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Preface

Breast cancer is the most common tumour in women and it is the second 
leading cause of cancer deaths worldwide. Important advances have been made 
in breast cancer research that might allow for a significant improvement in 
breast cancer patient outcome over the next few years. The aim of this book is 
to provide a comprehensive approach to the biology, diagnosis, prevention and 
treatment of human breast carcinoma.

Specific chapters highlight the most recent findings in different fields of 
tumour biology. Our knowledge of the pathophysiology of the mammary gland 
has greatly increased over the last decade. Using high throughput technologies, 
it has been possible to identify groups of genes that are involved in breast tis-
sue development and differentiation. These genes might also play a major role 
in breast cancer susceptibility by affecting the ability of mammary epithelial 
cells to undergo apoptosis, repair DNA defects and/or detoxify xenobiotic sub-
stances. The identification of breast cancer susceptibility genes has increased 
our knowledge of the mechanisms of transformation of mammary epithelial 
cells and has allowed for the development of counselling programs for high-risk 
individuals. In addition, the recognition and characterization of putative stem 
cells of the mammary gland that can give rise to breast cancer will allow for the 
development of specific drugs that might be useful for breast cancer treatment 
or prevention.

Different chapters of this book describe the use of gene profiling techniques, 
which recently made it possible to classify breast carcinomas in distinct entities 
with specific molecular, clinical and prognostic features. A number of different 
prognostic and predictive “gene signatures” have been identified, and clinical 
trials are ongoing to assess whether this novel approach might improve our ability 
to select more appropriate treatments for breast cancer patients.

Increasing evidence suggests that epigenetic mechanisms are involved in the 
pathogenesis of breast cancer as well. The most recent findings in this field are 
described in various chapters of the book. Changes in DNA methylation that 
lead to reduced expression of tumour suppressor genes or increased expression 
of prometastatic genes have been identified in breast cancer. This tumour is also 
characterized by profound alterations in the expression of cell cycle regulatory 
genes, as a result of genetic and epigenetic changes and growth factor stimuli. 
Indeed, several different growth factors synthesized either by tumour cells or by 
the surrounding stroma have been shown to promote breast cancer progression. 
In this regard, transgenic mice strains that have been developed for the purpose 
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vi Preface

of modelling breast cancer have proven to be an invaluable tool to investigate 
genes implicated in the induction and progression of breast cancer, and might 
represent an important setting in which to test novel therapeutics.

Finally, two chapters are dedicated to novel therapeutic approaches in breast 
cancer. In fact, the identification of the above-described mechanisms that regu-
late proliferation and survival of tumour cells is leading to the development of 
novel agents, directed against specific signalling molecules expressed in tumour 
cells. Target-based agents such as trastuzumab, lapatinib and bevacizumab have 
been shown to significantly improve the efficacy of standard chemotherapy-
based treatment in breast cancer patients, and have been approved for treat-
ment of these patients. However, these drugs represent rather an exception. In 
fact, little clinical activity of the majority of signalling inhibitors explored in 
breast cancer patients has been reported up to now, at least when used as mono-
therapy.

The novel findings summarized in this book suggest that a broader approach 
that takes into account the complexity of the disease is definitely required to 
improve the efficacy of novel therapeutic methods in breast cancer. In this regard, 
we hope that this book might contribute to significant advances in this field by 
prompting the scientific community to look at breast cancer pathogenesis, 
diagnosis and treatment under a more comprehensive light.

Philadelphia, PA Antonio Giordano
Naples, Italy Nicola Normanno
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  Summary 

 The breast attains its maximum development during pregnancy and lactation. After menopause 
the breast regresses in both nulliparous and parous women containing lobular structures that have 
been designated lobules type 1. Despite the similarity in the lobular composition of the breast at 
menopause, the fact that nulliparous women are at higher risk of developing breast cancer than 
parous women indicates that lobules type 1 in these two groups of women might be biologically 
different, or exhibit different susceptibility to carcinogenesis. Based on these observations it was 
postulated that the lobule type 1 found in the breast of nulliparous women and of parous women 
with breast cancer never went through the process of differentiation, retaining a high concentration 
of epithelial cells that are targets for carcinogens and therefore susceptible to undergo neoplastic 
transformation, whereas lobules type 1 structures found in the breast of early parous postmeno-
pausal women free of mammary pathology, on the other hand, are composed of an epithelial cell 
population that is refractory to transformation. The degree of differentiation acquired through 
early pregnancy has changed the  genomic signature  that differentiates the lobule type 1 in the 
early parous women from that in the nulliparous women, making this the postulated mechanism 
of protection conferred by early full-term pregnancy.  

  Key Words:   Pregnancy ;  Breast differentiation ;  Genomic signature ;  Breast cancer risk ; 
 Nulliparity ;  Development and differentiation    

  1. ARCHITECTURE OF THE HUMAN BREAST  

 The breast progressively develops from infancy to puberty under the main stimuli of 
pituitary and ovarian hormones. The least differentiated structure identified in the breast 
of postpubertal nulliparous women is the Lob 1, or TDLU, which is composed of clusters of 
6–11 ductules per lobule. Lob 1 progresses to Lob 2, which is composed of more numerous 
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ductules per lobule and exhibits a more complex morphology. A fully differentiated condition 
is reached by the end of a full-term pregnancy, under the stimulus of new endocrine organs, 
the placenta and the developing fetus. These new hormonal influences induce a profuse 
branching of the mammary parenchyma leading to the formation of secretory lobular struc-
tures. During the first and second trimesters of pregnancy Lob 1 and Lob 2 rapidly progress 
to Lob 3, which are composed of more numerous and smaller small alveoli per lobule. 
During the last trimester of pregnancy active milk secretion supervenes, the alveoli become 
distended, and the lobules acquire the characteristic of the Lob 4, which is present during 
the lactational period. After weaning, all the secretory units of the breast regress, reverting 
to Lob 3 and Lob 2  (1–  5) .  

  2. CELL PROLIFERATION AND STEROID RECEPTOR 
CONTENT IN THE NORMAL BREAST  

 The initial classification of lobules into four categories, primarily based on morphological 
characteristics of these structures  (1–  5)  was complemented by analysis of the rate of cell 
proliferation, a cellular function essential for normal growth  (6–  8) . Normal growth requires a 
net increase of cycling cells over two other cell populations, resting cells (arrested in G 

0
 ), and 

dying cells (cells lost through programmed cell death or apoptosis). Proliferating cells express 
the nuclear protein Ki67, which are detected with a monoclonal antibody against it. The pro-
liferative activity of the mammary epithelium varies as a function of the degree of lobular 
differentiation. The percentage of Ki67-positive cells (Ki67 or proliferation index) decreases 
progressively as the lobules mature from Lob 1 to Lob 2, and these to Lob 3 and Lob 4  (6–  8) . 
These differences were not abrogated when the proliferation index was corrected for the phase 
of the menstrual cycle  (7,  8) . Parity, in addition to exerting an important influence in the lobular 
composition of the breast, profoundly influences the proliferative activity of the breast. 
Estrogens and progesterone are known to promote proliferation and differentiation in the 
normal breast. Both steroids act intracellularly through nuclear receptors, which become 
activated by the binding of their respective ligands. This is the most widely accepted model 
of action of estrogens for inducing cell proliferation and regulating gene expression  (9–  19) . 
The use of monoclonal antibodies that specifically recognize estrogen receptor alpha (ERa) 
since the discovery of the ER-beta  (6–  8)  and progesterone receptor (PgR) in normal breast 
tissue revealed that the proliferative activity and percentage of cells positive for both ER-alpha 
and PgR are highest in Lob 1, and they progressively decrease in an inverse relationship to the 
degree of lobular differentiation, providing a mechanistic explanation for the higher suscepti-
bility of these structures to be transformed by chemical carcinogens in vitro  (20,  21) .  

  3. INFLUENCE OF AGE AND PARITY ON BREAST 
DEVELOPMENT AND CANCER SUSCEPTIBILITY  

 Chemically induced carcinogenesis in an experimental animal model has shown that the 
initiation of the neoplastic process is inversely related to the degree of differentiation of 
the mammary gland, which in turn is a function of age and reproductive history  (22–  25) . 
These observations indicated that the protective effect of early first full-term pregnancy 
in women is the result of the differentiation of the breast  (1,  2,  20,  21) . The breast of nullipa-
rous women contained almost exclusively Lob 1, and their number remained nearly constant 
throughout the lifespan of the individual  (2) . 
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 The breast of early parous women contained predominantly the more differentiated Lob 3, 
whereas Lob 1 were in a very low percentage until the fourth decade of life, when they started to 
increase, reaching the same level observed in nulliparous women after menopause. The breast of 
nulliparous women never reached the degree of differentiation found in women who completed 
an early pregnancy. Even though during the postmenopausal years the preponderant structure is 
the Lob 1 in the breast of both parous and nulliparous women, only nulliparous women are at 
high risk of developing breast cancer, whereas parous women remain protected  (1,  2) . 

 Since ductal breast cancer originates in Lob 1 (TDLU)  (22,  23) , the epidemiological 
observation that nulliparous women exhibit a higher incidence of breast cancer than parous 
women  (26,  27)  indicates that Lob 1 in these two groups of women might be biologically 
different, or exhibit different susceptibility to carcinogenesis  (1,  2,  21) . Even though the 
Lob 1 is the hallmark of the postmenopausal breast, the degree of differentiation acquired 
through early pregnancy has caused a  genomic signature  that differentiates the Lob 1 in 
the early parous women from that in the nulliparous women .  The identification of such 
“molecular phenotypes” has provided evidence for functional differences between cells 
and tissues that may not be obvious at the morphological level  (29–  31) . This new set of 
information described in the next section has provided another level of complexity for dif-
ferentiating the breast of early parous women free of cancer in comparison with that of 
nulliparous or women with cancer. The genomic mapping has added significance to the 
observations of lower proliferative activity in the Lob 1 of the parous women’s breast, and 
higher in the Lob 1 of the nulliparous women’s breast  (7,  8) . Lob 1 and Lob 2 grow faster, 
have a higher DNA labeling index, and a shorter doubling time than Lob 3  (28) . They also 
exhibit different susceptibility to carcinogenesis  (20,  21) . Cells obtained from Lob 1 and 
Lob 2 express in vitro phenotypes indicative of neoplastic transformation when treated 
with chemical carcinogens, whereas cells obtained from Lob 3 do not manifest those 
changes  (20,  21) .  

  4. BREAST DEVELOPMENT AND THE PATHOGENESIS 
OF BREAST CANCER  

 The Lob 1, the most undifferentiated structure found in the breast of young nulliparous 
women, is the site of origin of ductal carcinomas  (23,  32) . The finding that the most undif-
ferentiated structures originated the most aggressive neoplasm supports the hypothesis that 
the presence of Lob 1 explains the higher breast cancer risk of nulliparous women, since they 
represent the population with the highest concentration of undifferentiated structures in the 
breast  (2,  3) . Nontumoral breast tissues from cancer-bearing lumpectomy or mastectomy 
specimens removed from nulliparous women have an architecture dominated by Lob 1; their 
overall architecture is similar to that of nulliparous females free of mammary pathology 
 (5,  33,  34) . Although the breast tissues of parous women from the general population contain 
predominantly Lob 3 and a very low percentage of Lob 1, in those parous women who have 
developed breast cancer their breast tissues have also the Lob 1 as the predominant structure, 
appearing in this sense similar to those of nulliparous women  (5) . It is of interest to note that 
all the parous breast cancer patients we have studied had a history of late first full-term 
pregnancy or familial history of breast cancer. The analysis of these samples indicated that 
the architecture of the breast of parous women with breast cancer differs from that of parous 
women without cancer. The similarities found between the architecture of the breast of 
nulliparous women and that of parous women with cancer support the hypothesis that the 
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degree of breast development is of importance in the susceptibility to carcinogenesis, and, 
furthermore, that parous women who develop breast cancer might exhibit a defective 
response to the differentiating influence of the hormones of pregnancy  (5) . 

 Developmental differences might not only provide an explanation for the protective effect 
induced by pregnancy, but also a new paradigm to assess other differences between the Lob 
1 of parous and nulliparous women, such as their ability to metabolize estrogens, or repair 
genotoxic damage. Such differences exist, and they have been shown to modulate the response 
of the rodent mammary gland to chemically induced carcinogenesis. It has been postulated 
 (34)  that unresponsive lobules that fail to undergo differentiation under the stimulus of preg-
nancy and lactation are responsible for cancer development despite the parity history; it stands 
to reason that having more of these lobules increases the risk of breast cancer. In fact, the 
extent of age-related menopausal involution of the Lob 1 appears to influence the risk of 
breast cancer, and may modify other breast cancer risk factors, including parity. These postu-
lated and early observations  (2,  5,  34)  have been confirmed in a recent report  (35)  focused on 
breast biopsy specimens from 8,736 women with benign breast disease. In this publication, 
the authors have evaluated not only the Lob 1 or terminal ductal lobular unit but also the 
atrophic or involuted structures resulting by the normal process of aging in the human breast. 
The extent of involution of the terminal duct lobular units or Lob 1 was characterized as 
complete ( ³ 75% of the lobules involuted), partial (1–74% involuted), or none (0% involuted). 
The relative risk of breast cancer was estimated based upon standardized incidence ratios by 
dividing the observed numbers of incident breast cancers by expected values of population-
based incident breast cancers from the Iowa Surveillance, Epidemiology and End Results 
(SEER) registry. The following findings were noted: (a) Greater degrees of involution were 
positively associated with advancing age, and inversely associated with parity. (b) Overall, the 
risk of breast cancer was significantly higher for women with no involution, compared to 
those with partial or complete involution [relative risks (RRs) 1.88, 1.47, and 0.91, respectively]. 
This particular finding is of great interest because it confirms the previous observations of 
Russo et al.  (34)  indicating that the Lob1 is a marker of risk. (c) The degree of involution 
modified the risk of developing breast cancer in women who had atypia in their breast biop-
sies (RR 7.79, 4.06, and 1.49 for women with none, partial, and complete involution, respec-
tively) as well as for those with proliferative disease without atypia (RR 2.94 and 1.11 for 
those with no and complete involution, respectively). (d) There was an interaction with family 
history as well; women with a weak or no family history of breast cancer who had complete 
involution had a risk for breast cancer that was fivefold lower than the risk of those with a 
strong family history and no involution (RR 0.59 vs. 2.77, respectively). This data also con-
firm the previous observations of Russo et al  (34) . (5) Among nulliparous women, and those 
whose age at first birth was over the age of 30, the absence of involution significantly 
increased the risk of breast cancer (RR 2.41 vs. 2.74, respectively). In contrast; for both 
groups, there was no excess risk if involution was complete. 

 Altogether the study of Milanese et al.  (35)  provides a powerful confirmation of the risk 
of Lob 1 or terminal ductal lobular unit in the breast  (2,  5,  34)  and provides an additional 
morphological parameter like atrophic or involution of the Lob1 or terminal ductal lobular 
unit as an indication of protection. However, this conclusion must be taken with reservation 
because a recent finding of Harvey et al.  (36)  in which postmenopausal women who have 
received hormonal replacement therapy have shown an increase in breast density associated 
with a significant increase in the number of Lob 1 or TDLU indicates that reactivation of the 
so-called involuted Lob1 or terminal ductal lobular unit can increase the risk of a woman to 
develop breast cancer.  



 Table 1 
   Apoptosis and antiapoptosis genes differentially expressed in the breast 

epithelium of parous control women   

  Gene name    Gene ID    Symbol    Adj P  
  Fold increase/
decrease  

 BCL2-associated X protein  AI565203   BAX   0.0230  2.6500 
 TIA1 cytotoxic granule-associated 

RNA binding protein 
 R82978   TIA1   0.0173  1.5600 

 TNF receptor-associated factor 1  R71691   TRAF1   0.017  1.7200 
 TNFRSF1A-associated via death 

domain 
 AA916906   TRADD   0.027  1.4200 

 CASP2 and RIPK1  AA285065   CRADD   0.0041  1.8900 
 Protein phosphatase 1F  AA806330   PPM1F   0.0142  1.3500 
 Programmed cell death  AA416757   PDCD5   0.0013  −2.1500 
 Mdm4  AI310969   MDM4   0.0134  −1.2500 
 Baculoviral IAP repeat-containing 6  H10434   BIRC6   0.0136  −1.2600 
 BCL2-associated athanogene 4  H22928   BAG4   0.0267  −1.2700 
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  5. GENOMIC APPROACH TO UNDERSTAND 
BREAST CANCER SUSCEPTIBILITY  

 The advances of the human genome project and the availability of new tools for genomic 
analysis, such as cDNA microarray, laser capture microdissection (LCM), and bioinformatics 
techniques have allowed to determine whether there are clusters of genes that are differen-
tially expressed in populations that differ in their breast cancer risk  (29–  31) . Those clusters 
of genes whose expression may be affected by early pregnancy and that can be proven to be 
functionally relevant in protecting the breast from cancer development could serve as markers 
for evaluating cancer risk in large populations. This concept has been proven to be correct in 
the rat model in which a cluster of genes remain activated after the process of involution 
postpregnancy takes place, conferring a “special genomic signature” to the gland that is 
responsible for its refractoriness to chemical carcinogenesis  (37,  38) . Early pregnancy 
imprints in the breast permanent genomic changes, or a “signature,” that reduces the suscep-
tibility of the organ to undergo neoplastic transformation  (2,  8,  29–  31) . 

 Early first full-term pregnancy imprints a specific genomic signature in the breast epithe-
lia of postmenopausal women. This signature is significantly different from that of women 
who have had an early full-term pregnancy but developed cancer, and from those who are 
nulliparous with or without the disease. The genomic signature is made up 129 upregulated 
and 103 downregulated genes. The gene ontology categories that were overrepresented in the 
breast epithelia of the parous control breast are related to apoptosis, DNA repair, response to 
exogenous agents, and gene transcription/gene transcription-regulation  (29–  31) . 

  5.1. Apoptosis Is Part Genomic Signature of the Breast Epithelia 
 There are ten genes that are controlling apoptosis that are differentially expressed in the 

breast epithelia of the parous women (Table  1 ). Among them, six are upregulated such as the 
 BCL2 associate X protein or BAX  that belongs to the BCL2 protein family.  BAX  is a proapoptotic 
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gene that the active p53 stimulates the transcription of it, including the proapoptotic gene 
 p21 , a cell cycle regulator  (39,  40) . This protein forms a heterodimer with BCL2, and func-
tions as an apoptotic activator  (41) . The expression of this gene is regulated by the tumor 
suppressor P53 and has been shown to be involved in P53-mediated apoptosis  (39,  42) . Other 
genes related to the apoptosis are  the TIA1 cytotoxic granule associated RNA binding protein  
and the  tumor necrosis factor receptor 1 (TNFR1) . The TIA1 possesses nucleolytic activity 
against cytotoxic lymphocyte (CTL) target cells inducing DNA fragmentation in the target 
cells  (43) . TNFR1 can initiate several cellular responses, including apoptosis, which relies 
on caspases, necrotic cell death, which depends on receptor-interacting protein kinase 1 
(RIP1)  (44,  45) . The TNFR-associated death domain (TRADD) protein has been suggested 
to be a crucial signal adaptor that mediates all intracellular responses from TNFR1  (46) . 
Another upregulated gene in the parous breast epithelial cells is the  CASP2 and RIPK1 
domain containing adaptor with death domain or CRADD . Death domain (DD)-containing 
proteins are involved in apoptosis signaling induced by activated death receptors  (47) . 
Caspase-2 is one of the earliest identified caspases engaged in the mitochondria-dependent 
apoptotic pathway by inducing the release of cytochrome  c  (Cyt c) and other mitochondrial 
apoptogenic factors into the cell cytoplasm  (48) . The  protein phosphatase gene  encodes a 
protein that is a member of the PP2C family of Ser/Thr protein phosphatases, and the over-
expression of this phosphatase has been shown to mediate caspase-dependent apoptosis  (49) . 
T he programmed cell death 5 or PDCD5-and the Mdm4, transformed 3T3 cell double 
minute 4 (MDM4)  are downregulated in the parous breast epithelia. The  Mdm4  gene is 
amplified and overexpressed in a variety of human cancers and encode structurally related 
oncoproteins that bind to the p53 tumor suppressor protein and inhibit p53 activity  (50–  53) . 
Mice deleted for Mdm4 die during embryogenesis, and the developmental lethality of either 
mouse model can be rescued by concomitant deletion of p53  (54) . The downregulation of 
the MDM4 in the breast of parous epithelia may act as a protective mechanism and be part 
of the program cell death pathway active in these cells.    

 There is also downregulation of antiapoptotic genes. One of them is the  split hand/foot 
malformation (ectrodactyly) type 1  that is encoding a protein with a BIR (baculoviral inhibi-
tion of apoptosis protein repeat) domain and UBCc (ubiquitin-conjugating enzyme E2, cata-
lytic) domain  (55) . This protein inhibits apoptosis by facilitating the degradation of apoptotic 
proteins by ubiquitination. The other antiapoptotic gene is the  BCL2-associated athanogene 
4  that is a member of the BAG1-related protein family. BAG1 is an antiapoptotic protein that 
functions through interactions with a variety of cell apoptosis and growth-related proteins 
including BCL-2, Raf-protein kinase, steroid hormone receptors, growth factor receptors, and 
members of the heat shock protein 70-kDa family. This protein was found to be associated 
with the death domain of tumor necrosis factor receptor type 1 (TNF-R1) and death receptor-3 
(DR3), and thereby negatively regulates downstream cell death signaling  (56,  57) . 

 Altogether this cluster of genes seems to maintain the programmed cell death pathway very 
active in the parous breast epithelia when compared with the parous breast of women with 
cancer as well as from the epithelia of the breast from nulliparous with and without cancer. 
Supporting evidence for this statement comes from data in the experimental model  (58–  60)  and 
in the normal breast tissue from reduction mammoplasty specimens of parous women  (29–  31) , 
in which genes involved in the pathway of apoptosis are significantly upregulated.  

  5.2. DNA Repair Genes 
 Upregulation of DNA repair controlling genes is part of the signature induced by pregnancy. 

This is supported by data generated in the experimental system in which the parous mammary 
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epithelial cells have a higher ability to remove the DNA adduct of 7–12 dimethylbenz (a) 
anthracene  (61,  62) . The greater ability of the parous mammary epithelial cells to remove the 
DNA adducts has been the first indication that an improved DNA repair was involved in the 
protective effect induced by pregnancy. DNA repair is central to the integrity of the human 
genome, and reduced DNA repair capacity has been linked to genetic susceptibility to cancer 
 (63,  64) . A reduced DNA repair is associated with risk of breast cancer in women  (65) . 
The breast epithelial cells of parous control women present four DNA repair related genes 
that are upregulated significantly when compared with the expression of same genes in the 
epithelial cells of nulliparous breast with or without cancer, and more importantly, from 
those parous women with cancer.  RAD51-like 3  is upregulated in the epithelial cells of the 
parous breast. The RAD51L3 protein encoded by this gene is a member of the RAD51 protein 
family highly similar to bacterial RecA and Saccharomyces cerevisiae Rad51, which are 
known to be involved in the homologous recombination and repair of DNA  (66–  68) . We 
have also reported that the  X-ray repair complementing defective repair I (XRCC4)  is 
upregulated in the breast epithelial cells of the parous breast  (29–  31) . XRCC4 is a nonho-
mologous end-joining protein employed in DNA double strand break repair and in V(D)J 
recombination that act as a caretaker of the mammalian genome, a role required both for 
normal development and for suppression of tumors  (69–  71) . ERCC8 is aso upregulated in 
the parous breast  (72) . Another gene related to the DNA repair process is the  ankyrin repeat 
domain 17 or ANKRD17  and the  translin or TSN  that encodes a DNA-binding protein, which 
specifically recognizes conserved target sequences at the break point junction of chromo-
somal translocations.  The three prime repair exonuclease  is also upregulated in the parous 
breast .  The protein encoded by this gene uses two different open reading frames from which 
the upstream ORF encodes proteins that interact with the ataxia telangiectasia and Rad3 
related protein, a checkpoint kinase. The proteins encoded by this upstream ORF localize to 
intranuclear foci following DNA damage and are essential components of the DNA damage 
checkpoint  (73,  74) . These data indicate that the activation of genes involved in the DNA 
repair process is part of the signature induced in the mammary gland by pregnancy confirm-
ing previous findings that, in vivo, the ability of the cells to repair carcinogen-induced 
damage by unscheduled DNA synthesis and adduct removal is more efficient in the 
postpregnancy mammary gland  (61,  62) .  

  5.3. Immunosurveillance and Detoxification of Xenobiotic Substances 
 A cluster of genes that is upregulated in the parous control group are those related to 

immunosurveillance and detoxification of xenobiotic substances (Table  2 ). The concept that 
an immunological process was involved during pregnancy and responsible for its protective 
effect in mammary carcinogenesis has been reported  (75,  76) . In breast epithelial cells of 
parous postmenopausal women we found that the  toll-like receptor  gene is upregulated. This 
gene belongs to the innate immune system recognizing microbial pathogens through toll-like 
receptors (TLRs), which identify pathogen-associated molecular patterns  (77) . The fact 
that the RNA of the epithelial component of the lobules type 1 was obtained by laser capture 
microdission indicates that this is an epithelial component and not a contaminant of 
lymphocytes from the stroma. We have also reported that the breast epithelial cells of the 
parous breast also have  MHC class I HLA-A24 . Upregulated HLA-A24 binding peptides 
have the capacity to elicit antitumor cytotoxic T lymphocytes in vitro  (78) . It has been shown 
that HLA class I antigen downregulation is associated with worse clinical course of ovarian 
carcinoma that may reflect the escape of tumor cells from immune recognition and destruction. 
We have also found  regulatory factor X-associated protein  upregulated, which is part of the 



 Table 2 
   Response to exogenous agent genes   

  Gene name    Gene ID    Symbol    Adj P  
  Fold increase/
decrease  

 Retinol dehydrogenase 11 (all-
trans/9-cis/11-cis) 

 H82421   RDH11   0.0168  1.6428 

 Epoxide hydrolase 1, microsomal 
(xenobiotic) 

 AA838691   EPHX1   0.012  1.7800 

 Thioredoxin reductase 1  AA464849   TXNRD1   0.006  1.9200 
 Immunoglobulin (CD79A) bind-

ing protein 1 
 AA463498   IGBP1   0.005  1.3800 

 Calcium binding atopy-related 
autoantigen 1 

 AA992324   CBARA1   0.0135  1.3800 

 Toll-interleukin 1 receptor  AI279454   TIRAP   0.0097  1.3800 
 Scavenger receptor class A, 

member 3 
 R10675   SCARA3   0.0250  1.3900 

 Glutathione S-transferase theta 1  T64869   GSTT1   0.0139  1.2400 
 Epoxide hydrolase 1, microsomal 

(xenobiotic) 
 AA838691   EPHX1   0.012  1.2500 

 Chromosome 10 open reading 
frame 59 

 AI093491   C10orf59   0.0130  1.9300 

  N -acetyltransferase 2 (arylamine 
 N -acetyltransferase) 

 AI460128   NAT2   0.0095  1.5000 
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major histocompatibility (MHC) class II molecules  (79) . These are transmembrane proteins 
that have a central role in development and control of the immune system. These data allow 
us to postulate that the increased immune-surveillance mechanism has been imprinted during 
the differentiation cycle induced by pregnancy and could be one of the protective factors 
induced by the cells against neoplastic initiation or progression.    

 In addition to the increase in the immune surveillance mechanism in the epithelia of the 
parous breast, there are genes significantly upregulated and involved in the metabolism of 
xenobiotic substances and oxidative stress. Among them are the  Epoxide hydrolase or 
EPHX1  that plays an important role in both the activation and detoxification of exogenous 
chemicals such as polycyclic aromatic hydrocarbons and the  thioredoxin reductase 1 or 
TXNRD1  that encodes a member of pyridine nucleotide family of oxidoreductases. TXNRD1 
protein reduces thioredoxins as well as other substrates, and plays a role in selenium metabo-
lism and protection against oxidative stress  (80) . Thioredoxin reductase 1 (TR1) is one of the 
major antioxidant and redox regulators in mammals that supports p53 function and other 
tumor suppressor activities  (81–  83) .  Glutathione S-transferase (GST) theta 1 (GSTT1)  is a 
member of a superfamily of proteins that catalyze the conjugation of reduced glutathione to 
a variety of electrophilic and hydrophobic compounds and is upregulated in the epithelia of 
the parous breast. Another gene that is also overexpressed is the  N-acetyltransferase 2  
[ arylamine N-acetyltransferase (NAT2) ] involved in the metabolism of different xenobiotics, 
including potential carcinogens. The upregulation of these genes is interpreted as an activated 
system of defense that makes the parous breast cells less vulnerable to genotoxic substances. 
This contention is supported by data indicating that in primary culture, breast epithelial cells 



 Table 3 
  Transcription factor genes  

  Gene name    Gene ID    Symbol    Adj P     

 Bromodomain PHD finger 
transcription factor 

 AA704421   BPTF   0.066  2.000 

 Suppressor of Ty 5 homolog 
( S. cerevisiae ) 

 R21511   SUPT5H   0.043  2.150 

 SRY (sex determining region 
Y)-box 10 

 AA976578   SOX10   0.0281  1.9300 

 p300/CBP-associated factor  N74637   PCAF   0.0500  1.2500 
 Forkhead box K2  AA136472   FOXK2   0.0142  1.2550 
 Kv channel interacting protein 3, 

calsenilin 
 H39123   KCNIP3   0.0247  1.3000 

 Protein inhibitor of activated STAT, 
1 

 N91175   PIAS1   0.0280  1.3100 

 Regulatory factor X-associated 
protein 

 AI365571   RFXAP   0.0139  1.2400 

 Zinc finger protein 16  H17016   ZNF16   0.012  1.2340 
 Inhibitor of DNA binding 4  AA464856   ID4   0.978  2.100 
 General transcription factor IIB  H23978   GTF2B   0.009  1.53859 
 Zinc finger protein 26  R97944   ZNF26   0.017  1.53388 
 Zinc finger protein 498  W94267   ZNF498   0.0051  2.0074 
 Zinc finger protein 544  AA885065   ZNF544   0.0102  1.2500 
 Zinc finger protein 710  AI025842   ZNF710   0.0054  1.9023 
 Bromodomain adjacent to zinc 

finger domain, 2A 
 AA699460   BAZ2A   0.015  1.2450 

 Homeobox D1  W68537   HOXD1   0.0321  1.2600 
 HIR histone cell cycle regulation 

defective homolog A 
 AA609365   HIRA   0.0220  1.2600 

 Transducin-like enhancer of split 3 
E(sp1) homolog 

 AI216623   TLE3   0.0131  1.2500 

 Zinc finger protein 268  AI277336   ZNF268   0.0142  1.5000 
 Zinc finger protein 275  AA406125   ZNF275   0.032  1.2800 
 Histone deacetylase 8  AI053481   HDAC8   0.0027  −2.2000 

(continued)
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from parous women treated in vitro with chemical carcinogens do not express phenotypes of 
cell transformation, whereas those from nulliparous women do  (20,  21) .  

  5.4. Transcription Factors 
 There are 21 gene encoding proteins controlling gene transcription/gene transcription-

regulation that are significantly upregulated in parous breast epithelia and 13 that are down-
regulated (Table  3 ) This indicates that during pregnancy transcription modifications are 
important components of the genomic signature induced by this physiological process. 
 The Bromodomain PHD finger transcription factor or BPTF  is upregulated in the epithelia 
of the parous breast.  BPTF  expression is lost or significantly reduced in human lung, prostate, 



  Gene name    Gene ID    Symbol    Adj P     

 Zinc finger protein 425  H20279   ZNF425   0.0054  −1.6200 
 PBX/knotted 1 homeobox 2  AI024125   PKNOX2   0.0040  −1.6400 
 Methyl-CpG binding domain 

protein 3 
 AI017865   MBD3   0.0027  −3.1705 

 General transcription factor IIIC  AI184450   GTF3C4   0.0027  −1.8700 
 Ring finger protein 12  AA598809   RNF12   0.0079  −1.2500 
 D4, zinc and double PHD fingers 

family 2 
 AA496782   DPF2   0.016  −1.690 

 SRY (sex determining region 
Y)-box 3 

 AI359981   SOX3   0.00476  −2.1142 

 POU domain, class 6, transcription 
factor 1 

 AI123130   POU6F1   0.0082  −1.3700 

 Myeloid/lymphoid or mixed-lineage 
leukemia 

 AI197974   MLLT6   0.0097  −1.4100 

 RAR-related orphan receptor A  AI022327   RORA   0.0116  −1.4000 
 GATA zinc finger domain 

containing 2A 
 AA458840   GATAD2A   0.0224  −1.9700 

 Zinc finger protein 320  AI025436   ZNF320   0.0124  −1.5000 

Table 3
(continued)
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colon, pancreas, and ovarian carcinomas as well as in cell lines established from different 
human carcinomas. It is speculated that the gene may play a role in suppression of tumors 
originating from epithelial tissue  (84) . We have already reported that the  LIM domain binding 
2 and SOX 2  are significantly upregulated in the epithelial cells of the parous breast  (29–  31) . 
SOX-2 is a transcription factor that is expressed by self-renewing and multipotent stem cells 
of the embryonic neuroepithelium  (85–  87) . SOX 2 is also considered a stem cell marker and 
it could well represent the marker of the differentiated stem cell 2 previously postulated 
 (8,  39–  41) . Furthermore, genes of the Sox family encode evolutionarily conserved HMG 
box containing transcription factors, which play key roles in various events of cell deter-
mination/differentiation during development  (88–  91) . The  SOX 30 or sex determination 
region Y (SRY)  is also significantly upregulated in the parous breast epithelial cells. Sox 30 
family proteins are characterized by a unique DNA-binding domain, a HMG box which 
shows at least 50% sequence similarity with mouse Sry, the sex-determining factor. The  SRY 
(sex determining region Y) box 10 or SOX 10  is also upregulated in the breast of parous 
women. The SOX group E transcription factors play an integral role in the specification and 
differentiation of astrocytes and oligodendrocytes  (92) .  Sox10  may influence transcription of 
terminal differentiation  (93,  94,95,96) , and therefore the overexpression in the parous breast 
epithelial cells could be an indication of a more differentiated phenotype acquired by these 
cells under influence of the physiological process of pregnancy. In contrast,  SOX10 , the  SRY-
SOX3  are downregulated in the parous breast, involved in the regulation of embryonic devel-
opment and in the determination of cell fate  (97,  98) . The final molecular mechanism by 
which these transcription factors regulate the differentiation properties of the parous breast 
epithelia still needs more investigation.    

