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Preface

This is the second volume of the book series entitled “The Tumor Microenviron-
ment.” This volume will focus on the “regulation of gene expression in tumor and
non-tumor cells in the tumor microenvironment.”

It is now becoming very clear that the development and progression of tumor
towards the malignant (metastatic) phenotype depend tightly on the interaction be-
tween the tumor cells and the tumor microenvironment. Tumor cells respond to
stimuli generated within the tumor microenvironment for their growth advantage
while the tumor cell themselves reshape and remodel the architecture and function
of their extracellular matrices. The term tumor microenvironment is a wide umbrella
consisting of stromal cells such as fibroblasts and endothelial cells and infiltrating
immune cells including T and B cells, macrophages, and other inflammatory cells
(PMNs). These different components of the tumor microenvironment could have
stimulatory and inhibitory effects on tumor progression by regulating the gene ex-
pression repertoire within the tumor cells on one hand and the stroma cells on the
other. In this volume we have seven contributors who will discuss several different
aspects on the cross talk within the tumor microenvironment components leading to
the acquisition of the metastasis phenotype. It is our hope that these state-of-the-art
studies will shed further light on our understanding of these complicated processes.
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Chapter 1
Regulation of Melanoma Progression
by the Tumor Microenvironment: The Roles
of PAR-1 and PAFR

Gabriel J. Villares and Menashe Bar-Eli

Abstract The interaction of tumor cells and the host stroma (microenvironment)
is essential for tumor progression and metastasis. The melanoma tumor microen-
vironment has emerged within the last decade as a significant player in melanoma
progression from the radial growth phase to the vertical growth phase by providing
the necessary elements for growth, invasion and survival. Two receptors involved in
this transition that are not only activated by factors from the tumor microenvironment
but also in turn secrete factors into the microenvironment are the Protease Activated
Receptor 1 (PAR-1) and the Platelet Activating Factor Receptor (PAFR). Throm-
bin, which is abundant in the microenvironment milieu, activates PAR-1 causing cell
signaling via G-proteins resulting in upregulation and secretion of gene products in-
volved in adhesion (integrins), invasion (MMP-2) and angiogenesis (IL-8, VEGF,
PDGF, bFGF). PAF, which is secreted by platelets, macrophages, neutrophils, en-
dothelial cells and keratinocytes within the tumor microenvironment, will activate
PAFR and signal through p38 MAPK to phosphorylate the CREB/ATF-1 transcrip-
tion factors. Phosphorylation of CREB/ATF-1 results in overexpression and secretion
of MMP-2 and MT1-MMP. Since only metastatic melanoma cells express activated
CREB/ATF-1, we propose that they are better equipped to respond to PAF than their
non-metastatic counterparts. These two G-protein coupled receptors that play major
roles in melanoma progression highlight the crucial interactions between the tumor
microenvironment and melanoma cells in the acquisition of the metastatic phenotype.

Keywords Melanoma progression · Metastasis · Invasion · Angiogenesis ·
Thrombin · Protease activated receptor-1 · Platelet activating factor · Tumor
microenvironment · Transcription factors · Metalloproteinase · G-protein coupled
receptor

Melanomas, as with all other cancers, are not comprised of a group of stand-alone
cells with similar characteristics or capabilities. They are, however, comprised of
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a group of heterogeneous cells that co-exist and interact with an infrastructure
of other cells(keratinocytes, fibroblasts, endothelial cells, inflammatory cells) and
stromal components, all together known as the tumor microenvironment [1]. The
tumor microenvironment is comprised of diverse cell types and elements such as
extracellular matrix components (lamin, collagen), growth factors (VEGF, bFGF,
thrombin), proteases and interleukins involved in invasion (MMP-2, IL-8, uPA) as
well as varying concentrations of oxygen [2]. Furthermore studies have shown that
inflammatory cells within the tumor microenvironment contribute to malignancies
by releasing growth factors and chemokines [3]. It seems evident that the interac-
tion of tumor cells and the host stroma (microenvironment) is, therefore, essential
for tumor progression and, eventually metastasis. Following these same lines, the
melanoma tumor microenvironment has emerged within the last decade as a key
player in melanocyte transformation and transdifferentiation by providing these nec-
essary elements for growth, invasion and survival [2].

In melanoma, there are several cell types within the tumor microenvironment that
influence melanoma progression. For example, keratinocytes, which are found within
normal skin, form interactions with melanocytes that are mediated by E-cadherins.
Keratinocyte-regulated expression of E-cadherins affects the phenotypic behavior of
melanocytes [1].Disturbances innormalkeratinocyte–melanocyteadhesionmaycon-
tribute to malignant transformation by releasing melanocytes from contact-mediated
regulatory controls leading to the advancement of melanoma [4]. Furthermore, ker-
atinocytes induce several pro-angiogenic interleukins (IL-6, IL-8) as well as pro-
inflammatory factors (PAF), which may also lead to melanoma progression [3].

Fibroblasts, once thought to play a minimal role in tumorigenesis, have been
found to play an important role in potentiating tumor growth. A bi-directional model
between melanoma cells and fibroblasts has been proposed in which melanoma
cells first produce growth factors such as PDGF, bFGF and TGF-� to activate fi-
broblasts and endothelial cells and, subsequently, fibroblasts produce a series of
growth factors (IGF-1, HGS/SF, bFGF, TGF-�) that further supports the growth and
proliferation of melanoma cells [1, 4]. These paracrine signaling loops act to create
an environmental niche conducive to tumor growth [1].

As can be seen, transformed melanocytic cells will recruit and interact with host
cells in the microenvironment. These cells will then become activated and in turn
elicit survival, proliferation and invasion signals [4]. The progression of melanoma
from radial growth phase to vertical growth phase is accompanied by a myriad of
molecular changes that are involved in this transition. Two of the factors involved in
this transition that are not only activated by the tumor microenvironment but also in
turn affect the microenvironment are the thrombin receptor (PAR-1) and the Platelet
Activating Factor Receptor (PAFR).

1.1 PAR-1

Thrombin is a serine protease abundant in the tumor microenvironment milieu,
which not only plays a crucial role in blood coagulation but also initiates various
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cellular responses through the activation of the thrombin receptor, PAR-1 [5]. In
fact, activation of coagulation factors have been implicated in tumor growth and
are hallmarks of advanced cancers [5,6]. Studies have also demonstrated that tissue
factor (TF) is constitutively expressed in melanoma cells and can activate throm-
bin in a coagulation independent manner, thereby promoting melanoma metasta-
sis [7, 8]. In fact, the hypoxic tumor microenvironment also induces TF expression
by endothelial cells, tumor associated macrophages and myofibroblasts, thereby also
augmenting thrombin in the tumor microenvironment [6].

Furthermore, thrombin-treated tumor cells (including melanoma) enhance their
adhesion to platelets and fibronectin in vitro [9]. Thrombin also promotes endothe-
lial cell alignment in Matrigel in vitro and angiogenesis in vivo [10]. It induces
the differentiation of endothelial cells into capillary structures in a dose-dependent
manner on Matrigel [10]. Furthermore, in the in vivo Matrigel system of angiogen-
esis, there is a 10-fold increase in endothelial cell migration infiltration in response
to thrombin. In lung epithelial cells, thrombin was also found to stimulate the ex-
pression of PDGF [11]. Blocking of the coagulation pathways at the level of tissue
factor, factor Xa, or thrombin, inhibits metastasis of human melanoma cells in SCID
mice [8].

Thrombin can also activate several signal transduction pathways through its
receptor. The thrombin receptor is a 7-pass transmembrane G-protein coupled re-
ceptor. Unlike typical ligand-receptor interactions, thrombin does not activate PAR-
1 upon binding. Rather, it cleaves the N-terminus of PAR-1 at serine 42. Upon
cleavage, the new amino terminal peptide acts as a tethered ligand that will now
bind to the body of the receptor thereby causing cell signaling via G proteins
resulting in upregulation of gene products involved in adhesion (�IIb�3, �v�5,
�v�3 integrins) [12–14], invasion (MMP-2) [15], and angiogenesis (IL-8, VEGF,
bFGF, PDGF) [11, 16–18]. This suggests that activation of the thrombin receptor
may facilitate tumor invasion and metastasis through the induction of cell adhe-
sion molecules, matrix degrading proteases, and stimulating the secretion of angio-
genic factors into the melanoma tumor microenvironment, thus contributing to the
metastatic phenotype of melanoma.

In human melanoma cells, thrombin acts as a growth factor and is mitogenic,
suggesting that signaling by PAR-1 is involved in the biological response of these
cells [8]. PAR-1 can also be activated by ligands other than thrombin such as fac-
tor Xa, granzyme A, trypsin and plasmin [19–21]. In addition to melanoma, over-
expression of PAR-1 has been observed in a variety of human cancers, such as
breast, lung, colon, pancreatic and prostate [5, 22–26]. It has also been recently
reported that PAR-1 in breast cancer cells can also be proteolytically cleaved and
activated by membrane metalloprotease-1 (MMP-1) [27]. Our laboratory has pre-
viously demonstrated that PAR-1 is differentially expressed in melanoma cell lines
with overexpression being found in highly metastatic cells as compared to non-
metastatic melanoma cell lines [5, 28]. Moreover, we found that the overexpression
of PAR-1 correlates with the loss of the activator protein-2� (AP-2�), which is a
crucial event in the progression of human melanoma [28]. In fact, we observed an
inverse correlation between AP-2 and PAR-1 from primary melanoma cell lines
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Fig. 1.1 Schematic representation of molecules involved in cell invasion and angiogenesis via
activation of PAR-1, which is overexpressed in metastatic melanoma cells. Thrombin from the
microenvironment cleaves the N-terminus of PAR-1 to activate the receptor. The tumor-promoting
signals transduced by PAR-1 through G-proteins upregulate molecules involved in angiogenesis
and invasion

up to highly invasive and aggressive melanomas [28]. Overexpression of PAR-1 is
predominantly seen in patients with malignant melanoma tumors and in metastatic
lesions as compared to common melanocytic nevi and normal skin [29]. Further-
more, our laboratory has found a significantly higher percentage of PAR-1 positive
cells in metastatic melanoma specimens as compared to both dysplastic nevi and
primary melanoma specimens [30] attesting to the role of PAR-1 in regulating tumor
growth and metastasis of melanoma.

As can be seen, activation of PAR-1 in melanoma cells through different ligands
present in the tumor microenvironment will subsequently cause activation of the
angiogenic and invasive gene products that are released into the tumor microen-
vironment (Fig. 1.1). This will also cause activation of fibroblasts and endothelial
cells that subsequently forms a more pro-invasive and proliferative environment for
melanoma growth and metastasis.

1.2 PAFR

As mentioned previously, it has been shown through genetic and functional exper-
iments that inflammatory cells such as tumor-infiltrating monocytes/macrophages,
neutrophils, mast cells, eosinophils, and activated T-lymphocytes contribute to
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malignancies by the secretion of growth and survival factors, proteases,
pro-angiogenic factors and chemokines into the tumor microenvironment [31–34].
In fact, cancer cells promote the recruitment of inflammatory cells, thereby produc-
ing inflammatory mediators and angiogenic factors [3].

PAF is secreted into the tumor microenvironment by several cell types, including
inflammatory cells, vascular endothelial cells and keratinocytes, which in turn also
respond to PAF. Furthermore, platelets in response to thrombin can also secrete
PAF. PAF binds and activates the Platelet Activating Factor Receptor (PAFR), a
pro-inflammatory mediator, which is also a G-protein coupled receptor. PAFR, in
a similar manner to PAR-1, activates signal transduction pathways including MAP
kinase, PI3 kinase, PKA and Src pathways [3, 35–39]. Furthermore, our group and
others have demonstrated that in human metastatic melanoma cells, PAF can stim-
ulate the activity of p38 MAP kinase [39–41]. PAF activation of these signal trans-
duction pathways results in upregulation of effectors of tumor growth, angiogenesis
and malignant progression such as NF-�B, STAT-3 and MMPs [3].

Through the use of PAFR-overexpressing transgenic mice, it was shown that
these mice exhibited keratinocyte hyperplasia soon after birth, accompanied by hy-
perpigmentation, increased melanocytes in ear and tail as well as consequent de-
velopment of melanoma tumors later in life [42, 43]. These studies also suggested
that the recruitment of melanocytes to the dermis was driven by keratinocytes and
possibly accumulating fibroblasts and mast cells as the PAFR transgene expression
was not seen in melanocytes but was present in keratinocytes. Furthermore the role
of PAFR in human melanoma metastasis was further elucidated with in vivo ex-
periments using the PAFR antagonist PCA4248. PCA4248 significantly inhibited
experimental human melanoma lung metastasis in nude mice [3].

However, it has been shown that PAFR is expressed not only on the surface of
keratinocytes but also our lab has shown that all cultured melanoma cell lines regard-
less of their metastatic potential express constitutively active PAFR [39, 44]. PAFR
in melanoma cells is constitutively active in human melanoma cells and mediates
gene expression [3].

Our lab also hypothesized that PAFR activation via PAF can phosphorylate and
activate the transcription factors cAMP response element-binding (CREB) and acti-
vating transcription factor 1 (ATF-1). Expression of these two transcription factors
correlate with the transition from radial growth phase to vertical growth phase of
human melanoma cells and with their metastatic potential in nude mice [45, 46].
PAF induces CREB and ATF-1 via a PAFR-mediated signal transduction mecha-
nism requiring the G�q and adenylate cyclase. Furthermore, addition of PAF to the
metastatic melanoma A375SM cells stimulated CRE-dependent transcription [39].
Studies have shown that PAF can transactivate membrane type 1-MMP (MT1-
MMP) and TIMP-2 genes resulting in proteolytic activation of MMP-2 in human
umbilical vein endothelial cells [47]. In human melanoma cells PAF also activated
MMP-2 expression and gelatinase activity. Furthermore, MMP-2 activation corre-
lated with an increase in PAF-induced MT1-MMP in human melanoma cells [3,39].

We propose that all melanoma cells express PAFR regardless of their metastatic
potential and secrete basal levels of MMP-2 and MT1-MMP. However, within the
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melanoma tumor microenvironment where PAF secreting cells such as platelets,
endothelial cells and inflammatory cells come into contact with melanoma cells,
activation of the PAFR will cause phosphorylation of CREB and ATF-1 through the
p38 MAP kinase and PKA signal transduction cascades. Consequently, this results
in overexpression and secretion into the microenvironment of MMP-2 and MT1-
MMP (Fig. 1.2). However, since only metastatic melanoma cells overexpress CREB

Fig. 1.2 A schematic for the stimulation of MMP-2 and MT1-MMP by PAF via activation of
CREB/ATF-1. When melanoma cells come into contact with PAF-producing cells within the tumor
microenvironment, PAFR is activated. Through G-proteins and adenylate cyclase, p38 MAPK and
PKA phoshporylate CREB and ATF-1. This results in overexpression and secretion of MMP-2 and
MT1-MMP
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and ATF-1, they are better equipped to respond to the effect of PAF within the tumor
microenvironment.

1.3 Conclusion

It is apparent that early inflammatory and angiogenic response and the remodeling
of the extracellular proteins are essential factors in creating a microenvironment
that sustains tumor growth and metastasis [48]. As we described in this chapter, all
these different cell types and factors found within the tumor microenvironment play
a significant role in homeostasis and behavior of melanocytes as well as directly
affect melanoma growth and malignant invasion [1]. Thrombin, which is abundant
in the tumor microenvironment, causes activation of PAR-1, which is found to be
upregulated in metastatic melanoma cells. This activation promotes secretion of ad-
hesion, angiogenic and survival factors into the tumor microenvironment allowing
for increased metastatic potential of melanoma. Furthermore, PAFR is activated by
PAF produced from an array of inflammatory cells, endothelial cells, keratinocytes
and platelets found within the tumor microenvironment. Activated PAFR will cause
upregulation of the CREB and ATF-1 transcription factors, which in turn increase
the secretion of MMP-2 and MT1-MMP. Therefore, melanoma cells will be sur-
rounded by these factors that increase the potential for basement membrane degra-
dation and thereby increase their metastatic potential. Continuing to study the inter-
actions between the tumor microenvironment and melanoma cells will drastically
help us understand the mechanisms and key players involved in the transition of
human melanoma from radial growth phase to vertical growth phase.
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Chapter 2
Functions of Autocrine Motility Factor
at the Tumor Microenvironment

Tatsuyoshi Funasaka and Avraham Raz

Abstract Autocrine motility factor (AMF) is a tumor-secreted cytokine and is
abundant at tumor sites, where it may affect the process of tumor growth and metas-
tasis. AMF is a multifunctional protein capable of affecting cell migration, invasion,
proliferation, and survival, and possesses phosphoglucose isomerase activity and
can catalyze the step in glycolysis and gluconeogenesis. Here, we review the role of
AMF and tumor environment on malignant processes. The outcome of metastasis
depends on multiple interactions between tumor cells and homeostatic mechanisms;
therefore elucidation of the tumor/host interactions in the tumor microenvironment
is essential in the development of new prevention and treatment strategies. Such
knowledge might provide clues to develop new future therapeutic approaches for
human cancers.

Keywords Motility factor · Autocrine effect · Survival · Apoptosis · Tumor-host
interaction · Extracellular matrix · Collagen · Cytokines

2.1 Introduction

For patients diagnosed with cancer, the prognosis of the disease hinges on whether
metastasis develops or not. Most deaths from cancer are due to metastases that are
resistant to conventional therapies despite significant improvements in diagnosis,
surgical techniques, patient care, and adjuvant therapies. It occurs when tumor cells
break away from the primary lesion and lodge in tissue far removed from the or-
gan where the disease first developed. There is an urgent need to develop effective
strategies for the treatment of metastatic tumors.

To develop the way for cancer therapy from a biological point of view, it is nec-
essary to analyze the sequence of events known as the “metastatic cascade”. Before
metastasis occurs, malign neoplastic are made up of cell populations exhibiting a
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wide range of biological heterogeneity with regard to properties such as cell sur-
face, proliferative index, antigenicity, immunogeicity, and expression of phenotypic
qualities enabling them to invade other tissues [1, 2]. Invasion is the initiating event
in the metastatic cascade. Proteolytic enzymes (lysosomal hydrolases, collagenases)
secreted by tumor cells degrade basement membrane constituents such as type IV
collagen, laminin, and fibronectin, allowing invading cell access to the underlying
connective tissue matrix [3–5]. Degradation and movement through this matrix is
the next step in the metastatic cascade, before the cell ultimately invades a vascular
endothelial basement membrane to enter an adjacent blood vessel, lymphatic chan-
nel, or nerve [6, 7]. Metastasis occurs in most cases via the blood and/or lymph
system. Early clinical observations suggested that solid tumors (carcinomas) spread
primarily via the lymphatic vessels and that mesenchymal (connective tissue) tu-
mors spread mainly through the bloodstream. In truth, the lymphatic and vascular
systems have numerous connections that allow disseminating tumor cells to pass
rapidly from one system to the other [8]. Entering into these system by tumor cells is
facilitated by the structure of the microcirculation, especially in new capillary blood
vessels with fenestrated or discontinuous endothelium, a lack of stable intercellu-
lar junctions between the endothelial cells and discontinuous or absent basement
membrane [8, 9]. Once the tumor cells have made their way into microcirculation,
they are carried by the flow to distant organs. The invading tumor cell must survive
natural host immunity (macrophages, NK cells and cytotoxic T lymphocytes) [10]
and passive mechanical forces [11] in these vascular compartments in order to enter
a distant organ system (secondary invasion). Once the tumor cells have adhered to
the microvascular endothelium, the extravasation of the tumor cells into the organ
begins (migration out of blood vessels) [12]. After passing the endothelial barrier,
the tumor cells produce enzymes that break down the components of the basement
membrane and underlying connective tissue as mentioned above, thus facilitating
their passage into the parenchyma of organ. Finally, tumor cells continue to prolif-
erate in the target organ, which depends on establishing an adequate blood supply
(angiogenesis), and form metastatic foci [2, 13, 14]. Not every tumor cell that is
endowed with metastatic potential survives to proliferate at a distant site. It has
been estimated that fewer than 2% of cells in a tumor mass have undergone the phe-
notypic changes necessary for metastasis [15], and indeed, less than 0.1% of cells
in a tumor mass survive the entire cascade of events to proliferate into a metastatic
focus [16].

The major obstacle to the treatment of metastases is the biological heterogene-
ity of tumor cells in primary and secondary tumors. This heterogeneity is ex-
hibited in a wide range of genetic, biochemical, immunological, and biological
characteristics including cell morphologies, growth properties, and ability to in-
vade [1, 2]. Drug susceptibility differences between metastatic lesions and their
primary tumors are well documented [17]. This infers adaptation and differen-
tial gene expression between the primary and metastasis tumor. These differences
are believed to result from selective genetic changes [18]. Aspects of the host
microenvironment have been shown to affect the genes that regulate metastasis
[19–21].
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2.2 The Tumor Microenvironment

The influence of the organ microenvironment on tumor biology has been recognized
for many years, since Paget’s “seed and soil” hypothesis [22]. According to the
“seed and soil” theory, a tumor cell capacity for metastatic colonization is deter-
mined by its special characteristics (“seed”) and by the host organ that tumor cells
encounter as they travel (“soil”), suggesting that progression of metastases is not
random. Metastasis resulted only when the “seed and soil” were compatible. Isaiah
J. Fidler defines the current version of the “seed and soil” hypothesis as having two
principles [23]: first, neoplasms are heterogeneous and consist of cells with different
biologic properties; second, the outcome of cancer growth and spread depends on
multiple interactions of tumor cells with host homeostatic factors. Both the “soil”
and the “soil” profoundly influence the outcome of systemic therapy for cancer.

There have been many reports that indicate the organ microenvironment can
influence the biology of cancer growth and metastasis in several ways. To gain en-
trance into the microcirculation, tumor cells must degrade connective tissue, extra-
cellular matrix, and basement membrane components that constitute barriers against
invading tumor cells [24]. Metastatic tumor cells produce various proteases and gly-
cosidases that degrade extracellular matrix, and the production of such enzymes di-
rectly correlates with invasion and formation of metastasis [24, 25]. The expression
level and activity of collagenase type IV in human carcinoma cells are influenced
by cytokines produced by specific tissues and organs [25]. Once tumor cells reach
the parenchyma of distant organs, they must proliferate to establish a metastasis.
To do so, metastatic cells can seize physiologic growth factors that are produced by
the microenvironment [20, 21]. Furthermore, molecular modifications in adhesion
molecule, cytokine, or growth factor expression of metastatic tumor cells have been
demonstrated to change depending on the tumor location in vivo [19, 26]. These
observations suggest that host tissue environment can regulate the differential ex-
pression of tumor cell proteins. Additionally, tumor-secreted cytokines/growth fac-
tors modify the local environment surrounding the tumor to modulate the immune
response, inhibit vascular cell adhesion protein expression, and induce angiogene-
sis [18, 27, 28].

The tumor microenvironment regulates the expression of tumor-specific and
organ-specific factors. Tumor cells are capable of secreting various cytokines that
affect both the different cells of the host (endothelial cells, fibroblasts, mast cells,
macrophages and the cells of the parenchyma itself) and extracellular matrix, which
in turn secrete different factors that reciprocally affect the metastatic cells [29–32].
One of the most important cytokine secreted by tumor cells is autocrine motility
factor (AMF), originally purified from the conditioned medium of human A2058
melanoma cells as a tumor producing cytokine that stimulates both direct and ran-
dom migration [33].

Cell migration is essential for development, inflammation and tissue repair, but
it also allows malignant cells to exert their lethal ability to invade tissues and
metastasize [6, 7]. Malignant tumors are characterized by their unrestrained growth
and invasion into surrounding host tissue. Pathologic observations have clearly
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demonstrated that invasion is not only a consequence of tumor growth compres-
sion but also involves the dynamic locomotion of tumor cells through host tissue
barriers [34]. Individual tumor cells or small groups of tumor cells migrating away
from the main mass often are found at the invasion front in the observation of his-
tological sections of malignant tumors. The metastatic dissemination of tumor cells
to distant organs requires highly motile behavior during both entrance and exit from
blood vessels. Tumor cell locomotion is regulated by several secreted cytokines
having cellular kinesis induction properties in an autocrine and/or paracrine man-
ner [15, 16]. Host serum proteins and breakdown products of extracellular matrix
can influence cell motility as well [35, 36]. AMF is one of the major cell motility-
stimulating factors associated with the development of tumors.

2.3 Autocrine Motility Factor

AMF was originally purified from the conditioned medium of human A2058
melanoma cells as a tumor producing cytokine with an estimated size of 55 kDa
that stimulates both direct and random migration [33]. In clinical cancer pathology,
the presence of AMF in the serum and urine is of prognostic value indicating cancer
progression [37–39]. Moreover, over-expression of AMF gene in non-tumorigenic
cells induces AMF secretion and leads to a gain of tumorigenic properties in vivo
[40, 41].

The remarkable property of AMF is identified with glycolytic enzyme, phospho-
glucose isomerase (PGI) [42]. PGI is the second enzyme in the glycolytic pathway
and catalyzes the interconversion of glucose 6-phosphate and fructose 6-phosphate
during glycolysis and gluconeogenesis. Thus, it is highly conserved in bacteria
and eukaryotes [43]. Mutations in PGI are a cause of hereditary nonspherocytic
hemolytic anemia, and PGI deficiency can be associated with hydrops fetalis and
immediate neonatal death [44–46], and PGI is an antigen of arthritis disease [47].
Accordingly, PGI plays an important role in the cellular metabolism. Molecular
cloning and sequencing have identified PGI as an AMF, and it is recognized that
AMF has PGI enzymatic activity, AMF activities are inhibited by specific PGI
inhibitors including erythrose 4-phosphate (E4P) and mannose 6-phosphate (car-
bohydrate phosphates) [42], and commercial PGI has AMF activities. Therefore,
inside the cell PGI functions in glucose metabolism, while outside the cell it acts
as a cytokine. As mentioned above, there have been many reports that PGI/AMF is
involved in tumor metastasis and invasion, and PGI/AMF is associated with several
malignant conditions, such as induction of angiogenesis [48]. It seems that tumor
cells need glycolysis more than normal cells; up regulation of glycolytic metabolism
occurs downstream of multiple oncogenic pathways and has been shown to correlate
with increased tumor aggressiveness and poor patient prognosis in several tumor
types [43, 49]. These observations suggest that the glycolytic phenotype plays a
role in tumor progression by contributing to tumor growth or survival. Further-
more, AMF exhibits the ability to function as a neuroleukin promoting growth of
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embryonic spinal and sensory neurons [50], as a maturation factor mediating dif-
ferentiation of human myeloid leukemia cells [51], as a sperm antigen-36 [52],
or as a myofibril-bound serine proteinase inhibitor [53]. Although the peptide
sequence of AMF suggested homology [54], many reports indicate that AMF,
PGI, neuroleukin, maturation factor, sperm antigen-36, and myofibril-bound ser-
ine proteinase inhibitor have different functions: AMF/PGI/neuroleukin/maturation
factor/sperm antigen-36/myofibril-bound serine proteinase inhibitor is a multifunc-
tional protein.

The motility stimulation with AMF is mediated by its interaction with recep-
tors on the surface of target cells [55]. AMF receptor (AMFR/gp78) is a 78 kDa
seven-transmembrane glycoprotein which belongs to the G protein coupled recep-
tor family [55, 56]. There have been many reports that over expression of AMF and
AMFR are correlated with progression of malignant tumors. The levels of PGI/AMF
and its cell surface receptor AMFR expressions are associated with the pathologic
stage, grade, and degree of tumor penetration to surrounding tissues marking a poor
prognosis [57–61].

2.4 The Role of AMF in Tumor Angiogenesis

Metastasis is an important clinical parameter in the prognosis of patients who de-
velop malignant tumors. Abundant studies have suggested that metastasis is one of
the most complicated biological phenomenon and enormous factors are interact-
ing between tumor and host during tumor invasiveness and metastasis. It generally
occurs via the vascular or lymphangial system on distant organs such as the liver
or lung metastasis of colon cancer; therefore, metastasis is closely related to the
vascular system. Another important relation between metastasis and blood vessels is
angiogenesis. Angiogenesis, formation of capillary blood vessels leading to neovas-
cularization, is an organic reaction caused by endothelial cell growth and migration
from pre-existing blood vessels [62], and is essential to form a circulatory system
or fabric at the embryonic phase in vertebrate [63]. It is also associated with an
array of pathologic processes including inflammatory disease, diabetic retinopathy
and wound-healing [64]. Capillary blood vessels are arranged in a series of cellular
processes, that is, endothelial cells can migrate, propagate, organize to lumen and
form new capillaries in response to appropriate angiogenic signals [64]. A number
of angiogenic factors have been identified, such as vascular endothelial growth fac-
tor (VEGF), basic-, acidic-fibroblast growth factor (bFGF, aFGF), platelet-derived
endothelial cell growth factor (PD-ECGF), transforming growth factor ß (TGF-ß),
tumor necrosis factor (TNF), angiogenin and interleukin 8 (IL-8) [62, 64, 65]. For
solid tumors of more than several millimeters in diameter, nutrition and oxygen
supplies are essential from tumor-generated new blood vessels. Therefore, solid
tumors cannot grow without the induction of angiogenesis [66]. Tumor growth is
accelerated with the induction of angiogenesis, invading into the surrounding host
tissue, and disseminating to distant organs. There are reported to be a correlation
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between tumor vascular density and clinical malignancy in numerous malignant
tumors, and an unfavorable prognosis for tumors with a high density of vessels
[66–68].

It is well known that malignant tumor cells secrete various angiogenic factors.
Extensive research has shown that the VEGF-system plays an important part in
most cases as a tumor angiogenic factor, and other investigations suggested that
some cytokines like PD-ECGF or IL-8 are closely related to cancerous angio-
genesis [69, 70]. It is thought that the regulation mechanisms of these various
angiogenic cytokines are also modulated or controlled by the surrounding extra-
cellular environment, and the complexities of the angiogenic phenomena and phys-
iologic angiogenesis are due to expression and interaction of coordinated multiple
cytokines.

Molecular mechanisms of tumor angiogenesis have been investigated since an-
giogenesis was recognized to play an important role in solid tumor progression.
It is well known that the processes of neovascularization are postulated to syn-
chronize with the up-regulation or down-regulation of several angiogenic factors
[65]. Tumor angiogenesis is promoted by angiogenic-stimulating factors alone or
in combination, such as VEGF, PD-ECGF, and IL-8 which are over expressed in
solid tumors [65, 66, 71]. The angiogenic factors modulate the single or multi-
ple phases among the three processes of angiogenesis: (i) enzymatic degradation
of the basement membrane; (ii) endothelial cell migration; and (iii) endothelial
cell multiplication. The mechanisms of angiogenesis have been elucidated with
the demonstration of the roles of factors in each process. Thus, we examined
whether AMF may exhibit angiogenic activity by focusing on endothelial cell
motility [48].

