA, 95:13221-13226. 

89. Welm, B., Mott, J. D., and Werb, Z., 2002, 
Vasculogenesis is a wreck without Reck:  
Regulating matrix metalloproteinase activity during 
embryogenesis is critical for development. Curr 
Biol, 12:209-211. 

90. Stamenkovic, I., 2003, Extracellular matrix 
remodelling: the role of matrix metalloproteinases. J 
Pathol, 200:448-464. 

91. Giannelli, G., Falk-Marzillier, J., Schiraldi, O., 
Stetler-Stevenson, W. G., and Quaranta, V., 1997, 
Induction of cell migration by matrix 
metalloprotease-2 cleavage of laminin-5. Science, 
277:225-228.

92. Bosman, F. T., and Stamenkovic, I., 2003, 
Functional structure and composition of the 
extracellular matrix. J Pathol, 200:423-428. 

93. Dumin, J. A., Dickeson, S. K., Stricker, T. P., 
Bhattacharyya-Pakrasi, M., Roby, J. D., Santoro, S. 
A., and Parks, W. C., 2001, Pro-collagenase-1 
(matrix metalloproteinase-1) binds the 
alpha(2)beta(1) integrin upon release from 
keratinocytes migrating on type I collagen. Journal 
of Biological Chemistry, 276:29368-29374. 

94. Guo, H., Zucker, S., Gordon, M. K., Toole, B. P., 
and Biswas, C., 1997, Stimulation of matrix 
metalloproteinase production by recombinant 
extracellular matrix metalloproteinase inducer from 
transfected Chinese hamster ovary cells. J Biol 
Chem, 272:24-27. 

95. Guo, H., Li, R., Zucker, S., and Toole, B. P., 2000, 
EMMPRIN (CD147), an inducer of matrix 
metalloproteinase synthesis, also binds interstitial 
collagenase to the tumor cell surface. Cancer Res, 
60:888-891.

96. Brooks, P. C., Strömblad, S., Sanders, L. C., von 
Schalscha, T. L., Aimes, R. T., Stetler-Stevenson, 
W. G., Quigley, J. P., and Cheresh, D. A., 1996, 
Localization of matrix metalloproteinase MMP-2 to 
the surface of invasive cells by interaction with 
integrin alpha v beta 3. Cell, 85:683-693. 

97. Yu, W. H., Woessner, J. F., Jr., McNeish, J. D., and 
Stamenkovic, I., 2002, CD44 anchors the assembly 
of matrilysin/MMP-7 with heparin-binding 



110 Chapter 6

epidermal growth factor precursor and ErbB4 and 
regulates female reproductive organ remodeling. 
Genes Dev, 16:307-323. 

98. Yu, Q., and Stamenkovic, I., 1999, Localization of 
matrix metalloproteinase 9 to the cell surface 
provides a mechanism for CD44-mediated tumor 
invasion. Genes Dev, 13:35-48. 

99. Bourguignon, L. Y., Gunja-Smith, Z., Iida, N., Zhu, 
H. B., Young, L. J., Muller, W. J., and Cardiff, R. 
D., 1998, CD44v(3,8-10) is involved in 
cytoskeleton-mediated tumor cell migration and 
matrix metalloproteinase (MMP-9) association in 
metastatic breast cancer cells. J Cell Physiol, 
176:206-215.

100. Fiore, E., Fusco, C., Romero, P., and Stamenkovic, 
I., 2002, Matrix metalloproteinase 9 (MMP-
9/gelatinase B) proteolytically cleaves ICAM-1 and 
participates in tumor cell resistance to natural killer 
cell- mediated cytotoxicity. Oncogene, 21:5213-
5223.

101. Olson, M. W., Toth, M., Gervasi, D. C., Sado, Y., 
Ninomiya, Y., and Fridman, R., 1998, High affinity 
binding of latent matrix metalloproteinase-9 to the 
alpha2(IV) chain of collagen IV. J Biol Chem, 
273:10672-81.

102. Yu, Q., and Stamenkovic, I., 2000, Cell surface-
localized matrix metalloproteinase-9 proteolytically 
activates TGF-beta and promotes tumor invasion 
and angiogenesis. Genes Dev, 14:163-176. 

103. Ruiter, D., Bogenrieder, T., Elder, D., and Herlyn, 
M., 2002, Melanoma-stroma interactions: structural 
and functional aspects, Lancet Oncol, 3:35-43. 

104. Martin, P., 1997, Wound healing--aiming for perfect 
skin regeneration. Science, 276:75-81. 

105. Uitto, J., and Kouba, D., 2000, Cytokine modulation 
of extracellular matrix gene expression: relevance to 
fibrotic skin diseases. J Dermatol Sci, 24 Suppl 
1:S60-S69.

106. van Kempen, L. C., Ruiter, D. J., van Muijen, G. N., 
and Coussens, L. M., 2003, The tumor 
microenvironment: a critical determinant of 
neoplastic evolution. Eur J Cell Biol, 82:539-548. 

107. Gheree-Kermani, M., and Phan, M., 2001, Role of 
Cytokines and cytokine therapy in wound healing 
and fibrotic disease. Curr Pharm Des:1083-1103. 

108. Bergers, G., and Coussens, L. M., 2000, Extrinsic 
regulators of epithelial tumor progression: 
metalloproteinases. Curr Opin Genet Dev, 10:120-
127.

109. Engbring, J. A., and Kleinman, H. K., 2003, The 
basement membrane matrix in malignancy. J Pathol, 
200:465-470.

110. Colorado, P. C., Torre, A., Kamphaus, G., 
Maeshima, Y., Hopfer, H., Takahashi, K., Volk, R., 
Zamborsky, E. D., Herman, S., Sarkar, P. K., 
Ericksen, M. B., Dhanabal, M., Simons, M., Post, 
M., Kufe, D. W., Weichselbaum, R. R., Sukhatme, 

V. P., and Kalluri, R., 2000, Anti-angiogenic cues 
from vascular basement membrane collagen. Cancer 
Res, 60:2520-2526. 

111. McCawley, L. J., and Matrisian, L. M., 2001, Matrix 
metalloproteinases: they're not just for matrix 
anymore!. Curr Opin Cell Biol, 13:534-40. 

112. O'Reilly, M. S., Boehm, T., Shing, Y., Fukai, N., 
Vasios, G., Lane, W. S., Flynn, E., Birkhead, J. R., 
Olsen, B. R., and Folkman, J., 1997, Endostatin: an 
endogenous inhibitor of angiogenesis and tumor 
growth. Cell, 88:277-285. 

113. Kamphaus, G. D., Colorado, P. C., Panka, D. J., 
Hopfer, H., Ramchandran, R., Torre, A., Maeshima, 
Y., Mier, J. W., Sukhatme, V. P., and Kalluri, R., 
2000, Canstatin, a novel matrix-derived inhibitor of 
angiogenesis and tumor growth. J Biol Chem, 
275:1209-1215.

114. Maeshima, Y., Colorado, P. C., and Kalluri, R., 
2000, Two RGD-independent αvβ3 integrin binding 
sites on tumstatin regulate distinct anti-tumor 
properties. J Biol Chem, 275:23745-50. 

115. Petitclerc, E., Boutaud, A., Prestayko, A., Xu, J., 
Sado, Y., Ninomiya, Y., Sarras, M. P., Jr., Hudson, 
B. G., and Brooks, P. C., 2000, New functions for 
non-collagenous domains of human collagen type 
IV. Novel integrin ligands inhibiting angiogenesis 
and tumor growth in vivo. J Biol Chem, 275:8051-
8061.

116. Ramchandran, R., Dhanabal, M., Volk, R., 
Waterman, M. J., Segal, M., Lu, H., Knebelmann, 
B., and Sukhatme, V. P., 1999, Antiangiogenic 
activity of restin, NC10 domain of human collagen 
XV: comparison to endostatin. Biochem Biophys 
Res Commun, 255:735-739. 

117. Hiraoka, N., Allen, E., Apel, I. J., Gyetko, M. R., 
and Weiss, S. J., 1998, Matrix metalloproteinases 
regulate neovascularization by acting as pericellular 
fibrinolysins. Cell, 95:365-377. 

118. Cornelius, L. A., Nehring, L. C., Harding, E., 
Bolanowski, M., Welgus, H. G., Kobayashi, D. K., 
Pierce, R. A., and Shapiro, S. D., 1998, Matrix 
metalloproteinases generate angiostatin: effects on 
neovascularization. J Immunol, 161:6845-6852. 

119. Hiller, O., Lichte, A., Oberpichler, A., Kocourek, A., 
and Tschesche, H., 2000, Matrix metalloproteinases 
collagenase-2, macrophage elastase, collagenase-3, 
and membrane type 1-matrix metalloproteinase 
impair clotting by degradation of fibrinogen and 
factor XII, J Biol Chem 275:33008-33013. 

120. Vaisanen, A., Kallioinen, M., Taskinen, P. J., and 
Turpeenniemi-Hujanen, T., 1998, Prognostic value 
of MMP-2 immunoreactive protein (72 kD type IV 
collagenase) in primary skin melanoma. J Pathol, 
186:51-58.

121. McQuibban, G. A., Butler, G. S., Gong, J. H., 
Bendall, L., Power, C., Clark-Lewis, I., and Overall, 
C. M., 2001, Matrix metalloproteinase activity 



6. Matrix Metalloproteinases: Mediators of Tumour-Host Cell Interactions 111

inactivates the CXC chemokine stromal cell-derived 
factor-1. J Biol Chem, 276:43503-8. 

122. McQuibban, G. A., Gong, J. H., Wong, J. P., 
Wallace, J. L., Clark-Lewis, I., and Overall, C. M., 
2002, Matrix metalloproteinase processing of 
monocyte chemoattractant proteins generates CC 
chemokine receptor antagonists with anti- 
inflammatory properties in vivo. Blood, 100:1160-
1167.

123. Sheu, B. C., Hsu, S. M., Ho, H. N., Lien, H. C., 
Huang, S. C., and Lin, R. H., 2001, A novel role of 
metalloproteinase in cancer-mediated 
immunosuppression. Cancer Res, 61:237-242. 

124. Balbin, M., Fueyo, A., Tester, A. M., Pendas, A. M., 
Pitiot, A. S., Astudillo, A., Overall, C. M., Shapiro, 
S. D., and Lopez-Otin, C., 2003, Loss of 
collagenase-2 confers increased skin tumor 
susceptibility to male mice. Nat Genet, 35:252-257. 

125. Coussens, L. M., and Werb, Z., 1996, Matrix 
metalloproteinases and the development of cancer. 
Chem Biol, 3:895-904. 

126. Nelson, A. R., Fingleton, B., Rothenberg, M. L., and 
Matrisian, L. M., 2000, Matrix metalloproteinases: 
biologic activity and clinical implications, J Clin 
Oncol 18:1135-1149. 

127. McCawley, L. J., and Matrisian, L. M., 2001, Tumor 
progression: defining the soil round the tumor seed. 
Curr Biol, 11:R25-R27. 

128. Coussens, L. M., Fingleton, B., and Matrisian, L. 
M., 2002, Matrix metalloproteinase inhibitors and 
cancer: trials and tribulations. Science, 295:2387-
2392.

129. Iwata, H., Kobayashi, S., Iwase, H., Masaoka, A., 
Fujimoto, N., and Okada, Y., 1996, Production of 
matrix metalloproteinases and tissue inhibitors of 
metalloproteinases in human breast carcinomas, Jpn 
J Cancer Res 87:602-611. 

130. Brummer, O., Athar, S., Riethdorf, L., Loning, T., 
and Herbst, H., 1999, Matrix-metalloproteinases 1, 
2, and 3 and their tissue inhibitors 1 and 2 in benign 
and malignant breast lesions: an in situ hybridization 
study. Virchows Arch, 435:566-573. 

131. Heppner, K. J., Matrisian, L. M., Jensen, R. A., and 
Rodgers, W. H., 1996, Expression of most matrix 
metalloproteinase family members in breast cancer 
represents a tumor-induced host response. Am J 
Pathol, 149:273-282. 

132. Visscher, D. W., Hoyhtya, M., Ottosen, S. K., Liang, 
C. M., Sarkar, F. H., Crissman, J. D., and Fridman, 
R., 1994, Enhanced expression of tissue inhibitor of 
metalloproteinase-2 (TIMP-2) in the stroma of 
breast carcinomas correlates with tumor recurrence. 
Int J Cancer, 59:339-344. 

133. Lebeau, A., Nerlich, A. G., Sauer, U., 
Lichtinghagen, R., and Lohrs, U., 1999, Tissue 
distribution of major matrix metalloproteinases and 

their transcripts in human breast carcinomas. 
Anticancer Res, 19:4257-64. 

134. Jones, J. L., Glynn, P., and Walker, R. A., 1999, 
Expression of MMP-2 and MMP-9, their inhibitors, 
and the activator MT1- MMP in primary breast 
carcinomas. J Pathol, 189:161-168. 

135. Remacle, A. G., Noel, A., Duggan, C., McDermott, 
E., O'Higgins, N., Foidart, J. M., and Duffy, M. J., 
1998, Assay of matrix metalloproteinases types 1, 2, 
3 and 9 in breast cancer. Br J Cancer, 77:926-31. 

136. Scorilas, A., Karameris, A., Arnogiannaki, N., 
Ardavanis, A., Bassilopoulos, P., Trangas, T., and 
Talieri, M., 2001, Overexpression of matrix-
metalloproteinase-9 in human breast cancer: a 
potential favourable indicator in node-negative 
patients. Br J Cancer, 84:1488-1496. 

137. Ahmad, A., Hanby, A., Dublin, E., Poulsom, R., 
Smith, P., Barnes, D., Rubens, R., Anglard, P., and 
Hart, I., 1998, Stromelysin 3: an independent 
prognostic factor for relapse-free survival in node-
positive breast cancer and demonstration of novel 
breast carcinoma cell expression. Am J Pathol, 
152:721-728.

138. Nielsen, B. S., Rank, F., Lopez, J. M., Balbin, M., 
Vizoso, F., Lund, L. R., Dano, K., and Lopez-Otin, 
C., 2001, Collagenase-3 expression in breast 
myofibroblasts as a molecular marker of transition 
of ductal carcinoma in situ lesions to invasive ductal 
carcinomas. Cancer Res, 61:7091-7100. 

139. Nielsen, B. S., Sehested, M., Kjeldsen, L., 
Borregaard, N., Rygaard, J., and Dano, K., 1997, 
Expression of matrix metalloprotease-9 in vascular 
pericytes in human breast cancer. Lab Invest, 
77:345-55.

140. Nielsen, B. S., Timshel, S., Kjeldsen, L., Sehested, 
M., Pyke, C., Borregaard, N., and Dano, K., 1996, 
92 kDa type IV collagenase (MMP-9) is expressed 
in neutrophils and macrophages but not in malignant 
epithelial cells in human colon cancer. Int J Cancer, 
65:57-62.

141. Wright, J. H., McDonnell, S., Portella, G., Bowden, 
G. T., Balmain, A., and Matrisian, L. M., 1994, A 
switch from stromal to tumor cell expression of 
stromelysin-1 mRNA associated with the conversion 
of squamous to spindle carcinomas during mouse 
skin tumor progression. Mol Carcinog, 10:207-215. 

142. Coussens, L. M., Raymond, W. W., Bergers, G., 
Laig-Webster, M., Behrendtsen, O., Werb, Z., 
Caughey, G. H., and Hanahan, D., 1999, 
Inflammatory mast cells up-regulate angiogenesis 
during squamous epithelial carcinogenesis. Genes 
Dev, 13:1382-1397. 

143. Janeway, C. A., Travers, P., Walport, M., and 
Shlomchik, M., 2001, Immunobiology, 5th ed. 
Garland Publishing, New York and London.



112 Chapter 6

144. Dranoff, G., 2002, Tumour immunology: Immune 
recognition and tumor protection. Curr Opin in 
Immunology, 14:161-164. 

145. Dranoff, G., 2003, Coordinated tumor immunity. J 
Clin Invest, 111:1116-1118. 

146. Oshikiri, T., Miyamoto, M., Shichinohe, T., 
Suzuoki, M., Hiraoka, K., Nakakubo, Y., Shinohara, 
T., Itoh, T., Kondo, S., and Katoh, H., 2003, 
Prognostic value of intratumoral CD8+ T 
lymphocyte in extrahepatic bile duct carcinoma as 
essential immune response. J Surg Oncol, 84:224-
228.

147. Abe, M., Kondo, S., Hirano, S., Ambo, Y., Tanaka, 
E., Morikawa, T., Okushiba, S., and Katoh, H., 
2003, Long-term survival after radical resection of 
advanced pancreatic cancer: a case report with 
special reference to CD8+ T-cell infiltration. Int J 
Gastrointest Cancer, 33:107-110. 

148. Wakabayashi, O., Yamazaki, K., Oizumi, S., 
Hommura, F., Kinoshita, I., Ogura, S., Dosaka-
Akita, H., and Nishimura, M., 2003, CD4(+) T cells 
in cancer stroma, not CD8(+) T cells in cancer cell 
nests, are associated with favorable prognosis in 
human non-small cell lung cancers. Cancer Sci, 
94:1003-1009.

149. Nakakubo, Y., Miyamoto, M., Cho, Y., Hida, Y., 
Oshikiri, T., Suzuoki, M., Hiraoka, K., Itoh, T., 
Kondo, S., and Katoh, H., 2003, Clinical 
significance of immune cell infiltration within 
gallbladder cancer. Br J Cancer, 89:1736-1742. 

150. Funada, Y., Noguchi, T., Kikuchi, R., Takeno, S., 
Uchida, Y., and Gabbert, H. E., 2003, Prognostic 
significance of CD8+ T cell and macrophage 
peritumoral infiltration in colorectal cancer. Oncol 
Rep, 10:309-313. 

151. Dunn, G. P., Bruce, A. T., Ikeda, H., Old, L. J., and 
Schreiber, R. D., 2002, Cancer immunoediting: from 
immunosurveillance to tumor escape. Nat Immunol, 
3:991-998.

152. Dudley, M. E., and Rosenberg, S. A., 2003, 
Adoptive-cell-transfer therapy for the treatment of 
patients with cancer. Nat Rev Cancer, 3:666-675. 

153. Balkwill, F., and Mantovani, A., 2001, Inflammation 
and cancer: back to Virchow?. Lancet, 357:539-545. 

154. Duncan, L. M., Richards, L. A., and Mihm, M. C., 
Jr., 1998, Increased mast cell density in invasive 
melanoma. J Cutan Pathol, 25:11-15. 

155. Imada, A., Shijubo, N., Kojima, H., and Abe, S., 
2000, Mast cells correlate with angiogenesis and 
poor outcome in stage I lung adenocarcinoma. Eur 
Respir J, 15:1087-1093. 

156. Takanami, I., Takeuchi, K., and Naruke, M., 2000, 
Mast cell density is associated with angiogenesis and 
poor prognosis in pulmonary adenocarcinoma. 
Cancer, 88:2686-2692. 

157. Tomita, M., Matsuzaki, Y., and Onitsuka, T., 2000, 
Effect of mast cells on tumor angiogenesis in lung 
cancer. Ann Thorac Surg, 69:1686-1690. 

158. Toth-Jakatics, R., Jimi, S., Takebayashi, S., and 
Kawamoto, N., 2000, Cutaneous malignant 
melanoma: correlation between neovascularization 
and peritumor accumulation of mast cells 
overexpressing vascular endothelial growth factor. 
Hum Pathol, 31:955-960. 

159. Shea, C. R., and Prieto, V. G., 1994, Mast cells in 
angiolipomas and hemangiomas of human skin: are 
they important for angiogenesis?. J Cutan Pathol, 
21:247-251.

160. Benitez-Bribiesca, L., Wong, A., Utrera, D., and 
Castellanos, E., 2001, The role of mast cell tryptase 
in neoangiogenesis of premalignant and malignant 
lesions of the uterine cervix. J Histochem Cytochem,  
49:1061-1062.

161. Ness, R. B., and Cottreau, C., 1999, Possible role of 
ovarian epithelial inflammation in ovarian cancer. J 
Natl Cancer Inst, 91:1459-67. 

162. Weitzman, S. A., and Gordon, L. I., 1990, 
Inflammation and cancer: role of phagocyte-
generated oxidants in carcinogenesis. Blood, 76:655-
663.

163. Shacter, E., and Weitzman, S. A., 2002, Chronic 
inflammation and cancer. Oncology, 16:217-226. 

164. Ernst, P. B., and Gold, B. D., 2000, The disease 
spectrum of Helicobacter pylori: the 
immunopathogenesis of gastroduodenal ulcer and 
gastric cancer. Annu Rev Microbiol, 54:615-640. 

165. Engle, S. J., Ormsby, I., Pawlowski, S., Boivin, G. 
P., Croft, J., Balish, E., and Doetschman, T., 2002, 
Elimination of Colon Cancer in Germ-free 
Transforming Growth Factor Beta 1-deficient Mice. 
Cancer Res, 62:6362-6366. 

166. Williams, C. S., Mann, M., and DuBois, R. N., 1999, 
The role of cyclooxygenases in inflammation, 
cancer, and development. Oncogene, 18:7908-7916. 

167. Garcia-Rodriguez, L. A., and Huerta-Alvarez, C., 
2001, Reduced risk of colorectal cancer among long-
term users of aspirin and nonaspirin nonsteroidal 
antiinflammatory drugs. Epidemiology, 12:88-93. 

168. Meier, C. R., Schmitz, S., and Jick, H., 2002, 
Association between acetaminophen or nonsteroidal 
antiinflammatory drugs and risk of developing 
ovarian, breast, or colon cancer. Pharmacotherapy, 
22:303-309.

169. Sharpe, C. R., Collet, J. P., McNutt, M., Belzile, E., 
Boivin, J. F., and Hanley, J. A., 2000, Nested case-
control study of the effects of non-steroidal anti- 
inflammatory drugs on breast cancer risk and stage. 
Br J Cancer, 83:112-120. 

170. Cotterchio, M., Kreiger, N., Sloan, M., and Steingart, 
A., 2001, Nonsteroidal anti-inflammatory drug use 
and breast cancer risk. Cancer Epidemiol Biomarkers 
Prev, 10:1213-1217. 



6. Matrix Metalloproteinases: Mediators of Tumour-Host Cell Interactions 113

171. Akre, K., Ekstrom, A. M., Signorello, L. B., 
Hansson, L. E., and Nyren, O., 2001, Aspirin and 
risk for gastric cancer: a population-based case-
control study in Sweden. Br J Cancer, 84:965-968. 

172. Bashkin, P., Razin, E., Eldor, A., and Vlodavsky, I., 
1990, Degranulating mast cells secrete an 
endoglycosidase that degrades heparan sulfate in 
subendothelial extracellular matrix. Blood, 75:2204-
2212.

173. Inuzuka, K., Ogata, Y., Nagase, H., and Shirouzu, 
K., 2000, Significance of coexpression of urokinase-
type plasminogen activator, and matrix 
metalloproteinase 3 (stromelysin) and 9 (gelatinase 
B) in colorectal carcinoma. J Surg Res, 93:211-218. 

174. Stahle-Backdahl, M., Sudbeck, B. D., Eisen, A. Z., 
Welgus, H. G., and Parks, W. C., 1992, Expression 
of 92-kDa type IV collagenase mRNA by 
eosinophils associated with basal cell carcinoma. J 
Invest Dermatol, 99:497-503. 

175. Zeng, Z. S., and Guillem, J. G., 1996, Colocalisation 
of matrix metalloproteinase-9-mRNA and protein in 
human colorectal cancer stromal cells. Br J Cancer, 
74:1161-1167.

176. Coussens, L. M., Hanahan, D., and Arbeit, J., 1996, 
Genetic predisposition and parameters of malignant 
progression in K14-HPV16 transgenic mice. Am J 
Path, 149:1899-1917. 

177. van Kempen, L. C. L., Rhee, J. S., Dehne, K., Lee, 
J., Edwards, D. R., and Coussens, L. M., 2002, 
Epithelial carcinogenesis: dynamic interplay 
between neoplastic cells and their 
microenvironment. Differentiation, 70:501-623. 

178. Huang, S., Van Arsdall, M., Tedjarati, S., McCarty, 
M., Wu, W., Langley, R., and Fidler, I. J., 2002, 
Contributions of stromal metalloproteinase-9 to 
angiogenesis and growth of human ovarian 
carcinoma in mice. J Natl Cancer Inst, 94:1134-
1142.

179. Hiratsuka, S., Nakamura, K., Iwai, S., Murakami, 
M., Itoh, T., Kijima, H., Shipley, J. M., Senior, R. 
M., and Shibuya, M., 2002, MMP9 induction by 
vascular endothelial growth factor receptor-1 is 
involved in lung-specific metastasis. Cancer Cell, 
2:289-300.

180. van Kempen, L. C., and Coussens, L. M., 2002, 
MMP9 potentiates pulmonary metastasis formation. 
Cancer Cell, 2:251-252. 

181. Biggs, J. R., and Kraft, A. S., 1995, Inhibitors of 
cyclin-dependent kinase and cancer. J Mol Med, 
73:509-614.

182. Lin, P., Buxton, J. A., Acheson, A., Radziejewski, 
C., Maisonpierre, P. C., Yancopoulos, G. D., 
Channon, K. M., Hale, L. P., Dewhirst, M. W., 
George, S. E., and Peters, K. G., 1998, 
Antiangiogenic gene therapy targeting the 
endothelium-specific receptor tyrosine kinase Tie2. 
Proc Natl Acad Sci USA, 95:8829-8834. 

183. Fong, T. A., Shawver, L. K., Sun, L., Tang, C., App, 
H., Powell, T. J., Kim, Y. H., Schreck, R., Wang, X., 
Risau, W., Ullrich, A., Hirth, K. P., and McMahon, 
G., 1999, SU5416 is a potent and selective inhibitor 
of the vascular endothelial growth factor receptor 
(Flk-1/KDR) that inhibits tyrosine kinase catalysis, 
tumor vascularization, and growth of multiple tumor 
types. Cancer Res, 59:99-106. 

184. Noonberg, S. B., and Benz, C. C., 2000, Tyrosine 
kinase inhibitors targeted to the epidermal growth 
factor receptor subfamily: role as anticancer agents. 
Drugs, 59:753-67. 

185. Attoub, S., Rivat, C., Rodrigues, S., Van Bocxlaer, 
S., Bedin, M., Bruyneel, E., Louvet, C., Kornprobst, 
M., Andre, T., Mareel, M., Mester, J., and Gespach, 
C., 2002, The c-kit Tyrosine Kinase Inhibitor 
STI571 for Colorectal Cancer Therapy. Cancer Res, 
62:4879-4883.

186. Somlyo, A. V., Phelps, C., Dipierro, C., Eto, M., 
Read, P., Barrett, M., Gibson, J. J., Burnitz, M. C., 
Myers, C., and Somlyo, A. P., 2003, Rho kinase and 
matrix metalloproteinase inhibitors cooperate to 
inhibit angiogenesis and growth of human prostate 
cancer xenotransplants. Faseb J, 17:223-234. 

187. Bergers, G., Song, S., Meyer-Morse, N., Bergsland, 
E., and Hanahan, D., 2003, Benefits of targeting 
both pericytes and endothelial cells in the tumor 
vasculature with kinase inhibitors. J Clin Invest, 
111:1287-1295.

188. Fowlkes, J. L., and Winkler, M. K., 2002, Exploring 
the interface between metallo-proteinase activity and 
growth factor and cytokine bioavailability. Cytokine 
Growth Factor Rev, 13:277-287. 

189. Stamenkovic, I., 2000, Matrix metalloproteinases in 
tumor invasion and metastasis. Semin Cancer Biol, 
10:415-33.

190. Lynch, C. C., and Matrisian, L. M., 2002, Matrix 
metalloproteinases in tumor-host cell 
communication. Differentiation, 70:561-573. 

191. D'Armiento, J., DiColandrea, T., Dalal, S. S., Okada, 
Y., Huang, M. T., Conney, A. H., and Chada, K., 
1995, Collagenase expression in transgenic mouse 
skin causes hyperkeratosis and acanthosis and 
increases susceptibility to tumorigenesis. Mol Cell 
Biol, 15:5732-5739. 

192. Martin, D. C., Sanchez-Sweatman, O. H., Ho, A. T., 
Inderdeo, D. S., Tsao, M. S., and Khokha, R., 1999, 
Transgenic TIMP-1 inhibits simian virus 40 T 
antigen-induced hepatocarcinogenesis by 
impairment of hepatocellular proliferation and tumor 
angiogenesis. Lab Invest, 79:225-234. 

193. Martin, D. C., Ruther, U., Sanchez-Sweatman, O. 
H., Orr, F. W., and Khokha, R., 1996, Inhibition of 
SV40 T antigen-induced hepatocellular carcinoma in 
TIMP-1 transgenic mice. Oncogene, 13:569-576. 

194. Dong, J., Opresko, L. K., Dempsey, P. J., 
Lauffenburger, D. A., Coffey, R. J., and Wiley, H. 



114 Chapter 6

S., 1999, Metalloprotease-mediated ligand release 
regulates autocrine signaling through the epidermal 
growth factor receptor. Proc Natl Acad Sci USA, 
96:6235-6240.

195. Suzuki, M., Raab, G., Moses, M. A., Fernandez, C. 
A., and Klagsbrun, M., 1997, Matrix 
metalloproteinase-3 releases active heparin-binding 
EGF-like growth factor by cleavage at a specific 
juxtamembrane site. J Biol Chem, 272:31730-31737. 

196. Arribas, J., Coodly, L., Vollmer, P., Kishimoto, T. 
K., Rose-John, S., and Massague, J., 1996, Diverse 
cell surface protein ectodomains are shed by a 
system sensitive to metalloprotease inhibitors. J Biol 
Chem, 271:11376-11382. 

197. Werb, Z., 1997, ECM and cell surface proteolysis: 
regulating cellular ecology. Cell, 91:439-442. 

198. Werb, Z., and Yan, Y., 1998, A cellular striptease 
act. Science, 282:1279-1280. 

199. Yu, W. H., and Woessner, J. F., Jr., 2000, Heparan 
sulfate proteoglycans as extracellular docking 
molecules for matrilysin (matrix metalloproteinase 
7). J Biol Chem, 275:4183-4191. 

200. Kaya, G., Rodriguez, I., Jorcano, J. L., Vassalli, P., 
and Stamenkovic, I., 1997, Selective suppression of 
CD44 in keratinocytes of mice bearing an antisense 
CD44 transgene driven by a tissue-specific promoter 
disrupts hyaluronate metabolism in the skin and 
impairs keratinocyte proliferation. Genes Dev, 
11:996-1007.

201. Gallea-Robache, S., Morand, V., Millet, S., 
Bruneau, J. M., Bhatnagar, N., Chouaib, S., and 
Roman-Roman, S., 1997, A metalloproteinase 
inhibitor blocks the shedding of soluble cytokine 
receptors and processing of transmembrane cytokine 
precursors in human monocytic cells. Cytokine, 
9:340-346.

202. Lombard, M. A., Wallace, T. L., Kubicek, M. F., 
Petzold, G. L., Mitchell, M. A., Hendges, S. K., and 
Wilks, J. W., 1998, Synthetic matrix 
metalloproteinase inhibitors and tissue inhibitor of 
metalloproteinase (TIMP)-2, but not TIMP-1, inhibit 
shedding of tumor necrosis factor-alpha receptors in 
a human colon adenocarcinoma (Colo 205) cell line. 
Cancer Res, 58:4001-7. 

203. McCusker, R. H., Busby, W. H., Dehoff, M. H., 
Camacho-Hubner, C., and Clemmons, D. R., 1991, 
Insulin-like growth factor (IGF) binding to cell 
monolayers is directly modulated by the addition of 
IGF-binding proteins. Endocrinology, 129:939-949. 

204. Osborne, C. K., Coronado, E. B., Kitten, L. J., 
Arteaga, C. I., Fuqua, S. A., and Ramaharma, K., 
1989, Insulin-like growth factor-II (IGF-II): a 
potential autocrine/paracrine growth factor for 
human breast cancer acting via the IGF-I receptor. 
Mol Endocrinol, 3:1701-1709. 

205. Shimasaki, S., Shimonaka, M., Zhang, H. P., and 
Ling, N., 1991, Identification of five different 

insulin-like growth factor binding proteins (IGFBPs) 
from adult rat serum and molecular cloning of a 
novel IGFBP-5 in rat and human. J Biol Chem, 
266:10646-10653.

206. Fowlkes, J. L., Enghild, J. J., Suzuki, K., and 
Nagase, H., 1994, Matrix metalloproteinases 
degrade insulin-like growth factor-binding protein-3 
in dermal fibroblast cultures. J Biol Chem, 
269:25742-25746.

207. Fowlkes, J. L., Serra, D. M., Nagase, H., and 
Thrailkill, K. M., 1999, MMPs are IGFBP-degrading 
proteinases: implications for cell proliferation and 
tissue growth. Ann N Y Acad Sci, 878:696-699. 

208. Fowlkes, J. L., Serra, D. M., Bunn, R. C., Thrailkill, 
K. M., Enghild, J. J., and Nagase, H., 2003, 
Regulation of Insulin-Like Growth Factor-I (Igf-I) 
Action by Matrix Metalloproteinase-3 (Mmp-3) 
Involves Selective Disruption of Igf-I/Igf-Binding 
Protein-3 (Igfbp-3) Complexes. Endocrinology. 

209. Conover, C. A., Durham, S. K., Zapf, J., Masiarz, F. 
R., and Kiefer, M. C., 1995, Cleavage analysis of 
insulin-like growth factor (IGF)-dependent IGF-
binding protein-4 proteolysis and expression of 
protease-resistant IGF-binding protein-4 mutants. J 
Biol Chem, 270:4395-4400. 

210. Manes, S., Mira, E., Barbacid, M. M., Cipres, A., 
Fernandez-Resa, P., Buesa, J. M., Merida, I., Aracil, 
M., Marquez, G., and Martinez, A. C., 1997, 
Identification of insulin-like growth factor-binding 
protein-1 as a potential physiological substrate for 
human stromelysin-3. J Biol Chem, 272:25706-12. 

211. Martin, D. C., Fowlkes, J.L., Babic, B., and Khokha, 
R., 1999, Insulin-like growth factor II signaling in 
neoplastic proliferation is blocked by transgenic 
expression of the metalloproteinase inhibitor TIMP-
1. J Cell Biol, 146:881-892. 

212. Tennant, M. K., Thrasher, J. B., Twomey, P. A., 
Drivdahl, R. H., Birnbaum, R. S., and Plymate, S. 
R., 1996, Protein and messenger ribonucleic acid 
(mRNA) for the type 1 insulin-like growth factor 
(IGF) receptor is decreased and IGF-II mRNA is 
increased in human prostate carcinoma compared to 
benign prostate epithelium. J Clin Endocrinol 
Metab, 81:3774-3782. 

213. D'Errico, A., Grigioni, W. F., Fiorentino, M., 
Baccarini, P., Lamas, E., De Mitri, S., Gozzetti, G., 
Mancini, A. M., and Brechot, C., 1994, Expression 
of insulin-like growth factor II (IGF-II) in human 
hepatocellular carcinomas: an immunohistochemical 
study. Pathol Int, 44:131-137. 

214. Chan, J. M., Stampfer, M. J., Giovannucci, E., Gann, 
P. H., Ma, J., Wilkinson, P., Hennekens, C. H., and 
Pollak, M., 1998, Plasma insulin-like growth factor-I 
and prostate cancer risk: a prospective study. 
Science, 279:563-566. 

215. Hankinson, S. E., Willett, W. C., Colditz, G. A., 
Hunter, D. J., Michaud, D. S., Deroo, B., Rosner, B., 



6. Matrix Metalloproteinases: Mediators of Tumour-Host Cell Interactions 115

Speizer, F. E., and Pollak, M., 1998, Circulating 
concentrations of insulin-like growth factor-I and 
risk of breast cancer. Lancet, 351:1393-1396. 

216. Whitelock, J. M., Murdoch, A. D., Iozzo, R. V., and 
Underwood, P. A., 1996, The degradation of human 
endothelial cell-derived perlecan and release of 
bound basic fibroblast growth factor by stromelysin, 
collagenase, plasmin, and heparanases. J Biol Chem, 
271:10079-10086.

217. Friedl, A., Chang, Z., Tierney, A., and Rapraeger, A. 
C., 1997, Differential binding of fibroblast growth 
factor-2 and -7 to basement membrane heparan 
sulfate: comparison of normal and abnormal human 
tissues. Am J Pathol, 150:1443-1455. 

218. Levi, E., Fridman, R., Miao, H. Q., Ma, Y. S., 
Yayon, A., and Vlodavsky, I., 1996, Matrix 
metalloproteinase 2 releases active soluble 
ectodomain of fibroblast growth factor receptor 1, 
Proc Natl Acad Sci U S A 93:7069-74. 

219. Czubayko, F., Liaudet-Coopman, E. D., Aigner, A., 
Tuveson, A. T., Berchem, G. J., and Wellstein, A., 
1997, A secreted FGF-binding protein can serve as 
the angiogenic switch in human cancer. Nat Med, 
3:1137-1140.

220. Annes, J. P., Munger, J. S., and Rifkin, D. B., 2003, 
Making sense of latent TGFbeta activation. J Cell 
Sci, 116:217-224. 

221. Massague, J., Blain, S. W., and Lo, R. S., 2000, 
TGFbeta signaling in growth control, cancer, and 
heritable disorders. Cell, 103:295-309. 

222. Derynck, R., Akhurst, R. J., and Balmain, A., 2001, 
TGF-beta signaling in tumor suppression and cancer 
progression. Nat Genet, 29:117-129. 

223. Akhurst, R. J., 2002, TGF-beta antagonists: why 
suppress a tumor suppressor?. J Clin Invest, 
109:1533-1536.

224. Moustakas, A., Pardali, K., Gaal, A., and Heldin, C. 
H., 2002, Mechanisms of TGF-beta signaling in 
regulation of cell growth and differentiation. 
Immunol Lett, 82:85-91. 

225. Markowitz, S. D., and Roberts, A. B., 1996, Tumor 
suppressor activity of the TGF-beta pathway in 
human cancers. Cytokine Growth Factor Rev, 7:93-
102.

226. Alexandrow, M. G., and Moses, H. L., 1995, 
Transforming growth factor beta 1 inhibits mouse 
keratinocytes late in G1 independent of effects on 
gene transcription. Cancer Res, 55:3928-3932. 

227. Taipale, J., Saharinen, J., and Keski-Oja, J., 1998, 
Extracellular matrix-associated transforming growth 
factor-beta: role in cancer cell growth and invasion. 
Adv Cancer Res, 75:87-134. 

228. Miyazono, K., Ichijo, H., and Heldin, C. H., 1993, 
Transforming growth factor-beta: latent forms, 
binding proteins and receptors. Growth Factors, 
8:11-22.

229. Munger, J. S., Harpel, J. G., Gleizes, P. E., Mazzieri, 
R., Nunes, I., and Rifkin, D. B., 1997, Latent 
transforming growth factor-beta: structural features 
and mechanisms of activation. Kidney Int, 51:1376-
1382.

230. Oklu, R., and Hesketh, R., 2000, The latent 
transforming growth factor beta binding protein 
(LTBP) family. Biochem J, 352 Pt 3:601-610. 

231. Imai, K., Hiramatsu, A., Fukushima, D., 
Pierschbacher, M. D., and Okada, Y., 1997, 
Degradation of decorin by matrix 
metalloproteinases: identification of the cleavage 
sites, kinetic analyses and transforming growth 
factor-beta1 release. Biochem J, 322:809-814. 

232. Hildebrand, A., Romaris, M., Rasmussen, L. M., 
Heinegard, D., Twardzik, D. R., Border, W. A., and 
Ruoslahti, E., 1994, Interaction of the small 
interstitial proteoglycans biglycan, decorin and 
fibromodulin with transforming growth factor beta. 
Biochem J, 302(Pt 2):527-534. 

233. Kresse, H., Hausser, H., Schonherr, E., and Bittner, 
K., 1994, Biosynthesis and interactions of small 
chondroitin/dermatan sulphate proteoglycans. Eur J 
Clin Chem Clin Biochem, 32:259-264. 

234. Velasco-Loyden, G., Arribas, J., and Lopez-Casillas, 
F., 2003, The shedding of betaglycan is regulated by 
pervanadate and mediated by MT1-MMP. J Biol 
Chem.

235. Damsky, C., 2002, Cell-cell and cell-extracellular 
matrix adhesion receptors. Ann NY Acad Sci, 
961:154-155.

236. Noe, V., Fingleton, B., Jacobs, K., Crawford, H. C., 
Vermeulen, S., Steelant, W., Bruyneel, E., 
Matrisian, L. M., and Mareel, M., 2001, Release of 
an invasion promoter E-cadherin fragment by 
matrilysin and stromelysin-1. J Cell Sci, 114:111-
118.

237. Kajita, M., Itoh, Y., Chiba, T., Mori, H., Okada, A., 
Kinoh, H., and Seiki, M., 2001, Membrane-type 1 
matrix metalloproteinase cleaves CD44 and 
promotes cell migration. J Cell Biol, 153:893-904. 

238. Deryugina, E. I., Soroceanu, L., and Strongin, A. Y., 
2002, Up-regulation of vascular endothelial growth 
factor by membrane-type 1 matrix metalloproteinase 
stimulates human glioma xenograft growth and 
angiogenesis. Cancer Res, 62:580-588. 

239. Hynes, R. O., 2002, A reevaluation of integrins as 
regulators of angiogenesis. Nat Med, 8:918-921. 

240. Hynes, R. O., 2002, Integrins: bidirectional, 
allosteric signaling machines. Cell, 110:673-687. 

241. Zamir, E., and Geiger, B., 2001, Molecular 
complexity and dynamics of cell-matrix adhesions. J 
Cell Sci, 114:3583-3590. 

242. Kassis, J., Lauffenburger, D. A., Turner, T., and 
Wells, A., 2001, Tumor invasion as dysregulated 
cell motility. Semin Cancer Biol, 11:105-117. 



116 Chapter 6

243. Monsky, W. L., Kelly, T., Lin, C. Y., Yeh, Y., 
Stetler-Stevenson, W. G., Mueller, S. C., and Chen, 
W. T., 1993, Binding and localization of M(r) 
72,000 matrix metalloproteinase at cell surface 
invadopodia. Cancer Res, 53:3159-3164. 

244. Chen, W. T., and Wang, J. Y., 1999, Specialized 
surface protrusions of invasive cells, invadopodia 
and lamellipodia, have differential MT1-MMP, 
MMP-2, and TIMP-2 localization. Ann NY Acad 
Sci, 878:361-371. 

245. Riikonen, T., Westermarck, J., Koivisto, L., 
Broberg, A., Kahari, V. M., and Heino, J., 1995, 
Integrin alpha 2 beta 1 is a positive regulator of 
collagenase (MMP-1) and collagen alpha 1(I) gene 
expression. J Biol Chem, 270:13548-13552. 

246. von Bredow, D. C., Nagle, R. B., Bowden, G. T., 
and Cress, A. E., 1997, Cleavage of beta 4 integrin 
by matrilysin. Exp Cell Res, 236:341-345. 

247. Akimov, S. S., Krylov, D., Fleischman, L. F., and 
Belkin, A. M., 2000, Tissue transglutaminase is an 
integrin-binding adhesion coreceptor for fibronectin. 
J Cell Biol, 148:825-838. 

248. Belkin, A. M., Akimov, S. S., Zaritskaya, L. S., 
Ratnikov, B. I., Deryugina, E. I., and Strongin, A. 
Y., 2001, Matrix-dependent proteolysis of surface 
transglutaminase by membrane-type 
metalloproteinase regulates cancer cell adhesion and 
locomotion. J Biol Chem, 276:18415-18422. 

249. Van Aken, E., De Wever, O., Correia da Rocha, A., 
and Mareel, M., 2001, Defective E-cadherin/catenin 
complexes in human cancer. Virchows Arch, 
439:725-751.

250. Bracke, M. E., Van Roy, F. M., and Mareel, M. M., 
1996, The E-cadherin/catenin complex in invasion 
and metastasis. Curr Top Microbiol Immunol, 
213:123-161.

251. De Leeuw, W. J., Berx, G., Vos, C. B., Peterse, J. L., 
Van de Vijver, M. J., Litvinov, S., Van Roy, F., 
Cornelisse, C. J., and Cleton-Jansen, A. M., 1997, 
Simultaneous loss of E-cadherin and catenins in 
invasive lobular breast cancer and lobular carcinoma 
in situ. J Pathol, 183:404-411. 

252. Llorens, A., Rodrigo, I., Lopez-Barcons, L., 
Gonzalez-Garrigues, M., Lozano, E., Vinyals, A., 
Quintanilla, M., Cano, A., and Fabra, A., 1998, 
Down-regulation of E-cadherin in mouse skin 
carcinoma cells enhances a migratory and invasive 
phenotype linked to matrix metalloproteinase-9 
gelatinase expression. Lab Invest, 78:1131-42. 

253. Beavon, I. R., 2000, The E-cadherin-catenin 
complex in tumour metastasis: structure, function 
and regulation. Eur J Cancer, 36:1607-1620. 

254. Christofori, G., and Semb, H., 1999, The role of the 
cell-adhesion molecule E-cadherin as a tumour- 
suppressor gene. Trends Biochem Sci, 24:73-76. 

255. Perl, A. K., Wilgenbus, P., Dahl, U., Semb, H., and 
Christofori, G., 1998, A causal role for E-cadherin in 

the transition from adenoma to carcinoma. Nature, 
392:190-3.

256. Perl, A. K., Dahl, U., Wilgenbus, P., Cremer, H., 
Semb, H., and Christofori, G., 1999, Reduced 
expression of neural cell adhesion molecule induces 
metastatic dissemination of pancreatic beta tumor 
cells. Nat Med, 5:286-91. 

257. Lochter, A., Galosy, S., Muschler, J., Freedman, N., 
Werb, Z., and Bissell, M. J., 1997, Matrix 
metalloproteinase stromelysin-1 triggers a cascade 
of molecular alterations that leads to stable 
epithelial-to-mesenchymal conversion and a 
premalignant phenotype in mammary epithelial 
cells. J Cell Biol, 139:1861-1872. 

258. Nikkola, J., Vihinen, P., Vlaykova, T., Hahka-
Kemppinen, M., Kahari, V. M., and Pyrhonen, S., 
2002, High expression levels of collagenase-1 and 
stromelysin-1 correlate with shorter disease-free 
survival in human metastatic melanoma. Int J 
Cancer. 97:432-438. 

259. Sympson, C. J., Bissell, M. J., and Werb, Z., 1995, 
Mammary gland tumor formation in transgenic mice 
overexpressing stromelysin-1. Semin Cancer Biol, 
6:159-163.

260. Thomasset, N., Lochter, A., Sympson, C. J., Lund, 
L. R., Williams, D. R., Behrendtsen, O., Werb, Z., 
and Bissell, M. J., 1998, Expression of autoactivated 
stromelysin-1 in mammary glands of transgenic 
mice leads to a reactive stroma during early 
development. Am J Pathol, 153:457-467. 

261. Lochter, A., Werb, Z., and Bissell, M. J., 1999, 
Transcriptional regulation of stromelysin-1 gene 
expression is altered during progression of mouse 
mammary epithelial cells from functionally normal 
to malignant. Matrix Biol, 18:455-467. 

262. Rudolph-Owen, L. A., Chan, R., Muller, W. J., and 
Matrisian, L. M., 1998, The matrix 
metalloproteinase matrilysin influences early-stage 
mammary tumorigenesis. Cancer Res, 58:5500-
5506.

263. Vargo-Gogola, T., Fingleton, B., Crawford, H. C., 
and Matrisian, L. M., 2002, Matrilysin (matrix 
metalloproteinase-7) selects for apoptosis-resistant 
mammary cells in vivo. Cancer Res, 62:5559-5563. 

264. McGuire, J. K., Li, Q., and Parks, W. C., 2003, 
Matrilysin (matrix metalloproteinase-7) mediates E-
cadherin ectodomain shedding in injured lung 
epithelium. Am J Pathol, 162:1831-1843. 

265. Naot, D., Sionov, R. V., and Ish-Shalom, D., 1997, 
CD44: structure, function, and association with the 
malignant process. Adv Cancer Res, 71:241-319. 

266. Pohl, M., Sakurai, H., Stuart, R. O., and Nigam, S. 
K., 2000, Role of hyaluronan and CD44 in in vitro 
branching morphogenesis of ureteric bud cells. Dev 
Biol, 224:312-325. 

267. Okamoto, I., Kawano, Y., Murakami, D., Sasayama, 
T., Araki, N., Miki, T., Wong, A. J., and Saya, H., 



6. Matrix Metalloproteinases: Mediators of Tumour-Host Cell Interactions 117

2001, Proteolytic release of CD44 intracellular 
domain and its role in the CD44 signaling pathway. 
J Cell Biol, 155:755-62. 

268. Cichy, J., and Pure, E., 2003, The liberation of 
CD44. J Cell Biol, 161:839-843. 

269. Jalkanen, S., Joensuu, H., Soderstrom, K. O., and 
Klemi, P., 1991, Lymphocyte homing and clinical 
behavior of non-Hodgkin's lymphoma. J Clin Invest, 
87:1835-1840.

270. Mori, H., Tomari, T., Koshikawa, N., Kajita, M., 
Itoh, Y., Sato, H., Tojo, H., Yana, I., and Seiki, M., 
2002, CD44 directs membrane-type 1 matrix 
metalloproteinase to lamellipodia by associating 
with its hemopexin-like domain. Embo J, 21:3949-
3959.

271. Li, R., Huang, L., Guo, H., and Toole, B. P., 2001, 
Basigin (murine EMMPRIN) stimulates matrix 
metalloproteinase production by fibroblasts. J Cell 
Physiol, 186:371-9. 

272. Folkman, J., 1990, What is the evidence that tumors 
are angiogenesis dependent?. J Nat Cancer Inst, 
82:4-6.

273. Folkman, J., and Shing, Y., 1992, Angiogenesis. J 
Biol Chem, 267:10931-10934. 

274. Weidner, N., Folkman, J., Pozza, F., Bevilacqua, P., 
Allred, E. N., Moore, D. H., Meli, S., and Gasparini, 
G., 1992, Tumor angiogenesis: a new significant and 
independent prognostic indicator in early-stage 
breast carcinoma. J Natl Cancer Inst, 84:1875-1887. 

275. Folkman, J., 1994, Tumor angiogenesis. Nature 
Medicine, 1:206-232. 

276. Folkman, J., 1995, Tumor Angiogenesis. In The 
Molecular Basis of Cancer, Mendelsohn, J., Howley, 
P. M., Israel, M. A., and Liotta L. A., eds, Vol. 
9:206-232. W. B. Saunders Company, Philadelphia. 

277. Folkman, J., and D'Amore, P. A., 1996, Blood vessel 
formation: what is its molecular basis. Cell, 
87:1153-1155.

278. Carmeliet, P., and Jain, R. K., 2000, Angiogenesis in 
cancer and other diseases. Nature, 407:249-257. 

279. Carmeliet, P., 2003, Angiogenesis in health and 
disease. Nat Med, 9:653-60. 

280. Hanahan, D., and Folkman, J., 1996, Patterns and 
emerging mechanisms of the angiogenic switch 
during tumorigenesis. Cell, 86:353-364. 

281. Nagy, J. A., Brown, L. F., Senger, D. R., Lanir, N., 
Van de Water, L., Dvorak, A. M., and Dvorak, H. F., 
1989, Pathogenesis of tumor stroma generation: a 
critical role for leaky blood vessels and fibrin 
deposition. Biochim Biophys Acta, 948:305-326. 

282. Lindahl, P., Johansson, B. R., Leveen, P., and 
Betsholtz, C., 1997, Pericyte loss and 
microaneurysm formation in PDGF-B-deficient 
mice. Science, 277:242-245. 

283. Paku, S., and Paweletz, N., 1991, First steps of 
tumor-related angiogenesis. Lab Invest, 65:334-346. 

284. Giordano, F. J., and Johnson, R. S., 2001, 
Angiogenesis: the role of the microenvironment in 
flipping the switch. Curr Opin Genet Dev, 11:35-40. 

285. Seandel, M., Noack-Kunnmann, K., Zhu, D., Aimes, 
R. T., and Quigley, J. P., 2001, Growth factor-
induced angiogenesis in vivo requires specific 
cleavage of fibrillar type I collagen. Blood, 97:2323-
2332.

286. Liu, X., Wu, H., Byrne, M., Jeffrey, J., Krane, S., 
and Jaenisch, R., 1995, A targeted mutation at the 
known collagenase cleavage site in mouse type I 
collagen impairs tissue remodeling. J Cell Biol, 
130:227-237.

287. Xu, J., Rodriguez, D., Petitclerc, E., Kim, J. J., 
Hangai, M., Moon, Y. S., Davis, G. E., Brooks, P. 
C., and Yuen, S. M., 2001, Proteolytic exposure of a 
cryptic site within collagen type IV is required for 
angiogenesis and tumor growth in vivo. J Cell Biol, 
154:1069-1079.

288. DiPietro, L. A., Burdick, M., Low, Q. E., Kunkel, S. 
L., and Strieter, R. M., 1998, MIP-1alpha as a 
critical macrophage chemoattractant in murine 
wound repair. J Clin Invest, 101:1693-1698. 

289. Ferreras, M., Felbor, U., Lenhard, T., Olsen, B. R., 
and Delaisse, J., 2000, Generation and degradation 
of human endostatin proteins by various proteinases. 
FEBS Lett, 486:247-251. 

290. O'Reilly, M. S., Holmgren, L., Shing, Y., Chen, C., 
Rosenthal, R. A., Moses, M., Lane, W. S., Cao, Y., 
Sage, E. H., and Folkman, J., 1994, Angiostatin: a 
novel angiogenesis inhibitor that mediates the 
suppression of metastases by a Lewis lung 
carcinoma. Cell, 79:315-328. 

291. Maeshima, Y., Colorado, P. C., Torre, A., Holthaus, 
K. A., Grunkemeyer, J. A., Ericksen, M. B., Hopfer, 
H., Xiao, Y., Stillman, I. E., and Kalluri, R., 2000, 
Distinct antitumor properties of a type IV collagen 
domain derived from basement membrane. J Biol 
Chem, 275:21340-8. 

292. Petitclerc, E., Stromblad, S., von Schalscha, T. L., 
Mitjans, F., Piulats, J., Montgomery, A. M., 
Cheresh, D. A., and Brooks, P. C., 1999, Integrin 
αvβ3 promotes M21 melanoma growth in human 
skin by regulating tumor cell survival. Cancer Res, 
59:2724-30.

293. Hamano, Y., Zeisberg, M., Sugimoto, H., Lively, J. 
C., Maeshima, Y., Changqing, Y., R.O., H., Werb, 
Z., Sudhakar, A., and Kalluri, R., 2003, 
Physiological levels of tumstatin, a fragment of 
collagen IV alpha3 chain, are generated by MMP-9 
protelysis and suppress angioenesis via alphaVbeta3 
integrin. Cancer Cell, 3:589-601. 

294. Patterson, B. C., and Sang, Q. A., 1997, Angiostatin-
converting enzyme activities of human matrilysin 
(MMP-7) and gelatinase B/type IV collagenase 
(MMP-9). J Biol Chem, 272:28823-5. 



118 Chapter 6

295. Sobrin, L., Liu, Z., Monroy, D. C., Solomon, A., 
Selzer, M. G., Lokeshwar, B. L., and Pflugfelder, S. 
C., 2000, Regulation of MMP-9 activity in human 
tear fluid and corneal epithelial culture supernatant. 
Invest Ophthalmol Vis Sci, 41:1703-1709. 

296. Pozzi, A., LeVine, W. F., and Gardner, H. A., 2002, 
Low plasma levels of matrix metalloproteinase 9 
permit increased tumor angiogenesis. Oncogene, 
21:272-281.

297. Grunert, S., Jechlinger, M., and Beug, H., 2003, 
Diverse cellular and molecular mechanisms 
contribute to epithelial plasticity and metastasis. Mol 
Cell Biol, 4:657-665. 

298. Birchmeier, C., Birchmeier, W., Gherardi, E., and 
Vande Woude, G., 2003, Met, metastasis, motility 
and more. Nat Med, 4:915-925. 

299. Woodhouse, E. C., Chuaqui, R. F., and Liotta, L. A., 
1997, General mechanisms of metastasis. Cancer, 
80:1529-37.

300. Yokota, J., 2000, Tumor progression and metastasis. 
Carcinogenesis, 21:497-503. 

301. Fidler, I. J., 2001, Seed and soil revisited: 
contribution of the organ microenvironment to 
cancer metastasis. Surg Oncol Clin N Am, 10:257-
269.

302. Fidler, I. J., 2002, Critical determinants of 
metastasis. Semin Cancer Biol, 12:89-96. 

303. Comoglio, P. M., and Trusolino, L., 2002, Invasive 
growth: from development to metastasis, J Clin 
Invest 109:857-62. 

304. Jussila, L., and Alitalo, K., 2002, Vascular growth 
factors and lymphangiogenesis. Physiol Rev, 
82:673-700.

305. Engers, R., and Gabbert, H. E., 2000, Mechanisms 
of tumor metastasis: cell biological aspects and 
clinical implications. J Cancer Res Clin Oncol, 
126:682-692.

306. Moser, P. L., Kieback, D. G., Hefler, L., Tempfer, 
C., Neunteufel, W., and Gitsch, G., 1999, 
Immunohistochemical detection of matrix 
metalloproteinases (MMP) 1 and 2, and tissue 
inhibitor of metalloproteinase 2 (TIMP 2) in stage 
IB cervical cancer. Anticancer Res, 19:4391-4393. 

307. Inoue, T., Yashiro, M., Nishimura, S., Maeda, K., 
Sawada, T., Ogawa, Y., Sowa, M., and Chung, K. 
H., 1999, Matrix metalloproteinase-1 expression is a 
prognostic factor for patients with advanced gastric 
cancer. Int J Mol Med, 4:73-77. 

308. Yamashita, K., Azumano, I., Mai, M., and Okada, 
Y., 1998, Expression and tissue localization of 
matrix metalloproteinase 7 (matrilysin) in human 
gastric carcinomas. Implications for vessel invasion 
and metastasis. Int J Cancer, 79:187-194. 

309. Gokaslan, Z. L., Chintala, S. K., York, J. E., 
Boyapati, V., Jasti, S., Sawaya, R., Fuller, G., 
Wildrick, D. M., Nicolson, G. L., and Rao, J. S., 
1998, Expression and role of matrix 

metalloproteinases MMP-2 and MMP-9 in human 
spinal column tumors. Clin Exp Metastasis, 16:721-
728.

310. Garbisa, S., Scagliotti, G., Masiero, L., Di 
Francesco, C., Caenazzo, C., Onisto, M., Micela, M., 
Stetler-Stevenson, W. G., and Liotta, L. A., 1992, 
Correlation of serum metalloproteinase levels with 
lung cancer metastasis and response to therapy. 
Cancer Res, 52:4548-4549. 

311. Nyormoi, O., Mills, L., and Bar-Eli, M., 2003, An 
MMP-2/MMP-9 inhibitor, 5a, enhances apoptosis 
induced by ligands of the TNF receptor superfamily 
in cancer cells. Cell Death Differ, 10:558-569. 

312. Hotz, H. G., Hines, O. J., Hotz, B., Foitzik, T., Buhr, 
H. J., and Reber, H. A., 2003, Evaluation of vascular 
endothelial growth factor blockade and matrix 
metalloproteinase inhibition as a combination 
therapy for experimental human pancreatic cancer. J 
Gastrointest Surg, 7:220-227. 

313. Shinoda, K., Shibuya, M., Hibino, S., Ono, Y., 
Matsuda, K., Takemura, A., Zou, D., Kokubo, Y., 
Takechi, A., and Kudoh, S., 2003, A novel matrix 
metalloproteinase inhibitor, FYK-1388 suppresses 
tumor growth, metastasis and angiogenesis by 
human fibrosarcoma cell line. Int J Oncol, 22:281-
288.

314. Winding, B., NicAmhlaoibh, R., Misander, H., 
Hoegh-Andersen, P., Andersen, T. L., Holst-Hansen, 
C., Heegaard, A. M., Foged, N. T., Brunner, N., and 
Delaisse, J. M., 2002, Synthetic matrix 
metalloproteinase inhibitors inhibit growth of 
established breast cancer osteolytic lesions and 
prolong survival in mice. Clin Cancer Res, 8:1932-
1939.

315. Katori, H., Baba, Y., Imagawa, Y., Nishimura, G., 
Kagesato, Y., Takagi, E., Ishii, A., Yanoma, S., 
Maekawa, R., Yoshioka, T., Nagashima, Y., Kato, 
Y., and Tsukuda, M., 2002, Reduction of in vivo 
tumor growth by MMI-166, a selective matrix 
metalloproteinase inhibitor, through inhibition of 
tumor angiogenesis in squamous cell carcinoma cell 
lines of head and neck. Cancer Lett, 178:151-159. 

316. Weber, M. H., Lee, J., and Orr, F. W., 2002, The 
effect of Neovastat (AE-941) on an experimental 
metastatic bone tumor model. Int J Oncol, 20:299-
303.

317. Naglich, J. G., Jure-Kunkel, M., Gupta, E., Fargnoli, 
J., Henderson, A. J., Lewin, A. C., Talbott, R., 
Baxter, A., Bird, J., Savopoulos, R., Wills, R., 
Kramer, R. A., and Trail, P. A., 2001, Inhibition of 
angiogenesis and metastasis in two murine models 
by the matrix metalloproteinase inhibitor, BMS-
275291. Cancer Res, 61:8480-8485. 

318. Brown, P. D., 1999, Clinical studies with matrix 
metalloproteinase inhibitors. APMIS, 107:174-180. 

319. Drummond, A. H., Beckett, P., Brown, P. D., Bone, 
E. A., Davidson, A. H., Galloway, W. A., Gearing, 



6. Matrix Metalloproteinases: Mediators of Tumour-Host Cell Interactions 119

A. J., Huxley, P., Laber, D., McCourt, M., 
Whittaker, M., Wood, L. M., and Wright, A., 1999, 
Preclinical and clinical studies of MMP inhibitors in 
cancer. Ann N Y Acad Sci, 878:228-235. 

320. Whittaker, M., Floyd, C. D., Brown, P., and 
Gearing, A. J., 1999, Design and therapeutic 
application of matrix metalloproteinase inhibitors. 
Chem Rev, 99:2735-76. 

321. Brown, P. D., 2000, Ongoing trials with matrix 
metalloproteinase inhibitors. Expert Opin Investig 
Drugs, 9:2167-2177. 

322. Opdenakker, G., Van den Steen, P. E., and Van 
Damme, J., 2001, Gelatinase B: a tuner and 
amplifier of immune functions. Trends Immunol, 
22:571-579.

323. Müller, A., Homey, B., Soto, H., Ge, N., Catron, D., 
Buchanan, M. E., McClanahan, T., Murphy, E., 
Yuan, W., Wagner, S. N., Barrera, J. L., Mohar, A., 
Verastegui, E., and Zlotnik, A., 2001, Involvement 
of chemokine receptors in breast cancer metastasis. 
Nature, 410:50-56. 

324. Van den Steen, P. E., Proost, P., Wuyts, A., Van 
Damme, J., and Opdenakker, G., 2000, Neutrophil 
gelatinase B potentiates interleukin-8 tenfold by 
aminoterminal processing, whereas it degrades 
CTAP-III, PF-4, and GRO-alpha and leaves 
RANTES and MCP-2 intact. Blood, 96:2673-2681. 

325. Ramjeesingh, R., Leung, R., and Siu, C. H., 2003, 
Interleukin-8 secreted by endothelial cells induces 
chemotaxis of melanoma cells through the 
chemokine receptor CXCR1. Faseb J, 17:1292-1294. 

326. Varney, M. L., Li, A., Dave, B. J., Bucana, C. D., 
Johansson, S. L., and Singh, R. K., 2003, Expression 
of CXCR1 and CXCR2 receptors in malignant 
melanoma with different metastatic potential and 
their role in interleukin-8 (CXCL-8)-mediated 
modulation of metastatic phenotype. Clin Exp 
Metastasis, 20:723-731. 

327. Kawamata, H., Kawai, K., Kameyama, S., Johnson, 
M. D., Stetler-Stevenson, W. G., and Oyasu, R., 
1995, Over-expression of tissue inhibitor of matrix 
metalloproteinases (TIMP1 and TIMP2) suppresses 
extravasation of pulmonary metastasis of a rat 
bladder carcinoma. Int J Cancer, 63:680-687. 

328. Onisto, M., Riccio, M. P., Scannapieco, P., 
Caenazzo, C., Griggio, L., Spina, M., Stetler-
Stevenson, W. G., and Garbisa, S., 1995, Gelatinase 
A/TIMP-2 imbalance in lymph-node-positive breast 
carcinomas, as measured by RT-PCR. Int J Cancer, 
63:621-6.

329. Bian, J., Wang, Y., Smith, M. R., Kim, H., Jacobs, 
C., Jackman, J., Kung, H. F., Colburn, N. H., and 
Sun, Y., 1996, Suppression of in vivo tumor growth 
and induction of suspension cell death by tissue 
inhibitor of metalloproteinases (TIMP)-3. 
Carcinogenesis, 17:1805-1811. 

330. Fong, K. M., Kida, Y., Zimmerman, P. V., and 
Smith, P. J., 1996, TIMP1 and adverse prognosis in 
non-small cell lung cancer. Clin Cancer Res, 2:1369-
1372.

331. Grignon, D. J., Sakr, W., Toth, M., Ravery, V., 
Angulo, J., Shamsa, F., Pontes, J. E., Crissman, J. 
C., and Fridman, R., 1996, High levels of tissue 
inhibitor of metalloproteinase-2 (TIMP-2) 
expression are associated with poor outcome in 
invasive bladder cancer. Cancer Res, 56:1654-1659. 

332. Martin, D. C., Rüther, U., Sanchez-Sweatman, O. 
H., Orr, F. W., and Khokha, R., 1996, Inhibition of 
SV40 T antigen-induced hepatocellular carcinoma in 
TIMP-1 transgenic mice. Oncogene, 13:569-576. 

333. Matsuzawa, K., Fukuyama, K., Hubbard, S. L., 
Dirks, P. B., and Rutka, J. T., 1996, Transfection of 
an invasive human astrocytoma cell line with a 
TIMP-1 cDNA: modulation of astrocytoma invasive 
potential. J Neuropathol Exp Neurol, 55:88-96. 

334. Soloway, P. D., Alexander, C. M., Werb, Z., and 
Jaenisch, R., 1996, Targeted mutagenesis of Timp-1 
reveals that lung tumor invasion is influenced by 
Timp-1 genotype of the tumor but not by that of the 
host. Oncogene, 13:2307-14. 

335. Thorgeirsson, U. P., Yoshiji, H., Sinha, C. C., and 
Gomez, D. E., 1996, Breast cancer; tumor 
neovasculature and the effect of tissue inhibitor of 
metalloproteinases-1 (TIMP-1) on angiogenesis. In 
Vivo, 10:137-144. 

336. Kruger, A., Fata, J. E., and Khokha, R., 1997, 
Altered tumor growth and metastasis of a T-cell 
lymphoma in Timp-1 transgenic mice. Blood, 
90:1993-2000.

337. Shoji, A., Sakamoto, Y., Tsuchiya, T., Moriyama, 
K., Kaneko, T., Okubo, T., Umeda, M., and 
Miyazaki, K., 1997, Inhibition of tumor promoter 
activity toward mouse fibroblasts and their in vitro 
transformation by tissue inhibitor of 
metalloproteinases- 1 (TIMP-1). Carcinogenesis, 
18:2093-100.

338. Kruger, A., Sanchez-Sweatman, O. H., Martin, D. 
C., Fata, J. E., Ho, A. T., Orr, F. W., Ruther, U., and 
Khokha, R., 1998, Host TIMP-1 overexpression 
confers resistance to experimental brain metastasis 
of a fibrosarcoma cell line. Oncogene, 16:2419-23. 

339. Baker, A. H., George, S. J., Zaltsman, A. B., 
Murphy, G., and Newby, A. C., 1999, Inhibition of 
invasion and induction of apoptotic cell death of 
cancer cell lines by overexpression of TIMP-3. Br J 
Cancer, 79:1347-1355. 

340. Brown, P. D., 1995, Matrix metalloproteinase 
inhibitors: a novel class of anticancer agents. Adv 
Enzyme Regul, 35:293-301. 

341. Brown, P. D., 1997, Matrix metalloproteinase 
inhibitors in the treatment of cancer. Med Oncol, 
14:1-10.



120 Chapter 6

342. Hidalgo, M., and Eckhardt, S. G., 2001, 
Development of matrix metalloproteinase inhibitors 
in cancer therapy. J Natl Cancer Inst, 93:178-193. 

343. Bernardo, M. M., Brown, S., Li, Z. H., Fridman, R., 
and Mobashery, S., 2002, Design, Synthesis, and 
Characterization of Potent, Slow-binding Inhibitors 
That Are Selective for Gelatinases. J Biol Chem, 
277:11201-11207.

344. Coussens, L. M., B. Fingleton, B., and Matrisian, L. 
M., 2002, Matrix metalloproteinase inhibitors and 
cancer: trials and tribulations. Science, 295:2387-
2392.

345. Brown, S., Bernardo, M. M., Li, Z. H., Kotra, L. P., 
Tanaka, Y., Fridman, R., and Mobashery, S., 2000, 
Potent and Selective Mechanism-Based Inhibition of 
Gelatinases. Journal of American Chemical Society, 
122:6799-6800.

346. Brown, P. D., 2001, New hope for matrix 
metalloproteinase inhibitors in cancer therapy. Drug 
Discov Today, 6:615. 

347. Koivunen, E., Arap, W., Valtanen, H., Rainisalo, A., 
Medina, O. P., Heikkila, P., Kantor, C., Gahmberg, 
C. G., Salo, T., Konttinen, Y. T., Sorsa, T., 
Ruoslahti, E., and Pasqualini, R., 1999, Tumor 
targeting with a selective gelatinase inhibitor. Nat 
Biotechnol, 17:768-774. 

348. Garbisa, S., Biggin, S., Cavallarin, N., Sartor, L., 
Benelli, R., and Albini, A., 1999, Tumor invasion: 
molecular shears blunted by green tea. Nat Med, 
5:1216.

349. Falardeau, P., Champagne, P., Poyet, P., Hariton, C., 
and Dupont, E., 2001, Neovastat, a naturally 
occurring multifunctional antiangiogenic drug, in 
phase III clinical trials. Semin Oncol, 28:620-625. 

350. Reich, R., Thompson, E. W., Iwamoto, Y., Martin, 
G. R., Deason, J. R., Fuller, G. C., and Miskin, R., 
1988, Effects of inhibitors of plasminogen activator, 
serine proteinases, and collagenase IV on the 
invasion of basement membranes by metastatic cells. 
Cancer Res, 48:3307-12. 

351. Davies, B., Brown, P. D., East, N., Crimmin, M. J., 
and Balkwill, F. R., 1993, A synthetic matrix 
metalloproteinase inhibitor decreases tumor burden 
and prolongs survival of mice bearing human 
ovarian carcinoma xenografts. Cancer Res, 53:2087-
2091.

352. Wang, X., Fu, X., Brown, P. D., Crimmin, M. J., and 
Hoffman, R. M., 1994, Matrix metalloproteinase 
inhibitor BB-94 (batimastat) inhibits human colon 
tumor growth and spread in a patient-like orthotopic 
model in nude mice. Cancer Res, 54:4726-8. 

353. Eccles, S. A., Box, G. M., Court, W. J., Bone, E. A., 
Thomas, W., and Brown, P. D., 1996, Control of 
lymphatic and hematogenous metastasis of a rat 
mammary carcinoma by the matrix 
metalloproteinase inhibitor batimastat (BB-94). 
Cancer Res, 56:2815-2822. 

354. Goss, K. J., Brown, P. D., and Matrisian, L. M., 
1998, Differing effects of endogenous and synthetic 
inhibitors of metalloproteinases on intestinal 
tumorigenesis. Int J Cancer, 78:629-635. 

355. Bergers, G., Javaherian, K., Lo, K. M., Folkman, J., 
and Hanahan, D., 1999, Effects of angiogenesis 
inhibitors on multistage carcinogenesis in mice. 
Science, 284:808-812. 

356. Sledge, G. W., Jr., Qulali, M., Goulet, R., Bone, E. 
A., and Fife, R., 1995, Effect of matrix 
metalloproteinase inhibitor batimastat on breast 
cancer regrowth and metastasis in athymic mice. J 
Natl Cancer Inst, 87:1546-50. 

357. Wagenaar-Miller, R. A., Gorden, L., and Matrisian, 
L. M., 2004, Matrix metalloproteinases in colorectal 
cancer: is it worth talking about?. Cancer Metastasis 
Rev, 23:119-135. 

358. Oba, K., Konno, H., Tanaka, T., Baba, M., Kamiya, 
K., Ohta, M., Kaneko, T., Shouji, T., Igarashi, A., 
and Nakamura, S., 2002, Prevention of liver 
metastasis of human colon cancer by selective matrix 
metalloproteinase inhibitor MMI-166. Cancer Lett, 
175:45-51.

359. An, Z., Wang, X., Willmott, N., Chander, S. K., 
Tickle, S., Docherty, A. J., Mountain, A., Millican, 
A. T., Morphy, R., Porter, J. R., Epemolu, R. O., 
Kubota, T., Moossa, A. R., and Hoffman, R. M., 
1997, Conversion of highly malignant colon cancer 
from an aggressive to a controlled disease by oral 
administration of a metalloproteinase inhibitor. Clin 
Exp Metastasis, 15:184-195. 

360. Bramhall, S. R., Rosemurgy, A., Brown, P. D., 
Bowry, C., and Buckels, J. A., 2001, Marimastat as 
first-line therapy for patients with unresectable 
pancreatic cancer: a randomized trial. J Clin Oncol, 
19:3447-3455.

361. Rao, J. S., 2003, Molecular mechanisms of glioma 
invasiveness: the role of proteases. Nat Rev Cancer, 
3:489-501.

362. Fielding, J., Scholefield, J., Stuart, R., Hawkins, R., 
McCulloch, P., Maughan, T., Seymour, M., Cutsem, 
E.V., Thorlacius-Ussing, O., and Hovendal, C., 
2000, Presented at the American Society of Clinical 
Oncology (ASCO)'s 36th Annual Meeting, New 
Orleans. 

363. Moore, M.J., Eisenberg, J.H., Dagenais, M., Hagan, 
K., Fields, A., Greenberg, B., Schwartz, B., Ottaway, 
J., Zee, B., and Seymour, L., posting date 2000, A 
Comparison Between Gemcitabine (GEM) and the 
Matrix Metalloproteinase (MMP) Inhibitor BAY12-
9566 (9566) in Patients (PTS) with Advanced 
Pancreatic Cancer. Published Online. 

364. McIntyre, J. O., Fingleton, B., Wells, K. S., Piston, 
D. W., Lynch, C. C., Gautam, S., and Matrisian, L. 
M., 2004, Development of a novel fluorogenic 
proteolytic beacon for in vivo detection and imaging 



6. Matrix Metalloproteinases: Mediators of Tumour-Host Cell Interactions 121

of tumour-associated matrix metalloproteinase-7 
activity. Biochem J, 377:617-628. 

365. Wang, Z., Juttermann, R., and Soloway, P. D., 2000, 
TIMP-2 is required for efficient activation of 
proMMP-2 in vivo. J Biol Chem, 275:26411-5. 

366. Ward, R. V., Hembry, R. M., Reynolds, J. J., and 
Murphy, G., 1991, The purification of tissue 
inhibitor of metalloproteinases-2 from its 72 kDa 
progelatinase complex. Demonstration of the 
biochemical similarities of tissue inhibitor of 
metalloproteinases-2 and tissue inhibitor of 
metalloproteinases-1. Biochem J, 278:179-87. 

367. Howard, E. W., Bullen, E. C., and Banda, M. J., 
1991, Preferential inhibition of 72- and 92-kDa 
gelatinases by tissue inhibitor of metalloproteinases-
2. J Biol Chem, 266:13070-13075. 

368. Quantin, B., Murphy, G., and Breathnach, R., 1989, 
Pump-1 cDNA codes for a protein with 
characteristics similar to those of classical 
collagenase family members. Biochemistry, 
28:5327-34.

369. Knauper, V., Wilhelm, S. M., Seperack, P. K., 
DeClerck, Y. A., Langley, K. E., Osthues, A., and 
Tschesche, H., 1993, Direct activation of human 
neutrophil procollagenase by recombinant 
stromelysin. Biochem J, 295:581-6. 

370. Murphy, G., Segain, J. P., O'Shea, M., Cockett, M., 
Ioannou, C., Lefebvre, O., Chambon, P., and Basset, 
P., 1993, The 28-kDa N-terminal domain of mouse 
stromelysin-3 has the general properties of a weak 
metalloproteinase. J Biol Chem, 268:15435-41. 

371. Knauper, V., Lopez-Otin, C., Smith, B., Knight, G., 
and Murphy, G., 1996, Biochemical characterization 
of human collagenase-3. J Biol Chem, 271:1544-50. 

372. English, W. R., Puente, X. S., Freije, J. M., Knauper, 
V., Amour, A., Merryweather, A., Lopez-Otin, C., 
and Murphy, G., 2000, Membrane type 4 matrix 
metalloproteinase (MMP17) has tumor necrosis 
factor-alpha convertase activity but does not activate 
pro-MMP2. J Biol Chem, 275:14046-14055. 

373. Stracke, J. O., Hutton, M., Stewart, M., Pendas, A. 
M., Smith, B., Lopez-Otin, C., Murphy, G., and 
Knauper, V., 2000, Biochemical characterization of 
the catalytic domain of human matrix 
metalloproteinase 19. Evidence for a role as a potent 
basement membrane degrading enzyme. J Biol 
Chem, 275:14809-14816. 

374. English, W. R., Velasco, G., Stracke, J. O., Knauper, 
V., and Murphy, G., 2001, Catalytic activities of 
membrane-type 6 matrix metalloproteinase 
(MMP25). FEBS Lett, 491:137-142. 

375. Uria, J. A., and Lopez-Otin, C., 2000, Matrilysin-2, a 
new matrix metalloproteinase expressed in human 
tumors and showing the minimal domain 
organization required for secretion, latency, and 
activity. Cancer Res, 60:4745-4751. 

376. DeClerck, Y. A., Yean, T. D., Chan, D., Shimada, 
H., and Langley, K. E., 1991, Inhibition of tumor 
invasion of smooth muscle cell layers by 
recombinant human metalloproteinase inhibitor. 
Cancer Res, 51:2151-2157. 

377. Quesada, A. R., Barbacid, M. M., Mira, E., 
Fernandez-Resa, P., Marquez, G., and Aracil, M., 
1997, Evaluation of fluorometric and zymographic 
methods as activity assays for stromelysins and 
gelatinases. Clin Exp Metastasis. 15:26-32. 

378. Knauper, V., Osthues, A., DeClerck, Y. A., Langley, 
K. E., Blaser, J., and Tschesche, H., 1993, 
Fragmentation of human polymorphonuclear-
leucocyte collagenase. Biochem J, 291(Pt 3):847-
854.

379. Will, H., Atkinson, S. J., Butler, G. S., Smith, B., 
and Murphy, G., 1996, The soluble catalytic domain 
of membrane type 1 matrix metalloproteinase 
cleaves the propeptide of progelatinase A and 
initiates autoproteolytic activation. Regulation by 
TIMP-2 and TIMP-3. J Biol Chem, 271:17119-
17123.

380. Shimada, T., Nakamura, H., Ohuchi, E., Fujii, Y., 
Murakami, Y., Sato, H., Seiki, M., and Okada, Y., 
1999, Characterization of a truncated recombinant 
form of human membrane type 3 matrix 
metalloproteinase. Eur J Biochem, 262:907-914. 

381. Llano, E., Pendas, A. M., Freije, J. P., Nakano, A., 
Knauper, V., Murphy, G., and Lopez-Otin, C., 1999, 
Identification and characterization of human MT5-
MMP, a new membrane-bound activator of 
progelatinase a overexpressed in brain tumors. 
Cancer Res, 59:2570-2576. 

382. Zhao, Y. G., Xiao, A. Z., Park, H. I., Newcomer, R. 
G., Yan, M., Man, Y. G., Heffelfinger, S. C., and 
Sang, Q. X., 2004, Endometase/matrilysin-2 in 
human breast ductal carcinoma in situ and its 
inhibition by tissue inhibitors of metalloproteinases-
2 and -4: a putative role in the initiation of breast 
cancer invasion. Cancer Res, 64:590-598. 

383. Apte, S. S., Olsen, B. R., and Murphy, G., 1995, The 
gene structure of tissue inhibitor of 
metalloproteinases (TIMP)-3 and its inhibitory 
activities define the distinct TIMP gene family. J 
Biol Chem, 270:14313-14318. 

384. Will, H., and Hinzmann, B., 1995, cDNA sequence 
and mRNA tissue distribution of a novel human 
matrix metalloproteinase with a potential 
transmembrane segment. Eur J Biochem, 231:602-8. 

385. Bigg, H. F., Morrison, C. J., Butler, G. S., 
Bogoyevitch, M. A., Wang, Z., Soloway, P. D., and 
Overall, C. M., 2001, Tissue inhibitor of 
metalloproteinases-4 inhibits but does not support 
the activation of gelatinase A via efficient inhibition 
of membrane type 1-matrix metalloproteinase. 
Cancer Res, 61:3610-3608. 



122 Chapter 6

386. Liu, Y. E., Wang, M., Greene, J., Su, J., Ullrich, S., 
Li, H., Sheng, S., Alexander, P., Sang, Q. A., and 
Shi, Y. E., 1997, Preparation and characterization of 
recombinant tissue inhibitor of metalloproteinase 4 
(TIMP-4). J Biol Chem, 272:20479-20483. 

387. Nomura, H., Fujimoto, N., Seiki, M., Mai, M., and 
Okada, Y., 1996, Enhanced production of matrix 
metalloproteinases and activation of matrix 
metalloproteinase 2 (gelatinase A) in human gastric 
carcinomas. Int J Cancer, 69:9-16. 

388. Ko, B. K., Cho, H. R., Choi, D. W., Nam, C. W., 
Park, C. J., Kim, G. Y., Kim, S. S., Woo, Y. J., Huh, 
J., and Kim, M. Y., 1998, Reduced expression of 
tissue inhibitor of metalloproteinase in nodal 
metastasis of stomach cancer. J Korean Med Sci, 
13:286-90.

389. Joo, Y. E., Seo, K. S., Kim, H. S., Rew, J. S., Park, 
C. S., and Kim, S. J., 2000, Expression of tissue 
inhibitors of metalloproteinases (TIMPs) in gastric 
cancer. Dig Dis Sci, 45:114-121. 

390. Hong, S. I., Park, I. C., Hong, W. S., Son, Y. S., Lee, 
S. H., Lee, J. I., Choi, D. W., Moon, N. M., Choe, T. 
B., and Jang, J. J., 1996, Overexpression of tissue 
inhibitors of metalloproteinase-1 and -2 in the stroma 
of gastric cancer. J Korean Med Sci, 11:474-479. 

391. Thomas, P., Khokha, R., Shepherd, F. A., Feld, R., 
and Tsao, M. S., 2000, Differential expression of 
matrix metalloproteinases and their inhibitors in non-
small cell lung cancer. J Pathol, 190:150-156. 

392. Bolon, I., Gouyer, V., Devouassoux, M., 
Vandenbunder, B., Wernert, N., Moro, D., 
Brambilla, C., and Brambilla, E., 1995, Expression 
of c-ets-1, collagenase 1, and urokinase-type 
plasminogen activator genes in lung carcinomas. Am 
J Pathol, 147:1298-1310. 

393. Nawrocki, B., Polette, M., Marchand, V., Monteau, 
M., Gillery, P., Tournier, J. M., and Birembaut, P., 
1997, Expression of matrix metalloproteinases and 
their inhibitors in human bronchopulmonary 
carcinomas: quantificative and morphological 
analyses. Int J Cancer, 72:556-64. 

394. Soini, Y., Paakko, P., and Autio-Harmainen, H., 
1993, Genes of laminin B1 chain, alpha 1 (IV) chain 
of type IV collagen, and 72-kd type IV collagenase 
are mainly expressed by the stromal cells of lung 
carcinomas. Am J Pathol, 142:1622-1630. 

395. Suzuki, M., Iizasa, T., Fujisawa, T., Baba, M., 
Yamaguchi, Y., Kimura, H., and Suzuki, H., 1998, 
Expression of matrix metalloproteinases and tissue 
inhibitor of matrix metalloproteinases in non-small-
cell lung cancer. Invasion Metastasis, 18:134-141. 

396. Bolon, I., Devouassoux, M., Robert, C., Moro, D., 
Brambilla, C., and Brambilla, E., 1997, Expression 
of urokinase-type plasminogen activator, stromelysin 
1, stromelysin 3, and matrilysin genes in lung 
carcinomas. Am J Pathol, 150:1619-1629. 

397. Nagashima, Y., Hasegawa, S., Koshikawa, N., Taki, 
A., Ichikawa, Y., Kitamura, H., Misugi, K., Kihira, 
Y., Matuo, Y., Yasumitsu, H., and Miyazaki, K., 
1997, Expression of matrilysin in vascular 
endothelial cells adjacent to matrilysin-producing 
tumors. Int J Cancer, 72:441-5. 

398. Michael, M., Babic, B., Khokha, R., Tsao, M., Ho, 
J., Pintilie, M., Leco, K., Chamberlain, D., and 
Shepherd, F. A., 1999, Expression and prognostic 
significance of metalloproteinases and their tissue 
inhibitors in patients with small-cell lung cancer. J 
Clin Oncol, 17:1802-8. 

399. Kodate, M., Kasai, T., Hashimoto, H., Yasumoto, K., 
Iwata, Y., and Manabe, H., 1997, Expression of 
matrix metalloproteinase (gelatinase) in T1 
adenocarcinoma of the lung. Pathol Int, 47:461-9. 

400. Canete-Soler, R., Litzky, L., Lubensky, I., and 
Muschel, R. J., 1994, Localization of the 92 kd 
gelatinase mRNA in squamous cell and 
adenocarcinomas of the lung using in situ 
hybridization. Am J Pathol, 144:518-527. 

401. Cox, G., Jones, J. L., and O'Byrne, K. J., 2000, 
Matrix metalloproteinase 9 and the epidermal growth 
factor signal pathway in operable non-small cell lung 
cancer. Clin Cancer Res, 6:2349-2355. 

402. Anderson, I. C., Sugarbaker, D. J., Ganju, R. K., 
Tsarwhas, D. G., Richards, W. G., Sunday, M., 
Kobzik, L., and Shipp, M. A., 1995, Stromelysin-3 is 
overexpressed by stromal elements in primary non-
small cell lung cancers and regulated by retinoic acid 
in pulmonary fibroblasts. Cancer Res, 55:4120-4126. 

403. Cho, N. H., Hong, K. P., Hong, S. H., Kang, S., 
Chung, K. Y., and Cho, S. H., 2004, MMP 
expression profiling in recurred stage IB lung cancer. 
Oncogene, 23:845-851. 

404. Bodey, B., Bodey, B., Jr., Groger, A. M., Siegel, S. 
E., and Kaiser, H. E., 2001, Invasion and metastasis: 
the expression and significance of matrix 
metalloproteinases in carcinomas of the lung. In 
Vivo, 15:175-180. 

405. Polette, M., Nawrocki, B., Gilles, C., Sato, H., Seiki, 
M., Tournier, J. M., and Birembaut, P., 1996, MT-
MMP expression and localisation in human lung and 
breast cancers. Virchows Arch, 428:29-35. 

406. Marchenko, G. N., Ratnikov, B. I., Rozanov, D. V., 
Godzik, A., Deryugina, E. I., and Strongin, A. Y., 
2001, Characterization of matrix metalloproteinase-
26, a novel metalloproteinase widely expressed in 
cancer cells of epithelial origin. Biochem J, 356:705-
718.

407. Polette, M., Gilbert, N., Stas, I., Nawrocki, B., Noel, 
A., Remacle, A., Stetler-Stevenson, W. G., 
Birembaut, P., and Foidart, M., 1994, Gelatinase A 
expression and localization in human breast cancers. 
An in situ hybridization study and 
immunohistochemical detection using confocal 
microscopy. Virchows Arch, 424:641-5. 



6. Matrix Metalloproteinases: Mediators of Tumour-Host Cell Interactions 123

408. Ioachim, E. E., Athanassiadou, S. E., Kamina, S., 
Carassavoglou, K., and Agnantis, N. J., 1998, Matrix 
metalloproteinase expression in human breast 
cancer: an immunohistochemical study including 
correlation with cathepsin D, type IV collagen, 
laminin, fibronectin, EGFR, c-erbB-2 oncoprotein, 
p53, steroid receptors status and proliferative 
indices. Anticancer Res, 18:1665-1670. 

409. Bodey, B., Bodey, B., Jr., Siegel, S. E., and Kaiser, 
H. E., 2001, Matrix metalloproteinases in neoplasm-
induced extracellular matrix remodeling in breast 
carcinomas, Anticancer Res 21:2021-2028. 

410. Basset, P., Wolf, C., Rouyer, N., Bellocq, J. P., Rio, 
M. C., and Chambon, P., 1994, Stromelysin-3 in 
stromal tissue as a control factor in breast cancer 
behavior. Cancer, 74:1045-1049. 

411. Ueno, H., Nakamura, H., Inoue, M., Imai, K., 
Noguchi, M., Sato, H., Seiki, M., and Okada, Y., 
1997, Expression and tissue localization of 
membrane-types 1, 2, and 3 matrix 
metalloproteinases in human invasive breast 
carcinomas. Cancer Res, 57:2055-2060. 

412. Bisson, C., Blacher, S., Polette, M., Blanc, J. F., 
Kebers, F., Desreux, J., Tetu, B., Rosenbaum, J., 
Foidart, J. M., Birembaut, P., and Noel, A., 2003, 
Restricted expression of membrane type 1-matrix 
metalloproteinase by myofibroblasts adjacent to 
human breast cancer cells. Int J Cancer, 105:7-13. 

413. Djonov, V., Hogger, K., Sedlacek, R., Laissue, J., 
and Draeger, A., 2001, MMP-19: cellular 
localization of a novel metalloproteinase within 
normal breast tissue and mammary gland tumours. J 
Pathol, 195:147-155. 

414. Boag, A. H., and Young, I. D., 1994, Increased 
expression of the 72-kd type IV collagenase in 
prostatic adenocarcinoma. Demonstration by 
immunohistochemistry and in situ hybridization. Am 
J Pathol, 144:585-591. 

415. Stearns, M. E., and Wang, M., 1993, Type IV 
collagenase (M(r) 72,000) expression in human 
prostate: benign and malignant tissue. Cancer Res, 
53:878-883.

416. Upadhyay, J., Shekarriz, B., Nemeth, J. A., Dong, 
Z., Cummings, G. D., Fridman, R., Sakr, W., 
Grignon, D. J., and Cher, M. L., 1999, Membrane 
type 1-matrix metalloproteinase (MT1-MMP) and 
MMP-2 immunolocalization in human prostate: 
change in cellular localization associated with high-
grade prostatic intraepithelial neoplasia. Clin Cancer 
Res, 5:4105-4110. 

417. Knox, J. D., Wolf, C., McDaniel, K., Clark, V., 
Loriot, M., Bowden, G. T., and Nagle, R. B., 1996, 
Matrilysin expression in human prostate carcinoma. 
Mol Carcinog, 15:57-63. 

418. Kuniyasu, H., Ellis, L. M., Evans, D. B., 
Abbruzzese, J. L., Fenoglio, C. J., Bucana, C. D., 
Cleary, K. R., Tahara, E., and Fidler, I. J., 1999, 

Relative expression of E-cadherin and type IV 
collagenase genes predicts disease outcome in 
patients with resectable pancreatic carcinoma. Clin 
Cancer Res, 5:25-33. 

419. Zhao, Y. G., Xiao, A. Z., Newcomer, R. G., Park, H. 
I., Kang, T., Chung, L. W., Swanson, M. G., Zhau, 
H. E., Kurhanewicz, J., and Sang, Q. X., 2003, 
Activation of pro-gelatinase B by 
endometase/matrilysin-2 promotes invasion of 
human prostate cancer cells. J Biol Chem, 
278:15056-15064.

420. Shiozawa, J., Ito, M., Nakayama, T., Nakashima, 
M., Kohno, S., and Sekine, I., 2000, Expression of 
matrix metalloproteinase-1 in human colorectal 
carcinoma. Mod Pathol, 13:925-933. 

421. Otani, Y., Okazaki, I., Arai, M., Kameyama, K., 
Wada, N., Maruyama, K., Yoshino, K., Kitajima, 
M., Hosoda, Y., and Tsuchiya, M., 1994, Gene 
expression of interstitial collagenase (matrix 
metalloproteinase 1) in gastrointestinal tract cancers. 
J Gastroenterol, 29:391-7. 

422. Grigioni, W. F., D'Errico, A., Fiorentino, M., 
Baccarini, P., Onisto, M., Caenazzo, C., Stetler-
Stevenson, W. G., Garbisa, S., and Mancini, A. M., 
1994, Gelatinase A (MMP-2) and its mRNA 
detected in both neoplastic and stromal cells of 
tumors with different invasive and metastatic 
properties. Diagn Mol Pathol, 3:163-169. 

423. Kikuchi, R., Noguchi, T., Takeno, S., Kubo, N., and 
Uchida, Y., 2000, Immunohistochemical detection 
of membrane-type-1-matrix metalloproteinase in 
colorectal carcinoma. Br J Cancer, 83:215-8. 

424. Poulsom, R., Pignatelli, M., Stetler-Stevenson, W. 
G., Liotta, L. A., Wright, P. A., Jeffery, R. E., 
Longcroft, J. M., Rogers, L., and Stamp, G. W., 
1992, Stromal expression of 72 kda type IV 
collagenase (MMP-2) and TIMP-2 mRNAs in 
colorectal neoplasia. Am J Pathol, 141:389-96. 

425. Bodey, B., Bodey, B., Jr., Siegel, S. E., and Kaiser, 
H. E., 2000, Prognostic significance of matrix 
metalloproteinase expression in colorectal 
carcinomas. In Vivo, 14:659-666. 

426. McDonnell, S., Navre, M., Coffey, R. J., Jr., and 
Matrisian, L. M., 1991, Expression and localization 
of the matrix metalloproteinase pump-1 (MMP- 7) in 
human gastric and colon carcinomas. Mol Carcinog, 
4:527-33.

427. Adachi, Y., Yamamoto, H., Itoh, F., Arimura, Y., 
Nishi, M., Endo, T., and Imai, K., 2001, 
Clinicopathologic and prognostic significance of 
matrilysin expression at the invasive front in human 
colorectal cancers. Int J Cancer, 95:290-294. 

428. Ring, P., Johansson, K., Hoyhtya, M., Rubin, K., 
and Lindmark, G., 1997, Expression of tissue 
inhibitor of metalloproteinases TIMP-2 in human 
colorectal cancer--a predictor of tumour stage. Br J 
Cancer, 76:805-811. 



124 Chapter 6

429. Porte, H., Chastre, E., Prevot, S., Nordlinger, B., 
Empereur, S., Basset, P., Chambon, P., and Gespach, 
C., 1995, Neoplastic progression of human 
colorectal cancer is associated with overexpression 
of the stromelysin-3 and BM-40/SPARC genes. Int J 
Cancer, 64:70-5. 

430. Yang, W., Arii, S., Gorrin-Rivas, M. J., Mori, A., 
Onodera, H., and Imamura, M., 2001, Human 
macrophage metalloelastase gene expression in 
colorectal carcinoma and its clinicopathologic 
significance. Cancer, 91:1277-1283. 

431. Ohtani, H., Motohashi, H., Sato, H., Seiki, M., and 
Nagura, H., 1996, Dual over-expression pattern of 
membrane-type metalloproteinase-1 in cancer and 
stromal cells in human gastrointestinal carcinoma 
revealed by in situ hybridization and 
immunoelectron microscopy. Int J Cancer, 68:565-
70.

432. Ahokas, K., Lohi, J., Lohi, H., Elomaa, O., 
Karjalainen-Lindsberg, M. L., Kere, J., and 
Saarialho-Kere, U., 2002, Matrix metalloproteinase-
21, the human orthologue for XMMP, is expressed 
during fetal development and in cancer. Gene, 
301:31-41.

433. Davidson, B., Reich, R., Berner, A., Givant-
Horwitz, V., Goldberg, I., Risberg, B., Kristensen, 
G. B., Trope, C. G., Bryne, M., Kopolovic, J., and 
Nesland, J. M., 2001, Ovarian carcinoma cells in 
serous effusions show altered MMP-2 and TIMP- 2 
mRNA levels. Eur J Cancer, 37:2040-2049. 

434. Paju, A., Sorsa, T., Tervahartiala, T., Koivunen, E., 
Haglund, C., Leminen, A., Wahlstrom, T., Salo, T., 
and Stenman, U. H., 2001, The levels of trypsinogen 
isoenzymes in ovarian tumour cyst fluids are 
associated with promatrix metalloproteinase-9 but 
not promatrix metalloproteinase-2 activation. Br J 
Cancer, 84:1363-1371. 

435. Westerlund, A., Apaja-Sarkkinen, M., Hoyhtya, M., 
Puistola, U., and Turpeenniemi-Hujanen, T., 1999, 
Gelatinase A-immunoreactive protein in ovarian 
lesions- prognostic value in epithelial ovarian 
cancer. Gynecol Oncol, 75:91-98. 

436. Davidson, B., Goldberg, I., Gotlieb, W. H., 
Kopolovic, J., Ben-Baruch, G., Nesland, J. M., 
Berner, A., Bryne, M., and Reich, R., 1999, High 
levels of MMP-2, MMP-9, MT1-MMP and TIMP-2 
mRNA correlate with poor survival in ovarian 
carcinoma. Clin Exp Metastasis, 17:799-808. 

437. Naylor, M. S., Stamp, G. W., Davies, B. D., and 
Balkwill, F. R., 1994, Expression and activity of 
MMPS and their regulators in ovarian cancer. Int J 
Cancer, 58:50-56. 

438. Tanimoto, H., Underwood, L. J., Shigemasa, K., 
Parmley, T. H., Wang, Y., Yan, Y., Clarke, J., and 
O'Brien, T. J., 1999, The matrix metalloprotease 
pump-1 (MMP-7, Matrilysin): A candidate 

marker/target for ovarian cancer detection and 
treatment. Tumour Biol, 20:88-98. 

439. Huang, L. W., Garrett, A. P., Bell, D. A., Welch, W. 
R., Berkowitz, R. S., and Mok, S. C., 2000, 
Differential expression of matrix metalloproteinase-
9 and tissue inhibitor of metalloproteinase-1 protein 
and mRNA in epithelial ovarian tumors. Gynecol 
Oncol, 77:369-376. 

440. Davidson, B., Goldberg, I., Berner, A., Nesland, J. 
M., Givant-Horwitz, V., Bryne, M., Risberg, B., 
Kristensen, G. B., Trope, C. G., Kopolovic, J., and 
Reich, R., 2001, Expression of membrane-type 1, 2, 
and 3 matrix metalloproteinases messenger RNA in 
ovarian carcinoma cells in serous effusions. Am J 
Clin Pathol, 115:517-524. 

441. Mueller, J., Brebeck, B., Schmalfeldt, B., Kuhn, W., 
Graeff, H., and Hofler, H., 2000, Stromelysin-3 
expression in invasive ovarian carcinomas and 
tumours of low malignant potential. Virchows Arch, 
437:618-24.

442. Tsukifuji, R., Tagawa, K., Hatamochi, A., and 
Shinkai, H., 1999, Expression of matrix 
metalloproteinase-1, -2 and -3 in squamous cell 
carcinoma and actinic keratosis. Br J Cancer, 
80:1087-91.

443. Shimada, T., Nakamura, H., Yamashita, K., Kawata, 
R., Murakami, Y., Fujimoto, N., Sato, H., Seiki, M., 
and Okada, Y., 2000, Enhanced production and 
activation of progelatinase A mediated by 
membrane-type 1 matrix metalloproteinase in human 
oral squamous cell carcinomas: implications for 
lymph node metastasis. Clin Exp Metastasis, 
18:179-188.

444. Pyke, C., Ralfkiaer, E., Huhtala, P., Hurskainen, T., 
Dano, K., and Tryggvason, K., 1992, Localization of 
messenger RNA for Mr 72,000 and 92,000 type IV 
collagenases in human skin cancers by in situ 
hybridization. Cancer Res, 52:1336-41. 

445. Airola, K., Johansson, N., Kariniemi, A. L., Kahari, 
V. M., and Saarialho-Kere, U. K., 1997, Human 
collagenase-3 is expressed in malignant squamous 
epithelium of the skin. J Invest Dermatol, 109:225-
231.

446. Karelina, T. V., Goldberg, G. I., and Eisen, A. Z., 
1994, Matrilysin (PUMP) correlates with dermal 
invasion during appendageal development and 
cutaneous neoplasia. J Invest Dermatol, 103:482-7. 

447. Stahle-Backdahl, M., and Parks, W. C., 1993, 92-kd 
gelatinase is actively expressed by eosinophils and 
stored by neutrophils in squamous cell carcinoma. 
Am J Pathol, 142:995-1000. 

448. Kerkela, E., Ala-aho, R., Lohi, J., Grenman, R., V, 
M. K., and Saarialho-Kere, U., 2001, Differential 
patterns of stromelysin-2 (MMP-10) and MT1-MMP 
(MMP-14) expression in epithelial skin cancers. Br J 
Cancer, 84:659-69. 



6. Matrix Metalloproteinases: Mediators of Tumour-Host Cell Interactions 125

449. Thewes, M., Worret, W. I., Engst, R., and Ring, J., 
1999, Stromelysin-3 (ST-3): immunohistochemical 
characterization of the matrix metalloproteinase 
(MMP)-11 in benign and malignant skin tumours 
and other skin disorders. Clin Exp Dermatol, 
24:122-126.

450. Kerkela, E., Ala-Aho, R., Jeskanen, L., Rechardt, O., 
Grenman, R., Shapiro, S. D., Kahari, V. M., and 
Saarialho-Kere, U., 2000, Expression of human 
macrophage metalloelastase (MMP-12) by tumor 
cells in skin cancer. J Invest Dermatol, 114:1113-9. 

451. Impola, U., Toriseva, M., Suomela, S., Jeskanen, L., 
Hieta, N., Jahkola, T., Grenman, R., Kahari, V. M., 
and Saarialho-Kere, U., 2003, Matrix 
metalloproteinase-19 is expressed by proliferating 
epithelium but disappears with neoplastic 
dedifferentiation. Int J Cancer, 103:709-716. 

452. Nakamura, H., Fujii, Y., Inoki, I., Sugimoto, K., 
Tanzawa, K., Matsuki, H., Miura, R., Yamaguchi, 
Y., and Okada, Y., 2000, Brevican is degraded by 
matrix metalloproteinases and aggrecanase-1 
(ADAMTS4) at different sites. J Biol Chem, 
275:38885-90.

453. Fernandez-Patron, C., Radomski, M. W., and 
Davidge, S. T., 1999, Vascular matrix 
metalloproteinase-2 cleaves big endothelin-1 
yielding a novel vasoconstrictor. Circ Res, 85:906-
911.

454. Rodriguez-Manzaneque, J. C., Milchanowski, A. B., 
Dufour, E. K., Leduc, R., and Iruela-Arispe, M. L., 
2000, Characterization of METH-1/ADAMTS1 
processing reveals two distinct active forms. J Biol 
Chem, 275:33471-9. 

455. Agostini, C., Trentin, L., Facco, M., Sancetta, R., 
Cerutti, A., Tassinari, C., Cimarosto, L., Adami, F., 
Cipriani, A., Zambello, R., and Semenzato, G., 
1996, Role of IL-15, IL-2, and their receptors in the 
development of T cell alveolitis in pulmonary 
sarcoidosis. J Immunol, 157:910-918. 

456. Ogata, Y., Enghild, J. J., and Nagase, H., 1992, 
Matrix metalloproteinase 3 (stromelysin) activates 
the precursor for the human matrix 
metalloproteinase 9. J Biol Chem, 267:3581-3584. 

457. Lijnen, H. R., and Collen, D., 1990, Serine proteases 
and their serpin inhibitors in the nervous system. 
Plenum Press, New York. 

458. Ugwu, F., Van Hoef, B., Bini, A., Collen, D., and 
Lijnen, H. R., 1998, Proteolytic cleavage of 
urokinase-type plasminogen activator by 
stromelysin-1 (MMP-3). Biochemistry, 37:7231-
7236.

459. Preece, G., Murphy, G., and Ager, A., 1996, 
Metalloproteinase-mediated regulation of L-selectin 
levels on leucocytes. J Biol Chem, 271:11634-40. 

460. Imai, K., Yokohama, Y., Nakanishi, I., Ohuchi, E., 
Fujii, Y., Nakai, N., and Okada, Y., 1995, Matrix 
metalloproteinase 7 (matrilysin) from human rectal 

carcinoma cells. Activation of the precursor, 
interaction with other matrix metalloproteinases and 
enzymic properties. J Biol Chem, 270:6691-6697. 

461. Agnihotri, R., Crawford, H. C., Haro, H., Matrisian, 
L. M., Havrda, M. C., and Liaw, L., 2001, 
Osteopontin, a novel substrate for matrix 
metalloproteinase-3 (stromelysin-1) and matrix 
metalloproteinase-7 (matrilysin). J Biol Chem, 
276:28261-28267.