 Another group of genes whose function is associated to coactivators and chromatin 
remodeling seem to play an important role on the genomic signature induced by pregnancy 



Chapter 1 / The Genomic Basis of Breast Development and Differentiation 11

in breast epithelial cells. One of them is the  p300/CBP-associated factor (PCAF)  that is 
significantly upregulated in the epithelial cells of the parous breast tissue  (66–  68) . p300/
CBP-associated factor (PCAF) is a coactivator of the tumor suppressor, p53. PCAF partici-
pates in p53’s transactivation of target genes through acetylation of both bound p53 and 
histones within p53 target promoters  (99) . Interestingly enough, various kinds of cofactors, 
such as steroid receptor coactivator-1 (SRC-1), transcription intermediary factor 2 (TIF2), 
and amplified in breast cancer 1 (AIB1), have also been reported to interact with nuclear 
receptors in a ligand-dependent manner and enhance transcriptional activation by the recep-
tor via histone acetylation/methylation and recruitment of additional coactivator, such as 
CREB binding protein (CBP)/p300  (100) . The role of p300/CBP-associated factor in the 
differentiated breast epithelial cells of parous women could be similar to the effect of tran-
sretinoic acid (ATRA) treatment of metastatic breast cancer cells that by increasing the 
protein levels of the histone acetyl transferases p300 and CBP suppress the level of histone 
deacetylase and increase the level of acetylated histone H4. ATRA also has been shown to 
decrease Bcl-2 and increase BAX and decrease VEGF  (101) . BAX is upregulated in the 
parous breast epithelial cells. Real-time PCR confirmed the upregulation of the p300/CBP-
associated factor as well as BAX found in the array. The p300/CBP-associated factor 
(PCAF) has been considered part of the genomic signature of the stem cell 2  (29–  31) . 

  ID4 or inhibitor of DNA binding 4,  is a member of the ID family of proteins (Id1-Id4), 
which function as dominant-negative regulators of basic helix-loop-helix transcription factors 
and are involved in numerous cell processes, including cell proliferation and differentiation 
 (102) . Id4 is constitutively expressed in the normal human mammary epithelium but is 
suppressed in ER-positive breast carcinomas and preneoplastic lesions supporting a possible 
role of Id4 as a tumor suppressor factor in the human breast  (102,  103) . Primary breast 
cancers have low or no expression of ID4 protein  (104,  105)  and also has been considered a 
putative tumor-suppressor gene that is methylated in most mouse and human leukemias but 
in only a minority of other human cancers  (105–  108) . 

 Other transcription factors also upregulated in the parous breast are  GTB2B  that encodes the 
general transcription factor IIB, one of the ubiquitous factors required for transcription initiation 
by RNA polymerase II and the  HOXD1 .  The HOXD1 or Homeo box D1  is the first and initially 
most anterior Hox genes expressed in the embryo. In Xenopus, the three PG1 genes,  Hoxa1 , 
 Hoxb1 , and  Hoxd1 , are expressed in a widely overlapping domain, which includes the region of 
the future hindbrain and its associated neural crest  (109) . Of great interest is that transcription 
factors, encoded by the homeobox (HOX) genes that play a crucial role in Drosophila, Xenopus, 
and mammalian embryonic differentiation and development, are upregulating HOXC6, 
HOXD1, and HOXD8 expression in human neuroblastoma cells, which are chemically induced 
to differentiate. This indicates that HOX is associated with maturation toward a differentiated 
neuronal phenotype  (110) . The upregulation of the homeo box D1 in the parous breast epithelial 
cell could also be an indicator of higher degree of differentiation and maturation reached by 
these cells when compared with the breast epithelial cells of the nulliparous breast or those 
breast epithelial cells either from parous or nulliparous breast with cancer. 

 The  protein inhibitor of activated STAT 1  encodes a member of the mammalian PIAS 
[protein inhibitor of activated STAT-1 (signal transducer and activator of transcription-1)] 
family and in the testis functions as a nuclear receptor transcriptional coregulator and may 
have a role in androgen receptor initiation and maintenance of spermatogenesis  (111) . 
Therefore, in the breast STAT 1 may have a differentiation controlling function after parity. 
Other genes also implicated in cell lineage determination and differentiation that are also 
upregulated in the parous breast epithelia are the  Zinc finger protein 16  and the  twist 
homolog - Basic helix-loop-helix (bHLH ). 
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 A group of genes that are downregulated after the process of pregnancy are those control-
ling methylation such as the  histone deacetylase- and the methyl-CpG binding-protein.  It is 
well known that DNA methylation is the major modification of eukaryotic genomes and 
plays an essential role in mammalian development; however, the role of this process in the 
silencing of genes that are part of the signature induced by pregnancy requires further 
evaluation. 

 As part of the chromatin remodeling occurring after pregnancy we have reported that the 
 suppressor of hairy wing homolog 4  is significantly upregulated in the epithelial cells of the 
parous women  (29–  31) . This gene transcript, shown in Drosophila  (112) , can bind chromatin 
insulators and is thought to regulate gene expression by establishing higher-order domains 
of chromatin organization. Chromatin insulators, or boundary elements, affect promoter-
enhancer interactions and buffer transgenes from position effects  (113–  115) . Whereas we do 
not know how the suppressor of Hairy-wing can regulate the chromatin organization of the 
breast epithelial cells it is possible that mechanisms of this nature work in silencing or 
repressing certain genes that control proliferation. At the same time they may increase repair 
of damage and specific response to hormones. A similar function in chromatin remodeling 
could be played by the  suppressor of Ty homolog 3  that has been found to be significantly 
upregulated in the parous breast epithelial cells  (29–  31) . Suppressor of Ty (SPT) genes was 
originally identified through a genetic screen for mutations in the yeast  Saccharomyces cer-
evisiae  that restore gene expression disrupted by the insertion of the transposon Ty  (116) . 
Suppressor of Ty homolog 3 could be considered part of the unique signature to the parous 
breast and be functionally involved in the protective effect of pregnancy. 

 Three genes that are also part of the signature of the parous breast are  Ephrin B3 carci-
noembryonic antigen related cell adhesion molecule 1, and the BCR2 and CDKNIA interacting 
protein or BCCIP . The  Ephrin B3  is upregulated in breast epithelial cells of parous women 
and is part of the family of proteins involved in signaling pathway networks with the WNT 
signaling pathway during embryogenesis and tissue regeneration  (117–  121) . The  carcinoem-
bryonic antigen related cell adhesion molecule 1  is also upregulated in parous breast epithelial 
cells, and is part of a family of proteins implicated in various intercellular-adhesion and 
intracellular-signaling-mediated effects that govern the growth and differentiation of normal 
cells  (122,  123) . In vitro, CEACAM1 regulates proliferation, migration, and differentiation of 
murine endothelial cells  (124)  and it has been found to be downregulated in colorectal, pros-
tate, and breast cancer, functioning as a tumor suppressor. The  BCR2 and CDKNIA interacting 
protein or BCCIP  is critical for BRCA2- and RAD51-dependent responses to DNA damage 
and homologous recombination repair  (125–  127) .   

  6. CONCLUDING REMARKS  

 Early first full-term pregnancy induces in the breast epithelia a specific genomic profile 
that can be identified in the postmenopausal breast and that is a signature that makes epithe-
lial cells different from those of parous breast tissue from women with breast cancer as well 
as from those nulliparous women either with and without breast cancer. This genomic signa-
ture allows to evaluate the degree of mammary gland differentiation induced by pregnancy 
and it could be the signature postulated for the stem cell 2. Importantly enough this signature 
could help to predict in which woman parity has been protective, and furthermore, it can be 
used as a biomarker for evaluating preventive agents.      
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  Summary 

 The mammary gland is unique in that most of its development occurs after birth with dramatic 
changes in proliferation and differentiation taking place during puberty and pregnancy. Different 
subsets of mammary-specific stem/progenitor cells have been shown to drive the individual stages 
of mammary gland development, and their regulation requires coordination between localized 
signals and systemic hormones. That sophisticated integration and control is achieved through the 
function of the stem cell niche. The goal of this chapter is to review why somatic stem cells are 
thought to exist in the mouse mammary gland, how they are being isolated and assayed, how their 
fate is influenced by the surrounding microenvironment, and how aberrant regulation of this proc-
ess might contribute to breast cancer. If the components of the niche could be defined, each might 
then be targeted as a method to modify the fate of stem or progenitor cells during normal organ 
regeneration or repaired after tumorigenesis has been initiated.  

  Key Words:   Breast cancer ;  Mammary gland ;  Stem cells ;  Progenitors ;  Tumorigenesis    

  1. BREAST DEVELOPMENTAL BIOLOGY 
AND TUMORIGENESIS  

 The current view on breast cancer as a stem cell disease is founded on compelling evidence 
that many breast cancers may arise as clonal expansions from epithelial progenitors with an 
infinite lifespan  (1) . It has been hypothesized that unique properties of mammary stem cells, 
such as self-renewal, make this population a prime target for transformation and tumorigenesis. 
Several experimental breast cancer models support this hypothesis. The most venerable is the 
mammary tumor virus model in mice  (2) , where MMTV proviral insertions produce mutated 
mammary cells, which attain immortality (escape from growth senescence) and produce clones 



  Fig. 1.    This electron micrograph depicts an ultrathin section through one of the acini in an 
MMTV-induced alveolar hyperplasia. There is evidence of virus replication (MMTV) of 
secretory activity leading to secretory granule formation in the apical cytoplasm of the luminal 
cells and release into the lumen. An undifferentiated suprabasal cell (SLC) is present and 
proximal to it, a differentiated myoepithelial cell ( arrow ). Bar equals 1.0 mM.       
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of mammary cells with increased propensity to develop into mammary cancer. Serial transplan-
tations of these preneoplastic lesions result in the formation of hyperplastic/dysplastic ductal 
trees, suggesting that multipotent cells are affected by MMTV transformation and that they 
pass on their neoplastic properties to their descendants  (3) . Morphologically undifferentiated 
cells, reminiscent of stem/progenitor cells, are present in both premalignant and malignant 
mammary populations (Fig.  1 ). Reproductive history has a profound impact on breast 
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tumorigenesis; thus, it is reasonable to assume that pregnancy and lactation have enduring 
effects on the cancer susceptibility of multipotent stem/progenitor cells.  

 Evidence that cancer stem cells sustain solid neoplasms has recently emerged  (1,  4) . 
Whether these “cancer stem cells” arise de novo or result from mutations within normal 
tissue stem/progenitor cells is presently unknown. A shift in the microenvironment of mam-
mary epithelial cells as the result of pregnancy is a plausible mechanism by which to 
explain the greater refractivity of mammary tissue after early parity to cancer induction or 
progression. In a rat chemical carcinogenesis model, Nandi and his colleagues have argued 
that there is no difference in the susceptibility of the mammary epithelium between nul-
liparous and parous females to initiation (malignant transformation) by NMU; rather, it is 
a reduction in the incidence of progression of the “initiated” cells to frank malignancy. This 
difference in “progression” is completely reversible when the parous rodents are subjected 
to various hormonal regimens or given growth factors such as IGF-1  (5) . If this is correct, 
then epithelial (stem/progenitor) cell targets for carcinogenesis are the same but behave 
differently in their respective microenvironments (niches) during homeostatic tissue main-
tenance in the parous female. 

  1.1. Pregnancy Mediates Permanent Changes 
in Mammary Epithelial Cells 

 The basic principle for the dual phenomenon of pregnancy and breast cancer is that a 
gestation cycle induces massive proliferation and an endpoint differentiation of epithelial 
subtypes. Either permanent systemic changes following a full-term pregnancy (such as a 
decrease in circulating levels of hormones) or the alteration of the mammary tissue itself 
could explain the difference in breast cancer risk between nulliparous and parous women. 
Sivaraman and coworkers suggested that the hormonal milieu of pregnancy affects the devel-
opmental state of a subset of mammary epithelial cells and their progeny  (6) . 

 Microarray evidence suggests that pregnancy mediates persistent changes in the gene 
expression profile in parous females  (7,  8) . These pregnancy-induced changes can be imitated 
through a transient administration of hormones, in particular estrogen and progesterone or 
human chorionic gonadotropin. Ginger et al. used subtractive hybridization as a method to 
identify differentially expressed genes between hormone-treated Wistar–Furth rats and their 
untreated controls. Twenty-eight days after the last treatment, they identified approximately 
100 differentially expressed loci. In a more comprehensive study, D’Cruz and colleagues 
utilized oligonucleotide arrays to examine differences in the expression profile of approxi-
mately 5,500 genes between parous mice and their nulliparous controls. These initial results 
were verified by more laborious methods (northern blot analysis and in situ hybridization) 
and across several mouse strains as well as in two rat models.  

  1.2. The Origination of Parity-Induced Mammary Epithelial Cells 
During Late Pregnancy and Lactation 

 Using the Cre-lox technology, a mammary epithelial subtype, which is abundant in non-
lactating and nonpregnant parous mice, was recently described  (9) . These parity-induced 
mammary epithelial cells (PI-MECs) then permanently reside at the terminal ends of ducts 
(i.e., lobuloalveolar units) after postlactational remodeling. Two lines of evidence exist 
showing that the presence of PI-MECs in the involuted mammary gland is not an artifact 
caused by a deregulated activation of the promoter of our randomly integrated WAP-Cre 
construct. First, the WAP-Cre transgenic expression closely follows the activation of the 



  Fig. 2.    The image shows a section through a lobule-limited LacZ-positive outgrowth in 
full-term pregnant host composed entirely of progeny from PI-MEC. The growth comprises 
both luminal and myoepithelial ( long arrows ) cells and small-undifferentiated light cells 
( short arrows ). Bar equals 20 mM.       
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endogenous WAP locus, and Ludwig and coworkers  (10)  have reported similar observations 
in genetically engineered mice that express Cre recombinase under the endogenous  Wap  
gene promoter (i.e., WAP-Cre knock-in mutants). Second, limiting dilution transplantation 
assays with dispersed epithelial cells from nulliparous female mice demonstrate the exist-
ence of lobule-limited and duct-limited progenitors  (11) . These studies were carried out with 
epithelial cells from WAP-LacZ transgenic mice, where LacZ is expressed from the whey 
acidic protein promoter in late pregnant mice. Lobule-limited outgrowths positive for LacZ 
expression were observed in the implanted fat pads at parturition. Similar lobule-limited 
outgrowths were developed when PI-MECs were inoculated in limiting dilution into the 
cleared mammary fat pads of subsequently impregnated hosts (Fig.  2 ). These structures like 
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those described earlier  (11)  comprised both secretory luminal cells and myoepithelial cells 
and were 100% positive for LacZ activity indicating that they were developed entirely from 
PI-MECs. Therefore, it is likely that PI-MECs arise from the lobule-limited progenitor popu-
lation discovered by Smith among the mammary epithelial cells present in nulliparous 
unbred females. In addition to luminal and myoepithelial progeny, PI-MECs produced both 
small (SLC) and large undifferentiated light cells (ULLC) in the lobules. SLCs and ULLCs 
have essential roles in mammary stem/progenitor cell function  (3) . The existence of commit-
ted mammary alveolar precursors in mice and rats has been proposed earlier  (12,  13) .   

  1.3. PI-MECs Are Self-Renewing and Pluripotent 
 When fragments from glands containing PI-MECs were transplanted into epithelium-free 

fat pads in nulliparous hosts, PI-MECs contributed to ductal elongation in a very significant 
manner. The vast majority of resulting outgrowths contained LacZ-positive cells, and in >75% 
of the transplants, PI-MEC-derived cells were present throughout the  entire  ductal tree. These 
results clearly demonstrated that PI-MECs exhibit two important features of multipotent stem 
cells: self-renewal and contribution to diverse epithelial populations in ducts and alveoli. 
We demonstrated, for the first time, that the progeny from cells previously expressing an  alveolar  
differentiation marker (i.e., WAP) could contribute to the formation of primary and secondary 
 ducts . When the transplanted hosts were impregnated, the self-renewed PI-MECs at the tips 
of duct side branches proliferated during early pregnancy to form the new secretory acini. The 
transplantation procedure itself had no effect on the activation of the WAP-Cre and Rosa-
LacZ transgenes because mammary fragments from nulliparous double transgenic donors 
never produced outgrowths with uniformly distributed LacZ-positive cells  (9) . To establish an 
estimate of the self-renewing ability of PI-MECs, mammary fragments containing LacZ-
positive cells were transferred through four transplant generations. Each successful transplant 
resulted in a 400-fold increase of the implanted epithelial population, which represents 
roughly an 8–9 (8.65)-fold doubling of the implanted cells  (9) . 

 To determine to what extent the presence of neighboring LacZ-negative epithelial cells 
contributed to the self-renewing capacity of labeled PI-MECs, dispersed mammary epithelial 
cells from multiparous WAP-Cre/Rosa-LacZ females were inoculated at limiting dilutions 
into cleared fat pads, and the hosts were subsequently impregnated. All outgrowths contained 
LacZ-expressing cells, even though PI-MECs represented only 20% of the inoculated epithelial 
cells. Notably, no epithelial outgrowths were comprised entirely from unlabeled (LacZ-negative) 
cells. Both lobule-limited and duct-limited outgrowths were, however, entirely comprised 
from PI-MECs (and their LacZ-expressing descendents), as determined by serial sections 
through these structures. These results indicate that all luminal, myoepithelial and cap cells 
of terminal buds may be derived from PI-MECs and their progeny. This conclusion was 
confirmed by demonstrating that the LacZ-positive cells in these structures could be doubly 
stained for mammary cell lineage markers for myoepithelium (smooth muscle actin, Fig.  3 ), 
estrogen receptor alpha (ER- a ), or progesterone receptor (PR). Thus, PI-MECs are not only 
self-renewing, but they are pluripotent as well, giving rise to progeny that differentiate along 
all the epithelial cell lineages of the mammary gland.   

  1.4. WAP-TGF- b 1 Expression Aborts Self-Renewal of PI-MECs in 
Transplants 

 The reproductive capacity of the mammary epithelial stem cell is reduced coincident with 
the number of symmetric divisions it must perform. In a study using WAP-TGF- b 1 transgenic 



  Fig. 3.    This composite shows LacZ-negative acini stained for SMA in the upper left panel 
and LacZ-positive acini in the remaining three panels. The  arrows  indicate the myoepithelial 
cells demonstrated by positive SMA-staining. The LacZ-positive cells appear as dark gray in 
this grayscale figure. Bars equal 5 mM.       
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mice, it was observed that mammary epithelial stem cells were prematurely aged due to 
ectopic expression of TGF- b 1 under the regulation of the  WAP  gene promoter  (14) . To assess 
whether TGF- b 1 expression in PI-MECs abolishes their capacity to self-renew, mammary 
epithelia from WAP-TGF- b 1/WAP-Cre/Rosa-LacZ triple transgenic mice were transplanted 
into wild-type recipients. It is important to note that the percentage of labeled cells in the triple 
transgenic glands after a single parity was indistinguishable from that observed in WAP-Cre/
Rosa-LacZ double transgenic controls. As expected, mammary tissue implants and dispersed 
cells from the triple transgenic females, after either a single pregnancy or multiple gestation 
cycles, failed to produce full lobular development in full-term pregnant hosts. Perhaps more 
importantly, LacZ-positive cells were not observed in the ducts in these transplant outgrowths 
either in nulliparous or early pregnant hosts. LacZ-expressing cells did appear in the trans-
plant population and were present in the lobular structures during late pregnancy in these 
transplants (after 15 days to parturition). In summary, the results of these studies demonstrate 
that the PI-MECs that develop during pregnancy and survive subsequent tissue remodeling in 
the absence of lactation in WAP-TGF- b 1 females were incapable or severely limited in their 
ability to self-renew in transplants and could not contribute to ductal development in subse-
quent transplant outgrowths. Therefore, self-renewal (expansion outside of a stem cell niche) 
and proliferation competence (asymmetric divisions within a niche) appear to be properties 
independently affected by autocrine TGF- b 1 expression in the PI-MECs. 

 By definition, the self-renewal of stem cells occurs by two different processes. In asym-
metric divisions, the most common activity of stem cells residing in a niche, the stem cell is 
preserved and one daughter becomes committed to a particular cell fate. Alternatively, a stem 
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cell may divide symmetrically and expand to produce two or more stem cell daughters that 
retain stem cell properties. This latter form of self-renewal is essential for expansion of the stem 
cell population during allometric growth of the tissue (i.e., during ductal growth and expansion 
in the postpubertal female or when the mammary epithelial implant is growing in the trans-
planted mammary fat pad). The negative effect of TGF-b1 on the expansive self-renewal of 
PI-MECs supports our earlier observation regarding protection from mouse mammary tumor 
virus (MMTV)-induced mammary tumorigenesis in WAP-TGF- b 1 transgenic females  (14) . 
This might suggest that the cellular targets for MMTV-mediated neoplastic transformation are 
PI-MECs because multiple pregnancies accelerate MMTV-induced oncogenesis  (3) .  

  1.5. PI-MECs and Mammary Tumorigenesis 
 Pregnancy has a dual effect on human breast cancer (protection or promotion), depending 

on the age of an individual, the period after a pregnancy and the genetic predisposition. 
In genetically engineered strains that are highly susceptible to mammary tumorigenesis and 
exhibit accelerated tumor development in postpartum or parous females, one might expect 
that PI-MECs serve as targets for neoplastic transformation. The unique growth properties 
of PI-MECs (i.e., responsiveness to pregnancy hormones, survival during involution, and 
ability to self renew) make this epithelial subtype a potential target for pregnancy-associated 
tumorigenesis. Transgenic mice expressing the wild-type Her2/neu (ErbB2) oncogene under 
transcriptional regulation of the MMTV-LTR seem to be suitable for studying the involve-
ment of PI-MECs in pregnancy-associated mammary tumorigenesis since this animal model 
exhibits a relatively long latency of tumorigenesis (T50 of 205 days). Using this animal 
model, we demonstrated that (a) multiparous females consistently exhibited accelerated 
tumorigenesis compared with their nulliparous littermate controls in a mixed genetic back-
ground and (b) PI-MECs were, indeed, primary targets of neoplastic transformation in this 
model  (15) . The de novo generation and amplification of a large number of hormone-respon-
sive and apoptosis-resistant epithelial cells (i.e., PI-MECs) during the first and subsequent 
reproductive cycles might, therefore, account for the significantly increased cancer suscepti-
bility of parous MMTV-neu transgenic females. 

 To further substantiate that PI-MECs are primary targets for neoplastic transformation in 
MMTV-neu transgenic mice, we eliminated or greatly impaired the growth of PI-MECs by 
deleting the  Tsg101  gene in cells that transiently activated WAP-Cre (i.e., females that carry 
two transgenes, MMTV-neu and WAP-Cre, in a homozygous  Tsg101  conditional knockout 
background). The complete deletion of  Tsg101  can serve as an excellent negative “selection 
marker” for WAP-Cre expressing cells since this gene is indispensable for the survival of 
normal, immortalized, and fully transformed cells  (16) . In multiparous MMTV-neu females, 
impaired genesis or elimination of PI-MECs resulted in a significantly reduced tumor onset, 
suggesting that restraining the growth and survival of differentiating alveolar cells during 
pregnancy (and therefore PI-MECs in parous mice) eliminates the cellular basis for transfor-
mation in this model.  

  1.6. Some PI-MECs Are Asymmetrically Dividing 
Long-Label Retaining Cells 

 It was proposed over 30 years ago that somatic stem cells avoid accumulation of genetic 
errors resulting from DNA synthesis prior to dividing by selectively retaining their template 



  Fig. 4.    PI-MEC long-label-retaining (3H-thymidine) with autoradiographic grains were 
doubly labeled with 5BrdU (darker nuclei) in transplant labeled with thymidine 7 weeks 
earlier following a 2-day pulse with 5BrdU and produced 5BrdU-labeled-only ( arrows ) 
daughters after a 6-day chase.       
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DNA strands and passing the newly synthesized strands to their committed daughters  (17) . 
Therefore, somatic epithelial stem/progenitor cells labeled by DNA analogs during their 
inception will become long-label retaining epithelial cells (LREC). Label retention has long 
been considered to be a characteristic of somatic stem cells and this propensity to retain DNA 
label has been explained by postulating that somatic stem cells seldom divide and are mainly 
proliferatively quiescent. Recent studies have, however, shown that in multiple tissues long-
label-retaining cells are actively dividing and asymmetrically retain their labeled template 
DNA strands while passing the newly synthesized DNA to their differentiating progeny 
 (18,  19) . Interestingly, PI-MECs that have proliferated extensively in transplants give rise to 
LacZ-positive progeny, which retain the original DNA label for long periods and when pulsed 
with a second alternative DNA label prove to be actively traversing the cell cycle and thus 
become doubly labeled incorporating the second label into new DNA strands. Subsequent to 
a short chase period the second label is transferred along with the new DNA strands to LacZ-
positive progeny (Fig.  4 ). This evidence demonstrates that during self-renewal PI-MECs 
produce progeny (in addition to luminal and myoepithelial offspring) that behave as asym-
metrically dividing stem/progenitor cells responsible for the steady-state maintenance of the 
diverse LacZ-positive mammary epithelial population in the resulting outgrowth.    

  2. STEM CELL BIOLOGY IN THE MAMMARY GLAND  

 Stem cells have the ability to produce progeny that are different from themselves and to 
self-renew. The presence of mammary stem cells in mice was proven in the 1950s when it 
was demonstrated that any portion of the mouse mammary gland, regardless of age or parity 
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status, could regenerate a functional gland when transplanted into a fat pad cleared of 
endogenous epithelium in prepubescent female recipients  (20–  22) . This model has become 
a powerful tool in the study of mammary stem cells as both tissue fragments and dispersed 
cells can regenerate an entire mammary gland. This is especially important because before 
any cell can be considered a stem cell, it must fulfill the following functional criteria, regard-
less of its biochemistry. It must self-renew, differentiate into at least one other cell type and 
participate significantly in the generation and maintenance of its tissue. 

 The study of human mammary stem cells has been hampered until recently by the lack 
of in vivo models. The generation of immunocompromised animals that minimizes tissue 
rejection has advanced study immensely. More recently Kuperwaser and colleagues have 
developed a new in vivo model in which they “humanize” a mouse mammary fat pad by 
transplanting human fibroblasts into the cleared murine fat pad  (23) . The human fibroblasts 
are allowed to establish prior to the addition of human mammary epithelial cells allowing for 
the epithelium to engraft in a more natural environment. 

 In the mouse mammary gland three distinct classes of mammary progenitor cells have 
been identified: multilineage progenitors, ductal-limited progenitor cells, and lobule-limited 
progenitor cells  (12,  24) . These classes are distinguished by their functional properties evident 
during pregnancy. Multilineage progenitor cells have the capacity to generate any epithelial 
subtype; ductal-only progenitor cells do not develop secretory lobules during subsequent 
pregnancies following transplantation while lobule-limited progenitor cells develop func-
tional secretory alveoli during pregnancy but do not generate a complex ductal network. 

 Stem cell isolation in the hematopoietic system has been at the forefront for years. 
Efficient flow cytometric techniques for stem cell isolation have allowed characterization of 
these cells. Using techniques based on the hematopoietic system, four types of mammary 
progenitor cells have been identified in humans based on cell surface marker expression phe-
notypes: multilineage, myoepithelial-restricted, and two classes of luminal-restricted [reviewed 
in  (25)] . A number of different candidate markers have been investigated including CD10/
CALLA, ESA (epithelial specific antigen), MUC-1 and the cytokeratins 8, 9, 18, and 19. 
Myoepithelial-restricted cells are isolated based on an EpCAM low MUC1 − CD49f + phenotype. 
Luminal-restricted progenitors are isolated based on expression of MUC1 and either 
K19 + K14 −  or K19 − K14 −  phenotypes. 

 A valuable in vitro tool for studying mammary stem cells is the newly developed “mam-
mosphere” culture system where anchorage-independent cells generate clonal floating 
sphere structures  (26) . Mammospheres formed under these conditions possess multilineage 
progenitors that self-renew and begin to differentiate to form luminal and myoepithelial 
cells. We have used this system to demonstrate that lobule-limited PI-MECs self-renew in 
culture  (27) . Mammospheres can be transplanted and recapitulate an entire gland. A small 
number of cells within mammospheres also segregate BrdU-labeled DNA suggesting asym-
metric cell divisions (Fig.  5 ). Mammosphere cultures that were exposed to differentiating 
conditions, such as activation of the Notch or Hedgehog pathways, showed an increase in 
secondary mammospheres formed after dissociation as well as an increase in branching 
morphogenesis and cellular proliferation  (26,  28) . This indicates that both Notch and 
Hedgehog are involved in the self-renewal and differentiation pathways in mammary stem 
cells. These molecular pathways, along with the Wnt pathway, are involved in the maintenance 
of the hematopoietic stem cell hierarchy  (29) .  

 Two different methods have been used to demonstrate that a single cell can regenerate a 
mouse mammary gland by acting as a multilineage mammary stem cell. Kordon and Smith 
 (12)  showed first in 1998 through serial transplantation studies that a single retrovirally tagged 
mammary cell formed a mammary gland comprised of ductal and luminal components of 



  Fig. 5.    A mammosphere after 10 days in anchorage-independent culture conditions. 
The arrow shows a BrdU labeled nucleus.       
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both luminal and myoepithleial lineages. Later in 2006, two groups published their findings 
where they demonstrated that by transplanting a single, visually confirmed cell that was fluo-
rescently sorted on the basis of being CD24 +  Sca-1 low CD49f high CD29 high  and not expressing 
CD45, Ter119, or CD31 they were able to generate a mammary gland  (30,  31) . CD24 acts as 
a P-selectin ligand and may modulate integrin function while CD29 is  b 1-integrin and CD49f 
is  a 6-integrin. CD29 and CD49f are markers for basal epithelia suggesting that the basal 
epithelial compartment contains the mammary stem cells. Furthermore, only luminal epithelial 
cells are ER a  + , which have almost no fat pad outgrowth potential. 

  2.1. Cancer Stem Cells 
 Stem cells are believed to be the targets of tumorigenesis in the mammary gland. Most 

DNA mutations rely on replication and cellular division. It is hypothesized that stem cells 
protect themselves against such mutations through asymmetric division  (17) . Since the 
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majority of breast cancers are heterogeneous this argues that malignant transformation origi-
nates in cells that can generate progeny of different lineages. 

 Cancer stem cells do not have to arise from normal somatic stem cells. Another theory of 
mammary tumor heterogeneity is that the different types of mammary cells (luminal, basal, 
myoepithelial) vary in degrees of susceptibility to genetic mutations and transformation. 
Transit amplifying cells or differentiated cells may generate cancer stem cells if a genetic 
mutation reactivates a self-renewal pathway, although there is as of yet no direct evidence of 
this occurring [reviewed in  (29) ]. 

 Approximately 15–21% of human breast cancers present a basal phenotype characterized 
by the lack of expression of ER, PR, and erbB2  (32–  34) . These “triple negative” breast can-
cers have a poor prognosis. Compared with patients having other forms of breast cancer, 
these patients are more likely to have a recurrence within 5 years and the mortality rates are 
correspondingly higher. Triple negative tumors are associated with BRCA1 and usually 
occur in younger women. BRCA1 (breast cancer 1) mutations are synonymous with basal 
breast cancer. It has been hypothesized that BRCA1 acts as a stem cell regulator and loss of 
BRCA1 in a conditional knockout model demonstrates a proliferation defect during preg-
nancy. BRCA1 tumors often have mutated p53 and Trp53, key cell cycle regulators  (35) . 

 In 2003, Al-Hajj and colleagues isolated tumor-initiating cells as determined by 
xenotransplatation into immunocompromised NOD/SCID mice. The tumor-initiating cells 
isolated from eight pleural effusions and one primary tumor had an EpCam +  CD44 +  CD24 −/

low  phenotype. They found that the frequency of tumor-initiating cells within that subpopula-
tion of the tumor cells was <1%  (1) . This observation agrees with other human tumor types 
including colon, brain, and pancreatic cancers. However, clinical studies have confirmed 
through both breast cancer cell lines and breast tumors that the CD44 + /CD24 −  phenotype is 
not associated with patient outcome or metastasis. In light of these and other studies the 
question that has arisen is as follows: are CD44 + /CD24 −  cells better at adapting to the mouse 
mammary environment or are they really more tumorigenic in humans  (36) ? 