The effect of AMF on endothelial cell motility was evaluated by phagokinetic
analysis of HUVECs, and the motility response was stimulated approximately 2.0-
fold at an AMF concentration of 50 pg/ml. AMFR was barely detected on the surface
of untreated cells, while AMF-exposed cells exhibited intensive AMFR expression,
which was localized predominantly in a single perinuclear pattern. This expression
of AMFR was closely correlated with their motile response. To accomplish the
process of angiogenesis, migrating endothelial cells must undergo morphogenesis
such as formation of capillary-like tubes. AMF induced a network of branched and
associated elongated cells which often anastomosed with one another when HU-
VECs were cultured on collagen gels. Moreover, the angiogenic activity of AMF
was evaluated by in vivo assays. AMF could induce angiogenesis in Matrigel plugs
in vivo [72], AMF-over expressed tumor cell stable transfectants induced the devel-
opment of many new capillary blood vessels compared to mock cells, and the AMF-
induced angiogenesis was inhibited by specific AMF inhibitor E4P. Therefore, we
have come to the conclusion that AMF is a tumor-derived angiogenic factor for the
surrounding tissues. AMF had been recognized as a type of autocrine-type cytokine
that acts only against tumor cells as the name implies, however, it is suggested that
AMF can affect normal surrounding tissues in a paracrine manner. In short, AMF
plays an essential role and contributes substantially to tumor angiogenesis by its
motile stimulation activity.
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2.5 AMF/VEGF Crosstalk During Tumor Progression

The growth of solid tumors and the formation of metastasis are dependent on an-
giogenesis [66]. Angiogenesis is a complex, multi-step process that results in the
formation of new blood vessels from preexisting vasculature [62]. During tumor an-
giogenesis, endothelial cells degrade the basement membrane by releasing enzymes,
migrate through the membrane, and finally proliferate to extend the blood vessel into
the tumor. Many autocrine or paracrine factors such as bFGF, aFGF, TGF-ß, TNF,
VEGF, and their receptors are needed as either stimulators or inhibitors for the var-
ious steps involved in this complex process [62, 64–66]. Among the various factors
mentioned above, VEGF is considered to be the prime regulator of angiogenesis,
vasculogenesis and vascular permeability [73–75]. VEGF is expressed by almost all
solid tumors.

VEGF acts through two high-affinity, tyrosine-phosphorylating, transmembrane
receptors (VEGFR) named Flt-1 and KDR, which have been identified almost
specifically on human endothelial cells [76,77]. The two VEGF receptors have been
shown to be expressed preferentially in the proliferating endothelium of vessels
lining and penetrating solid tumors, whereas they are almost undetectable in the
vessels of healthy tissue [78, 79]. Thus, expression of both VEGF and its receptors
seems to be a prerequisite for tumor angiogenesis. Interference with the VEGF-
VEGFR signaling system has been shown to significantly inhibit tumor growth and
metastasis [69, 70, 80].

Tumor angiogenesis and ascites accumulation are complicated phenomena
caused by many factors produced by interacting between neoplasms and hosts. It
is also considered that there are varied interactions among those factors. So we
hypothesized the signal crosstalk between VEGF-VEGFR and AMF-AMFR system
as a clue of this complicated phenomenon [81].

Flt-1 or KDR regulation on the host endothelial cells is significant in the case of
tumor angiogenesis and metastasis. AMF stimulates Flt-1 expression on HUVECs
in a dose- and time-dependent manner; however, AMF does not affect the expression
of KDR. The biological responses to VEGF in AMF-pretreated HUVECs, including
cell motility, were higher than those of untreated cells. It has been reported that
proliferative signals of VEGF in endothelial cells are mainly dependent on KDR;
on the other hand, migrational activities are dependent on Flt-1 [82, 83]. AMF ac-
tivates PKC and phosphotidylinositol 3′-kinase (PI3K) in endothelial cells leading
to increased Flt-1 expression in a paracrine manner. Furthermore, increased Flt-1
expressions were found on the newly developed blood vessels of the mouse tissue
exposed to AMF. Flt-1-positive cells were arranged on the blood vessel wall. There-
fore, AMF stimulates Flt-1 expression in a physiological condition and contributes
secondarily to VEGF activity such as potent mitogenic effect for endothelial cells
and induction of angiogenesis.

AMF induces tumor angiogenesis in vitro as well as in vivo by motile stim-
ulating effect to endothelial cells. Furthermore, AMF induces the activation of
PKC and PI3K leading to increasing Flt-1 expression in a paracrine manner, which
brings about an increased biological responsiveness to VEGF in endothelial cells.
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In addition, VEGF can increase Flt-1 expression by itself [84]. This malignant cycle
comprising of AMF and VEGF will result in marked locomotive, angiogenic and
further metastatic synergy [80, 82].

2.6 The AMF Expression in Hypoxia

A reduction in tissue oxygen levels is called “hypoxia”. The functional definition
of hypoxia is insufficient delivery of oxygen for the demand of the tissue [85]. This
supply/demand mismatch can occur if there is an increase in demand for oxygen that
blood flow cannot meet, as in the exercising muscle, or when there is a reduction in
the delivery of oxygen, as in the vascular insufficiency that can occur in coronary
artery disease. Therefore, it is apparent that cellular hypoxia can arise from physi-
ologic circumstances such as exercise or travel to high elevations, as well as from
pathophysiologic conditions such as poorly formed tumor vasculature. Hypoxia is
seen in several pathophysiologic processes including ischemia, pulmonary diseases
and cancer [85]. Tumor hypoxia is an important indicator of cancer prognosis; it
contributes to tumor progression and poor response to radiotherapy and chemother-
apy [86]. Aggressive tumors often have insufficient blood supply because of their
rapid expansion. Hypoxic stress in solid tumors is known to lead new blood ves-
sel formation, known as angiogenesis or neovascularization, to supply oxygen to
starved tissues [13]. Cellular adaptation to hypoxia and tumor neovascularization is
associated with the ability of invasion and metastasis during further growth of the
primary tumor [49]. Other several cellular responses including resistance to apopto-
sis, erythropoiesis and glycolysis are activated in hypoxia [86, 87]. A key regulator
of these cellular responses to oxygen deficiency is the transcriptional factor, hypoxia
inducible factor 1 (HIF-1).

HIF-1 is a transcriptional factor that regulates changes in gene expression in
response to changes in cellular oxygen concentrations. HIF-1 is a heterodimer com-
posed of two subunits, an oxygen-regulated HIF-1� that determines HIF activity
and a constitutively expressed HIF-1ß (also known as aryl hydrocarbon recep-
tor nuclear translocator or ARNT) [88]. Under normoxic conditions (21% O2, or
158 mm Hg partial pressure), HIF-1� protein is extremely unstable and quickly de-
graded through the ubiquitin-proteasome pathway although HIF-1� gene is continu-
ously expressed [89,90]. Recently, it has been shown that the tumor suppressor von
Hippel-Lindau protein (pVHL) binds to specific hydroxylated HIF-1� on proline
residues upon normoxia and leads HIF-1� to be targeted to the proteasome [91–93].
Under hypoxic conditions, the hydroxylases stop functioning and HIF-1� escapes
the degradation. Consequently, stabilized HIF-� translocates to the nucleus, dimer-
izes with a HIF-1ß subunit and the heterodimer then binds to hypoxia response
elements (HREs) in the promoters and enhancers of target genes. HIF-1 activates
the transcription of a large number of genes whose protein products are critical
for tumor progression including angiogenesis, which regulates by angiogenic factor
such as VEGF, metabolic adaptation (glucose transporters and glycolytic pathway
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enzymes) and apoptosis resistance (endothelin-1, insulin-like growth factor 2, and
TGF-�) [87]. Several HIF-responsive genes are known to be over expressed in hu-
man malignancies [49].

HIF-1 plays a central role in oxygen homeostasis by inducing the expression of
a broad range of genes in a hypoxic-dependent manner, including VEGF, Flt-1,
inducible NO synthase, transferrin, and many genes in the glycolytic pathway
such as glucose transporter 1, hexokinase, phosphofructokinase, glyceraldehydes-
3-phosphate dehydrogenase, and phosphoglycerate kinase [49, 87, 94–96]. There
has been reported that hypoxia is an inducer of AMF expression, and AMF is one
of those HIF-1-inducible genes [97–99]. The expression of AMF mRNA/protein is
up-regulated in some tumor cells by hypoxia and hypoxia-induced AMF expression
is mediated by HIF-1 [100]. In addition, the hypoxic induction of AMF expression
is suppressed by inhibitors of VEGF or VEGF receptors, suggesting that hypoxia-
inducible VEGF regulates the AMF expression. Hypoxia also enhanced tumor cell
motility, and these effects were strongly inhibited by the AMF, VEGF, or VEGF
receptor inhibitors [100]. A principal mediator of tumor angiogenesis is VEGF;
a major transcriptional activator of the VEGF gene is HIF-1 [87]. Thus, it was
reasonable to assume that the expressions of VEGF and AMF under hypoxia might
be related. Hypoxic induction of AMF could be regulated at least in part by VEGF.

2.7 Autocrine/Paracrine Function of AMF in Cancer

One of the most important characteristics of tumor cells is their ability to grow
in unusual locations, especially at metastatic sites. The successful proliferation of
tumor cells is due to their responses to local (paracrine; be made and secreted by
one cell and act on adjacent cells in a tissue or organ) growth factors and inhibitors
and their production and responses to their own (autocrine; be made by and act
on the same cell) growth factors [30]. As tumors grow and develop, they undergo
changes in their growth and other properties. For example, when tumor cells invade
and spread to other sites at the early stages of malignant tumor progression, there
is a tendency for many common cancers to metastasize and grow preferentially at
particular sites, suggesting that unique tissue paracrine growth mechanisms may
dominate the growth signals processed by metastatic cells. At somewhat later stages
of tumor progression, where widespread dissemination to various tissues and organs
occurs, autocrine growth mechanisms may dominate. The progression of malignant
cells to completely autonomous growth states can occur, and at this stage of tumor
progression cell proliferation may be independent of growth factors or inhibitors
[30–32].

Autocrine regulation of tumor cells involves the endogenous production of
growth factors which act on the producer cells on specific receptors and stimulate
cell proliferation. The essential requirements for a growth factor to function in an
autocrine manner are as follows: (i) the growth factor protein is produced; (ii) the
growth factor receptor is expressed [29–32]. Some growth factors produced by
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tumor cells can have paracrine effects on other cells in the surrounding tissues.
These exogenous paracrine factors either enhance tumor growth, angiogenesis, ad-
hesion or motility, promote dissemination or cause differentiation [31, 32].

There is now increasing evidence supporting a role for the AMF/AMFR axis in
cancer, possibly via autocrine/paracrine mechanisms. The co-expression of AMF
and the AMFR in human cancers contribute to their development [57, 58]. Au-
tocrine effects of AMF involve the stimulation of tumor cell motility and inva-
sion, the influence of tumor proliferation, and inducing resistant to apoptosis in
tumor cells [40, 101]. AMF also promotes tumor progression in vivo through the
paracrine method: it regulates proliferation of fibroblast, induces angiogenesis,
and potentiates the physiologic action of VEGF [48, 81, 102, 103]. On endothelial
cell AMF promotes cell locomotion, up regulating the expression of VEGFR, and
the formation of tube-like structures mimicking angiogenesis in three-dimensional
collagen gels [48].

Autocrine-produced factors regarding metastasis stimulate tumor cell prolifer-
ation, migration, adhesion, or secretion of proteolytic enzymes in a direct way,
whereas paracrine factors contribute to the tumor development indirectly, affecting
the microenvironment of the tumor. Tumor metastasis is the effect of a network of
multiple factors, and these interactions are much more complicated in vivo, which
must be taken into account when thinking of therapeutic strategies.

2.8 Conclusion

Tumor progression and metastasis are complicated biological phenomena which in-
clude many kinds of tumor- and host-derived factors. There is now considerable evi-
dence to indicate that cancers and the microenvironment express the components of
the AMF/AMFR axis and that this axis may have an important autocrine/paracrine
functional role in regulating cancer development. In addition, while secreted AMF
has not hitherto been detected in the secretion from normal cell lines, many clinical
studies demonstrated that enzymatic activity of AMF is found in the serum and urine
of patients who had malignant tumors including colorectal, breast, lung, kidney and
gastrointestinal carcinomas [37–39]. This provides a basis for additional studies to
evaluate the potential of the AMF axis as diagnostic tumor markers, and/or the ex-
ogenous AMF as a new target molecule for the cancer therapy, that is, neutralization
of exogenous AMF would be helpful for various malignant tumor therapies.
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Chapter 3
Targeting Signaling Pathways – In the Search
of Melanoma’s Achilles’ Heel

Nikolas K. Haass, Christoph Hoeller and Meenhard Herlyn

Abstract Melanoma is the most aggressive form of skin cancer and is highly
resistant to conventional chemotherapy, immunotherapy and targeted therapy. The
prognosis for metastatic melanoma remains dismal with average survival rates of
6–10 months. Dacarbazine with response rates of less than 10% and a median
progression free survival of 2 months is currently the only standard agent. Despite
promising results with combination chemotherapy in vitro, and better response rates
in patients, no randomized clinical trial has shown a survival advantage over single
agent dacarbazine. Thus, new therapeutic targets are urgently needed to improve
the dismal prognosis of this disease. The mitogen activated protein kinase (MAPK)
pathway is constitutively active in most melanomas. The finding that over 60% of
melanomas harbor the activating BRAFV600E mutation has raised expectations for
the targeted therapy of melanoma. Small molecule signalling pathway inhibitors
are now available for BRAF, BRAFV600E, NRAS, MEK, mTOR, VEGF and others.
In this review we discuss the role of targeting various constituents of the MAPK
pathway and of mammalian target of rapamycin (mTOR). Finally we discuss the
alternative approach of targeting melanoma stem cells as a putative therapy.

Keywords Targeted therapy · MAPKinase · BRAF · Activating mutation · c-KIT ·
MEK · PI3K · mTOR · Melanoma stem cells · Multidrug resistance

3.1 Introduction

3.1.1 Melanoma

Melanoma is a malignant tumor which derives from transformed melanocytes.
Traditionally, the development of melanoma and its progression is described in

N.K. Haass
The Wistar Institute, 3601 Spruce Street, Philadelphia, PA 19104, USA, Centenary Institute of
Cancer Medicine and Cell Biology, Royal Prince Alfred Hospital, University of Sydney, Newtown,
NSW 2042, Australia
e-mail: N.Haass@centenary.org.au

M. Bar-Eli (ed.), Regulation of Gene Expression in the Tumor Environment,
C© Springer Science+Business Media B.V. 2008

27



28 N.K. Haass et al.

six steps: (1) common acquired melanocytic nevus; (2) melanocytic nevus with
lentiginous melanocytic hyperplasia, i.e., aberrant differentiation; (3) melanocytic
nevus with aberrant differentiation and melanocytic nuclear atypia, i.e., melanocytic
dysplasia; (4) the radial growth phase (RGP) of primary melanoma; (5) the verti-
cal growth phase (VGP) of primary melanoma; and (7) metastatic melanoma [1].
Melanoma is mainly found in the skin, but in rare cases can also develop in the
mucosa (of various localizations), conjunctiva and uvea, the inner ear, as well as in
the meninges. Typically melanomas are pigmented, but there are also amelanotic
melanomas which are often associated with delayed diagnosis and treatment. Ap-
proximately 69,000 new cases of melanoma plus an additional approximate 50,000
new cases of melanoma in situ were estimated for the United States in 2006 [2].
Thin melanomas below 1 mm of tumor thickness have a good prognosis and ex-
cision is curative in over 95% of all patients [2]. However, melanomas frequently
metastasize early – i.e. at a thickness of as little as 1 mm and thus at a very low tumor
mass – which leads to the dismal prognosis of melanoma. Patients with lymph node
metastases or distant metastases have a relative five-year survival rate of 64% and
16% respectively [2] and a median survival of 12 months and 4–6 months respec-
tively [3]. And while melanoma constitutes only 4% of skin cancers it is responsible
for approximately 90% of skin cancer related deaths – approximately 10,700 people
were estimated to die from melanoma in the United States in 2006 [2]. Importantly,
many of these patients are of young age and although melanoma is the ninth most
common cancer in the United States, it ranks second among solid tumors in terms
of years of productive life lost.

3.1.2 Therapy of Metastatic Melanoma

Little progress has been made in the treatment of metastatic melanoma because of
the absence of an effective systemic therapy. Where feasible, surgical resection of
local recurrences, in-transit metastases (metastases within the range between the
primary tumor and the regional lymph node station), and complete node dissec-
tion in the case of regional lymph node metastasis are recommended to lower the
risk of developing further metastatic disease [3, 4]. An alternative for the treatment
of non-resectable disease confined to a limb is hyperthermic isolated limb perfu-
sion which is typically performed with melphalan (L-Phenylalanine Mustard) and
more recently in combination with cytokines like tumor necrosis factor � (TNF�)
or interferon �. Complete remissions are seen in 25–75% of patients but neither
regimen has been demonstrated to improve overall survival [5]. Radiotherapy re-
mains the treatment of choice for palliation of multiple cerebral metastases and for
non-resectable bone metastases [4].

Currently, the only FDA-approved chemotherapeutic drug for the systemic ther-
apy of metastatic melanoma is the alkylating agent dacarbazine (DTIC), which has
a clinical response rate of less than 10% and hardly ever leads to durable complete
remissions [6]. Efforts have been made to improve response and survival over those
obtained with single-agent dacarbazine by the combination of several cytostatic or
cytotoxic drugs. While some of these combinations did improve the overall response
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rate, they also showed a significantly higher number of adverse effects without any
survival advantage over single agent DTIC [7].

The same is true for biochemotherapy, the combination of cytotoxic drugs with
interleukin-2 and/or interferon-�. An improved response rate of up to 65% was
associated with a significant increase in adverse events, but failed to demonstrate
a survival advantage in the majority of studies performed [8]. Most importantly
none of these regimens proved to be superior to high-dose bolus IL-2, so far the
only cytokine based therapy that has received FDA approval for the treatment of
metastatic melanoma. While the overall response rate in a phase II study was only
16%, a complete response was seen in 6% of patients and the median duration of
response for these patients exceeds 59 months [8]. Unfortunately, the toxic events
associated with this treatment highly limit the number of eligible patients.

There is a wealth of other immunologic approaches to melanoma treatment, in-
cluding vaccination, blocking of cell surface receptors and treatment with cytokines.
While some of these trials demonstrated an immunological response, the clinical re-
sponse was confined to a small number of patients and demonstration of an impact
on patient survival is yet missing [9].

A novel strategy to achieve improved results in the treatment of metastatic
melanoma is the selection and alteration of specific molecules, responsible for un-
controlled growth, survival or other hallmarks of the malignant phenotype. One of
the earliest studies in this field used an antisense oligonucleotide to target the an-
tiapoptotic molecule Bcl-2 (oblimersen sodium, Genta Inc.). The randomized trial
that compared treatment with DTIC to a combination of oblimersen sodium and
DTIC included 771 patients and is the largest phase III trial so far performed in
metastatic melanoma. The combination arm only showed a non-significant trend
towards superiority in survival; however, subgroup analysis revealed a significant
survival advantage in patients without elevated LDH. The secondary endpoints of
overall response rate and response durability were significantly superior in the com-
bination arm for the whole study population and all subgroups [10]. Further trials
in different clinical settings will be necessary to reveal which patients will benefit
most from this therapy.

3.2 Signaling Pathways and Their Inhibitors

Beyond the apoptosis pathway, several other highly interesting signaling cascades
have been identified as candidates for ‘targeted therapy’ of metastatic melanoma
over the last few years and are currently entering or undergoing clinical trials. In this
review we discuss the role of targeting various constituents of the Mitogen Activated
Protein Kinase Pathway (MAPK pathway) and of the phosphatidylinositol 3-kinase
(PI3K)/Akt/mammalian target of rapamycin (mTOR) pathway.

3.2.1 The Mitogen Activated Protein Kinase Pathway
(MAPK Pathway)

Cells respond to extracellular signals through the interaction of growth factors with
their corresponding cell surface receptors by transmitting intracellular signals to
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coordinate appropriate responses. Among these signal transduction pathways are
the mitogen-activated protein kinase (MAPK), or extracellular signal-regulated pro-
tein kinase (ERK), pathways. These cascades consist of a three-kinase module that
includes a MAPK (ERK1/2), which is activated by a MAPK/ERK kinase (MEK1/2),
which in turn is activated by a MEK kinase (MEKK, RAF serine/threonine ki-
nases) [11]. There are three isoforms of Raf: ARAF, BRAF and CRAF (RAF-1).
Once activated through RAF and MEK, ERK can migrate to the nucleus and drive
cell proliferation through activation of Cyclin D1 [12].

In most melanomas the MAPK pathway is constitutively active [13]. This consti-
tutive activity of the MAPK pathway arises through autocrine growth factor signal-
ing through c-met and FGF1R [14], �v�3 integrin [13] or Notch1 [15], or through
activating mutations in c-Kit (4%) [16], Ras (15%) [17] or BRAF (66%) [18]
(Fig. 3.1a). The finding that 66% of melanomas harbor mutations in BRAF leading
to constitutive activity in the MAPK pathway [18] has raised expectations for tar-
geted therapy in melanoma [18–20]. Although over 50 distinct mutations in BRAF
have been identified [21], over 80% of the reported mutations are the activating
BRAFV600E mutation resulting in the substitution of valine by glutamate. This leads
to the destabilization of the inactive form of the kinase and shifting of the equi-
librium towards the active form [22]. In vitro studies have shown that BRAF is an
oncogene in immortalized mouse melanocytes [23] and that selective downregula-
tion of BRAFV600E using RNAi causes apoptosis and the reversal of the melanoma
phenotype [24]. In vivo studies using an inducible BRAF RNAi xenograft model
have shown reversible tumor regression following BRAF knockdown [25].

3.2.1.1 RAF Inhibition in Melanoma

Sorafenib (previously known as BAY 43-9006, Bayer/Onyx) was originally devel-
oped as a CRAF inhibitor, but kinase inhibition assays revealed it to be a multikinase
inhibitor [26]. The respective in vitro IC50 values in biochemical kinase inhibition
assays are: CRAF (6 nM), BRAFWT (25 nM), BRAFV600E (38 nM), p38 (38 nM),
VEGFR1 (26 nM), VEGFR2 (90 nM), murine VEGFR3 (20 nM), murine PDGF�
(57 nM), Flt-3 (33 nM), c-Kit (68 nM) and FGFR1 (580 nM) [26]. A closer look
at this list of molecules reveals that sorafenib inhibits multiple kinases not only in
melanoma cells (FGFR1, c-Kit, BRAF, CRAF, p38 MAPK) leading to tumor growth
inhibition (Fig. 3.1a), but also in endothelial cells (VEGFR1-3, PDGF�, BRAF,
CRAF) leading to inhibition of angiogenesis (Fig. 3.1b). Therefore the growth in-
hibition observed in melanoma xenografts can be discussed as a team work of an-
tiproliferative and antiangiogenic effects.

In clinical trials sorafenib monotherapy has shown little activity in two phase
II trials [27]. Although the results were indicative of some single-agent activity
in metastatic melanoma, they are insufficient to warrant phase III trials compar-
ing sorafenib monotherapy to standard chemotherapy. More promising results have
been observed using sorafenib in combination with chemotherapy. Large phase II
trials have been conducted testing sorafenib in combination with carboplatin and
paclitaxel [28–30] and an ongoing phase II trial evaluates sorafenib in combination
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(a) (b)

Fig. 3.1 Sorafenib – a multikinase inhibitor. The anti-tumor growth effect of sorafenib (shown as
an ‘S’ in a triangle) is based on multikinase inhibition in melanoma cells and in endothelial cells.
(a) In melanoma cells sorafenib inhibits FGFR1, c-Kit, BRAF, CRAF and p38 MAPK, leading to
inhibition of gene expression and cell proliferation and thus to inhibition of tumor growth. (b) In
endothelial cells sorafenib inhibits VEGFR1, 2, and 3, PDGFR�, as well as BRAF and CRAF,
leading to inhibition of angiogenesis

with dacarbazine. Response rates with these combinations, even among patients
who have progressed under previous chemotherapeutic treatment regimens, have
been higher than expected for these chemotherapeutic agents alone. In combination
with carboplatin and paclitaxel, the median progession-free survival was 9 months,
in combination with temozolamide it was 6 months. This favorably compares to
data from studies that showed survival times of only 2 and 4 months for the single-
agent and combination chemotherapy regimens used in the sorafenib trials, respec-
tively. Therefore these results suggest that sorafenib can augment the activity of
chemotherapy in melanoma.

Efforts have been made to develop inhibitors with better potency against
BRAFV600E and fewer ‘off-target’ effects. RAF-265 (Novartis; formerly known as
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CHIR-265, Chiron) has a very similar structure to sorafenib and is also a multikinase
inhibitor still maintaining activity against VEGFR, but in contrast to sorafenib does
not inhibit p38 [31]. As a result of promising experiments showing that RAF-265
inhibits both the MAPK pathway in BRAFV600E cells in vitro and ERK phosphory-
lation in vivo, and is even capable of inducing tumor regression in xenograft models,
RAF-265 is currently being tested in a phase I trial. SB-590885 (GlaxoSmithKline)
is a specific BRAF inhibitor which inhibits BRAF kinase activity approximately
100-fold more potently than sorafenib. SB-590995 inhibits BRAF kinase activity
through binding to the active conformation, in contrast to sorafenib which stabilizes
the inactive conformation of BRAF [32]. The novel PLX-4032 (Plexxikon) is a spe-
cific inhibitor of BRAFV600E [33]. In vitro PLX-4032 potently inhibits ERK activity
and proliferation exclusively in melanoma cells harboring the BRAFV600E mutation.
Moreover in vivo PLX-4032 treatment of SCID mice bearing BRAFV600E melanoma
xenografts significantly decreased the size of already established tumors [34]. Thus
PLX-4032 is a highly promising drug and a phase I trial is currently accruing pa-
tients. Given their better potency and specificity these novel drugs are important
candidates as a second generation of small molecule therapeutics targeting onco-
genic BRAF.

3.2.1.2 MEK1/2 Inhibition in Melanoma

All currently available MEK inhibitors CI-1040 (PD184352, Pfizer, New York, NY),
PD0325901 (Pfizer) and AZD6244 (ARRY142886, AstraZeneca, London, UK) are
highly selective allosteric inhibitors of MEK1/2 (Fig. 3.1). A recent series of clin-
ical trials with CI-1040 and PD0325901 has demonstrated that although the MEK
inhibitors block constitutive pERK activity within tumors they show little clinical
activity [35, 36]. The conclusion was that these agents are ineffective in the clinical
setting as a monotherapy. In contrast, we have shown in our lab for the first time
an inhibitor that directly targets the MAPK pathway in melanoma to correlate in
vitro and in vivo data: Inhibition of MEK1/2 with AZD6244 blocks the growth
of melanoma cells harboring the BRAFV600E mutation in vitro and fully inhibits
growth at well-tolerated doses in vivo but does not induce significant apoptosis,
indicating that the blockade of this pathway is largely cytostatic [37]. It is important
to define effective drug combination partners that lead to tumor regression. We have
shown that the co-administration of AZD6244 with a commonly used taxane, doc-
etaxel, is cytotoxic and leads to a reduction in the size of the established melanoma
xenografts, indicating the potential for MEK inhibitor/chemotherapy drug combina-
tions [37].

3.2.2 The Phosphatidylinositol 3-Kinase (PI3K)/Akt/mammalian
Target of Rapamycin (mTOR) Pathway

Although recent research on melanoma therapy has strongly focused on the BRAF
/MEK/ERK pathway, a number of other pathways, such as PI3K/Akt/mTOR, nu-
clear factor �B (NF�B), Janus-activated kinase/signal transducers and activators of
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transcription (JAK/STAT) and �-catenin, are also known to be active in melanoma
[38]. Of these, the PI3K/Akt/mTOR pathway plays a critical role in the oncogenic
behavior of melanoma through its ability to suppress apoptosis [39] and to control
cell cycle entry via the regulation of both cyclin D1 and myc [40, 41].

The mammalian target of rapamycin (mTOR) is a serine/threonine kinase which
exists in two differentially regulated heteromeric complexes, mTORC1 (mTOR,
mLST8/G�L and raptor) and mTORC2 (mTOR, mLST8/G�L and rictor) [42, 43].
The classic example for the activation of mTOR is the canonical insulin/PI3K sig-
naling pathway (Fig. 3.2) which operates downstream of the insulin receptor or the
insulin-like growth factor 1 receptor (IGF1R) [44, 45]. The binding of the ligands
to their respective receptors activates the insulin receptor substrate 1 (IRS1) and
PI3K. The lipid product of PI3K phosphatidylinositol (3,4,5)-trisphosphate (PIP3)
is a second messenger that recruits the phosphoinositide-dependent protein kinase 1
(PDK1) and AKT (also known as protein kinase B, PKB) to the plasma mem-
brane. AKT is phosphorylated on T308 by PDK1 and by the mTOR/rictor complex,
mTORC2, on S473, leading to full activation [46–48]. Activated AKT phosphory-
lates numerous targets to promote growth and survival. AKT phosphorylates the
tuberous sclerosis complex 1/2 (TSC1/2; so called because mutations in this gene
cause tuberous sclerosis), which serves as a GTPase activating protein (GAP) for
the small G protein Rheb (Ras homolog enriched in brain). In its GTP-bound state,
Rheb potently activates mTORC1. The mTOR/raptor complex, mTORC1, phospho-
rylates several targets including the translation control protein, p70 S6 ribosomal
protein kinase (S6K) and the eukaryotic translation initiation factor 4E binding pro-
tein (4EBP1). Phosphorylated S6K inhibits the activation of PI3K and therefore con-
trols the pathway through a negative feedback loop. The phosphorylation of 4EBP1
inhibits its function. Since active 4EBP1 inhibits the eukaryotic translation initiation
factor 4E (eIF4E), the net result from this action is an increase in the translation of
mRNAs and therefore cell growth. In summary, activation of the PI3K/Akt/mTOR
pathway leads to proliferation and, moreover there is a positive feedback mechanism
in which the rapamycin-sensitive complex mTORC1 is activated by AKT, but the
rapamycin-insensitive complex mTORC2 in turn activates AKT (Fig. 3.2).

3.2.2.1 Inhibition of mTOR in Melanoma

Rapamycin (sirolimus; Wyeth) is known to inhibit mTORC1, whereas mTORC2
does not bind to rapamycin and is not thought to be rapamycin-sensitive. However,
recent data show that prolonged rapamycin treatment reduces the levels of mTORC2
below those needed to maintain Akt/PKB signaling in several cell types (melanoma
cells have not been tested) [49]. Rapamycin has been described as a potential anti-
cancer drug [50, 51], but both poor water solubility and poor stability in solution,
preclude its formulation for parenteral use as an anticancer agent. Three water-
soluble rapamycin analogs that allow intravenous and oral administration have been
developed: RAD001 (everolimus; Novartis), AP23573 (Ariad Pharmaceuticals), and
CCI-779 (cell cycle inhibitor 779; temsirolimus; Wyeth). The ester analog of ra-
pamycin CCI-779 which also interacts with mTOR [52] has shown activity against
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Fig. 3.2 Rapamycin and its analogs inhibit mTORC1 (mTOR, mLST8 and raptor), LY294002
inhibits PI3K and in addition mTORC1. mTOR is activated through the canonical insulin/PI3K
pathway. The binding of insulin or insulin-like growth factor (IGF) to the insulin receptor activates
IRS1 and PI3K. AKT is phosphorylated on T308 by PDK1 and by mTORC2 (mTOR, mLST8 and
rictor) on S473, leading to full activation. By phosphorylating TSC2 AKT inhibits the inactiva-
tion of Rheb, which in turn potently activates mTORC1. mTORC1 phosphorylates several targets
including S6K and 4EBP1. Phosphorylated S6K inhibits the activation of PI3K and therefore con-
trols the pathway through a negative feedback loop. Through activation of S6 and eIF4E mTORC1
promotes proliferation. Arrows with dotted lines (net activation effects), Rapamycin (shown as an
‘R’ in a triangle); LY294002 (shown as an ‘L’ in a triangle)
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melanoma in preclinical models. Despite promising clinical trials on patients with
breast or renal cancer, a recent phase II trial showed that CCI-779 is not sufficiently
active to warrant further testing as single agent in metastatic melanoma [53].