462. Fernandez-Patron, C., Zouki, C., Whittal, R., Chan, 
J. S., Davidge, S. T., and Filep, J. G., 2001, Matrix 
metalloproteinases regulate neutrophil-endothelial 
cell adhesion through generation of endothelin-1. 
Faseb J, 15:2230-2240. 

463. Ochieng, J., Fridman, R., Nangia-Makker, P., 
Kleiner, D. E., Liotta, L. A., Stetler-Stevenson, W. 
G., and Raz, A., 1994, Galectin-3 is a novel 
substrate for human matrix metalloproteinases-2 and 
-9. Biochemistry, 33:14109-14114. 

464. Nicholson, R., Murphy, G., and Breathnach, R., 
1989, Human and rat malignant-tumor-associated
mRNAs encode stromelysin-like metalloproteinases. 
Biochemistry, 28:5195-203. 

465. Nakamura, H., Fujii, Y., Ohuchi, E., Yamamoto, E., 
and Okada, Y., 1998, Activation of the precursor of 
human stromelysin 2 and its interactions with other 
matrix metalloproteinases. Eur J Biochem, 253:67-
75.

466. Knauper, V., Smith, B., Lopez-Otin, C., and 
Murphy, G., 1997, Activation of progelatinase B 
(proMMP-9) by active collagenase-3 (MMP- 13). 
Eur J Biochem, 248:369-73. 

467. Banda, M. J., Clark, E. J., and Werb, Z., 1983, 
Selective proteolysis of immunoglobulins by mouse 
macrophage elastase. J Exp Med, 157:1184-1196. 

468. Knauper, V., Cowell, S., Smith, B., Lopez-Otin, C., 
O'Shea, M., Morris, H., Zardi, L., and Murphy, G., 
1997, The role of the C-terminal domain of human 
collagenase-3 (MMP-13) in the activation of 
procollagenase-3, substrate specificity, and tissue 
inhibitor of metalloproteinase interaction. J Biol 
Chem, 272:7608-16. 

469. d'Ortho, M. P., Clerici, C., Yao, P. M., Delacourt, 
C., Delclaux, C., Franco-Montoya, M. L., Harf, A., 
and Lafuma, C., 1997, Alveolar epithelial cells in 
vitro produce gelatinases and tissue inhibitor of 
matrix metalloproteinase-2. Am J Physiol, 273:663-
675.

470. Deryugina, E. I., Ratnikov, B. I., Postnova, T. I., 
Rozanov, D. V., and Strongin, A. Y., 2002, 
Processing of integrin alpha(v) subunit by 
membrane type 1 matrix metalloproteinase 
stimulates migration of breast carcinoma cells on 
vitronectin and enhances tyrosine phosphorylation of 
focal adhesion kinase. J Biol Chem, 277:9749-56. 

471. d'Ortho, M. P., Will, H., Atkinson, S., Butler, G., 
Messent, A., Gavrilovic, J., Smith, B., Timpl, R., 



126 Chapter 6

Zardi, L., and Murphy, G., 1997, Membrane-type 
matrix metalloproteinases 1 and 2 exhibit broad-
spectrum proteolytic capacities comparable to many 
matrix metalloproteinases. Eur J Biochem, 250:751-
757.

472. Morrison, C. J., Butler, G. S., Bigg, H. F., Roberts, 
C. R., Soloway, P. D., and Overall, C. M., 2001, 
Cellular activation of MMP-2 (gelatinase A) by 
MT2-MMP occurs via a TIMP-2-independent 
pathway. J Biol Chem, 276:47402-47410. 

473. Shofuda, K., Yasumitsu, H., Nishihashi, A., Miki, 
K., and Miyazaki, K., 1997, Expression of three 
membrane-type matrix metalloproteinases (MT-
MMPs) in rat vascular smooth muscle cells and 
characterization of MT3-MMPs with and without 
transmembrane domain. J Biol Chem, 272:9749-
9754.

474. Wang, Y., Johnson, A. R., Ye, Q. Z., and Dyer, R. 
D., 1999, Catalytic activities and substrate 
specificity of the human membrane type 4 matrix 
metalloproteinase catalytic domain. J Biol Chem, 
274:33043-33049.

475. Stracke, J. O., Fosang, A. J., Last, K., Mercuri, F. 
A., Pendas, A. M., Llano, E., Perris, R., Di Cesare, 
P. E., Murphy, G., and Knauper, V., 2000, Matrix 
metalloproteinases 19 and 20 cleave aggrecan and 
cartilage oligomeric matrix protein (COMP). FEBS 
Lett, 478:52-56. 

476. Yang, M., and Kurkinen, M., 1998, Cloning and 
characterization of a novel matrix metalloproteinase 
(MMP), CMMP, from chicken embryo fibroblasts. 
CMMP, Xenopus XMMP, and human MMP19 have 
a conserved unique cysteine in the catalytic domain. 
J Biol Chem, 273:17893-17900. 

477. Velasco, G., Cal, S., Merlos-Suarez, A., Ferrando, 
A. A., Alvarez, S., Nakano, A., Arribas, J., and 
Lopez-Otin, C., 2000, Human MT6-matrix 
metalloproteinase: identification, progelatinase A 
activation, and expression in brain tumors. Cancer 
Res, 60:877-882. 

478. de Coignac, A. B., Elson, G., Delneste, Y., 
Magistrelli, G., Jeannin, P., Aubry, J. P., Berthier, 
O., Schmitt, D., Bonnefoy, J. Y., and Gauchat, J. F., 
2000, Cloning of MMP-26. A novel matrilysin-like 
proteinase. Eur J Biochem, 267:3323-3329. 

479. Lohi, J., Wilson, C. L., Roby, J. D., and Parks, W. 
C., 2001, Epilysin, a novel human matrix 
metalloproteinase (MMP-28) expressed in testis and 
keratinocytes and in response to injury. J Biol Chem, 
276:10134-44.

480. Balbin, M., Fueyo, A., Knauper, V., Lopez, J. M., 
Alvarez, J., Sanchez, L. M., Quesada, V., Bordallo, 
J., Murphy, G., and Lopez-Otin, C., 2001, 
Identification and enzymatic characterization of two 
diverging murine counterparts of human interstitial 
collagenase (MMP-1) expressed at sites of embryo 
implantation. J Biol Chem, 276:10253-10262. 

481. Hahn-Dantona, E. A., Aimes, R. T., and Quigley, J. 
P., 2000, The isolation, characterization, and 
molecular cloning of a 75-kDa gelatinase B-like 
enzyme, a member of the matrix metalloproteinase 
(MMP) family. An avian enzyme that is MMP-9-
like in its cell expression pattern but diverges from 
mammalian gelatinase B in sequence and 
biochemical properties. J Biol Chem, 275:40827-
40838.



Chapter 7 

Role of Brain Microenvironment in Brain Metastases 
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Abstract: The development of brain metastasis portends a grave prognosis for patients with systemic cancer. Efforts to 
alter the course of this disease have been hampered by a poor understanding of the biology of the metastatic 
process. Recent insights into the biologic determinants of this process aided by advances in molecular 
biology and biotechnology have altered the basic concepts of our understanding of how cancer cells 
metastasize to distant organs. These findings have validated and extended the “seed and soil” hypothesis 
emphasizing a critical role for the microenvironment of the target organ in the development of metastatic 
lesions. The brain microenvironment has unique characteristics that distinguish it from other organs of the 
body. Hence, therapeutic strategies to target the interaction between the metastatic tumor cell and the brain 
require a clear understanding of the molecular and anatomic features that influence this process.  Recent 
studies have revealed an intricate and often facilitatory interaction between these elements of the brain 
metastatic process. These findings may allow the development of targeted therapies that in combination with 
therapeutic strategies against systemic malignancies hold promise to improve the prognosis of patients with 
brain metastases. 

Key words: Brain, metastasis, microenvironment, molecular mediators 

1. INTRODUCTION 

Brain metastases are the most common 
malignancies affecting the nervous system, and their 
incidence far outnumbers the incidence of primary 
brain tumors (1). In autopsy series, intracranial 
metastases (symptomatic or undetected) have been 
demonstrated in 24% of all cancer patients examined 
(2). The disease confers significant mortality and 
morbidity. Median survival from the time of 
detection is 4 weeks in the absence of therapeutic 
intervention(s), with death resulting from 
intracranial disease progression. (3, 4)  Even with 
advances in current treatments, the overall median 
survival remains in the range of 3-6 months. (5-7) 
The morbidity associated with brain metastases 
results from the progressive development of 
neurologic and systemic symptoms (8). Many 

therapeutic approaches have attempted to alter the 
course of the disease, but they have only minimally 
affected the overall course of the malignancy and the 
prognosis of the patient. The privileged status of the 
brain created by the blood–brain barrier (BBB), the 
co-existence of progressive systemic and intracranial 
disease that can obscure morbidity due to brain 
disease, and the limited understanding of the biology 
of metastatic disease processes have hindered the 
development of meaningful therapeutic advances.  
Understanding the biology of the metastatic process 
has in part been limited by difficulties in obtaining 
brain metastatic tumor tissue, which would enable 
researchers to study the determinants underlying the 
biologic behavior of brain metastases. There is also a 
paucity of investigators whose preclinical and 
translational studies are predominantly focused on 
understanding the brain metastatic process. In 
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addition, most clinical trials of new anticancer 
agents in humans exclude from enrollment patients 
with brain metastases, which precludes appreciation 
of the effects of the agents being assessed against 
this disease process. Although in some malignancies 
the occurrence of brain metastasis is an early event, 
possibly due to intrinsic biologic characteristics of 
the primary tumor, in most cases, the appearance of 
metastatic lesions in the brain occurs only in the late 
stages of disease. The progressive increase in overall 
tumor burden overwhelms natural biologic 
boundaries that normally insulate the brain from 
such events.  Because of the overlapping effects of 
systemic and intracranial disease, clinical trial 
designs are required to be increasingly complex and 
the outcomes are difficult to measure. Furthermore, 
recent advances in molecular pharmacotherapeutics 
and biotechnology have been translated into 
improved control of the underlying systemic disease, 
making it increasingly likely that disease sheltered in 
protected sites such as the brain could become a 
more relevant determinant of patient prognosis than 
the primary disease.  It is thus imperative to gain 
insights into the biology of brain metastasis so that 
new and rational therapeutic approaches can be 
developed for controlling this disease. 

2. EVOLUTION IN THE CONCEPTS 

OF THE METASTATIC PROCESS 

The initial concept was that metastasis develops 
from tumor cells that are shed from a primary lesion 
into the circulation, followed by passive transfer of 
the cells until they are arrested in the capillaries of 
target organs where they establish new disease foci 
(9). It is possible that in the past the lack of effective 
treatments resulted in uncontrolled disease 
progression, which rapidly increased the overall 
disease burden. In such a setting, widespread 
metastases are common and organ selectivity may be 
less apparent. Generally, these lesions localize to the 
gray-white matter junction, most frequently in 
watershed regions of the brain’s blood supply (10, 
11). This pathologic pattern of distribution is 
invoked to support the common notion that the 
spread of brain metastases is primarily hematogenic.  
However, more than a century ago, it was observed 

that the occurrence of metastases did not follow 
simple rules based on anatomy or blood supply. The 
inference was that factors critical to the development 
of metastases were related to the tissue of origin as 
well as to the target tissue (12). For brain metastases, 
this idea evolved into the intriguing theory that not 
only are specific cells in the primary tumor primed 
to metastasize to the brain but that there may also be 
cooperation between metastatic tumor cells and the 
brain microenvironment that helps to establish 
metastatic tumor foci in the brain. This concept has 
been strengthened by the observation that some 
malignancies have a higher predilection than others 
to metastasize to the brain. It is now well accepted 
that brain metastatic disease is the result of several 
combined factors, including the tissue of origin of 
the primary tumor, biologic factors related to the 
phenotype of the involved tumor cells, and the brain 
microenvironment. Together, these factors strongly 
influence host tissue-tumor cell interactions, and 
anatomic and physiologic mediators that regulate the 
transport and physical arrest of metastatic cells. A 
better understanding of the biology of this process 
has opened the door for developing targeted 
therapeutic interventions, an area of interest that has 
been intensively investigated in recent years.  This 
chapter is an overview of some of the recent 
advances in the field of brain tumor metastasis, with 
reference to the various molecular factors relevant to 
this process, and it also examines how a better 
understanding of these factors is helping in the effort 
to conceptualize and develop novel therapeutic 
approaches for more effectively managing brain 
metastases.  

3. THE BRAIN 

MICROENVIRONMENT – 

RELEVANCE TO METASTASIS 

Based on the concept that “the distribution of the 
secondary growths is not a matter of chance”, 
Stephen Paget proposed a “seed and soil” 
hypothesis, which suggested that intrinsic 
characteristics of both the metastasizing cells and the 
host tissue were critical to the establishment and 
advancement of metastatic disease (12).  Clinical 
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observation supports the concept that malignancies 
have a predilection to metastasize to specific target 
organs and that the number and frequency of 
occurrence of such lesions vary widely among 
individuals. Importantly, the distribution of 
metastatic lesions in various organs in the body is 
not proportional either to their total vasculature or 
total endothelial surface area.  These observations 
suggest the existence of specific intercellular 
interactions due to the biology of the involved tumor 
cells as well as from the “readiness” of the 
microenvironment in the target organ to “receive” 
these cells. Preclinical studies of the interactions 
between tumor cells and their microenvironment 
support this mutual dependence between individual 
cells and individual physiologic environments. Such
early concepts evolved into a more comprehensive 
view of the metastatic process, which now 
incorporates mechanical factors such as blood flow 
sludging, platelet-related interactions, physiologic 

factors such as hemodynamic changes, pH 
regulation, oxygen concentration, and metabolic 
demand, biologic factors such as expression of 
adhesion molecules and receptors in the target 
organ, and molecular characteristics of metastatic 
tumor cells related to their intrinsic biology and their 
tissue of origin. Despite the apparently 
insurmountable nature of these complex interactions 
for developing therapeutic approaches, insights into 
the biology of the metastatic process are facilitating 
the development of targeted approaches to treatment.   

4. THE BRAIN 

MICROENVIRONMENT-

STRUCTURAL AND FUNCTIONAL 

CONSIDERATIONS

Overview. As is true for metastatic disease in 
general, metastases to the brain are influenced by the 
anatomy and physiology of the target organ. The 
lymphatic system that places a significant role in 
metastasis in other organs is absent in the brain.  
Direct extension of tumor into the brain from 
adjacent structures is an unusual occurrence. When 
it occurs, it often results in compression and 
displacement of the brain rather than infiltration. 

Thus, most metastatic cells reach the brain through 
its rich blood supply via extensive capillary beds 
that serve areas of high metabolic activity. The 
subset of these cells that form tumor foci in the brain 
traverse the microvasculature and eventually arrest 
in the terminal branches of the small capillaries 
supplying the brain by various physiologic and 
molecular mechanisms discussed in detail later in 
this section. The cells traverse the vascular 
endothelium, cross the blood–brain barrier, and 
migrate by following specific microenvironmental 
cues that determine the final site of tumor growth. In 
brain, tumor cells proliferate to form a nidus that 
continuously interacts with the brain 
microenvironment. The small metastatic mass 
continues to proliferate until it reaches a critical 
mass beyond which its oxygen requirement cannot 
be sustained by diffusion and leads to progressive 
hypoxia. Cells susceptible to these insults may 
perish whereas others resort to anaerobic 
metabolism, resulting in the generation of acidosis 
and, subsequently, necrosis. These events generate 
angiogenic signals that promote the growth and 
establishment of a fresh network of collateral blood 
vessels, which then supply the mass. This event 
triggers renewed proliferation in the tumor and 
changes in vascular permeability. The resultant 
extensive edema eventually causes displacement, 
infiltration and local destruction of the brain tissue. 
Clinical symptoms ensue because of these local 
effects, declaring the presence of the metastatic 
lesion.  

Vasculature of the Brain.  The blood supply to 
the brain is derived from the “anterior’” circulation 
comprised of the two internal carotid arteries, and 
the “posterior” circulation formed by the two 
vertebral arteries that communicate at the base of the 
brain via the circle of Willis and divide into 
numerous branches within the brain. The middle 
cerebral arteries supplies the frontoparietotemporal 
regions and the anterior cerebral arteries supply the 
medial frontoparietal of the brain above the 
tentorium; the vertebral arteries, on the other hand, 
enter the posterior fossa, supplying the brainstem 
and cerebellum as well as parts of the parieto-
occipital and medial temporal regions of the brain. 
The main arteries enter the subarachnoid space and 
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branch extensively, forming rich anastamoses at the 
pial surface before forming pial vessels and 
arterioles that penetrate the brain substance. These 
long and medullary arteries traverse through the 
cortex and penetrate the subjacent white matter 
without inter-communication, thus forming small 
independent vascular systems within the cortex. The 
terminal branches of these blood vessels are the 
capillaries (< 10µm in diameter) that form a rich 
network of anastamoses in the white matter (13).  It 
has been estimated that the surface area of the brain 
microvasculature is approximately 100 cm2 per gram 
of tissue (14).  Subcortical arteries that enter the 
white matter coil, loop and spiral in large 
adventitious spaces, giving off few neocortical 
branches, and dispersing within the white matter. 
These loops may have areas of turbid flow and 
potentially function as mechanical traps for 
circulating tumor cells (15). After numerous 
anastamoses become established among capillaries 
within the substance of the brain, draining venules 
and veins form. These subsequently converge into 
cerebral venous sinuses that exit the brain via the 
jugular veins.  In addition to the anatomic features 

described above, the brain microvasculature is 
subject to elaborate physiologic controls based on 
local metabolic demands and is capable of 
modulating flow in response to such stimuli. 

The Blood–Brain Barrier.  The endothelium 
lining the blood vessels forms the first, and possibly 
the most significant, barrier that a metastatic cell 
encounters upon entering the nervous system. The 
BBB refers to the highly specialized boundary 
between blood and the brain substance and is 
composed primarily of nonleaky-type tight junctions 
between capillary endothelial cells. These junctions 
are reinforced by pericytes, astrocytic foot 
processes, and joint basal laminae. These 
components function together as a complex filtering 
mechanism that mechanically restricts large 
molecules, infectious agents, and cells from 
infiltrating the substance of the brain. In addition, 
this system dynamically controls the entry of diverse 
molecules, drugs or toxins through receptor systems, 
specialized channels, and via other poorly 
understood active filtering processes. 

Figure 1. Ultrastructure of the Blood-Brain Barrier.
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The molecular composition of the BBB is not 
fully understood but recent studies have provided 
insights into the specialized nature of the molecular 
architecture and dynamics of this unique barrier 
(Figure 1). The endothelial cells, which are the main 
cellular component of the BBB, have characteristic 
intercellular regions of apposing contact called tight 
junctions (zona occludens) that are relatively 
specific to the BBB and provide regions of high 
electric resistance that result in low permeability 
(16). By their presence in the apical (luminal) 
regions of the endothelial cell-cell contact zone, they 
form a continuous paracellular barrier, sealing the 
endothelial surface and forming the most restrictive 
element of the BBB. They are composed of a 
complex combination of proteins, including several 
transmembrane proteins such as claudin, occludin, 
and junctional adhesion molecules (JAM) that are 
organized around an actin cytoskeletal matrix (17, 
18). Being located in the apical regions of the 
intercellular clefts towards the luminal surface of the 
endothelial cell, these proteins can interact with 
various adhesion molecules present in circulating 
cells, and regulate adhesion and migration of 
leukocytes, platelets and possibly tumor cells. On 
the intracellular side, the transmembrane proteins in 
turn intimately interact with the cytoskeletal 
proteins, including actin filaments and several 
accessory cytoplasmic proteins such as zona 
occludens-1and 2 (ZO-1 and ZO-2) proteins, 
cingulin, 7H6, Rap and AF-6 proteins, which are 
organized around scaffolding proteins (19). In 
addition to these structural considerations, it is 
known that phosphorylation of the transmembrane 
and accessory proteins can rapidly regulate tight 
junction function and hence affect permeability 
across the BBB. For example, phosphorylation and 
de-phosphorylation of claudin changes the structural 
integrity of the tight junction, usually improving the 
assembly of the junction. It has also been noted that 
tyrosine phosphorylation of existing tight junction 
proteins can decrease occludin expression, leading to 
increased permeability (20). Conversely, in mature 
junctions and well-formed cell-cell contacts, there is 
reduced tyrosine phosphorylation of proteins 
involved in cell-to-cell contact (21). These 
regulatory processes are important in modifying the 
integrity of the BBB and putatively influence its 

interaction with components in the blood such as 
metastatic tumor cells.   

Under physiologic conditions, cellular 
components of the blood cannot traverse the brain 
microvascular endothelium.  However, pathologic 
alterations of the BBB can break down its barrier 
functions, allowing proinflammatory mediators, 
such as reactive oxygen species and cytokines, to 
induce upregulation of surface adhesion molecules 
such as PECAM-1, E-selectin, and ICAM-1. More 
adhesive properties are thus activated on the 
endothelial surface so that circulating cells, 
including malignant cells, are able to adhere to these 
surfaces. The concept that cancer triggers an 
inflammatory reaction in the brain in response to 
injury is also pertinent to this issue (22). If this idea 
is correct, cell complexes composed of tumor cells 
and activated platelets can arrest in the brain 
microvasculature and induce the release of 
cytokines. This, in turn, can initiate an injury 
reaction, which can facilitate the entry of tumor cells 
into the brain.   In addition, endothelial cell growth 
factors can regulate tight junction components, 
causing alterations in BBB permeability.  The 
vascular endothelial growth factor, fibroblast growth 
factor, tumor necrosis factor, interleukins, and 
interferons are some of the proteins that are 
commonly associated with malignancies and that 
can affect the BBB. These observations highlight the 
fact that the BBB is an intricate and tightly regulated 
structure that can be influenced by various factors 
that may be involved in the malignant process. Of 
particular relevance, malignant cells have to adhere 
to and transgress the endothelium of the brain before 
they can establish a metastatic focus, making this 
event a critical step in the metastatic process.   

The Brain Interstitium and Initial Growth of 

the Metastatic Focus.  Metastatic brain lesions have 
a predilection to localize to the junction between the 
gray and white matter (11). This region of the brain 
coincides with the vascular border zone where blood 
vessels form whorls and loops that are believed to 
produce hemodynamic circumstances that favor the 
adhesion of metastatic cells. Although there is 
evidence of migration and invasion of tumor cells 
once the initial nidus is formed, radiologic and 
histopathologic data support the fact that most 
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metastatic lesions occur as spherical masses that 
grow locally at the initial site of tumor foci arrest in 
the brain. Recent studies also support the theory that 
tumor cells can adhere to the vascular endothelium 
and proliferate within the blood vessel, forming 
tumor masses even prior to entry into the 
parenchyma of target organs, including the brain 
(23). Following this event, the tumor cells physically 
disrupt the BBB, allowing cellular entry into the 
parenchyma where a larger tumor focus is 
established through secondary growth. 
Conjecturally, such a mechanism could also activate 
cell signaling pathways associated with injury and 
inflammation. This activated cascade induces 
degradation of local tissue and expression of 
molecules that promote the processes of migration of 
tumor cells into the brain substance, subsequent 
local invasion, and the initiation of angiogenesis. It 
is also known that tumor cells can interact with 
platelets, forming cellular aggregates that can adhere 
to the endothelium of capillaries (24, 25).  If such 
aggregates induce regional ischemia is uncertain, but 
plausible. Metastatic lesions often present with high 
signal on diffusion-weighted MRI images, a fact that 
is attributed to edema and related “T2 shine-
through.” However, these regions could also 
potentially indicate the existence of small areas of 
local ischemia at the point where tumor cells lodge 
within the small capillaries. If aggregates such as 
these are able to enter the deep, penetrating branches 
of the cerebral circulation and induce ischemia, yet 
another mechanism is available for creating 
alterations in the BBB and producing a route of 
entry for tumor cells into the brain.  Supporting this 
possibility, Doi et al. showed that experimentally 
induced ischemia can increase the number of 
metastatic lesions in the liver from colon cancer in 
association with an increase in E-selectin expression 
(26). Other studies using the same ischemia model 
have shown that tumor cells overexpressing 
Galectin-3, a β-galactoside binding protein, 
efficiently form metastatic liver lesions compared 
with control tumor cells (27). Although these 
mechanisms are theoretically plausible as 
influencing the formation of brain metastases, a 
survey of the literature reveals few studies directed 
towards explicating these putative mechanisms. 

Hence, their relevance to the establishment of brain 
metastases remains to be determined.  

Once the metastatic cell traverses the 
endothelium, it enters the brain interstitium, a 
complex but poorly understood environment in 
which subsequent tumor growth occurs. Sulfated 
matrix proteoglycans, composed predominantly of 
heparan sulfate and to a lesser extent, chondroitin 
and dermatan sulfates, form a major constituent of 
the brain extracellular matrix (ECM). Proteoglycans 
intimately interact with and are subject to 
degradation by invading metastatic tumor cells. In 
vitro studies using brain metastatic melanoma cells 
and brain endothelial cells have shown that these 
two cell populations can cooperate in producing 
heparanase, a degradative enzyme which cleaves 
heparan sulfate, and in concert foster local break 
down of the architecture of the brain matrix (28). 
Similarly, astrocytes can interact with metastatic 
melanoma cells and induce heparanase production, 
again promoting matrix degradation (29). Marchetti 
et al. showed that the increased production of 
heparanase was mediated by the interaction between 
neurotrophins such as NGF and NT-3 produced by 
normal cells within the brain and the low affinity 
neurotrophin receptor, p75NTR, which is expressed 
by invading tumor cells (30). Other important 
matrix-degrading proteins such as 
metalloproteinases have also been strongly 
implicated as participating in local invasion of 
metastatic lesions. In a study by Okada, MMP-2 and 
MT1-MMP expression was localized to the tumor 
cells and gelatinolytic activity was seen within nests 
of metastatic carcinoma cells by in situ zymography, 
strongly suggesting a role for these processes in 
local degradation of the ECM (31).  

In addition to remodeling of the brain ECM by 
invading metastatic cells, the establishment of the 
initial tumor focus requires the recruitment of 
autocrine and paracrine signals, including various 
growth factors, into the regional environment. Our 
knowledge of these events is mainly derived from 
studies of brain metastases from melanoma in which 
tumor cells were shown to elaborate various factors 
such as TGF-α, TGF-β, βFGF and IL-1β. These 
factors are postulated not only to keep tumor cells 
alive by autocrine and paracrine mechanisms but 
also to induce the production of heparanase, which 
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contributes to matrix degradation (32).  It has also 
been shown that a paracrine form of transferrin may 
play a role in establishing brain metastases, 
particularly because brain-metastatic cells express 
high levels of transferrin receptors, which can bind 
low levels of transferrin in the brain parenchyma and 
initiate biologic changes such as increased invasion 
and proliferation (33). Given that in experimental 
models, most tumor cells extravasate but only a few 
cells are able to survive and establish larger tumor 
foci (34), factors that promote tumor survival 
become highly significant in the development of 
brain metastases.  

5. THE RELEVANCE OF TUMOR 

SPECIFIC FACTORS 

There is sufficient evidence to show that the 
process of metastasis occurs in distinct stages (Table 
1), each of which presents a substantial barrier for 
the metastatic cell that it must sequentially overcome 
before establishing itself in the target tissue (35). 
The complexity of this process is marked by discrete 
hurdles that must be overcome by metastatic cells 
before they can survive and grow in the host tissue. 
This process highlights the important fact that cells 
that are destined to survive form a special 
subpopulation within the primary tumor that 
possesses intrinsic properties used to facilitate their 

survival (36). Accordingly, some tumors are 
believed to incorporate cells with intrinsic 
characteristics that allow them to metastasize to the 
brain, whereas others do not possess cells with these 
characteristics.  Several elegant studies have shown 
that the metastatic process is governed at each step 
by pathologic molecular interactions. To establish a 
metastatic focus, these interactions mimic normally 
occurring physiologic contacts, resulting in the 
abnormal recruitment of molecular mediators that 
are normally involved in physiologic cell-to-cell 
interaction and that generate cell survival and 
proliferation signals. The degree of production and 
recruitment of such molecules is likely a defining 
characteristic of tumor cells with metastatic 
potential. By analyzing the rate-limiting steps in the 
various stages of metastases, several molecules have 
been identified that appear to be indispensable to 
tumor cells for establishing a remote malignant 
focus. The role of molecules necessary to 
promulgate metastasis may be conveniently 
considered in relation to the various stages of the 
metastatic process and may be categorized based on 
their normal physiologic functions in the body, such 
as adhesion, invasion, angiogenesis, and 
proliferation. The following sections outline the 
mediators of these molecular events that are critical 
for the metastatic process once a tumor cell has 
reached the brain. 

Table 1. Brain Metastasis: Stages in development. 
Stage Role of Host tissue

Intravasation from primary site
Transit via blood circulation Adhesion to platelets
Host Tissue phase

Adherence to brain endothelium Facilitation of adhesion
Extravasation Production of degradative enzymes
Primary growth phase Neurotrophin interaction
Recruitment of blood supply Response of brain vasculature
Secondary growth phase Blood supply
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6. MOLECULAR MEDIATORS OF 

METASTASIS

6.1 Mediators of Adhesion  

Overview.  A circulating tumor cell exhibits its 
organ specificity when it adheres to the endothelium 
of a target organ (37). Thus, the arrival of a tumor 
cell into the brain via the cerebral vasculature and its 
adherence to the vessel walls signals the first step of 
a direct interaction between the metastatic cell and 
the brain. This step is partly due to a physical arrest 
of the cell governed by mechanical and 
hemodynamic factors operant in the 
microvasculature of the target organ (38). Equally 
important in metastatic localization is the adherence 
of the metastatic cell to an endothelial cell via 
molecular interactions between the tumor cell and 
the subendothelial ECM (39). Continuous blood 
flow in the blood vessels of the central nervous 
system generates considerable shear forces and is a 
potent inhibitor of the adhesion of cells in the 
vascular component, including those derived from 
malignancies. To overcome these forces, a 
metastatic cell utilizes specific and robust molecular 
mechanisms involving adhesion molecules (Figure 2 
A). In vivo studies using endothelial cell monolayers 
in mice demonstrated the specificity of interaction 
between tumor cells and the capillary endothelium.  
In this context it has been seen that tumor cells 
express cell adhesion molecules that are involved in 
normal physiologic adhesive interactions. Several 
such molecules have been implicated in the 
metastatic process, including intercellular adhesion 
molecule-1 (ICAM-1), vascular cellular adhesion 
molecule-1 (VCAM-1), epithelial cell adhesion 
molecule (EP-CAM) (40) and selectins, which 
constitute a family of cell-adhesion molecules 
including L-selectin/CD62L, E-selectin (CD62E), 

and P-selectin (CD62P) (41). These molecules are 
known to be involved in the interaction between 
cellular components of the blood stream such as 
leukocytes and the endothelial cells lining the 
vasculature, but have also attracted interest into the 
molecular mechanisms of the malignant process. 
Studies of these interactions not only provide a 
better understanding of tumor biology, but also are 
of particular interest from a therapeutic standpoint.  

In addition to the interaction between tumor cells 
and the endothelium, recent reports provide evidence 
that some metastatic cells may overexpress cell 
surface integrin receptors such as αVβ3 integrin that 
enables them to interact with integrins on platelet 
surfaces such as αIIbβ3 (42). This association 
results in the formation of microthrombi that 
promote cell stasis in regions of slower blood flow, 
enabling the tumor cell to establish contact with 
mediators of adhesion on the endothelium of the 
target organ (Figure 2 B). The interaction between 
cell surface integrin receptors and activated platelets 
requires a functionally activated subtype of αVβ3
integrin. The parental tumors in one study contained 
a subpopulation of cells which constitutively 
expressed activated αVβ3 integrin, suggesting that 
parental cells may be primed for the metastatic 
process if they achieve anchorage independence 
from the primary tumor (43, 44).  A similar 
interaction has been described between tumor cell 
surface heparin sulfate proteoglycans (HSPGs) and 
P-selectin on platelets, resulting in adhesion of 
platelets to the tumor cells (45).  In addition, an 
increased serum concentration of VCAM-1 was 
shown to be associated with locally advanced 
metastatic gastric cancer (46). Patients with these 
advanced cancers also had a significantly poor 
survival compared with patients who had normal 
levels of these molecules. 
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Figure 2. Mechanisms of adhesion of metastatic tumor cells to brain endothelium. A. Tumor cells express adhesion 
molecules on their surface, which interact with their respective receptors, B. tumor cells express molecules that promote 
adhesion to platelets and activate them to form microthrombi. The tumor-platelet complexes may lodge physically in the 
endothelium and the activated platelets may trigger changes in the blood-brain barrier that facilitate extravasation.

The specificity of interaction between tumor 
cells and specific organs such as the brain cannot be 
explained on the basis of general adhesion 
interactions alone because such interactions are 
likely to be physiologically active in several organs 
in a nonspecific way.  As such, it is likely that 
molecules are expressed in the brain endothelium 
that specifically interact with adhesion molecules on 
the tumor cell surface and enable target tissue-
specific adhesion of the cell as the first step in the 
process of metastasis.  Whether such adhesion is 
required for metastasis to occur is controversial.  A 
capacity for the adhesion and extravasation of tumor 
cells does not necessarily correlate with metastatic 
potential (47). However, it is clear that without 
adhesion and extravasation, even those cells destined 
to become metastatic will be unable to reach the 
target site. Adhesion interactions between tumor 
cells might, however, contribute to the overall load 
of tumor cells congregating in a specific metastatic 
site.  Although the adhesion interactions between 
endothelial cells and tumor cells are not the sole 
regulators of metastasis, the interaction is an 

important first step that allows entry of metastatic 
cells into the brain. 

Immunoglobulin-Like Cell Adhesion 

Molecules (CAMs). This family of adhesion 
molecules is characterized by their similarity to and 
evolutionary relationship with the immunoglobulin 
family (48). Several of these molecules have been 
postulated as playing a part in normal adhesion 
functions in the brain as well as in pathologic 
processes such as metastasis. Of these, the role of 
the neural cell adhesion molecule (NCAM) has been 
implicated in axonal growth and cell-cell 
interactions in the brain and the retina. NCAM is 
relevant to brain metastasis by virtue of the 
observation that it was constitutively expressed in 
melanoma cells isolated from brain metastatic 
lesions but not in tumors from other organs. Its 
expression in melanoma cells suggested that NCAM 
has a role as an immunoregulatory molecule during 
the formation of brain metastasis (49). NCAM is 
able to modulate metastasis by regulating tumor cell-
matrix adhesion interactions; inducing FGFR-4 
mediated signaling, which is responsible for 
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producing neurite outgrowth and matrix adhesion of 
tumor cells (50). Similarly, another adhesion 
molecule, intercellular cell adhesion molecule-1 
(ICAM-1) is found to be selectively expressed in 
metastatic melanoma cells (not by other malignant 
cell types) but not in the primary lesion (51). Under 
physiologic conditions, ICAM-1 is expressed at low 
levels in the endothelial cells of the brain 
microvasculature (52) and the molecule plays a 
significant role in cell migration across the BBB, 
particularly leukocyte infiltration associated with 
inflammatory processes. Elevated levels of soluble 
ICAM-1 have been found in several malignancies 
and are related to development of angiogenesis (53). 
One report showed that the levels of ICAM-1 
increased rapidly on the luminal surface of the 
endothelium when cell adhesion occurred and 
demonstrated an increased interaction with integrins 
as well as changes in protein phosphorylation and 
cytoskeletal reorganization Anti-CAM antibodies 
blocked the interaction between the tumor cell and 
endothelial cell. VEGF can upregulate ICAM-1 
expression through the PI-3 kinase/AKT pathway 
(54).  Blockage of the PI-3 kinase/Akt pathway with 
cell permeable inhibitors abolished this effect, 
suggesting that migratory events that might be 
controlled by this pathway, including interactions 
between metastatic cancer cells and the BBB, can 
potentially be disrupted. The role of CAMs in brain 
metastases is being further investigated and results 
of such studies will define the possibilities of 
therapeutically targeting these molecules. 

Integrins. Integrins are a large family of cell 
surface adhesion receptors that interact with diverse 
intra- and extracellular stimuli to promote cell-cell 
interactions and related biological processes (55).  
They occur as heterodimers consisting of α and β
subunits and exhibit a range of overlapping 
interactions with their ligands, which depend on the 
particular combination of subunits recruited (56). By 
virtue of their transmembrane position, they are 
capable of interacting externally with the ECM and 
internally with the cytoskeleton, thus providing a 
dynamic bridge for transmembrane communication 
between the cell and its environment. Upon 
interaction with ECM proteins via the Arg-Gly-Asp 
(RGD) motif, integrins cluster together at the point 

of contact and assemble cellular actin filaments, 
which results in the progressive, lateral recruitment 
of additional integrin molecules that combine to 
form the focal adhesions (56). In addition, integrins 
recruit several adaptor and signaling molecules, 
including focal adhesion kinase (FAK), src, Fyn, 
Talin, Vinculin and Paxillin (57). This activity 
results in the activation of the Ras, Rho and MAPK 
pathways, partly through the phosphatidyl inositol 3-
kinase pathway, resulting in a spectrum of signals 
that can impact motility, cell cycle control, cell 
survival and proliferation (58-60).  Of the integrin 
family members, the αv heterodimeric receptors 
form a distinct sub-family, which serve as 
vitronectin receptors (except αvβ6), share the 
property of recognition of the RGD-motif in their 
ligands, and are implicated in malignancies (61). 
The most studied of these molecules is the αvβ3
integrin, whose participation has been implicated in 
metastatic disease, and whose expression occurs in 
late stages of specific malignancies, including 
primary brain tumors (62). The αvβ3 integrin 
interacts with various substrates, thus enabling 
tumor cells that express it to adhere to different 
substrates and interact with them in diverse 
environments (63). Cells overexpressing αvβ3
integrins have an increased capacity to invade in 
Matrigel assays. Inducing the expression of this 
integrin in poorly invading cell lines increases their 
ability to invade. In addition, the interaction between 
αvβ3 integrin and the ECM has been identified as an 
important factor for the survival of endothelial cells 
in newly formed blood vessels (64).  VEGF-A can 
induce the expression and activation of αvβ3
integrins, thus providing one mechanism whereby 
tumor cells might recruit a blood supply locally and 
ensure the integrity of newly formed blood vessels 
(65). Wang et al. (66) demonstrated that circulating 
tumor cells express α3β1 integrins on their surface. 
These can interact with its ligand, LN-5, which in 
turn is expressed in areas of exposed basement 
membrane in the pulmonary vasculature, providing a 
molecular basis for occurrence of lung metastasis 
(66). Based on these data, small molecule inhibitors 
of integrins are currently in preclinical and early 
clinical testing against malignancies, including 
metastatic disease. One such agent is the cyclic 
RGD-motif peptide, Cilengitide (EMD121974), 
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which is a αvβ3 and αvβ5 integrin inhibitor (67). 
Cilengitide has recently completed phase I trials in 
humans and is entering phase II trials (68). Other 
agents of interest include Vitaxin, an anti-integrin 
humanized antibody that has entered clinical trials 
(69) and the RGD-peptidomimetic agents, S137 and 
S247, which can inhibit αvβ3, α5β1and
α2β3integrins and decreased colon cancer metastasis 
in animal models (70). 

Selectins. Selectins are a family of CAMs, 
which includes L-selectin (CD62L), E-selectin 
(CD62E) and P-selectin (CD62P), whose activities 
include mediating the capture of leukocytes from the 
blood stream as they reach the cerebrovascular 
endothelium. Selectins interact with vascular 
glycoproteins in the context of a carbohydrate 
structure called Sialyl Lewis x (SialylLex) (71).  In 
the setting of metastasis, breast and lung carcinoma 
cells express glycoprotein molecules that can 
function as ligands for P-selectin such as P-selectin 
glycoprotein ligand-1 (PSGL-1), and CD24. Also 
SialylLex is abundantly expressed on the surface of 
epithelial malignant cells. Similarly, epithelial cell 
cancers express heparan sulfate-like proteoglycans, 
which can also function as ligands for P- and E- 
selectins, thus suggesting their role in metastasis 
(72).  It has been suggested that these ligands 
interact with P-selectin that is expressed on 
circulating platelets, promoting the formation of a 
platelet aggregate around the tumor cell which not 
only protects it from the immune system but also 
facilitates impaction of the cells in small 
microcapillaries allowing adhesion to occur in the 
target tissue (44, 45, 73).  Such selectins might also 
permit interaction between the tumor cells and an 
activated endothelium that expresses E- or P-
selectins. The ability of heparin to inhibit metastasis 
in rodent models has been linked to its ability to 
inhibit P-selectin (74, 75). Several selectin inhibitors 
are currently in development against pathologic 
states other than cancer but are likely to be studied 
in the milieu of malignancies, especially metastases 
(76).

Tetraspanins. Tetraspanins constitute a 
superfamily of an evolutionarily conserved group of 
transmembrane proteins with four transmembrane 

domains and with surface domains that interact with 
various integrins and are implicated in the metastatic 
process (77, 78). α3β1 integrins can form complexes 
with tetraspanins that can control elongation of 
invading pseudopodia of tumor cells. These 
complexes have also been implicated in matrix 
metalloproteinase-2 (MMP-2) production, which is 
associated with tumor invasiveness (79).  
Tetraspanins act by modulating the actin 
cytoskeleton and assisting in degrading the 
surrounding ECM as the cancer cell advances 
through metastatic progression. By their prominent 
interactions with adhesion molecules such as 
integrins and with each other, they are involved in 
diverse processes such as cell activation and 
proliferation, adhesion and motility, differentiation, 
and tumorigenesis. However, their role in 
malignancy and metastasis is complex. Animal 
experiments have shown that expression of the 
tetraspanins CD9, CD63, or CD82 in tumor cells 
suppresses their metastatic potential (80, 81). In 
contrast, expression of CD151, which is expressed 
by cells with an epithelial and mesenchymal origin, 
increases invasion and the metastatic potential of 
tumor cells (82). CD151 forms stable complexes 
with the laminin-binding integrins α3β1, α6β1,
α6β4 and α7β1 and can also associate with 
intracellular signaling molecules such as PKC-α and 
PKCβII, and the type II PI-4-kinase. The formation 
of such complexes may be required for the 
coordination of signals that regulate cell adhesion 
and migration. They may hence have a postulated 
role in brain metastasis, which remains to be 
defined. Lee et al. recently identified KITENIN, a 
novel tetraspanin, which when overexpressed, 
resulted in increased invasiveness and early 
metastasis (83). Given that tetraspanins are also 
widely expressed in the central nervous system, 
additional studies are warranted to determine the 
relevance of these molecules to brain metastases. 

Focal adhesion kinase (FAK). FAK is a non-
receptor tyrosine kinase and is detected in molecular 
complexes associated with focal contacts in the 
process of cell-cell adhesion. It is activated by 
tyrosine phosphorylation when ligands like 
vitronectin or other matrix proteins bind to integrin 
receptors, and is frequently associated with an 
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invasive phenotype (84). FAK binds to specific 
motifs in the cytoplasmic tail of β integrins and 
undergoes tyrosine phosphorylation, an interaction 
that is facilitated by a docking protein, Cas, which is 
itself activated by tyrosine phosphorylation (85). 
Recently, increased tyrosine phosphorylation of Cas 
has been shown to correlate with increased integrin-
mediated cell migration in Cos cells (which are 
derived from the CV-1 cell line by transformation 
with a replication origin defective mutant of the 
SV40 virus). FAK is overexpressed in metastatic 
cells and is believed to contribute to the metastatic 
process by modulating invasion and motility (86). 
FAK is also expressed in cerebral metastases and 
has been found to interact with VEGF and nitric 
oxide signaling systems (87). VEGF increases the 
tyrosine phosphorylation of FAK and increases its 
localization to focal adhesions in endothelial cells 
(88), suggesting a complex interaction between 
angiogenesis signals and those that facilitate 
metastasis. In a recent study, Lu et al. reported that 
FAK is dephosphorylated in response to EGF 
treatment in human carcinomas that overexpress 
EGFR (89). This causes decreased activity of FAK, 
leading to the breakdown of focal adhesions and 
resulting in cells that become less adherent, more 
motile, and more prone to metastasis.  However, 
following the re-adhesion of cells, FAK activity is 
restored via the integrin receptor pathway and the 
cells lose their sensitivity to EGF. This could 
provide a mechanism for intravasation, 
reattachment, and extravasation of metastatic cells.  

6.2 Molecular mediators of Invasion and 

Angiogenesis 

Overview. Once the tumor cell has adhered to 
the endothelium, it activates various mechanisms to 
enable it to traverse the endothelium and enter the 
brain parenchyma. Subsequently, after initial 
proliferation, the cells invade the brain parenchyma 
locally and activate angiogenic signals to form the 
metastatic focus.  Although they are distinct biologic 
processes, invasion and angiogenesis share several 
common features and recruit the same molecular 
mediators. Molecules that participate in the process 
of angiogenesis include VEGF and its receptors, 
mediators of invasion such as matrix 

metalloproteinases (MMPs), urokinase plasminogen 
activator (uPA) and its receptor, and molecules 
involved in remodeling of ECM such as heparanase.  
A more detailed discussion regarding these 
molecules is presented in several reviews on this 
topic to which the reader is referred (90-93). 

Matrix metalloproteinases (MMPs): Matrix 
metalloproteinases are a family of endopeptidases 
that predominantly exist in an inactive zymogen 
form and contain an active domain and a catalytic 
domain, the activity of which is zinc-dependent (91). 
They are elaborated by tumor cells in response to 
extracellular stimuli, including those from the ECM. 
Based on the ECM proteins that they preferentially 
degrade, MMPs are classified into three large groups 
– collagenases, stromelysins, and gelatinases (94). 
Collagenases are MMPs that act against several 
specific types of collagen, cleaving the proteins at 
defined sites into simpler products, which undergo 
further processing by other MMPs. Stromelysins

form the second group of MMPs and are active in 
degrading various ECM substrates, including elastin, 
laminin, collagen and fibronectin. Gelatinases, the 
third class of MMPS, (also known as MMP-2 and 
MMP-9) are collagenases that have important roles 
in primary and metastatic brain tumor invasion, 
particularly because of their ability to induce 
degradation of the basement membrane (95). 

Urokinase-like plasminogen activator (uPA) 

and receptor (uPAR). The uPA/uPAR system has a 
significant role in degrading the ECM by 
plasminogen activation at the cell-surface and is 
hence highly relevant to the malignant process 
especially with respect to invasion and angiogenesis. 
Upon binding to the uPAR, uPA initiates cleavage of 
plasminogen to plasmin focusing the proteolytic 
activity to regions of the cell that highly express the 
receptor such as the leading edge of migrating cells 
(96). This helps focal degradation of the ECM in 
specific locations aiding directional migration and 
invasion of the tumor cell. The uPA/uPAR system 
also cooperates with MMPs in inducing target tissue 
remodeling and permitting migration and invasion of 
metastatic cells. In addition to its extracellular tissue 
effects, αVβ3 integrin, the vitronectin receptor, and 
uPAR influence each other’s expression and can 
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cooperate to induce adhesion and invasion (97). In 
glioma cells, downregulation of uPA resulted in 
reduced levels of phosphorylated PI3K and Akt, 
which are associated with decreased migration and 
invasion (98); this finding may also be relevant to 
brain metastatic cells.  Similarly, down-regulation of 
uPAR expression in human colon carcinoma cells 
results in disrupted interactions with integrins and 
inhibiting the Erk-MAPK pathway (99). These 
events result in decreased invasion and migration of 
tumor cells, suggesting that uPAR participates in 
mediating an intracellular signaling pathway in 
invasion and, hence, metastasis.   Thus, several lines 
of evidence suggest that the uPA/uPAR system is 
highly relevant to metastasis; structural analysis of 
the components of this system may allow targeted 
inhibition of this system as a therapeutic strategy 
against metastasis (100,101). 

Heparanase and Heparan Sulfate 

Proteoglycans. HSPGs are important components of 
the endothelial basement membrane but also 
associate with the ECM and the cell surface. They 
are glycosaminoglycans composed of a core protein 
with multiple covalently linked heparan sulfate 
chains (102). The breakdown of HSPGs in the 
basement membrane is a critical step in the 
extravasation of tumor cell into the target organs. 
Heparanase is an endoglycosidase that degrades the 
heparin sulfate chains of HSPGs, thus breaching the 
basement membrane (BM) (103). Heparanase 
activity is normally seen in platelets, leukocytes, and 
placental trophoblasts but has also been described in 
melanoma, lymphoma, and prostate cancer (104). 
Recently, Marchetti et al. reported that astrocytes 
produce heparanase and potentiate the invasion of 
metastatic melanoma cells derived from brain 
metastasis (29). It is likely that heparanases and 
HSPGs also play an important role in brain 
metastasis from other cancers and in a similar 
manner. 

Hypoxia-inducible factor 1 (HIF-1). HIF-1 is a 
basic-helix-loop-helix transcription factor that has 
essential roles in mammalian development and 
physiology. In its functional state, HIF-1 forms a 
heterodimer composed of HIF-1alpha and HIF-1beta 
subunits. The expression of HIF-1alpha is closely 

linked to cellular hypoxia and is regulated by tissue 
oxygen concentration (105). When the tissue growth 
reaches a state in which the cellular consumption of 
oxygen outstrips its supply, HIF-1 levels are 
upregulated. Under such hypoxic conditions, HIF-1-
regulated genes, including those for VEGF, 
erythropoietin, and enzymes of the glycolytic cycles, 
are actively transcribed. This facilitates improved 
oxygen delivery or adaptation of the cell to hypoxic 
conditions. The hypoxic environment in growing 
metastatic tumors induces the overexpression of 
HIF-1alpha, which activates adaptive mechanisms in 
the tumor and induces angiogenesis (106).  
Interestingly, HIF-1 is degraded by a mdm2-
mediated mechanism, which is regulated by p35. 
Loss of p53 (commonly seen in malignancies) 
results in the inability of the cell to degrade HIF-1 
through mdm2 (43). HIF-1 is essential for 
neovascularization in several metastatic cancers and 
plays an important role in tumor growth and 
survival.

Vascular Endothelial Growth Factor (VEGF). 

VEGF has been of particular interest in regard to 
BBB functions and, by extension, to the metastatic 
process. In a mouse model of brain metastasis from 
breast cancer, Kim et al. isolated a population of 
cells from brain metastatic lesions, which 
demonstrated an increased propensity for 
metastasizing to this organ (107). They observed 
that these cells secreted high levels of VEGF and 
that chemical inhibitors of VEGF caused a decrease 
in brain metastasis. The authors concluded that high 
VEGF levels contribute to the development of brain 
metastasis by tumor cells. VEGF also induces 
reorganization of vascular endothelial cadherin, an 
effect that is antagonized by the inhibition of PKC, 
Erk or eNOS.  VEGF also upregulates levels of 
ICAM-1 and the chemokine MIP-1 α in association 
with decreased association between astrocytic foot 
processes and the vascular endothelium, thus 
weakening the integrity of the BBB and increasing 
vascular permeability (108). Recent studies showed 
that the permeability of the BBB is increased in 
response to VEGF, a relationship that is mediated by 
eNOS (109). Relevant to these findings is the 
observation by Martinez-Estrada et al. that 
systemically administered erythropoetin can protect 
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against VEGF-induced increased permeability of the 
BBB by reducing the levels of eNOS and restoring 
the structural integrity of the tight junctions (110). 
Approaches similar to this may potentially provide a 
mechanism to inhibit the adhesion of metastatic cells 
to the brain endothelium, thus preventing 
development of brain metastases. 

Chemokines and their receptors. Tumor cell 
metastasis shares many characteristics of leukocyte 
trafficking in response to inflammatory and injury-
related signals. Among the molecules involved in 
this process, chemokines have emerged as key 
mediators of cell-cell interactions, which also appear 
to play a role in metastasis. Chemokines are a family 
of small, secreted molecules that function 
significantly in leukocyte trafficking, particularly in 
response to injury and inflammation, and also 
function as ligands to a set of chemokine receptors. 
They are divided into several families on the basis of 
their specific structures and the cysteine residue-
motifs in their peptide sequence as well as the 
specific receptors that they engage. Chemokine 
receptors are seven-transmembrane domain proteins 
belonging to the superfamily of G protein-coupled 
receptors, which are highly expressed on migrating 
cells. Upon ligand binding, the receptors signal 
integrins via protein kinase C and activate migration 
by modulating cytoskeletal components. Of the 
various families of chemokines the CXC family has 
been specifically associated with metastases and 
angiogenesis.  In breast cancer, SDF-1 (CXCL12), 
which serves as a ligand to the chemokine receptor 
CXCR4, is overexpressed compared with its 
expression in normal breast tissue (111).  In vitro 
studies using breast cancer cells showed that SDF-1 
stimulation caused PI3K activation, promoting 
survival signals and increased vascular permeability 
accompanying vascular instability. Interestingly, 
SDF-1-stimulated cells also showed increased 
migration and ability to penetrate brain 
microvascular endothelial cells; treatment with 
CXCR4-inhibiting antibodies or PI3K inhibitors 
abrogated this effect, suggesting a role for this 
chemokine receptor and the PI3K pathway in brain 
metastasis from breast cancer. Small molecule 
inhibitors against CXCR4 are currently in 
development in the hope that they will have the 

potential to be used as therapeutic agents against 
brain metastasis from breast cancer (112). 

7. MOLECULAR PROFILING OF THE 

PRIMARY TUMORS AND ITS 

RELEVANCE TO METASTASIS 

The theory that clonal selection is an underlying 
mechanism of tumorigenesis as well as of the 
evolution of tumor heterogeneity is now well 
accepted. Prevalent concepts that are thought to be 
relevant to metastasis propose that metastasis 
represents an overall process of genetic selection in 
which cells that eventually metastasize evolve 
during the later stages of the malignant process in a 
highly selective process (113). More recent evidence 
has suggested that the primary malignancy may 
contain cells that have the potential to metastasize to 
specific organs because of their inherent biologic 
characteristics rather than genetic selection. 
Presumably, such biologic characteristics would 
have to be predestined early in the evolution of the 
tumor so that biologic characteristics established in 
specific cells are triggered and allow the cells to 
interact with and survive in the target organ when 
metastasis occurs. Clearly, several other factors 
likely determine if these cells eventually reach target 
organs, including survival through primary 
therapies, detachment from the primary tumor focus, 
and ability to traverse the vascular compartment. It 
is important to emphasize that of the cells that are 
released from the primary malignancy and reach the 
brain, only those endowed with specific biologic 
characteristics can form metastases in that organ.  
Accordingly, it has been postulated that profiling the 
tumor as it exists in the primary site, either at 
diagnosis or at recurrence, could  potentially 
prognosticate the potential of a given tumor to form 
brain metastases.   

Comparing the molecular profiles of matched 
primary with brain-metastatic tumor tissue might 
reveal “signatures” in the latter that can provide 
clues to biologic characteristics that determine 
metastatic behavior. Weigelt et al. showed that the 
gene expression profiles of matched samples from 
primary breast cancer and metastatic lesions from 



7. Role of Brain Microenvironment in Brain Metastases 141

the breast, even if these were spawned or became 
apparent later in the course of the disease, were 
similar. The authors contended that this finding 
supported the concept that an inherent capacity to 
metastasize is a driving force behind metastasis 
rather than metastasis reflecting a process of 
individual genetic selection (114). Interestingly, 
these authors found that differences in 
microenvironment did not appear to affect this tissue 
similarity, pointing to a primary characteristic 
inherent in the tumor cell that causes it to 
metastasize and grow in a distant organ. The authors 
did not address the possibility that the cells could 
have metastasized early, remained dormant until 
favorable circumstances arose and thus established 
secondary foci later in the disease course. In another 
interesting study using infrared DNA spectra, Malins 
et al. compared the DNA base and backbone 
structure of histologically normal prostate tissue 
with matched prostate cancer tissue from patients 
with and without metastatic disease (115). Based on 
similarities between the DNA structure of 
histologically normal tissue and metastasizing 
primary tumor in matched samples, they suggested 
that the metastatic and primary phenotypes evolve 
independently, again suggesting the early emergence 
of cells with metastatic characteristics. They also 
found that histologically normal tissue from patients 
with metastasizing tumor had similar DNA 
structures and proposed that the metastatic potential 
was in progenitor cells, with metastatic features 
“hardwired” into the DNA.

Other investigators also demonstrated that cells 
that metastasized to specific organs bear 
characteristics that facilitate their localization to 
those specific organs and that these physiologic 
traits are distinct from the non-metastatic 
components of the primary tissue.  In breast cancer 
cells metastatic to the brain (but not in cells from 
primary tissue), Nishizuka et al. found that several 
cytokine receptors were upregulated that could 
respond to astrocyte-derived cytokines and 
hypothesized that the metastatic cells would thus be 
better suited to respond to paracrine signals from the 
brain microenvironment (116). A similar role has 
been suggested for neurotrophins expressed by 
metastatic cells in promoting invasion and 
responding to astrocyte-derived signals in the brain 

by autocrine and paracrine mechanisms (30).  It 
should be recognized that some of the differences in 
profiling studies could be due to the effect of the 
brain microenvironment on the tumor cell and not 
due to intrinsic properties of the tumor cell.  Thus, it 
would be equally important to identify molecular 
features in subpopulations of the primary tumor cells 
that are “destined” to metastasize; such features 
would also be present in the metastatic cells at all 
stages of the metastatic process. Target organ-
specific features present in metastatic cells would be 
absent in those primary tumors and metastatic cells 
that do not metastasize to the brain. Thus, 
comparative profiling between tumors that 
metastasize to the brain or those that fail to do so 
may help identify early molecular signatures that 
could guide patient selection as well as subsequent 
treatment.  Significant efforts are currently ongoing 
to systematically study the biologic profile and 
molecular alterations of brain metastasis that 
potentially dictate their clinical behavior. (22, 117-
119)

8. PREVENTION OF BRAIN 

METASTASIS BY MODIFICATION 

OF BIOLOGIC FACTORS – FROM 

BENCH TO BEDSIDE 

A better understanding of the multistep process 
of brain metastasis will allow the identification of 
rate limiting steps in this disease that may permit 
therapeutic intervention. For malignancies that 
manifest with brain metastases early in the course of 
the disease, such as lung cancer, primary prevention 
of brain involvement may be challenging because 
these cancers may often present with brain lesions. 
In such cases, inhibition of angiogenesis, invasion, 
and disruption of signals that arise from the brain 
microenvironment to facilitate tumor growth in 
association with treatment of the primary 
malignancies could be a reasonable strategy.  
Identification of biologic ‘Achilles heels’ common 
to both the primary and metastatic lesions may 
facilitate using the same agent or combination of 
agents to treat the disease in its different locations. 
The limitations of drug delivery to the brain and 
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variations in tissue pharmacology between the 
primary site and the metastatic lesions could, 
however, potentially heighten the challenge of this 
approach. Combining such techniques with radiation 
therapy (stereotactic or whole brain) could allow the 
dose of radiation used in radiation therapy to be 
reduced, reducing the risk of toxicity, while 
increasing targeted activity against the brain 
metastases.  

Malignancies that are associated with brain 
metastases late in the course of the disease will 
likely afford a better opportunity for primary 
prevention than earlier-occurring lesions. In such 
situations, clinical experience suggests that 
successful therapy of the primary disease does not 
ensure prevention of brain metastases, which may 
nevertheless appear later in the disease course in the 
absence of activity at the primary site.  Preventing 
metastases from occurring in this setting would 
presumably require continuous suppression of a 
combination of factors responsible not only for brain 
metastases, but also for other systemic metastases 
along with treatment of the primary disease.  Hence, 
identification of biologic factors that are universally 
common to metastases (such as those described in 
the sections above) but that are not involved in 
normal physiologic processes in adults may afford 
the best opportunity for this chemoprevention 
strategy.  When brain metastases occur in the face of 
widespread metastases and a high tumor burden, 
treatments that target biologic characteristics 
common to the entire disease process or those that 
impact the components of the disease process that 
are most relevant to patient prognosis may be 
appropriate targets for intervention.  

If it is true that a subpopulation of cells in the 
primary tumor is destined to metastasize and that the 
other cells do not evolve into such a metastatic 
phenotype, treatments that can target and eliminate 
such cells in the primary tumor early in the course of 
the disease may eliminate the possibility of 
metastases and obviate the need for chronic therapy.  
These approaches require a precise and 
comprehensive understanding of the molecular 
factors that determine biologic characteristics in the 
primary and metastatic tumors.  In this context, 
ongoing studies using preclinical models, 
translational approaches and comprehensive 

profiling of primary and metastatic tissue will 
undoubtedly provide the basis for rational 
therapeutic approaches; in addition, active 
collaboration between industry, academia and 
government will be needed to focus attention on 
metastatic disease process as a priority area in the 
fight against cancer. 
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Influence of the Bone Microenvironment on Breast Cancer 

Metastasis to Bone 
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Abstract: Cancer patients do not generally die as a direct consequence of the primary tumour, but due to the formation 
of secondary tumours – metastases – that arise during tumour progression. Bone metastases are a common 
complication in patients with advanced breast and prostate cancer. Once established, bone metastases cause 
intractable pain, hypocalcaemia, spinal cord compression and bone frailty. The mechanisms regulating site-
specific metastasis are not well understood despite being the focus of research for over a century. However, 
it is becoming clear that the microenvironment at the secondary tumour site contributes to metastatic 
progression by regulating the properties of metastatic cells. The stromal microenvironment provides an 
opportunistic niche in which circulating tumour cells can evade the immune system and be refractory to 
conventional therapies. A better understanding of tumour-stroma interactions may identify critical factors 
regulating metastatic progression and lead to the development of stromal therapies for breast and other 
malignancies. Here, the evidence implicating stromal factors in the metastasis of breast tumours to bone will 
be reviewed. 

Key words: Bone metastasis, breast cancer, animal model, microenvironment, TGF- , stromal therapy 

1. METASTATIC PROGRESSION 

Metastasis is a dynamic process consisting of a 
series of interrelated events, each involving 
interactions between the tumour cell and the tissue 
specific microenvironment of the host. Each stage 
needs to be completed to produce a secondary 
tumour. A primary tumour cannot grow beyond 
1mm3 without an adequate blood supply (1). In 
hypoxic conditions, tumour cells hijack normal 
growth processes by inducing the expression of 
several cytokines, pro-angiogenic factors and growth 
factors within the microenvironment (2, 3). Having 
established a vascular network, tumour cells invade 
the surrounding stroma and intravasate into the 
circulation. This requires the recruitment of active 
proteolytic enzymes including matrix 

metalloproteinases (MMPs), the serine proteases 
urokinase (uPA) and tissue plasminogen activator 
(tPA), plasmin and thrombin into the invading front 
of the tumour (4, 5). Most proteases are actually 
expressed by the host and are activated by the 
presence of tumour cells (6). Proteolytic degradation 
of the extracellular matrix (ECM) enhances tumour 
progression by releasing entrapped growth factors 
and revealing cryptic adhesive binding sites. 
Integrins can bind to these adhesive sites and 
activate intracellular signalling cascades that 
promote cellular division, motility and invasion (7, 
8). Whilst in circulation, tumour cells must survive 
anoikis and vasculature turbulence, prior to arresting 
in the capillary bed of a distant organ. The tumour 
cells must then extravasate from the circulation and 
successfully colonize the secondary organ, an event 
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that requires the cell to survive and re-initiate 
proliferative activity. If these pre-metastatic lesions 
successfully evade the immune response of the host 
and attract a new blood supply, they will establish as 
clinically relevant metastatic lesions. Further, 
growing metastases can shed tumour cells into the 
circulation and initiate the development of other 
metastatic lesions, a phenomenon known as 
metastasis of metastases (9, 10). 

Metastasis is a highly inefficient process. A 
tumour cell that is incapable of completing any of 
one of these events will fail to produce a clinically 
relevant lesion. Hence, each step of the metastatic 
process is a potential therapeutic target, with some 
steps being more rate limiting than others (11). For 
instance, studies using in vivo video microscopy of 
tumour cells have shown that 80% of melanoma 
cells arrest in the liver after injection into the 
superior mesenteric vein but only a fraction (0.02%) 
of them form overt metastases (12). Similarly, RT-
PCR based assays for tumour cell markers have been 
utilized to detect micrometastases in the bone 
marrow of 25-70% of patients with common 
malignancies, including those tumour types that do 
not generally form bone metastases (reviewed in 
(13)). Collectively, these data suggest that although 
metastatic spread to specific sites such as bone is 
relatively efficient, it is the ability of the tumour cell 
to survive, proliferate and establish in the secondary 
site that is rate limiting. As with earlier steps in 
metastasis, factors within the microenvironment of 
the secondary site play a dominant role in 
subsequent growth of the metastatic nodule (11). 

It is known that different tumour types have 
tissue specific metastatic patterns. Breast cancer 
cells commonly metastasize to the lymph nodes, 
lung, liver and bone. Such specific spread of tumour 
cells was originally observed by Steven Paget in 
1889, who coined the “seed and the soil” hypothesis 
(14). This hypothesis stated that for breast tumour 
cells (the “seed”) to spread to distant tissues (the 
“soils”) the microenvironment of the organ must be 
congenial to their growth. More recent studies have 
shown that bone complications arising from breast 
cancer occur in approximately 70% of patients (15). 

Current hypotheses point to the function, structural 
composition and stromal-tumour cell interactions 
within bone that aid colonization by metastatic cells 
(13, 16, 17). 

2. REGULATION OF NORMAL BONE 

REMODELLING

Bone is a dynamic organ, undergoing constant 
remodelling involving active destruction and re-
synthesis of the bone matrix. Within normal adult 
bone, homeostatic mechanisms maintain the balance 
between the bone forming osteoblasts and the bone 
resorbing osteoclasts (Figure 1). 

Osteoblasts arise from mesenchymal 
osteoprogenitor cells (reviewed in (18)). During 
development, these cells secrete a complex mixture 
of growth factors and ECM proteins into the 
surrounding bone microenvironment (bone matrix) 
before they either apoptose or terminally 
differentiate into osteocytes (the cellular component 
of hardened bone). The majority of bone matrix 
protein consists of type I collagen fibres (85-90%), 
which provide structural support for the 
mineralisation of bone (19). The remaining 10-15% 
consists of proteoglycans, -carboxylated (gla) 
proteins, cell adhesive proteins and growth factors. 
A large number of adhesive proteins found in bone 
contain RGD (Arg-Gly-Asp) motifs (17); examples 
of these are type I collagen, bone sialoprotein, 
fibronectin, laminin-10, osteopontin, 
thrombospondin and vitronectin. The RGD motif is 
a well-characterized binding site for several 
adhesion receptors of the integrin family and, 
depending on substrate- receptor context, can 
regulate cellular motility, invasion and growth (20). 
Osteoblasts also secrete growth factors into the bone 
matrix, including transforming growth factor-β
(TGF-β), insulin-like growth factors (IGFs), 
fibroblast growth factors (FGFs), interleukins, 
platelet derived growth factor (PDGF) and bone 
morphogenic proteins (BMPs) (21), (22).  
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Figure 1. A model of normal bone remodelling. Bone is continually being remodelled, a process that requires interactions 
of bone forming osteoblasts with bone resorbing osteoclasts. Osteoclastogenesis occurs as a result of the interaction of bone 
marrow precursor cells, osteoblasts and bone marrow stromal cells with a multitude of growth factors, hormones and 
cytokines that alter the expression of key osteoclastogeneic factors RANK, RANKL, OPG and M-CSF. Active osteoclasts 
resorb bone and subsequently release growth factors including TGF-β, which attenuates osteoclastogenesis by increasing 
osteoblast proliferation and decreasing osteoclast activity. 

These growth factors remain latent in the bone 
matrix but can be released and activated upon 
proteolytic degradation of the bone. FGF, PDGF, 
TGF-β and several BMPs have been reported to 
enhance the differentiation and growth of osteoblasts 
(reviewed in (23)). Thus, release of these factors 
from the bone matrix provides a feedback 
mechanism to promote bone formation and attenuate 
bone resorption. 

Osteoclasts are differentiated cells arising from 
the monocyte-macrophage lineage. The primary role 
of the osteoclast is to resorb bone. Activated 
osteoclasts are recruited to the bone surface and 
attach through interactions with the αvβ3 integrin 
receptor (24). This interaction is crucial in the bone 
remodelling process as β3 integrin knockout mice 
develop osteosclerosis due to the lack of functional 

osteoclasts (25). Osteoclasts acidify the local 
microenvironment at the bone-osteoclast interface 
(“resorption zone”) and secrete several proteases 
such as MMPs and cathepsins B, L, K and S, which 
are used to degrade components of the ECM. The 
most abundant protease expressed by osteoclasts is 
cathepsin K which targets type I collagen (26, 27). 
Whilst cathepsin K seems to be the prevalent 
protease in solubilisation of the bone matrix, several 
MMPs have also been implicated in the proteolysis 
of bone (reviewed in (28)). Interestingly, osteoclast 
secreted MMPs – MMP-9, MMP-10, MMP-12 and 
MMP-14 – do not contribute significantly to bone 
degradation, whilst MMP-13, an osteoblast secreted 
MMP with collagenase activity, can be recruited into 
the resorption zone and degrade bone (29, 30). In 
addition to bone proteolysis, several MMPs have 
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been implicated in the regulation of osteoclast 
signalling, migration and invasion (28). 

Osteoclastogenesis, the development of mature 
osteoclasts, is a process that is tightly regulated 
through a complex network of cytokines and 
receptor interactions within the bone stroma (Figure 
1). In particular, stromal expression of macrophage 
colony-stimulating factor (M-CSF) and the receptor 
activator of NF B ligand (RANKL) are necessary 
and sufficient to induce osteoclastogenesis in vivo

and in vitro (31). M-CSF, through binding to its 
receptor c-Fms, acts as a survival factor for 
osteoclast precursor cells allowing them to respond 
to inducers of osteoclastogenesis. Expression of 
membrane bound RANKL is induced in stromal 
cells and osteoblasts by various stimuli, including 
parathyroid hormone (PTH), PTH related protein 
(PTHrP), calcitriol, tumour necrosis factor-α (TNF-
α), glucocorticoids, prostaglandin E2 (PGE2),
interleukin-1 (IL-1), interleukin-11 (IL-11), thyroid 
hormone, fibroblast growth factor-2 (FGF-2) and 
insulin like growth factor-1 (IGF-1) (32). Binding of 
RANKL to its membrane receptor RANK on 
osteoclast precursors activates inhibitor of NF B
kinase (IKK), c-Jun N-terminal kinase (JNK), p38, 
extracellular signal-regulated kinase (ERK) and Src 
signalling pathways that cooperate to induce the 
differentiation of haematopoietic progenitors into 
mature osteoclasts (31). Mice with homozygous 
deletions in either RANKL or RANK have no 
functional osteoclasts and develop severe 
osteopetrosis (33, 34), demonstrating the critical 
importance of the RANKL/RANK interaction in 
osteoclastogenesis. 

Osteoprotegerin (OPG), a member of the tumour 
necrosis factor receptor superfamily, is secreted by 
osteoblasts and other bone stromal cells and 
suppresses osteoclastogenesis by competing with 
RANK for RANKL binding (35, 36). Consistent 
with this, OPG deficient mice exhibit decreased 
bone density due to increased osteoclast activity 
(37). The regulation of RANKL and OPG are 
intertwined as evidenced by factors such as IL-11, 
PTHrP and PGE2 that increase RANKL but suppress 
OPG expression (32). Conversely, active TGF-β
released during osteolysis stimulates 
osteoblastogenesis and attenuates osteoclastogenesis 

by increasing OPG and suppressing RANKL 
expression (38, 39). 

Any perturbation of the delicate balance between 
osteoblast mediated bone formation and osteoclast 
mediated bone resorption is likely to impinge on 
normal bone turnover, resulting in enhanced bone 
degradation or formation. Tumour cells homing to 
bone cause an imbalance in osteoblast-osteoclast 
regulation to promote their survival and proliferation 
in this organ. 

3. MODELLING THE PROCESS OF 

BREAST CANCER METASTASIS 

TO BONE 

The development of improved animal models of 
metastasis has increased our understanding of the 
molecular mechanisms that regulate the colonization 
of breast cancer cells in bone. An excellent review 
on the current models of tumour metastasis to bone 
is available (40). In 1988, a mouse model was 
described in which melanoma established in bone 
following the inoculation of cells into the arterial 
circulation of immunocompromised mice (41). Since 
its conception, this model has been extensively used 
and has provided much insight in the mechanisms of 
metastatic colonization of bone by several tumour 
lines including breast (42-46). A further advance 
came from the development of a syngeneic mouse 
model that can spontaneously metastasize to bone 
following inoculation into the mammary fat pad (43, 
47). In this model, the 4T1.2 tumour line produces 
spontaneous lung and osteolytic bone lesions 
following the inoculation of as few as 1000 cells into 
the mammary gland (Figure 2). The model is 
invaluable for studies of metastatic progression as it 
mimics both early and late stages of human breast 
cancer metastasis to bone. We are currently utilizing 
cDNA array profiling of this model and functional 
analysis to identify genes that are associated with 
metastatic progression. The model allows the 
contribution of both the stromal and tumour cell 
compartments in bone to be assessed. 
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Figure 2. Cytokeratin 18 expression identifies bone metastases following growth of the 4T1.2 primary tumour in the 
mammary fat pad. These bone lesions are highly osteolytic, as indicated by the presence of osteoclasts (arrows;TRAP 
positive cells identified on an adjacent section) and the fracturing of the cortical bone. B = cortical bone, Tu = tumour cells.
Scale bar; 100µm or 20µm (inset). 

4. CHEMOKINE MEDIATED 

TUMOUR CELL HOMING TO 

BONE

The selectivity of metastatic cells for certain 
tissues is dictated, in part, by the spectrum of surface 
receptor molecules expressed on the cancer cell and 
by the presence of complementary ligands at the 
secondary site. When disseminating tumour cells 
arrive in bone they arrest in the small endothelium-
lined venous sinusoids. These sinusoids are 
fenestrated and lack a basement membrane, making 
them highly permeable and permissive for the 
removal of metabolic waste or cellular migration 
into the organ. In fact, Muller et al. (2001) proposed 
that the metastatic dissemination of breast tumour 
cells is akin to the normal trafficking of leukocytes 
from the bloodstream into and out of target organs – 
a process that is critically regulated by chemokines 
and their receptors. Metastatic breast cancer cells, 
malignant tumours and metastatic nodules express 
high levels of the chemokine receptors CXCR4 and 
CCR7 compared to normal mammary epithelium. 
The ligands for these receptors, SDF-1  (CXCR4) 
and 6Ckine (CCR7), are expressed abundantly in 

tissues to which breast cancer metastasizes most 
avidly, namely lung, lymph node, liver and bone. 
The role of these receptors in breast tumour homing 
to bone is supported by the observation that 
neutralizing antibodies directed against CXCR4 
inhibit in vitro migration of MDA-MB-231 cells 
towards a chemotactic gradient of SDF-1 .
Similarly, neutralizing antibodies to CXCR4 inhibit 
experimental and spontaneous lung metastases 
derived from MDA-MB-231 tumours in SCID mice 
(48). Although the role of CXCR4/SDF-1  in 
metastasis to bone was not analysed, other studies 
have shown that SDF-1  signalling through CXCR4 
stimulates transendothelial migration of prostate 
cancer cells (49). Collectively, these results 
implicate a potential ‘homing’ mechanism for the 
attraction of metastatic breast tumours to bone. 

5. INTEGRIN MEDIATED TUMOUR 

CELL ADHESION IN BONE 

Attachment to the vasculature and subsequent 
extravasation from the blood stream requires 
integrin-mediated tumour cell adhesion to 
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endothelial ECM components. Integrins are 
membrane bound receptors that function as 
heterodimers of  and  subunits. Combinations of 
and  subunits confer substrate and signalling 
specificity (50) and several pairings including α2β1,
α6β1, α6β4 and αvβ3 have been extensively studied in 
breast cancer metastasis (see reviews (51-53)). The 

v 3 integrin is of particular interest, as it is 
frequently upregulated during metastatic progression 
and is a receptor for several ECM proteins 
commonly found in bone including fibronectin, 
osteopontin, bone sialoprotein and vitronectin (8, 
50). Engagement of integrin v 3 to fibronectin or 
vitronectin in vitro modulates several intracellular 
signalling pathways involving Rho GTPases, FAK, 
Src and PKC, leading to cytoskeletal changes and 
enhanced motility (54-56). Clinically, high v 3

integrin expression in primary breast cancers is 
correlated with a greater metastatic potential and the 
development of skeletal metastases (57). Further 
evidence for the role of tumour-associated v 3

integrin in metastasis comes from studies 
demonstrating that MDA-MB-435 cells selected for 
high levels of activated v 3 integrin display an 
enhanced ability to form spontaneous bone and lung 
metastases following orthotopic injection in mice 
(58). Integrin v 3 may play multiple roles during 
the metastatic spread of breast tumours to bone and 
appears to be required for the interaction of tumour 
cells with platelets and subsequent aggregation in 
thrombi and arrest in distant capillaries (58, 59). It 
has been demonstrated that v 3 integrin can recruit 
and activate local MMPs (MMP-2 and MMP-9, for 
instance) thereby facilitating ECM degradation and 
cellular migration (60, 61) and potentially enhancing 
the extravasation of tumour cells into bone. 

6. TYPES OF BONE METASTASES 

Bone metastases can be categorized into three 
distinct phenotypes: osteolytic (bone resorbing), 
osteoblastic (bone forming) and mixed lesions 
containing elements of both (62). In patients with 
advanced breast cancer, the majority of bone lesions 
are osteolytic, while approximately 15-30% are 
osteoblastic, and 5% have mixed lesions (62, 63). In 
contrast, patients with advanced prostate cancer 

generally develop osteoblastic lesions. These 
phenotypes reflect the perturbation of normal bone 
remodelling processes by the presence of tumour 
cells. Interestingly, secondary bone formation is 
observed in osteolytic lesions formed by breast 
tumour cells and some bone resorption occurs in 
osteoblastic metastases (62, 64). This suggests that 
the pathology of each type of lesion is not static, 
rather, the observed phenotype in each metastatic 
lesion results from a shift in the dynamic 
equilibrium of normal bone remodelling. 

7. OSTEOLYTIC BONE METASTASIS 

Breast tumour lines such as MDA-MB-231, 
MDA-MB-435 and 4T1.2 are responsive to growth 
factors found in bone and promote their release from 
bone by activating osteolytic mechanisms. The 
‘vicious cycle’ theory describes the special 
predilection of breast tumours to metastasize to bone 
(65) by proposing that dual paracrine feedback 
mechanisms operate between the tumour and bone 
stromal cells, leading to the uncoupling of 
osteoblast-osteoclast signalling, resorption of bone 
and amplification of metastatic tumour growth 
(Figure 3). 

Although tumour cells have been implicated in 
the direct resorption of bone in vitro (66), the 
majority of bone degradation in vivo is mediated by 
activated osteoclasts (67). Osteoclasts regulate the 
activity of several proteolytic factors, including 
cathepsins, uPA and MMPs, which degrade the bone 
matrix and release and activate several growth 
factors from mineralised bone such as TGF-β (68, 
69). TGF-β has been shown to elicit diverse 
responses in bone including cellular proliferation, 
ECM deposition, protease production, angiogenesis 
and suppression of immune surveillance (70-72). 
Although TGF-  inhibits the proliferation of normal 
mammary epithelium and delays the development of 
primary breast tumours (73, 74), it appears to 
promote the establishment of epithelial tumour cells 
in bone. Experimental MDA-MB-231 metastasis to 
bone is reduced when cells are made insensitive to 
the action of TGF-  by transfection of a dominant-
negative TGF-  type II receptor (T RII) (75). 
Furthermore, metastases derived from this TGF-β
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insensitive cell line are less osteolytic and fewer 
activated osteoclasts are observed compared to the 
parental cell line. Transfection of a constitutively 
active TGF-  type I receptor in these cells restored 
the osteolytic phenotype. 

Further reports have shown that TGF-  leads to 
altered gene expression in breast cancer cells by 
activating SMAD and p38 MAPK pathways (76). 
Several TGF-  responsive genes have been 
implicated in the development of osteolytic 
metastases. These include TNF-α, PTHrP, IL-11 and 
IL-6 (77-79). As described above, PTHrP and IL-11 
stimulate osteoclastogenesis in normal bone by 
elevating RANKL and suppressing OPG expression 
in osteoblasts. This leads to the release of matrix-
associated growth factors that further enhance 
osteoclastogenesis and tumour cell growth (Figure 
3).

PTHrP is expressed in 50-70% of primary breast 
carcinomas (80, 81) but its expression is markedly 
elevated in bone metastases (82). Whilst PTHrP 
expression in the primary tumour is associated with 
improved survival and reduced metastasis (81), in 
bone it has the potential to be induced in tumour 
cells by the bone microenvironment and thereby 
promote tumour growth in bone. This has been 
demonstrated in an experimental bone metastasis 
assay using MDA-MB-231 cells (44). Furthermore, 
increased expression of PTHrP in MCF7 cells 
(which were weakly osteolytic in this study), 
promoted experimental bone metastatic lesions with 
an enhanced osteolytic phenotype (83). The use of 
neutralizing PTHrP antibodies for the treatment of 
osteolytic bone disease is currently under clinical 
investigation (67). 

IL-6 and IL-11 are multifunctional cytokines that 
can enhance osteoclastogenesis and bone resorption 
in bone organ cultures (84), through mechanisms 
that increase RANKL/RANK signalling and inhibit 
osteoblast calcification (79, 84). Although IL-6 and 
IL-11 bind to separate receptors, both cytokines 
transduce signals through the gp130 receptor. 
Signalling through the gp130 receptor in osteoblasts 
is critical for the induction of osteoclastogenesis, as 
neutralizing antibodies to this receptor inhibit the 
formation of active osteoclasts in bone organ 
cultures (85). The expression of IL-11 is upregulated 
in tumour cells upon TGF-  stimulation and in 

osteoblasts upon PTHrP or TGF-β stimulation (77, 
79). IL-11 also acts in an autocrine manner to induce 
PGE2 expression in osteoblasts (77). PGE2

potentiates osteoclast activation by further 
increasing RANKL expression, while suppressing 
the inhibitory factors OPG and granulocyte-
macrophage colony stimulating factor (GM-CSF) in 
stromal cells (77, 86). 

A recent study utilized microarray profiling to 
identify genes that are causal to the establishment of 
breast tumours in bone (46). Several genes relating 
to bone colonization efficiency were identified by 
expression profiling of parental MDA-MB-231 cells 
and bone metastatic variants isolated from bone after 
intracardiac inoculation. Among the genes identified 
were osteopontin (OPN), CXCR4, IL-11 and 
connective tissue growth factor (CTGF), all of 
which were expressed at higher levels in the bone 
metastatic variants. Although expression of any one 
of these four genes in parental MDA-MB-231 cells 
produced little, if any change in metastatic potential, 
co-expression of two or more enhanced the ability of 
the cells to colonize bone. Using chromatin 
immunoprecipitation assays, they demonstrated that 
induction of IL-11 and CTGF expression resulted 
from activation of the TGF- /Smad signalling 
pathway in the tumour cells. Consistent with this, 
the expression of IL-11 and CTGF could be induced 
by treatment of MDA-MB-231 cells with TGF-β
(46).

Genes identified in this study may constitute 
novel therapeutic targets for metastatic bone disease. 
CTGF is an extracellular matrix protein that has 
been implicated in bone remodelling and 
angiogenesis (reviewed in (87)). By binding to 
cytokines in the bone matrix, CTGF can modulate 
cellular signalling. CTGF binds to both BMP4 (a 
known inducer of bone formation) and TGF-β and 
antagonizes the former but promotes the signalling 
of the latter (88). Through suppression of BMP4 and 
induction of TGF-β signalling, CTGF could 
potentially be involved in the vicious cycle of 
osteolytic bone metastases. Collectively, these 
studies show that successful bone metastasis 
requires the coordinated action of multiple paracrine 
pathways, in which TGF-β signalling plays a central 
role by altering the bone microenvironment and 
promoting the growth of the metastatic lesion. 
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Figure 3. Interactions between tumour cells and the bone microenvironment. Breast tumour cells disrupt the homeostatic
mechanisms that regulate normal bone remodelling, leading to morphological changes in bone structure and enhanced release
of bone derived cytokines that aid the growth and establishment of the tumour cell. Lesions can be osteoblastic, leading to
increased bone deposition (left side of diagram) or osteolytic, leading to bone loss (right side of diagram).
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8. OSTEOBLASTIC METASTASIS 

Osteoblastic metastases are less common in 
breast cancer but are well documented in metastatic 
prostate cancer. The mechanisms responsible for the 
formation of osteoblastic metastases in both types of 
cancers are poorly understood. Recently, this area of 
research has been strengthened by the development 
of new models of breast cancer with associated 
osteoblastic metastases. 

MCF-7 cells expressing the Neu oncogene 
(MCF-7/Neu) produce overt osteoblastic bone 
metastases (with ectopic sites of active osteolysis) 
and high plasma levels of PDGF-BB after arterial 
inoculation of cells into nude mice (64). PDGF-BB 
is a potent osteotrophic factor expressed by 
osteoblasts, osteoclasts and aggregated platelets 
(89). Introduction of antisense DNA or neutralizing 
antibodies reduced PDGF-BB levels in vivo and 
subsequently decreased metastatic burden in bone. 
Furthermore, overexpression of PDGF-BB in 
osteolytic MDA-MB-231 cells resulted in the 
formation of mixed osteolytic/osteoblastic lesions in 

vivo. Comparisons of PDGF-BB transfected MDA-
MB-231 cells and control cells showed no difference 
in PTHrP levels, which may account for the 
observed mixed phenotype. Interestingly, PDGF-BB 
can induce IL-6 expression in osteoblasts (90) and 
can directly activate osteoclasts in vitro (91), which 
could potentially explain the partial-osteolytic nature 
of the MCF-7/Neu cells. A mechanism for the 
formation of osteoblastic metastases by PDGF-BB 
expressing tumour cells has not been elucidated in 

vivo, however bone stromal cells express PDGF-BB 
receptors and signalling through these receptors 
could disrupt osteoblast-osteoclast homeostasis in 
favour of enhanced bone growth. 

Three breast tumour lines (MCF-7, T47D and 
ZR-75-1) have been reported recently to produce 
osteoblastic metastases after intracardiac inoculation 
in nude mice (92). In these tumour lines, endothelin-
1 (ET-1) was found to be the secreted factor that was 
causal for the formation of osteoblastic metastases. 
Endothelin-1 regulates angiogenesis, osteoblast 
proliferation and activity in vitro and is elevated in 

the serum of patients with advanced prostate cancer 
(93-95). ET-1 can act via two receptors, ETA or ETB,
which are expressed in bone stromal cells. In vivo

studies in the model described by Yin et al., 
demonstrated that blockade of the ETA receptor 
prevented the ability of ZR-75-1 but not MDA-MB-
231 tumour cells to colonize bone (92). 

Several bone-derived growth factors including 
IL-1β, TNF-  and TGF-  can increase ET-1 in PC3 
cells in vitro (96). Hence, it is plausible that the 
‘vicious cycle’ theory proposed for the mechanism 
of osteolytic bone destruction by breast cancer cells 
may also hold true for the establishment of 
osteoblastic bone lesions. In this case, ET-1 
stimulates osteoblast activity, which enriches the 
local microenvironment with growth factors that 
induce tumour growth and subsequent expression of 
ET-1 (Figure 3). A dual role for TGF-β for the 
establishment of either osteolytic or osteoblastic 
metastases would be most intriguing, however a 
causal role for TGF-β in the formation of ET-1 
induced osteoblastic breast cancer metastases 
remains to be established. 

9. BONE STROMAL THERAPY FOR 

METASTATIC BREAST CANCER 

The interaction between breast tumour cells and 
the host stroma is critical for the successful 
formation of bone lesions. Since the events that lead 
to bone resorption and to the release of factors from 
bone can contribute to survival and establishment of 
tumour cells in bone, therapies designed to target the 
mechanisms of osteoclastogenesis may prove to be 
effective. Over the last decade, several therapeutic 
approaches that target stromal-tumour interactions 
including proteolytic inhibitors, inhibitors of 
osteoclastogenesis and compounds that disrupt the 
action of breast tumours in bone have been 
developed (Table 1). 
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Table 4 . Bone stroma targeted compounds currently in use or under investigation as inhibitors of bone metastases. 

Bisphosphonates, based on their affinity for 
calcium ions, have a high avidity for mineralised 
bone (97). When released by osteolysis, 
bisphosphonates are readily absorbed by the 
osteoclast, resulting in altered metabolism and 
induction of apoptosis (98). In Phase III clinical 
trials zoledronic acid, a nitrogen containing 
bisphosphonate, has shown efficacy in reducing 
skeletal morbidity in patients with bone metastatic 
tumours (99, 100). Zoledronic acid inhibits the 
formation of mature osteoclasts by preventing the 
fusion of osteoclast precursors, most likely through 
the disruption of RANKL/RANK signalling (98, 
101). It also displays direct anti-tumour effects by 
inducing apoptosis, inhibiting breast cancer cell 
invasion and reducing angiogenesis in vitro (102).

Reduced tumour-induced bone destruction can 
also be achieved by disruption of RANKL/RANK 
signalling through the administration of monoclonal 
antibodies to RANKL, recombinant OPG or RANK-
Fc fusion proteins. These proteins compete with 
RANK for RANKL binding, effectively reducing 
osteoclastic bone resorption in several pre-clinical 
models (103-105). Initial clinical trials of 
recombinant OPG administration in patients with 
advanced breast cancer have produced promising 
results. The agent is well tolerated and suppresses 
bone resorption to a similar extent as pamidronate 
(106). Although shown to be an effective suppressor 
of tumour induced osteolysis in experimental models 
of myeloma (ARH-77 cells) and prostate cancer 
(LNCap cells) (105, 107), RANK-Fc is yet to be 
tested in models of breast cancer. 

Tumour expressed integrin receptors that interact 
with components of the bone extracellular matrix 
offer another therapeutic target. Using β3 knockout 
mice Bakewell et al., demonstrated that 3 integrin is 

crucial for tumour cell adhesion to platelets and 
entry into the bone marrow and suggest that drugs 
designed to target platelet αIIβ3 integrin may be a 
promising antimetastatic therapy (108). The v 3

integrin or downstream components of its signalling 
pathway are also attractive targets, since v 3

integrin expression is not widespread but is elevated 
in bone metastatic tumours, activated osteoclasts and 
angiogenic vessels (17). Soluble collagen type I 
fragments effectively inhibit the adhesion of tumour 
cells to bone (109). Similarly, neutralizing 
antibodies to 2, 3, 5, V, 1, 3, and 5 integrin 
subunits inhibit the in vitro adhesion of breast 
tumour cells to bone matrix (109, 110). Furthermore, 
neutralizing antibodies to v 3 and v 5 integrins 
disrupt tumour angiogenesis, migration and 
proliferation of breast cancer cells (8, 111). Specific 
peptide inhibitors to αvβ3 integrin prevent osteoclast 
mediated bone resorption in vitro and bone loss in an 
in vivo model of osteoporosis (112). Collectively, 
these studies support the use of integrin inhibitors to 
block the development of osteolytic lesions, 
however this strategy is yet to be tested in 
metastasis-associated bone resorption in vivo.

The recent development of pre-clinical models 
of osteoblastic metastasis have already made an 
impact on therapeutic interventions that target the 
bone stroma (92). As described previously, blocking 
the interaction of the osteoblastic factor such as ET-
1 through the use of drugs targeting the ETA

receptor, reduced osteopetrosis and metastatic 
burden. Interestingly, targeting of the ETB receptor 
did not inhibit osteoblastic bone metastases in this 
model, suggesting that the action of ET-1 to induce 
osteoblastic bone lesions is specific to the ETA

receptor.
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In summary, the successful establishment of 
metastatic bone tumours requires complementary 
interactions between the tumour cells and the local 
microenvironment. Bone is a rich source of several 
stimulatory factors that are released after proteolysis 
of the bone matrix. In particular, TGF-β appears to 
play a critical role in the establishment of a vicious 
cycle of tumour growth in bone (Figure 3). Current 
therapeutics aim to inhibit the known interactions 
between the bone stroma and tumour cells that 
induce osteotrophic bone lesions. To date, only a 
handful of genes that drive tumour growth in bone 
have been identified. Studies on the TGF-β
signalling axis in breast cancer metastasis clearly 
demonstrate how a locally produced cytokine can 
aid in the establishment of bone metastases. 
However, it is likely that several other cytokines 
including BMPs, interleukins and IGFs are also 
important but their role in breast cancer metastasis to 
bone will require further investigation. 
Implementation of gene expression profiling on 
clinically relevant models of breast cancer 
metastasis to bone will aid in the identification of 
novel genes required for the formation of bone 
metastatic lesions. These may prove to be relevant 
therapeutic targets and lead to the development of 
improved treatments for metastatic breast cancer. 
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Interaction of Tumour with Host Stroma in Hepatocellular 

Carcinoma
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Abstract: Hepatocellular cancer has been observed to progress in distinct morphological patterns: expanding or 
infiltrating, and these are ultimately associated with clinical outcomes. Tumor encapsulation is a particular 
morphological phenomenon that has attracted attention because of potential insights to be gained about 
tumor and stromal interactions. Much of the current knowledge of the biology of liver stroma comes from 
the study of cirrhosis, which is a form of chronic wound healing, and most hepatocellular cancers develop on 
a background of hepatic cirrhosis. Hepatic stellate cells and myofibroblasts are responsible for extracellular 
matrix turnover in the liver, and are responsible for the collagen in and around encapsulated tumors. Since 
encapsulated tumors have a better prognosis than non-encapsulated tumors, it has been proposed that 
encapsulation is a host response to the presence of the tumor, a kind of host defense mechanism. It is 
unlikely to be as simple as this, since the presence of the capsule may reflect inherently attenuated invasive 
properties of the tumor. This chapter reviews the interactions between hepatocellular cancer and hepatic 
stroma, and reveals a complex model of tumor-host stromal interactions, that may yet translate to 
opportunities for therapeutic benefit. 

Key words: Hepatocellular cancer, cirrhosis, hepatic stellate cells, myofibroblasts, Encapsulation, Liver ECM, MMPs, 
collogen, Fibronectin, Integrins, tumour-host interactions, vitamin A 

1. INTRODUCTION 

Hepatocellular carcinoma (HCC) is of interest 
not only as a major cause of cancer mortality 
worldwide, but because it provides a unique model 
to study tumor growth in a symmetrical three 
dimensional matrix. Since Eggel’s morphological 
classification in 1901, it has been recognised that 
HCC progresses in one of several different patterns, 
two of the most important being an expanding mode 
or an infiltrating mode (1). Not surprisingly, the 
mode of progression has a bearing on the clinical 
outcome, including the prognosis without treatment, 
and the likelihood and speed of recurrence after 
surgical resection. Advances in laboratory 

techniques have given insights to the cellular and 
molecular basis of these grossly visible variations in 
tumour behaviour. Interactions between tumor cells 
and host stroma, both cellular and extracellular 
matrix (ECM) appear to play a central role in 
determining tumor behaviour in HCC. Although 
considered in isolation here, interactions between 
tumor and stroma also impinge on pathways 
controlling angiogenesis, apoptosis, and other 
processes considered elsewhere in this volume.  

One morphological pattern, encapsulation, has 
attracted particular attention. Okuda et al (2)
originally described a subset of tumors (10% of 
patients) with capsules ranging in thickness from 2 
to 10mm, associated exclusively in that series with 
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advanced cirrhosis. Later series have generally 
broadened the definition to include expanding 
tumors with any discrete fibrous capsule discernible 
on light microscopy, and virtually all have linked the 
presence of a tumor capsule with either decreased 
recurrence following resection, better disease-free 
survival, or improved overall survival (3-15).  

Two interrelated questions immediately follow: 
how is the substance of the tumor capsule formed, 
and why is its presence associated with a less 
aggressive phenotype? Some answers are to be 
found in the biology of ECM and its cellular sources 
in the liver. 

2. EXTRACELLULAR MATRIX OF 

THE LIVER 

As in most tissues, ECM in the liver is much 
more than a simple framework for parenchymal 
cells. ECM components, arranged in precisely 
defined three-dimensional relationships, act as 
signposts for cell adhesion, migration, 
differentiation, polarisation and apoptosis of cells 
(16). A simple illustration of this is the behaviour of 
hepatocytes grown in vitro. Hepatocytes cultured on 
typical polystyrene adhere and proliferate poorly, 
undergoing apoptosis within a few days. If the 
culture surface is pre-coated with type I collagen, 
hepatocytes attach well and proliferate, but 
expression of albumin and other liver-specific 
proteins is quickly lost. Retained expression of these 
proteins in cell culture is dependent on attachment to 
basement membrane-type ECM components.  

A detailed description of the distribution of ECM 
within the liver is beyond the scope of this chapter, 
and the reader is referred to reviews of this subject 
and of ECM biology in general (17, 18). Much of 
the current knowledge of liver ECM is derived from 
work on liver fibrosis and cirrhosis. Within normal 
liver parenchyma, ECM is found in three main 
distributions: portal tracts, central veins/venules, and 
the perisinusoidal space of Disse. The composition 
of portal tracts and central vein supporting stroma is 
similar to that of large vascular structures elsewhere. 
The supporting interstitium consists mostly of 
fibrillar collagens (mostly I and III (19)), with 
smaller amounts of collagen V, VI, fibronectin, 

elastin, and many others (20). Type IV (basement 
membrane) collagen is found in its typical 
subendothelial location along with associated 
basement membrane glycoproteins including 
laminin, nidogen/entactin and fibulin (18).  

In contrast, the perisinusoidal space of Disse has 
ultrastructural and molecular characteristics unique 
to the liver. Lying between the sinusoidal 
endothelial cells and hepatocytes, it is not empty, but 
consists of a loose conglomeration of various ECM 
components typically 1µm thick (21). Hepatic 
stellate cells (HSC), Kupffer cells, and pit cells are 
found within the space of Disse, with HSC and their 
processes surrounding all sinusoids. Although 
collagen IV and other basement membrane proteins 
(laminin, perlecan, nidogen/entactin) are identifiable 
on immunohistochemistry, a continuous basement 
membrane as seen lining capillaries of most other 
organs is not seen (in common with spleen, lymph 
nodes, and bone marrow) (20). Fibrillar collagens (I, 
III and V) are also important components, forming a 
loose but cohesive “cable” system continuous with 
both portal tract and central space at either end of 
the sinusoid (20). Various other ECM molecules are 
present in smaller amounts (collagens VI, XIV, 
fibronectin, decorin, tenascin-C among them (17)). 
This loose matrix, in combination with 
discontinuous endothelium (up to 40% of the 
sinusoid is devoid of endothelium), facilitates 
exchange of macromolecules between sinusoidal 
blood and hepatocytes.  

The integrin family of cell surface molecules is 
central to many aspects of cell behaviour in the liver 
(17). Through these (and other) transmembrane 
receptors, the ECM binding of all liver cells feeds 
into pathways controlling polarisation, proliferation, 
apoptosis, differentiation, and normal function. 
Thus, the cells that determine the ECM environment 
have a central place in maintaining normal 
homeostasis, and in disease processes including 
neoplasia.  

2.1 Hepatic fibrosis and cirrhosis 

Our understanding of the biology of hepatic 
ECM comes mostly from research into the 
development of hepatic fibrosis and its end result, 
cirrhosis. The great majority of HCC arise in the 
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context of cirrhosis, and conversely HCC is a 
significant mode of death in patients with cirrhosis. 
Globally, the predominant cause of cirrhosis (and 
hence HCC) is viral hepatitis (chiefly hepatitis B and 
C). Regardless of the causative agent, cirrhosis 
develops as a result of repeated or continuous injury 
to hepatocytes, resulting in a chronic wound-healing 
process and ultimately scar formation. The most 
obvious end result of persistent injury on light 
microscopy is greatly increased stable fibrillar 
collagen, seen as broad tracts of fibrous tissue 
between regenerative nodules. In health, collagen 
makes up only 5-10% of total liver protein 
(compared to about one third of total body protein). 
In cirrhosis this proportion is dramatically increased 
to as much as 50%, with a proportionately greater 
increase in fibrillar collagen (types I and III). Less 
obvious on light microscopy is the process of 
“capillarisation” - increased density of both collagen 
I and basement membrane components (including 
collagen IV and laminin) within the perisinusoidal 
space of Disse, together with loss of endothelial 
fenestration. However, this change is enough to 
significantly impair macromolecule exchange and 
may have direct effects on hepatocyte gene 
expression and differentiation.  

2.2 Cellular sources of hepatic ECM: 

Myofibroblasts and hepatic stellate 

cells

The main ECM-producing cells in both the 
normal and cirrhotic liver are hepatic stellate cells 
(HSC), and myofibroblasts (MFB). Constituting 5-
8% of the cell population in the normal liver, 
“resting” HSC form a continuous network with a 
mean internuclear distance of 40µm, and are in 
contact via numerous elongated processes with 
endothelial cells, hepatocytes, and nerve endings. 
They have generally been considered mesenchymal 
cells, on the basis of intermediate filament 
expression including vimentin (21). Interestingly 
though, HSC express several intermediate filaments 
typical of neural cells, and a variety of nerve growth 
factors. In normal liver they are characterised by the 
presence of perinuclear vitamin-A rich droplets, 
dendritic morphology, minimal proliferation 

(prolonged G0), and continuous low levels of both 
ECM synthesis (mainly collagens III, IV, I and 
laminin) and proteinase production, consistent with 
normal “maintenance” turnover.  

The vitamin A content of HSC allows highly-
enriched cell isolates to be obtained by 
centrifugation on a density gradient, and cultured in 

vitro. When cultured on polystyrene, HSC undergo a 
remarkable transformation of morphology and gene 
expression (designated “activation”) to a 
myofibroblast (MFB) phenotype with a flat 
spreading morphology (on 2-dimensional culture), 
greatly increased ECM synthesis, proliferation, 
expression of other intermediate filaments (notably 

-smooth muscle actin ( -SMA)), capacity for 
migration (22), and numerous other changes. The 
stimulus for activation in vitro appears to relate in 
part to alterations in mechanical stresses on the cell 
(17), although the absence of normal contact with 
ECM components (particularly basement 
membrane), and possibly also other liver cells (21) 
also plays a role. In vitro culture of HSC also 
provides a striking example of how the very shape of 
the surrounding ECM can determine cell behaviour, 
morphology and function, even before the 
bewildering in vivo complexity of ECM molecules is 
introduced. HSC suspended within a collagen gel do 
not undergo the same activation process seen in 
routine two-dimensional culture, (even if the culture 
surface is coated with collagen I) (23). A similar 
phenomenon has been described in hepatocytes (24). 
This and many other factors complicate the 
extrapolation of in vitro results beyond the culture 
dish.  

Nevertheless, many features of in vitro activation 
can be reproduced in vivo, including expression of 
contractile filaments ( -SMA), and up-regulated 
ECM synthesis (especially collagen). This is a 
constant feature in diverse animal models of hepatic 
injury, from carbon tetrachloride administration to 
ligation of the bile duct. It has been conclusively 
demonstrated that myofibroblasts are the chief 
source of the dramatic increase in collagen which 
characterises fibrotic liver injury, and ultimately 
cirrhosis if the stimulus is repeated or perpetuated.  

The original (and still widespread) supposition 
was that HSC and essentially all hepatic MFB 
represent a single cell lineage, with expression 
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phenotype determined by microenvironment within 
normal liver (ECM binding, cell-cell contact, and 
position along the portal-to-central gradient of blood 
flow), and various pathological stimuli in disease. 
There is a competing view that not all heterogeneity 
of expression seen in MFB can be explained this 
way, that portal MFB seen in normal liver have a 
different embryologic derivation to HSC, and that 
the important ECM-producing cells in fibrotic liver 
disease represent migrated portal MFB. According 
to this theory, -SMA positive cells proliferating in 
culture after repeated passages (on which much in 

vitro work is based) represent outgrown portal MFB 
rather than activated HSC (which undergo 
apoptosis). This may be particularly relevant to 
biliary causes of liver disease, where the early 
pathological events occur within the portal triad 
rather than the lobule. The outcome of this debate is 
probably not imminent, but is of great interest to 
those researching stromal interactions in HCC, and 
further developments are awaited. If the main ECM-
producing cell type in or around HCC was shown 
not to derive from HSC, many experimental results 
would require re-interpretation. However in this 
chapter, no distinction is made between activated 
HSC and MFB unless otherwise specified.  

Other liver cells play a role in hepatic ECM 
production. There is evidence that endothelial cells 
are a significant source of the basement membrane 
components typically found subjacent (25). 
Hepatocytes themselves, once thought to be the 
main source of liver ECM, do not synthesise 
significant amounts of the principal collagens, but 
do have an important role in synthesising both 
cellular and plasma fibronectin (26).  

2.3 Matrix metalloproteinases 

The composition of the ECM even in normal 
liver is not static, but reflects a dynamic balance of 
synthesis and degradation. The main agents of ECM 
degradation in the liver belong to the matrix 
metalloproteinase (MMP) family. MMPs are subject 
to complex regulatory mechanisms after secretion 
including the requirement for activation, and binding 
by tissue inhibitors of matrix metalloproteinase 
(TIMPs). These mechanisms also serve in part to 
localise the active form of the enzyme at the desired 

site. For instance, TIMP-2 inhibits MMP-2 activity, 
except when a third component, membrane-type 1 
MMP (MT-1 MMP) is available. This three-
molecule complex results in MMP-2 activity, which 
degrades a wide variety of ECM substrates. Direct 
interaction between integrins and MMPs may also 
serve to localise activity to the cell surface (27).