 The human breast stem cell niche in both normal and tumor tissues has been character-
ized as CD44 + CD24 −  and PROCR +  (a basal marker) but CD10 −  (a myoepithelial marker) 
 (37) . Gene expression profile analysis showed that CD44 + CD24 −  PROCR +  CD10 −  cells from 
normal tissue are more similar to CD44 + CD24 −  PROCR +  CD10 −  tumor cells than to normal 
CD24 +  cells  (38) . 

 Mammosphere initiating cells from the MCF-7 and MDA-MB-231 cell lines that are 
CD44+CD24low/− have an increased radio resistance. CD133+ glioma stem cells display 
similar resistance due to improved DNA damage repair as compared to nonstem cells  (39) . 
“Differentiation therapy” of BMP4 can eliminate glioma stem cells, and other molecular 
therapies have shown promise in eliminating leukemia stem cells  (40) . Better understanding 
of mammary stem cells, both normal and tumor-initiating, will help to devise new therapies 
that will allow elimination of tumor-initiating cells through molecular targeting. 

 Pregnancy has a dual effect on human breast cancer (protection or promotion), depending 
on the age of an individual, the period after a pregnancy, and the genetic predisposition  (41) . 
In genetically engineered strains of mice that are highly susceptible to mammary tumorigen-
esis and exhibit accelerated tumor development in postpartum or multiparous females, one 
might expect that PI-MECs serve as targets for neoplastic transformation. PI-MECs repre-
sent reporter gene marked lobule-limited mammary epithelial stem/progenitor cells that 
persist following pregnancy, lactation, and involution. These pluripotent cells exist in nul-
liparous glands  (11,  27)  but do not express the reporter gene, which is activated by Cre-lox 
recombination upon expression of Cre from the whey acidic protein (WAP) promoter 
 (42,  43) , hence parity-identified. The unique growth properties of PI-MECs (i.e., responsive-
ness to pregnancy hormones, survival during involution, and ability to self-renew) make this 
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epithelial subtype a potential target for pregnancy-associated tumorigenesis  (14) . Transgenic 
mice expressing the wild-type neu oncogene under the transcriptional regulation of the 
MMTV-LTR are suitable for studying the involvement of PI-MECs in pregnancy-associated 
mammary tumorigenesis since this animal model exhibits a relatively long latency of tumori-
genesis (T50 of 205 days)  (15) . MMTV-neu mice generate ER a -negative lesions that exhibit 
pathological features similar to a subset of human breast cancers. More importantly, the 
overexpression of neu/erbB2/HER2 has been observed in a significant subset of pregnancy-
associated breast cancers in humans  (44,  45) . Using this animal model, Henry et al.,  (15)  
demonstrated that (a) multiparous females consistently exhibited accelerated tumorigenesis 
compared with their nulliparous littermate controls in a mixed genetic background and (b) 
PI-MECs were, indeed, primary targets of neoplastic transformation in this model. 
Interestingly, the significantly fewer lesions that arose in nulliparous controls originated 
from hormone-responsive cells that transiently activated WAP-Cre (i.e., an epithelial sub-
population that represents only 1–4% of all epithelial cells in the virgin gland) during estrus. 
The de novo generation and amplification of a large number of hormone-responsive and 
apoptosis-resistant epithelial cells (i.e., PI-MECs) during the first and subsequent reproduc-
tive cycles might, therefore, account for the significantly increased cancer susceptibility of 
parous MMTV-neu transgenic females. 

 We have hypothesized that if PI-MECs are the targets for MMTV-neu induced tumors 
then neu-transformed PI-MECs might represent a subpopulation of tumor-initiating stem 
cells responsible for maintenance and expansion of the MMTV-neu-induced tumorigenic 
population. We mixed increasing dilutions of MMTV-neu tumor cells collected from WAP-
Cre/Rosa26R/MMTV-neu females with normal wild-type mammary epithelial cells from 
FVB/N mice. These mixtures were inoculated into the epithelium-divested mammary fat 
pads of immunocompromised female hosts. Our results demonstrate that some MMTV-
neu-initiated tumor cells are capable of interacting with the normal epithelium contributing 
to normal mammary gland growth and regeneration, and in the process produce both luminal 
and myoepithelial epithelial progeny.   

  3. INFLUENCE OF THE MICROENVIRONMENT ON STEM CELL 
BIOLOGY AND CANCER  

 Stem and progenitor cells in most adult tissues reside in specialized, highly regulated 
microenvironments called stem cell niches  (46–  48) . In general terms, niches are made up of 
signaling cells, characteristic of extracellular matrix (ECM), soluble mediators, and the stem 
cell  (49,  50)  (Fig.  6 ). The niche interprets a myriad of signals and controls whether stem cells 
remain quiescent, expand via symmetric division, or self-renew while contributing to the 
pool of progenitor cells by dividing asymmetrically. A constant dialogue made up of physi-
cal and molecular interactions between stem cells and the “support” cells of the niche shel-
ters stem cells from differentiation or apoptotic stimuli that might deplete their stores. 
Homeostasis is maintained by the niche by balancing the need for additional differentiated 
progeny with the long-term protection against overproduction, which if not properly control-
led may lead to cancer. One might even argue that adult or somatic stem cells have limited 
function outside their niche and that the justification for studying the niche emerges from its 
ability to impose function on its resident stem cells.  

 The idea of a niche as a specialized microenvironment sheltering stem cells was first 
proposed by Schofield almost 30 years ago in the context of mammalian hematology  (51) . 
However, most of the early evidence supporting the niche as a physical entity came from 



  Fig. 6.    Schematic of a generic somatic stem cell niche showing the various elements that 
participate in regulating the fate of the resident stem cell. The distance from the ultimate 
stem cell position may determine the relative strength of each of these signals and thus con-
tribute to the differentiation of the daughter cell.  ECM  extracellular matrix.       
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invertebrate models, like the gonads of  Drosophila  and  C. elegans . In both cases the germ 
cells reside at the distal tip of a tapered organ and depend on the interaction with surrounding 
somatic cells to maintain their undifferentiated state  (52–  54) . The idea that heterologous cell 
types compose the niche has now been well documented and drives much of our search for 
similar cell-based niche components in mammalian tissues. Whether normal stem cell func-
tion requires multiple cell types has recently been brought into question. Two reports showed 
that a posterior midgut population of cells in  Drosophila  could renew and differentiate into 
enterocytes and enteroendocrine cells in a clonal fashion  (55,  56) . These cells do not appear 
to be in contact with a heterologous cell type but do sit on the basement membrane. In addi-
tion, two papers showed the successful transplantation of single mammary stem/progenitor 
cells that generated full ductal outgrowths  (30,  31) . These data suggest that the extracellular 
matrix and other noncellular constituents might be sufficient to regulate stem cell function 
in some tissues. 

 In the murine mammary gland a pool of stem cells produces a branching bilayered epi-
thelial tissue with an inner luminal epithelial layer and an outer myoepithelial layer bounded 
by a basement membrane surrounded by a fatty stroma of adipocytes with vasculature, 
nerves, and lymph vessels. What is special about the mammary niche is its ability to generate 
these structures by coordinating local stimuli with systemic hormonal stimuli to generate 
new mammary structures. Three groups have shown that putative mammary stem cells are 
ER a -negative  (57–  59)  so it would follow that a subset of the support cells within or nearby 
the niche would be estrogen and/or progesterone responsive. However, because the location 
of niches in situ has not yet been identified, formal proof remains to be provided. In a recent 
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review on how hormones influence the mammary niche, Brisken and Duss proposed that the 
pubertal niche and the adult niche are overlapping entities in terms of what cells compose 
them. A hormone receptor positive sensor cell and the stem cell are identical in both but any 
additional niche cells that are recruited in response to estrogens versus progesterones are 
different  (60) . They further speculated about whether there is a “special” subpopulation of 
receptor positive sensor cells that directly control the niche or whether their inductive effect 
is indirect and mediated through a sensed depletion of mammary progenitors. These hints 
should allow for a better stage-specific characterization of the mammary niche. 

 Despite knowing the combination of stem/progenitor cell surface markers outlined in the 
previous section, the physical location of the mammary niche remains elusive. Several 
reports have suggested that the cap region of the terminal end buds (TEBs) in mice is one 
possible location of the stem cell niche during estrogen-dependent ductal outgrowth 
[reviewed in  (60) ]. During ductal elongation the cap cells are able to directly interact with 
the stroma because the basal lamina is degraded locally suggesting that some stromal cells 
participate in this process. Bolstering this idea is the observation that wild-type epithelium 
does not grow out in an EGFR-deficient fat pad but EGFR-deficient epithelium does recon-
stitute a wild-type fat pad  (61) . This result coupled with the fact that EGFR mRNA is 
enriched in the stem cell compartment  (59)  and is an important downstream effector of ER a  
signaling via paracrine amphiregulin  (62)  argues that the pubertal niche has a stromal com-
ponent. However, since the TEBs and cap cells no longer exist after the completion of the 
ductal tree, the cap region is an unlikely location for the adult stem cell niche. 

 Proliferation and differentiation (secondary side branching) resulting from the stimula-
tion of the adult mammary niche are driven primarily by the cyclic release of progesterone 
during the estrous cycle. Unlike estrogen and its receptor, progesterone can stimulate prolif-
eration of both PR-positive and PR-negative luminal epithelial cells  (63) . At least part of 
progesterone’s paracrine effects are thought to be mediated through the  r eceptor  a ctivator of 
NF- k B  l igand (RANKL)  (64,  65)  and Wnt-4  (58) . The Wnt signal is believed to act directly 
on the stem cell within the niche and trigger an asymmetric division  (40–  43)  followed by the 
differentiating daughter’s expansion induced by RANKL  (60) . 

 In general terms of the location of the adult niche, some older data suggested that the 
mammary ducts of mice and rats may contain stem cells. In virgin mice, putative stem cells 
were found in ducts rather than alveoli, and these were shown to regenerate ductal epithelium 
as well as to form new alveolar buds  (66) . Sca-1 was proposed as a marker of mammary stem 
cells in mice when its expression was observed in ducts as well as in invading TEBs  (67) . 
Earlier work from our laboratory corroborated this idea by showing that rudimentary ducts 
from postgestational mice, when transplanted into cleared fat pads of TGF- b 1 transgenic 
mice, grew out and retained the capacity to reactivate lobular structures at late pregnancy  (9) . 
In addition, ductal niches appear to respond specifically to the MMTV-c-myc transgene by 
amplifying the stem cell compartment  (50) , which supported the previous findings in 
humans  (68)  that an entire TDLU represents the progeny from a single early ductal progeni-
tor. Recent evidence employing microdissection to collect organoids from reduction mam-
moplasties demonstrated that the terminal ducts are one of the major sites of stem cells in 
adults  (69) . Cells from these isolated structures produced self-renewing mammospheres, 
multilineage colonies in 2D culture and TDLU-like structures in 3D ECM cultures, while 
cells from the lobules did not display any of these capacities. A further subdivision of these 
human ductal cells revealed a subpopulation that double stain positive for both K14 and K19. 
K14 typically marks myoepithelial cells and K19 is expressed mostly on luminal cells. 
The expression of both lineage markers in the same cell suggests that it might identify a 
subpopulation of stem or progenitor cells in the human breast. It has even been proposed that 
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K19 functions as a “switch keratin,” enabling a cell to transition from one type of cytoskeleton 
to the other  (70) . The same K14 + /K19 +  cells also express chondroitin sulfate, K6a, K15, and 
SSEA-4  (69) , which overlap nicely with stem cell markers from other tissues, including 
brain, hair follicle, and prostate  (71–  74) . This set of putative stem cell markers coincides 
with the EpCam + /CD49f +  population discussed earlier. Taken together, these data suggest the 
likely location of the mammary stem cell niche to be most closely associated with the ducts. 
However, the data published to date do not rule out the possibility of other niches and it is 
unknown whether the niche in the postpubertal virgin gland remains the same throughout 
adulthood or after pregnancy. The fact that the parity-induced mammary epithelial cells 
(PI-MECs) produced luminal and myoepithelial lineages in ductal-limited and lobule-limited 
outgrowths when employed in limiting dilution transplantation experiments using parous 
mammary tissue from WapCreRosa26stop b Gal mice  (9)  and the fact that PI-MECs survive 
involution suggest that new niches might be established during the extensive proliferation of 
pregnancy. This same population of cells was later shown to be enriched for CD24+/CD49f+ 
cells corroborating their stem/progenitor status  (43) . 

 Unlike other tissues, where the niche has been associated with a particular anatomical 
structure, the fact that any portion of the mammary gland can be transplanted and generate 
a complete outgrowth capable of full lactation indicates that the mammary niche resides at 
regular intervals throughout the gland. Studies from other animal model systems have shown 
that adult stem cells are generally focal in their distribution and not necessarily colocalized 
with the majority of the transiently amplifying cells [for review see  (75)] . For example, stem 
cells have been shown to reside in the hair follicle bulge and the proximal ducts of the pros-
tate, both separate from the main site of proliferation in each tissue. In an attempt to ascertain 
how many niches (or stem cells) are responsible for generating a mouse mammary gland, 
several groups have tried to estimate stem cell frequency by serial dilution transplantation 
experiments. The estimates range from 1 mammary repopulating unit (MRU) in 200 dissoci-
ated cells  (76)  to 1 in 5,000 cells  (31) . 

 Many human stem cell studies are forced to use ex vivo culture of putatively enriched 
stem cell or progenitor populations before transplantation into animal hosts. Several of 
these studies, upon first glance, appear to contain contradictory results about the repopu-
lating ability of certain marked stem or progenitor populations  (30,  31,  67) . Confusion in 
these reports revolves around the Sca-1 status, inclusion in the side population, and 
whether endothelial cells were excluded from study. Most of the discrepancies in these 
papers can be explained if one considers the different culture conditions used. It has been 
suggested that any manipulation of mammary epithelial cells in culture selects for imma-
ture progenitors or transit amplifying cells with repopulating activity, but not stem cells. 
This might suggest that bona fide stem cells will not exist outside their niche; that stem 
cells are defined by their place in the niche. This idea originated in tissues where down-
stream progenitors (immediate daughters of the ultimate stem cell) can occupy vacated 
niches and reacquire stem cell traits. For example, the melanocyte stem cell niche in mice 
is located in the base of the hair bulb in the transient portion of the hair follicle. Stem 
cells occupy the very bottom of the follicle and as they divide their progeny ascend and 
line the sides of the follicle, becoming increasingly differentiated with increasing distance 
from the niche. When the stem cell is selectively ablated experimentally, committed pro-
genitors traversed the interstitial space, took up residence in the vacated niche, and began 
to function like stem cells  (77) . Similarly, when endogenous skeletal muscle satellite cells 
were killed by irradiation, transplanted myoblasts derived from explanted, quiescent sat-
ellite cells could fuse with the existing muscle fiber and regenerate it after successive 
damage with snake venom  (78) . This same mechanism was also suggested when glands 
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resulting from transplantation of epithelial cell into cleared fat pads underwent multiple 
rounds of pregnancy  (9) . 

 The dominance of the niche over the stem cell’s autonomous phenotype has also been 
demonstrated in several reports involving cells crossing lineage “boundaries” to regenerate 
“foreign” tissues. Mice that received bone marrow transplants from syngeneic donors, using 
transgenes as markers for self and nonself, revealed that bone marrow-derived cells could 
participate in repair of muscle damage  (79–  83) . In three of the five studies, bone marrow-
derived cells resided in the satellite cell position on muscle fibers after irradiation and were 
able to respond appropriately to damage cues brought on by the physiological response to 
exercise, but the conversion from bone marrow stem (progenitor) cell to muscle cell was not 
complete. Interestingly, myoblasts derived from satellite cells can easily and completely 
undergo myogenesis in culture after serum withdrawl but marrow-derived cells could only be 
pushed toward the myoblast fate by culturing them in myoblast-conditioned media or by 
coculturing them with a myoblast cell line  (83) . These experiments might suggest that the 
muscle microenvironment is important in maintaining the ability of nonmuscle-derived cells 
to exhibit myogenic characteristics. In addition, recent work from our lab has shown that the 
mammary microenvironment is dominant over testicular stem cells. Germinal stem cells from 
WapCreRosaLacZ mouse testis enriched for CD49f ( a 6-integrin) expression, when mixed 
with mammary epithelial cells, were able to self-renew and give rise to cells that expressed 
either myoepithelial or luminal cell markers and more importantly, showed evidence of milk 
production  (84) . Taken together, these experiments demonstrate that the lineage of adult tis-
sue-specific stem cells can be redirected if given the right microenvironment. Therefore, 
consideration of the stem cell niche requires a reversal of the reductionist approach often 
adopted by molecular biologists. Indeed, it demands the reassembly and integration of the 
reductionist data at the level of the tissue or organ since at this level, structure is function.  

  4. CLOSING REMARKS  

 Stem cells are defined by how they act physiologically in the context of heterologous 
cells, i.e., the microenvironment or stem cell niche that balances protecting stem cells from 
exhaustion and protecting the host from unregulated stem cell growth. In addition to this 
complex model, it has been demonstrated recently that not only normal tissues, but also 
neoplastic lesions contain heterogeneous (hierarchical) types of stem cells  (85) . The discov-
ery and genetic labeling of a parity-induced mammary epithelial cell population that is 
specific for parous females makes it possible to further examine the concept of stem cell 
hierarchy in the mammary gland and the homeostasis of mammary stem cells within the 
niche. In addition, our study of this progenitor population provides direct evidence for the 
proof of principle that a stem/progenitor cell may be the target of carcinogenic events and 
also that progression to frank malignancy is dependent upon the continued ability of the 
affected cell to expansively proliferate.      
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  Summary 

 Breast cancer (BC) is a complex and heterogeneous disease caused by interaction of both 
genetic and nongenetic risk factors. The biological diversity of sporadic BCs consists in the devel-
opment of several BC subtypes, which are systematically different from one another and which 
present specific genetic and phenotypic features. Recently, with the advent of cDNA microarrays 
it has been possible to associate a distinctive “molecular portrait” to a single BC subtype and, 
consequently, improve BC taxonomy. From a clinical point of view, the gene expression profiles 
could supply the classic pathological experiment with the aim to select patients with a better 
prognosis and that could have a benefit from a specific chemotherapy treatment. Recently a new 
role in BC progression has been identified in a group of small, noncoding RNAs, the MicroRNA 
(miRNA), which regulate gene expression. Of particular interest is the identification of different 
miRNA expression levels according to the five molecular BC subtypes identified by experiments 
on microarray gene expression. About 3–8% of all breast cancers are hereditary, and it is esti-
mated that the main contributors to this type of cancer are mutations in autosomal dominant genes 
segregating with the disease. Nowadays,  BRCA1  and  BRCA2  are considered as the two main BC 
susceptibility genes, although the involvement of additional low penetrance genes implicated in 
particular syndromes should not be overlooked. Epidemiologic studies reported that women who 
are  BRCA1  mutation carriers have a 45–60% cumulative risk to develop BC before age 35–40, 
and the average cumulative risk in  BRCA1- mutation carriers by age 70 years is 65% whereas 
the corresponding risk to develop this neoplasm for  BRCA2  mutation carriers is estimated to be 
25–40% and 45%, respectively. Oncogenetic counseling requires a “multidisciplinary approach,” 
involving geneticists, oncologists, and psychologists and is offered by many diagnostic clinical 
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genetic services. Nowadays, risk evaluation regarding BC patients is performed with the use of 
specific mathematical models, such as BRCAPro, the Couch and the Myriad models.  

  Key Words:   Sporadic and hereditary breast cancer ;  Molecular profile ;  MicroRNA ;  Founder 
mutation ;  Oncogenetic counseling    

  1. INTRODUCTION  

 Breast cancer (BC) is the most frequently diagnosed malignancy and one of the leading 
causes of death in Western women. It is a complex and heterogeneous disease caused by 
interaction of both genetic and nongenetic risk factors. Whereas the vast majority of BC 
cases are sporadic and not attributable to inherited traits, family history suggesting an inher-
ited component in the development of some BC is one of the best known risk factors. 
Sporadic BCs result from a serial stepwise accumulation of acquired and uncorrected muta-
tions in somatic genes, without any germline mutation playing a role. Recent studies have 
identified particular expression patterns that can classify tumors into new groups and aid in 
the prediction of the natural history of the disease and the therapeutic response. This wealth 
of information may also form the basis for the development of new therapeutic strategies.  

  2. SPORADIC BREAST CANCER  

  2.1. The Advent of Breast Cancer Molecular Portrait 
 The biological diversity of sporadic BCs consists in the development of several BC sub-

types, which are systematically different from one another and which present specific 
genetic and phenotypic features. For this reason the clinical prognosis and outcome of BC 
patients is often incompletely explained by known pathological factors such as histological 
grade, ER/PgR status, and  HER2/neu  expression ( HER2 ). In actual clinical practice, this 
leads to doubts regarding the treatment of lymph-node negative BC patients by surgery and 
radiotherapy alone or by toxic and expensive chemotherapy. 

 Recently, with the advent of cDNA microarrays it has been possible to associate a distinc-
tive “molecular portrait” to a single BC subtype and, consequently, improve BC taxonomy 
 (1–  3) . In 2000, Perou and collaborators were the first authors to identify four principal BC 
subtypes by means of the comparison between the different gene expression patterns of 65 
BCs, 1 fibroadenoma, and 3 normal BC samples  (1) . In particular, the study focused on the 
analysis of 496 genes termed the “intrinsic” gene set because they showed the greatest vari-
ation between tumors from different patients compared with samples from the same patient; 
it identified the basal-like subtype characterized by the overexpression of keratin 5/6 and 17, 
the Erb-B2 subtype with the  ErbB2     gene overexpression, the normal breast-like subtypes 
with overexpression of basal epithelial and adipose cell genes and the underexpression of 
luminal epithelial cell genes, and the luminal subtype characterized by the overexpression of 
ER and luminal epithelial cell markers. In a following study Sorlie et al., analyzing the gene 
expression pattern of 456 intrinsic genes in a larger group of 85 patients, reclassified the 
luminal subtype in luminal A, B, and C subtypes, which showed an overexpression of the 
ER gene, an underexpression of luminal specific genes, and an overexpression of an 
unknown novel set of genes shared with the basal and ERBB2 subtypes  (2) , respectively. 
Finally, in 2003, the same authors analyzed the gene expression patterns of 534 intrinsic 
genes in 115 BC samples and 7 nonmalignant breast tissues and identified 2 major luminal 
epithelial/ER+ subtypes: the ER+ luminal A subtype and the luminal B subtype, which 



 Table 1 
  Schematic representation of the characteristic genes, IHC markers, 

and therapeutic features of each BC subtype  

BC subtypes Characteristic genes IHC markers Therapeutic features

Basal like CK 5/6/17; BRCA1mut 
(80–90%)

ER−; PgR−; 
HER2−; 
CK5/6+; often 
EGFR+; ↑Ki-67

Responsive to chemo-
therapy

HER2+/ER− HER2/c-erb B2 ER−; PgR−; 
HER2+; ↑Ki-67

Responsive to chem-
oterapy, anti-HER2 
antibody, anti-EGFR 
antibody, EGFR 
inhibitors

Normal 
breast-like

Adipose tissue enriched 
pattern potentially 
due to normal tissue 
contamination

  

Luminal A ER ER+ and/or PgR+; 
HER2−; ↓Ki-67

Responsive to endocrine 
therapy

Luminal B  ER cluster ER+ and/or PgR+; 
sometimes 
HER2+; ↓Ki-67

Variable response to 
chemotherapy. 
Responsive to endo-
crine therapy

  BC  breast cancer,  IHC  immunohistochemestry,  CK  cytokeratin,  ER  estrogen receptor,  PgR  proges-
terone receptor,  EGFR  epidermal growth factor receptor 

Chapter 3 / The Genetics of Breast Cancer: Application in Clinical Practice 41

overexpress not only ER, but also the HER2 gene  (3) . These latest results have been con-
firmed by other experiments involving gene expression and immunohistochemistry  (4–  6) , 
confirming the classification of BC into five principal subtypes with specific immunopheno-
typic markers and therapeutic features (Table  1 ). These consist in the basal-like subtype, 
which is positive for the keratin of basal cells (keratins 5/6 and 17) and responsive to chemo-
therapy; the HER2+/ER− subtype, which has no expression of  ER  and  PgR  but which over-
expresses the  erbB2  gene and is responsive to chemotherapy and target therapy with the 
anti-HER2 antibody, the anti-EGFR antibody and EGFR inhibitors; the so-far insufficiently 
studied normal breast-like subtype, which is apparently brought about by tissue contamina-
tion; the luminal B subtype, which shows overexpression of ER, PgR, and sometimes of 
HER2 and which is responsive to endocrine therapy and to target therapy against HER2; and, 
finally, the luminal A subtype, which is ER+ and PgR+ and responsive to endocrine therapy 
only. These five molecular subtypes have also been identified among different ethnic groups 
of patients  (7) , in inflammatory BC  (8)  and in metastatic lesions  (9) .    

 Although at present there is considerable interest in this BC classification, up till now, no 
acceptable international definition of such neoplasias exists. This is mainly due to the fact 
that the identification of the different BC sub-types is based on microarray gene expression 
and the resulting gene signature is hard to reproduce. Furthermore, it is improbable that 
diagnostic practice might be disposed to consider experiments involving the extraction of 
RNA from formalin-fixed tissues. Therefore, several attempts to define an immunohistochemical 
surrogate for basal-like cancers have been described. For example, Nielsen and coworkers 
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have proposed an immunohistochemical panel of BC subtypes where the basal-like pheno-
type is defined as the one lacking both ER and HER2 expression and expressing CK 5/6 and 
EGFR  (6) . Unfortunately not all immunohistochemical experiments offer the same quality 
in terms of specificity and sensibility and thus they are not suitable for use in diagnostic 
practice.  

  2.2. Triple-Negative and Basal-Like Tumors: Clinical Implications 
 Many risk factors have been identified as contributing to the development of the different 

BC subtypes. In particular, the basal-like type has a higher frequency in  BRCA1  genetic 
mutation carriers  (10)  and in premenopausal Afro-American women  (11,  12) . Furthermore, 
from the histopathological point of view, basal-like tumors have different characteristics, 
such as a high histological grade, a high mitotic index, the presence of central necrotic areas, 
pushing borders and conspicuous lymphocytic infiltrate  (13–  17) . Moreover, more than 90% 
of metaplastic breast carcinomas and the majority of medullary carcinomas show a basal-like 
phenotype  (18–  20) . From the clinical point of view, BC cells with a basal-like phenotype 
appear to have a predilection for hematogenous dissemination, for brain and lung metastases 
 (16,  21)  and present  TP53  mutations  (2) . This is according to the evidence that BCs with 
basal-like phenotypes are more aggressive than other types and seem to be associated with a 
poorer outcome and prognosis  (2,  6,  22,  23) . 

 With regard to the molecular markers of each subtype, it seems that the basal-like phe-
notype overlaps the class of BC triple negative. In actual fact, about 56–84% of triple nega-
tive BCs are not basal-like and, more specifically, do not overexpress CKs and EGFR, and 
about 15–54% of basal-like BCs are not triple negative; in fact, they overexpress at least 
one of ER, PR or HER2. The evidence that triple negative BCs expressing a basal pheno-
type present a shorter disease-free survival period than those without the expression of basal 
markers  (24,  25)  suggests that triple negative cancer should not be considered as a synonym 
for basal-like cancer. Apart from this, there is a link between the BRCA1 pathway and 
triple-negative and basal-like BCs  (26,  27) . In fact, most BCs with sporadic mutations in 
 BRCA1 , and especially those diagnosed under the age of 50, present immunohistochemical 
and gene expression features, which are typical of triple-negative phenotypes  (14,  28)  and 
basal-like  (3) . Furthermore, it has been demonstrated that tumors with basal-like pheno-
types present an alteration of the BRCA1 pathway, which is not limited to the single 
mutation only  (27,  29,  30) . In fact, in these tumors the levels of the BRCA1 protein are 
significantly lower in those of high histological grade, lacking ER and PR; this downregulation 
might be due both to epigenetic phenomena such as promoter methylation  (31,  32)  and to 
transcriptional silencing phenomena brought about by the expression of BRCA1 negative 
regulators, for example, the ID4 factor  (30) . 

 From a clinical point of view, the selection of patients with basal-like BCs based on the 
BRCA1 status could suggest the use of cross-linking agents or targeted therapy to the 
polyADP-ribose polymerase enzyme (PARP) instead of taxanes  (27,  29,  33–  36) . In fact, trials 
of both approaches are currently underway in women with BC. The Triple Negative Trial 
(TNT) compares carbiplatin with docetaxel in women with advanced sporadic triple-negative 
BCs, while the BRCA trial tests the same hypothesis in a more genetically defined advanced 
BC population with germline  BRCA1  or  BRCA2  mutations. Finally, since PARP inhibitor 
clinical trials have shown encouraging results, phase II clinical trials in  BRCA1/BRCA2-
 associated BCs have recently been started. 



 Table 2 
  Schematic representation of the two multicenter phase III 

trials evaluating the principal custom-made assays  

       MINDACT    TAILORx  

 Cohort  600  11.000 
 Treatment arms  Low-risk: E; high-risk: CT/E; 

discordant clinical and genomic 
risk: randomized to CT 

 Low-risk: E; high-risk: CT/E; 
indeterminate risk: randomized 
to CT/E or E 

 Assay  Mammaprint  Oncotype DXTM 
 Specimen  Paraffin-embedded tumor samples  Frozen or fresh tumor samples 

  CT  chemotherapy,  E  endocrine 
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 In summary of what has been said so far, the gene expression profiles could supply the 
classic pathological experiment with the aim to select patients with a better prognosis and 
that could have a benefit from a specific chemotherapy treatment. Different gene expression 
markers have been identified to predict the likelihood to chemotherapy response  (37)  and the 
studies on different BC molecular subtypes have shown that basal-like and HER2 subtypes 
are more sensitive to paclitaxel and doxorubicin-containing neoadjuvant chemotherapy com-
pared with luminal and normal-like tumors  (38) . Finally, a recent study used the microarray 
experiment to identify the cell signaling pathways rather than discrete genes with the aim to 
characterize the biological behavior of the tumor and to choose the most effective combina-
tion of therapies  (39) .  

  2.3. Genomic Profiling in Clinical Practice 
 Several attempts to define a panel of gene expression with a prognostic role and an immu-

nohistochemical surrogate for basal-like cancers have been described. For example, van’t 
Veer and coworkers, analyzing the different expression level of 25,000 genes in 98 lymph-
node negative BC, identified a panel of 70 genes with an expression pattern that allowed 
highly accurate classification of patients with a poor prognosis form those with a good one 
 (40) . The custom-made microarray assay that arose from the 70-genes panel has been 
approved by the Food and Drug Administration (FDA) on February 2007 and it is called 
Mammaprint  (41) . With this assay it is possible to establish, by the use of a score, whether 
a patient has a “low risk” or a “high risk” of BC recurrence. The Mammaprint assay is cur-
rently being validated in the MINDACT Trial (Microarray in Node negative Disease may 
Avoid ChemoTherapy). In addition, Genomic Health Incorporated and investigators of the 
NSABP (National Surgical Adjuvant Breast and Bowel Project) have developed a 21-gene 
expression-based recurrence score assay for ER-positive, lymph-node negative tamoxifen 
treated BC, known as Oncotype DxTM  (42) . This assay is currently incorporated in the 
TAILORx [Trial Assigning IndividuaLized Options for Treatment (Rx)] trial by which 
patients with ER-positive or ER-negative, HER2 negative and lymph-node negative BC are 
randomized to hormone therapy and/or chemotherapy according to the recurrence score. 
The TAILORx and MINDACT trials, two prospective multicenter phase III trials evaluating 
tumor profile in BC are currently accruing patients (Table  2 ). Besides, Gianni and coworkers 
showed that the Oncotype DXTM assay is strongly correlated with pathologic complete 
response in patients treated with neoadjuvant paclitaxel and doxorubicin  (37) .     