3.2.2.2 Inhibition of PI3K in Melanoma

Recent studies have shown growth inhibitory effects of the PI3K inhibitor LY294002
in melanoma [54, 55]. Interestingly, LY294002 does also inhibit mTOR [56, 57].
It has been proposed that selective mTOR inhibition may lead to PI3K activation,
thereby limiting the effectiveness of these agents [58]. There is pharmacological evi-
dence that this feedback can be overcome by dual inhibition of mTOR and PI3K, and
that inhibition of PI3K and mTOR in combination should more effectively achieve
cytostasis than inhibition of mTOR alone [59].

Given the above-mentioned information and the unfortunate failure of the Phase
I trial using CCI-779 in metastatic melanoma, a combination of inhibition of
mTORC1 with the inhibition of AKT directly or indirectly through inhibition of
PI3K would be a promising approach to target the PI3K/AKT/mTOR pathway more
effectively in order to treat metastatic melanoma. Interestingly, preliminary data [60]
show that, in vitro, the combination of rapamycin and the PI3K inhibitor LY294002
are synergistic, but that mTORC1 inhibition via rapamycin and LY294002 still lead
to mTORC2 dependent phosphorylation of AKT at position S473 in melanoma.
This data questions a significant influence of AKT phosphorylation under these
conditions on cell viability.

3.2.3 Promising Combinations and Preclinical Three-Dimensional
Culture Approach

Are the MAPK or the PI3K/Akt/mTOR pathways viable approaches to melanoma
therapy? As preclinical studies in vitro often poorly predict the outcome of clinical
studies we have developed a novel cell culture model where human tumor cells
are grown as 3D spheroids and then implanted into collagen gels to mimic the
tumor architecture and microenvironment [55]. Most other preclinical cell culture
models fail to account for the fact that tumor cells exist embedded within a 3 di-
mensional stromal matrix that includes other cell types. The demonstration that
anti-�1-integrin antibodies reverse the malignant phenotype of breast cancer cells
in 3D, but not 2D, culture is a pertinent example of marked differences seen under
these different experimental conditions [61]. Using our novel 3D spheroid model
we found that cell lines derived from melanoma metastases were highly resistant to
both PI3K and MEK inhibitors. This was in marked contrast to the responses seen
in standard 2D cell culture. Further studies revealed that only the combination of
PI3K and MEK inhibitors had any anti-tumor activity in 3D culture and led us to
conclude that targeting only one signaling pathway, such as MEK, may not be a
viable strategy for treating the most aggressive of melanomas [55].
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3.2.4 Further Targets for Melanoma Therapy

In this review we focused on the role of targeting various constituents of the
MAPK and PI3K/Akt/mTOR pathways. As mentioned above, a number of other
pathways, such as NF�B, JAK/STAT and �-catenin, are also known to be ac-
tive in melanoma [38]. Further therapeutic approaches, i.e. inhibition of other sig-
naling pathways, targeting the resistance to apoptosis, inhibiting the proteasome,
derepressing tumor-suppressor genes and antiangiogenic approaches have been re-
viewed elsewhere [62].

Most of the above-described approaches to melanoma therapy target fast growing
cells and most probably do not affect slow growing cancer stem cells. Although
treating melanoma with a drug directed against melanoma cells might lead to elim-
ination of most of the tumor, it also leads to the selection of melanoma stem cells
and consequently to the recurrence of the tumor. Treating melanoma with a drug
directed against melanoma stem cells could lead to the tumor’s loss of the ability to
generate new cells and therefore to the degeneration of the tumor (Fig. 3.3) [63].

3.2.5 Melanoma Stem Cells and Multidrug Resistance

Stem-cell populations have been identified in a range of hematopoietic and solid
tumors, and might represent the cell of origin of these tumors [64–68]. As opposed
to the traditional view (see introduction/melanoma) [1], in melanoma cells grown
as spheres we have identified a subpopulation that exhibits characteristics of stem
cells [69]. There are three populations of melanoma cells with stem cell-like charac-
teristics: [1] CD20+ cells, [2] side population cells with increased drug resistance,
and [3] label-retaining cells that turn over very slowly.

Cancer stem cells are likely to share many of the properties of normal stem cells
that provide for a long lifespan, including relative quiescence, resistance to drugs
and toxins through the expression of several ABC transporters, active DNA-repair
capacity and resistance to apoptosis. Therefore, tumors might have a built-in popu-
lation of drug-resistant pluripotent cells that can survive chemotherapy and repop-
ulate the tumor [70]. Cancer therapeutic efficacy is frequently impaired by either
intrinsic or acquired resistance to multiple, structurally unrelated therapeutic drugs
with different mechanisms of action [71]. This so-called multidrug resistance can
result from several distinct mechanisms, including alterations of tumor cell cycle
checkpoints, impairment of tumor apoptotic pathways, repair of damaged cellular
targets, and reduced drug accumulation in tumor cells [71]. Decreased intracellular
drug accumulation has been shown in a population of cells that express high levels
of ATP-binding cassette (ABC) transporters and that were identified as cancer stem
cells [72–75]. The drug-transporting property of stem cells conferred by ABC trans-
porters is the basis for the ‘side-population’ phenotype that arises from the exclusion
of the fluorescent dye Hoechst 33342. Among the human ABC superfamily, only
ABCB1 (MDR1, P-glycoprotein), ABCC1 (MRP1), the half-transporter ABCG2
(MXR), and recently ABCB5 have to date been shown to mediate multidrug
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Fig. 3.3 Treating melanoma with a drug directed against melanoma cells (MCD) might lead to
elimination of most of the tumor but to selection of melanoma stem cells and consequently to
recurrence of the tumor. However treating the melanoma with a drug directed against melanoma
stem cells (SCD) might lead to the tumor’s loss of the ability to generate new cells and finally to
the degeneration of the tumor

resistance [70, 76, 77]. ABCB5 is highly expressed in physiological human skin
progenitor cells [78]. Both in clinical specimens and in melanoma cultures ABCB5
marks a subpopulation of CD133+ cells that phenotypically resemble stem cells
[77]. Whereas in human melanoma the roles of ABCB1 and ABCG2 are lim-
ited [79, 80], ABCB5 functions as a drug transporter and chemoresistance mediator
in melanoma [77]. Also ABCC1 plays an important role in melanoma’s chemore-
sistance [81, 82].
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Clinical trials combining a series of ABCB1 inhibitors – including the first gener-
ation drugs verapamil and cyclosporine A as well as a number of second generation
drugs – with chemotherapy for many cancers (not including melanoma) did not
provide convincing results [70, 71]. Besides pharmacokinetic problems, these trials
might have failed because additional transporters, such as ABCC1 and ABCG2,
were not targeted by the inhibitor [70].

ABCB5 and ABCC1 are reported to play important roles in the multidrug resis-
tance and to be broad spectrum transporters [70, 77]. Therefore as a positive future
outlook we suggest investigating the combination of inhibitors of both ABCB5 and
ABCC1 with chemotherapy.
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Chapter 4
The Impact of ErbB2 on Cancer Progression
and Metastasis through Modulation of Tumor
and Tumor Microenvironment

Valerie Stone Hawthorne and Dihua Yu

Abstract ErbB2 over-expression in cancer cells leads to a variety of biological
consequences. These include cell cycle deregulation, increased invasion, altered
adhesion, therapeutic resistance, extra-cellular remodeling, increased angiogenesis,
abnormal stromal-epithelial interactions, disrupted integrin signaling and increased
homing and metastasis. Here, we review the current and past literature to demon-
strate how ErbB2 can impact cell-cell, cell-stromal and cell-matrix interactions,
further promoting cancer progression. Through understanding the full interactive
picture involved in ErbB2-mediated cancer progression, new-targeted therapies may
bring promise to the clinic, benefiting patients who have ErbB2 over-expressing
cancers.

Keywords Breast cancer · EGFR family · ErbB2 · JAK-STAT pathway · Oncogene ·
Cyclin D1 · Drug resistance · E-cadherin

The relationship between a tumor cell and its host environment often governs
cancer progression. The interplay between malignant cells and their extracellular
components should be viewed as intricate networks of signals, relaying information
back and forth, driving cellular transformation machinery and structural remodel-
ing. The importance of the extracellular components (e.g., basement membrane) in
regulating cellular functions has been highlighted in the divergent signaling path-
ways present in mammary epithelial cells grown in 3D surrogate-like culture versus
2D plastic culture [1]. Through understanding the molecular mechanisms which
govern the interactions between cancer cells and their extracellular environment,
we will further advance in new therapies to combat cancer disease progression. In
this chapter, we will focus our discussion on the roles of the ErbB2 receptor tyrosine
kinase in activating complex signaling networks and synergistic interactions
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between cancer cells and their microenvironment, leading to cancer progression
and metastasis.

4.1 ErbB2 Signaling and Its Role in Cancer

ErbB2 belongs to the epidermal growth factor receptor (EGFR) family. This family
plays essential functions in multiple cellular processes including cell lineage deter-
mination, cellular proliferation, cellular survival, and organ morphogenesis [2, 3].
The EGFR family of receptor tyrosine kinases are comprised of EGFR (ErbB1),
ErbB2 (HER2/neu), ErbB3 (HER3) and ErbB4 (HER4). ErbB2, has been impli-
cated in a variety of human cancers. The c-erbB2 gene encodes a 185 kilodalton
protein which is classified as an orphaned-receptor tyrosine kinase, since no ErbB2
ligand has been identified. Under normal conditions, extracellular ligands for EGFR,
ErbB3, and ErbB4 will bind to their cognate receptors leading to receptor dimeriza-
tion (either homo- or hetero-dimerization) with one another and result in receptor
tyrosine trans-phosphorylation. Of the four members of the EGFR family, ErbB2 is
the preferred binding partner of EGFR family receptors [4–6]. Receptor phosphory-
lations trigger their activation and lead to phosphorylation of intracellular tyrosine
kinases [7–10], resulting in activation of downstream signaling cascades. Specifi-
cally, over-expression of ErbB2 can lead to deregulation of downstream pathways,
such as the Ras/Raf/Extracellular signal Regulated Kinase (ERK) pathway (for pro-
liferation), the phosphatidylinositol 3-kinase (PI3K)/Akt pathway (for survival and
metabolism), and the Janus kinase/Signal Transducer and Activator of Transcription
(Jak/STAT) pathway (for survival and cytokine responses) [11–14]. In addition to
its classical function of activating downstream signaling pathways/networks, ErbB2
has recently been shown to translocate to the nucleus where it binds target promoters
initiating transcription [15]. The complex nature of ErbB2 functions allows for a
plethora of biological outcomes.

Pathologically, activating mutants and over-expression of EGFR family members
contribute to cancer development by turning on complex signaling networks, driv-
ing numerous cancer promoting functions. Specifically, ErbB2 gene amplification
and/or over-expression are seen in breast, ovarian, gastric, lung, liver, bladder, and
several other types of cancers [16–21]. Among breast cancers, 20–30% over-express
ErbB2 [16]. ErbB2 gene amplification and/or over-expression in breast cancer con-
fers poor patient survival due to the detrimental effects, including, but not limited
to, increased metastatic potential and therapeutic resistance [22–25]. Clinically, de-
tection of erbB2 gene amplification is a FDA approved procedure that is routinely
conducted for breast cancer patients. ErbB2 expression profiling is performed in
order to identify patients who may have a poor prognosis and to provide treatment
options, such as Herceptin, a targeting antibody to the ErbB2 receptor [26–28]. To
gain new insights on how to better control ErbB2 over-expressing breast cancers, it
is important for us to understand how ErbB2 over-expression provokes breast cancer
progression through both intracellular signaling and modulation of the extracellular
environment.
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4.2 The Impact of ErbB2 Over-Expression on Cancer Cells

The identification of ErbB2 over-expression in cancer has generated a wealth of
information on the transformation process. ErbB2 over-expression contributes to
essentially every step in the malignant process, thus focuses the importance of un-
derstanding the downstream pathways involved in each phase of cancer progression.
The impact of ErbB2 signaling in cancer cells is highlighted here on three inter-
woven processes: increased cellular proliferation, acquisition of metastasis-related
properties and resistance to apoptosis and therapeutic agents.

4.2.1 Proliferation

Malignant cells have altered properties that allow them to evade normal growth in-
hibitory signals and permit them to proliferate autonomously. ErbB2 over-expression
facilitates this aberrant growth and further drives tumor progression (Fig. 4.1A).
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Fig. 4.1 Biology of multi-facetted ErbB2 signaling. ErbB2 signaling impacts many different cel-
lular and microenvironment responses shown above. A. ErbB2 can signal through many cell cycle
regulatory proteins promoting increased proliferation. B. Increased invasion of the ECM allows
for ErbB2 over-expressing cells to enter circulation resulting in increased incidence of metastasis.
C. ErbB2 can mediate cell adhesion, resulting in stromal detachment and increased endothelial
attachment. D. ErbB2 signaling can result in anti-apoptosis and therapeutic resistance. E. Increased
secretion of Matrix Metalloproteases by ErbB2 signaling leads to extracellular matrix degredation.
F. ErbB2 can both transcriptionally and translationally upregulate VEGF production leading to
increased angiogenesis. G. ErbB2 signaling can effect stromal-epithelial interactions that govern
polarity and adhesion. H. Cooperation between ErbB2 and integrins promotes intracellular signal-
ing based on extracellular conditions. I. ErbB2 mediated expression of proteins, such as CXCR4,
can direct metastatic cell homing to organs such as bone, brain and lung
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As previously mentioned, ErbB2 signaling contributes to oncogenesis through
multiple signaling networks. Normal cell proliferation depends on a precisely reg-
ulated set of events that determine when a cell should grow and divide. Devia-
tions in the signaling network controlling cell proliferation by over-expressed onco-
genic ErbB2 can stimulate excessive cell division, leading to an increased tumor
mass [29]. The role of ErbB2 in promoting proliferation and tumor growth has
been clearly shown in neu (rat homologue of ErbB2) transgenic mice that develop
tumors with almost 100% occurrence [30, 31]. Supporting its importance, multiple
studies have shown that interference of ErbB2 or ErbB2 signaling activities results
in anti-proliferation of the targeted cells [32–38].

Mechanistically, ErbB2 over-expression has downstream targets essential for
the regulation of the cell cycle. These targets include c-Myc, cyclin D1, cell
cycle inhibitors p21cip1, p27Kip1 [37,39,40], the cyclin E/CDK2 complex, and other
regulators of cell proliferation [41]. An examination of ErbB2 transcriptional and
translational responses observed increased MAPK signaling, increased CDK activ-
ity, down-regulation of CDK inhibitors and reduced cellular adhesion. These results
attributed ErbB2 signaling to the promotion of tumorgenesis through anchorage-
independent cellular proliferation [42].

4.3 Invasion and Metastasis

The formations of metastases are life-threatening events that are very common in
the late stages of cancer. ErbB2 over-expression in breast cancers correlates with
increased metastasis in patients [16] and is also shown through neu transgenic mice,
which readily develop metastasis [30, 43, 44] (Fig. 4.1B). The spread of metastases
can occur through either the circulatory and/or the lymphatic systems. In order for
cancer cells to reach systemic circulation, they must first gain the ability to travel
to and then enter the vessels. This process requires cells to migrate away from the
primary site and invade the surrounding tissues. These processes often occur through
the acquisition of metastatic properties such as increased heterologous cell adhesion,
motility, migration, and invasion. ErbB2 has been shown to potentate all of these
metastasis-related properties in multiple systems [31, 45]. For example, stimulation
of breast cancer cells with EGF or Heregulin have shown an increase in cellular
migration [46]. Conversely, ErbB2 receptor inactivation demolished cellular migra-
tion after EGF and Heregulin treatment, demonstrating that a functional ErbB2 is
essential for migration.

Reduced homophilic cell–cell adhesion and increased heterophilic adhesion
(e.g., cancer cell adhesion to endothelial cells) can promote metastasis [47]
(Fig. 4.1C). For example, over-expression of ErbB2 leads to a decrease in
E-cadherin, an adhesion molecule, through transcriptional downregulation [48].
Loss of E-cadherin then prevents cell–cell homophilic adhesion in mammary epi-
thelial cells, and results in the loss of cell polarity and consequent transformation.
The stromal components can also mediate adhesion of epithelial cells. Adhesion of
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epithelial cells to collagen IV, lamin, and fibronectin reduce the ability of EGF to
bind to EGFR/ErbB2 heterodimers, however, adhesion to collagen I does not [49].
This suggests that specific adhesion signals or cell-matrix interactions differentially
modulate ErbB2-mediated signaling. On the other hand, ErbB2 can also increase
the adhesion of breast cancer cells to endothelial cells. Access to endothelial cells
allows cancer cells to travel into or out of the blood stream, important steps in the
metastasis process [31].

Once cancer cells become invasive, they are able to penetrate their basement
membranes gaining access to the circulation systems. In order for invasion to occur
the basement membrane must be degraded. Basement membrane degredation occurs
primarily through the secretion of extracellular proteases, such as matrix metal-
loproteases (MMPs) and serine proteases (uPA), which cleave components of the
extracellular matrix. ErbB2 over-expression increases secretion of these proteases,
which will be further explored later on in this chapter.

ErbB2 downstream signaling is also involved in promoting invasion. For exam-
ple, inhibitors to EGFR, ErbB2 and PI3K pathways decreased pancreatic cells’ in-
vasiveness and decreased their adhesion to collagen I [50]. The role of the PI3K in
ErbB2-mediated invasion is indicated in a study that utilized an ErbB2 homodimer
and ErbB2/EGFR heterodimer inducible system [51]. This study showed that ErbB2
homodimers signaled primarily through the Ras/MAPK pathway, while ErbB2 het-
erodimers signaled through the PI3K and PLC� pathways. Both ErbB2 homo- and
hetero-dimers induced disruption of acini-like formations, however, only cells with
induced ErbB2/EGFR heterodimers were able to invade the surrounding matrix in
a 3D cell culture system. These data suggest that the PI3K and PLC� pathways
contribute to the ErbB2-induced increase of cell invasion.

4.3.1 Apoptosis and Therapeutic Resistance

In addition to its proliferative capacities, ErbB2 over-expression results in resistance
to apoptosis and increased cellular survival (Fig. 4.1D). This often results in ther-
apeutic resistance to standard cancer treatments, such as chemotherapy, hormone
therapy, radiation therapy, cytokine treatments, and even targeted therapies.

Clinical studies have demonstrated that over-expression of ErbB2 results in resis-
tance to chemotherapeutic treatments including; cyclophosphomide-methotrexate-
5′ fluorouracil (CMF), taxane therapies (Taxol, Taxotere), and epirubicin [23, 24,
52, 53]. These studies along with laboratory experiments have specified ErbB2 as
a marker of drug resistance. This is further supported by studies showing that the
treatment of breast cancer cells with an ErbB2 antagonist, Herceptin, allowed for
re-sensitization of once resistant cells to Taxol chemotherapy [23, 24]. Moreover,
ErbB2 over-expressing breast cancer xenografts in mice are sensitized to doxoru-
bicin treatment following ErbB2 downregulation by Herceptin [54, 55].

Numerous studies identify the relationship between ErbB2 and hormone re-
ceptors [56–60]. Transfection of cell lines with ErbB2 renders cells resistance
to hormonal therapies such as tamoxifen, demonstrating that ErbB2 oncogenic
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signaling leads to antiestrogen therapy resistance [61]. Also, breast cancer cells that
overexpress ErbB2 by transfection showed MAPK pathway activation and conse-
quent tamoxifen resistance. Tamoxifen sensitivity was restored following treatment
with the EGFR/ErbB2 inhibitors, gefitinib (ZD1839) and erlotinib (OSI-774) [22].

ErbB2 over-expression also contributes to radiotherapy resistance. Applying an-
tisense oligonucleotides to both ras and raf-1 in ErbB2 over-expressing cells re-
stored their radiosensitivity, suggesting that ErbB2 downstream RAS/Raf/MAPK
pathway is responsible for radio-resistance [62, 63]. Additionally, interruption of
ErbB2-mediated NF-�B activation re-sensitized cells to gamma irradiation, inhib-
ited proliferation and promoted apoptosis [64, 65].

Taken together, ErbB2 over-expression can activate multiple down-stream
signaling events that promote cancer cell proliferation, increases invasion and
metastasis potential, and confers resistance to apoptosis and to cancer therapeutics.

4.4 The Impact of ErbB2 Over-Expression
on the Tumor Microenvironment

The area and components surrounding tumor cells set up a microenvironment
paramount to tumor cell growth, survival, invasion and metastasis. The ability of
a cancer cell to modulate this environment contributes to tumor progression. For
a tumor to grow, expand, and metastasize, at least two key components in tumor
microenvironment need to be altered. A tumor needs to degrade its surrounding ex-
tracellular matrix (ECM) and also increase blood supply to facilitate growth. ErbB2
over-expression has been implicated in both of these processes.

4.4.1 Degradation of ECM

Interactions between cells and their extracellular matrix are tightly regulated and
drive a variety of biological outcomes. In cancer, tumor cells often gain the ability to
degrade their extracellular matrix in order to expand in size and facilitate adhesion,
migration and invasion.

Matrix Metalloproteases (MMPs) are a family of collagenases that directly re-
model the extracellular matrix. These proteases are capable of degrading all compo-
nents of the extracellular matrix, as well as, non-classical substrates such as growth
factors, cytokines and cell adhesion molecules, such as E-cadherin [66, 67]. Over-
expression of ErbB2 can upregulate the protease activities of both MMP-2 and
MMP-9, leading to a more invasive phenotype [68]. Additionally, stimulation of
breast cancer cell by heregulin (ligand for ErbB2/ErbB3 dimers), led to increased
secretion of urokinase plasminogen activator (uPA) [69]. uPA selectively cleaves
plasminogen and degrades the basement membrane. This observation is supported
by clinical studies that correlate ErbB2 over-expression with uPA/PAI-1 in patient
samples [70]. These studies provide examples to how ErbB2 over-expression can
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result in alterations in the extracellular matrix that surround a tumor cell (Fig. 4.1E).
These alterations contribute to tissue remodeling and lead to increased cellular
invasiveness.

4.4.2 Angiogenesis

Breast cancer is typified as being exceedingly vascularized [71]. Increased vascu-
larization occurs by increasing the formation of new blood vessels, or angiogen-
esis. Angiogenesis is a normal process tightly regulated within the body. Under
pathological conditions, however, the balance between pro-angiogenic and anti-
angiogenic factors is disturbed. Vascular Endothelial Growth Factor (VEGF) is
the most potent pro-angiogenic factor known to date. ErbB2 over-expression me-
diates increased VEGF secretion and its impact to tumors and their extracellular
environment is detrimental (Fig. 4.1F). As a tumor cell secretes VEGF, vascular
networks are constructed and directed to support and feed the tumor mass. Newly
formed tumor vasculature brings increased nutrients and oxygen, further promot-
ing tumor growth and increased cellular proliferation. In turn, this increased tumor
mass produces more VEGF, exponentially driving tumor progression. In addition
to increased tumor growth, increased vascularization allows for systemic access
of tumor cells, thus promoting metastasis. ErbB2 positive tumors are more vas-
cularized than tumors expressing normal levels of ErbB2 and expectedly express
higher levels of VEGF [72, 73]. ErbB2 in breast cancers also correlated with in-
creased expression of the lymph-angiogenic factors, VEGF-C and VEGF-D [74].
Increased secretion of VEGF by ErbB2 could occur through both increased tran-
scription and translation [75, 76]. Transcriptionally, increased secretion of VEGF
occurs through ErbB2 transactivational upregulation of transcription factor Sp1,
mediating VEGF transcriptional upregulation in NIH3T3 cells [75]. Translation-
ally, ErbB2 activates mammalian target of rapamycin and phospho-p70S6 kinase
(mTOR/p70S6K) through both the Erk/MAPK and PI3K pathways, leading to in-
creased translation of VEGF mRNA in human breast cancer cells [76]. Pathways in-
volved in VEGF upregulation provide opportunities for therapeutic intervention and
ErbB2 targeted therapy. For example, using an ErbB2 targeting agent, Herceptin,
together with Taxol, angiogenesis was more effectively inhibited [77]. Furthermore,
another study showed that AEE788, a dual EGFR/ErbB2 kinase inhibitor, had both
anti-tumor and anti-angiogenic activity [78].

4.5 Synergistic Interactions Between ErbB2 Over-Expressing
Cancer Cells and Altered Tumor Microenvironment

The delicate balance between the extracellular environment and intracellular sig-
naling provide homeostasis for normal growth and development. Signaling by both
the extracellular environment and cancer cells can synergistically promote tumor
progression and metastasis.



50 V.S. Hawthorne, D. Yu

4.5.1 Stromal-Epithelial Interactions

Biologically, cells need to communicate effectively with their outside environment.
The extracellular components dictate whether a cell should grow, divide, or even die.
Stromal elements communicate with cell surface proteins creating a linked commu-
nity. Specific genes are responsible for this network and are often involved in cancer.
A cDNA microarray analysis study observed that ErbB2 over-expressing cell lines
and primary breast cancer samples had differential expression in genes that regulate
cell-matrix interactions (Fig. 4.1G). These genes included fibronectin, p-cadherin,
falectin 1 & 3, and proline 4-hydroxylase [79].

Integrins are membrane bound proteins that allow for the attachment of cells to
their extracellular matrix and to other cells. In addition, integrins connect signal
transduction information from the extracellular matrix to the cell. Recent studies
have demonstrated the dependence between ErbB2 and integrin signaling
(Fig. 4.1H). �4 Integrin is required for ErbB2 signaling, and blockade of �4 pre-
vented ErbB2-mediated tumorigenesis [80, 81]. Proteins responsible for integrin
signaling provide a connection between extracellular information and intracellu-
lar signaling. Integrin linked kinase (ILK) controls extracellular matrix interactions
and cell proliferation which are essential for normal skin development [82, 83]. A
transgenic mouse model that over-expressed ErbB2 in the epidermis of the mice
showed regulation of ILK expression by ErbB2. The dependence of ILK expres-
sion on ErbB2 connects the extracellular signaling pathway with the growth and
proliferation pathway [84]. These mice displayed hyperplastic skin phenotypes and
died shortly after birth. Additionally, ErbB2 over-expression correlated with ILK
over-expression and dermal/hyperplastic localization.

Anomalies in the physical interactions between the stroma and epithelial cells can
drive disease progression. For example, stromal HGF secretion can disrupt ErbB2
signaling in epithelial cells [85]. The disruption resulted in the degredation of cell–
cell junctions and increased invasion, thereby enhancing the malignant phenotype.
The invasion was abrogated by using an inhibitor to the MAPK pathway allowing
for E-cadherin re-expression. This study demonstrated how epithelial cells that over-
express ErbB2, along with stromal cells that secrete HGF can synergize to enhance
the malignant phenotype.

In addition, the spatial dislocation of ErbB2 can result in the loss of contact be-
tween stromal and epithelial cells. Normally, ErbB2 is located to the basolateral sur-
face of polarized epithelial cells where it interacts with the stroma. However, when
Muc4, a membrane bound glycoprotein, is over-expressed, Muc4 will bind ErbB2
in its transmembrane region, sequestering it to the apical surface of the cell. Over-
expression of Muc4 is known to dissociate cell–cell and cell-matrix interactions,
and these finding provide a possible ErbB2-mediated mechanism [86]. Additionally,
over-expression of Muc4 has resulted in the relocalization of E-cadherin from the
lateral membrane to the apical membrane triggering loss of cell–cell contact and
increased invasiveness [87].

To give another example of ErbB2-mediated cellular interactions, CD40 Knock-
out mice that also over-express ErbB2 within the mammary gland (CD40 KO/
MMTV-NeuT), showed delayed tumor onset, when compared to mice that only
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over-expressed ErbB2 in the mammary gland (MMTV-NeuT) [88]. The delayed
tumor onset is a consequence of impaired angiogenesis. Thus, CD40 expression in
endothelial cells is required for proper vessel formation in the context of ErbB2
over-expressing mouse models. These compelling studies highlight how ErbB2
over-expression drives tumor progression through cooperation with multiple
microenvironment alterations and explains the perilous outcomes that arise from
ErbB2 over-expressing cancers.

4.5.2 Homing of ErbB2 Over-Expressing Cancer Cells
via Upregulation of CXCR4

CXCR4 is a G-protein coupled receptor which has been implicated in metastasis. Its
ligand, SDF-1�, is expressed in organs such as lymph nodes, liver, lung and bone
marrow; all common sites of breast cancer metastasis [89, 90]. CXCR4 expression
is believed to recruit cancer cells to areas/organs containing SDF-1�. This idea
was supported by data showing that the migration of breast cancer cells was re-
duced following CXCR4 blockade in human bone marrow [91]. Co-expression and
cross talk of CXCR4 and ErbB2 was reported in metastatic breast tumors and led
to reduced overall survival (Fig. 4.1I). CXCR4 expression was constitutive due to
ErbB2 inhibition of CXCR4 degredation [92]. Furthermore, this study demonstrated
that when CXCR4 level was decreased, breast cancer cells had a reduced ability to
metastasize to the lung in mouse model studies. Taken together this indicated that
CXCR4 was required for SDF-1� mediated cell adhesion, invasion and metasta-
sis. These observations culminated when it was demonstrated that CXCR4/ErbB2
expression in breast cancer cells increased the likelihood of metastasis to the bone
marrow [93]. In vivo models showed that intracellular signaling of ErbB2 can lead
to increased stability of CXCR4, and therefore allow increased adhesion, migration
and invasion, as well as, metastatic homing to target organs. Together, it is clear that
ErbB2 over-expression has the ability to directly affect intracellular signaling that
drives extracellular responses.

4.6 Summary and Prospective

In summary, multitudes of studies have all demonstrated how ErbB2 over-expression
in cancer cells can activate a complex cancer cell signaling network. This network
impacts not only cancer cell properties but also impacts on the surrounding mi-
croenvironment of the cancer cell, thus contributing to various cancer phenotypes.
Furthermore, ErbB2 over-expression can promote synergistic interplay between the
cell–cell, cell-stromal, and cell-matrix, resulting in cancer progression and metasta-
sis. Therefore, when we consider strategies to control ErbB2 over-expressing breast
cancers, it is imperative to use anti-cancer therapies that effectively target both the
cancer cells and their microenvironment, or target key nodes that impact on both.
Recently, Herceptin treatment has been shown to directly affect stromal cells in
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addition to the originally targeted cancer cells [94], providing an excellent example
of a successful anti-cancer therapy that targets both the cancer cells and their mi-
croenvironment. It is foreseeable that as we begin to have a better understanding on
how the interplay between cancer cells and their microenvironment impact tumor
formation and tumor progression, more powerful anti-cancer strategies and thera-
peutics will be developed that effectively target both.
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Chapter 5
Convergance of Cytoskeletal Signaling
at p21-Activated Kinases

Anupama E. Gururaj and Rakesh Kumar

Abstract The PAK family of kinases regulates many aspects of cellular responses
to external stimuli including cell migration. This process depends on organization
of the actin cytoskeleton into adhesive and protrusive organelles in response to
extracellular signals. PAKs are important nodes for the spatiotemporal control of
actin-based motility in higher eukaryotes. PAKs are also central elements of sig-
naling pathways that provide influence over virtually every major cellular function,
including cell survival, cell differentiation and cell proliferation. This review de-
picts the roles of PAKs in cell migration and discusses how PAKs integrate with
other sub-cellular systems involved in cell motility. Importantly, we also present an
overview of the diverse functions of PAKs in the normal and pathological contexts.
Our review concludes with a discussion of the lacunae and the future directions in
the field of PAK biology.