Immunohistochemistry of normal liver 
demonstrates that MFB are also the chief cellular 
source of most MMPs (notably -2, -3, -7 and -9), 
with most activity found within portal tracts. 
Importantly, MFB can manufacture all three 
elements required for active MMP-2 (28). 
Hepatocytes appear to manufacture small amounts 
of MMP-1 (a collagenase) (29) which is not 
expressed in significant amounts by HSC/MFB (30).  

In cirrhosis, degradation of normal ECM is 
recognised to play a key role in pathogenesis, 
despite the fact that cirrhosis is characterised by a 
dramatic net gain in ECM. A sequence of changes of 
MMP and TIMP expression has been proposed: 
initially, a combination capable of degrading normal 
liver ECM is found (MMP-3, MMP-13, uPA), 
followed by an increase in MT1-MMP/MMP-2 
activity with TIMP-1. This latter combination 
favours degradation of basement membrane but 
accumulation of fibrillar collagen (31) (similar to 
that seen at the margin of HCC). MMPs are active in 
other processes in the extracellular domain, 
including activation of cytokines (TGF- ) (32), 
directly promoting proliferation of HSC (MMP-2) 
(33), releasing matrix-bound growth factors (34), 
and mediating FAS shedding from the cell surface, 
(role in apoptosis) (35). They may also modify cell 
behaviour by revealing cryptic attachment sites 
within ECM (36), including sequential up-regulation 
of other MMPs.  

3. STROMA IN AND AROUND 

HEPATOCELLULAR CARCINOMA 

3.1 Stromal elements within HCC 

The stromal component of HCC has attracted 
attention partly because it differs so dramatically 
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between HCC and normal liver parenchyma. Most 
HCC preserve a degree of trabecular architecture, 
with islands of tumor cells lined by sinusoidal 
endothelium. There is a striking overall paucity of 
collagen, particularly type III which is virtually 
absent from tumor sinusoids (37,38) giving a 
characteristic soft consistency (unlike that of 
metastatic lesions to the liver). Septa composed 
mainly of fibrillar collagen are seen between tumor 
nodules, and are identical in composition to the 
peritumoral capsule if present. Occasionally, rows of 
compressed hepatocytes (or perhaps better-
differentiated tumor cells) can be identified within 
these septa, suggesting that plates of normal liver or 
well-differentiated tumor have become entrapped 
between expanding tumor nodules (38).  

The amount of type IV and type VI collagens 
varies from scant fibrils to thick irregular bundles. 
Unlike fibrillar collagens, collagens IV and VI may 
be present to a greater extent within tumor than in 
the surrounding liver (38,39). No clinical correlate 
has been reported with the variable content of these 
collagens, except for reduced collagen VI within 
tumors arising from cirrhotic parenchyma (38). The 
explanation may relate to the differing aetiologies 
found in cirrhotic versus non-cirrhotic cases; the 
pathological significance (if any) is unclear.  

Fibronectin is found within HCC, and unlike 
many other tumors is not confined to stroma but is 
found in close association with (and within) tumor 
cells. Since fibronectin synthesis is a function of 
normal hepatocytes this is not unexpected, and 
expression is seen most strongly in well-
differentiated tumors (40). Fibronectin is a key 
orchestrating molecule in the early phase of wound 
healing, and its role in progression of HCC deserves 
further study. 

3.2 The peritumoural capsule 

At the interface between HCC and surrounding 
liver a wide range of patterns are seen. As alluded to 
previously, one of these patterns is characterised by 
a discrete layer of connective tissue and stromal 
cells interposed between tumor cells and 
surrounding parenchymal cells, known as 
encapsulation. Encapsulation is a well-defined 
pathological term, but unfortunately is not a simple 

“on or off” state. Few tumors are entirely devoid of 
connective tissue interposition between tumor and 
host, and equally few have a completely intact 
capsule if a thorough inspection of the host-tumor 
interface is undertaken. To further confuse the issue, 
some authors require a minimum thickness of 
capsular connective tissue, while others have 
included all tumors with an expanding growth 
pattern. The completeness of the capsule is probably 
more important than its thickness (3). While most 
studies have concluded that the tendency of a tumor 
to develop a capsule at the interface with host tissue 
has favourable implications, it is generally assumed 
to be self-evident which tumors should be classified 
as encapsulated. The marked geographical variation 
in aetiology, behaviour and morphology of HCC 
makes such assumptions precarious. A four point 
scale for quantifying the completeness of 
encapsulation has therefore been proposed based on 
the proportion of interface displaying a zone of 
capsule (38). While no conclusion was reached on 
which subset(s) should be defined as encapsulated, it 
is hoped that such descriptors may allow more 
meaningful comparison of results.  

When present, the capsule consists mostly of 
dense fibrillar collagen, with stable collagen I on its 
internal aspect adjacent to tumor, and a higher 
proportion of collagen III on the outer aspect. While 
the outer layer is continuous with a transitional zone 
of increased collagen deposition in adjacent 
compressed parenchyma, the demarcation of the 
inner aspect from the tumor is very sharp.  

3.3 Alterations in ECM of surrounding 

host liver 

Regardless of the presence of a discrete 
peritumoral capsule, immunohistochemistry reveals 
increased concentration of collagen to a variable 
degree around all HCC. One element of this is the 
loss of intervening hepatocytes and the apposition of 
portal tract structures, but increased density of 
staining can also be seen within the sinusoids of 
adjacent parenchyma. This increased collagen 
content within peritumoral sinusoids, extending a 
variable distance (2-15mm) from the interface, is 
more easily appreciated than the “capillarisation” of 
cirrhosis on collagen immunohistochemistry.  
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The changes in ECM of the surrounding liver 
share many features with cirrhosis. The major 
difference is that while these changes occur as a 
temporal sequence in cirrhosis, a histological section 
of the host-tumor interface reveals these phases 
occurring simultaneously (with the exception of 
hepatocyte regeneration). Within the same section, 
the processes can be traced from histologically 
normal liver, to hepatocyte injury, apoptosis and 
necrosis, inflammation, HSC activation and MFB 
proliferation (41), MMP degradation of normal 
matrix components, increased sinusoidal ECM 
density, deposition of confluent collagen III, and 
finally stable collagen I (37, 38).  

3.4 Cellular source of stroma in HCC 

Staining for -SMA and electron microscopy 
(19) within the substance of HCC reveals a 
population of MFB, which appear to be the principal 
source of collagen within tumor (42). Tumor cells 
manufacture variable amounts of fibronectin, but 
this tends to be lost in invasive tumors and its 
significance is unclear (26,40,43). The other 
important non-transformed cell type within HCC is 
endothelial cells. There is some evidence that tumor 
endothelial cells also manufacture ECM (collagen I, 
III, and basement membrane materials) and this is an 
important topic for further research (44).  

MFB are also seen in high concentrations at the 
tumor-host interface, including metastatic tumors 
(45, 46). They are most evident within the 
peritumoral capsule if present, where in situ 

hybridisation reveals active synthesis of type I 
collagen by MFB within the capsule (41). The 
profusion of peritumoral MFB comes about through 
induced proliferation and possibly also through 
chemotaxis of locally-derived HSC (22). Platelet-
derived growth factor (PDGF) has been studied at 
the host-tumor interface in HCC, since it is the most 
potent proliferative and chemotactic cytokine for 
HSC/MFB (47). A potential mechanism has been 
identified for a self-sustaining autocrine loop, since 
MFB express both PDGF-BB and its receptor.

3.5 Mechanism and significance of tumour 

encapsulation

The pathological significance of encapsulation 
was not always universally accepted, due in part to 
discrepancies in definition criteria and marked 
geographical variation in the incidence and thickness 
of the tumor capsule. Using the original criteria of 
Okuda et al. (2), the incidence of encapsulation in 
Western series is much lower (2-3%), and virtually 
zero in South Africa, suggesting that the mechanism 
of carcinogenesis and/or host genetics help 
determine capsule formation. 

The association between tumor encapsulation, 
less frequent vascular invasion, and reduced 
recurrence, have prompted researchers to consider 
how the peritumoral capsule might be formed. A 
section taken from the host-tumor interface of an 
expanding HCC reveals a zone of compressed 
hepatocytes, with increasing density of ECM nearer 
the tumor. It seems plausible that native 
parenchymal ECM accumulates around the edge of 
such a tumor to some degree. This is consistent with 
Okuda’s original observation that thick capsules 
only occurred in cirrhotic liver, with denser 
parenchymal ECM (2), and in our series there is also 
a trend towards increased capsule thickness in 
cirrhotic livers.  

However, capsules are sometimes observed 
around smaller tumors which have not displaced 
enough parenchyma to develop a tumor capsule by 
passive accumulation alone. More importantly, 
active collagen synthesis by MFBs has been 
demonstrated within the capsule surrounding HCC 
(41). It has been proposed that the peritumoral 
capsule represents a host response designed to wall 
off the tumor, providing a physical barrier to tumor 
growth (48).  

The intensity of staining for MFBs decreases 
with increasing distance from the host-tumor 
interface along with the density of collagen 
deposition. One explanation for this pattern would 
be a diffusible factor secreted by tumor cells, 
promoting either activation of resting HSC, 
recruitment by chemotaxis of MFB, or proliferation 
of MFB already present. In keeping with this, 
tumors which display increased collagen content in 
the surrounding host liver have relatively more 
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collagen with the stroma of the tumor (38). A tumor-
secreted factor has been shown to activate HSC in 

vitro (49), and indeed, altered HSC phenotype, 
proliferation and increased ECM synthesis have 
been described in parenchymal tissue far remote 
from the tumor (50). The variable amount of ECM 
deposition might then be explained by differing 
levels of secretion of one or more fibrogenic soluble 
factors. This presents something of a paradox, since 
in vitro results generally show that tumor cell 
invasiveness is enhanced by increased availability of 
ECM substrate, particularly collagen I.  

Closer examination of the tumor-host interface 
in encapsulated versus invasive tumors using 
immunohistochemistry for collagen I reveals the 
explanation. Tumors do indeed vary in their capacity 
to incite a fibrogenic response in the surrounding 
parenchyma, and this response corresponds closely 
with the extent of collagen deposition within the 
stroma of the tumor (although still scant compared 
to other tumors such as colorectal metastases). 
However those tumors which incite the greatest 
fibrogenic response in the surrounding tissue do not 
tend to form a more intact peritumoral capsule, but 
instead display enhanced invasiveness, more 
frequent effraction of the tumor-host interface, and 
an increased likelihood of vascular invasion. Similar 
results have been identified at the level of mRNA 
expression; higher levels of collagen I mRNA 
expression within tumor (not necessarily by tumor 
cells) were positively associated with invasion, and 
such tumors were less likely to develop a 
peritumoral capsule (51). Therefore, while the 
substance of the capsule does arise from an active 
fibrotic process, the associated attenuation of 
invasion is not a result of being “fenced in” by more 
intense fibrosis. Instead, the presence of a capsule 
reflects inherently attenuated invasive properties of 
that tumor. Coincidentally, the ability to induce 
active fibrogenesis in the surrounding parenchyma, 
and perhaps within the tumor, is itself implicated as 
an important determinant of tumor invasiveness.  

Consider a hypothetical tumor with completely 
uninhibited cell proliferation, but no inherent ability 
to degrade parenchymal ECM or basement 
membranes. It would be predicted to displace 
parenchyma by pressure necrosis, regional 
ischaemia and hypoxia, oxidative stress and other 

injurious stimuli, with secondary inflammation, 
release of fibrogenic cytokines including PDGF and 
TGF- , and a wound healing response. Activation, 
chemotaxis and local proliferation of HSC/MFB 
would be expected in compressed nearby 
parenchyma, along with MMP activity. As in 
cirrhosis, we might predict a sequence where normal 
parenchymal ECM is degraded by MMPs from 
HSC/MFB and replaced with fibrillar collagen. The 
end result would be very similar to what we see in a 
well-encapsulated HCC.  

However something different must occur at the 
interface of invasive tumors, where invasion through 
parenchyma outpaces the deposition and 
accumulation of fibrous ECM. The obvious 
difference between simple expansion (as in benign 
tumors or non-aggressive HCC) and an invasive 
tumor is the ability to invade through the capsule 
and advance actively through parenchyma and blood 
vessels. A rapidly expanding tumor might achieve 
this partly through physical attenuation and 
disruption of capsule and parenchyma. However it 
has been well demonstrated for many tumors that the 
ability to invade and metastasize is dependent on 
their ability to actively degrade ECM, specifically 
by elaborating MMPs (52).  

3.6 MMPs in hepatocellular carcinoma 

Perhaps predictably, there are numerous studies 
which show a relationship between invasiveness and 
tumor cell expression of various MMPs, both of 
tumor cell lines in vitro and in analysis of resected 
human and animal model tumors. Since metastasis 
inevitably requires disruption of vascular or 
lymphatic basement membrane, the gelatinases 
(MMP-2 (53-56) and MMP-9 (54, 56-60)) have 
received most attention, although MMP-1 (53, 54, 
61), MMP-3 (62, 63), and MMP-7 (53) have also 
been implicated. Unfortunately the evidence 
regarding the relative importance of these MMPs is 
conflicting. Mechanistic studies tend to attribute 
invasive potential to a single MMP, but the MMP of 
importance varies between cell lines, and may 
naturally vary between human tumors. One member 
of this family, membrane-type I MMP (MT1-MMP) 
may carry more weight as an independent 
determinant of invasiveness (53, 59, 64, 65), and has 
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also been identified in DNA array analysis in a 
“signature” of invasive HCC (66). This is presumed 
to be related to its role in directed pericellular 
activation of MMP-2 (67, 68). 

In general, the level of MMP expression and 
activity in HCC is lower than that seen in 
cholangiocarcinoma (69, 70) hepatic colorectal 
metastasis (71), or pancreatic carcinoma. It may be 
relevant that these tumors also have a more 
prominent stromal element than HCC. In HCC, the 
enhanced invasiveness associated with collagen I 
has been attributed to parallel increases in 
expression of MMP-2, TIMP-2 and MT1-MMP 
(51), and designated “high matrix turnover” tumors. 
Binding to collagen I via 1 integrins can increase 
MMP expression and in vitro invasiveness (72), and 
promote cell dissociation (73). While this makes a 
neat connection with known molecular events, one 
group of tumors reminds us that there is always 
another layer of complexity. Fibrolamellar HCC is 
characterised by a much higher ECM content than 
other HCC, and in keeping with the “high matrix 
turnover” model displays increased expression of 
MMP-2 (74). However in fibrolamellar HCC this 
profile of stroma and MMP activity does not 
translate into increased invasiveness (it is generally 
less invasive), and the primary determinant of 
invasiveness in this group is clearly another (as yet 
unidentified) factor.

While MMP-mediated degradation of 
parenchymal stroma obviously requires elaboration 
of MMP protein, the total availability of pro-enzyme 
may not be the main factor determining 
invasiveness. In our hypothetical model of non-
invasive HCC, it was predicted that MMP activity 
would be seen consistent with secondary hepatic 
injury as part of a wound healing response in the 
compressed and stressed adjacent parenchyma. 
Immunohistochemistry confirms that much of the 
demonstrable MMP protein is found some distance 
from the invasive front, even in invasive tumors 
(unpublished data). 

3.7 Role of stromal cells in HCC invasion 

We have already seen that the stromal 
environment within and around HCC is dictated 
mainly by HSC/MFB, and that this environment 

helps determine the invasive properties of the tumor, 
but the role of host stromal cells may extend further 
still. Since normal hepatocytes rely on HSC for 
matrix degradation in normal physiology and benign 
fibrotic disease, it is feasible that HSC/MFB are 
“recruited” by tumor cells to provide the matrix-
degrading activity required for invasion. In situ 

hybridisation suggests that HSC, and not tumor 
cells, are the main source of MMP-2 and TIMP-2 
(71) at the host-tumor interface. Other in vitro 

evidence suggests that inducing migration of HSC 
also leads to increased expression of MMP-2 (22). 

A possible pathway of communication between 
HCC tumor cells and stromal cells is through one or 
more tumor-secreted factors, but there is also 
evidence suggesting that diffusible factors 
synthesized by stromal cells conversely influence 
tumor cell behaviour. MFB have been shown to 
manufacture hepatocyte growth factor (HGF) and 
induce increased invasiveness ins HCC cell lines in 

vitro (which express the receptor for HGF, c-met). 
This was proposed by one group to be mediated by 
increased expression of MT1-MMP (65), and by 
another group either urokinase (75), or MMP-3 (62).  

3.8 Cirrhosis and tumour progression in 

HCC

Since increased availability of collagen I 
promotes invasive behaviour, and increased collagen 
I is a key feature of cirrhosis, it would provide useful 
confirmatory evidence to demonstrate increased 
invasiveness of HCC arising in cirrhosis. One study 
reports exactly this association, describing a 
correlation between cirrhosis, increased MMP-2 
expression, increased vascular invasion, and earlier 
tumor recurrence following resection (51). In 
another study, cirrhosis was reported to enhance 
metastasis in a mouse model (76). However, it 
would also be expected that this would result in a 
significantly lower incidence of encapsulated tumors 
in the presence of cirrhosis, and this is not a feature 
of most clinical series (2, 3). Peritumoral fibrosis 
developing as the tumor advances could outweigh 
the presence or absence of cirrhosis in the host liver, 
which could explain why the expected association 
between cirrhosis and invasiveness is not observed 
(38).
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4. SUMMARY AND FUTURE 

DIRECTIONS

Like any malignancy, HCC is not a 
homogeneous disease. In a clinical series, there may 
be no two tumors which “achieve” invasive 
behaviour through exactly the same mechanisms. 
Inevitably, many of the clues to the molecular details 
come from research focussed on a single molecule 
or pathway, and extrapolation to clinical relevance is 
always uncertain. Nevertheless, the weight of 
evidence suggests that the relationship between 
HCC and host stroma (both ECM and stromal cells) 
is an important part of the equation determining the 
growth pattern of the tumor, and thereby, the clinical 
outcome.  
1. The ECM environment is an important 

determinant of tumour cell behaviour.  

Many of the ECM changes around the tumor are 
shared with non-malignant processes, and are 
consistent with a non-specific response to injury and 
wound healing, but certain features are positively 
linked with invasive behaviour. In particular, 
collagen I is implicated as a promoter of invasive 
tumor cell behaviour, probably by providing a 
substrate for attachment via integrins.  
2. Stromal cell behaviour influences tumour 

progression.

Since HSC/MFB are the main source of ECM in 
normal liver, cirrhosis, and HCC, this is already 
evident from point 1, but stromal cells may play 
other, more direct roles in determining growth 
patterns. This might be as the source of matrix-
degrading enzymes, or by synthesizing factors such 
as HGF which in turn alter behaviour of HCC cells. 
Stromal cells are also the source of ECM which 
forms a capsule around less invasive tumors. The 
exact relationship between tumor and stroma which 
results in encapsulation is not known, but it is not as 
simple as a pervasive fibrogenic stimulus. It is likely 
that for a given tumor phenotype, host stromal cell 
phenotype also plays a role in determining tumor 
progression.  
The improved understanding of the tumor/stroma 
relationship in HCC is yet to translate into any 
therapeutic benefit, but there are real prospects that 
it may. As a genetically stable population, non-
transformed host stromal cells are likely to have a 

more predictable response than tumor cells, and will 
not develop resistance. For obvious reasons, 
HSC/MFB have been targeted in the treatment of 
cirrhosis, both to prevent progression and perhaps 
even to reverse the accumulation of abnormal 
ECM77. The many parallels between pathological 
ECM accumulation in cirrhosis and HCC suggest 
that compounds with demonstrated effectiveness in 
cirrhosis should also be evaluated for their effects on 
tumor progression.   
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Abstract: The recent progress in tumor immunology exemplifies the successful application of modern biotechnology 
for the understanding of the complex natural or therapy-induced phenomenon of immune-mediated rejection 
of cancer. Tumor antigens recognized by T cells were identified and successfully utilized in active 
immunization trials for the induction of tumor-antigen specific T cells. This achievement has left, however, 
the clinicians and researchers perplexed by the paradoxical observation of the immunization-induced T cells 
can recognize tumor cells in standard assays but most often cannot induce tumor regression. In this 
presentation, we will argue that successful immunization is one of several steps required for tumor clearance 
but more work needs to be done to understand how T cells can localize and be effective at the receiving end 
within a tumor microenvironment in most cases not conducive to the execution of their effector function.  In 
fact, metastatic melanoma stands out among human cancers because of its immune responsiveness. Yet, the 
reason(s) remain(s) unclear. We believe that the key to the understanding of this complex phenomenon relies 
on the real-time study of tumor/host interactions in the tumor microenvironment. Most likely, T cells 
induced by immunization can reach the tumor site but they are not capable of performing their effector 
function because they encounter a tumor microenvironment not conducive to T cell activation. In this 
chapter, we will review some of the basic approaches that may help solve this puzzle by studying directly 
human disease and its adaptation to treatment. 

Key words: Immunotherapy, melanoma, functional genomics, microenvironment, chemokine receptor 

1. IMMUNE SURVEILLANCE 

The natural history of tumours is determined by 
interactions between four main components of the 
tumour microenvironment: tumour cells, stroma, 
blood vessels, and infiltrating immune cells. 
Relationships within this tetragon are responsible for 
development or containment of tumour cell growth. 
In the present review, we will focus on the 
interaction between tumour and immune system that 
are commonly covered by the general term: immune 
surveillance. Whether immune surveillance truly 

occurs in humans and the degree of its relevance in 
determining the final outcome of cancer remains a 
central focus of discussion (1, 2). The true role of 
immune surveillance, particularly in humans, is far 
from being validated although experimental models 
suggest that both the innate and the acquired 
immune response can control tumour growth. While 
the question remains, research has made progress 
recently by developing new methods that allow 
direct and accurate investigation of the interaction 
between host and tumour particularly in the context 
of human disease where pristine experimental 
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conditions are often unachievable. The concept of 
immune surveillance against cancer is supported by 
several animal studies and various observations in 
humans (3,4). These include increased prevalence of 
tumour development following immune suppression 
and the observation that the extent of intra-tumoural 
T cells is correlated with improved clinical outcome 
in various solid tumours (3, 5-8). Therefore, we are 
increasingly induced to believe that tumour-host 
interactions occur along a two-way-road on which 
tumour and immune system shape each other. To 
emphasize the dual role of host-protection and 
tumour-sculpting immune surveillance processes 
have also been called “cancer immunoediting” (3).  

2. TUMOUR ASSOCIATED 

ANTIGENS AND T CELLS 

Since the identification of tumour associated 
antigens (TAA) in the early 1990s (9, 10), tumour 
immunology has become a rapidly growing field of 
research and clinical investigation. Within a decade, 
more than 60 major histocompatibility (MHC) class 
I-associated TAAs had been identified (11) and new 
ones are continuously described. The appearance of 
tumour-specific reactions against tumour cells is 
dependent on a complex system. As for all antigens 
recognized by T cells, TAA are cleaved within the 
tumour cells by proteasomes into short peptides of 
8-12 amino acids. These peptides are transported 
through the transporter associated with antigen 
presentation (TAP) into the endoplasmatic 
reticulum. Here, peptides with good binding affinity 
for the MHC class I molecules (in humans called 
Human Leukocyte Antigens or HLA) naturally 
associate with them. The peptide/HLA complexes, 
stabilized by a further protein (β2-microglobulin) 
migrate then to the cell surface where they become 
exposed to the potential interaction with HLA class 
I-restricted T cells. In an HLA-dependent fashion, 
TAA-derived epitopes are detected by T cells 
through HLA/epitope-T cell receptor (TCR) 
engagement. An effective T cell response can only 
be generated after the T cells have been primed by 
presentation of TAA by professional antigen-
presenting cells (APC), such as dendritic cells. 
Therefore, APC within tumours (resident APC) may 

play a major role for the development of specific T 
cell responses.  

3. CHANGES IN TUMOUR AND 

IMMUNE CELLS 

It is likely that immune cells influence the 
tumour cell phenotype and changes in tumour cells 
shape in return the immune response. Through a 
selective process, tumour cells likely adapt to 
immune pressure by changing their phenotype and 
escaping immune surveillance. Due to genetic 
instability tumours continuously re-program their 
genotype and thus their phenotype. Several 
mechanisms may be involved. Tumour cells often 
are defective in TAAs (12) or HLA molecule 
expression (13, 14), and/or have malfunctioning 
antigen-processing (15). A loss of expression of the 
HLA–epitope complex on the surface of tumour 
cells renders impossible their recognition by TAA-
specific T cells. Furthermore, HLA-epitope complex 
down-regulation on tumour cell membranes 
correlates with decreased T-cell-triggering capability 
(16). Dysfunction of antigen-processing machinery 
might have a strong role for the coexistence of TAA-
specific T cells with cancer cells expressing the 
target components necessary for their recognition 
(17-19). Complete TAA loss obviously eliminates 
one of the most important pre-conditions for a 
targeted T cell function. All given escape 
mechanisms happen under an assumed pressure by 
the immune system. Tumor/immune cell interactions 
are bidirectional. Tumour cells can modulate T cell 
function. For example, systemic and intra-tumour T 
cell dysfunction including anergic T cells and T cells 
with down-regulated CD3-zeta chain has been 
described in tumour patients (20,21). This anergic 
status of T cells has been proposed as the cause of 
their ineffectiveness in containing tumour growth 
(22). The cause of malfunction of TAA-specific T 
cells is not known but it is known that tumour cells 
can secrete immune suppressive factors, such as 
TGF-β (23). Several additional variables might 
influence T cells effector function and, 
consequently, their clinical effectiveness (discussed 
in 24). These include the activation of regulatory T 
cells, the development of death resistance by tumour 
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cells, involvement of natural killer cells and their 
receptors, and the potential contribution of Fas 
expression. Additionally, new data shed light on the 
role of transcription factors in tumour’s defence 
against immune system. STAT3 expression in 
tumour cells leads to inhibition of production of pro-
inflammatory cytokines and chemokines (25). These 
variables might have an important role in 
modulating the immune response at both the 
systemic level and the tumour site; and their 
significance for immune-system/tumour-interaction 
warrants further exploration. 

4. THE SYSTEMIC IMMUNE 

RESPONSE

Several studies have demonstrated the presence 
of TAA-specific T cells in peripheral blood of 
immunized patients, proving that the primary goal of 
vaccination - inducing a systemic TAA-specific 
immune response - can reproducibly be achieved 
(26). Additionally, systemic tumour-directed T cell 
responses can evolve spontaneously in various 
malignant diseases without prior immunotherapy 
(27). Although these spontaneously occurring TAA-
specific T cells have been characterized as 
CD3+CD8+IFN +CD45RA+ (28), a phenotype 
supposedly representative of cytotoxic effector T 
cells (29), their actual function in clinical settings 
remains unknown. Clinically, although rare clinical 
responses can be achieved using peptide vaccination 
(30), no conclusive correlation between systemic T 
cell response and clinical cancer regression has been 
convincingly demonstrated, so far. Thus, 
investigations of the systemic immune response do 
not provide sufficient information about the 
interaction between host and cancer cells at the 
actual site of “conflict” - in the tumour 
microenvironment. 

5. METHODS TO ANALYZE THE 

TUMOUR MICROENVIRONMENT 

Interactions between tumour and immune system 
lead to changes within the tumour 

microenvironment. These changes can affect 
different levels of biologic process, such as cell 
phenotypes, function, protein expression, and gene 
regulation; various methods have been utilized to 
investigate these alterations. Immunohistopathology 
remains a basic method for cell analysis in tumour 
immunology. Main applications for this method lie 
in the evaluation of antigen expression on tumour 
cells and in the detection/enumeration of tumour-
infiltrating immune cells. From an immunological 
point of view, melanoma is one of the best 
investigated malignant diseases. Infiltration of 
melanomas with T cells occurs frequently and can 
be related to a favourable prognosis (31). In another 
example, we have shown that most melanoma 
lesions are infiltrated by CD14 positive mononuclear 
phagocytes (32). Taking a further example, for 
colorectal cancer, several independent studies have 
linked CD8+ infiltration of tumours or CD8+ 
infiltration patterns to a favourable prognosis (5,33-
36). However, the antigen-specificity was not 
determined in those studies. Intralesional staining 
with fluorescence-labelled tetrameric HLA–peptide 
complexes (tHLA) represents an important extension 
of conventional antibody-based histopathology. 
tHLA enable direct enumeration and 
characterization of TAA-specific T cells (22,37,38). 
However, in situ staining with tetramers remains 
technically difficult (39). Culturing tumour cells and 
in particular tumour infiltrating cells, such as tumour 
infiltrating lymphocytes (TIL), is crucial for 
adoptive T cell transfer and for  ex vivo and in vitro

analyses. However, one always has to be aware of 
the fact that cells underlie complex changes during 
in vitro expansion. Tumour cells show an altered 
antigen repertoire and adhesion molecule profile. 
Cultured TAA-specific CD8+ T cells do not 
accurately reflect in vivo immune responsiveness 
because in vitro expansion leads to changes in the T 
cell function and characteristics (40). T cells can be 
further analyzed for their T cell receptor repertoire 
(spectratyping, immunoscope; 41, 42). These 
methods can provide important information about 
breadth and flexibility of TAA-specific T-cell 
responses. TCR analysis indicates, e.g., that the T-
cell response in regressing melanoma lesions after 
cytokine therapy is dominated by T cells directed 
toward a limited number of epitopes and that 
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epitope-specific T cells frequently use a highly 
restricted TCR repertoire (43). Protein-based assays 
include ELISA assays to investigate, e.g., cytokines 
or chemokines, and staining with specific antibodies 
against cell markers, such as tumour antigens or T 
cell subset characteristics. To investigate gene 

regulation within the tumour microenvironment, two 
main techniques are used: microarrays to analyze a 
broad variety of transcriptomal changes and 
quantitative real-time reverse transcriptase 
polymerase chain reaction (qRT-PCR) to analyze 
single genes more detailed. 

Figure 1. Several ways to analyze the tumour microenvironment. 

6. IMMUNOTHERAPY 

Most studies analyzing the dynamic interaction 
between tumour and immune system in the 
microenvironment have been performed as part of an 
immune monitoring in association with 
immunotherapy. During the last years, various 
partially efficient, immunotherapeutic approaches 
including peptide vaccine, DC vaccine, cytokines, 
viral vectors, passive transfer of antibodies or 
adoptive antigen-specific T cell transfer have been 
developed (reviewed in 30, 44, 45). The aim of an 
immunotherapy is the initiation of an immune 

response at the tumour site or site of immunization 
that is followed by a stepwise expansion of the 
immune response to loco-regional, systemic and 
peripheral sites, which finally causes rejection of 
tumour cells by the immune system (46). Although 
some clinical success has been achieved by 
immunotherapy, the major break-through has not 
been reached yet. Nevertheless, valuable information 
about the dynamic processes within the tumour 
microenvironment and the systemic immune 
response has been obtained during these therapies. 
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7. ANALYSES OF THE TUMOUR 

MICROENVIRONMENT

For several malignancies, it has been shown that 
a T cell infiltration or a specific pattern of T cell 
infiltration of the tumour is correlated with better 
survival (5-8). However, in these studies, the Ag-
specificity of infiltrating T cells was not analyzed. 
For most tumours it is unknown whether TAA-
specific T cells – spontaneously or vaccine induced– 
do migrate to the tumour site. A possible mechanism 
causing the variable behaviour of tumours of 
individual patients or lesions might be found in 
defects in the localization of TAA-specific T cells at 
the tumour site. Localization at a tumour site of 
adoptively transferred tumour-infiltrating 
lymphocytes (TILs) is a prerequisite for a clinical 
response (47). By analogy, we can assume that 
immune responses elicited by immunization might 
not work because they do not migrate to the tumour 
site. Few studies have addressed this question in 
humans because of technical difficulties to analyze 
TAA-specific responses in situ within tumours (39). 
Comparison of pre- and post-immunization samples 
obtained from melanoma lesions through fine-needle 
aspiration (FNA) biopsies suggests that immune 
responses elicited by vaccination can localize at a 
tumour site. Expansion of tumour–TIL pairs from 
repeated FNA biopsies of identical lesions in 
patients undergoing epitope-specific immunotherapy 
demonstrated that immunotherapy-induced T cells 
can be expanded more readily from melanoma 
metastases after treatment (18). Furthermore, 
quantitative real-time PCR of cytokine gene 
expression in FNA samples before and after 
vaccination demonstrated a post-immunization 
enhancement of IFN-  transcripts in lesions that 
maintained expression of the targeted TAA and of 
the restricting HLA class I allospecificity (19). The 
relationship between IFN-  and TAA expression 
suggests that vaccine-induced T cells interacted with 
tumour cells and/or APCs in the tumour 
microenvironment. Thus, vaccine-induced T cells 
can migrate to melanoma metastasis. Furthermore, 
the lack of clinical responses in this study 
demonstrate that tumour localization of T cells and 
TAA expression are not the sole factors required for 
an effective immunotherapy. 

Cancer–host interactions within the tumour 
microenvironment might not be sufficient to elicit 
and maintain an effective T cell response because 
the danger signal required for full activation is not 
present (48). This might enable tumours to survive 
and grow in an “ignorant” immune environment, 
which is not sustaining and promoting the function 
of immunization-induced T cells that have localized 
within the tumour (49, 50). Local cytokines might 
promote such activation and proliferation of TAA-
specific T cells. However, the required levels for 
interleukin-2 (IL-2) and other cytokines are 
relatively high (51, 52). Furthermore, CD4+ helper 
T cells might be necessary to provide an additional 
stimulus, which could lead to survival and 
amplification of CTL responses at the tumour site. 
Interestingly, for vaccination purposes, an additional 
foreign helper protein aiming at the support by 
CD4+ T cells increases the frequency of CD8+ T 
cell responses (53). On the other hand, e.g., in 
colorectal cancer, about 15% of tumour-infiltrating 
T cells express CD25 (36). These CD4+ CD25+ 
regulatory T cells play an important role for the 
suppression of tumour-directed T cell responses (54, 
55). It is not understood to which degree these 
regulatory T cells influence the immunological 
“ignorance” systemically and at the tumour site. 

Slowly, we might begin to understand homing 
processes of T cells. Apparently, one important 
component is the interaction between chemokine 
expression within a tissue, such as the tumour, and 
expression of chemokine receptors on the surface of 
antigen-specific T cells. First experience has been 
gained from analysis of chemokine receptor 
expression in antigen-specific T cells in viral 
diseases and melanoma. Expression of CCR7, a 
chemokine receptor important for homing into 
lymphatic tissue, is associated with memory subsets 
of antigen-specific T-cells (56),  CXCR4, the 
receptor mediating migration to its ligand SDF-1
(highly expressed in bone marrow), is functionally 
expressed on melanoma-specific T-cells in 
peripheral blood and in bone marrow (57). The 
importance of chemokine receptors for cellular 
homing is also supported by data from tumour cells. 
Only tumour cells from the intestine were activated 
by CCR9 ligand Teck, a chemokine which is only 
expressed in thymus and intestine (58).  
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Leading cells into a specific tissue based on 
chemokine receptor expression, such as T cells into 
tumour, would require that corresponding 
chemokines are expressed within the target tissue. 
Tumour cells, stroma, and infiltrating immune cells 
create a complex chemokine milieu within the 
tumour microenvironment. In murine models, it has 
been shown, that expression of certain chemokines 
leads to a hampered tumour growth (59, 60). For 
human ovarian carcinoma, it was shown that T cell 
infiltration is an important survival marker. 
Furthermore, T cell infiltration is – in a preliminary 
study - closely correlated to mRNA levels of 
monokine induced by interferon-gamma (MIG) (61). 
Using radiolabelling several cytokines and 
chemokines were analyzed in vivo and found in 
several tumours. This technique is also very 
promising, however beyond the scope of this review 
(more information on this methodology can be found 
in the excellent review 62). 

Besides changes in the immune response within 
the tumour microenvironment, changes in the 
tumour cells themselves influence the relationship 
between host and malignant tumour. Malignant cells 
are genetically unstable. The resulting tumour-cell 
heterogeneity during the course of disease represents 
a major challenge for cancer immunotherapy 
(24,63). Comparison of the antigenic profile of 
autologous melanoma lesions surgically removed at 
different time points of the natural course of the 
disease or following immunotherapy has 
demonstrated that temporal changes often are 
associated with the specificity of the immunization 
(16). In particular, antigen expression by tumour 
cells can be lost after TAA-specific immunization 
(12, 64). Such a loss of antigen is an important 
component of tumour immune escape mechanisms 
(16) and represents a possible explanation for the 
paradoxical co-existence of cancer cells with TAA-
specific immune cells in the same host (65). 

However, the antigenic heterogeneity of 
synchronous metastases raises the question whether 
differences in the expression of various markers 
among distinct lesions might simply reflect the 
intrinsic heterogeneity of metastases rather than 
time- or treatment-induced changes (15, 66). This 
possibility can be tested using a series of FNA 
biopsies (17, 67), which allow the study of the 

kinetics of gene expression within the same tumour 
lesion at several time points relevant to the disease 
process or its treatment. In FNAs serially obtained 
from 52 melanoma metastases before and after 
immunization with a gp100-derived peptide showed 
a rapid decrease in gp100 expression in metastases 
that regressed following immunization but detected 
no change in lesions that did not regress (68). This 
finding suggests that a successful immunization 
primarily induces killing of cells expressing the 
target TAA. It is not known whether this process is 
able to initiate a broader immune response. 
Frequently, however, the immune selection induced 
by the originally successful localization of TAA-
specific T cells might lead to immune escape in 
recurring lesions by loss of complexes of HLA with 
TAA epitope from cancer cells (12). Thus, it is 
likely that tumour escape variants will emerge most 
frequently during or after effective immunotherapy 
(24).

Tumour cells potentially can revert to a stage in 
which they can function like stem cells with strong 
modulatory effects on the surrounding environment. 
A growing number of mechanisms that might 
mediate tumour–host interactions are known 
(summarized in 16). The identification of individual 
mechanisms capable of modulating tumour–host 
interactions has reached its limits because of genetic 
polymorphism of humans and heterogeneity of their 
diseases. The complexity of the several molecular 
pathways responsible for the natural and/or 
treatment-induced behaviour of tumour cells can be 
analyzed with the microarray or genechip 
technology, which can portray a whole gene 
expression pattern by measuring the expression of 
thousands of genes (69). Combining FNA and 
microarray technique, two subsets of molecular 
phenotypes that underlie the extent of instability of 
cancer over time were found in serial analysis of 
melanoma lesions (70). One subset of metastases 
containing mainly early tumour samples showed a 
transcriptional repertoire associated with normal 
human melanocytes, whereas a second subset 
portrayed a distinct, late-progression expression 
profile. Ranking of individual genes identified 30 
transcripts whose gene transcription pattern was 
predictive of responsiveness to immunotherapy in 
malignant melanoma (70). Approximately half of 



10. Dynamic Nature of Tumour-Host Interactions Within the Tumor Microenvironment 183

these genes were related to T cell regulation 
suggesting that responsiveness of melanoma 
metastases to systemic immune stimulation is pre-
determined within an environment conducive to 
immune recognition. In a further microarray study, a 
specific pattern of cytokines and chemokines, 
including T cell attracting chemokines PARC and 
MIG, was shown to be up-regulated during systemic 
immune therapy with interleukin-2 (71). Molecular 
methods cannot identify the source cells of the found 
cytokines; they could have been expressed by 
tumour cells as well as immune cells. Subsequent 
protein profiling data suggest that DC maturation at 
the tumour site might possibly play a role in 
mediating the systemic immunotherapy at the 
tumour site (72). 

For now, these transcriptional profiling analyses 
may raise more questions than they answer. Most 
importantly, as already pointed out, it remains 
unclear which cell population produces which 
molecules, and what is their bioactivity and its 
functional consequence. Nevertheless, 
transcriptional profiling gives an important 
impression on the whole picture of the tumour 
microenvironment and will stay an important 
hypothesis-generating tool in the future. Gene 
profiling technology has already entered clinical 
oncology as tool for prediction of clinical outcome 
of breast cancer patients (73, 74). 

We have developed a hypothesis which suggests 
that there are some tumours more `immunogenic' 
than others, such as melanoma and renal-cell cancer. 
They spontaneously express and secrete cytokines 
and chemokines which induce an inflammatory 
reaction within the tumour microenvironment (46). 
When this local inflammatory reaction is strong 
enough, tumours regress spontaneously. However, 
most commonly, this inflammatory reaction is not 
sufficient to induce tumour regression (see figure 2). 

A response to therapy might occur in these cases 
when an additional inflammatory stimulus is brought 
to the tumour site by antigen-specific and/or non-
specific therapy, such as IL-2 therapy. By contrast, 
response to therapy does not occur when a certain 
threshold of inflammation is not reached by the sum 
of therapeutic and spontaneous response. Another 
possible way getting an inflammatory response to 
the tumour site might possibly be a bacterial 
infection in few cases (75).

8. CONCLUSION 

Tumours represent complex, individual 
microenvironments with four main components: 
tumour cells, stroma cells, blood vessels, and 
infiltrating immune cells. Tumour and immune 
system underlie permanent changes during the 
course of a malignant disease or during 
immunotherapy of cancer. Tumour cells change their 
antigen repertoire or develop sophisticated defence 
mechanisms; over time of disease T cells are primed 
and altered in their characteristics, and various 
cytokines/chemokines are produced within the 
tumour environment. All these mechanisms seem to 
be insufficient to cause tumour regression in more 
than a vast minority of patients. The immune system 
is usually only capable of keeping the tumour at bay 
for a limited time. An external trigger, like a 
systemic immunotherapy, might change the balance 
in favour of an effective immune response in some 
cases by causing a pro-inflammatory environment at 
the tumour site. 
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Figure 2. Balance between tumour and immune system within the tumour microenvironment. 
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Breast Cancer Progression: A “Vicious Cycle” of Pro-Malignancy 

Activities is Mediated by Inflammatory Cells, Chemokines and 

Cytokines
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Abstract: Breast cancer progression is a multi-step process, affected by intrinsic, as well as by microenvironmental 
factors. The inflammatory milieu of breast tumors, comprising of cells, chemokines and cytokines, was 
recently suggested to have a major role in this process. The current chapter addresses the presence of these 
elements in breast tumors, and their roles in the malignancy and metastatic fate of breast cancer. First, the 
presence of Tumor-Associated Macrophages (TAM), and the array of tumor-promoting activities that they 
exert in breast tumors, is described. Thereafter, the inflammatory chemokines CCL2 (MCP-1), CCL5 
(RANTES) and CXCL8 (Interleukin 8) are addressed, followed by description of the expression and roles of 
inflammatory cytokines, which are monocyte/macrophage-derived, namely Interleukin 1 (IL-1), Tumor 
Necrosis Factor α (TNFα) and Interleukin 6 (IL-6). Throughout the chapter, major emphasis is put on the 
manner by which the different inflammatory mediators cross-interact with each other, as well as with the 
tumor cells, together establishing an inflammatory microenvironment that consists of an extensive network 
of pro-malignancy activities. 

Key words: Breast Cancer, CCL2, CCL5, CXCL8, IL-1, IL-6, inflammatory chemokines, inflammatory cytokines, 
TNFα, tumor-associated macrophages, “vicious cycle” theory 

1. INTRODUCTION 

Breast cancer is a leading cause of death for 
women in the Western Hemisphere. The processes 
of breast cancer development and progression are 
attributed to genetic, hormonal, environmental and 
nutritional factors. In addition, a key role in breast 
cancer was recently suggested to the tumor 
microenvironment. In general, the tumor 
microenvironment consists of stroma cells (e.g. 
endothelial cells and fibroblasts), host-derived 
leukocyte infiltrates, soluble mediators, extracellular 
proteins and more (1-5). Microenvironmental cells 
and factors may affect the outcome of the cancerous 

process in many different manners, depending on the 
tumor type, the organ and the disease stage. 

Of the different microenvironmental factors that 
may affect tumor progression, including breast 
cancer, major roles were attributed to inflammatory 
components: cells, chemokines and cytokines 
[Representative reviews on the subject: (5-18)]. As 
described below, these components establish a 
network of effectors that jointly regulates breast 
cancer progression. Inflammatory chemokines 
induce angiogenesis, as well as the recruitment of 
inflammatory cells to breast tumors, primarily of 
monocytes that differentiate in the tumor to Tumor-
Associated Macrophages (TAM). Breast tumor cells, 
as well as TAM and stroma cells secrete a large 
variety of factors, including inflammatory 
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chemokines and cytokines. These, in turn, affect in 
paracrine and autocrine manners breast cancer 
progression, in most cases supporting the process. 

The current discussion is focused on the 
inflammatory milieu of breast tumors, and as such it 
addresses the presence and activity of TAM at breast 
tumors. This is followed by description of the roles 
of inflammatory chemokines in breast cancer, 
primarily as mediators of monocyte recruitment and 
angiogenesis. Thereafter, specific inflammatory 
cytokines that are classified as monocyte 
/macrophage-derived factors and may therefore be 
secreted by TAM, are discussed. Emphasis is put on 
the interplay between the different mediators – cells, 
chemokines and cytokines – together establishing an 
array of interactions that possibly supports breast 
cancer progression. 

2. TUMOR-ASSOCIATED 

MACROPHAGES IN 

BREAST CANCER 

High presence of host-derived inflammatory 
cells, primarily T cells and TAM, was observed in 
breast tumors (11, 19-38). At first, the existence of 
these immune cells in proximity to the tumor cells 
raised hopes that immune components may combat 
the developing tumor, and that manipulation of these 
cells could be exploited to limit disease progression. 
To date, much uncertainty exists regarding the roles 
of T lymphocytes in breast tumors, and their ability 
to raise effective immunity against the developing 
tumor (21-23, 25, 26, 29, 39-41). In contrast, there is 
a consensus regarding the roles of TAM in breast 
cancer, primarily in invasive carcinoma, suggesting 
that this cell population supports breast cancer 
development and progression (5, 21, 26-32, 34, 36, 
38, 42, 43).

TAM originate from blood monocytes that 
migrated into the tumor (10, 11, 44, 45). In breast 
tumors, the resulting differentiated TAM were 
shown to be diffusely distributed throughout the 
tumor, and to reside in tumor zones and tumor 
edges, around ductal areas and in the tumor stromal 
areas (28, 29, 31, 35, 36). The association of 
macrophages with prognosis in breast cancer was 

extensively studied, mainly in biopsies of patients 
that were diagnosed with invasive carcinoma of the 
breast. The resulting reports indicated that elevated 
levels of macrophages were associated with 
parameters of bad prognosis, such as erbB2 
expression (21, 29, 31). Moreover, the reports on 
this issue demonstrated that high presence of TAM 
was significantly correlated with high tumor grade, 
reduced relapse-free survival, clinical 
aggressiveness, poor prognosis and recurrence (5, 
21, 26-32, 34, 36, 38, 42, 43).

Macrophages are versatile cells that can, under 
specific conditions, exert tumor-inhibiting functions, 
such as antigen presentation, cytotoxicity, 
phagocytosis, and the secretion of Th1-stimulating 
cytokines (11, 13, 46). However, the studies on 
TAM in a variety of malignant diseases in general, 
and in breast cancer in particular suggest that TAM 
in specific tumors may be skewed to the tumor-
supporting phenotype [General reviews on TAM: (6-
11, 13, 18, 45-47)]. The current evidence indicates 
that in breast tumors, TAM exert a large variety of 
tumor-promoting functions, including the secretion 
of angiogenic factors, the promotion of breast cancer 
cell growth, the release of proteases that support the 
metastatic process, and the secretion of tumor-
promoting inflammatory chemokines and 
inflammatory cytokines, as indicated below. 

Breast TAM were demonstrated to express, or to 
be associated with several angiogenesis-supporting 
factors, including Vascular Endothelial Growth 
Factor (VEGF), Thymidine Phosphorylase (TP), and 
a secreted form of basic Fibroblast Growth Factor 
(bFGF) (35, 37, 43, 48). In accordance with these 
findings, a significant correlation was observed 
between increased macrophage counts, high vascular 
grade and increased angiogenesis in biopsies of 
breast cancer patients and in animal models (29, 32, 
34, 43, 49). Of interest were studies by Leek and 
Lewis, indicating that the macrophages accumulate 
in poorly vascularized hypoxic areas within the 
tumor, where the hypoxia stimulates the secretion of 
VEGF by TAM and by the tumor cells. These results 
suggest that in aggressive breast tumors, the lack of 
vascular supply results in hypoxia, followed by 
monocyte recruitment and VEGF secretion by TAM, 
giving rise to elevated angiogenesis at surrounding 
tumor areas (11, 34, 48). 
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Additional studies suggested the existence of 
another TAM sub-population in breast tumors, 
associated with low VEGF expression in the tumors, 
but with high expression of Epidermal Growth 
Factor Receptor (EGFR) by the tumor cells (37). 
Since TAM consist a major source of Epidermal 
Growth Factor (EGF) in breast tumors (50), these 
findings suggest that TAM-derived EGF acts on 
tumor cell-expressed EGFR, promoting tumor cell 
growth, and leading to increased aggressiveness. 
Further promotion of breast tumor growth may be 
mediated by the ability of TAM to secrete estradiol 
(51), which is associated with increased risk for 
breast cancer (52), in quantities that are sufficient for 
tumor growth enhancement (51). 

Moreover, TAM at breast tumor sites were 
suggested to release a variety of proteases that may 
degrade and remodel the extracellular matrix, 
therefore facilitating the metastatic process. Indeed, 
breast TAM were shown to express matrix 
metalloproteinases (MMP) and urokinase 
plasminogen activator (uPA), and uPA 
immunostaining was correlated with macrophage 
infiltrates in breast tumors (27, 53, 54).  

The above TAM-derived tumor-promoting 
mechanisms may be complemented by the ability of 
TAM to secrete inflammatory mediators. The 
inflammatory components that are released by TAM 
at breast tumor sites include not only inflammatory, 
tumor-promoting chemokines such as CCL2 and 
possibly CCL5 and CXCL8, but also inflammatory 
cytokines, e.g. Tumor Necrosis Factor α (TNFα)
[(35, 36, 55-60); For additional references, see 
specific sections]. TNFα is one of several 
inflammatory cytokines that are characterized as 
monocyte/macrophage-derived components, 
including also Interleukin 1 (IL-1) and Interleukin 6 
(IL-6). The expression and the roles of the 
inflammatory chemokines and cytokines in breast 
cancer are discussed further below. 

3. INFLAMMATORY 

CHEMOKINES IN 

BREAST CANCER 

The chemokine superfamily consists of a large 
number of small molecular weight proteins that 
induce chemotaxis of leukocytes to sites of 
inflammation, as well as to hematopoietic organs.  
The chemokines are sub-classified according to two 
criteria: structural and functional. Structurally, the 
classification is based on the arrangement of 
conserved cysteine residues in the chemokine 
molecule. The two larger chemokine sub-classes 
include the CC and the CXC groups, consisting of 
many chemokines with specific, as well as 
redundant activities. Making a simplistic 
generalization, the members of the CC chemokine 
group induce the migration of mainly monocytes and 
T lymphocytes. The CXC group is further sub-
divided to those that contain an ELR (Glu-Leu-Arg) 
motif (ELR+-CXC chemokines) and those that do 
not (ELR--CXC chemokines). The general outlines 
of the CXC group suggest that members of the 
ELR+-CXC sub-group attract mainly neutrophils, 
and they are considered as highly potent angiogenic 
factors. The ELR--CXC chemokines are powerful 
chemoattractants of monocytes and T cells, and are 
considered as angiostatic factors (a clear exception is 
CXCL12, known also as Stromal Cell Derived 
Factor-1, SDF-1) (61-67).  

The other, less stringent classification of 
chemokines is based on the context of their 
functionality. The “inflammatory chemokines” 
induce leukocyte recruitment to sites of acute and 
chronic inflammation. Following stimulation, many 
cell types can secrete inflammatory chemokines, 
therefore these chemokines are inducible in nature. 
On the other hand, the “homeostatic chemokines” 
are secreted in a constitutive manner at 
hematopoietic sites, regulating the directed 
migration of leukocytes in processes of 
haematopoiesis and lymphoid organ development 
(61-63).

Chemokines, inflammatory and also 
homeostatic, were recently suggested to affect breast 
cancer progression. As the present discussion is 
focused on the inflammatory milieu of breast 
tumors, major emphasis is put on the roles of the 
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inflammatory chemokines in breast cancer 
progression. However, it should be mentioned that 
an ample number of studies has been recently 
published on the roles of homeostatic chemokines, 
primarily CXCL12, in breast cancer. This 
chemokine was suggested to contribute to breast 
cancer progression by virtue of its secretion in 
metastatic organs of breast cancer, thereby inducing 
the homing of breast cancer metastatic cells that 
express the corresponding CXCR4 receptor, to these 
sites. In the scope of the present discussion, the roles 
of CXCL12 and other homeostatic chemokines will 
not be described, and the readers are referred to 
reviews and specific studies on this issue (68-81).  

The research on inflammatory chemokines in 
breast cancer provides evidence mainly for their pro-
malignancy roles in this disease. Three inflammatory 
chemokines were studied thus far extensively, 
including CCL2, CCL5 and CXCL8. In addition to 
these studies, investigations start emerging, 
suggesting that other inflammatory chemokines, 
primarily the ELR--CXC chemokines CXCL10 (γ-
Interferon Inducible Protein-10, IP-10) and CXCL9 
(Monokine Induced by IFNγ, Mig) may regulate 
breast cancer progression. The majority of these 
studies suggest that the two chemokines are potential 
inhibitors of breast cancer (82-93). However, thus 
far, the studies were performed only in animal 
models - mainly using chemokine or cytokine over-
expression - and in in vitro systems. Several of these 
studies provided evidence for the ability of these 
chemokines to inhibit breast cancer growth, and 
others only indirectly supported their tumor-
suppressing effects. Currently, the expression of 
CXCL10 and CXCL9, and their possible roles were 
not analysed in tumor-derived samples of breast 
cancer patients. Therefore, it is not known if they are 
endogenously expressed in breast tumors, or whether 
they could be only used as potential externally- 
applied or over-expressed substances that may limit 
breast cancer. In view of the above, CXCL10 and 
CXCL9 will not be discussed in depth, however, 
related references were mentioned above.  

3.1 CCL2 and CCL5 

CCL2 (Monocyte Chemoattractant Protein-1, 
MCP-1) and CCL5 (Regulated on Activation T Cell 

Expressed and Secreted, RANTES) are CC 
chemokines that potently induce monocyte 
migration (63, 94, 95), and as such were suggested 
to induce the recruitment of monocytes from the 
circulation to breast tumors, giving rise to the high 
prevalence of TAM in breast tumors (see references 
below). Investigations that were performed on 
clinical samples from breast cancer patients and 
healthy individuals, as well as studies in animal 
models and in vitro analyses, strongly support the 
pro-malignancy roles played by these two 
chemokines in breast cancer progression. 

3.1.1 CCL2 

In breast cancer, CCL2 expression was detected 
in breast tumor cells, mostly by in situ

immunohistochemistry (IHC) analysis (36, 57, 58, 
96, 97). Normal mammary epithelial cells in 
proximity to the tumor cells did not express CCL2 
(36, 58). CCL2 is generally characterized as an 
inducible chemokine (61, 63), and its expression by 
breast tumor cells was indeed up-regulated in vitro

by the inflammatory cytokines IL-1α and TNFα (83, 
98, 99). However, CCL2 expression was also 
demonstrated to be constitutive, as it was produced 
by unstimulated human and murine breast cancer 
cells in culture (58, 83, 84, 100-102). Moreover, 
expression of the chemokine at breast tumors was 
detected also in TAM, lymphocytes, smooth muscle 
cells, endothelial cells and fibroblasts (36, 57, 58, 
96, 103).

The studies on CCL2 expression in breast tumors 
indicated that elevated levels of CCL2 expression 
were associated with markers of bad prognosis, 
poorly differentiated tumor cells, early relapse and 
poor prognosis (36, 57, 58, 96). A study by Salcedo 
et al. provided a proof-of-concept for the role of 
CCL2 in breast cancer progression, showing that 
neutralizing antibodies against the chemokine 
increased survival, and reduced lung metastasis in a 
xenograft model of breast cancer (104). The pro-
malignancy role of CCL2 in breast cancer was also 
supported by the use of two independent murine 
mammary carcinoma cell systems, each consisting 
of variants of high versus low malignancy potential, 
showing that the highly tumorigenic variants 
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secreted considerably elevated levels of CCL2 than 
the low malignancy variants (83, 101, 102).   

As expected, a key mechanism for CCL2-
mediated pro-malignancy effects is its ability to 
induce the recruitment of monocytes into breast 
tumors, giving rise to elevated levels of TAM. High 
levels of CCL2 in breast tumors were highly 
correlated with macrophage counts in the tumor (36, 
57, 58). In accordance, very low numbers of 
macrophages were observed in areas of normal 
mammary epithelial cells, in which CCL2 was not 
expressed (36). The role of CCL2 in monocyte 
recruitment is further supported by in vitro studies 
showing that CCL2, derived directly from breast 
cancer cells, induced monocytic cell migration 
(100). Concomitantly with increased monocyte 
migration, it was recently indicated that CCL2 
down-regulated T cell-mediated effector functions 
(yet not the overall immunogenicity of the tumor) 
(105) in a murine mammary carcinoma model.  

In addition, a large body of evidence suggests 
that CCL2 is a potent angiogenic chemokine, 
supporting angiogenesis by acting directly on 
endothelial cells, as well as indirectly by promoting 
inflammatory cell recruitment, followed by the 
secretion of macrophage-derived angiogenic factors 
(36, 104, 106-110). In accordance with these 
observations, CCL2 expression in breast tumors was 
significantly correlated with microvessel density, 
and with the levels of the angiogenic factors VEGF 
and TP, as well as with the angiogenic chemokine 
CXCL8 (57, 58).  

CCL2 expression in breast tumors was 
associated with that of MMP (58),  suggesting that 
interactions between CCL2 and MMP, either direct 
or indirect, may up-regulate the expression of 
proteases at breast tumor sites, therefore facilitating 
the metastatic process. The activities of CCL2 may 
be exerted on breast TAM, as suggested by the fact 
that CCL2 promoted MMP expression by monocytic 
cells (111). In addition to its MMP-related activities 
on TAM, it is possible that the chemokine may 
affect directly the tumor cells, signaling through 
specific binding sites or the CCR2 receptor, recently 
demonstrated to be expressed by the tumor cells (84, 
112, 113). In this regard, it is of interest that elevated 
expression of CCL2 was associated with increased 
levels of MMP in high malignancy variants of 

mammary carcinoma cells, as compared to low 
levels of both CCL2 and MMP in the low 
malignancy variants of these cells (83, 102). The 
ability of CCL2 to promote MMP expression at the 
tumor site may facilitate the establishment of 
metastases at remote sites, and may be further 
supported by the ability of the chemokine to induce 
migration of breast cancer cells (112).  

Further analysis indicated that CCL2 expression 
was associated with elevated expression levels of 
inflammatory cytokines. Studies in breast cancer 
patients demonstrated that the in situ expression of 
CCL2 was highly correlated with that of the 
potentially tumor-promoting cytokine TNFα (57). A 
cross-regulatory circuit was suggested between 
tumor cell-derived CCL2 and TAM-produced 
TNFα, as based on findings showing that CCL2 up-
regulated the secretion of TNFα by monocytic cells, 
and that monocytic cell-derived TNFα promoted 
CCL2 secretion by mammary carcinoma cells (83).  

In the context of CCL2 interactions with 
inflammatory cytokines, it is possible that CCL2 
may cooperate or cross-interact also with the 
potential pro-malignancy cytokine IL-6.  It was 
shown in two unrelated mammary carcinoma cell 
systems that promoted levels of CCL2 secretion 
were associated with elevated IL-6 release in high 
malignancy variants, as compared to low 
tumorigenicity variants (83, 102). Furthermore, the 
secretion of CCL2 by fibroblasts derived from breast 
tumors was dependent on IL-6 activity (103). 
Another intriguing possibility for tumor-supporting 
functions of CCL2 is that cross-regulatory pathways 
may exist in TAM not only between CCL2 and 
inflammatory cytokines, but also between CCL2 and 
other tumor-supporting chemokines, such as CCL5. 
Such a mechanism was suggested by Locati’s study, 
demonstrating that CCL5 promoted CCL2 secretion 
in monocytic cells (114). 

Overall, the results of the above-described 
investigations suggest that one of the initial events in 
breast cancer development is the ability of tumor 
cell-derived CCL2 to chemoattract monocytes to the 
tumor. The secretion of tumor-promoting factors by 
the resulting TAM, joined by the pro-malignancy 
activities of tumor cell- and TAM-derived CCL2, as 
well as by other tumor-promoting factors, may 
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further support establishment of metastases and 
disease progression.   

3.1.2 CCL5 

Analyses of CCL5 expression, performed by 
IHC on biopsies of breast cancer patients indicated 
that CCL5 was expressed by infiltrating leukocytes, 
as well as by breast tumor cells (59). Although 
classified as an inflammatory chemokine, 
constitutive secretion of CCL5 was detected by 
breast tumor cells of human and murine origins, in 
culture (59, 100, 115, 116). The secretion of CCL5 
could be further induced by the inflammatory 
cytokine TNFα (100, 117), synergising with 
Interferon γ in this regulatory activity (100). CCL5 
expression was hardly detected in normal duct 
epithelial cells, or in epithelial cells that constitute 
benign breast lesions in proximity to tumor cells (as 
determined mainly in stages I and II of disease) (59). 

Analysis of CCL5 expression in breast cancer 
patients demonstrated prevalent chemokine 
expression (59). High incidence and intensity of 
CCL5 expression were detected by IHC in sections 
of most of the patients with advanced disease (stages 
II and III) as compared to stage I breast cancer 
patients (59). Determination of CCL5 expression in 
plasma also indicated that CCL5 expression was 
elevated in advanced disease (118), supporting the 
pro-malignancy roles of CCL5 in breast cancer. 
Moreover, CCL5 immunoreactivity was detected in 
only a small percentage of patients diagnosed with 
benign breast lesions or patients that underwent 
reduction mammoplasty (59). As CCL5 may have 
pro-malignancy roles in breast cancer, its expression 
by healthy individuals may represent a population- 
at-risk, in which CCL5 expression may be indicative 
of an ongoing, but as yet undetectable, malignancy 
process.

Experimental models support the role of CCL5 
in breast cancer progression, as indicated by the fact 
that inhibition of CCL5 activities, by a receptor 
antagonist or by direct down regulation of CCL5, 
decreased the volume and weight of mammary 
tumors, and significantly inhibited tumor growth 
(115, 116). In vitro invasion tests also supported the 
role of CCL5 in promoting breast cancer (119). 

Although CCL5 was shown to support 
vascularization (100), the major pathway in which it 
supports tumor growth is probably by changing the 
equilibrium between different leukocyte subsets at 
the tumor site. A recent publication by Adler et al.

indicated that down-regulation of CCL5 expression 
by breast tumor cells resulted in reduced in vivo

growth, associated with increased infiltration of T 
cells and greater tumor-specific T cell responses 
(115). CCL5 may therefore have the ability to down 
regulate T cell migration (by unidentified manners) 
to breast tumors, thereby escaping potential immune 
activities against the developing tumor (115).  

In contrast to CCL5-induced inhibition of T cell 
recruitment to breast tumors, CCL5 strongly 
potentiates the migration of monocytes to these 
tumors, therefore promoting TAM presence in breast 
carcinomas. Studies in murine systems indicated that 
breast tumor-derived CCL5 was directly responsible 
for monocyte recruitment to breast tumors (115, 
116). A role for breast tumor cell-derived CCL5 in 
inducing monocyte migration and increasing TAM 
presence was also indicated by in vitro analyses 
using conditioned medium of breast tumor cells that 
secrete the chemokine (100). Evidence was also 
provided regarding the ability of breast tumor cell-
derived CCL5 to induce eosinophil migration, 
suggesting its contribution to eosinophil recruitment 
to breast tumors (117), however the role of such an 
infiltrate in breast cancer was not defined as yet.  

Therefore, a major mechanism by which CCL5 
may promote breast cancer progression is induction 
of monocyte infiltration to breast tumors. Following 
their recruitment, the resulting TAM, as well as the 
tumor cells, may be exposed to CCL5-induced 
tumor-promoting activities. One such pathway may 
be mediated by the ability of CCL5 to increase 
CCL2 secretion by monocytic cells (114), implying 
that cross-regulatory mechanisms may exist between 
the two pro-malignancy chemokines, thus 
supporting breast cancer progression. Another 
possibility for CCL5-mediated pro-tumorigenic 
effects is its potential role in facilitating metastasis 
formation by up-regulating MMP9 transcription and 
expression, not only by monocytic cells, but also 
directly by breast tumor cells (100, 111, 115, 120), 
as well as by inducing migratory responses of breast 
cancer cells (112, 113).  
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The above-mentioned functions of CCL5 
manifest, between others, direct activities of the 
chemokine on breast tumor cells. Since CCL5 is 
secreted by breast tumor cells, it is possible that the 
chemokine affects the tumor cells in autocrine 
manners in situ. Such a mechanism necessitates the 
expression of CCL5 receptors by the tumor cells. 
Several receptors are known for CCL5, including 
CCR1, CCR3 and CCR5 (63, 64, 66). The 
possibility that CCL5 may act by autocrine manners 
on breast tumor cells is supported by the fact that 
CCR5 expression was noted by IHC on breast tumor 
cells in biopsies of breast cancer patients, as well as 
by detection of CCL5 binding sites and receptors in 
human breast cancer cell lines (100, 112, 113).  

However, with regard to the expression of CCR5 
by breast cancer cells, it is of interest to note that a 
report by Manes et al. suggested that the expression 
of functional CCR5 was involved in reduced breast 
tumor cell proliferation, in a mechanism requiring 
p53-mediated activity (121). The results of this 
study implied that a mutated dysfunctional CCR5 is 
associated with shorter disease-free survival in 
breast cancer patients, suggesting a protective role 
for CCR5, and possibly its ligands, in breast cancer. 
The basis for the inconsistency between this 
observation and all the other findings on the pro-
malignancy roles of CCL5, potentially mediated by 
CCR5 but also by other CCL5 receptors, is not 
defined. However, it should be noted that the p53 
status of the patients in the other reports was not 
determined. Furthermore, the other studies did not 
analyse the proportions of wild type CCR5-
expressing versus mutated CCR5-expressing 
patients, nor did they determine the expression of 
other CCL5 receptors, such as CCR1 and CCR3, in 
breast tumors.  

Altogether, the current information on the roles 
of CCL5 suggests that it supports breast cancer 
progression. As with CCL2, it is possible that CCL5 
secretion by breast tumor cells is followed by CCL5-
induced monocyte migration and by the expression 
of tumor-promoting functions by the resulting TAM. 
In addition, CCL5 may further stimulate TAM and 
breast tumor cells to express pro-malignancy 
mediators, favouring tumor growth and metastasis 
formation in this disease. 

3.2 CXCL8 

CXCL8 (Interleukin 8, IL-8) is an ELR+-CXC
chemokine, and is characterized mainly as a 
neutrophil chemoattractant, inducibly secreted by 
several cell types, including mainly monocytic cells 
(63, 94, 95). However, in the malignancy context, it 
is believed that CXCL8 exerts several pro-
malignancy functions which may not be related to its 
chemotactic activities.  

At breast tumors, CXCL8 is expressed primarily 
by the tumor cells. Constitutive secretion of CXCL8 
by breast tumor cell lines was demonstrated, 
however in line with the inducible nature of CXCL8, 
its expression was up-regulated in breast tumor cells 
by the inflammatory pro-malignancy cytokines     
IL-1α,  IL-1β and TNFα (60, 97, 122-135). CXCL8 
expression was detected in breast tumors also in 
Small Vessel Endothelial Cells (SVEC) and Large 
Vessel Endothelial Cells (LVEC), as well as by 
stroma cells, probably fibroblasts (60, 124, 126). 
The fact that monocytes constitute a prime source 
for CXCL8 (63, 94, 95) raises the possibility that 
CXCL8 at breast tumor sites may be secreted also by 
TAM.

In contrast to CCL2 and CCL5, CXCL8 is 
expressed not only be breast tumor cells, but also by 
cells adjacent to the carcinoma (122). CXCL8 
expression was noted in normal mammary epithelial 
cells in a large proportion of healthy individuals (60, 
125, 136, 137), suggesting that this chemokine may 
serve as an essential defence mechanism against 
breast infections by induction of neutrophil 
migration (137-140).  

Since CXCL8 is expressed by breast epithelial 
cells of healthy women, it is expected that dramatic 
elevations in the proportions of CXCL8-expressing 
individuals will not be observed in the breast cancer 
population as compared to healthy individuals. 
Indeed, determination of the proportions of patients 
expressing CXCL8, performed by several methods – 
by IHC or at the mRNA level in situ, or on isolated 
breast epithelial cells – suggests that the percentages 
of breast cancer patients that express CXCL8 are 
similar to normal individuals (60, 124, 126). 
Moreover, determination of CXCL8 expression by 
epithelial cells indicated that the proportions of 
CXCL8-expressing patients are similar in breast 
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cancer patients and in patients diagnosed with 
Ductal Carcinoma In Situ (DCIS) (125).  

The studies determining the incidence of patients 
expressing CXCL8 are joined by other reports, 
analysing the levels of CXCL8 expression. Some of 
these investigations compared between breast cancer 
patients and healthy individuals by using cultures of 
patients’ cells, plasma samples and tissue 
homogenates, but not by IHC. These analyses 
indicated that the levels of CXCL8 in patients and 
healthy individuals were similar, and did not have 
prognostic values in breast cancer (57, 122, 141). 
Also, in a recent study using variants of GI101A 
human breast cancer cells differing in their 
metastatic potential, the metastasis-selected variants 
did not show increases in the expression of CXCL8 
(130). Together, these results suggest that CXCL8 
expression is not elevated in breast cancer, but they 
also do not provide evidence for any protective roles 
for the chemokine in breast cancer. 

However, side by side with these observations, 
there are reports indicating that the proportions of 
CXCL8 expression and its levels, as determined in 

situ and by the use of serum samples, are higher in 
breast cancer patients than in healthy individuals 
(125, 126, 142, 143). Importantly, IHC-based 
analysis of CXCL8 expression in breast cancer 
patients and DCIS patients indicated that the staining 
intensity of CXCL8 was significantly higher in 
samples of these two groups of patients than in 
normal ductal epithelial cells in benign tissues (125). 
It is possible that direct analysis of CXCL8 
expression in breast tumors by IHC provides the 
most clinically relevant information on CXCL8 
expression in breast tumors.  

The results of these latter studies suggest that the 
proportion of CXCL8-expressing individuals are not 
correlated with breast cancer, but it is possible that 
elevated levels of CXCL8 expression are associated 
with disease development and progression. High 
CXCL8 secretion levels were also noted in human 
MDA-231 breast cancer cell variants characterized 
by an increased metastatic phenotype (131). As 
previously noted, another study using GI101A breast 
cancer cells demonstrated no correlation between 
CXCL8 and the metastatic potential of the cells 
(130). It is possible that the differences between the 
two studies reflect cell line-specific effects. 

Nevertheless, the potential contribution of CXCL8 
to determination of the metastatic potential of breast 
cancer cells was further supported by several studies 
demonstrating a strong correlation between the 
metastatic potential of different human breast cancer 
cell lines and elevated levels of CXCL8 expression 
(127, 132, 134).

Support for the potential roles of CXCL8 in 
breast cancer is provided also by studies performed 
on patients that had received several courses of 
therapy before entering the study. It was indicated 
that the levels of CXCL8 were higher in patients 
with a progressive disease, as compared to patients 
demonstrating partial response or no change in 
clinical parameters following treatment (144, 145). 
In a model system imitating chemotherapy 
resistance, elevated levels of CXCL8 were detected 
in cells that survived sequential treatment with 
chemotherapeutic agents, associated with enhanced 
tumor growth in an orthotopic tumor model (129).  

It is possible that the discrepancies between the 
different reports on CXCL8’s role in breast cancer 
are the result of the heterogeneity of the breast 
cancer patient population, and the differential 
expression of other tumor-related factors in these 
patients. For example, recent evidence indicated that 
high levels of CXCL8 expression in breast cancer 
cells were associated with negative expression of 
estrogen receptor (ER) (125, 132, 134). Since the 
populations of breast cancer patients in the different 
studies were not divided according to the ER status, 
the proportion of ER+ versus ER- patients in the 
surveys could have affected the results obtained in 
studies on CXCL8 contribution to breast cancer. 

The implications of ER- association with 
CXCL8 elevated expression in breast cancer are not 
fully understood as yet. Of note in this respect is the 
fact that the levels of CXCL8 expression by breast 
tumor cells were regulated directly by the expression 
of ER, primarily ERα (132, 134), and not by 
estradiol. Treatment with 17β-estradiol (E2) did not 
affect the expression of CXCL8 in ER+ or ER- 
breast cancer cells, nor did it down-regulate CXCL8 
expression by ER- breast cancer cells that were 
transfected by ERα (132, 134). In contrast, CXCL8 
was shown to potently increase the activity of 17β-
hydroxysteroid dehydrogenase type I (146), a key 
enzyme in the synthesis of E2, which is considered 
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as a prime hormone in the promotion of breast 
cancer cell growth (52). Together, the above results 
suggest that not only the expression of CXCL8 per

se, but also the manner it associates with estrogen 
and its receptors, may be important for the control of 
breast cancer development and progression.  

Overall, the above findings suggest that CXCL8 
may exert tumor-promoting functions in breast 
cancer; nevertheless, its full-blown capacity may 
necessitate joint activity with other pro-malignancy 
factors. This possibility is supported by a recent 
report, indicating that antibodies against CXCL8 
could not reduce the in vivo malignancy potential of 
breast tumor cells, but they synergised potently with 
antibodies neutralizing EGFR, resulting in decreased 
metastatic tumor burden (128). These results suggest 
that the activities of CXCL8 and EGF could 
converge, jointly supporting specific pathways in the 
metastatic cascade. Indeed, the study by 
Schraufstatter et al. suggested that following 
CXCL8 binding to its receptors on endothelial cells, 
EGFR was activated, inducing migration of the 
endothelial cells. One of the mechanisms that may 
be involved in this process is CXCL8-induced 
activation of  proteolytic enzymes, resulting in 
cleavage of pro-HB-EGF to HB-EGF, thereby 
activating EGFR (147). These results have major 
implications for the angiogenic process, suggesting 
that CXCL8-induced angiogenicity may occur via

the activation of EGF-related pathways. Such 
combined and inter-related activities of CXCL8 and 
EGF may elevate the pro-malignancy potential of 
CXCL8, and the two factors can thus jointly 
contribute to disease progression. 

The above mentioned observations are in line 
with the potent angiogenic capabilities of CXCL8 
[Only a small number of references is cited: (65, 
128, 148, 149)]. The angiogenic role of CXCL8 in 
breast cancer is highly plausible, as indicated by its 
coordinated expression with the angiogenic 
chemokine CCL2 in breast tumors (57), and by the 
fact that endothelial cells in breast tumors expressed 
the CXCL8 receptors, CXCR1 and CXCR2 (124). 
Since CXCR2 is the major CXCL8 receptor 
mediating the angiogenesis-related activities of this 
chemokine (149-151), these results suggest that 
CXCL8 may act on the endothelial cells to increase 
angiogenesis in breast cancer. Indeed, it was 

illustrated that breast tumor cell-derived CXCL8 
promoted in endothelial cells the formation of 
elongated tube-like structures, as well as endothelial 
cell proliferation (132), both important for 
angiogenicity. 

The expression of CXCL8 binding sites, and 
more specifically of the CXCL8 receptors CXCR1 
and CXCR2 was also detected by breast tumor cells 
in culture and in situ (112, 124, 128). Of interest is 
the fact that breast tumor cells expressed CXCR1 
and CXCR2 in all breast cancer specimens analysed, 
whereas only 50% of benign epithelial cell samples 
expressed the receptors (124). These observations 
suggest that autocrine pro-malignancy activities of 
CXCL8 in breast cancer may occur, possibly 
contributing to breast cancer progression. Although 
binding sites for CXCL8 were detected in breast 
tumor cells (112, 124, 128), direct evidence for such 
autocrine activities of CXCL8 on breast tumor cells 
was not provided as yet, and the ability of CXCL8 to 
support breast tumor cell proliferation was thus far 
ruled out (128, 132, 133).  

Additional modes of action were suggested to 
contribute to the pro-malignancy activities of 
CXCL8. First, interactions between CXCL8 and 
other potentially pro-malignancy factors, such as the 
cytokine IL-1 may exist, as suggested by 
observations showing correlations between CXCL8 
and IL-1 expression in breast tumors (125, 152). The 
existence of cross-regulatory circuits between 
CXCL8 and IL-1 is further reinforced by the ability 
of IL-1 to promote CXCL8 expression by breast 
tumor cell lines (123, 125, 127, 129, 153). 
Additional interactions between CXCL8 and pro-
malignancy cytokines are suggested by the ability of 
TNFα to up-regulate CXCL8 expression by breast 
tumor cells (123, 127). 

CXCL8 was also suggested to directly support 
the metastatic process in breast cancer by promoting 
tumor cell motility, and by inducing the invasion of 
breast tumor cells (112, 128, 131, 132, 154). 
Together with the fact the CXCL8-related 
malignancy of breast tumor cells was also associated 
with elevated expression levels of MMP (128), it is 
possible that CXCL8-induced MMP expression may 
facilitate tumor cell release from the primary tumor 
site, and that CXCL8 may promote invasion and 
metastasis formation. Moreover, reports by Bendre 
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et al. indicated that CXCL8 was involved in skeleton 
metastasis, and that this chemokine stimulated 
osteoclastogenesis and bone resorption, suggesting 
that CXCL8-induced osteolysis may be associated 
with metastatic processes in breast cancer (131, 155, 
156).

Taken together, the above-described results 
suggest that CXCL8 may be a key mediator of breast 
cancer, possibly inducing angiogenesis and acting 
via a broad array of additional mechanisms. 
However, the overall impression is that cooperation 
between CXCL8 and other tumor-supporting 
components is required for maximal pro-malignancy 
activities of CXCL8 at breast tumors, raising the 
need for further investigation of its ability to jointly 
act with other malignancy-enhancing factors in 
breast cancer.

4. INFLAMMATORY 

CYTOKINES IN BREAST 

CANCER

The three inflammatory cytokines mentioned 
above, IL-1, TNFα and IL-6 are produced by 
monocytic cells, but also by other cell types. IL-1 
and TNFα share many lines of similarities, and 
show cross-interactions with each other, also 
affecting the secretion of IL-6. All three cytokines 
have major roles in the regulation of immune 
activities, and are also involved in a variety of 
clinical manifestations (157-163).  

IL-1, TNFα and IL-6 are secreted at breast 
tumor sites by tumor cells, TAM, endothelial cells  
and/or other stroma cells, as described below. The 
current evidence strongly suggests that IL-1 supports 
breast cancer development and progression, and that 
TNFα is a potential pro-malignancy factor in this 
disease. With regard to IL-6, there are conflicting 
reports concerning its role in breast cancer, however 
its ability to promote breast cancer development and 
progression is plausible, as indicated herein.   

4.1 INTERLEUKIN 1 

The expression of IL-1, in its IL-1α and/or IL-1β
forms, was detected in breast tumor cells, 

endothelial cells, smooth muscle cells, fibroblasts 
and uncharacterised stroma cells (60, 125, 152, 164-
168). Direct demonstration of IL-1 expression by 
TAM was not provided. However, the possibility 
that TAM produce this cytokine in breast cancer is 
supported by the observation that IL-1 is secreted by 
monocytic cells in the immunological context, and 
by the fact that elevated IL-1β levels were correlated 
with high macrophage counts in this disease (165).   

Studies detecting IL-1 expression in situ by IHC 
in tissue biopsies, and analyses of tumor cell extracts 
strongly support the role of both IL-1α and IL-1β in 
breast cancer progression. Determination of the 
expression levels of IL-1α and IL-1β by IHC 
indicated that the proportion of IL-1-positive 
patients was similar in breast cancer patients, DCIS 
patients and healthy individuals (125); however, the 
expression levels of the two cytokines were 
increased in invasive breast carcinoma and in DCIS 
patients, as compared to patients diagnosed with 
benign lesions of the breast (125). Moreover, the 
results of a study by Jin et al., analysing IL-1β
expression in tissue extracts demonstrated that the 
cytokine expression levels in invasive carcinoma 
patients were significantly higher not only in 
comparison to control healthy patients, but also as 
compared to DCIS patients (165). High IL-1β
expression levels in this study were correlated with 
parameters characterizing aggressive tumors, as well 
as with high tumor grade.  

The above results were further confirmed by 
another IHC study demonstrating that high IL-1α
levels were correlated with poor differentiation 
(167). Of interest were the observations of this 
study, indicating that elevated levels of IL-1α
expression were correlated with the lack of ER 
expression, primarily of ERα (167). In line with 
these findings, other studies also demonstrated 
inverse correlation between elevated IL-1 expression 
and ER presence (125, 166), suggesting that the 
tumor-promoting activities of IL-1, in similarity to 
those of CXCL8, may depend on the hormonal 
setting of the tumor microenvironment.  

Overall, the results of these studies support the 
role of IL-1 in breast cancer progression, as was also 
suggested by the analysis of breast tumor cell lines 
(167), and by the determination of IL-1 activities in 
animal model systems (169, 170). Thus far, one 
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report only, determining the expression of IL-1β in 
serum and not in tumor-related clinical samples, 
suggested that the expression of IL-1 did not 
correlate with clinicopathological parameters (171).  

In breast carcinomas, the receptors for IL-1 are 
expressed by endothelial cells (SVEC, LVEC), 
smooth muscle cells and fibroblasts, as well as by 
the tumor cells and normal duct cells (125). 
Significant elevations in IL-1 receptor expression 
(both IL-1RI and IL-1RII) were observed in biopsies 
of invasive carcinoma and DCIS patients as 
compared to individuals with fibrocystic breast 
diseases (125). This pattern of IL-1 receptor 
expression suggests that not only the elevated levels 
of IL-1, but also of its receptors, may contribute to 
the pro-malignancy effects of IL-1 in breast cancer. 

Paracrine activities of IL-1 may give rise to 
increased angiogenesis, as supported by IL-1 
receptor expression by the endothelial cells (IL-1 
may act to increase the expression of angiogenesis-
promoting functions), and by the fact that IL-1β
expression was significantly correlated with the 
endothelial marker von Willebrand’s factor (165). In 
addition, pro-angiogenic activities of IL-1 may be 
mediated by its cross-interactions with the 
angiogenic chemokine CXCL8. Analyses of samples 
from breast cancer patients indicated that the 
expression levels of IL-1α and IL-1β were 
associated with those of CXCL8 (125, 152). IL-1 
may act in paracrine manners to promote CXCL8 
secretion, as suggested by the observation that IL-1α
up-regulated CXCL8 expression by fibroblasts 
(153). IL-1-induced autocrine activities that are 
related to CXCL8 secretion are also possible, as 
supported by the fact that breast tumor cells express 
both IL-1α and IL-1β and their receptors, and that 
the two cytokines stimulate in these cells the 
expression of CXCL8, mainly in ER negative cell 
lines (123, 125, 127, 129, 153).  

The angiogenic activities of IL-1 may be further 
mediated by its interactions with CCL2 and its 
receptors. IL-1α was shown to up-regulate the 
expression of CCL2 by breast tumor cells (98, 99) 
while IL-1β promoted the expression of CCR2, the 
CCL2 receptor, by endothelial cells (110). The joint 
activities of both IL-1 forms may result in increased 
CCL2-induced angiogenic processes. The 
interactions between IL-1, CCL2 and CXCL8 

support the possibility that cross-interactions 
between the inflammatory cytokines and 
inflammatory chemokines may contribute to breast 
cancer progression. 

Additional analyses were performed in vitro on
breast cancer cell lines, some demonstrating tumor-
inhibiting functions of IL-1, but the majority 
providing evidence for its tumor-supporting roles. 
The tumor-inhibiting effects of IL-1 consisted 
primarily of growth arrest, including its ability to 
antagonize the mitogenic effects of Insulin Growth 
Factor-1 (IGF-1) (172-174). However, these 
analyses were performed only on the MCF-7 cells, 
and as mentioned in the TNFα section below, may 
raise concerns regarding the generality of these 
findings.  

The reports suggesting tumor-suppressing roles 
for IL-1 are outnumbered by studies implying that 
IL-1α and IL-1β potently elevate tumor-promoting 
activities by breast cancer cells and by cells in the 
tumor microenvironment. Some of these activities 
were mentioned above, consisting of interactions 
between IL-1 and the pro-malignancy chemokines 
CXCL8 and CCL2. IL-1α and IL-1β may also 
increase the expression and activities of other 
inflammatory and potentially pro-malignancy 
cytokines, TNFα and IL-6, by breast tumor cells 
and/or fibroblasts (153, 172, 175, 176). The 
associations between IL-1 and IL-6 were further 
validated by the correlation between IL-1α and IL-6 
expression noted in breast tumor biopsies (164), and 
also by the fact that IL-1 additively acted with IL-6 
to induce breast cancer motility and spreading (177). 
In addition to the IL-1 and TNFα associations 
mentioned above, other interactions between the two 
cytokines may occur, as manifested by their joint 
abilities to stimulate the activity of estradiol 17β-
hydroxysteroid dehydrogenase in breast tumor cells 
(178), an enzyme which is involved in E2 synthesis
and may thus promote the growth of hormone-
dependent breast tumor cells (52).   

IL-1 may also induce the expression of 
additional mediators that could contribute to breast 
cancer progression. IL-1β was shown to stimulate in 
breast fibroblasts the release of fibroblast growth 
factor 7, a growth factor for mammary cells (179), 
while IL-1α up-regulated MMP3 expression in 
fibroblasts, suggesting that it may support indirectly 
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the metastatic process by facilitating tumor cell 
spreading (153). 

As mentioned above, key effects of IL-1 are 
related to its ability to induce estrogen expression by 
breast tumor cells and by fibroblasts. Estrogen, as an 
important mitogenic stimulant in breast cancer, may 
contribute to the growth of estrogen-dependent 
breast tumor cells (52). Estrogen-related activities of 
IL-1 are indicated by its ability to up-regulate 
estradiol 17β-hydroxysteroid dehydrogenase and 
aromatase activities in breast cancer cells, and in 
breast fibroblasts (178, 180, 181), thereby 
supporting estrogen synthesis (182, 183). Moreover, 
the production of prostaglandin E2, a stimulator of 
aromatase and estrogen synthesis, and an 
immunosuppressive agent in breast cancer (182-
188), was up-regulated by IL-1β in breast tumor 
cells and in breast fibroblasts (189).  

In all, the current data suggest that IL-1 secretion 
by breast tumor cells and possibly also by TAM, 
may up-regulate a variety of pro-malignancy 
mechanisms that enhance processes of breast tumor 
growth and metastasis formation, including cross-
interactions between inflammatory cytokines and 
chemokines.  

4.2 TUMOR NECROSIS 

FACTOR α

The immune-related activities of TNFα and its 
identification as the active component in crude 
bacterial preparations that contained tumor-
necrotizing toxins, raised the possibility that this 
cytokine may prove as a potential tumor-inhibiting 
factor (10, 15, 16, 158, 190). However, the current 
use of TNFα in therapy of malignant human 
diseases is limited, owing to relatively minimal 
efficacy in clinical trials and high toxicity. In 
parallel, increasing amount of evidence emerged, 
showing that TNFα is correlated with advanced 
stages of malignancy, and that it supports tumor 
progression in a variety of malignant diseases. As 
based on these observations, it was suggested that 
exposure to TNFα at very high concentrations may 
indeed have anti-tumor activities, whereas its 
chronic expression at tumor sites plays a key role in 
tumor progression (10, 15, 16, 190).  

In breast cancer, TNFα is expressed primarily by 
breast TAM, while its receptors are expressed by the 
tumor cells and by stroma cells (35, 55, 56, 100, 
135, 191, 192). TNFα expression by breast tumor 
cells was also noted, however it was speculated that 
this expression resulted of TAM-derived TNFα,
binding to its receptors which were expressed by the 
tumor cells (192). The expression of the cytokine 
and its receptors at breast tumor sites raised 
questions regarding its role in disease inhibition or 
progression. To date, the results are inconclusive, 
however they support the possibility that TNFα may 
function as a tumor-promoting factor in breast 
cancer, as indicated below.

4.2.1 Can TNFα limit breast cancer 

development and progression? 

A number of studies indicated that there were no 
significant differences in TNFα expression between 
breast cancer patients and healthy individuals, and 
no associations with advanced disease (126, 141, 
165, 171, 193).  These investigations determined the 
proportion of TNFα-expressing individuals and its 
levels, at the mRNA or protein levels, using tumor 
homogenates/extracts or plasma samples. Since the 
proportions and levels of TNFα expression in 
patients and in healthy individuals  were similar, 
these studies did not provide any direct evidence for 
tumor-inhibiting functions of the cytokine in breast 
cancer.

Straightforward indications that TNFα may act 
as a tumor-inhibitory inflammatory cytokine in 
breast cancer were suggested by two animal model 
systems. A study by Sabel and colleagues indicted 
that intratumoral injection of TNFα-loaded 
microspheres suppressed the growth of mammary 
carcinoma cells. The TNFα treatment was combined 
with interleukin-12, resulting in resistance to tumor 
rechallenge (194). The effect of the cytokines in this 
case was attributed to the induction of 
polymorphonuclear (PMN) and CD8+ T cell 
infiltration, and to the presence of tumor-specific 
reactive T cells in the nodes and spleens of treated 
mice. In another study, in which a breast cancer 
xenograft model was used, recombinant TNFα
arrested the growth of established tumors (195).  
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As a tumor-necrotizing factor, it is possible that 
the tumor-inhibiting functions of TNFα are also 
mediated by its ability to induce tumor cell lysis, 
either indirectly or directly. TNFα was shown to 
increase the expression of the adhesion molecule 
ICAM (intercellular adhesion molecule) by the 
tumor cells, thereby facilitating tumor cell lysis by 
lymphokine-stimulated killer (LAK) cells (196). 
TNFα was also shown to suppress the ability of 
IGF-1 to stimulate DNA synthesis in human breast 
carcinoma MCF-7 cells, significantly inhibiting the 
anti-apoptotic effects of IGF-1 (173). With regard to 
direct activities of TNFα in cell lysis, the evidence is 
somewhat problematic. Inhibition of tumor cell 
growth, as well as lysis by TNFα was demonstrated 
in several breast tumor cell lines, showing different 
sensitivities of the various lines. However, 
sensitivity to TNFα was noted mainly in the MCF-7 
cells, raising concerns regarding the generality of the 
phenomenon (see below). These cells indeed showed 
sensitivity to TNFα, however TNFα-resistant MCF-
7 cells were described as well (172, 173, 196-208).   

4.2.2 TNFα may act as a tumor-

promoting cytokine in breast 

cancer

The above findings are strongly contrasted by 
studies suggesting a tumor-supporting role for TNFα
in breast cancer. These investigations, unlike the 
previously mentioned ones, were performed 
primarily by IHC analyses of patient biopsies. First, 
it was demonstrated that TNFα was expressed in 
breast tumors, but not in normal breast tissues, or in 
non-malignant breast tissue adjacent to the tumor 
(55). This report was followed by a study by Miles 
et al., showing that the proportion of TNFα-
expressing TAM was elevated with increased tumor 
grade (56). A strong support for the potential role of 
TNFα in breast cancer was provided by Leek and 
his coworkers, showing by IHC that TNFα levels 
were associated with a more advanced axillary 
lymph node status (192). However, TNFα
expression in this study was not correlated with poor 
survival, suggesting that although the cytokine may 
be involved in controlling nodal metastasis, its 
effects are not sufficient to independently affect 
prognosis directly (192).  

An additional study, performed on serum 
samples of patients further supported the pro-
malignancy roles of TNFα in breast cancer. It was 
found that breast cancer patients expressed 
significantly higher levels of the cytokine as 
compared to healthy individuals, and that elevated 
levels of the cytokine were significantly associated 
with increased tumor size, as well as with more 
advanced stage and lymph node status (209). 

As based on studies in other tumor systems (16, 
190), TNFα may act as a tumor-supporting factor by 
virtue of its ability to promote the expression of 
angiogenic factors. Such a role for TNFα in breast 
cancer is supported by the fact that its expression 
was correlated with angiogenic factors in breast 
tumors, such as VEGF, TP and bFGF (35, 192). It 
was suggested that TNFα receptors, expressed by 
the tumor cells, bind TAM-derived TNFα which 
induces TP expression in breast tumor cells (192). 
Furthermore, TNFα expression was also correlated 
with the pro-malignancy chemokine CCL2 which 
exerts potent angiogenic activities (57). In vitro

studies indicated that TNFα promoted the 
expression of the two angiogenic chemokines, CCL2 
and CXCL8 by breast tumor cells (83, 123, 127), as 
well as the expression of the CCL2 receptor CCR2 
by endothelial cells (110). The combined effects of 
these TNFα activities may result in increased 
angiogenic effects, contributing to metastasis 
formation. 

The ability of TNFα to promote CCL2 and 
CXCL8 expression is important not only from the 
angiogenesis point of view, but also because it 
provides evidence for cross-interactions between this 
inflammatory cytokine and inflammatory 
chemokines, that may possibly advance breast 
cancer progression. Such inter-relationships were 
also demonstrated by the ability of TNFα to up-
regulate the secretion of the pro-malignancy 
chemokine CCL5 by breast tumor cells (100, 117).  

Cross-interactions may also exist between one 
inflammatory cytokine and other such cytokines, as 
suggested by the fact that TNFα increased in breast 
tumor cells the secretion of the inflammatory 
cytokine IL-6 (83, 175), and  synergised with IL-1β
in tumor-promoting activities (178). Further positive 
feedback events between the different inflammatory 
cytokines may be mediated by IL-1α-induced 
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elevation of TNFα expression by breast cancer cells 
(172, 176).

The above-mentioned activities of TNFα on 
breast tumor cells may exemplify the direct activities 
of TAM-derived TNFα on the tumor cells, shown to 
express TNFα receptors (55, 100, 191). Additional 
possible activities of TNFα on breast tumor cells 
may include stimulation of tumor cell growth, as 
indicated by the fact that it elevated the growth of 
human breast and rat mammary epithelial cells 
(normal and transformed) (210). In addition, TNFα
was also suggested to promote breast cancer 
progression by acting on breast tumor cells and 
fibroblasts, stimulating estradiol 17β-hydroxysteroid 
dehydrogenase and aromatase activity (178, 180, 
188, 211), possibly increasing the expression of 
estrogen which supports breast cancer cell growth.  

Another level of TNFα-mediated pro-
malignancy activities may be exerted by the 
induction of MMP expression by breast tumor cells 
(83, 100), thereby possibly increasing their 
metastatic potential. Similar effects of TNFα on 
TAM were also suggested, as based on the ability of 
the cytokine to up-regulate MMP9 expression by 
monocytic cells (111, 212). The increased levels of 
MMP expression may enhance metastasis formation, 
and this process may be further up-regulated by the 
motility-inducing activities of TNFα on breast tumor 
cells (191). It was demonstrated that the ability of 
leukocytes to induce the motility of MCF-7 cells 
was dependent on TNFα, in a process that was 
independent of its toxic effects (191), suggesting 
that TNFα-induced motility assists the tumor cells 
escape immune mechanisms.  

4.2.3 What is the actual effect of 

TNFα in breast cancer? 

As described above, there is no consensus 
regarding the roles of TNFα in breast cancer. While 
some of the analyses that were detecting TNFα
expression in breast cancer patients did not suggest 
any role for TNFα in breast cancer, others provided 
direct and strong evidence indicating that elevated 
expression of TNFα is correlated with disease, and 
in certain cases with more advanced malignancy. 
Similar to CXCL8, it is possible that TNFα pro-
malignancy activities require cross-interactions with 

as yet unidentified factors, whose differential 
expression by the patients included in the cohorts, 
affected the results of the surveys, and thus resulted 
in discrepancies. Also, the possibility exists that the 
methods employed for TNFα detection contributed 
to the inconsistencies observed. In this respect, it is 
important to note that all the analyses using direct 
detection by IHC of TNFα expression in biopsies of 
patients provided evidence for the tumor-supporting 
roles of the cytokine. In contrast, analyses that did 
not show any differences in TNFα expression 
between breast cancer patients and healthy 
individuals, or at different stages of disease, used 
tissue homogenates/extracts or serum samples. In 
this regard, one has to remember that tissue 
homogenates/extracts contain a mixture of contents 
derived from many cell types, and that circulating 
TNFα may be derived from many different sources, 
and may represent immune activities. This suggests 
that measurement of TNFα in biopsies may be 
advantageous over the other methods of its 
detection, implying that TNFα may indeed have pro-
malignancy roles in breast cancer. 

In vivo studies in animal model systems 
suggested tumor-inhibiting effects for TNFα in 
breast cancer, while the results of in vitro analyses 
provided controversial results. Inhibitory effects of 
TNFα were shown mainly in the MCF-7 cells, their 
generality is questionable and such roles were 
outnumbered by opposite observations suggesting 
numerous pro-malignancy activities of the cytokine 
in breast cancer.

Overall, it is suggested that a tumor-supporting 
role of TNFα in breast cancer cannot be overlooked 
or ignored, and moreover should be considered as a 
highly plausible mechanism. The possibility thus 
exists that TNFα, derived primarily from TAM 
following CCL2- and CCL5-induced monocyte 
recruitment, contributes to promotion of breast 
cancer development and metastasis formation. 
TNFα may up-regulate angiogenesis and breast 
tumor cell motility, and may exert additional tumor-
supporting functions, including cross-interactions 
with inflammatory chemokines and inflammatory 
cytokines. 
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4.3 INTERLEUKIN 6 

The current available data indicates that IL-6 is 
expressed by breast tumor cells, with contradicting 
reports on its expression by breast stroma cells (60, 
122, 135, 164, 168, 213-215). IL-6 expression in 
tissue adjacent to carcinoma was also detected (122). 
Similar to TNFα, the results on IL-6 in breast cancer 
patients are inconclusive. However, in contrast to the 
TNFα studies, an actual controversy exists regarding 
the role of this cytokine in breast cancer. A number 
of studies strongly argue that IL-6 may have  
protective effects in breast cancer. In contrast, a very 
large number of investigations, performed mainly on 
serum samples from breast cancer patients, 
complemented by in vivo animal models and in vitro

studies, suggest an important role for IL-6 in disease 
progression, as indicated below.   

4.3.1 IL-6 may have protective effects 

against breast cancer 

As mentioned above, several of the studies 
performed on IL-6 expression in breast cancer 
patients suggest that the cytokine may be protective 
in breast cancer. The study by Karczewska et al.

indicated that the expression of IL-6 and its receptor 
subunits, detected at the mRNA levels in breast 
cancer biopsies, was a significant positive prognostic 
factor for overall survival and disease free survival 
(215). Further evaluation of IL-6 expression is breast 
carcinomas, using IHC, indicated that IL-6 
expression was inversely correlated with histological 
tumor grade, although not with tumor size or nodal 
status (214).  

In additional studies, in which IL-6 was detected 
in patient biopsies, in tumor extracts, in isolated 
tumor cells and in serum samples, the comparison 
between breast cancer patients and normal control 
group indicated that IL-6 expression was either 
similar in the two groups or reduced in breast cancer 
patients (60, 122, 126, 135, 141). However, the 
reduced expression of IL-6 was dependent on tumor 
histotype, and was evident in invasive ductal 
carcinoma (122). In contrast, increased IL-6 levels 
were detected in patients diagnosed with invasive 
lobular carcinoma (122). 

Of the many studies performed on the in vitro

effects of IL-6 on breast cancer, only a relatively 
small number of investigations support a potential 
role for IL-6 in preventing breast cancer. Of interest 
is the fact that these studies described mainly the 
ability of  IL-6 to inhibit DNA synthesis and the 
growth of normal mammary cells and breast tumor 
cells (173, 216-218). It is important to note that side 
by side with the growth inhibitory effects of IL-6, 
the cytokine induced cell characteristics that could 
actually support the metastatic process, namely 
reduced adhesiveness and expression of E-cadherin, 
and increased motility of the cells (216-218).   

4.3.2 IL-6 may have tumor-

stimulating effects in breast 

cancer

In contrast to the observations mentioned above, 
a large number of studies suggests a tumor-
promoting role for IL-6 in breast cancer. The large 
majority of these studies used serum samples, 
although one report analysed IL-6 expression at the 
mRNA level in tumor extracts. These studies clearly 
indicated that the levels of IL-6 were elevated in 
breast cancer patients versus the control group, and 
were significantly associated with higher grade, 
shorter survival, poor prognosis, as well as worse 
survival in patients with a metastatic disease  (14, 
143, 144, 171, 216, 219-223).

Also, a recent study by DeMichele et al.
indicated that polymorphism in the IL-6 gene, 
associated with its reduced transcription and 
therefore low expression, was significantly 
correlated with improved outcome in high-risk 
breast cancer patients, suggesting that IL-6 
contributes to a more aggressive phenotype of breast 
cancer (224). However, the study of Iacopetta et al.

contradicted these results, showing the opposite 
(225). The reasons for the discrepancies between the 
two studies are not determined as yet, but it is 
possible that medications, as well as other factors 
that differ between the patients included in the 
cohorts, affected the findings of these two studies. 

Additional support for the role of IL-6 in 
promoting breast cancer was provided by the 
observation that patients unresponsive to chemo-
endocrine therapy showed significantly higher serum 
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IL-6 levels than those who responded (171). Further 
investigation analysed the expression of IL-6 in 
breast cancer patients following treatment with 
anthracyclines. The results indicated that in patients 
showing no or partial response, the levels of IL-6 
remained stable or decreased following treatment, 
whereas the levels of IL-6 in progressive disease 
patients were higher and gradually increased until 
the time of patient death (145). Furthermore, it was 
demonstrated that following vaccination of breast 
cancer patients with tumor-associated antigens and 
biological modifiers, the concentration of IL-6 
decreased significantly (223). From the therapeutic 
perspective, it is interesting to note that IL-6 
promoted the resistance of breast tumor cells to 
chemotherapy, being associated with increased 
expression of multidrug resistance genes (226).  

The potential role of IL-6 in promoting breast 
cancer progression is also suggested by a 
comparison performed between high and low 
metastatic variants of murine mammary carcinoma 
cells, indicating that the high malignancy phenotype 
is associated with elevated levels of IL-6, in 
conjunction with increased expression of CCL2 and 
MMP (83, 102). Further illustration of the potential 
pro-malignancy role of IL-6 in breast cancer was 
provided by a study in which IL-6 was over-
expressed in murine mammary carcinoma cells. The 
IL-6-expressing cells, and control IL-6 non-
expressing cells were compared, indicating that 
following intravenous challenge of the tumor cells, 
IL-6 expression favoured the final stages of the 
metastatic process when the tumor cells have entered 
the circulation and spread to metastatic sites (227). 
However, additional results which were included in 
this investigation reflect the ambiguity regarding the 
role of IL-6 in breast cancer, since subcutaneous

administration of the two cell types suggested that 
IL-6 reduced tumor cell growth and metastasis 
formation (227).  

The mechanisms by which IL-6 may enhance 
breast cancer development and progression are 
many, and may include paracrine and autocrine 
modes of activity. As based on other tumor types, 
paracrine activities may include induction of 
osteolysis and angiogenesis (14), however direct 
proofs for a role for IL-6 in osteolysis in breast 
cancer were not provided thus far. The role of IL-6 

in stimulating angiogenesis is supported by the fact 
that IL-6 was shown to be correlated with high 
VEGF serum levels and increased vascularity in 
breast cancer (221, 227).  

A key role in the ability of IL-6 to stimulate 
breast cancer progression may be induction of 
expression and/or activity of enzymes that 
participate in the estrogen-synthesis pathway. 
Expression of IL-6 was associated with breast 
tumors that expressed three or more steroid, E2-
related, enzymes (222). IL-6 is considered as a 
major stimulator of aromatase activity, as well as of 
other estrogen-producing enzymes in breast tumor 
cells and in breast-derived fibroblasts (180-182, 188, 
211, 228), thereby possibly increasing estrogen-
mediated growth support of hormone-dependent 
breast tumor cells. With regard to the associations of 
IL-6 with the ER status, it was shown that IL-6 
regulated differently the proliferation of ER+ and 
ER- mammary tumor cells. The study by Chiu et al.

indicated that ER+ mammary carcinoma cells were 
sensitive, whereas ER- cells were resistant to IL-6-
mediated growth inhibition. Furthermore, inhibition 
of ER+ cell growth was induced by supernatants of 
IL-6- secreting ER- cells (213). The results of this 
investigation also suggested that IL-6 secretion by 
the ER- cells did not stimulate the proliferation of 
these cells in autocrine manners.  

Another potential mode of pro-malignancy 
activity of IL-6 in breast cancer may be related to its 
ability to reduce E-cadherin expression, to increase 
cell scattering/spreading and to induce anti-adhesive 
effects (216-218). These functions of IL-6 may 
facilitate the release of the cancer cells from the 
primary site, to be further complemented by the 
ability of the cytokine to induce tumor cell motility, 
eventually supporting the metastatic spread of breast 
cancer cells (154, 217, 218).  

Additional pro-malignancy activities of IL-6 in 
breast cancer may be related to its cross-interactions 
with other potentially tumor-supporting 
inflammatory cytokines, such as IL-1. As indicated 
in the IL-1 section, associations and additive effects 
between the two cytokines were shown  (164, 175, 
177), suggesting that interactions between them may 
support the malignancy process in breast cancer. 
Positive feedback loop between IL-6 and TNFα may 
also exist, as TNFα induced up-regulation of IL-6 in 
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human and murine breast cancer cells (83, 153, 175). 
Furthermore, associations between IL-6 and pro-
malignancy chemokines may occur, as indicated by 
the elevated expression of both factors in highly 
malignant variants of mammary tumor cells (83, 
102), and by the ability of IL-6 to stimulate CCL2 
secretion by breast fibroblasts (103).   