44 Russo et al.

  2.4. MicroRNA Expression Identifies BC Molecular Subtypes 
 Recently a new role in BC progression has been identified in a group of small, noncoding 

RNAs, the MicroRNA (miRNA), which regulate gene expression  (43) . miRNAs are 
 transcribed as long RNA precursors (pre-miRNAs) by the RNase III enzyme complex 
Drosha-Pasha/DGCR8  (44–  50) . Pre-miRNAs are exported from the nucleus by exportin-5 
 (51) , processed by the RNase III enzyme Dicer, and incorporated into an Argonaut containing 
the RNA-induced silencing complex (RISC)  (52) . Within this silencing complex, miRNA pair 
to the mRNA through an imperfect match at the 3 ¢ -untranslated region (3 ¢ UTR) causing 
mRNA destabilization and translational repression  (53,  54) . Two different studies have shown 
a correlation between BC and the deregulation of several miRNA  (55,  56)  while, for the first 
time, another study has found that the different miRNA expression in BC is correlated with 
HER2 and estrogen receptor (ER) status  (57) . Of particular interest is the identification of 
different miRNA expression levels according to the five molecular BC subtypes identified by 
experiments on microarray gene expression  (58) . This most recent study thus represents the 
first integrated analysis of miRNA expression and of mRNA expression and genomic changes 
and may serve as a basis for functional studies of the role of miRNAs in the etiology of BCs 
and for future clinical applications. In addition, the study of miRNA expression signature in 
BC may have a major advantage with respect to the study of gene expression profiling. In fact, 
one of the difficulties of the latter tecnique is that the number of genes that can be analysed 
can be challenging. In contrast, the number of miRNAs is relatively limited compared with 
mRNAs, and thus miRNA profiles present opportunities for a more simple tumor “bar-cod-
ing” approach. In miRNA profiling studies the association of certain miRNAs with traditional 
molecular markers, such as ER and HER2, and their role in BC proliferation, invasion and 
metastasis have been observed. These observations suggest that miRNAs may have the poten-
tial to provide novel therapeutic strategies for BC treatment. It is yet to be seen how emerging 
miRNA data will translate into a clinical setting for the BC diagnosis and treatment. However, 
a better understanding of their pathways will help to a better BC classification, prognostica-
tion and direct treatments and also help identify targets for developing further treatment.   

  3. HEREDITARY BREAST CANCER  

  3.1. The Genetics of Susceptibility to Breast Cancer 
 About 3–8% of all breast cancers are hereditary breast cancers (HBCs), and it is estimated 

that the main contributors to this type of cancer are mutations in autosomal dominant genes 
segregating with the disease  (59) . Nowadays  BRCA1  and  BRCA2  are considered as the two 
main BC susceptibility genes, although the involvement of additional low penetrance genes 
implicated in particular syndromes should not be overlooked  (60) . Breast cancer due to 
inherited susceptibility shows several clinical and pathological features and differs signifi-
cantly from sporadic cases. These characteristics might help the oncologist to choose a more 
suitable therapeutic management of the patient and could be useful in identifying individuals 
more likely to carry germline mutations.  

  3.2. HBC Susceptibility Genes 

 The first BC gene to be discovered was  BRCA1 . It was first detected in 1990 and com-
pletely sequenced in 1994  (61,  62) .  BRCA1  maps on chromosome 17q21; it is a large gene of 
24 exons, of which 22 are coding, and encodes a 220-kDa tumor suppressor protein  (63) . 
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 Because of its interactions with other proteins, BRCA1 has been involved in several 
cellular functions, such as DNA repair, cell cycle control, transcription regulation, tumor 
suppressor activity, and also centrosome dynamics, stress response, apoptosis, and ubiqui-
tination  (64,  65) . 

 BRCA1 has a role in double-strand breaks (DSB) repair, indirectly, through the interaction 
with RAD51, the human ortholog of the bacterial RecA, and BRCA2  (66,  67) . Additional repair 
proteins interact with BRCA1 and colocalize within the same foci as the MRN (Mre11/Rad51/
NBS1) complex in the mechanism of homologous recombination (HR)  (68) . Recent data indi-
cate that BRCA1 contributes to DNA damage repair through its interaction with certain 
enzymes, which alter the chromatin structure, such as the SWI/SNF proteins  (69) . Different 
phosphorylation sites have been discovered, each of which permits the protein to participate 
and to regulate different steps of cell cycle control  (70) . Several reports suggest the involvement 
of the protein in transcription regulation, since it is associated with p53 and CtIP  (71,  72) . 

 If all this consistent pattern of interactions is taken into consideration, it would appear 
that loss-of-function mutations of  BRCA1  give rise to pleiotropic phenotypes, including 
problems regarding correct cellular growth, increased apoptosis, alterating and defecting 
response to damage to DNA structure, abnormal centrosome duplication, and defective cell 
cycle checkpoints  (73,  74) . Since the tumor suppressor function of BRCA1 alone is not suf-
ficient to justify all these phenotypes, it might therefore be hypothesized that such mutations 
in  BRCA1  are associated with the formation of genomic instability, subjecting cells to a high 
risk of tumor transformation. 

 The  BRCA2  locus is on chromosome 13q12-q13 and was cloned in 1995  (75) . Human 
BRCA2 is a large protein of 3,418 amino acids (aa). It is an ubiquitous cell cycle-regulated 
protein localizing to the nucleus in normal cells  (76) . It has 27 exons, of which 26 are coding. 
Like  BRCA1 , exon 11 takes more than 50% of the coding region. The protein product is 
characterized by the presence of several distinct functional regions, such as the NLS domains 
and the BRC repeats. This latter region is the major site for the direct interaction of the 
protein with the RAD51 recombination and DNA repair protein. This interaction is direct, as 
in vitro demonstrated with recombinant protein fragments. Moreover, one of the other targets 
of the protein is BRCA1: BRCA1 and BRCA2 colocalize in another distinct region from the 
one reported to bind RAD51, in mitotic and meiotic cells  (77) . The discovery of the interac-
tion and colocalization between BRCA2, BRCA1, and RAD51 leads to the clear deduction 
of a synergic aspect of their collaboration in the DNA repairing process. 

 BRCA2 has also been implicated in transcription regulation  (78  ) . In a study regarding a 
yeast two-hybrid system, Futamura et al. reported that the BRCA2 protein is involved in a 
mitotic checkpoint in vivo after it has been phosphorylated by hBUBR1  (79) . 

 In the last 10 years, several studies have focused attention on other possible low penetrance 
BC susceptibility genes, which might predispose to BC in women with a family history  (80,  81) .  

  3.3. Lifetime Risk for HBC 
 Epidemiologic studies reported that women who are  BRCA1  mutation carriers have a 

45–60% cumulative risk to develop BC before age 35–40, and the average cumulative risk 
in  BRCA1- mutation carriers by age 70 years is 65% (95% confidence interval 44–78%) 
whereas the corresponding risk to develop this neoplasm for  BRCA2  mutation carriers is 
estimated to be 25–40% and 45% (31–56%), respectively  (82,  83) . Moreover, the risk of 
developing a second contralateral BC is similar to that previously reported for  BRCA1/2 
 mutation carriers  (84,  85) .  
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  3.4. BRCA Founder Mutations 

 High-risk BC families usually present a large spectrum of different types of mutations, 
whereas some ethnic groups are characterized by the presence of a “founder mutation.” The 
comparison of haplotypes among families with the same mutation can establish whether 
alleles derive from an older or more recent single mutational event or they have arisen 
independently  (86) . 

 Among Ashkenazy Jewish population, three founder mutations have been found: these 
are  BRCA1-185delAG , with a frequency of 1%, the  5382insC BRCA1  mutation, with a fre-
quency of 0.13%, and  6174delT  in the  BRCA2  gene, with a frequency of 1.52%  (87,  88) . The 
overall rate of these three founder mutations is 2.6% (1/40) compared with the rate of 0.2% 
(1/500) of  BRCA1/2  mutation carriers in the general population  (87,  89) . 

 Founder mutations have also been found in several European countries, the majority of 
which are high penetrance. Eleven recurrent mutations with a founder effect have been 
reported in the Finnish population, and represent 84% of all the mutations found in the 
 BRCA1/2  genes  (90) . Two other founder mutations were reported in Iceland:  BRCA1  
 G5193A , and  BRCA2 999del5 ; the latter is the most common mutation with a founder effect 
in this population  (91,  92) . In a French study conducted in 2004, two founder mutations were 
identified in high-risk families:  3600del11  and  G1710X , in the  BRCA1  gene, representing 
37% and 15%, respectively, of all identified mutations  (93) . 

 The first mutation with a founder effect in the Italian population was identified by Baudi 
et al. in 2001  (94) . Four of 24 analyzed patients had the  5083del19  mutation. 

 Many other recurrent mutations have been identified in other countries such as the USA, 
Japan, the Philippines, and Pakistan  (95–  98) .  

  3.5. Oncogenetic Counseling 
 Oncogenetic counseling requires a “multidisciplinary approach,” involving geneticists, 

oncologists, and psychologists and is offered by many diagnostic clinical genetic services. 
This is a multistep process that involves genetic counseling, automated DNA analysis 
techniques, and different statistical and software models, aimed at evaluating the BC risk and 
the likelihood of  BRCA  mutations (Fig.  1 ). Nowadays, risk evaluation regarding BC patients 
is performed with the use of specific mathematical models, such as  BRCAPro,  the  Couch  and 
the  Myriad  models  (99–  102) . All these models require the reconstruction of the familial 
pedigree going back for at least three generations from the “proband.” Furthermore, both 
paternal and maternal family history should be included, since most of the genes involved in 
the risk of developing BC could derive equally from the mother and the father. This “risk 
assessment” step is followed by a genetic test, when required.  

  The American Society of Clinical Oncology (ASCO ) has proposed several features indi-
cating HBC: these include the pathologic history of the individual, early onset age, presence 
of bilateral breast cancer, personal or family history of male breast cancer, multiple cases of 
early-onset BC, individuals belonging to the Ashkenazy Jewish population, or other informa-
tion regarding the ethnic family background; nevertheless, the autosomal pattern of inheritance 
and the presence of other malignancies associated with  BRCA  mutations (ASCO 2003) 
should be considered. 

 The genetic test is definitely recommended when there is a family history supporting the 
pathological condition of the index case, and moreover when the result might be of help in 
the diagnosis or the medical or surgical management of the patient or of the family members 
at increased risk of BC  (103,   104) . 
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  Fig. 1.    Scheme of the genetic counseling and clinical management proposed to affected or 
healthy individuals with a BC family history.       
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 The genetic testing for  BRCA1/2  genes provides automatic sequencing of all codifying 
exons and of the exon-intron boundaries. There are no hot spots, so that the mutations are 
distributed throughout the whole gene. 

 The result of the genetic testing for the identification of germinal mutations is only able 
to indicate the probability, but not the certainty, that a cancer will develop; not in all individuals 
with a positive test for  BRCA1/2  gene mutations, malignancies will occur. 

 It is possible to classify a sequence variant based on its relationship with the disease as 
following:

  •  Deleterious mutations, characterized by high-penetrance  (105)  (usually point mutations). 
These are clearly associated with the disease. Generally they bring about the formation 
of a truncated protein  (106,  107) , although several missense mutations and “splicing vari-
ants,” which have already been reported as having a clear correlation with the disease, 
should be added to these.  

 •  Missense mutations, defined as  splicing variants , found in the flanking region of the 
exon, that cause the formation of alternative splice sites. These are considered as 
“suspected deleterious,” because of their unknown but potentially pathologic biological 
significance.  

 •  Unknown Variants (UV), point mutations in which no pathological association has been 
reported. In this case the result of the genetic test is uninformative and more investigative 
analyses are required in order to clarify the roles played in the risk of developing BC.  

 •  Polymorphisms, point mutations presenting a frequency more of 1%, with no clinico-
pathological significance.    
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 Recent techniques such as Multiple Ligation-dependent Probe Amplification techniques 
(MLPA) allow to detect also wide insertions and deletions involving one or more whole exons.  

  3.6. HBC: Clinical and Histopathological Features 
 With regard to the morphology of BC, it has been shown that the ductal invasive histo-

type is the most common of all hereditary BC forms, both in  BRCA  mutation carriers and 
noncarriers. A study conducted by Armes et al., comparing two early onset tumor popula-
tions (before the age of 40), respectively, with and without  BRCA1  or  BRCA2  mutations, 
confirmed the histological differences occurring between them. The histology of pheno-
types in  BRCA1  carriers is characterized by high grade, high mitotic counts, syncytial 
growth pattern, and confluent necrosis. 

 Other studies report that atypical medullary carcinoma is overrepresented in  BRCA1  
mutation carriers, and pleomorphic lobular carcinomas and extensive intraduct carcinomas 
are more common in  BRCA2  mutation carriers  (108) . Besides the higher proportion of 
medullary histology, a higher frequency of ductal carcinoma has also been reported  (109–  111) . 
A slightly increased incidence of lobular or tubulolobular carcinomas has been shown among 
 BRCA2 -associated tumors  (108,  112) . Nevertheless, the data are still inconsistent, and in 
most cases the differences between  BRCA2 -associated tumors and sporadic cancers are not 
particularly significant  (113,  114) . 

 Breast cancers in patients with  BRCA1  germline mutations are more often negative for 
estrogen receptor, progesterone receptor, and HER-2, and are more likely to be positive for 
p53 protein compared with controls. In contrast,  BRCA2  tumors do not show a significant 
difference in the expression of any of these proteins compared with controls  (115) . 

 To date, different studies have reported HER2/neu status in  BRCA1 -associated tumors, 
the majority of which report that they are generally HER-2/neu expression-negatives  (111) . 
Moreover, tumors with low levels of amplification displayed a reduction of chromosome 17 
to one copy  (116) . Different theories have been proposed to explain the low amplification 
rate, such as simple physical codeletion of one allele of  HER-2/neu  and nearby sequences 
during loss of heterozygosity (LOH) at the  BRCA1  locus  (66,  117) . Low amplification rates 
were also reported for  BRCA-2  associated tumors. 

 Characteristic patterns of gene expression measured by DNA microarrays have been used to 
classify tumors into clinically relevant subgroups. Recently, Sorlie et al. evidenced a basal dif-
ferentiation of the epithelium for  BRCA1  tumors defined as “basal-like” types  (3) . This type of 
tumor is notably characterized by the expression of different markers of mioepithelial and basal 
cells, such as basal keratins and P-cadherin, by the overexpression of other markers such as the 
Epidermal Growth Factor Receptor (EGFR), in addition to the specific morphological, proliferative, 
and prognostic features that characterize it. Other studies support this relation between the 
expression of a basal subgroup of BC tumors and mutations in  BRCA1  gene  (40) .  

  3.7. Practice Points (Adapted from NCCN Guidelines 
for HBC Clinical Management) 

  Women 
  •  Monthly breast self exam >18 years  
 •  Clinical breast exam >25 yearrs every 6 months  
 •  Annual mammogram and breast MRI >25 years or individualized if early age of onset  
 •  Optional reducing mastectomy depending on case and counseling  
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 •  Optional risk reducing salpingo oophorectomy 35–40 years based on reproductive desire 
or after completing child bearing  

 •  TransVaginal UltraSound + CA-125 every 6 months, >35 years or earlier for OC early 
age of onset  

 •  Consider chemoprevention options  
 •  Consider Imaging and screening studies  
 •  Advise about risk relatives, and consider about counseling option    

  Men 
  •  Monthly breast self-exam  
 •  Clinical breast exam every 6 months  
 •  Consider baseline or annual mammogram if gynecomastia or parenchymal/glandular 

breast density  
 •  Advise about risk relatives, and consider about counseling option  
 •  Adhere to screening guidelines for prostate cancer          
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  Summary 

 Breast cancer is one of the most commonly diagnosed cancers worldwide. The underly-
ing mechanisms accountable for aberrant cell proliferation and tumor growth involve multiple 
pathways, which include components of the cell cycle machinery. Proto-oncogene activation, 
loss of tumor suppressor genes, and growth sustained by growth factors and steroids may affect 
breast cancer initiation and progression. The regulation of cell cycle checkpoints is critical for the 
proper and orchestrated transition from one phase of the cell cycle to the next. The deregulation 
of these checkpoints plays a key role in the transformation process, allowing the cells to continu-
ously cycle under conditions inadequate for normal cell proliferation. A key regulatory pathway 
determining cell cycle proliferation rate is the cyclin/cyclin-dependent kinase (CDK)/p16Ink4A/
retinoblastoma protein (pRb) axis. Alterations affecting components of this pathway through 
overexpression, mutation, and epigenetic gene silencing are almost universal in human cancer. In 
breast cancer, these include the overexpression of  cyclins D1  and  cyclin   E , decreased expression 
of the  p27Kip1  CDK inhibitor, and silencing of the  p16  Ink4A  gene    through promoter methyla-
tion. Understanding the biology of breast cancer may improve the possibility to overcome this 
pathology. The chance to have strong prognostic and/or predictive markers will be an immensely 
useful tool to identify patients at higher risk of relapse and to select the most appropriate systemic 

treatment for individual breast cancer patients.  

  Key Words:   Breast cancer ;  Cell cycle control ;  G1/S transition ;  Cyclins, Cyclin-dependent 
kinases (CDKs) ;  CDK inhibitors ;  RB pathway    
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  1. CELL CYCLE: AN OVERVIEW  

  1.1. Cell Cycle Phases and Checkpoints 
 During an organism’s development, the destiny of its individual cells is dictated by signals 

that each cell receives from its own environment. The cells may encounter five different 
fates: they can differentiate, become quiescent or senescent, proliferate, or undergo apopto-
sis. A finely regulated molecular network operates in the cells in order to manage and inte-
grates the multiplicity of internal and external signals to settle on a cell’s fate. Once a cell 
has been formed by the process of cell division it must “decide” whether it will once again 
start a new proliferating cycle or withdraw from the cell cycle in a nonproliferative state, 
named quiescent state G0. This choice is strongly influenced by the presence and amount of 
mitogenic or antimitogenic stimulation, respectively, in the surrounding environment. The 
majority of cells in the human body reside in nonproliferating, “out-of-cycle” states and only 
a minority population is actively cycling. These cycling cells are mainly located in stem-
transit amplifying compartments of self-renewing tissues such as cervix, colon, or skin. On 
the other hand, most functional cells (e.g., hepatocytes) reside in a quiescent (G0), reversibly 
arrested state, or have irreversibly withdrawn from the mitotic cell division cycle into termi-
nally differentiated states (e.g., neurons, myocytes, or surface colonic epithelial cells)  (1) . 
Cell fate is mainly determined in a discrete window of time, during which the cell is respon-
sive to extracellular signals; this critical point is called the  restriction point  or  R point . If the 
cell should decide at the R point to undertake a proliferating path it commits itself to proceed 
in a highly structured cycle of growth and division, the  cell cycle . An eukaryotic cell cannot 
divide into two daughter cells unless it replicates its genome (DNA) and then separates the 
duplicated genome. To achieve these tasks, cells must perform DNA synthesis and mitosis. 
The cell cycle is an ordered set of events that may be recapped into four central phases, 
namely G1 phase (or Gap1), S phase, G2 phase (Gap2), and mitosis (M phase). During G1 
phase, the cells grow and prepare all the macromolecules required for the subsequent syn-
thesis of DNA. In S phase the chromosome will be duplicate with fidelity. After this process 
the cells will enter in a second Gap phase (G2) in which they continue to grow and prepare 
for mitosis, the phase in which the cells will be actually divided. The decision to undertake 
a proliferation cycle begins at the onset of G1 and ends just before the last part of G1; this 
window of time represents the R point. At this point the cell takes an irreversible choice, 
since a cell that enters S phase will invariably proceed through the rest of the phases, even 
if mitogenic stimulation is not longer present in the surrounding setting. Metabolic, genetic, 
and physiological emergencies, however, may cause a delay in the cell cycle or may even 
cause the cell to withdraw from the cell cycle. The faithful replication of a cell’s genome 
during S phase and the accurate allocation of the resulting DNA to daughter cells during 
mitosis are critical steps that guarantee the cell correct proliferation. Defects in these path-
ways have grievous consequences not only for the single cell but also for the entire organ-
ism. To avoid these dangerous consequences the cell has acquired rigorous quality control 
mechanisms, which tightly regulate progression through the cell cycle. These monitor-
ing mechanisms, commonly named  checkpoints  (Fig.  1 ) work to ensure the proper sequence 
of cell cycle events and allow the cell to interrupt or delay the cell cycle if something goes 
wrong. A cell can advance into the next phase of the cycle if and only if it has properly 
completed all the required events in the previous phase and any potential problem has been 
fixed successfully. Moreover, the checkpoints ensure that once a given step of the cell cycle 
has been concluded, it is not repeated until the next cell cycle. Any pathways working in the 
cell cycle are strongly related to each other and the aim of this dependence is to guarantee a 
complete and accurate distribution of the genome to daughter cells. When cells have 



  Fig. 1.    Cell cycle phases and checkpoints. The cell cycle is the cyclical process by which a cell 
that has just divided grows, replicates its DNA, and then divides again. Four distinct, ordered 
stages constitute a cell cycle. DNA synthesis (S) and mitosis (M) separated by two “gap” 
phases (G 

2
  and G 

 1 
 ) of preparation and growth. The time period in which a cell is responsive to 

extracellular signal is called Restriction point. It represents an important G1 checkpoint, and 
cells that progress through this point are committed to proceed in the cell cycle. If a cell is not 
ready or external conditions are not appropriate for the S phase, the cell may enter G 

0
  phase, a 

quiescent stage. When cells acquire genomic damage they activate DNA damage checkpoints 
that according to the cell cycle stage are classified into G1/S (G1) checkpoint, intra-S phase 
checkpoint, and G2/M checkpoint. They slow or pause the cell cycle in order to repair any 
damage before cells proceed in the next step of the cell cycle. The DNA replication checkpoint 
arrests cells in G2/M transition until DNA replication is successfully completed. The spindle 
checkpoint arrests cell cycle at M phase until all chromosomes are aligned on spindle. This 
checkpoint is important for equal chromosomes distribution.       
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acquired DNA damages, cells activate  DNA damage checkpoints  that slow or pause the cell 
cycle in order to remedy the DNA mistakes when possible and promote cell death (apopto-
sis) in unrepaired cells. According to the cell cycle stages, there are at least three DNA dam-
age checkpoints: G1/S checkpoint, intra-S phase checkpoint, and G2/M checkpoint. The  G1 
checkpoint  is the first defense against genomic stress and DNA damage. Inhibiting the onset 
of DNA replication, this checkpoint ensures that a cell cannot advance from G1 into S phase 
if the genome needs to be repaired. Replication errors and DNA damage incurred during S 
phase have to be checked before the cell advances into M phase. Both S-phase and G2 
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checkpoints are designed to guarantee fidelity in DNA transmission. To ensure integrity of 
the genome and the fidelity of chromosome segregation, the cells have acquired multiple 
levels of control. Following any kind of events that may interfere with DNA synthesis, the cell 
responds by activating the  DNA replication checkpoint , which arrests the cell cycle at G2/M 
transition until DNA replication is successfully complete. Highly efficient checkpoints are 
the  spindle checkpoint  and the  morphogenesis checkpoint . The spindle checkpoint arrests the 
cell cycle at M phase until all chromosomes are aligned on the spindle. This checkpoint is 
very important for equal distribution of chromosomes. The morphogenesis checkpoint 
detects abnormality in the cytoskeleton and arrests the cell cycle at the G2/M transition. Any 
uncorrected errors that escape these restriction points will be inherited by the daughter cells, 
thus bringing about the so-called  mitotic catastrophe . All the checkpoints examined require 
an orchestrated protein interaction pathway. Mutations in genes encoding for proteins 
involved at every step in cell cycle checkpoints may be related to cancer development and 
progression, since checkpoint failures allow the cell to continue dividing despite damages to 
its integrity.   

  1.2. Cyclins and Cyclin–CDK Complexes: Cell Cycle Progression 
At the restriction point the cell makes the most important decision concerning its fate: to 

grow or not. A wrong choice may be responsible for the uncontrolled cell proliferation that 
leads to cancer development. Therefore, it is extremely important to understand the cell cycle 
machinery, its thorough regulation in normal physiology and its deregulation during oncogen-
esis. In eukaryotes, cell cycle progression is mediated by sequential activation and inactiva-
tion of particular serine/threonine kinases, altogether called cyclin-dependent kinases (CDKs). 
The wording indicates that these enzymes never act alone, but their catalytic activity is 
dependent on their association with the cyclin proteins. By phosphorylating multiple distinct 
targets, cyclin–CDK complexes may create covalent modifications that operate by turning 
specific regulatory proteins on or off, generating a chain of events that culminate in the execu-
tion of specific cell cycle steps. The CDK catalytic subunit remains relatively uniform 
throughout the cell cycle, while the abundance of regulatory subunits the cyclins undergo 
periodic fluctuations in order to drive the cell through the different stages of the cell cycle (2). 
Cyclins are so named because their concentration varies in a cyclical fashion during the cell 
cycle; their gradual accumulation is followed by their rapid degradation and moreover has a 
critical role in the ensuring that the cell cycle continues in the appropriate direction (Fig. 2). 
There are several different families of cyclins, which are active at different points of the cell 
cycle and exclusively pair with specific CDK or sets of CDKs in a phase-dependent manner. 
Moreover, there are several “orphan” cyclins for which no CDK partner has been identified. 
During the most part of G1 phase, D-type cyclins (D1, D2, and D3) form enzymatically active 
complexes with CDK4 and CDK6. After the R point in late G1, the E-type cyclins (E1 and 
E2) pair and activate CDK2. The Cyclin E/CDK2 complex phosphorylates p27 Kip1  (an Cyclin 
D inhibitor), tagging it for degradation, and promotes the expression of Cyclin A, allowing 
progression to S phase. The A-type cyclins (A1and A2) are required for cell progression 
through the S phase. They start to accumulate during S phase and are destroyed during mito-
sis. Cyclin A has two CDK partners; at the beginning of S phase it replaces cyclin E as the 
partner of CDK2, while later in S it leaves CDK2 to associate with CDK1. The amount of the 
mitotic cyclin, named Cyclin B, increases through the cell cycle until mitosis: in late G2, 
cyclin B takes the place of cyclin A, switching cyclin A–CDK1complex into the so called 
mitosis promoting factor (MPF). This is a good example of how the binding with different 
cyclins may regulate the substrate specificity of the CDKs. The same catalytic domain may 



Fig. 2. Cyclin fluctuation through cell cycle phases: Cyclins have time-changed level during 
cell cycle and they are gradually accumulated and rapidly degraded in a cell cycle phase-
dependent fashion. The scheduled availability of different cyclins in specific cell cycle phase 
imposes to the cell to move through cell cycle in a preestablished direction. Cyclin B is a 
mitotic cyclin. The amount of cyclin B rises through the cell cycle until mitosis, where it 
falls all at once following its degradation. Cyclin E expression increases promptly after a cell 
moves forward the restriction point and collapses when the cell passes S phase, while cyclin 
A increases concurrently with the cell entry in S phase. The cyclin D level represents an excep-
tion to this programmed fluctuation plans. Its levels are closely regulated by external condi-
tions. Cyclin D is available in other cell cycle phases beside G1, after G1/S transition cyclin 
D is exported in the cytoplasm where it can no longer influence cell cycle.
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have different targets depending on the binding with different regulatory subunits. This allows 
the cell cycle machinery to move through the different phases by a well-regulated and syn-
chronized time schedule (Fig. 3). The cyclic fluctuation in the cyclin levels is tightly coordi-
nated with cell cycle execution program; the sole exception is presented by D-type cyclins. 
The levels of these cyclins do not show the typical fluctuation pattern displayed by the other 
cyclins; instead, its regulation seems to be dictated by external signals. Mitogenic stimulation 
induces a signal-transduction cascade that ultimately leads to the induction of D-type cyclins. 
These molecules have the primary function of linking extracellular signals to the cell cycle 
machinery (3). Given that their expression is considerably influenced by the extracellular 
presence of mitogens, it is plausible to conclude that the presence of D-type cyclins represents 
the input signal to trigger the cell cycle machinery. The mitogen-dependent expression of 
D-type cyclins and their activity during early G1 exactly match with the period during which 
the cells are responsive to extracellular signals (restriction point). Thus, after cells pass 
through the R point, the activation of the remaining cyclin–CDK complexes takes place in a 
self-governing manner, no longer influenced by extracellular signals. 

1.3. Cell Cycle Entry: Regulation of G1/S Transition
D-type cyclins are critical modulators of the G1/S transition. Given the central role 

played by these proteins, the cells have acquired multiple regulation levels designed in order 
to ensure that the cell cycle is launched only if actually needed. D-type cyclins have the 



Fig. 3. Pairing of cyclins and cyclin-dependent kinases (CDKs) through cell cycle phases: the 
cell cycle is driven by the activity of cyclin-CDK complexes. Cyclins pair with and activate 
specific CDK or set of CDKs in a phase-dependent manner. During much of G1 Dl-type cyclins 
form active complexes with CDK4 and CDK6. At the R point cyclin E pairs and activates 
CDK2, promoting the expression of cyclin A. Cyclin A has two CDK partners: at the beginning 
of S phase replace cyclin E in the CDK2 binding, while later in S cyclin A dissociates to CDK2 
and binds CDKI. CDK1 pairs with cyclin B, forming the mitosis-promoting factor that remains 
activate until mitosis is completed. The binding with different regulatory subunits (cyclins) 
regulates the CDKs specificity for the different catalytic targets, allowing the cell cycle to pro-
ceed in a well-regulated time schedule.
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unique role of acting as a link between extracellular proliferation and growth signals and the 
cell cycle machinery. The distribution of the various D-type cyclins in different tissues is not 
uniform, with cyclin D2 and D3 being more prominent in hematopoietic lineage cells, 
whereas cyclin D1 appears to be especially important in mammary epithelial cells and the 
nervous system (4). During G1, D-type cyclin expression is regulated by several mitogenic 
factors and is controlled by multiple signaling pathways, in turn activated by different sets 
of cellular surface receptors. This may in part explain the typical tissue-specific distribution 
of each of them. Transcription factors that induce cyclin D expression include signal trans-
ducers and activators of transcription (STATs), nuclear factor (NF)-kB, and some varieties 
of activator proteins (AP)-1. E2F and PARPg transcription factors, conversely, inhibit cyclin 
D expression (5). Moreover, D-type cyclins have to be fleeting proteins to guarantee that the 
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subunit pool shrinks rapidly when cells are deprived of mitogens. D-type cyclins undergo 
posttranscriptional regulation by different mechanisms, which influence their translation as 
well as their stability, location and association with CDK complexes. Intracellular levels of 
cyclin D are controlled by proteasome-mediated proteolysis after ubiquitination. During S 
phase, cyclin D is excluded from the nucleus and rapidly degraded following its phosphor-
ylation by glycogen synthase kinase 3b (GSK-3b) (6). AKT, on the other hand, is a positive 
regulator of cyclin D; it stabilizes cyclin D by inhibiting GSK-3b (7).

Another layer of control governing the activity of the cyclin–CDK complex and therefore 
regulating the advance through the cell cycle is imposed by a class of proteins termed CDK 
inhibitors (CDKIs). Two CDKI gene families have been defined based on their structure and 
CDK specificities: the INK4 gene family and the Cip/Kip family. Both of them have the ability 
to block the CDKs activity at various points in the cell cycle, although by different regulatory 
strategies. The INK4 (inhibitors of CDK4) gene family encodes p16INK4a, p15INK4b, 
p18INK4c, and p19INK4d, all of which bind to CDK4 and CDK6 and inhibit their kinase 
activities, preventing their association with D-type cyclins. In contrast, the Cip/Kip family 
members, p21WAF1/Cip1, p27Kip1, and p57Kip2 are able to bind both cyclin and CDK subunits and 
can modulate the activities of cyclin D-, E-, A-, and B–CDK complexes (Fig. 4).

p16INK4a is encoded by the  p16  tumor suppressor gene, which inhibits the activity of 
the cyclin D-dependent kinase. Its inhibitory effect is based on p16INK4a ability to form 
complexes with CDK4/6 in order to prevent the formation of CDK4/6–cyclin D complex and 
S phase entry, respectively (8). A recent model proposed by Russo and coworkers explains 
how p16INK4a exerts its inhibitory function generating conformational distortions both in 
cyclin-binding and kinase catalytic sites of CDK4/6. In this way p16, not only indirectly 
prevents the binding of D-type cyclins, but also inhibits the preassembled CDK4/6–cyclin D 
complexes, by inhibiting directly the catalytic activity (9). The genetic locus encoding for 
p16Ink 4a also encodes in an Alternative Reading Frame, for p14ARF protein. The latter 
provides an essential link between the cell cycle and p53-mediated apoptosis. The 
p14/19ARF protein can increase p53 levels by neutralizing Mdm2, which in turn mediates 
p53 degradation through an ubiquitin-dependent pathway. Indeed, p14/19ARF directly binds 
to Mdm2 and block its ability to interact productively with p53, by inhibiting Mdm2’s ubiq-
uitin ligase activity and by repressing Mdm2 capacity to export p53 from the nucleus to the 
cytoplasm, where it is degraded (10).

p15INK4b has a central role in mediating cell cycle arrest triggered by tumor growth 
factor-b (TGF-b). TGF-b induces  p15INK4b  expression and stabilizes the respective protein. 
This allows p15 to bind CDK4 and CDK6, resulting in their inactivation (11). The other 
members of the INK4 class,  p18Ink4c  and  p19Ink4d , are expressed during fetal development 
and seem to play a key role in terminal differentiation (12). If, the INK4 proteins are special-
ized to inhibit cyclin D–CDK4/6 complexes, active in early G1, on the other hand, the three 
Cip/Kip CDKIs can interact whit cyclin D–CDK4/6 complexes as well as with the remaining 
cyclin–CDK complexes, active throughout the next phases of the cell cycle.

The way by which Cip/Kip proteins act seems to be contradictory. While they inhibit the 
action of cyclin E–CDK2, cyclin A–CDK2/1, and cyclin B–CDK1/CDK1, they actually 
stimulate the formation of cyclin D–CDK4/6 complexes (13).

p21Cip1/Waf1 was identified simultaneously by two independent research groups, who 
on the basis of its established functions, named it CDK-interacting protein 1 (Cip1) and Waf1 
(wild-type p53-activated fragment 1), respectively. p21 is a multifunctional protein able to 
inhibit cell cycle progression at different levels.