Keywords P21 activated kinase · Adhesion · Cytoskeleton · Gene regulation ·
Integrins · Hergulin · PI3 kinase · Epithelial-to-Mesenchimal Transition (EMT) ·
Myosin light chain · Dynein light chain

5.1 Introduction

Controlled and organized response to external cues is a survival requirement for
cells. Cell interactions with the extracellular matrix (cell–matrix adhesion) and
neighboring cells (cell–cell adhesion) contribute to cell fate (proliferation, survival
and differentiation) and behavior (polarization, phagocytosis, motility, metastasis,
chemotaxis, and cytokinesis among others, see [1]). Cell migration is a fundamental
process in the multicellular organism and regulated migration of cells underlies
epithelial turnover and regeneration processes, such as in skin and wound heal-
ing [2,3]. Cell motility can also take place under pathological conditions, such as in
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inflammatory diseases and cancer [4]. During oncogenic transformation, persisting
cell proliferation is frequently coupled to the early onset of cancer cell motility,
resulting either from the loss of cell–cell junctions, altered intracellular signaling or
as a consequence of pro-migratory factors, such as chemokine gradients or growth
factors produced by the tumor microenvironment [5]. Cell migration requires con-
tinuous assembly and disassembly of cell-ECM or cell–cell contacts, and constant
remodeling of the associated actin cytoskeleton (Fig. 5.1). Communication and in-
teraction between adhesion receptors and polymerized actin is therefore essential
for important cell responses, such as migration and intracellular signaling that con-
trols cell growth and survival. Thus, understanding how cells move entails insights
into the dynamic of disassembly, relocation and reassembly of adhesion-associated
cytoskeletal structures within the cell. Considerable effort has been directed to link-
ing the cascade of signals from transmembrane receptors to downstream effectors of
the actin cytoskeleton. These efforts have shown that the Rho GTPases, Cdc42, Rac,
and Rho, are principal targets that promote distinct cytoskeletal changes leading to
the formation of filopodia, lamellipodia or stress fibers, respectively [6–8]. Tightly
controlled functional interactions between this family of small GTPases and their
effectors allow for regulation of actin dynamics that culminates in cell motility.

Basic mechanisms of cell migration were first established in fibroblasts or ker-
atinocytes, and later confirmed for cancer cells. The migratory machinery executes
five interdependent steps, which are repeated in a cyclical manner [4] (Fig. 5.1).
First, pseudopodia protrusion and polarization are initiated by actin polymerization
in an adhesion-independent manner. Next, cell protrusions adhere to extracellular
matrix (ECM) via adhesion molecules, thereby forming one or several focal ad-
hesion sites. If expressed at the cell surface, proteases may become recruited to
attachment sites and mediate the proteolytic cleavage of matrix barriers. Driven by
actomyosin contraction of the cell body, bipolar tension develops towards the tissue
and along the cell body, ultimately leading to the shortening of the cell length axis

Fig. 5.1 A schematic representation of directional cell motility on the ECM. Cycles of cell–ECM
attachment and detachment participate in cell motility and these are coordinated with the spatial
regulation of the actin cytoskeleton. The figure shows the specific processes in which PAK1 is
involved
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and gradual gliding of the rear end. The above five-step model of cell migration was
confirmed for tumor cells and different two-dimensional (2D) and three-dimensional
(3D) ECM substrates [9–12].

For cell adhesion to ECM structures, adhesion molecules, such as those of the
integrin family, cluster at the emerging adhesion site and recruit intracellular sig-
naling and adaptor molecules. Adaptor molecules, such as alpha-actinin, talin, focal
adhesion kinase (FAK), tensin, paxillin and vinculin connect integrins to the fila-
mentous actin cytoskeleton forming a focal contact or focal adhesion (Fig. 5.1) [13].
After ECM binding, integrins cause phosphorylation and dephosphorylation events
of regulatory molecules and downstream signaling cascades into the cell, termed
‘outside-in signaling’ [14]. Depending on the nature of ECM and intracellular
signals, focal contacts can mediate dynamic cell behavior resulting in forward glid-
ing of the cell body, or prompt cell adhesion and stable arrest.

Focal contacts further facilitate the recruitment of matrix proteases towards ECM
substrate and the onset of peri-cellular proteolysis. Proteases are either membrane-
tethered, such as the membrane-type matrix metalloproteases (MT-MMP), or serine
proteases, such as urokinase-type plasminogen activator (uPA) or seprase, or are se-
creted and become bound to membrane receptors. MMP-1 specifically interacts with
a2b1 integrin and thereby becomes recruited to points of cell contact with collagen
I [15]. MT1-MMP colocalizes with clustered �1 or �3 integrins, thereby gaining
access to cleave ECM substrate, such as collagen fibers [16,17]. Consequently, cells
invading 3D tissue generate proteolytic degradation tracks bordered by proteolyt-
ically processed ECM [18]. In order for the cell to create tension and to change
shape, actin contractility is mediated by myosin II, which is regulated by phos-
phorylation events of its myosin light chain (MLC). Phosphorylation is controlled
by myosin light chain kinase (MLCK) and upstream effectors of MLCK such as
PAK1 (Fig. 5.2). Therefore, the dynamic regulation of these molecules contributes
to the maintenance of the migratory phenotype [19]. In tumor cells, this basic cell
migration machinery is retained and most of the times, become ‘overfunctional’
by either upregulation or ongoing activation of integrins, proteases and cytoskeletal
regulators.

In addition to signals transduced to actin and beyond, ligand-bound adhesion
molecules can induce traction on attached filamentous actin, which results in
adhesion receptor clustering and concentration of particular signaling complexes
into localized domains at the membrane. Thus, bidirectional signaling occurs be-
tween the actin cytoskeleton and adhesion molecules at the plasma membrane and
this coordinates and controls actin filament assembly, cell adhesion and adhesion-
dependent signaling. Like assembly, localized disassembly of adhesive interactions
is a critical part of adhesion dynamics and cell migration. This too is complex and
involves multiple signaling inputs. Importantly, both receptor and non-receptor ki-
nases contribute to adhesion turnover and the mechanisms are being identified by
which kinases, and their effectors, suppress adhesive function and induce disorga-
nization, or reorganization, of the associated actin cytoskeleton. Often this involves
antagonism of the mediators of actin assembly. In addition, more direct mecha-
nisms of inducing de-adhesion also occur. Indeed, the exact role of the kinases
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Fig. 5.2 Depiction of activation routes for PAK1 and downstream substrates of PAK1 that have a
role in tumorigenesis. Lines with arrows depict stimulatory pathways while lines with crossbars
indicate inhibitory action. The physiological outcomes in which the phosphorylated substrates play
a role are shown in yellow boxes

is complex and is spatially regulated. Thus, such kinases simultaneously control
actin/adhesion dynamics and signal into the cell interior to link proliferation with
adhesion dynamics. As kinases are found at both adhesion types, and are profoundly
important as modulators of both the adhesions themselves and the associated actin
cytoskeleton, we will emphasize the close, but complex, three-way relations be-
tween the mediators of cell–ECM adhesions (the integrins), or cell–cell adhesions
(the cadherins), kinases and regulators of the actin cytoskeleton with specific focus
on one of the downstream effectors of Rho GTPases, the serine-threonine kinase
p21-activated kinase (PAK) family.

5.2 The PAK Family

Originally discovered as a serine/threonine protein kinase activated by Cdc42 and
Rac1 (hence the name, p21-activated kinase), the PAK family has assumed propor-
tions beyond its initially perceived role in cytoskeletal remodeling events. More
than a decade earlier, PAK was identified as a Cdc42 and Rac1 interacting ser-
ine/threonine kinase protein from rat brain that was activated after binding to the
p21 proteins [20]. Subsequent years saw an explosion of information on PAKs and
the PAK family grew to accommodate five more members. Advances have also
been made with reference to the structure and biochemistry of the PAK family.
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(Please see [21] for a more extensive explanation.) The PAK family is classified
into two major groups – Group I and II based on the structural motifs found in the
members. Group I PAKs include PAKs 1-3 while Group II encompasses PAKs 4-6.
In general, all of these kinases consist of an amino-terminal p21 binding domain
(PBD) that is followed by the kinase domain at the carboxyl terminus. Other func-
tional motifs such as SH2 and SH3 interaction motifs are also found distributed
across the molecule. The PBD also harbors an autoinhibitory region that reduces
the kinase activity of PAKs. There is high degree of homology in the amino acid
sequence specifically in the kinase domain between the members of the family;
the conservation is higher between members of the subgroups. By virtue of earlier
identification, Group I PAKs have been more investigated as compared to Group II
PAKs but emerging data suggests that different members are tightly regulated and
serve unique, non-overlapping functions in the cell. Although interesting, a more
extensive discussion of this topic is outside the scope of this review and can be
found elsewhere [22].

5.3 The PAK Network

Like most kinases, the activity of PAKs is tightly regulated in the cell. The kinase
activity of PAKs is enhanced after Cdc42 or Rac1 binding [20]. The GTPases bind
to PAKs only in an activated, GTP-bound form and the interaction occurs via the
PBD of the PAKs [23]. Elucidation of the solution structure of PBD of PAK1 bound
to Cdc42 and the crystal structure of PAK1 in its resting and activated states shed
light on the exact mechanism by which the PAKs could be activated in the cells
in response to extracellular stimuli [24, 25]. PAK1 exists as a dimer in its inactive
conformation wherein the autoinhibitory domain acts like a flap to cover the ki-
nase domain. The N-terminal region is involved in dimerization with another PAK
molecule. Binding with activators induces a conformational change that results in a
shift opening the catalytic cleft exposing key residues that then get autophosphory-
lated and activates the kinase [25]. Upstream signaling molecules such as Akt, PI3
kinase and PKA can also activate PAKs by trans-phosphorylating on key residues
[26–28]. Likewise, when adaptor molecules like Grb2 and Nck get activated by
growth factor signaling [29,30], they bind to PAK and release the conformational re-
straint to activate it. Further, nucleotide exchange factors like PIX are also capable of
activating PAKs [31]. In addition, some lipids, especially sphingosine, can activate
PAK1 independently of the GTPases [32]. Protein oligomerization also regulates the
activity of PAKs, usually through release of the inhibitory constraint by binding to
the autoinhibitory domain.

Activation of PAKs in the cells by various upstream regulators has been exten-
sively investigated in the past but the role of negative regulators has been so far not
well documented. Recent evidence indicates that PAKs are also subject to negative
regulation. A few protein inhibitors of PAKs specifically PAK1 have been identified
recently. These inhibit PAK1 by either of these two mechanisms – they bind to PAK1
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and keep the inhibitory conformation intact (as seen in the cases of Merlin, Maspin,
CRIPak) [33–35] or they act on the phosphorylated residues and dephosphorylate
them to inactivate the PAK1 molecule (as seen in POX2/POX3 and hPIP1) [36,37].
The importance of regulation by the endogenous inhibitors cannot be overstated
since they keep the activity of PAKs confined to the appropriate timeframe and
location. These could also be potential therapeutic targets in diseases that have
deregulated PAK activity.

5.4 Physiology of PAK1

Analysis of normal functions of PAK1 reveals the critical role it plays in cytoskeletal
reorganization and directional cell motility. Based on the homology of PAKs to the
yeast Ste20, a known regulator of MAPK pathway and since the PAKs operated
downstream of Cdc42 and Rac1, the first function of PAK to be explored was its
role in directional motility (Fig. 5.1) and activation of JNK pathway. An elegant
study demonstrated the formation of filopodia and membrane ruffles upon microin-
jection of activated PAK1 into fibroblasts [38]. The same group then went on to
show conclusively that PAK1 had a definitive function in directional motility of
fibroblasts [39]. Subsequent work confirmed regulation of motility by PAKs in other
cell types including endothelial and cancer cells [40]. Numerous studies have forti-
fied PAKs as important regulatory kinases in actin reorganization in various cellular
backgrounds. Endothelial cell permeability is controlled by PAK via an effect on cell
contractility [41]. Likewise, PAKs influence both smooth as well as cardiac muscle
contraction through a variety of substrates. PAK1 phosphorylates MLCK and MLCP
in smooth muscle cells [42] whereas it targets Troponin I, PP2A and desmin in car-
diac muscles to bring about contraction [43]. Analysis of cytoskeleton remodeling
in vascular smooth muscle also revealed that PAK along with its interaction partner
PIX regulates podosome formation and consequently motility [44]. Surprisingly,
ephrinA1 stimulated the PAK pathway to inhibit integrin-induced vascular smooth
muscle cell spreading, indicating a complex role for PAK in this model system [45].
In human platelets, PAK supports a motile phenotype by triggering shape change
through binding to cortactin [46], further reinforcing the concept that PAK plays a
very important role in cytoskeletal remodeling.

Since PAKs control cell motility, it is highly probable that they have a role in
embryogenesis where the proper directional motion of cells is of paramount impor-
tance. Indeed, PAKs have been demonstrated to have important functions in devel-
opmental processes across different organisms. In the process of axon extension,
PAK1 is found associated with a complex (comprising netrin-1 receptor, Cdc42,
Rac1 and N-wasp) that supports growth cone extension via formation of lamellipo-
dia [47]. PAK1 is also involved in regulation of filopodia formation during axon
development [48]. The Xenopus homolog of PAK5 is actively engaged in movement
of cells during gastrulation by preventing calcium induced cell adhesiveness [49].
In a recent investigation, it was demonstrated that PAK1 downregulates formation
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of cell–cell adhesion in response to EphA4 signaling in Xenopus embryo for
which the GTPase binding domain of PAK1 was sufficient but kinase activity was
dispensable [50]. The role of PAKs in different develeopmental events in Drosophila
is well studied with PAKs being implicated in photoreceptor cell morphogene-
sis [51] and synapse development [52]. Similarly, the C. elegans homolog of PAK
affects embryo elongation and hypodermal cell fusion [53].

Another notable cellular process that is regulated by PAK1 directly is the pro-
duction of ROS via NADPH Oxidase in neutrophils. The knowledge that Rac1 ac-
tivates superoxide production by NADPH oxidase in neutrophils initiated a search
for the signaling pathway involved in the process and led to the identification of
PAK1 as a Rac1 binding molecule in these cells [54]. Subsequent work defined
the specific role of PAK1 in neutrophils by elucidating that PAK1 could directly
phosphorylate p67(phox), a component of NADPH oxidase [55]. This function as-
sumes importance in the context of the tumor microenvironment where the control
of the redox status determines the survival advantage conferred to the cell. Further,
PAK1 associates with scaffolding proteins such as Grb2 to link EGFR signaling and
downstream pathways [29]. PAK1 also associates with the scaffolding molecule,
Nck [30, 56] to link upstream signaling events to activation of pathways necessary
for eliciting the physiological response. Recent evidence implies a role for Rac1 and
PAK1 in coordinating growth factor and integrin signalling. Specifically, adhesion
induces re-localisation of Rac1 to the membrane, activation of PAK1 [57] and subse-
quent signaling to ERK by stabilizing MEK1/ERK complexes [58]. Recent evidence
indicates that adhesion-dependent phosphorylation of PAK1, and then MEK1, on
particular serine residues requires the activities of Src and FAK [59], indicating
that adhesion- and mitogen-induced signaling converge at the level of PAK1. Thus,
extensive investigations by several groups have elucidated the functional role played
by PAKs in the physiological context.

Since majority of the focus has been on cytoskeletal functions of PAK1, other,
more important functions of PAK1 could potentially have been overlooked. Re-
cent studies bear witness to this observation. The phenomena of auto-inhibition and
relocalization of signaling proteins to specific subcellular compartments play an
important role in the initiation and regulation of signaling, which only recently has
become more appreciated. An investigation revealed that PAK1 could translocate
into the nucleus in response to growth factor signaling. The study identified nuclear
localization signals in PAK1 and looked at the chromatin targets of PAK1 [60].
Thus, PAK1 can itself function as a transcriptional regulator to control gene expres-
sion in a specific situation.

The functions of PAK1 that have been elucidated thus far have been via identifi-
cation of its binding partners and substrates (Fig. 5.2). Thus, role of PAK in motility
was recognized due to its ability to bind small GTPases and subsequently, phos-
phorylate molecules like filamin, myosin light chain etc. In order to discover novel
functions of PAKs, it is important to identify and study new binding partners and
substrates of PAKs. Therefore, a deeper understanding of the downstream effectors
is a novel approach to reveal the full scope of PAKs in human cancers specifically
with reference to downstream effectors that have a role in cancer (Fig. 5.2).
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5.5 PAKS in Cancer

Cancer cells exhibit altered growth properties and survival, as well as aberrant cy-
toskeletal organization associated with epithelial/mesenchymal plasticity and cell
migration [61]. The involvement of integrin and cadherin changes, receptor tyrosine
kinases like EGF receptor and ErbB-2, the Src and Abl families of non-receptor
tyrosine kinases, as well as downstream effectors including FAK in cancer is well
documented [62–69]. In addition, many of the Rho GTPases, their regulators and
downstream effectors are also implicated in cancer development [70,71]. Likewise,
there are many examples of altered expression and/or activity of PAK1, a component
of the complex circuitry of signaling in cancer cells, and dysfunction of PAK1 is as-
sociated with the malignant phenotype [40]. So although the mechanisms involved
in misregulation of the actin nucleation apparatus are not yet fully understood, its
fundamental nature and dysfunction of upstream regulators implies that there may
also be disruption of these pathways during tumourigenesis. Since PAKs are impli-
cated in control of moltility, cell proliferation and survival, the role of this family in
cancer is now beginning to be investigated.

An early clue for a role for PAKs in cancer came with the observation that
the PBD region of PAK1 inhibited Ras and Rac-induced transformation, implying
that this pathway is involved in tumorigenesis [72]. Cocomitantly, studies with the
kinase-dead mutant of PAK1 revealed that the kinase activity of PAK1 was impor-
tant for Ras-induced but not Raf-induced transformation of fibroblast cells [73].
Later investigations demonstrated that PAK1 was essential for transformation in-
duced not only by Ras and Rac1 but also Rac3, vav3, and cdc42 [74, 75]. Studies
revealed a definitive role for PAK1 in motile and invasive phenotype observed in
breast cancer cells. Heregulin-mediated motility and invasiveness seen in breast
cancer cells required PAK1 activity [76]. Activation of PAK1 by heregulin stimu-
lated its relocalization to the leading edges of cells. Heregulin-induced cytoskeletal
reorganization and cell invasion of breast cancer cells was effectively blocked by an
inhibitor of PI3-kinase, dominant-negative PAK1 mutants, or anti-HER2 antibody
Herceptin [76]. Interestingly, both phosphatidylinositol 3-kinase and PAK1 are co-
hyperactivated in breast tumors. In addition, during the course of an investigation
looking into the expression and activity of PI3 kinase in breast cancers, it was also
unearthed that PAK1 was overexpressed and hyperactivated giving the indication
that PAK1 expression and activity could be deregulated in human tumors [77].
Subsequent studies focused on elucidating various functions of PAK1 by looking
at its substrates in breast cancer cells. An elegant genetic study then showed that
overexpression of constitutively active PAK1 in mouse mammary gland resulted
in formation of hyperplastic nodules [78], minimal intraductal neoplasia and fi-
nally adenocarcinoma [79], providing direct evidence for PAK1 for a role in breast
tumorigenesis.

Recent findings in a number of cancers indicate that PAK1 expression is in-
creased in tumors, and that, in general, higher-grade tumors express higher levels of
PAK1 protein. Analysis of PAK1 expression in human colorectal carcinoma biopsy
samples demonstrated that PAK1 expression levels increased with tumour grade
[80], with correlation between PAK1 expression and disease progression. PAK1
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as well as PAK2 have been implicated in neurofibromatosis type 2 (NF2). Early
investigations revealed that PAK2 could phosphorylate the NF2 tumor-suppressor
gene product Merlin on Ser518, a site that affects its activity and localization
[81]. Recently, it was also reported that merlin itself could inhibit the activation
of PAK1 by binding to the PBD and inhibiting PAK1 recruitment to focal adhe-
sions [33]. PAK1 deregulation is also observed in other tumors of neuronal origin.
PAK1 expression levels are also increased in human breast tumors, with increased
expression in invasive regions of the tumours correlating with increased cyclin
D1 expression [82]. Recent findings also strongly indicate that PAK1 activation is
necessary for lysophosphatidic acid-induced and autotoxin-induced cell motility in
melanoma cells [83]. In addition to studies showing PAK1 function is required for
transformation, PAK1 has also been demonstrated to be amplified in tumors. In ovar-
ian cancer, PAK1 locus was amplified and correlated with cyclin D1 expression [84].
In breast tumors, PAK1 expression also showed positive correlation with cyclin D1,
with nuclear localization of PAK1 playing a role in tamoxifen resistance [85]. While
PAK1 is the most well studied member of the PAK family so far, attention is now
being paid to other members of the family. Analysis of the expression of PAK family
members indicates that overexpression as well as amplification of the other members
as well was associated with various tumor types. Amplification of PAK4 locus has
been identified by CGH analysis in pancreatic cancer [86]. In contrast to the other
members, PAK2 seems to act as an inhibitor of tumor growth. PAK2 was recently
demonstrated to be a negative regulator of myc protein, suggesting that PAK2 could
potentially be used for therapy to inhibit myc-induced neoplasia [87].

These findings that PAK protein levels are increased in several types of cancer
indicate that PAK gene transcription, translation or protein stability could be dysreg-
ulated in cancer cells. At present, little is known about the mechanisms of regulation
of PAK transcription; however, regulators of PAK activity have been well defined.

Evidence for increased expression of PAKs in tumors is still limited; however,
numerous studies have shown that PAK activity is a necessity for tumor formation
and progression. This logically leads us to look closer into the events occurring
downstream of PAK, namely its substrates and their role in cancer.

5.6 Downstream Effectors/Substrates of PAKs in Tumors

In general, tumors have been shown to have increased kinase activity as compared
to normal tissue [40]. This implies that the substrates of PAKs are the driving force
to bring about the biological effects of PAK1 signaling (Fig. 5.2). Thus, a discussion
about substrates of PAK specifically those that could potentially have a role in cancer
are relevant.

5.6.1 Influence of PAK1 on Actin Dynamics and EMT

As mentioned earlier, the first function of PAK1 to be elucidated was its role in
cytoskeletal reorganization and thus, by implication, motility. It was not very long
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before the substrate specificity of PAK1 was identified based on sequence simi-
larity to myosin heavy chain kinase [88]. The same investigation also identified
myosin as a substrate, which was activated upon phosphorylation by PAK1. Once
the substrate specificity was known, a variety of substrates of PAK1 were identified.
An elegant study showed that PAK1 affects the phosphorylation state of myosin
light chain (MLC), thus linking this kinase to a molecule that directly affects cell
movement [39]. Decreased phosphorylation of MLC was mediated through MLC
kinase (MLCK) wherein PAK1 phosphorylated MLCK to inhibit its activity, conse-
quently reducing the phosphorylation on MLC [89]. The other motor system in the
cell is the dynein motor and PAK1 regulates certain functions of two components
of the motor complex, dynein light chain 1 & 2 (DLC1) [90, 91]. PAK1 phospho-
rylation of DLC1 plays an important role in cell survival while DLC2 has been
reported to be an interacting partner of PAK1. Besides regulation of the dynein and
myosin motors, PAK1 is also involved in actin reorganization events. PAK1 exerts
its effects through its substrates, LIM kinase (LIMK), p41-Arc, and filamin. PAK1
phosphorylates LIMK on a serine residue in the activation loop, thus increasing the
activity of LIMK leading to higher phosphorylation of cofilin, thereby inactivating
its F-actin-depolymerizing activity and leading to accumulation of actin filaments
and aggregates [92]. Further, FLNa phosphorylation by PAK1 seems to be essential
for PAK1-induced cytoskeletal reorganization. Interestingly, FLNa also stimulates
PAK1 activity implying that the interaction is important for local activation of PAK1
[93]. A recent study reported p41-Arc, a subunit of the Arp 2/3 complex, which is
involved in the actin nucleation process, as a direct substrate of PAK1 [94]. The
phosphorylation was found to be important for directional motility of breast cancer
cells. PAK1 also interact with scaffolding proteins such as PIX and paxillin that
are instrumental in localization and activation of PAK1 to focal adhesions [31, 95].
New evidence indicates that PAK1 is constitutively activated in breast cancer cells,
mislocalized to focal adhesion and the PAK localization to these structures via PIX
is required for the maintenance of paxillin- and PIX-containing focal adhesions [96].
PAK1 also controls intermediate filament component, vimentin through phosphory-
lation, which results in decreased filament formation [97]. Microtubule reorgani-
zation plays a critical role not only in cell division but also in movement of the
cells. Stathmin, also called oncoprotein 18 (OP18), is a microtubule destabilizing
molecule which upon phosphorylation by PAK1 gets inactivated, thus stabilizing
microtubules at the leading edge [98]. An interesting substrate of PAK1 is GEF-H1
that is a microtubule-localized Rho exchange factor whose activity is controlled by
microtubule binding and release. PAK1 phosphorylation occurs in a domain im-
portant for inhibition of exchange activity and induces 14-3-3 binding to GEF-H1
leading to relocation of 14-3-3 to microtubules [99]. Tubulin cofactor B (TcoB),
a molecule involved in formation of tubulin heterodimers, was shown to be phos-
phorylated by PAK1 and phosphorylation was necessary for normal functioning of
TcoB [100]. The wide range of molecules that PAK1 regulates during cytoskeletal
reorganization supports the notion that PAK1 acts as a ‘master controller’ in this pro-
cess. A careful perusal of PAK substrates that are involved in motility indicates that
many of them are deregulated in a variety of human cancers. Since PAK regulates
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the activity of these molecules, this suggests a mechanism through which PAK could
produce a motile and invasive phenotype in cancer cells.

Induction of EMT frequently occurs during carcinoma invasion wherein polar-
ized epithelial cells are converted into motile, invasive cells. This is accompanied by
loss of cell–cell contact that is typically mediated by the cadherin family of proteins.
Hepatocyte growth factor (HGF), the ligand for the Met receptor tyrosine kinase,
is a potent modulator of epithelial-mesenchymal transition and activates PAK1 in
epithelial cells to induce cell spreading [101]. Snail, a corepressor protein promotes
EMT by repressing E-cadherin expression and has been identified as a key molecule
in regulation of EMT [102, 103]. The corepressor activity of Snail depends on its
sub-cellular localization and phosphorylation by PAK1 confines Snail to the nucleus
and promotes its corepressor functions [104]. Another corepressor whose activity is
controlled by PAK1 phosphorylation is CtBP that also represses E-cadherin gene ex-
pression [105], thus implicating PAK as a regulatory molecule that could potentially
control EMT.

5.6.2 Redox Homeostasis and PAK1

Tumor cells have altered metabolic phenotype and redox state as compared to
their normal counterparts, which gives them a survival advantage over normal
cells. The redox balance in the cells is maintained by reactive oxygen species
(ROS) and the reducing equivalents. ROS are derived in the cell primarily from the
membrane-associated enzyme, NADPH oxidase while the reducing equivalents
arise from metabolic pathways like pentose phosphate pathway (PPP). PAK1 plays
a vital role in regulation of both metabolic pathways as well as NADPH oxidase.
PAK1 phosphorylates p47 (phox) subunit of NADPH oxidase [106] while p67
(phox) is phosphorylated by PAK2 [55]. Phosphorylation stimulates membrane lo-
calization of the subunits and leads to activation of NADPH oxidase. In neutrophils,
PAK1 phosphorylates and inhibits PGAM, an enzyme of the glycolytic pathway,
resulting in a transient switch from glycolysis to metabolism through the pentose
phosphate pathway and an increased cellular supply of NADPH [107]. PAK1 also
phosphorylates and enhances the enzymatic activity of PGM, an important regu-
latory enzyme that serves as a link between the glycolytic pathway and sucrose
catabolism [108]. Thus, PAK1 could potentially cause changes required for a spe-
cific shift towards the utilization of the pentose phosphate pathway in tumor cells.
Another of PAK1 substrates is the corepressor molecule, C-terminal binding protein
(CtBP), which upon phosphorylation gets inactivated, and no longer functions as a
corepressor [105]. CtBP is a redox sensitive corepressor molecule and NADH bound
CtBP is more repressive than the NAD associated molecule. PAK1 preferntially
phosphorylates the NADH bound form indicating that redox status of the cell is
important for its function [105]. Thus, PAK1 is involved in maintainance of the
redox balance and is also affected in terms of activity with changes in the redox
balance in the cell.
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5.6.3 PAK1 in Cell Survival Signaling

A characteristic of tumor cells is their ability to divide uncontrollably. By virtues
of its homology to the yeast Ste20, PAK1 was implicated in the MAPK signal-
ing cascade. Various groups demonstrated that PAK1 could induce the activation
of JNK/SAPK [109, 110] and that PAK1 had a permissive role in the ERK path-
way [111]. Activation of ERK was shown to occur via MEK1 [112, 113], impli-
cating PAK1 in survival signaling. Furthermore, Raf-1, the initial kinase in the
MAPK cascade, is phosphorylated and activated by PAK1 [113, 114]. The eluci-
dation of the regulation of MAPK signalling immediately precipitated an intensive
search for downstream targets involved in cell survival. An early downstream tar-
get identified was the pro-apoptotic factor BAD, which was shown to be regulated
by phosphorylation which inhibited its pro-apoptotic function [114]. Subsequently,
BAD phosphorylation in response to HIV-1 Nef was shown to be independent of
Akt [115]. Recent evidence demonstrates the presence of a scaffolding protein,
ArgBP2gamma that provides docking sites for both Akt as well as PAK1 and pro-
motes cell survival [116]. Results from a recent investigation also indicate that PAK1
phosphorylation of Raf-1 induces translocation of Raf-1 to mitochondria where it
phosphorylates BAD and forms a complex with Bcl-2 [117]. Also, the discovery
that PAK1 could phosphorylate and inactivate one of the members of the forkhead
family of transcription factors, FKHR further strengthened the case for involvement
of PAK1 in survival mechanisms [118]. PAK1-mediated phosphorylation of FKHR
regulates its subcellular distribution: phosphorylated FKHR is maintained in the cy-
tosol, and is thus unable to mediate transcription. As mentioned earlier, evidence for
involvement of PAK1-DLC1 in survival pathways came with studies showing PAK1
phosphorylation of DLC1 [90]. PAK1 recognizes DLC1-BimL dimers, phosphory-
lates both the molecules and incapacitates the interaction of BimL with Blc-2; an
event that would inactivate Bcl-2. Thus, multiple mechanisms exist through which
PAK promotes cell survival and proliferation.