4.3.3 What is the actual effect of IL-6 

in breast cancer? 

As indicated previously, opposing evidence was 
provided by the different studies on the possible 
roles of IL-6 in breast cancer. The data suggest that 
there is a marked difference between the analyses 
that were performed. Studies using clinical material 
from the tumor itself (biopsies, homogenates 
/extracts, isolated cells) suggested that IL-6 may be 
protective, whereas reports analysing circulating IL-
6 levels implied that IL-6 may support breast cancer 
progression. In this regard, it should be noted that it 
is not clear whether circulating IL-6 is derived 
directly from the tumor cells, or whether its 
production manifests immune activities that may 
take place in breast cancer patients. Studies on IL-6 
expression in serum of colon cancer patients 
suggested that tumor cells are the actual source for 
the circulating cytokine (229). However, it is not 
known whether this is also the case in breast cancer.  

The thus far available data leaves us with 
uncertainty concerning the roles of IL-6 in breast 
cancer. As of now, the reasons for the discrepancies 
between the different reports are not defined, and the 
possibility that other, IL-6 unrelated factors affect 
the roles of IL-6 in breast cancer is highly plausible. 
Moreover, the source of clinical material, being from 
the tumor or alternatively a serum sample, may 
affect the results of the different studies. 
Nevertheless, one has to bear in mind the fact that a 
large number of studies on breast cancer patients, in 
animal model systems and in vitro, do support the 
contribution of IL-6 to breast cancer development 
and progression. Therefore, in the limits of the 
current information that is on hand, the roles of IL-6 
as a tumor-supporting factor cannot be excluded; 
nevertheless, its classification as a breast cancer-
promoting cytokine should be critically considered.

5. A “VICIOUS CYCLE” OF 

PRO-MALIGNANCY

ACTIVITIES IS 

MEDIATED BY 

INFLAMMATORY

CELLS, CHEMOKINES 

AND CYTOKINES IN 

BREAST CANCER 

Breast cancer is affected by a large variety of 
intrinsic mechanisms and microenvironmental 
factors. The findings described above suggest that 
the inflammatory milieu of breast tumors has a key 
role in the initiation, development and progression 
of breast cancer. The inflammatory mediators in 
breast cancer, including cells, chemokines and 
cytokines, set an array of interactions that possibly 
facilitates these processes, as described in the 
herein-proposed model (see Figure 1).  

It is suggested that a fundamental event in the 
initiation and development of breast cancer is the 
secretion of CCL2 and CCL5 by breast tumor cells. 
Upon transformation, breast tumor cells start 
secreting the chemokines constitutively, or 
alternatively the release of the chemokines by breast 
epithelial cells is induced by microenvironmental 
stimuli. In response to CCL2 and CCL5, monocytic 
cells are recruited from the circulation to the breast 
tissue, differentiating into macrophages. The 
resulting TAM secrete a variety of pro-malignancy 
factors, including growth factors for breast epithelial 
cells, angiogenic factors, proteolytic enzymes and 
inflammatory chemokines and cytokines, together 
supporting breast cancer development and 
progression. Moreover, the angiogenic properties of 
CCL2 may act together with those of the highly 
angiogenic chemokine CXCL8, jointly inducing 
angiogenesis and vascularization at the primary site, 
further promoting the development of the primary 
tumor, its growth and metastasis formation. 

The malignancy process may be further driven 
by the secretion of inflammatory cytokines at breast 
tumor sites, acting at the initial stages of disease, as 
well as in more advanced stages. These cytokines 
include IL-1, TNFα and possibly IL-6, secreted by a 
variety of cells at the tumor area. While IL-1 and IL-
6 are released primarily by the tumor cells, TNFα is 
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Figure 1. A “vicious cycle” of pro-malignancy activities is mediated by inflammatory cells, chemokines and cytokines in 
breast cancer. Herein is a proposed model for the interplay between inflammatory mediators and breast tumor cells in breast 
cancer development and progression. The model suggests that one of the key events in the development of breast cancer is 
the secretion of inflammatory chemokines by breast tumor cells, inducing angiogenesis and monocyte recruitment to the 
breast tissue. The resulting tumor-associated macrophages (TAM) release a large variety of tumor-promoting factors, 
including proteases, angiogenic factors, growth-stimulating factors and inflammatory chemokines and cytokines. This 
process is assisted by the release of inflammatory cytokines by breast tumor cells, by TAM and by other cells in the tumor 
microenvironment. The secretion of inflammatory mediators, chemokines and cytokines by these different cell types up-
regulates the expression of a large variety of effectors that support the development of breast cancer and metastasis 
formation. Furthermore, the ability of inflammatory chemokines and inflammatory cytokines to stimulate each other’s 
expression by breast tumor cells and/or by TAM results in repeated cycles of activities of these pro-malignancy factors, 
thereby giving rise to a “vicious cycle” of pro-malignancy events that exacerbate tumor growth and the metastatic spread of 
breast tumor cells (For further details, see Section 5). The designation “IL-6?” represents the current inconsistencies 
regarding the roles of IL-6 in breast cancer development and progression. The designation (*) represents tumor-promoting 
activities in which CXCL8 may also be involved, alone or in addition to CCL2 and CCL5. 

secreted mainly by TAM. The three inflammatory 
cytokines may exert a large variety of pro-
malignancy activities. Joined by the tumor-

supporting functions of the inflammatory 
chemokines and of TAM products, the tumor 
microenvironment becomes overloaded by 
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numerous factors that facilitate the metastatic 
process: proteolytic enzymes, angiogenic and 
growth-stimulating factors, immune-suppressive 
components, estrogen and inflammatory mediators. 
Furthermore, the inflammatory chemokines and 
cytokines can also facilitate the metastatic process  
by reducing the expression of specific 
adhesionmolecules and by inducing tumor cell 
motility. Such functions may support the release of 
the tumor cells from the primary site and increase 
their ability to establish metastases at distant sites.  

While at the remote metastatic site, the 
inflammatory mediators may further assist the 
metastatic process by the large variety of direct pro-
malignancy activities that they exert, as well as by 
stimulating osteoclastogenesis and bone resorption. 

Importantly, the activities of inflammatory 
chemokines on breast tumor cells and/or TAM may 
up-regulate the secretion of inflammatory cytokines 
by these cells. The inflammatory cytokines, in turn, 
may further increase the secretion of inflammatory 
chemokines by tumor cells and/or TAM, therefore 
resulting in repeated cycles of interactions. 
Importantly, this process may be further exacerbated 
by reciprocal interactions between the tumor cells 
and TAM via the activities of the inflammatory 
chemokines and cytokines. Thus, a “vicious cycle”
of pro-malignancy activities is established, which is 
combined by the tumor-promoting activities of all 
the inflammatory mediators, pushing forward breast 
cancer development and progression. 

6. CONCLUSIONS 

Breast cancer is a highly heterogeneous disease. 
The reasons for its development and progression are 
numerous; therefore the interactions that occur 
between microenvironmental factors and the tumor 
cells may be affected by the genetic background of 
the patient, by the hormonal setting and by life style. 
The research on the activities and regulation of 
inflammatory cells, chemokines and cytokines has 
provided information on a major pathway that may 
contribute to breast cancer initiation, development 
and progression. However, it is obvious that much is 
still unknown regarding this pathway, about the 
overall network of interactions that exists between 

the different mediators, and about the contribution of 
other inflammatory components that are not 
characterized as yet. 

Moreover, many other factors, non-immune and 
immune in their nature, may affect breast cancer. In 
the context of immune factors and chemokines, it is 
important to note that the metastatic process may be 
further facilitated by homeostatic chemokines that 
direct the homing of the tumor cells to specific 
metastatic sites. In contrast, other chemokines may 
potentially act as tumor-limiting factors, for example 
by inducing the recruitment of T lymphocytes or NK 
cells to breast tumor sites, or by acting as powerful 
angiostatic factors. Outside the “chemokine world”, 
cytokines, antigen presenting cells and other 
components that have the potential to stimulate 
immune functions, may act as tumor-inhibiting 
factors.

However, the variety of components that 
potentially inhibit breast cancer development and 
progression are probably dominated in the course of 
the malignancy process by elements that have 
opposing effects, resulting in an uncontrolled growth 
of tumor cells and metastasis formation. This 
situation emphasizes the ultimate need for further 
research of the different mediators, those that 
promote the devastating malignancy process, and 
those that may inhibit it.  

Further investigations of the mediators that 
regulate breast cancer progression may enable the 
development of novel manoeuvres that limit the 
activity of the pro-malignancy factors, side by side 
with manipulations that promote the function of the 
tumor-limiting ones. Much care should be taken 
while modulating immune factors and activities, of 
any kind, as this may result in impairment of normal 
immune functions. Nevertheless, the potential of 
such an attitude could be promising if a striking shift 
in the deleterious equilibrium between the different 
elements will skew the imbalance in favour of 
beneficial components, thereby limiting breast 
cancer development and progression.  

ABBREVIATIONS

bFGF: Basic Fibroblast Growth Factor.  
DCIS: Ductal Carcinoma In Situ.
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E2:   17β-Estradiol.
EGF:  Epidermal Growth Factor.  
EGFR: Epidermal Growth Factor Receptor.
ER:  Estrogen Receptor.  
IHC:   Immunohistochemistry.  
IGF-1: Insulin Growth Factor 1.  
IL-1:  Interleukin 1.  
IL-6:  Interleukin 6.  
LVEC: Large Vessel Endothelial Cells.  
MMP: Matrix Metalloproteinases.  
SVEC: Small Vessel Endothelial Cells. 
TAM: Tumor-Associated Macrophages.  
TP:  Thymidine Phosphorylase.  
VEGF: Vascular Endothelial Growth Factor. 
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Tumor and Host Endothelial Cell Selective Interactions and 

Modulation by Microenvironmental Chemokines:  Tumor-

Endothelial Cell Cross Talk Specificity 
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Abstract: The variability and adaptability of tumor cells allow their tissue escape despite the efficient body defence. 
Tumor cells use vessels 1) for nutrition 2) for routing through blood and lymph circulation 3) to invade 
selected secondary sites. The molecular mechanisms that regulate both 1) endothelial cell growth under 
tumor induction and 2) reciprocal recognition between endothelial cells and blood borne tumor cells are 
crucial to elucidate..Tumor cells use normal cells properties to be recognized by normal endothelial cells but 
endothelium is highly organo specific; it is further modulated by the microenvironmental factors, as it 
reflects the biological state. This will be particularly illustrated by the adhesion/invasion molecules and the 
early signals of recruitment as achieved by the local expression and the presentation’s ways of chemokines 
to actively attract circulating partners. Refined cell and molecular interactions are insured by sugar-mediated 
recognitions since glycosylation is the post-translational transformation that confers to glycoconjugates their 
structural specific identity as recognitions signals. Advantage could be taken of such specific characters as a 
way to design targeted anti tumor therapy strategies. 

Key words: Chemokine, endothelial cell, organospecificity, homing, cancer, cell recognition, glycoconjugates, 
angiogenesis

1. INTRODUCTION 

Vascular endothelial cells (ECs) play a key role 
in numerous physiological processes as 
lymphocyte trafficking, angiogenesis but also in 
pathological processes as inflammation (1), 
autoimmune diseases (2) or metastasis (3). Tumour 
cell migration and metastasis share many 
similarities with leukocyte trafficking: blood 
circulating cells are recognised by endothelial cells 
which allow them to enter in the surrounding 
tissue; this is achieved in a tissue-specific manner. 
For example, naive T cells extravasate better in 
peripheral lymph nodes and naive B cells, in 
Peyer’s patches (4). In the same way, metastasis is 

not a random process and some tumors show 
specific metastatic sites (5). Breast cancer 
secondary localisation favours regional lymph 
nodes, bone marrow, lung and liver. Malignant 
melanoma has a similar pattern but also has a high 
incidence in skin metastasis. Prostate cancer 
metastases also favour the bone marrow. 

A better understanding of the mechanisms 
which control the organo-selectivity would give 
keys to immunotherapy (6, 7), targeted drug 
therapy (8) and cell therapy designs. 

Although all vascular endothelial cells share 
certain common functions, it has become clear that 
considerable heterogeneity exists both structurally 
and functionally (9, 10) along the length of the 
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vascular tree and in the microvascular beds of 
various organs (11-14). The structural 
heterogeneity of ECs is a perfect example of their 
adaptation to the unique demands of the 
surrounding tissue (15). ECs can form a tight 
continuous monolayer in organs such as the brain 
or the lungs, where they perform important barrier 
functions. Alternatively, they can form a 
discontinuous layer with intercellular gaps or 
fenestrae in organs such as kidney, spleen, or bone 
marrow, where rapid exchange of fluid, particles, 
and cells takes place. According to this, secondary 
lymphoid organs (with the exception of spleen) 
have high endothelial cells (HECs) walled venules 
that are specialized postcapillaries supporting high 
levels of lymphocyte extravasation from the blood 
(16).

ECs from diverse tissues are also 
heterogeneous with respect to their surface 
phenotype and protein expression (13, 17-19). 
However, one of the clearest examples of EC 
heterogeneity lies in the expression of homing 
receptors involved in cell trafficking. as these 
properties are used in a comparable way in 
pathological situations and, in particular, for the 
cancer cells dissemination. This chapter will 
review the normal homing selectivity confered by 
the endothelium organospecificity and its 
microenvironment dependency provided by the 
chemokine modulation, presentation and activities. 

2. THE MULTIPLE STEPS OF THE 

HOMING PROCESS COOPERATE 

TO PROVIDE SPECIFICITY 

Successful defense of the body against foreign 
invasion is critically dependent on the presence of 
lymphocyte clones with the right antigen 
specificity at the right position at the right time. 
For this, naive and mature T and B cells recirculate 
continuously through the body, going from blood 
to tissue and back to the bloodstream again (20). In 
contrast to naive lymphocytes, memory effector 
lymphocytes can access to non-lymphoid effector 
sites and display restricted, often tissue-selective, 
migration behaviour (21). Distinct subsets of 

memory-effector cells exist with tissue-selective 
patterns of migration (22, 23). The recirculation is 
guided by lymphocyte-endothelial cells recognition 
and subsequent diapedesis, directing lymphocyte 
homing (4, 21, 24). Thus, lymphocyte- endothelial 
cells interaction is a central regulatory point in the 
immune system, controlling the access of 
specialized lymphocyte subsets to particular tissues 
and influencing the nature of local immune and 
inflammatory responses. At the molecular level, 
this process is regulated by spatio-temporarily 
expressed adhesion molecules (25), present on 
both circulating leukocytes and on endothelial cells 
and in concert with chemokines. 

A multi-step model of leukocyte adhesion to 
vascular endothelium was first provided (21, 26, 
27) and is broadly applicable in different tissues, 
although the details of the signals involved differ. 
Recirculation begins with blood lymphocytes 
interacting transiently and reversibly with the 
vascular endothelium through villous-expressed 
adhesion receptors in a process called rolling. 
These receptors can be either selectins (28), which 
interact with carbohydrate epitopes of addressins, 
or, less commonly, members of the 
immunoglobulin (Ig) superfamily, which bind 
leukocyte integrins (29-31). Rolling brings 
lymphocytes into contact with the endothelium 
where they can sample the surface for activating 
factors. Activating factors (often chemokines for 
lymphocytes) bind to specific G protein-coupled 
receptors on the rolling lymphocytes (32,33) and 
trigger rapid activation of integrin receptors on the 
leukocyte surface. These activated integrins 
promote the leukocytes arrest and firm adhesion by 
binding their Ig-family ligands on the endothelium 
(34, 35). In the presence of the appropriate 
migratory signals, the leukocyte will then migrate 
across the endothelium into tissue, where tissue-
associated chemokine gradients may also direct 
localisation. 

As illustrated by the following examples, the 
homing organo-selectivity is due to the expression 
of specific molecules. 
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2.1 Homing organo-selectivity 

2.1.1 Adhesion molecules, selectins and 

addressins

For blood lymphocytes early interaction with 
the vascular endothelium, a decisive contact 
between circulating cell and microvascular 
endothelial cell, is described to be mediated by 
both inducible E-selectin and P-selectin on the 
endothelial cells (36-43) and L-selectin on 
circulating cell (44).  

Selectins. E-selectin and P-selectin are quite 
generally distributed among endothelial cells and 
consequently can participate to a regio selective 
reaction through the modulation of their degree 
and time of expression. This prompted the search 
for distinctive signals that were evidenced by help 
of an in vitro model for endothelial cell 
comparisons (9, 45). 

A particular E-selectin ligand is the cutaneous 
lymphocyte associated antigen (CLA) (43, 46). 
The CLA ligand defines a skin-associated 
population of memory T cells that preferentially 
extravasate at normal (47) and chronically 
inflamed cutaneous sites (48) and has been shown 
to be involved in local immunity and inflammatory 
cutaneous reactions (49). The first evidence that a 
skin-homing subset exists came with the 
observation that a majority (40–90%) of the T 
lymphocytes in normal and inflammatory skin 
lesions express the CLA (47, 48, 50) In contrast, 
CLA T cells constitute only 10–15% of the pool of 
circulating T cells and never exceed 5% of 
lymphocytes within non-cutaneous inflamed sites 
(48, 51) CLA is a carbohydrate antigen that is 
closely related to the sialyl Lewis x antigen (sLex) 
(4, 48, 52) Interestingly, mycosis fungoides and 
other subtypes of cutaneous lymphomas express 
CLA (48, 53, 54) but not the mucosal homing 
receptor α4β7. The highly selective expression of 
CLA on cutaneous T-cell lymphomas suggests that 
CLA mediates the skin-specific dissemination of 
these lymphomas in vivo. However, CLA E-
selectin binding cannot fully explain the skin-
specific homing of CLA memory T cells. 
Neutrophils express CLA (55) but they do not 

preferentially migrate to skin and E-selectin is 
induced on inflamed endothelium in both 
cutaneous and non-cutaneous sites (28). As we will 
see later, another step in the homing cascade is 
necessary to reach the specificity of skin homing 
and implies the chemokines CTACK and TARC. 

Specific recognitions due to the leukocyte L-
selectin (56-58) gets to be regio-selective despite 
its large distribution. This is attributed to its 
ligands (vascular addressins) of which expression 
is restricted among endothelial cells according to 
the tissues and the vessels. Addressins are mucin-
type or mixed mucin/immunoglobulin-type 
glycoproteins (59-64). 

Addressins.  These molecules provide the 
regio-selectivity to selectin recognition because 
they are differentially expressed on the 
endothelium, depending upon its tissue origin (62, 
65-67) Furthermore, their structure is highly 
modulated by the microenvironnement at the post-
translational level (15). To become high affinity L-
selectin ligands, they must undergo proper 
glycosylation, especially the most common sugar 
epitopes recognized by L-selectin : sialyl Lewis x 
(CD15s) and its sulphated form, presented by 
appropriate mucin-type proteins (GlyCAM-1, 
MadCAM-1 or CD34). In the mouse, typical 
peripheral lymph node addressins (PNAds) are 
GlyCAM-1 (66, 68), CD34 and Sgp200 (sulphated 
glycoprotein of 200 kD) (25, 66, 69). Typical 
mucosal addressin is MAdCAM-1, which has been 
found first in mouse (15, 25, 70 71) and further in 
human endothelial cells (72). MAdCAM-1 is 
almost completely confined to mucosal and related 
vessels and is thus one of the few examples of 
endothelial adhesion molecules that are restricted 
to a particular tissue. In addition to being 
recognized by L-selectin through its sialomucin 
sugar residues (60, 72, 73), MAdCAM-1 molecule 
possesses an immunoglobulin-like domain which 
interacts with the α4β7-integrin homing receptor 
of lymphocytes (30) and thus can mediate both 
rolling and stable adhesion. Consequently, 
lymphocytes homing to gut is critically dependent 
on interaction between the lymphocyte α4β7-
integrin and its receptor MAdCAM-1 expressed on 
mucosal vessels (30). Lymphocytes interactions 
with MAdCAM-1 are particularly complex, 
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because they depend upon its glycosylation state. 
Thus, Peyer’s patches HEC- MAdCAM-1 is 
decorated with unique oligosaccharide 
determinants that allow it to serve as a ligand for 
L-selectin and thereby to mediate rolling of naive 
lymphocytes. In contrast, in the lamina propria, 
initial rolling interactions between activated 
lymphocytes and endothelial cells are apparently 
mediated by binding of the α4β7-integrin to 
immunoglobulin-like domains of MAdCAM-1. At 
both locations, α4β7-integrin-MAdCAM1 
interaction and possibly LFA-1 secure firm 
lymphocyte adhesion. The predominant role 
proposed for α4β7-integrin in mucosal homing has 
gained further support from the observation that 
cell trafficking to mucosal lymphatic tissues is 
dramatically reduced in β7-knockout animals (74). 
Moreover, gastrointestinal T-cell lymphomas 
express the mucosal homing receptor α4β7 (75) 
but not CLA. 

2.1.2 Chemokines 

In the second step of the cascade, chemokines 
and their receptors also help to control the homing 
specificity.  The chemokines (chemotactic
cytokines) are a large and growing family of nearly 
50 6–14-kD proteins that mediate a wide range of 
biological functions (76). The chemokines are 
divided into four families (CXC, CC, C and 

CX3C) based on the position of four cysteine 
residues that form two disulfide bonds. Chemokine 
receptors are consequently divided into four 
families based on the type of chemokine they bind, 
although no clear structural differences could be 
identified that would distinguish the receptor 
subfamilies (77). Chemokines play a vital role in 
leukocyte adhesion and extravasation. In various in 
vitro assays, chemokines support the chemotaxis or 
transendothelial migration of leukocytes (76), 
while in vivo injection (78) or over-expression of 
chemokines (79) results in leukocyte accumulation 
at the site of chemokine expression. Antagonists of 
chemokines prevent leukocyte trafficking (80) and 
have beneficial effects in several acute and chronic 
inflammatory models (81, 82). Chemokines also 
modulate angiogenesis (83), hematopoiesis (76), 
and T lymphocyte activation (84, 85), and several 

act as co-receptors with CD4 for entry of M-tropic 
and T-tropic HIV-1 (86, 87). 

Interestingly, apart of their receptors, 
chemokines also interact with glycosaminoglycans 

(GAGs) on cell surfaces. Chemokines have been 
shown to bind to purified subfractions of heparin in 
vitro (88), as well as to naturally occurring GAGs 
such as heparan sulfate and chondroitin sulfate on 
the surface of endothelial cells both in vitro (89-
91) and in vivo (92). The ability of chemokines to 
bind to GAGs is thought to be critical for 
chemokine biology. It has been proposed that the 
immobilization of chemokines by GAGs forms 
stable, solid-phase chemokine foci and gradients 
necessary to direct leukocyte trafficking in vivo

(93, 94). Binding of chemokines to cell surface 
GAGs may also serve to increase their effective 
local concentration, and consequently increase 
their binding to cell surface receptors (91). 
Additionally, GAG binding could potentially 
influence chemokine t1/2 in vivo. Chemokines 
display specific affinity according to GAGs 
families (88), consequently, a detailed 
understanding of chemokine-GAG interactions 
may be critical to appreciate functional distinctions 
among chemokines. 

Recent studies have shown that certain 
constitutively expressed chemokines play, in 
conjunction with adhesion receptors, an important 
role in regulating homeostatic lymphocyte 
recirculation through secondary lymphoid organs, 
whereas others may help control tissue-specific 
targeting of lymphocytes to extralymphoid organs 
(34, 95-100). 

3. CHEMOKINES AS REGIO-

SPECIFIC

CHEMOATTRACTANTS

3.1.1 The CC chemokines and their 

receptors interplay 

One example is the secondary lymphoid-tissue 

chemokine SLC, (6-CKine, CCL21) which is 
expressed in the high endothelial venules (HEV) of 
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lymph nodes and Peyer’s patches, in the T cell 
areas of spleen, lymph nodes, and Peyer’s patches, 
and in the lymphatic endothelium of multiple 
organs (101, 102). SLC acts through the receptor 
CCR7 (103). SLC is a highly efficacious 
chemoattractant for lymphocytes with preferential 
activity toward naive T cells (101). Moreover, SLC 
induces firm adhesion of naive T lymphocytes via 
β2-integrin binding to the counter receptor, 
intercellular adhesion molecule-1 (ICAM-1), a 
necessary step for lymphocyte recruitment. The 
only other molecule that has been demonstrated to 
activate lymphocyte β2 integrin is GlyCAM-1, the 
L-selectin ligand expressed by endothelial cells in 
HEVs and secreted (104). It is possible that SLC 
and GlyCAM-1 act cooperatively to stimulate the 
firm adhesion of lymphocytes to HEV. The 
importance of SLC in T cell homing to secondary 
lymphoid organs is supported by the relative 
absence of T cells in the lymph nodes and Peyer’s 
patches of plt mice (105) a spontaneous mutant 
strain deficient in the SLC gene expressed in high 
endothelium (106, 107). Interestingly, when SLC 
is injected subcutaneously into plt mice, afferent 
lymph apparently carries it into the draining node, 
where it is ultimately presented on the luminal 
surface of HEVs. In such reconstituted plt mice, 
the ability of T cells to adhere to HEVs and enter 
the organ is restored (96). Additionally, T cells 
homing in vivo in normal mice adhere almost 
exclusively to HEV sites presenting SLC protein 
(95).

Moreover as described in the later paragraphs, 
this chemokine is highly significant in cancer 
because CCR7 and its ligands CCL21 and CCL19 
were shown recently to be involved in the 
metastasis process (108-110). 

Another tissue-selective chemokine is the 

thymus-expressed chemokine –TECK (CCL25).

TECK is highly expressed in the small intestine 
(111-113) but not in other epithelia such as the 
digestive tract (including stomach and colon), skin, 
lung, or salivary gland (98).The TECK receptor, 
CCR9 is expressed by discrete subsets of 
circulating memory CD4+ and CD8+ lymphocytes 
expressing the intestinal homing receptor α4β7,
but not by other systemic memory lymphocyte 
subsets (111). This suggesting that CCR9 may be a 

receptor used preferentially by lymphocytes 
involved in aspects of gut immunity. Moreover, 
CCR9 is expressed on lymphocytes isolated from 
human small intestine (111). Together, this 
suggests a role for TECK and CCR9 in the 
intestinal immune compartment, but the extent to 
which this chemokine receptor–ligand pair is 
specifically associated with the intestinal versus 
other mucosal and epithelial sites remains to be 
deeper explored. 

In the skin, two different chemokines play a 
critical part in homing specificity, Thymus and 

activation-regulated chemokine TARC (CCL17) 

and Cutaneous T cell–attracting chemokine

CTACK (CCL27). The CC-chemokine receptor
CCR4 on T lymphocytes and its ligand, TARC are
implicated in lymphocyte–endothelial cells 
interactions during lymphocyte recruitment to 
normal and inflamed cutaneous sites (99). 
Immunohistochemistry suggests that TARC is 
constitutively expressed and inducible on 
cutaneous venules and some other systemic 
venules, but is absent from vessels at sites of 
lymphocyte recruitment into the intestines. 
Moreover, its receptor CCR4 is highly expressed 
by CLA+ circulating skin memory lymphocytes, 
but not by the other memory cells, consistent with 
a role in tissue selective trafficking. In addition to 
lymphocyte arrest on endothelium, CCR4 supports 
diapedesis and chemotaxis. 

The CTACK chemokine is constitutively 
expressed by skin keratinocytes, also attracts 
cutaneous memory T cells (100). CTACK binds to 
the receptor CCR10 which is also specifically 
expressed on circulating skin-homing CLA+ T 
lymphocytes. CTACK may be transcytosed and 
presented on the endothelium (92). CTACK can be 
induced by the proinflammatory cytokines TNF-α
and IL-1β. CTACK and TARC can both support 
homing of T cells to skin, and either one or the 
other is required for lymphocyte recruitment in 
cutaneous delayed type hypersensitivity (114). 

Malignancies (see below) as melanoma, which 
has a similar metastatic pattern as breast cancer but 
also a high incidence of skin metastases, show high 
expression levels of CCR10 in addition to CXCR4 
and CCR7 (109).
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The mucosa-associated epithelial chemokine 

MEC (CCL28) seems to have an important role in 
lymphocyte homing in extracutaneous epithelial 
tissues, including diverse mucosal organs. MEC 
mRNA is most abundant in salivary gland, with 
strong expression in other mucosal sites (colon, 
trachea, and mammary gland). Constitutively 
expressed by epithelial cells, MEC supports 
lymphocyte chemotaxis through CCR10 (97, 115), 
a known CTACK receptor but also through CCR3 
(97).

Consequently, CC chemokines are a family of 
locally produced molecules that together with their 
receptors expression and modulation and due to the 
various presentations modes they use to anchor 
themselves to the cell surface can participate to 
define local specific characteristics. 

3.2 Fractalkine (CX3CL1) 

Compared to other chemokines, fractalkine has 
at least three unique features that make it to 
function as a cell adhesion molecule : unique 
CX3C chemokine  to date, its three-dimensional 
structure differs from other chemokines (116), it is 
a transmembrane molecule with a cytoplasmic tail 
that may transduce signal  and has a mucin 
domain. Fractalkine and its receptor CX3CR1 are 
currently the only known members of the CX3C 
family (117-120).  

Only CXCL16 (121) and fractalkine are 
membrane-anchored protein. The chemokine 
module is attached to the cell membrane via a 
mucin-like stalk as a presentation vehicle (122) 
which extends the CX3C chemokine domain to 
present it to flowing leukocytes.  

Fractalkine induces chemotaxis of monocytes, 
T cells and natural killer cells (123) where the 
CX3CR1 receptor is expressed (119, 120). 
Fractalkine and CX3CR1 function as cell adhesion 
molecules under both static and dynamic 
conditions (120, 123).  

Unlike other chemokine/G-protein coupled 
receptor interactions that require signal 
transduction and integrin activation for cell 
adhesion to occur, the adhesive interaction 
between fractalkine and CX3CR1 is independent 
of signal transduction or integrin function (123, 

124). Therefore, fractalkine and CX3CR1 provide 

an integrin-independent mechanism for leukocyte 

migration.
Constitutively expressed in several lymphoid 

or peripheral tissues, mainly by endothelial cells 
(125-127) it is mainly induced in reactive lymph 
nodes in the high endothelial venule (HEV) cells, 
dendritic cells (DCs), follicular DCs, and a few 
germinal center lymphocytes (127). Fractalkine 
was expressed also in the skin (128) and the brain 
(129) where it participate to the intercellular 
communication. 

Fractalkine mediates natural killer-dependent 
antitumor responses in vivo (130) and induces T-
cell-dependent antitumor immunity through 
chemoattraction and activation of in vivo dendritic 
cells (131) ( see below). 

4. CHEMOKINE-MEDIATED 

ENDOTHELIUM ACTIVATION 

PARTICIPATE TO TUMOR CELL 

DISSEMINATION

4.1 Angiogenic response 

The formation of vascular system is controlled 
by vasculogenesis and angiogenesis. 
Vasculogenesis is the vessel formation from 
angioblast , the progenitor of endothelial cell 
lineage (132). Angiogenesis is the development of 
a vascular system which requires degradation of 
basement membrane by proteases and invasion of 
the surrounding extracellular matrix by 
proliferation, migration and differentiation of ECs 
(133). In normal conditions, angiogenesis is a 
restricted phenomenon such as wound healing and 
menstruation. This process depends on the balance 
of proangiogenic and antiangiogenic factors (134, 
135). If the regulation of this balance happens to be 
disrupted, angiogenesis can become a pathological 
process as it appears in cancers and/or other 
diseases (136). 

Some chemokines are angiogenic factors for 
ECs. Together with their receptors, chemokines 
regulate angiogenesis in physiopathological 
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processes (137) such as cancer progression (138), 
atherosclerosis (139) and ischemia. Tumoral cells 
produce angiogenic factors like VEGF (140, 141) 
which is able to activate ECs by VEGF-receptor 
(142) to induce angiogenesis. The formation of 
new vessels to bring oxygen and nutrients is 
required for tumor progression. Chemokines and 
their receptors act in cancer progression at several 
levels: by the regulation of tumor invasion and 
cancer metastasis, by activation/suppression of a 
host tumor-specific immunological response, by 
the stimulation of tumor cell proliferation in an 
autocrine fashion and by regulation of tumor-
associated angiogenesis. 

4.2 Chemokine/chemokine receptors are 

determinants for tumor invasion and 

cancer metastasis 

The angiogenesis/metastasis relationship and 
the importance of the balance of 
angiostatic/angiogenic factors were well 
documented (115, 143, 144). 

In lymphocyte homing, chemokines partly 
control the good destination and non-random 
recirculation of lymphocytes (145). Tumor cells 
also use chemokines and their receptors to 
determine metastatic destination. The CXCR4 and 

CCR7 receptors are involved in breast cancer 
metastasis (109). Their respective ligands, 
CXCL12/SDF-1α (Stromal derived factor 1α)

and CCL21/SLC are highly expressed in organs 
representing the main destinations of breast cancer 
metastases CCR7 and its ligands CCL21 and 
CCL19/MIP-3β were shown recently to be 
involved in metastasis (108-110). The chemokine 
receptor CCR7 was found highly expressed in 
human breast cancer cells, malignant breast 
tumours and metastases (109). Breast cancer is 
characterized by a distinct metastatic pattern 
involving the regional lymph nodes, bone marrow, 
lung and liver. The CCR7 ligands, MIP-3β and 
SLC, exhibit peak levels of expression in organs 
representing the first destinations of breast cancer 
metastasis. Wiley et al., (110) showed that 
expression of CCR7 enhanced metastasis of 
murine melanoma cells to draining lymph nodes in 

mouse models and that inhibition of SLC blocked 
the metastasis to draining lymph nodes. Malignant 
melanoma, which have a similar metastatic pattern 
as breast cancer but also a high incidence of skin 
metastases, show high expression levels of CCR10 
in addition to CXCR4 and CCR7 (109). 

The IL8 chemokine is up-regulated by
inflammatory stimuli or by reduced 
microenvironmental oxygen pressure in 
glioblastomas and modulate different metastatic 
phenotypes associated with metastasis progression 
of colon carcinoma (146). The CXCR4 receptor is 
up-regulated by microenvironment of colon 
carcinoma and participate to proliferation and 
migration of micrometastases (147). 

Taking into account their organospecificity (9, 
148), ECs express distinct chemokine receptors 
according to the line or organ origin (149). The 
combination of chemokine/chemokine receptors 
distribution, and cross-talk could in part explain 
the organo-specificity and open new ways for 
antitumor therapy.  

4.3 Chemokines act as autocrine tumor 

growth factors  

Some chemokines are able to stimulate 
proliferation of tumor cells by binding to cell 
surface specific receptors. IL8 is an autocrine 
factor in numerous types of cancers: malignant 
melanoma (150) colon carcinoma (151) 
neuroblastoma (152). It was shown in vitro that the 
CXC chemokine Growth regulated-oncogene

GRO is mitogenic for malignant melanoma cell 
lines (153, 154).  Furthermore, they can act as 
angiogenic factors interacting with specific 
receptors on ECs or by recruiting cells that produce 
angiogenic and mitogenic factors. 

4.4 Chemokines in tumor angiogenesis 

The presence of physiologic and pathological 
angiogenesis is usually associated with 
inflammatory cell infiltrate. The relationship 
between angiogenesis and leukocyte infiltration in 
tumor growth, cardiovascular disease, chronic 
inflammation and wound healing is largely 
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documented. The coordination of angiogenesis and 
inflammation is achieved by the ability of both 
ECs and leukocytes to respond to chemokines. 

Chemokines are especially expressed by ECs in 
a timely and spatially restricted fashion (145) in 
order to regulate the recruitment of specific 
leukocytes and cell homing. Moreover, ECs 
express chemokine receptors. The role of a specific 
chemokine/chemokine receptor couple in the 
modulation of angiogenesis has been illustrated 
(155).

Among the chemokine families, some CXC 
chemokines are identified as regulators of 
angiogenesis, acting either as angiogenic or 
angiostatic factors (156). It seems that the presence 
of ELR motif correlates with an angiogenic 
activity (157, 158). The CXC chemokines are 
divided in two groups: ELR+ and ELR- (Glu-Leu-
Arg). The involvement of this motif in 
angiogenesis was shown by mutagenesis 
experiments with an ELR+ chemokine, IL8 and an 
ELR- chemokine, Mig. 

The Pro-angiogenic chemokines: 

The CXC chemokines:  
- -ELR+ chemokines.  IL, was the first 

chemokine shown to stimulate endothelial cell 
chemotaxis, proliferation and in vivo

angiogenesis (159). 
- -ELR– chemokines. SDF-1α (CXCL12) and 

GRO-β (CXCL2) (160) are the few exceptions 
which possess angiogenic activity without the 
ELR motif.  

The CC chemokines.  CCL2 (MCP-1) is a 
positive mediator of angiogenesis and can directly 
contribute to tumor progression (161).  

The CX3C chemokines.  Fractalkine has a 
positive effect on angiogenesis in rheumatoid 
arthritis (162). 

The anti-angiogenic chemokines:
The IP-10, Mig, PF4 chemokines inhibit 

endothelial cell proliferation and angiogenesis, by 
specific inhibition of growth factor-stimulated 
endothelial cell proliferation (163). SLC has an 
anti-tumoral effect by its angiostatic activity and 
chemoattraction of CD8+ T and NK cells. 

Hypoxia is a prevalent parameter in many 
tumors, it contributes to aggressiveness and is one 
of the major reasons for treatment failure. In the 
hypoxic tumoral environment, cells must adapt a 
strategy to activate expression of genes involved in 
oxygen delivery (angiogenesis) and metabolic 
adaptation. The cellular response to hypoxia is 
controlled in part by the hypoxia inducible factor-1 
(HIF-1) transcription factor (164) so this factor is 
an important target for cancer chemotherapy (165). 
In this environment, the balance of angiogenic and 
angiostatic factors is disturbed.  

Chemokine receptors and chemokines act in 
order to restore locally angiogenesis because low 
oxygen level induces high expression of the 
receptors.

This was described for CXCL12 receptor: 
CXCR4 (166) and RANTES contribution to the 
growth of murine mammary carcinoma (167).  

5. CONCLUSION: PERSPECTIVES 

FOR CANCER THERAPY 

DESIGNS

5.1 Activation/suppression of tumor-

specific immunological response 

Immunotherapy research is developing of 
tumor vaccines. Some chemokines, especially from 
the CC family are able to activate a tumor-specific 
immune response because of their chemotactic 
properties towards monocytes, dendritic cells and 
T-cells, the specific cells of immunity. Immuno–
modulating factors produced in the 
microenvironment of a tumor could potentially 
determine whether or not an immune response can 
take place and what kind of immune cells will be 
recruited. Dendritic cells according to their 
maturation state, respond to different chemokines 
(168). So, the local production of one chemokine 
can influence the class of the immune response 
initiated as for example, CCL21/SLC was shown 
to mediate T-cell-dependent antitumor responses in 

vivo (169).
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5.2 Inhibition of angiogenesis 

A major focus of angiogenesis research has 
been the control of tumor growth in order to 
develop new therapeutic tools (170). One strategy 
consists of asphyxiating the tumor by inhibiting the 
role of angiogenic factors.  Some reviews discuss 
applications of inhibitors of angiogenesis 
(171,172).  An anti-cancer therapy is illustrated by 
the anti-tumor effect of some chemokines , acting 
as anti-angiogenic factors and attracting immune 
effector cells to the tumor site such as SLC-ELC 
(173,174).

5.3 Block interaction chemokine-

chemokine receptor 

A way is to inhibit the interaction of a 
chemokine receptor with its ligand with antibody 
or antagonist peptides. As such, CXCR4 
antagonists inhibit primary brain tumor growth 
(175). Recent cancer immunotherapy uses 
cytokine-and chemokine–based gene therapy 
(176).  Chemokine-cytokine fusion proteins are 
new therapeutic tools, designed to suppress growth 
and dissemination of metastases (177, 178). 
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Chapter 13 

The Role of Chemokine Receptors, in Particular CXCR4, in 

Lymphoma and Carcinoma Metastasis 

I.S. Zeelenberg and E. Roos 
Division of Cell Biology, The Netherlands Cancer Institute, 121 Plesmanlaan, 1066 CX, Amsterdam 

Abstract: Chemokines are small proteins that regulate leukocyte trafficking. They are important for development of 
tumors, because many chemokines are produced by tumor cells and attract leukocytes that contribute to 
malignancy. In addition, chemokines also act directly on tumor cells. In particular CXCL12 (SDF-1), and its 
receptor CXCR4, are required for metastasis of lymphoma and carcinoma cells. CXCL12 triggers invasion 
of lymphoma cells into tissues, in line with its role in leukocyte migration. Surprisingly, we found that 
CXCR4 is not required for invasion by carcinoma cells, but instead is essential at later stages, to promote 
outgrowth of micrometastases. 

Key Words Chemokines, lymphoma, carcinoma, metastasis, melanoma, cell proliferation, CXCR4, CXCL12/SDF-1, 
cell signalling, glioblastoma, lymphoma 

1. INTRODUCTION 

Tumor formation is due to an accumulation of 
oncogenic mutations in a tumor progenitor cell, and 
cancer research has understandably been focused on 
the events in this cell and its progeny. It is, however, 
increasingly recognized that tumor cells do not act in 
isolation, and that tumor development depends on 
complex interactions with surrounding normal cells. 
An obvious example is angiogenesis, the formation 
of tumor blood vessels by normal endothelial cells, 
which is required for expansion of the tumor to a 
macroscopic size. These endothelial cells are 
attracted and activated by proteins released from the 
tumor cells. Other tumor-derived factors attract and 
activate leukocytes and fibroblasts, which in turn 
produce proteins that affect the tumor cell phenotype 
and often enhance its aggressiveness. The behavior 
of a tumor can therefore only be understood if the 
contributions of its non-tumor cell constituents are 
taken into account.  

The normal function of many proteins that are 
produced by tumor cells is in wound healing. In 
wounds, they are released by epithelial cells, 
leukocytes and fibroblasts that are stimulated by 
factors secreted by activated platelets. Indeed, when 
fibroblasts in culture are stimulated with serum, 
which contains the same platelet factors, they 
produce a multitude of such “wound” proteins (1). 
Serum activates signal transducers such as Ras that 
induce their synthesis. In tumors, these signal 
transducers are often constitutively active and 
stimulate production of wound proteins, in the 
absence of the normal stimuli such as the platelet 
factors. Thus, tumor formation is to some extent 
comparable to wound healing. In fact, tumors may 
be regarded as “wounds that do not heal” (2).  

Here, we will discuss the role of chemokines, a 
subset of factors that are produced by both tumor 
cells and normal cells in the tumor. Chemokines are 
mediators of leukocyte trafficking (3), but were 
recently found to play a major role in cancer as well. 

G. G. Meadows (ed.), Integration/Interaction of Oncologic Growth, 233-244.
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In part they are responsible for the migration of both 
normal and tumor cells, i.e. for the influx of normal 
cells into the tumor and for the invasion of tumor 
cells into normal tissues. Surprisingly, and perhaps 
more importantly, some chemokines promote 
growth of tumor cells and especially the outgrowth 
of tumor metastases. The emphasis in this chapter 
will be on these chemokines and in particular on 
CXCL12 (SDF-1) and its receptor CXCR4. 

2. CHEMOKINES AND CHEMOKINE 

RECEPTORS

The chemoattractant cytokines (chemokines) are 
small (8-14 kDa) proteins (4, 5). The main 
subfamilies are the CC-chemokines, with two 
adjacent cysteines in the N-terminal domain, and the 
CXC-chemokines, in which the cysteines are 
separated by a single other amino acid (6). CC- and 
CXC-chemokines bind to seven-transmembrane G-
protein-coupled receptors, designated CCR and 
CXCR, respectively. The interactions are quite 
specific for CXCRs and often more promiscuous for 
CCRs, with some CC-chemokines binding multiple 
receptors and some CCRs binding multiple 
chemokines. Chemokines are often produced at sites 
of inflammation and are involved in host defense 
and immune reactions (7). However, some 
chemokines are present in normal non-inflamed 
tissues and play a major role in development and 
normal tissue homeostasis. This is particularly true 
for CXCL12 (SDF-1) and CXCL13 (BCA-1). 
CXCL12, the ligand of CXCR4, is present in many 
tissues (8,9) and may play a role in the recirculation 
of leukocytes through extralymphoid organs (10). 
CXCL13 and its receptor CXCR5 are responsible for 
the influx of B-lymphocytes into lymph nodes, and 
lymph nodes are therefore much smaller in CXCR5 
knockout mice (11). However, also CCRs are 
involved in tissue homeostasis. An example is the 
role of CCR7 in the influx of lymphocytes into 
lymph nodes (12). 

3. CHEMOKINE RECEPTORS IN 

CANCER

It has been known for more than a decade that 
tumor cells produce chemokines. Examples are 
CCL2 (13) and CCL5 (14) that attract macrophages 
and other leukocytes. In addition to chemokines, 
other factors such as CSF-1 (colony stimulating 
factor-1) also contribute to macrophage influx in 
certain tumors (15). The macrophages promote 
tumor growth, e.g. by producing metalloproteases 
(16) that release angiogenic and growth factors from 
the extracellular matrix. The relevance for therapy 
was recently shown by blocking CCL5 activity in 
CCL5-producing carcinomas. This led to reduced 
macrophage infiltration and impaired tumor growth 
(14). Another chemokine of major importance, at 
least in human cancers, is CXCL8 (interleukin-8). 
Production of CXL8 is correlated with malignancy 
in melanoma and ovarian, pancreatic and prostate 
carcinoma (17), and antibodies against CXCL8 
inhibit growth and metastasis of human melanoma 
(18). CXCL8 may act as an autocrine growth factor 
for melanoma (19), but its major role is probably in 
angiogenesis (18). In addition, it may aid in 
attracting leukocytes. Indeed, it has been proposed to 
transfect the CXCL8 receptor CXCR2 into tumor-
specific cytotoxic T-lymphocytes to promote their 
migration into tumors (20).  

These results are in line with the notion that 
tumors are comparable to wounds, as described 
above, and that chemokines are required for 
infiltration of leukocytes, known to express the 
receptors. Chemokine receptors are also present on 
malignant hematopoietic cells, similarly as on their 
non-transformed counterparts. These receptors 
probably play a role in the dissemination of these 
cells to lymphoid tissues. In addition, we have 
shown that CXCR4 is required for dissemination of 
T-lymphoma cells to extralymphoid tissues such as 
liver and kidneys, as will be described below. 

Chemokine receptors might be expected to be 
only expressed by leukocytes, given their 
predominant role in leukocyte trafficking. 
Surprisingly, however, several receptors were also 
found on other cells, such as colon epithelial cells 
(21), and in particular on many non-hematopoietic 
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tumor cell types (22). CXCR4 was most often 
detected, on a wide variety of carcinoma and 
sarcoma cells (10, 22-27). In the remainder of this 
chapter we will focus on the role of CXCR4 in 
cancer. Here, we will briefly mention observations 
on a few other receptors. CXCR2 is expressed by 
human melanomas and has been proposed to play a 
role in invasion (28). Furthermore, its ligand CXCL8 
can stimulate growth of melanoma and pancreatic 
carcinoma cells in an autocrine fashion (29). This 
proliferation-enhancing effect of a chemokine is not 
unique for CXCL8, as we will emphasize below. 
However, as mentioned above, CXCL8 is also an 
important angiogenic factor (30). Which of the many 
functions of CXCL8 is most important for tumor 
progression remains to be demonstrated. The 
CXCL8 receptors CXCR1 and CXCR2 are 
expressed in gastric, colon and pancreatic 
carcinomas (31-33). CCR7 is sometimes expressed 
in melanoma, and lung, esophageal, gastric and 
breast carcinoma. In line with its role in the influx of 
lymphocytes into lymph nodes, CCR7 appears to 
promote lymph node metastasis of these tumors (23, 
34-36). Finally, CCR10 is expressed in melanoma 
and may be involved in invasion of the skin (23). 

4. CXCR4: ROLE IN DEVELOPMENT 

Before describing the role of CXCR4 in cancer, 
it is appropriate to briefly summarize what is known 
about the normal function of this remarkably 
versatile receptor. CXCR4 was identified as the 
monocyte orphan receptor LESTR (37) and later as 
fusin, a co-receptor for certain strains of HIV virus 
(38,39). CXCL12 (SDF-1 = stromal cell-derived 
factor 1), which is its only ligand (40,41), was 
cloned from bone marrow stromal cells (8) and 
found to support the proliferation of bone marrow B-
cell progenitors in the presence of interleukin-7 (42). 
It is noteworthy that this chemokine was originally 
identified as a growth factor, a property that is 
relevant for its role in cancer, as shown below. 
CXCL12 is an extremely potent lymphocyte and 
monocyte chemoattractant which, unlike other 
chemokines, is constitutively expressed in many 
non-inflamed tissues (8, 10, 40, 42). CXCR4 is 
unusually widely expressed, namely on T cells, B 

cells, monocytes, macrophages, dendritic cells, 
several neuronal cell types, endothelial cells, 
hematopoietic progenitors, platelets and even on 
some epithelial cells (21, 43-51).  

In contrast to other chemokines and chemokine 
receptors, CXCL12 or CXCR4 gene disruption is 
embryonically lethal (43, 52-54). The embryos 
exhibit dysplasia of the ventricular septum of the 
heart. In the cerebellum, the migration of granule 
cells is affected. CXCR4 is also involved in vascular 
development in the gastrointestinal tract, particularly 
in the remodeling of the capillary network (54). This 
has, however, no consequences for the development 
of the gastrointestinal organs.  

CXCR4 and CXCL12 have been implicated in 
the homing of hematopoietic precursors to the bone 
marrow, and CXCR4- and CXCL12-deficient mice 
have defects in development of B cells and myeloid 
cells but not T cells. B-cell development is blocked 
at the pro-B-cell stage. Cells of the myeloid lineage 
develop normally in the fetal liver, but fail to 
colonize the bone marrow. In the adult, CXCR4 is 
necessary for human stem cell engraftment (55), and 
inhibition of CXCR4 function leads to release of 
hematopoietic stem cells into the circulation. 
Finally, the colonization of the gonads by primordial 
germ cells is impaired in CXCL12 knockout mice 
(56, 57). Also in zebrafish, CXCL12 is essential for 
guiding the migration of primordial germ cells (58, 
59).

5. EFFECTS OF CXCR4 ON 

PROLIFERATION

Guidance of cell migration is apparently the 
main role of CXCR4 in development. In addition, 
however, it promotes proliferation of certain cells. In 
knockout mice, B-cell development is not impaired 
by a defect in homing, but to a block in proliferation, 
in line with the original identification of CXCL12 as 
a B-cell growth factor. In the cerebellum, CXCR4 is 
probably not only required for proper migration but 
also for proliferation of granule cells, because 
CXCL12, together with Sonic Hedgehog, promotes 
the proliferation of the granule precursor cells (60). 
Furthermore, CXCL12 enhances the proliferation of 
CD34+ hematopoietic stem cells and myeloid 
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progenitors (61), T-cell precursors and ovarian and 
lung cancer cells (62, 63). CXCL12 stimulates 
proliferation probably via the Erk and Akt pathways, 
as shown for glioblastoma cells (64). 

6. ROLE OF CXCR4 IN T 

LYMPHOMA METASTASIS 

We studied the dissemination mechanisms of 
lymphomas and myeloid leukemias, with emphasis 
on T-cell hybridomas, a model for T lymphoma. 
Using hepatocyte cultures as a model for liver 
invasion, we had observed that activated normal T 
lymphocytes are similarly invasive as highly 
metastatic lymphomas. This suggested that the 
lymphomas used similar invasion mechanisms as 
normal T cells. Indeed, when fused with non-
invasive lymphoma cells, the T cells gave rise to 
highly invasive T-cell hybridomas that disseminated 
to multiple tissues but were especially quite invasive 
in the liver (65). The T-cell hybridomas rapidly 
invade fibroblast cultures using invasion 
mechanisms that are remarkably similar to those in 
vivo, as we showed by downregulation of multiple 
components of the required signal pathways (10, 66, 
67). It is to be noted that details of these mechanisms 
are different for other hematopoietic malignancies, 
as we have shown for ESb lymphoma cells (68) and 
MDAY-D2 acute myeloid leukemia cells (69). 

Endoplasmic reticulum

KDEL-
ReceptorKDEL

CXCR4

SDF-1

Golgi

KDEL

CXCR4

SDF-1

Figure 1. Method used to generate CXCR4-deficient cells: 
a cDNA encoding the ligand CXCL12 (SDF-1), extended 
with a KDEL sequence, is transfected. This protein binds 
newly synthesized CXCR4 as well as the KDEL-receptor, 
which normally binds resident ER proteins and transports 

them back to the ER. Thus, SDF-KDEL with its associated 
CXCR4 is retained in the ER and CXCR4 is prevented 
from reaching the cell surface. 

Invasiveness of the T-cell hybridomas was 
inhibited by pertussis toxin, an inhibitor of Gi 
protein signaling. Furthermore, metastasis was 
blocked in cells in which we expressed the catalytic 
subunit of pertussis toxin (66), showing that Gi-
protein-coupled receptors are involved, most likely 
chemokine receptors. CXCR4 and CCR8 are 
expressed by the T-cell hybridoma cells, and 
CXCR4 was the major candidate because of the 
constitutive expression of its ligand CXCL12 in 
virtually all tissues. To study its role, we made use 
of an approach proposed for gene therapy of AIDS 
(70). The aim was to remove the HIV co-receptor 
from the cell surface. CXCL12 with a C-terminal 
extension of four amino acids, KDEL, was 
expressed. This CXCL12-KDEL binds to the 
KDEL-receptor which retains proteins in the 
endoplasmic reticulum (ER). The CXCL12-KDEL 
binds newly synthesized CXCR4 which is therefore 
also retained in the ER and does not reach the 
surface (see fig. 1). The complete loss of surface 
CXCR4, thus achieved, blocked in vitro invasion as 
well as metastasis to all tissues (10), showing that 
CXCR4 was essential and the only chemokine 
receptor involved. Given the correlation between 
invasion into fibroblast cultures and metastasis, and 
the essential role of CXCR4 in both, the most likely 
role of CXCR4 is in the invasion of tissues by 
blood-borne T-cell hybridoma cells. However, an 
additional role in the proliferation of these tumor 
cells within the tissues, as we will describe below 
for carcinoma cells, can not be excluded. 

7. CXCR4 IN CARCINOMA 

METASTASIS

Müller et al. (23) showed that CXCR4 plays an 
important role in breast carcinoma metastasis, using 
antibodies against CXCR4 that reduced metastasis 
formation of MDA-MB-231 cells in the lungs by ~ 
70%. Subsequently, we showed that metastasis 
formation of mouse CT-26 colon carcinoma cells, in 
both liver and lungs, was almost completed 
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prevented when CXCR4 function was blocked (9). 
For this we used the same approach as described 
above for T-cell hybridoma cells (see fig. 1), by 
expressing a CXCL12-KDEL protein that prevents 
CXCR4 from reaching the cell surface (10, 70). 
Liver metastases were generated by injecting cells 
into the spleen. Strikingly, we observed no effect of 
the CXCR4 deficiency on the formation of tumors in 
the spleen. In contrast to the numerous liver 
metastases generated by the control cells, however, 
no metastases were formed at all by the CXCR4-
deficient cells (9). Lung metastases were generated 
by injection of cells into a tail vein. Again, almost 
no metastases were formed and the few that did arise 
were derived from cells that were not completely 
devoid of CXCR4. These results demonstrated the 
important role of CXCR4 in metastasis formation of 
these colon carcinoma cells. Subsequently, Kang et 

al. (71) found that CXCR4 was one of a set of 
proteins, expressed in variants of the MDA-MB-231 
breast carcinoma cell line with enhanced metastasis 
to the bone. The cDNAs encoding CXCR4 and two 
of the other proteins were then transfected into the 
regular MDA-MB-231 cells that did not express 
them. This enabled these transfectant cells to form 
bone metastases. However, also a different set of 
these proteins, but not including CXCR4, promoted 
bone metastasis formation. Finally, transfection of 
CXCR4 into B16 melanoma cells was found to 
enhance lung metastasis (72). Together, these results 
indicate a prominent role for CXCR4 in metastasis 
of different tumor types. Although not yet 
demonstrated, it seems likely that this is also true for 
the wide variety of other tumors that express 
CXCR4.

Figure 2. Although CXCR4 mRNA can be detected by RT-PCR in CT-26 colon carcinoma cells in vitro, very little is 
present on the cell surface, as shown in the left panel. In vivo, however, CXCR4 is strongly upregulated and expressed on a 
large percentage of the cells. Open histograms: control cells, only treated with secondary antibody (reprinted with 
permission from Zeelenberg et al., Cancer Res. 63:3833-3839, 2003). 

8. UPREGULATION OF CXCR4 IN 

VIVO

Müller et al. (23) proposed that the role of 
CXCR4 in lung metastasis was to promote invasion 
of blood-borne carcinoma cells into the lungs, 
triggered by the CXCL12 that is constitutively 
expressed in that tissue. It is remarkable, however, 
that these authors continued treatment with the anti-
CXCR4 antibodies after i.v. injection during the 
whole assay period, until the mice were sacrificed 
and the extent of metastasis assessed. It is well-
established that more than 99% of i.v. injected non-
lymphoid tumor cells die within 24 h (73, 74), so 
that invasion of the lung tissue should occur within 

this first day. Antibody treatment beyond the first 
few days should therefore not be necessary if 
CXCR4 is only involved in invasion. Thus, the 
antibodies may have blocked additional functions of 
CXCR4 at later stages of metastasis formation.  

In the CT-26 colon carcinoma cells, we had 
detected CXCR4 expression by RT-PCR. 
Subsequent FACS analysis, however, revealed very 
little CXCR4 on the surface of CT-26 cells in vitro

(see fig. 2). The cells that we injected into a tail vein 
were therefore essentially CXCR4-negative. In the 
liver and lung metastases, as well as in the spleen 
tumor, CXCR4 was greatly upregulated (fig. 2). To 
measure CXCR4 expression shortly after lung 
colonization, we injected a hundredfold larger cell 
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dose (5 x 106). FACS analysis of cells isolated from 
the lungs showed that CXCR4 was upregulated in 

vivo (see fig. 3), and that maximal expression was 
reached after 5-7 days (9). As emphasized above, 
CXCR4-deficiency led to an almost complete block 

of metastasis. Clearly, the essential function of 
CXCR4 must be exerted after the blood-borne cells 
had invaded the lung parenchyma. 

2 days in lungs 7 days 9 days SDF-KDEL, 9 d.

Figure 3. CXCR4 surface levels on CT26 cells, isolated from the lungs 2, 7 or 9 days after tail vein injection, showing that 
CXCR4 is upregulated in vivo, and maximally after ~9 days. Right panel: SDF-KDEL-expressing cells after 9 days, which 
are CXCR4-negative, showing that the SDF-KDEL does prevent the CXCR4 from reaching the surface. Note that the 
number of cells that could be analyzed was very small, since the SDF-KDEL cells grew very slowly in the lungs (reprinted 
with permission from Zeelenberg et al., Cancer Res. 63:3833-3839, 2003). 

Upregulation was not due to selection of a small 
number of cells with constitutively high CXCR4 
levels that may have been present in the injected cell 
population, since CXCR4 expression was lost upon 
ex vivo culture within 1-2 days. Therefore, CXCR4 
induction must be due to signals from the 
microenvironment. CXCR4 expression was recently 
shown to be induced by HIF-1α (75,76), a 
transcription factor stimulated by hypoxia. The 
“signal” could therefore simply be the lack of 
oxygen in the center of a growing metastasis. This is 
very unlikely, however, since we observed 
upregulation of CXCR4 after 2-7 days, when 
metastases are still very small, if they have grown at 
all. Especially in the lungs, the initial upregulation 
can therefore not be due to hypoxia, although it may 
play a role later. A second possibility is interaction 
with surrounding cells. It is not known whether 
influx of tumor stromal cells such as activated 
leukocytes and fibroblasts has already occurred at 
these early stages. Unfortunately, it is virtually 
impossible to find the few isolated metastatic cells in 
tissue sections, and thus to observe the associated 
cells. If such stromal cells are not yet present, only 
interactions with normal lung cells can be 
responsible. A third option is that CXCR4 is actually 
suppressed in vitro, e.g. by serum factors, but so far 
we have not been able to induce CXCR4 in vitro by 
changing the culture conditions. 

Figure 4. Detection of CT-26 cells in the lungs by GFP-
specific RT-PCR. After 35 cycles one cell can be detected 
in the sample (2% of lungs), i.e. ~50 cells in the complete 
lungs. The results show that similar numbers of control 
vector- (CV) transduced and SDF-KDEL-expressing 
(CXCR4-deficient) cells get established in the lungs, but 
that control cells expand more rapidly. The slow 
proliferation of the SDF-KDEL cells stops after 16 days. 
After 25 cycles, ~50,000 cells can be detected. After 13-20 
days control cells are detected but even after 4 weeks no 
CXCR4-deficient cells. Bottom: actin controls. Bottom 
right: water controls and actin and (lack of) GFP in lungs 
of non-injected mice. (Reprinted with permission from 
Zeelenberg et al., 2003, Cancer Res. 63: 3833-3839). 
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9. CXCR4 IS REQUIRED FOR 

GROWTH OF METASTASES 

To follow the outgrowth of lung metastases, we 
used GFP-expressing cells and RT-PCR, to detect as 
little as 50 cells (9). We found that CXCR4-deficient 
cells colonized the lungs similarly as control cells 
(fig. 4). This explains why pertussis toxin had no 
effect. Similarly as described above for lymphoma 
cells, we expressed the pertussis toxin catalytic 
subunit in the CT-26 cells and this blocked Gi 
protein activity completely. In contrast to the 
lymphoma cells (10), this did not affect metastasis of 
the CT-26 cells (9). Since Gi is required for 
CXCR4-induced migration, this also argues against 
a role of CXCR4 in invasion. The RT-PCR results 
revealed that the CXCR4-deficient cells remained 
present for a prolonged period, but proliferated 
much more slowly. Furthermore, the slow expansion 
stopped after 16 days, after a 1000-fold increase, and 
cell numbers appear to decline thereafter (fig. 4). 
Growth therefore stops at ~ 1000 cells per 
metastasis. At this stage, hypoxia may become a 
problem, and CXCR4 signals may be required to 
deal with this, as suggested by the hypoxia-induced 
CXCR4 expression described above. Such signals 
may trigger the synthesis of angiogenesis factors 
such as VEGF (77). 

The notion that CXCR4 signals promote 
proliferation is in line with effects on other cells, as 
described above. In most cases where it was 
investigated, CXCR4 proliferation signals such as 
Erk phosphorylation were blocked by pertussis toxin 
(78), which would argue against involvement since 
metastasis formation was not susceptible to pertussis 
toxin. In some cells, however, CXCR4-induced 
proliferation signals were not inhibited by the toxin, 
in particular signals activating the p38 MAPK (79). 
In the carcinoma cells, such Gi-independent 
pathways must be involved. 

CXCR4 is also upregulated in the spleen tumors, 
formed after injection of cells into the spleen. Yet, 
the CXCR4-deficient cells form such tumors as 
readily as the control cells. The spleen tumors were 
formed from a large number of cells (105) and 
proliferation may have been stimulated by 
interactions between these tumor cells or by the 
production of large amounts of other factors, in 
addition to CXCL12, by the tumor cells. 
Proliferation may also be enhanced by wound 
factors in the wound made by the injection needle. 
This suggests that CXCR4 is required in particular 
when isolated cells have to initiate tumor formation, 
such as cells that invade into lung or liver tissue. 

SDF-1

(CXCL12)

CXCR4

Carcinoma cell

Stromal cell

CXCR4-

inducing

factor

Tumor-

derived

factor?

Induction of 
genes involved 
in proliferation

Figure 5. Model for the role of CXCR4 in carcinoma metastasis: In vivo CXCR4 is induced, possibly by a factor produced 
by stromal cells. CXCL12 (SDF-1), produced by stromal cells and/or by the tumor cells themselves, binds to this CXCR4. 
This results in signals that lead to induction of genes involved in proliferation in vivo. In later stages, hypoxia may further
increase CXCR4 levels. The induced genes may include angiogenesis factors such as VEGF. 
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10. CXCL12/SDF-1: PARACRINE OR 

AUTOCRINE?

Once CXCR4 is expressed by the metastatic 
cells, they can be stimulated by CXCL12, which is 
present in all tissues tested so far, including the 
lungs and liver. CXCL12 is also abundantly 
produced by tumor cells, including the CT-26 cells. 
CXCL12 (SDF-1) is one of the “wound” factors 
produced by fibroblasts in response to serum (1), 
and one of the “wound” proteins that are produced 
by tumor cells, as discussed in the first paragraph of 
this chapter. This autocrine CXCL12 probably 
contributes to stimulation of the CXCR4-expressing 
cells and can be regarded as an autocrine growth 
factor. However, since CXCR4 is important for 
outgrowth when metastases are still small and 
therefore will not produce much CXCL12, a 
contribution of environmental CXCL12 seems 
likely.  The model shown in fig. 5 illustrates the 
different aspects of the proposed roles of CXCR4 
and CXCL12 in metastasis formation. 

11. CXCR5 IN CARCINOMAS 

RT-PCR of chemokine receptors in CT-26 cells 
revealed expression of CXCR5. This was surprising 
since it was so far only detected on lymphocytes, 
particularly B-cells and a T-cell subset. Again, 
CXCR5 was hardly present on the cell surface in 

vitro, but strongly upregulated in vivo. The possible 
role of CXCR5 in metastasis remains to be 
demonstrated. Remarkably, we found that the 
CXCR5 ligand CXCL13 (BCA-1) enhanced growth 
of CT-26 cells that had been transfected with 
CXCR5 cDNA and expressed it in vitro. Even in 
10% fetal calf serum, but especially in serum-free 
keratinocyte medium, CXCL13 enhanced 
proliferation. Moreover, we found CXCL13 in the 
metastases, so that it might stimulate growth in vivo.
The possible contribution of CXCR5 to metastasis 
formation is being investigated. 

12. CONCLUSION 

Chemokines and their receptors play important 
roles in tumor development, because they attract and 
activate cells that contribute to malignancy. CXCR4 
is the most widely expressed chemokine receptor in 
a variety of tumor cell types. It plays a major, if not 
essential, role in the formation of breast and colon 
carcinoma metastases. For a colon carcinoma, we 
have shown that CXCR4 signals promote 
proliferation of the tumor cells in early phases of 
metastasis formation, after upregulation of CXCR4 
expression by as yet unknown signals from the 
microenvironment. CXCR4 is a co-receptor for 
certain strains of HIV virus (38, 39) and therefore 
drugs have been developed that block this 
interaction with HIV (80, 81). These drugs also 
interfere with CXCL12 binding and inhibit CXCR4 
function. Moreover, they have already been tested in 
clinical trials for AIDS treatment (82, 83), so their 
use for cancer therapy can be initiated more rapidly 
than for other newly developed anti-cancer reagents. 
CXCR4 antagonists may be most effective in the 
suppression of outgrowth of micrometastases. 

ACKNOWLEDGEMENTS

Our experimental work, described in this 
chapter, was supported by grant NKI 98-1679 from 
the Dutch Cancer Society. We thank Joost Meijer for 
some of the data on CXCR5, and Lisette Ruuls-Van 
Stalle and Ton Schrauwers for expert technical 
assistance.

REFERENCES

1. Iyer, V.R., Eisen, M.B., Ross, D.T., Schuler, G., 
Moore, T., Lee, J.C., Trent, J.M., Staudt, L.M., 
Hudson, J., Boguski, M.S., Lashkari, D., Shalon, D., 
Botstein, D., and Brown, P.O., 1999, The 
transcriptional program in the response of human 
fibroblasts to serum. Science, 283:83-87.

2. Dvorak, H.F., 1986, Tumors: wounds that do not 
heal. Similarities between tumor stroma generation 
and wound healing. N Engl J Med, 315:1650-1659. 



13. The Role of Chemokime receptors in Metastasis 241

3. Moser, B., and Loetscher, P., 2001, Lymphocyte 
traffic control by chemokines. Nat Immunol, 2:123-
128.

4. Schall, T.J., 1994, The Chemokines. In The 
Cytokine Handbook, 419-460. Thomson, A., ed, 
Academic Press, New York, USA. 

5. Murphy, P.M., Baggiolini, M., Charo, I.F., Hebert, 
C.A., Horuk, R., Matsushima, K., Miller, L.H., 
Oppenheim, J.J. and Power, C.A., 2000, 
International union of pharmacology.  XXII.
Nomenclature for chemokine receptors. Pharmacol 
Rev, 52:145-176. 

6. Zlotnik, A. and Yoshie, O., 2000, Chemokines: a 
new classification system and their role in immunity. 
Immunity, 12:121-127. 

7. Murdoch, C. and Finn, A., 2000, Chemokine 
receptors and their role in inflammation and 
infectious diseases. Blood, 95:3032-3043. 

8. Tashiro, K., Tada, H., Heilker, R., Shirozu, M., 
Nakano, T., and Honjo, T., 1993, Signal sequence 
trap: a cloning strategy for secreted proteins and 
type I membrane proteins. Science, 261: 600-603. 

9. Zeelenberg, I.S., Ruuls-Van Stalle, L., Roos, E., 
2003, The chemokine receptor CXCR4 is required 
for outgrowth of colon carcinoma micrometastases. 
Cancer Res, 63: 3833-3839. 

10. Zeelenberg, I.S., Ruuls-Van Stalle, L., and Roos, E., 
2001, Retention of CXCR4 in the endoplasmic 
reticulum blocks dissemination of a T cell 
hybridoma. J Clin Invest, 108: 269-277. 

11. Förster, R., Mattis, A.E., Kremmer, E., Wolf, E., 
Brem, G. and Lipp, M., 1996, A putative chemokine 
peceptor, BLR1, directs B cell migration to defined 
lymphoid organs and specific anatomic 
compartments of the spleen. Cell, 87:1037-1047. 

12. Förster, R., Schubel, A., Breitfeld, D., Kremmer, E., 
Renner-Müller, I., Wolf, E., and Lipp, M., 1999, 
CCR7 coordinates the primary immune response by 
establishing functional microenvironments in 
secondary lymphoid organs. Cell, 99:23-33. 

13. Negus, R.P., Stamp, G.W., Relf , M.G., Burke, F., 
Malik, S.T., Bernasconi, S., Allavena, P., Sozzani, 
S., Mantovani, A., and Balkwill, F.R., 1995, The 
detection and localization of monocyte 
chemoattractant protein-1 (MCP-1) in human 
ovarian cancer. J Clin Invest, 95:2391-2396. 

14. Robinson, S.C., Scott, K.A,, Wilson, J.L., 
Thompson, R.G., Proudfoot, A.E., and Balkwill, 
F.R., 2003, A chemokine receptor antagonist inhibits 
experimental breast tumor growth. Cancer Res, 
63:8360-8365.

15. Lin, E.Y., Nguyen, A.V., Russell, R.G., and Pollard, 
J.W., 2001, Colony-stimulating factor 1 promotes 
progression of mammary tumors to malignancy. J 
Exp Med, 193:727-740. 

16. Coussens, L.M., Tinkle, C.L., Hanahan, D., and 
Werb, Z., 2000, MMP-9 supplied by bone marrow-

derived cells contributes to skin carcinogenesis. 
Cell, 103:481-490. 

17. Mian, B.M., Dinney, C.P., Bermejo, C.E., Sweeney, 
P., Tellez, C., Yang, X.D., Gudas, J.M., McConkey, 
D.J., and Bar-Eli, M., 2003, Fully human anti-
interleukin 8 antibody inhibits tumor growth in 
orthotopic bladder cancer xenografts via down-
regulation of matrix metalloproteases and nuclear 
factor-kappaB. Clin Cancer Res, 9:3167-3175. 

18. Huang, S., Mills, L., Mian, B., Tellez, C., McCarty, 
M., Yang, X.D., Gudas, J.M., and Bar-Eli, M., 2002, 
Fully humanized neutralizing antibodies to 
interleukin-8 (ABX-IL8) inhibit angiogenesis, tumor 
growth, and metastasis of human melanoma. Am J 
Pathol, 161:125-134. 

19. Schadendorf, D., Moller, A., Algermissen, B., 
Worm, M., Sticherling, M., and Czarnetzki, B.M., 
1993, IL-8 produced by human malignant melanoma 
cells in vitro is an essential autocrine growth factor. 
J Immunol, 151:2667-2675. 

20. Kershaw, M.H., Wang, G., Westwood, J.A., 
Pachynski, R.K., Tiffany, H.L., Marincola, F.M., 
Wang, E., Young, H.A., Murphy, P.M., and Hwu, 
P., 2002,  Redirecting migration of T cells to 
chemokine secreted from tumors by genetic 
modification with CXCR2. Hum Gene Ther, 
13:1971-1980.

21. Jordan, N.J., Kolios, G., Abbot, S.E., Sinai, M.A., 
Thompson, D.A., Petraki, K., and Westwick, J., 
1999, Expression of functional CXCR4 chemokine 
receptors on human colonic epithelial cells. J Clin 
Invest, 104:1061-1069. 

22. Balkwill, F., 2003, Chemokine biology in cancer. 
Semin Immunol, 15:49-55. 

23. Müller, A., Homey, B., Soto, H., Ge, N., Catron, D., 
Buchanan, M.E., McClanahan, T., Murphy, E., 
Yuan, W., Wagner, S.N., Barrera, J.L., Mohar, A., 
Verastegui, E., and Zlotnik, A., 2001, Involvement 
of chemokine receptors in breast cancer metastasis. 
Nature, 410:50-56. 

24. Taichman, R.S., Cooper, C., Keller, E.T., Pienta, 
K.J., Taichman, N.S., and McCauley, L.K., 2002, 
Use of the stromal cell-derived factor-1/CXCR4 
pathway in prostate cancer metastasis to bone. 
Cancer Res, 62:1832-1837. 

25. Scotton, C.J., Wilson, J.L., Milliken, D., Stamp, G., 
and Balkwill, F.R., 2001, Epithelial cancer cell 
migration: a role for chemokine receptors?. Cancer 
Res, 61:4961-4965. 

26. Geminder, H., Sagi-Assif, O., Goldberg, L., Meshel, 
T., Rechavi, G.,Witz, I.P., and Ben Baruch, A., 
2001, A possible role for CXCR4 and its ligand, the 
CXC chemokine stromal cell-derived factor-1, in the 
development of bone marrow metastases in 
neuroblastoma. J Immunol, 167:4747-4757. 

27. Libura, J., Drukala, J., Majkam M,, Tomescu, O., 
Navenot, J.M., Kucia, M., Marquez, L., Peiper, S.C., 



242 Chapter 13 

Barr, F.G., Janowska-Wieczorek, A., and Ratajczak, 
M.Z., 2002, CXCR4-SDF-1 signaling is active in 
rhabdomyosarcoma cells and regulates locomotion, 
chemotaxis, and adhesion. Blood, 100:2597-2606. 

28. Luca, M., Huang, S., Gershenwald, J.E., Singh, 
R.K., Reich, R., Bar-Eli, M., 1997, Expression of 
interleukin-8 by human melanoma cells up-regulates 
MMP-2 activity and increases tumor growth and 
metastasis. Am J Pathol, 151:1105-1113.

29. Payne, A.S., and Cornelius, L.A., 2002, The role of 
chemokines in melanoma tumor growth and 
metastasis. J Invest Dermatol, 118:915-922. 

30. Li, A., Dubey, S., Varney, M.L., Dave, B.J., and 
Singh, R.K., 2003, IL-8 directly enhanced 
endothelial cell survival, proliferation, and matrix 
metalloproteinases production and regulated 
angiogenesis. J Immunol, 170:3369-3376.

31. Kitadai,Y., Haruma, K., Mukaida, N., Ohmoto, Y., 
Matsutani, N., Yasui, W., Yamamoto, S., Sumii, K., 
Kajiyama, G., Fidler, I.J., and Tahara, E., 2000, 
Regulation of disease-progression genes in human 
gastric carcinoma cells by interleukin 8. Clin Cancer 
Res, 6:2735-2740. 

32. Li, A., Varney, M.L., and Singh, R.K., 2001, 
Expression of interleukin 8 and its receptors in 
human colon carcinoma cells with different 
metastatic potentials. Clin Cancer Res 7:3298-3304. 

33. Kuwada, Y., Sasaki, T., Morinaka, K., Kitadai, Y., 
Mukaida, N., and Chayama, K., 2003, Potential 
involvement of IL-8 and its receptors in the 
invasiveness of pancreatic cancer cells. Int J Oncol, 
22:765-771.

34. Mashino, K., Sadanaga, N., Yamaguchi, H., Tanaka, 
F., Ohta, M., Shibuta, K., Inoue, H., and Mori, M., 
2002, Expression of chemokine receptor CCR7 is 
associated with lymph node metastasis of gastric 
carcinoma. Cancer Res, 62:2937-2941. 

35. Ding,Y., Shimada, Y., Maeda, M., Kawabe, A., 
Kaganoi, J., Komoto, I., Hashimoto, Y., Miyake, M., 
Hashida, H., and Imamura, M., 2003, Association of 
CC chemokine receptor 7 with lymph node 
metastasis of esophageal squamous cell carcinoma. 
Clin Cancer Res, 9:3406-3412. 

36. Takanami, I., 2003, Overexpression of CCR7 
mRNA in non-small cell lung cancer: correlation 
with lymph node metastasis. Int J Cancer, 105:186-
189.

37. Loetscher, M., Geiser, T., O'Reilly, T., Zwahlen, R., 
Baggiolini, M., and Moser, B., 1994, Cloning of a 
human seven-transmembrane domain receptor, 
LESTR, that is highly expressed in leukocytes. J 
Biol Chem, 269:232-237. 

38. Deng, H., Liu, R., Ellmeier, W., Choe, S., Unutmaz, 
D., Burkhart, M., Di Marzio, P., Marmon, S., Sutton, 
R.E., Hill, C.M., Davis, C.B., Peiper, S.C., Schall, 
T.J., Littman, D.R., and Landau, N.R., 1996, 

Identification of a major co-receptor for primary 
isolates of HIV-1. Nature, 381:661-666. 

39. Feng,Y., Broder, C.C., Kennedy, P.E., and Berger, 
E.A., 1996, HIV-1 entry cofactor: functional cDNA 
cloning of a seven-transmembrane, G protein-
coupled receptor. Science, 272:872-877. 

40. Bleul, C.C., Farzan, M., Choe, H., Parolin, C., 
Clark-Lewis, I., Sodroski, J., and Springer, T.A., 
1996, The lymphocyte chemoattractant SDF-1 is a 
ligand for LESTR/fusin and blocks HIV-1 entry. 
Nature, 382:829-833. 

41. Oberlin, E., Amara, A., Bachelerie, F., Bessia, C., 
Virelizier, J.L., Arenzana-Seisdedos, F., Schwartz, 
O., Heard, J.M., Clark-Lewis, I., Legler, D.F., 
Loetscher, M., Baggiolini, M., and Moser, B., 1996, 
The CXC chemokine SDF-1 is the ligand for 
LESTR/fusin and prevents infection by T-cell-line-
adapted HIV-1. Nature, 382:833-835. 

42. Nagasawa,T., Kikutani, H., and Kishimoto, T., 1994, 
Molecular cloning and structure of a pre-B-cell 
growth-stimulating factor. Proc Natl Acad Sci 
U.S.A, 91:2305-2309. 

43. Zou, Y.R., Kottmann, A.H.,Kuroda,  M., Taniuchi, 
I., and Littman, D.R., 1998, Function of the 
chemokine receptor CXCR4 in haematopoiesis and 
in cerebellar development. Nature, 393:595-599. 

44. Sozzani, S., Luini, W., Borsatti, A., Polentarutti, N., 
Zhou, D., Piemonti, L., D'Amico, G., Power, C.A., 
Wells, T.N., Gobbi, M., Allavena, P., and 
Mantovani, A., 1997, Receptor expression and 
responsiveness of human dendritic cells to a defined 
set of CC and CXC chemokines. J Immunol, 
159:1993-2000.

45. Bleul, C.C., Wu, L., Hoxie, J.A., Springer, T.A., and 
Mackay, C.R., 1997, The HIV coreceptors CXCR4 
and CCR5 are differentially expressed and regulated 
on human T lymphocytes. Proc Natl Acad Sci 
U.S.A., 94:1925-1930. 

46. Murdoch, C., Monk, P.N., and Finn, A., 1999, 
Functional expression of chemokine receptor 
CXCR4 on human epithelial cells. Immunology, 
98:36-41.

47. Deichmann, M., Kronenwett, R., and Haas, R., 1997, 
Expression of the human immunodeficiency virus 
type-1 coreceptors CXCR-4 (fusin, LESTR) and 
CKR-5 in CD34+ hematopoietic progenitor cells. 
Blood, 89:3522-3528. 

48. Hesselgesser, J., Halks-Miller, M., DelVecchio, V., 
Peiper, S.C., Hoxie, J., Kolson, D.L., Taub, D., and 
Horuk, R., 1997, CD4-independent association 
between HIV-1 gp120 and CXCR4: functional 
chemokine receptors are expressed in human 
neurons. Curr Biol, 7:112-121. 

49. Wang, J.F., Liu, Z.Y., and Groopman, J.E., 1998, 
The alpha-chemokine receptor CXCR4 is expressed 
on the megakaryocytic lineage from progenitor to 



13. The Role of Chemokime receptors in Metastasis 243

platelets and modulates migration and adhesion. 
Blood, 92:756-764. 

50. Zaitseva, M., Blauvelt, A., Lee, S., Lapham, C.K., 
Klaus-Kovtun, V., Mostowski, H., Manischewitz, J., 
and Golding, H., 1997, Expression and function of 
CCR5 a nd CXCR4 on human Langerhans cells and 
macrophages: implications for HIV primary 
infection. Nat Med, 3:1369-1375. 

51. Gupta, S.K., Lysko, P.G., Pillarisetti, K., Ohlstein, 
E., and Stadel, J.M., 1998, Chemokine receptors in 
human endothelial cells. Functional expression of 
CXCR4 and its transcriptional regulation by 
inflammatory cytokines. J Biol Chem, 273:4282-
4287.

52. Ma, Q., Jones, D., Borghesani, P.R., Segal, R.A., 
Nagasawa, T., Kishimoto, , Bronson, R.T., and 
Springer, T.A., 1998, Impaired B-lymphopoiesis, 
myelopoiesis, and derailed cerebellar neuron 
migration in CXCR4 and SDF-1-deficient mice. 
Proc Natl Acad Sci U.S.A., 95:9448-9453. 

53. Nagasawa, T., Hirota, S., Tachibana, K., Takakura, 
N., Nishikawa, S., Kitamura, Y., Yoshida, N., 
Kikutani, H., and Kishimoto, T., 1996, Defects of B-
cell lymphopoiesis and bone-marrow myelopoiesis 
in mice lacking the CXC chemokine PBSF/SDF-1. 
Nature, 382:635-638. 

54. Tachibana, K., Hirota, S., Iizasa, H., Yoshida, H., 
Kawabata, K., Kataoka, Y., Kitamura, Y., 
Matsushima, K., Yoshida, N., Nishikawa, S., 
Kishimoto, T., and Nagasawa, T., 1998, The 
chemokine receptor CXCR4 is essential for 
vascularization of the gastrointestinal tract. Nature, 
393:591-594.

55. Peled, A., Petit, I., Kollet, O., Magid, M., 
Ponomaryov, T., Byk, T., Nagler, A., Ben Hur, H., 
Many, A., Shultz, L., Lider, O., Alon, R., Zipori, D., 
and Lapidot, T., 1999, Dependence of human stem 
cell engraftment and repopulation of NOD/SCID 
mice on CXCR4. Science, 283:845-848. 

56. Molyneaux, K.A., Zinszner, H., Kunwar, P.S., 
Schaible, K., Stebler, J., Sunshine, M.J., O'Brien, 
W., Raz, E., Littman, D., Wylie, C., and Lehmann, 
R., 2003, The chemokine SDF1/CXCL12 and its 
receptor CXCR4 regulate mouse germ cell migration 
and survival. Development, 130:4279-4286. 

57. Ara, T., Nakamura, Y., Egawa, T., Sugiyama, T., 
Abe, K., Kishimoto, T., Matsui, Y., and Nagasawa. 
T., 2003, Impaired colonization of the gonads by 
primordial germ cells in mice lacking a chemokine, 
stromal cell-derived factor-1 (SDF-1). Proc Natl 
Acad Sci U.S.A., 100:5319-5323. 

58. Doitsidou, M., Reichman-Fried, M., Stebler, J., 
Koprunner, M., Dorries, J., Meyer, D., Esguerra, 
C.V., Leung, T., and Raz, E., 2002, Guidance of 
primordial germ cell migration by the chemokine 
SDF-1. Cell, 111:647-659. 

59. Knaut, H., Werz, C., Geisler, R., and Nusslein-
Volhard, C., 2003, A zebrafish homologue of the 
chemokine receptor Cxcr4 is a germ-cell guidance 
receptor. Nature, 421:279-282. 

60. Klein, R.S., Rubin, J.B., Gibson, H.D., De Haan, 
E.N., Alvarez-Hernandez, X., Segal, R.A., and 
Luster, A.D., 2001, SDF-1 alpha induces chemotaxis 
and enhances Sonic hedgehog-induced proliferation 
of cerebellar granule cells. Development, 128:1971-
1981.

61. Lataillade, J.J., Clay, D., Dupuy, C., Rigal, S., 
Jasmin, C., Bourin, P., and Bousse-Kerdiles, M.C., 
2000, Chemokine SDF-1 enhances circulating 
CD34(+) cell proliferation in synergy with 
cytokines: possible role in progenitor survival. 
Blood, 95:756-768. 

62. Kijima, T., Maulik, G., Ma, P.C., Tibaldi, E.V., 
Turner, R.E., Rollins, B., Sattler, M., Johnson, B.E., 
and Salgia, R., 2002, Regulation of cellular 
proliferation, cytoskeletal function, and signal 
transduction through CXCR4 and c-Kit in small cell 
lung cancer cells. Cancer Res, 62:6304-6311. 

63. Scotton, C.J., Wilson, J.L., Scott, K., Stamp, G., 
Wilbanks, G.D., Fricker, S., Bridger, G., and 
Balkwill, F.R., 2002, Multiple actions of the 
chemokine CXCL12 on epithelial tumor cells in 
human ovarian cancer. Cancer Res, 62:5930-5938. 

64. Barbero, S., Bonavia, R., Bajetto, A., Porcile, C., 
Pirani, P., Ravetti, J.L., Zona, G.L., Spaziante, 
Florio, R.T., and Schettini, G., 2003, Stromal cell-
derived factor 1alpha stimulates human glioblastoma 
cell growth through the activation of both 
extracellular signal-regulated kinases 1/2 and Akt. 
Cancer Res, 63:1969-1974. 

65. La Rivière, G., Schipper, C., Collard, J.G., and 
Roos, E., 1988, Invasiveness in hepatocyte and 
fibroblast monolayers and metastatic potential of T-
cell hybridomas in mice. Cancer Res. 48:3405-3410 

66. Soede, R.D.M., Wijnands, Y.M., Van Kouteren-
Cobzaru, I., and Roos, E., 1998, ZAP-70 tyrosine 
kinase is required for LFA-1-dependent T-cell 
migration and invasion. J Cell Biol, 142:1371-1379. 

67. Soede, R.D.M., Zeelenberg, I.S., Wijnands, Y.M., 
Kamp, M., and Roos, E., 2001, SDF-1-induced 
LFA-1 activation during T-lymphoma dissemination 
requires Gq/11, RhoA and myosin, as well as Gi and 
Cdc42. J Immunol, 166:4293-4301. 

68. Stroeken, P.J.M., Van Rijthoven, E.A., Van der 
Valk, M.A., and Roos, E., 1998, Targeted disruption 
of the beta-1 integrin gene in a lymphoma cell line 
greatly reduces metastatic capacity. Cancer Res, 58: 
1569-1577.

69. Soede, R.D.M., Wijnands, Y.M., Kamp, M., Van der 
Valk, M.A., and Roos, E., 2000, Gi and Gq/11 
proteins are involved in dissemination of myeloid 
leukemia cells to liver and spleen, whereas bone 



244 Chapter 13 

marrow colonization involves Gq/11 but not Gi. 
Blood, 96: 691-698. 

70. Chen, J.D., Bai, X., Yang A.G., Cong, Y., and Chen, 
S.Y., 1997, Inactivation of HIV-1 chemokine co-
receptor CXCR-4 by a novel intrakine strategy. 
Nature Med, 3: 1110-1116. 

71. Kang, Y., Siegel, P.M., Shu, W., Drobnjak, M., 
Kakonen, S.M/, Cordon-Cardo, C., Guise, T.A., and 
Massagué, J. 2003, A multigenic program mediating 
breast cancer metastasis to bone. Cancer Cell, 3:537-
549.

72. Cardones, A.R., Murakami, T., and Hwang, S.T., 
2003, CXCR4 enhances adhesion of B16 tumor cells 
to endothelial cells in vitro and in vivo via beta-1 
integrin. Cancer Res, 63:6751-6757. 

73. Fidler, I.J., 1970, Metastasis: quantitative analysis of 
distribution and fate of tumor emboli labeled with 
125 I-5-iodo-2'-deoxyuridine. J Natl Cancer Inst, 
45:773-782.

74. Liotta, L.A., Vembu, D., Saini, R.K., and Boone, C., 
1978, In vivo monitoring of the death rate of 
artificial murine pulmonary micrometastases. Cancer 
Res, 38:1231-1236. 

75. Staller, P., Sulitkova, J., Lisztwan, J., Moch, H., 
Oakeley, E.J., and Krek, W., 2003,  Chemokine 
receptor CXCR4 downregulated by von Hippel-
Lindau tumour suppressor pVHL. Nature, 425:307-
311.

76. Schioppa, T., Uranchimeg, B., Saccani, A., Biswas, 
S.K., Doni, A., Rapisarda, A., Bernasconi, S., 
Saccani, S., Nebuloni, M., Vago, L., Mantovani, A., 
Melillo, G., and Sica, A., 2003, Regulation of the 
chemokine receptor CXCR4 by hypoxia. J Exp Med, 
198:1391-1402.

77. Kijowski, J., Baj-Krzyworzeka, M., Majka, M., 
Reca, R., Marquez, L.A., Christofidou-Solomidou, 
M., Janowska-Wieczorek, A., and Ratajczak, M.Z., 
2001, The SDF-1-CXCR4 axis stimulates VEGF 
secretion and activates integrins but does not affect 
proliferation and survival in lymphohematopoietic 
cells. Stem Cells, 19:453-466. 

78. Tilton, B., Ho, L., Oberlin, E., Loetscher, P., Baleux, 
F., Clark-Lewis, I., and Thelen, M., 2000, Signal 
transduction by CXC chemokine receptor 4. Stromal 
cell-derived factor 1 stimulates prolonged protein 
kinase B and extracellular signal-regulated kinase 2 
activation in T lymphocytes. J Exp Med, 92:313-
324.

79. Del Corno, M., Liu, Q.H., Schols, D., De Clerq, E., 
Gessani, S., Freedman, B.D. and Collman, R.G., 
2001, HIV-1 gp120 and chemokine activation of 
Pyk2 and mitogen-activated protein kinases in 
primary macrophages mediated by calcium-
dependent, pertussis toxin-insensitive chemokine 
receptor signaling. Blood, 98:2909-2916. 

80. Doranz, B.J., Grovit-Ferbas, K., Sharron, M.P., 
Mao, S.H., Goetz, M.B., Daar, E.S., Doms, R.W., 
and O'Brien, W.A., 1997,  A small-molecule 
inhibitor directed against the chemokine receptor 
CXCR4 prevents its use as an HIV-1 coreceptor. J 
Exp Med 186:1395-1400. 

81. Donzella, G.A., Schols, D., Lin, S.W., Este, J.A., 
Nagashima, K.A., Maddon, P.J., Allaway, G.P., 
Sakmar, T.P., Henson, G., De Clercq, E., and 
Moore, J.P., 1998, AMD3100, a small molecule 
inhibitor of HIV-1 entry via the CXCR4 co-receptor. 
Nature Med, 4:72-77. 

82. Hendrix, C.W., Flexner, C., MacFarland, R.T., 
Giandomenico, C., Fuchs, E.J., Redpath, E., Bridger, 
G., and Henson, G.W., 2000, Pharmacokinetics and 
safety of AMD-3100, a novel antagonist of the 
CXCR4 chemokine receptor, in human volunteers. 
Antimicrob Agents Chemother, 44:1667-1673. 

83. Doranz, B.J., Filion, L.G., Diaz-Mitoma, F., Sitar, 
D.S. Sahai, J., Baribaud, F., Orsini, M.J., Benovic, 
J.L., Cameron, W., Doms, R.W., 2001, Safe use of 
the CXCR4 inhibitor ALX40-4C in humans. AIDS 
Res. Hum.  Retroviruses, 17: 475-486.



Chapter 14 

Energy Homeostasis and the Tumor/Host Interaction:  The role of the 

Brain

Michael F. Wiater  
Program in Neuroscience, College of Veterinary Medicine, Washington State University, Pullman, WA 99164-6520, USA 

Abstract: The defensive regulation of energy homeostasis by neural and endocrine systems is examined to evaluate the 
role of the brain in macroenvironmental metabolic control systems that help counterattack the aggressive 
tumor. Brain homeostatic mechanisms (neural and hormonal) discussed are those linked to metabolic 
rhythms, food intake and adiposity. Homeostasis is discussed in terms of rheostasis, the low probability of 
dysregulation, and the potential risks for the defense. The perspective of this review is that many of the 
metabolic alterations observed in tumor progression may be due to appropriate central homeostatic 
regulation. Clear deficits in homeostatic regulation during tumor growth have not been unequivocally 
demonstrated. Yet the brain of the host is clearly under duress due to the tumor. Clarification of homeostatic 
macroenvironmental regulatory responses may be useful in developing strategies that collaborate with these 
brain mechanisms. Further analysis of these regulatory systems may identify key changes that ultimately 
subserve the lethal failure of all host responses. Strategies that protect the brain from the pathological 
consequences of tumor growth (glucoprivation, oxidative stress, ketogenic diets) and thereby enable a 
stronger defense are discussed. 

Key words: Anorexia, cachexia, circadian rhythms, glucoprivation, ketogenic diet, leptin, melatonin, neuropeptide Y, 
oxidative stress, suprachiasmatic nucleus 

1. ENERGY HOMEOSTASIS 

Considerable attention has been focused in 
recent years on the microenvironmental interaction 
between the host and tumor, yet relatively little 
attention has been focused on the 
macroenvironmental interaction between the host 
and tumor, particularly with the role of the brain. 
This is curious because the brain is the site of potent 
metabolic homeostatic defense systems. Much of 
what occurs locally is monitored and adjusted 
centrally.  Indeed, disparity in outcomes between in 

vitro and in vivo analyses is often due to interactive 
contributions by the brain. 

Homeostasis is regulated through dynamic 
control mechanisms that defend the host from 

perturbations that threaten the miliu intérieur (1-4). 
These energy-related phenotypes are central to the 
evolved organization of the higher organism that 
may host a tumorous neoplasm. The 
macroenvironmental management of homeostasis 
occurs in the brain where there are regulatory 
mechanisms for the complex control of food intake 
(5-11), adiposity (6-12), glucose (13-14), and 
metabolic rhythms (14-22) that rely in part on 
peripheral information derived from hormonal and 
neural input and in part on the local environment 
within the brain (e.g., glucose sensing). During the 
progression of aggressive tumor growth these 
defended parameters in the host are often altered to 
manifest a metabolic syndrome that features unusual 
rhythms (23-26), glucose intolerance (27-28), insulin 
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resistance (27-28), increased gluconeogenesis (29), 
increased free fatty acid turnover, oxidation and 
clearance (30), cachexia (31-32) and anorexia (31-
32).

The perspective of this review is that many of 
the metabolic alterations observed in tumor 
progression may be due to central homeostatic 
regulation that is often appropriate, sometimes 
disturbed, but seldom dysregulated. Whether the 
response is appropriate or disturbed has been 
difficult to establish. For example, food restriction 
inhibits tumor growth and the host response to the 
tumor is to inhibit food intake (anorexia/cachexia) 
(33-36). If food restriction is additionally reduced by 
fasting the tumor grows faster37. Thus the brain 
seems to have achieved just the right balance of food 
intake and food restriction to minimize the growth 
potential of the tumor. Yet there are risks for this 
strategy due to the dire long-term consequences of 
anorexia/cachexia. Similarly, the brain and the 
tumor compete for glucose and the brain can 
enhance gluconeogenesis to meet its glucose needs. 

Clarification of homeostatic macroenvironmental 
regulatory responses may be useful in developing 
strategies that collaborate with these brain 
mechanisms. Moreover, further analysis of these 
regulatory systems may identify the key events that 
ultimately subserve the lethal failure of all host 
responses. For example, homeostatic systems may 
be misled by or blind to the re-activated 
embryogenic systems often observed in malignant 
tumors (e.g., proteolysis-inducing factor (31)). Thus 
the etiology of lethality in cancer pathology may 
plausibly be due to tumor factors that disturb, foil, or 
overwhelm homeostatic regulation, even when that 
regulation is working appropriately. 

Progress has been made in the last decade that 
furthers our understanding of some key neural 
circuits utilized for energy homeostasis, in particular 
the integrated hypothalamic and brainstem circuits 
for metabolic rhythms, feeding, fuel, adiposity. Key 
hormonal metabolic signals to the brain (e.g., leptin) 
have been identified and extensively examined.  
Cross-talk between the research fields of energy 
homeostasis and cancer may be fruitful for both 
disciplines.    

Evidence on the role of macroenvironmental 
regulatory mechanisms residing in the brain for 

energy homeostasis as an adaptive and/or 
maladaptive response by the host to tumor 
progression will be briefly reviewed in this chapter. 

2. HOMEOSTASIS, RHEOSTASIS AND 

DYSREGULATION

Much of medicine is assisted homeostasis.  But 
parsing malignant metabolism and parceling out the 
contribution of the host and the tumor can be 
difficult. The tumor perturbs, the host responds.  
Most of the metabolic characteristics of malignant 
metabolism probably reflect the interaction of host 
and tumor. 

The metabolic syndrome that occurs during 
cancer malignancy has some features of starvation, 
infection and late term pregnancy33 as well as some 
features of another metabolic syndrome, diabetes. In 
each analogy however there are significant 
differences and in the final analysis cancer appears 
to induce its own metabolic syndrome38. As with 
diabetes the contribution of host homeostatic 
mechanisms to each of these metabolic alterations 
has been difficult to assess. And certainly there are 
significant differences in etiology for each metabolic 
syndrome. But just as certainly there are common 
features and a limited set of control system weapons 
to work with in the defense of energy homeostasis. 
To understand that set of control systems is one aim 
of those who study energy homeostasis.  

Altered homeostatic parameters alone do not 
constitute dysregulatory pathology. Indeed it may be 
more appropriate to reconsider homeostasis as 
rheostasis where the defended level changes, but the 
defense of the level remains intact. For example, as 
Mrosovsky (4) has eloquently articulated, 
hibernation, starvation, infection, and pregnancy are 
physiological conditions where appropriate 
regulatory changes occur. The organism might run a 
fever, not eat, conserve energy and/or reduce 
activity. Each of these adaptations may become 
pathological but each represents a risk that favors 
survival. Obesity, for example, derived as a 
phenotype from adaptive selection that favored 
survival during sustained food deprivation (39). The 
fat survived. Hypertension may be required to 
adequately provide circulation especially when there 
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is about a mile of additional capillary length for each 
pound of fat. Hyperglycemia may assure glucose 
delivery during insulin insufficiency (40). Fever 
fights infection but may itself become pathological. 
These examples suggest that pathology does not 
require dysregulation.   

Indeed true dysregulation is probably rare and 
would best be characterized by no defense at all. The 
host seldom misinterprets or is blind to the 
homeostatic insult, especially in chronic conditions. 
One important example may help clarify this point.  
Hypoglycemia is an acute risk in insulin treated 
diabetes and can be fatal. The phenomenon is called 
hypoglycaemia-associated autonomic failure 
(HAAF) and is often referred to as hypoglycemia 
unawareness (41). In HAAF the regulatory 
responses transduced in the medullary brainstem 
(e.g., glucoprivic feeding, stimulation of 
epinephrine, glucocorticoid and glucagon secretion, 
enhanced gluconeogenesis) do not occur (42). When 
studied in rats HAAF was produced by an acute 
prior induction of hypoglycemia during which the 
normal regulatory responses occurred, followed in a 
few hours by a second bout of hypoglycemia.  
During the second bout the normal regulatory 
responses did not occur.  Hypoglycemia 
unawareness in these rats, however, did not occur 
when glucocorticoids were removed by prior 
adrenalectomy (42). Thus we see that hypoglycemia 
unawareness may reflect either 1.  homeostatic 
unawareness; 2.  a regulated, yet adverse, reaction to 
a competition between homeostatic responses 
(acquisition of glucose versus stress induced 
glucocorticoids); or 3.  a regulated, yet adverse, 
reaction to components of the same homeostatic 
response (acquisition of glucose) in which 
glucocorticoids may play a direct role.   

The lesson then is that dysregulation can not be 
assumed to occur. A demonstration of a changed 
response, or even an inappropriate non-response, is 
not necessarily a demonstration of dysregulation. In 
addition, integrated responses to complex challenges 
can create competition between regulatory 
subsystems, which may result in a lack of metabolic 
stability4. When not extreme such a competition is 
usually resolved with metabolic stability. For 
example, rats will leave a warm environment to 
acquire food in a cold environment (-15º C) but they 

will eat that food as quickly as possible (43). The 
suggestion from this perspective on homeostasis 
during cancer is that the identification, and 
experimental manipulation, of environmental 
impediments (e.g., glucoprivation, cyclic AMP 
deficits, and oxidative stress) on function is 
teleologically necessary in order to understand the 
brain-derived defense of the energy realm. In 
addition, experiments on the direct impact of tumor-
derived molecules (e.g., proteolysis-inducing factor 
and Zn-alpha (2)-glycoprotein (31) on brain 
outcomes are needed, as are further analysis of brain 
energy systems under the influence of a malignant 
tumor.  

Clearly, without further study, the complex 
perturbations caused by cancer that render the host 
inadequately defended will continue to a lethal 
outcome. Assisted homeostasis through a better 
understanding of the role of the brain in cancer may 
be critical in tipping the counterbalance of this 
defense in favor of the host. 

3. ENERGY HOMEOSTASIS 

CIRCUITS IN THE BRAIN  

Neural and neuroendocrine mechanisms for the 
defense of energy homeostasis have been 
extensively elaborated on during the last decade (5-
12, 14-22, 44-48).  These reviews have identified the 
regulatory signal to the brain from adipose tissue as 
the cytokine leptin, a hormone derived primarily 
from adipose tissue. Leptin levels in the circulation 
reflect the level of adiposity. The administration of 
exogenous leptin to rodents potently reduces body 
weight (49-55). This reduction in body weight is 
almost entirely due to loss of stored lipid fuels and is 
not due to loss of protein (56-58).  This pattern 
differs from starvation, during which both lipid and 
protein are lost (59-60). 

Leptin’s central actions are critical for its effects 
on feeding and body weight. First, hypophagia can 
be produced by central administration of leptin at 
doses several fold lower than equally-effective 
systemic doses, and this effect is achieved without 
any increase in the circulating levels of leptin (56, 
61), either by efflux from the cerebral spinal fluid 
into venous blood or by enhancing peripheral leptin 
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secretion. Second, central administration of leptin is 
sufficient to reverse the obesity of ob/ob (Leprob/
Leprob) mice lacking the gene for leptin (50). 
Although peripheral administration of leptin also 
causes anorexia and weight loss, these actions of 
leptin may be mediated centrally since leptin is able 
to gain access to the brain from the circulation. 
Finally, selective deletion of neuronal leptin 
receptors abolished leptin's anorexic effect and 
resulted in obesity in mice (62); and epigenetic 
expression of leptin receptors only in the brain 
reversed the obese phenotype of the db/db mouse 
(Leprdb/Leprdb), which is without leptin receptors 
due to an autosomal recessive mutation (63). 

The related cytokines ciliary neurotrophic factor 
(CNTF), interleukin-6 (IL-6) and leukemia 
inhibitory factor (LIF), which signal through the 
highly related glycoprotein-130 (gp-130) 
JAK/STAT receptor circuitry, also dramatically 
decrease fat pads to a similar degree when 
chronically given centrally into the ventricles (64-
68).  These members of the interleukin (IL)-6-
receptor family of cytokines appear to redundantly 
activate a brain system that controls fat mass to the 
extent that rodent models live in good health without 
adipose tissue for most of their adult life (68). 
Redundancy in signalling is a common feature of 
this system (69-71).   

Yet these cytokines that employ the gp-130 
signal transducing subunit also interact with 
specificity (69).  Oncostatin M (OSM) regulated IL-
6 expression in glia, but LIF did not (72).  OSM did 
not produce anorexia, but LIF and interleukin-11 
(IL-11) did produce anorexia in short-term feeding 
tests (68). 