The principal role of p21Cip1/Waf1 in cell cycle regulation lies in its ability to inhibit 
cyclin A, E/CDK2 activity, required for G1/S transition, and therefore promote G1 arrest. 



Fig. 4. Regulation of G1/S transition: The transition from Gl to S phase may be considered 
as a “point of no return” beyond which the cell is committed to dividing. Numerous regula-
tory mechanisms govern this critical point, integrating extracellular signals and transducing 
them in a transcriptional response. INK4 CKIs act on D-type cyclins/CDKs, while Cip/Kip 
proteins inhibit both cyclin D/CDKs and cyclin E/CDKs. TGF b, Myc, and growth factors 
may exert their cell cycle regulatory function by influencing CDKIs activity and thus the cell 
cycle progression. An important link between cell cycle and DNA damage checkpoint is 
guaranteed through the p53-dependent activation of p21. This allows cells to slow or arrest 
cell cycle progression until the damage has been repaired. Cyclin/CDK complexes phospho-
rylate and inhibit Rb proteins. Rb inhibits cell proliferation by inactivating the E2F-
dependent transcription of genes involved in cell proliferation.
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Furthermore, p21 can interact with PCNA, an elongation factor for the DNA polymerase d, 
as well as a component of the DNA repair machinery (14). The binding of p21 inhibits the 
ability of PCNA to act in DNA replication but not in DNA repair. p21 may inhibit cell cycle 
progression in two ways: (a) by inhibiting a variety of cyclin/CDK complexes and (b) by 
inhibiting DNA synthesis through PCNA binding. If the genome becomes damaged during 
the G1 phase, p21 will block the advance through the S phase, inhibiting E–CDK2 com-
plexes, until the damage has been repaired. If the damage ensues during DNA replication, 
p21 by inhibiting PCNA halts DNA synthesis until DNA repair has been completed. In addi-
tion, as the name indicates, p21Cip1/Waf1 (wild-type p53-activated fragment 1) is under the 
control of p53 tumor suppressor gene. In DNA damaged cells, p21Cip1/Waf1 is responsible 
for p53-dependent G1 arrest. In response to DNA damage, the p53 is stabilized and activated 
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as a transcription factor. The p21 promoter region contains a p53-binding site that allows p53 
to activate p21 transcription and thus p21-mediated cell cycle arrest (15). Like p21, p27 and 
p57 bind to a variety of cyclin/CDK complexes through a conserved amino-terminal domain, 
while divergence in the remaining sequences among them suggests that each protein could 
have distinct functions and regulatory abilities.

p27 has been implicated in mediating several growth inhibitory signals including trans-
forming growth factor-b (TGF-b) and contact inhibition. In mitogen-starved cells and other 
quiescent states p27 expression is usually high and the protein is rapidly downregulated as cells 
enter the cell cycle. p27 binds and inhibits cyclin E–CDK2 and cyclin A–CDK2 complexes in 
the early G1 phase of the cell cycle, but also assembles cyclin D1–CDKs in the cytoplasm and 
facilitates the import of cyclin D1-complexes into the nucleus. The cyclin–CDK complex to 
which p27 is bound determines its functional activity. During period of cell proliferation, p27 
binds cyclin D1–CDK4/CDK6 complexes in a noninhibitory fashion. Antiproliferative signals, 
including TGF-b and cell to cell contact, mobilized the stored p27 so that it can bind and inhibit 
the cyclin E–CDK2 complex. The removal of p27 from the cyclin E–CDK2 complex is an 
essential step for S-phase entry. By binding cyclin D1–CDK4, p27 is sequestrated from cyclin 
E–CDK2, reducing its CDK2 inhibitory function and allowing the cell to proceed to the repli-
cation phase (16). Since CDK2 is a nuclear protein, p27 exerts its inhibitory function on cyclin 
E–CDK2 complex in the nucleus; cytoplasmic localization of p27 would therefore keep it 
away from its target (17), representing one of the principal ways by which p27 function may 
be compromised in uncontrolled growing cells. The abundance of p27 through the cell cycle is 
mainly regulated at the posttranscriptional level, although transcriptional control also contributes 
to protein regulation. p27 activity is regulated by a well-articulated phosphorylation network 
that modulates protein function by altering its subcellular localization, protein–protein interac-
tions, and stability. As the cell exits quiescence and progresses through the S phase, p27 protein 
levels drop due to decreased translation of p27 mRNA and targeted proteolysis (18). A site-
specific phosphorylation labels p27 for degradation as well as for protein subcellular localiza-
tion. Mitogenic signaling pathways promote the cytoplasmic localization and subsequent 
degradation of p27 via phosphorylation of the protein at specific sites. This will increase the 
activity of nuclear cyclin E–CDK2 complex, resulting in the additional p27 phosphorylation 
and consequent degradation, and then a positive feedback loop for enhancement of cyclin 
E–CDK2 activity and cell cycle progression (19).

In contrast to the ubiquitous expression of p21 and p27, p57 displays a tissue-restricted 
expression pattern suggesting a specialized role in cell cycle control. Different lines of evidence 
emphasize the central role of p57 in cell cycle regulation during embryonic development (20).

While antiproliferative signals, as well as DNA damage, may activate Cip/Kip expres-
sion, thereby blocking cell cycle advance, mitogens act by inhibiting CDKIs and promoting 
cell proliferation. Phosphorylation of various amino acids controls many aspect of Cip/Kip 
protein biology, not only by modifying Cip/Kip proteins’ affinity for specific cyclin–CDK 
complexes, but by impacting their stability and subcellular localization. The Cip/Kip pro-
teins’ phosphorylation induced by mitogenic signaling pathways promotes cytoplasmatic 
retention of p21 and p27. Different kinds of mitogens stimulate tyrosine kinase receptor 
RTKs, which in turn activate the phosphatidylinositol 3-kinase (PI3K) pathway. Akt/PKB, 
the important kinase activated downstream of mitogen-activated PI3K, phosphorylates p21, 
as well as p27, thereby causing them to be exported in the cytoplasm where they can no 
longer engage and inhibit cyclin–CDK complexes. In addition to promot Cip/Kip cyto-
plasmatic localization, protein phosphorylation also regulates its degradation. Cip/Kip pro-
teins have different phosphorylation sites each of them responding to different regulatory 
pathways and tagging the proteins for a specific destiny.
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  1.4. Rb Protein: the “Master Switch” of Cell Cycle Progression 
 Cyclins and CDKs coordinate the cell’s progression through the different phases of the 

cell cycle. By a well-articulated network of interactions, these complexes catch extracellular 
signals and translate them into a proliferative or resting cell behavior. Once the cell goes 
beyond the restriction point it is marked for a proliferative destiny, and this “decision” is 
carried out by switching pRB proteins from an active to an inactive form. pRb protein is 
therefore considered the “guardian” of the restriction point, and represents the main break 
at the G1-S transition. The pRb tumor suppressor protein is an essential component of the 
cell cycle machinery, integrating both positive and negative signals for cellular growth and 
proliferation with the transcription machinery. 

 pRB, the tumor suppressor product of the retinoblastoma susceptibility gene, was so 
named because mutation in both alleles of the  RB1  gene are involved in the pathogenesis of 
retinoblastoma. Consistently, considering its central role in cell cycle regulation, alterations 
in the pRb pathway have been found to be present in most, if not all, human tumors. pRb is 
one of the members of three structurally related proteins, pRB, p107, and p130, which 
together are often called “pocket proteins.” Although these three proteins share many struc-
tural features and the ability to work as negative regulators of cell proliferation, they are not 
functionally and temporally redundant. 

 To appreciate the functional impact of pRB family proteins in cell cycle control, it is 
important to identify some of the structural features of these proteins. pRB can be divided 
into a number of functional regions, each of them affect different protein-binding capacities. 
The three pocket proteins consist of an amino-terminal domain, a pocket region composed 
of two conserved domains (A and B) separated by a spacer region, and a carboxy-terminal 
domain. The pocket domain, the most highly conserved in the three proteins, is responsible 
for pRB protein interaction with the transcription factors, cyclin and CDKs. The surface resi-
dues of pRB that are conserved across species and in human p107 and pRb2 proteins cluster 
in two regions: the LXCXE binding site in the B domain and the interface between the A and 
B domains. 

 The B domain is necessary for the binding with proteins containing a conserved LXCXE 
amino acid motif, such as the viral oncoproteins SV40 large T, adenovirus E1A, and human 
papillomavirus E7. Other proteins that interact with pRB and may utilize this motif include 
the D-type cyclins and a type 1 serine/threonine protein phosphatase (PP1), crucial for guar-
anting the functional integrity of the protein. The pocket region is also able to bind proteins 
lacking the typical LXCXE amino acid motif, the most important of which is a class of 
transcription factors known as E2Fs, through which pRB exerts its growth suppressive func-
tion. A dozen distinct phosphorylation sites have been found in the spacer region, all of 
which can be phosphorylated during the G1 phase. pRB phosphorylation is an important 
mechanism of control since it can influence pRb relationships with the interacting proteins. 
The carboxy-terminal domain contains the NLS (nuclear localization signal) sequences and, 
hence it is responsible for the nuclear localization of the proteins  (21,  22) . 

 pRB undergoes phosphorylation in concert with cell cycle progression. In G0, the 
protein is basically unphosphorylated; as the cell advances through G1, pRb becomes 
hypophosphorylated and, while proceeding through the restriction point, pRB acquires 
new phosphate groups shifting in an extremely phosphorylated form (hyperphosphor-
ylated). pRb remains in its hyperphosphorylated state in the remaining phases of the cell 
cycle until, in the late M, all the phosphate groups are stripped by the protein phosphatase 
PP1, and its unphosphorylated form overlaps with the beginning of a new cell cycle. In its 
unphosphorylated form pRb is active and carries out its role as a tumor suppressor by inhib-
iting cell cycle progression. Phosphorylation inactivates pRB; thus, after the cell passes 
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though the restriction point, the hyperphosphorylated form of the protein is no longer able 
to stop cell progression, and this condition is preserved until the cell completes the entire 
cycle. pRb phosphorylation is governed by the cyclin–kinase complexes, which work in 
coordination with each other during the different phases of the cell cycle. 

 pRb is activated near the end of G1 phase. When it is time for a cell to enter S phase, 
complexes of CDK and cyclin phosphorylate pRb, inhibiting its activity. The initial phospho-
rylation, performed by cyclin D/CDK4/6, is a necessary but not sufficient condition for the 
functional inactivation of pRB. A hyperphosphorylated form is required to allow the cell to 
pass through the restriction point. The complete inactivation of pRB is driven by cyclin 
E–CDK2 complexes consistently with the increase in  cyclin E  expression at this point. Once 
a cell advances through the R point, pRB is maintained in a hyperhosphorylated form by the 
remaining cyclin–CDK complexes acting throughout S, G2, and M phases, until it becomes 
once again dephosphorylated. 

 The ability of pRB to function as a negative cell growth regulator is due to its capacity to 
bind and sequester a group of transcription factors termed E2Fs, preventing them from inter-
acting with the cell’s transcription machinery. In this way, pRB can function as a transcrip-
tional modulator that limits the expression of many genes necessary for cell cycle progression. 
E2F factors regulate the expression of many genes (E2F-responsive genes) encoding for 
proteins involved in cell cycle progression and DNA synthesis, such as cyclins E and  A, cdc2  
(CDK1),  B-myb, dihydrofolate reductase, thymidine kinase , and  DNA polymerase a     (23) . 

 When pRb, and its two cousins, p107 and p130, are in their unphosphorylated or hypo-
phosphorylated state, they bind E2Fs; however, in its inactive hyperphosphorylated state they 
dissociate from E2Fs, leading them to transcribe their responsive genes. 

 In G0 and early G1, the inactive forms of pRB protein associate with E2Fs, preventing 
them to promote gene transcription; as such, E2F-dependent genes remain repressed during 
the G1 phase. 

 Rb phosphorylation by CDK4 and/or 6 partially relieves its inhibitory effect on E2F 
transcription factors and causes a conformational change in pRB, which exposes Ser 567, a 
CDK2 substrate. E2F then induces the transcription of  cyclin E , which forms complexes with 
CDK2. These complexes further phosphorylate pRB, thereby completely eliminating its inhibi-
tory effect on E2F. Once free of pRB control, E2F factors induce transcription of E2F-regulated 
genes, the products of which are necessary for the cell to advance from G1 to S phase  (24,  25) . 
Hence, the inactivation of pRB leads to an increase in  cyclin E  expression, which in turn drives 
further pRB inactivation. This relationship generates a self-reinforcing positive feedback that is 
triggered as the cell passes through the R point. The creation of a regulatory positive-feedback 
mechanism ensures the cell to move rapidly and irreversibly to complete the cell cycle. 

 The E2F family of transcription factors is composed of eight different members (E2F1-8), 
which cooperate with one another to regulate the cell cycle. Based on their function, the 
genes that belong to this family have been divided into two subgroups: activating (E2F-3a) 
and repressive (E2F 3b-5; 6-8). E2F activity is dependent upon its dimerizzation with DP 
proteins. Once assembled, E2F–DP complexes recognize and bind a sequence at the 
promoter’s region of different genes, which seems to be highly conserved. E2F transcription 
factors may exert two opposite effects on transcription control. When bound to the promoter 
region of the genes in the absence of any associated pocket proteins, they can engage proteins 
that promote a transcriptionally active chromatin structure, such as histoneacetylase, and 
recruit RNA polymerase to initiate transcription. In cycle-arrested cell, the hypophosphor-
ylated form of RB binds and blocks the transactivation domain of E2Fs repressing transcrip-
tion. Simultaneously, the pocket protein is able to inhibit E2F-dependent transcription by 
recruiting chromatin remodeling factors to E2F responsive elements, including histone 



  Fig. 5.    Rb governs S phase entry. pRb functions as a negative cell growth regulator by 
binding to E2Fs transcription factor and thus repressing the transcription of genes required 
for S-phase entry. In G 

0 
 and early G 

1 
, hypophosphorylated Rb binds to E2F transcription 

factors and blocks their transcription domain. pRb represses transcription also by recruiting 
chromatin remodeling proteins on E2F-responsive elements such as HDAC that generate a 
transcriptional repressive state. In late Gl, Cyclin/CDK complexes phosphorylate Rb, 
which in its inactive hyperphosphorylated form dissociates from E2F, allowing the latter to 
transcribe E2F-responsive genes. In the absence of any associated pocket proteins, E2Fs 
can interact with transcription activating proteins such as HAT. This interaction generates a 
conformational transcriptionally active state that allows RNA polymerase to start the tran-
scription of cell cycle E2F-dependent genes. Rb function is closely regulated by its phos-
phorylation status. Integrating positive and negative proliferation signals, cyclin/CDKs 
complexes and CDKIs coordinate Rb phosphorylation status and thus regulate the cell cycle 
progression.       
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deacetylase and methylase and Swi/Snf complexes  (26) , generating a transcriptionally unfitting 
chromatin structure (Fig.  5 ).  

 A variety of mitogenic signaling pathways control the cell cycle progression by converg-
ing in the phosphorylation of pRB. Extracellular “hints” are collected and elaborated by the 
cell cycle machinery, which, by acting upon the pRB pathway, turns the cell cycle progres-
sion on or off. Mitogenic imputes promote cell growth through signaling network that propa-
gates from an extracellular setting, by the activation of specific membrane receptors, to the 
nucleus, where these signals are transduced to modulated gene expression patterns. The vast 
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majority of mitogenic and antimitogenic signals influence pRB phosphorylation status, by 
activating or repressing cyclin D1 and cyclin E activity, respectively. The R point transition 
at late G1 represents a critical decision point in the life of a cell: however, once a cell has 
decided to trigger a proliferative destiny, passing the R point gateway, the remaining steps 
of the cell cycle proceed in a preprogrammed and automatic system  (27) . The components 
that govern the G1/S transition are commonly deregulated in cancer cells, which by loosing 
cellular growth control acquire proliferative advantage. In addition to the molecules that 
control the G1/S transition, other proteins normally deregulated in cancer may be those 
involved in checkpoint in S and M phase. Their inactivation, however, does not seem to have 
direct consequence on uncontrolled cell proliferation, but may be ascribed to cancer cells’ 
capacity to proliferate despite genetic abnormality. Cancer cells often gain the ability to 
proliferate abnormally despite genomic instability. Uncontrolled cancer cell growth may be 
attributable to the simultaneous inactivation of key components of apoptotic pathways and 
to the ability of damaged cells to bypass cell cycle control surveillance mechanisms  (28) .   

  2. BREAST CANCER AND CELL CYCLE  

  2.1. Cyclins D in Breast Cancer Pathogenesis 
 Strong evidences designate  cyclin D1  amplification and overexpression as a driving force 

in human breast cancer. Cyclin D1 is the product of the  CCND1  gene located on chromo-
some 11q13, a region of the genome that is commonly amplified in a range of human carci-
nomas, including about 15% of breast cancers  (29) . The further demonstration that cyclin D1 
was overexpressed at the mRNA and protein level in up to 50% of primary breast cancers 
identified  cyclin D1  as one of the most commonly overexpressed oncogenes in breast cancer 
 (30) . Since in many tumors this overexpres sion cannot be explined by an increase in gene 
copy numbers this suggests as the pathogenic activity of cyclin D1 can occur via additional 
mechanisms, including transcriptional and posttranscriptional deregulation due to primary 
activation of other oncogenic/mitogenic pathways. Deeper insight into the role of cyclins in 
mammary carcinomas has come from in vivo studies employing genetically manipulated 
mice. In Cyclin D1 transgenic mice mammary gland development is disturbed and it is 
followed by the formation of hyperplasia and adenocarcinoma. Tumors form in about 75% of 
the mice, but only after 18 months, suggesting that cyclin D1 is a relatively weak oncogene 
compared with activated c-neu, Ha-ras, and c-myc, which induce tumors at  ~ 3, 6, and 11 
months  (31) . These observations suggest that additional events may be required so that 
 cyclin D1 exerts its oncogenic potential. Furthermore, cyclin D1-deficent mice are resistant 
to mammary carcinomas induced by  c-neu/Her-2  and  ras  oncogenes, but not those induced 
 by c-myc  and  Wnt-1 , suggesting that cyclin D1 is implicated in the oncogenic actions of 
 c-neu/Her-2  and  ras , while it is not necessary in  myc  and  Wnt-1 -induced mammary tumori-
genesis  (32,  33) . Otherwise, cyclins D2 and D3 have been shown to be not required for 
normal mammary gland formation, while they are necessary as downstream targets of mam-
mary oncogenes such as cmyc. Each of the three D-type cyclins is thus involved in the 
development of carcinoma, but each of them may be related to different cancer phenotypes. 
Overexpression of  cyclin D1  and D2 produces adenocarcinoma while cyclin D3 is predomi-
nantly linked to the squamous phenotype. Maybe these differences could be explained by 
assuming that the three D-type genes have similar effects on mammary epithelial cell prolif-
eration but distinct effects on differentiation  (3) . The oncogenic ability of cyclin D1 has been 
well documented by numerous studies. It has been shown that the induction of cyclin D1 in 
breast cancer cell lines shortens G1 and results in an increase in the number of cells 
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 processing through G1; consistently, entry into S phase is blocked by inhibiting  cyclin D1  
expression  (34) . It is widely accepted that cyclin D1 promotes cell proliferation essentially 
by the activation, as a regulatory subunit, of CDK4 and/or CDK6 and consequently by the 
phosphorylation of pRB. A noncatalytic function of cyclin D–CDK4/6 complexes lies in 
their ability to sequester CDK inhibitor proteins p21 and p27 from cyclin E–CDK2 com-
plexes, working as additional mechanisms to promote cell progression. Since cyclin D1 acts 
as a key sensor and integrator of extracellular signals, its abundance is closely regulated in 
order to transduce pro- and antiproliferative stimuli in a growth response. Growth factors 
including EGF and IGF, hormones including estrogens, androgens, and retinoic acid, and 
different oncogenic signals including Ras, Src, ErbB2, and  b -catenin induce cyclin D1 
expression leading to the G1 transition trough cell cycle and cell proliferation  (33) . On the 
contrary, TGF b  causes G1 arrest through the inhibition of  cyclin D1 . Alterations in each of 
these pathways lead to  cyclin D1  overexpression, providing a growth advantage to the tumor 
cells. Cyclin D1 plays a pivotal role in estrogen-induced breast cancer. The link between 
estrogen’s mitogenic effect and cell cycle progression is well established, in particular at the 
G1/S transition where key effectors of estrogen action are c-Myc  (35)  and cyclin D1  (36) , 
which in turn converge in cyclin E–CDK2 complex activation and cell proliferation. While 
estrogen rapidly induces  cyclin D1  expression, antiestrogen has a converse inhibitory effect. 
Furthermore, abrogation of cyclin D1 activity by cyclin D1 antibodies or the CDK4 inhibitor 
p16INK4A blocks estrogen-induced G1-S phase progression, indicating that estrogen acts, 
at least in part, through upregulation of cyclin D1 expression. A well as c-Myc, cyclin D1 
expression can mimic the effects of estrogen allowing cell cycle reentry in antiestrogen-
arrested breast cancer cells  (37) . Taken together, these data highlight the central role of 
cyclin D1 in breast cancer cell cycle control, and underline how its overexpression may 
provide a growth advantage to tumor cells and contribute toward resistance to endocrine 
therapy  (34) . 

 Although  cyclin D1  overexpression might be expected to be associated with high prolif-
eration rate, this is not the case in breast cancer, where cyclin overexpression is characteristic 
of slow-growing, more differentiated phenotypes. Since cyclin D1 is preferentially overex-
pressed in ER-positive cancer subgroups, it has given some directions to better understand-
ing the CDK-pRB-independent oncogenic activity of this emblematic cyclin. Numerous 
experimental data have demonstrated that cyclin D1 neither correlates with Ki-67, a marker 
of cellular proliferation, nor with the levels of its downstream products. These records sup-
port the hypothesis of an alternative, CDK-independent mechanism by which  cyclin D1 
 contributes to breast cancer. Cyclin D1 can regulate the growth of estrogen-responsive 
 tissues by activating the estrogen receptor (ER) in a ligand-independent fashion  (38) . Cyclin 
D1 binds to the hormone-binding domain of ER and promotes association between ER and 
one of it coactivators, which in turn result in the upregulation of ER-mediated gene transcrip-
tion  (39) . Furthermore, the effect is not dependent on cyclin D1 cell cycle-associated func-
tion, given that this effect can be reproduced in cyclin D1 mutants unable to bind CDK4 or 
pRb. The finding that cyclin D1 can activate ER in a hormonally independent fashion may 
underline the oncogenic activity of cyclin D1 in breast cancer. In this way, cyclin D1 in a 
noncell cycle-associated fashion may drive all of the key mitogenic effects of estrogen in 
breast cancer epithelium. The ability of cyclin D1 to enhance the transcriptional activity of 
ER in a hormone-independent way is not inhibited by antiestrogens  (38) . This suggests an 
additional mechanism by which  cyclin D1  overexpression could lead to persistent ER signal-
ing and endocrine resistance. In recent years accumulating evidence suggests that cyclin D1 
associates with and regulates the activity of several transcription factors (ER, androgen 
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 receptor, DMP1, Stat3) coactivators and corepressors that govern histone acetylation and 
chromatin remodeling proteins (C/EBP b )  (33) , strongly confirming the need to reevaluate the 
role of cyclin D1 in oncogenesis. The role of cyclin D1 as a phatogenetic breast cancer cor-
nerstone may open the possibility for future anticyclin D1 therapies.  

  2.2. Cyclin E: A New Potential Prognostic Marker in Breast Cancer 
 Cyclin E together with cyclin D1 is the main activator of the G1/S transition.  Cyclin E 

 levels are strictly regulated during the cell cycle, with the level of proteins peaking during 
mid- to late-G1 phase, thus allowing the formation of active cyclin E–CDK2 complex. The 
accumulation of cyclin E and activation of cyclin E/CDK2 complex is a rate-limiting event 
for the G1/S transition. In addition to promoting S phase entry through pRB phosphoryla-
tion, cyclin E–CDK2 also phosphorylates a set of proteins more directly involved in DNA 
replication and components of prereplication complex  (40) . Consistently with its critical 
role in normal cell homeostasis, cyclin E has been found deregulated in several malignan-
cies, supporting its oncogenic properties. The oncogenic role of cyclin E has been sug-
gested by studies on  cyclin E -deficient cells, which are resistant to transformation induced 
by myc alone or in combination with ras, a dominant negative p53, or E1A, suggesting that 
cyclin E is a key component in oncogenic signaling  (41) .  Cyclin E  overexpression induces 
premature S-phase entry  (42)  and genetic instability, a feature that leads the tumor to a 
more aggressive state. Cells unable to arrest in G1 potentially allow damaged cells to 
proceed into S-phase. These observations suggest that cyclin E deregulation may induce 
chromosomal instability by inappropriate initiation of DNA replication and centrosome 
duplication  (43) . Although  cyclin E1  locus  amplification is a relatively rare event in breast 
cancer, the protein product is overexpressed in  ~ 40% of breast cancers as a series of iso-
forms ranging in size from 35 to 50 kDA  (44) . Transgenic mouse models have allowed a 
better understanding of  cyclin E  role in normal mammary gland development and the 
consequence of its overexpression in breast cancer.  Cyclin E  overexpression in the mouse 
mammary gland results in adenocarcinoma formation in  ~ 10% of female mice after 8–13 
months, demonstrating that cyclin E as well as D-type cyclins are weak oncogenes in 
breast epithelium, able to induce carcinomas at low incidence and after long latency  (45) . 
Constitutive overexpression of  cyclin E , but not  cyclin D1  or  A , in both immortalized rat 
embryo fibroblasts and human breast epithelial cells results in chromosome instability. 
Although  cyclin E -overexpressing cells have normal centrosome numbers, they display an 
impaired S-phase progression, indicating that cyclin-E/CDK2 kinase activity in the G1/S-
phase transition may be necessary for the maintenance of karyotypic stability  (46) . 
Consistently with its role in cell cycle regulation, alterations in  cyclin E  expression are 
strongly related to loss of growth control in breast cancer, in which cyclin E level increases 
with increasing tumor stage and grade and appears to be associated with high proliferative 
rates in breast cancer  (3) . Cyclin E, actually, is principally overexpressed in ER-negative 
breast cancer, representing a group of tumors poorly differentiated and with high histologi-
cal grade. The association between  cyclin E  overexpression and proliferation markers 
suggests that the CDK-dependent function of cyclin E may be critical in mammary onco-
genesis. In normal cells  cyclin E  expression is closely regulated: it is expressed when 
needed and then is rapidly degraded. In breast cancer, cyclin E deregulation may be just 
partially explained by  cyclin E  locus  amplification. Moreover, alteration in protein degra-
dation pathways  (47)  may perturb cyclin E periodicity, by increasing  both protein stability 
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and activity. Cyclin E activity can be deregulated indirectly by pRb inactivation, that cause 
premature induction of  cyclin E  transcription and thus an increase in the protein level  
 (48) . The most significant cyclin E alteration is the posttranslational cleavage of the full-
length cyclin E into low molecular weight (LMW) forms that are hyperactive compared to 
the full-length protein. Some breast cancer cell lines and human breast cancers express, in 
addition to the typical 50-kDa protein, a series of five LMW isoforms of cyclin E ranging 
in size from 49 to 34 kDa  (49) . The LMW forms of cyclin E can phosphorylate substrates 
more effectively than normal cells, that only express the full-length form, and as a result 
tumor cells can progress through G1 and into S phase, bypassing the restriction point thus 
providing the tumor cells with an added growth advantage  (50) . The LMW isoforms are 
unique to tumor cells and their expression strongly correlate with increasing stage and 
grade of breast cancer. These tumor-specific LMW forms of cyclin E predominantly derive 
from proteolytic processing of the full-length cyclin E. Two elastase-specific sites in the 
amino terminus of human cyclin E are cleaved to generate the LMW isoforms, holding an 
intact C-terminus domain. Porter and coworkers have exhaustively demonstrated that only 
tumors and not normally proliferating cells have the machinery to process cyclin E into its 
LMW forms. Firstly, this tumor-specific pattern cannot be explained as the result of 
 overexpression or constitutive expression of  cyclin E , since normal cells transfected with 
cyclin E under a strong constitutive promoter do not further process cyclin E into its LMW 
forms. Moreover, the proteolytic cleavage leading to LMW forms differs from the 
 pro teasome-dependent proteolysis of cyclin E. Although the destruction of cyclin E may 
be mediated through the ubiquitination-proteasome pathway, LMW forms of cyclin E do 
not seem to represent the intermediate proteolytic products of degradative machinery. 
Finally, the LMW forms of cyclin E are constitutively present in tumor cells and are not 
subject to cell cycle regulation  (50) . The LMW forms of cyclin E keep pRb constitutively 
 phosphorylated and are resistant to inhibition by p21 and p27. These events shorten G1 
phase and, by increasing the rate of S-phase entry, increase tumorigenesis  (51) . It has been 
postulated that the generation of cyclin E LMW forms may be due to an increase in 
elastase activity in tumors or in elastase inhibitor levels in normal. Therefore, it is possible 
to assume that inhibition of elastase in tumor cells may be a useful method for inhibit the 
effect of cyclin E and its LMW isoforms, without impacting normal cells. In fact, it has 
been demonstrated that specific elastase inhibitors not only repress the production of the 
LMW isoforms but also induce partial arrest of tumor cells in G1 phase without interfering 
with the cell cycle of normal breast epithelial cells. Given the well-accepted role of 
 elastase  in breast cancer metastasis  (52) , the LMW forms of cyclin E could provide a 
novel target for  metastatic breast cancer the treatment without harming normally prolifer-
ating cells in the body  (50) .  

  2.3. Direct and Indirect Role of Rb in Breast Cancer 
 Cell cycle machinery is deregulated at multiple levels in breast cancer cells. The high 

incidence of abnormality in the RB pathway underscores how important the maintenance of 
cell cycle commitment is in tumor prevention. Cyclins, CDK inhibitors, and pRB are con-
sidered putative mammary oncogenes and tumor suppressor genes respectivelly, and their 
deregulation often impacts breast cancer clinical outcome and therapeutic response. RB is a 
key regulator of cell cycle and it is targeted for inactivation in the majority of human cancers. 
Multiple mechanisms can impact RB function compromising cell cycle checkpoints and 
contributing to tumor proliferation. Primary breast tumors negative for RB are commonly 
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more proliferative and associated with poor disease outcome, suggesting that RB deficiency 
may impact with tumor progression and aggressiveness  (54) . Loss of pRb function in mam-
mary epithelium predisposes the tissue to malignant adenocarcinoma. However, analyzing 
of Rb inactivation performed on divergent mouse epithelial cell lines has demonstrated that 
alterations in Rb pathway is a common event in tumor initiation and progression but not a 
breast cancer exclusive feature. Despite the marked differences among divergent cell types, 
pRb inactivation causes a similar response, initially evoking increased proliferation and 
apoptosis and, ultimately, predisposing the tissue to tumorigenesis  (55) . Given that RB func-
tion may be impared at different control levels it is not simple to evaluate the direct conse-
quences of RB inactivation. RB exerts its tumor suppressive function mainly by inhibiting 
E2F-mediated transcription and its inactivation allows cells to commit itself in a replication 
cycle under nonproliferative conditions. Tumor samples lacking RB exhibit high levels of 
E2F downstream targets, among which there are several genes whose products have been 
independently correlated with poor outcome in breast cancer, including cyclin E and A, DNA 
replication factors, and chromatin remodeling enzyme  (54) . RB functional status is directly 
and/or indirectly linked to breast cancer therapeutic response. Resistance to hormonal ther-
apy in breast cancer is one of the major clinical problems and commonly involves alterations 
in the cell cycle regulatory components. Antiestrogen therapies antagonize the proliferative 
function of ER through a cascade of events that ultimately result in RB dephosphorylation 
and cell cycle arrest. Each condition that impairs RB function may be associated with resist-
ance to antiestrogen therapy. RB knockdown cells not only fail to undergo cell cycle inhibi-
tion following hormone therapy but they also actively proliferate and become hormone 
independent. Conversely, in the context of DNA-damaging agents, RB deficiency results in 
increased sensitivity to these agents both in cell culture and xenograft models  (56) . Loss of 
Rb protein produces a constitutive DNA replication signal that activate a p53-associated 
apoptotic response  (57) . Moreover, DNA damage checkpoints are compromised in cells 
lacking RB, enabling DNA replication and cell cycle progression to proceed despite DNA 
lesions. RB deficiency may well sensitize cells to death following treatment with cytotoxic 
drugs, however may have the deleterious effect to simultaneously facilitate mutagenesis in a 
fraction of cells surviving such treatment  (54) . In this scenario it is a reasonable wonder if 
the augmented drug sensitivity may represent a durable response or may be linked to a high 
risk for aggressive recurrence.  