5.6.4 Role of PAK1 in Anchorage Independence of Tumor Cells

Growth of cells without the necessity of a substratum to adhere to is a characteristic
unique to tumor cells. This feature is called anchorage-independent growth and is
defined as a property exhibited by transformed cells. First clues for the role of PAK
in anchorage-independent growth came from the observation that dominant negative
PAK1 could block Ras induced transformation of fibroblast cells [73]. Epithelial
cells overexpressing kinase-active mutant of PAK1 exhibited increased anchorage-
independent growth of cells in soft agar in a preferential mitogen-activated protein
kinase-sensitive manner [119]. A follow-up study from the same group showed
that Etk/Bmx tyrosine kinase activates PAK1 by phosphorylation and while over-
expression of Etk stimulated anchorage-independent growth as well as prolifera-
tion and invasion of epithelial cells, ectopic expression of the kinase-dead mutant
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showed no change [120]. This implied that PAK1 phosphorylation could potentially
be important for Etk/Bmx induced cancerous phenotype. DLC1 that is involved in
PAK-regulated cell survival also increased anchorage independent growth of non-
invasive breast cancer cells upon overexpression and could form tumors in nude
mice [90]. A substrate of PAK1 with known function in actin reorganization also
showed an unexpected role in anchorage-independent growth. Ectopic expression
of p41-Arc in epithelial cells increased their ability to grow on soft agar as well
as develop tumors in nude mice, which was not observed in the mutants that could
not be phosphorylated by PAK1 [94]. Together, these results support the role of
PAK1 in cancer and reinforce the notion that the oncogenic properties of PAK1 are
a manifestation of the properties of its substrates.

5.6.5 PAK1 and Cell Cycle Control

Control of the cell cycle is a vital part of the cell’s replication machinery and disrup-
tion of this process is commonly seen in tumors. The first report that PAK1 had a role
in cell cycle came with studies showing inhibition of G2/M progression by Xenopus
PAK in Xenopus [121]. This study also demonstrated for the first time that PKA
and PAK could function similarly; a concept that is being explored in more detail
only now. Confirming evidence was derived from experiments conducted with yeast
PAK homologues, Ste20 and Cla4, both of which were found to be important for
cytokinesis and actin polarization [122, 123]. Further, Shk1, a yeast PAK protein,
was found to be important for microtubule dynamics and localized to interphase
microtubules and mitotic microtubule spindles, as well as to cell ends and septum-
forming regions of fission yeast cells [124]. In higher eukryotes, ectopic overex-
pression of kinase-active PAK1 resulted in appearance of multiple spindle orienta-
tions due to abnormal organization of the spindles [125]. Further experiments on
the human PAK1 indicated that PAK1 showed different localizations during cell
cycle [126]. In interphase cells, a subset of PAK1 molecules were localized inside
the nucleus, an observation that led to identification of other nuclear functions later
on. PAK1 was localized on the centrosomes and/or metaphase plate in metaphase-to-
anaphase cells and on the midbody in telophase cells. The same study also identified
histone H3 as a PAK1 substrate and PAK1 phosphorylated histone H3 on Ser 10, a
site that has been shown to be crucial for chromosome condensation and cell-cycle
progression as well as transcriptional activation [126, 127], further implicating a
regulatory role for PAK1 in cell cycle control. Interestingly, PAK1 itself can be acti-
vated by phosphorylation during cell cycle by Cdc2 [128,129] indicating that PAK1
activation could be a means for control of specific cell events. Merlin, a protein
that has been identified as PAK1 substrate as well as inhibitor, has been linked to
events related to cell cycle control and shows differential localization during cell
cycle progression [130]. However, the authors found that phosphorylation of merlin
by PAK1 did not affect its nuclear localization in the interphase nucleus. The role
played by phosphorylation in other phases of the cell cycle is yet to be clarified.
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Overexpression of another recently identified substrate of PAK1, TcoB leads to
formation of multiple microtubule organizing centers that was observed in a PAK1
overexpression situation as well [100].

5.6.6 Regulation of Gene Expression by PAK1

Signaling cascades that originate at the intracellular membrane normally bring about
changes in the gene expression in the nucleus. MEK1 has been shown to regulate
a variety of transcription factors and thus gene expression [131]. PAK1 activates
MEK1 pathway by phosphorylating MEK1 directly [112] and controls expression of
specific genes. Further, activation of NF�B, a well characterized transcriptional reg-
ulator, by multiple pathways such as Ras, Rac , Raf-1 an well as lipopolysaccharides
was demonstrated to unequivocally require PAK1 in multiple cell types [132], im-
plying PAK1 dependent gene regulation could occur through NF�B. As mentioned
earlier, PAK1 also phosphorylates CtBP and regulates its corepressor activities, thus
regulating gene expression [105]. Of special interest is regulation of nuclear recep-
tors like estrogen receptor (ER) and androgen receptor (AR) by PAK1 and PAK6
respectively. PAK6 was found to interact with both ER as well as AR and was in
fact originally identified through a yeast-two-hybrid screen using AR as a bait [133].
Further characterization of AR and PAK6 interaction revealed that PAK6 inhibits
AR signaling by blocking nuclear translocation of activated AR [134]. PAK1 on the
other hand augments ER transactivation functions by phosphorylating it [78]. This
phosphorylation site, which is at ser305, has been linked to tamoxifen-resistance
seen in breast cancer cells [135]. Furthermore, PAK1 transgenic mice show in-
creased expression of ER target genes [78]. PAK1 phosphorylation of ER was also
responsible for upregulation of cyclin D1 [82], which has been shown to play a
key role in tumorigenesis. Recent work has shown that DLC1, a PAK1 substrate,
interacts with ER and facilitates ER’s transactivation functions through a novel co-
activator [136]; evidence also indicated that DLC1 plays a significant role in tumor
cells hypersensitivity to estrogen.

The ability of PAK members to interact with steroid hormonal receptors suggests
that PAKs may play an important role in the cross-talk between steroid hormone
receptors and growth factor signaling pathways, which is implicated in endocrine
therapy. Lastly, PAK1 has been recently identified to possess nuclear localization
signals (NLS) that in response to external stimuli facilitate nuclear translocation
[60]. Investigation of a functional consequence for translocation into the nucleus
led to the discovery of chromatin targets of PAK1. PAK1 could act in the nucleus
to both activate (as seen with PFKM) and repress gene expression (NFAT1). These
studies have opened new avenues for exploration of hitherto unsuspected nuclear
functions of the PAK family.

Role of PAK family in cytoskeletal modeling also implicates them in cancer inva-
sion and metastasis (see section on motility). However, evidence for a direct role of
this family of kinases in both invasion and metastasis is not comprehensive. Studies
indicated that heregulin stimulated invasion of breast cancer cells was dependent
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on PAK1 activity [76]. Further, Rac induced invasion of epithelial cells could be
inhibited by blocking PAK1 signaling pathways [137]. A recent report demonstrates
the blockade of migration of cancer cells by emodin by interference with the for-
mation of Cdc42/Rac1 and the p21-activated kinase complex [138]. Taken together,
these results argue for a case for PAK1 as a key molecule that exerts control over
a wide range of physiological events and thus, could potentially function as an
oncogene.

5.7 Future Perspectives

It is clear that coordination of signals from adhesion receptors and RTKs, often
by kinases linking to the actin regulatory machinery, is at the heart of cellular re-
sponses to extracellular cues. One of the emerging themes is the coordination of
actin/adhesion dynamics and signalling output from adhesion sites. There is clearly
a complex, and probably reciprocal, relationship between kinases and regulation of
actin/adhesion assembly and turnover. At the same time, these kinases are equipped
to control a diverse range of biological functions, including transducing signals from
both growth factor- and adhesion-receptors. They therefore have a clear role in coor-
dinating organisation of the actin cytoskeleton with growth responses. The tight and
complex control of signaling upstream and downstream of the intracellular kinases
is testimony to the importance, and pivotal nature, of their activities. Together with
their adhesion receptor partners, the kinases and actin regulators allow three-way
relaying of information that control the basic properties of normal cells.

As mentioned in this review, and elsewhere, a great deal is now known about
the functional interplay between adhesion receptors, kinases and actin modulators.
However, there are still huge gaps in our knowledge that require continued investi-
gation; in particular, how the temporal and spatial integration of signals from both
adhesion receptors and kinases that control cell fate are regulated. Future progress
in understanding the complexities of adhesion receptor biology, and the associated
circuitry that links adhesion signaling to other cell responses requires multi-faceted
approaches. In this regard, though, new technologies have opened up powerful new
avenues of research. For example, the use of fluorescent probes and new micro-
scopic methods (such as FRET and FLIM), coupled with the development of protein
activity biosensors, will allow amazing visual insights into spatial regulation of par-
ticular proteins and protein complexes in real time. In addition, the arrival of tech-
nologies such as gene expression profiling, bioinformatics, proteomics and RNA
interference, coupled to use of good cell model systems and genetically tractable
model organisms, will reveal yet more molecular detail of the way in which cells
respond to their environment.

We have little doubt that what will be revealed is yet further complexity, and
perhaps the major challenge that lies ahead is handling and integrating the vast
amount of new information. Nevertheless, daunting though the task, we are mov-
ing towards a complete understanding of how cell–environment interactions control
multicellular organisms.
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Chapter 6
Molecular Basis for Vascular Endothelial
Growth Factor Expression in Tumor

Keping Xie and James Yao

Abstract Vascular endothelial growth factor (VEGF) critically regulates tumor
angiogenesis through its potent functions as a stimulator of endothelial cell sur-
vival, mitogenesis, migration, and differentiation, as well as vascular permeability,
immunosuppression and mobilization of endothelial progenitor cells from the bone
marrow into the peripheral circulation. Genetic alterations and a chaotic tumor mi-
croenvironment are clearly attributed to numerous abnormalities in the expression
and signaling of VEGF and confer a tremendous survival and growth advantage to
vascular endothelial cells as manifested by exuberant tumor angiogenesis and a con-
sequent malignant phenotype. Designing effective therapeutic strategies targeting
VEGF to control tumor growth and metastasis requires understanding the molecular
mechanisms of both inducible and constitutive VEGF expression.

Keywords Vascular Endothelial Growth Factor (VEGF) · Tumor suppressor gene ·
Hypoxia · Acidosis · Angiogenesis · Neuropilins · Tyrosine kinase · Nitric oxide ·
Hypoxia-inducible factor-1 (HIF-1) · Promoter analysis · Translational regulation

6.1 Introduction

Vascular endothelial growth factor (VEGF) was initially identified as vascular per-
meability factor (VPF) by Senger et al. [1] in 1983. They showed that this protein
promotes extravasation of proteins from tumor-associated blood vessels. In 1989
two groups independently characterized VEGF as a heparin-binding protein mito-
gen specific for endothelial cells. Evidently, VPF and VEGF are the same protein
encoded by a single gene [2, 3]. Rapidly increasing reports have shown that VEGF
is critical in tumor angiogenesis. Interestingly, VEGF has other functions such as
antiapoptosis activity, lymphangiogenesis [4, 5], immunosuppression [6, 7], stim-
ulation and recruitment of bone-marrow-derived endothelial and hematopoietic
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precursor cells in angiogenesis [8,9], and regulation of hematopoietic stem cell sur-
vival [10]. Therefore, VEGF is indispensable for tumor development and progres-
sion and companies are developing treatment modalities targeting VEGF and/or its
receptors. However, to help researchers and clinicians more effectively target VEGF
and its pathway, it is critical to understqand the molecular mechanisms governing
VEGF expression and regulation in tumor microenvironment.

6.2 VEGF Family and Tumor Biology

The VEGF family consists of VEGF or VEGF-A for new classification (6p12-
p21) [11], VEGF-B (11q13) [12], VEGF-C (4q34) [13], VEGF-D (Xp22.31) [14],
VEGF-E (viral) [15], and an additional member called placenta growth factor
(PlGF) (14q24-q31) [16].

6.2.1 VEGF Family Members

The human VEGF gene, which is localized in chromosome 6p12, is organized in
eight exons separated by seven introns. The coding region spans approximately
14 kb. The initial discoveries of VEGF were followed by the identification of sev-
eral splicing variants of VEGF gene transcripts, each encoding an active protein
product. At least five VEGF protein products have been identified and designated
as VEGF121, VEGF145, VEGF165, VEGF189, and VEGF206. The numbers fol-
lowing “VEGF” indicate the number of amino acids in the respective human VEGF
protein. Different isoforms of VEGF proteins have different affinity for heparin and
heparin sulfate. Most cell types express multiple variants of VEGF, predominantly
VEGF121 and VEGF165.

Structurally, VEGF-B is closely related to VEGF [17]. VEGF-B has two splice
variants: the 167-amino-acid form binds to its receptor, while the 186-amino-acid
form is a freely secreted, soluble product [18]. Both of the VEGF-B isoforms are
able to form heterodimers with VEGF-A and may be able to with other growth
factors. VEGF-C was cloned from human prostate carcinoma cells. Its mature form,
which consists of the VEGF homology domain, is 30% identical to VEGF165
[13]. VEGF-C is synthesized as a preproprotein, from which a stepwise prote-
olytic process generates several forms with sequentially increasing binding and
activity for its receptors. VEGF-D (also known as c-fos – induced growth factor)
is the most recently discovered member of the mammalian VEGF family [19]. It
shares 61% sequence identity with and is proteolytically processed similarly to
VEGF-C. The proteolytic processing also appears to regulate the biological ac-
tivity and receptor specificity of VEGF-D [20]. VEGF-E was discovered in the
genome of Parapoxvirus, orf virus. Two forms of VEGF-like molecules have been
identified – OV-VEGF2 and OV-VEGF7 – which are most closely related in
primary structure to VEGF, sharing 29% and 23% amino acid identity, respectively,
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with human VEGF121 [21]. PlGF, which was discovered in the human placenta, is
around 50% homologous with VEGF [16]. Three splice isoforms of PlGF have been
identified, and one of them, PlGF2, at least competes with VEGF165 for binding
to their receptor [22, 23]. PlGF/VEGF heterodimers are more potent in mediating
biological activity than PlGF homodimers are [24]. All of the proteins in the VEGF
family have a similar molecular structure, but they show distinguishable spectra of
functions as well as binding specificity toward their shared receptors.

6.2.2 VEGF Receptors

VEGF family members signal by binding to members of a group of at least four
high-affinity receptors. Three of these receptors are cell surface proteins of the
receptor tyrosine kinase family: VEGFR-1 (fms-like tyrosine kinase-1), VEGFR-2
(kinase insert domain-containing receptor, fetal liver kinase), and VEGFR-3 (FLT-4).
These three receptors have seven extracellular immunoglobulin homology domains
and two intracellular tyrosine kinase domains split by a kinase insert and ending
with a C-terminal tail within their cytoplasmic region [25]. The ligand specificities
of these receptors are as follows: VEGFR-1 binds VEGF-A, VEGF-B, PlGF1, and
PlGF2; VEGFR-2 binds VEGF-A, -C, -D, and -E; and VEGFR-3 binds VEGF-
C and -D [26] VEGFR-1 and -2 are selectively though not exclusively expressed
on vascular endothelium, whereas VEGFR-3 is expressed mainly on lymphatic en-
dothelium. Nonetheless, it is apparent that VEGFR-2 is also present on lymphatic
endothelium and that VEGFR-3 can be expressed on the endothelium of blood
vessels [27]. Neuropilin-1 and -2 (NRP-1 and -2) constitute another class of high-
affinity nontyrosine kinase receptors of VEGFs and can bind certain isoforms of
VEGF-A, -B, and -E and PlGF-2. Neuropilins have a short cytoplasmic tail with no
known signaling function, so by themselves they may not be functional receptors.
NRP-1 was described as a co-receptor specific for VEGF165, because it increases
the affinity of VEGF165 to VEGFR-2 by about 10-fold, resulting in VEGF165 be-
ing the strongest signal transducer among the VEGF subtypes. On the other hand,
no responses to VEGF165 have been observed following VEGF165 stimulation of
cells expressing NRP-1 but no other VEGF receptors [26]. NRP-1 is expressed on
vascular endothelium, neurons, and some tumor cells [26] and is co-expressed with
VEGFR-1 and VEGFR-2 [28]. Recently, NRP-2 has been shown to bind VEGF-C
and be co-expressed with VEGFR-3 in the endothelial cells of certain lymphatic
vessels [29].

The active forms of VEGF-A are mostly homodimers with a molecular weight
of 45 kDa [30]. Heterodimers formed by PlGF and VEGF-A have been detected
in certain cells and function as endothelial mitogens [24]. Also, VEGF-A and
VEGF-B heterodimers have been obtained in an expression vector co-transfection
experiment [31]. The two monomers of VEGF-A are assembled in an antiparallel
fashion to form the homodimer, which in turn binds to domains 2 and 3 of the seven
immunoglobulin-like domains in the receptors. Upon binding to its receptor, VEGF
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initiates a cascade of signaling events that begins with dimerization of two receptors
and then autophosphorylation of each other by the tyrosine kinase domain to form
the active receptors. This is followed by activation of numerous downstream pro-
teins, including phospholipase C-�/protein kinase C (PKC), Ras pathway members,
phosphatidylinositol-3 kinase (PI3K), mitogen-activated protein kinase (MAPK),
and others [see review [25, 28, 32–34]] to manifest end point function, such as an
increase in vascular permeability, cell survival and proliferation, and migration.

6.2.3 Biological Functions of VEGF

It is well recognized that VEGF plays a critical role in many aspects of cancer
biology. Specifically, VEGF is mitogenic, motogenic, and morphogenic in endothe-
lial cells and key to tumor angiogenesis and lymphangiogenesis, which are indis-
pensable for tumor development and progression. Recent studies have indicated
that VEGF appears to play a broader role in cancer pathogenesis than previously
thought. For example, a fundamental cellular mechanism by which VEGF promotes
the formation of new blood vessels and maintains their integrity is the activation of
endothelial cell survival and antiapoptotic pathways [4,5]. Overproduction of VEGF
may also be related to tumor-associated immunosuppression [6,7,35]. A direct asso-
ciation between increased levels of VEGF expression in tumor cells and low number
of antigen-presenting dendritic cells in the vicinity of tumors was established in 140
patients with gastric cancer [36]. Continuous infusion of VEGF resulted in dramatic
inhibition of dendritic cell development by diminishing the ability of hematopoi-
etic progenitor cells to differentiate into functional dendritic cells during the early
stages of their maturation [37, 38]. Also, continual administration of recombinant
VEGF in naı̈ve mice resulted in inhibition of dendritic cell development and in-
creased production of B cells and immature Gr-1+ myeloid cells [38]. Neutralizing
the anti-VEGF antibody blocked the negative effects of tumor cell supernatants on
dendritic cell maturation in vitro [39] and significantly improved the number and
function of lymph node and spleen dendritic cells in tumor-bearing animals, thereby
enhancing the efficacy of cancer immunotherapy [40]. In addition, a recent report
showed that VEGF can inhibit the development of T cells from early hematopoietic
progenitor cells, which may be another mechanism contributing to tumor-induced
immunosuppression [6]. On the other hand, VEGF clearly induces stimulation and
recruitment of bone-marrow-derived endothelial and hematopoietic precursor cells
in angiogenesis [8, 9] and regulates hematopoietic stem cell survival [10]. VEGF
also has many secondary effects via induction of a number of active substances that
have a wide range of actions, including nitric oxide (NO), plasminogen activators,
and endothelial cell decay-accelerating factor [41–45].

6.2.4 Clinical Significance of VEGF

The demonstrated role of VEGF in tumor biology makes its clinically significant
in cancer diagnosis, prognosis, and treatment. Studies have shown that the VEGF



6 Molecular Basis for VEGF Expression in Tumor 83

expression level is significantly higher in tumors than in normal tissue and is
correlated with tumor grade, depth of invasion, status of nodal and distant metas-
tasis, and TNM and clinical stage [46–51]. VEGF is also an important prognostic
factor in many human tumors [52,53]. The tissue expression level of VEGF has been
correlated with patient survival in breast cancer [54], ovarian cancer [55], fibrillary
low-grade astrocytoma [56], colorectal cancer [57], non-small cell lung carcinoma
(NSCLC) [58], and pancreatic cancer [59]. Also, serum VEGF levels have been
shown to be correlated with survival in patients with ovarian cancer [60], gastroin-
testinal cancer [61,62], or acute myeloid leukemia [63,64]. Due to the critical role of
VEGF in tumor growth and metastasis, targeting VEGF and VEGF receptor signal-
ing in cancer treatment has been attempted with success using many approaches for
various tumors. Clinical trials testing the efficacy of many angiogenesis inhibitors
that are based on targeting VEGF and its signal transduction pathways are under
way [65, 66].

6.3 Regulation of VEGF Expression

Regulation of VEGF expression has been reported to occur at the gene transcription,
translation, and posttranslation levels. Transcriptional regulation of VEGF expres-
sion has been studied extensively, because the impact of most genetic and epigenetic
factors on VEGF expression is realized by controlling VEGF gene transcription.
Computer-based sequence analysis of the VEGF gene promoter structure revealed
a number of potential binding sites in the 5’-flanking region of the VEGF gene
for specific protein-1 (Sp1), hypoxia-inducible factor 1 (HIF-1), signal transducer
and activator of transcription-3 (Stat3), activator protein-1 (AP-l), Egr-1, activator
protein-2 (AP-2), nuclear factor-IL6, and many others [67–69], indicating the di-
verse complexity of VEGF transcriptional regulation. Among the many transcription
factors, Sp1, HIF-1, Stat3, and AP-1 appear to be the key factors in regulation of
VEGF expression and have been well characterized.

6.3.1 Transcriptional Regulation

Sp1. Sp1 was the first eukaryotic transcription factor to be identified and cloned [75]
and has been shown to stimulate transcription through binding to G/C-rich boxes
present on a wide variety of promoters. Sp1 is a highly phosphorylated protein.
Phosphorylation modification can regulate the transcriptional activity of Sp1 by aff-
ecting its DNA binding ability [76]. Detailed promoter analysis using reporter gene
assays, electrophoretic mobility shift assays, and mutagenesis of promoter elements
has been applied in our laboratory to characterization of the cis-responsive elements
in the VEGF promoter, resulting in the identification of four G/C-rich putative Sp1
binding sites at the region −38 to −109 bp relative to the single transcriptional start
site. Further deletion and point mutation analyses indicated that mutation of some
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or all of the putative Sp1 binding sites reduced or eliminated the constitutive VEGF
promoter activity and abrogated the differential activity of the promoter in high
and low VEGF-expressing cells [70]. Similarly, Ryuto et al. [77] found that the
four Sp1 binding sites are essential for basal transcription of the VEGF gene and
tumor necrosis factor-� (TNF-�)-dependent promoter activation in a human glioma
cell line. Deletion of these Spl binding sites reduced basal transcription of VEGF
and abolished TNF-� responsiveness. Furthermore, many genetic alterations affect
VEGF expression through modulation of the transcriptional activity of Sp1. These
include alterations of tumor suppressor genes, such as von Hippel-Lindau (VHL)
[78–80], p53 [81,82], and p73 [83], and oncogenes, such as Ras, Src, and HER2/neu
[84,85]. In addition, VEGF expression can be regulated through modulation of Sp1
activity by tumor microenvironmental factors, such as free radicals, hypoxia, and
growth factors [77, 86, 87].

HIF-l. HIF-1 is a transcriptional activator composed of HIF-1� and HIF-1� (also
called aryl hydrocarbon receptor nuclear translocator) subunits. There are several
dozen known HIF-1 targets, including the VEGF gene. Both HIF-1� and HIF-1�
are constitutively expressed in various types of tumor. Under normal oxygena-
tion conditions, HIF-1� is barely detectable, because it is rapidly degraded by the
ubiquitin-proteasome system, with a half-life of only 5 minutes. This degradation
is controlled by the oxygen-dependent degradation domain within HIF-1�. Under
hypoxic conditions, HIF-1� expression increases as a result of decreased ubiqui-
tination and degradation. The tumor suppressors VHL and p53 target HIF-1� for
ubiquitination such that inactivation of them in tumor cells increases the half-life of
HIF-1�. Increased PI3K and Akt and decreased phosphatase and tensin homologue
deleted on chromosome 10 (PTEN) activity in prostate cancer cells also increase
HIF-1� expression by an undefined mechanism. HIF-1 activates transcription of
the VEGF gene by binding to the hypoxic response element (HRE) in the gene
promoter. A HIF-l binding site was identified at −975 to −968 bp of the human
VEGF promoter [88]. Recent studies revealed that alteration of both tumor sup-
pressor genes and oncogenes constitutively increases the transcriptional activity of
HIF-1 via three different molecular mechanisms, which include those affecting the
stability, expression, and transcriptional activity of HIF-1. These genetic alterations
include loss of VHL, p53, or PTEN function and gain-of-function mutations in the
Ras and v-Src oncogenes. In addition to genetic alterations, the protein stability and
transcriptional activity of HIF-1 are also modulated by tumor microenvironmental
factors, such as hypoxia, growth factors, cytokines, and oxidative stress [89].

Stat3. Lately, we and others have found that the transcription factor Stat3, a mem-
ber of the JAK-STAT signaling pathway, plays an important role in the regulation of
VEGF expression in tumors [67, 73, 90]. This is supported by a significant amount
of evidence. Activation of Stat3 has been observed in cells transformed in vitro with
the v-Src and Abl oncogenes. Constitutive activated Stat3 protein is found in various
types of tumors, with activation of it correlated with the level of VEGF expression.
In fact, Stat3 can directly bind to the VEGF promoter in vivo and upregulate VEGF
promoter activity and protein levels. Mutagenesis of putative Stat3 binding sites,
which are located at −842 to −849 bp, significantly reduces the VEGF promoter
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activity induced by activated Stat3. On the other hand, blockage of activated Stat3
via ectopic expression of dominant-negative Stat3 significantly suppresses VEGF
promoter activity, VEGF expression, angiogenesis, and tumor growth and metasta-
sis. These data indicate that VEGF is directly regulated by Stat3 [73, 91, 92]. More-
over, Stat3 is known to be activated by numerous cytokines and growth factors,
including epidermal growth factor (EGF), platelet-derived growth factor (PDGF),
VEGF and interleukin-6, suggesting that Stat3 signaling may be a common molec-
ular target for blocking angiogenesis in human tumors [90, 93–96].

AP-1. AP-1 is a transcription factor belonging to the leucine zipper family. This
factor is a dimer composed of jun/jun (c-jun, junB, and junD) or jun/fos subunits
(s-fos, fosB, fra-1, and fra-2). In VEGF promoter, there are four AP-1 candidate
binding sites [67], indicating that AP-1 might be involved in the regulation of VEGF
gene expression. The signaling for AP-1 activation was reported to occur through the
protein kinase C (PKC) pathway [97–99] and the MAP kinase pathway [100, 101].
For example, PKC inhibitors suppress VEGF induction in glioma cells by EGF,
PDGF, bFGF [102] Hypoxia, oxidative stress, ultraviolet irradiation, and cytokines
may induce VEGF expression through the synthesis of jun and fos proteins, leading
to increased AP-1 binding activity [101, 103–105].

Many other transcription factors also contribute to VEGF expression and reg-
ulation, such as AP-2 [106, 107], Smad3 and Smad4/DPC4 [108, 109]. Moreover,
optimal transcriptional activation of VEGF may require the activation and coop-
eration of different transcription factors and/or signaling pathways. For example,
VEGF induction by hypoxia or NO requires the involvement of HIF-1 and is po-
tentiated by AP-1 [72, 110]. Hypoxia and TGF-� can synergize in the regulation
of VEGF expression at the transcriptional level, possibly through physical inter-
action and functional cooperation between Smads and the HIF-1� transcription
factor [71]. Additionally, the optimal transactivation of VEGF by p42/p44 MAPK
signaling pathway needs the cooperation of Sp1 and AP-2 [111] and full induction
of VEGF expression by ultraviolet B radiation requires the cooperation of Sp1 with
AP-1 [112].

6.3.2 Posttranscriptional Regulation

Even though transcriptional regulation represents the most important mechanism of
VEGF expression and regulation, posttranscriptional regulation also plays an im-
portant part in VEGF expression. Levy et al. [113] first reported the stabilization
of VEGF mRNA by hypoxia and identified a region in the VEGF 3’-untranslated
region (UTR) responsible for the stabilization. Subsequently, the protein responsi-
ble for the stabilization was identified as HuR, an AU-rich element binding pro-
tein [114]. Also, Nabors et al. [115] investigated the pattern of expression of HuR
in 35 freshly resected and cultured central nervous system tumors. They found that
HuR mRNA was consistently expressed in all of the tumors regardless of the cell
origin or degree of malignancy. However, using a novel HuR-specific polyclonal
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antibody, they found that strong HuR protein expression was limited to high-grade
malignancies (glioblastoma multiforme and medulloblastoma). Within glioblastoma
multiforme, prominent HuR expression also was detected in perinecrotic areas
(hypoxic), in which angiogenic growth factors are upregulated. An enzyme-linked
immunosorbent assay-based RNA binding assay showed that HuR specifically binds
to the AU-rich stability elements located in the 3’-UTR of VEGF mRNA. Recently,
Dibbens et al. [116] demonstrated that three elements located in the 5’-UTR and
3’-UTR were all required for maximum stabilization of the mRNA during hypoxia.
These findings suggest a role for HuR protein in the posttranscriptional regulation of
VEGF expression in tumors [115]. Although the detailed signaling pathway remains
unclear, the stress-activated protein kinases c-jun N-terminal kinase (JNK) and
p38/HOG appear to be indispensable for the stabilization of VEGF mRNA [117].

6.3.3 Translational Regulation

It has also been proposed that VEGF expression can be regulated at the translational
level [118]. Among a series of control mechanisms exerted at the translational level,
the use of alternative codons is a very subtle means of increasing gene diversity by
expressing several proteins from a single mRNA. At least five isoforms of VEGF-A
are generated this way. VEGF isoforms have distinct activities at different anatom-
ical sites, and the microenvironment of different tissues affects the expression and
function of VEGF isoforms [119]. Different VEGF isoforms have distinct activities
at different anatomical sites, and the microenvironment of different tissues affects
the expression and function of VEGF isoforms [119]. For example, the internal
ribosome entry sites act as specific translational enhancers that allow translation ini-
tiation to occur independently of the classic cap-dependent mechanism in response
to specific stimuli and under the control of different trans-acting factors. Also, the
5’-UTR of VEGF mRNA contains two functional internal ribosome entry sites that
maintain efficient cap-independent translation and ensure efficient production of
VEGF even under unfavorable stress conditions, such as hypoxia, which globally
decrease the rate of translation initiation [120, 121]. Although much progress has
been made in unraveling the diverse complexity of the molecular regulation of
VEGF expression, our understanding of this process continues to grow. For ex-
ample, several other factors are important to the translational regulation of VEGF
expression. Kevil et al. [122] revealed that enforced overexpression of eukaryotic
initiation factor 4E drastically increases VEGF secretion (up to 130-fold) in Chi-
nese hamster ovary cells. Eukaryotic initiation factor 4E is a 25-kDa polypeptide
that recruits mRNAs for translation by binding to the 7-methylguanosine – con-
taining cap of mRNA. Overexpression of it has been observed in metastatic breast
carcinomas [123] and bladder cancer [124], suggesting a possible contribution to
tumor growth and progression. In addition, ORP150 is a 150-kDa oxygen-regulated
protein whose expression is induced by hypoxia [125]. Physiologically, ORP150
functions as a molecular chaperone in the endoplasmic reticulum for the folding
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and trafficking of newly synthesized protein to the Golgi apparatus for subsequent
secretion. Overexpression of ORP150 promotes VEGF protein secretion into hy-
poxic culture supernatants, whereas expression of ORP150 antisense RNA results
in accumulation of VEGF within the endoplasmic reticulum [126]. Administration
of an adenovirus encoding ORP150 to wounds in diabetic mice accelerated neo-
vascularization and wound repair in vivo Immunohistochemical analysis showed
that expression of ORP150 and VEGF was enhanced in the cytoplasm of prostate
cancer cells. Additionally, adenovirus-mediated transduction of antisense ORP150
into DU145 human prostate cancer cells resulted in decreased VEGF production,
angiogenesis, and marked suppression of tumor formation in the xenograft animal
model [127]. These data indicate that OPR150 is required for VEGF secretion and
that, in hypoxic cells, increased levels of VEGF expression necessitate a correspond-
ing increase in ORP150 expression.