Numerous neuropeptide effectors in the brain 
that are implicated in the control of feeding occur 
downstream of leptin and have been extensively 
studied (5-12, 14-22, 45-48, 73, 74).  Orexigenic 
neuropeptides inhibited by leptin include 
neuropeptide Y (NPY) (75-76), galanin (77), 
melanin concentrating hormone (MCH) (75) and 
agouti-related peptide (AGRP) (75-76).  
Anorexigenic neuropeptides stimulated by leptin 
include corticotropin releasing hormone (77-78), 
glucagon-like peptide 1 (GLP-1)79, alpha-
melanocyte stimulating hormone (80), neurotensin 
(75, 81) and cocaine- and amphetamine-regulated 

transcript (CART) (82).  Neurotrophins such as 
brain-derived neurotropin factor (BDNF) (83, 84), 
CNTF (85-88) and the neurotropin regulated VGF 
(90-91) have emerged as important in this matrix of 
neural signals necessary for energy homeostasis, as 
has leukemia inhibitory factor (LIF) (85, 89).  The 
specific role of each signalling agent is beginning to 
be clarified (83).  Thus there is an extensive brain 
circuitry that subserves the control of food intake 
(e.g., anorexia, hypogeusia, hyposmia, nausea, 
satiation, aversion, and appetite), metabolism (e.g., 
gluconeogenesis, free fatty acid release, 
compartmentalization of fuels), adiposity (fat 
cachexia) and perhaps muscle mass (muscle 
cachexia).

4. WHY IS BRAIN CIRCUITRY FOR 

ENERGY HOMEOSTASIS OF 

INTEREST IN CANCER?

In the sections that follow six particular topics 
will be briefly considered with each section 
providing only a partial, and necessarily incomplete, 
suggested answer to this question. More complex 
brain functions that affect the host/tumor interaction 
but involve external events and behaviors that 
transcend energy homeostasis (e.g., biopsychosocial 
oncology (93) or  psychoneuroimmunology (94),
such as social stress (95), social defeat (96) or social 
dominance (97) will not be discussed because these 
topics are beyond the scope of this review.  

4.1 Regulatory feeding responses appear 

intact during tumor progression 

Although anorexia, cachexia and numerous 
metabolic disturbances are manifest in many cancer 
models, the normal controls of feeding are still 
substantially intact (33-34).  That is, the anorexia 
can be returned to normophagia under some 
experimental conditions. In a classic review Seoras 
Morrison asked his version of the central question of 
cachexia/anorexia: “Why the host does not respond 
to change in need with change in intake?” (33).  
Why doesn’t the energy-depleted host simply invoke 
hyperphagia? For example, cold exposure (5º C vs. 



14. Energy Homeostasis and the Tumor/Host Interaction:  The role of the Brain 249

24º C) for two days normalized food intake in rats 
with tumor-induced anorexia (98).  And the 
hyperphagia induced by insulin-induced 
glucoprivation was intact in Walker 256 carcinoma-
bearing Sprague-Dawley rats (34). Interestingly, 
obese mice maintained on a food for which they had 
developed a conditioned taste aversion lived longer 
with B16 melanoma than those maintained on a food 
that was not aversive (99).  These examples indicate 
that the metabolic changes observed during tumor 
progression may be due to a regulatory response to 
the tumor and are not due to incapacity of the 
regulatory system.  

Moreover cachexia and anorexia do not require 
the presence of the tumor (34). As with parabiosis 
(100), direct transfer of blood from a cancer-bearing 
host to a non-cancer-bearing host results in 
cachexia/anorexia without a tumor (101). And, 
indeed, removal of the tumor, except in the late 
stages of cachexia, reverses both the anorexia and 
cachexia (34, 102). Thus the cachectic/anorectic 
response interaction by the host to the tumor does 
not require the tumor and does not require structural 
alterations to the host that can not be rapidly 
adjusted.

The answer to Seoras Morrison’s central 
question, therefore, may be that the host has already 
responded appropriately to the tumor with just the 
right amount of food restriction.   

4.2 There is an altered energy environment 

within the brain during tumor 

progression  

Alteration in homeostatic function may occur 
because of alterations in the metabolic environment 
within the brain, as a distant function of tumor 
growth. Tumor growth involves vascular leakiness 
within the tumor induced by a unique tumor 
angiogenesis that produces a necrotic condition 
characterized by hypoxia, elevated glycolysis even 
under aerobic conditions, high glucose turnover, 
glucose deprivation, adverse acidity and increased 
interstitial fluid pressure (103-104).  These elements 
of tumor growth alter the brain environment by 
reducing glucose availability and increasing 
oxidative stress.  

The high glucose turnover of the aggressive 
tumor reduced glucose utilization by the brain and 
increased utilization of lactate and 3-
hydroxybutyrate (ketones) (105).  Indeed it is 
probable that the proximal cause of death with 
rapidly growing non-metastasizing tumors is often 
acute hypoglycemia (106).  Survival for sarcoma-
bearing hypoglycemic mice was not enhanced by 
administration of glucagon, but drinking of glucose 
by food-deprived mice did enhance survival. And 
adrenalectomy shortened survival time (106).  

The homeostatic responses to glucoprivation are 
transduced in the ventrolateral medulla of the 
brainstem (107-108) and include hyperphagia, 
gluconeogenesis and thus the sympathoadrenal 
stimulation of epinephrine, glucagon and 
glucocorticoids. The need to provide nutrients to the 
brain quickly is paramount during acute 
hypoglycemia. 

One way to reduce the brain’s need for glucose, 
and the adverse consequences of oxidative stress, is 
to substitute ketones for glucose as fuel for the brain 
(109).  Several reports (110-116) have examined the 
mostly positive effects of a ketogenic diet based on 
medium-chain triglycerides on non-brain tumor 
cachexia and tumor growth but not on survival rates 
or brain function.  Glycerol supplementation may 
also be helpful (117).  And recently a direct role for 
glucose supplementation has been beneficial (118).  
Additional studies with diets that may support brain 
function during cancer are warranted.  From the 
perspective of this review the support of brain 
function should be considered a different objective 
than ameliorating anorexia/cachexia.    

Oxidative stress was increased within the brain, 
with highest levels of increased stress observed in 
the hypothalamus, during the growth of the Walker-
256 tumor, due to the elevated rate of oxygen 
consumption, the high level of endogenous 
polyunsaturated fats (119) and iron (120).  TNF  has 
been implicated in this increased stress (122).  
Specific sites within the hypothalamus are rich in 
TNF-  receptors, especially the paraventricular 
nucleus, the supraoptic nucleus and the arcuate 
nucleus (123).  Central catecholamines are 
particularly susceptible to oxidative stress (123) and 
critical participants in energy homeostasis and 
especially in glucose regulation (107-108).  
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Oxidative injury to catecholamines has been 
reported in the locus coeruleus (124) and 
ventrolateral medulla (VLM) (125).  The VLM is a 
critical site for transduction of numerous 
homeostatic responses, including those stimulated 
by hypoxia and glucoprivation. Melatonin functions 
as a neuroprotectant during oxidative stress to 
catecholamines in part due to upregulation of glial 
derived neurotrophic factor (GDNF) (124). 
Oxidative stress induced by the tumor stimulated 
glycose-6-phosphate dehydrogenase activity, 
pentose phosphate pathway activity and elevated 
flux of substrates, while brain mitochondrial activity 
was inhibited (119). 

Thus in these two ways, and probably others 
(e.g., the aberrant presence in the brain of tumor-
derived molecules), the brain environment is altered 
by the presence of the tumor.  

4.3 Altered expression of neuropeptides and 

monoamines in brain circuitry for 

energy homeostasis during tumor 

malignancy

The hypothalamus is an important site for 
integrating metabolic information and regulating 
energy homeostasis and metabolism (5-9, 12, 14-15, 
20, 73-78, 80, 82-83).  Alterations in signalling 
within the hypothalamus during tumor progression 
have usually been reviewed in the context of cancer 
anorexia (31, 126-137).  For example, there are 
reportedly decreased NPY fibers in anorectic tumor-
bearing rats in the parvocellular region of the 
paraventricular nucleus, as well as in the supraoptic, 
suprachiasmatic and arcuate nuclei (138).  Most of 
the NPY fibers in the hypothalamus are located in 
these nuclei. This decrease in NPY fibers tends to 
support these authors’ hypothesis that the anorexia 
induced by the tumor alters the structure of the 
neuronal signalling pathway for food intake, of 
which NPY is one important part. Indeed, when 
NPY was acutely delivered directly into the 
perifornical hypothalamus in MCA sarcoma-bearing 
rats before the expression of anorexia hyperphagia in 
a four-hour food intake test was at first induced 
comparable to non-tumor bearing controls (139).  
While elevated food intake in tumor-bearing rats 

who received acute hypothalamic injections of NPY 
continued to occur during the ongoing experiment 
over the next two weeks and five injections, the 
elevation was greatly attenuated in tumor bearing 
rats compared to controls without the MCA sarcoma 
that received hypothalamic injections of NPY. A 
similar refractory response to perifornical NPY was 
observed with chronic minipump infusion (139).  
This refractory feeding response induced by 
perifornical NPY in tumor-bearing rats may reflect 
refractory adenylate cyclase AMP formation (131).   

The effect of a tumor on NPY expression and 
signalling in the hypothalamus is far from clear, 
which may reflect differences between tumors, in 
the brain site examined, experimental designs, 
rodent strains, multiple roles for NPY and/or other 
factors. Some studies report decreased expression of 
NPY (137, 141-143), other studies report increased 
expression (144-148) and yet other studies report 
normal expression (149-150).  A more complete 
critical review of the NPY feeding system and its 
alteration by a malignant tumor is overdue but 
beyond the scope of this review. However, further 
exploration of the NPY feeding system, and related 
systems within the prevue of brain regulated energy 
homeostasis, seems warranted. Indeed, the direct 
examination in tumor bearing rodents of the effects 
of infusion into the brain of either energy related 
molecules such as this orexigenic neuropeptide 
NPY, or of tumor-related molecules into non-tumor 
bearing hosts, seems to be a neglected area of cancer 
research with only a few examples (139, 151-152), 
even when experiments with proinflammatory 
cytokines (66, 67, 126, 131) are included.  Perhaps 
to refocus research on brain pathology engendered 
by a malignant tumor and on brain responses to that 
tumor would reenergize research in this neglected 
area.

 In addition to NPY, there are expression 
changes that occur for other neuropeptides and 
monoamines critical to neural communication in the 
circuitry for energy homeostasis during the 
progression of malignant tumors. Alterations in 
brain serotonin (141, 143), dopamine (141, 143), 
MCH (145), orexin (145) and interleukin-1 beta 
(150) have been reported.  

 Which subset of homeostatic controls these 
changes reflect (anorexia, cachexia, the regulation of 
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adiposity or muscle, metabolites) is unclear. But 
clearly the brain is reacting to the presence of the 
tumor with alterations in this critical neural network 
that serves energy homeostasis.    

4.4 Destruction of the medial basal 

hypothalamus with gold thioglucose, or 

agouti blockade of the melanocortin-4 

receptor, accelerates lipid wasting and 

demise in mice 

In 1971 Liebelt and co-workers induced 
hyperphagia and obesity in two strains of mice by 
destruction of the medial basal hypothalamus with 
gold thioglucose (GTG) (153).  They predicted that 
the hyperphagia induced by this treatment would 
override the hypophagia induced by either of two 
strains of tumor, the CBA 2663 stomach tumor or 
the C57Bl sarcoma. To their surprise a profound 
anorexia and cachexia were accelerated in these 
obese mice, who died by day twenty of tumor 
growth. The lean mice lived until the end of the 
experiment, at day thirty of tumor growth, and never 
expressed anorexia or cachexia. Tumor growth was 
not accelerated in the obese mice and the tumors 
remained small but lethal. Carcass weight loss was 
primarily lipid in the GTG tumor-bearing mice. A 
parallel experiment utilized the agouti yellow (Ay/a) 
obese mice, which have a dominant mutation of the 
agouti gene so that there is a blockade of the 
melanocortin-4 receptor and insensitivity to MSH 
(154), produced the same pattern to tumor bearing.  

There are several factors in common to these two 
mouse models of obesity. The ability of central 
leptin to reduce body weight, adiposity and food 
intake is attenuated in both the GTG mouse and the 
agouti yellow obese mouse (155-156). In both 
models there is insensitivity to POMC and 

MSH157. And both obesity models require the 
neurotropin-induced polypeptide VGF (158), which 
is also important in energy homeostasis.  Thus the 
circuitry of energy homeostasis in the hypothalamus 
is blocked with catastrophic consequence in tumor 
bearing mice.  Further work in cancer with these 
models is warranted, but clearly both the circuitry 
and the site of action are important in the host 
defense against tumor lethality.   

4.5 Suprachiasmatic nucleus-induced 

rhythms inhibit tumor growth

Time-keeping is important for energy 
homeostasis. Metabolism is processed with rhythm 
(14-22).  Food is anticipated with activity (22).  
Insulin is secreted in anticipation of food (20).  
There are circadian rhythms for metabolites such as 
glucose (14), and metabolic hormones such as 
ghrelin and leptin (159).  Food (21), or glucose, but 
not lipid, reset the biological clock (160).  Disrupted 
sleep also disrupts these rhythms (161). 

The suprachiasmatic nucleus (SCN) in the 
hypothalamus serves as a site for photic transduction 
of the light/dark cycle; as an entrainer for its 
endogenous clock; and, as a site for rhythm 
synchronization with non-photic stimuli (14, 17-20, 
162, 163).  Ablation of the SCN in rodents removes 
photic entrained rhythms and accelerates tumor 
growth (164, 165).  In a recent experiment, Filipski 
and co-workers demonstrated that a simple advance 
of the light/dark cycle by eight hours every two days 
accelerated Glasgow osteosarcoma tumor growth 
(166).

Circadian rhythms are often disrupted in cancer 
and chronotherapies are currently under 
investigation for improved management of cancer 
(24, 26).  Sleep disorders are a common feature of 
cancer (23).  Brain derived rhythms inhibit tumor 
growth and sustain normal sleep. And the tumor may 
disrupt those rhythms. Thus there is a need for 
further investigation of the role of circadian rhythms 
in tumor growth and malignancy.    

4.6 The pineal gland and melatonin 

The pineal gland is located within the brain and 
is the source of the hormone melatonin (167-168).  
Both the pineal gland and melatonin are involved in 
energy homeostasis (169-170).  And both melatonin 
and the pineal can interact with tumor growth, which 
has stimulated an interest in the antitumor properties 
of this hormonal system (171-176).  

In one study the removal of the pineal gland 
stimulated the growth of melanoma (177).  And in 
another study administration of melatonin shortened 
the survival rate of mice with the Ehrlich ascites 
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tumor (178).  And overexpression of the melatonin MT1 

receptor suppressed  mammary tumor formation (179).
These examples, supported by correlational studies 

(171-176), have generated a recent surge of interest in the 

role of the pineal axis in the treatment of malignant 

tumors.   

5. SUMMARY 

The brain is the ultimate defender of energy 
homeostasis and cancer is the ultimate aggressor. 
The metabolic syndrome expressed in this terrible 
struggle is due in part to both a stout defense and a 
violent aggression. Disentangling this interaction 
requires further experiment but may prove to be 
important in the management of malignancy. 
Fundamental components of the defense are 
apparent and suggest that the brain is responding 
appropriately, with roles for particular sites (e.g., the 
medial basal hypothalamus, the suprachiasmatic 
nucleus, the pineal gland), that mediate the control 
of rhythms, food intake, and adiposity. The 
environment within the brain is altered by the tumor, 
which may compromise the defense. Analysis of the 
altered environment (e.g., glucoprivation, oxidative 
stress, tumor-derived molecules, alterations in 
neuropeptides and monomines) may lead to an 
improved defense. And, finally, analysis of the 
antitumor strategies of this brain-derived defense 
may lead to assisted homeostasis: interventions that 
serve to tip the counterbalance in favour of the host.  
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Anti-Angiogenic and Pro-Apoptotic Effects of Dietary Restriction in 

Experimental Brain Cancer: Role of Glucose and Ketone Bodies 
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Abstract: Angiogenesis involves neovascularization or the formation of new capillaries from existing blood vessels 
and is associated with the processes of tissue inflammation, wound healing, and tumorigenesis. Recent 
studies from this laboratory show that moderate restriction of dietary energy intake (dietary restriction, DR) 
has powerful anti-angiogenic and pro-apoptotic effects against the CT-2A experimental mouse astrocytoma.  
DR reduces blood glucose levels while elevating ketone bodies.  As most brain tumour cells are dependent 
on glycolysis for energy due to mitochondrial defects, they are unable to switch from glucose to ketone 
bodies for energy.  An energy source shift from glucose to ketone bodies will enhance the bioenergetic 
potential of normal brain cells while reducing tumour cell growth and tissue inflammation.  It is suggested 
that cancer therapeutics that reduce tumour growth, while also reducing food intake and body weight, may 
operate in large part through the anti-angiogenic and pro-apoptotic effects of DR. 

Key words: Astrocytoma, caloric restriction, cell death, IGF-1, inflammation, vascularity, angiogenesis, apoptosis, 
metabolic control theory, brain cancer, CT-2A management, anti-angiogenic therapies, ketogenic diet 

1. INTRODUCTION 

The long-term prognosis remains poor for most 
patients with malignant brain tumours despite 
advances in the molecular genetics of cancer and in 
brain imaging techniques (1, 2).  Surgical resection 
followed by radiation is the standard therapy today 
as it has been for over five decades.  Chemotherapy 
also has had little positive benefit on malignant 
glioma management and is often associated with 
adverse effects that diminish quality of life (1, 3).  It 
is also unlikely that therapeutic targeting of tumour-
associated mutations will be effective in brain 
tumour management, as most tumour mutations arise 
as epiphenomena of tissue disorganization and their 
involvement with tumour initiation, promotion, or 
progression has not been conclusively established 
(4-7).  Clearly, alternative therapies are needed that 

can better manage brain tumours while permitting a 
decent quality of life. 

2. BRAIN TUMOUR ANGIOGENESIS 

Angiogenesis involves neovascularization or the 
formation of new capillaries from existing blood 
vessels and is associated with the processes of tissue 
inflammation, wound healing, and tumorigenesis (8-
10).  A significant literature suggests that vascularity 
is rate limiting for the formation of solid tumours 
including brain tumours (10-15).  The malignancy 
and invasiveness of tumours are also correlated with 
the degree of their vascularity since prognosis is 
generally better for tumours that are less vascular 
than for those that are more vascular (15-18).  The 
inhibition of vascularity is therefore considered an 
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important therapeutic strategy for controlling tumour 
growth (14, 19-26). 

Factors that influence the migration and 
proliferation of endothelial cells may underlie the 
mechanisms of angiogenesis.  Vascular endothelial 
growth factor (VEGF) is an endothelial cell-specific 
mitogen that is a reliable biomarker of angiogenesis 
in human brain tumours (16, 20, 27-30).  Besides 
VEGF, several of other growth factors and cytokines 
act as angiogenesis inducers (8, 31, 32).  Elevated 
IGF-1 levels are associated with enhanced brain 
tumour progression and angiogenesis (33-35).  
Indeed, reduced IGF-1 levels are associated with 
reduced angiogenesis and increased apoptosis (36, 
37). In general, the degree of tumour vascularity 
reflects a relative balance between angiogenesis 
inducers and inhibitors (24, 38). 

Tumour progression is thought to involve a 
change in the balance of angiogenesis inducers over 
inhibitors (24). The inducers and inhibitors of 
angiogenesis may originate from both the tumour 
cells and from tumour-infiltrating host cells, e.g., 
endothelial cells and macrophages (8, 9, 39-41).  
Anti-angiogenic therapies may therefore influence 
brain tumour growth through effects on these cells.  
We recently suggested that dietary energy restriction 
may shift the microenvironment of brain tumours 
from a pro-angiogenic to an anti-angiogenic state 
through multiple effects on the tumour cells and on 
the tumour associated host cells (42).  

3. DIETARY RESTRICTION AND 

CANCER

Dietary restriction (DR) is produced from a total 
restriction of dietary nutrients and differs from 
starvation in that DR reduces total caloric energy 
intake without causing anorexia or malnutrition (36,
43-47). In 1914, Rous first suggested that 
underfeeding might inhibit mouse tumour growth by 
delaying tumour vascularity (angiogenesis) from the 
host (48).  Later studies showed that the anti-tumour 
effects of DR resulted from caloric restriction per se

and not from the restriction of any specific dietary 
component such as proteins, vitamins, minerals, fats, 
or carbohydrates (36, 43, 44, 49). In addition to 
tumour growth inhibition, DR also produces a 

marked increase in general health consistent with the 
notion that ad libitum feeding of sedentary rodents 
or humans is overfeeding (44, 45, 50). Although the 
restriction of dietary energy intake (caloric 
restriction) underlies the anti-tumour effects and 
health benefits of DR, the molecular mechanisms for 
these phenomena have not been clearly described. 

4. ANTI-ANGIOGENIC AND PRO-

APOPTOTIC EFFECTS OF DR IN 

AN EXPERIMENTAL 

ASTROCYTOMA

4.1 Brain Tumour Model 

In our initial study, we investigated the effects of 
DR on the orthotopic growth and angiogenic 
properties of the experimental mouse astrocytoma, 
CT-2A (42).  This syngeneic brain tumour was 
generated in our laboratory after implantation of 20-
methylcholanthrene into the cerebral cortex of a 
C57BL/6J mouse according to the procedure of 
Zimmerman (51, 52).  Histologically, the CT-2A 
brain tumour is broadly classified as a poorly 
differentiated highly malignant anaplastic 
astrocytoma (51).  The tumour grows orthotopically 
as a soft, noncohesive, and highly vascularized 
mass. 

4.2 Intracerebral tumour implantation 

We implanted the CT-2A tumour into the 
cerebral cortex of C57BL/6 mice using a trocar as 
previously described (53, 54).  Small CT-2A tumour 
pieces (about 1 mm3) from a C57BL/6J donor mouse 
were used for the cerebral implants.  We prefer the 
initiation of brain tumours from intact tumour pieces 
rather than from cultured cells since the pieces 
already contain an established microenvironment 
that facilitates tumour growth.  Moreover, tumours 
initiated from tissue pieces more closely match the 
natural tumour environment and do not require 
adaptation from an unnatural cell culture 
environment.
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4.3 Dietary restriction  

Prior to the initiation of our experiments, we 
separated and randomly assigned mice to either a 
control group that was fed AL (ad libitum) or to an 
experimental group that was fed a total DR of 30% 
(70% of the control group) (42).  Each mouse was 
housed singly and was given a cotton-nesting pad 
for warmth. In our initial experiments, DR was 
initiated 7 days prior to tumour implantation and 
was continued for either 11 or 14 days after 
implantation (42). Total DR maintains a constant 
ratio of nutrients to energy, i.e., the average daily 
food intake (grams) for the AL fed mice was 
determined every other day and the DR-fed mice 
were given 70% of that quantity on a daily basis 
(36). All mice received PROLAB RMH 3000 chow 
(Purina, LabDiet, Richmond, IN), which contained a 
balance of mouse nutritional ingredients and, 
according to the manufacture's specification, 
delivered about 4.4 Kcal/g gross metabolizable 
energy.  Body weights of all mice were recorded 
every other day.  

4.4 Tumour growth  

We analyzed intracerebral tumour growth 
directly by measuring total tumour dry weight.  
Tumours were dissected from normal appearing 
brain tissue, were frozen, and then lyophilized to 
remove water. From our experience, total tumour 
dry weight is a more accurate measure of CT-2A 
tumour growth than total wet weight because 
individual tumours can vary in the degree of 
hemorrhage and edema. 

4.5 Influence or DR on CT-2A Growth, 

Angiogenesis, and Apoptosis  

We found that CT-2A brain tumour growth was 
about 80% less under moderate DR than under AL 
feeding (Figure 1).  This reduction in tumour growth 
greatly exceeded the 12% reduction in body weight 
during the 22-day experiment.  Several previous 
studies showed that moderate DR could reduce the 
growth of histologically diverse non-neural tumours 
(36, 43, 46, 48). Our studies are the first to 

document this phenomenon in a brain tumour model 
and suggest that brain tumours are especially 
vulnerable to the growth-inhibitory effects of DR.  
We have since documented this phenomenon in 
other mouse and human brain tumour models (109). 

Figure 1. Influence of DR on the intracerebral growth of 
the CT-2A brain tumour.  DR was initiated 7 days before 
tumour implantation and was continued for 14 days after 
implantation.  Values are expressed as means + SEM and 
n = the number of tumour-bearing mice examined in each 
group.  The asterisk indicates that the dry weight of the 
treated tumours was significantly lower than that of the 
control tumours (P < 0.001, two tailed t-test). (with 
permission from BJC). 

The DR-induced reduction in CT-2A growth was 
also associated with significant reduction in the 
number and size of blood vessels and with 
significant elevation in TUNEL positive cells 
(apoptosis) (Table 1 and Figure 2). In other words, 
we found that DR is both anti-angiogenic and pro-
apoptotic in this brain tumour model.  These effects 
also occurred without causing significant reductions 
in CT-2A cell proliferation as assessed using the 
proliferating cell nuclear antigen (PCNA) assay (42).  
Other investigators have also reported that anti-
angiogenic growth factors and cytokines can reduce 
tumour microvessel density, increase apoptosis, but 
have little effect on cell proliferation (55-58).  Our 
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results therefore support previous findings that DR 
produces a pattern of biomarker changes similar to 
the changes seen following anti-angiogenic therapies 
(36, 59). 

Table 1. Effects of dietary restriction on microvessel 
density, apoptosis, and proliferation index in the CT-2A 
brain tumour. 
Treatment a Microvessel 

density b

vessels/high-
power field 

Apoptotic
index % c

Proliferation
index % d

AL 27.3 ± 3.9 3.8 ± 0.9 71.5 ± 5.8
DR 13.0 ± 2.0 

*
9.9 ± 0.6 
**

69.7 ± 4.9

a Animals were fed either ad libitum (AL) or under dietary 
restriction (DR) as described in Text. Three 
independent tumours chosen at random were analyzed 
in each group and all values are expressed as means +
SEM.  The asterisks indicate that the values from the 
DR group differed from AL group at P < 0.05 *, and P 
< 0.01 ** as determined by the two tailed t-test.  

b Factor VIII- positive microvessels were averaged in three 
hotspot areas of each tumour section at 200 x. 

c Apoptotic index, determined from the TUNEL assay, 
400x.

d Proliferation index, determined from the PCNA assay, 
400x. (with permission from BJC ) 

Figure 2. Influence of DR on microvessel density and 
apoptosis in the CT-2A brain tumour.  DR was initiated 7 

days before intracerebral tumour implantation and was 
continued for 11 days.  H & E stained tumour sections in 
an AL mouse (A) and in a DR mouse (B) (100 x).  Factor 
VIII immunostaining from the tumour grown in an AL 
mouse (C) and in a DR mouse (D) (200 x).  TUNEL 
positive apoptotic cells (arrows) from the tumour grown in 
an AL mouse (E) and in a DR mouse (F) (400 x). Each 
stained section was representative of the entire tumour. All 
images were produced from digital photography. (with 
permission from BJC ) 

4.6 Implications of DR for Anti-Angiogenic 

Therapeutics

Our findings with the CT-2A brain tumour are 
relevant to those in vivo studies where food intake 
and body weight are reduced in conjunction with 
anti-angiogenic or anti-cancer therapies. For 
example, if a new anti-angiogenic drug reduces both 
body weight and tumour growth in experimental test 
subjects, it is necessary for the investigators to 
demonstrate the extent to which the angiogenic 
effect is due specifically to the drug and not to DR.  
Tannenbaum and Mukherjee previously mentioned 
that tumour therapies, which secondarily restrict 
food intake or assimilation, may produce changes in 
tumour growth that could be mistaken for a primary 
effect (44, 59). Recent studies also indicate that 
many anti-tumour drugs may also have ‘accidental’ 
anti-angiogenic effects (60). We suggest that cancer 
therapeutics that reduce tumour growth, while also 
reducing food intake and body weight, may operate 
in large part through the anti-angiogenic and pro-
apoptotic effects of DR.  

The inclusion of both pair-fed controls and 
active body weight controls in the analysis of new 
experimental drugs could help distinguish the anti-
angiogenic and pro-apoptotic effects of the drug 
from that of DR.  We recently found that complete 
starvation of mice for two days was necessary in 
order for an active body weight control group to 
match the weight loss in mice injected i.p. with 
temozolomide (100 mg/kg) (Mukherjee and 
Seyfried, unpublished observation). As some drugs 
may reduce food assimilation, active body weight 
controls must be evaluated together with pair-fed 
controls.  Unfortunately, many scientific reports of 
new anti-angiogenic drugs fail to include all of the 
necessary control groups needed to distinguish 
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specific from nonspecific effects. It is our contention 
that few if any systemic anti-angiogenic brain 
tumour therapies will be as effective as DR in 
reducing angiogenesis. 

5. INFLUENCE OF GLUCOSE AND 

KETONE BODIES ON CT-2A 

TUMOUR GROWTH

5.1 Brain Tumours Lack Metabolic Versatility 

Reductions in plasma levels of glucose and 
elevations in ketone bodies (acetoacetate and β-
hydroxybutyrate) are key biomarker changes 
associated with DR (49, 61). In contrast to normal 
brain neurons and glia, that can metabolize ketone 
bodies for energy when blood glucose levels 
decrease as occurs during fasting or caloric 
restriction (47, 61-63), gliomas and most tumour 
cells lack this metabolic versatility and are largely 
dependent on glycolytic energy (64-68). Defects in 
ketone body metabolism, the mitochondrial TCA 
cycle, and electron transport chain systems are 
thought to underlie the dependence of tumour cells 
on glycolytic energy (69-73).  Hence, therapies that 
exploit the genetic and metabolic weakness of brain 
tumour cells should be effective in controlling brain 
cancer.

5.2 Ketogenic Diet Management of Pediatric 

Astrocytoma

Support for the concept that brain tumours are 
vulnerable to metabolic stress came in 1995, when 
Nebeling and coworkers reported that a ketogenic 
diet (KD) could manage advanced stage malignant 
astrocytoma in two female pediatric patients (74).
The KD is a high fat, low protein, low carbohydrate 
diet that has been used for decades to treat patients 
with refractory epilepsies (47, 75, 76). It was not 
clear, however, whether the KD controlled pediatric 
astrocytoma through effects on plasma glucose or 
ketone bodies since the diet was administered under 
restricted conditions where blood glucose levels 
were also reduced (74). Although the findings with 

pediatric astrocytoma generated considerable 
interest in the brain tumour field (77), no further 
studies were conducted in humans to evaluate the 
anti-tumour effects of the KD.  The reason for this is 
not clear since one of the patients is still alive and 
well at the time of this writing (Nebeling, personal 
communication). Clearly, further studies are 
warranted on the use of the KD and other diet 
therapies for brain cancer management. 

5.3 Influence of Diet on CT-2A Tumour 

Growth and on Circulating Levels of 

Glucose and Ketone bodies 

As a follow-up to the Nebeling study, we 
evaluated the efficacy of the KD in the CT-2A 
mouse astrocytoma.  To determine if the content or 
composition of dietary calories was responsible for 
tumour growth inhibition, we compared the effects 
of the low carbohydrate, high fat KD with a high 
carbohydrate, low fat standard (SD) diet under both 
restricted and unrestricted feeding conditions (49). 
The nutritional composition of the two diets is 
shown in Table 2. After tumour implantation as 
before, we randomly assigned the mice to one of 
four diet groups that received either: 1) the standard 
diet fed ad libitum or unrestricted (SD-UR), 2) the 
KD fed ad libitum or unrestricted (KD-UR), 3) the 
SD restricted to 40% (SD-R), and 4) the KD 
restricted to 40% of the control standard diet (KD-
R). The average daily food intake (grams) for the 
UR fed mice was determined every other day and 
the R-fed mice were given 60% of the SD-UR group 
amount on a daily basis. This ensured that the mice 
in both R mouse groups received a similar number 
of total calories throughout the study. The dietary 
treatments were initiated 24 hours following tumour 
implantation and were continued for 13 days. The 
study was terminated at this time to avoid the stress 
of tumour burden. We also recorded body weights of 
all mice every other day.  
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Table 2. Composition (%) of the standard diet (SD) and 
the ketogenic diet (KD)

Components SD a KD b

Fat (F) 6 75 
Protein (P) 27 14 

Carbohydrates (C) 62 0 

Fiber 5 12 
Kcal/g 4.4 7.8 
F/P + C 0.07 5.4 

a Standard diet was obtained from Purina, LabDiet, 
Richmond, IN.
b Ketogenic diet was obtained from  Zeigler Bros. Inc., 
Gardners, PA. 

The CT-2A tumour grew rapidly and to a similar 
large size in both groups of UR-fed mice (Figure 3).  
Restricted feeding, of either the SD or the KD, 

significantly reduced tumour growth. The R-fed 
mice shown in Figure 3A were representative of 
those mice with the largest tumours in their 
respective groups.  The UR-fed mice, however, were 
not representative of those with the largest tumours.  
Tumour dry weights were approximately 74 % less 
in both R-fed groups than in their respective UR-fed 
control groups (Figure 3B). The reduction in tumour 
growth exceeded the 12-15% reduction in final body 
weight in the R-fed groups (49). All implanted 
tumours grew in both the UR-fed and R-fed groups 
suggesting that restricted feeding of either the SD or 
the KD did not prevent tumour "take" or 
establishment, but significantly reduced the 
intracerebral growth of the malignant CT-2A brain 

Figure 3. Influence of diet on the intracerebral growth of the CT-2A brain tumour.  Dietary treatment was initiated 1 day 
after tumour implantation and was continued for 13 days.  The visual representation (A) and quantitative assessment (B) of 
tumour growth in C57BL/6J mice receiving either the standard diet (SD) or ketogenic diet (KD) under either unrestricted 
(UR) or restricted (R) feeding.  Values in B are expressed as means with 95% confidence intervals, and n = the number of 
mice examined in each group.  The dry weights of the tumours in R groups were significantly lower than those in the UR 
groups at P < 0.01. 

CT-2A growth reduction was associated with 
reduced blood glucose levels (Table 3). We used 
linear regression analysis to show that blood glucose 
levels could predict CT-2A growth (Figure 4) (49). 
Although blood ketone levels were elevated under 
restriction of either diet, elevated ketone levels alone 

could not account for reduced tumour growth 
because tumour growth was rapid in the UR-KD 
group despite the presence of high ketone levels 
(Table 3). These findings support the previous 
observations of Fearon and co-workers who showed 
that the failure of a KD to restrict growth of the 
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Walker 256 rat tumour resulted from the failure of 
ketosis to reduce glucose availability (78).  This is 
also consistent with our previous findings that blood 
glucose levels remain high in epileptic mice that 
consume the KD ad libitum and do not lose body 
weight (75).  We suggest that reduced blood glucose 
may have contributed to the management of 
advanced stage malignant astrocytoma with the KD 
used in the Nebeling study (74, 77).  Hence, reduced 
glucose, associated with reduced caloric intake, is a 
key factor in the metabolic control of the mouse CT-
2A tumour and also possibly for the human pediatric 
astrocytomas in the Nebeling study. 

Table 3. Influence of diet on plasma glucose, ß-OHB, and 
IGF-1 levels in mice bearing the CT-2A intracerebral 
brain tumoura

Dietb Groupsc Glucose 

(mmol/L)

ß -OHB 

(mmol /L) 

IGF-1

(ng/ml)

SD
UR

 R 

9.1 ± 0.9 
     (7) d

 5.2 ± 1.1* 
      (6) 

0.6 ± 0.1 
    (7) 

 1.4 ± 0.2* 
     (6) 

208 ± 25 
      (6) 

117 ± 36* 
      (6) 

KD
 UR 

 R 

11.4 ± 1.4
      (14) 

 5.7 ± 1.5* 
      (6)

 1.0 ± 0.3 
    (14) 

 1.3 ± 0.6 
     (6) 

 294 ± 30 
      (5) 

193 ± 57* 
      (6)

a Values are expressed as means + 95% confidence 
intervals.
b Animals were fed either a standard chow diet (SD) or a 
ketogenic diet (KD).
c UR (unrestricted feeding) and R (restricted to 60% of the 
SD-UR group as described in Text). 
d Numbers in parentheses indicate the number of 
independent tumor-bearing mice examined in each group.   
The asterisks indicate that the values of the R groups 
differed from those of their respective UR groups at P < 
0.01 (analyzed by ANOVA, one way) (with permission 
from BJC) 

In contrast to the situation with prostate cancer 
and other non-neural cancers (36, 43, 79, 80), little is 
known about the influence of diet on the progression 
of brain cancer.  We found that orthotopic growth of 
the CT-2A brain tumour was similarly rapid during 
the unrestricted feeding of either a high 
carbohydrate, low fat SD or a high-fat, low 
carbohydrate KD. On the other hand, CT-2A growth 

was significantly reduced when either diet was 
restricted to 60% of the control diet.  These findings 
indicate that orthotopic CT-2A brain tumour growth, 
like prostate tumour growth, is influenced more by 
the amount of dietary calories than by the origin or 
source of the calories (36, 43). Hence, diet and 
lifestyle may influence the progression of brain 
cancer.
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Figure 4. Linear regression analysis of plasma glucose and 
CT-2A-tumour growth in mice from both the SD and KD 
dietary groups combined (n = 34). These analyses 
included the values for plasma glucose and tumour growth 
of individual mice from both the UR and R-fed groups.  
The linear regression was highly significant at P < 0.001. 
(with permission from BJC) 

5.4 Influence of Restricted Diets on Plasma 

IGF-1 levels in CT-2A Tumour Mice  

As with glucose, we found that circulating IGF-1 
levels were significantly lower in each R-fed mouse 
group than in the respective UR-fed group (Table 3). 
Linear regression analysis also showed that plasma 
glucose is predictive of plasma IGF-1 levels (49). 
These observations agree with previous findings that 
glucose regulates IGF-1 expression (81, 82).  Since 
reduced IGF-1 levels are associated with reduced 
angiogenesis and increased apoptosis (36, 37), our 
findings provide further evidence that DR is anti-
angiogenic and pro-apoptotic and that either blood 
glucose or IGF-1 levels may be useful biomarkers 
for predicting the effects of DR on brain tumour 
growth and angiogenesis (49).
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6. METABOLIC CONTROL THEORY 

AND BRAIN CANCER 

MANAGEMENT

Metabolic control theory applies principles of 
bioenergetics for the control or management of 
complex diseases (47, 83, 84). Since metabolism is 
a universal process underlying all phenotypes, 
modification of metabolism can potentially modify 
phenotype.  The theory is based on the idea that 
compensatory genetic and biochemical pathways 
regulate the bioenergetic potential of glycolysis, the 
tricarboxylic acid (TCA) cycle, and the electron 
transport chain.  This produces a flexible and 
versatile metabolic system that is capable of 
restoring an orderly adaptive behavior to widely 
disordered conditions involving complex gene-
environmental interactions (47, 83, 85). As 
biological chaos underlies the progression of brain 
tumours (4), principles of metabolic control theory 
may be effective in managing brain cancer. 

We suggest that accumulated tumour mutations 
restrict the metabolic versatility of CT-2A tumour 
cells. As DR inhibits glycolysis, DR would force the 
CT-2A cells to switch from glucose to alternative 
non-carbohydrate energy metabolites, e.g., ketone 
bodies (47, 49). While this switch occurs readily in 
normal cells, the switch should be more difficult for 
the tumour cells due to their genetic defects (49).  
Regardless of whether the genetic defects arise as a 
cause or consequence of tumour growth, they will to 
some degree restrict metabolic flexibility. DR would 
therefore produce catastrophic energy failure and 
apoptosis in those CT-2A cells that lack metabolic 
flexibility and are solely dependent on glycolysis. 
Recent findings also showed that the glycolysis 
inhibitor 2-deoxy-D-glucose (2DG) or glucose 
deprivation enhances apoptosis through caspase-3 
activation and PARP cleavage in human breast and 
lung cancer cells (86-88). Since DR reduces blood 
glucose levels, it is possible that the DR-induced 
apoptosis in the CT-2A tumour occurs through 
similar glucose-dependent caspase-3 apoptotic 
pathways. Our most recent findigs support this 
hypothesis (109).  

We found that DR alone is incapable of killing 
all CT-2A tumour cells since the tumours continue 
to grow, though slowly, despite persistently reduced 

glucose and elevated ketone body levels (Mukherjee 
and Seyfried, unpublished). The survival of some 
tumour cells under the metabolic stress of DR may 
result in part from DR-enhanced gluconeogenesis 
(89).  The liver and kidney are largely involved in 
gluconeogenesis during calorie restriction.  It is also 
likely that the major glucose transporter, GLUT-1, is 
up-regulated in CT-2A cells following reductions in 
circulating glucose levels. Glycerol, released 
through hydrolysis of triacylglycerol and converted 
to glucose, will also contribute to circulating glucose 
levels that can be used by the tumour cells.  These 
physiological adaptations to DR could provide just 
enough energy to maintain the survival and growth 
of CT-2A tumour cells. Nevertheless, the CT-2A 
tumour cells under DR are weakened and likely 
susceptible to additional forms of metabolic stress.   

6.1 Role of Ketone Bodies in CT-2A 

Management

If the anti-tumour effects of restricted caloric 
intake are associated with reduced glucose levels 
and glycolytic energy, a question arises as to what 
role elevated ketone levels might have in CT-2A 
management. We suggest that ketone body 
metabolism, while providing normal brain cells with 
an alternative high-energy substrate, also reduces the 
inflammatory activities of tumour-associated host 
cells (stromal cells) (49). Ketone body metabolism 
reduces oxygen free radicals, enhances tolerance to 
hypoxia, and may prevent organ dysfunction from 
inflammatory processes (84, 90-93).  Indeed, Dong 
et al reported that moderate calorie restriction could 
reduce the proinflammatory properties of 
macrophages while enhancing their phagocytic 
function (94). This is important since activated 
macrophages contribute to tumour angiogenesis (39, 
95).  Macrophages secrete numerous pro-angiogenic 
factors including VEGF, and the degree of tumour 
angiogenesis is generally associated with the number 
of macrophages (8, 9, 11, 17, 38-40, 94, 96-99). 
Uncoupling the detrimental inflammatory activities 
of macrophages from their potentially beneficial 
phagocytic activities is considered important for the 
eventual management of brain cancer (4).  Hence, a 
shift in energy metabolism from glucose to ketone 
bodies will enhance the bioenergetic potential of 
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normal brain cells on the one hand while reducing 
tumour cell growth and tumour inflammatory 
properties on the other hand.  

The key to controlling brain cancer will depend 
to a large extent on the combined effects of lowering 
glucose availability while increasing ketone 
availability. Our findings show, however, that 
ketone elevation alone is incapable of reducing brain 
tumour growth unless glucose is also reduced.  This 
indicates that the brain tumour cells will continue to 
metabolize glucose for energy despite the presence 
of elevated ketones. Although brain tumour cells 
may take up ketone bodies, ketone bodies cannot be 
metabolized for energy if the mitochondria are 
defective. Roeder and coworkers showed that 
cultured brain tumour cells use glucose for energy 
and ketones for lipid synthesis (100). It is our 
contention that experimental brain tumour 
management may be achieved if glucose levels can 
be lowered to maximally stress the glycolytic-
dependent tumour cells while providing enough 
ketone bodies to satisfy the energy needs of normal 
brain cells.  

7. IS DR A PRACTICAL ANTI-

ANGIOGENIC AND PRO-

APOPTOTIC THERAPY FOR 

BRAIN CANCER IN THE CLINIC? 

The pioneering studies of Nebeling and co-
workers using the ketogenic diet to treat pediatric 
astrocytoma suggests that pediatric brain cancer can 
be managed with diet therapies that reduce glucose 
and elevate ketone bodies (74, 77). It is yet unclear 
if DR can produce anti-angiogenic and pro-apoptotic 
effects in human brain tumours similar to those we 
found in the CT-2A mouse astrocytoma. We think 
this may not be the case since basal metabolic rate is 
significantly less in humans than in mice (101). The 
anti-angiogenic and pro-apoptotic effects of 
moderate DR may therefore be less in human brain 
tumours than in mouse brain tumours.   

In contrast to mice, however, adult humans are 
capable of complete fasting for prolonged periods 
with minimal adverse effects (47). We, therefore, 
speculate that a total food fast in adult humans will 

produce the physiological conditions of moderate 
DR in mice.  This comes from recent findings that a 
total food fast lowers blood glucose and IGF-1 
levels while elevating blood ketone body levels in 
healthy non-obese humans (102). Moreover, 
periodic fasting is known to improve general health 
to include reduction of tumour growth (103).  
Fasting will also elevate circulating glucocorticoid 
levels that will further reduce tumour angiogenesis 
and edema (104, 105). Glucocorticoids restrict 
glucose availability to tumour cells and thus will 
enhance tumour cell apoptosis and reduce 
angiogenesis (106). Although the synthetic 
glucocorticoid, dexamethasone, is often 
administered to brain tumour patients, severe 
adverse effects are associated with the long-term use 
of this compound (107).  A total food fast in adult 
humans with brain tumours may, therefore, produce 
anti-angiogenic and pro-apoptotic effects similar to 
those that we found in DR mice bearing the CT-2A 
astrocytoma. For chilhood brain tumors, on the other 
hand, the pediatric dietary protocol of Nebeling may 
be most effective for tumour management (77). 

A frequent criticism of the use of fasting or DR 
as a therapy for brain cancer comes from the 
misconception that voluntary food restriction 
(anorexia) may exacerbate patient weight loss from 
tumour-associated cachexia. In other words, how 
can fasting be justified as an anti-angiogenic/pro-
apoptotic brain tumour therapy if the patient is 
already loosing weight from the tumour?  Weight 
loss associated with cancer cachexia, however, 
differs from weight loss associated with anorexia 
since cachexia can occur without anorexia and is 
produced from factors actively released by the 
tumour (108). We suggest that fasting or DR may 
antagonize cachexia by reducing tumour size and 
thereby reducing the levels of pro-cachexic factors.  
Although appearing counterintuitive, fasting may 
facilitate patient weight gain once the fast is broken.  
The timing of the fast is another critical variable for 
use as a potential brain tumour therapy. We suggest 
that the therapeutic benefit of fasting will be best 
when initiated soon after brain tumour diagnosis or 
surgical resection, i.e., at a time when normal brain 
cells can easily switch from glucose to ketone body 
metabolism. This energy switch may be more 
difficult following radiation or chemotherapies that 
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reduce the physiological health of normal brain cells 
and may actually contribute to brain tumour 
progression (4).   

In summary, we suggest that identification of the 
anti-angiogenic and pro-apoptotic mechanisms of 
DR in experimental mouse and human brain tumour 
models will facilitate translation of this diet therapy 
to the clinic.  It is interesting that an enormous effort 
is presently underway in the pharmaceutical industry 
to identify new cancer drugs with anti-angiogenic 
and pro-apoptotic effects. Since DR already 
produces these effects, in addition to improving 
general physiological health, it is surprising that a 
greater research emphasis is not devoted to this area.  
We suggest that deciphering the molecular and 
biochemical mechanisms by which DR reduces 
angiogenesis and enhances apoptosis may produce 
new brain tumor drugs that are more effective and 
biologically friendly than those currently available. 
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Abstract: Nutrients modulate host metabolism that lead to changes in biological and molecular responses.  Thus, it is 
not surprising that tumor cells also are affected by changes in host nutrition.  Because tumors have altered or 
mutated genes, they often respond differently to metabolic changes than the host.  Many tumors have altered 
or specific requirements for amino acids, and restriction often can curtail growth/cell death, invasion, and/or 
metastasis of tumor cells without detrimental effects on the host.  This chapter reviews the effects that 
various specific amino acid restriction has on tumor cells themselves and the effects on interaction between 
the host stromal components.  The cell signalling pathways that modulate attachment, motility and invasion 
are discussed.  Also included are in vivo studies encompasing the interactions between the host immune 
response and B16BL6 melanoma during dietary restriction of tyrosine and phenylalanine.  Lastly, the 
potential for amino acid restriction as one element of adjuvant therapy to control cancer progression is 
discussed.

Key words: Amino acids, metastasis, signaling, stroma, immune response, cell cycle, growth 

1. INTRODUCTION 

Cancer is a group of more than 100 different 
diseases and it arises from accumulation of 
mutations in various genes (1). Many genes are 
differentially expressed in cancer cells as compared 
to their original tissues (2-9). Gene mutations and 
their altered expression in cancer are believed to be 
responsible for the altered behavior in cancer cells 
such as un-controlled growth, evasion of apoptosis, 
and invasive and metastatic ability (1, 10). 

Plants, some of which we consume in our diet, 
contain factors that prevent cancer, inhibit growth 
and alter the malignant behavior of cancer cells to 
control their progression (9, 11-13). In addition, 
during the last thirty years, scientists found that 

many cancer cells exhibit relative specific amino 
acid dependency.  For example, PC3 prostate cancer, 
Yoshida sarcoma, and melanoma are methionine 
(Met)-dependent (14-17). Melanomas as well as 
many other cancers also are tyrosine/phenylalanine 
(Tyr/Phe)-dependent (15, 16, 18-23). 

As outlined in Figure 1, specific amino acid 
dependency is the metabolic signature of cancer 
cells that arises from gene alterations and is linked to 
alterations in cell signaling pathways and malignant 
behaviors.  The restriction of specific amino acids in 
different tumor cells not only inhibits growth, 
invasion, and metastasis, but also differentially 
regulates signaling pathways and gene expression (2, 
3, 18-28).  Thus, the relative specific amino acid 
dependency of cancer cells can be regarded as a 

G. G. Meadows (ed.), Integration/Interaction of Oncologic Growth, 271-283.
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molecular target for cancer therapy. The most 
notable clinically available therapy that targets the 
L-asparagine dependency of human leukemias is L-
asparaginase.  L-asparaginine is a nonessential 
amino acid, which cannot be synthesized by many 
leukemic cells.  Thus, it is not toxic to normal cells. 

To make the use of specific amino acid 
restriction practical for treatment of human cancer 
patients, the amino acid specificity of particular 
cancers must be known. Because of the metabolic 
importance of amino acids, it is also essential to 
investigate the potential adverse effects of specific 
amino acid restriction on host cells, since this could 
have an impact not only on toxicity but also could 
have a positive or negative impact on the tumor-host 
interaction and cancer growth and progression. In 
this chapter, we focus on the various mechanisms 
whereby specific amino acid restriction modulates 
tumor and host cells.  At the end we discuss the pre-
clinical studies with Met and with Tyr/Phe 
restriction that support their use as adjunctive 
therapies for cancer. 
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Figure 1. A scheme connecting gene mutations and 
alterations to abnormal metabolic/cell signaling pathways 
and the malignant behaviors of cancer cells. ,
stimulation; , inhibition.

2. SPECIFIC AMINO ACID 

RESTRICTION SELECTIVELY 

AFFECTS TUMOR CELL GROWTH 

Unlimited proliferation and protection from 
programmed cell death (apoptosis) are two major 
characteristics of solid tumor cells.  Specific amino 
acid restriction inhibits cancer cell proliferation in a 
cell cycle specific manner. We have primarily 
studied the effects of Met, Tyr/Phe, and glutamine 
(Gln) on melanoma and prostate cancer cells.  We 
found that Tyr/Phe restriction arrests different tumor 
cells in the G0/G1 phase of the cell cycle, including 
murine B16, B16BL6 melanoma in vitro and in vivo,

and humanA375 melanoma, human PC3 and DU145 
prostate cancer cells in vitro (22, 23, 28). These 
effects correlate with decreased [3H]thymidine 
uptake, further indicating that limitation of these 
amino acids decreases DNA synthesis (23).   

The cell cycle regulators of melanoma cells are 
selectively modulated by Tyr/Phe restriction.  
Restriction of these amino acids selectively inhibits 
cyclin D1 expression in B16BL6 melanoma without 
affecting cyclin-dependent kinase or cyclin-
dependent kinase inhibitor expression (23).  
Moreover, Tyr/Phe restriction also inhibits cyclin-
dependent kinase 4 of A375 human melanoma cells.  
Met restriction and Gln restriction also arrest 
proliferation through selective blockade of the cell 
cycle in both melanoma and prostate cancer cells.  
Met restriction primarily blocks melanoma cells in S 
phase with only a modest 10% increase in the G0/G1 
phase (23). Interestingly, Met restriction has a 
different effect on cyclin D expression and on 
cyclin-dependent kinase expression by inhibiting 
cyclin D3 and cyclin-dependent kinase 2, 
respectively (23). In PC3 and DU145 prostate cancer 
cells, Met and Gln restriction uniformly blocks the 
G0/G1 phase of the cell cycle (28). Restriction of 
Tyr/Phe and Met also inhibits proliferating cell 
nuclear antigen (PCNA) in the melanoma cells (23). 
These findings indicate that there are similarities as 
well as differences in tumor cells in response to 
amino acid restriction. This is further underscored 
by the effects of specific amino acid restriction on 
protein synthesis.   

Interestingly, in DU145 prostate cancer cells, 
Tyr/Phe, Met, and Gln restriction initially stimulates 
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uptake of [3H]alanine, an indicator of protein 
synthesis, between 2-3 fold during the first two days 
after depriving these cells of the specific amino 
acids (28). [3H]alanine uptake decreases 
progressively in Gln-restricted cells to about of 40% 
of amino acid unrestricted cells (control) by day 4 
and in Met-restricted cells to about 10% of control.  
However, a [3H] alanine uptake remains elevated in 
the cells restricted in Tyr/Phe and is about 160% of 
control after 4 days.  These results further emphasize 
the specific and differential effect that cells exhibit 
to selective amino acid restriction and stress the fact 
that one cannot assume that protein synthesis is 
always inhibited under these conditions. 

We evaluated the effects of Tyr/Phe restriction 
on growth of primary B16 and B16BL6 melanoma 
cells in vivo (23, 29-32). In all cases, Tyr/Phe 
restriction reduces tumor growth.  In B16BL6 
melanoma, this is associated with a selective block 
in the G0/G1 phase in the tumors and also in the 
expression of PCNA and cyclin D1. Although in 

vitro restriction of specific amino acids also inhibits 
proliferation of fibroblasts, there is no observed 
effect on adjacent connective tissue with dietary 
restriction of Tyr/Phe in this mouse melanoma 
model. This could be due to the fact that fibroblasts 
in vivo are not in an active state of proliferation.  
Thus, the effect of specific amino acid restriction in 

vivo on these cells is likely to be minimal. 

3. AMINO ACID RESTRICTION 

INDUCES APOPTOSIS IN SOME 

TUMOR CELLS, BUT NOT IN 

OTHERS, AND EACH TUMOR 

CELL LINES BEHAVES 

DIFFERENTLY

Evasion of apoptosis (programmed cell death) is 
an important feature of solid tumor cells.  The 
control of cell death is tightly linked to the cell 
cycle. Specific amino acid restriction of Tyr/Phe, 
Met, and Gln induces apoptosis of several cancer 
cell lines such as B16BL6 melanoma, A375
melanoma, PC3 and DU145 prostate cancer as 
assessed by DNA fragmentation, Tunel staining, 
annexin V positivity, and electron microscopy (22, 

23, 28, 33). Figure 2 shows an electron micrograph 
documenting the progressive process of apoptosis in 
B16BL6 melanoma cells restricted for Tyr/Phe. 

Figure 2. Electron micrograph of B16BL6 melanoma cells 
grown in Tyr/Phe limited MEM medium containing 4 
µg/ml of Tyr and 4 µmg/ml Phe for 3 days (transverse 
sections). A. Early apoptosis of a melanoma cells (left 
side). Note the shrunken nucleus, the migration of 
chromatin to form dense masses that abut the nuclear 
membrane, vacuoles in the cytoplasm, and 
morphologically looking normal mitochondria. B. Late 
phase of apoptosis showing a melanoma cell with 
condensed chromatin-apoptotic body (arrow), nuclear 
fragmentation, and swollen mitochondria.  Bars = 1 µm. 

Apoptosis induced by specific amino acid 
restriction is a relatively slow process in contrast to 
cell death receptor-mediated apoptosis (22, 28, 34). 
In fact, amino acid restriction does not alter cell 
surface death receptors (33). It is important to point 
out that various tumor cell lines respond differently 
to specific amino acid restriction.  For example, 
Tyr/Phe but not Gln deprivation induces apoptosis in 
A375 melanoma cells (22). PC3 cells are resistant to 
induction of apoptosis by Tyr/Phe restriction, but 
sensitive to Met and Gln restriction; while DU145 
cells undergo apoptosis in response to all of the 
amino acid restrictions (28). Thus, it is not possible 
to assume that all cancer cells even within the same 
classification exhibit the same amino acid 
dependency.   
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Interestingly, specific amino acid restriction does 
not induce apoptosis in human infant foreskin 
fibroblasts, human prostate epithelial cells, and 
neonatal mouse epidermal cells (22, 28). It is not 
known why normal cells are resistant to the 
induction of apoptosis by specific amino acid 
restriction.  However, we do know that normal cells 
and tumor cells sense amino acids in different ways.  
For example, the insulin-producing pancreatic β cell, 
which secretes insulin, senses plasma lysine and 
arginine levels; however, there is no known “sensor” 
for specific amino acids on the surface of cancer 
cells. Amino acid-transporters and glutathione on the 
membrane transfer amino acid from outside to inside 
the tumor cell.  It is known that these transporters in 
human hepatoma and melanoma cells are not 
damaged by specific amino acids restriction (27, 35). 
Therefore, the proximal event controlling the cancer 
cell during amino acid restriction is the reduction in 
intracellular amino acid levels (27).   

It is likely that the reduced level of intracellular 
specific amino acids acts as an inside signal to 
inhibit the cell survival pathways since the 
intracellular concentrations of crucial amino acids in 
tumor cells are about 2- to 3-fold higher than in 
normal cells (27). The trigger-on points for inducing 
apoptosis of tumor cells differs from that of normal 
cells. The tumor cells appear to be more sensitive to 
intracellular amino acid concentration, and when the 
levels decrease below a certain threshold, this 
induces apoptosis.  This could partially explain the 
differences in amino acid dependency between 
cancer and normal cells. 

Some of the signals that induce apoptosis of 
tumor cells during amino acid restriction are known; 
however, the roles(s) of many down-stream 
signaling pathway(s) still require identification.  In 
A375 melanoma, Tyr/Phe restriction induces 
apoptosis within 48 hr and this is accompanied by 
proteolytic cleavage of poly ADP-ribose polymerase 
(19). The first step in this process is activation of 
caspase 8, and this leads to the cleavage of Bid to a 
truncated form, tBid. The tBid translocates to the 
mitochondria and recruits cytoplasmic Bax.  This 
results in the release of cytochrome c from the 
mitochondria into the cytosol where it acts together 
with Apaf-1, ATP and caspase 9 to initiate the 
activation of caspase 3, caspase 7 and ultimately to 

execute cell death (19). Whether this is a general 
pathway or is specific to each individual amino acid 
restriction or tumor cell line is currently not known. 

4. SPECIFIC AMINO ACID 

RESTRICTION MODULATES 

INTERACTION OF CANCER CELL 

WITH HOST STROMAL 

COMPONENTS

Metastasis involves extensive interactions 
between invasive tumor cells and the host stromal 
components at the primary tumor and at secondary 
metastatic sites.  Invasion of cancer cells through 
extracellular matrix (ECM) involves a three-step 
process.  At the primary tumor site, the tumor cell 
must attach to constituents of the ECM. Then, 
proteolytic enzymes are secreted and activated.  
They degrade adjacent ECM constituents, or activate 
pro-enzymes in the ECM to active enzymes that 
degrade ECM components.  This allows for tumor 
cell migration into the area where the ECM is altered 
by the degradative enzymes.   

The fact that dietary restriction of specific amino 
acids, particularly Tyr/Phe, inhibits metastasis of 
melanoma and other tumors suggests that there is 
modulation of interaction between the melanoma 
cell and the host stromal ECM.  We found in vitro

that specific amino acid restriction does not alter 
attachment of melanoma cells to endothelial cells 
(36), but does inhibit attachment of melanoma cells 
to components of ECM including laminin, 
fibronectin, and heparin sulfate proteoglycans, and 
to fibroblasts (20, 21, 37).  Specific amino acid 
restriction does not reduce the total amount of 
cellular fibronectin, laminin, or heparin sulfate 
proteolycans in melanoma cells [(20) and 
unpublished data]. Integrins are cell surface 
receptors that bind to ECM components during cell 
attachment. Specific amino acid restriction 
selectively reduces cell surface integrins in 
melanoma and prostate cancer cells (37). This is 
consistent with the inhibitory effects of amino acid 
restriction on cell attachment and also indicates that 
integrin-mediated cell signaling and cell migration 
are modulated (22, 28). 
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The proteolytic enzymes that degrade ECM are 
produced by both cancer and host stromal cells.  
Metalloproteinases (MMPs) play an important role 
in tumor invasion because of their ability to degrade 
a variety of ECM and basement membrane 
components.  In vitro restriction of specific amino 
acids affects the secretion, activity, and expression 
of MMPs in murine and human melanoma cells.  As 
shown in Figure 3A, A375 melanoma cells express 
MMP-2 and MMP-9.  Tyr/Phe deprivation almost 
totally abrogates secretion of MMP-9 and greatly 
reduces the secretion of MMP-2 into the conditioned 
medium. Additionally, the remaining MMP-2 is 
present in an inactive form as is demonstrated by the 

absence of the <72kDa band. On the other hand, Met 
deprivation does not affect MMP-2 secretion and 
actually increases MMP-9 secretion.  In keeping 
with the lack of effect of amino acid restriction on 
apoptosis of normal cells, Figure 3B shows that 
neither Met, Phe, Tyr, nor Tyr/Phe affects MMP-2 
secretion and activity in the human infant foreskin 
fibroblasts (Figure 3B) or neonatal mouse epidermal 
cells (not shown). Also, MMP-9 is not secreted in 
any significant amount in these cells. These data 
further support the relative resistance of normal cells 
to amino acid restriction. 

Figure 3. Differential effect of amino acid restriction on secretion of matrix metalloproteinases between human A375 
melanoma and infant foreskin fibroblasts.  Conditioned medium was obtained and analyzed by zymography as previously 
described (21) in cells cultured for 3 days in complete MEM containing 10% fetal bovine serum or in MEM containing 10% 
fetal bovine serum lacking Met (M), Phe (P), Tyr (T) or Tyr/Phe (T/P). The enzyme activities of the MMPs were 
determined by zymography.  A. Zymogram of A375 melanoma.  B.  Zymogram of human infant foreskin fibroblasts. 

The urokinase-type (uPA) and tissue-type (tPA) 
plasminogen activators and their inhibitors also 
especially important to in melanoma invasion and 
tumor progression (38, 39). uPA and tPA convert 
plasminogen, which is abundant in ECM, into 
plasmin.  Plasmin is a protease that degrades several 
components of ECM, such as fibronectin, laminin, 
and type IV collagen. Specific amino acid restriction 
reduces uPA and tPA secretion of melanoma cells 
while increasing secretion of their inhibitors (20, 
21). By the contrast, specific amino acid restriction 
does not inhibit secretion of these proteins in normal 
cells (Figure 4). Therefore, the inhibition of uPA and 
tPA in cancer cell by specific amino acid restriction 
plays a major role in modulation of interactions 
between cancer cells with host stromal cells. 

Figure 4. Relative lack of effect of Tyr and Phe on 
secretion of tPA and uPA in normal cells.  A.  Neonatal 
mouse epidermal cells and B. human infant foreskin 
fibroblasts were cultured in complete, C; Phe-free, P; Tyr-
free, or Tyr/Phe-free MEM for 3 days and then 
conditioned media were collected.  The conditioned media 
were analyzed for enzyme assay via zymography as 
previously described (20, 21). 
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5. EFFECTS OF AMINO ACID 

RESTRICTION ON MOTILITY AND 

INVASION OF TUMOR CELLS 

Specific Tyr/Phe restriction inhibits the invasion 
and chemoinvasion of a variety of murine and 
human melanoma cell lines including moderately 
pigmented murine B16BL6 (20), nonpigmented 
A375 (21), highly pigmented SK-MEL-28 (27), and 
moderately pigmented MeWo (unpublished data). 
Thus, there is no association with pigmentation 
characteristics and the sensitivity of melanoma cells 
to Tyr/Phe deprivation. B16BL6, SK-MEL-28, and 
A375 cells were also examined to determine if other 
amino acids also decrease invasion.  Met deprivation 
decreases invasion of all three cell lines; however, 
the inhibition of invasion is less pronounced for 
B16BL6 and A375 melanoma as compared to 
Tyr/Phe deprivation. Gln deprivation has no effect 
on invasion of B16BL6 melanoma or A375 
melanoma (20, 27) and leucine deprivation increases 
invasion of B16BL6 melanoma (20). Although Phe 
deprivation decreases invasion of B16Bl6 and A375 
melanoma, Tyr deprivation exhibits a greater effect 
and the degree of inhibition is similar to combined 
Tyr and Phe deprivation.   

Tyr/Phe deprivation also inhibits invasion of 
human MDA-MB-231 breast cancer cells (27) and 
human PC3 and DU145 prostate cancer cells (28). 
Met deprivation similarly decreases invasion of 
DU145 but the anti-invasive activity of PC3 is 
greater during Met deprivation than during Tyr/Phe 
deprivation (27).  Another difference is that PC3 is 
insensitive to Gln deprivation, however, Gln inhibits 
invasion of DU145 in a fashion similar to Tyr/Phe 
deprivation (27). 

Neonatal murine epidermal cells are invasive 
through growth-factor reduced Matrigel and their 
invasive ability is insensitive to Tyr/Phe deprivation 
(20).  Similarly, invasion of human infant foreskin 
fibroblasts also are non responsive to deprivation of 
these amino acids (21). 

Taken together, these data indicate that tumor 
cells, even within the same tumor type exhibit a 
unique signature with regard to their dependence and 
response to amino acids. This signature is evident 
not only in the susceptibility of tumor cells to 
apoptosis induced by amino acid restriction, but also 

with regard to secretion of proteases and invasive 
characteristics. While tumor cells exhibit such 
changes, we do not find any significant effects on 
normal cells. Moreover, a unifying characteristic of 
all tumor cells studied to date is that Tyr/Phe 
restriction exhibits a major inhibitory effect on 
invasion and metastasis.   

6. AMINO ACID RESTRICTION 

MODULATES CELL SIGNALING 

PATHWAYS THAT MODULATE 

INVASION

Amino acid restriction modulates a number of 
important cell signaling molecules.  Unlike the 
insulin-producing pancreatic β cell in which insulin 
secretion is sensitive to plasma lysine and arginine 
levels, there is no such “sensor” for specific amino 
acids found on the surface of cancer cells.  Amino 
acid-transporters and glutathione on the membrane 
transfer amino acid from outside to inside the tumor 
cell. These transporters in human hepatoma and 
melanoma cells are not damaged by specific 
restriction of amino acids (27, 35). Moreover, 
glutathione is not reduced during amino acid 
restriction (unpublished results). The proximal event 
for melanoma cells during amino acid restriction is 
the reduction in intracellular amino acid levels (27). 
At the cellular level, metabolic regulation consists of 
intracellular compartmentalization of substrates and 
enzymes and the activity and amount of these 
enzymes. Previous studies on abnormalities in 
carbohydrate, lipid, protein, vitamin and energy 
metabolism in cancer cells do not explain the 
specific amino acid dependency of solid tumor cells 
including melanoma (11, 12, 40-46). 

Reduced cytoplasmic amino acid levels trigger a 
series of alterations in metabolic and signaling 
pathways to inhibit invasion and, in some cases, 
induce apoptosis. Specific amino acid restriction 
most likely targets the metabolic abnormalities of 
cancer that are created as a result of genetic mutation 
or alterations that leads to altered cellular protein 
expression (Figure 1). However, the current 
knowledge of metabolism does not suggest that 
specific metabolic reactions are linked directly to 



16. Dietary Restriction of Specific Amino Acids Modulates Tumor and Host Interactions 277

invasion.  Since some signaling molecules are also 
enzymes, changes in amount, cellular distribution, 
and phosphorylation of these enzymes are part of the 
metabolic regulatory process that influences 
invasion.   

Cells respond to amino acid restriction in vitro

by altering their size and shape (28). Change in cell 
shape and size requires restructuring of the 
cytoskeleton, which can alter integrin-mediated cell 
signaling. Focal adhesion kinase (FAK) is a major 
mediator of integrin signaling and a key regulator of 
focal adhesion dynamics and cell movement (47-
49,50).  Also, FAK is constitutively active in human 
malignant melanoma and is related to its aggressive 
behavior (51). We found in A375 melanoma and in 
DU145 prostate cancer cells that Tyr/Phe restriction 
in vitro decreases FAK protein expression and FAK 
phosphorylation (22,28).  Tyr/Phe restriction in PC3 
cells does not alter FAK expression or 
phosphorylation (28). Met restriction, although it 
does not inhibit FAK protein expression, does 
decrease FAK phosphorylation in PC3 cells.  FAK 
expression and phosphorylation of non tumorigenic 
human infant foreskin fibroblasts is not affected by 
Tyr/Phe or Met restriction.  Invasion of all these 
tumor cell lines is inhibited by Tyr/Phe.  Thus, it 
appears that Tyr/Phe restriction evokes FAK-
dependent and FAK-independent pathways that 
control invasion. 

The mitogen activated protein kinase (MAPK) 
pathway is another cell signaling pathway that is 
associated with melanoma and prostate cancer cell 
invasion (52-55) and this pathway controls the 
expression of invasive proteases (54, 55).  The 
expression and phosphorylation of extracellular-
regulated kinase (ERK), one of the cell signaling 
molecules in the MAPK pathway, are decreased in 
DU145 cells during Tyr/Phe restriction (28); 
however, Tyr/Phe restriction does not affect ERK in 
PC3 cells. Met restriction does not affect expression 
of ERK protein, but does decrease the 
phosphorylation to non detectable levels.  Since 
Tyr/Phe deprivation decreases invasion of PC3 cells, 
these results indicate that invasion of cancer cells 
also is controlled by both ERK-dependent and ERK-
independent signaling pathways.   

From these limited studies, it is apparent that 
there is no one single cell signaling pathway through 

which amino acid deprivation regulates invasion of 
tumor cells. More studies are required to determine 
if there are common elements of multiple pathways 
by which amino acids regulate tumor cell migration 
and invasion. 

7. INTERACTION BETWEEN HOST 

IMMUNE RESPONSE AND B16BL6 

MELANOMA IN VIVO DURING 

DIETARY RESTRICTION OF 

TYR/PHE

It is well known that the immune response can 
impact the establishment as well as the progression 
of tumors. Few studies have examined the effect of 
dietary restriction of Tyr/Phe on the immune system.  
We found that Tyr/Phe restriction reduces splenic 
natural killer (NK) cell cytolytic activity in B6D2F1

mice when examined ex-vivo (56). The cytolytic 
activity of splenic NK cells, however, is enhanced in 

vitro by interleukin 2 and in vivo by poly I:C (56) 
indicating that the cells from mice fed the Tyr/Phe 
restricted diet are still responsive (23). In healthy 
human beings, dietary restriction of Tyr/Phe for six 
weeks significantly increases the numbers of NK, 
CD4+ and CD8+ T lymphocytes in peripheral blood 
without compromising NK or IL2-stimulated NK 
cytolytic activity (57).  Another finding is that 
platelet aggregative responses to platelet aggregating 
factor and adenosine diphosphate are appreciably 
decreased in subjects that consumed the Tyr/Phe diet 
(57). It is well known that platelet aggregation 
contributes to tumor metastasis; therefore, the 
inhibition of platelet aggregation in the host by 
Tyr/Phe restriction could be another factor that 
further inhibits cancer progression. 

Additional studies in mice indicate that dietary
restriction of The Tyr/Phe does not impair the ability 
of host lymphocytes to infiltrate primary tumors 
(Figure 5) and that growth of B16BL6 melanoma is 
significantly inhibited in B6D2F1 mice (23). 
Although Figure 5 indicates that there is 
considerable lymphocytic infiltrate into the tumor, 
we do not know the phenotype of the infiltrating 
cells or their ability to attack the tumor cells.   
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Figure 5. Dietary Tyr/Phe restriction does not impair infiltration of lymphocytes.  Mice were fed a Tyr/Phe restricted diet 
for 14 days and then inoculated with B16BL6 melanoma cells into the dorsal hip of female B6D2F1 mice (23). This figure 
is a hematoxylin-eosin stained primary tumor and surrounding host tissue section from a mouse consuming the Tyr/Phe 
restricted diet for 12 days after tumor implantation.  A. Low power view.  B. High power view. Tu, tumor.  Black and white 
arrows indicate tumor infiltrating lymphocytes.  Bars equal to 10µm.   

Another outcome from this study is that there are 
no differences in the number of blood vessels in 
tumors from mice fed a normal diet and mice fed a 
Tyr/Phe restricted diet.  Thus, it is unlikely that the 
dietary restriction alters angiogenesis.  Also, 
characteristic of the tumors from mice fed the 
Tyr/Phe diet is decreased PCNA and cyclin D1 
protein expression coupled with an increase of about 
91% in the G0/G1 phase of the cell cycle (23). 
While these data indicate that the decrease in growth 
is cell cycle related, they do not exclude a role for 
apoptosis (19, 22) or immune factors in control of 
local tumor growth.  Moreover, it is remarkable that 
the cell cycle block is evident in the tumors since 
plasma Tyr levels are only reduced from 72±2 (S.E.) 
to 46±1 (S.E.) nmol/ml and Phe levels are reduced 
from 53±1 (S.E.) to 37±1 (S.E.) nmol/ml in mice 
with 7-day old melanoma tumors (29).  These data 
underscore the extraordinary sensitivity of the 
melanoma tumor to modest decreases in Tyr/Phe 
levels.  While the exact mechanism underlying the 
effect of dietary Tyr/Phe restriction on tumor growth 

and metastasis is not known, it is clear that a variety 
of factors are involved. 

8. AMINO ACID RESTRICTION AS A 

POTENTIAL ADJUVANT TO 

CONTROL CANCER GROWTH 

AND PROGRESSION 

In this chapter, we reviewed and discussed a 
number of aspects by which specific amino acid 
restriction modulates tumor-host interactions.  Based 
on our previous studies, dietary restriction of 
Tyr/Phe not only inhibits the growth and metastasis 
of solid tumors, but also enhances survival of 
primary and metastatic tumor-bearing mice (58-61). 
In addition to enhancement of apoptosis (in some 
tumors), decreased proliferation, decreased invasion, 
and altered expression of cell signaling molecules 
associated with these processes, amino acid 
restriction also modulates the expression of a 
number of genes (26, 27). The significance of these 
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changes are being evaluated and not fully 
understood. 

The control of gene transcription by amino acid 
deprivation is an emerging area of research (24, 26, 
62). In fact normal cells, like tumor cells, sense low 
levels of amino acids by up regulating genes and 
altering metabolism (63-65). We found that tumor 
cells in contrast to normal cells are quite sensitive to 
reduced levels of amino acids most likely because of 
the genetic mutations or alterations that induce 
altered metabolic and regulatory pathways.  This, in 
itself, could be a key factor in using selective amino 
acid deprivation as one treatment for cancer, since 
unlike standard chemotherapy that is less selective 
and is also toxic to host cells, amino acid restriction 
induces few, if any, adverse side effects (57). 

Current cancer chemotherapy relies heavily on 
cytotoxic drugs and patients often derive only 
marginal benefit from this type of therapy due to 
host toxicity.  Thus, new approaches to enhance 
traditional chemotherapy or to find broader targets to 
inhibit growth and metastasis of cancer are greatly 
needed. Furthermore, it has become increasingly 
clear that diet and dietary factors can impact not 
only the incidence of cancer, but also inhibits 
metastasis. It also is practical to use amino acid 
restriction in treating cancer.  Amino acids that are 
absorbed from the intestinal epithelia are transported 
into the portal vein, and about 80% are metabolized 
in the liver leaving only 20% to enter the systemic 
circulation. The mean plasma half-life of amino 
acids is 15 minutes. Thus, amino acid metabolism is 
targetable.

There are a number of reports in the literature 
that amino acid restriction can act synergistically 
with other agents used to treat cancer. Met 
restriction, for example, is known to increase 
efficacy of other treatments and also reduce their 
toxicity toward host cells and these studies were 
recently reviewed (66). Different approaches to 
reduce plasma Met levels such as dietary Met 
restriction, Met-deprived total parenteral nutrition, 
enzyme administration, and gene therapy also were 
recently reviewed (67). Of primary clinical 
significance is the preliminary phase I study by Lu 
and Epner (17) in which they show impressive data 
regarding the ability of dietary Met restriction to 

substantially lower plasma Met levels in patients 
with advanced cancer. 

We have carefully documented that dietary and 
enzyme restriction of Tyr/Phe alone and in 
combination with chemotherapy can control 
melanoma and other cancers including leukemia, 
lung, liver, breast, and prostate (27, 29, 32, 58, 61, 
68, 69). Furthermore these effects are not due to loss 
in body weight, decreased food intake, or general 
starvation. The antitumor and antimetastatic effects 
are likely due to the combined effects on the host 
and tumor. Melanoma tumors themselves are altered 
as a result of exposure to low levels of Tyr/Phe in 

vitro as well as in vivo. For example, melanoma cells 
isolated from mice fed a low Tyr/Phe diet and then 
cultured in vitro in complete medium are less able to 
establish metastases when re-inoculated into mice 
fed a normal diet (18, 61, 70). They also exhibit 
reduced invasion through Matrigel and Growth 
Factor Reduced Matrigel (71). This indicates that the 
alteration in metastatic phenotype is relatively stable 
(70). A reduced metastatic phenotype is also 
generated after culturing melanoma cells in Tyr/Phe 
restricted media in vitro (72). Importantly, the 
induced change in metastatic phenotype is not 
produced in cells cultured in media low in Met, Gln, 
Leu, or arginine (72). We also found that Tyr/Phe 
restriction in vitro enhances the therapeutic response 
of adriamycin sensitive and multi drug resistant 
leukemic cells to adriamycin (68). Thus, there is 
sufficient rationale to pursue clinical trials utilizing 
Tyr/Phe restriction. Moreover, patients with 
phenylketonuria and tyrosinemia have been treated 
for many years with Tyr and/or Phe restriction 
without major adverse effects. Thus, using Tyr/Phe 
restriction as a therapeutic approach to control 
cancer is safe. 

On factor that limits dietary restriction as a 
method to reduce Tyr and/or Phe levels is patient 
compliance. We found in our initial human study 
that compliance was not difficult because of the 
availability of a number of low Phe (and Tyr) foods 
and protein supplements (57). Other novel methods 
are also being developed that might also be 
clinically useful. One such methods relies on the use 
of polyhemaglogin-tyrosinase to degrade tyrosine, 
and this enzymes decreases growth of B16F10 
melanoma in mice (73, 74). 
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Tumor growth, invasion, and metastasis involve 
many interrelated and dysregulated steps. Because of 
genetic instability, tumor cells are continuously 
subject to altered environmental and host forces.  
The selective pressures placed on the host and the 
tumor regulates how tumor cells interact with host 
cells. It is clear that the host environment and in 
addition to the specific characteristics of tumor cells, 
is a vital component in determining whether the 
tumor will remain dormant, invade locally, or 
metastasize. Invasion and metastasis are 
multicomponent processes and thus difficult to 
inhibit by one type of targeted therapy.  
Unfortunately, the toxic effects of traditional 
chemotherapy on the host are often extensive and 
limit the usefulness and effectiveness of this 
therapeutic approach. New therapies are drastically 
needed to control cancer and one advantage of using 
selective amino acid restriction is that its effects are 
multifaceted, beneficially affecting both the host and 
the tumor at many levels. This approach can enhance 
chemotherapy, prevent host toxicity, and block 
invasion and metastasis. Understanding the specific 
amino acid dependency of tumors, and then 
capitalizing on this dependency could become an 
essential strategy for controlling cancer, especially 
metastatic disease that currently is virtually 
incurable.
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Role of Tumour Microenvironment in Chemoresistance 
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Abstract: Preclinical and clinical findings indicate multiple tumour micro-environmental factors, including growth 
factors, cytokines, cell-cell and cell-matrix adhesion molecules and hypoxia, protect solid tumours from 
therapeutic interventions. Experimental evidence have defined some of the resistance mechanisms, which 
have led to the development of innovative approaches aiming at specific targets. While some of these newer 
approaches have yielded therapeutic benefits in selected tumour types, considerable challenges remain in the 
management of the majority of patients with solid tumours. This chapter reviews the various tumour 
microenvironmental factors that contribute to drug resistance. These factors exert their effects through direct 
promoting resistance effectors and/or indirectly modulating other environmental factors. Furthermore, 
cooperative regulation, cross-talk and redundancy at different levels of signaling cascades affect the tumour 
progression and drug resistance, and can diminish the effectiveness of the single target therapeutic approach. 
A better understanding of the intersecting resistance pathways has the potential of leading to new therapeutic 
paradigms aiming at multiple targets, in order to overcome the microenvironment-conferred survival 
advantage to tumour cells.

Key words: Drug resistance, clinical drug resistance, solid tumour, microenvironment, soluble factor, epidermal growth 
factor, fibroblast growth factor, insulin-like growth factor, hepatocyte growth factor, scatter factor, 
transforming growth factor-β,  interleukin 4, interleukin 6, interleukin 10, cell adhesion molecule, integrin, 
E-cadherin, hypoxia,  HIF1, redundancy, cross-talk, therapeutic implications 

1. INTRODUCTION 

Since the first demonstration of antitumour 
activity of aminopterin (4-aminopteroyl-glutamic 
acid) in childhood acute leukaemia patients by 
Farber and colleagues in 1948 (1), considerable 
efforts have been spent on developing effective 
cancer chemotherapeutic agents. Curative or 
survival benefits have been achieved in a few 
selected tumour types (2). However, clinical drug 
resistance remains a major obstacle in most cancers, 
especially adult solid tumours (2). Studies using 
monolayer-cultured cells have defined several 
genetic mechanisms of drug resistance. Examples 
include (a) activation and/or overexpression of cell 

membrane drug efflux transporters (e.g., P-
glycoprotein and other ATP-binding cassette 
transporters such as multi-drug resistance-associated 
proteins), breast cancer resistance protein, and lung 
resistance-related protein (3-8), (b) altered 
expression or activation of detoxifying enzymes 
such as glutathione S-transferase (9, 10), 
quantitative or qualitative alterations of drug targets 
(11-15), and (c) defects in apoptosis regulatory 
proteins (16-18). In spite of the promising 
preclinical data indicating therapeutic advantages by 
reversing these genetic resistance mechanisms, the 
clinical results of these experimental approaches 
have been largely disappointing (19). On the other 
hand, there is growing evidence suggesting that 
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epigenetic factors or proteins present in the tumour 
microenvironment play important roles in clinical 
drug resistance. 

Teicher and colleagues (20) demonstrated that 
repeated administration of alkylating agents to mice 
bearing syngeneic mammary tumours yielded 
subclones which, when reimplanted in other 
recipient mice, showed cross-resistance to alkylating 
agents. They further showed that this acquired 
resistance was exhibited only in vivo but not in 
monolayer cultures of the disaggregated tumour 
cells. Hoffman and colleagues developed a surgical 
orthotropic implantation technique (OIT) (21), 
where patient or animal tumour fragments are 
implanted into the tumour-originating organs. These 
orthotropic implants maintain clinically relevant 
tumour properties including progression, metastasis 
and chemosensitivity. For example, the orthotropic 
human small cell lung cancer in mice showed a 
clinically relevant chemosensitivity profile (i.e., 
sensitive to cisplatin and resistant to mitomycin C), 
whereas the same tumour implanted in subcutaneous 
sites shows the opposite profile (22). Similar results 
were obtained for colorectal cancer (23, 24), 
fibrosarcoma (24) and renal cancer (25). Our 
laboratory similarly found that lung and lymph node 
metastases lost their chemoresistance when 
reimplanted in subcutaneous sites (26).  

Organ-specific chemosensitivity is also observed 
in patients. Table 1 outlines the various tumour types 
displaying different sensitivity to chemotherapy. For 
example, breast, colorectal, testicular and ovarian 
cancers usually are responsive to chemotherapy 
initially (2). In contrast, patients with renal, 
pancreatic and oesophageal cancers show very low 
initial response rate (2), even though the tumour cell 
lines derived from these cancers are equally 
sensitivity to chemotherapy as cell lines derived 
from the other more chemo-responsive tumour types 
(27).

These earlier studies suggest a critical role of 
tumour microenvironment on preclinical and clinical 
chemosensitivity or chemoresistance. In solid 
tumours, cancer cells are surrounded by vasculature 
and stromal tissues. The tumour-stromal interaction 
results in tumour-specific expression of soluble 
factors and extracellular matrix components, some 
of which promote tumour growth and invasiveness.

Dysregulated tumour progression promotes active 
but abnormal angiogenesis and higher hypoxia level 
in tumours, which also affect tumour progression 
and chemosensitivity.  

Table 1. Organ specific responses to chemotherapy. 
adapted from (2). 

This chapter focuses on the effects of tumour 
environmental factors on sensitivity to 
chemotherapy and/or radiotherapy, with special 
emphasis on growth factors, cytokines, cell adhesion 
molecules and hypoxia. The information on each 
factor is discussed in the following order, (a) general 
information, (b) distribution and/or expression status 

Curable by chemotherapy 

Acute leukaemia 
High grade non-Hodgkin’s lymphoma 
Hodgkin’s disease 
Choriocarcinoma 
Germ cell tumours 
Wilms’ tumour 
Ewing’s sarcoma 
Osteosarcoma 
Neuroblastoma 

Chemotherapy improves survival 

Breast cancer 
Ovarian cancer 
Small cell lung cancer 
Bladder cancer 
Colorectal cancer 
Gastric cancer 

Modest survival improvement: Tumour 

symptomatic response only 

Non-small cell lung cancer 
Metastatic cancer of unknown primary origin 
Endometrial cancer 
Soft tissue sarcoma 
Carcinoids 
Head and neck cancer 
Pancreatic cancer 
Brain tumours 
Mesothelioma 
Esophageal cancer 

Poorly sensitive to chemotherapy 

Prostate cancer 
Adrenocortical cancer 
Melanoma 
Renal cancer 
Thyroid cancer 
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in cancer patients, (c) association with disease 
progression and/or resistance in preclinical models 
and cancer patients, (d) resistance mechanisms, and 
(e) current status as a therapeutic target and 
development of modulators. 

2. CHEMORESISTANCE INDUCED 

BY SOLUBLE FACTORS 

Multiple growth factors and cytokines cause 
resistance to anti-cancer drugs in cell culture and 
animal tumour models. In keeping with the focus of 
clinically relevant resistance, we will discuss the 
soluble factors that satisfy the following criteria, (a) 
inducible by chemotherapy, (b) associated with 
chemotherapy outcome or patient prognosis, (c) 
affecting the efficacy of chemotherapy in vitro

and/or in vivo, and/or (d) useful targets for achieving 
chemosensitization. Table 2 shows the growth 
factors and cytokines that satisfy these criteria. The 
receptors for these growth factors and cytokines, 
which are integral components of the corresponding 
intracellular signalling pathways, are also discussed. 
Note that some of these factors may cause either 
chemoresistance or chemosensitization depending 
on the experimental systems. 

2.1 Growth factors 

2.1.1 Epidermal growth factors/ Epidermal 

growth factor receptors

Aberrant activation of epidermal growth factor 
receptor (EGFR) or human EGFR family members, 
e.g., EGFR and human EGF receptor 2 (HER2), 
either through overexpression of receptors and/or 
elevation of cognate ligands, e.g., EGF and 
transforming growth factor-α, promotes tumour cell 
proliferation, survival, invasion, metastasis, and 
angiogenesis, resulting in enhanced tumourigenesis 
and progression (28-30). Other mechanisms 
independent of EGFR/HER2 expression, e.g., 
constitutively active mutation of these receptors, 
transactivation by other receptors including G-
protein coupled receptors, interleukin receptors, 

estrogen receptors and cell adhesion molecules, can 
also cause aberrant activation of EGFRs (28-31).  

In patients, higher expression of EGFR family 
proteins and/or cognate ligands is associated with 
worse prognosis, shorter survival, and resistance to 
radiotherapy and chemotherapy in multiple solid 
tumour types (28, 29, 32-39).  

In vitro and in vivo preclinical studies have 
shown that activation of EGFR and HER2 leads to 
activation of the downstream Ras/Raf/ MAPK, 
STAT3/7 and PI3K/AKT pathways, resulting in 
modulations of apoptosis regulatory proteins and 
thereby protecting tumour cells from cell death and 
causing resistance to several classes of antitumour 
drugs (28, 29, 40, 41). The protective effect 
mediated by EGFR activation is more pronounced in 
anoikis, or apoptosis due to loss of cell attachment, 
suggesting a link between EGFR-mediated survival 
pathways and adhesion molecules (40, 42).  

Paradoxically, studies in several experimental 
tumour models have demonstrated that activation of 
EGFR and HER2 (a) reduces cell adhesion and 
thereby enhances apoptosis (43, 44), (b) inhibits 
DNA topisomerase II and thereby promotes DNA 
damage (45), and (c) accelerates the cell 
proliferation rate and thereby increases the 
sensitivity of tumour cells to chemotherapeutics (46-
49). In patients, several studies on node-negative and 
node-positive breast cancer patients show that the 
efficacy of doxorubicin-containing adjuvant therapy 
is dependent on HER2 status, with higher response 
rate and longer survival in patients with higher 
HER2 expression (50-54). Similarly, in patients with 
advanced urothelial carcinoma, patients with HER2-
positive tumours are more likely to respond to 
paclitaxel and show lower death rate (55, 56).  

Additional preclinical studies have demonstrated 
that EGFR-targeting approaches, by using either 
monoclonal antibody or small molecule tyrosine 
kinase inhibitors (TKIs), enhance the antitumour 
activity of chemotherapy and radiotherapy in vitro

and in vivo (28, 57). These encouraging preclinical 
results have led to significant efforts to develop and 
evaluate HER2 and EGFR modulators in patients, as 
monotherapy or in combination with standard 
radiotherapy or chemotherapy (28, 58-60).  
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Table 2. Clinical relevance of soluble chemoresistance factors. Abbreviations are: BC, breast cancer; BLC, bladder cancer; CC, cervical cancer; CRC, colerectal cancer; GBM, 
glioblastoma; GC, gastric cancer, GLM, gliomas; HC, hepatocellular carcinoma; Mel, melanoma; MM, multiple myeloma; NSCLC, non-small cell lung cancer; OC, ovarian 
cancer; PaC, pancreatic cancer; PC, prostate cancer; RCC, renal cell carcinoma; SCCHN squamous cell head and neck cancer; SCCOP, squamous cell cancer of the oropharynx; 
SCLC, small cell lung cancer; TC, thyroid cancer; UC urothelial carcinoma. If the tumour type is not specifically mentioned, the association is found in most of the common solid 
tumour types. ND, not studied or not reported. 

Disease prognosis with elevated expressions/levels Usefulness as therapeutic targets 

Factors/Receptors 
Tumour progression Treatment outcome Preclinical models Patients 

EGFs/EGFRs

Worse: carcinogenesis, advanced stages, 
increased metastasis, angiogenesis, shorter 
survival 

Resistance: radiatherapy in SCCHN 
and GLM 
Chemotherapy in many solid tumours 
Favourable: HER2 favourable for 

adjuvant chemotherapy in BC and 

taxane based therapy in UC 

EGFR tyrosine kinase 
inhibitors and EGFR antibody 
improve effectiveness of 
chemotherapy and 
radiatherapy in multiple solid 
tumours

Same agents have activity as 
single agent and/or improve 
effectiveness of chemotherapy 
in advanced NSCLC, SCCHN, 
CRC as 2nd or 3rd line 
treatments 

FGF2/FGFRs

Worse: advanced stages, increased 
metastasis, angiogenesis, shorter survival 
Favourable:  in primary BC, OC, advanced 

GLM

Resistance: chemotherapy in SCLC Improve effectiveness of 
chemotherapy in PC, BC, 
RCC, PaC, BLC, CRC by a 
non-specific inhibitor suramin 

In phase II evaluation, suramin 
improve effectiveness of 
chemotherapy in advanced 
NSCLC

IGFs/IGFR1

Worse: carcinogenesis, increased 
metastasis, shorter survival 

Resistance: chemotherapy and 
radiatherapy in BC 

Improve effectiveness of 
chemotherapy in multiple 
solid tumours 

ND

HGF/SF/c-Met

Worse: carcinogenesis, advanced stages, 
increased metastasis, angiogenesis, shorter 
survival 

Resistance: radiatherapy in SCCOP, 
chemotherapy in MM 

ND ND 

TGFβ

Worse: advanced stages, increased 
metastasis, angiogenesis, shorter survival 
Favourable: Suppressive in early stage of 

solid tumours

Resistance: chemotherapy and 
radiatherapy in CC 

Improve effectiveness of 
chemotherapy in BC, GC, PC, 
HC

ND

IL4
Worse: shorter survival in RCC Resistance: chemotherapy in TC ND ND

IL6

Worse: advanced stages, increased 
metastasis, shorter survival 

Resistance: chemotherapy in PC, BC, 
RCC, GBM 

Improve effectiveness of 
chemotherapy in PC, RCC, 
MM

ND

IL10

Worse: advanced stages, increased 
metastasis, recurrence, shorter survival 
Favourable: stage 1 NSCLC

Resistance: chemotherapy in TC, GC, 
CRC, NSCLC, Mel 

Improve effectiveness of 
chemotherapy in GBM 

In Phase II evaluation, AS101 
Improves effectiveness of 
chemotherapy in NSCLC 
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In pivotal clinical trials, trastuzumab 
(Herceptin), a monoclonal anti-HER2 antibody, 
shows activity in HER2-positive metastatic breast 
cancer as single agent (61, 62) and in combination 
therapy with multiple standard chemotherapy 
regimens, e.g., anthyracycline plus 
cyclophosphomide, paclitaxel (63). The activity of 
trastuzumab is associated with the HER2 expression 
status. Trastuzumab is currently being evaluated as 
adjuvant therapy in patients with primary breast 
cancer (64-66). These studies have established the 
therapeutic value of trastuzumab and indirectly the 
HER2-targeting approach in breast cancer. The 
situation in other cancer types is less promising. In 
spite of strong preclinical data (67, 68), trastuzumab 
fails to show activity either as monotherapy or in 
combination with standard chemotherapy such as 
cisplatin plus gemcitabine or docetaxel in patients 
with HER2-positive advanced non-small cell lung 
cancer or prostate cancer (69-71). This failure is 
presumably, at least partly, due to compensation by 
coexpression of EGFR1 (72, 73).  

EGFR modulators, including tyeosine kinase 
inhibitors (TKIs) (i.e., gefitnib or Iressa, erlotinib or 
Tarceva) and monoclonal antibody (cetuximab or 
Erbitux), are well tolerated in patients. These agents 
show activity in patients with advanced 
chemotherapy-refractory squamous cell head and 
neck cancer, non-small cell lung cancer, pancreatic 
cancer and colorectal cancer, either as monotherapy 
(e.g., gefitinib as third line treatment of non-small 
cell lung cancer patients) or in combination with 
standard chemotherapy (e.g., cetuximab in 
combination with irinotecan in irinothecan-
refractory colorectal cancer patients) (28, 74-80). 
However, in large randomized phase III trials, all 
three modulators failed to show superior response 
rate and survival in chemotherapy-naïve, advanced 
non-small cell lung cancer (gefitnib and erlotinib) or 
colorectal cancer (cetuximab) compared to standard 
chemotherapy (28, 74-76, 79, 81, 82).

Unlike the association between HER2 expression 
and responsiveness to trastuzumab in breast cancer, 
patient response to EGFR modulators are not 
correlated with the EGFR expression. Two recent 
studies have identified mutations in the tyrosine 
kinase domain of EGFR in a subset of non-small cell 
lung cancer patients (less than 10% in American 

patients and ~30% in Japanese patients) as potential 
prognostic indicator of patient response. These 
mutations result in enhanced intensity and duration 
of EGFR activation by EGF and the corresponding 
survival signals as well as enhanced sensitivity to 
EGFR inhibition by gefitnib (83-85).  

There are several interesting aspects to the 
profiles of clinical activities of the various HER2 
and EGFR modulators. First, the finding that the 
EGFG/HER2-targeting approach results in 
therapeutic benefits in several major tumour types 
suggests an common role of EGFR in 
chemosensitivity/chemoresistance of solid tumours. 
Second, the success in chemotherapy-refractory 
patients together with the failure in chemotherapy-
naïve patients suggests an role of EGFR in the 
clinically acquired resistance to platinum-, 
irinotecan-, and taxane-based therapy. The selective 
benefits of EGFR modulators in the second/third-
line setting are also consistent with a scenario of 
selection of subclones carrying mutated EGFR 
receptors. Third, the failure of EGFR modulators as 
first-line treatment in lung and colorectal cancer, 
together with the opposite effects of trastuzumab in 
breast and lung cancer patients, suggest the presence 
of redundant, compensatory survival signalling from 
other HER2/EGFR family members or other growth 
factors.

2.1.2 Fibroblast growth factors and their 

receptors

FGFs constitute a large family of 22 growth 
factors with molecular weights ranging from 17 to 
34 kDa. FGFs are expressed in most, if not all, 
tissues. FGF1 and/or FGF2 (also called acidic and/or 
basic FGFs) are involved in the development and 
function of numerous organ systems, induce cell 
proliferation, migration, survival, and angiogenesis, 
and stimulate wound healing and repair, under in 

vivo and in vivo conditions (86-90).   
FGF2 has been extensively studied.  The FGF2 

gene encodes several different isoforms. The low 
molecular weight (18kD) isoform is present in 
extracellular compartment and the high molecular 
weight (22 and 24 KD) isoforms are localized in 
intracellular compartment. The following discussion 
focuses on the extracellular FGF2. Multiple studies 
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have implicated FGF2 in chemoresistance, whereas 
the role of FGF1 was demonstrated recently by our 
laboratory (26).   

The binding of FGFs to FGF receptors (FGFRs) 
in the presence of heparan sulfate proteoglycans 
results in FGFR dimerization. The FGFR family 
includes four members and, through various 
possibilities of alternative splicing, potentially 
consists of up to 100 isoforms (91). FGFR1, FGFR2, 
and FGFR3 are widely expressed in adult human 
tissues whereas the distribution of FGFR4 is more 
limited. The 7 major FGFR isoforms have different 
ligand-binding specificity, which is determined by 
the alternative splicing in Ig domain III (87, 92, 93). 
Activation of FGFRs results in activation of 
different signalling pathways leading to gene 
transcription and diverse responses (88, 94, 95). The 
signal transduction pathways of FGF2, including 
Ras-Raf-MEK-MAP kinase, PLC-DAG-PKC, and 
PLC-PI3K-Akt pathways; are implicated in cell 
survival (96-107).   

Depending on cell types and growth conditions, 
FGF2 can cause mitogenesis or inhibit cell growth 
(108-110) and can either induce resistance or 
sensitization to cytotoxic insults (111) under in vitro

conditions. On one hand, addition of exogenous 
FGF2 or over-expression of FGF2 confers resistance 
to chemotherapy (etoposide, cisplatin, fludarabine, 
doxorubicin, methotrexate, hydroxyurea, 5-
fluorouracil, paclitaxel, N-(phosphonacetyl)-L-
aspartic acid) in solid tumour cells (i.e., small lung 
cancer, prostate, bladder), chronic lymphocytic 
leukaemia cells, and fibroblasts (111-113). On the 
other hand, exogenous FGF2 or FGF2 
overexpression enhances the sensitivity of breast, 
prostate, ovarian and pancreatic tumour cells and 
fibroblasts to chemotherapeutic agents (i.e., 
cisplatin, etoposide, 5-fluorouracil, doxorubicin, 
carboplatin, and docetaxel), and to oxidative stress 
(111).

Consistent with the dual roles of FGF2 in 
chemoresistance and chemosensitization, FGF2 also 
shows opposite effects in prognosis of cancer 
patients. Some studies reported association between 
high FGF2 expression and higher tumour apoptotic 
indices or improved overall and disease free survival 
and association between lower FGF2 levels and 
increased tumour size or higher tumour stage in 

breast cancer (114-118), ovarian cancer (119) and 
pediatric high-grade gliomas (120). Conversely, 
other studies reported associations between 
increased local FGF2 expression and shorter 
survival in nodal-negative breast cancer (121), and 
between elevated systemic and/or local tissue FGF2 
levels and worse prognosis and shorter survival in 
leukaemia and lymphoma (122, 123), in solid 
tumours including non-small and small cell lung 
cancer (124-127), colorectal cancer (128), renal cell 
carcinoma (129), advanced carcinoma of head and 
neck (130), gastric cancer (131, 132), non-Hodgkin's 
lymphoma (133, 134), oesophageal carcinomas 
(135), thyroid carcinomas (136), malignant solitary 
fibrous tumour (137), mesothelioma (138), and 
Wilms' tumour (139). In pancreatic cancer, there is 
no relationship between FGF2 level and 
postoperative recurrence and survival, but increased 
FGF receptor expression is associated with shorter 
survival (140). A similar observation in non-small 
cell lung cancer patients has been reported (141).  
Mutation in the transmembrane domain of FGFR4 is 
associated with shorter disease-free survival in 
breast cancer (121, 142), colorectal cancer (142) and 
high-grade soft tissue sarcoma (143). Constitutively 
active FGFR3 mutation has been found in bladder 
and cervix carcinomas (144). Furthermore, elevated 
serum FGF2 levels are associated with poor 
response to chemotherapy in small cell lung cancer 
(145),  suggesting a direct contribution of FGF2 to 
resistance.

The mechanisms of FGF2-conferred survival 
appear to be context-dependent, differ in different 
cells and differ in response to different stress signals. 
The FGF2-induced chemoresistance in small cell 
lung cancer cells is mediated through activation of 
the MAP kinase pathway resulting in upregulation of 
anti-apoptotic proteins Bcl-2, Bcl-XL and IAPs 
(146, 147), and the resistance in fibroblasts is 
mediated through MDM2 induction and the 
subsequent inhibition of p53 pathways (148). The 
mechanism of chemosensitization in breast tumour 
cells is presumably due to Bcl-2 down-regulation 
(111, 149, 150).

In addition to inducing resistance in tumour 
cells, FGF2 also protects endothelial cell against 
radiation- or chemotherapy-induced cell death, 
which in turn results in chemoresistance. 
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Alternatively, FGF2 may regulate the expression and 
signalling of other environmental survival factors 
(151-153). For example, in multiple myeloma, FGF2 
secreted by tumour cells stimulates IL6 secretion 
from stromal cells, and IL6 in turn stimulates tumour 
cells to secrete more FGF2 (151). As discussed 
below, IL6, similar to FGF2, also protects tumour 
cells from cytotoxicity conferred by chemotherapy. 

The reasons of the dual effects of FGF2 on 
chemosensitivity or chemoresistance are not clear. 
As FGF2 functions are regulated by multiple 
environmental factors, e.g. heparan sulfate 
proteoglycans (154-157), cell-matrix adhesion (158), 
cell-cell interaction (159-161), it is tempting to 
postulate that the switch between induction of 
resistance or sensitization is governed by 
intersecting microenvironmental factors.. 

The earlier studies on FGF2-induced 
chemoresistance used exogenous FGF2 
concentrations that far exceed the concentrations in 
patient plasma and urine samples (10-50 vs <1 
ng/ml) (26, 111) , thus raising questions on the 
clinical relevance of this mechanism. Our laboratory 
recently demonstrated that a second FGF, i.e., FGF1, 
amplified the FGF2 effect such that combinations of 
FGF1 and FGF2, at clinically relevant 
concentrations, induce up to 10-fold resistance to 
several anticancer drugs (26).  We further showed 
that monoclonal FGF antibodies and/or a non-
specific inhibitor of FGF1 and FGF2, suramin, 
reversed the FGF-induced resistance and 
significantly improved the sensitivity of human 
xenograft tumours to multiple chemotherapeutic 
agents, i.e., paclitaxel, 5-fluorouracil, doxorubicin 
and irinotecan (26, 162, 163), under in vitro and in 

vivo conditions. The suramin chemosensitization 
was broad spectrum and applied to colorectal, renal 
cell, breast, pancreatic, and bladder cancer (164-
167), and was attained at dosing regimens yielding 
low, FGF-inhibitory but non-toxic suramin 
concentrations. These encouraging preclinical results 
have motivated several phase I/II clinical trials using 
non-toxic suramin regimens in lung, breast and 
kidney cancers. The first phase II trial in non-small 
cell lung cancer has been completed and the results 
suggest therapeutic efficacy using FGF-inhibitory 
suramin regimens (168).

2.1.3 Insulin-like growth factors and their 

receptors.

The insulin-like growth factor (IGF) family 
consists of two extracellular ligands, IGF-1 and IGF-
2. The two membrane IGF receptors are IGF1R and 
IGF2R. Binding of IGF1 and IGF2 to IGF1R 
initiates the signalling cascades. Six circulating IGF 
binding proteins (IGFBP1-6) compete with IGF1R 
for binding with IGFs. IGF2R is responsible for the 
hydrolysis of the IGF/IGFBP1-6 complex, thereby 
making IGFs available for binding to IGF1R (169, 
170).

The IGF signalling system regulates cell 
proliferation, apoptosis and differentiation and 
thereby plays critical roles in the development and 
physiological growth control of most if not all 
tissues. Aberrant activation of the IGF system 
contributes to carcinogenesis, tumour progression 
and metastasis in experimental tumour models (169-
172). In patients, elevated activation of the IGF 
system, resulting from either increased serum IGF 
level or decreased IGFBP level, is associated with 
increased risk of breast, colon, prostate and lung 
cancers (169, 173-178). Similarly, the overall IGF 
system activity, represented either by increased 
expression of IGF and/or IGF1R or decreased levels 
of IGFBPs and/or IGF2R, is associated with poor 
prognosis and/or shorter disease- free interval or 
overall survival time in patients with ovarian cancer 
(179, 180), colorectal cancer (181, 182), head and 
neck cancer (183), non-small cell lung cancer (184), 
multiple myeloma (185), breast cancer (172, 186-
190) and pulmonary adenocarcinoma (191).  