  2.4. Alterations in CDK Inhibitor Pathways (Ckis): 
Several Strategies in Breast Cancer 

 As negative regulators of the cell cycle, both INK4 and Cip/Kip family members are 
potential tumor suppressor genes. Aberrant expression or alterated activity of distinct CKIs 
results in cells escaping from cell cycle control leading to malignant transformation. The 
cyclin–CDK inhibitors of the Cip/Kip family p21, p27, and p57 halt the cell cycle in G 

1
  

phase by binding to and inactivating cyclin–CDK complexes. In addition to regulate cell 
cycle progression, Cip/Kip proteins play an important role in apoptosis, transcriptional regulation, 
cell fate determination, cell migration, and cytoskeletal dynamics. A complex phosphorylation 
network modulates Cip/Kip proteins function by altering their subcellular localization, 
protein–protein interactions, and stability  (58) . Alterations at each point of this network may 
impair the proteins’ function and lead to uncontrolled cell proliferation. The majority of  
normal epithelial tissues, including breast, prostate, lung, and ovary, express high levels of 
nuclear p27 protein, especially in the terminally differentiated layers. In contrast, p27 is 
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virtually undetectable in proliferating cells  (59) . p27 null mice display an overall increased 
body size and multiple organ hyperplasia, revealing the importance of p27 in limiting growth 
 (60) . A variable loss of p27 protein has been shown in many human tumors. Indeed, the loss 
of heterozygosity of 12p13 locus that encompass the  p27  gene is uncommon in human 
tumors, including breast cancer. However, p27 function is impaired in a majority of human 
cancers through accelerated proteolysis, sequestration by other proteins, and an imbalance in 
the  mechanisms that regulate protein nuclear import and export. The important role of p27 as 
a mammary tumor suppressor gene has been confirmed by studies demonstrating that mice 
lacking p27 develop pituitary adenocarcinoma  (61) . Human breast cancer cells often exhibit 
reduced p27 expression and or/and mislocalization of the protein to the cytosol, indicating 
that p27 function may be impaired both by enhancing protein degradation and keeping the 
protein away from its targets. p27 cytoplasmic mislocalization is seen in 41% of primary 
human breast cancers in conjunction with Akt activation and is correlated with a poor 
 prognosis  (62) . The p27 NLS contains a protein kinase B (PKB)/Akt-consensus site at threo-
nine 157, and p27 phosphorylation by Akt impairs its nuclear import. Oncogenic activation 
of the PI3K/PKB pathway and the PKB-dependent phosphorylation of p27 is probably one 
of the mechanisms accountable for  p27 cytoplasmic mislocalization of p27 in human breast 
cancers and can be coupled with an aggressive tumor phenotype  (63,  64) . Her2 overexpres-
son is observed in up to 30% of primary breast cancers and is associated with increased 
tumor invasiveness and a poor patient outcome. Since primary breast cancers overexpressing 
Her2 exhibit decreased p27 concentration. The oncogenic activity of Herb2 seems to rely on 
its ability to promote p27 degradation. It has been demonstrated that Her2/ErbB2 can acti-
vate p27 proteolysis in a MEK/MAPK-dependent manner  (65) .  Her2/ErbB2  overexpression 
can also upregulate  c-Myc  and D-type cyclins, and this might facilitate p27 sequestration in 
cyclin D–CDK complexes and result in an increase in cyclin E–CDK2 activity  (66) . Her2/
ErbB2 promote cell cycle and tumor progression by hampering p27 activity both by enhanc-
ing its degradation and by reducing its ability to bind and inhibit its targets. The anti-Her2 
antibody trastuzumab represents a frontline therapy for patient with metastatic breast cancer 
that overexpressed Her2. The induction of the p27 protein is one of the principal ways by 
which Her2-targeting antibodies operate. Anti-Her2 antibodies affect at least six pathways 
that work in concert to maximize the expression and the inhibitory effect of p27, which leads 
to cell cycle arrest and growth inhibition  (67) , by antagonizing the Her2 proliferative signal. 
Interestingly, trastuzumab resistance may be associated with decreased p27 levels and may 
be susceptible to treatments that induce p27 expression  (68) . p27 is also an independent 
predictor for responsiveness to endocrine therapy. In patients treated with tamoxifen, high 
levels of p27 expression strongly associate with improved overall and disease-free survival. 
An unfavorable outcome is conversely associated with low expression or improper cytoplas-
matic localization of p27  (69) . p21 is implicated in the mechanisms of cell cycle arrest that 
allow DNA repair, cell differentiation, and apoptosis. p21 is a downstream effector of differ-
ent tumor suppressors, including p53, BRCA1, WT1, and TGF- b . The main defined activity 
of p21 is in the p53 pathway, where it functions as a key mediator of p53-dependent cell 
cycle arrest. In response to DNA damaging agents, wild-type p53 induces p21 expression, 
which blocks cell cycle progression at the G1/S transition by inhibiting CDK2 and CDK4/6 
activity. p21’s ability to inhibit cell proliferation may contribute to its tumor suppressor func-
tion. Therefore, it is not surprising that in addition to p21 activation by several tumor sup-
pressor genes, a number of oncogenes repress p21 leading to cell growth and tumorigenesis 
when upregulated. p21 abundance and functionality are controlled at transcriptional level as 
well as at posttranscriptional one through proteosomal degradation and protein subcellular 
localization. 
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 Although p21 does not have a direct role in breast cancer induction, it is able to strengthen 
the oncogenic potential of several mammary oncogenes in a cellular context-dependent manner. 
p21 null mice do not develop mammary cancers, although they display accelerated mam-
mary tumor development after expression of Ras but not Myc. A p21-null background 
decreases the incidence of Myc-induced tumors, which is accompanied by decreased prolif-
eration and reduced CDK activity; in contrast, p21 deficiency has opposite effects on Ras-
induced tumors in which p21 increases cell proliferation and CDK activity. p21 can behave 
as a context-dependent inhibitor or promoter of the cell cycle in mammary epithelium  (70) . 

 The prognostic and predictive implication of p21 in breast cancer is not clear given its 
functional interaction with known prognostic factors, such as p53 and Her2, which may inde-
pendently affect breast cancer outcome. The cellular localization of p21 has been proposed to 
be critical for the regulation of p21 function. The cell growth-inhibitory activity of p21 is 
strongly correlated with its nuclear localization. However, p21 can also localize in the cyto-
plasm, where it exhibits an important role in protecting cells from apoptosis by binding and 
inhibiting the apoptosis signal-regulating kinase 1  (17) . The subcellular localization of p21, 
rather than overall expression levels, may be a better marker of therapeutic response and treat-
ment outcome. In Her2-overexpressing breast cancer, p21 is transcriptionally upregulated and 
dislocated to the cytoplasm through a mechanism whereby Akt binds and phosphorylates p21 
in its NLS. Cytoplasmic localization of p21 in combination with Her2 overexpression confers 
poor outcome. Xia and coworkers demonstrated that the 5-year survival rate of patients with 
low HER2 /neu  and negative/nuclear p21 was 79%, in contrast to only 16% in those patients 
with high HER2 /neu  and cytoplasmic p21. This novel combination not only provides a better 
prognostic prediction than any individual clinicopathological or biological marker, but also 
indicates that targeting only one molecule, such as HER2 /neu,  could be insufficient. Novel 
therapeutic agents that target phosphorylation/cytoplasmic localization of p21 may also con-
tribute to optimal treatment of breast cancer patients  (71) . 

 The INK4/ARF locus encodes the p15(INK4B), p16(INK4A), and p14(ARF) tumor sup-
pressor proteins whose loss of function is associated with the pathogenesis of many human 
cancers. Inactivation of  INK4a/ARF  may occur through mutation, gene silencing by pro-
moter methylation and deletion. p16INK4a inhibits the G1 cyclin D-dependent kinases, 
CDK4 and CDK6, which phosphorylate pRb and facilitate entry into S phase. 

 The fact that p16INK4a can block G1-S-phase progression and that mutant p16INK4a 
proteins are nonfunctional in cell cycle arrest or CDK inhibition suggests that p16INK4a 
plays an important role in negative growth control. The  p16INK4a  knockout mouse model 
has provided clear and direct evidence that p16INK4a deficiency facilitates tumor develop-
ment, confirming the tumor suppressive function of the gene  (72) . 

 p16Ink4a is deleted in almost 30% of breast cancer cell lines are deleted and p16Ink4a 
promoter methylation, occurs in 30% of human breast cancers. Unlike the situation in cancer 
cell lines, homozygous deletion and mutation in  INK4a  are very rarely observed in primary 
breast cancer, where p16 deregulation occurs frequently though overexpression of p16INK4a 
and  de novo INK4a  methylation. The reciprocal relation linking p16 and Rb complicates the 
possibility to assign a prognostic value for p16 expression. Numerous evidences suggest that 
p16INK4a and pRb expression is reciprocally counterbalanced. The absence of p16INK4a 
expression is seen predominantly in cells that retain wild-type  RB  (73) ; however, p16INK4a 
is overexpressed in cancer cell lines and tumors in which pRb is notfunctional   (  74) . 

 Consistently with its tumor suppressive function, p16INK4a inactivation is associated 
with a more aggressive phenotype and worse prognosis in a wide range of neoplasms, in 
contrast with breast cancer in which high expression of p16 is associated with poor prog-
nosis  (75) .       
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  Summary 

 The neuregulins are a subset of the ligands for the epidermal growth factor receptor family 
of receptors. They can bind to these receptors and evoke a range of cellular responses. Some of 
the neuregulins have however been found in the cell nucleus associated with nucleoli and intra-
chromatin granules. This brief review summarises the data for nuclear expression obtained from 
observations on normal and malignant tissues and the various laboratory experiments conducted to 
explore the system. Finally, we discuss the possible functions that could result from intra-nuclear 
expression of these molecules.  

  Key Words :  Neuregulin ;  Heregulin ;  NRG ;  Growth factor ;  Growth factor receptor ;  Breast 
cancer    

  1. INTRODUCTION  

 Cells need to both send and receive signals that instruct them or their neighbours in an 
organised tissue when to grow and to divide. One system involved in these processes is the 
peptide growth factors and their receptors, which possess ligand-regulated tyrosine kinase 
activity. A subclass of these is the epidermal growth factor (EGF) family of four receptors 
and their 11 ligands. In the conventional signalling pathway membrane bound or secreted 
ligands interact with the extracellular domain of the appropriate growth factor receptor(s) on 
the plasma cell membrane, causing receptor dimerisation (and oligomerisation), thereby 
inducing increased receptor phosphorylation and transducing signals to the nucleus (and 
other sites such as the cytoskeleton) via a cascade of second messengers. This results in 
transcription factors mediating altered gene expression leading to many diverse events 
including differentiation, proliferation, cell migration, or apoptosis. 



80 McClelland and Gullick

 There is now, however, much evidence that some of the ligands are present unexpectedly 
within the nucleus of cells in tissues. This evidence involves not just the members of the EGF 
family of related ligands but many others from a variety of signalling systems. Perhaps the 
best studied are the fibroblast growth factors (FGFs), which have been extensively investi-
gated by Olsnes and coworkers for many years. Excellent reviews covering this large body 
of work have appeared  (1–  3) . Other molecules from different families with growth regulatory 
activity reported in the nucleus are platelet derived growth factor  (4) , interferon  g , vascular 
endothelial growth factor, parathyroid hormone-related protein, prolactin, growth hormone 
 (5,  6) , hepatoma growth factor and several of the cytokines  (1) . 

 All proteins are synthesised on ribosomes and so originate in the cytoplasm. Some leave 
this compartment by exocytosis and are released into the interstitial space as soluble proteins 
while others are membrane incorporated molecules, which, following transport to the plasma 
cell membrane, can be released by regulated proteolytic cleavage  (7) . When these released 
ligands bind to receptors at the cell surface they may be internalised, and in some cases escape 
the alternatives of degradation or recycling to the cell exterior by exiting from these pathways 
and gaining access to the cytoplasm. The pathway undertaken by the FGFs involves receptor 
binding and internalisation in endosomes but, as these become acidified, the ligands appar-
ently unfold and traverse the endosomal membrane reaching the cytoplasmic compartment 
 (1,  2) . Others synthesised in the cytoplasm may simply remain there. The two alternatives are 
therefore very distinct and involve quite different systems and interactions. 

 This review concerns the intranuclear localisation of (at least) one of the splice variants 
of the  NRG1  gene and some less extensive observations on the  NRG2 ,  3  and  4  gene products. 
The EGF family consists of the four receptors (EGFR/HER1/ErbB1, HER2/ErbB2, HER3/
ErbB3 and HER4/ErbB4) and the 11 known ligands (EGF, TGF alpha, heparin binding-EGF, 
Amphiregulin, Betacellulin, Epiregulin, Epigen and the four NRG genes). Several of these 
ligands have been reported to be found, on occasions, inside the nucleus including EGF itself 
 (3) , Betacellulin  (8)  and both the human Amphiregulin protein  (9)  and its rat equivalent 
called Schwannoma derived growth factor  (10,  11) . They could be bound to membrane-
associated proteins or be present complexed with intranuclear protein ensembles such as 
nucleoli and the variety of, to date rather poorly molecularly characterised, systems such as 
splicosomes, and various intranuclear entities such as PML bodies (see   https://npd.hgu.mrc.
ac.uk/index.html     for the Nuclear Protein Database) or, finally, they may be genuinely soluble 
in the nucleoplasm.  

  2. OBSERVATIONS ON NRG IN THE NUCLEUS  

 The neuregulins are ligands for the HER3/ErbB3 and HER4/ErbB4 receptors, which, 
when present extracellularly, may bind to these receptors and elicit a number of intracellular 
activities  (12) . Four members of the family have so far been identified definitively: these are 
NRG 1, 2, 3 and 4. Other candidate ligands such a Neuroglycan C  (13)  or the Tomoregulins 
 (14)  have not, as yet, been studied in great detail and more data on their behaviour is required 
before they can be accepted as bona fide members of the NRG family. NRGs 1–4 are signal-
ling proteins involved in many organ systems in normal tissues including the breast, heart 
and nervous system. Each gene produces multiple splice variants of a considerable variety 
of structures (for NRG 1 reviewed by (12) and for NRG 2, 3 and 4  (7)) . Signalling by NRGs 
leads to cell responses including migration, differentiation, stimulation or inhibition of prolif-
eration, apoptosis and adhesion. Neuregulins are also expressed in many forms of cancer 
including breast, colon, head and neck, lung, ovarian, skin and prostate  (15) . 
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 Some of the neuregulins have been found in cell nuclei. The first observation reported in 
the literature was that radioactively labelled NRG1, when administered to cultured breast 
cancer cells, was taken up and shown to accumulate within the nucleus where it was reported 
to promote induction of expression and nuclear translocation of the proto-oncogene  c-myc 
  (16) . Other evidence supporting this finding has since accumulated using immunohistochemi-
cal staining. The neuregulin precursor was shown to localise to the nucleus in papillary thyroid 
carcinoma but not in normal thyroid tissue  (17) . Human endometrial stromal cells have been 
shown to occasionally display staining in the nucleus with antibodies against NRG1 a  and  b  
 (8) . Immunohistochemical staining of DCIS of the breast showed rather dramatic nuclear expres-
sion of NRG1 a , NRG1 b  and NRG3 in 40–50% of the cases examined  (18)  (Fig. 1a). It should 
be noted, however, that immunohistochemical staining of invasive breast cancers using the 
same antibodies for NRG1 a  and  b , NRG2 a  and  b , NRG3 and NRG4 gave little evidence of 
nuclear staining  (19) . An antibody specific to the A1 isoform of NRG4 showed intense staining 
of the nucleus in rat salivary gland tissue  (20)  but NRG4 did not show nuclear staining in 
prostate cancer cases studied  (20) . Clearly these results are fragmentary and a systematic 
study of the subcellular localisation of the main isoforms of the products of the four NRG 
genes should be undertaken in both normal and malignant human tissue to fully catalogue the 
incidence of intranuclear expression. Not only will this complete the data but it may generate 
hypotheses as to why some tissue types show intranuclear expression and others do not.  

  3. NRG EXPERIMENTS  

 While observations of NRGs in the nucleus have been made in normal and malignant 
tissues what experimental evidence is available to confirm these observations? And does any 
of this information give insight into why NRGs are found in the nucleus and what possible 
consequences might this have in diseases such as breast cancer? This information may be of 
some practical value as soluble NRG1 has, for instance, been shown to be associated with 
breast cancer progression  (21)  and is a key promoter of breast cancer tumorigenicity and 
metastasis independently of erbB-2 overexpression  (22) . Indeed blocking the expression of 
NRG1 suppresses the aggressive phenotype of a breast cancer cell line and  in vivo  reduces 
tumour formation, size and halts metastasis  (22) . 

 NRG1 b 3 one of at least 15 different isoforms of NRG1, which lacks a transmembrane 
domain, is not secreted from the cell but has a putative nuclear localization sequence (NLS) 
at its N-terminus  (23) . Immunohistochemical staining in DCIS of the breast using antibodies 
specific for NRG1 b  showed nuclear localisation  (18)  but this technique cannot resolve which 
structures in the nucleus NRG1 could be co-localising to. Digital fluorescent microscopy has 
higher resolution and, in addition, experiments can be performed with mutated or truncated 
NRG forms. NRG1 b 3 tagged with GFP (either at the C or N terminus) was transfected into 
a variety of cell types (including fibroblasts or epithelial cells and using cells from human, 
monkey, rodents or dog) and the localisation of the expression of the protein was visualised 
using low-light wide-field or confocal digital microscopy. When expressed in each of these 
cell types this isoform showed localisation to nucleoli alone, localisation to SC35-positive 
nuclear speckles alone or a combination of both patterns in one cell  (23)  (Fig.  1b ).  

 Two lines of evidence demonstrate that this localisation is receptor-independent  (23) . 
NRG1 b 3 localisation using NR6 cells, which lack all the EGFR family receptors, was indis-
tinguishable from other cell types and second, deletion of the EGF domain had no effect on 
nucleolar or SC35 spliceosome localisation  (23) . The observation of two patterns was 
resolved by filming individual cell nuclei where the patterns could be seen to interconvert 
over a period of about 90 min. It is not yet known if this occurs at a particular phase of the 
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  Fig. 1.    ( a ) Immunohistochemical staining of a breast adenocarcinoma treated with a NRG1 b  
antibody displaying strong, nuclear staining in the epithelial cells (hp × 400). ( b ) The distri-
bution of NRG1 b 3-GFP within the nucleus of African green monkey kidney (Cos7) cells 
using low-light digital microscopy. These pictures show three different patterns of distribu-
tion that occur: (1) nucleoli localisation, (2) localisation to SC35-positive speckles and (3) 
an intermediate pattern containing speckles and nucleoli.       
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cell cycle nor if the NRG molecules move from one location to the other (or are degraded 
and resynthesised) but experiments are underway to answer these issues. Deletion analysis 
by Golding et al.  (23)  and by Breuleux et al.  (24)  showed that the N-terminal 21 amino acids 
of NRG1 b 3 were required for intranuclear accumulation and localisation to nucleoli and that 
residues within the IgG domain (which lies N-terminal to the EGF motif) are required for 
localisation to spliceosomes.  

  4. NRG FUNCTIONS IN THE NUCLEUS  

 Two basic alternative mechanisms of action (if any occurs) in the nucleus can be hypoth-
esised, receptor-mediated and non-receptor mediated (clearly these are not exclusive). 
While it has been shown that nuclear localisation does not require the presence of a member 
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of the EGF receptor family, nor the presence of an EGF domain in the NRG, this does not 
resolve the issue as to whether a receptor-mediated function could occur once the molecule 
has reached the nucleus. 

 The evidence for members of the EGF family of growth factor  receptors  in the nucleus 
mostly comes from the use of directly labelled proteins (using reporters such as radioactive 
isotopes or GFP tagging) or indirectly by the use of antibodies for immunogold labelling and 
electron microscopy, immunofluorescence and immunostaining. These latter methods are 
progressively less precise in their ability to reliably determine subcellular localisation. Immuno-
staining cannot (at least in most hands) conclusively differentiate between peri-nuclear and 
genuine nuclear localisation. On the other hand immunogold labelling is known to be subject 
to occasional artifactual positive results and is rarely accepted on its own as sufficient proof 
of nuclear expression. Immunofluorescence can also be prone to error unless carefully per-
formed and controlled. 

 In a recent review by Bryant and Stow  (3)  the authors discuss ‘the continuing conundrum’ 
of the assumption of full length transmembrane growth factor receptors ‘moving out of 
membranes and existing as matrix-associated proteins in cell nuclei’. The authors readily 
acknowledge that this ‘remains a prickly concept’. Many would agree when considering a 
typical transmembrane growth factor receptor such as the EGFR, which has about 500 amino 
acids ‘extracellular’ that are folded into a highly organised structure, stabilised with 25 
disulphide bonds and decorated with about 60 KDa of complex sugars. In this hypothesis it 
is assumed that this structure unfolds, the disulphide bonds break and the (essentially) linear 
sequence of the protein, presumably together with the 11 or so complex carbohydrate chains, 
cross the membrane of (for instance) an intracellular vesicle. Then the protein refolds (in its 
glycosylated form) and its 25 disulphide bonds all reform in the correct arrangement in the 
cytoplasm (which is a non-oxidising environment due to the ratio of glutathione and reduced 
glutathione)  (25)  such that it can resume its cellular functions as a soluble protein. Currently 
there is no evidence that this can occur for any transmembrane protein, and thermodynamic 
as well as many other considerations make the possibility remote. 

 An alternative hypothesis is that growth factor receptors are indeed found associated with 
nuclei but in the nuclear membrane, not in a full-length soluble form in the nucleoplasm. 
Evidence in support of this concept includes that receptors will be synthesised by nuclear 
membrane associated ribosomes (as the nuclear membrane is contiguous with the ER). 
The nuclear membrane is not a simple balloon surrounding the nucleus but has multiple 
intranuclear invaginations and pores  (26) . Thus nascent receptors will be found in the outer 
leaflet of the nuclear envelope, and in any intranuclear invaginations of this, but it is arguable 
if these are functional as they are yet to be glycosylated, a fate which awaits them in the 
Golgi apparatus. Of course, it has been well known that growth factor receptors, after ligand 
activation, migrate in vesicles to the peri-nuclear tubulovesicular membrane structures where 
they are easily seen using experiments such as GFP tagging. Whether these can fuse with 
membranes contiguous with the nuclear membrane remains a possibility. 

 How could the view that intranucleoplasmic localisation of full-length growth factor 
receptors occurs have arisen? A typical (non-polarised) cultured cell is remarkably flat with 
an aspect ratio often exceeding 10:1 (similar to a dinner plate). Thus, in such a flat cell the 
nucleus is much like the ham in a sandwich of (from the top) plasma membrane, endoplas-
mic reticulum, various vesicular structures and then the double nuclear membrane (with 
nuclear invaginations) and the same set of membranes present in the reverse order below the 
nucleoplasmic compartment. In each of these membrane layers growth factor receptors will 
be found according to current thinking regarding their site of synthesis and subsequent 
movements and destinations. It is not surprising that using wide-field microscopy, and even 
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perhaps confocal microscopy, that distinguishing the ham from the sandwich requires rather 
careful experiments. 

 The exception to this is the HER4/ErbB4 receptor, which is subject to regulated proteolysis, 
which results in a soluble intracellular fragment that clearly does traffic to the nucleus and 
enters the nucleoplasm  (27) . In this case, however, the fragment lacks all of the ligand binding 
sites and could not interact with, nor be activated by a neuregulin ligand. Thus, it is perhaps 
best to view the issue of genuinely nucleoplasmic, full-length, soluble growth factor receptors 
as open. Finally, it has been very recently reported that addition of an inhibitor of the EGF 
receptor, Gefitinib, causes alterations in the intranuclear location of NRG1 but this drug is 
now known to inhibit up to 37 kinases  (28)  and to have further off-target effects so whether 
this is indicative of the involvement of the specific receptors, other kinases or simply a 
response to cell stress remains to be shown  (29) . 

 If there are no relevant members of the EGF receptor family in the nucleus what could 
NRG1 be doing there? The only clues come from the sub-nuclear localisation to nucleoli and 
to interchromatin granules. Even more intriguing is the apparent transition from one location 
to another, although it is yet to be shown that the molecules move rather than being degraded 
and re-synthesised. Several proteins share this behaviour of being sequestered in the nucleolus 
and then being released, notably Cdc14, which is a cell cycle regulator  (30) . Thus, it will be 
important to determine if the nuclear NRG is released and re-localises, and whether this is 
associated with a particular phase of the cell cycle. Possible functions in these sub-compartments 
are regulating ribosome synthesis and pre-mRNA splicing. Some evidence for an involvement 
in the latter comes from the use of a yeast two hybrid system and co-immunoprecipitation 
where interactions with nuclear proteins involved in transcriptional control were detected 
 (24) . The receptor-mediated effects of NRGs are to stimulate quiescent cells to enter the cell 
cycle, and to decrease the time of the cycle, thereby increasing cell numbers. In parallel the 
cell has to increase its rate of molecular synthesis, an event linked to the number (and effi-
ciency) of ribosomes. It is not inconceivable that NRG may have a dual role in promoting 
transit through the cell cycle and cell growth but this is currently speculation. Experimental 
approaches to the problem may be based on ‘candidate’ effects such as the level of ribosomal 
RNA or splicing efficiency or discovery approaches such as transcriptomics or proteomics. 

 When first observed, perhaps mainly because it did not fit with current paradigms of cellular 
signalling, nuclear growth factors were considered an artefact. With the large body of obser-
vations and experiments this now seems unlikely. The main unresolved question remains 
what are the functions of these molecules in this compartment. When this is determined 
much of the other aspects of the system may fall into place.      
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  Summary 

 Members of the Epidermal Growth Factor-Cripto-1/FRL-1/Cryptic (EGF-CFC) family, such as 
human Cripto-1, are important mediators of crucial events that take place during embryonic pattern 
formation. New evidences from gene expression and transgenic mouse studies have also shown that 
perturbation of Cripto-1 signaling may lead to cell transformation and tumor formation  in vivo . In 
addition, Cripto-1 is expressed at high levels in a wide variety of human carcinomas including early 
and late breast cancers. Despite the clear correlation between Cripto-1 overexpression and human 
and mouse tumors, the exact molecular mechanism of Cripto-1 contribution to the cell transforma-
tion process is not clear. Cripto-1 has been shown to activate multiple signaling pathways to promote 
either differentiation during embryogenesis or cancer growth. In this review we will discuss the 
multifunction properties of the EGF-CFC family of proteins and the complex network of signaling 
molecules activated by Cripto-1 focusing in particular on the mammary gland. A better understand-
ing of the intracellular signaling pathways that mediate Cripto-1 activity in human tumors might 
identify novel points of intervention to target Cripto-1 in human malignancies.  

  Key Words:   Cripto-1 ,  TGF b  signaling ;  Human breast cancer ;  Serological markers for cancer ; 
 Epithelial to mesenchymal transition ;  Transgenic mouse models    
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  1. EGF-CFC PROTEIN FAMILY: STRUCTURE AND 
POSTTRANSLATIONAL MODIFICATIONS  

 Human and mouse Cripto-1 (CR-1/Cr-1) are GPI-anchored membrane glycoproteins, 
which have been shown to play an important role in vertebrate development and in tumor 
progression  (1,  2) .  CR-1/Cr-1  belongs to the  Epidermal Growth Factor-Cripto-1/FRL-1/
Cryptic (EGF-CFC)  gene family     (1) . This conserved family of genes includes three  Xenopus  
 Cripto  homologs ( XCR-1/FRL-1, XCR-2, XCR-3 )  (3) , zebrafish  one-eye pinhead  ( oep )  (4) , 
chicken  cryptic   (5,  6) , mouse  Cr-1   (7)  and  cryptic  ( cfc 1)  (8) , human  CR-1   (9)  and  Cryptic 
(CFC1)   (10) . To date,  EGF-CFC  family genes have been identified in vertebrates but not in 
invertebrates. However, since  Nodal  and  Lefty  genes, which require EGF-CFC proteins to 
induce cellular signaling, have been identified and characterized from cephalochordates, tuni-
cates, and echinoderms  (11,  12) , EGF-CFC-related genes might possibly exist also in inverte-
brates. Although the overall primary sequence identity is relatively low (22–32%, Fig.  1a ), the 
 EGF-CFC  gene family shares well-conserved structural modules such as exon-intron organi-
zation, suggesting that these genes are evolutionally related and probably arose from a com-
mon ancestor gene  (5,  13) . In addition, several human and mouse  Cripto-1 -related intronless 
pseudogenes have been identified and the human  Cripto-3 (CR-3)  pseudogene has been 
reported to be expressed as a transcript in undifferentiated embryonal carcinoma cells  (14) . 
Mouse and human Cripto-1 proteins consist of 188 and 177 amino acids, respectively, and 
exhibit a unique structural profile highly conserved among EGF-CFC family members, con-
taining an NH2-terminal signal peptide, a variant EGF-like motif, a Cripto-FRL1-Cryptic 
(CFC) motif, and a short hydrophobic COOH-terminal segment, which functions as a glyco-
sylphosphatidylinositol (GPI) cleavage and attachment signal  (1)  (Fig.  1a, d ). Structural 
analysis of EGF-CFC family members has elucidated unique biochemical features of these 
proteins  (13,  15–  20) . The EGF-CFC domain contains 12 highly conserved cysteine residues, 
six in the EGF-like motif and six in the CFC motif (Fig.  1a–c ). Unlike the canonical EGF 
motif that contains three disulfide loops (A, B, and C), the variant EGF-like domain in EGF-
CFC proteins completely lacks the A-loop and possess a truncated B-loop and a complete 
C-loop (Fig.  1b )  (15) . The CFC domain of CR-1/Cr-1 has been shown to exhibit C1-C4, 
C2-C6, and C3-C5 disulfide pattern  (17–  19)  (Fig.  1c ). Even though CFC motifs are exclu-
sively found in the EGF-CFC protein family, this motif may be considered as a truncated form 
of the von-Willebrand Factor C-like domain from homology analysis and the disulfide binding 
pattern  (18) . In addition to its primary structure, CR-1/Cr-1 is known to be processed post-
translationally as a GPI-anchored glycoprotein  (20–  25) . The expected molecular weight 
(MW) of the mature human CR-1 protein after removal of the NH2-terminal signal peptide 
and COOH-terminal GPI-signal peptide is 14.7 kD, while endogenous CR-1 protein is 
observed as multiple species with a MW ranging from 14 to 36 kD. Biochemical characteriza-
tion by peptide mapping, mass spectrometric analysis, and glycosidase treatment of a COOH-
terminally deleted, soluble form of human CR-1 protein revealed several glycosyl modifications 
including  O -linked glycosylation at Ser40 and Ser161 (which is lately identified as a  w -site 
for GPI-attachment), N-linked glycosylation at Asn79, and  O -linked single fucosylation at 
Thr88. Among them, the  O -linked fucose modification is relatively rare and exclusively found 
within the EGF-like modules of extracellular proteins, including urinary-type plasminogen 
activator (uPA), coagulation factor VII and IX, and Notch receptors and their ligands  (21,  26)  
(Fig.  1 ). A consensus site for  O -linked fucosylation has been identified as C 

2
 XXGGS/TC 

3
  

where the site is located between the second and third cysteines of the EGF module. This 
consensus site is present in all EGF-CFC family proteins  (1) , while the other glycosylation 
sites such as  O -linkage at Ser40 or N-linkage at Asn79 are not well conserved among the 
EGF-CFC proteins (Fig.  1a ).  O -fucosylation has been reported to affect protein function. 