6.4 Signaling Pathways for Constitutive VEGF Expression

Autonomous growth is a key characteristic of a malignant tumor. Usually, the tu-
mor cells can supply themselves (autocrine secretion) or manipulate host stromal
cells to supply them (paracrine secretion) with what they need to grow. Numerous
reports have shown that tumor growth and progression are closely related to VEGF
expression. Specifically, it has been reported that many cancer cells constitutively
express VEGF proteins without apparent stimuli, which may provide a paracrine
mechanism to induce angiogenesis and/or an autocrine mechanism to induce pro-
liferation if the cells also express VEGF receptors. While little is currently known
about the molecular regulation leading to constitutive VEGF expression, it is appar-
ent that the genetic makeup of tumor cells is most probably involved in constitutive
VEGF expression by affecting the production and function of transcriptional reg-
ulators [128]. Among the many important genetic alterations, mutations of various
oncogenes and tumor suppressor genes can profoundly affect the downstream signal
transduction pathways critical to VEGF expression. For example, 70% of human
pancreatic adenocarcinoma cell lines constitutively overexpress VEGF. Addition-
ally, the constitutive levels of Sp1 activity are directly correlated with the constitu-
tive levels of VEGF expression [70]. It has been demonstrated that wild-type tumor
suppressors such as p53, p73, VHL can physically interact with Sp1, form a com-
plex, and block Sp1 binding to the promoter of VEGF, thus inhibiting Sp1-mediated
VEGF expression. Recent studies have consistently shown that loss or inactivation
of the wild-type VHL, p53, and/or p73 gene is associated with increased tumor
angiogenesis [83, 129].

6.4.1 Activation of Oncogenes

Several oncogenes have been implicated in increased VEGF expression, includ-
ing activated forms of Ras, Src, HER2/neu, and Bcr/Abl [84, 85]. However, mu-
tant oncogene-dependent VEGF expression is necessary, but not sufficient, for
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progressive tumor growth, suggesting a relative contribution of oncogenes, such as
mutant K-Ras, to tumor angiogenesis [130].

Ras. Expression of a mutant Ras oncogene is one of the most commonly encoun-
tered genetic changes detected in human cancer. Rak et al. [131] first provided direct
evidence that mutant Ras oncogenes upregulate VEGF/VPF expression and tumor
angiogenesis, which was immediately confirmed by many investigators in studies
of various types of human and animal tumors [132–134]. In general, elevated levels
of both VEGF mRNA and secreted functional protein expression can be detected
in human and rodent tumor cell lines expressing mutant K-Ras and H-Ras onco-
genes, respectively. Genetic disruption of the mutant K-Ras allele in human colon
carcinoma cells has been associated with a reduction in VEGF activity. Furthermore,
pharmacological disruption of mutant Ras protein function in H-Ras-transformed rat
intestinal epithelial cells via treatment with L-739, 749 (a protein farnesyltransferase
inhibitor) has been shown to cause significant suppression of VEGF activity.

The signaling pathways of Ras-mediated VEGF regulation are not entirely clear.
Like several other tyrosine kinase oncogenes, activated Ras has been shown to
stabilize VEGF mRNA [134]. Most notably, activated Ras activates downstream
kinases through two distinct pathways – the MAPK pathway (Raf/MEK/p42/p44
MAPK) and the PI3K/Akt pathway – thereby causing the phosphorylation and
activation of both MAPK and Akt [135], which lead to enhanced VEGF gene
transcription.

Pouysségur et al. [136] recently showed that the MAPK pathway plays a
critical role in transcription of VEGF gene regulation, one of the important down-
stream targets of which is Sp1. In fact, p42/p44 MAPK directly phosphorylates
Sp1 on threonine 453 and 739, increases Sp1 DNA binding activity, and thus
upregulates VEGF transcriptional expression. They also found that a G/C-rich re-
gion of the VEGF promoter from −88 to −66 bp that contains two Sp1 bind-
ing sites and one AP-2 binding site is responsible for the upregulation of VEGF
promoter activity by p42/p44 MAPK activation. The maximal transcriptional ac-
tivation requires the cooperation of Sp1 and AP-2, because individual mutations
of one AP-2 and two Sp1 putative binding sites do not significantly modify the
basal and constitutively activated form of MAPK kinase kinase (MKK1SS/DD)-
stimulated VEGF promoter activity, but combined mutation of the AP-2 binding
site and both Sp1 binding sites dramatically decreases the basal and MKK1SS/DD-
dependent transcriptional activation of the VEGF promoter [111]. In addition, a
new pathway for Sp1-mediated VEGF transcriptional activation by a Ras sig-
naling pathway has been revealed through the identification of PKC-� as the
downstream effector of both MAPK and PI3K/Akt [76, 137]. In fact, PKC-� can
directly interact with Sp1 and phosphorylate the zinc finger region of Sp1, which
increases Sp1 DNA binding activity, resulting in Sp1-mediated transcriptional
activation [138]. This finding is also the first demonstration of a direct connec-
tion between the PI3K/Akt pathway and Sp1 transcriptional activation. Consti-
tutive activation of the MAPK and PI3K/Akt pathways has been observed in
many tumors [139–141] and plays a very important role in tumor progression
[142–144].
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On the other hand, Mazure et al. [145] showed that Ras-transformed cells do not
use the downstream effectors c-Raf-1 and MAPK in signaling VEGF induction by
hypoxia, as overexpression of kinase-defective alleles of these genes does not inhibit
VEGF induction under low oxygen conditions. In contrast with the c-Raf-1/MAPK
pathway, hypoxia increases PI3K activity in a Ras-dependent manner, and inhibition
of PI3K activity genetically and pharmacologically results in inhibition of VEGF
induction. Therefore, hypoxia modulates VEGF induction in Ras-transformed cells
through activation of a stress-inducible PI3/Akt pathway and the HIF-1 transcrip-
tional response element. In addition, activation of p42/p44 MAPK induces HIF-1�
phosphorylation and promotes HIF-1 – dependent transcriptional activity, resulting
in upregulation of VEGF expression [146]. These results suggest a novel mechanism
whereby two divergent signaling pathways emerging from Ras may cooperatively
but independently regulate the activity of a HIF-1�, thereby promoting VEGF ex-
pression [135].

The regulatory roles of Ras in VEGF expression may be more complex than the
use of p42/p44 MAPK and PI3/Akt pathways. It has been suggested that oxidative
stress induction of VEGF is dependent on activation of AP-1, which is involved in
the activity of Ras/Raf-1/MEK/ERK1/2 [147]. The Ras pathway can also be influ-
enced by or interact with many other signaling pathways. For example, extracellular
signal-regulated kinase, p38 kinase, and Eph kinases differentially regulate the Ras-
mediated stimulation of VEGF [148, 149]. In addition, the mutated Wnt signaling
pathway has been found to strongly upregulate VEGF, and K-Ras activation ap-
pears to enhance Wnt signaling, suggesting a unique interaction between these two
pathways [150]. Furthermore, new evidence indicates that cell contact induction of
VEGF transcription requires the activity of focal adhesion kinase, Rap1, and Raf,
which represents a Ras-independent mechanism [151].

Src. Src was initially discovered as the oncogenic protein (v-Src) of the retro-
virus Rous sarcoma virus; a ubiquitously expressed and highly conserved cellular
homologue of v-Src was subsequently discovered. Much of the original research on
v-Src and its cellular homologue (Src) paved the way for our current understanding
of how oncogenes cause cell transformation. The Src family of nonreceptor protein
tyrosine kinases, which also includes Lyn, Fyn, Lck, Hck, Fgr, Blk, and Yes, has
important roles in receptor signaling and cellular communication. While most Src
kinases are broadly expressed (e.g., Src, Fyn, and Yes), certain members of the Src
family, such as Hck, Blk, and Lck, exhibit restricted tissue expression [152]. Recent
studies have demonstrated that, in addition to their central role in receptor signaling
and cell communication, Src kinases play an important role in lymphokine-mediated
cell survival and VEGF-induced angiogenesis. Src kinases are activated by a variety
of cell surface receptors.

Mukhopadhyay et al. [84] were the first to show that genistein, an inhibitor
of protein tyrosine kinase, blocks VEGF induction. Hypoxia increases the kinase
activity of pp60c-src and its phosphorylation on tyrosine 416 but does not acti-
vate Fyn or Yes. Expression of either a dominant-negative mutant form of c-Src or
Raf-1 markedly reduces VEGF induction. VEGF induction by hypoxia in c-Src(-)
cells is impaired, although this impairment causes compensatory activation of Fyn,



90 K. Xie, J. Yao

suggesting that VEGF is a new downstream target for c-Src. This finding was
confirmed using a variety of protein tyrosine kinase inhibitors [153, 154]. Over-
expression of v-Src upregulates VEGF expression by activating a VEGF promoter-
luciferase construct in a dose-dependent manner, which is opposed by the presence
of wild-type p53 [155]. In fact, p53 can inhibit VPF/VEGF expression by downreg-
ulating Src kinase activity under both normoxic and hypoxic conditions [82]. When
the steady-state level of pp60c-src is reduced in HT-29 colon adenocarcinoma cells
transfected with a c-Src antisense expression vector, not only is the steady-state
level of VEGF reduced, but the ability of confluence to stimulate pp60c-src activity
and VEGF production is, too. These data suggest that c-Src may be an intermediary
in both constitutive and inducible pathways for VEGF production in colon tumor
cells [156]. Northern blot analysis of such cell lines revealed that VEGF mRNA
expression was decreased in proportion to the decrease in Src kinase activity. Under
hypoxic conditions, cells with decreased Src activity had less than a twofold increase
in VEGF expression, whereas parental cells had greater than a 50-fold increase.
VEGF expression in the supernatants of cells was also reduced in antisense trans-
fectants compared with that in parental cells. In nude mice, subcutaneous tumors
obtained from antisense transfectants showed a significant reduction in vascularity.
These results suggest that Src activity regulates the expression of VEGF in colon
tumor cells [157].

However, there is evidence against a regulatory role for Src kinase. For exam-
ple, in Hep3B cells, transient, stable transfection substantially changed Src activity,
but no alteration was seen in the normoxic or hypoxic expression of erythropoi-
etin, VEGF, or Glut-1 or in the regulation of hypoxia-inducible HIF-1 – dependent
reporter genes. Similarly, the expression of these genes in Src- and c-Src – kinase-
deficient cells did not differ from that in wild-type cells at either 1% oxygen or more
severe hypoxia. These results indicate that Src is not critical for the hypoxic induc-
tion of HIF-1, erythropoietin, VEGF, or Glut-1 expression. Also, in a transgenic
mouse model, VEGF and v-Src expression patterns were not identical, suggesting
that VEGF activation was not dependent only on v-Src [158]. Jiang et al. [159]
demonstrated that while c-Src expression is not required for expression of HIF-1 or
transcriptional activation of genes encoding VEGF and enolase 1 (ENO1), cells ex-
pressing the v-Src oncogene have increased expression of HIF-1, VEGF, and ENO1
under both hypoxic and nonhypoxic conditions. Furthermore, expression of v-Src
was associated with increased transcription of reporter genes containing cis-acting
hypoxia-response elements from the VEGF and ENO1 genes; this transcriptional
activation required an intact HIF-1 – binding site. Most recently, Lee et al. [160]
reported that the Src-suppressed C-kinase substrate decreases VEGF expression
through AP-1 reduction.

HER2/neu. c-erbB2 encodes the human epidermal growth factor receptor 2
(HER2, HER-2/neu, or ErbB2/neu), which is a proto-oncogenic receptor tyrosine
kinase that is overexpressed, amplified, or both in several human malignancies, in-
cluding breast, ovarian, and colon cancer [161]. Its regulatory role in VEGF expres-
sion was first examined in NIH 3T3 fibroblasts transformed with mutant ErbB2/neu,
which resulted in significant induction of VEGF expression. Moreover, treatment
of ErbB2/neu-positive SKBR-3 human breast cancer cells in vitro with a specific
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neutralizing anti-ErbB2/neu monoclonal antibody resulted in a dose-dependent
reduction of VEGF protein expression [162]. Direct correlation between the ex-
pression levels of VEGF and HER2/neu was then established in human tumor
specimens, including those of breast, cervical, head and neck, ovarian, and lung
cancer [163–167].

Recently reported data have provided a novel molecular basis for induction of
VEGF and tumor angiogenesis by heregulin-HER2 signaling. HER2/neu signal-
ing induced by overexpression of in mouse 3T3 cells and heregulin stimulation in
human MCF-7 breast cancer cells result in increased HIF-1� protein and VEGF
mRNA expression that is dependent on the activity of PI3K, AKT, and the down-
stream kinase FRAP(FKBP12-rapamycin-associated protein; also known as mam-
malian target of rapamycin, mTOR). In contrast with other inducers of HIF-1 ex-
pression, heregulin stimulation does not affect the half-life of HIF-1� but instead
stimulates HIF-1� synthesis in a rapamycin-dependent manner. The 5’-UTR of HIF-
1� mRNA directs heregulin-inducible expression of a heterologous protein. These
results suggested that heregulin-HER2/neu signaling mediates VEGF induction via
regulation of HIF-1� expression [88]. However, other report showed that Sp1 and
AP-2 binding sites within the proximal region of VEGF promoter are required for
up-regulation of VEGF by heregulin-�1 and that this up-regulation is dependent on
the activity of extracellular signal-related protein kinases [168].

Other oncogenes. Many other oncoproteins besides Ras, Src, and HER2/neu may
influence VEGF expression in tumor cells. For example, in chronic myelogenous
leukemia, BCR/ABL expression is associated with increased expression of VEGF
and HIF-1 [169]. Studies have shown that transfection of BCR/ABL results in en-
hanced VEGF expression and that treatment with STI-571 (imatinib mesylate, a
Bcr/Abl – targeting drug) reduces the level of VEGF expression in BCR/ABL-
positive cells [170]. In addition, transactivation of the VEGF promoter by BCR/ABL
appears to involve the PI3K/Akt pathway [169]. HPV-16 E6-positive cells generally
have a high level of expression of the VEGF message. Furthermore, co-expression of
the VEGF promoter reporter gene with E6 in both human keratinocytes and mouse
fibroblasts has shown that the E6 oncoprotein upregulates VEGF promoter activity
in a p53-independent manner. An E6-responsive region that comprises four Sp1
sites between from −194 to −50 bp of the VEGF promoter is also necessary for
constitutive VEGF transcription [171]. Finally, an inverse association was found
between bcl2 expression and VEGF activity via immunohistochemistry analysis in
NSCLC [172] and hepatocellular carcinoma [163, 173]. Human breast cancer cells
transfected with Bcl-2 have exhibited increased levels of VEGF expression in tissue
culture and xenografts [174]. Thus, many oncoproteins may contribute to tumor an-
giogenesis via direct stimulation of the VEGF gene and detailed signaling. However,
this remains to be elucidated.

6.4.2 Inactivation of Tumor Suppressor Genes

Tumor suppressor genes have also been implicated in the regulation of VEGF gene
expression. These genes include VHL, TP53, p73, and PTEN, and p16.



92 K. Xie, J. Yao

VHL. Mutation or loss of both alleles of the VHL gene was initially docu-
mented in sporadic renal cell carcinomas, central nervous system hemangioblas-
tomas, and neoplasms that arise in individuals having VHL syndrome. In particular,
Wizigmann-Voos et al. [175] described the upregulation of VEGF and its receptors
in VHL-syndrome-associated and sporadic hemangioblastomas. Deregulated VEGF
expression in human renal carcinoma cells was reversed by introduction of the wild-
type VHL tumor suppressor protein [176].

Although VHL protein (pVHL) function remains unclear, VHL does interact
with the elongin BC subunits in vivo and regulate RNA polymerase II elongation
activity in vitro by inhibiting formation of the elongin ABC complex [177]. Gnarra
et al. [178] provided evidence that despite the differences in VEGF mRNA levels,
VHL overexpression does not affect VEGF transcription initiation or elongation as
suggested by the VHL-elongin association. Instead, VHL regulates VEGF expres-
sion at a posttranscriptional level.

Iliopoulos et al. [179] first suggested that VHL plays a critical role in the trans-
duction of signals generated by changes in ambient oxygen tension, such as negative
regulation of hypoxia-inducible VEGF expression by the pVHL. Consistent with
posttranscriptional regulation, a 500-bp region of the 3’-UTR of VEGF mRNA was
identified, which is critical for stabilization of VEGF mRNA through the formation
of an RNA-protein complex in a hypoxia-inducible fashion. In fact, three adenylate-
uridylate-rich RNA elements within this region form an identical or closely related
hypoxia-inducible RNA-protein complex. This complex is constitutively elevated
in tumor cell lines lacking the wild-type VHL gene and in which VEGF mRNA
expression is constitutively stabilized [180].

On the other hand, VHL also regulates VEGF expression at the transcriptional
level. Mukhopadhyay et al. [79] described a new mechanism for VHL-mediated
transcriptional repression of VEGF expression in which the VHL gene product di-
rectly interacts with Sp1 to repress VEGF promoter activity. The VHL Sp1-binding
domain has been mapped to amino acids 96-122; this domain is disproportionately
affected by substitution mutations, which interfere with the VHL-Sp1 interaction.
Deletion of the domain prevents VHL effects on Sp1 DNA binding and VHL tar-
get gene expression, indicating that the domain contributes significantly to the tu-
mor suppressor activity of VHL [80]. Also, the VHL gene product inhibits VEGF
expression in renal cell carcinoma cells by blocking PKC pathways. Specifically,
the wild-type VHL gene neutralizes PKC isoforms � and � by forming cytoplas-
mic complexes with them. This inhibits MAPK activation, thereby preventing the
translocation of these isoforms to the cell membrane, where they otherwise would
engage in signaling steps leading to aberrant VEGF overexpression [181].

Recently reported data indicate that VHL can also repress VEGF expression
by interacting with HIF-1. The pVHL is a component of an E3 ubiquitin ligase
that targets HIF-1� for ubiquitylation and degradation under normoxic conditions.
pVHL also directly inhibits HIF-1� transactivation by recruiting histone deacety-
lases. Thus, VHL mutations can lead to increased transcription of hypoxia-inducible
genes such as VEGF [182]. The increased VEGF mRNA stability in cells lacking
pVHL has been hypothesized to be due to similar regulation of an RNA-binding
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protein, the expression of which is regulated by pVHL in a manner that is dependent
on elongin C interactions as well as functioning proteasomes [182].

Additionally, a novel pVHL-interacting protein has been identified as a negative
regulator of HIF-1� transactivation. This protein, which is named pVHL-associated
KRAB-A domain-containing protein (VHLaK) and is generated from the ZnF197
locus via alternative splicing, contains a Kruppel-associated box (KRAB)-A domain
and SCAN domain but lacks the 22 C2H2-type zinc fingers present in ZnF197.
The KRAB-A domain in VHLaK mediates pVHL binding and functions as a
transcriptional repression module. Also, the SCAN domain mediates VHLaK homo-
oligomerization, which enhances the repressive activity of VHLaK. pVHL can re-
cruit VHLaK to repress the transcriptional activity of HIF-1� and HIF-1�–induced
VEGF expression. Finally, pVHL, VHLaK, and KAP1/TIF-1� can be recruited into
a single complex, indicating that KAP1/TIF-1� may participate in pVHL-mediated
transcriptional repression of HIF-1�. These findings reveal a novel mechanism for
the modulation of HIF-1� transactivation by pVHL [183].

TP53. TP53 is mutated in more than 50% of all human tumors. It exerts its
protective effects in part by inducing cell cycle arrest or apoptosis in response to
various types of genotoxic stress. TP53 is a sequence-specific DNA binding tran-
scription factor, and some of its gene targets include cell cycle regulators like
p21 and GADD45 as well as apoptosis mediators like bax and DR5/KILLER.
TP53 has also been linked with tumor angiogenesis. Initially, Kieser et al. [184]
showed in transient transfection assays that a mutated form of the murine p53 gene
(ala135−→val) induces expression of VEGF mRNA and potentiates (TPA)-stimu-
lated VEGF mRNA expression. In NIH 3T3 cells that stably overexpress the
temperature-sensitive p53 (ala135−→val) and display the mutant phenotype at
37◦C and wild-type phenotype at 32.5◦C, induction of VEGF mRNA and protein
expression by activated PKC is strongly synergistic with mutant but not wild-type
p53. Mutant p53 specifically increases TPA induction of VEGF expression with-
out affecting the expression of other TPA-inducible genes. TPA-dependent VEGF
expression is also enhanced by human p53 mutated at amino acid 175.

However, Mukhopadhyay et al. [155] found that wild-type p53 downregulated
endogenous VEGF mRNA as well as VEGF promoter activity in a dose-dependent
manner, whereas mutant p53 had no effect. Overexpression of v-Src, which is
known to upregulate VEGF expression, activated expression of a VEGF promoter-
luciferase construct in a dose-dependent manner. Moreover, in the presence of wild-
type p53, v-Src was unable to activate transcription of the VEGF promoter. Col-
lectively, these data suggest that wild-type p53 plays a role in the suppression of
angiogenesis. Adenovirus-mediated wild-type p53 gene transfer also downregulates
VEGF expression in human colon cancer cells [185]. The introduction of wild-type
p53 into sarcoma cells containing mutant p53 has been shown to significantly reduce
VEGF expression. Also, stimulation of endothelial cell migration by conditioned
medium from cells expressing mutant p53 is significantly reduced after addition of
an anti-VEGF neutralizing antibody to the medium. Using luciferase as the reporter
of VEGF promoter activity, we found that wild-type p53 inhibited VEGF promoter
activity in SKLMS-1 cells. Deletion analysis defined an 87-bp region (−135 to −48)
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in the VEGF promoter that is necessary for inhibition of VEGF promoter activity
by wild-type p53. Furthermore, the transcription factor Sp1 may be involved in re-
pression of VEGF promoter activity by wild-type p53 in SKLMS-1 cells. These
data indicate that wild-type p53 can suppress angiogenesis in human soft-tissue
sarcomas via transcriptional repression of VEGF expression [81]. Possible mech-
anisms include suppression of Sp1 activity by interaction of p53 and promotion of
HIF-1� degradation [186–190]. For example, using a human cancer cell line and
its derivative from homozygous deletion of the p53 gene via homologous recom-
bination, Ravi et al. [187] found that p53 promotes Mdm2-mediated ubiquitina-
tion and proteasomal degradation of HIF-1�. Loss of p53 in tumor cells enhances
HIF-1� expression levels and augments HIF-1-dependent transcriptional activation
of the VEGF gene in response to hypoxia. Such forced expression of HIF-1� in
p53-expressing tumor cells increases hypoxia-induced VEGF expression.

These experimental findings appear to be supported by clinical studies in NSCLC
[191], human and noninvasive colorectal carcinoma [192–195], esophageal carci-
noma [196], angiosarcoma [197], human breast cancer [198], and gastric carcinoma
patients [199]. VEGF is an important angiogenic factor in NSCLC, as its expression
is dependent on wild-type p53 loss [200]. Some do not support direct regulation of
VEGF by p53 in NSCLC, however [201]. Also, the p53 gene status does not seem
to be associated with VEGF expression in oral squamous cell carcinoma [202]. No
clinicopathological factors have been significantly correlated with p53 or VEGF
expression, and no significant association between p53 and VEGF expression and
poor prognosis has been found. In conclusion, p53 and VEGF have not been cor-
related with prognosis in patients with stage II or III squamous cell carcinoma
of the esophagus [203]. In another study, combined analysis of p53 and VEGF
showed strong association between the two markers in all 24 liver metastases from
colon cancer studied: 9 cases were VEGF and p53 positive, while 15 were VEGF
and p53 negative. This relationship was not found in the 34 abdominal metastases
studied, which showed concordance between the two markers in nine VEGF- and
p53-positive cases only [204]. However, in Hep3B cells stably expressing an in-
ducible p53-estrogen receptor fusion protein and irradiated RKO cells expressing
endogenous wild-type p53, VEGF mRNA levels increased in response to hypoxia
in both the presence and absence of functional p53. Thus, there was no evidence of
a causal relationship between the loss of p53 activity and increased VEGF expres-
sion observed during tumor progression. Studies that attribute repressor functions
to p53 based on analysis of cells transiently overexpressing this protein should be
interpreted cautiously [205].

p73. p73, a newly discovered member of the p53 family, has been cloned and
mapped to chromosome 1p36, a region that is frequently deleted in a variety of
human cancers. p73 can activate p53-responsive promoters and induce apoptosis
when overexpressed in certain p53-deficient tumor cells. Transcriptional silencing
of the p73 gene by hypermethylation of a CpG island has been observed in sev-
eral leukemias and lymphomas, which also show increased expression of VEGF.
Additionally, ectopic expression of p73 can downregulate endogenous VEGF gene
expression at the mRNA and protein level. This inhibitory effect is mediated by
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transcriptional repression of the VEGF promoter and involves the promoter region
at −85 to −50 bp, which contains a cluster of Sp1 binding sites and two putative
Egr-1 binding sites. Mutations in Sp1 binding sites in this region are no longer
responsive to p73. In contrast, mutations in the putative Egr-1 binding sites do not
influence the p73 responsiveness of the VEGF promoter. This result suggests the
involvement of Sp1 binding sites in transcriptional regulation of the VEGF pro-
moter by p73 [83]. However, in a previous study, p73 overexpression correlated
with increased production of VEGF mRNA and protein in clonal sublines obtained
from a human ovarian carcinoma cell line. The upregulation of VEGF expression
was partially due to modulation of the promoter activity and dependent on the p53
status. p73-overexpressing cells are more angiogenic than parental cells, as shown
in vitro by their increased chemotactic activity among endothelial cells and in vivo
by the generation of more vascularized tumors. These findings indicate a potential
role for p73 in tumor angiogenesis [206].

PTEN. PTEN, also referred to as mutated in multiple advanced cancers, was
discovered as a tumor suppressor gene and later found to be a phospholipid phos-
phatase. PTEN negatively regulates Akt activation by preventing its phosphoryla-
tion. PTEN therefore inhibits the PI3K/Akt signaling pathway, which is important
for cell growth and survival. Overexpression and enhanced activation of PTEN may
impair injury healing through at least four mechanisms. Specifically, PTEN can (1)
inhibit entry into the cell cycle by inhibiting G1 to S phase progression and arrest
cell proliferation required for tissue reconstruction during injury healing, (2) in-
crease apoptosis by blocking Akt activation leading to increased Bad and caspase-9
activities, (3) inhibit hypoxia-induced angiogenesis required for injury healing by
blocking Akt-mediated VEGF gene transcription, and (4) inhibit Akt-mediated cell
migration, i.e., re-epithelialization, which is also required for injury healing. These
same mechanisms can also suppress cancer growth and metastasis. Therefore, elu-
cidating the role of the PTEN/PI3K/Akt pathway will likely advance our knowledge
of the mechanisms that control injury healing and cancer growth [207].

Two groups have demonstrated that PTEN regulates hypoxia- and insulin-like
growth factor-1 (IGF-1)-induced angiogenic gene expression in glioblastoma-
derived cell lines and pathways in human prostate cancer cells by regulating Akt
activation of HIF-1� activity. Restoration of wild-type PTEN to glioblastoma cell
lines lacking a functional PTEN ablates hypoxia and IGF-1 induction of HIF-
1 – regulated genes. In addition, Akt activation leads to HIF-1� stabilization,
whereas PTEN attenuates hypoxia-mediated HIF-1� stabilization. Therefore, loss
of PTEN deregulates Akt activity and facilitates HIF-1 – mediated VEGF expres-
sion [208, 209]. Moreover, an inactivating mutation in the PTEN gene specifically
increases the protein level of HIF-1� but not that of HIF-1� in human cancer cell
lines. Researchers showed that introduction of wild-type PTEN into the PTEN-
negative PC-3 cell line specifically inhibited the expression of HIF-1� but not
that of HIF-1�, which is directly correlated with alteration of VEGF reporter gene
activity [210].

Inactivation of the PTEN gene and overexpression of the VEGF gene are two
common events in some tumors, such as malignant glioma and prostate cancer
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[211]. Restoration of PTEN inhibits VEGF expression through downregulation of
HIF-1�, a very important transcription factor in the regulation of VEGF expres-
sion [208, 212, 213].

p16. The Ink4a/Arf 4 locus encodes the tumor suppressors p16Ink4a (p16) and
p19Arf (Arf) [214]. This locus is often methylated in a broad range of common hu-
man solid tumors, including carcinomas of the colon and breast, malignant glioma,
such methylation results in functional gene inactivation [215]. Many lines of ev-
idences have demonstrated that p16 is also involved in the regulation of VEGF
expression. For example, loss of p16 associates with the acquisition of angiogenic
phenotype in high-grade gliomas, whereas restoration of wild-type p16 into p16 -
deleted glioma cells markedly down-regulates VEGF expression [216]. Moreover,
demethylation of p16Ink4a gene results in VEGF downregulation [217]. However,
the direct evidence was obtained in Ink4a/Arf locus knock out mice with multiple
intestinal neoplasia background [218].

Other tumor suppressors. The p63 gene, which was recently identified as a rel-
ative of p53, encodes multiple isoforms with structural and functional similarities
to and differences from p53. A previous study showed evidence that the two ma-
jor isoforms of the p63 gene, TAp63� (p51A) and dNp63� (p73L), repress and
upregulate VEGF expression, respectively, at the transcription and protein level.
Transient transfection assays have shown that a HIF-1 binding site within the VEGF
promoter region is responsible for both upregulation and repression of VEGF pro-
moter activity by dNp63� and TAp63�, respectively. TAp63� targets HIF-1� for
promoting proteasomal degradation but that dNp63� targets HIF-1� for protea-
somal stabilization. Additionally, mammalian two-hybrid assays have shown that
HIF-1�-dependent transcription is repressed by TAp63� as well as p53, whereas it
is upregulated by dNp63� in collaboration with the transcription coactivator p300.
It has reported that dNp63� acts as a dominant-negative reagent toward both p53-
and TAp63�-mediated degradation of HIF-1� and repression of HIF-1�-dependent
transcription. These results suggest that p63 is involved in regulation of VEGF
gene expression and that modulation of VEGF expression by TAp63� and dNp63�
is closely correlated with their distinct roles in the regulation of HIF-1� stabil-
ity [219].