Interestingly, an inverse association between the 
activation level of the IGF system and the prognosis 
or survival of breast cancer patients was not 
observed in patients undergoing surgical 
intervention (188, 189), but was observed in patients 
receiving chemotherapy or radiotherapy (187, 190). 
This suggests that the poor prognosis associated with 
the high IGF system activity is not due to enhanced 
tumour progression but rather due to resistance to 
chemotherapy and/or radiotherapy.  

In tumour cells, activation of IGF1R stimulates 
cell proliferation and, through activation of MAPKs 
and PI3K/AKT pathways, also inhibits apoptosis 
induced by stress conditions such as treatments with 
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cytotoxic drugs or radiation, or deprivation of 
growth factors and/or nutrients (192-196).  These 
two effects result in tumour cell resistance to 
multiple anticancer drugs, including doxorubicin, 
cisplatin, 5-fluorouracil, camptothecin, mitomycin 
C, actinomycin D, lovastatin, Cox-2 inhibitors, and 
to cytokines, e.g., tumour necrosis factor and 
interferon-γ (192, 193, 197-208).

Approaches to target the IGF signaling system 
have been evaluated in in vitro and in vivo

preclinical tumour models (209, 210). IGF1R shows 
a high degree of similarity to insulin receptor (up to 
70% homology). This, together with the wide 
distribution and broad physiological functions in 
normal tissues of these receptors, raise the concern 
of host toxicity. Hence, approaches targeting the 
IGF1R-specific gene sequences, including antisense 
RNA, ribozymes, triplex and small interfering RNA, 
are favored over the more conventional approaches 
using small molecule tyrosine kinase inhibitors and 
monoclonal antibodies. Antisenses against IGF1R, 
either by vector-expressed or chemical synthesized 
oligonucleotides, effectively (a) downregulate 
IGF1R and consequently inhibit survival in cultured 
cells, (b) through inhibition of tumourigenicity and 
metastasis, exert in vivo antitumour activity in 
multiple tumour types, and (c) enhance the 
cytotoxicity of several drugs in cultured Ewing's 
sarcoma, bladder cancer and prostate cancer cells 
(209, 210). These studies further yielded the 
unexpected finding that IGF1R reduction stimulates 
the host immune response, which in turn enhances 
the antitumour efficacy of the IGF system targeting 
approach. This finding has resulted in a pilot clinical 
trial in patients with malignant astrocytomas, where 
autologous glioma cells are collected, treated ex 
vivo with IGF1R antisense oligodeoxynucleotide, 
and then placed in small diffusion chambers that are 
reimplanted in patients (210-212).   

2.1.4 Hepatocyte growth factor/scatter 

factor and receptor. 

Hepatocyte growth factor/scatter factor, 
HGF/SF, and its specific receptor c-Met are 
involved in tumourigenesis and tumour progression 
(213-217). HGF/SF are predominantly expressed by 
mesenchymal cells. Although the HGF/c-Met 

system in tumours is primarily activated through 
endocrine or paracrine mechanisms (217, 218), 
autocrine activation has also been reported in in 

vitro and in vivo tumour models (219-222). For 
example, HGF/SF is predominantly expressed in 
tumour but not stromal cells present in non-small 
cell lung tumours (222). 

Elevated serum and tissue HGF levels and 
aberrant c-met expression (constitutively active 
mutation and overexpression) are found in multiple 
tumours including the most common and most 
malignant types such as breast cancer, non-small cell 
lung cancer, multiple myeloma and pancreatic 
cancer (223-229).

In nearly all tumour types, enhanced activation 
of the HGF/c-Met system in patients is associated 
with resistance to radiotherapy and chemotherapy, 
and with worse prognosis and shorter survival (228-
236). It is noted, however, that HGF exhibits 
cytotoxicity and enhances apoptosis induced by 
paclitaxel and cisplatin in ovarian carcinoma cell 
lines (237). 

In experimental models, exogenous HGF 
protects human cancer cells (i.e., breast, 
leiomyosarcoma, gastric, prostate, glioblastoma and 
rhabdomyosarcoma) as well as endothelial cells 
from cell death induced by ion radiation or 
cytoxtoxic drugs including doxorubicin, cisplatin, 
etoposide, camptothecin, paclitaxel and tumour 
necrosis factor (238-248). The protective effects are 
derived from its anti-apoptotic (238-240, 242, 243 
,245 ,247) and/or enhanced DNA repair function 
(246, 248).

Several specific small molecular inhibitors of the 
HGF/SF/c-Met system or the biological agonist NK4 
(HGF N-terminal four Kringle domain variant), 
which is a proteolytic cleavage product of HGF that 
competitively inhibits the binding of HGF to its 
receptor (249), have shown antitumour activity as 
single agents, in in vitro and in vivo preclinical 
models. Whether these agents enhance the activity 
of the conventional cytotoxic agents is not known. 

2.2 Cytokines 

Cytokines, a large family of immune modulator 
proteins, have been used to activate the immune 
system in cancer biotherapy or immunotherapy. A 
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recent review discusses the roles of cytokines in 
tumour pathogenesis and immunotherapy (250). 
Among the cytokines, transforming growth factor-β
(TGFβ) and Th2 interleukins, secreted by T helper 
cells and tumour cells, contribute to tumour 
progression and protect tumour cells from cytotoxic 
chemotherapy, as follows.  

2.2.1 Transforming growth factor-β

TGFβ is a pleiotropic growth factor and 
regulates multiple cellular functions including 
proliferation, adhesion, migration, and 
differentiation (251-257). TGFβ also induces the 
expression of matrix metalloproteinases, matrix 
components and adhesion molecules. These various 
effects together enable the remodelling of the 
microenvironment to provide for the appropriate 
physiological functions (251-257).  

There are two types of TGFβ receptors, Type 1 
and Type II. These receptors are widely distributed 
and expressed in normal and tumour cells. Members 
of the TGFβ family of proteins (TGFβ1 through 
TGFβ3 in mammalian species) bind to specific 
TGFβ receptors, followed by heterodimerization of 
the lignad-bound Type I and Type II receptors, and 
activation of the corresponding serine/threonine 
kinases (258). The activated receptors initiate 
multiple intracellular signaling cascades; the best 
characterized of which is the Smads-mediated 
signaling and transcriptional regulation pathway 
(258-260). TGFβ also activates TAK1 (TGFβ-
activated kinase 1) (261)  and small G-proteins (i.e., 
Ras, RhoA and RhoB), resulting in the activation of 
different MAPKs pathways, including ERK, p38 and 
JNK (262-268). In addition, TGFβ inhibits the 
phosphatase 2A-mediated activation of p70S6K, 
which is a ribosomal protein that regulates protein 
synthesis (269, 270). TGFβ also activates the 
PI3k/AKT survival pathways after a lag time; the 
delayed nature of this effect suggests the 
involvement of other mediating factors (271, 272).  

TGFβ exhibits both tumour suppressing and 
tumour promoting functions (257, 273-275). TGFβ
suppresses early stage carcinogenesis by inhibiting 
the growth of neoplastic cells of epithelial lineage. 
The tumour promoting function is largely through its 
suppression of host immune responses, stimulation 

of angiogenesis and promotion of tumour cell 
invasion and metastasis.   

TGFβ overproduction is observed in most 
common tumour types, including prostate (276-285), 
breast (286-291), lung (292-300), hepatic (301-303), 
colorectal (304), gastric (305, 306) and brain cancer 
(307), and is associated with increased pathological 
stages, metastasis and/or poor prognosis. In most 
cases, TGFβ overproduction is associated with loss 
of responsiveness of tumour cells to TGFβ mediated 
growth inhibition, through alterations in various 
steps of the TGFβ signalling cascade, i.e., 
downregulation of TGFβ receptors, mutation of 
Smad, and upregulation of c-myc (282, 283, 285, 
294, 296, 298, 308-314).

Pretreatment serum TGFβ level is a predictor of 
the outcome of radiation therapy in cervical cancer; 
higher levels are associated with worse locoregional 
control and shorter survival (315). However, 
pretreatment serum TGFβ level is not associated 
with acute radiation morbidity (315). These data 
indicate the selective effect of TGFβ on the 
radiosensitivity of tumour cells and not normal 
tissues.

Teicher and colleagues have conducted a series 
of elegant studies demonstrating the role of TGFβ in 
chemoresistance (20, 316-328).  These investigators 
established an in vivo acquired drug resistance 
mouse mammary tumour model by repeated 
administration of alkylating agents to tumour-
bearing mice (20). The key findings are as follows. 
First, the resistance phenotype was lost in monolayer 
cultures of the disaggregated tumour cells, indicating 
the involvement of environmental factors (20). 
Second, the implantation of the resistant tumour on 
one side of a mouse reduced the sensitivity of bone 
marrow cells and of the sensitive parent tumour 
implanted in the opposite side of the same host, 
indicating the present of circulating soluble 
resistance factors (20, 324, 326-328).  Third, tumour 
morphological studies demonstrated the more 
fibrous nature, increased blood vessel density and 
increased metastatic potential of the resistant 
tumours, as compared to the parent, chemosensitive 
tumours (20, 324, 326-328). Based on these 
morphological changes that are typical of TGFβ
functions, the investigators evaluated and 
established the role of TGFβ in chemoresistance. 
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First, mice bearing the resistant subclone showed 
higher pretreatment serum and intratumoural TGFβ
levels compared to mice bearing the chemosensitive 
parent tumour (319, 321, 323). Second, blocking 
TGFβ by neutralizing antibodies (323) or the natural 
inhibitor decorin (319, 321) sensitizes the resistant 
tumours to chemotherapy. Third, over-expressing 
TGFβ by transfection in the parent chemosensitive 
cells resulted in chemoresistant tumours in vivo 

(319). This chemoresistance development was 
accompanied by several other changes observed in 
the acquired resistance tumour model developed by 
repeated challenges with chemotherapy, including 
elevation of serum TGFβ level and resistance of 
bone marrow cells. Furthermore, the 
chemoresistance due to TGFβ transfection was 
reversed by decorin (319). Finally, serum and 
intratumoural TGFβ levels are enhanced by 
chemotherapy, suggesting TGFβ as a mediator of 
chemoresistance acquired after therapy (316, 318). 
Similar findings have been reported in other tumour 
models including prostate, liver and gastric cancers, 
thus indicating the broad-spectrum nature of the 
TGFβ induced drug resistance (318, 320, 322).   

In spite of the abundant evidence suggesting an 
important role of TGFβ in the chemoresistance 
observed in tumour-bearing animals, exogenous 
TGFβ does not induce resistance in monolayer 
cultures. The differences of TGFβ effects under in 

vitro and in vivo conditions suggest the involvement 
of additional factors present in tumour 
microenvironment. For example, in hepatocellular 
carcinoma cells, TGFβ promotes survival pathways 
including PI3K/AKT and FAK, an effect that is 
dependent on integrin-mediated adhesion and is 
most likely due to activation of integrin-linked 
kinase (329). In addition, TGFβ, together with 
growth factor signalling (IGF, EGF), through 
activation of receptor tyrosine kinases and Ras, 
stimulate epithelial-to-mesenchymal transition (i.e., 
squamous carcinoma to spindle carcinoma)(257). 
Furthermore, both direct and indirect effects of 
TGFβ, including host immune suppression, 
increased vascular endothelial growth factor (VEGF) 
production, remodelling of extracellular matrix and 
modulation of cell-cell adhesion molecule 
expression and signalling, contribute to angiogenesis 
in tumours. These various findings suggest the in 

vivo TGFβ-mediated chemoresistance as a result of 
the effects of complex networking between TGFβ
and other environmental factors on the different 
compartments in a solid tumour, i.e., tumour cells, 
stroma, and blood vessel, as well as the host immune 
system.  

Due to the critical roles of TGFβ in tumour 
progression and resistance to chemo- and 
radiotherapy, TGFβ and the associated signalling 
pathways are attractive cancer therapy targets. 
However, the fact that TGFβ also suppresses early 
stage tumour development and promotes 
carcinogenesis introduces the uncertainty that 
inhibition of TGFβ may lead to undesirable 
outcome. A better understanding and differentiation 
of the molecular mechanisms of these various TGFβ
effects may provide more specific targeting 
approaches to blocking its tumour promoting and 
chemoresistance functions while retaining its tumour 
suppressive function. Furthermore, inhibitors of 
TGFβ signaling may have promise as enhancers of 
chemotherapy or radiotherapy, as suggested by 
tumor model studies where inhibition of TGFβ by 
neutrilization antibodies or the natural inhibitor 
decorin enhanced the efficacy of chemotherapy. 

2.2.2 Interleukins 

Various cytokines including interleukins (IL) are 
secreted by two types of T helper cells, i.e., types 1 
and 2 or Th1 and Th2.  Th1 cells express IL2, 
interferons and tumour necrosis factor β and mediate 
cellular immune response. Th2 cells express IL4, 5, 
6, 10, 13 and mediate humoral immune response 
(330). In tumour-bearing animals, TGFβ shifts the 
balance between Th1 and Th2 responses toward Th2 
response by inducing the overproduction of IL10, 
which initiates Th2 functions and inhibits Th1 
functions.  

Overproduction of Th2 cytokines and/or aberrant 
activation of the signalling pathways of Th2 
cytokines have been found in patients with multiple 
types of advanced cancer, and in most cases are 
indicators for poor prognosis or short survival. For 
example, elevated serum IL6 level is observed in 
advanced metastatic prostate cancer, hormone-
refractory metastatic breast cancer, glioblastoma 
multiforme, and renal cell carcinoma, and is 
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predictive of poor prognosis and shorter survival in 
these patients following chemotherapy and/or 
immunotherapy (331-338). Elevated serum IL10 
levels, in some cases accompanied by elevated IL6 
and/or IL8 levels, have been found in patients with 
gastric and colon cancer, aggressive Hodgkin's 
lymphoma, metastatic melanoma, advanced non-
small cell lung cancer, hepatocellular carcinoma, 
and are associated with recurrence and/or shorter 
survival following therapy (339-354). On the other 
hand, a lack of IL10 expression in the tumour tissue 
of stage 1 non-small cell lung cancer patients is 
associated with a poor prognosis and shorter 
survival, suggesting a tumour suppressive function 
of IL10 in early stage disease (355). These biphasic 
effects of IL10 mirror the biphasic effects of TGFβ
on tumour progression, and raise the interesting 
question whether the TGFβ effects are mediated 
through Th2 cytokines.  

IL4 is overexpressed in thyroid cancers and high 
IL4 levels are associated with the resistance of 
thyroid cancer to chemotherapy (356). However, IL4 
level is not associated with cancer progression, 
response to chemotherapy or immunotherapy, or 
prognosis in other tumour types. In fact, IL4 shows 
antitumour activity in breast and renal cell 
carcinoma. In the Japanese population, IL4 levels 
are no effects whereas genetic polymorphisms of 
IL4 receptor α gene result in heightened IL4 
signalling and Th2 immunity and are associated with 
higher incidence and poor prognosis in renal cell 
carcinoma (330). 

Since Th1-meidated immunity is the major 
antitumour immunity mechanism under in vivo

conditions, Th2-mediated immunity, by suppressing 
Th1 immunity, results in tumour promotion and/or 
resistance. However, multiple lines of evidence 
support the notion that Th2 cytokines, including IL4, 
IL6, and IL10, confer survival advantage to tumour 
cells directly. Primary cultures of disaggregated 
thyroid cancer cells from patients produce IL4 and 
IL10 and cause the over-expression of anti-apoptotic 
proteins Bcl-2 and Bcl-XL and thereby confer 
resistance to cytotoxic chemotherapy (356). These 
findings are in agreement with the clinical 
observation that high level of Bcl-2 and Bcl-XL in 
thyroid tumours is associated with high resistance to 
chemotherapy (356). Likewise, murine B16 

melanoma cells and primary cultures of human 
stomach adenocarcinoma and glioblastoma 
multiforme produce high levels of IL10, which 
protects tumour cells from cytotoxic chemotherapy 
(357). The IL10-induced chemoresistance was 
observed under in vitro and in vivo conditions, and is 
mediated by STAT3-dependent upregulation of anti-
apoptotic Bcl-2 family proteins (357). Similarly, 
autocrine or paracrine activation of IL6 signalling 
induces multidrug resistance in breast, prostate, 
pancreatic, cervical and oesophageal carcinoma 
cells. IL-6 induced resistance is mediated by 
activation of STAT3, MAPK and/or PI3K/AKT 
pathways, through upregulation of anti-apoptotic 
Mcl1 and Bcl-2 family proteins, mdr1 drug 
transporter and/or detoxification enzyme glutathione 
transferase.

IL6 and IL10 have been investigated as potential 
therapeutic targets. Blocking IL10 actions using an 
inhibitor AS101, an immunomodulator, inhibits 
STAT3 activation, downregulates anti-apoptotic 
Bcl-2 family protein and sensitizes aggressive 
human glioblastoma multiforme to paclitaxel 
treatment under in vitro and in vivo conditions in 
preclinical models. The chemosensitization effect of 
AS101 was achieved at nontoxic drug levels (357). 
A subsequent phase II trial using AS101 in 
combination with chemotherapy in unresectable or 
metastatic non-small cell lung cancer patients shows 
higher response rate and lower toxicity, partially 
validating the concept of using IL10 inhibition as a 
chemosensitizer in patients (358).  

Inhibition of IL6 or IL6 receptor using blocking 
antibodies sensitizes renal carcinoma and prostate 
cancer cells to anti-tumour drugs, e.g., etoposide, 
cisplatin and mitomycin C (359, 360). Sant7, a 
modified high affinity analog of IL6 that binds to 
IL6R without initiating downstream signaling, 
inhibits multiple myeloma and prostate cancer cell 
growth and sensitizes tumour cell to cytotoxic drugs 
(361, 362). 

3. CELL ADHESION MOLECULES 

Extensive studies have demonstrated the critical 
roles of cell adhesion to extracellular matrix and 
tumour/stromal cell interaction in tumourigenesis 
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and tumour progression (160, 363-374). The two 
major categories of adhesion/interaction molecules 
are (a) integrins which are the major mediators of 
cell-matrix adhesion, and (b) cadherins, selectins 
and members of the immunoglobulin superfamily 
cell adhesion molecules (CAM-Ig), which mainly 
mediate cell-cell interaction. Multiple lines of 
evidence support important roles for these 
compounds in mediating chemoresistance of solid 
tumours, as follows. 

First, the expression levels of adhesion 
molecules, including ICAM1(375-383), CD44 (384-
386), NCAM (387-390), LFA-3 (383), E-cadherin 
(391, 392), P-cadherin (393), integrin β1(394, 395), 
are correlated with poor prognosis, resistance to 
chemotherapy and radiotherapy, and shorter survival 
in multiple types of solid tumours and leukaemia, 
suggesting a potential role of cell adhesion mediated 
clinical drug resistance. 

Second, conventional cytotoxic chemotherapy 
upregulates the expression of adhesion molecules in 
solid tumours, suggesting alteration in cell adhesion 
as a response to chemotherapy. A comparison of the 
gene expression profiles in three lung cancer patients 
using the cDNA array technique shows significant 
increases in adhesion molecules, including matrix 
metalloproteinases, integrins, endonexin, collagens 
and FGFR3, in post-chemotherapy lung cancer 
tissues compared to normal lung tissues from other 
donors (396). Similarly, patients with Barrett's-
associated adenocarcinoma showed significantly 
elevated E-cadherin expression following 
chemotherapy or radiotherapy compared to patients 
who did not receive therapy (397). Higher E-
cadherin levels are also associated with a shorter 
survival in patients receiving chemotherapy or 
radiotherapy, but this association was not observed 
in patients that did not receive therapy (397),
demonstrating direct contribution of this responsive 
induction of E-cadherin to chemoresistance. The role 
of adhesion in chemoresistance was further 
demonstrated in series of studies on small cell lung 
xenograft tumours, the adhesion-dependent 
chemoresistance mimic the in vivo resistance in 
patients and involves altered extracellular matrix and 
cell adhesion molecules expression, constitutive 
activation of MAPK and AKT pathways and 
modulation of apoptosis molecules (398, 399).  

Third, preclinical studies have demonstrated that 
specific cell adhesion to either extracellular matrix 
or neighbouring stromal/cancer cell causes drug 
resistance in different experimental models. Altered 
expression of extracellular matrix components e.g., 
collagen IV and membrane integrins, is associated 
with acquired resistance in tumour cells398, 400, 
401. Adhesion to protein or non-protein extracellular 
matrix components, e.g., fibronectin, collagens, 
tenacin, laminin and hyaluronan, protects multiple 
types of tumour cells against apoptosis induced by 
cytotoxic drugs or radiation (399, 402-412). The 
protective action of the extracellular matrix (ECM) 
is mediated by integrin activation and signalling; 
several recent reviews summarize the integrins 
promoting drug resistance (e.g., integrin α4β1,
α5β1) and the corresponding experimental systems 
(408-411). Activation of these integrins leads to 
activation of the downstream PI3K/AKT, MAPK 
and PLCγ pathways, resistance by inhibiting cell 
death through regulation of apoptosis regulatory 
proteins (e.g., Bcl-XL and Bad), decreased cell 
proliferation through upregulation of the CDK 
inhibitor p27 protein, and decreased DNA damage 
by downregulation of DNA topisomerase II (408).  

Fourth, tumour-stromal contact and cell-cell 
contact (e.g., when tumour cells are cultured as 
multi-cellular spheroids) alter tumour cell sensitivity 
to cytotoxic treatment (410-414).  For the former, 
the contact between myeloma cells and bone marrow 
stroma in vitro resulted in protection of myeloma 
cells from the cytotoxicity of a topoisomerase II 
inhibitor mitoxantrone, as well as induction of yet-
unknown soluble factors that mediated partial 
inhibition of apoptosis and accelerated tumour cell 
proliferation (413). E-cadherin has been identified as 
an important player in the cell-cell contact 
dependent resistance, and its inhibition by a 
blocking antibody reversed the drug resistance in 
cultured colon cancer spheroids (415). The 
mechanisms for the resistance mediated by cell-cell 
contact are not known, but could be due to direct or 
indirect mechanisms. 
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4. HYPOXIA 

Dysregulated tumour growth and progression 
cause imbalance between oxygen supply and 
consumption. These, together with structural and 
functional dysfunction of intratumoural vasculature, 
induce higher level of hypoxia in solid tumours. The 
phenomenon and the mechanisms of hypoxia-
induced tumour cell resistance to radiation were 
discovered more than 70 years ago (416, 417). Since 
then, the availability and application of quantitative 
polarographic oxygen electrode technique (pO2 
histograph) and other techniques using antibodies 
for detecting hypoxic markers have enabled detailed 
studies on the characteristics, development, and 
clinical relevance of hypoxia in human tumours 
(418, 419).

Hypoxia is observed in almost all types of 
human solid tumours, with substantial inter- and 
intra-tumour heterogeneity (420). Hypoxia 
contributes to tumour progression and invasion, and 
affects the prognosis in patients with various types 
of solid tumours (419, 420). The extensive studies 
on uterine cervix and head and neck tumours have 
shown that hypoxia in patient tumours is 
independent of tumour size, stages/grade and 
pathological types (419, 420). However, a high level 
of hypoxia is correlated with the tumour grade in 
other tumours, e.g., brain tumour(421). Hypoxia is 
associated with worse prognosis in non-small cell 
lung (422-424), brain (421, 425-427), and head and 
neck cancer (419), presumably due to enhanced 
malignancy and resistance to radiotherapy or 
chemotherapy.  

Hypoxia directly or indirectly affects tumour 
sensitivity to radiation or chemotherapy drugs 
through chemical, biological and/or micro-
evolutional mechanisms (418-420, 428), as follows.  

Chemically, oxygen is required for enhancing 
the radiation-induced DNA damage and thereby 
enhancing cell kill. Hence, hypoxia causes resistance 
to radiotherapy. Typically, a 2.5-3 folds higher 
radiation is required to kill cells under fully hypoxia 
condition compared to aerobic conditions (428).  

Hypoxia induces multiple biological responses 
simultaneously, through transcriptional and post-
transcriptional mechanisms. Hypoxia-induced 
factor-1 (HIF1), mainly acts as a transcription factor, 

is the key element mediating the downstream 
transcriptional response in mammalian cells (418, 
429-433). HIF1 is a heterodimer of the oxygen-
regulated HIF1a and the constitutively expressed 
HIF1b. In the presence of oxygen and iron cofactors, 
proline hydroxylase hydroxylates HIF1a, resulting in 
its ubiqutin-mediated proteosome degradation 
initiated by the binding to VHL (von Hippel-Lindau 
tumour suppressor). This process, which serves to 
control the HIF1 level, is inhibited by hypoxia. 
Other oxygen sensing system may also be involved 
in HIF1 induction. Increases in HIF1 levels enable 
binding of HIF1 to hypoxia-response-elements in 
target genes and thereby regulates the transcription 
of these genes. Hypoxia also activates common 
stress-responsive transcription factors, e.g., p53, 
NFkb (434), AP-1 (Jun and c-fos heterodimer)(435, 
436).  Furthermore, APE-1/Ref1, a widely expressed 
dual-function protein, is activated under hypoxia 
and, through post-translational modifications, 
regulates transcriptional factors, leading to 
proteomic changes and subsequent biological 
responses to hypoxia and reoxygenation (435, 437-
440).

The oxygenation status affects tumour cell 
sensitivity, under in vitro and in vivo conditions, to 
DNA-active agents. The mechanisms include 
decreasing the free radical generation (e.g., 
belomycin, etoposide), by causing acidosis which 
decreases the activity of the weakly basic drugs 
(e.g., vinblastin, doxorubicin, bleomycin), by 
causing elevated levels of glutathione which 
competes for alkylation of DNA or proteins, e.g., 
melphalan, cyclophosphamide, 1-nitrosourea 
(BCNU), or indirectly by complex biological 
consequences (see below). Besides inducing these 
drug-specific resistance mechanisms, hypoxia also 
causes resistance through broad-based mechanisms, 
as follows.  

First, hypoxia induces G0/G1 phase cell cycle 
arrest through HIF-1 dependent upregulation of 
cyclin dependent kinase inhibitors p27/Kip1 and 
p21/Cip1 in tumour cells and fibroblasts (441-446). 
Downregulation of cyclin D, cyclin E and 
upregulation of 15/ink4a may also be involved in 
hypoxia-induced G0/G1 arrest. Because most 
chemotherapeutic drugs preferentially kill active 
dividing cells and/or target tumour cells at specific 
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cell cycle stages, slow down of cell proliferation by 
hypoxia protects tumour cells from drug toxicity. 
Furthermore, p27/kip1 protects tumour cells from 
hypoxia, nutrition depletion-induced cell death, and 
confers survival benefits in the presence of 
cyototoxic drugs.  

Second, hypoxia modulates the expression and 
the balance of pro- and anti-apoptotic proteins. 
Chronic/severe hypoxia causes cell death mainly via 
mitochondria permeation-mediated apoptotic and 
necrotic pathways. Hypoxia induces the expression 
of the pro-apoptotic protein NIP3 and its homologue 
NIX, in a wide range of cell lines, an effect that 
requires HIF1 (447, 448). The expression of NIP3 is 
found in the perinecrotic region in human tumours 
(447, 449); its induction causes cells to undergo 
caspase-independent necrosis-like cell death while 
its inhibition by antisense RNA abolishes hypoxia-
induced cell death (450-452). This data suggest that 
NIP3, and possibly NIX as well, mediate hypoxia-
induced necrosis. However, hypoxia, through both 
HIF1-dependent and HIF1-independent pathways, 
also transcriptionally and/or post-transcriptionally 
upregulates the anti-apoptotic proteins Bcl-2, Bcl-
XL and IAP family members (453), and 
downregulates the pro-apoptotic proteins Bid, Bad 
and Bax (454), and thereby protects tumour cells 
from hypoxia-induced cell death. 

 Third, the expression of ATP-binding cassette 
drug efflux protein P-glycoprotein (455, 456) is 
upregulated in human tumour and endothelia cells 
under hypoxic conditions, probably as a part of 
adaptative reactions to hypoxia (see also below). 
The induction requires prolonged chronic hypoxia, is 
dependent on HIF1, and is rapidly reversed by 
reoxygenation (456-458). Similarly, breast cancer 
resistance protein (BCRP or ABCG2) is upregulated 
by hypoxia via an HIF-dependent mechanism, and
thereby protects tumour cells from hypoxia-induced 
cell death (459). These drug efflux transporters, by 
decreasing the intracellular drug accumulation, 
confer drug resistance (4-6, 460-463). 

Fourth, hypoxia reorganizes and modulates the 
intra-tumour microenvironment, by upregulating 
vascular endothelial growth factor (464-468) and its 
receptors (469-471), FGF1 and/or FGF2 (468, 472), 
HGF/c-Met system (473, 474), IGFII (475, 476), 
IGFBP1 (477, 478), TGFβ1 and 3 (479),  TGFα

/EGFR system (480), IL1(481-483), IL6 (484-486) 
and IL8 (487-490). Many of these signalling 
pathways confer survival advantage to tumour cells 
as discussed in earlier sections.  

Fifth, tumour cells, unlike normal cells, can 
survive and even benefit from hypoxic conditions 
through genetic and epigenetic adaptive changes. As 
a persistent stress, hypoxia selects for cells more 
adaptive to adverse conditions, and causes cross-
resistance to therapy. Hypoxia and the associated 
acidosis, as well as nutrient deprivation, diminish 
DNA repair and cause genetic instability, 
accelerating the long-term micro-evolutionary 
process. The frequency of mutation and 
chromosome alteration increases 5-folds in tumour 
cells grown as solid tumours in mice or under 
hypoxic culture conditions, as compared to the same 
cells grown as monolayer cultures under aerobic 
conditions (491). Hypoxia induces genetic instability 
by downregulating the expression of the Mlh1 gene, 
a key component in DNA mismatch repair system 
(MMR), and thereby causes a deficiency in the 
MMR functionality (492), which in turn (a) 
increases genomic mutations and facilitates the 
selection of more aggressive and resistant tumours 
cells, and (b) activates adaptive responses to low 
oxygen level and/or nutrient depletion, including 
altered oxygen transport, iron metabolism, 
glycolysis and pH regulation and promoting 
angiogenesis. These changes affect the activity or 
delivery of chemotherapeutics and initiate micro-
environmental remodeling by modulating the 
expression of growth factors, cytokines, matrix 
metalloproteinases, adhesion molecules and 
extracellular matrix components, resulting in 
enhanced invasiveness, metastasis and drug 
resistance. Hypoxia also accelerates the selection of 
transformed epithelial cells that are apoptosis-
deficient (493, 494). 

Therapeutic approaches targeting hypoxia, either 
through HIF1 blocking or use hypoxia activated 
prodrug, have been developed (418, 428). Among 
them, tirapazamine, a prodrug preferentially 
activated under hypoxic condition, has been 
evaluated clinically; its ability to improve the 
activity chemotherapy in advanced non-small cell 
lung and breast cancer patients has been 
demonstrated in randomized trials (495, 496). 
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5. INTERACTION BETWEEN 

TUMOUR- AND 

MICROENVIRONMENT-DERIVED

FACTORS

Interactions between tumour- and 
microenvironment-derived factors affect 
chemosensitivity or chemoresistance in two ways. 
First, these factors can modulate each other and act 
cooperatively on several levels, e.g., regulation of 
expression of factors to induce environmental 
remodelling, cooperative activation between 
adhesion molecules and receptor tyrosine kinases, 
and cross-talk between downstream signalling 
pathways. In addition to the examples discussed in 
the above sections, growth factors or cytokines can 
activate changes in adhesion molecules, and cell-cell 
or cell-matrix adhesion can promote expression of 
survival-conferring soluble factors. Interactions 
between adhesion molecules (e.g., integrins, 
cadherins and adhesion molecules) and receptor 
tyrosine kinases on the cell membrane regulate the 
downstream signalling pathways and cell survival in 
multiple experimental models. In addition, N-
cadherin, which is upregulated to replace E-cadherin 
during tumour progression in solid tumours, a 
phenomenon called cadherin switch, is able to 
activate or augment the signalling of the FGF 
system. Simultaneous upregulation of adhesion 
molecules and FGFR3 in tumour tissues obtained 
from advanced lung cancer patients after 
chemotherapy further suggests a common response 
of tumour- and microenvironment-derived factors to 
cytotoxic insults. Individual factors may also have 
direct and indirect effects on multiple levels. For 
example, in addition to triggering the protective 
mechanisms on hypoxic cells, hypoxia initiates 
environment change by regulating the expression of 
certain growth factors, matrix components and 
adhesion molecules, and thereby protects hypoxic 
tumour cells as well as the neighbouring non-
hypoxic cells from stress. These various interactions 
often confer survival advantages to tumour cells. 

Second, there is a high degree of redundancy 
between the intracellular signalling pathways 
activated by receptors and adhesion molecules. 
Cross-talk between these pathways regulates the 

intensity and duration of the activation and plays 
critical role in signalling differentiation. An example 
is the redundant intracellular signalling pathways of 
integrins and growth factors. The effects of 
redundant signalling are two fold. On one hand, the 
activation of one factor can compensate for the 
blocking of the activation of the second factor, e.g., 
the EGF-mediated protection is attenuated when 
cells are adherent to extracellular matrix 
components. Furthermore, the redundant provides 
for a more reliable protection, and, hence, it is more 
difficult to overcome the survival advantage by 
blocking only a single target. 

6. CONCLUSIONS AND 

PERSPECTIVES

The recent advances of cancer biology and 
genetics provide unprecedented opportunities for 
innovative therapeutic paradigms. Abundant 
preclinical and clinical evidence indicates tumour 
resistance to therapy, either intrinsic or acquired, is 
determined by three major groups of tumour 
microenvironmental factors, i.e., soluble factors, 
adhesion molecules and hypoxia. The implications 
of the complex interplay between these factors and 
their redundant signalling pathways are two-fold. 
First, they highlight the importance of using 
appropriate experimental models. For example, the 
tumour-stromal interaction is not addressed by the 
monolayer culture system that is widely used in the 
experimental therapeutics field.  Future successes in 
therapy development depend on establishing 
experimental models that can capture the various 
components of the tumour microenvironment that 
contribute to the protection of tumour cells against 
chemotherapy or radiotherapy. The availability of 
such models is also critical to the elucidation of the 
survival mechanisms conferred by environmental 
factors. Experimental systems and techniques, such 
as, 3-dimensional cultures, tumour-stromal cell co-
cultures, and orthotropic tumours, especially the 
surgical orthotropic implantation of tumour cells 
from individual patients, include microenvironment 
compartments, and are more likely to yield clinically 
relevant information. Second, it is reasonable to 
postulate that approaches aiming at a single target 
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are not likely to yield significant and durable 
therapeutic successes. A logical approach is to aim 
at multiple targets, simultaneously eliminating the 
survival benefits conferred by multiple factors, 
present in either tumour and/or stromal 
compartments. Additional challenges include the 
chemotherapy-induced microenvironment 
remodelling, the kinetics of signalling initiated by 
tumour- and environment-derived factors and the 
interaction of these signalling pathways resulting in 
chemoresistance. 
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Abstract: Tumour recurrence following chemotherapy remains a major obstacle to successful cancer treatment 
limiting both survival times and cure rates. The problem of residual disease has given rise to the hypothesis 
that some chemotherapy-naïve tumour cells are able to evade the initial pro-apoptotic effects of 
chemotherapy. The identification of drug resistance mechanisms offers a potential strategy for improving the 
efficacy of cancer chemotherapy. Until recently investigation of drug resistance has predominantly focussed 
on mechanisms selected for by chronic drug exposure. However, despite the identification of several 
mechanisms, no unifying hypothesis has been described to explain how these mechanisms interact to allow a 
tumour cell to evade death induced by early exposure to chemotherapeutic agents. Recently, several groups 
have described an integrin-mediated mechanism of drug resistance to chemotherapy. In this chapter we 
review the work that has been undertaken to elucidate the mechanisms underlying this phenomenon. The 
identification of signalling pathways underlying integrin-mediated drug resistance offers the possibility of 
designing novel therapeutic agents that could be administered in conjunction with conventional 
chemotherapy in order to augment chemosensitivity.   

Key words: Cancer, chemotherapy, drug resistance, integrins, extracellular matrix, signal transduction, tumors/turmours, 
myltiple myelona, glioma, leukaemia,/leukemia  

1. INTRODUCTION 

National Cancer Institute statistics indicate that 
there will be over 1.25 million new cases of cancer 
in the US this year and an estimated 550,000 
Americans will die from cancer (1). Despite 
reductions in age-adjusted rates of cancer death, the 
total number of recorded cancer deaths in the US 
continues to rise due to an aging and expanding 
population.   

For patients with haematological or metastatic 
tumours the mainstay of treatment is chemotherapy 
and radiotherapy. Despite improvements to 
chemotherapy and radiotherapy regimens the 
problem of residual disease and tumour relapse 
following treatment remains a major obstacle to 
successful therapy. A prime example of this occurs 
in small cell lung cancer, a particularly aggressive 
form of lung cancer characterised by the 

development of early and widespread metastases. 
Despite initial response rates of 80-100% with 
combination chemotherapy in limited disease, 
relapse often occurs after only 6-8 months (2). 
Following disease recurrence, median survival is 
about 4 months. Survival beyond five years occurs 
in only 3 to 8% of patients.  Unfortunately, despite 
multiple trials examining new chemotherapy and 
radiotherapy regimens this figure has remained 
virtually unchanged since the advent of 
chemotherapy for this disease in 1969 (3).   

The recrudescence of disease in patients with 
small cell lung cancer as well as those with 
haematological malignancies, germ cell tumours, 
ovarian and breast cancers, has given rise to the 
hypothesis that some chemotherapy-naïve tumour 
cells are able to evade the initial pro-apoptotic 
effects of chemotherapy. It is generally considered 
that drug resistant cells arise from genetic changes 
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that occur either spontaneously because of inherent 
genetic instability or as a result of chemotherapy-
induced genetic damage. Over the last quarter of a 
century much effort has been directed at identifying 
and targeting drug-resistance mechanisms as a 
strategy for improving the efficacy of cancer 
chemotherapy.   

In this chapter we will review some of the recent 
work that has been done on integrin-mediated drug 
resistance, a form of drug resistance that may 
explain the ability of tumour cells to evade the 
effects of cytotoxic agents.

2. DRUG RESISTANCE 

MECHANISMS

Historically, much effort has focussed on 
identifying mechanisms of acquired drug resistance. 
Classically, investigations of drug resistance have 
focussed on the single cell by selecting for drug 
resistant cells following exposure to cytotoxic 
agents. Such studies have identified mechanisms 
that: 

a) Reduce intracellular drug concentration as a 
result of increased efflux through drug 
pumps e.g. P-glycoprotein (PgP/MDR-1) (4), 
multidrug resistance associated proteins 
(MRP 2-7) (5, 6), breast cancer resistance 
protein (7) and the lung cancer resistance 
protein drug pumps (8). 

b) Promote up regulation of drug detoxification 
enzymes such as the glutathione-S-
transferases (9, 10). 

c) Alter the intracellular drug target (alterations 
in topoisomerase II) (11).   

Although these mechanisms have been shown to 
have profound effects on tumour cell survival in 

vitro, their clinical importance is still unclear (12, 
13). To date, it has not been possible to translate the 
in vitro results into any significant clinical benefit.  
Furthermore, no unifying hypothesis has been 
described to explain how these mechanisms interact 
to allow a tumour cell to evade death induced by 
early exposure to chemotherapeutic agents. It is 
significant that acquired drug resistance mechanisms 
are often absent in the unselected tumour cell (14). 
Factors that allow cell survival following acute 
cytotoxic drug exposure may differ from 
mechanisms selected for by chronic drug exposure. 
Moreover, the unicellular model, which has often 
been used to identify acquired drug resistance 
mechanisms, does not take into consideration host-
tumour interactions that may modulate the 

development of the de novo drug-resistant 
phenotype.   

3. THE TUMOUR 

MICROENVIRONMENT

Two aspects of the tumour microenvironment 
which are perceived as being particularly important 
in modulating the host-tumour cell relationship are 
a) stromal factors and b) cell-cell interactions. 

a) Stromal factors 

Teicher et al., (1990) observed that by treating 
mice bearing mammary tumours with alkylating 
agents over a six month period, a drug resistant 
tumour phenotype was selected (15). However, it 
was not possible to replicate this model using a 
unicellular tissue culture system. This suggested that 
there was some factor(s) in the in vivo

microenvironment which was important in 
mediating the expression of the drug resistant 
phenotype. Subsequent work has identified a number 
of soluble factors in the extracellular milieu that can 
have marked effects on tumour chemoresistance. 
Haemopoietic cytokines such as granulocyte 
macrophage colony stimulating factor, granulocyte 
colony stimulating factor and interleukin-6 (16), 
vascular endothelial growth factor (17), nitric oxide 
(18) and transforming growth factor beta (19) have 
all been implicated in negatively regulating drug 
response.

b) Cell-cell interactions 

In vivo, cells exist within a three-dimensional 
conformation unlike the two-dimensional in vitro 
monolayer culture system often used for unicellular 
studies.  In an attempt to replicate the in vivo 
situation, the spheroid culture model was developed. 
Spheroid growth can be achieved by culturing cells 
within a continually rotating spinner flask or by 
coating a standard tissue culture flask with agar or 
polyHEMA (20). This model is thought to more 
closely mimic the architecture of a solid tumour with 
the formation of cell-cell junctions and intracellular 
signalling cascades activated by a variety of 
adhesion molecules including integrins, cadherins, 
selectins, and members of the immunoglobulin 
superfamily. Paradoxically, however, this degree of 
complexity limits the utility of such a model.  
Although a number of studies have shown that cells 
within this environment are conferred a survival 
advantage against cytotoxic insult (21, 22), it is 
difficult to dissect the signal transduction pathways 
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contributing to drug resistance without the ability to 
investigate the role of specific adhesion receptors. 
Therefore, several groups developed models 
examining the interaction between cancer cells and 
individual components of the extracellular 
environment.  

4. INTEGRIN MEDIATED DRUG 

RESISTANCE (TABLE 1) 

Our group developed a model to examine the 
interaction between SCLC cells and extracellular 
matrix (ECM) proteins (23). This was based on the 
observation that SCLC cells, in vivo, are surrounded 
by an extensive stroma of extracellular matrix at 
both primary and metastatic sites, which contains 
large amounts of fibronectin, laminin and collagen 

IV (Figure 1). Adhesion studies revealed that the 
main cell surface receptors regulating cell adhesion 
to ECM proteins are members of the integrin family.  
Integrin receptors are heterodimers composed of one 
α and one β subunit. To date, 18 α and 8 β subunits 
have been identified and comprise 22 distinct 
receptors (24). While the extracellular binding 
specificity of an integrin is generated jointly by both 
subunits, they display varying degrees of specificity 
for both ligand and cell type. For instance, 
fibronectin mediates cell adhesion through integrins 
α3β1, α5β1 and αvβ1. Collagen and laminin bind 
predominantly via α2β1, α3β1 and α6β1 integrins. 
The main β integrin expressed by SCLC cells is β1
and the principle α integrins expressed are α2, α3,
α6 and αv (25, 26). 

Figure 1. Immunohistochemical staining of ECM proteins around SCLC cells in vivo. Fibronectin (A) and collagen IV (B) 
immunoreactivity in SCLC. C, intra/pericellular immunoreactivity for laminin. Magnification X400. 

In order to test the hypothesis that ECM proteins 
might protect SCLC cells from chemotherapy-
induced apoptosis, we treated several SCLC cell 
lines with a variety of chemotherapeutic agents 
including etoposide, doxorubicin, cisplatin and 
cyclophosphamide in the presence and absence of 
various ECM proteins. When cells were adhered to 
fibronectin, laminin or collagen IV, they were 
markedly protected from chemotherapy-induced 
apoptosis compared with those non-specifically 
adhered to poly-L-lysine. Critically, co-incubation 
with a function-blocking β1 integrin antibody, but 
not with isotype-matched control antibodies, 
abolished the ECM-mediated protection. 
Collectively, these data showed that β1 integrin-

mediated adhesion to ECM proteins was protecting 
SCLC cells from chemotherapy-induced apoptosis. 

Dalton’s group reported a similar phenomenon 
in multiple myeloma (27). Myeloma, a disease 
characterised by the clonal development of plasma 
cells, has a predilection for the bone marrow which 
is rich in extracellular matrix proteins. They showed 
that adhesion of myeloma cell lines to fibronectin 
via α4β1 and α5β1 integrins conferred resistance to 
the chemotherapeutic agents doxorubicin and 
melphalan. Furthermore, they observed that cells 
selected for drug resistance with either doxorubicin 
or melphalan over-expressed integrin α4β1. When 
removed from chemotherapy selection pressure, the 
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drug resistant cell lines reverted to a drug sensitive, 
low α4-expressing phenotype. 

Subsequent work by the same group has shown 
cell adhesion mediated drug resistance in both 
chronic myeloid leukaemia (CML) and acute 
myeloid leukaemia (AML) (28, 29). Of particular 
interest was the observation that CML cells 
displayed significant inhibition of apoptosis in 
response to a range of structurally and functionally 
diverse agents including the alkylating agent 
melphalan, an anti-metabolite (Ara-C), a 
topoisomerase II inhibitor (mitoxantrone), and the 
BCR/ABL kinase inhibitors STI-571 and tyrphostin 
AG957 (28). Similarly, among solid tumours, the 
breast cancer cell lines MDA-MB-231 and MDA-
MB-435 were shown to be protected from 
vincristine and paclitaxel via α2β1 and α5β1
integrins (30). Furthermore, Uhm et al., (1999) 
showed that glioma cells are protected from the 
topoisomerase inhibitor topotecan when adhered to 
vitronectin through αvβ3 and αvβ5 (31). The latter 
report is the only description to date that does not 
involve integrin β1.

5. INTRACELLULAR SIGNALLING 

MECHANISMS REGULATING 

INTEGRIN-MEDIATED DRUG 

RESISTANCE (TABLE 1) 

It is now firmly established that ECM-integrin 
signalling profoundly influences the major cellular 
programmes of growth, differentiation and apoptosis 
and multiple cellular functions have been shown to 
be dependent upon integrin signalling. The 
identification of integrin-mediated drug resistance 
and the potential promise of circumventing this form 
of drug resistance has driven work to dissect the 
underlying regulatory signalling mechanisms.   

Despite the vast amount of work that has been 
done on integrin signalling, no specific integrin 
mediators have been identified. Instead, the majority 
of signalling molecules implicated in ECM-integrin 
interactions are the rather ubiquitous mediators of 
signal transduction. Upon binding of ligands to 
integrin receptors, integrin cross-linking and 
clustering occurs (32). This promotes the formation 
of focal adhesions at the cell membrane. A large 
number of structural and signalling proteins have 
been shown to be concentrated at these sites. Early 
work demonstrated that tyrosine kinase inhibitors 
could block the formation of focal adhesions (33). 
This led to the identification of focal adhesion 
kinase (FAK), a 125 kDa non-receptor tyrosine 

kinase. FAK undergoes rapid tyrosine kinase 
phosphorylation following integrin ligation and 
clustering (34, 35). The mechanism by which 
integrins activate FAK is incompletely understood. 
Although FAK is unable to phosphorylate other 
substrates directly, integrin dependent 
autophosphorylation allows it to interact with 
docking or adapter proteins including paxillin, tensin 
and Grb-2 (36-38). These in turn are able to activate 
downstream signalling mediators including the 
Ras/Raf/mitogen activated protein kinase (MAPK) 
pathway and the phosphatidylinositol 3-kinase (PI 3-
kinase)/protein kinase B (PKB) pathway (39). 

Following the initial observation that ECM 
adhesion to integrins prevented chemotherapy 
induced apoptosis, it was hypothesised that matrix-
ligand interactions may result in up-regulation of 
survival pathways and down-regulation of pro-
apoptotic pathways. These observations had 
parallels with those of Frisch and Francis (1994) 
who had previously noted that when endothelial or 
epithelial cells become detached from their matrix 
they undergo apoptosis or ‘anoikis’ (40). Khwaja et 
al., (1997) subsequently showed that this integrin-
mediated mechanism was PI 3-kinase and PKB 
dependent (41). 

Initial work in small cell lung cancer showed 
that β1 integrin-mediated cell adhesion to ECM 
proteins inhibited chemotherapy-induced apoptosis 
by blocking caspase-3 activation and subsequent 
apoptosis (23). This mechanism was shown to be 
protein tyrosine kinase dependent, since it was 
reversed by the tyrosine phosphorylation inhibitor, 
tyrphostin-25. Subsequent work showed that 
inhibition of PI 3-kinase also abolished fibronectin-
mediated protect ion (author’s  unpublished 
observations). More recently Krystal et al., (2002) 
have reported that activation of PKB using a 
constitutively active mutant protects SCLC cells 
from etoposide-mediated cytotoxicity and that 
inhibition of PI 3-kinase/PKB using either a 
dominant negative PKB or the chemical PI 3-kinase 
inhibitor, LY294002 enhanced etoposide-induced 
apoptosis (44). Similarly, activated PKB promotes 
survival and resistance to both chemotherapy and 
radiotherapy in non-small cell lung cancer (45). 
Further support for the involvement of PI 3-kinase 
and its downstream mediator PKB in integrin-
mediated drug resistance has come from work in 
breast cancer cell lines. Aoudjit et al., (2001) 
observed that matrix-mediated resistance to 
paclitaxel and vincristine correlated with an increase 
in activation of PKB (30). Pre-treatment of cells 
with the PI 3-kinase inhibitor LY294002 or  
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Table 1. Characteristics of integrin-mediated drug resistance in cancer cells.

Tumour cell type Matrix 

protein 

Integrin receptor Cytotoxic agent Mechanism of resistance 

Small cell lung cancer 
(H69, H345,H510)23

Fn, Ln, 
Collagen IV 

α2β1, α3β1, α6β1, αvβ1 Etoposide, Doxorubicin 
Cisplatin,
Cyclophosphamide 

β1 integrin mediated tyrosine 
phosphorylation mediates 
caspase-3 inhibition 

Breast Cancer 
(MDA-MB-231/435)30

Fn,
Collagen 1 

α2β1, α5β1 Vincristine, Paclitaxel β1 integrin signalling inhibits 
cytochrome c release in a PI 
3-kinase/PKB dependent 
mechanism. 

Glioma31 Vitronectin αvβ3,  αvβ5 Topotecan Increased Bcl-2 and Bcl-XL

Multiple Myeloma 
(8226)29

Fn α4β1, α5β1 Melphalan, Doxorubicin Matrix adhesion promotes 
increased p27kip1 levels 

Chronic Myeloid 
Leukaemia (K562)28

Fn α5β1 Melphalan, Mitoxantrone, 
Ara-C, AG957, STI-571 

Mechanism unknown 

Acute Myeloid Leukaemia 
(U937, HL60)42

Fn α4β1 Daunorubicin, Ara-C Induction of PI 3-
K/PKB/Bcl-2 pathway 

Multiple myeloma (8226)27 Fn α4β1, α5β1 Doxorubicin, melphalan Exact mechanism unclear but 
not due to reduced drug 
accumulation or up 
regulation of anti-apoptotic 
Bcl-2 family members 

Histiocytic lymphoma 
(U937)43

Fn α5β1 Mitoxantrone, 
Doxorubicin, Etoposide 

Altered topoisomerase IIβ
activity/localisation

transfection of a dominant negative PI 3-kinase 
abrogated protection against chemotherapy-induced 
apoptosis. Similarly, farnesylated PKB protects 
breast cancer cell lines from anoikis and suppresses 
chemotherapy-induced apoptosis (46, 47). Most 
recently, PI 3-kinase/PKB has been reported to 
mediate chemoresistance in acute myeloid 
leukaemia cell lines (42). 

Although, most of the work done on integrin-
mediated drug resistance points towards β1 integrin 
as being the key integrin involved, it is likely that 
there may be more than one downstream signalling 
pathway involved. Despite the evidence above 
indicating that the PI 3-kinase/PKB pathway plays a 
central role in mediating drug resistance, it is likely 
that there is cell-type specificity. In his recent review 
on the subject, Damiano (2002) states that he has 
been unable to find any evidence for this pathway’s 
activation in fibronectin-adhered myeloma cells 
(48). It is known that integrin engagement activates 
the MAP kinase pathway, which contributes to 
adhesion-mediated survival signalling in some cell 
types (49, 50). This raises the possibility that in 
some cases the MAP kinase pathway rather than the 
PI 3-kinase/PKB pathway may mediate drug 
resistance. In support of this, inhibition of the MAP 
kinase pathway has been shown to enhance 
paclitaxel-induced apoptosis in several cancer cell 
types (51). Furthermore, over-expression of β1
integrin confers resistance to chemotherapy-induced 
apoptosis in hepatoma cells via a MAP kinase 

dependent pathway but not a PI 3-kinase/PKB one 
(52). However, Aoudjit and Vuori (2001) noted in 
breast cancer cells that while treatment with the 
MEK inhibitor PD098059 enhanced paclitaxel-
induced apoptosis, it did not affect the ability of 
fibronectin or collagen 1 to protect the cells against 
apoptosis, i.e. it seems that activation of the MAP 
kinase pathway is not necessary for integrin-
mediated inhibition of paclitaxel-induced apoptosis 
30. Inhibition of the MAP kinase pathway may also 
affect growth factor signalling which recent reports 
suggest may also contribute to drug resistance 
mechanisms. Fibroblast growth factor 2 (FGF-2) has 
been shown to be capable of protecting small cell 
lung cancer cells from etoposide-induced apoptosis 
via a MEK-dependent pathway (53, 54). This latter 
finding raises the possibility that in some cases 
integrin-mediated drug resistance signalling may 
converge or involve cross-talk with cytokine and 
growth factor receptors. 

The downstream signal transduction pathway(s) 
by which PKB protects cells from apoptosis has 
received intensive study and has been the subject of 
recent reviews (55, 56). It is thought the Bcl-2 
family of proteins are involved. Bcl-2 belongs to a 
family of related and interacting members, some of 
which are anti-apoptotic and some of which are pro-
apoptotic. In breast cancer cell lines it has been 
shown that the release of cytochrome-c into the 
cytosol is a critical event in the activation of the 
apoptotic signalling cascade (30). Cytosolic release 
of cytochrome-c results in activation of caspase-9 
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which results in subsequent activation of effector 
caspases such as caspase-3. These caspases promote 
cleavage of apoptosis regulators and house-keeping 
proteins resulting in DNA fragmentation and 
apoptosis. PI 3-kinase and PKB-mediated integrin 
signalling, by blocking the release of cytochrome-c, 
inhibited the activation of caspase-9 and subsequent 
cell death in paclitaxel treated breast cancer cells. 
Although the mechanisms that control the release of 
cytochrome-c are poorly understood it is thought 
that its release from the mitochondrion is controlled 
by a balance of pro and anti-apoptotic members of 
the Bcl-2 family. It has been shown previously that 
growth factors acting via PKB can phosphorylate the 
pro-apoptotic Bcl-2 family protein Bad thereby 
preventing it from antagonising Bcl-2 and Bcl-XL

and consequently inhibiting apoptosis through 
inhibition of caspase-3 (57, 58). In the same way, 
matrix adhesion of breast cancer and acute myeloid 
leukaemia cells blocked chemotherapy-induced 
inhibition of Bcl-2 thereby promoting survival (30, 
42). This inhibition was shown to be PI 3-kinase 
dependent. Similarly, ligand engagement of 
α4β1 confers resistance of B-cell chronic lymphatic 
leukaemia cells to the pro-apoptotic drug fludarabine 
as a result of up-regulation of Bcl-XL (59).
Furthermore, in glioma cells, vitronectin-mediated 
protection from chemotherapy-induced apoptosis 
correlated with increased ratios of Bcl-2:Bax and 
Bcl-XL:Bax (31).  

Despite these findings it is likely that there is 
more than one mechanism regulating integrin-
mediated inhibition of apoptosis. In small cell lung 
cancer cell lines (23) and myeloma cell lines (27) 
adhesion to matrix did not alter the expression of 
Bcl-2 or related proteins. Kouniavsky et al., (2002) 
observed that although expression of Bcl-2 and Bcl-
XL was increased in colon cancer cells cultured on 
matrix, there was no correlation between protection 
by matrix and expression of these proteins (60). 
Recent work suggests that integrin signalling can 
also modify drug-induced apoptosis by regulating 
the cell cycle. 

5.1 ECM effect on cell cycle effectors 

There is now a large body of work reporting the 
multiple effects of integrin signalling on the cell 
cycle (61). Cell cycle progression is driven by the 
sequential activation of cyclin dependent kinases 
which form complexes with specific activating 
cyclins. It is well recognised that cell cycle 
progression is dependent upon transition through the 
G1/S and G2/M checkpoints. Chemotherapeutic 

agents predominantly bring about cell death by 
inducing apoptosis in response to DNA damage-
induced cell cycle arrest in G1/S and G2/M (62). 
Prolonged cell cycle arrest, in the absence of DNA 
repair, normally leads to caspase-3 activation and 
the induction of apoptosis. To date, limited work has 
been performed examining the effect of matrix 
adhesion on cell cycle kinetics. Much of this has 
focussed on the cyclin dependent kinase inhibitor 
p27kip1. Adhesion of a myeloma cell line to 
fibronectin which resulted in increased resistance to 
chemotherapy was correlated with G1 arrest, 
increased p27kip1 levels and inhibition of cyclin A 
and E-associated kinase activity. Detachment from 
matrix led to progression into S phase associated 
with a fall in p27kip1 levels and reversion to a drug 
sensitive phenotype (29). Furthermore, p27kip1 anti-
sense successfully reduced protein levels in adhered 
cells and restored drug sensitivity whilst not 
affecting cell adhesion. These findings supported 
previous work reporting that over-expression of 
p27kip1 protected cells from chemotherapy-induced 
apoptosis. Furthermore, St Croix et al., (1996) 
previously demonstrated that when cells are grown 
in spheroids, p27kip1 levels were increased 
compared with monolayer cultures (63). The 
increase in p27kip1 was correlated with G1 arrest 
and increased resistance to alkylating agents. 
However, the in vivo situation may be far more 
complicated than these data suggest due to 
constantly fluctuating levels of p27kip1 during cell 
cycle progression. Furthermore, there may exist a 
degree of cell type specificity as in MDA-MB-231 
breast cancer cells for instance, over-expression of 
p27kip1 is associated with the induction of apoptosis 
rather than protection from apoptosis (64).   

5.2 Effects of matrix adhesion on 

chemotherapy- induced DNA damage 

Many chemotherapeutic agents bring about 
apoptosis by promoting DNA damage. When 
matrix-mediated protection from chemotherapy was 
initially identified, several groups hypothesised that 
extracellular matrix may confer drug resistance by 
limiting the amount of DNA damage induced by 
chemotherapy. Dalton et al., identified a 40-60% 
reduction in etoposide-induced DNA double strand 
breaks when U937 lymphoma cells were adhered to 
fibronectin (65). This was due to a reduction in 
topoisomerase II activity secondary to alterations in 
the nuclear distribution of the enzyme. Similarly, 
activation of β1 integrins in tumour-derived 
endothelial cells or lung endothelial cells resulted in 
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a decrease in etoposide and bleomycin-induced 
DNA damage as measured by DNA sedimentation 
and in situ nick translation (66, 67). However, the 
effect of adhesion on topoisomerase II mediated 
DNA damage may be cell-type specific. In small cell 
lung cancer topoisomerase II activity in response to 
etoposide was not altered regardless of whether cells 
were adhered to fibronectin or plastic (23).   

6. CLINICAL EVIDENCE TO 

SUPPORT INTEGRIN-MEDIATED 

DRUG RESISTANCE 

Regardless of the compelling evidence that is 
accumulating to show that integrin-mediated matrix 
adhesion protects cancer cells from chemotherapy-
induced apoptosis, it must not be forgotten that the 
majority of this work has been performed in vitro.  It 
is well recognised that due to the complex 
interactions of multiple stimuli in vivo, effects seen 
in vitro are not always reproducible in vivo. Even 
with advances in the development of in vitro models 
for cancer it is not yet possible to fully recreate the 
complex microenvironment in which cancer cells 
exist in vivo.

Despite the paucity of models examining 
integrin-mediated drug resistance in vivo, there is 
increasing clinical evidence accruing to support the 
hypothesis. In small cell lung cancer an association 
between the expression of β1 integrin and response 
to chemotherapy and survival has been identified. 
Patients whose tumours had high levels of β1
integrin expression were significantly more resistant 
to combination chemotherapy than those whose 
tumours had low expression of β1 (68). Using 
multivariate regression analysis the authors 
concluded that clinical stage and β1 integrin were 
independent risk factors for survival following 
chemotherapy: high expression of β1 in tumour cells 
is a poor prognostic factor in patients with SCLC. 
Similarly, we reported that in small cell lung cancer 
patients who had received chemotherapy, those with 
extensive matrix around their tumours had a 
significantly shorter survival time from diagnosis 
than did patients with focal or no matrix (23). 
Recently, a study on patients with acute myeloid 
leukaemia examined the relationship between α4β1
expression and response to chemotherapy (42). The 
complete remission rate for the α4β1 positive 
patients was significantly lower than that of the 
α4β1 negative patients. By contrast the relapse rate 

was higher in the α4β1 positive patients than in the 
α4β1 negative patients.   

7. CONCLUSIONS AND POTENTIAL 

THERAPEUTIC INTERVENTIONS 

Despite the recent identification of a number of 
mechanisms of acquired drug resistance, none have 
explained how tumour cells are able to evade the 
initial pro-apoptotic effects of chemotherapy. The 
identification of integrin-mediated drug resistance 
offers a mechanism as to how this may occur. It is 
thought that even if 0.1% of cells survive, this is 
probably sufficient to allow tumour recurrence. 
Surviving, genetically damaged cells are then 
selected out and continue to proliferate leading to 
persistence of, and recurrence of, disease. These 
cells may eventually display the markers of acquired 
drug resistance discussed previously. The work 
presented above demonstrates that cell adhesion to 
matrix proteins has the potential to suppress 
apoptosis induced by a wide variety of 
chemotherapeutic agents. Although it is likely that 
several different intracellular signalling mechanisms 
are responsible for this phenomenon depending on 
cell type, the constant observation is that the process 
is integrin-mediated and predominantly through β1
integrins.   

The identification of the mechanisms underlying 
integrin-mediated drug resistance offers the 
possibility of designing novel therapeutic agents that 
could be administered in conjunction with 
conventional chemotherapy in order to augment 
chemosensitivity. Several inhibitors of integrins are 
currently being investigated as potential cancer 
therapies. However, all of the current trials which 
are utilising either anti-integrin antibodies or cyclic 
peptide inhibitors of integrins, are evaluating 
whether these agents have significant anti-
angiogenesis or anti-metastatic roles (69-71). There 
are no on-going clinical studies examining whether 
integrin inhibition will improve response to 
chemotherapy. However, the results of these studies 
are eagerly awaited and may lead to the 
development of agents with clinical utility as 
chemosensitisers.   

Downstream of the integrin receptor, obvious 
targets are components of the signal transduction 
pathways that regulate the integrin mediated survival 
pathway. Our work, together with that of others 
indicates that both tyrosine kinase inhibitors and PI 
3-kinase inhibitors may be potential 
chemosensitisers. Although work to date has used 
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broad spectrum tyrosine kinase inhibitors which may 
have undesirable side-effects in vivo, specific 
inhibitors for a number of tyrosine kinases have 
been described (72). The central role of PI 3-kinase 
in tumourigenesis and chemoresistance makes it an 
attractive target for drug development. Recently, two 
groups have reported the use of either inositol 
phosphates or phosphatidylinositol analogues to 
inhibit the growth of various cancer cell lines (73, 
74). In another approach the PI 3-kinase inhibitor 
LY294002 was used to treat athymic mice that had 
been inoculated intraperitoneally with an ovarian 
cancer cell line (75). In the LY294002 treated group, 
mean tumour burden and ascites production was 
markedly reduced compared with controls. This is 
the first description of an animal model to test the 
efficacy of LY294002 in vivo. Although LY294002 
is a ‘broad-spectrum’ PI 3-kinase inhibitor there 
were apparently no systemic side effects in the 
control group. Isoform-specific inhibitors of PI 3-
kinase are now under development and may prove to 
play an adjuvant role to conventional chemotherapy.  

Notwithstanding the large amount of work that 
has been undertaken attempting to refine and 
improve chemotherapy regimens in order to boost 
response and cure rates, the survival figures for a 
number of tumours have remained relatively static 
for many years. This has led many investigators to 
believe that novel therapeutic strategies will only 
come through a better understanding of the basic 
molecular processes governing proliferation and 
apoptosis. In time it is hoped that modulation of the 
integrin-mediated survival pathway either at the 
level of the receptor or the downstream signalling 
pathway may augment the cytotoxicity of 
chemotherapeutic agents and allow for improved 
clinical results at lower doses of drugs with 
decreased side-effects. 
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Bone Metastasis Microenvironment Participates in the Development 

of Androgen Ablation Refractoriness and Chemotherapy Resistance 

of Prostate Cancer Cells Residing in the Skeleton: Clinical 

Implications
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Abstract: The development of resistance to anti-cancer therapies is a major hurdle preventing long-lasting clinical 
responses to conventional or investigational therapies in hormone refractory prostate cancer. Herein, we 
analyze the molecular evidence which show that bone metastasis microenvironment survival factors, mainly 
paracrine, growth hormone (GH)-independent, urokinase-type plasminogen activator (uPA)-mediated 
production of insulin-like growth factor 1 (IGF-1) and endocrine, GH-dependent production of IGF-1 
(mainly liver-derived IGF-1), produce an epigenetic form of cancer cells resistance to pro-apoptotic 
therapies. In addition, we review the conceptual framework of a novel hormone manipulation for hormone 
refractory metastatic prostate cancer (combination of dexamethasone and somatostatin analog (SM-A)), 
which yielded durable objective responses and major improvement of bone pain and performance status in 
stage D3 prostate cancer patients. 

Key words: Osteoblastic metastasis, survival factors, metastasis microenvironment, androgen ablation refractoriness, 
uPA, growth hormone, prostate cancer, ET-1, insulin-like growth factor 1, Liver, epigenetic, pro-apoptotic, 
somatostatin, bone, TGFβ, osteoblasts, blood-brain barrier (BBB), brain vasculature, brain ECM, integrins, 
selectins, tetraspanins, FAK, MMPs, uPA/uPAR, HSPGs, HIF-1, VEGF, chemokines

1. CLINICAL SIGNIFICANCE OF 

BONE METASTASIS IN PROSTATE 

CANCER

In prostate cancer, the bones represent the most 
frequent site for metastasis (1). The typical clinical 
presentation of the disease spread to the bones 
includes pain, spinal cord compression, pathologic 
fractures and anaemia (2, 3). Pain is usually the first 
symptom of the disease bone involvement that it is 
produced by the mechanical and chemical 
stimulation of pain receptors in the 

periosteum/endosteum (4). Spinal cord compression 
results by the extradural expansion of the metastatic 
tumor while spinal angulation is secondary to 
vertebral collapses or dislocations produced by 
pathologic fractures. Back pain, motor weakness, 
sensory loss and autonomic dysfunction are the 
common symptoms of spinal cord compression (5, 
6). Pathologic fractures occur mostly as a result of 
the tumor mass weakening of bone architecture, 
whereas anaemia is secondary to the infiltration of 
bone marrow by metastatic tumor cells (7, 8). 
Therefore, the development of bone metastases is 

G. G. Meadows (ed.), Integration/Interaction of Oncologic Growth, 335-344.
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undoubtedly the major cause for morbidity and 
mortality in prostate cancer patients. 

Unfortunately, there exists no therapy capable of 
improving the median survival of 2.5 years assigned 
to prostate cancer patients with bone involvement 
(stage D2), even though most of them respond 
objectively to androgen ablation manipulations (9). 
In addition, as of yet no salvage chemotherapy can 
improve, so far, the median survival of 12 months 
assigned to patients progressing to androgen ablation 
refractory stage (stage D3) of the disease (10). 
However, the selective spread of prostate cancer in 
the skeleton (osteotropism), along with its consistent 
ability to incite locally the practically unique, in its 
nature for solid tumor, blastic reaction of host tissue 
(osteoblastic metastasis), strongly suggests that there 
exist specific autocrine, paracrine, intracrine, and 
endocrine regulatory mechanisms, which are 
activated at the interface of metastatic prostate 
cancer cell growth and bone (11). Notably, the sites 
of the disease spread to the bones coincide almost 
always with the same sites of disease progression to 
its terminal androgen ablation refractory stage (stage 
D3). Therefore, it is conceivable that bone 
metastasis microenvironment that induces the 
osteoblastic reaction can also alter tumor cell 
biology by “turning on” the molecular pathways of 
tumor cell survival, locally.This can explain the 
development of tumor cell refractoriness to 
anticancer therapies, particularly observed at disease 
metastatic sites in skeleton (12). 

2. BONE MICROENVIRONMENT 

AND PROSTATE CANCER 

METASTASIS IN SKELETON 

The development of bone metastasis, includes 
specific host tissue recognition of circulating 
prostate cancer cells, which is followed by tumor 
cell migration/invasion into the bone matrix, and 
finally by establishment of local cell interactions 
with bone matrix-residing cells, leading to the 
osteoblastic metastasis (13-17). Analysis of the 
pathophysiological mechanisms implicated at the 
initial stages of bone metastasis, such as the 

osteotropism of metastatic prostate cancer cells, is 
beyond the scope of this review article.  

Theoretically, at this initial stage of prostate 
cancer cells’ arrival in bones, tumor cells should be 
more or less equally distributed into the 
metabolically active “red” bone marrow-containing 
bones (18). Obviously, a critical number of tumor 
cells per ml of peripheral blood should be necessary 
to allow efficient bone colonization. Indeed, based 
on animal model data, the development of a single 
metastatic lesion requires the presence of more than 
10,000 tumor cells circulating in the blood stream 
(19, 20). Consequently, bones of particular high 
content of “red” bone marrow are expected to be the 
most frequent targets of initial implantation of 
circulating tumor cells. Indeed, clinical studies have 
confirmed the increased susceptibility for metastasis 
of bones rich in metabolically active “red” bone 
marrow (21, 22). 

However, at this initial stage of bone invasion 
(micrometastasis stage), tumor cell survival is 
challenged by the intense immunological 
surveillance of bone marrow. Consequently, tumor 
cells, in order to survive, need to migrate into bone 
matrix (Figure 1). In the bone matrix, bone matrix-
residing cells provide a plethora of growth/survival 
factors, such as insulin like growth factor 1 (IGFs), 
transforming growth factor s (TGF s), bone 
morphogenetic proteins (BMPs), basic fibroblast-
derived growth factor (bFGF), which all have a 
supportive role for tumor cell growth and survival.  
This crucial migration of tumor cells into bone 
matrix employs the activation of a tumor cell-
orchestrated, but nevertheless, osteoclast-
mediated bone resorption, locally (11, 18, 23-25). 
So far, there exist no data to support a direct tumor 
cell-mediated bone resorption in the absence of 
osteoclasts. Indeed, at quiescence (resting phase) of 
bones, osteoclasts are not part of bone matrix-
residing cells, therefore, it is fair to conclude that 
prostate cancer cells should stimulate bone 
resorption by attracting pre-osteoclasts (chemotaxis) 
and by stimulating osteoclast differentiation (fusion 
and formation of mature osteoclasts; Figure 1).

Indeed, prostate cancer cells express humoral 
factors, such as the macrophage colony-stimulating 
factor (MCSF), transforming growth factor beta 
family (TGF ), parathyroid hormone related 



19.Bone Metastasis Microenvironment 337

Figure 1. Tumor cell-orchestrated induction of osteoclastogenesis. Note the role of tumor cell-produced IL-6, PTHrP and 
bone cell-produced RANKL for the activation of osteoclastogenesis, which results in the activation of osteoclast-mediated 
bone resorption at the sites of bone metastasis. 

protein (PTHrP), interleukin-1 (IL-1) and IL-6, 
regulating osteoclastogenesis, locally (25-30). It is, 
herefore, fair to conclude that the local cell-cell 
interactions between tumor cells and bone cells, 
which are established after tumor cell migration into 
the bone matrix would either favor the 
predominance of bone formation or bone resorption, 
thereby producing blastic, lytic or mixed type of 
bone lesions 

In this context, a large number of bone 
metastasis microenvironment humoral factors, such 
as proteases (prostatic specific antigen (PSA), 
urokinase-type plasminogen activator (uPA), 
metalloproteinase (MMPs)), bone morphogenetic 
proteins (BMPs), osteoprotegerin (OPG), 
endothelin-1 (ET-1), IGFs, platelet-derived growth 
factor (PDGF), TGF s, IL-6, and bFGF have been 
shown to contribute to the unique ability of 
metastatic prostate cancer cells of producing 
osteoblastic lesions (11, 16, 31-49). 

Among bone metastasis microenvironment-
related humoral factors ET-1, a potent 
vasoconstrictor peptide, has been recently implicated 
in the pathophysiology of osteoblastic bone 

metastases. ET-1 levels were found increased in 
plasma of prostate cancer patients with bone 
metastasis. In addition, in vitro studies demonstrated 
that ET-1 increases osteoblast proliferation and 
osteoblast-specific gene expression. Indeed, prostate 
cancer cells produce ET-1 while the expression of 
the ET-1 clearance receptor B is lost during prostate 
cancer progression to androgen ablation refractory 
phenotype. Furthermore, the overexpression of ET-1 
in murine bone was shown to increase of bone 
formation, a result that was effectively blocked by 
the administration of ET-1 antagonist. ET-1 
stimulates the proliferation of a variety of cell types, 
however, it was recently shown that ET-1 is more 
potent as mitogenic cofactor of several growth 
factors, including IGFs. In addition, ET-1 exerts 
survival factor actions, inhibiting apoptosis of 
prostate cancer cells, in vitro. 

In addition, IGFs are also abundant in human 
bones (bones are second to liver for IGFs content), 
and have chemotactic, proliferative and 
antiapoptotic effects on a wide variety of cells, 
including prostate cancer cells and pre-osteoblasts. 
IGF-1 exerts its action through the IGF-1.R, a 
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tyrosine kinase receptor, while its interactions to 
IGF-1.R are modulated by six IGFBPs. All IGFBPs 
contain higher affinity for IGFs that this of IGF-1.R. 
Notably, more than 90% of the circulating IGFs are 
bound to IGFBP-3, suggesting that IGFBP-3 is a 
major modulator of IGFs activity in biological 
fluids. Moreover, IGFBP-3 exerts IGF-independent 
growth actions and pro-apoptotic effects on several 
cancer cell types (11, 43, 50). Our group, among 
others, has shown that prostate cancer cells regulate 
IGFs levels at metastatic sites by selective uPA-
mediated IGFBP-3 proteolysis (32, 34, 37, 40, 51-
54), mediating the uPA mitogenic activity for 
osteoblasts (25, 31, 32, 40, 50-53, 55).  

Moreover, the tumor cell-activated growth 
substances, such as IGFs and TGFbs stimulate the 

production of osteogenic BMP-7, PDGF-BB, bFGF 
by the bone matrix-residing cells (lining cells and 
osteocytes), which in their turn, stimulate 
recruitment, proliferation, and final differentiation 
(Runx2 expression) of osteoprogenitor cells to 
mature osteoblasts (49, 56). Therefore, bone 
metastasis microenvironment-related growth factors 
via OPG taper down osteoclastogenesis, thereby 
reducing osteoclast-mediated bone resorption, while 
uPA, TGF 1, BMP-7, IL-6, bFGF, PTHrP, IGFs, 
Runx2 and ET-1 favour recruitment – proliferation – 
differentiation of osteoprogenitor cells to mature 
osteoblasts, thereby producing the osteoblastic 
reaction, locally (Figure 2). 

Figure 2. Prostate cancer-produced and bone matrix cell-derived growth substances in the pathophysiology of osteoblastic 
metastasis in prostate cancer. Note the importance of the prostate cancer cell-derived osteoprotegerin (OPG), which can 
inhibit osteoclastogenesis (antagonizing RANKL) the same time that bone metastasis microenvironment-related growth 
factors favour the recruitment of the osteoprogenitor cells, which then proliferate and differentiate(Runx2 expression) to 
mature osteoblasts, locally. 
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3. BONE METASTASIS 

MICROENVIRONMENT AND 

DEVELOPMENT OF ANDROGEN 

ABLATION REFRACTORINESS 

AND CHEMOTHERAPY 

RESISTANCE OF PROSTATE 

CANCER CELLS IN BONES 

Although the androgen regulatory axis has been 
widely studied in the context of prostate cancer 
progression and metastases, it is becoming apparent 
that many other factors are important in the biology 
of prostate carcinoma growing into bones. These 
include growth factors, cytokines, and hormones (8, 
11, 12, 18, 29, 46, 47, 50, 54, 57-61). In the prostate 
cancer field, refractoriness to androgen ablation and 
chemotherapy was originally determined at the 
genetic level by cell clones possessing 
mutations/chromosomal abnormalities. 

Consequently, it was initially suggested that bone-
associated growth factors, such as EGF, bFGF, 
tumor necrosis factor  (TNF ), IGF-1, PDGF, 
TGF 1, IL-6 and IL-1  act differentially on 
androgen-insensitive (PC-3 and DU145) vs 
androgen sensitive (LNCaP, VCaP, MDA PCa 2a, 
PCa 2b, and DUCaP) prostate cancer cells. 
However, recent data suggested that androgen-
independent prostate cancer cells do not respond 
preferentially to mitogens of bone metastasis 
microenvironment (62). Therefore, the development 
of refractoriness is not the result of selective 
mitogenic action of bone microenvironment-related 
growth factors on genetically altered tumor cells. 

It is, therefore, conceivable that the bone 
microenvironment-related growth factors by 
inhibiting androgen ablation-induced and 
chemotherapy-induced apoptosis of tumor cells 
result in androgen ablation- and chemotherapy 
resistant-growth in skeleton (Figure 3). 
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Figure 3. Schematic representation of the major role of bone metastasis microenvironment-related survival factors in the 
development of prostate cancer cell refractoriness to anticancer therapies in bone metastasis. 

Indeed, bone metastasis microenvironment 
growth factors rescued metastatic prostate cancer 
cells from anticancer drug-induced apoptosis (11, 
50, 51, 54, 63-65). Also, IGF-1 and other bone-

related growth factors, such as TGF 1, IL-6, bFGF 
were shown remarkable ability to neutralize the 
cytotoxic actions of doxorubicin on PC-3 cells, in 
vitro. Although, IL-6 was more potent than IGF-1 in 
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neutralizing the doxorubicin-induced apoptosis of 
PC-3 cells, the interpretation of these in vitro data 
should take into account other biological parameters, 
such as the inhibition of proliferation by TGF 1 and 
the minimal effect of IL-6 and bFGF on the 
proliferation of PC-3 cells. Thus, the role of TGF 1,
IL-6 and bFGF as survival factors is perhaps less 
important than that of IGF-1, which has been shown 
to rescue prostate cancer cells from doxorubicin-
induced apoptosis and to stimulate the growth of 
surviving prostate cancer cells. Furthermore, anti-
apoptotic activity of these survival substances has 
been tested in vitro at final concentrations ranging 
from 1 ng/ml up to 25 ng/ml, which are super-
physiological for IL-6, bFGF and TGF 1 with 
respect to those detected in biological fluids 
(peripheral blood: normal range of IGF-1 = 100-280 
ng/ml versus normal range for IL-6; bFGF and 
TGF 1 < 1 ng/ml). Therefore, IGF-1 was rightfully 
named as the major survival factor for prostate 
cancer cells in bone metastasis microenvironment 
(66). In addition, it is important to note that bone 
metastasis microenvironment-growth factors, such 
as IL-6, IGF-1, TGF 1, bFGF can increase the 
expression of PTHrP mRNA of prostate cancer cells 

and PTHrP overexpression is directly linked with a 
significant survival factor activity in prostate cancer 
cell lines (26, 27, 67). 

Therefore, whereas most chemotherapy 
approaches to the treatment of prostate carcinoma 
rely on the responsiveness of this tissue to the 
androgen-estrogen axis, a novel approach for 
therapy may be needed in patients with far advanced 
prostate cancer, an approach based on the 
manipulation of these local growth/survival 
regulators of tumor cell survival, such as IGFs, 
TGF 1, IL-6, ET-1 and PTHrP (50, 61, 63, 64, 68-
71). Indeed, clinical trials aiming the suppression of 
IGF-1 activity in bone metastasis have employed a 
novel combination therapy consisting of 
somatostatin analogs (SM-A), which can reduce the 
GH-dependent IGF-1 bioavailability, and 
dexamethasone, which can reduce the GH-
independent/uPA-mediated local increase of IGF-1 
bioavailability (uPA-orchestrated hydrolysis of 
IGFBPs in bone metastasis). This novel combination 
therapy showed clinical efficiency and efficacy to 
re-introduce objective and sustainable objective 
responses to androgen ablation therapy in androgen 
refractory prostate cancer patients (64, 68). 

Figure 4. Schematic representation of a bone-targeted hormone manipulation consisted of somatostatic analog and 
dexamethasone, which produces clinical responses in patients with androgen ablation refractory (stage D3) prostate cancer. 
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Also, recent studies have demonstrated that 
dexamethasone alone can reduce IL-6 levels in 
peripheral blood of patients with androgen ablation 
refractory prostate cancer and this IL-6 reduction 
conforms with objective clinical responses in such 
patients with far advanced prostate cancer (72). 
Therefore, hormone manipulations (bone-targeted 
therapy) that can reduce the circulating levels of 
bone metastasis microenvironment-related growth 
factors, such as IGFs and IL-6 produce objective 
clinical responses in stage D3 prostate cancer 
patients (Figure 4). 

4. CONCLUSION 

Analysis of the molecular mode of action of 
bone metastasis microenvironment-related anti-
apoptotic factors on the survival of prostate cancer 
cells may enable a more complete understanding of 
the development of prostate cancer cell 
refractoriness to anti-cancer therapies in the stage 
D3 prostate cancer patients. The bone-targeted 
therapeutic approach of a combination therapy, 
using dexamethasone and SM-A illustrates a novel 
paradigm in cancer treatment: anti-tumor treatment 
strategies may not only aim at directly inducing 
cancer cell apoptosis, but can also target the tumor 
metastasis microenvironment, and neutralize the 
protection it confers on metastatic cancer cells. The 
low toxicity profile of such a novel therapeutic 
approach calls for its testing in a randomized 
controlled setting in metastatic prostate cancer and, 
conceivably, in other IGF-1-responsive and IL-6-
responsive malignancies. 
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Abstract: The search for effective cancer therapies is one of the foremost priorities of modern-day research. In recent 
times, enormous strides have been made in the understanding of the molecular events that underlie cancer 
progression and in the development of promising therapies against relevant molecular targets. The molecular 
signalling pathways that modulate tumourigenesis, especially those involved in cell migration and adhesion 
are logical foci for molecular intervention. Angiogenesis is a validated target from which combination 
approaches are now being entertained, and agents against new and known targets are under development. 
Further advances are needed to use these agents to their best advantage and to demonstrate proof of concept 
of the target.  To that end, new technologies are being developed and applied to patient trials.  The local 
microenvironment and the tumour-host interface are dynamic areas that are understudied as therapeutic 
directions.  Stromal therapy, focused to the paracrine interactions at the microenvironmental level is an 
important new direction. 

Key words: Migration, adhesion, angiogenesis, molecular therapeutics, stem cells, microenvironment, tumour 
progression, membrane receptors, integrins, proteomic analysis, EMT, MET, VEGF, PDGF, fibroblast 
growth factor, growth factor receptors, extra cellular matrix 

1. INTRODUCTION 

Numerous abnormal events in a cell’s 
microenvironment contribute to the threshold 
driving it to dysregulated growth. The sheer number 
of molecules that are involved in cell growth, and as 
such, abnormal growth, makes pinpointing a single 
therapeutic target not always feasible. The quest for 
a cure for cancer is unlikely to be satisfied by a 
single “killer drug”. Very few if any cancers are 
truly monogenic phenotypes.  Those that appear to 
be, such as chronic myelogenous leukemia, driven 
by the bcr-abl fusion gene, have taught us that 
cancer remains plastic and able to circumvent our 
best interventions. One method to overcome the 

plasticity of cancer is to recognize that cancer is not 
simply a disease of autonomous cells, but still a 
disease of local communication. The study of the 
tumour-host microenvironment is a leading area of 
investigation addressing this important biological 
and biochemical event and has already yielded many 
potential therapeutic targets.  

Although abnormal tumour growth is the 
fundamental problem in cancer, it comes second in 
importance to tumour invasion and metastasis, the 
sine qua non of cancer. A tumour that does not 
invade or metastasize is generally non-malignant 
and more likely curable; it is when a tumour invades 
into the local environment and enters the vasculature 
or lymph nodes that patient survivability decreases 
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dramatically. Hence, it becomes critical to address 
the cellular mechanisms of invasion and metastasis 
in the context of the tumour and its local milieu from 
which to identify and validate targets for therapeutic 
intervention. Invasion and metastasis can be broken 
into three main categories: Recognition of and 
association with the extracellular milieu, disruption 
and penetration of the surrounding milieu, and cell 
migration through the surrounding environment to 
the vascular or lymph vessels (1-3). The interaction 
between the tumour and its local micro-milieu is a 
key factor in invasion. 

As such, current research has been centred 
heavily on elucidating factors that promote tumour 
cell invasion. There have been tremendous advances 
in dissecting the cellular signalling pathways and 
regulation of secreted factors, such as proteases. 
Many insights have been developed into the 
signalling and cellular machinery involved in 
migration through the extracellular matrix (ECM). 
Such signalling pathways are interconnected and 
interdependent. A series of individual disruptions in 
the proper function of key molecules can push a 
threshold that collectively shifts the cell’s machinery 
towards dysregulated growth.  

The microenvironment plays a major role in 
tumour growth and development prior to or 
concurrent with invasion by initiating and 
propagating cellular events. Tumour cells receive 
positive and negative stimuli from several sources.  
Cell-cell contact and cell-ECM contact are examples 
of outside-in signalling (4-6).  In addition, soluble 
factors such as growth factors provide added input.  
These can result in inside-out signalling through 
secondary production and secretion of factors for 
autocrine and paracrine consumption and inside-out 
stimulation of cell-cell or cell-matrix interactions or 
release.  Such mechanisms have similarities in their 
signalling.  Growth factor receptors of the receptor 
tyrosine kinase class, such as the epidermal growth 
factor receptor (EGFR) or the platelet-derived 
growth factor receptor (PDGFR), activate a range of 
downstream molecules through direct or indirect 
phosphorylation and second messenger release (7, 
8). Example molecules for which involvement in 
invasion, metastasis, and or malignant progression 
have been shown include phospholipase C-γ (PLCγ)
extracellular-signal regulated kinase (ERK) and src. 

These molecules also may be stimulated by 
integrins, transmembrane receptors for ECM 
molecules. Thus, a significant number of 
cytoplasmic molecules serve as convergence points 
for different upstream sources. These convergence 
points are logical targets for molecular therapeutic 
intervention. 

Tumours are not alone in their outside-in and 
inside-out signalling. Cellular components of the 
local microenvironment, inflammatory cells, 
endothelial cells, mesenchymal cells, are also 
dynamically interacting with the environment and 
responding to changes stimulated by the intrusion of 
the cancer. Hence, angiogenesis, the process of 
sustaining tumour microenvironment via sprouting 
of vasculature becomes essential. Angiogenesis is 
the endothelial cell response to the activation of its 
signalling pathways through exposure to paracrine 
growth factor and ECM changes.  It requires the 
same events: interaction with the ECM, local 
proteolysis, migration and proliferation (1). The 
study of angiogenesis has taken priority among 
many investigators to discover methods of starving 
tumours through its disruption. 

Cell signalling is a highly dynamic process, and 
select cell responses are linked to a cascade of 
pathways. A current focus is to pinpoint potential 
cellular and extracellular components that, when 
collectively inhibited, would produce successful 
blockade of the tumour and of its coupled support 
structures. The tumour-host interface provides one 
important area of exploration, especially as it is at 
this juncture where major mechanisms of tumour 
invasion occur.  

2. THE CANCER 

MICROENVIRONMENT

A cell’s normal function is characterized by its 
ability to maintain its balance through a myriad of 
internal and external stimuli to which it is exposed to 
during its life cycle (Figure 1). A combination of 
growth factors, extracellular and intracellular ion 
fluxes, extracellular matrix proteins, and other 
stimuli act in concert to maintain a cell’s function. 
There are constant gradients of any particular ligand 
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or ion on either side of the cell membrane that act to 
maintain or reverse particular stimuli. Normal cells 
have a series of checks and balances to ensure that 
no stimulus is maintained beyond its physiologic 
requirement. It is failure of these controls that 
contributes to abnormal growth and invasive 
phenotypes. Therefore, an understanding of these 
checks and balances in the context of the local 
tumour microenvironment, and the cellular switches 
that control them, is a major goal for successful 
development of therapeutics. At least three caveats 
exist when trying to apply findings of bench 
research to actual therapies. First, much of the 
research is done in a two-dimensional in vitro

environment in cell cultures that do not necessarily 
translate to a physiological three-dimensional 
environment. For example, cells surrounded by 
ECM in a three-dimensional setting do not form the 
same stress fibre and focal contact patterns as cells 
on two-dimensional settings (9). Second, the use of 
animal models is almost universal, although it is 
unknown how relevant these models are to human 
cancer. Third, artificial manipulation of pathways 
through mutation, xenograft carcinogen, and 
transgenic stimuli create models that are unlikely to 
recapitulate the human cancer molecularly. Thus, 
successful traversal of pathways in these models 
may be useful for proof of concept but may not 
provide accurate information related to human 
disease.

2.1 Membrane receptors interact with the 

microenvironment to modulate tumour 

progression 

Growth factor receptors play a major role in 
relaying signals at the tumour-host interface. The 
extracellular domains of these transmembrane 
proteins bind a wide variety of ligands that are 
present in the extracellular milieu, secreted by 
adjoining or local cells (paracrine signalling) or the 
cell itself (autocrine signalling). Receptor tyrosine 
kinases contain cytoplasmic kinase domains that 
phosphorylate target tyrosine residues. These 
receptors also have cytosolic domain target tyrosine 
residues that can be autophosphorylated or 
transactivated by kinase domains of other receptors 

with which they are aggregated when stimulated (8, 
10-12). Receptor tyrosine kinases also phosphorylate 
and activate downstream effector molecules tyrosine 
residues located on the recipient molecules’ src 
homology 2 (SH2) or phosphotyrosine binding 
(PTB) domains (13). There are at least three 
potential ways that receptors can become 
dysregulated in their signalling: activating or 
blocking mutation, hyperactivity due to increased or 
prolonged stimulus, or overexpression of receptor 
quantity. Overexpression of receptors, due to 
genomic amplification, transcriptional activation 
and/or increased survival of message and/or protein 
is a common receptor event in transformed cells. 
Increased receptor availability means the potential 
for increased interaction with microenvironmental 
stimuli. Among the most studied of such 
overexpressed receptor tyrosine kinases is the 
prototypical epidermal growth factor receptor 
(EGFR), which has the advantage that it does not 
share its main ligands (such as EGF or TGFα) with 
any other receptor (8).

Studies of the EGFR have shed tremendous light 
on the plethora of signalling events that are triggered 
by growth factor receptors and continue to reveal 
significant aspects of cell function and growth.  It is 
involved in almost all carcinomas studied to date in 
some fashion and is also a target in the 
microenvironment (14).  EGFR is a major target for 
therapeutic intervention, most recently with FDA-
approved drugs such as cetuximab (Erbitux) or 
gefinitib (Iressa). Both agents have been shown 
experimentally to regulate both the tumour and the 
local events, such as angiogenesis (15, 16). Proteins 
that lie parallel to or downstream of EGFR have 
provided valuable insight as to how signals 
associated with tumour-host interactions are 
propagated and act in concert to provide for cell 
signalling dysregulation. Cell migration, a rate 
limiting step in tumour invasion, is a prime example 
of such dysregulated signalling, and the role of 
EGFR in migration will be used for discussion in 
order to give a sense of the complexity of 
pinpointing proper therapeutic targets in the leading 
invasive edge. 
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2.2 Growth factor receptors sense 

environmental signals that stimulate 

cell migration 

Growth factor-mediated migration involves a 
meshwork of cellular pathways that produce a series 
of events that cause a cell to translocate from one 
area to another (Figure 2).  Prior to its actual 
movement, a cell becomes polarized and forms a 
leading edge at one end and a trailing edge on the 
other by creating a gradient of various ions across its 
membrane and cytoplasm (17, 18). In addition to 
extensive intracellular signalling, chemotactic 
stimuli in the form of ions, ECM proteins, or 
fragments from the microenvironment help mould 
the cell into a polarized state (19), and many studies 
illustrate the marked localization of individual 
cellular components to either the leading or trailing 
edge (20, 21). The next step in migration is 
extension, where the leading edge extends forward 
and attaches to a new scaffold position. Extension 
involves a series of signalling events coupled to 
actin cytoskeleton polymerization to extend the 
lamellipod forward (22). EGFR or other receptor 
tyrosine kinases and their downstream effectors 
stimulate members of the cytosolic Rac and Rho 
families that then regulate membrane ruffling and 
lamellipodial extension (23-25). Concurrent with 
extension is the process of forming a focal contact 
and recruitment of outside-in signalling partners to 
form a focal adhesion. The focal adhesion is the site 
of cell anchorage to the extracellular milieu and of 
its signalosome through which the information is 
propagated (26, 27). 

The focal contact is the hallmark of an adherent 
cell, and it defines the structure and position of 
tumour cells in the microenvironment. It is rich in 
integrins, adhesion-related kinases, and other 
proteins or receptors that make up the signalosome. 
Many of the focal adhesion components are proteins 
that are directly or indirectly signalled by growth 
factor receptors, such as EGFR. Src is a non-
receptor kinase that is activated by EGFR, integrins, 
and other transmembrane receptors and in turn binds 
to such molecules as focal adhesion kinase (FAK), a 
major component of the focal adhesion (28). 
Activated FAK is required for cell migration; FAK   
-/- cells have severely diminished migration which 

can then be restored by reintroducing FAK (29, 30). 
FAK is also activated by integrins, signalling 
through its partner proteins such as paxillin and talin 
(29, 31). These molecules are all localized to the 
focal adhesion and serve as building blocks of the 
complex.

Cell adhesion is an important potential target for 
therapeutic intervention because of its importance to 
migration and invasion of tumour and endothelial 
cells. Targeting adhesion, while not dealing with 
tumour growth, could restrict the tumour’s ability to 
migrate and invade. However, such therapies may 
not be sufficient as tumour cells lose the apoptotic 
response to matrix-detachment, a process known as 
anoikis (32).  This is an important differential 
between malignant cells and normal cells.  
Malignant invasive carcinoma cells are not attached 
to basement membrane as are normal epithelial cells, 
as they develop an acute survival mechanism.  
Interestingly, upregulation of survival pathways is 
associated with acquisition of the metastatic 
phenotype (33-35). Although it makes sense that a 
cell that does not adhere well is more agile and 
motile, a cell that has abnormally strong adhesion 
may be equally prone to higher invasion and 
especially metastasis, as it requires tumour cells 
attaching at distant locales. Such complexity in the 
mechanisms of adhesion only enhances the 
importance of further study and provides numerous 
potential sites for therapeutic intervention. 

The next step of migration is cell body 
translocation, which involves a shift of the main 
bulk of the cell from the original point towards the 
new leading edge once focal adhesions have secured 
it. This step involves receptor signalling that cause 
the actin cytoskeleton to contract and pull the cell 
body forward. EGFR and other receptor tyrosine 
kinases are involved in this step. PLCγ, a 
downstream target of receptor tyrosine kinases, is 
activated by binding the autophosphorylated 
receptor tyrosine residues on the cytoplasmic tail 
through its SH2 domains. After it is phosphorylated 
by the activated receptor, PLCγ cleaves its substrate, 
phosphatidyl inositol bisphosphate (PIP2), on the cell 
membrane. PIP2 normally anchors a number of actin 
modifying proteins such as profilin, which is 
involved in actin polymerization, and gelsolin, 
involved in actin capping, that are released upon 
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PIP2 cleavage (36-38). The cleavage products of 
PIP2 are inositol trisphosphate (IP3) and 
diacylglycerol (DAG). IP3 is a potent activator of 
intracellular calcium release and secondary calcium 
influx that is needed to activate cytoskeletal 
reorganization (39, 40). DAG activates common and 
novel protein kinase C isozymes (PKC), functioning 
as calcium ion regulators as well as kinases to 
phosphorylate critical serine and threonine residues 
for further signal propagation to downstream 
effectors such as paxillin, ezrin, and akt (41-47). 

The final step in migration is detachment of the 
trailing edge, which determines the rate of cell 
migration (48). It includes decomposition of the 
focal adhesions and release of the cell from its link 
to the local microenvironment. It is not completely 
clear what triggers a cell to dissolve focal adhesions. 
Cytoskeletal contractile forces pull the cell forward, 
with receptor signalling, ECM interaction, and 
cellular ion gradients playing a combined role in 
stimulating focal adhesion disassembly (26, 49). 
Integrins are shed as the cell detaches (50). This can 
result in further loss of signal and accelerate focal 
adhesion disassembly. Activation of src and ERK by 
receptor tyrosine kinases such as EGFR also 
activates calpain (51-53), a calcium-dependent 
protease which cleaves numerous focal adhesion 
proteins.  A shift of balance from promotion of 
adhesion and motility to increased disassembly and 
would be a mechanism through which adhesion and 
migration could be shut down. Studies have shown 
that these principles of adhesion and migration apply 
in concept to three dimensional model environments, 
as would be the case in vivo (9). 

2.3 Cells receive survival signals from the 

microenvironment

More recent studies have elucidated important 
links between seemingly independent pathways.  For 
a long time, the proliferation, survival, and 

metastatic pathways were perceived as unrelated.  
The demonstration that apoptosis caused by loss of 
attachment to ECM, anoikis, is identical to that of 
growth factor starvation or other forms of 
programmed cell death, links the survival and 
invasion pathways. Proteins such as 
phosphatidylinositol 3’ kinase (PI3K) that have been 
shown to be necessary and sufficient to protect many 
cell types, including endothelial cells, from anoikis 
and other forms of death are also activators of 
angiogenesis and metastasis (54-56). 
Lysophosphatidic acid (LPA) activates PI3K 
downstream of its G protein-coupled receptor (57). 
This results in upregulation of invasion and 
metastasis, inhibition of anoikis, and production of 
proangiogenic cytokines and proliferative stimuli. 

Other links have been identified. PLCγ has also 
been shown to be phosphorylated by FAK (58). This 
implies an indirect recruitment of PLCγ by integrins, 
the major upstream activators of FAK and link to the 
outside microenvironment. In separate studies, FAK 
has been shown to interact with the tumour and 
metastasis suppressor PTEN (59), one function of 
which is to inhibit activity of the survival pathway 
protein Akt. Akt is regulated by PIP3, the product of 
PI3K, which itself is activated downstream of the 
EGFR family and other receptor tyrosine kinases 
and is an activator of Akt  (60-64). These findings 
reinforce that the cell is meshwork of interconnected 
signalling pathways responsive to outside-in 
receptor and ECM-mediated signalling.  They also 
show that targeting the invasion and metastasis 
processes will also entail targeting tumour and 
endothelial cell survival.  Confrontation at multiple 
signalling fronts would be expected to be at least 
additive and perhaps synergistic.
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Figure 1. Some of the signalling pathways involved in tumour cells. Receptors at the membrane such as receptor tyrosine 
kinases (RTKs) or integrins propagate downstream effector molecules that, while stimulating phenotypic changes such as 
migration or proliferation, are also involved in cross-talk. 

2.4 Non-receptor tyrosine kinase target 

proteins involved in microenvironment 

signalling  

Integrins. Integrins are heterodimeric 
transmembrane receptors consisting of an α and β
chain. Their function is to communicate between 
cells and their surrounding ECM through large 
extracellular domains, while transmitting signals to 
the intracellular milieu through the cortical actin 
cytoskeleton via short cytoplasmic domains (65, 66). 
Integrins crosstalk with proteins involved in cell 
survival, proliferation, and differentiation pathways 
showing their versatility (4). As integrins aggregate 
at the focal adhesion , they recruit their signalosome 
components that signal downstream to promote 

motility, survival, and/or proliferation. However, the 
redundancy in integrin ligands and signal targets has 
made understanding such recruitment and signalling 
difficult. This redundancy is in part traversed as 
integrins that bind multiple ECM ligands may 
propagate different intracellular messages. For 
example, it is thought that selective adapter proteins, 
such as caveolin (67), interact with some α subunits 
of integrin but not others to produce unique 
signalling. Integrin β1, a ligand for multiple ECM 
components, has been shown to be required for 
fibroblast and tumour cell migration across three-
dimensional matrices (reviewed in (9)). 
Alternatively, other groups have shown that receptor 
affinity to their ligands can be switched from low to 
high via unidentified intracellular components (68).  
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Many studies have shown that blocking of 
integrins in turn inhibits tumour and endothelial cell 
migration. These events are dependent on the select 
integrin subunits to be blocked and the ligand 
substrate to which the integrin binds and the cell is 
bound to and/or across which the cell is migrating. 
Blockade of  α5β1 integrin inhibits migration of 
many cell types on vitronectin (69), but is not 
effective in blockade of binding to collagen type IV. 
Blocking of α6β1 inhibits endothelial cell migration 
on laminin-8, but not on fibronectin (24). Integrins 
are also important in regulating angiogenesis, where 
they play a key role in outside-in signalling from the 
stromal and basement membrane ECMs to promote 
vascular proliferation and sprouting (70). Integrin 
αvβ3, a receptor for vitronectin, is a validated 
molecular target for intervention of angiogenesis. 
Inhibitors to αvβ3 (Vitaxin), αvβ5, or both 
(Cilengitide), as well as inhibitors of α5β1 are 
currently in different phases of clinical trials 
(reviewed in (70)). Both peptidomimetics and 
blocking antibodies have been advanced from 
preclinical studies into clinical trials (71).  This 
integrin is selectively partnered with vascular 
endothelial growth factor receptor-2, providing a 
mechanism for signal amplification and driving a 
logical combination of these agents with those that 
inhibit VEGFR2.  

Among the downstream proteins activated by 
integrins are integrin-linked kinase (ILK), FAK, and 
src, all currently active targets for small molecule 
therapeutics. Combinatorial therapy of integrin 
inhibition with inhibitors of their downstream 
signalling and/or trans-signalling events may 
provide a less toxic but equally effective approach.  

Matrix metalloproteinases. Several classes of 
proteases are under study and are targets for 
therapeutic intervention.  The matrix 
metalloproteinases (MMPs) are the best studied to 
date.  They are structurally related endopeptidases 
that dissolve and rearrange the extracellular matrix, 
are dependent on zinc, and are induced by growth 
factors or cytokines. MMPs are key interlocutors 
with the microenvironment in at least two ways.  
First, they degrade the ECM to carve a path through 
which cells migrate into the mesenchyme; and 
second, they release soluble factors from the 
extracellular matrix (72, 73). They are structurally 

divided into functional groups on the basis of their 
substrate (73-76). MMPs are also required for the 
invasive behaviour underlying angiogenesis (77).  
Increased MMP activity in tumours is often directly 
correlated with poorer prognosis, with many studies 
illustrating the role of various MMPs with different 
types of tumour invasion and metastasis (76, 78). 
There are at least four types of described tissue 
inhibitors of metalloproteinases (TIMPs). These 
interact with MMPs dynamically to balance ECM 
remodelling. MMPs are released or bound to 
membrane molecules as inactive zymogens that are 
activated proteolytically outside the cell membrane 
autocatalytically or by directly cleavage by 
extracellular proteinases (73). Attempts have been 
made to therapeutically target MMPs; therapeutics 
development can be and has been general or 
subclass specific and has been of limited success to 
date. Several first and second generation agents have 
had untoward toxicities (79, 80). 

Rho-family GTPases. Rho family proteins have a 
vital role in changing cell morphology and 
organization of actin in adhesion, migration, and 
proliferation. They are molecular switches that are 
active when bound to GTP, from which they activate 
their downstream effector molecules, or inactive 
when bound to GDP (81).  Three members of the 
Rho family stand out due to their role in membrane 
protrusion and ruffling: Rac, RhoG, and Cdc42. Rac 
stimulates membrane actin organization into 
lamellipodial extensions; RhoG, a newer member of 
the Rho family, may activate Rac (81), and Cdc42 
induces actin polymerization into filopodial 
formation (81, 82). Effectors of these members of 
the Rho family also can function as upstream 
activators, creating circular loops to enhance their 
effects. These molecules also are key to cell 
polarization and are necessary for tumour and 
vascular remodelling. Cdc42 recruits the 
microtubule organizing centre towards the leading 
edge of the cell, leading to an overall increased 
presence of specific molecules involved in the 
protrusive machinery. PAK1, which itself can 
activate Cdc42 through stimulation by G protein-
coupled receptors is also a target of Cdc42 (83). 
Cdc42 may also recruit PI3K, generating PIP3 that 
stimulates Rac resulting in lamellipodial extension 
and inhibition of PTEN (83). Finally, through 
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positive feedback loops, Rac activates PI3K, leading 
to more Rac activation. Integrins which aggregate at 
the leading edge activate Rac, which leads to more 
integrin recruitment (66). On the trailing edge of the 

cell, RhoG, which both activates and is antagonistic 
to Rac, stabilizes the microtubules and facilitates 
focal adhesion disassembly, thus helping to release 
the rear end of the cell. 

Figure 2. Cell migration and amplified molecular events at the tumour cell - ECM interface. A host of signalling pathways 
are involved in cell polarization, extension of the leading edge, cell body translocation, and detachment from the leading 
edge. In invasion, these events are dysregulated, and cells press through the ECM with abnormal focal adhesion 
signalosome and MMP secretion activity and also release soluble factors from the ECM to propagate the abnormal cellular 
signalling (Based on (26)). 