  Fig. 1.    ( a ) Multiple amino acid sequence alignment of EGF-CFC family proteins.  hCR-1  
human Cripto-1,  mCr-1  mouse Cripto-1,  hCFC1  human Cryptic,  mcfc1  mouse cryptic. * and 
– indicate amino acid identity among 6/6 and 4–5/6 proteins, respectively. EGF-like domains 
of the various EGF-CFC proteins are highlighted in blue and the CFC motifs are marked in 
yellow. NH2-terminal signal sequences and COOH-terminal GPI signals are italicized. 
Arrowhead indicates the signal sequence cleavage sites. Potential  w -sites for GPI attachment 
are marked in  green . Hydrophobic COOH-terminus domains are underlined. ( b ) Disulfide 
pattern and sequence homologies of EGF-like motif of human and mouse Cripto-1 with other 
EGF-related motif containing proteins. EGF, human EGF; HRG a , human heregulin  a ; 
TGF- a , human transforming growth factor  a ; Notch3, human Nocth3; Jagged2, human 
Jagged2; Factor VII, human coagulation factor VII. O-fucosylation consensus sites are 
marked in  red . ( c ) Disulfide pattern of CFC motif of human and mouse Cripto-1. ( d ) 
Schematic of posttranslational modifications of human Cripto-1 protein.       
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For example, uPA lacking  O -fucose loses its mitogenic activity  (27)  and the human disease 
CADASIL is caused by a mutation in Notch 3, which disrupts the  O -linked fucosylation site 
 (28) .  O -linked fucosylation of EGF-CFC proteins has been shown to be necessary for activity 
of human and mouse Cripto-1 proteins in a Nodal-dependent signaling pathway  (20,  22) . 
For istance, substitution of the threonine residue to alanine (Thr88Ala in human CR-1 and 
Thr72Ala in mouse Cr-1, respectively) completely abrogated the activity of these proteins 
with respect to induction of Nodal-Smad-2-dependent signaling  (20–  22) . However, a recent 
report demonstrated that addition of fucose to this consensus site is not required for the ability 
of Cr-1 to activate a Nodal-dependent signaling pathway, but the threonine residue itself is 
important for this Cr-1 function  (21) . In this respect, Cr-1 can induce Nodal signaling in 



  Table 1 
  Cripto-1 binding partners    

  Proteins    Binding domain    Function    References  

 Nodal  EGF-like  Nodal-Smad signaling (coreceptor)   (22,  37)  
 GDF1, GDF3  EGF-like  GDF-Smad signaling (coreceptor)   (34–  36)  
 Glypican-1  EGF-like (?)  Glypican-1/c-src/MAPK/Akt signaling 

(ligand) 
  (2,  31,  57)  

 Activin/TGF b  EGF-like/CFC  TGF b -Smad signaling (antagonist)   (42,  48,  49)  
 Lefty1, 2  EGF-like (?)  Nodal signaling (inhibition)   (44,  46,  47)  
 wnt 11  EGF-like  Canonical wnt signaling (coreceptor?)   (62)  
 Alk - 4/7  CFC  Nodal-Smad signaling (coreceptor)   (17–  19,  37)  
 Tomoregulin - 1  CFC  Nodal singaling (inhibition)   (43)  
 GRP78  CFC  TGF b -Smad signaling (synergistic inhibition)   (51)  
 Caveolin-1  Unknown  Glypican-1/c-src/MAPK/Akt signaling 

(inhibition) 
  (29)  
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fucosylation-deficient embryonic stem cells and a Thr72Ser mutant of mouse Cr-1, which still 
can be fucosylated on the serine residue, fails to induce Nodal signaling  (21) . Another impor-
tant posttranslational modification in EGF-CFC proteins is the GPI modification. Most of the 
EGF-CFC proteins have been experimentally demonstrated or have been predicted to possess 
the GPI-anchor signal in their COOH-terminus  (1,  23,  24) . Ser161 of human CR-1 has been 
identified as a  w -site for the cleavage and GPI-attachment  (24,  25)  (Fig.  1d ). GPI-anchoring 
determines membrane localization of CR-1/Cr-1 in lipid raft microdomains and within caveolae 
 (24,  29) . Human and mouse Cripto-1 proteins can be released from the cell membrane following 
treatment with bacterial phosphatidylinositol-phospholipase C (PI-PLC)  (23,  24)  and by the 
activity of the endogenous enzyme GPI-phospholipase D (GPI-PLD)  (24) . This controlled 
release mechanism may define the activity of CR-1 as a membrane-associated coreceptor or 
as a soluble ligand. GPI-anchoring of CR-1 is required for optimal activity of CR-1 to induce 
Nodal signaling  (25) , although several studies have shown that a COOH-terminally truncated, 
soluble form of mouse or human Cripto-1 protein is still able to activate a Nodal/Smad signaling 
pathway  (13,  20,  30) , In addition, GPI-anchoring of CR-1/Cr-1 should be important in 
Nodal-independent, c-src/MAPK/Akt-dependent signaling, since some essential factors in this 
Nodal-independent pathway, such as Glypican-1 and Caveolin-1 (Cav-1), are also prone to 
localize in lipid raft microdomains  (29,  31) .   

  2. SIGNALING PATHWAYS ACTIVATED 
OR INHIBITED BY CRIPTO-1  

 Although Cripto-1 was initially identified as a member of the EGF family of peptides, the 
variant EGF-like motif of Cripto-1 is unable to bind directly to any of the four  erb B type I 
tyrosine kinase receptors ( erb B-1/EGFR,  erb B-2,  erb B-3,  erb B-4) since the conserved amino 
acids within the A loop of canonical EGF-related peptides are essential for binding to  erb B 
tyrosine kinase receptors  (32) . To date several proteins have been shown to directly bind to 
Cripto-1 through interaction with the EGF-like motif or CFC domain. Two are the major 
signaling pathways that are activated by Cripto-1: a Nodal/Alk4/Alk7/Smad-2 signaling path-
way and a Glypican-1/c-src/MAPK/Akt signaling pathway (Table  1 ).   



Chapter 6 / Role of the EGF-CFC Family in Mammary Gland Development 91

  3. NODAL/ALK4/ALK7/SMAD-2 SIGNALING PATHWAY  

 Extracellular-membrane attached EGF-CFC proteins act as coreceptors with the type I 
Activin serine-threonine kinase receptor Alk4 or Alk7 for the transforming growth factor 
 b -related peptides Nodal and Growth and Differentiation factor 1 and 3 (GDF1 and GDF3) 
 (33–  36) . Nodal and EGF-CFC proteins are inactive independently and together function 
through activation of an Activin type II (ActRIIA or ActRIIB) and type IB (Alk4/ActRIB or 
Alk7) receptor complex  (37) . Activation of Alk4/ActRIB can in turn phosphorylate Smad-2 
and Smad-3 signaling factors, which bind to Smad-4 and then interact with FoxH1 (FAST1) 
to enhance transcription of target genes  (38–  40) . EGF-CFC proteins can also mediate Nodal 
signaling via the type I Alk7 receptor  (41) . However, the mechanism by which Nodal 
activates the Alk4 and Alk7 type I receptors is different. In fact, Nodal signaling through 
Alk4 is fully dependent upon EGF-CFC proteins. In contrast, Nodal can bind directly to 
Alk7 and can signal in the absence of CR-1. Nevertheless, CR-1 is still able to significantly 
potentiate the responsiveness of the Alk7/ActRIIB receptor complex to Nodal, indicating 
that both Alk7 and Alk4 collaborate with CR-1  (41,  42) . Unlike Nodal, Activin also utilizes 
the same receptors (Alk4 and ActRIIB), but does not require EGF-CFC coreceptors for binding 
to the type I Alk4 receptor. Therefore, a critical function of EGF-CFC proteins during devel-
opment is to render Alk4 competent for activation by Nodal or GDF1 and GDF3 and to 
enhance the ability of Alk7 to respond to Nodal. Site-directed mutagenesis experiments have 
demonstrated that the CFC domain is responsible for interaction with Alk4, while the EGF-
like domain is important for binding to Nodal, GDF1, GDF3, Activin and TGF b 1  (37,  42) . 
In addition, Tomoregulin-1, Lefty/Antivin can antagonize Nodal signaling through binding to 
the EGF-CFC coreceptors  (43,  44) . Tomoregulin-1 is a transmembrane protein that contains 
two follistatin domains and an EGF-motif in the extracellular domain and a short cytoplasmic 
tail and that can activate the type I EGF receptor tyrosine kinase  erb B4  (45) . In this respect, 
CR-1 has been shown to indirectly enhance the tyrosine phosphorylation of  erb B4 but 
whether this response is modulated by binding to Tomoregulin-1 is not known  (32) . 
Tomoregulin-1 and Alk4 both interact with CR-1 through its CFC-domain  (43) . It is therefore 
possible that both proteins compete for binding to CR-1, and the interaction of Tomoregulin-1 
with CR-1 might exclude binding of CR-1 to Alk4, leading to inhibition of Nodal signaling. 
The Lefty/Antivin subfamily of TGF b  proteins is another example of extracellular antagonists 
of Nodal signaling  (33) . Genetic and biochemical studies have shown that Lefty 1 and Lefty 
2 function as antagonists of the EGF-CFC coreceptors, by directly binding to CR-1 and to 
Nodal thereby sequestering them from binding to Alk4  (46) . Therefore, the competitive 
binding of Lefty to EGF-CFC coreceptors enables Lefty to antagonize Nodal signaling 
preventing its interaction with type I and type II Activin receptors. Furthermore, Lefty can 
also directly interact with Nodal in solution, preventing Nodal from binding its receptor 
complex  (47) . CR-1 can also act as an inhibitor of Activin and TGF-  b 1 signaling  (42,  48,  49) . 
In this respect, CR-1 binds directly to Activin B, through the CFC domain, or Activin A and 
TGF- b 1, through the EGF-like domain, disrupting the ability of these signaling molecules to 
bind and to activate a functional type I/type II receptor complex. Since Activin A and B and 
TGF- b 1 are potent inhibitors of cell growth in different cell lines, antagonism of Activin A and 
B and TGF- b 1 signaling might represent one of the mechanisms by which CR-1 regulates 
and promotes tumorigenesis. Moreover, a recent study provides evidence of a differential 
modulation of CR-1 expression in human embryonal and colon carcinoma cell lines by two 
distinct members of the TGF- b  family: BMP-4 and TGF- b 1  (50) . In this regard, while TGF- b 1 
enhances CR-1 mRNA and protein expression in colon cancer LS172-T cells and embryonal 
carcinoma NTERA2 cells, BMP-4 strongly downregulates CR-1 expression in the same cell 
lines, suggesting that growth factors differentially modulate CR-1 expression in cancer cells. 
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Finally, a recent study has identified an additional CR-1 binding partner: GRP78  (51) . 
GRP78 is a multifunctional regulator of endoplasmic reticulum homeostasis that regulates 
the degradation of misfolded proteins through the poteosomic-ubiquitin pathway  (52) . 
GRP78, which can also be expressed on the cell membrane of cancer cells, binds directly to 
CR-1, thereby inhibiting TGF b  signaling and therefore enhancing cell growth  (53) . In fact, 
GRP78 expression has been shown to correlate with drug resistance in breast cancer  (54) .  

  4. GLYPICAN-1/C-SRC/MAPK/AKT SIGNALING PATHWAY  

 In addition to functioning as a coreceptor for Nodal, CR-1 can also function as a ligand 
for Glypican-1, which is a GPI-anchored heparan sulfate proteoglycan (HSPG) tethered to 
the plasma membrane in lipid rafts. Binding of CR-1 to Glypican-1 activates the c-src  /
MAPK/phophatidylinositol 3 ¢ -kinase (PI3K)/Akt signaling pathway that regulates cell pro-
liferation, cell motility, and survival  (31,  55,  56) . Activation of these two signaling path-
ways is mediated by direct binding of CR-1 to the GPI-linked HSPG, Glypican-1, which can 
then activate the cytoplasmic tyrosine kinase c-src triggering activation of MAPK and PI3K/
Akt  (31) . Although the domain within CR-1 protein that binds to Glypican-1 has not been 
identified yet, it is possible that the EGF-like domain might be responsible for interaction with 
Glypican-1, since a synthetic peptide corresponding to the EGF-like motif can activate 
MAPK/Akt signaling pathway and promote cellular proliferation in mammalian cells  (57) . 
Moreover, Glypican-1 and c-src are required by CR-1 to stimulate MAPK and Akt phospho-
rylation in mammary epithelial cells  (31) . Reciprocally, CR-1 can enhance Smad-2 phos-
phorylation in mammary epithelial cells independently of Glypican-1 and c-src, suggesting 
that these two distinct pathways can be independently activated by CR-1 in mammalian cells 
 (58) . Finally, an intact c-src kinase is required by CR-1 to induce  in vitro  transformation and 
to enhance migration in mammary epithelial cells, suggesting that inappropriate activation 
of c-src by CR-1 in a Nodal and ALK4-independent manner may play a key role in promoting 
cellular transformation  (31) . Recently, the membrane protein Cav-1 has been shown to function 
as a negative modulator of the Glypican-1/c-src/MAPK pathway activated by Cripto-1  (29) . 
In fact, Cav-1 can interact with CR-1 within lipid rafts microdomains and impairs CR-1 ability 
to activate downstream signaling molecules, such as c-src and MAPK. This strongly inter-
feres with the ability of CR-1 to stimulate migration, invasion, and proliferation in mammary 
epithelial cells  (29) .  

  5. CRIPTO-1 AND THE WNT SIGNALING PATHWAY  

 A potential interaction between the canonical  wnt/ b -catenin/Tcf  pathway and the Nodal/
Cripto-1 signaling pathways has been demonstrated by microarray analysis where Cripto-1 
was identified as a primary target gene in the  wnt / b -catenin signaling pathway during early 
mouse embryonic development and in human colon carcinoma cells  (59) . Moreover, a recent 
study has demonstrated the ability of the canonical  wnt / b -catenin/Tcf pathway to regulate 
the expression of the short form of human CR-1 in human colon carcinoma cells and in 
hepatoma cells  (60) . This cross-talk between the  wnt / b -catenin and Cripto-1 signaling pathways 
might be functionally significant since activation of  b -catenin signaling in cells might lead 
to Cripto-1 overexpression, thereby facilitating cell proliferation and transformation such as 
in colonic epithelial cells where an activated  wnt / b -catenin pathway contributes to the patho-
genesis of colon cancer  (61) . Moreover,  wnt11 , which is in most cases identified as an activator 
of noncanonical  wnt  signaling pathway, has been shown to induce canonical  wnt  signaling 
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by binding to the EGF-like motifs of XCR-1 or Cr-1  (62) . Finally, in  Xenopus  and in the 
mouse, Nodal expression can be regulated by both a canonical  wnt / b -catenin pathway and/
or by activation of a canonical Notch 1 pathway  (63,  64) .  

  6. FUNCTION AND EXPRESSION OF EGF-CFC PROTEIN 
FAMILY DURING EMBRYONIC DEVELOPMENT  

 During early mouse embryogenesis, Cr-1 mRNA expression is found in the embryonic 
ectoderm following implantation of the blastocyst. On day 6.5 of gestation Cr-1 is detected 
at increasing levels in the epiblast cells undergoing epithelial to mesenchymal transition 
(EMT) as they migrate through the nascent primitive streak and in the developing mesoderm 
cells  (7,  65–  67) . By day 7 Cr-1 is detected mostly in the truncus arteriosus of the developing 
heart. With the exception of the developing heart, little if any expression of Cr-1 mRNA can 
be detected in the remainder of the embryo after day 8  (23,  65) . Cripto-1 null mice ( Cr-1  −/− ) 
die at day 7.5 due to their inability to gastrulate and form appropriate germ layers  (7) . 
Fibroblasts that were derived from  Cr-1  −/−  embryos were impaired in their ability to migrate 
toward either fibronectin or type 1 collagen as compared to embryonic fibroblasts from wild-
type embryos  (67) . In zebrafish, the  Cr-1  ortholog  oep  with the two  Nodal -related genes 
 squint  ( sqt ) and  Cyclops  ( cyc ) is necessary for initiating mesoderm, endoderm, and A/P axis 
formation  (4,  68,  69) . Mutations in  oep  result in cyclopia, absence of head and trunk meso-
derm, loss of prechordal plate and ventral neuroectoderm, impairment of gastrulation move-
ments, loss of A/P axis patterning and positioning, and L/R laterality defects  (4,  68) . Rescue 
of the  oep  mutant phenotype can be achieved by expression of either full-length or secreted 
COOH-terminal truncated forms of the  oep  protein suggesting that  oep  can function under 
certain conditions as a paracrine effector. Ectopic expression of  Xenopus  FRL-1 or mouse 
Cr-1, overexpression of Activin, or activation of downstream components in an Activin-like 
signaling pathway such as the Alk4 receptor (TARAM-A) or Smad-2 can also rescue  oep  
inactivating mutations  (68) .  Oep,  like mouse Cr-1, is absolutely required for the migration 
of mesendoderm cells through the primitive streak  (70) . The Nodal/cryptic signaling path-
way is also involved in the establishment of the L/R embryonic axis, demonstrating that the 
same signaling molecules are utilized in multiple developmental pathways  (69) . However, at 
this developmental stage with the exception of  oep , cryptic replaces the function of Cripto-1 
as the coreceptor for Nodal. Nodal signaling in zebrafish during L/R asymmetry develop-
ment also requires a functional  oep  gene  (71–  73) . Mutation and partial rescue of  oep  in the 
zebrafish or targeted disruption of  cryptic in  mice ( Cfc1 ) and humans ( CFC1 ) results in 
laterality defects including atrial-ventricular septal defects, pulmonary right isomerization, 
inverted positioning of abdominal organs (situs inversus), and holoprosencephaly  (74,  75) . 
Germline deletion of cryptic eventually leads to postnatal death at approximately 2 weeks 
because of severe cardiac malfunction  (71,  73) .  

  7. EGF-CFC PROTEINS IN MAMMARY GLAND DEVELOPMENT  

 Expression of Cr-1 has been detected during different stages of postnatal mammary gland 
development in the mouse. In fact, Cr-1 protein was detected in 4–12-week old virgin, 
mid-pregnant and lactating FVB/N mouse mammary glands  (76,  77) . A recent study also detected 
biologically active CR-1 in human milk demonstrating that CR-1 is a secretory component 
of the mammary gland and suggests that this secreted form of CR-1 may play a role in the 
regulation of proliferation and differentiation of milk producing cells  (78) . Further support 



94 Strizzi et al.

for CR-1 regulation of mammary epithelial function comes from data, which show increased 
ability of mouse mammary epithelial cells to respond to the lactogenic hormones, dexame-
thasone, insulin, and prolactin (DIP) when pretreated with CR-1 and inhibition of  b -casein 
expression, via a p21 ras - and PI3K-dependent pathway, when these cells were simultane-
ously treated with both CR-1 and DIP  (55) .  

  8. CRIPTO-1 IN TRANSFORMATION AND TUMORIGENESIS 
OF MAMMARY EPITHELIUM  

 Experiments involving overexpression of CR-1 cDNA in normal mouse mammary epithelial 
cells induced these cells to grow in soft agar and increased growth rates in different human breast 
cancer cells  (9,  79,  80) . Insertion of Elvax pellets containing the EGF-like motif of CR-1 protein 
into the mammary gland of ovariectomized virgin mice produced dramatic increases in DNA 
synthesis in mammary epithelial cells immediately adjacent to the pellets  (81) . Human estrogen 
receptor positive MCF-7 breast cancer cells that overexpress CR-1 (MCF7 CR-1) fail to grow 
in the absence of estrogen but do have increased proliferation rates, form increased numbers of 
colonies in soft agar, have increased resistance to apoptosis when grown in anchorage-independent 
conditions, and show increased propensity to invade and migrate through matrix-coated 
membranes  (82) . Biochemical changes such as reduced expression of E-cadherin or increased 
expression of vimentin that characterize epithelial to mesenchymal transition (EMT)  (83)  were 
observed in mammary gland hyperplasias and tumors from mice, engineered to express human 
CR-1 using the MMTV LTR promoter  (84) , and in the mouse mammary epithelial cell line, 
HC-11 overexpressing CR-1 (HC-11/CR-1)  (85) . E-cadherin expression was significantly 
decreased in tissue extracts from the mammary tumors that express the human CR-1 transgene 
and in extracts from HC-11/CR-1 cells. These extracts also showed significant increases in the 
expression of N-cadherin, vimentin, and integrins  a -3,  a -v,  b -1,  b -3, and  b -4 as well as an 
increase in the phosphorylated forms of signaling molecules such as c-src, focal adhesion kinase 
(FAK), and Akt, which are also known to be activated during EMT and which probably play a 
role in increasing tumor cell invasion  (85,  86) . Also, in the CR-1 transgenic mammary gland 
tumors and HC-11/CR-1 cells, the zinc-finger repressor transcription factor, Snail, which is 
known to downregulate or interfere with the normal expression of E-cadherin, was detected by 
RT-PCR and by western blot analysis at significantly higher levels as compared to control non-
tumorigenic mammary tissue suggesting for the first time a possible link between CR-1 expres-
sion and Snail activity  (85) . In addition, both the MMTV-CR-1 transgenic mammary tumors and 
the HC-11/CR-1 cells were found to express the non-phosphorylated or active form of  b -catenin. 
Continuous turnover of the intercellular adhesion components may lead to cytoplasmic accumu-
lation of  b -catenin but this is normally prevented by GSK-3 b -dependent phosphorylation of 
 b -catenin, leading to proteosome ubiquitination and degradation of the phosphorylated 
 b -catenin  (87) . It is interesting to note that in a second transgenic mouse model overexpressing 
CR-1  (88) , this time using the whey acidic promoter (WAP) to drive transgene expression, the 
mammary gland tumors that arose in the multiparous WAP-CR-1 transgenic mice were morpho-
logically distinct from the mammary gland tumors that formed in the multiparous MMTV-CR-1 
transgenic mice. While the mammary gland tumors in the MMTV-CR-1 transgenic mice were 
predominantly papillary adenocarcinomas, the mammary tumors found in the WAP-CR-1 trans-
genic mice showed, in addition to papillary adenocarcinomas similar to those detected in the 
MMTV-CR-1 transgenic mammary glands, also areas with microglandular, solid, and myoepi-
thelial morphology along with focal areas of squamous metaplasia that were similar to the 
mammary tumors with mixed histotype described in MMTV- wnt 1 mice or in mammary tumors 
that develop in mice expressing stabilized mutant forms of  b -catenin  (89,  90) . 
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 During  wnt  signaling, non-phosphorylated  b -catenin translocates to the nucleus in a complex 
with Tcf/Lef-1 and functions as a transcription factor activating genes such as c-myc and 
cyclin-D1, shown to be involved in increased cell survival, proliferation, and migration  (91) . 
Cr-1 has been shown to be a target gene during canonical  wnt / b -catenin signaling  (59) , and 
the association between CR-1 overexpression and accumulation of active  b -catenin in 
WAP-CR-1 transgenic mammary tumors and in HC-11/CR-1 cells strongly suggests a possible 
link between CR-1 and a canonical  wnt  signaling pathway and their potential role during 
cellular transformation and tumorigenesis. A recent study shows that mammary tumors that 
arise in MMTV-CR-1 transgenic mice have a dramatic reduction in Cav-1 expression in the 
epithelial compartment of the tumor  (29) . That same study demonstrates how Cav-1 can 
function as an inhibitor of CR-1 function in the context of the mammary gland and suggests 
that during the process of mammary transformation CR-1 may evade the inhibitory function 
of Cav-1, possibly by downregulating Cav-1 expression  (29) .  

  9. EXPRESSION OF CR-1 IN HUMAN BREAST CARCINOMAS  

 Several studies have demonstrated that CR-1 is overexpressed in primary human breast 
carcinomas. CR-1 mRNA and/or immunoreactive protein can be detected in  ~ 80% of primary 
human infiltrating breast carcinomas, in 47% of ductal carcinoma in situ (DCIS), in 13% of 
uninvolved adjacent breast tissue samples, and in  ~ 6% of normal breast specimens  (92–  95) . 
In these studies, no significant correlations were observed between CR-1 mRNA expression 
or immunoreactivity and various clinicopathological parameters such as tumor stage, estrogen 
receptor status, lymph node involvement, histologic grade, proliferative index as assessed by 
Ki-67 staining, or loss of heterozygosity (LOH) on chromosome 17p  (92–  95) . More recently, 
a cohort of 120 patients with operable breast cancer was analyzed for expression of CR-1 by 
using tissue arrays  (96,  97) . Expression of CR-1 was detected in 47.5% of patients. 
Interestingly, a significant association was found between CR-1 immunostaining and several 
clinicopathological features of the tumors. In particular, expression of CR-1 was more fre-
quent in patients with poor prognosis according to the Nottingham Prognostic Index, histo-
logical grade 3 tumors as compared with grade 1 lesions, and high cell proliferation Ki-67 
index as compared with low index. A long follow-up was available for these patients (median 
125 months). Univariate analysis revealed a significant correlation between overexpression 
of CR-1 and poor prognosis. Multivariate analysis confirmed that CR-1 expression is an 
independent prognostic factor in breast cancer patients. Finally, in human primary breast 
carcinomas, CR-1 is frequently coexpressed with other EGF-related peptides, such as TGF a , 
AR, and heregulin, implying that different growth factors might cooperate in supporting the 
autonomous proliferation of breast cancer cells  (93,  95) . A positive correlation between 
nuclear  erb B-4 expression and CR-1 expression in primary human breast carcinomas has 
also been described  (98) . This finding is interesting because it has been shown that CR-1 can 
indirectly enhance the tyrosine phosphorylation of  erb B-4  (32) . In addition to being expressed 
in breast cancer tissues, soluble CR-1 can also be detected in the plasma of breast cancer 
patients. In this regard, using a highly sensitive and specific sandwich-type enzyme-linked 
immunosorbent assay (ELISA) for CR-1, a statistically significant increase in the plasma 
levels of CR-1 was found in breast cancer patients (2.97 ng/ml) when compared with a con-
trol group of healthy volunteers (0.32 ng/ml)  (99) . At a cut-off level of 0.7 ng/ml the ELISA 
test had 100% sensitivity (all cancer patients were positive to the test) and 95% specificity 
(only 1 out of 21 controls was positive in the ELISA test). High CR-1 plasma levels were 
detected also in breast cancer patients at an early stage, suggesting that CR-1 might be useful 
in the early diagnosis of this disease. No significant correlation between CR-1 levels in the 
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plasma of breast cancer patients and various clinicopathologic parameters, such as tumor 
size, lymph node involvement, proliferative index, estrogen and progesterone receptor status 
or  er B -2  status was found probably due to the small sample size analyzed in that study. 
Moderate levels of CR-1 were also found in the plasma of 21 women with benign breast lesions, 
including hyperplasia and atypical ductal hyperplasia  (99) . In fact, the mean CR-1 levels in 
the plasma of patients with benign breast lesions (1.7 ng/ml) were significantly lower that 
the mean CR-1 plasma levels detected in patients with breast carcinomas (2.97 ng/ml). 
Within the benign breast lesions, CR-1 plasma levels were higher in lesions characterized by 
the presence of sclerosis and in fibroadenomas, a lesion characterized by the presence of 
epithelial hyperplasia and fibrosis. Because pathological fibrosis, including renal, lung, and 
liver fibrosis, has been associated with morphological and functional modification of epithelial 
cells that acquire a fibroblastic-mesenchymal phenotype through EMT, it is possible that 
CR-1 might have a role in inducing EMT in mammary epithelial cells of nonmalignant breast 
lesions  (100–  102) . In fact, interference with Cr-1-regulated EMT by exogenous soluble 
Netrin-1 recombinant protein can significantly inhibit migration, invasion, and colony 
formation in matrigel of EpH4/Cr-1 cells and allometric outgrowth of mammary gland ducts 
in MMTV-CR-1 transgenic mice  (103) . 

 Because of the high levels of CR-1 expression in human carcinomas, as compared to 
normal tissues, CR-1 represents a potential target for therapeutic intervention  (1,  2) . Different 
approaches have been used to block CR-1 expression and/or activity, such as antisense oligo-
nucleotides that reduce CR-1 expression or neutralizing antibodies that block the activity of 
the CR-1 protein  (48,  104,  105) . Sequence-specific antisense (AS) oligonucleotides or AS 
expression vectors, which block expression of specific proteins by binding to the correspond-
ing mRNA and therefore preventing translation, have been successfully used to impair CR-1 
expression in several different types of human carcinoma cells including breast cancer cell 
lines  (106,  107) . In particular, inhibition of CR-1 expression in human MDA-MB-468 and 
SK-BR-3 breast cancer cells by using a CR-1 AS phosphorothioate oligonucleotide resulted 
in a significant growth inhibition in vitro  (106) . An additive effect was observed on reducing 
the growth of MDA-MB-468 cells in vitro when a CR-1 AS oligonucleotide was combined 
with TGF a  AS and AR AS oligonucleotides, suggesting that different growth factors contrib-
ute to regulate the proliferation of breast cancer cells  (106,  107) . Anti-CR-1 second genera-
tion antisense oligonucleotides, containing phosphorothioate backbone and a segment 
of 2 ¢ - O -methylribonucleosides modified at both the 5 ¢  and 3 ¢  ends of the oligonucleotide 
(MBOs), were able to block the in vitro growth of carcinoma cell lines derived from different 
carcinoma types, including colon and breast cancer  (108,  109) . Treatment of carcinoma cells 
with CR-1 AS oligonucleotides resulted in a significant reduction in the levels of expression 
of CR-1 mRNA and protein. More recently, monoclonal blocking antibodies directed against 
CR-1 have been developed. In particular, Adkins et al.  (48)  have generated mouse monoclonal 
antibodies (mAbs) that were able to prevent the binding of CR-1 to Activin B and, therefore, 
to reverse the CR-1 blockade of Activin B-induced growth suppression in human breast 
carcinoma cells in vitro. The anti-CR-1 antibodies were also able to inhibit tumor cell growth 
in vivo up to 70% in two xenograft models of testicular and colon cancers and showed antian-
giogenic activity in a Directed In Vivo Angiogenic Assay (DIVAA)  (110) . Finally, rat mono-
clonal antibodies directed against the EGF-like domain of the CR-1 peptide produced a 
significant inhibition of the in vitro growth of different carcinoma cell lines  (105) . The anti-
CR-1 mAbs also prevented tumor development in vivo and inhibited the growth of established 
xenograft tumors of LS174T colon cancer cells and multidrug-resistant CEM/A7R leukaemia 
cells in immunocompromised mice  (111,  112) . Treatment with the anti-CR-1 mAbs produced 
a significant reduction in the levels of activation of AKT, activation of c-Jun-NH2-terminal 
kinase and p38 kinase signaling pathways, and ultimately apoptosis in cancer cells.  
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  10. CONCLUSIONS  

 Cripto-1 was initially identified as a GPI-linked cell surface glycoprotein that functions 
as an obligatory functional coreceptor for Nodal and GDF1 and GDF3 to activate a Smad2 
and Smad3 intracellular signaling pathway during different stages of early vertebrate embry-
ogenesis. Subsequent studies demonstrated that Cripto-1 is expressed at levels that exceed 
expression levels in most normal adult tissues in a wide spectrum of human carcinomas 
including early and late stage breast cancers. This property of Cripto-1 as a pantumor/
oncofetal antigen has been exploited to selectively target human carcinomas with blocking and 
toxin-conjugated humanized monoclonal antibodies. In addition, the presence of discriminatory 
levels of Cripto-1 in the plasma of cancer patients suggests a potential diagnostic and/or 
prognostic role for this protein. Since  Cripto-1  is the founding member of a larger family 
of orthologous genes, these different  EGF-CFC  genes probably perform multiple functions 
in a cell context-specific manner as several signaling pathways have been identified 
which Cripto-1 activates and which are either Nodal/Alk4-dependent or -independent. 
In addition, Cripto-1 can function as a direct antagonist for TGF b 1 and Activin A and B by 
sequestering these growth factors from their respective receptors, which may mitigate the 
antiproliferative effects of these growth factors on the early stages of tumor cell proliferation. 
Expression of Cripto-1 has been detected in normal mouse and human breast tissues. During 
postnatal development of the mouse mammary gland, Cripto-1 expression parallels the pattern 
of Nodal expression suggesting that in this tissue these two proteins may be functioning 
through an Alk4 and Smad2/3 signaling pathway to regulate growth and differentiation. 
However, the in vitro transforming activity of Cripto-1 and the ability of Cripto-1 to stimu-
late EMT, migration, invasion and endothelial cell functions may be restricted to a Nodal-
independent signaling pathway that predominantly depends upon the activation of c- src  and 
PI3K, although a role for Nodal involvement  in vivo  in these biological responses cannot yet 
be formally excluded. This is certainly possible with respect to the ability of Cripto-1 to 
induce hyperplastic lesions and frank carcinomas in the mouse mammary gland following 
overexpression due to the long latency periods that are observed before tumors arise in the 
mammary gland and the prometastatic and invasive effects that have been demonstrated for 
Nodal in human melanomas  (113) . Further delineation of the intracellular signaling path-
ways that mediate Cripto-1 activity in human tumors, identifying novel binding partners for 
Cripto-1 and elucidating epigenetic and genetic pathways that regulate Cripto-1 expression 
and/or activity will further our knowledge on the role of this gene in cancer pathogenesis.      
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  Summary 

 The advances in genomic technologies have made it possible to examine the effects of altered 
gene expression in the context of specific cellular compartments within the whole organism. As 
such, transgenic mice have proven to be an invaluable tool to investigate genes involved in many 
human diseases, including genes implicated in the induction and progression of breast cancer. 
Human breast cancer is heterogeneous and no single mouse model recapitulates all aspects of the 
disease. In this regard, various mouse models are necessary to investigate specific characteristics 
of human breast cancer. In this chapter, we discuss various transgenic mouse strains that have been 
developed for the purpose of modeling breast cancer and will address their relevance to observa-
tions made in human breast tumors. 

 Breast cancer is the most commonly diagnosed form of cancer and it is estimated that one in eight 
women will develop breast cancer in her lifetime. Once initiated, cancer progresses as a result of an 
accumulation of genetic abnormalities within cells, the most frequently observed lesions of which 
can be divided into two categories: (a) DNA amplification and/or overexpression of genes responsi-
ble for the generation of proliferative and survival signals, and (b) loss of heterozygosity (LOH), in 
genes involved in preventing unrestrained cell growth. 

 Genetically modified animals generated by transgenic and gene-targeting knockout technology 
have contributed immensely to our understanding of gene function and regulation at the molecular 
level in the context of the whole organism. Since the first transgenic mouse model describing 
mammary tumors in 1984  (1) , a wealth of transgenic mice for modeling breast cancer have been 
reported. Transgenic models encompassing a wide array of targets including growth factors, 
receptors, cell cycle regulators, oncogenes, and tumor suppressor genes have been generated for 
use in breast cancer research. In addition to conventional transgenic overexpression and germline 
knockouts, the advent of increasingly complex technology has allowed for the generation of more 
elaborate mouse models including conditional knockouts, conditional activating mutations, and 
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inducible oncogenes or knockouts. Studies of the pathology of mammary carcinomas in geneti-
cally modified mice have demonstrated neoplasms that are morphologically similar to human 
breast cancer  (2) . While this chapter will describe a variety of genetically engineered mouse mod-
els of human breast cancer, it is by no means comprehensive and will not cover the entire spectrum 
of transgenic mouse models generated to date.  