BRCA1. Mutational inactivation of BRCA1 confers increased risk for breast
cancer. A recent study showed that BRCA1 and estrogen receptor alpha (ER-�)
modulated VEGF gene transcription and secretion in breast cancer cells through
interaction with each other [220]. Specifically, ER-� activates VEGF promoter re-
porter constructs, while BRCA1 inhibits VEGF transactivation. The BRCA1 do-
main of 1-683 amino acid residues was required for its inhibitory activity. Three
mutated forms of BRCA1 (A1708E, M1775R and Y1853X), which have been iden-
tified in familial breast cancers, failed to interact with ER-� and to suppress VEGF
transactivation. In contrast, overexpression of wild-type BRCA1 in breast cancer
cells without functional BRCA1 significantly reduced VEGF expression.

Smad4/DPC4. Smad4/DPC4 is a tumor suppressor gene frequently inactivated in
gastrointestinal carcinomas. Restoration of Smad4 into Smad4-null human pancre-
atic carcinoma cells significantly inhibited VEGF expression [109].
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6.5 Signaling Pathways for Inducible VEGF Expression

While the genetic makeup of tumor cells is clearly involved in constitutive VEGF
expression by affecting the production and function of transcriptional regulators
[128], VEGF expression also can be drastically enhanced by numerous tumor mi-
croenvironmental factors, such as hypoxia, acidosis, oxidative stress, and disregu-
lated production of various growth factors and cytokines. Like genetic alterations,
a wide variety of tumor microenvironmental stimuli can activate the MAPK and
PI3K/Akt pathways [221]. These stimuli include free radicals, hypoxia, acidosis,
and a number of growth factors, such as IGF-1, hepatocyte growth factor, fibrob-
last growth factor (FGF), EGF, VEGF, and PDGF [76, 222–225]. Activation of the
MAPK or PI3K/Akt pathway leads to induction of Sp1 transcriptional activity and,
at least in part, VEGF upregulation [86, 111, 226].

6.5.1 Hypoxia

Hypoxia, or low oxygen tension, occurs when the growth of neoplastic cells out-
paces the rate of new functional blood vessel formation (i.e., inadequate tumor an-
giogenesis) due to the limitations of oxygen diffusion. As a result, tumor cells lying
far from the nearest functional blood vessel experience chronic hypoxia. Because the
diffusion distances of glucose and many other critical nutrients are similar to those
of oxygen, these cells also experience nutritional deficiencies [227]. Conversely, de-
spite the active angiogenesis often observed in some tumor edges, the overall tumor
vasculature is poorly organized and only marginally functional [227–229]. In a nor-
mal vascular bed, there is regular, sequential flow of blood through arteries, arteri-
oles, capillaries, postcapillary venules, and veins. However, tumor vascular beds are
highly heterogeneous and often disorganized, with arteriolar-venular shunting and
other abnormal vessel interconnections. Also, tumor blood vessels are often tortuous
in path and irregular in shape and diameter. Moreover, the structure of the vessel
walls is often atypical, lacking the smooth muscle elements that are important to
regulation of the luminal volume with changes in blood pressure. In addition, inva-
sion and compression by growing tumor cells may result in temporary or permanent
collapse of blood vessels and occlusion of individual blood vessels [227–229]. Be-
cause of these structural abnormalities in the vasculature, perfusion of tumor tissue
is exceedingly chaotic [227–229]. Frequent, transient cessations in microregional
blood flow occur both by region and with time, leading to acute hypoxia in tumor
cells, even those adjacent to capillaries.

Hypoxia is the most prominent factor for VEGF induction in vitro and in vivo.
VEGF was originally identified as the hypoxia-inducible angiogenic factor, because
in vitro its mRNA was dramatically induced by exposing cell cultures to hypoxia,
and in vivo its expression was higher in tumor cells adjacent to necrotic areas,
where they were believed to be under hypoxic conditions [230]. Expression of
VEGF mRNA can be induced rapidly and reversibly by hypoxia in many cell types,
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including normal, transformed, and tumorigenic cells [231, 232]. The mechanisms
leading to hypoxic induction of VEGF include transcription-level activation and
posttranscription-level stabilization.

Transcription. Hypoxia activates multiple transcription factors. The role of the
HIF-1 pathway is best characterized in VEGF induction by hypoxia. Via
deletion and mutation analysis, a 28-bp sequence was identified in the promoter
region of both rat and human VEGF genes that mediated hypoxia-induced tran-
scription [233, 234]. This sequence showed a high degree of homology with and
protein binding characteristics similar to those of the HIF-1 binding site [235]. In
the absence of oxygen, HIF-1 binds to HREs, thereby activating VEGF expression.
In the presence of oxygen, HIF-1� is bound to the VHL protein. This interaction
causes HIF-1� to become ubiquitylated and targeted to the proteasome, where it
is degraded [236–238]. Mutations in VHL prevent this ubiquitylation, resulting in
an accumulation of HIF-1� and continuous activation of hypoxia-responsive genes
[239, 240]. Co-transfection of a HIF-1 expression vector with a reporter containing
the VEGF sequences that mediate hypoxia inducibility was shown to significantly
upregulate the reporter activity under both hypoxic and normoxic conditions [241].
Also, HIF-1� has been shown to be overexpressed in colon, breast, gastric, lung,
skin, ovarian, pancreatic, prostate, and renal carcinoma [242]. Histological analyses
have shown that an increased level of intracellular HIF-1� activity is associated with
poor prognosis and resistance to therapy in patients with head and neck, ovarian, or
esophageal cancer [243].

Posttranscriptional activation. Expression of VEGF mRNA can also be stabi-
lized by hypoxia. Ikeda et al. [244] first described that the VEGF mRNA half-life
was increased significantly in C6 rat glioma cells in response to hypoxia treatment.
A sequence that mediates this stabilizing effect was mapped to the 3’-UTR of the
VEGF gene, and a hypoxia-inducible protein complex was shown to bind to this
region in response to hypoxia [113,245]. This process can be blocked by the tyrosine
kinase inhibitor genistein, which suggests that the protein that binds to the 3’-UTR
may require activation through a tyrosine kinase pathway. On the other hand, an-
other report showed that the 5’-UTR of the VEGF gene also contained destabilizing
elements that must co-operate for normoxic instability and hypoxic stability of the
mRNA [116].

Translational activation. VEGF expression also appears to be regulated at the
translational level under hypoxic conditions. The 5’-UTR of VEGF mRNA, be-
ing very G/C rich, forms a complicated structure that is incompatible with efficient
translation via ribosomal scanning and the physiological requirement for maximal
VEGF production under hypoxic conditions. This region contains a functional in-
ternal ribosome entry site that allows translation in an efficient, cap-independent
manner where overall translation is reduced and competition for initiation factors
is high [120, 246, 247], thereby securing efficient production of VEGF, even under
unfavorable stress conditions.

Signal integration. Optimal transcriptional activation of VEGF may require the
cooperation of different transcription factors and/or signaling pathways. For exam-
ple, Damert et al. [110] reported that the binding site of HIF-1 is crucial for hypoxic
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induction of VEGF gene expression. However, an enhancer subfragment containing
this binding site was not sufficient to confer full responsiveness to hypoxia. Addi-
tion of upstream sequences restored the full sensitivity to hypoxic induction. This
potentiating effect is due to AP-1 binding. The “potentiating” sequences (AP-1 tran-
scription factor binding sites) are unable to confer hypoxia responsiveness on their
own, but they do potentiate hypoxia induction of the human VEGF gene via HIF-1.
AP-1 is a transcription factor belonging to the leucine zipper family. This factor
is a dimer composed of jun/jun (c-jun, junB, and junD) or jun/fos subunits (s-fos,
fosB, fra-1, and fra-2). It has been demonstrated that environmental stresses such as
acidosis, ultraviolet irradiation, and cytokines can induce the synthesis of jun and fos
proteins, leading to increased AP-1 binding activity. Furthermore, phosphorylation
of jun by JNK and/or fos by the FRK MAPK is required for AP-1 transcriptional
activity. Thus, many tumor microenvironmental factors may affect VEGF expres-
sion through the signaling pathways that can lead to activation of AP-1 [104, 105].
A similar example was reported by Brenneisen [112] showing that full induction of
VEGF expression stimulated by ultraviolet B radiation requires the cooperation of
Sp1 with AP-1. While transforming growth factor-� (TGF-�) and hypoxia pathways
can synergize in the regulation of VEGF expression at the transcriptional level,
this cooperation has been mapped on the human VEGF promoter within a region
at −1006 to −954 bp that contains functional DNA binding sequences for HIF-1
and Smads, which was confirmed by demonstration of physical interaction between
Samd and HIF-1� [71].

6.5.2 Acidosis

With the development of hypoxic regions within a solid tumor, the anaerobic
metabolism of tumor cells and production of acidic metabolites increases.
Furthermore, reduced blood flow hinders the removal of these metabolites. Con-
sequently, hydrogen ions accumulate and cause a decrease in extracellular pH
levels [248, 249]. Numerous bodies of experimental evidence have supported this
conclusion [227, 248, 249]. The remarkable temporal and regional variation in ex-
tracellular pH levels may reflect temporal and regional heterogeneity of blood
perfusion and tumor cell metabolism [228, 248, 249]. Acidic tumor pH has been
implicated in the regulation of many aspects of tumor biology. For example, tumor
acidosis regulates VEGF expression and tumor angiogenesis. Fukumura et al. [250]
developed a novel in vivo microscopy technique to simultaneously measure VEGF
promoter activity, pO2, and pH and found that, under hypoxic or neutral pH con-
ditions, VEGF promoter activity in human brain tumors increased, while pO2 de-
creased, both independent of pH. Under low pH and oxygenated conditions, VEGF
promoter activity increased, while the pH level decreased, both independent of pO2.
In agreement with the in vivo findings, both hypoxia and acidic pH induced VEGF
expression in these cells in vitro and showed no additive effect with combined hy-
poxia and low pH. These results suggest that VEGF upregulation in brain tumors
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is regulated by both tissue pO2 and pH via distinct pathways. The same group fur-
ther investigated the mechanism of how low pH induces VEGF expression. They
performed in vitro experiments by replacing the neutral culture medium (pH 7.3)
with acidic pH medium (pH 6.6). They found that acidic pH upregulated VEGF
mRNA and protein production in human glioblastoma cells. Functional analysis of
the VEGF promoter revealed that the sequence from −961 to −683 bp upstream
of the transcription start site was responsible for the transcriptional activation of
the VEGF gene by acidic pH. This region contains the binding site for AP-1. They
also revealed that acidic pH activates Ras and the ERK1/2 MAPK pathway and that
increased AP-1 transcriptional activity is responsible for the upregulation of VEGF
expression by low pH [251]. However, Brooks et al. [252] found that pH (range,
7.0–8.0) did not significantly affect VEGF production under normoxic conditions,
whereas decreased pH inhibited VEGF expression in rat C6 glioma cells, retinal
Müller cells [252], and osteoblasts [253]. D’Arcangelo et al. [254] recently indi-
cated that although acidosis induced VEGF as well as basic FGF (bFGF) expression
in bovine endothelial cells, increased secretion of VEGF and bFGF failed to induce
endothelial cell migration or morphogenesis.

We have determined the role of low tumor pH in the expression and regula-
tion of VEGF in various types of human tumor cells using various techniques.
Specifically, the expression of VEGF mRNA increased when tumor cells were
treated for 6 h in culture medium at pH 7.1, 6.9, or 6.7 as compared with that
at pH 7.3. Longer incubation times led to further elevation of VEGF mRNA ex-
pression at pH 7.1 and 6.9 but significantly decreased expression at pH 6.7 and
lower. Consistent with the elevation of VEGF mRNA expression, the acidic cul-
ture medium led to increased VEGF secretion. Therefore, transient exposure to
acidosis at a pH near the neutral level upregulates VEGF expression; however, ex-
tensive exposure to mild or intensive acidosis inhibited VEGF expression. These
findings may explain why different pH levels lead to diverse expression of VEGF
[252, 254–256].

Apparently, pH regulated VEGF expression at both the transcriptional and post-
transcriptional level in the studies described above. At a near-neutral pH level,
VEGF expression was elevated due to both activation of transcription and in-
creased transcript stability, whereas at a mildly acidic pH level, increased VEGF
expression was mostly due to increased VEGF transcript stability and, to a much
lesser extent, increased gene transcription. Interestingly, a low pH level that did
not activate but rather inhibited transcription did enhance transcript stability. The
increased VEGF mRNA stability was consistent with reports showing that there
are stability-sensitive elements in the 3’-UTR of the VEGF transcript [257–259].
However, it remains to be determined whether acidosis acts upon these elements
through the same factors. On the other hand, we identified two NF-�B binding
sites on the VEGF 3’-UTR [260]. Transient exposure to pH 7.1 and 6.9 increased
NF-�B binding to the NF-�B site of the VEGF gene, whereas prolonged expo-
sure did the opposite. This finding is consistent with several reports showing that
dominant-negative I�B� downregulates VEGF expression [261, 262]. Because aci-
dosis also activates AP-1 binding to AP-1 sites of the VEGF gene, it is highly
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possible that the activation and cooperation of the NF-�B and AP-1 binding sites
may contribute to the activation of VEGF transcription by a low extracellular pH
level.

6.5.3 Reactive Nitrogen and Oxygen Species

Free radicals are an integral part of metabolism, and continuous production of them
is ubiquitous in all respiring organisms. Normally, free radicals are neutralized by
enzymatic activity or natural antioxidants. Thus, generation of free radicals does not
pose danger so long as the rates of free radical production and eradication remain
in balance [263]. Since the first description of free radicals in the 1950s, substantial
achievements in free radical research have been made that are the bases of the cur-
rent explosion of interest in the new fields of cancer etiology and chemoprevention.
Stress from many sources leads to increased production of free radicals and asso-
ciated reactive oxygen and nitrogen species. In addition, many disease states may
be aggravated by the presence of free radicals. It is known that free radical produc-
tion is enhanced in tumors, which may be directly related to tumor oxygen supply
and metabolism [263, 264]. As signaling molecules, many free radicals regulate the
expression of genes important to tumor angiogenesis, including VEGF.

Reactive nitrogen species. NO was discovered to be a potent vasodilator in 1979,
and later identified as an endothelium-derived relaxing factor. NO is synthesized
from L-arginine by three isoenzymes called NO synthases (NOSs), including neu-
ronal NOS (NOS I), inducible NOS (NOS II), and endothelial NOS (NOS III).
Generally, NOS I and III are constitutively expressed and calcium dependent, while
NOS II is inducible and calcium independent. It has been recognized that NO plays
significant roles in tumor growth and metastasis [265]. One of its major functions is
regulation of tumor angiogenesis. Because increased NOS II and VEGF expression
levels have frequently been detected in human breast, brain, head and neck, colon,
and gastric cancers and hepatocellular carcinoma, it appears that there is a direct
relationship between NO production and VEGF expression [266–268]. However,
this relationship is more complicated than just upregulation of each other [269] or
reciprocal regulation among one another [270]. Concomitant NOS II and VEGF
overexpression may be simply due to a hypoxic and/or acidic tumor microenviron-
ment [266,267]. In a hypoxic tumor environment, HIF-1 and thus NOS II and VEGF
are highly expressed, while the negative feedback of NO production on VEGF ex-
pression may be overwhelmed by the strong induction of HIF-1 activity.

Some evidence indicates that NO upregulates VEGF. For example, in an in
vivo animal model, administration of an NOS inhibitor, N(omega)-nitro-L-argine
methyl ester (L-NAME), significantly suppressed tumor growth as well as markedly
decreased VEGF levels and reduced neovascularization in tumor tissues [271]. Up-
regulation of VEGF by NO was also observed in keratinocytes during wound repair
using the NOS inhibitors NG-monomethyl-L-arginine and L-N(6)-(1-iminoethyl)ly-
sine [272, 273], in rat mesangial cells using S-nitroso-glutathione (GSNO) as a
NO donor [274], and in rat smooth muscle cells using L-NAME and the GTP
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cyclohydrolase I inhibitor diaminohydroxypyrimidine [275]. More convincing evi-
dence supporting the upregulation of VEGF expression by NO comes from studies
of gene knockout mice. VEGF expression induced by cytokines was significantly
attenuated in macrophages from NOS II−/− mice [276], tumors growing in NOS
II−/− mice displayed lower VEGF expression [277].

Treatment of human glioblastoma and hepatocellular carcinoma cells with the
NO donor S-nitroso-N-acetyl-D, L-penicillamine increases VEGF mRNA expres-
sion and prolongs the mRNA half-life, suggesting that NO regulates VEGF expres-
sion at both the transcriptional and posttranscriptional level [278]. There are several
findings that support this notion. For example, NO donors induce HIF-1� protein
accumulation and may enhance VEGF expression through HRE in the promoter of
the VEGF gene [279,280] in a manner similar to that of hypoxia [72,281]. Because
NO activates the p42/p44 MAPK signaling pathway [282], NO may also upregulate
VEGF expression through increasing Sp1 transcriptional activity [283]. Moreover,
NO-mediated VEGF upregulation is potentiated by the AP-1 element, which is lo-
cated next to the HRE in the VEGF promoter [72], although another report has
shown that NO can inhibit binding of AP-1 to the VEGF promoter [284].

Other evidence indicates that NO downregulates VEGF expression. The expres-
sion of VEGF and VEGF receptor transcripts is clearly decreased by the NO donor
sodium nitroprusside (SNP) and increased by L-NAME in isolated perfused rat lung
[285]. Another group found similar downregulation of VEGF expression by NO in
bovine pulmonary artery endothelial cells and rat aorta smooth muscle cells [286].
Using GSNO and cGMP analogues and NO downstream signal molecules, the au-
thors showed that NO repressed the hypoxic induction of VEGF expression at the
transcriptional level by decreasing HIF-1 DNA binding activity without decreasing
the HIF-1 protein levels [286]. Also, Yin et al. [287] demonstrated that NOS II ex-
pression inhibits HIF-1 activity under hypoxic conditions in C6 glioma cells trans-
fected with an NOS II gene and a VEGF-promoter-driven luciferase gene. HIF-1
induction of VEGF-luciferase activity in C6 cells is also inhibited by SNP. Further-
more, pretreatment of C6 cells with N-acetyl-l-cysteine, an antioxidant, nullified
the inhibitory effect of NOS II on HIF-1 binding. NO inhibition of hypoxia-induced
VEGF expression was also observed in immortalized human retina epithelial cells,
H-Ras-transfected murine capillary endothelial cells, and NF-�B knockout 3T3 fi-
broblasts using SNP as an NO donor [288]. TPA- and Ras-transfection-induced
VEGF expression were also inhibited by NO, suggesting that NO serves as an en-
dogenous inhibitor of both hypoxia- and non-hypoxia-enhanced VEGF expression
in vivo.

The apparent discrepancy may have many causes, including the use of different
NOS inducers/inhibitors and NO donors, use of different cell lines, and intensity
of NO exposure [289]. For example, NO donors such as S-nitroso-N-acetyl-D, L-
penicillamine, GSNO, and SNP have very different chemistries and a variety of
biological effects besides donation of NO. Other causes, such as the use of different
cell systems, may also account for this discrepancy. Indeed, most of the inhibitory
effects of NO on VEGF expression have been observed in endothelial and smooth
muscle cells, while the upregulation effect has been observed mostly in tumor cells.
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One may speculate that normal cells have an intact regulatory pathway for NO
and VEGF, which inhibits regulation, while malignant and transformed cells some-
how reverse or disconnect the regulation pathway for the benefit of their growth.
It has been observed that NOS II-transfected p53 mutant colon cancer cell lines
have higher expression of VEGF and higher tumorigenic potential than do cells
with wild-type p53 [290]. Another explanation for the discrepant results is the level
of NO production. A high NO concentration may downregulate VEGF expression,
whereas a low NO concentration may upregulate it. However, in an isolated aorta
model, a low NO concentration was sufficient to inhibit VEGF expression [291].
Further studies are clearly needed to elucidate the definitive role of NO in the regu-
lation of VEGF as well as angiogenesis and tumor growth.

Reactive oxygen species (ROS). ROS, which result in an oxidative challenge to
cells, can be exogenous or endogenous. The major sources of cell ROS, such as
superoxide O2, hydroxyl radical OH, and H2O2, are continuously generated as prod-
ucts of cellular mitochondrial metabolism [292]. ROS can also be generated upon
receptor activation either by nicotinamide adenine dinucleotide phosphate oxidase-
like membrane complexes [293] or through the oxidative metabolism of free arachi-
donic acid released by ligand-dependent phospholipases [294], which have a major
role in transducing intracellular signals by activated growth factor receptors. Cel-
lular receptors for EGF, PDGF, insulin, and immunological stimuli are in fact all
linked to ROS-generating systems, the blockage of which, as well as the removal
of oxygen radicals by chemical and enzyme antioxidants, severely compromises
cell response to mitogenic stimulation [295–297]. Therefore, ROS may serve as
an intracellular messenger following receptor activation by a variety of bioactive
peptides, including growth factors, cytokines, and hormones [298, 299].

An increased level of ROS has been reported to participate in malignant trans-
formation as well as metastasis [292, 300, 301]. Two of the main mechanisms
of ROS involved in tumor development and progression are induction of VEGF
expression and promotion of angiogenesis [300, 302–304]. It appears that cel-
lular response to ROS is mediated mainly by activation of the Ras/raf/p42/p44
MAPK, Rac/MEKK1/JNKs, and Rac/PAC/p38 MAPK signaling pathways, result-
ing in activation of many downstream targets, such as Sp1, AP-1, NF-�B, and Stat3
[86,305–308], which are important for regulation of VEGF expression. In addition,
ROS activates the PI3K/Akt pathway, which leads to HIF-1 induction and VEGF up-
regulation [309–311]. Interestingly, a recent study demonstrated that ROS also func-
tions as a downstream mediator of angiogenic signaling by VEGF/VEGGR2 [312].

6.5.4 Growth Factors and Cytokines

VEGF expression can be regulated by a number of growth factors and cytokines.
For example, EGF stimulates VEGF release by glioblastoma cells. Also, EGF, TGF-
� [69], and keratinocyte growth factor significantly induce VEGF mRNA expression
in keratinocytes [313]. It has been proposed that VEGF may be a paracrine mediator
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for indirectly acting angiogenic agents, such as TGF-� [314]. Other growth factors,
such as bFGF [315], FGF4 [316], PDGF [317], and hepatocyte growth factor [318],
can also induce VEGF expression. Furthermore, cytokines can induce VEGF ex-
pression in different cell types. It has been shown that interleukin-1� induces VEGF
expression in rat aortic smooth muscle cells [319] and that interleukin-1� induces
VEGF expression in cultured synovial fibroblasts [320]. Furthermore, interleukin-6
induces VEGF expression in a variety of cells [321], and TNF-� [77] induces VEGF
expression in glioma cells. IGF-1, a mitogen implicated in the growth of several
malignancies, has also been shown to induce VEGF mRNA and protein expression
in colorectal carcinoma cells [322]. The mechanism of this induction involves both
gene transcription activation and mRNA stabilization.

However, interferons (IFNs) play different roles in the regulation of VEGF
expression. IFN-�, which is one of the major inflammatory cytokines besides
interleukin-1 and TNF, induces VEGF expression in Kaposi sarcoma [323], hep-
atocelluar carcinoma [324], and melanoma cells [325] and keratinocytes [273].
Macrophages activated by IFN-� and lipopolysaccharide have also shown elevated
expression of VEGF [326]. On the other hand, IFN-� decreases VEGF expression
in gastric carcinoma [327] and melanoma cells [325], and IFN-� suppresses VEGF
production in human peripheral blood mononuclear cells [328] and human neu-
roendocrine tumors [329]. Clinical trials using IFN-� in patients with renal cell
carcinoma have demonstrated that it inhibits the serum level of VEGF. Therefore,
IFN-� may confer its antitumor activity, at least in part, through its antiangiogenic
activity, which results from Sp1- and/or Sp3-mediated inhibition of VEGF gene
transcription [329, 330].

6.5.5 Others

Many other stimuli can regulate VEGF expression. These include ultraviolet B ra-
diation [107, 112], ionizing radiation [331], serum starvation [332], prostaglandins
[333–335], okadaic acid [336], glucose deficiency [257, 337, 338], and iron chela-
tors [339]. Many of these stimuli can be deemed cellular stress signals. Arguably,
VEGF expression induced by these stress signals may not function as an angio-
genic factor but rather a surviving factor for endothelial cells and preexisting ves-
sels [340–343].

In summary, both genetic and epigenetic factors may use one or more pathways
to affect VEGF expression at different levels, such as transcriptional activation,
mRNA stabilization, and translational regulation. Different tumor microenviron-
mental stimuli may activate different signaling pathways, thus inducing different
regulatory factors to modulate VEGF expression. Several transcription factors have
been demonstrated to be critical to the transcriptional regulation of VEGF expres-
sion. The transcriptional activities of these transcription factors are mainly subject
to the Ras-raf-extracellular signal-regulated kinase-p42/p44 MAPK and PI3K/Akt
signaling pathways. Some genetic and epigenetic factors may activate both of
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these as well as other signal transduction pathways, while the full induction of
VEGF expression may require the activation and cooperation of several transcription
factors.

6.6 Concluding Remarks

Angiogenic switch-on is crucial for sustained growth and metastasis of most tu-
mors. There is now little doubt that VEGF is a crucial factor in the regulation
of tumor angiogenesis and is a very important target for antitumor therapy. How-
ever, VEGF-mediated angiogenesis involves a plethora of modifiers in the tumor
microenvironment and intricate mechanisms of expression. The extent and pattern
of tumor angiogenesis are profoundly influenced by the accumulation of genetic
abnormalities in tumor cells and microenvironmental factors, crosstalk among the
various molecular and cellular components of the tumor environment, and estab-
lishment of VEGF gradients between tumor cells and the surrounding donor vas-
culature. Their relative contribution is likely to change with the tumor type, site,
and progression path. Presumably, VEGF-mediated tumor angiogenic switch-on is
regulated by the synergistic cooperation of two signals: the genetic makeup of tu-
mor cells that signals constitutive VEGF expression (constitutive angiogenic signal)
and of tumor microenvironmental stimuli that signal inducible VEGF expression
(inducible angiogenic signal). The constitutive VEGF signal, which stems from var-
ious genetic alterations such as loss of function of tumor suppressor genes and/or
gain of function of oncogenes, is a prerequisite and acts as an initiation signal to
create a preangiogenic condition for tumor angiogenesis. With an increase in tumor
mass and tumor-host interaction comes inducible VEGF expression from both tu-
mor and tumor stromal cells by various stimuli, especially hypoxia, acidosis, and
free radicals. This inducible signal cooperates with the constitutive signal, leading
to a high level of VEGF production and then tumor angiogenic switch-on. It is
likely that the constitutive VEGF signal creates the preangiogenic conditions (ini-
tiation status) that is essential for tumor angiogenesis, but that tumor angiogenic
switch-on (robust status) is dependent on the synergistic cooperation between the
constitutive and inducible VEGF signal. This hypothesis incorporates quantitative
data on the magnitude and temporal sequence of VEGF expression and establishes
a framework for VEGF-mediated tumor angiogenic switch-on. However, numer-
ous critical questions remain unanswered. For example, what is the qualitative and
quantitative difference in VEGF-mediated tumor angiogenesis in experimental ver-
sus clinical tumors? Also, how does VEGF cooperate with other growth factors
and cytokines to form an angiogenic cocktail in different angiogenic situations?
Furthermore, how does the interplay between genetic and microenvironmental fac-
tors influence VEGF-mediated tumor angiogenesis? A better understanding of the
signaling pathways and their interaction and/or integration will facilitate the devel-
opment of more effective therapeutic strategies by targeting VEGF-mediated tumor
angiogenesis.
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Chapter 7
Incipient Events in Human Carcinogenesis:
A Concept of Forerunner Genes

Bogdan Czerniak

Abstract Many common epithelial human cancers start as in situ expansions of
cells, which exhibit almost normal phenotype. Such expansions form large plaques
involving the affected mucosal membrane and are antecedent to the development
of dysplasia or carcinoma in situ. Here we describe a whole-organ genomic map-
ping strategy to identify specific chromosomal regions involved in the development
of early intraurothelial lesions in human bladder carcinogenesis. High resolution
mapping of one such regions containing the model tumor suppressor RB1 provided
evidence supporting the existence of a new class of genes termed forerunner (FR)
genes. These genes map near tumor suppressors and provide a critical driving force
for the early clonal expansion of neoplastic cells. The FR genes are related to
tumor suppressors as they contribute to tumor development by their loss of func-
tion but their inactivation occurs prior to that of tumor suppressors such as RB1 in
tumorigenesis.

Keywords Bladder cancer · Carcinogenesis · Whole-organ genetic mapping ·
Forerunner genes · Hyperplasia · In situ neoplasia · Loss of heterozygosity (LOH) ·
Polymorphism · Genetic instability · Homologous recombination

Introduction

During the last three decades, the central stage of cancer research has been taken by
the studies focused on the effects of transforming and suppressor genes that grad-
ually change normal cells into cancer cells [1]. The prototypic multi-step model of
cancer development was originally constructed for an adenoma colonic carcinoma
sequence [2] and similar models were subsequently proposed for virtually all com-
mon human malignancies [3–10].
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Recent mapping studies indicate that many common epithelial cancers including
those arising in the bladder begin as in situ expansion of cells which show no or
minimal deviation from the normal phenotype [11–14]. Such lesions often form
plaques involving large areas of the affected mucosa and their expansion precedes
the development of successor clones with microscopically recognizable dysplasia or
carcinoma in situ. Identification of chromosomal regions, which provide the initial
growth advantage, is a requisite for more specific studies of their candidate genes
that may drive the initial clonal expansion of in situ neoplasia. Our recently pub-
lished data provide strong evidence that new type of genes referred to as forerunner
(FR) genes mapping in general near known tumor suppressors such as RB1 may
drive such early clonal expansion of neoplasia [15, 16]. These studies also indicate
that sequential silencing of FR and contiguous tumor suppressor genes is critical for
tumor development.

Here we review our strategy referred to as whole-organ histologic and genetic
mapping (WOHGM) that was used to identify clonal genetic hits associated with
growth advantage tracking the development of bladder cancer from in situ lesions.
We discuss the principles of WOHGM and describe the construction of a genome-
wide map of bladder cancer as well as the identification of the six chromosomal
regions critical for its development. We then describe the high resolution mapping
of one of the critical regions that contains the model tumor suppressor, RB1 which
defined a minimal deleted segment flanking RB1 involved in clonal expansion of
in situ neoplasia. Finally we review the genomic content of the region and discuss
the role of its noncoding sequences as well as positional candidate FR genes in-
volved in the incipient phases of human bladder carcinogenesis.