2.5 Therapeutic targeting of signalling 

pathways governed by cancer cell – 

microenvironment interactions 

Biological systems are redundant. This is 
necessary to allow the normal cell to maintain a 
dynamic stability in the face of a changing local 
environment (1).  This is demonstrated in part by the 
ability of normal cells to tolerate some signal 
interruption whereas in some cases the tumour cell 
will die.  Normal cells are less addicted to selected 

pathways and are able to use a redundant mechanism 
to protect themselves. Such a mechanism may be 
involved in either physiological or pathological 
situations.  Angiogenesis is critical in wound 
healing, development, and reproduction, but is also 
seen in tumour dissemination. Thus, context is 
important for checks and balances to work. 
Activation of endothelial cells in corpus luteum 
development is under local microenvironment 
control allowing it to be turned off when necessary, 
whereas activation of endothelial cells in malignant 
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neovascularization and even in psoriasis is not 
responsive to stop messages if they exist. Cell 
migration through three-dimensional lattices uses 
proteolytic enzymes to carve a path for the cells. 
When proteolysis was impaired by the use of 
inhibitors, cells adapted to use a different method of 
migration, amoeboid migration.  This was associated 
with a decrease in β1 integrin clustering (84). 

2.5.1   Targeting the receptors 

Many current therapeutic studies target the 
membrane receptors that are the most upstream of 
the dysregulated signalling pathways. To this end, 
targeting EGFR is one of the modern approaches to 
targeting tumours in patients.  Gefitinib (Iressa) is 
one of several perceived promising therapeutic 
agents at this writing to target EGFR. It is a specific 
EGFR tyrosine kinase inhibitor that blocks 
autophosphorylation by binding to the ATP binding 
site of the kinase and results in inhibition of 
activation of downstream targets such as ERK or 
PAK-1 (85). This agent has been shown to increase 
survival in lung cancer patients when administered 
with chemotherapy in a phase II trial (86, 87). 
Preclinical data also has shown it to be useful in 
combination with other therapies such as radiation 
therapy and trastuzumab (Herceptin) (88).  Other 
agents under investigation are not specific only to 
EGFR but can target two or more members of the 
EGFR/ErbB receptor family. GW572016 is a dual 
EGFR and ErbB2 tyrosine kinase inhibitor that has 
shown some degree of antitumour response (89).  
Erlotinib (OSI-774) is another EGFR/ErbB2 
inhibitor that has show activity in patients with a 
number of cancers including ovarian and pancreatic 
tumours (90). These agents are of interest as it has 
been shown that overexpression of ErbB2 can blunt 
the response to EGFR-selective agents (91).  The 
family of agents targeting ErbB family members 
may also be anti-angiogenic. It has been shown in 
experimental models that endothelial cells within the 
proximity of a EGF (or TGFα)-secreting tumour can 
upregulate their EGF receptors (92).  This presents a 
plasticity of the local microenvironment that needs 
to be considered in signal transduction therapy. 

An alternative approach to addressing paracrine 
microenvironment interactions is to look at the 

signal interrupting agents that have multiple targets, 
such as imatinib mesylate (Gleevec).  This agent was 
originally developed for its ability to inhibit the abl 
kinase, within the bcr-abl fusion protein (93).  
Further studies have demonstrated that it also 
inhibits other members of the type III receptor 
tyrosine kinase family, c-kit and PDGFR.  The c-kit 
target has come into  attention due to the striking 
clinical responses of gastrointestinal stromal 
tumours (GIST), especially those with an activating 
mutation of c-kit (94). Also, recent preclinical 
modelling of STI-571 in combination with 
gemcitabine has shown promise in preclinical 
studies, especially in the pancreas (95).

3. ANGIOGENESIS: THE OTHER 

FRONTIER IN CANCER 

RESEARCH AND PREVENTION 

Research over the past several decades has 
shown cancer tissues to require new blood vessel 
formation to proliferate, invade, and metastasize (1, 
96-98).  To obtain sufficient oxygen and nutrients, 
tumours need an increase in blood supply to grow.  
One way to achieve this is by stimulating 
angiogenesis, the process of new vessel formation 
from pre-existing vasculature in response to 
angiogenic stimuli released by tumour cells, stromal 
cells, and inflammatory cells recruited to the tumour 
site (99). The process of angiogenesis is a complex 
cascade that applies the same components of 
invasion as are used by malignant tumour cells 
coupled with final development of the capillary 
lumen (100).  The newly formed normal 
microvasculature is then stabilized by deposition of 
basement membrane, recruitment and maturation of 
pericytes, and subsequent inhibition of endothelial 
cell growth (101).  These maturation steps do not 
happen normally if at all in the microvasculature of 
malignancy. 

Three decades ago, Judah Folkman proposed 
tumour neovascularization might be a novel target 
for cancer therapy (98, 102). Although inhibition of 
angiogenesis seems to be a promising cancer 
therapy, there are many caveats to consider. 
Treatments must selectively focus to the vasculature 
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network of tumours, and avoid neovascularization 
necessary for normal activities such as wound 
healing and reproductive function.  Tumour 
vasculature is also characterized by endothelial cell 
proliferation, an event that is otherwise only seen in 
development, reproductive organ activity, and 
wound healing. Angiogenesis-associated endothelial 
cells proliferate at a higher rate than endothelial cells 
in normal tissue (103). Moreover, tumour-associated 
vessels are distinctly aberrant.  They lack pericytes 
and are morphologically fragile, leaky, permeable to 
large molecules, and have reversible blood flow (99, 
104). The complex process of angiogenesis is tightly 
regulated by pro- and anti-angiogenic growth 
factors. Clinical studies are ongoing both to 
stimulate angiogenesis such as in cardiovascular 
disease and diabetes wound healing, and to inhibit 
angiogenesis in cancer and proliferative processes. 

3.1 Therapeutics in angiogenesis 

VEGF and its Receptors. Endothelial cells 
interact with a variety of other cells within particular 
microenvironments. These include tumour cells, 
immune cells, fibroblasts, pericytes, and the ECM.  
The relationships and cross-talk among these cells 
and the microenvironment determine gene 
expression and whether endothelial cells survive, 
proliferate, or undergo apoptosis. The most 
important microenvironment interaction in tumour-
associated angiogenesis is the tumour cell’s ability 
to interact with endothelial cells.  Compelling 
evidence suggests VEGFs and their receptors play 
critical roles in tumour-associated angiogenesis. 
VEGF is a family of potent pro-angiogenic growth 
factors that stimulate the proliferation, migration, 
differentiation, and survival of vascular and 
lymphatic endothelial cells. In mice, the loss of a 
single VEGF-A allele results in embryonic lethality 
due to impaired angiogenesis (105, 106), indicating 
that VEGF is critical for global development due to 
the requirement for healthy vasculature in all tissue 
microenvironments.  It has also been shown that 
there is a correlation between the degree of 
vascularization of a tumour and VEGF expression 
(107-109). This is consistent with the laboratory-
based findings that tumours produce VEGF and 

many other pro-angiogenic cytokines to which the 
local endothelial cells respond (110, 111).

VEGF-A, also known as vascular permeability 
factor, was purified from ovarian cancer xenograft 
ascites (112, 113). The angiogenic activity of VEGF 
is mediated through two VEGF receptors (114). 
VEGFR-1 or fms-like tyrosine kinase 1 (Flt-1) 
(115), and VEGFR-2, known as kinase domain 
receptor (KDR) in humans and fetal liver kinase 
(Flk-1) in mice (116).  Although VEGFR-1 was the 
first to be identified as a VEGF receptor (116), its 
function is still unclear. However, VEGFR-2 has 
been identified for its critical role in developmental 
angiogenesis in Flk-1 null mice and is the VEGF 
receptor most linked to cancer as a potential 
biomarker and a therapeutic target (117).   

VEGF expression is upregulated in most human 
carcinomas and neuroendocrine tumours (114, 118, 
119). It has been shown that stromal support cells 
and endothelial cells, as well as tumour and 
inflammatory cells, can produce VEGF. VEGF is 
thus a paracrine pro-angiogenic factor in cancer, 
important in local regulation creating a permissive 
microenvironment. In a study of advanced epithelial 
ovarian carcinomas, patients with tumours 
expressing higher levels of VEGF had shorter 
survival compared to those who expressed lower 
levels (109, 119, 120).  

Elevated VEGF levels have also been shown to 
predict recurrence and negative overall survival in 
patients with breast cancer (121, 122). VEGF 
overexpression is also correlated with inactivation of 
the von Hippel-Landau gene, which is thought to be 
a mechanism of angiogenesis in renal cell carcinoma 
(123, 124). These studies and others underscore the 
utility of anti-angiogenic approaches targeting 
VEGF.  Several approaches to therapy are currently 
under investigation and listedin Table 1. Specific 
small molecule inhibitors and monoclonal antibodies 
to VEGFR-2/KDR have reached clinical trial with 
varied success (125, 126).  Other promising reagents 
against VEGFR-2 and other receptor tyrosine 
kinases, such as BAY-43-9006 are now in trial 
(127). One of the most successful anti-angiogenic 
agents thus far is the recently FDA-approved 
bevacizumad (Avastin), a recombinant humanized 
version of the murine anti-human VEGF monoclonal 
antibody.  This VEGF-neutralizing antibody 
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inhibited VEGF-induced signalling, resulting in 
reduced angiogenesis and tumour growth. 
Bevacizumad has rapid antivascular effects in 
human rectal cancer patients (106). Phase-I and -II 
studies have revealed bevacizumad is well tolerated 
as a single agent and in chemotherapy combination 
(128).  A randomized clinical trial of bevacizumad 
in patients with renal cell cancer resulted in a 
statistically significant improvement in progression-
free survival while reducing vascularity and tumour 
burden (129); a similar positive outcome was 
observed in colon cancer (128).  Another 
neutralizing antibody specific to VEGF is 
HuMV833, a humanized form of monoclonal 
antibody MV833.  This antibody inhibited a wide 
variety of solid tumour xenografts in nude mice 
(130).  It was also shown to reduce the permeability 
of blood vessels, thus slowing cancer growth.  Phase 
I data indicate that it is well tolerated and currently 
working its way through different phases of clinical 
development (131).  

Platelet-Derived Growth Factor. PDGF is a 
family of glycopeptides that are important mitogens 
for many cell types (132). The A and B chains of 
PDGF combine to form AA, BB and AB dimers that 
bind to protein tyrosine kinase receptors α and
β (133) Activation of PDGF has been shown to 
stimulate cell growth, migration, reorganization of 
actin, and inhibition of apoptosis (132, 134). 
Moreover, PDGF stimulates growth of pericytes that 
surround endothelial cells (135). Preclinical studies 
have shown that PDGF effects angiogenesis by 
increasing transcription and secretion of VEGF, 
demonstrating further its effects on local events 
(136). PDGF protected human umbilical endothelial 
cells from apoptosis caused by serum starvation 
through its induction of VEGF, indicating an 
indirect role of PDGF in angiogenesis (137). Direct 
evidence for a role of PDGF-B was demonstrated in 
mice deficient in PDGF-B (138), which produced 
ruptured capillary microaneurisms in late gestation 
due to lack of pericytes. Many studies have 
identified platelet-derived growth factor BB (PDGF-
BB), the ligand for PDGFβ receptor, as a major 
growth factor involved in smooth muscle cell 
recruitment during angiogenesis (139, 140).  In a rat 
model of vascular restenosis, inhibition of the PDGF 
signal transduction cascade pathway by a PDGF 

receptor inhibitor blocked smooth muscle cell 
proliferation and migration after ballooning injury in 

vivo (141). Many tumour types express PDGF and 
its receptors, which function in autocrine or 
paracrine fashions in some cancers and in 
angiogenesis. For example, PDGF is expressed in 
epithelial ovarian carcinomas in contrast to 
borderline ovarian tumours (142, 143).  

PDGFβ receptor is one of the several molecular 
targets of imatinib mesylate (STI571/Gleevec), a 
potent inhibitor of PDGF receptor kinase and also of 
bcr-Abl and c-kit oncoprotein kinases (139, 144). 
Imatinib mesylate inhibits in vitro angiogenesis in 
fibrinogen-embedded mouse aorta (145). It has had 
remarkable effects against c-kit mutation positive 
gastrointestinal stromal tumours and moderate 
activity against those without mutation.  Notably, it 
was reported that uptake of fluoro-deoxyglucose on 
positron emission tomography was remarkably 
reduced within 24 hr of administration of imatinib 
mesylate. However, more clinical studies are 
underway to further understand its anti-angiogenic 
activity (146-148).  

SU11248 is a novel oral ozindole that has been 
identified to target the tyrosine kinase activities of 
VEGFR-2 and PDGF receptor.  In preclinical 
models of human small cell lung cancer, SU11248 
inhibited KIT and PDGFβ tyrosine kinase activity 
(149) Results of phase I studies of SU11248 have 
been shown to be safe and well tolerated, and phase 
II studies are currently underway (150).  Another 
PDGF inhibitor under clinical investigation is a 
small organic molecule, N-[4-
(trifluoromethyl)phenyl] 5-methylisoxazole-4-
carboxamide (SU101, Leflunomide). It has been 
reported that administration of SU101 significantly 
reduced tumour weight and tumour volume in 
human colon carcinoma cells in a nude mouse model 
(151). SU101 is also noted to repress PDGF 
mediated tyrosine phosphorylation of PDGFβ in rat 
glioma and NIH3T3 cells that overexpressed human 
PDGFβ (152).  A Phase II study of SU101 in 
patients with prostate cancer indicated that SU101 as 
a single agent can delay progression of metastatic 
cancer (153). These results are promising and further 
investigations are ongoing.

Fibroblast growth factor. Fibroblast growth 
factor-2 (FGF-2), also known as basic FGF (bFGF), 
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belongs to a large family of growth factors 
consisting of 14 to 16 kDa secreted proteins that are 
characterized by high-affinity binding to heparin 
within the ECM (154). Like VEGF, FGF-2 
stimulates the proliferation, migration, 
differentiation, and survival of endothelial cells (96, 
98). However, unlike VEGF and other growth 
factors which are homodimeric and are secreted by 
cells, FGF-2 is monomeric and lacks a signal 
sequence for secretion (155). FGF-2 null mice are 
viable, suggesting redundancy of nine distinct 
members of the FGF family (156). Although FGF-2 
knockout mice have no apparent defects related to 
impaired angiogenesis, FGF-2 is clearly an 
angiogenic factor in vivo, where it has been shown 
that angiogenesis is modulated both by vascular 
endothelial cell-derived FGF-2 and VEGF in 
autocrine fashions (157).  FGF-2 has also been 
shown to stimulate expression of α β integrins on 
developing blood vessels and is believed to play a 
role in migration and proliferation during 
angiogenesis (158).   

The biological effects of FGF-2 are mediated 
through the FGF receptors, FGFR-1,-2,-3 and –4 
(159).  FGFRs are characterized by a split tyrosine 

kinase domain. Many tumour cell lines including 
HT-29 human colon and ovarian cancer cell lines 
can synthesize FGF-2 (160, 161).  Overexpression of 
FGF-2 in low metastatic renal carcinoma cells have 
been shown to increase angiogenesis and metastatic 
potential in vivo (162).  Furthermore, endogenous or 
exogenous in vitro synthesis of FGF-2 stimulates the 
proliferation and migration of endothelial cells 
(163), suggesting that FGF-2 plays an important role 
in the invasion and metastasis of renal and bladder 
cell carcinoma (162, 164). FGF-2 levels in serum of 
patients with breast cancer (165), renal cell 
carcinoma (166) and other cancers are inversely 
correlated with survival. FGF-2 is a major 
angiogenic factor in ovarian carcinoma; its mRNA 
expression levels in both tumour and stromal cells 
were comparable in tumours of long-term and short-
term survivors (167).  Clinical targeting of FGF 
receptors has not been successful overall, and this 
may be due to the redundancy in the large number of 
members of the family.  Agents that target FGFR in 
combination with other receptor tyrosine kinases, 
such as SU101 described above, may circumvent 
this problem. 

Table 1. Current angiogenesis inhibitors in clinical trials (Source: www.cancer.gov) 
Drugs that block activators of angiogenesis AE-941(Neovastat™; GW786034) 

Anti-VEGF antibodies (bevacizumab; Avastin™  and 
HuMV833)
Interferon-alpha
PTK787/ZK 222584 
SU5416, 6668,
11248
VEGF-Trap
ZD6474

Drugs that inhibit endothelial cells directly 2-methoxyestradiol (2-ME) 
CC-5013 (thalidomide analogue) 
Combretastatin A4 phosphate 
LY317615 (protein kinase C ß inhibitor) 
Genestein
Thalidomide 

Drugs that inhibit endothelial-specific integrin/survival 

signalling

EMD 121974 
Anti-αvβ3 Integrin Antibody 
(Medi-522; Vitaxin™) 

Fibroblast growth factor receptor inhibitors SU101, SU6668 
Drugs that inhibit PDGF receptor Imatinib mesylate (Gleevec) 

SU6668
Drugs with non-specific mechanisms of action Carboxyamidotriazole (CAI) 

Celecoxib (Celebrex®) 
Halofuginone Hydrobromide(Tempostatin™) 
Interleukin-12
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Drugs that block activators of angiogenesis AE-941(Neovastat™; GW786034) 
Anti-VEGF antibodies (bevacizumab; Avastin™  and 
HuMV833)
Interferon-alpha
PTK787/ZK 222584 
SU5416, 6668,
11248
VEGF-Trap
ZD6474
Rofecoxib (VIOXX®) 

4. THERAPIES OF THE FUTURE: 

EPITHELIAL-MESENCHYMAL

TRANSITIONS (EMT) OR 

MESENCHYMAL-EPITHELIAL

TRANSITIONS (MET) 

There is increasing evidence that many of the 
developmental processes involved in embryogenesis 
may be similarly used by the cancer cell in its 
growth and dissemination through the organism
(reviewed in (168)). That guidance for embryonic 
development is derived from the mesenchyme points 
to a strong involvement of the mesenchyme in 
guiding cancer progression. Early embryonic cells 
need to convert from the epithelial-like phenotype; 
characterized as closely arranged, in proximity, and 
connected to its neighbours by gap junctions; to the 
mesenchymal-like, largely motile, and less 
differentiated cells with exploratory functions 
towards the environment. The process occurs again 
in the opposite direction, when cells need to form 
subsequent epithelial layers such as the conversion 
of metanephric mesenchyme to epithelial phenotype. 
It is important to understand the molecular basis of 
these transitions during embryogenesis, as they 
would give insight into potential MET transitions to 
be achieved in cancer treatments. These processes 
appear to be directed by signals received from the 
extracellular matrix for which an important regulator 
is TGF-β (169). One major change involved in EMT 
is the downregulation of E-cadherin. This is 
followed by the development of a cytoplasmic actin 
machinery that will facilitate migration. Therefore, 
intracellular pathways associated with integrins and 
E-cadherin, such as the wnt signalling pathway, 
must promote these transitions as a response to 
cytokine signalling from the environment.

Similarly, in tumourigenesis, it appears that at an 
early stage, even as the primary tumour is being 
formed, some cells may undergo an epithelial-
mesenchymal transition associated with genetic 
instability (170) and with upregulation of vimentin, 
dispersion of cytokeratin, and loss of adhesion at 
intercellular borders. Signals such as increased 
hyaluronan (171) and tenascin (172) in the ECM 
promote this EMT. Some examples of other possible 
signals contributed by the stroma are transient or 
chemical or viral alterations of the stroma resulting 
in oncogenic signals such as an increase in IL-6 or 
possibility that reactive stroma can be caused by 
aberrant expression of stromelysin-1 (MMP-3) 
(reviewed in (173)). 

Some of the same molecular pathways used in 
embryonic development have been found in EMT 
transitions in cancer (174). Genes that were 
specifically involved in EMT were identified by 
expression profiling of seven pairs of polarized 
mammary epithelial cells taken as cellular models of 
migration, local invasion and metastasis (175). 
Genes associated with PDGF signalling were 
upregulated in mesenchymal cells as were 
inflammatory genes known to respond to interferon. 
Vimentin, type-III and type-IV collagens and 
various other ECM proteins were induced. As 
expected E-cadherin and plakoglobin were 
downregulated in mesenchymal as compared to 
epithelial cells.  

In contrast with the observed plasticity of 
embryonic and cancer cells, adult tissues are 
typically stable and cells are restricted in their 
proliferation by their neighbours. The elucidation of 
factors that govern this growth restriction or unleash 
the transitions in the adult cells opens up new 
avenues for future research aimed at therapeutic 
intervention. 
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MET/EMT transitions in adult tissues and their 
phenotypical consequences in cancer could be 
explained by the properties of adult stem cells. The 
plasticity of adult stem cells and their very existence 
remains a hotly debated issue (176, 177). Cancer 
cells can be plastic without definitely being stem 
cells and dedifferentiation during carcinogenesis and 
the changes associated with telomeric crisis may 
yield the same ultimate change. Nevertheless, a 
growing number of researchers are investigating 
whether cancer stem cells do exist.  Adult stem cells 
have been described by their ability to differentiate 
into cells from different embryonic layers. (178-

181). Whether reprogramming can occur at a single 
cell level or whether this observed 
transdifferentiation comes from cell fusion (182) or 
from the presence of uncharacterized precursors 
inside (183) does not change the fact that these 
observations suggest a new way of thinking about 
the cancer cell and its interactions with the 
environment (Figure 3). If indeed the cells 
undergoing EMT during cancer progression are true 
adult stem cells, they may undergo reversion of the 
process if they are allowed to upregulate E-cadherin 
and reform cell-cell junctions and cell-matrix 
adhesion (184). 

Figure 3. The traditional view of carcinogenesis, centered on single cells mutating to become invasive and then migrating 
through a defective (permissive) stroma, can be reconciled with the current view of the adult stem cells being potentially the 
cancer cells. 

5. PROTEOMICS AND VALIDATION 

OF TARGETS

An emerging concept in the quest for successful 
therapies is the use of proteomic analysis (185). 
Identifying biomarkers that are clearly differentially 

expressed in invasive tumours would be of great 
benefit in early diagnosis of hard-to-detect diseases 
such as colon and ovarian cancer. To this end, there 
has been some marked progress in the development 
of novel screening approaches using cDNA 
microarrays, yielding new potential markers such as 
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villin for colon cancer and moesin for ovarian cancer 
(186). In separate studies, analysis of tissue samples 
from ovarian cancer patients obtained by laser 
capture microdissection revealed that FK506 binding 
protein, RhoGDI, and glyoxalase I were 
overexpressed in patients with advanced ovarian 
cancer compared to low-malignant potential patients 
(187). Tissue lysate microarrays, a mechanism to 
evaluate the phosphoproteome are being applied to 
clinical materials obtained from patients being 
treated with the newer molecular therapeutics. Other 
studies test serum from ovarian cancer patients to 
define signature patterns, which are hypothesized to 
contain significant protein biomarkers (188). Using a 
technique that screens proteins bound to albumin, a 
potent protein binder in the serum, many previously 
unsuspected proteins emerged as potential markers 
of ovarian cancer (189). If successful, such 
techniques can also be used to validate current 
therapeutic interventions by testing for biomarkers 
discovered by proteomics and verifying their return 
to more normal expression levels. Such avenues of 
research provide for exciting and more facile 
techniques in confronting cancer. 

6. CONCLUSION 

The benefits of advanced research in both basic 
molecular biology and molecular therapeutics are 
many. Identification of critical convergence points in 
signalling pathways used for cell migration and 
invasion with those of survival and proliferation, 
will lead to exploratory therapies and combinations 
of therapies targeted to those convergence points 
alone or in combination with agents focused at 
receptors or other signal nodes.  Such explorations 
will lead to development of combinations of 
therapies and agents with multiple different 
unrelated targets (cocktail drugs and drug cocktails). 
This may be beneficial to reduce toxicity to 
bystander tissue and thus side effects for the patient 
while potentially providing improved intervention to 
the cancer.  These approaches may also be 
demonstrated to be safe and biologically sound for 
use as primary chemoprevention agents.  As more 
modern therapeutic approaches come into play, we 
will undoubtedly see a sprouting of such 

combination treatments that, when coupled with new 
technologies and understanding of the biology of 
neoplasia, will bring us significantly forward in the 
fight to eradicate cancer. 
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Abstract: The dissemination of cancer from the primary site of growth to distant organs is an early event that leads to 
the random deposition of tumor cells throughout the organs of the body. Growth of these seeded cellular 
singularities into secondary, clinically manifest tumors is a notably non-random event. In addition to being 
the primary tumor site for multiple myeloma and several forms of bone cancer, the bone is the favored site 
for metastasis of breast, lung and prostate cancer.  Once in the bone, these cancers interact with the bone 
microenvironment to become more aggressive and resistant to therapy. Therefore, the bone stroma is likely 
to play a major role in the support, growth and improved survival of the metastatic cancer cell. As such, 
therapeutic intervention targeting the bone stromal should enhance our ability to eliminate bone metastases. 

Key words: Metastasis, neoplasia, bone, angiogenesis, small molecule inhibitor, phage display, biopanning, anti-
angiogenic therapy, thalidomide, cell adhesion 

1. INTRODUCTION 

The sheer magnitude of cancer incidence in the 
United States has a huge impact from a public health 
perspective. In 2004 it has been estimated that there 
will be 1,368,030 new cases of cancer and 563,700 
cancer related deaths (1). These numbers translate 
into almost one of every four deaths in the United 
States being cancer related. To further emphasize 
this point, cancer related deaths (22.9%) are second 
only to heart disease (29%) as the major killer of 
Americans. Of these 563,700 cancer related deaths, 
approximately two thirds will result from 
dissemination, or metastasis of the primary tumor to 
a secondary site(s) (2).  

It long has been observed that cancer metastasis 
is a nonrandom event with certain cancers having a 
predilection for metastatic colonization of certain 
tissues with high frequency. Cancers of the breast, 
lung and prostate preferentially metastasize to 
marrow containing bone. Together these cancers 
account for about 80% of all metastases involving 
bone. For prostate cancer upwards of 85% of 
patients will have bone involvement at autopsy (3-
5). For the patient, bone metastases have associated 
morbidities including pathological fracture and pain. 
Clinically, these bone metastases respond poorly to 
conventional therapies and generally result in poor 
survival. For example, in prostate cancer the median 
survival for patients with bone metastases and 
androgen dependent disease is 30-35 months while 
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that of men with androgen independent disease is 4 
months (2). 

Once established in the bone all of these cancer 
types have one thing in common, they interact with 
the bone microenvironment. The result is a complex 
multi-directional paracrine interaction between the 
cancer cells and bone stromal cells that include bone 
marrow endothelial cells, bone marrow stromal 
cells, osteoblasts (OsB) and osteoclasts (OsC). The 
resultant outcome on bone architecture, either the 
overall deposition of new bone (osteoblastic) or 
degradation of bone (osteoclastic), is the sum effect 
of cancer cell: bone stromal cell interactions. A 
natural sequela to the complex interaction between 
cancer cells and bone stromal cells is a co-
dependence of the cancer on the bone stromal cells 
for both cancer cell targeting to the bone marrow 
and the establishment of the metastasis in this 
environs.  This dynamic mutualism proffers an 
opportunity for targeting the normal cells of the 
bone stroma as a means to eliminate the cancer 
invader by removing its primary means of support. 
In this chapter we will summarize some of the recent 
approaches and developments in this area with an 
emphasis on work in our laboratories and through 
collaborative efforts. 

2. INTERVENTION WITH 

METASTATIC PROCESS: 

TARGETING BONE MARROW 

ENDOTHELIAL CELLS. 

The adhesion of cancer cells to microvascular 
endothelial cells, particularly bone marrow 
endothelial cells, is a critical step in the metastatic 
process to bone.  This interaction is described as the 
“Docking and Locking” hypothesis, whereby cancer 
cells transiently attach (dock) to the endothelium via 
selectins and then form stronger adhesive 
interactions via integrins (lock). In some cases, the 
preferential adhesion of certain cancer cells to 
particular organ microvessels determines their 
pattern of metastasis and correlates with cancer 
progression (6). That either of these two steps can be 
targeted for therapeutic intervention is the basic 
premise underlying many of the interventional 

strategies currently under development to treat and 
prevent bone metastases. 

2.1 Phage Display 

Random peptide phage display libraries have 
been used in vivo with nonrandom distribution of 
peptides isolated from phage bound to different 
organs (7, 8). This high degree of specificity of 
phage binding as imparted by the peptide epitope 
allowed investigators to determine that each organ’s 
microvasculature had unique determinants (8, 9). 
Thus, the process of in vivo phage display has led to 
the identification of interacting receptors on cells 
(10).  In addition to the cell surface targets that were 
found for phage display peptides, there have been 
reports of an intracellular fate for phage display 
vectors in mammalian cells (11, 12).  These 
observations have raised the possibility that peptides 
identified by in vivo biopanning of a phage display 
library may be useful for targeted delivery of genes, 
therapeutics and perhaps even cells to specific 
organs.  Furthermore, peptides that are directed to 
cell surface components, such as CD34 may prove 
useful for cell selection (13). Screening the phage 
library can lead to the identification of ligands to cell 
surface proteins in target cells and tissues (14-16). 
Since the construction of the peptide phage display 
library is random by design, many of the peptides 
that interact specifically with any given target tissue 
may not represent true protein epitopes but are likely 
to be protein mimotopes, peptides whose sequences 
fold to look like another protein but are unrelated at 
the amino acid level. These sequences from phage 
display libraries may be helpful as structural and 
functional mimics that serve as the basis for novel 
drug design for the interacting target.   

Given this background on phage display it 
seemed reasonable that targeting peptides from a 
random phage display library could be found using 
in vivo biopanning that specifically adhered to bone 
or bone marrow stromal cells.  Since prostate, breast 
and lung cancer preferentially metastasize to bone 
and previous data suggested that phage display-
derived peptides may be targeting either cell surface 
receptors or their ligands in the extracellular matrix 
of the target tissue, then the logical targets for their 
interaction with bone reside either on the surface of 



21. Bone Stromal Cells as Therapeutic  Targets in Osseous Metastasis 371

bone marrow endothelial cells, bone stromal cells, 
bone cells or bone matrix. These peptide sequences 
then may be investigated to determine their targeting 
specificity and potential therapeutic uses, such as the 
delivery of drugs to tumor or normal vascular tissue 
or possible intervention with tumor cell colonization 
at distant sites, any of which could help in the 
treatment of metastatic cancer. 

2.1.1 Random Peptide Phage Display 

Synthetic peptides may be a useful addition to 
the idea that gene targeting of tumor vasculature can 
be achieved with potentially beneficial consequences 
(15, 17-19).  The specificity of protein binding 
molecules as a potential delivery system for drugs is 
clearly of interest to a variety of clinical areas as 
well as to the pharmaceutical industry in general (20, 
21).  Phage display and peptide discovery can lead 
to drug development.  Aminopeptidase is a receptor 
for peptides that home to tumors, and the 
phenomenon could serve as an address system for 
targeting vasculature in normal tissues and in tumors 
(8, 17-19, 22).  The inhibitory action of such 
peptides on tumor angiogenesis therefore has been 
proposed.  Phage display peptides have not been 
restricted to targeting tumor vasculature however.  A 
number of studies have shown that specific receptors 
on endothelial cells serve as ligands and, in addition, 
some peptides demonstrate cell-selectivity (22-24).  
Thus, a variety of cell surface proteins may prove to 
be the potential targets for a phage display peptide 
library.  

In our most recent research using in vivo

biopanning with a random 12-mer peptide phage 
display library and DNA sequencing, we isolated 
and identified 13 peptide sequences enriched 
selectively from their interaction with bone. The 
final 13 peptide sequences were detected repeatedly 
in phage that was isolated from bone and bone 
marrow. Our objectives were to establish the target 
cell population within bone (osteoblasts) and bone 
marrow (endothelial and mesenchymal) that bind to 
these peptides and confirm the tissue-specificity of 
peptide targeting. We also are pursuing the capacity 

of the selected peptides to modify cancer cell 
growth, viability, as well as their adhesion to and 
invasion through human bone marrow endothelial 
cells. Ultimately, we will identify the receptors for 
the peptides by affinity chromatography and two-
dimensional peptide mapping of membrane proteins 
and extracellular matrix molecules.  

We view the major clinical implications of our 
studies to be in the potential treatment of cancer cell 
metastases to bone, either with a selected peptide 
that specifically targets bone, or using the peptide to 
deliver a pharmacological agent. Identification of 
cell surface and matrix ligands will elucidate the 
mechanism of cancer cell metastasis to bone. 

In vivo biopanning with a phage display 

peptide library. Selection of a phage display 12 -
mer peptide library was based on the likelihood that 
specific antibodies can be raised to the selected 
peptides, and that the combination of the peptides 
and their antibodies can provide a useful tool to 
confirm specificity of peptide-ligand binding.  If a 
given peptide modulates cell adhesion, invasion or 
migration, then the antibodies are likely to serve as a 
tool to further examine the effects of peptides on cell 
attachment or cell invasion.  Such properties are 
reminiscent of tumor cell attachment and invasion 
and they are taken into consideration in discussions 
of cancer cell metastases to bone. We further 
hypothesized that from a random phage display 
peptide library of 2.7 x 109 different peptide 
sequences that unique peptide sequences could be 
retrieved that interact specifically with cellular 
components of bone. If true, when these phage were 
reintroduced into mice, some, if not all, of the bone 
targeting peptides should be retrievable from bone.  
This is essentially biopanning in vivo (Figure 1).  
We found that this was indeed the case and that the 
peptides were obtained in bone and did not reappear 
in significant amounts, based on plaque forming 
units, in other tissues that were examined such as 
liver and kidney.  Nevertheless, the targeting 
specificity is an important issue that will be 
examined further in vivo by selectively panning the 
peptides individually.  
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Figure 1. Schematic representation of in vivo biopanning methodology. 

Cell binding by selected phage display 

peptides. The peptides were ranked based on the 
frequency with which they occurred in the plaques 
from which the DNA was prepared and sequenced 
(Table 1). Four of the sequences (L13, L19, R1, and 
R3) were synthesized, and the peptides were 
prepared either as biotinylated peptide or as the 
control non-biotinylated version of the sequence. 
Two of three peptides tested to date, L13 and R1,
were able in vitro to bind cells from the skeleton.  
The cells used in these experiments were 

mesenchymal cells from bone marrow, D1 (Figure 
2), or human bone marrow endothelial cells.  An 
Avidin-FITC probe detected the biotinylated peptide 
in areas of the cells in culture representing either 
extrusions from the cells or at the end of cell 
processes; structures reminiscent of adhesion 
plaques or footprints (Figure 2, arrows). 
Furthermore, selected peptides were found to bind to 
tissue sections in vitro. Biotinylated L13 and R1 
peptides and Avidin-FITC were used to detect the 
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interaction of the phage-derived peptides in thick 
sections of different tissues. 

Table 1. Phage obtained from elution of murine femurs 
following third pass of biopanning in vivo. Phage are 
listed in the order of descending frequency of isolation. 

NAME

PHAGE

SEQUENCE

FREQUENCY*

PERCENT

FREQUENCY

L14 dec-30 40 
R3 okt-29 34.5 
L2 sep-28 32.1 
L1 aug-28 28.6 
R1 jul-29 24.1 
R8 jul-29 24.1 
L13 jul-30 23.3 
L6 mei-28 17.9 
L5 mei-28 17.9 
R2 mei-29 17.2 
L12 mei-30 16.7 
L19 mei-30 16.7 
L7 jan-28 3.6 

L11 jan-30 3.3 
   

This immunohistochemistry revealed significant 
binding to rib and long bone growth plate by both 
L13 and R1 (Figure 3).  By contrast R3 peptide 
showed no staining.  These experiments partially 
demonstrate the specificity of some of the peptides 
for bone and showed that the ability to bind to bone 
is not shared by all of the peptides isolated from the 
phage display library. 

Figure 2. Bone-homing peptide binding to osteoblastic 
precursor, D1, with biotinylated phage-derived peptides, 
L13 and R1. 

Figure 3. Immunocytochemistry of murine rib with 

biotinylated phage-derived peptide L13. 

Prostate cancer cells adhere to bone marrow 

mesenchymal osteoprogenitors and to human 

bone marrow endothelial cells (hBMEC). The
prostate literature is replete with references stating 
the dramatic tendency for prostate cancer metastases 
to establish within the marrow forming centers of 
bone (2, 4, 5, 25-30).  We have established assays in 

vitro to test directly whether this proclivity is due to 
an inherent adhesive preference for bone marrow 
stromal or endothelial cells by more aggressive 
circulating prostate cancer cells (31, 32). The four 
phage-derived peptides isolated by biopanning were 
tested for their ability to alter the adhesion of 
prostate cancer cells to a human bone marrow 
endothelial cell line, hBMEC-1 (33)(Figure 4).  In 
this assay, LNCaP cells were compared directly to 
the more metastatic, bone colonizing derivative, C4-
2.  These preliminary results show the possibility 
that the phage-derived peptides may have specific 
responses towards prostate cancer cell adhesion.  In 
this assay, peptide R1 was relatively ineffective in 
its activity while R3 showed a dose-dependent 
inhibition of prostate cancer cell invasion for both 
cell lines. The peptide, L13, showed consistent 
suppression of prostate cancer cell invasion that was 
apparently saturated at the doses tested.  L19, on the 
other hand, showed a remarkable difference between 
LNCaP and C4-2 cells.  This peptide strongly 
inhibited the less aggressive LNCaP cell, while 
leaving the adhesion of the C4-2 cell line unaffected, 
demonstrating that these phage-derived peptides 
have cell type and dose-dependent activity.  We are 
currently in the process of determining the effective 
concentration of peptide required to block prostate 
cancer cell adhesion to hBMEC cells as well as to 
determine the cognate binding partners of these 
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Peptide L13 binding to rib bone.
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peptides. Future studies will examine the effect of 
these peptides on prostate cancer cell invasion and 
bone colonization in vivo. These blocking peptides 
thus may one day provide a therapeutic tool to slow 

prostate cancer colonization of the bone or provide 
the basis for developing bone endothelial targeted 
therapy.

Phage-display peptide inhibition of adhesion to hBMEC-1
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Figure 4. The ability of four phage-derived peptides to block prostate cancer cell adhesion to human bone marrow 
endothelial cells (hBMEC) was tested at either 50µM or 100µM. Cell line specific inhibition can be observed with L19 
while L13 inhibits both cell lines from adhering to hBMEC. Dose-dependent decreases in cell adhesion are seen with R3 for 
both cell lines. 

2.1.2 A2. Bone Marrow Derived Peptide 

Phage Display 

Two studies demonstrated that the adhesion of 
prostate cancer cells to human bone marrow 
endothelium (HBME) does not correlate with 
metastatic preference and aggression (33).  Lehr and 
Pienta (1998) (33) reported that although prostate 
cancer cells adhered preferentially to HBME cells 
when compared to human umbilical vein endothelial 
cells (HUVEC), there were no significant 
differences between the degree of cell adhesion to 
HBME between LNCaP (mildly aggressive and 
derived from a lymph node metastasis), DU145 
(aggressive and derived from a brain metastasis) and 
PC-3 cells (aggressive and derived from a bone 
metastasis).  It was anticipated that PC-3 cells would 
adhere to a greater extent to HBME cells when 
compared to the other prostate cancer cell lines 

because these other cell lines do not have a bone 
metastatic phenotype.  We recently confirmed this 
observation using the sublines of the LNCaP human 
prostate progression model (31).  This study 
reported that there was no difference between the 
adhesion of LNCaP cells and its more aggressive 
and spontaneously bone-homing derivative, C4-2, to 
a monolayer of HBME cells. Interestingly, the 
normal prostate cell line, P69, adhered better to 
HBME than both C4-2 and LNCaP, further 
suggesting that in the case of prostate cancer the 
adhesion of cancer cells to microvascular endothelial 
cells does not correlate with metastatic potential. 
One possibility is that a strong adhesive interaction 
may hinder the metastatic process by maintaining 
adhesion of cancer cells to the endothelium, thereby 
preventing transendothelial migration and invasion 
into the bone stroma.  Yet, despite these new 
observations, the adhesion to HBME cells is an 



375

important step in the metastatic cascade of prostate 
cancer to bone.  Therefore, identifying surface 
proteins or cell adhesion molecules (CAMs) 
essential for this interaction would facilitate efforts 
to interrupt the metastatic process in prostate cancer. 

Several studies, including our own, have 
determined that β1 integrins, type C surface lectin, 
and hyaluronan, are all expressed on PC-3 cells, 
mediate their interaction with HBME. These same 
studies excluded the utility of αvβ3, which is highly 
expressed by PC-3 cells when compared to other 
prostate cancer cell lines (30, 34).  Surprisingly, β1
integrins expressed on HBME cells do not mediate 
their adhesion of PC-3 cell adhesion (35).  These 
results were mostly obtained from adhesion 
blockade assays that used specific blocking 
antibodies for integrins and used hyaluronidase to 
strip the hyaluronan pericellular matrix from PC-3.  
Both procedures require knowledge of the existing 
proteins on the surface of both cell lines, which 
limits these procedures. Phage display is a novel 
approach involving the cloning of eukaryotic 
proteins into the capsid region of phage genome, 
theoretically allowing the phage to interact with the 
appropriate ligands on selected substrates, either 
extracellular matrix components or cells. This 
approach does not require such knowledge of 
existing surface proteins and, if done in a manner 
that significantly reduces background, can yield 
useful information. 

Romanov et al. (36) reported phage 35, which 
contained the peptide sequence DPRATPGS, bound 
to the surface of LNCaP cells and their derivatives 
C4-2 and C4-2B. Functionally, this phage blocks the 
spreading of LNCaP, C4-2, and C4-2B on tissue 
culture plastic, but the cognate peptide 35 did not.  
The cognate peptide 35 however did increase the 
adhesion of C4-2 and C4-2B to HUVEC, increase 
invasion through Matrigel , and increase the 
activation of matrix metalloproteinase-2 in these 
sublines.  By using biopanning in vitro and 
comparing LNCaP to C4-2 cells using a circular 
peptide phage display library, we identified 
consistently the same peptide sequence 
(GWAGWGRPAE) on both LNCaP and C4-2 cells 

in vitro, suggesting that expression of proteins on the 
cell surface change minimally during the 
progression of LNCaP to the bone metastasizing C4-
2. Another less appealing explanation is that the 
recognition of different surface epitopes by this type 
of library is not ideal (31).  This result indicates that 
the adhesion of prostate cancer cells to HBME is not 
the sole determinant of prostate cancer’s preference 
for bone, but supports the notion that distinct 
prostate cancer cell types may respond differently to 
the bone microenvironment depending on their 
overall phenotype and history. For example, the C4-
2 subline may relocate to the bone better than 
LNCaP because the phenotype of C4-2 allows it to 
respond more favorably to stromal factors found in 
the bone marrow.  

Surface proteins on HBME that mediate the 
adhesion of prostate cancer cells are not known and 
to this date, none have been reported. To determine 
the natural ligand on HBME cells for CAMs on PC-
3 cells, Cooper and colleagues (37) used the T7 
phage display system to generate a HBME phage 
library (Figure 5). Other studies used a phage library 
of synthetic peptides that may mimic the natural 
ligand, but the identity of the ligand has not been 
determined. By performing a subtractive biopanning 
step on a colon cancer cell, WiDr, which binds 
poorly to HBME cells, followed by three rounds of 
biopanning on PC-3 cells, a novel protein 
homologous to human reticulocalbin 1 that is 
preferentially expressed in HBME cells was isolated.  
Because of its tentative expression pattern, this 
protein is called Expressed in Human bone marrow 
endothelial Cells (EIHC) (37).  Here, we report for 
the first time that EIHC is expressed equally in 
LNCaP, C4-2, and C4-2B sublines of the LNCaP 
progression model (Figure 6). Reticulocalbin and 
EIHC are putative endoplasmic reticulum proteins 
that contain six EF hands for binding calcium. The 
function of reticulocalbin in HBME and the LNCaP 
sublines is not known and is under investigation; 
however, it is believed that EIHC and reticulocalbin 
will have similar functions based on their similar 
amino acid sequence. 

21. Bone Stromal Cells as Therapeutic Targets in Osseous Metastasis
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Figure 5. Schematic of the protocol generating the T7 phage library from human endothelial cell cultures. 

Identifying the CAMs necessary for prostate 
cancer-endothelium interaction is essential in order 
to design a therapeutic intervention for the 
metastatic process specific for prostate cancer 
dissemination to the bone marrow.  Using innovative 
and powerful approaches, such as phage display, 
will hopefully reveal these CAMs that can serve as 
targets for better drug development in the near 
future.

2.2 Anti-Angiogenic Therapy 

It is well established that for a tumor or a tumor 
metastasis to grow beyond 0.5-1mm in diameter, the 
size beyond which the diffusion of oxygen is 
limited, neovascularization or angiogenesis must 
occur (38, 39). Angiogenesis is the process by which 
new vessels arise from pre-existing vessels is a  
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Figure 6. The expression of EIHC in the LNCaP 
progression cell model system 

series influences to sprout from the existing 
vasculature, form tubules and elongate toward the 
angiogenic source, and finally complete the vascular 
network by connecting to other vessels (40). Tumor 
cells have been demonstrated to produce a number 
of angiogenic factors that include the two 
predominant endothelial cell growth factors, basic 
fibroblast growth factor (bFGF, FGF-2) and vascular 
endothelial growth factors (VEGF) (40). Finally, the 
degree of microvessel density (MVD) has been 
shown to correlate with the predisposition of a 
number of tumor types to metastasize and the 
patient’s prognosis (41-65). For these reasons a 
number of investigators have pursued the 
development of anti-angiogenic compounds as 
cancer therapeutics. Several promising candidates 
have been discovered that are derivatives of larger 
proteins having completely disparate functions. 
Angiostatin was discovered in the serum and urine 
of mice specifically bearing primary tumors, and 
was reported to be responsible for the suppression of 
metastatic growth of Lewis lung carcinoma in these 
animals (66, 67).  The naturally occurring human 
isoform of this protein is called angiostatin 4.5. 
Angiostatin is a fragment of plasminogen, which 
gets converted to the anti-angiogenic protein by 
membrane-associated beta-actin preferred to 
previously at a plasminogen receptor (68).  This 
fragment inhibits angiogenesis by inducing 
apoptosis in endothelial cells via the caspase 
pathway (66). Endostatin, another endogenous 
angiogenic inhibitor, was isolated from 
hemangioendothelioma cells as a COOH-terminal 
segment of collagen XVIII. Like angiostatin, 
endostatin inhibits angiogenesis, by inhibiting the 
growth of endothelial cells (69).  The mechanism for 

inhibitory effect of endostatin on endothelial cells is 
via a reduction in anti-apoptotic proteins Bcl-2 and 
Bcl-XL (69). Through binding integrin α5β1,
endostatin inhibits focal adhesion kinase (FAK) and 
its signaling to the p38 mitogen-activated protein 
kinase pathway (70). Finally, tumostatin, a 
noncollagenous (NC)1 fragment of collagen type IV, 
inhibits angiogenesis by specifically inhibiting 
endothelial cell-specific protein synthesis (71).  The 
action of tumstatin is dependent on its binding to 
integrin αVβ3 to inhibit FAK activation of the 
PKB/Akt and mTOR pathway (70). Therefore, both 
endostatin and tumstatin suppress angiogenesis by 
binding to specific integrin heterodimers on the 
endothelial cell surface that activate distinct signal 
pathways with the same outcome (i.e. endothelial 
cell apoptosis) (70). The fact that some patients may 
not tolerate these natural compounds or that they 
may be degraded rapidly has led to the development 
of small molecule inhibitors with anti-angiogenic 
efficacy, like thalidomide (See below) (72-76). 

2.2.1 B1 Continuous low-dose 

Chemotherapy and Disease states 

Morris and Scher (77), recently recommended 
the application of a “clinical states” model for 
designing trials tailored to the patient and the stage 
of the disease. The authors point out that there are an 
expanding number of treatment options available 
that are becoming increasingly tailored or perhaps 
better applied for particular points in the 
development/progression of a cancer. Therefore, 
care should be taken to match the therapy chosen 
with the object of treatment, namely the state at 
which the clinician finds the patient’s disease. Using 
prostate cancer as an example, localized disease 
therapy should be optimized to minimize recurrence 
and rising prostate specific antigen (PSA) while 
patients with recurrent disease and rising PSA levels 
should be treated to minimize progression with 
similar concerns for prostate cancer at other steps in 
progression. Taking this model into account, it 
becomes evident that there are two targets for anti-
angiogenic therapy. The first occurs when the 
primary tumor is small and neovascularization is just 
beginning and the second follows when the 
metastatic cell is beginning to grow at a distal site. 

21. Bone Stromal Cells as Therapeutic Targets in Osseous Metastasis
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This philosophy reflects the emerging consensus that 
the most effective window for the use of anti-
angiogenic compounds, such as thalidomide, is 
during the development of new blood vessels and 
not after the blood supply is established and the 
endothelium is no longer proliferative. The 
conditions that are prime for targeting 
neovascularization are most likely to occur when the 
tumor burden is considerably lower than that found 
in the population of patients currently recruited for 
phase I or II clinical trials.  

The maximum tolerated dose (MTD) of a 
chemotherapeutic agent may not be the most 
effective method for administering these agents (78-
80). Instead there is accumulating evidence that 
metronomic dosing, the continuous infusion of low-
dose chemotherapy, is much better tolerated by 
patients and still delivers sufficiently toxic dosages 
of agents to kill the tumor supporting vasculature as 
well as some tumor cells in the population that may 
not have been cycling during a particular MTD 
exposure to a particular chemotherapeutic agent. 
This works since the tumor-induced 
neovascularization is the resultant outgrowth of 
normal endothelial cells in response to endothelial 
cell growth factors secreted by the tumor. The 
genomic instability of tumor cells allows them to 
become resistant to the MTD during the obligatory 
recovery periods required for patients during MTD 
therapeutic regimens.  Since the endothelial cells are 
normal cells, they do not become resistant to the 
chemotherapy and are killed to a varying degree at 
each treatment interval. However, the recovery 
period between MTD administrations allows for 
neovascularization of the tumor before the next 
treatment. This explains, in part, some of the failures 
seen for anti-angiogenic therapy. Indeed, such 
chronically administered low-dosage or metronomic 
dosing strategies have shown regression of 
chemotherapy resistant tumors in animal models (81, 
82) or partial to complete patient responses in 
patients with metastatic breast cancer (83). For 
molecules like thalidomide, that are known to have 
an anti-angiogenic mechanism, low dose 
administration of 100 mg/day (84) was just as 
effective as 200 mg/day (85, 86) and was tolerated 
better by the patients with fewer adverse incidents 
reported. 

2.2.2 NOVEL THALIDOMIDE ANALOG 

DEVELOPMENT AND TESTING

The anti-angiogenic properties of thalidomide 
are not intrinsic to the parent molecule but rather are 
associated with a particular stereochemistry and/or 
with one or more of its metabolites (61, 73, 87-89). 
Stephens et al. (90) proposed that 
phthalimidoglutaramic acid and 
carboxybenzamidoglutarimide, the two initial 
metabolic products resulting from thalidomide’s 
spontaneous hydrolysis, form the basis for 
thalidomide’s action in vivo.  The former has been 
implicated as the teratogenic and anti-angiogenic 
compound while the latter has demonstrated neither 
property.  DNA intercalation of thalidomide 
derivatives has been proposed as a mechanism for its 
inherent teratogenic properties (91). The authors of 
this work proposed that this property can be avoided 
when derivatives are synthesized. 

As thalidomide undergoes rapid hydrolysis in 

vivo, most, if not all, of the most valuable 
therapeutic effects likely result from the degradation 
products or will be derived from analogs based upon 
these structures or the thalidomide core structure. 
There have been hundreds of thalidomide analogues 
synthesized to date (72-76, 92) all based on rationale 
drug design. Furthermore, methods have been 
published for generating combinatorial libraries of 
analogs (76). The result is a considerable backlog in 
the testing of these molecules, in particular from the 
combinatorial libraries, for physiological efficacy. 
Indeed, Figg et al. (73) have demonstrated that most 
of these compounds will not have enhanced efficacy 
when compared to thalidomide or will not display 
the desired effects of being tumoricidal or anti-
angiogenic with decreased side effects. For example, 
from 118 analogues synthesized by Figg et al. (93) 
that were tested specifically for anti-angiogenic 
properties, only 7 demonstrated potency in an anti-
angiogenesis assay.  Of the analogs synthesized by 
Xiao et al. (76) using combinatorial methods as 
described above, only 8 were tested (94). All 8 
analogs had anti-angiogenic properties but none 
displayed anti-tumor properties. Preclinical 
evaluation to determine the suitability of most anti-
angiogenic analogs for clinical trial is still in 
progress. The future holds great promise in 
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delivering several new small molecule thalidomide 
derivatives to the clinic.  

To date there has been an enormous effort in the 
generation of new thalidomide derivatives with 
promising preclinical results (72-76, 92). Despite 
this effort, only one derivative CC-5013, has made it 
into clinical trial alongside the parental compound.  
The IMiD (Immunomodulatory Drug), CC-5013, has 
been demonstrated to be beneficial in the treatment 
of multiple myeloma, an osteolytic bone disease, and 
solid tumors (73, 75). CC-5013 is being evaluated in 
sixteen clinical trials overall, none of which are for 
prostate cancer.  There is also recent evidence 
suggesting that SelCID-3 may have potent antitumor 
effects through the induction of G2-M cell cycle 
arrest and caspase 3-dependent apoptosis.  The 
majority of these structural analogues were derived 
through modifications to the glutarimide moiety or 
by putting a phenyl ring in the phthalimide region. 
Recently investigators from the Brown group have 
attempted to tackle the challenge of expanding the 
phthalimide region of the molecule while preserving 
internal amides (72, 92). This has generated three 
functional classes of thalidomide analogs as evinced 
by testing in vitro; those that kill endothelial cells, 
those that kill prostate cancer cells and those that kill 
both with equal efficacy (72).  Preliminary data 
suggests that one of these molecules is a novel 
microtubule depolymerizing agent. Given these 
developments in synthesis, testing and positive 
clinical trials results, the future of small molecule 
thalidomide analogs remains promising. 

3. APPLICATIONS FOR MARROW-

HOMING BONE STROMAL CELLS 

Mesenchymal cell homing to bone and 

marrow.  For many years, we have focused on the 
isolation and characterization of mesenchymal cells 
from bone marrow (95).  The cells that were isolated 
are pluripotent, can differentiate into a variety of cell 
types in vitro, and are capable of targeting bone 
marrow upon intravenous administration of 
genetically labeled cells into host syngeneic mice 
(96).  This bone marrow homing phenomenon was 
exploited for the purposes of gene delivery which 
can be useful for musculoskeletal gene therapy. By 

engineering cells to carry an IGF-1 cDNA, we 
showed homing to bone marrow and to fractures of 
bone (97).  The genetically modified mesenchymal 
cells also were shown to target sites of injury in the 
musculoskeletal system such as defects that were 
created in cortical bone and femur fractures (98). 

Bone marrow (mesenchymal) cells target bone 

metastases. Predilection of prostate cancer for bone 
metastasis suggests that cells of the bone marrow 
stroma provide a nurturing environment.  The 
stromal-epithelial interaction is important for 
prostate cancer growth and survival (99, 100). In 
collaboration with Leland Chung’s group we 
combined a bone stromal cell line expressing 
thymidine kinase with several prostate cancer cell 
lines in vitro and in vivo in an effort to explore and 
understand this relationship.  A bone stromal cell 
line, D1, and a series of LNCaP-lineage related 
human prostate cancer cell lines were maintained in 
culture (95, 96, 101, 102).  The D1 cell was 
transfected with lac Z (D1-bag) to allow for 
morphological identification.  Retrovirus constructs 
containing the thymidine kinase (TK) or cytosine 
deaminase (CD) genes were used to transduce the β-
galactosidase expressing D1-bag cells.  D1-TK and 
D1-CD cells were co-cultured with prostate cancer 
cell lines in vitro and in vivo.  The presence of toxic 
genes TK and CD in the bone stromal cells allows 
for cellular “suicide” by the administration of the 
pro-drug, acyclovir and 5-fluorocytosine, 
respectively.  A co-culture of these genetically 
modified bone stromal cells with cells from the 
prostate cancer cell line LNCaP (androgen sensitive) 
and sublines C4-2 (androgen independent, 
tumorigenic and spontaneously metastatic to bone) 
and C4-2B (androgen-independent, bone metastatic, 
bone metastasis-derived) was performed to evaluate 
the interaction between the stromal cells and the 
various prostate cancer cell lines (99, 103, 104). The 
homing ability of the D1-bag cells to bone marrow 
was tested 2-4 weeks after intravenous injection by 
staining of the mouse femur with X-gal.  A 
subcutaneous chimeric tumor model with 50% D1-
TK and 50% C4-2 was established (99, 103, 104).  
The bystander cell kill was tested by administration 
of 40 mg/kg of acyclovir to the mice.  Tumor size 
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was determined radiographically and PSA measured 
in serum.   

In vitro co-culture of the bone marrow stromal 
cells with LNCaP and its subline C4-2 exhibited 
diffuse interaction at the cellular level.  The bone 
metastatic subline C4-2B formed organized clusters 
that were completely surrounded by bone stromal 
cells.  In this in vitro co-culture system, marked 
cellular killing occurred upon addition of acyclovir 
to the D1-TK cells compared to the unaltered bone 
stromal cells, D1.  In vivo co-cultures of D1 cells 
containing thymidine kinase and C4-2 cells in the 
subcutaneous tissue stimulated an osseous metastasis 
in nude mice.  Treatment with acyclovir attenuated 
tumor growth and decreased serum PSA levels.  D1-
bag cells delivered intravenously or by 
intramedullary injection home to the bone marrow 
and localize to sites of C4-2B metastasis in bone.   

The morphological findings suggest intercellular 
communication between the stromal cells and the 
bone metastatic subline of LNCaP, C4-2B.  This 
may explain the marked cellular killing which was 
observed in the co-culture assay of the bone marrow 
stromal cells which were transduced with TK and 
CD upon administration of acyclovir or 5-FC, 
respectively.  The observation in vivo of decreased 
chimeric tumor volume and decreased serum PSA 
upon administration of acyclovir, combined with the 
ability of the stromal cells to home to the bone 
marrow after systemic injection, suggests that a 
viable treatment for osseous metastasis may be the 
destruction of the ability of bone stromal cells to 
nurture tumor growth.  

There is now an accumulating body of evidence 
to indicate that bone marrow metastasis is an early 
event, occurring even prior to the detection of 
clinical symptoms (105).  In studies with Chung et 
al. (99) and our collaboration with Hsieh et al (104), 
it has been shown that bone marrow mesenchymal 
cells can target bone metastases resulting in 
combined cell death in the tumor cell-D1-TK co-
culture assay.  This further demonstrates the 
potential efficacy of using bone-targeting bone 
stromal cells as therapeutic delivery vehicles. 
Further knowledge of the initial tumor cell-bone 
stroma interaction will facilitate the development of 
treatments that prevent osteoclastic and osteoblastic 
lesions with bone metastases.  Such steps are already 

improving the targeting and efficiency of viral 
targeted gene expression with both tissue specific 
promoters (99, 106) and refinements to enhance 
those expression vectors using locally available 
steroid hormone response elements such as 1,25-
dihydroxyvitamin D3. (106) The identification of 
molecular interactions between tumor and bone cells 
that are important to the process of cancer cell 
dissemination to bone is a crucial step towards 
testing the physiological significance of these 
interactions in vivo.

4. CONCLUDING REMARKS 

REGARDING ADDITIONAL 

APPROACHES TARGETING BONE 

STROMAL CELLS 

In this chapter we have summarized and 
highlighted many of our current and recent research 
approaches to the targeting of cancer metastasis 
involving bone by thinking about the unique 
interplay between bone metastasizing cancers and 
the bone microenvironment. The research 
highlighted above only touches the surface of some 
very exciting new approaches to this ongoing 
problem. Many investigators have made significant 
recent progress towards understanding the dynamic 
interplay between bone metastases and the changes 
that ensue in normal bone processes involved with 
bone remodeling.  

As prostate cancer develops, it becomes more 
osteomimetic as described by Koeneman et al (107). 
Basically, this means that prostate cancer cells begin 
to express proteins commonly found in the bone 
microenvironment, both extracellular matrix 
molecules and soluble factors, long before they ever 
colonize that tissue (107-109). Taking advantage of 
this fact, Chung and colleagues have demonstrated 
the utility of targeting both tumor cells and bone 
stromal cells using the osteocalcin promoter to drive 
toxic gene therapy to kill both the invading tumor 
and the activating bone stromal cells as described 
above (99, 103, 104, 106, 109, 110). 

Prostate cancer is not unique in this 
osteomimetic behavior as several bone metastasizing 
tumors, prostate, breast, multiple myeloma and lung 
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secrete parathyroid hormone-related protein 
(PTHrP) (111, 112), MIP-1α (113) or various 
interleukins like IL-6 and IL-8 (113-122), all of 
which are considered to be osteoclast activating 
factors in addition to contributing to the 
development of androgen independence in prostate 
cancer.  All of these molecules are potential 
therapeutic targets.

As an indirect activator of osteoclasts, PTHrP is 
a potent and important molecule in the regulation of 
the resultant phenotype of the metastatic focus, 
whether or not it is osteoblastic or osteoclastic in 
nature. This is accomplished through the enhanced 
secretion of receptor activator of NFκB ligand 
(RANKL) by osteoblasts in response to PTHrP. 
RANKL then stimulates osteoclast activity directly. 
One of the consequences of this action of PTHrP is 
to decrease the natural RANKL receptor antagonist, 
osteoprotegerin (OPG). OPG normally acts as a 
decoy for RANKL preventing the formation of 
osteoclasts by RANKL binding to its receptor, 
RANK, on the precursors to osteoclasts. Since this 
pathway plays a central role in regulating bone 
turnover/remodeling, it is an attractive candidate for 
therapeutic intervention. Neutralizing monoclonal 
antibodies to PTHrP have been developed and found 
to be active in xenograft models (111, 123) and 
murine models of multiple myeloma (124). Guanine 
nucleotide analogs (125) and vitamin D3 derivatives 
(126) were found to be effective at reducing PTHrP 
production by cancer cells. As the decoy receptor for 
RANKL, the administration of exogenous OPG has 
seen some success as has soluble RANK as 
determined by regulation of serum calcium levels 
and normalization of mineralized bone volume 
(112). In studies with human xenografts, OPG 
administration decreased the number of mature 
osteoclasts and osteolytic tumor lesions although 
care should be taken because this molecule can act 
as a tumor survival factor under appropriate 
circumstances (112).  

Bisphosphonates are a class of small molecule 
inhibitors that accumulate in bone and act directly 
by decreasing osteoclastogenesis, decreasing 
resorption rates, and enhancing osteoclast apoptosis 
(127, 128). Overall, bisphosphonates inhibit the 
colonization of metastatic tumor cells in bone 

although the efficacy of this approach in osteoblastic 
cancers is unclear (2).

In conclusion, the understanding of the biology 
of bone development and turnover has led to the 
identification of several key regulatory molecules in 
these processes that have been commandeered by the 
invading cancer cells. As our level of understanding 
in this normal process of bone homeostasis 
increases, we will have new targets to assess for 
efficacy in the treatment of osseous metastases. It is 
our hope that these research efforts will provide 
well-tolerated, highly efficacious therapies to 
eradicate osseous metastases and the associated co-
morbidity. 
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Abstract: The distribution of metastases is determined by an interaction between tumor cells ("seed") and the 
microenvironment of specific organs ("soil"). In fact, lung cancer produces metastasis to several particular 
organs, such as the liver, lung, lymph nodes, brain, and bone, suggesting organotropism on metastasis.  But, 
the precise mechanisms determining organotropism remain unsolved. We established multiple-organ 
metastasis model by intravenous injection of human lung cancer cells into NK-cell depleted SCID mice. For 
the elucidation of the factors regulating organotropism of metastasis, we performed cDNA-microarray 
analyses (23,040 genes) of the metastatic foci of human lung cancer (SBC-5) cells developed in four 
different organs. Hierarchical clustering of 435 genes separated the four organ-specific groups of metastatic 
lesions very clearly. Of 435 genes, parathyroid hormone related-peptide (PTHrP) was highly expressed in 
bone metastasis, and inhibition of PTHrP resulting in specific inhibition of bone metastasis, suggesting 
usefulness of this approach to identify organ-specific therapeutic targets.  Since no absolutely effective 
methods for curing metastatic tumors in different organs are available at present, combined use of the 
modalities which have anti-metastatic effect to single organ may be alternative approach to control multiple 
organ metastasis. Further examinations are warranted for developing novel molecular targeted therapy to 
control multiple-organ metastasis and improve the survival. 

Key words: Organotropism, organ heterogeneity, lung cancer, metastasis, molecular target therapy, hormone metastasis 
model, cDNA microarray, bone metastasis, PTHrP, bisphosphonate, minodronate, combined therapy, 
parathyroid hormone related-peptide 

1. INTRODUCTION 

Lung cancer is a leading cause of malignancy-
related death worldwide.  It can be cured by surgical 
resection if found at early stage. More than 70% of 
lung cancer patients are, however, diagnosed at 
advanced stage, and the majority of these patients 
already developed metastasis. Despite of 
improvement of chemotherapy and radiotherapy, 
prognosis of advanced lung cancer patients is still 
poor (1). Lung cancer is known to produce 
metastasis to several particular organs, such as the 

liver, lung, lymph nodes, brain, and bone, suggesting 
organotropism on metastasis formation of this 
disease (2). No absolutely effective methods for 
curing metastatic tumors in different organs are 
available at present.  Therefore, combined use of the 
modalities which have anti-metastatic effect to 
single organ may be alternative approach to control 
multiple organ metastasis. 

It seems to be essential to understand molecular 
mechanisms of lung cancer metastasis for 
development of novel anti-metastatic modality. To 
produce metastasis, tumor cells must complete a 
series of sequential and selective steps (3) that 

G. G. Meadows (ed.), Integration/Interaction of Oncologic Growth, 387-405.
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include invasion of cancer cells from the primary site
to blood vessels or the lymphatic system, survival in 
the circulation, intravascular transfer to distant 
organs, attachment to endothelial cells, extravasation 
into the parenchyma, and outgrowth into a secondary 
tumor with neovascularization.  Throughout these 
multiple steps of metastasis, molecular interactions 
between cancer cells and their microenvironment(s)
play important roles (4). Blood flow and other 
environmental factors influence the dissemination of 
cancer cells to specific organs (5). However, the 
organ specificity of metastasis (i.e., some organs 
preferentially permit migration, invasion, and growth 
of specific cancer cells, but others do not) is a crucial 
determinant of metastatic outcome.

More than a century ago, Stephen Paget 
suggested that the distribution of metastases was not 
determined by chance, but rather that certain tumor 
cells ("seed") are likely to have an affinity for the 
microenvironment of specific organs ("soil") and 
that metastases occur only when the seed and soil are 
compatible (6). Various molecules such as adhesion 
molecules, cytokines, chemokines, hormones, and 
hormone receptors play important roles in 
preferential metastasis, but the precise mechanisms 
determining seed and soil compatibility remain 
unsolved. 

2. ESTABLISHMENT OF MULTIPLE-

ORGAN METASTASIS MODEL OF 

LUNG CANCER 

2.1 Patient like patterns of metastasis in 

NK-cell depleted SCID mice. 

To examine the cellular and molecular bases of 
organ tropism of lung cancer metastasis, we have 
established models of metastasis to multiple organs
by intravenous injection of different human lung 
cancer cell lines to severe combined immune 

deficiency (SCID) mice depleted of natural killer 
(NK) cells (Figure 1) (7-12).   

All the small-cell lung cancer (SCLC) cell lines 
(SBC-5, SBC-3, SBC-3/ADM, H69, H69/VP) 
formed metastatic nodules in multiple organs (liver, 
kidney, and lymph nodes). 

Squamous cell carcinoma (RERF-LC-AI) cells 
metastasized mainly into the liver and kidneys, 
whereas adenocarcinoma (PC-14, A549) mainly 
produced colonies in the lungs. In addition, PC-14 
and its highly metastatic variant PC14PE6 
reproducibly produced malignant pleural effusions 
(12).  The distribution of these tumor cells in the
mice reproduced very well the distribution patterns 
of human metastatic lung cancers (in humans, e.g.,
SCLC cells can form metastases in multiple organs, 
mainly systemic lymph nodes and liver, whereas 
lung adenocarcinomas produce lung metastasis and 
malignant pleural effusions).  

2.2 Bone metastasis model using SBC-5 

cells

Among these lung cancer cell lines, only SBC-5 
cells reproducibly developed bone metastases (9).  
As assessed by X-ray photography, the osteolytic 
bone metastases produced by SBC-5 cells were 
detected as early as on day 28, and all recipient mice 
developed bone metastasis by day 35 (Table 1). The 
expression of PTHrP (parathyroid hormone related-
peptide) in the cell lines was directly correlated with 
the formation of bone metastasis. Consistent with 
the formation of bone metastasis by SBC-5 cells, the 
levels of PTHrP and calcium in the mouse serum 
were increased in a time-dependent manner, 
suggesting that PTHrP produced by human lung 
cancer may play a crucial role in the formation of 
bone metastasis and hypercalcemia. 
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Figure 1. Patterns of metastasis by human lung cancer cell lines in NK-cell depleted SCID mice.  Tumor cells (1x106) cells 
were intravenously inoculated into NK-cell depleted SCID mice on day 0. Metastasis formation were determined on days 
28-42. (- None; + sometimes; ++ intermediate; +++ many, ++++ numerous). 

Figure 3. Cluster analysis of 25 metastatic lesions. 435 genes out of 23,040 genes were specifically expressed in each of the 
four metastasized organs. 
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Table 1. Genes predominantly expressed in metastasis in each of the four organs:   a. lung, b. kidney, c. bone, d.liver
p value : p value of random permutation test; ratio : ratio of median value between 2 groups of random permutation test (see 
materials and methods). 

a. Lung 

Symbol Description p value ratio 

cell adhesion

LGALS1 lectin, galactoside-binding, soluble, 1 (galectin 1) <0.001 5.36  

PCDHGC3 protocadherin gamma subfamily C, 3 <0.001 3.41  

ITGB4 integrin, beta 4 <0.001 2.74  

LGALS3BP lectin, galactoside-binding, soluble, 3 binding protein <0.01 2.28  

SDC1 syndecan 1 <0.01 3.56  

GJB2 gap junction protein, beta 2, 26kD (connexin 26) <0.05 2.11  

cytoskeleton/cell motility 

TUBB2 tubulin, beta, 2 <0.001 2.92  

FLNA filamin A, alpha (actin-binding protein-280) <0.001 2.46  

RHOC ras homolog gene family, member C <0.001 3.02  

ACTC actin, alpha, cardiac muscle <0.001 4.84  

ACTA1 actin, alpha 1, skeletal muscle <0.001 5.40  

ACTA2 actin, alpha 2, smooth muscle, aorta <0.001 2.96  

ACTB actin, beta <0.001 4.12  

ACTG2 actin, gamma 2, smooth muscle, enteric <0.001 5.49  

ARPC4 actin related protein 2/3 complex, subunit 4 (20 kD) <0.001 4.06  

PTK9L protein tyrosine kinase 9-like (A6-related protein) <0.001 2.09  

LMNA lamin A/C <0.001 3.97  

RPS29 ribosomal protein S29 <0.001 2.02  

PFN1 profilin 1 <0.01 2.16  

ECM remodeling

HTF9C HpaII tiny  fragments locus 9C <0.001 2.87  

FLJ11618 hypothetical protein FLJ11618 <0.01 2.11  

cell-cell signaling (cytokine/chemokine)

MIF macrophage migration inhibitory factor <0.001 2.01  

TNFRSF1A tumor necrosis factor receptor superfamily, member 1A <0.001 2.22  

SCYB13 small inducible cytokine B subfamily, member 13 <0.001 2.30  

DDT D-dopachrome tautomerase <0.001 2.10  

signal transduction

FKBP8 FK506-binding protein 8 (38kD) <0.001 2.48  

PDAP1 PDGFA associated protein 1 <0.001 5.69  

ITPK1 inositol 1,3,4-triphosphate 5/6 kinase <0.001 2.21  

TM4SF7 transmembrane 4 superfamily member 7 <0.001 3.75  

IFITM1 interferon induced transmembrane protein 1 (9-27) <0.01 5.92  

ILK integrin-linked kinase <0.01 2.00  

TRAF2 TNF receptor-associated factor 2 <0.05 2.10  

immune response

C3 complement component 3 <0.001 2.58  

BF B-factor, properdin <0.001 2.13  

HLA-A major histocompatibility complex, class I, A <0.001 2.86  

HLA-B major histocompatibility complex, class I, B <0.001 2.77  

HLA-C major histocompatibility complex, class I, C <0.001 2.16  

HLA-DQA1 major histocompatibility complex, class II, DQ alpha 1 <0.001 19.77  

HLA-DQB1 major histocompatibility complex, class II, DQ beta 1 <0.001 5.08  

PSME2 proteasome (prosome, macropain) activator subunit 2 <0.001 2.64  

IFITM2 interferon induced transmembrane protein 2 (1-8D) <0.001 2.82  
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metabolism

COX6B cytochrome c oxidase subunit VIb <0.001 2.64  

COX8 cytochrome c oxidase subunit VIII <0.001 2.84  

COX7A2 cytochrome c oxidase subunit VIIa polypeptide 2 (liver) <0.001 2.16  

COX5B cytochrome c oxidase subunit Vb <0.001 2.18  

GPX1 glutathione peroxidase 1 <0.001 4.99  

GPX4 glutathione peroxidase 4 (phospholipid hydroperoxidase) <0.001 2.67  

MT2A metallothionein 2A <0.001 2.09  

APOC1 apolipoprotein C-I <0.001 6.44  

FDXR ferredoxin reductase <0.001 2.58  

HSD11B2 hydroxysteroid (11-beta) dehydrogenase 2 <0.001 2.63  

ALAS1 aminolevulinate, delta-, synthase 1 <0.001 2.25  

cell cycle/apoptosis/DNA repair

PPP1CA protein phosphatase 1, catalytic subunit, alpha isoform <0.001 2.90  

ERH enhancer of rudimentary (Drosophila) homolog <0.001 2.09  

PCBP4 poly(rC)-binding protein 4 <0.01 2.46  

CDC20 CDC20 (cell division cycle 20, S. cerevisiae, homolog) <0.01 2.19  

SFN stratifin <0.01 2.40

NOL3 nucleolar protein 3 (apoptosis repressor with CARD domain) <0.01 2.64  

transcription

NFKBIA NF-kappaB inhibitor <0.001 2.15  

DRAP1 DR1-associated protein 1 (negative cofactor 2 alpha) <0.001 2.55  

GATA2 GATA-binding protein 2 <0.001 2.92  

MBD2 methyl-CpG binding domain protein 2 <0.001 3.25  

protein synthesis/processing

FAU FBR-MuSV ubiquitously expressed (fox derived) <0.001 2.74  

RPS10 ribosomal protein S10 <0.001 2.12  

RPLP2 ribosomal protein, large P2 <0.001 2.01  

RPL18 ribosomal protein L18 <0.001 2.05  

MRPL23 mitochondrial ribosomal protein L23 <0.001 3.15  

PSMB8 proteasome (prosome, macropain) subunit, beta type, 8 <0.001 3.22  

RPS26 ribosomal protein S26 <0.001 3.12  

PMM2 phosphomannomutase 2 <0.001 2.06  

FBXO2 F-box only protein 2 <0.001 2.22  

EEF1D eukaryotic translation elongation factor 1 delta <0.001 2.24  

unknown 27 genes   

    

b. Kidney 

Symbol Description p value ratio 

cell adhesion

LGALS9 lectin, galactoside-binding, soluble, 9 (galectin 9) <0.001 2.50  

ENTPD2 ectonucleoside triphosphate diphosphohydrolase 2 <0.01 2.79  

CLDN17 claudin 17 <0.05 2.62  

cytoskeleton/cell motility

ACTR1A ARP1 (actin-related protein 1, yeast) homolog A <0.001 2.77  

DKFZP586N1922 DKFZP586N1922 protein <0.001 2.09  

CYLN2 cytoplasmic linker 2 <0.001 2.07  

EPLIN epithelial protein lost in neoplasm beta <0.001 3.43  

CCT-7 HIV-1 Nef interacting protein <0.01 2.35  

CNN3 calponin 3, acidic <0.05 3.84  
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ECM remodeling

COL1A1 collagen, type I, alpha 1 <0.01 2.51  

cell-cell signaling (cytokine/chemokine)

BMP6 bone morphogenetic protein 6 <0.001 2.79  

INHBA inhibin, beta A (activin A, activin AB alpha polypeptide) <0.001 2.35  

signal transduction

DUSP10 dual specificity phosphatase 10 <0.001 2.09  

PRSS11 protease, serine, 11 (IGF binding) <0.01 2.66  

immune response

HLA-DMA major histocompatibility complex, class II, DM alpha <0.01 2.48  

TRB@ T cell receptor beta locus <0.01 8.66  

C1S complement component 1, s subcomponent <0.05 2.17  

metabolism

GCK
glucokinase (hexokinase 4, maturity onset diabetes of the 
young 2) 

<0.001 2.52  

GPX3 glutathione peroxidase 3 (plasma) <0.001 11.30  

HMGCL 3-hydroxymethyl-3-methylglutaryl-Coenzyme A lyase <0.01 3.45  

cell cycle/apoptosis/DNA repair

Septin 6 <0.001 2.83  

transcription

P84 nuclear matrix protein p84 <0.001 2.27  

NSAP1 NS1-associated protein 1 <0.001 2.17  

ZNF258 Zinc finger protein 258 <0.001 2.12  

GCN5L2 GCN5-like 2 <0.01 2.98  

HSPC157 HSPC157 protein <0.01 2.56  

RNASE6PL ribonuclease 6 precursor <0.01 2.30  

protein synthesis/processing

HUGT1 UDP-glucose:glycoprotein glucosyltransferase 1 <0.001 2.10  

UBE2N ubiquitin-conjugating enzyme E2N <0.001 2.24  

SCAMP2 secretory carrier membrane protein 2 <0.01 2.35  

Neurogenesis

DCTN1 Dynactin 1 (p150, glued homolog, Drosophila) <0.001 2.14  

ITM2B integral membrane protein 2B <0.01 2.21  

EFNB3 ephrin-B3 <0.01 2.49

the others

ATP1B1 ATPase, Na+/K+ transporting, beta 1 polypeptide <0.001 3.25  

SRI sorcin <0.001 3.44

H1F2 H1 histone family, member 2 <0.001 2.15  

SUT1 sulfate transporter 1 <0.05 2.15  

unknown 32 genes   

    

c. Bone 

Symbol Description p value ratio 

cell adhesion 

CELSR1 cadherin, EGF LAG seven-pass G-type receptor 1 <0.001 3.31  

PLXNC1 plexin C1 <0.001 2.71  

NEO1 neogenin (chicken) homolog 1 <0.001 2.06  

PTPRM protein tyrosine phosphatase, receptor type, M <0.001 2.67  

cytoskeleton/cell motility 

KIAA0855 golgin-67 <0.001 3.48
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MESDC1 Mesoderm development candidate 1 <0.01 2.58  

LIMK2 LIM domain kinase 2 <0.01 2.38  

ECM remodeling 

KERA keratocan <0.001 2.05

COL3A1 collagen, type III, alpha 1 <0.01 3.29  

cell-cell signaling (cytokine/chemokine) 

FST follistatin <0.001 3.97

MST1 macrophage stimulating 1 (hepatocyte growth factor-like) <0.001 2.30  

FAP fibroblast activation protein, alpha <0.001 2.01  

FGFR1 fibroblast growth factor receptor 1 <0.001 2.07  

signal transduction 

PRP4 serine/threonine-protein kinase PRP4 homolog <0.001 2.13  

PPP3CC protein phosphatase 3 (formerly 2B) <0.001 2.12  

PTPN1 protein tyrosine phosphatase, non-receptor type 1 <0.001 2.12  

AKT2 v-akt murine thymoma viral oncogene homolog 2 <0.001 2.14  

CAV1 caveolin 1, caveolae protein, 22kD <0.001 2.79  

PRKAR1A tissue-specific extinguisher 1 <0.05 2.01  

immune response 

metabolism

cell cycle/apoptosis/DNA repair 

TIA1 TIA1 cytotoxic granule-associated RNA-binding protein <0.001 2.25  

PRKDC protein kinase, DNA-activated, catalytic polypeptide <0.001 2.62  

RAD51L3 RAD51 (S. cerevisiae)-like 3 <0.001 2.38  

DDB1 damage-specific DNA binding protein 1 (127kD) <0.001 2.16  

BAK1 BCL2-antagonist/killer 1 <0.01 2.16  

CDK3 Cyclin-dependent kinase 3 <0.01 2.00  

transcription 

SFRS11 splicing factor, arginine/serine-rich 11 <0.001 2.02  

DKFZP434P0721 similar to mouse Xrn1 / Dhm2 protein <0.001 2.23  

SIRT5 sir2-like 5 <0.001 2.23  

TCEB1L transcription elongation factor B (SIII), polypeptide 1-like <0.001 2.46  

EZH1 enhancer of zeste (Drosophila) homolog 1 <0.001 2.02  

HSF2 heat shock transcription factor 2 <0.001 2.15  

EGR4 early growth response 4 <0.001 2.22  

HNRPU heterogeneous nuclear ribonucleoprotein U <0.01 3.33  

GLI3 GLI-Kruppel family member GLI3 <0.01 2.27  

EGR3 early growth response 3 <0.01 2.95  

LZTR1 leucine-zipper-like transcriptional regulator, 1 <0.01 2.09  

SMARCC1 SWI/SNF complex 155 kDa subunit <0.05 2.36  

protein synthesis/processing 

MTIF2 mitochondrial translational initiation factor 2 <0.001 2.08  

MTHFD2 cyclohydrolase, NAD(+)-dependent <0.01 2.27  

RPL37A ribosomal protein L37a <0.01 2.04  

SEC63L SEC63, endoplasmic reticulum translocon component like <0.01 2.36  

LOC54516
similar to prokaryotic-type class I peptide chain release 
factors 

<0.01 2.13  

neurogenesis 

DPYSL2 dihydropyrimidinase-like 2 <0.001 3.51  

GPM6B glycoprotein M6B <0.001 2.50  

SLIT2 slit (Drosophila) homolog 2 <0.01 6.01  
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PRPS1 phosphoribosyl pyrophosphate synthetase 1 <0.01 2.10  

the others 

ERF Ets2 repressor factor <0.001 2.24  

DYT1 dystonia 1, torsion (autosomal dominant; torsin A) <0.001 2.13  

SLC11A2 solute carrier family 11, member 2 <0.001 2.37  

MDM2
mouse double minute 2, human homolog of; p53-binding 
protein

<0.001 2.03  

KTN1 kinectin 1 (kinesin receptor) <0.001 2.45  

POV1 prostate cancer overexpressed gene 1 <0.001 3.19  

STK15 serine/threonine kinase 15 <0.001 2.36  

INPPL1 inositol polyphosphate phosphatase-like 1 <0.001 2.02  

GSK3B glycogen synthase kinase 3 beta <0.001 2.42  

KDELR3 KDEL endoplasmic reticulum protein retention receptor 3 <0.001 2.39  

TRF4-2 topoisomerase-related function protein 4-2 <0.001 2.37  

RAB2 RAB2, member RAS oncogene family <0.01 2.16  

KIAA0102 KIAA0102 gene product <0.01 2.24  

SMT3H1 SMT3 (suppressor of mif two 3, yeast) homolog 1 <0.01 2.32  

ENTPD5 ectonucleoside triphosphate diphosphohydrolase 5 <0.01 2.02  

KIAA0939 KIAA0939 protein <0.01 5.81  

FUS1 lung cancer candidate <0.01 2.18  

LLGL2 lethal giant larvae (Drosophila) homolog 2 <0.01 2.11  

MYB v-myb avian myeloblastosis viral oncogene homolog <0.01 2.03  

unknown 79 genes 

d. Liver 

Symbol Description p value ratio 

cell adhesion 

IGFBP7 insulin-like growth factor binding protein 7 <0.001 2.29  

CDH2 cadherin 2, type 1, N-cadherin (neuronal) <0.01 3.01  

cytoskeleton/cell motility 

CBX1 chromobox homolog 1 (Drosophila HP1 beta) <0.001 2.51  

HECH heterochromatin-like protein 1 <0.001 2.61  

MYPT1 myosin phosphatase, target subunit 1 <0.001 3.00  

SDCBP syndecan binding protein (syntenin) <0.001 2.26  

CD2AP CD2-associated protein <0.01 2.21  

ECM remodeling 

CTSL2 cathepsin L2 <0.01 2.06  

P4HA1 prolyl 4-hydroxylase, alpha-1 subunit <0.01 3.11  

ADAM17 A disintegrin and metalloproteinase domain 17 <0.01 2.04  

cell-cell signaling (cytokine/chemokine) 

LIF leukemia inhibitory factor <0.001 3.49  

IFN-gamma antagonist cytokine <0.001 2.23  

PBEF pre-B-cell colony-enhancing factor <0.01 2.52  

signal transduction 

GNAS1 GNAS complex locus <0.001 2.61  

TIEG TGFB inducible early growth response <0.001 2.11  

RHEB2 Ras homolog enriched in brain 2 <0.001 2.49  

YWHAQ 14-3-3 protein tau <0.01 2.22  

PTPN12 protein tyrosine phosphatase, non-receptor type 12 <0.01 2.17  

SSH3BP1 spectrin SH3 domain binding protein 1 <0.05 2.10  

LOC56990 non-kinase Cdc42 effector protein SPEC2 <0.05 2.11  
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MTM1 myotubular myopathy 1 <0.05 2.14  

immune response 

metabolism

PGK1 phosphoglycerate kinase 1  <0.001 2.57  

PDK1 pyruvate dehydrogenase kinase, isoenzyme 1 <0.001 6.21  

LDHB lactate dehydrogenase B <0.001 3.37  

ATQ1 antiquitin 1 <0.001 2.22  

AGL amylo,6-glucosidase, 4-alpha-glucanotransferase <0.001 2.18 

PHKB phosphorylase kinase, beta <0.001 2.71  

ACLY ATP citrate lyase <0.05 2.40  

cell cycle/apoptosis/DNA repair 

CCNG1 cyclin G1 <0.001 2.17  

CAP-C chromosome-associated polypeptide C <0.001 2.53  

BNIP3L BCL2/adenovirus E1B 19kD-interacting protein 3-like <0.01 2.15  

REV3L REV3 (yeast homolog)-like <0.01 2.45  

transcription 

TOP3 DNA topoisomerase III <0.001 2.00  

HNRPA2B1 heterogeneous nuclear ribonucleoprotein A2/B1 <0.001 2.73  

DDX15 DEAD/H (Asp-Glu-Ala-Asp/His) box polypeptide 15 <0.001 3.26  

HNRPA1 heterogeneous nuclear ribonucleoprotein A1 <0.001 2.45  

RBMX RNA binding motif protein, X chromosome <0.001 2.21  

HTATSF1 HIV TAT specific factor 1 <0.001 2.31  

TAF172 TBP-associated factor 172 <0.001 2.18  

TAF2B TBP-associated factor 2 <0.001 2.64  

LRRFIP1 leucine rich repeat (in FLII) interacting protein 1 <0.001 2.24  

BTF3 basic transcription factor 3 <0.001 2.03  

MYC v-myc avian myelocytomatosis viral oncogene homolog <0.001 2.50  

BHLHB2 basic helix-loop-helix domain containing, class B, 2 <0.001 5.45  

DBY DEAD/H box polypeptide, Y chromosome <0.001 2.33  

MXI1 MAX-interacting protein 1 <0.01 2.86  

ZNF9 zinc finger protein 9 <0.01 2.62  

BAZ1A bromodomain adjacent to zinc finger domain, 1A <0.05 2.13  

protein synthesis/processing 

RABGGTB Rab geranylgeranyltransferase, beta subunit <0.001 2.76  

RPL9 ribosomal protein L9 <0.001 2.27  

EIF3S6 eukaryotic translation initiation factor 3, subunit 6 (48kD) <0.001 2.11  

RPL6 ribosomal protein L6 <0.001 2.10  

RPL7 ribosomal protein L7 <0.001 2.40  

RPS3A ribosomal protein S3A <0.001 2.73  

RPS4X ribosomal protein S4, X-linked <0.001 2.16  

EEF1A1 eukaryotic translation elongation factor 1 alpha 1 <0.001 2.57  

LOC51280 golgi membrane protein GP73 <0.01 2.16  

neurogenesis 

GPM6B glycoprotein M6B <0.001 3.87  

STMN2 Stathmin-like 2 <0.001 3.78  

GPI glucose phosphate isomerase <0.001 2.44  

the others 

CSPG6 chondroitin sulfate proteoglycan 6 (bamacan) <0.001 2.97  

ST13
suppression of tumorigenicity 13(Hsp70-interacting 
protein)

<0.001 2.29  

BET1 Golgi vesicular membrane trafficking protein p18 <0.001 2.15  
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SLC2A1 solute carrier family 2, member 1 <0.001 3.11  

SLC16A1 solute carrier family 16, member 1 <0.001 2.35  

RANBP2 RAN binding protein 2 <0.001 2.33  

ATP5A1 mitochondrial ATP synthetase, oligomycin-resistant <0.001 2.01  

P115 vesicle docking protein p115 <0.01 2.54  

SEC23B Sec23 (S. cerevisiae) homolog B <0.01 2.05  

SCP2 sterol carrier protein 2 <0.01 2.56  

UBA2 SUMO activating enzyme subunit 2 <0.05 2.50  

SLC2A3 solute carrier family 2, member 3 <0.05 2.96  

SSFA2 sperm specific antigen 2 <0.05 2.17  

unknown 50 genes 

2.3 Usefulness of multiple-organ 

metastasis models for evaluation of 

organ heterogeneity of metastasis  

A huge number of molecules has been reported 
to regulate metastasis.  We demonstrated that 
overexpression of cytokines (IL-1β) (11) and 
adhesion molecules (CD82) (13) dramatically 
facilitated production of metastasis to various 
organs.  On the other hand, metastasis formation is 
regulated by the interaction of tumor cells and host 
microenvironments.  Since both tumor cells and host 
microenvironments are biologically heterogenous, 
modification of one particular molecule may not 
uniformly inhibit metastasis to multiple organs.  In 
fact, we have previously shown that the 
antimetastatic effect of both M-CSF (14) and an 
inhibitor of MMP (15) are specific to particular 
organs, despite the fact that both macrophage 
colony-stimulating factor (M-CSF) and matrix 
metalloproteinase (MMP) inhibitors dramatically 
block the growth of subcutaneously inoculated 
tumor cells. For this reason, metastatic models 
should be used in preference to subcutaneous 
xenograft models for evaluating the therapeutic 
potential of new anticancer agents.

3. DETERMINATION OF ORGAN-

SPECIFIC METASTASIS 

(ORGANOTROPISM)-RELATED

GENES.

For the elucidation of a comprehensive survey of
the factors regulating organotropism of metastasis 

and the cross-talk between cancer cells and
microenvironment in each organ, we performed
cDNA-microarray analyses (23,040 genes) of the 
metastatic foci of human SCLC (SBC-5) cells 
developed in four different murine organs (lung, 
liver, kidney, and bone) and compared gene-
expression profiles among 25 of these lesions (10 in 
lung, 5 in liver, 5 in kidney, and 5 in bone) (Figure 
2). To remove contamination of normal mouse 
mRNA and any experimental noises in the statistical 
analysis, we performed laser-capture microdissection 
of surrounding mouse normal tissues and then 
hybridized on the human cDNA microarrays (16).  
To identify genes that were specifically expressed in 
each of the four metastasized organs, we performed 
random permutation tests; this is an appropriate 
strategy for distinguishing two known subgroups. 
We used the following combinations: 10 lung
metastases versus all 15 others; 5 liver metastases 
versus all 20 others; 5 kidney metastases versus all 
20 others; and 5 bone metastases versus all 20 
others. Hierarchical clustering of these 435 genes 
(Table 1) separated the four organ-specific groups of 
metastatic lesions very clearly (Figure 3).  Figure 4 
lists representative of the 435 genes, the median 
ratios of which between the two groups were >2 
with P values <0.05, among the 23,040 genes 
examined on the microarray. These results suggest 
that metastatic cancer cells can grow in the different 
organs using with organ specific genes and their 
products, and that organotropism of SBC-5 cells can 
be determined by these factors. 
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Figure 2. Strategy for detection of genes predominantly expressed in metastatic organs.  Twenty five metastatic foci 
produced by SBC-5 cells (10 in lung, 5 in liver, 5 in kidney, and 5 in bone) were harvested. To remove contamination of 
normal mouse mRNA and any experimental noises in the statistical analysis, we then performed laser-capture 
microdissection (LCM) of surrounding mouse normal tissues and total RNA was harvested from the tumor cells.  After 
amplification of RNA by T7 based RNA amplification (2 round), gene expression profile (23,040 genes) was examined by 
cDNA microarray analyses.

Figure 4. Genes with increased expression in metastatic nodules. 
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4. GENES DIFFERENTIALLY 

EXPRESSED BETWEEN 

"MICROMETASTASIS" AND 

"MACROMETASTASIS"

In vivo videomicroscopy studies have revealed 
that early phases of the metastatic process are 
completed quite efficiently through sequential steps, 
whereas growth phases of metastatic cells are very 
inefficient. Those observations suggest that 
regulators of tumor growth at secondary sites should 
be key targets for preventing metastasis. To further 
clarify the mechanism(s) operating later in the 
process of metastasis, we applied random 
permutation tests to compare lung-metastatic 
nodules classified according to the growth step from 
micrometastasis to macrometastasis.  Nine metastatic 
lesions in the lung (five lesions were <1 mm and 
four were >2 mm) were analyzed and 105 
differentially expressed genes were determined. 
Sixty-eight of the genes were predominantly
expressed in the smaller lesions, and 37 were 
predominant in the larger lesions (Table 2). The 105 
genes that were differentially expressed between the
two groups were classified according to their 

function. A number of genes involved in the cell 
motility, cell adhesion, and extra cellular matrix 
(ECM) remodeling were predominantly expressed in 
micrometastasis. For example, HSPB3, ACTB,
ACTA2, TMSB10, MYH7, FLNA, and ARPC4, the 
expressions of which were elevated in 
micrometastasis, coordinately form lamellipodia and 
new adhesion sites at the leading edge of the 
invading cells, and move the cell forward by 
contraction of actomyosin-based cytoskeletal 
filaments. MMP1, which encodes a secreted enzyme 
that breaks down interstitial collagens (types I, II, 
and III), was also up-regulated in the smaller lesions. 
On the other hand, none of the genes belonging to 
the categories documented above were highly 
expressed in the larger lesions. Enhanced expression 
of these genes in the smaller lesions might reflect 
active cellular movement and invasion of cancer
cells in micrometastasis. Because the differential 
expression of 105 genes between the two groups 
might reflect differences in the biological features of 
these tumors, further investigations of nearly half of 
the genes of unknown functions listed here should 
provide important insights into the progression from
micrometastasis to macrometastasis. 

Table 2. Genes predominantly expressed in micrometastasis and macrometastasis 
p value : p value of random permutation test, ratio : ratio of median value between 2 groups of random permutation test

a. Micrometastasis 

Symbol Description p value ratio 

cell adhesion

GP110 Adhesion regulating molecule 1 <0.001 2.00  

SDC1 syndecan 1 <0.01 2.30  

STEAP six transmembrane epithelial antigen of the prostate <0.01 2.03  

CEACAM4 carcinoembryonic antigen-related cell adhesion molecule 4 <0.05 2.25  

PCDHGC3 protocadherin gamma subfamily C, 3 <0.05 2.01  

cytoskeleton/cell motility

HSPB3 heat shock 27kD protein 3 <0.001 2.04  

ARPC4 actin related protein 2/3 complex, subunit 4 (20 kD) <0.001 2.03  

ACTA2 actin, alpha 2, smooth muscle, aorta <0.01 3.08  

ACTB actin, beta <0.01 2.42  

MYH7 myosin, heavy polypeptide 7, cardiac muscle, beta <0.01 2.34  

TMSB10 thymosin, beta 10 <0.05 2.04  

ECM remodeling

MMP1 matrix metalloproteinase 1 (interstitial collagenase) <0.05 2.55  

HTF9C HpaII tiny  fragments locus 9C (collagen type iii) <0.05 2.43  
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cell-cell signaling (cytokine/chemokine) 

FGF19 fibroblast growth factor 19 <0.001 2.03  

SCYB13 small inducible cytokine B subfamily, member 13 <0.05 2.05  

EGFR epidermal growth factor receptor <0.05 5.79  

signal transduction 

NR1I3 nuclear receptor subfamily 1, group I, member 3 <0.001 2.14  

FSTL1 follistatin-like 1 <0.001 2.03  

SHC1 SHC (Src homology 2 domain-containing) transforming protein 1 <0.01 2.04  

IFITM1 interferon induced transmembrane protein 1 (9-27) <0.05 2.76  

immune response

MD-2 MD-2 protein <0.001 2.00  

IFITM2 interferon induced transmembrane protein 2 (1-8D) <0.01 2.56  

IGKC immunoglobulin kappa constant <0.05 2.27  

DC classII histocompatibility antigen alpha-chain <0.05 3.45  

metabolism

MAN1B1 mannosidase, alpha, class 1B, member 1 <0.001 2.23  

FBP2 fructose,6-bisphosphatase 2 <0.001 2.29  

NUCB1 nucleobindin 1 <0.01 2.39  

PMM2 phosphomannomutase 2 <0.05 2.09  

cell cycle/apoptosis/DNA repair

  

transcription

EEF1E1 eukaryotic translation elongation factor 1 epsilon 1 <0.001 2.00  

NFX1 nuclear transcription factor, X-box binding 1 <0.05 2.07  

protein synthesis/processing

HUGT1 UDP-glucose:glycoprotein glucosyltransferase 1 <0.05 2.14  

PPP1CA protein phosphatase 1, catalytic subunit, alpha isoform <0.05 2.45  

neurogenesis

THY1 Thy cell surface antigen <0.001 2.84  

the others

RAB32 RAB32, member RAS oncogene family <0.001 2.00  

GBF1 golgi-specific brefeldin A resistance factor 1 <0.001 2.66  

ATP1B1 ATPase, Na+/K+ transporting, beta 1 polypeptide <0.01 4.31  

FRZB frizzled-related protein <0.05 6.47  

KIAA1011 synaptic nuclei expressed gene 2 <0.05 2.00  

COPE coatomer protein complex, subunit epsilon <0.05 2.04  

unknown 29 gene     

b. Macrometastasis   

Symbol Description p value ratio 

cell adhesion 

cytoskeleton/cell motility 

ECM remodeling 

cell-cell signaling (cytokine/chemokine) 

PDGFRA platelet-derived growth factor receptor, alpha polypeptide <0.05 2.08  

TGFBR2 transforming growth factor, beta receptor II (70-80kD) <0.05 2.72  

signal transduction 

RHEB2 Ras homolog enriched in brain 2 <0.001 2.01  
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RalGPS1A Ral guanine nucleotide exchange factor RalGPS1A <0.01 2.42  

AKAP9 A kinase (PRKA) anchor protein (yotiao) 9 <0.05 2.20  

RAB2L RAB2, member RAS oncogene family-like <0.05 2.02  

GNAS1 G protein, alpha stimulating activity polypeptide 1 <0.05 2.22  

CD47
CD47 antigen (Rh-related antigen, integrin-associated signal 
transducer) 

<0.05 2.31  

immune response    

metabolism

LDHA lactate dehydrogenase A <0.01 2.51  

cell cycle/apoptosis/DNA repair 

BNIP3L BCL2/adenovirus E1B 19kD-interacting protein 3-like <0.01 3.15  

transcription   

BTF3 basic transcription factor 3 <0.01 2.22  

ZNF277 zinc finger protein 277 <0.05 2.34  

SMARCE1 SWI/SNF related, matrix associated,   

 actin dependent regulator of chromatin, subfamily e, member 1 <0.05 2.13  

protein synthesis/processing 

SMT3H1 SMT3 (suppressor of mif two 3, yeast) homolog 1 <0.001 2.19  

HUGT1 UDP-glucose:glycoprotein glucosyltransferase 1 <0.05 2.41  

neurogenesis 

SYNGR3 synaptogyrin 3 <0.001 2.01  

the others   

NARF nuclear prelamin A recognition factor <0.01 2.08  

GMPS guanine monphosphate synthetase <0.05 2.22

DNMT2 DNA (cytosine-5-)-methyltransferase 2 <0.05 2.83  

unknown 18 genes     

5. MOLECULAR MECHANISMS OF 

BONE METASTASIS BY SBC-5 

CELLS

Bone metastasis causes bone pain, 
hypercalcemia, nerve compression syndromes, and 
even fractures, resulting in decrease of quality of life 
of patients (17). Thus, the prevention and treatment 
of osteolytic bone metastasis based on understanding 
of its molecular mechanism are clinically important. 

Resent reports indicate that bone destruction 
caused by bone metastasis is mediated by factors 
produced or induced by tumor cells that stimulate 
the formation and activation of osteoclasts, the 
normal bone-resorbing cells (18) (Figure 5). Several 
factors, including IL-1, IL-6, receptor activator of 
NF-kappa B (RANK) ligand, macrophage 

inflammatory protein-1-alpha (MIP-1α), and PTHrP, 
have been implicated as factors that enhance 
osteoclast formation and bone destruction in 
malignant diseases (19). We examined the cytokine 
production and metastatic potential of several human 
lung cancer cells in NK cell-depleted SCID mice, 
and found that only SBC-5 cells reproducibly 
developed bone metastasis and constitutively 
expressed a high level of PHTrP (9).  Moreover, we 
found in microarray analyses that PTHrP was 
expressed by the tumor cells in all four metastatic 
sites (lung, liver, kidney, and bone) and that the
expression levels of PTHrP in bone metastases 
tended to be higher than in the other organs. These 
findings strongly suggest that PTHrP may be 
responsible for bone metastasis of SBC-5 cells.
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Figure 5. Molecular mechanism of osteolytic bone metastasis. Cytokines produced by tumor cells and/or host stromal cells 
directly, or indirectly (via activation of osteoblasts) activate osteoclasts.  Activated osteoclasts cause boneresorption, 
providing the space for tumor cell growth and the release of growth factors from bone.  Tumor cells proliferate with the 
stimulation by bone-derived growth factors. 

In our microarray analyses, fibroblast growth 
factor receptor 1 (FGFR1) and follistatin (FST) were 
found to be overexpressed in cells metastasized in 
bone metastatic lesions (16) (Figure 4). FGFR1 is a 
receptor for fibroblast growth factors (FGFs) and its 
downstream signals influence mitogenesis and 
differentiation. Because FGFs are expressed
abundantly in bone tissue (20), the 
microenvironment of bone is likely to be suitable for 
survival and proliferation of cancer cells that express 
FGFR1. Lung cancer commonly develops osteolytic 
bone metastasis.  FST, an activin antagonist that can 
inhibit bone formation (21), might promote the bone
absorption caused by metastatic cells and contribute 
to the release of the growth factors such as FGFs that 
are stored in bone tissue. This bidirectional 
interaction between tumor cells and the bone 
microenvironment seems to be important for 
developing bone metastasis. 

6. MOLECULAR TARGETED 

THERAPY OF BONE METASTASIS 

As described above, osteoclasts (the normal 
bone-resorbing cells) and their activating factors 
(such as PTHrP and FST) are ideal therapeutic 
targets of bone metastasis.  We focused on PTHrP, 
which was overexpressed in the bone metastatic 
lesions, and examined therapeutic effect of anti-
PTHrP neutralizing antibody in our bone-metastasis 
model with SBC-5 cells.  Repeated treatment with 
anti-PTHrP neutralizing antibody to SBC-5-bearing 
SCID mice successfully inhibited the production of 
bone metastasis (Figure 6) (22). However the 
treatment was not effective to metastasis to other 
organs (liver, lung, lymph nodes), indicating bone-
specitic antimetastatic effect of anti-PTHrP 
antibody. 
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Figure 6. Anti-PTHrP antibody (Ab) inhibited bone metastasis by SBC-5 cells. SBC-5 (1x106) cells were intravenously 
inoculated into NK-cell depleted SCID mice on day 0. Anti-PTHrP Ab (200 µg/body) was intravenously administered on 
days -1, 7, 14, 21, and 28. Metastasis and a level of serum calcium were evaluated on day 35. 

Hypercalcemia is another problem frequently 
observed in lung cancer patients. It can be caused by 
two different mechanisms, namely HHM (humoral 
hypercalcemia of malignancy) and LOH (local 
osteolytic hypercalcemia) (23). HHM is mediated 
via PTHrP produced by tumor cells. Since PTHrP 
indirectly stimulates bone resorption by osteoclasts 
and augments the reabsorption of calcium in the 
kidneys, the calcium level in the serum is elevated 
(9). In LOH, cytokines (IL-1, IL-6, TNF-α) locally 
produced by tumor cells promoted the proliferation 
and differentiation of osteoclast-lineage cells, 
induced bone resorption, then caused hypercalcemia 
(24). SBC-5 cells overexpressed PTHrP, whereas no 
IL-1, IL-6, or TNF-α was detected in the culture 
supernatants of SBC-5 cells. In addition, treatment 
with anti-PTHrP antibody improved the elevated 
serum calcium levels indicating that hypercalcemia 
observed in SBC-5 inoculated mice is due to PTHrP 
produced by SBC-5 cells (HHM mechanism). 

Collectively, anti-PTHrP antibody may be useful for 
control of bone metastasis and HHM of lung cancer 
patients.

Bisphosphonates are potent inhibitors of 
osteoclastic bone resorption, and have been widely 
used in the treatment of osteoporosis and 
hypercalcemia (25). Several bisphosphonate 
products, (clodronate, etidronate, alendronate, 
ibandronate, pamidronate), had been shown to 
prevent the production of bone metastasis, however, 
they could not improve the survival of advanced 
cancer patients with bone metastases (26).  The third 
generation bisphosphonates (zoledronic acid and 
minodronate) are expected therapeutic effects 
against bone metastasis because of their high activity 
on osteoclast-mediated bone resorption. We have 
reported that minodronate (YM529), had a 
therapeutic effect against osteolytic bone metastasis 
(Figure 7) (27).   
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Figure 7. YM529 combined with VP-16 prolonged the survival of mice with multiple-organ metastasis by SBC-5 cells.  
SBC-5 (1x106) cells were intravenously inoculated into NK-cell depleted SCID mice on day 0. The mice were treated with 
intravenous administration of YM529 (0.2 µg) on day 7 and/or VP-16 (200 µg) on days 2, 3, 9, and 10.  A: metastasis was 
evaluated on day 35. B: survival of the mice was evaluated. 

Single treatment by YM529 after the 
establishment of micrometastasis inhibited bone 
metastasis, but not visceral metastasis, produced by 
SBC-5 cells, again indicating bone-sepecific anti-
metastatic effects of YM529. However, treatment 
with YM529 alone could not prolong the survival 
significantly, although it remarkably inhibited bone 
metastasis (28).  Because SBC-5 cells develop 
metastasis to various organs, selective inhibition of 
bone metastasis may be not sufficient for prolonging 
the survival. On the other hand, a chemotherapeutic 
agent, VP-16, suppressed metastasis to some 
visceral organs (the liver and lungs). Combined use 
of these two agents could produce a better effect in 
terms of survival and development of metastasis 
(28).

Collectively, the control of both bone metastasis 
and visceral metastases by multiple modalities may 

be necessary to prolong the survival of cancer 
patients with multiple organ metastases. 

7. CONCLUSIONS 

Metastasis to multiple organs is the major 
obstacle of treatment of lung cancer patients.  There 
is organotropism on metastasis of lung cancer.  
Since no absolutely effective methods for curing 
metastatic tumors in different organs are available at 
present, combined use of the modalities which have 
antimetastatic effect to single organ may be 
alternative approach to control multiple organ 
metastasis. We established multiple-organ metastasis 
model of lung cancer in NK-cell depleted SCID 
mice.  Using this model, we determined 
organotropism- related genes by means of cDNA
microarray representing 23,040 genes and extracted 
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435 genes that seemed to reflect the organotropism 
of the metastatic cells and the cross-talk between 
cancer cells and microenvironment. 

Of 435 genes, we demonstrated causal evidence 
of PTHrP on bone metastasis, suggesting usefulness 
of this approach to identify novel therapeutic targets.  
In addition, we showed that combined therapy with 
bisphosphonate (to control bone metastasis) and 
chemotherapy (to control visceral metastasis) is 
necessary for control multiple organ metastasis and 
prolongation of survival. Further examinations are 
warranted for developing novel molecular targeted 
therapy to control multiple organ metastasis and 
improve the survival of lung cancer patients. 
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Abstract: Maspin is a novel serine protease inhibitor differentially expressed in several types of human cancers. 
Accumulated evidence indicates that maspin plays a tumor suppressive role at the steps of tumor growth, 
invasion, tumor-induced extracellular matrix remodeling and angiogenesis, and tumor metastasis. Several 
recent studies also suggest that maspin plays a role in restoring a more differentiated phenotype and 
enhances tumor cell sensitivity to drug-induced apoptosis. To date, the underlying molecular mechanisms of 
maspin remain elusive.  This review is intended to summarize research progress made in several areas with a 
focus on whether maspin acts as a serine protease inhibitor.  Towards the potential clinical application of 
maspin in anti-cancer therapies, this review also discusses the current challenges and future research 
directions.

Key words: Maspin, serpins, angiogenesis, serine protease inhibitor, apoptosis, cell suppression, tumor invasion, 
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1. INTRODUCTION 

The maspin cDNA consists of 2584 nucleotides, 
encoding a 42 kDa protein (376 amino acids) with 
an overall sequence homology to serine protease
inhibitors (serpins) (1). The protein sequence of 
maspin is highly conserved among human, mouse 
and rat (2, 3). The human maspin gene, along with 
several ovalbumin type serpins, has been mapped to 
chromosome 18q21.3-23 (1, 4, 5). Serpins in this 
gene cluster appear to be evolutionarily related (6) 
and may be regulated concertedly at epigenetic steps 
(7). Maspin produced by cultured human breast and 
prostate epithelial cells is a 42 kDa monomer which 
is present as a secreted, a cytoplasmic, as well as a 
cell surface-associated protein (1, 8-12). 

Maspin has attracted a great deal of attention 
because it exhibits a tumor suppressive function both 
in vitro and in animal models (1, 13-15). 

Experiments using cell lines in vitro demonstrated 
an inhibitory role of maspin on tumor cell motility 
and invasion (1, 8, 16-20). In addition, maspin has 
been shown to inhibit angiogenesis in both in vitro 

and in vivo models (13, 21, 22). Recently, Cher et al. 
(23) showed that maspin overexpression in prostate 
carcinoma cells DU145 decreased tumor growth, 
tumor-induced osteolysis, and tumor angiogenesis 
(23), suggesting an exciting potential for maspin to 
block prostate cancer bone metastasis. Consistent 
with these experimental observations, clinical 
evidence demonstrates that maspin expression 
predicts a better prognosis for prostate, colon, 
thyroid, lung, and oral squamous cancers (reviewed 
in (24)), and maspin expression correlated with less 
tumor-induced angiogenesis (25, 26). 

Emerging evidence further suggests that the 
tumor suppressive activity of maspin is not restricted 
to the steps of tumor invasion and metastasis. While 
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the biological activities of maspin in inhibiting 
tumor cell motility and invasion is localized on the 
cell surface (8), the Sheng laboratory has shown that 
intracellular maspin plays an important role in up-
regulating Bax expression and sensitizing tumor 
cells to cytokine- or drug-induced apoptosis (27, 28). 
These results help explain the earlier observations 
that maspin overexpression in transgenic mice is 
associated with increased apoptosis (13, 14, 21, 22, 
29) and maspin-expressing tumor xenografts in mice 
are inhibited in tumor growth (1, 16, 23). 

Despite the promising potential of maspin as a 
molecular marker for cancer diagnosis and 
prognosis, as a suppressor of tumor invasion and 
metastasis, and as a modifier of apoptosis-based 
cancer therapies, the underlying molecular 
mechanisms of maspin remain elusive. This review 
is intended to provide a critical review of the 
published data regarding the key issue of whether 
maspin acts as an inhibitory serpin. 

2. THE BIOLOGICAL FUNCTIONS OF 

MASPIN

2.1 Extracellular Maspin and Tumor 

Invasion and Metastasis 

In 1994 Zou and colleagues (1) first reported that 
re-expression of maspin by stable transfection of 
mammary carcinoma cells MDA-MB-435 
significantly inhibited tumor cell invasion in vitro

and metastasis in nude mice (1). This finding is 
supported by several in vivo experiments using 
genetically modified mouse models. For example, in 
WAP-TAg/WAP-maspin bitransgenic mice, maspin 
overexpression reduced angiogenesis and pulmonary 
metastasis (13). Using the syngeneic mammary 
tumor model, Shi et al. showed that maspin 
overexpression in TM40D mammary tumor cells 
blocked tumor local invasiveness and metastasis (14, 
15). Recently, using a novel intraosseous SCID-
Human (SCID-Hu) model that reproduces the organ- 
and species-specific prostate-bone metastasis (30), 
Cher et al. showed that maspin overexpression in 
prostate carcinoma cells DU145 decreased tumor 

growth, tumor-induced osteolysis, and tumor 
angiogenesis (23). The notion that maspin 
suppresses tumor-induced angiogenesis is consistent 
with earlier evidence that transgenic expression of 
maspin resulted in decreased angiogenesis and 
increased apoptosis in WAP-Tag/WAP-maspin 
bitransgenic mice (13, 22). Furthermore, these 
experimental observations are in line with a couple 
of correlative clinical studies. Hojo et al. showed a 
significant correlation of maspin expression with 
decreased microvessel staining in human breast 
cancer specimens (25).  A similar finding was 
reported by Song et al. in human colon cancer (26).  

Extensive in vitro experiments have been 
launched to define the maspin effect on tumor 
invasion. These in vitro experiments can be 
generally divided into two groups based on the form 
of maspin used. Endogenous maspin expression has 
been achieved by stable transfection or retrovirus 
infection in several tumor cell lines. In general, 
endogenous maspin expression significantly inhibits 
tumor cell invasion and motility (1, 8, 17, 18, 31). In 
the meantime, several forms of recombinant maspin 
protein have been produced and purified. Sheng et 
al. first described three forms of recombinant maspin 
proteins produced and purified from E. coli, yeast 
and baculo virus-infected insect cells (20). The 
recombinant maspins produced in yeast and baculo 
virus-infected insect cells were wild type full-length 
maspin, while the recombinant maspin produced in 
E. coli was fused N-terminal to glutathione-S-
transferase. All three forms of recombinant maspin 
inhibited the invasion and motility of a series of 
cancer cell lines in vitro (8, 20, 32, 33). The effect of 
purified maspin on angiogenesis was further 
investigated by Zhang et al. (21) In their study 
published in 2000, maspin protein blocked 
endothelial cell migration toward basic fibroblast 
growth factor and vascular endothelial growth 
factor, and inhibited endothelial tube formation in 

vitro.
It is likely that maspin acts either on the cell 

surface or in the pericellular space to inhibit tumor 
invasion and metastasis since: (i) purified maspin 
added to the cell culture or administrated locally to 
tumor xenografts act similarly as endogenously 
expressed maspin to block tumor invasion, tumor-
induced angiogenesis and tumor metastasis; and (ii) 
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endothelial cells and stromal cells do not express 
maspin, but are responsive to the inhibitory effect of 
purified maspin in in vitro motility and adhesion 
assays (32, 34). These data further suggests that 
maspin regulates common extracellular reactions 
involved in tumor invasion and motility.  

A consensus that maspin depends on its reactive 
center loop (RCL) to inhibit tumor cell motility and 
invasion is derived from the evidence that the 
biological activity of both endogenous maspin and 
purified maspin can be reversed by a neutralizing 
antibody made against maspin RCL peptide (1, 8, 
17, 19, 20). Further supporting this notion is the 
evidence that the N-terminal domain of maspin 
immediately upstream of its putative P1P1’ site in the 
RCL region, resulting from limited cleavage by 
trypsin, has no effect on tumor cell invasion (20). In 
cell-based biological assays, Ngamkitidechakul et al. 
showed that maspin RCL peptide was sufficient to 
stimulate the adhesion of corneal stromal cells to 
type I collagen, fibronectin, and laminin, and 
stimulate the adhesion of breast cancer cells MDA-
MB-231 to fibronectin (35). Chimeric 
maspin/ovalbumin, which has maspin RCL sequence 
replaced by that of ovalbumin, did not have any 
activity in parallel assays. In contrast, the 
substitution of the RCL of ovalbumin with that of 
maspin converted inactive ovalbumin into a fully 
active molecule (35). These data argue against the 
suggestion that maspin acts like noninhibitory serpin 
ovalbumin. However, it is worth noting that since 
only full-length maspin protein, but not maspin RCL 
peptide, has been detected in cells or biological 
samples so far, how the functionality of the maspin 
RCL can be totally independent of the general 
framework of maspin in vivo is not clear.

2.2 Intracellular Maspin and Cell 

Apoptosis

Since the discovery of the maspin gene, it has 
long been repeatedly noted that overexpression of 
maspin in cancer cells always results in growth 
inhibition in various in vivo tumor models (1, 13-16, 
21, 23, 36). This phenomenon has not been reported 
in other tumor models where maspin-expressing 
tumor cells (either via stable transfection or viral 
infection) were implanted subcutaneously or 

orthotopically. In addition, neither recombinant 
maspin nor the endogenous re-expression of maspin 
directly inhibited tumor cell growth in vitro (8, 17, 
20, 27). Thus, the difference between the in vivo and 
in vitro observations may reflect the differences in 
tumor microenvironments. Several recent studies 
suggest that the in vivo inhibitory effect of maspin 
on tumor growth is, at least in part, due to an 
increased apoptosis (13, 14, 22). A conceivable 
difference between the in vitro cell culture and in 

vivo tumor is the level of stress, such as oxidative 
stress. In vitro evidence shows that maspin 
expression may be induced by oxidative stress. 
Maspin may in turn further regulate cellular 
response to changes in the redox homeostasis. It has 
been reported that peroxisome proliferator-activated 
receptor-gamma (PPARγ)-induced maspin 
expression correlated with a more differentiated 
phenotype in both breast carcinoma cells (37) and 
colon cancer cells (38). Further evidence by 
Khalkhali-Ellis and colleagues suggested that 
maspin enhances nitric oxide-induced apoptosis of 
MCF-7 cells (39). Another conceivable difference 
between the in vitro cell culture and in vivo tumor 
may be cytotoxic cytokines that are mostly absent in 

vitro but are secreted by stromal or immune cells in 
the tumor microenvironment. The study by Jiang 
and colleagues showed that although maspin protein 
does not induce spontaneous cell death, endogenous 
maspin, but not exogenously added recombinant 
maspin or secreted maspin, significantly sensitized 
mammary carcinoma cells MDA-MB-435 to drug-
induced apoptosis (27). A subsequent study by Liu 
et al. (28) revealed that maspin expression in DU145 
cells led to increased Bax expression. Furthermore, 
the effect of maspin in sensitizing cells to drug-
induced apoptosis depends on the Bax-mediated 
mitochondrial pathway. This finding is consistent 
with the evidence that maspin sensitizes the 
apoptotic response of breast and prostate carcinoma 
cells to various drugs ranging from death ligands to 
endoplasmic reticulum stress. 

The evidence that maspin re-expression leads to 
tumor cell redifferentiation in vivo should encourage 
efforts to develop maspin-based differentiation 
therapies, while the link of maspin with the elevated 
Bax-mediated cellular sensitivity to apoptosis further 
suggests that maspin may be used as a modifier for 
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apoptosis-based cancer therapy. Maspin is the only 
proapoptotic serpin amongst all serpins so far 
implicated in apoptosis regulation. 

3. COMPARING MASPIN WITH 

OTHER SERPINS 

3.1 The Structural Considerations  

It has been a long-standing issue whether maspin 
act as an inhibitory serpin to inhibit a serine protease 
that plays a key role in tumor invasion and 
metastasis. The essence of an inhibitory serpin is its 
ability to undergo dramatic conformational changes 
upon the initial interaction with the target serine 
protease, docking the target enzyme in a suicidal 
complex. This consensus is supported by structural 
analyses using either X-ray crystallographic and 
solution-based NMR analyses, and by enzyme 
kinetic data (reviewed in (40, 41)). Although the 
exact conformational changes and co-factor 
requirements vary, the inducibility of serpin 
conformational changes derives from several 
common structural features. The common core 
structure of serpins consists of three β-sheets (A, B 
and C), and 8-9 α-helices. The pseudo-substrate 
peptide bone P1P1’ lies in an exposed loop sequence 
called reactive center loop (RCL). For a proteolytic 
inhibitory serpin, the amino acid residue at the P1 
site is critical in determining the target specificity. 
Upon the formation the initial Michalis complex 
with the target enzyme, the P1P1’ bond in serpin 
RCL is cleaved. The cleaved RCL is then inserted 
into the A β-sheets as the 4th strand. The RCL 
insertion further stabilizes the serpin/enzyme 
complex and renders the release of the cleaved 
serpin a slow rate-limiting step. 

The secondary and tertiary structures of all 
serpins are remarkably similar. In fact, the 
metastable nature of the serpin conformation is 
almost single-handedly determined by whether the 
RCL has the desired sequence compatibility with 
that of two adjacent A β-sheets (3A and 5A), and 
whether the RCL has an appropriate length in the 
hinge region N-terminal to the P1P1’ bond (42). 

Maspin has an overall 30-35% sequence homology 
with other serpins (1), and based on a computer 
model has the overall serpin framework (43). 
However, it has been noted that maspin has a unique 
RCL sequence (Table 1). Based on two previous 
sequence alignments, maspin is characterized as a 
nonclassical and noninhibitory serpin. In the initial 
alignment (sequence in black box of Table 1), 
maspin RCL is 4 amino acids shorter as compared to 
other serpins. Furthermore, the hinge sequence, 
located 9-14 residues N-terminal to the P1P1’ peptide 
bond of maspin, deviates significantly from the 
conserved sequence of inhibitory serpins (1). This 
sequence alignment does not perturb the overall 
sequence alignment of maspin with other serpins in 
other core domains. Using this sequence alignment, 
Fitzpatrick et al. generated a computer model for the 
tertiary structure of maspin using the crystal 
structure of noninhibitory serpin ovalbumin as a 
prototype. This theoretical structure of maspin 
suggests the absence of disulfide bonds and the 
presence of an unstable RCL that adopts a distorted 
helical structure (44). The second sequence 
alignment proposed by Dr. Gettins (sequence in red 
box of Table 1) suggests that a histidine is at the P1

site of maspin RCL. Based on this alignment, 
maspin RCL has a length similar to that of other 
serpins. However, the hinge sequence of maspin 
remains deviant (reviewed in (41)). In addition, the 
sequence C-terminal to the RCK of maspin is 4 
amino acids shorter than other serpins.  

Since the protein structure of maspin has not 
been resolved, a third alignment can not be ruled 
out. As shown by the sequence in the blue box of 
Table 1, maspin is an arginine (Arg) serpin, with a 
full length RCL. According to this alignment, the 
maspin hinge sequence has a better homology to 
those of inhibitory serpins (serpin 1-15 in Table 1) 
than several known noninhibitory serpins (serpin 19-
24 in Table 1). Among those amino acid residues in 
the maspin RCL that do not align well with their 
counterparts in inhibitory serpins, we noted that 
maspin has three glycine residues at P3, P10 and P11

positions. Since glycine has only one hydrogen atom 
as a side chain, it can adopt a much wider range of 
conformations than the other residues (45). Thus, it 
is possible that a high proportion of glycine residues 
in the maspin RCL may play an important role to 
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allow a metastable conformation that will not be 
possible otherwise. On the other hand, since the 
hinge sequences of several inhibitory serpins such as 
bomapin, MEPI, α1-PI and A2, are also quite 
deviant from the most conserved sequences as seen 
in several other inhibitory serpins (PI8, SCCA1, 
SCCA2, antithrombin, α1-antichymotrypsin, PI6, 
kallistatin, PAI-2, headpin, and PI9), it remains a 
question what is the minimum degree of hinge 
sequence conservation that is sufficient to support a 
proteolytic inhibitory activity. It is noted that despite 
a closer sequence homology to noninhibitory 

ovalbumin, most serpins in the same gene cluster on 
chromosome 18q21, such as PAI-2, PI6, PI9, PI10, 
and headpin, are inhibitory against serine proteases 
(4, 5, 46-49). Interestingly, SCCA1 and SCCA2 that 
have a higher degree of hinge sequence conservation 
than several other inhibitory serpins have been 
shown to cross-inhibit cysteine proteases cathepsin 
S, K, L, and papain (50), raising the question 
whether a highly conserved hinge sequence 
necessarily dictates a more efficient inhibition 
against serine proteases. 

Table 1. Reactive Center Loop Sequences for Selected Serpinsa. 

No. Serpin P14 P1 P12 P1 P10 P9 P8 P7 P6 P5 P4 P3 P2 P1 P1′ P2′ P3′ P4′

3.2 Purified Maspin is Metastable 

Because of the thermodynamically favored 
conformational liability, serpins tend to form 
polymers. The Z-variant of α1-PI is the best 

characterized serpin polymer, resulting either from a 
folding defect in which a folding intermediate has a 
substantially increased lifetime, or from a 
nonproductive RCL cleavage (reviewed in (41)). 
Structural analyses have confirmed that such 
polymerization is likely through a loop-sheet 

1 B8; PI8  T E A A A A T A V V R N S R C S R M 

2 B3; SCCA1  A  E A A A A T A V V G F G S S  P  A  S 

3 B4; SCCA2  V  E A A A A T A V V V V E  L S  S  P  S 

4 C1; antithrombin  S E A A A S T A V V I A G R S L N P 

5 A3; α1-ACT T E A S A A T A V K I  T L L S A L V 

6 B6; PI6  T E A A A A T A A I M M M R C A R F 

7 A4; kallistatin  T E A A A A T T F  A I  K F  F S A Q  T 

8 B2; PAI-2  T E A A A G T G G V M T G R T G  H  G

9 B13; headpin  T E A A A A T G I G F T V T S A P G

10 B9; PI9  T E A A A A S S C F V V A E C C M E

11 B10; bomapin  R E A A A G S G S E I D I R I R V P 

12 I2; MEPI  S E A A T S T G I H I P V I M S L A 

13 A1; α1-PI T E A A G A M F L E A I  P  M S  I  P  P 

14 E1; PAI-1 T V A S S S T A V I V S A R M A P E

15 A2; T E A T G A P H L E E K A W S K Y Q 

16 B5; human maspin T E D G G D S I E V P G A R I L Q H 

17 B5; human maspin  G D S I E V P G A R I L Q H K D E L 

18 B5, human maspin G D S I E V P G A - - - - R I L Q H 

19 A6; cbg V D T A G S T G V T L N L T S K P I

20 A8; angiotensinogen  R E P T E S T Q Q L N K P E V L E V

21 B1; ovalbumin R E V V G S A E A G V D A A S V S E

22 F1; PEDF A G T T P S P G L Q P A H L T F P L

23 H1; colligin 1 N P F D Q D I Y G R E E L R S P K L

24 H2; colligin 1 N P F D Q D I Y G R E E L R S P K L
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insertion mechanism involving the RCL of one 
molecule and a β-sheet of another (51, 52). To date, 
there is no definitive experimental evidence to 
support whether maspin may allow efficient RCL 
insertion into the β-pleated sheets. However, it has 
been noted that purified recombinant maspin has 
poor stability (10, 43, 53). Data from transverse urea 
gradient gel electrophoresis and thermal 
denaturation experiments suggest that maspin has an 
exposed RCL and does not undergo the stressed-
relaxed transition in solution which is typical for 
proteolytic inhibitory serpins (54). Limited digestion 
with trypsin or plasmin results in specific cleavage 
of maspin at the P1P1’ bond (20). In addition, the 
dimerization of purified maspin is often associated 
with spontaneous specific cleavage of the P1P1’
peptide bond. As compared to the intact monomeric 
maspin, both the dimerized and cleaved maspin 
exhibit a higher affinity for the heparin column (43), 
indicating major conformational changes not only in 
the RCL but also in the heparin-binding domain. 
Purified maspin also tends to undergo spontaneous 
three-state unfolding and polymerization under cell-
free conditions (55). Using circular dichroism and 
intrinsic tryptophan fluorescence to monitor the 
conformational changes of maspin under urea 
denaturing conditions, Liu and colleagues showed 
that the unfolding and self-association of maspin 
involved three states: monomer form, unfolding 
intermediate, and dimer form (55).  

Thus, despite its non-inhibitory activity in 
solution, maspin appears to be capable of 
undergoing major conformational changes such as 
RCL insertion. It is important to note that the 
instability of purified maspin is to be contrasted by 
endogenous maspin. In fact, endogenously expressed 
maspin, either in cell-associated fraction or secreted 
fraction, is found stable in an intact monomeric 
form. It is likely that the in vivo microenvironment 
of maspin is more complex, possibly involving other 
cognate factors that stabilize maspin.  

3.3 The Novel Biochemical Behaviors of 

Maspin

In solution-based biochemical studies, 
recombinant maspin did not inhibit several purified 
proteases including tissue-type plasminogen 

activator (tPA), urokinase-plasminogen activator 
(uPA), trypsin, chymotrypsin, elastase, plasmin, and 
thrombin (53, 54). Instead, purified recombinant 
maspin is sensitive to limited proteolysis (20, 44), 
resulting in a single cleavage of the P1P1’ bond (20). 
It is known that the inhibitory activity of several 
serpins can be significantly enhanced by co-factors 
such as low molecular weight heparin (56). Maspin 
binds to heparin affinity column with a low affinity 
(20). However, heparin and several other potential 
serpin co-factors failed to confer an inhibitory 
activity on purified maspin (54). 

Interestingly, under certain circumstances, 
purified monomeric maspin has been shown to exert 
inhibitory effects on plasminogen activators. The 
study by Sheng et al. showed single-chain tissue 
plasminogen activator (sctPA) specifically interacts 
with the maspin RCL peptide and forms a stable 
complex with purified recombinant maspin (53). 
When incubated with free sctPA, maspin showed no 
proteolytic inhibitory effect. Rather, maspin 
activates sctPA in the presence of either an 
amidolytic substrate of tPA or a combination of 
plasminogen and plasmin substrate (21, 53). 
However, if sctPA was preactivated by 
fibrinogen/gelatin, maspin acts as a competitive 
inhibitor of sctPA at low concentrations (< 0.5 µM) 
and as a stimulator at higher concentrations (>0.5 
µM). The 38-kDa C-terminal truncated maspin 
derived from specific P1P1’ cleavage exclusively 
stimulates fibrinogen/gelatin-associated sctPA. 
Further analyses led to a novel kinetic model in 
which the N-terminal and C-terminal domains of 
maspin interact with the regulatory and catalytic 
domains of sctPA, respectively. 

Although recombinant maspin does not inhibit 
uPA in solution, McGowen et al. showed that 
purified monomeric maspin produced in baculo 
virus-infected Sf9 insect cells binds specifically to 
the surface of prostate carcinoma DU145 cells, and 
inhibits the DU145 cell surface-mediated 
plasminogen activation. DU145 cells mediate 
plasminogen activation primarily by uPA (9). 
Consistently, the inhibitory effect of maspin on cell 
surface-bound uPA was similar to that of an uPA-
neutralizing antibody and was reversed by a 
polyclonal antibody against the maspin RCL 
peptide. In parallel, cleaved or polymerized maspin 
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stimulated cell surface-mediated plasminogen 
activation. The Ki value for monomeric maspin in 
cell surface-mediated plasminogen activation was 
comparable to those for plasminogen activator 
inhibitor 1 (PAI-1) and plasminogen activator 
inhibitor 2 (PAI-2). These data demonstrate the 
potential of maspin to act as an inhibitory serpin, 
and an important role of cell surface in mediating the 
inhibitory interaction between maspin and uPA. 

A report by Bass et al. showed that recombinant 
maspin produced in yeast did not inhibit tPA, uPAR-
bound uPA and cell surface-associated uPA, albeit 
that the same maspin preparation inhibited the 
motility of tumor cells and vascular smooth muscle 
cells in vitro (33). While the issue of whether 
maspin inhibits tumor cell motility and invasion by 
inhibiting cell-associated uPA needs to be further 
clarified, it is important to raise a word of caution 
that experiments using purified recombinant maspin 
depend on both the quality and the quantity of 
maspin. As discussed above, purified maspin is 
metastable. Purified monomeric, but not cleaved or 
polymerized maspin has a proteolytic inhibitory 
effect against plasminogen activators.  Furthermore, 
the effect of monomeric maspin on 
fibrinogen/gelatin-associated sctPA or cell surface-
mediated plasminogen activation featured a bell-
shaped dose-dependence, i.e. inhibitory at low 
concentrations and stimulatory at higher 
concentrations. This biphasic dose-dependence is 
similar to that found with the reaction between 
purified maspin and fibrinogen/gelatin-associated 
sctPA, and consistent with a bell-shaped dose-
dependence in the maspin effect on tumor cell 
motility and invasiveness (20).  

In contrast to the circumstantial proteolytic 
inhibitory effect of purified maspin, Biliran and 
colleagues showed that endogenously expressed 
maspin by DU145 cells led to a dramatic reduction 
in the release of active uPA into the conditioned 
culture medium. Consistently, the conditioned media 
of maspin transfectant clones had a significantly 
lower activity in converting plasminogen to plasmin 
(17). Of particular importance, maspin expression 
led to a significantly reduced level of cell surface-
bound uPA and uPA receptor (uPAR) proteins. 
Treatment with receptor-associated protein (RAP), a 
specific inhibitor of low-density lipoprotein 

receptor-related protein (LRP), led to a significantly 
increased level of cell surface-associated uPA and 
uPAR in maspin transfectants but not in the mock 
control cells (17). Since uPAR/uPA complex 
interacts with LRP localized in cell surface caveolae 
lipid raft (57), and the binding of PAI-1 to the 
uPAR/uPA complex has been shown to trigger a 
rapid LRP-mediated internalization of the 
uPAR/uPA/PAI-1 complex, these data further 
support that maspin may act in a similar fashion as 
PAI-1 toward the cell surface-anchored uPAR/uPA 
complex.  

The recent study of Cher et al. (23) provided the 
first evidence that maspin expression in stably 
transfected DU145 cells inhibits tumor-mediated 
ECM and collagen degradation. Cher and colleagues 
subsequently tested maspin transfected DU145 cells 
in a novel SCID-Hu model for prostate cancer bone 
metastasis and showed that expression of maspin 
correlated with decreased tumor growth, reduced 
osteolysis, and decreased angiogenesis. Furthermore, 
the maspin-expressing tumors are associated with a 
significantly reduced level of uPA and a 
dramatically increased fibrosis (23). 

4. CURRENT ISSUES AND FUTURE 

DIRECTIONS

Regarding the underlying mechanisms of maspin 
for its multifaceted tumor suppressive activities, the 
deviant RCL sequence, the metastable biophysical 
properties and the novel biochemical behavior 
against plasminogen activators mandates a further 
clarification on whether maspin can still act as an 
inhibitory serpin. To date, neither of the following 
two possibilities can be definitively excluded: (i) 
Mapsin acts as an inhibitory serpin; and (ii) Maspin 
acts as a non-inhibitory serpin. 

4.1 Maspin Acts as an Inhibitory Serpin  

The evidence that the biological activities of 
maspin in inhibiting tumor cell motility and invasion 
requires its intact RCL, and that under biologically 
relevant conditions maspin inhibits both tPA and 
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uPA, support the hypothesis that maspin may act as 
a plasminogen activator inhibitor. 

uPA is a particularly reasonable target for the 
tumor suppressive activities of maspin. A large body 
of literature demonstrates that the pericellular uPA-
mediated proteolysis is facilitated by cell surface-
anchored uPAR. Plasmin is a serine protease with a 
relatively broad spectrum of substrate specificity. 
The major biological function of plasmin is to 
dissolve fibrin clots in thrombolysis, to degrade 
several key ECM components, and to proteolytically 
activate ECM-associated growth factors or other 
protease zymogens. Thus, the cell surface-associated 
uPA/uPAR complex is responsible not only for 
initiating the powerful proteolytic cascade by 
converting plasminogen to plasmin, but also for 
regulating ECM and growth factor signaling 
pathways during wound healing, tumor invasion and 
angiogenesis.  

The biological effect of maspin in cell motility 
and invasion has been localized on the cell surface. 
Among known endogenous uPA inhibitors, maspin 
inhibits cell surface-associated uPA with a Ki values 
similar to that for PAI-1 and PAI-2 (9). Furthermore, 
both maspin and PAI-1 have been shown to trigger 
rapid LRP-mediated uPA/uPAR internalization. In 
contrast to PAI-1 and PAI-2 that also free uPA, 
maspin did not inhibit uPA in the absence of cell 
surface. Additionally, PAI-1 is often up-regulated 
along with uPA and uPAR in tumor progression 
(32). In contrast, a loss of maspin and PAI-2 
expression appears to correlate with invasion and 
metastasis in several types of cancer (reviewed in 
(24)).

The dependence of the proteolytic inhibitory 
activity of maspin on the coexistence of an allosteric 
tPA activating protein or the intact cell surface (for 
uPA) raises the possibility that maspin may undergo 
the conformational change as an inhibitory serpin 
when the target serine protease (tPA or uPA) adopts 
a transitional state conformation which is supported 
by the specific biological microenvironment. On the 
other hand, a serpin molecule such as PAI-1 may 
also be partitioned between its protease target 
(plasminogen activators) and extracellular matrix 
protein vitronectin. In fact, the balance between 
uPA-bound PAI-1 and vitronectin-bound PAI-1 may 
represent a biological switch between the anti-

invasive and the pro-invasive activity of PAI-1 in 
tumor progression (58). The possibility remains that 
the proteolytic inhibitory effect of maspin requires a 
co-factor such as collagen I. Blacque et al. published 
the results of a yeast-two-hybrid screen using a C-
terminal truncated form of maspin. In this study,  α-
2 chain of type I collagen was identified as a 
candidate maspin-associated molecule (59). While 
these results are yet to be independently confirmed, 
it is important to find out whether the potential 
interaction between maspin and collagen I further 
regulates the proteolytic inhibitory potential or the 
bio-availability of extracellular maspin.  

The hypothesis that maspin inhibits the cell 
surface-associated uPA/uPAR system helps explain 
the suppressive effect of maspin at the step of tumor 
invasion and metastasis. It is also important to note 
that endogenous maspin re-expressed in both 
prostate and breast cancer cells inhibits tumor 
growth and induces tumor cell re-differentiation in 

vivo. Recent evidence by several groups showed that 
inhibition of the uPA/uPAR system leads to a 
decreased ratio of phosphorylated ERK1/2 to 
phosphorylated p38 MAPK, which in turn is 
associated with tumor dormancy. An inhibitory 
interaction between maspin and tumor cell surface-
associated uPA/uPAR may lead to a similar 
decreased ratio of phosphorylated ERK1/2 to 
phosphorylated p38 MAPK and underlie the 
biological effect of maspin on tumor growth and re-
differentiation. 

4.2 Maspin Acts as a Non-inhibitory 

Serpin

Considering the novel sequence of the maspin 
RCL and the novel biochemical characteristics of 
maspin toward soluble serine proteases, it remains a 
possibility that maspin does not directly inhibit any 
active serine protease. In this case, the tumor 
suppressive activity of pericellular maspin and the 
apparent proteolytic inhibitory activity of maspin on 
fibrinogen-bound tPA or cell surface-associated uPA 
may be due to its interaction with the respective 
protease zymogens, which subsequently prevents the 
enzyme activation. As our earlier kinetic evidence 
suggests, purified recombinant maspin may use its 
N-terminal domain to interact with the regulatory 
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domain of tPA and use its RCL domain to interact 
with the catalytic domain of tPA. It is possible that 
such concerted multi-contact interaction prevents the 
allosteric activation of tPA by its physiological 
activators such as a fibrin clot. In the case of uPA, it 
has been shown that pericellular pro-uPA bound to 
uPAR is proteolytically activated. Both pro-uPA and 
active uPA can bind to uPAR. Furthermore, PAI-1 
also binds to pro-uPA, although with a significantly 
lower affinity as compared to that with active uPA 
(60). It is important for the future studies to clarify 
whether the cell surface-dependent inhibition of uPA 
by maspin is because of maspin interaction with pro-
uPA or with active uPA.  

It is likely that maspin is protected by protein-
protein interaction in vivo because purified maspin, 
but not endogenous maspin, is unstable in solution. 
Furthermore, since endogenous maspin is partitioned 
among several subcellular compartments (nucleus, 
cytoplasm, cell surface and secreted to the 
pericellular space), it is reasonable to hypothesize 
that maspin may exert multifaceted cellular and 
biochemical activities by interacting with different 
molecular targets in different microenvironments. 
Consistent with this notion, we have shown that 
intracellular maspin is associated with increased Bax 
expression and increased cellular sensitivity to drug-
induced apoptosis (28).The apoptosis-sensitizing 
effect of maspin depends on both its N-terminal and 
C-terminal sequences. Meanwhile, a couple of 
recent correlative clinical studies revealed that 
maspin nuclear localization is associated with more 
differentiated phenotypes. It is worth noting that a 
non-inhibitory serpin Hsp47 is found to act as a 
stress-responsive chaperone molecule. It is yet to be 
explored whether maspin acts as a chaperone 
molecule either with or without a proteolytic 
inhibitory activity. In particular, since Hsp47 has 
been shown to chaperone collagen (61), it is 
important to find out whether maspin protects 
collagen I. Furthermore, as noted by Zhang et al. a 
maspin variant mutated at the RCL region was 
similarly effective as the full-length purified maspin 
in inhibiting angiogenesis. This result suggests yet 
another proteolysis-independent function of 
potential metabolites derived from maspin. 
Interestingly, an earlier report by O’Reilly and 
colleagues also showed that the N-terminal fragment 

of antithrombin was a potent inhibitor of tumor-
induced angiogenesis in vivo. It is possible that 
maspin metabolites may be biologically active (62). 

4.3 Concluding Remarks 

The research progress made in the last decade 
has revealed several important anti-tumor activities 
of maspin. For future development of maspin-based 
anti-cancer therapies, it is critical to understand the 
molecular modes of maspin action. Although maspin 
sequence generally aligns with serpins, its 
biochemical characteristics appear to be between 
proteolytic inhibitory and non-inhibitory serpins. 
Furthermore, maspin is likely to be regulated 
differently in different subcellular compartments and 
biological microenvironments. It is particularly 
important to note that among all the serpins 
implicated in apoptosis regulation, maspin is the 
only pro-apoptotic serpin, thus may offer more 
desirable therapeutic benefits.

Towards the potential clinical application of 
maspin, it is important to raise a word of precaution. 
Since purified maspin is not as stable as endogenous 
maspin, and gives rise to a biphasic effect in cell 
biological and biochemical assays, future 
development of maspin-based therapeutic strategies 
may have to depend on the identification of a more 
defined maspin-mimic small molecular weight 
compound or a gene-therapy-like approach to 
deliver maspin expression to specific cell 
populations in vivo.
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Abstract: Metastasis of cancer cells from the primary tumor to form macroscopic lesions at the secondary site is the 
primary cause of morbidity and mortality in cancer patients. Thus, an understanding of the mechanisms 
controlling metastasis would allow more effective treatments resulting in better quality of life and higher 
survival rates. Metastasis suppressor genes prevent metastasis without affecting tumorigenesis and are 
therefore unique therapeutic targets. In this review, the thirteen defined metastasis suppressor genes are 
discussed and updated data on the mechanisms of action of these gene products are summarized. 
Furthermore, work ongoing on a number of potential metastasis suppressor genes for which functional data 
does not exist is summarized. Finally, important areas of ongoing research that will facilitate translation to 
the clinic are highlighted. 
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1. INTRODUCTION 

In 2003 the American Cancer Society estimated 
1,334,100 new diagnoses of cancer in the United 
States. While overall 5 year survival rates are in the 
60th percentile, an estimated 556,500 people died of 
cancer in 2003, approximately 1500 people per day. 
This translates into 1 in 4 deaths in the United States 
being cancer related. The majority of cancer related 
deaths are a result of metastasis from the primary 
tumor to secondary sites. Survival rates drop 
dramatically when a tumor spreads. For example, in 
breast cancer, the overall 5 year survival rate is 
approximately 97%. When the tumor cells have 
spread locally, survival drops to 78%, but with 
distant metastases, the rate plummets to 23%. Also, 
quality of life for those with metastatic disease is 
significantly worse than for those with tumors 
confined to the original site. Thus, better quality of 

life and higher survival rates depend on our ability to 
control metastatic progression.  

In order to begin to clinically control metastatic 
progression we must obtain a comprehensive 
understanding of how a cell completes the metastatic 
cascade. Metastasis is the process through which 
tumor cells leave the primary tumor, travel to a 
distant site and grow to form a secondary mass (1, 
2). The metastatic process is the end point of tumor 
development in which the cells within the tumor 
become more aggressive (3, 4). This movement of 
the tumor cells toward increased malignancy and 
metastasis is due to genetic instability and selection 
of sub-populations of cells (3). Eventually, some of 
the selected sub-populations acquire the ability to 
metastasize. The proportion of cells in a primary 
tumor that are able to metastasize depends on a 
number of factors. If cells acquire mutations 
allowing metastasis at an early stage of tumor 
development, then a higher percentage of the tumor 
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cells will be capable of metastasis. Also, generally 
speaking, the larger a tumor is the more likely it is to 
spread, although size does not always correlate with 
a tumor’s ability to metastasize (5, 6). Finally, 
signals from outside of the tumor cell can influence 
its ability to spread. 

The ability of cells to metastasize is determined 
to a large extent by tumor-host interactions. The 
microenvironment can influence a tumor cell’s 
ability to proliferate and the tumor cell can affect the 
microenvironment to elicit responses that either 
inhibit or promote growth of the tumor at the 
secondary site. These interactions occur through 
endocrine/paracrine and immunological 
mechanisms. The tumor cell can secrete cytokines 
and chemokines resulting in recruitment of 
neutrophils, macrophages, eosinophils and 
lymphocytes. These inflammatory cells can, in turn, 
secrete cytokines, proteases, cytotoxic mediators and 
membrane perforating agents (reviewed in (7)). 
Secretion of proteases can result in tissue 
remodeling, angiogenesis and the release of growth 
factors that can stimulate tumor cells to grow (7, 8). 
Therefore, the tumor cell and host environment can 
work together to allow growth of the metastasis. On 
the other hand, the microenvironment can respond 
with signals that kill or suppress the tumor cell. For 
example, activated macrophages that are recruited to 
the site can secrete IL-2, IL-12 and interferons that 
can kill the tumor cell (7). Why some tumor cells are 
allowed to grow into metastases while others are 
killed is an important question that remains 
unanswered, although theories addressing this 
question date back more than a century. 

The seed and soil theory put forth by Sir Steven 
Paget is based on the tumor cell - host 
microenvironment interactions described above (9). 
This theory was originally used to explain why 
breast cancer predominantly spreads to bone. He 
proposed that the seed, or tumor cells, scatter in 
many directions through the vasculature, but will 
only grow when they encounter an appropriate organ 
microenvironment, or soil. Sites of metastasis are in 
part determined by the route taken through the body. 
Tumor cells can metastasize across body cavities, 
through the lymphatic system or through the 
vasculature. Most tumor cells that travel through the 
vasculature arrest in the first capillary bed they 

encounter (10, 11). Others selectively arrest in a 
specific tissue by using tissue specific endothelial 
cell surface molecules. These two methods of arrest 
may explain the organotropism of metastasis.  

For metastasis to occur, a cell from the primary 
tumor must be able to complete every step of the 
metastatic cascade. It must detach from the primary 
tumor and enter into the lymphatic system or 
vasculature. The vasculature within the primary 
tumor is immature and, therefore, very permeable 
allowing the tumor cell ready access to the blood 
stream (12). When the tumor cell arrives in the 
vasculature it might remain as a single cell or join 
with other cells to form an embolus. This embolus 
can be made up of a single or multiple cell types. 
The single cell or embolus then travels through the 
vasculature where it must avoid being killed by 
shear forces. Eventually, the tumor cell or embolus 
arrests at a secondary site because of size restriction 
or through adherence to the vascular endothelium. 
The arrested cell then proliferates either within the 
vasculature and eventually breaks through, or 
extravasates into the neighboring tissue and then 
proliferates to form a secondary mass. Proliferation 
at the secondary site to form a mass is necessary for 
metastasis. Many tumor cells arrive at the secondary 
site and remain dormant - these are not metastases. 
This metastatic process is highly inefficient with 
<0.001% of the approximately 4 x 106 cells shed 
into the vasculature each day forming macroscopic 
tumors (13, 14). This inefficiency is due to cell death 
from a number of mechanisms including physical 
trauma, immune clearance and anoikis during the 
metastatic process (14, 15). Many of the cells 
extravasate into a tissue and then die at some later 
time (14).  

It is obvious from the above description that the 
process of metastasis is not trivial. Each step of the 
metastatic cascade is regulated by a number of 
genes. In order for the metastatic cascade to be 
completed some of those genes must be mutated or 
mis-regulated. Therefore, identifying and 
manipulating metastasis regulating genes could 
allow decreased metastasis in the clinic. Metastasis 
suppressor genes are genes which interfere with at 
least one step of the metastatic cascade and, 
therefore, suppress metastasis (reviewed in (2, 16)). 
These genes prevent metastasis without affecting 
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tumorigenicity and are thus distinct from tumor 
suppressor genes. Tumor suppressor genes prevent 
both tumorigenesis and metastasis since tumor 
development is necessary for metastasis to take 
place. Therefore, tumor suppressors and metastasis 
suppressors are distinct therapeutic targets.  

As mentioned above, some tumor cells arrive at 
the secondary site but do not initially proliferate. 
There are a number of theories as to how dormant 
cells exist within the secondary site (17-20). Some 
studies indicate that the cells survive but do not 
proliferate (21, 22), while others argue that it is a 
balance between proliferation and apoptosis (20). 
Another study indicates that the majority of cells 
that extravasate undergo apoptosis within 24 hours 
and that if apoptosis is inhibited metastatic potential 
increases (19). These studies complicate the 
understanding of metastasis, but it is likely that they 
are all correct. Tumors are inherently heterogeneous, 
and metastatic cells from different tumor types and 
at different secondary sites may act very differently. 
These dormant cells can remain at the secondary site 
for extended periods of time with no negative effect, 
but they have the potential to proliferate and form a 
mass at a later time.  

Advances in technology in animal models have 
allowed detection of these single cells or small foci. 
This makes translation to the clinic more complex. 
How should a doctor treat a patient that has no 
metastatic disease but has dormant tumor cells at the 
secondary site? Should the patient go through the 
toxicity of chemotherapy if the chance of the 
dormant cells proliferating is very small? These are 
important questions that need to be addressed. 
Ideally, markers that can accurately predict the 
potential for forming macroscopic metastases will be 
used in the clinic to identify patients who need 
treatment for metastatic disease as well as those who 
can be spared that experience of chemotherapy. 
Many studies are currently underway to define 
patterns of gene expression that predict metastatic 
disease. Techniques such as microarray and 
proteomics are being employed to define profiles 
that indicate that a patient has the potential to 
develop metastases (23-32).  These studies have 
been useful, but have also prompted controversy as 
to whether metastasis regulatory genes actually exist 
(6).

Studies using microarrays have shown that the 
expression patterns in primary tumors and 
metastases are similar, leading to the conclusion that 
there are no genes that specifically control 
metastasis, but rather, the same genes that control 
progression of tumor development control 
metastasis. It is not surprising that the primary 
tumors and metastases have similar profiles. Tumors 
are made up of very heterogeneous populations. 
Therefore, it is likely that some of the cells in the 
primary tumor would exhibit some of the mutations 
necessary for metastasis. Microarray studies do not 
allow examination of gene expression in single cells 
within the tumor. Therefore, there is currently no 
way to determine whether all of the mutations 
necessary for metastasis exist within the same cell. 
As already mentioned above, a number of genes 
regulate the process of metastasis. Thus multiple 
changes in gene expression are necessary before 
metastasis can occur. Within the heterogeneous 
primary tumor, cell A may have mutation X, cell B 
may have mutation Y and cell C may have mutation 
Z, but the chances of a single cell having all three 
mutations is improbable. However, all three 
mutations must be present in the same cell for 
metastasis to occur. 

This was nicely demonstrated in studies by the 
Massagué and Guise laboratories (33). A sub-
population of MDA MB 231 breast cancer cells that 
efficiently colonize bone (231 bone) were isolated 
and compared to parental cells by microarray. A 
number of genes were identified whose expression 
differed in the 231 bone cells. This profile was 
called the “bone metastasis signature”. In this profile 
MMP1, osteopontin, IL-11, a chemokine receptor 
(CXCR4) and connective tissue-derived growth 
factor were over-expressed. Transfection of each of 
these genes individually into the parental 231 cells 
increased metastasis only modestly, while co-
transfection of combinations of these genes caused 
metastasis as efficiently as the 231 bone sub-
population. This study demonstrates that defined 
gene combinations can control metastasis and 
underscores the complexity of the metastatic 
process. The results encourage the study of genes 
controlling metastasis as potential therapeutic 
targets.  
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Many studies have demonstrated alteration or 
genomic imbalances on a number of chromosomes 
that are associated with malignant progression and 
metastasis (24, 26, 34-36).  This indicated that these 
regions of DNA may contain metastasis-associated 
genes. More specifically, when deletions of regions 
of DNA correlated with metastasis, metastasis-
suppressor genes were likely to be found. To study 
this possibility a number of different techniques 
have been employed. Microcell mediated 
chromosomal transfer or MMCT was one of the first 
techniques used. This involves the introduction of an 
intact chromosome into a cell that has a 
chromosome with deletions. This technique was 
used to introduce chromosomes 2, 7, 8, 10, 11, 12, 
13, 16, 17 and 20 into prostate cancer cells resulting 
in suppression of metastasis without affecting 
tumorigenicity (reviewed in (37)). This technique 
has also been used to introduce chromosome 6 into 
melanoma cells and chromosome 11 into breast 
cancer cells (38-40). Using this technique, a number 
of genes have been identified that suppress 
metastasis when expressed in metastatic cell lines. 
Other techniques such as differential display and 
subtractive hybridization comparing metastatic and 
non-metastatic cell lines have been used effectively 
to identify metastasis suppressor genes (41). More 
recently, microarry and proteomics have been added 
to the list of techniques used to discover genes 
involved in metastasis. The number of metastasis 
suppressor genes is growing rapidly. In the 
following section, each of the defined metastasis 
suppressor genes will be discussed. 

2. METASTASIS SUPPRESSOR 

GENES

2.1 Nm23 

Nm23 is located on chromosome 17q21 and was 
the first metastasis suppressor gene identified (42). It 
is a 17 kDa protein found by using differential 
display of metastatic and non-metastatic K1735 
murine melanoma cell lines. Enforced expression 
prevented metastasis with no effect on 
tumorigenicity (reviewed in (43)). The human gene 

encodes a nucleoside diphosphate kinase (NDPK) 
`although the kinase activity is not responsible for 
metastatic suppression (44). NDPKs catalyze the 
transphosphorylation of the gamma phosphate of a 
deoxynucleoside diphosphate to a deoxynucleoside 
triphosphate with the formation of a 
phosphohistidine intermediate. Nm23 also is a 
histidine kinase and this activity is responsible for 
metastatic suppression (45). It forms a complex with 
kinase suppressor of ras (KSR) which is a scaffold 
protein for the mitogen activated protein kinases 
(MAPKs) (46). KSR phosphorylates Nm23 on serine 
392 which is within a 14-3-3 binding site. MDA-
MB-435 cells transfected with Nm23 demonstrate 
decreased MAPK phosphorylation, so Nm23 may 
signal through the ERK/MAPK pathway (47, 48). 
Nm23 H2 is a transcription promoting factor of the 
c-myc gene (49). Nm23 also interacts with 
granzyme A in the process of DNA damage 
induction in cytotoxic T cell apoptosis (50). This 
function relates to the NDPK activity and has not 
been reported in tumor cells. 

Nm23 H1 and H2 are metastasis suppressors, 
while the other six Nm23 family members are not 
(44). Decreased expression of Nm23 correlates with 
metastatic potential in most tumor types, but 
interestingly expression in neuroblastomas correlates 
with increased aggressiveness indicating that the 
functions of this protein may be cell type specific 
(reviewed in (43)). Expression of Nm23 is decreased 
in late stage metastatic breast, endometrial, ovarian, 
melanoma and colon cancers (reviewed in (51-54)), 
while some studies have found no correlation of 
expression with metastasis. Cells transfected with 
Nm23 have decreased motility and invasion in vitro 
as well as decreased soft agar colonization in 
response to TGF . Expression may be controlled by 
epigenetic mechanisms as increased expression of 
Nm23 correlates with hypomethylation of the 
promoter (37, 47). A recent paper from the 
laboratory of Patricia Steeg demonstrates that Nm23 
expression can be restored in metastatic breast 
cancer cells by treatment with dexamethasone and 
medroxyprogesterone acetate (55). Treatment with 
medroxyprogesterone acetate resulted in a 50% 
decrease in the colonization of metastatic breast 
cancer cells in soft agar. This study indicates the 
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possibility of modulating metastasis suppressor gene 
expression as a therapeutic intervention in the clinic. 

2.2 KAI-1/CD82/C33 

Kai1 is a member of the tetraspannin 
superfamily of transmembrane glycoproteins that are 
found on leukocytes and involved in cell adhesion 
(56). These proteins influence lymphocyte 
differentiation and function. The gene is found at 
11p11.2, a region that is frequently implicated in 
breast cancer (57). Enforced expression of Kai1 
suppresses metastasis from prostate and breast 
cancers as well as melanoma (58, 59). Decreased 
expression correlates inversely with aggressive 
behavior of breast cancer cell lines (60) and the 
metastatic potential of a variety of tumor types as 
determined by immunohistochemistry (37). 
Decreased expression directly correlates with 
survival (61) while expression levels are higher in 
normal breast and DCIS compared to infiltrating 
breast tumors (62).  

Kai1 was identified as a metastasis suppressor by 
microcell mediated chromosomal transfer of 
chromosome 11 into AT3.1 and AT6.1 rat prostate 
cancer cell lines followed by subtractive 
hybridization of the suppressed cells versus parental 
cells (63). Increased expression of Kai1 results in an 
inhibition of invasion and motility of colon cancer 
cells. This protein acts as an adhesion molecule in 
leukocytes, but does not influence adhesion of tumor 
cells. It associates with EGFR to suppress 
lamellipodia and migration signaling (64). EGFR is 
down-regulated by ligand-induced receptor 
endocytosis. Kai1 may suppress metastasis by 
altering the balance between Kai1 and EGFR which 
could affect proliferative and migratory signals. 
Kai1 also associates with the cytoskeleton and 
promotes phosphorylation and association of vav 
(guanine exchange factor) with SLP76 (an adapter 
protein) resulting in de novo actin polymerization 
and another possible role in cell signaling (65).  

Expression of Kai1 is decreased in urogenital, 
gynecological, prostate, breast, lung and pulmonary 
tumors and/or cancer cell lines (66). Loss of 
heterozygosity (LOH) of Kai1 is observed in many 
cancers. One possible means of down-regulation of 
Kai1 is promoter methylation, but studies give 

varying results (67). In bladder tumors, promoter 
methylation did not result in a change in gene 
expression (68). Mutations in the promoter region 
have been observed and could explain the down 
regulation of Kai1 in tumors. The promoter region of 
Kai1 interacts with and is activated by p53 and loss 
of Kai1 corresponds strongly to loss of p53, but in 
prostate cells, normal induction of p53 does not 
result in increased expression of Kai1 (69, 70). 
Therefore, over-expression of p53 may be required 
to affect Kai1 expression. 

2.3 KISS1 

KISS1 was identified using subtractive 
hybridization techniques following MMCT of 
chromosome 6 into human melanoma cells (71, 72). 
The gene maps to 1q32 indicating that it is a 
downstream effector of a gene on chromosome 6 
(72). A deletion variant of chromosome 6 
(neo6qdel16.3-q32) did not suppress metastasis 
when put into cells and those cells did not express 
KISS1 (72, 73). Loss of KISS1 in cancer cells 
correlates with LOH on the long arm of 
chromosome six corresponding to 6q16.3-q23 (74). 
Therefore, a regulator of KISS1 is located at 6q16.3-
q23. Enforced expression of KISS1 suppressed 
metastasis of melanoma and breast cancer cells (75). 
In situ hybridization was used to demonstrate an 
80% correlation between KISS1 loss and melanoma 
metastatic progression (74). In HT1080 cells, 
increased KISS1 resulted in decreased MMP-9 
expression through decreased NF B activation (76). 

The short half life of this protein (<30 seconds) 
makes study difficult, but three groups have 
demonstrated the existence of a 54 amino acid 
amidated fragment of KISS1 termed metastin or 
kisspeptin (77, 78). Metastin binds to GPR54, a G -
protein coupled receptor, to induce activation of 
phospholipase C, hydrolysis of PIP2 as well as 
calcium and arachidonate release (77-81). This 
signaling cascade has been shown to affect focal 
adhesion kinases indicating a role for KISS1 in 
adhesion (78). Exogenous treatment with metastin of 
GPR54 transfected B16BL6 melanoma cells reduced 
metastasis and anchorage independent growth (78), 
but activity of the endogenous receptor has not been 
demonstrated in cancer cells. Recently, studies in 
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transgenic mice have implicated GPR54 activity in 
pubertal development and pregnancy, but this gives 
little definitive indication of the role of KISS1 in 
metastasis. KISS1 expression is high in early 
placenta and molar pregnancies and is low in 
choriocarcinoma cells indicating a role for KISS1 in 
the invasive and migratory properties of trophoblasts 
(82). KISS1 has recently been shown to form a 
stable complex with pro-MMPs. MMP-2,- 9, -14, -
16 and -24 can cleave both KISS1 and metastin (83). 
Cleavage of metastin results in a decapeptide that 
can induce formation of focal adhesion and stress 
fibers in cells expressing GPR54 (83). Treatment of 
HT1080 cells with the metastin decapeptide and an 
MMP inhibitor (BB-94) resulted in a significant 
block in cell migration (83). This same decapeptide 
has been shown to inhibit trophoblast migration and 
proteolytic activity in vitro without affecting 
proliferation (84). These studies demonstrate the 
possibility that the cleavage products of KISS1 may 
be important for the suppression of metastasis 
however, the role has yet to be definitively 
established. 

2.4 TXNIP/VDUP1 

This protein functions upstream of KISS1 and 
was identified by comparing paired microarrays of 
metastatic and non-metastatic C8161 cells (32). The 
gene with the greatest differential expression was 
VDUP1 or vitamin D3 up-regulated protein 1, which 
was first found in HeLa cells treated with 1,25 
dihydroxyvitamin D3. VDUP1 interacts with 
reduced thioredoxin (TRN) to inhibit both function 
and expression and was thus renamed TRN 
interacting protein or TXNIP (85, 86). Thioredoxin 
regulates MAPK signaling through suppression of 
ASK1 (apoptosis signal-regulating kinase) 
activation, and activates transcription factors to 
regulate stress-activated apoptosis (87, 88). This 
gene is encoded on chromosome 1. Increased 
TXNIP expression results in decreased thioredoxin 
and therefore cell growth arrest (89). A trend has 
been identified in which increased TRN correlates 
with increased tumor growth indicating that TXNIP 
may be a tumor suppressor gene.  

2.5 CRSP3 

CRSP3 is a cofactor necessary for SP1-mediated 
transcription. SP1 or specificity protein 1 binds to 
and acts through GC boxes (90, 91). The promoters 
of both KISS1 and TXNIP contain SP1 elements 
implicating CRSP3 as an upstream regulator of these 
proteins. CRSP3 maps to the distal end of the 
minimal region identified in the 6q16.3-q23 deletion 
variant as containing a metastasis suppressor. LOH 
of this region is common in melanoma. 

Transfection into melanoma cells resulted in an 
increase in KISS1 and TXNIP and concomitant 
inhibition of metastasis without affect 
tumorigenicity. The expression of CRSP3 inversely 
correlates with the metastatic progression of 
melanoma. Therefore, the first metastatic pathway 
has been identified: CRSP3 TXNIP KISS1 (32). 

2.6 TIMPs 

Tissue inhibitors of metalloproteinases or TIMPs 
are secreted proteins that selectively inhibit MMPs 
with a 1:1 stoichiometry (8, 92, 93). The TIMPs are 
critical for control of extravasation and tumor 
induced angiogenesis because each of these steps 
involves breakdown of the basement membrane. 
These proteins can inhibit tumorigenesis or 
metastasis depending on the cell type. In breast 
cancer, they are metastasis suppressors (94). The 
TIMPs are expressed in many tumor tissues and are 
found in the sera of cancer patients indicating that 
serum levels may be useful as a predictive tool (95-
98). Their role in tumorigenicity and metastasis is 
hard to elucidate because they have many different 
effects. TIMP-1, -2 and -4 are anti-apoptotic, while 
TIMP-3 induces apoptosis. Also, TIMP-2 binds to 
MT1-MMP to bind and activate proMMP-2 
(reviewed in (92)). It is believed that the suppression 
of metastasis by TIMPs is through inhibition of 
MMPs resulting in decreased invasion of tumor 
cells. Some mouse studies have indicated roles for 
TIMPs in other steps of the metastatic cascade 
(reviewed in (99)). Increased TIMP expression is 
associated with progression to metastasis in some 
studies. In one example, increased TIMP-1 
correlated with the presence of lymph node 
metastases, while increased TIMP-2 correlated with 
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the occurrence of distant metastases. The balance 
between MMPs and TIMPs is critical and the 
imbalance may promote metastasis. It is also 
possible that the TIMPs have other functions, for 
example, TIMP-1 can stimulate growth in some cell 
lines (100). Finally, the increased expression of 
TIMP found in invasive tumors could be due to the 
increased expression of MMPs and there is no 
functional correlation between increased TIMP 
expression and tumor or metastatic progression. 

2.7 Cadherins 

Cadherins are calcium-dependent 
transmembrane glycoproteins found on the surface 
of epithelial cells. E-cadherin is made as a precursor 
protein of 135 kDa that is processed to a mature 
form of 120 kDa. It mediates calcium dependent 
homophillic cell-cell interactions through its 
extracellular domain. The cytoplasmic domain 
interacts with the actin cytoskeleton and ,  and 
catenins (101). Binding of E-cadherin to -catenin
blocks -catenin nuclear translocation and therefore, 
transcription of c-myc and cyclin D1.  

E-cadherin maps to 16q22.1 an area of the 
genome that often has LOH associated with late 
stage breast cancer (102). LOH of this gene 
correlates with shortened disease free survival, poor 
prognosis and metastasis (103). Methylation is one 
means of LOH (104). In one study, methylation of 
the promoter was found in 11/35 pre-invasive DCIS 
cases, 19/37 invasive lesions and 7/16 metastatic 
ductal carcinomas. Other means of LOH include 
redistribution within the cell, shedding of E-cadherin 
and competition from other proteins (reviewed in 
(105)). For example, EGFR stimulation with EGF or 
TGF  results in dissociation of -catenin and E-
cadherin (106, 107). In most tumor types, mutation 
of the E-cadherin gene is rare, but breast and gastric 
cancer have a 50% mutation rate (102).  

E-cadherin can be a tumor suppressor in some 
systems (108-111), but over-expression of E-
cadherin decreases tumor cell motility, invasion and 
shedding from the primary tumor (110, 112). N-
cadherin, which is high in osteoblasts, and cadherin 
11 reduce metastasis to lung without changes in 
tumorigenicity (113). These two proteins are often 
over-expressed in metastatic breast and prostate 

cancer cells (114-116). Interestingly, over-
expression results in induction of invasion and 
metastasis of breast cancer and melanoma cells (114, 
117, 118). 

2.8 MKK4/JNKK/SEK1 

MKK4 was identified as a metastasis suppressor 
gene using chromosome 17 microcell hybrids. It is a 
member of the mitogen activated protein kinase 
pathway downstream of MEKK1 and upstream of 
activation of SAPK/JNK1 and p38mapk (119). This 
signaling pathway mediates proliferation, apoptosis 
and differentiation depending on the cellular context. 
Cancer cell lines that exhibit MEKK1 signaling 
defects were found to have alterations or deletions of 
portions of the MKK4 gene (120).  

Enforced expression suppresses metastasis of 
prostate and ovarian cancer cells (121, 122). 
Expression of MKK4 is down-regulated in clinical 
ovarian cancer metastases and cell lines. MKK4 
does not affect invasion or angiogenesis, and it has 
been shown that the suppressed cells complete every 
step of the metastatic cascade except growth at the 
secondary site (123, 124). There is an inverse 
correlation between Gleason Score in prostate 
cancer and MKK4 staining (125).  

2.9 BRMS1 

The Breast Metastasis Suppressor, BRMS1, was 
identified using differential display after MMCT of 
chromosome 11 into a breast cancer cell line (126). 
It is located at 11q13.1-q13.2, a region that is 
frequently altered in breast cancer metastasis. 
Enforced expression suppressed metastasis from 
breast cancer, bladder carcinoma and melanoma in 
vivo (126-132), but it does not suppress growth in 
vitro or in vivo, adhesion to laminin, fibronectin, 
collagens I and IV or matrigel, expression of 
gelatinases (MMP2 and 9) or heparanase, or 
invasion in vitro (128). Motility and growth in soft 
agar were moderately inhibited in BRMS1 
transfectants (128).  

Transfection of BRMS1 into MDA-MB-435 
breast cancer cells results in the restoration of gap 
junctional intercellular communication with a 
concomitant increase in connexin 43 and decrease in 



426 Chapter 24 

connexin 32 expression (127, 128, 130). This 
expression pattern of connexin 43 and 32 is 
equivalent to that of normal breast (133-138).  

BRMS1 is found in the nucleus and has a 
glutamate rich region, an imperfect leucine zipper 
and 2 coiled-coil domains indicating that it has a role 
in a transcription complex. Yeast 2 hybrid and co-
immunoprecipitation studies have demonstrated that 
it interacts with mSin3:HDAC complexes (139). 
Therefore, BRMS1 may control metastasis 
suppression by regulating gene expression.  

2.10 SseCKS 

Src-suppressed C kinase substrate or SseCKS is 
the mouse ortholog of human Gravin/KAP12. This 
protein functions as a cytoplasmic scaffold for 
protein kinase A and C (140). It is concentrated at 
the edge of cells and in podosomes. Expression 
levels of this gene are decreased in src and ras 
transformed rodent fibroblasts (141, 142). It is also 
low in metastatic prostate cancer cell lines. Enforced 
expression resulted in decreased lung metastasis in 
vivo and increased formation of filopodia-like 
projections and decreased anchorage independent 
growth in vitro (143). Over-expression suppressed v-
src induced morphological transformation and 
tumorigenesis, possibly by reducing ERK activity 
(144).

2.11 RhoGDI2 

Rho GDP dissociation inhibitors or RhoGDI 
work to stabilize and sequester in a cytoplasmic 
compartment the GDP bound form of Rho GTPases. 
Rho GTPases are guanine nucleotide binding 
proteins that cycle between an active GTP-bound 
and an inactive GDP-bound state. Increased RNA 
expression of RhoGDI2 correlates indirectly with 
decreased metastatic potential. Gene expression 
profiling in 105 bladder cancers demonstrated an 
inverse correlation between RhoDGI2 expression 
and invasive phenotype (145) and enforced 
expression in T24 human bladder carcinoma cells 
suppressed metastasis (146). 

2.12 Drg-1/RTP/Cap43/rit43 

Drg-1 is a differentiation associated gene in 
colon carcinomas. It was identified as a metastasis 
suppressor gene by differential display (41). When 
re-expressed in colorectal cancers Drg-1 suppressed 
in vitro invasion and liver metastasis in vivo (147). 
Metastases are also suppressed in prostate cancer 
cell lines transfected with Drg-1 and expression 
decreases with increasing Gleason Score in prostate 
cancer (148). In human bladder carcinoma it acts as 
a tumor suppressor (149).  

While the function is unknown, Drg-1 may be 
acting downstream of MKK4 as it is induced 
similarly to JNK/SAPK (150). Supporting a role for 
this protein in cell signaling is data indicating that it 
is up-regulated by PTEN and p53 and is 
phosphorylated by protein kinase A (151).  

2.13 RKIP 

Raf kinase inhibitory protein or RKIP is a 
phosphatidylethanolamine binding protein that is a 
specific inhibitor of Raf binding to MEK. Binding of 
Raf to RKIP results in suppression of Raf1-induced 
transformation and AP-1 dependent transcription. 
RKIP can be phosphorylated by PKC resulting in 
release of RKIP from Raf1 (152). RKIP also 
modulates the activity of NF B by antagonizing the 
activation of I B kinase in response to TNF  and 
IL-1  (153).

Enforced expression of RKIP inhibits metastasis 
of prostate cancer cells without affecting 
tumorigenicity (154). There is an inverse correlation 
of expression of RKIP with stage of prostate cancer 
progression and Gleason score. Expression of RKIP 
also is associated with suppression of invasion and 
angiogenesis (154).  

2.14 Potential Metastasis Suppressors 

There is a growing list of genes that potentially 
can suppress metastasis. Most of the data supporting 
these genes as suppressors are correlative and, in 
some cases, the suppression of metastasis occurs 
along with decreased tumorigenicity. While all of 
the necessary studies needed to demonstrate that 
these genes meet the definition of metastasis 
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suppressors have not been completed, descriptions 
of these genes are included below.  

Semaphorins are secreted and membrane bound 
protein involved in the collapse process of axons 
that have extended growth cones in several 
directions in response to environmental and growth 
cues (155, 156). CRMP-1, or collapsin response 
mediator protein 1, is a member of a family of 
proteins implicated in controlling cell movement 
(reviewed in (157)). CRMP-1 expression is inversely 
correlated with lung carcinoma progression and 
directly correlated to survival and time to relapse. 
CRMP-1 also has been shown to reduce the invasion 
of lung cancer cells in vitro (30). Gelsolin

suppresses both tumorigenicity and metastasis of 
melanoma as well as bladder and lung cancer (158-
160). It regulates motility by its involvement in actin 
assembly and disassembly. Gelsolin expression 
decreases soft agar colonization and chemotaxis to 
fibronectin in vitro. Maspin was identified by 
differential display RTPCR comparing normal 
mammary epithelial cells and mammary cancer 
cells. It is a serine protease inhibitor that sensitizes 
cells to apoptosis (161) and can inhibit angiogenesis 
(162). Similar to some metastasis suppressor genes, 
maspin expression is inversely correlated with 
methylation of its promoter (163). HP1

HS or
heterochromatin-associated protein 1 is localized to 
the nucleus in non-metastatic cells, but its 
expression is decreased in highly invasive metastatic 
cells. Clinical correlations indicate that HP1HS  may 
be a metastasis suppressor gene for breast cancer 
(164). CD44 has been shown to suppress metastasis 
in AT3.1 prostate carcinoma cells without affecting 
tumorigenicity (165). The story becomes more 
complex because CD44 exists as multiple isoforms 
and, while the standard isoform (CD44-s) can reduce 
lung metastases by >60%, it is not clear which of the 
isoforms are relevant for cancer and metastasis. 
SHP-2 is a cytoplasmic tyrosine phosphatase that is 
involved in signal transduction downstream of 
growth factor receptors. It has been shown that 
expression of SHP-2 results in decreased migration 
and spreading of fibroblasts on fibronectin in vitro 
(166). Expression of a mutant form of SHP-2 results 
in reduced focal adhesion kinase de-phosphorylation 
and decreased association with paxillin. Csk or C-
terminal Src kinase is a cytoplasmic tyrosine kinase 

that phosphorylates and negatively regulates the Src 
family kinases. Over-expression of Csk results in 
decreased cell adhesion, migration and invasion in 
vitro through decreased focal contacts and increased 
cell-cell contacts (167). Over-expression of Csk also 
can suppress metastasis of colon cancer cells (168). 
Claudin-4 is a transmembrane protein involved in 
the formation of tight junctions. Enforced expression 
in pancreatic cancer cells increases cell/cell adhesion 
and decreases colony formation and invasion in 
vitro. Expression of claudin-4 inversely correlates 
with malignant progression. In experimental 
metastasis assays, expression of claudin-4 decreases 
lung colonization, but the effect on primary tumor 
growth is unknown (169). Finally, there are a large 
number of genes that are likely metastasis 
suppressors, but are not yet published and therefore, 
are not included here. This indicates that the study of 
metastasis suppression is a rapidly growing field that 
will provide important insights into the progression 
of and, ultimately, the cure for cancer.   

3. CONCLUSIONS 

Metastasis is the critical clinical step in tumor 
progression. As patients are diagnosed earlier due to 
improved detection methods, survival rates increase. 
When diagnosis occurs before the establishment of 
metastases the prognosis is better and treatments are 
more effective. Unfortunately, it is not always 
possible to detect the spread of cancer at the time of 
diagnosis. In the case of breast cancer, 
approximately one quarter of patients diagnosed 
with node-negative cancer develop metastases. 
Therefore, it is important to develop a means to 
identify patients in whom the cancer is likely to 
spread. To do this, it is necessary to understand the 
genetic and biochemical mechanisms that underlie 
metastasis. 

While those who study metastasis suppressor 
genes hope that they can be used to predict the 
spread of cancer and be targets for therapeutics, it is 
not yet known what role metastasis suppressors will 
play. It is clear, though, that understanding the role 
of metastasis suppressor genes in the development of 
secondary masses will provide insight in to the 
mechanisms that control cancer spread. Already, 
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studies demonstrating the mechanisms of action of 
some of the metastasis suppressor genes have raised 
questions about long held beliefs as to how 
metastasis occurs. The genes described in this 
review have been identified by several different 
laboratories using different model systems. They 
have been studied using a variety of experimental 
systems and the amount of information as to the 
mechanism of action varies with each, but pathways 
are beginning to emerge that connect previously 
independent metastasis suppressors and some 
common elements are becoming clearer. 

First, metastasis suppressors are found in every 
cellular compartment. This is similar to genes that 
control cell cycle, apoptosis and differentiation. 
Many of the metastasis suppressors are involved in 
processes such as signal transduction and, as such, 
function to amplify signals. This is necessary for 
controlling complex, multigenic phenotypes such as 
metastasis. Pathways involving the metastasis 
suppressors are beginning to emerge and should help 
to guide the field toward a better understanding of 
the molecular functions of the metastasis suppressor 
genes. Second, many of the metastasis suppressors 
block metastasis in multiple cancer types indicating 
that there are common pathways that control 
metastasis in different tumor types. Third, the 
cellular context in which the gene is expressed is 
important. A growing number of the metastasis 
suppressors affect tumorigenicity in some cell types 
and metastasis in others. This demonstrates the 
complexity of the processes of tumorigenicity and 
metastasis. Fourth, many of the metastasis 
suppressors function by blocking growth at the 
secondary site (123, 124, 170). This also supports 
the idea that these genes act according to their 
cellular context or microenvironment. The tumor 
cells can grow at the site of the primary tumor, but 
not at the secondary site indicating that something 
outside of the tumor cell is involved in controlling 
its growth. This further complicates the study of 
metastasis because it suggests that genes involved in 
metastasis may control metastasis to certain sites but 
not others. Finally, despite the strict definition of 
metastasis suppression the number of metastasis 
suppressor genes is increasing. There is no way to 
know how many metastasis suppressor genes exist, 
but it is likely that the number is limited when 

examining the basic pathways. When the 
downstream signals are included the process 
becomes quite complex.  

There are two areas of study that are particularly 
important for understanding metastasis and its 
potential focus as a clinical target. First, how does 
the microenvironment affect metastasis? And, 
second, what are the mechanisms that result in loss 
of expression of the metastasis suppressors? 

Observations from many laboratories support the 
idea that microenvironment is important in the 
function of metastasis suppressor genes. For 
example, a number of the metastasis suppressor 
genes have been shown to have no effect on the 
early stages of the metastatic cascade, but rather to 
suppress proliferation at the secondary site (123, 
124, 170). It has also been shown that single breast 
cancer cells removed from a secondary site can form 
a tumor when injected into a mammary fat pad, but 
when they metastasize again they do not form 
secondary masses. Further, preliminary data from 
our lab indicates that some metastasis suppressor 
genes can suppress metastasis to some organs, but 
not to others (J.F. Harms and D.R. Welch, 
unpublished). All of these data strongly support the 
idea that the cellular context is extremely important 
for control of metastasis. 

Understanding the role of the microenvironment 
will help to define which patients can be expected to 
have metastatic disease and to what organs.  If we 
can understand why tumor cells choose the 
particular secondary site that they do, what cues they 
are given to allow them to grow, and why some 
tumor cells remain dormant while others go on to 
form secondary masses, we can begin to target these 
steps of metastasis with therapeutic intervention. 

Loss of expression of metastasis suppressor 
genes is not simply due to mutation. Many studies 
indicate that the metastasis suppressor genes are 
differentially expressed rather than mutated 
(reviewed in (171)). There are several possible 
explanations for how expression can be regulated to 
result in loss of expression in the metastatic cells 
including decreased protein translation (172, 173), 
methylation of the promoter (174, 175), acetylation 
of histones (174, 176-178) and decreased mRNA or 
protein stability (179, 180). In each of these cases, it 
may be possible to force re-expression of these 



24. Metastasis Suppressor Genes: A Brief Review of an Expanding Field 429

genes in the clinical setting. An example of this was 
described for Nm23 (181). Treatment of metastatic 
breast cancer cell lines with either dexamethasone or 
medroxyprogesterone acetate results in an 
enhancement of Nm23 expression. The same 
laboratory had demonstrated earlier that treatment 
with 5-azacytidine results in hypomethylation of the 
Nm23 promoter and a restoration of Nm23 
expression (47). While similar studies have not been 
undertaken for other metastasis suppressor genes 
that are regulated by epigenetic changes, these data 
strongly suggest the possibility that metastasis 
suppressor genes could be regulated by 
pharmacological means resulting in inhibition of 
metastasis, decreased morbidity and increased 
survival rates. 
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Abstract: The Mitogen-Activated Protein Kinase Kinase 4 (MKK4, also referred to as JNKK1, SEK2, or MEK4) has 
been identified as a metastasis suppressor gene in prostate and ovarian cancer. Metastasis suppressor genes 
are defined by the ability of their encoded proteins to suppress the development of metastases in vivo 
without affecting primary tumor growth when transfected into metastatic cell lines.  Studies exploring the 
mechanisms of metastatic colonization and metastasis suppressor genes suggest that the critical events 
determining metastatic efficiency occur at the secondary site.   Furthermore, metastasis suppressor proteins 
may operate by modulating major signal transduction pathways that regulate important cellular processes 
such as proliferation, differentiation, dormancy, and apoptosis.  These findings have at least two important 
implications.  First, tumor-host interactions at the metastatic site play an important role in the regulation of 
metastatic growth.  Second, developing a comprehensive understanding of the specific biochemical events 
regulating both metastatic progression and metastatic suppression may ultimately contribute to new 
diagnostic and therapeutic modalities for advanced cancers. 
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1. TUMOR-HOST INTERACTIONS AT 

THE SECONDARY SITE 

For more than two decades researchers believed 
that escape of a cell from the primary tumor was the 
rate-limiting event determining metastatic efficiency 
(1). This belief was based on the concept that once a 
cell had eluded growth control mechanisms, it had 
only to escape from the primary tumor and evade 
host defenses in order to form metastases.  In 
support of this theory were studies showing a 
correlation between increased motility and invasion 
in vitro and increased metastasis formation in vivo

(2-4). An implication of this model was that 
disseminated cancer cells are unable to respond to 
extracellular growth controls and consequently 
replicate completely autonomously. Recently, 
multiple independent laboratories studying the 
clinical, biological, and molecular determinants of 
metastasis have clearly shown that disseminated 
cancer cells at secondary sites remain subject to 
growth controls. Taken together, these studies show 
unequivocally that tumor cells leave the primary 
tumor but often fail to proliferate at an ectopic site 
(5-8). These findings demonstrate that cells that 
have acquired the ability to escape (either actively or 
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passively) from primary tumor, survive in the 
circulation, and reach secondary sites are not by 
definition autonomous; they remain subject to at 
least some of the growth and migratory controls in 
their immediate environment. Thus, cellular 
proliferation at the secondary site, hereafter referred 
to as metastatic colonization, must now be 
considered a potential rate-limiting step of 
metastasis. 

These findings imply that the tumor-host 
interactions at the secondary site are distinct from 
those at the primary site and that elucidating the 
nature of these interactions is crucial to 
understanding the process of metastasis.  
Furthermore, this work seeks to explain the well-
documented but poorly explained concept of 
metastatic site specificity, which was first 
documented by Stephen Paget over a century ago 
(9). In his seminal work, Paget compared a 
metastatic cell growing in a distant organ to a seed 
growing in the soil. Just as a seed can grow only in 
soil that it is uniquely suited for, so can a cancer cell 
grow in tissues that provide it with the necessary 
molecular environment. Our challenge is now to 
gain a mechanistic understanding of how 
disseminated cancer cells respond to foreign 
microenvironments. 

In recent years, experiments utilizing RT-PCR 
and immunohistochemistry have indicated that 
tumor cells may escape from the primary tumor very 
early in the course of disease, and are often 
clinically undetectable at secondary sites at the time 
of a cancer diagnosis (10-12). Simultaneously, 
Chambers and her coworkers have developed novel 
techniques of intravital video-microscopy and cell-
accounting which enable the visualization and 
assessment of the individual steps of metastasis (5). 
Their experiments have yielded in vivo data from 
experimental, real-time models which show that 
disseminated tumor cells often reside as dormant 
single cells or micrometastases at secondary sites.  
These data support the findings from clinical studies 
(13). Interestingly, functional cloning experiments 
aimed at the identification and characterization of 
the genetic determinants of metastasis have also 
identified metastatic colonization as a rate-
determining step for formation of overt metastases 
(14). These studies have identified numerous 

metastasis suppressor genes, the ectopic expression 
of which suppress the formation of metastases 
without affecting primary tumor growth in vivo.  For 
example, in vivo metastasis assays demonstrate that 
metastatic tumor cells expressing the metastasis 
suppressor genes MKK4 or KiSS1 successfully 
arrest in capillary beds at secondary sites but fail to 
proliferate (6, 7). Thus, data from three independent 
avenues of metastasis research have identified 
metastatic colonization as an important step in the 
development of both experimental and clinical 
metastases. 

2. SIGNAL TRANSDUCTION, 

METASTASIS SUPPRESSOR 

GENES, AND MKK4 

2.1 Signal transduction pathways 

associated with metastasis suppressor 

proteins

Biochemical data currently support a model in 
which certain metastasis suppressor proteins 
participate in conserved eukaryotic signal 
transduction pathways. These signaling cascades are 
comprised of at least three parallel modules: the 
Mitogen-activated Protein Kinase/Extracellular 
Signal Regulated Kinase (MAPK/ERK) module, the 
Stress-activated Protein Kinase/c-Jun N-terminal 
Kinase (SAPK/JNK) and the p38 kinase module 
(See Figure 1). These distinct but biochemically 
interconnected signaling modules relay extracellular 
stimuli through interconnected protein kinase 
cascades that activate transcription factors and affect 
cellular responses to stress, inflammation and 
growth factors (15, 16). 

A detailed characterization of these pathways is 
critical to elucidating the function of metastasis 
suppressor proteins. Each cascade represents a series 
of kinase-substrate phosphorylation reactions that 
function to relay an extracellular signal to the 
nucleus.  Each pathway consists of at least three 
members: a MAP kinase kinase kinase (MAP3K) 
which, when activated, phosphorylates a MAP 
kinase kinase (MAP2K) which, in turn phosphylates 
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a MAP kinse (MAPK).  Extracellular signals can be 
communicated to the ERK pathway by cell surface 
receptors. The mechanism by which extracellular 
stress activates MAP3Ks in the JNK/p38 pathways 
is not as well-established.   

The MAPK/ERK pathway involves the receptor 
tyrosine kinase (RTK) class of transmembrane 
proteins and serine-threonine kinases (e.g. PDGF, 
EGF, insulin receptors, etc.).  Typically, cell surface 
receptors interact with adaptor molecules to recruit a 
protein kinase complex to the cell membrane. The 
prototypical MAPK/ERK pathway involves RTKs 
that interact with Ras through proteins with SH2 and 
SH3 adaptor domains.  In its active form, Ras 
recruits Raf (a MAP3K), to the membrane complex 
resulting in the activation of a target MAP/ERK 
Kinase (MEK, MAP2K). Phosphorylation of MEK 
results in the activation and subsequent translocation 
of ERK (MAPK) to the nucleus, where it 

phosphorylates various transcription factors (e.g. 
Elk-1, c-Fos) and DNA binding proteins (15, 16). 

Signal amplification and regulation may occur at 
each step in this cascade. Specificity of the signal is 
conferred through both the affinity of a kinase for a 
given target protein as well as protein expression 
levels. Additional regulation is conferred by 
interaction with other scaffolding or adaptor 
proteins.  For example, the Nm23-H1 metastasis 
suppressor protein interacts with the MAPK module 
by binding to and phosphorylating the Kinase 
Suppressor of Ras (Ksr) protein, a scaffold protein 
that participates in the regulation of the activity of 
the MAPK/ERK pathway upstream of MEK (17).  
Ksr has been shown to positively regulate Ras-
mediated MAPK signaling, suggesting that Nm23’s 
metastasis suppression activity may be mediated by 
inhibition of Ksr-enabled MAPK signaling (18). 

Similarly, the metastasis suppressor Raf Kinase 
Inhibitor Protein (RKIP) functions as a negative 
upstream regulator of MAPK/ERK signaling. Raf 
and MEK interact with RKIP at overlapping sites, 
and binding of either molecule inhibits binding of 
the other. Both binding domains must be destroyed 
in order to alleviate RKIP-mediated MAPK 

inhibition. Furthermore, studies with constitutively 
active MEK mutants (MEK-DD) suggest that RKIP 
functions upstream of MEK (19). Thus, RKIP may 
suppress metastasis by inhibiting Raf-mediated 
phosphorylation of MEK.  

In contrast to the association of ERK with 
proliferation, JNK and p38 have been classically 

Figure 1. Signal transduction pathways associated with metastasis suppressor genes.  

Figure adapted from Berger, et al. Metastasis suppressor genes: signal transduction, 
crosstalk and the potential for modulating the behavior of metastatic cells.  Anti-Cancer 

Drugs.  2004.  Article in press. 
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associated with cell cycle arrest and apoptosis in 
response to environmental stresses and cytokines, 
pH changes, UV-irradiation, hypoxia, and growth 
factor deprivation (20). As such, these proteins 
represent functionally critical components in the 
cellular response to environmental cues. Several 
MAP2Ks operate upstream of p38 and JNK. MKK7 
specifically phosphorylates JNK, whereas MKK3 
and MKK6 specifically target p38. Interestingly 
MKK4 can phosphorylate and activate both JNK and 
p38 (see below).  

The ERK, JNK, and p38 pathways have 
historically been considered as separate signaling 
cascades mediating distinct cellular functions.   It is 
now well-accepted, however, that these pathways 
interact extensively with each other as well as a 
number of other pathways in a complex signaling 
network (21, 22). In addition to biochemical studies, 
recent in vivo studies suggest an antagonistic 
relationship between ERK and p38 signaling that 
may determine whether a tumor cell proliferates or 
enters a state of dormancy (21, 23). Aguirre-Ghiso et

al. demonstrated that the ERK/p38 activity ratio in 
head and neck cancer cell lines correlates with the 
balance between cellular proliferation and 
dormancy. Based on their data, they propose a 
model in which persistent ERK activity is 
maintained through urokinase plasminogen activator 
receptor (uPAR) activity and its interactions with 
α5β1-integrin.  Furthermore, they argue that shifting 
the ratio between phospho-ERK and phospho-p38 
determines whether a cell will proliferate or remain 
dormant (23).  In subsequent studies they showed 
that modulation of the ERK/p38 ratio may induce 
dormant (high p38) or proliferative (high ERK) 
phenotypes in additional models (e.g. cancers of the 
breast, prostate, skin, and connective tissue) (21). 

Determining how the functions of recently 
identified metastasis suppressor proteins participate 
in or complement these signal transduction pathways 
may provide a new insight into tumor-host 
interactions at the secondary site.  The ERK, JNK, 
and p38 pathways have established roles in the relay 
of extracellular signals to the nucleus. Furthermore, 
these pathways can be reliably activated in response 
to well-characterized stimuli (24). Because 
metastasis suppressor proteins modulate the function 
of these pathways to suppress metastasis suggests 

that the disseminated cancer cells are indeed 
responding to the environment at the secondary site.

2.2 Mitogen-Activated Protein Kinase 

Kinase 4 (MKK4) is a metastasis 

suppressor gene 

Positional cloning coupled with in vivo

metastasis assays identified the Mitogen-Activated 
Protein Kinase Kinase 4 (MKK4, also referred to as 
JNKK1, SEK2, or MEK4) as a metastasis suppressor 
gene encoded by human chromosome 17 (6, 25, 26). 
A duel specificity kinase that phosphorylates both 
threonine and tyrosine residues, MKK4 has been 
shown to phosphorylate the JNK (TPY) and p38 
(TGY) MAPK activation motifs. MKK4 thus 
functions as a MAP2K for both p38 and JNK, 
representing an important point of cross-talk 
between the two pathways. The MKK4 protein is 
widely expressed throughout human and mouse 
tissues and has a role in hepatic, neural, and thymic 
development in mice (27). Functional and clinical 
correlative studies identified a role for MKK4 
protein in the suppression of metastasis in ovarian 
and prostate cancers (27-30). The function of MKK4 
in tumor progression and metastasis may be context-
dependent, as studies examining loss-of-
heterozygosity of human chromosome 17 suggest 
that it may function as a tumor suppressor gene in a 
small percentage of pancreatic, biliary, and breast 
cancers (31). The role of MKK4 in gastric cancer is 
more controversial; reports have shown that MKK4 
protein expression is increased in invasive gastric 
cancer, while another study indicated no change in 
MKK4 protein expression but significant loss-of-
heterozygosity at telomeric markers for MKK4 (32, 
33). Such seemingly contradictory activities 
illustrate the challenges faced when trying to 
determine how a metastasis suppressor protein such 
as MKK4 functions in vivo and within a particular 
cancer type. 
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3. DEFINING THE MECHANISM OF 

MKK4-MEDIATED METASTASIS 

SUPPRESSION

3.1 Mechanistic signaling studies 

The JNK and p38 pathways have well-
established roles in the regulation of apoptosis, 
differentiation, and proliferation.  As an upstream 
regulator of these kinases, it is hypothesized that 
MKK4 derives its metastasis suppressor function 
from its ability to modulate their activity. 
Alternatively, MKK4 may have novel function(s) 
which are responsible for metastasis suppression. 
Determining the mechanism by which MKK4 
suppresses metastasis involves isolating the specific 
signaling events that correspond to the metastasis 
suppressor phenotype.  Fundamental to this research 
is the design of rigorous in vitro studies which 
demonstrate that the JNK and/or p38 pathways are 
activated in cells which display suppressed 
metastasis in vivo. Such studies represent an attempt 
to characterize in detail the upstream and 
downstream participants in MKK4-mediated 
metastasis suppression and are currently underway.  
They involve modulating the activity of signaling 
pathways through either activation or inhibition of 
specific pathway components: 

Pathway activation.  It is often useful to 
artificially activate one or more members of a 
signaling pathway.  One approach for activating a 
pathway is to employ chemical stimuli that are 
known to induce coordinated gene expression 
changes through a specific signal transduction 
cascade.  For example, phorbol ester and anisomycin 
activate p38 (15).  Alternatively, over-expression of 
activating proteins can stimulate a pathway.   In 
some cases, activation of a pathway can be achieved 
upon over-expression of an upstream activator.  
However, it may not be sufficient in cell types where 
there is not an adequate stimulus.   Constitutively 
active proteins are mutated such that they require no 
stimulus to phosphorylate their target proteins.  For 
instance, the ectopic expression of constitutively 
active MKK6 (referred to as MKK6 (EE)) results in 
increased activation of p38 (34). 

Pathway inhibition.  Inhibition of one or more 
members of a signaling pathway can also be useful 
in elucidating biochemical mechanisms.  Recently, 
efforts to identify chemical inhibitors have resulted 
in the characterization of specific small molecule 
inhibitors for multiple signaling pathways.  For 
example, SB203580 is a small molecule that 
selectively binds to and inactivates p38 (35). 
Additionally, over-expression of dominant-negative 
proteins can inhibit a pathway.  A dominant negative 
protein is mutated such that it is both inactive and 
interferes with the function of endogenous protein.  
When using a dominant negative it is critical to 
demonstrate that the mutant is indeed inhibiting the 
endogenous protein. 

3.2 Development of an in vitro stress 

model

The hypothesis that MKK4-mediated metastasis 
suppression is related to the transmission of stress 
signals suggests that certain stimuli need to be 
present to activate the metastasis suppressor 
phenotype. Developing an in vitro stress model of 
MKK4-mediated metastasis suppression is important 
for several reasons. First of all, it represents an 
attempt to describe MKK4-mediated cellular 
response to extracellular stimuli that complements in 

vivo studies. Secondly, it may identify specific 
extracellular stresses that activate metastasis 
suppressor pathways. Finally, subjecting MKK4 
transfected cells to extracellular stresses that have 
previously been shown to activate JNK and p38 may 
provide further evidence that MKK4 suppresses 
metastasis through activation of a stress response. 

A working model predicts that ectopic 
expression of MKK4 activates a signaling cascade 
that suppresses metastatic growth in response to 
stress stimuli. Given the known biochemical 
functions of MKK4, metastasis suppression could be 
the result of a variety of cellular events (i.e. 
increased apoptosis, cell cycle arrest, etc.). There is 
growing evidence that induction of apoptosis is the 
predominant outcome (36, 37). Although logical, a 
model in which MKK4-expressing cells undergo 
apoptosis in response to stresses at the metastatic 
site is difficult to test in vivo. Thus, development of 
an in vitro system that can be used for mechanistic 
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studies to explain in vivo findings is crucial to 
confirming the mechanism of MKK4-mediated 
metastasis suppression (38).  

Anchorage-independent growth in soft agar was 
used as a model for the structural changes 
experienced by disseminated tumor cells. This 
approach is supported by previous studies that 
established a correlation between clonogenicity in 

soft agar and the efficiency of metastatic 
colonization (39, 40). The stress-response in cells 
expressing ectopic MKK4 was examined using 
highly metastatic AT6.1-vector constructs or 
metastasis-suppressed AT6.1-MKK4 cells (6). As 
shown in Figure 2, Panel A, when cells are exposed  

Figure 2. A combination of multiple extracellular stimuli leads to reduced colony formation of 

AT6.1-MKK4 cells.  Gray bars represent results from AT6.1-vector cells and black bars 

represent AT6.1-MKK4 cells.  A. Anchorage-independent growth of AT6.1-vector and AT6.1-

MKK4 cells. 1x104 logarithmically growing AT6.1-vector or AT6.1-MKK4 cells were plated 
soft agar under standard growth conditions [e.g. 0.4% agarose prepared in RPMI containing 

8% FCS (pH 7.4)].  Cells were allowed to grow for 14 days, after which viable colonies were 

identified by MTT assay and the percent colony formation was calculated.   B. Experimental 

scheme for stress induction and recovery. The scheme for adding multiple stresses places the 
cells under the stringent condition for four days, after which the cells are rescued with 

complete media and grown under standard conditions for an additional 10 days.  C.  Growth 

of AT6.1-vector and AT6.1-MKK4 cells exposed to the combined stresses of anchorage 

independence and growth factor deprivation.   D.  Growth of AT6.1-vector and AT6.1-MKK4 
cells exposed to the combined stresses of anchorage independence, growth factor deprivation, 

and low pH.  E.   Growth of AT6.1-vec and AT6.1-MKK4 cells exposed to the combined 
stresses of anchorage independence and low pH without growth factor deprivation.  To test the 

assertion that all three stresses must be present to induce decreased colony formation, AT6.1-
vector control and AT6.1-MKK4 cells were placed under media containing 8% FCS and low 

pH.  Figure previously published in Robinson, et al. MKK4 and metastasis suppression: a 
marriage of signal transduction and metastasis research. Clin Exp Metastasis. 2003;20(1):25-

30. 
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to the single stress of anchorage-independent growth 
(in complete media containing 8% FCS), there was a 
modest reduction in colony formation by AT6.1-
MKK4 cells (black bar) as compared to AT6.1-
vector (gray bar) only control cells. This 
suppression of colonization was not to the same 
degree as the suppression observed in vivo (77%) 
(6). It was then speculated that inclusion of the 
additional stress(es) of growth factor deprivation 
and/or low pH, which are known to affect MKK4's 
signaling cascade, would enhance the observed 
suppression.  To test this assertion, AT6.1-vector 
and AT6.1-MKK4 cells were plated in the multiple 
stress environment for four days, after which the 
cells were "rescued" with complete media containing 
8% FCS at pH 7.4 and colonies allowed to grow for 
ten days (Figure 2, Panel B). Viable colonies were 
detected by MTT reduction and percent colony 
formation was calculated as previously described 
(41). Growth factor deprivation (0.5% FCS) was the 
first stress used in combination with anchorage-
independent growth.  Although this combination 
resulted in a significant overall decrease in the 
number of colonies, the relative decrease in colony 
formation between AT6.1-MKK4 cells and AT6.1-
vector was still only moderate (Figure 2, Panel C). 
Finally a third stress, low pH (6.6), was added. 
Under this multiple stress environment (e.g. 
anchorage-independent growth, 0.5% FCS, and pH 
6.6), AT6.1-MKK4 cells showed a 90% decrease in 
colony formation as compared to AT6.1-vec cells 
(Figure 2, Panel D).  This is comparable to the 
suppression of colony formation seen in vivo (6). It 
is important to note that exposure to the multiple 
stress environment did not effect colony formation 
by AT6.1-vector cells. These results suggested that a 
minimum of three stresses were needed for this in 

vitro assay.  If this was true than cells exposed to the 
combination of anchorage-independent growth and 
low pH would show colony formation similar to 
anchorage-independent growth alone (Figure 2, 
Panel A). This was indeed the case as shown in 
Figure 2, Panel E. Taken together, the results from 
these experiments suggest that the stringent 
conditions of growth factor deprivation, low-pH, and 
anchorage-independent growth suppress colony 
formation via an MKK4-dependent signaling 
pathway.  Efforts are underway to use this model to 

elucidate the potential biochemical mechanism by 
which MKK4 mediates metastasis suppression. 

4. METASTASIS RESEARCH AND 

NEW CLINICAL OPPORTUNITIES 

The identification of specific signaling pathways 
that regulate metastatic growth is an important 
advance, yet there are significant roadblocks to 
successful incorporation of this knowledge into 
clinical practice. First of all, the individual 
metastasis suppressor protein must be considered in 
terms of the pathway it participates in. Simply 
turning “on” or “off” a single gene (protein) in a 
signal transduction pathway will inevitably have 
broader affects than intended, for each pathway may 
affect, positively or negatively, the regulation of 
many as yet undocumented processes.  Furthermore, 
the context-specific nature of signal transduction 
may limit our ability to generalize the affects of 
modulating a specific pathway to other model 
systems or tissue types. For instance, though high 
MKK4 expression has an established correlation 
with metastasis suppression in prostate and ovarian 
carcinomas, activation of the JNK/p38 pathway may 
have a role the malignant transformation of small 
cell lung carcinomas (29). Thus the effect of a 
specific signaling pathway may have to be 
determined on a case-by-case basis. 

4.1 Metastasis suppressors and adjuvant 

therapy

In vivo models suggest that metastatic 
colonization, which as noted is the development of 
overt metastatic lesions from microscopic deposits, 
represents a potentially key rate-limiting step of 
metastatic development.  The identification of a role 
for several of the known metastasis suppressor 
proteins in the regulation metastatic colonization 
through highly conserved signal transduction 
pathways represents a significant maturation in our 
ideas about metastasis. In order to translate these 
findings into tangible clinical benefit, we must first 
determine whether the findings from in vivo models 
correlate with the behavior of human cancers.   
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There is an accumulation of clinical data supporting 
colonization as the critical event in the development 
of human metastases.  Historically, surgical 
oncologists have theorized that the removal of solid 
tumors releases tumor cells into the systemic 
circulation (42-45). Recent developments in 
molecular biology have confirmed that cancer cells 
can readily be found in the blood.  Several studies 
using RT-PCR for expression of specific markers 
have shown that cancer cells are often present in the 
circulation at the time of diagnosis or surgery (10). 
As many as 25% of patients undergoing radical 
retropubic prostatectomy have evidence of 
hematogenous dissemination of tumor cells during 
surgery (46). Immunohistochemical studies have 
confirmed that tumor cells may reside as clinically 
occult microscopic metastases in bone marrow or 
other tissues at the time of diagnosis (11, 12). 
Collectively, these data imply that tumor cells 
readily escape from human primary tumors, yet fail 
to colonize a secondary site. 

If metastatic colonization represents the rate-
limiting step for human cancers, then our knowledge 
of metastasis suppressor genes and their encoded 
proteins could be used to guide clinical decision-
making. Specifically, physicians typically treat 
patients with adjuvant regimens in order to eliminate 
microscopic metastatic disease before its progression 
into clinically detectable disease. The selection of 
patients for such regimens assumes that microscopic 
lesions will inevitably grow into clinically 
significant tumors. Basic metastasis research, 
however, suggests that a microscopic metastasis will 
proliferate at the secondary site only if it has 
undergone specific genetic and epigenetic changes 
that are distinct from the events of primary 
tumorigenesis.  Disseminated tumor cells that do not 
possess this ability are not a clinical threat and need 
not be treated. Clinicians thus subject many patients 
to the cost and morbidity of adjuvant therapy to 
achieve clinical benefit in only a few patients who 
have disease with metastatic capability. 

The identification of metastasis suppressor 
genes/proteins may provide an avenue by which 
clinicians can interrogate cancer cells for the ability 
to form clinically relevant metastatic disease. A 
molecular assay for molecular markers of metastasis 
would allow clinicians to stratify patients into high 

and low risk for metastatic disease.  Such an assay 
would analyze the expression of the relevant tumor 
type-specific metastasis suppressor proteins. 
Clinicians and patients could then choose together 
whether aggressive adjuvant therapy is warranted. 

Of course, significant problems need to be 
addressed before such an algorithm can be 
considered viable.  First of all, we need to determine 
which tissue specimens to assay. A logical first 
choice would be primary tumor samples obtained 
from biopsies or surgical therapy. However, if our 
contention that metastasis requires molecular 
changes distinct from tumorigenesis is valid, than 
we cannot assume that the genetic profile of primary 
tumor cells reliably reflects that of disseminated 
cells.  Furthermore, if only a subset of primary 
tumor cells have the ability to metastasize, will an 
assay done on a biopsy or tissue specimen 
necessarily contain the cells of interest? 

Such questions lead us to the possibility of 
examining disseminated tumor cells directly.  Bone 
marrow or other secondary site-directed biopsies 
combined with methodologies for appropriate cell 
enrichment can provide samples of disseminated 
disease for assay (47). However, invasive techniques 
introduce additional morbidity.  Furthermore, it has 
not been shown that the genetic profile of 
disseminated tumor cells is stable over time. A 
patient that is stratified as low risk after a metastasis 
suppressor expression assay may need to be 
reassessed at some time in the future in order to 
reconfirm the status of their disease. 

A foreseeable strategy might involve the assay of 
primary tumor cells at the time of surgery.  If a high 
probability of metastasis is determined by the 
identification of the molecular changes associated 
with metastatic progression, than adjuvant therapy 
would be recommended. If such markers are not 
identified in the primary tumor, than the clinician 
could recommend a search for disseminated cells in 
the bone marrow or other tumor type-specific 
locations. These cells could then be assayed either 
once or repeatedly to determine metastatic ability 
and guide therapy.   



25. Tumor-Host Interactions at the Metastatic Site 445

4.2 Metastasis suppressor genes and novel 

cancer therapies 

The greatest hope among metastasis researchers 
is that an understanding of the mechanisms of 
metastasis suppression may lead to targeted 
therapies. Tumor metastasis represents the most 
feared, least treatable, and ultimately most lethal 
consequence of malignancy. Metastatic disease often 
relegates patients to palliative therapy and decreased 
quality of life. Some of the remarkable successes in 
cancer drug design in the last several decades have 
come from an understanding of the molecular 
biology of disease. Selective Estrogen Receptor 
Modulators (SERMs) have become a cornerstone of 
adjuvant therapy for breast cancer, and are 
beginning to find a role in breast cancer prophylaxis 
in high-risk women (48). The phenomenal success 
of the tyrosine kinase inhibitor Imatinib (Gleevec) in 
certain patients with chronic myelogenous leukemia 
and gastro-intestinal stromal tumors is another 
example of how an understanding of the molecular 
biology of cancer can stimulate the development of 
novel therapies. Ideally, basic science research in the 
field of metastasis suppressor genes will similarly 
translate into clinical therapeutics. 

Studies indicate that the majority of metastasis 
suppressors are down-regulated, but not mutated or 
deleted, in metastatic lesions (30, 49). This 
observation may provide a unique therapeutic 
opportunity because, unlike mutated oncogenes or 
tumor suppressor genes, exogenous DNA or a 
constitutively active gene product does not 
necessarily need to be introduced into malignant 
cells.  Rather, it may be possible to identify 
compounds that restore expression of silenced 
metastasis suppressor genes and thus modulate 
important signal transduction cascades such as the 
MAPK and SAPK pathways to inhibit metastatic 
colonization. Alternatively, we may be able to 
manipulate the signaling pathways in which 
metastasis suppressor proteins participate without 
specifically targeting metastasis suppressor proteins. 

Preliminary efforts to identify compounds that 
have a negative affect on metastasis growth through 
metastasis suppressor pathways are in progress.  
Currently, drugs that affect metastasis suppressor 
up-regulation have non-specific, pleiotropic affects 

on gene expression, and none can be considered a 
specific activator of a metastasis suppressor pathway 
(50-58). Such compounds include DNA methylation 
inhibitors, histone deacetylase inhibitors, steroid 
hormones, anti-inflammatory drugs, and 
immunomodulators. While not specific activators of 
metastasis suppressor genes, such compounds may 
yet hold promise in the clinic, and are currently 
being evaluated for in vivo metastasis suppressing 
activity (59). 

The development of drugs that specifically target 
metastatic colonization may come as the functional 
studies describing the signal transduction pathways 
regulating metastatic growth are completed.  
Undoubtedly, there are numerous proteins that 
interact with SAPK, p38 and ERK pathways, each of 
which may have potential as a therapeutic target.  
Perhaps the ideal molecular targets are not the 
metastasis suppressor genes or proteins themselves, 
but their antagonists.  Identifying a specific inhibitor 
of a functional metastasis suppressor antagonist 
could modulate signaling in a therapeutically 
beneficial manner without accomplishing the 
clinically difficult task of up-regulating metastasis 
suppressor gene expression.   
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