Bladder Cancer as a Model of Early Carcinogenesis

Bladder cancer is the 5th most common cancer in the Western world and is respon-
sible for approximately 3% of all cancer-related deaths. Approximately 60,000 new
patients are diagnosed with bladder cancer annually in the United States, and ap-
proximately 13,000 of them die each year of the disease [17]. The common epithe-
lial tumors of the bladder are referred to as transitional or urothelial cell carcinomas
(TCCs) and arise via two distinct but somewhat overlapping pathways: papillary and
nonpapillary (Fig. 7.1) [18,19]. Approximately 80% of urothelial tumors of the blad-
der are superficially growing exophytic papillary lesions that may recur but usually
do not invade and metastasize. They originate from hyperplastic urothelial changes.
The remaining 20% of urothelial tumors are highly aggressive, solid, nonpapillary
carcinomas with a strong propensity to invade and metastasize. The vast majority of
invasive bladder cancers occur in patients without a prior history of papillary tumors
and originate from clinically occult mild dysplasia (low-grade intraurothelial neo-
plasia) progressing to carcinoma in situ (high-grade intraurothelial neoplasia) and
invasive cancer. The intraurothelial preneoplastic conditions progressing to invasive
bladder cancer typically develop within the bladder epithelium as a primary lesion in
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Fig. 7.1 Dual-track concept of bladder cancer development. The clonal expansion of a pre-
neoplastic lesion is an early event in the progression to overt bladder cancer. Most tumors (80%)
develop along the papillary pathway, with the preneoplastic lesion becoming low-grade papillary
urothelial cell carcinoma. Cancers developing along the nonpapillary pathway are less common
(20%) but are often high-grade and invasive early in the course of the disease and often show
loss of important tumor suppressor genes (RB1, p53). (a) Normal urothelium (hematoxylin-eosin,
original magnification 3100). (b) Urothelial hyperplasia (hematoxylin-eosin, original magnifica-
tion 3100). (c and d) Superficial, low-grade papillary urothelial carcinoma (hematoxylin-eosin,
original magnifications 34 [c] and 3100 [d]). (e) Severe dysplasia/carcinoma in situ (hematoxylin-
eosin, original magnification 3100). (f) Invasive, high-grade nonpapillary urothelial carcinoma
(hematoxylin-eosin, original magnification 3100). (g) Severe dysplasia developing in bladder mu-
cosa adjacent to a low-grade papillary tumor (hematoxylin-eosin, original magnification 3100).
TCC indicates transitional cell carcinoma; CIS, carcinoma in situ. (Reprinted with permission
from P. Spiess et al. Arch Pathol Lab Med 130:844–852, 2006.)

a patient without any history of superficial papillary lesions. However, some patients
who first present with low-grade, superficial papillary lesions may eventually de-
velop intraurothelial neoplasia that progresses first to carcinoma in situ and then to
invasive cancer.
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The original dual-track concept of urinary bladder carcinogenesis, postulated ap-
proximately three decades ago, was developed on the basis of clinicopathologic
observations and whole-organ microscopic mapping studies of cystectomy speci-
mens [20–22]. These early studies postulated that urothelial neoplasia progressed
from precursor lesions such as hyperplasia with low to moderate dysplasia (low-
grade intraurothelial neoplasia, LGIN) to severe dysplasia and carcinoma in situ
(high-grade intraurothelial neoplasia, HGIN) and finally to invasive cancer. Further-
more, virtually every clinically evident bladder tumor was found to be associated
with wide microscopically recognizable changes in the urinary bladder mucosa
representing either LGIN or HGIN. It is now generally accepted that invasive blad-
der cancer develops by the LGIN-HGIN sequence via complex stepwise molecular
events.

�
Fig. 7.2 (continued) Assembly of whole-organ histologic and genetic maps. (a) A gross pho-
tograph of an open cystectomy specimen showing an invasive carcinoma (upper panel). White
arrows indicate the tumor. The mucosa was divided into 1×2 cm rectangular samples and eval-
uated microscopically on frozen sections stained with hemotoxylin and eosin. The results of the
microscopic evaluation were recorded as a histologic map (bottom panel). The histologic map
code is as follows: NU, normal urothelium; MD, mild dysplasia; MdD, moderate dysplasia; SD,
severe dysplasia; CIS, carcinoma in situ; and TCC, transitional cell carcinoma. The areas of bladder
mucosa that were involved by clonal allelic losses of markers D3S1541 and D12S397 are delin-
eated by continuous and interrupted red lines, respectively. The positions of these markers on the
sex-averaged recombination-based map of chromosome 3 and 12 as well as their band positions are
shown on the left. The marker D12S397 shows a plaque-like clonal LOH that involved almost the
entire bladder mucosa. In contrast, the marker D3S1541 involved a smaller area restricted to HGIN
and invasive TCC only. (b) Representative microscopic samples of NU, precursor in situ conditions
(LGIN, HGIN), and TCC are shown. For the purpose of statistical analysis intraurothelial precursor
conditions were classified into two groups: low-grade intraurothelial neoplasia (mild to moderate
dysplasia, LGIN) and high-grade intraurothelial neoplasia (severe dysplasia and carcinoma in situ,
HGIN). Note the increasing nuclear atypia and architectural disorder when intraurothelial precursor
conditions advanced from LGIN to HGIN and invasive stromal growth in TCC. Solid black bars
within the photomicrographs indicate 50 �m. (c) Examples of allelic patterns for the two markers
(D12S397 and D3S1541) which were tested on multiple mucosal samples (numbered 1–13) from
the same cystectomy specimen resolved on polyacrylamide (PAM) and by capillary electrophoresis
(CE) are illustrated. Sample #1 shows the allelic pattern of the same marker from peripheral blood
lymphocytes (PBDNA) of the same patient. In capillary electrophoresis AA designates the upper
allele and LA designates the lower allele. The ratios of signal intensities (RSI) were calculated for
the two alleles in the tested samples (upper row) and also for the same allele in the tested samples
compared to paired non-tumor DNA (lower row). RSI ≤0.5 for both calculations was considered
indicative of LOH. Marker D12S397 showed clonal LOH in multiple samples corresponding to
TCC, HGIN, LGIN, and also involved some areas of bladder mucosa with microscopically normal
urothelium. Clonal allelic loss of D3S1541 was restricted to invasive TCC and adjacent HGIN.
Such patterns of alterations implicate a loss of D12S397 in the early in situ expansion of a neoplasia
clone that involved large areas of bladder mucosa. In contrast, the loss of D3S1541 occurred later
than D12S397 and was associated with expansion of a successive clone having features of severe
dysplasia/carcinoma in situ that progressed to invasive carcinoma. (Modified and reprinted with
permission from S. Lee et al. PNAS 104(34):13732–13737, 2007.)
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Whole-Organ Histologic and Genetic Mapping

Analysis of genomic imbalances can guide us to those chromosomal regions that
contain genes and non-coding sequences playing a role in tumor development. In
familial disorders including cancer predisposing syndromes, a cosegregation of ge-
netic hits with diseased phenotype identifies a predisposing locus and may guide
subsequent identification of a positional target gene [23, 24]. In sporadic epithelial
cancers that develop from microscopically recognizable pre-neoplastic in situ con-
ditions however, the early events can instead be deduced from the geographic rela-
tionship between genomic imbalance and precursor in situ conditions (Fig. 7.2a–c)
[15, 25–31]. The similarity of alterations such as loss of the same allele or the pres-
ence of identical molecular alterations in multiple samples corresponding to precur-
sor conditions and invasive cancer disclose their clonal relationship. Together, these
identify genetic hits that provide growth advantage related to a particular clone of
cells collectively referred to as clonal expansion.

We developed a strategy to identify genomic imbalances across the entire mu-
cosa of an affected organ associated with cancer development, from in situ pre-
cursor conditions to invasive disease, on a total genomic scale (Fig. 7.3). We used
WOHGM to identify clonal genomic imbalances such as loss of heterozygosity
(LOH) or loss of polymorphism (LOP) associated with growth advantage, thus
tracking the development of human bladder cancer from intraurothelial precursor
lesions.

For WOHGM, ressected bladders with TCC were divided into approximately
30–60 mucosal samples, each covering 2 cm2 of mucosal area and corresponding to
microscopically normal urothelium, precursor intraurothelial conditions defined as
LGIN or HGIN, or TCC. The urothelial lining was stripped by mechanical scrap-
ing, providing urothelial cell suspensions, which typically yielded 5–10 �g of high
quality genomic DNA for mapping studies.

By superimposing the distribution patterns of genomic imbalances over the his-
tologic maps of the entire mucosa the two basic patterns can be identified: scattered,
in which several isolated foci are present and plaque-like where a large contiguous
area of identical genetic changes are found. The scattered isolated foci showing
limited clonal expansion of preneoplastic cells are typically not considered to be
functionally relevant for disease development and progression (data not shown).
The changes which form plaque-like areas associated with clonal in situ expansion
of preneoplastic cells involving large areas of mucosa that encompass not only in-
vasive cancer and precursor conditions but also adjacent areas of microscopically
normal epithelium represent early events associated with the development of in-
cipient occult phases of neoplasia. On the opposite side of the spectrum are hits
restricted to invasive carcinoma and adjacent areas of severe dysplasia or carcinoma
in situ representing late events associated with the progression to invasive cancer
(Fig. 7.3).
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Fig. 7.3 Strategy used to construct genomic model of bladder cancer. The primary screening
with hypervariable DNA markers was performed on paired samples of non-tumor and invasive
tumor DNA. Markers showing LOH were selected for secondary screening on all mucosal samples
of the same cystectomy. Markers mapping to autosomes 1-22 were tested on five cystectomy spec-
imens. The pattern of LOH on chromosomes 1-22 was used to construct a genome-wide map of
bladder cancer development and to identify six chromosomal regions critical for clonal expansion
of in situ neoplasia. Finally, the high-resolution mapping was performed on one of the critical
chromosomal regions containing a model tumor suppressor, RB1. These studies defined a minimal
deleted region associated with clonal expansion of intraurothelial neoplasia around RB1 and per-
mitted the identification of novel target FR genes providing growth advantage for this expansion.
(Reprinted with permission from T. Majewski et al. Lab Invest 2008.)
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Genomic Model of Bladder Cancer

We used a WOHGM strategy to construct a genome-wide map of bladder cancer
development from preneoplastic in situ conditions to invasive disease (Fig. 7.4) [16].
In order to identify those changes that were most likely critical for tumor develop-
ment, we searched our data for overlapping plaques of clonal allelic losses demon-
strating a geographic relationship to the two major phases of urothelial neoplasia.
(Fig. 7.5a,b). The first group consisted of alterations associated with expansion of
a dominant clone with no or minimal phenotypic change that involved large areas
of bladder mucosa. The second group consisted of alterations associated with the
development of successive clones showing a fully transformed phenotype i.e. those
that were related to onset of HGIN progressing to invasive cancer. When patterns of
chromosomal losses from several resected bladders were analyzed it became evident
that six chromosomal regions mapping to 3q22-q24, 5q22-q31, 9q21-q22, 10q26,
13q14, and 17p13 containing well-known tumor suppressor genes were involved in
more than one case and may represent six critical hits driving the development of
human bladder cancer (Fig. 7.6a–d). LOH affecting at least one of the critical chro-
mosomal regions could be identified in 98% of bladder cancers. The frequency of
LOH in each of the chromosomal regions was similar in patients with clinically evi-
dent tumor and in patients with history of bladder tumor removed by a transurethral
resection. The frequency of LOH was also similar in low-grade superficial and high-
grade invasive tumors.

High Resolution Mapping of 13q14 Region

To identify genomic sequences predisposing to the development of genomic imbal-
ances associated with early clonal expansion of intraurothelial neoplasia as well
as to identify novel genes that may provide growth advantage for such expan-
sion, we performed a high resolution WOHGM of one of the critical chromoso-
mal regions mapping to 13q14 and containing the model tumor suppressor RB1
(Fig. 7.7a–d) [30].

The pattern of losses identified by high resolution WOHGM studies defined a
minimal region of 1.34 Mb associated with clonal expansion of in situ neoplasia
around RB1. A loss of DNA that affected RB1 and its flanking region was associated
with clonal expansion that formed a plaque involving large areas of bladder mucosa

�
Fig. 7.4 (continued) of open or solid circles on appropriate concentric circles relate the alterations
to a given phase of neoplasia. Only markers with LOH are positioned on the chromosomal vectors.
Solid bars on outer brackets represent clusters of markers with significant LOH and denote location
of putative chromosomal regions involved in urothelial neoplasia. The distances of markers on
chromosomal vectors and the solid bars depicting minimal deleted regions were adjusted to fit the
oval and are not drawn to scale. (Reprinted with permission from T. Majewski et al. Lab Invest
2008.)
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Fig. 7.4 Genome-wide map of bladder cancer progression from intraurothelial precursor
conditions to invasive disease. The map was assembled on the basis of whole-organ histologic and
genetic mapping of chromosomes 1-22. The outer circle represents chromosomal vectors aligned
clockwise from p to q arms with positions of altered markers exhibiting LOH. The innermost
concentric circles represent major phases of development and progression of urothelial neoplasia
from normal urothelium (NU) through low-grade intraurothelial neoplasia (LGIN) and high-grade
intraurothelial neoplasia (HGIN) to transitional cell carcinoma (TCC). Solid circles (•) denote
statistically significant LOH of the markers defined by the LOD score analysis. Open circles (◦)
identify LOH without statistically significant association to a given stage of neoplasia. The position
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Fig. 7.5 Genome-wide pattern of LOH identified by WOHGM in a single cystectomy. (a)
Three-dimensional display of the LOH distribution patterns in a single cystectomy specimen. The
vertical axis represents sex-averaged recombination-based chromosomal maps with positions of
hypervariable markers and their chromosomal location. The shaded blocks represent areas of blad-
der mucosa with LOH as they relate to the development of bladder cancer from in situ neoplasia,
represented by a histologic map of the cystectomy shown at the bottom. The histologic map code is
the same as in Fig. 7.2. (b) Clonal losses associated with expansion of in situ neoplasia. Chromo-
somal regions exhibiting allelic losses associated with early and late phases of bladder neoplasia
were identified as described in Fig. 7.2. (Modified and reprinted with permission from T. Majewski
et al. Lab Invest 2008.)

�
Fig. 7.6 (continued) restricted to HGIN and TCC. Black arrows indicate six regions critical for
the development of bladder cancer. (b) Frequency of LOH in six critical chromosomal regions in
patients with clinically evident tumor and patients with history of bladder cancer and no evidence
of disease at the time of testing. (c) Frequency of LOH in six critical chromosomal regions in low
(grade 1–2) and high (grade 3) grade TCCs. (d) Frequency of synchronous involvement of one or
more critical chromosomal regions identified in voided urine in all 63 patients with bladder cancer.
(Modified and reprinted with permission from S. Lee et al. PNAS 104(34):13732–13737, 2007.)
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Fig. 7.6 Critical chromosomal regions involved in the development of bladder cancer. (a) The
outer circle depicts the recombination-based map of chromosomes arranged clockwise from p to
q arms. The four innermost circles represent maps of the informative cystectomies. Green dots
designate markers with clonal LOH forming plaques involving microscopically normal appearing
urothelium (NU), low grade intraurothelial neoplasia (LGIN), high grade intraurothelial neoplasia
(HGIN), and transitional cell carcinoma (TCC). Red dots designate markers with clonal LOH
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Fig. 7.7 An example of high-resolution whole-organ mapping by allelotyping of SNPs and
the assembly of LOH distribution patterns within RB1 containing region in a single cys-
tectomy specimen. (a) The region containing a cluster of SNP’s with allelic loss flanked by
markers D13S328 and D13S155 is shown. The bars on the left side indicate the positions of all
known and computationally predicted genes. The bars on the right side designate the positions
of informative polymorphic SNPs. The solid black dots and bars designate SNPs with allelic
loss. (b) The genomic map of RB1 is expanded and shows the positions of the five polymorphic
SNPs with allelic loss as well as the positions of two polymorphic DNA markers (RB1.2 and
RB1.20) with allelic loss. (c) The distribution of clonal allelic losses as they relate to precursor
in situ lesions and invasive TCC shown as a histologic map at the bottom is demonstrated. The
blocks depict the distribution of clonal allelic losses identified by the hypervariable DNA markers
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and was not uniformly associated with the inactivation of the remaining RB1 allele
(Fig. 7.8a–e). In those cases in which deletion of one RB1 allele was associated with
the inactivation of the remaining allele by a point mutation accompanied by loss of
RB protein expression, the inactivation was a later event corresponding to onset of
HGIN progressing to invasive carcinoma.

Since this region was defined by WOHGM using five cystectomies, we further
investigated the frequency of its involvement in 111-paired samples of bladder tu-
mors and peripheral blood DNA by allelotyping of 100 SNPs mapping to a 3.16 Mb
segment around RB1 (Fig. 7.9a–i). The position of the segment with the most fre-
quent LOPs identified by this approach overlapped with the position of the region
associated with clonal expansion defined by WOHGM (Fig. 7.9b,c). LOP involving
RB1 and its flanking regions could be detected in over 50% of all bladder can-
cers and was equally frequent in the two pathogenetic subsets of bladder cancers
i.e. low-grade papillary superficial and high-grade invasive TCCs. In contrast, the
loss of RB1 function was predominantly seen in high-grade invasive TCC. These
data supported the hypothesis that genes or non-coding sequences located near
the model tumor suppressor RB1, may contribute to the development of bladder
cancer.

The pattern of allelic losses identified by high-resolution SNP mapping across
the RB1 flanking region implied that the breakpoints of the deleted segments were
located outside of the coding sequences of the genes (Fig. 7.9c). To examine the
genomic context of the minimal deleted region and its associated breakpoints, we
performed a comprehensive analysis of the genome sequence characteristics within
the 3 Mb segment flanking the RB1 gene (Fig. 7.9d–i).

Nonallelic homologous recombination (NAHR) is a major mechanism involved
in rearrangements during mitotic crossover and DNA break repair causing somatic
deletions frequently seen in sporadic human cancer [32,33]. NAHR between similar

�
Fig. 7.7 (continued) (RB1.2, RB1.20, D13S268) and SNPs (gray blocks). The code for the histo-
logic map is shown in Fig. 7.2. The hypervariable DNA markers and SNPs with allelic loss asso-
ciated with plaque-like clonal expansion involving large areas of bladder mucosa were clustered
within and around RB1 and involved approximately 7 Mb. These defined several discontinuous
regions of allelic losses associated with early clonal expansion of urothelial cells that ranged in
size from approximately 0.27–1.11 Mb and are indicated by the vertical blue bars and gray shaded
areas in (a). The borders and predicted size of these regions were defined by the nearest flank-
ing SNPs or microsatellite markers that retained polymorphism. The numbers (0.27 Mb, 0.6 Mb,
0.45 Mb, 0.27 Mb, 0.28 Mb, 0.18 Mb, 1.11 Mb) indicate the predicted size of the deleted regions.
(d) An example of clonal loss of a G/A polymorphism in SNP 6 located within intron 12 of RB1 is
illustrated. Non-tumor DNA of peripheral blood lymphocytes of the same patient (PB DNA) shows
G/A polymorphism of SNP 6, while samples corresponding to NU, LGIN, HGIN, and TCC show
clonal loss of G. Retention of polymorphism in two SNPs flanking a segment of allelic loss that
involves the RB1 gene is also shown. Overall these data implies that several discontinuous losses of
genetic material, which included RB1 and its flanking regions, occurred in early phases of bladder
neoplasia and were associated with in situ expansion of a dominant neoplastic clone. (Modified
and reprinted with permission from S. Lee et al. PNAS 104(34):13732–13737, 2007, panels (c)
and (d) represent new data.)
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Fig. 7.8 Integration of LOH and LOP patterns identified in the 13q14 region with RB1 se-
quencing data and RB protein expression implicating the involvement of FR genes in the
intraurothelial expansion of a neoplastic clone. (a) Regions of LOP associated with early clonal
expansion identified by WOHGM with SNPs in five cystectomy specimens related to the status
of RB1 sequence, RB1(S), and RB protein expression revealed by immunohistochemistry, RB(IH),
are illustrated. The results of RB1 sequencing and immunohistochemical studies for RB protein
expression are tabulated below the maps of individual bladders. W, wild-type RB1. M, mutant RB1.
The mutation in map 2 involved codon 556 of exon 17 consisting of CGA → TGA and resulting in
the change of Arg to a stop codon. The presence of immunohistochemically detectable RB protein
is designated by +. The absence of RB protein expression is designated by –, and its distribution
pattern is shown in the lower panel of (b). The genome sequence map, in which the positions
of hypervariable markers, as well as known genes are designated by the bars on the left side of
map. The regions of LOP in five cystectomies (maps 1–5) are depicted by the blue solid bars. The
shadowed areas labeled delA and delB designate the regions of LOP flanking RB1 involved in the
incipient expansion of a neoplastic clone. The shaded area labeled delRB1 designates the segment
of LOP corresponding to the position of RB1 on the sequence genome map. (b) The distribution of
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sequences in the same orientation leads to a reciprocal deletion and duplication
between the chromosomes involved. Two large partially overlapping regions boun-
ded by similar sequences were identified. Potential NAHR Region 1 (676 Kbp) is
bounded by 474 bp and 429 bp segments that are primate-specific, share 70% sim-
ilarity and are comprised of ∼38% long terminal repeat (LTR) retrotransposons.
Potential NAHR Region 2 (1053 Kbp) is bounded by the paralogous genes RCBTB1
and RCBTB2, both of which are candidate tumor suppressors involved in cancer
development [34–36]. Potential NAHR Region 3 (67 Kbp) is smaller than the other
two regions and is bounded by 750 bp and 745 bp regions with 88% similarity. The
positional relationship among the three NAHR regions and deleted segments could
be identified in 39% of bladder cancers and involved the vast majority of TCCs
demonstrating allelic loss in the 13q14 region. The minimal deleted region flanking
RB1 contained seven recombination hotspots that had a recombination rate higher
than the average chromosome 13 recombination rate [37]. The Alu density upstream
of the minimal deleted region was consistent with the 10.8% genome-wide average,
but the regions bordering this peak showed Alu densities as high as 39.1% [38].

Human specific retrotransposons such as LINE-1 (L1HS) insertion in RB1 that
has previously been shown to result in germ line deletion of RB1 exon 24 through
non-homologous recombination involving a MER repeat was identified [39]. Human
specific Alu and SVA insertions were present in the introns of NUDT15 and CAB39L
respectively. Human endogenous retrovirus family H (HERVH) insertion in the LOP
peak region was also detected [40]. Several structural variants map to the interval,
which provides further evidence of genomic instability across the region. These
variants were identified in phenotypically normal individuals [41] suggesting that a
germ line heterozygous loss of genomic sequence in the region may be associated
with an increased risk for bladder cancer. A region of low conservation within the
LOP peak between the RCBTB2 and CYSLTR2 genes was identified and implies that
this region is highly diverse across species suggesting instability over evolutionary
time. These analyses suggest several mechanisms that may predispose to losses of
genetic material affecting RB1 and its flanking region.

�
Fig. 7.8 (continued) clonal LOP involving RB1 and the same regions shown in (a) for map 5
(upper panel) is depicted. The lower panel shows the distribution of the segment with LOP in
map 2 depicted in (a). (c) Region of clonal LOP associated with growth advantage of in situ
neoplasia identified by SNP-based mapping. (d) The immunohistochemical pattern of RB protein
expression in representative mucosal samples of map 5 illustrated in (b) as the upper panel and
corresponding to NU, LGIN, HGIN and TCC is shown. The presence of RB protein in all mucosal
samples correlated with the sequencing data, which indicated that the remaining, wild-type RB1
allele was retained in this case. (e) The immunohistochemical pattern of RB protein expression
in representative mucosal samples of map 2 illustrated in the lower panel of (b). Positive nuclear
staining for RB1 protein in stromal endothelial cells serves as an internal positive control (arrows).
Note the absence of RB protein expression in HGIN and TCC corresponding to an area containing
a mutant RB1 allele. Solid black bars within photomicrographs indicate 50 �m. (Reprinted with
permission from S. Lee et al. PNAS 104(34):13732–13737, 2007.)
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Fig. 7.9 Integration of high resolution SNP-based mapping with expression, epigenetic
mapping and genomic content analysis of the 3 Mb segment around RB1. (a) Results of
quantitative RT-PCR showing relative expression of 17 candidate FR genes and RB1 in 12
bladder cancer cell lines compared to normal urothelial cells. (b) Regions of LOP associated
with early clonal expansion identified by WOHGM with SNPs in five cystectomy specimens.
The pattern of LOP defined a minimal deleted region flanking RB1 putatively involved in the
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Forerunner Genes Contiguous to RB1

Our mapping studies summarized above provided strong correlative evidence sup-
porting the presence of alternative target genes contiguous to RB1 referred to as FR
genes that may drive the initial clonal expansion of in situ neoplasia. In fact, the loss
of the prototypic FR gene, P2RY5, was antecedent to the loss of RB protein expres-
sion during tumor development. In this scenario, the silencing of FR genes provided
the initial growth advantage for a preneoplastic clone while the subsequent loss
of RB1 function was associated with the development of the successor clone with
a fully transformed phenotype i.e. severe dysplasia/carcinoma in situ progressing
to invasive cancer. Collectively our data suggest that the loss of FR gene function
promotes early clonal expansion by presumably directly regulating cell proliferation
and/or cell survival [42]. Indeed ITM2B, candidate FR gene, flanking RB1 contained
a BH3 domain, a sequence motif that mediates the functions of cell death regula-
tors. Consistent with this hypothesis ectopically driven expression of a wild-type
ITM2B as well as P2RY5 reduced rates of proliferation in recipient cells and these
effects were associated with induction of apoptosis [15]. The most frequent mech-
anism responsible for silencing of FR genes was a convergence of allelic loss with
methylation of the promoter region. Hypermethylation of the ITM2B promoter was
identified in 40–50% of bladder cancer cell lines and human tumor samples.

Mutations of FR genes were relatively infrequent and could be identified in less
than 10% of bladder tumor samples, but they provided strong evidence supporting
the involvement of FR genes in the development of bladder cancer. Missence point
mutations in P2RY5 were found in 7% of TCC and some of these mutations were
germ line alterations (Fig. 7.10a). One of the polymorphic sites found in P2RY5,
(G1722 T) resulting in substitution of cysteine for tryptophan at position 307, was
detected in several bladder tumors and non-tumor DNA from the same patient.
Molecular modeling of P2RY5 protein suggested that this substitution involving
the cytoplasmic domain of the protein might affect its interaction with the G protein
complex and compromise its biological activity (Fig. 7.10b). The loss of a wild-type
1722 G P2RY5 allele with retention of the variant 1722 T P2RY5 allele occurred in

�
Fig. 7.9 (continued) development of in situ neoplasia. For details see Fig. 7.8. (c) LOP tested
on 111-paired samples of bladder tumors and peripheral blood using SNP multiplex technology.
Predicted sizes of LOP are depicted as blue bars and a continuous red line shows their frequency.
The genomic map above the diagram shows positions of individual genes (solid black bars) and
tested SNPs (thin black downward bars). The pattern and frequency of allelic loss generated by
this approach implies that the most frequent breakpoint is located between RCBTB2 and CDADC1.
Overall, the pattern of allelic losses suggests the presence of candidate FR genes mapping within
the minimal deleted region flanking RB1. (d) Putative NAHR regions identified by the presence
of similar sequences in the same orientation using Human Chained Self Alignment browser. (e)
Recombination rates based on HapMap. (f) Alu repeat content per 10-kb windows. (g) Human
specific retrotransposons based on UCSC Alignment Nets. (h) Human polymorphic structural
variants based on the Center for Applied Genomics Database of Genomic Variants and the UCSC
Structural Var track. (i) Placental mammal conservation scores in 500 bp windows
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Fig. 7.10 Nucleotide substitutions of P2RY5 in sporadic and hereditary cancers. (a) Summary
of sequence analysis of P2RY5. The positions of nucleotide substitutions are shown on the full-
length mRNA. (b) A model of inactive P2RY5 containing 7 transmembrane (H1–H7) and one cy-
toplasmic (H8) helix structures showing the position of polymorphism in codon 307 located within
the cystoplasmic domain of the protein (top diagram) that may affect its interaction with the G���

trimeric protein complex (bottom diagram). (c) Sequential inactivation of P2RY5 and RB1 in the
development of bladder cancer from in situ neoplasia. Low power view of invasive bladder cancer
and adjacent LGIN and HGIN. Microdissected DNA corresponding to LGIN shows loss of wild-
type P2RY5 allele and retention of normal RB expression pattern (left lower panel). Microdissected
DNA corresponding to HGIN shows similar loss of wild-type P2RY5 allele and additional loss of
RB protein expression. Same loss of wild-type P2RY5 allele and loss of RB protein expression is
seen in invasive TCC (right lower panel). Arrows indicate retention of RB protein expression in
endothelial cells adjacent to tumor. (d) Pedigree of a family affected by several common human
malignancies that include cancers of the breast, lung, colon, prostate, and uterus as well as acute
leukemia. Sequencing of the peripheral blood DNA in individual IV1 identified a missence G-C
mutation involving codon 111 of P2RY5. The same mutation was also detected in individuals IV1,
IV6, and IV20. A loss of wild-type P2RY5 allele and retention of mutant P2RY5 was identified in
breast cancer from individual IV1
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the in situ phase of bladder neoplasia and preceded the loss of RB protein expression
(Fig. 7.10c), and that all 1722 G-T carriers who were smokers developed bladder
cancer in a case-control study of 790 patients with bladder cancer. In addition,
germ line mutations of P2RY5 could be identified in families with predisposition
for the development of several common epithelial malignancies such as cancers of
the breast, colon, lung, prostate, and uterus (Fig. 7.10d). The development of tumors
in the members of such families was associated with the loss of the wild-type P2RY5
and retention of the mutant allele. The initially studied candidate FR genes mapping
inside or flanking RB1, ITM2B, P2RY5, and RCBTB2 (CHC1L) were down regu-
lated in 63% of cancer cell lines derived from several major groups of common hu-
man malignancies indicating their involvement in the development of many cancer
types.

In addition to originally studied ITM2B, P2RY5, and RCBTB2 (CHC1L), the ex-
pression patterns of GPR38, CAB39L, RCBTB1, and ARL11 with more than a 50%
reduction of their expression in several bladder cancer cell lines indicate that they
should be further investigated as putative FR genes (Fig. 7.9a) [16].

Collectively, our data provide evidence that supports the concept and existence of
FR genes. Their loss of function promotes early clonal expansion of in situ neoplasia
by regulating cell survival via apoptosis and is antecedent to the loss of tumor sup-
pressor such as RB1 during tumor development [15, 16].

Concluding Remarks

Our studies provide a global look at genome involvement in carcinogenesis and
shows that each bladder cancer developed through unique genomic imbalances with
a succession of changes providing growth advantage and leading to a gradual change
of normal cells into cancer cells [43,44]. Much work remains to be done to produce
an accurate high resolution genome-wide map of bladder cancer development, but
the significance of this approach and its future applications include the following:

� The landscape of genomic alterations emerging from WOHGM studies impli-
cates cumulative genomic imbalances that occur in early in situ phases of bladder
neoplasia even before micoscropically recognizable precursor lesions such as
dysplasia develop.

� Only a small proportion of genomic imbalances demonstrate an association with
clonal expansion of in situ preneoplastic lesions and their progression to invasive
cancer.

� Genes mapping to the chromosomal regions involved in clonal expansion of
in situ lesions will help us to understand the molecular mechanisms of the early
phases of human carcinogenesis and may represent novel markers for early can-
cer detection and prevention.

� The analysis of human genome sequences spanning the involved chromosomal
regions may provide clues to their structure and instability based on the content
of repeat elements, and unique evolutionary features.
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� The events of bladder cancer development identified by our WOHGM studies
may also be relevant to other pathogenetically related human tumors such as
those that arise in the lung and upper aerodigestive tract.

The expanding human genome databases will necessitate a constant redrawing
of the picture presented in this review. The high resolution maps of bladder cancer
development based on high throughput technologies utilizing allelotyping of SNP’s
[45] and their correlation with epigenetic and transcriptome maps should provide a
more complete picture of cancer development. Such maps in correlation with deeper
population sequencing will help point which genomic variants both individually and
in combination are involved in the development of cancer.
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