  Key Words:   Breast cancer ;  Transgenic mice ;  Oncogenes ;  Growth factors ;  Growth factor 
receptors    

  1. PROMOTERS  

 A number of different promoters have been used to drive transgene expression for the 
purpose of modeling breast cancer. The mouse mammary tumor virus long terminal repeat 
(MMTV-LTR) has been most extensively used for targeting transgene expression specifically 
to the mammary epithelium. The MMTV-LTR has some promotional activity during murine 
embryogenesis and significantly greater promotional activity in the mammary gland during 
pregnancy and lactation as a result of stimulation of the MMTV-LTR by progesterone, 
prolactin, and glucocorticoids. The MMTV promoter drives expression in both the ductal 
and alveolar epithelial cells of the mammary gland. An extension of the MMTV-driven 
oncogene system employing a somatic gene transfer method has been described  (3) . For this, 
transgenic mice expressing the avian subgroup A receptor gene  tva  by means of the MMTV 
promoter have been developed allowing retroviral delivery of oncogenes via intraductal 
injection of replication-competent avian sarcoma-leukosis virus  (3) . 

 Other commonly used promoters driving mammary-specific gene expression are the 
whey acidic protein (WAP) and  b -lactoglobulin (BLG) promoters. These promoters target 
primarily the alveolar epithelium and thus induce phenotypes in alveolar cells. Given that 
these promoter are derived from milk-specific genes, they drive the highest levels of gene 
expression during pregnancy and lactation  (4) . Other less commonly used promoters for 
mammary tumorigenesis studies include the 5 ¢  flanking sequence of the rat C3 (1)  prostate 
steroid binding protein gene and the metallothionein (MT) promoter. Recently, transgenic 
mouse strains have been developed using tetracycline-responsive promoters, allowing for 
temporal control of transgene expression. In addition, the use of the native promoter of an 
oncogene  (5)  or hormonally non-responsive promoters  (6)  have been utilized in order to 
circumvent pregnancy-induced oncogene expression. It is interesting to note that some of 
these new strains develop neoplasias that are ER a -positive  (6) , which has proven to be an 
infrequent observation in mouse models of breast cancer.  

  2. ONCOGENES  

  2.1. Growth Factors 
  2.1.1. T gf  a  

 The expression of Transforming Growth Factor  a  (TGF a ) is upregulated in 30–70% of 
breast cancers. TGF a  shares a high degree of homology with epidermal growth factor (EGF) 
and acts in a similar manner as an EGF receptor ligand  (7) . TGF a  was originally discovered 
based on its ability to transform fibroblasts following retroviral infection  (8) ; however, it has 
subsequently been identified in a variety of cell types, including a wide range of normal cells 
 (9–  11) . 



Chapter 7 / Modeling Human Breast Cancer: The Use of Transgenic Mice 105

 A number of mouse models have been generated to examine the role of TGF a  in mammary 
tumorigenesis and have validated the importance of TGF a  in the early stages of neoplastic 
transformation of the mammary gland. In an early study using the MT promoter which 
induced weak expression of human TGF a  in the mammary epithelium, the mice displayed 
increased cellular proliferation and delayed ductal outgrowth into the mammary fat pad  (12) . 
A subsequent study in which the MT promoter was used to direct rat TGF a  expression 
demonstrated that females developed hyperplastic nodules and mammary epithelial dysplasia 
following multiple pregnancies  (13) . Specific targeting of TGF a  to the mammary epithelium 
by use of the MMTV or WAP promoters led to more striking effects than the weak expression 
induced by the MT promoter. In this regard, MMTV-TGF a  mice displayed hyperproliferation, 
precocious lobulo-alveolar development, and hyperplasias in the mature virgin mammary 
gland  (14) . Following multiple pregnancies, the animals went on to develop hyperplastic and 
dysplastic lesions. Upon further examination of the MMTV-TGF a  mice, 40% of multiparous 
and 30% of virgin females were observed to develop mammary tumors by 16 months of age 
 (15) . The use of the WAP promoter to direct mammary epithelial-specific expression of the 
rat TGF a  resulted in an even more dramatic phenotype. WAP-TGF a  mice displayed a similar 
proliferative phenotype to the MT- and MMTV-based mouse models; however, the WAP-
TGF a  mice developed mammary tumors at an increased incidence and reduced latency  (16) . 
However, tumor development in the WAP-TGF a  mice still required multiple rounds of preg-
nancy to initiate tumor development. This observation, along with the involution defect 
in these mice, led the investigators to suggest that the non-regressed epithelial cells may 
contribute to an expanded target cell population that is predisposed to transformation  (16) .  

  2.1.2. F ibroblast  G rowth  F actors  

 Fibroblast growth factors (FGFs) are secreted peptide growth factors that bind to FGF 
receptors and heparin sulfate forming a ternary signaling complex  (17) . The FGF receptors 
are tyrosine kinases, that upon activation through ligand binding, transmit intracellular signals 
that affect a number of cellular processes including cell growth and differentiation  (18,  19) . 
 Fgf-3  was identified as the gene transactivated by MMTV provirus insertion at the  int-2  
locus in mammary tumors of MMTV-infected mice  (20) . Further analysis of other proviral 
integration sites has led to the identification of two other  Fgf  family members,  Fgf-4/hst-1  
and  Fgf-8  as genes transactivated in mammary tumors  (21,  22) . 

 Following the implication of Fgf-3 in mammary tumorigenesis by proviral insertion 
mutagenesis, the Leder and Dickson laboratories directly addressed the transforming poten-
tial of Fgf-3 overexpression in the mammary glands of transgenic mice  (23–  25) . The ectopic 
expression of Fgf-3 resulted in epithelial hyperplasia in multiparous females. A later study 
using an inducible mouse model directing Fgf-3 expression to the mammary epithelium 
similarly observed mammary gland hyperplasia that was dependent on the length and levels 
of Fgf-3 expression  (26) . Overexpression of Fgf-7 by use of the MMTV promoter resulted 
in the development of mammary hyperplasias that progressed to metastatic mammary adeno-
carcinomas  (27) . Similarly, MMTV-Fgf-8 females developed mammary tumors after multiple 
pregnancies with a latency of about 8 months  (28) . In the virgin females, 4 out of 23 MMTV-
Fgf-8 mice developed mammary tumors at less than 4 months of age; however, the remainder 
of the mice did not develop tumors by 1 year of age. 

 The transgenic mouse models overexpressing various FGFs suggest that these growth 
factors may play an important role in mammary tumorigenesis. The relevance of these obser-
vations to human breast cancer however is unclear. Analysis of human breast tumors has 
provided conflicting results in terms of Fgf-2 expression in tumors as well as the association 
with prognosis [reviewed in  (29)] .  Fgf-3  and  Fgf-4  are closely located on mouse chromosome 
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7 in a region that is syntenic to human chromosome 10q13. About 15% of breast cancers 
show somatic amplification at the  Fgf-3/Fgf-4  locus; however, RNA analysis revealed that 
 Fgf-3  and  Fgf-4  were not transcribed in the vast majority of these tumors. Subsequently, the 
 CCND1  gene encoding Cyclin D1 was found to be closely linked to  Fgf-3/Fgf-4  and present 
in the same amplicon, and it is now believed that  CCND1  is the important oncogene in this 
chromosomal region in breast cancer [reviewed in  (30)] . In contrast, elevated levels of Fgf-8 
expression has been associated with a small subset of malignant human breast cancers 
 (31,  32) . Furthermore, some breast cancers show amplification of FGF receptor genes, 
including  Fgf1R   (~20%)  and  Fgfr4   (~30%)   (33–  35) .   

  2.2. Growth Factor Receptors 
  2.2.1. E rbB2  

 The ErbB2/neu/Her2 receptor tyrosine kinase is a member of the Epidermal Growth 
Factor Receptor family. The  erbB2  gene is located at a region of chromosomal amplification 
in human breast cancers. Indeed,  20–30%  of human breast cancers express elevated ErbB2 
levels as a result of genomic amplification of the  erbB2  gene  (36,  37) . ErbB2 amplification and 
overexpression has been shown to correlate with poor prognostic outcome in both lymph 
node-positive and lymph node-negative breast cancer patients  (38–  41) . The rat c- neu  was 
originally described as a dominantly transforming oncogene from a chemically induced neu-
roblastoma  (42) . The oncogenic form of neu was found to contain a valine to glutamic acid 
substitution in the transmembrane domain of the receptor  (43–  45)  that leads to constitutive 
receptor dimerization. This activated neu and human Her-2 with the corresponding mutation 
have been demonstrated to induce mammary tumor formation when expressed in the mammary 
epithelium of transgenic mice, thus confirming a direct role for ErbB2 in mammary tumori-
genesis  (46–  49) . Furthermore, the expression of wild-type neu in the mammary epithelium 
using the MMTV promoter also led to the development of mammary tumors. These tumors 
were focal in nature and of a comedoadenocarcinoma morphology which developed after an 
average latency of 7 months  (50) . Interestingly, further examination of the tumors in this model 
revealed that the tumor tissue, but not the normal adjacent mammary epithelium, contained 
sporadic mutations in  neu  leading to constitutive activation of the receptor  (51) . The observed 
mutations consisted of in-frame deletions, insertions, or point mutations in the cysteine-rich 
extracellular domain of the receptor and resulted in increased transforming ability due to the 
ability to form intermolecular disulfide bonds  (52) . To directly assess the impact of the activating 
mutations in mammary tumorigenesis, transgenic mice expressing the mutated receptors in 
the mammary epithelium were generated. Similar to the point activated neu, mice expressing 
the mutated  neu  transgenes developed multifocal mammary tumors in all female carriers and 
the tumors frequently metastasized to the lung  (53) . Although similar transmembrane domain 
mutations have not been noted in human breast cancers, an alternatively spliced form of Her2 
has been detected in human breast cancers and breast cancer-derived cell lines  (53,  54) . The 
splice isoform contains a deletion of 16 amino acids in the juxtatransmembrane domain of the 
receptor and similar to the neu deletion mutants this leads to increased transforming ability as 
a result of constitutive dimerization. 

 One of the drawbacks of using the strong viral MMTV promoter is that expression is 
hormonally regulated. In order to circumvent this difficulty mice conditionally expressing an 
activated  neu  from the endogenous  erbB2  promoter have recently been generated  (5) . Mice 
expressing this activated  neu  developed focal mammary tumors after a long latency period. 
Similar to what is observed in human breast cancer, tumor progression in this strain was 
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associated with selective genomic amplification of the activated  neu  allele  (5) . Collectively, 
the results of these experiments provide strong evidence that ErbB2 is a potent oncogene in 
the mammary epithelium.  

  2.2.2. E gfr  

 The epidermal growth factor receptor (EGFR) is a receptor tyrosine kinase that is stimulated 
upon binding of ligands such as EGF, TGF a , and amphiregulin. Studies of EGFR expression 
in human breast cancer have reported that EGFR overexpression is correlated with poor prog-
nosis  (55–  57)  and in particular, when in combination with ErbB2 expression  (58) . To address 
the importance of EGFR in mammary tumorigenesis, transgenic mice expressing EGFR from 
both the MMTV and BLG promoters were reported in 2000  (59) . Both the MMTV- and BLG-
driven EGFR expressing virgin mice showed defects in normal mammary gland development. 
Furthermore, these mice developed mammary epithelial hyperplasias, which progressed to 
dysplasias after multiple pregnancies. Adenocarcinomas were noted at a very low frequency 
in multiparous females in both strains. A second report of MMTV-EGFR transgenic mice 
supports the weak transforming ability of EGFR in the mouse mammary epithelium. In this 
study, 55% of MMTV-EGFR transgenic mice developed epithelial hyperplasias and slight 
dysplasia by 2 years of age though no overt tumors were noted  (60) . The results of these studies 
suggest that EGFR can contribute to cellular transformation, although it is insufficient for 
complete malignant transformation of the epithelium.  

  2.2.3. C sf-1  

 The macrophage colony stimulating factor (CSF-1) was first identified as a hematopoietic 
growth factor capable of stimulating proliferation, differentiation, and survival of monocytes, 
macrophages, and their bone marrow progenitors [reviewed in  (61)] . CSF-1 binds to a cell 
surface receptor, CSF-1R, encoded by the c- fms  protooncogene, the cellular homolog of the 
retroviral v- fms  oncogene  (62) . Abnormal CSF-1R expression, with or without CSF-1 
expression, has been observed in a number of human carcinomas and their derived cell lines 
including carcinomas of the breast  (63–  66) . Immunohistochemical analyses of primary 
human breast cancers demonstrated CSF-1R expression in 58% of all breast cancers and 85% 
of invasive breast cancers, with CSF-1R expression localized to neoplastic epithelial cells as 
well as stromal macrophages  (66) . Furthermore, about half of CSF-1R-positive breast cancers 
express activated receptor  (67) . Additionally, significant levels of CSF-1 have been observed 
in the serum and ascites of patients with breast cancer and this has been correlated with 
metastatic disease  (68–  70) . The importance of CSF-1 and its receptor in mammary tumori-
genesis has been evaluated through the generation of separate strains of transgenic mice. 
MMTV-CSF-1 and MMTV-c-fms mice displayed increased ductal branching and lobulo-
alveolar growth in virgins of 6 to 8 months of age  (71) . In animals of over 1 year of age, ductal 
hyperplasia and glandular dysplasia was observed in all MMTV-CSF-1 and MMTV-c-fms 
animals and about half of the females displayed microscopic mammary tumors of adenocar-
cinoma and papillary carcinoma pathologies  (71) . Interestingly, the CSF-1 expressing 
mammary tissue showed increased infiltration of macrophages, which further supports the 
hypothesis that CSF-1 expression may serve to recruit macrophages to breast tumor tissues. 
A study using mice homozygous for a null mutation in the  Csf-1  gene ( Csf-1   op  ), in the context 
of the Polyoma virus middle T antigen (PyVmT) mammary tumor background resulted in a 
reduction of primary tumor progression to malignancy and metastasis  (71) . To further validate 
the importance of CSF-1 in this process, the conditional overexpression of CFS-1 in the mam-
mary epithelium in both the PyVmT and PyVmT/CFS-1 op/op  transgenic mice led to an accelera-
tion of tumor progression and an increase in pulmonary metastases  (71) . CSF-1 overexpression 
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was also associated with increased macrophage infiltration in the primary mammary tumor  (71) . 
In this regard, it is interesting to note that it has recently been demonstrated that tumor-
associated macrophages are important in the angiogenic process and thus help contribute to the 
progression to malignancy  (72) . Furthermore, multiphoton microscopic visualization of mam-
mary tumors in transgenic mice has demonstrated that perivascular macrophages of the tumor 
are associated with the intravasation of tumor cells into the hematogenous system  (73) .  

  2.2.4.  The Met Receptor Tyrosine Kinase Family  

 Met is a receptor tyrosine kinase that is activated upon binding of its ligand hepatocyte 
growth factor/scatter factor (HGF-SF). An oncogenic form of c-met (tpr-met) was originally 
identified in a chemically treated human osteosarcoma cell line  (74–  76) . The  tpr-met  fusion 
gene is a result of chromosomal rearrangement resulting in a translocation involving chro-
mosomes 1 and 7. The end consequence is a tpr-met fusion protein which due to the presence 
of a leucine zipper encoded by the open reading frame of the  tpr  sequence results in dimeri-
zation and thus constitutive activation of the Met tyrosine kinase domain, ultimately leading 
to transforming ability  in vitro   (77) . Met is frequently amplified in various transformed cell 
lines and human tumors  (78,  79) . Of particular relevance, elevated expression of Met and its 
ligand HGF, has been reported by a number of groups in invasive ductal carcinomas from 
human breast cancers that have been associated with poor prognosis  (80–  85) . 

 A number of mouse models have been developed in order to directly assess the importance 
of Met and HGF in mammary tumorigenesis. The first study utilized mice expressing 
Tpr-Met from the MT promoter and noted that the majority of multiparous mice displayed 
mammary hyperplastic alveolar nodules and several had foci of microscopic carcinoma  (86) . 
As the predominant phenotype of the MT-Trp-Met mice was a breast cancer phenotype, it 
was suggested that the mammary epithelium may be intrinsically susceptible to transformation 
by this oncogene. Another study used the MT promoter to drive expression of mutationally 
activated Met receptors  (87)  that were identified as missense mutations in human papillary 
renal carcinomas that lead to increased enzymatic activity of the receptor  (88,  89) . Although 
the incidence of tumor formation in these mice was quite low, with only one mouse developing 
mammary adenocarcinomas in each transgenic line, the tumors in these mice were metastatic 
(to the lung in both strains, and also to the lymph node, kidney, and heart in one line). 
Transgenic mice expressing the Met ligand, HGF, have also been generated and examined 
for a role in mammary tumorigenesis. The first study expressed HGF by use of the MT promoter. 
Along with a diverse spectrum of neoplasms including tumors of epithelial and mesenchymal 
origin, both virgin and parous transgenic mice expressing HGF were found to develop mammary 
tumors  (90) . Mammary tumors were detected in 41% of transgenic females and the tumors 
were categorized as adenocarcinomas and adenosquamous carcinomas  (90) . Another study 
implicating the HGF/Met pathway in mammary tumorigenesis was reported for mice 
expressing HGF from the WAP promoter. Virgin female mice displayed hyperplastic ductal 
trees with a thick layer of fibroblasts surrounding the mammary epithelium and 20% of the 
virgin mice developed mammary tumors by 1 year of age  (91) . Furthermore, almost all 
multiparous females developed mammary carcinomas by 10 months of age and lung metastases 
were observed in about 20% of tumor bearing mice. The tumors developed displayed a glandular 
and squamous pattern with extensive necrosis and showed characteristics of breast tumors 
with an aggressive phenotype. 

 Another member of the Met family, the Ron receptor tyrosine kinase which is activated 
by binding of its ligand, macrophage-stimulating protein (MSP), has been implicated in 
breast cancer. Overexpression and constitutive activation of Ron has been observed in 
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about 50% of primary human breast cancers  (92)  and increased Ron expression has been 
correlated with a more aggressive phenotype in node-negative breast cancers  (93) . 
Transgenic mouse studies using both the wild-type Ron and an active form of Ron dem-
onstrated a direct role for Ron in the initiation of breast cancer. Separate strains of mice 
expressing either the wild-type or activated  Ron  cDNA from the MMTV promoter devel-
oped metastatic mammary tumors at 100% penetrance with a latency of about 6 months 
 (94) . The tumors were primarily/an of adenocarcinoma morphology with varying degrees 
of desmoplastic epithelial malignancy and the vast majority of tumor bearing mice had 
metastases to both the lung and liver  (94) .  

  2.2.5.  Wnt Family  

 Genes of the  Wnt  family encode secreted proteins that bind to two families of cell 
surface receptors, members of the frizzled family and members of the LDL receptor-
related proteins. The Wnt ligands activate intracellular pathways that are classified into 
two categories; the canonical Wnt signaling pathway (involving stabilization of  b -catenin) 
and the noncanonical Wnt signaling pathway. Early studies with MMTV insertion sites 
revealed frequent proviral activation of the  Wnt1  (formerly  int-1 ) gene in virus-induced 
carcinomas  (95) . Studies with transgenic mice confirmed the oncogenic potential of Wnt1, 
whereby MMTV- Wnt1  mice rapidly develop lobulo-alveolar hyperplasias leading to focal 
carcinomas later in life  (96) .   

  2.3. Signal Transduction 
  2.3.1.  Polyomavirus Middle T Antigen  

 The Polyomavirus middle T antigen (PyVmT) is a membrane attached protein that is encoded 
by the small DNA Polyoma virus. Although PyVmT is a virally encoded protein that is not 
present in humans, it has proven very useful in studying breast cancer. The middle T antigen is a 
potent oncogene as it strongly activates a number signal transduction pathways including the Ras 
and phosphatidyl-inositol-3 kinase (PI3K) pathways and the Src family of kinases and thus effec-
tively transforms the mammary epithelium. The development of MMTV-PyVmT transgenic mice 
established the potent transformation potential of PyVmT in the mouse mammary epithelium 
 (97) . Separate lines of MMTV-PyVmT mice developed multifocal metastatic mammary tumors 
in all female transgene carriers after a short latency  (97) . 

 A detailed characterization of the MMTV-PyVmT mouse model has recently been 
described by Lin et al.  (98) . Tumor progression was described as occurring in four stages in 
accordance with the recommendations of the mouse mammary tumor pathology panel 
 (2,  98) . By 10 weeks of age about 50% of the MMTV-PyVmT primary mammary tumors 
have progressed to a late carcinoma stage  (98) . Due to this rapid nature of tumor onset and 
the aggressive phenotype of the tumors, the MMTV-PyVmT model is frequently employed 
to investigate the potential of candidate tumor suppressors and to study the progression of 
metastatic disease. 

 The examination of transgenic mice expressing mutant forms of PyVmT that are unable to 
recruit either PI3K or Shc have implicated these signaling molecules in PyVmT-mediated 
transformation. Compared to the wild type MMTV-PyVmT mice, the abrogation of PI3K or 
Shc binding led to a delay in tumor formation in both strains of mice  (99) . Interestingly, a small 
proportion of the tumors derived from mice expressing the PyVmT incapable of recruiting Shc 
displayed somatic mutations in the transgene that restored a functional Shc binding site  (99) .   
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  2.4. Cell Cycle 
  2.4.1.   D-Type Cyclins 

 The human genome encodes for three different D-type cyclins, Cyclin D1, Cyclin D2, 
and Cyclin D3. The D-type cyclins are maximally expressed during mid-G 

1
  phase at which 

point they form functional complexes with cdk4 or cdk6  (100,  101) , a critical step in progres-
sion through the G 

1
  phase of the cell cycle. The  CCND1  gene encoding Cyclin D1 is found 

within the chromosome 11q13 region, which has been found to be amplified in a variety of 
human cancers, including about 15% of primary breast cancers  (102) . Furthermore, Cyclin 
D1 is overexpressed at the mRNA and protein level in up to 50% of primary breast cancers 
and is one of the most commonly overexpressed oncogenes in breast cancer  (103–  106) . 
MMTV-driven expression of  Cyclin D1  in the mammary epithelium resulted in abnormalities 
including increased proliferation and precocious lobulo-alveolar development  (107) . 
Furthermore, about 75% of transgenic mice developed focal mammary adenocarcinomas at 
a latency of 18 months  (107) . The incomplete penetrance and long latency suggest that addi-
tional genetic events are required for the development of mammary tumorigenesis. 

 In addition to Cyclin D1, Cyclin D3 is also frequently overexpressed in several cancer types 
 (108)  and its expression is associated with high-grade breast tumors  (109) . To establish a role 
for Cyclin D3 in mammary tumorigenesis, transgenic mice expressing Cyclin D3 in the mam-
mary epithelium have been generated. Pirkmaier et al. demonstrated that MMTV-driven 
expression of Cyclin D3 leads to the development of mammary tumors in 73% of female 
transgene carriers following multiple pregnancies  (110) . Tumors arose after an extended 
latency and most were small and detected only by wholemount analysis; however, about 10% 
of tumor bearing mice developed palpable mammary tumors. In contrast to the development of 
mainly adenocarcinomas in the MMTV-Cyclin D1 transgenic mice  (107) , the MMTV-Cyclin 
D3 mice developed squamous cell carcinomas  (110) .   

  2.5. Transcription Factors 
  2.5.1.  c-myc  

 The  c-myc  protooncogene was identified as the mammalian homolog of  v-myc , the viral 
transforming oncogene responsible for avian myelocytomatosis  (111) . Genomic amplification 
and increased RNA levels of c- myc  were first observed in a study of primary human breast 
cancers in 1986  (112) . Further analyses have identified alteration of the c- myc  locus as a 
recurring genetic lesion in human breast cancer using fluorescent  in situ  hybridization (FISH), 
comparative genomic hybridization (CGH), and spectral karyotyping (SKY)  (113–  115) . 
Since the original description of MMTV-c- myc  mice from the Leder laboratory in 1984  (1) , 
three other independent groups have generated transgenic mice expressing c- myc  in the mam-
mary epithelium  (16,  116,  117) . The expression of c-myc from the MMTV promoter led to 
mammary tumor development with complete penetrance after multiple pregnancies, whereas 
tumors arose in about half of the virgin females after a latency of 7–14 months  (1,  118–  120) . 
MMTV-c- myc  mammary tumors were originally described as moderately well-differentiated 
adenocarcinomas  (1)  but have more recently been characterized as aggressive, high-grade, 
cribiform glandular adenocarcinomas with significant cellular atypia  (2) . 

 The ability of c- myc  to transform the mammary epithelium is further supported by 
transgenic mice expressing c- myc  from the WAP promoter. Almost all multiparous WAP-
c- myc  transgenic mice developed mammary tumors; however, tumors were not noted in 
virgin females  (16,  116) . Interestingly, following involution c- myc  expression was observed 
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in the mammary tumors, but not in the normal mammary epithelium, suggesting a loss of 
the requirement of lactogenic hormone stimulation of the WAP promoter following cellular 
transformation  (116) . 

 Cytogenic analyses of MMTV-c- myc  mammary tumors have revealed similar patterns of 
chromosomal aberrations in independent MMTV-c- myc  animals  (121) , suggesting that 
specific genetic lesions cooperate with dysregulated c- myc  expression. Furthermore, the patterns 
of chromosomal abnormalities found in the MMTV-c- myc  mammary tumors showed synteny 
to aberrations identified in human breast tumors  (121) . 

 An additional model for examining c- myc -induced mammary tumorigenesis was reported 
by D’Cruz et al.  (117)  and comprised of a tetracycline-inducible model of c- myc  expression 
in the mammary epithelium. Almost all c- myc  expressing induced animals developed mam-
mary tumors that were described as invasive mammary adenocarcinomas, similar to those 
described for MMTV-c- myc  transgenic mice  (122,  123) . Following deinduction of c- myc  
expression by doxycycline withdrawal, a proportion of the mammary tumors fully regressed, 
whereas a subset of tumors either continued growing or resumed growing after a brief 
decrease in size  (117) . Interestingly, the non-regressed tumors contained secondary muta-
tions in  ras , particularly in the  Kras2  gene  (117) . Furthermore,  Kras2  mutations were shown 
to occur at a similar frequency in MMTV-c- myc -induced mammary tumors  (117) .   

  2.6. Hormones 
  2.6.1.  Estrogen Receptor   a  

 The development and function of the mammary gland occurs in response to ovarian 
hormones, with estrogen being one of the predominant hormones involved. The importance 
of estrogen receptor  a  (ER a ) in mammary gland development is highlighted in mice 
homozygous for a null allele. ER a  knockout mice show dramatic defects in pubertal mammary 
gland development, with only a rudimentary ductal structure observed  (124) . A role for ER a  
in the promotion of mammary gland abnormalities was demonstrated using a tetracycline-
inducible system in which ER a  expression was deregulated in the mammary epithelium of 
transgenic mice  (125) . Lobular hyperplasia was observed in 52%, ductal hyperplasia in 36%, 
and ductal carcinoma in situ in 21% of 4-month-old mice induced to express ER a  in the 
mammary epithelium  (125) . 

 Although the estrogen receptor  b  (ER b ) knockout mice were originally reported to have 
no defects in mammary gland development  (126) , a subsequent detailed analysis of these 
mammary glands showed a decrease in ductal branching in the virgin animals and a decrease 
in lobulo-alveolar development in lactating mice  (127) .  

  2.6.2.  Amplified in Breast Cancer 1  

 Amplified in breast cancer 1 ( AIB1)  was originally identified as a gene on human chromo-
some 20q, a region that is frequently amplified in breast cancer  (128) . Indeed, it has been 
reported that  AIB1  is amplified in 5–10% of primary human breast cancers, and mRNA and 
protein overexpression has been noted in about 30–60% of breast cancer cases  (129–  134) . AIB1 
has been shown to interact with ER in breast cancer cells  (135)  and as a coactivator, functions 
to enhance ER-dependent gene transcription  (129,  136) . A function for AIB1 in normal 
mammary gland function was demonstrated in mice null for AIB1, whereby the knockout mice 
displayed less mammary ductal arborization and very limited alveolar development  (137) . 

 Mammary epithelial-specific overexpression of AIB1 using the MMTV promoter has 
demonstrated a direct role for AIB1 in the development of mammary tumors. As early as 
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5 months of age, numerous hyperplastic lesions were observed in the MMTV-AIB1 mice and 
by 20 months of age, 50% of the mice displayed adenocarcinomas of several subtypes 
including acinar, ductal, solid comedotype, and papillary carcinomas  (138) . Tumor incidence 
was similar in virgin and parous animals and the majority of tumors were invasive and 
showed metastases to the lung, bones, and kidney  (138) . Interestingly, 85% of the tumors 
were ER a -positive and may therefore be a useful model to study hormone-responsive breast 
cancer. Another study using the MMTV promoter in which AIB1 was only moderately over-
expressed in the mammary epithelium noted that AIB1 transgenic mice exhibited increased 
proliferation and branching of the mammary ducts  (139) . However, no mammary tumors 
were noted in these transgenic mice by 2 years of age  (139) , suggesting that a threshold of 
AIB1 expression is required for full transformation of the mammary epithelium. 

 In addition to the full-length AIB1 isoform an N-terminally truncated AIB1 (AIB1 D 3), 
occurring naturally as a result of alternative splicing, has been observed and functions as a 
more potent coactivator of ER a   (140,  141) . AIB1 D 3 has also been shown to be overexpressed 
in human breast tumor tissue  (140) . Overexpression of the AIB1 D 3 isoform in transgenic 
mice using the human cytomegalovirus immediate early gene 1 (hCMVIE1) promoter led to 
an increase in mammary gland size and weight and was associated with an increase in mam-
mary epithelial cell proliferation  (142) . Furthermore, 40% of hCMVIE1-AIB1 D 3 transgenic 
mice developed ductal ectasia by 13 months of age  (142) . Given the more dramatic pheno-
type observed in the MMTV-AIB1 high expressing transgenic mice, it would be interesting 
to examine the effects of expressing the AIB1 D 3 isoform using a similar mammary epithelial-
specific promoter and with higher levels of transgene expression.  

  2.6.3.  Aromatase  

 A common MMTV insertion site was originally described in chemically induced hyperplastic 
alveolar nodules, referred to as the  int-5  locus [formerly  int-H   (143)] , and was subsequently 
demonstrated to correspond to the aromatase gene  (144) . Aromatase catalyzes the conversion of 
androgens to estrogens, the rate-limiting step in estrogen biosynthesis.  In situ  estradiol synthesis 
is a mechanism to increase the local estrogen levels and one of these pathways, the conversion 
of androstenedione to estrone, is catalyzed by aromatase  (145,  146) . The expression of aromatase 
in breast tumors was first described in 1974  (147) , and later studies have corroborated this 
observation  (145,  148) . Aromatase mRNA levels and activity have been demonstrated to be 
elevated in tumor-bearing quadrants when compared to normal quadrants of breast tissue 
 (149,  150) . Furthermore, immunohistochemical localization has revealed increased aromatase 
protein expression in breast tumor tissues when compared to normal areas of the breast  (151) . 
Elevated expression/of aromatase leading to augmented estrogen content has been observed in 
breast tumors of postmenopausal women, despite reduced estradiol plasma levels  (152) . The 
role of aromatase in mammary tumorigenesis has been evaluated through the use of transgenic 
mice. Overexpression of aromatase in the mammary epithelium by use of the MMTV promoter 
led to a variety of abnormalities. In young virgin animals, the MMTV-aromatase mice displayed 
enlarged ducts, hyperplastic and dysplastic lesions at various frequencies and about 15% of the 
ducts were characterized as fibroadenomas  (153) . Following 8 weeks of involution some of the 
mice displayed hyperplastic alveolar nodules and atypical ductal and glandular hyperplasia, 
 (153) . Further characterization of the MMTV-aromatase mice revealed that the preneoplastic 
and neoplastic changes were present even in the absence of circulating ovarian-derived estrogen 
 (154) . In addition, the neoplastic and biochemical changes observed in the MMTV-aromatase 
transgenic mice could be reversed by treatment with the aromatase inhibitor, letrozole  (155,  156) , 
providing direct evidence for the involvement of aromatase activity in inducing the changes in 
the mammary glands of these mice.    



Chapter 7 / Modeling Human Breast Cancer: The Use of Transgenic Mice 113

  3. CONCLUSIONS  

 Although various transgenic mouse models for the study of breast cancer have been 
illustrated above, we have not described the various combinations of bitransgenics that have 
been generated. Undoubtedly, the coexpression of multiple oncogenes and/or combinations 
of oncogenes in parallel with tumor suppressor deletions mimic the multiple genetic events 
that are observed in human breast cancer and serve as invaluable tools for modeling the 
human disease. 

 Based on the expression of keratins in breast cancers it is generally accepted that luminal 
epithelial cells are the main contributors to neoplastic transformation in the human breast 
 (157–  159) . Indeed, the observations in many mouse models for breast cancer are consistent 
in this regard  (2) . While transgenic mouse models have identified a number of proteins that 
are involved in mammary tumorigenesis, there are aspects of these models that do not fully 
recapitulate the human disease. 

 The tumor microenvironment has emerged as an important participant in the progression 
of malignancy and it supports epithelial cells with local growth factors. In turn, epithelial 
cells signal back to the stroma, which then becomes competent to support epithelial prolif-
eration and differentiation. In this regard, it is important to note that the stromal compartment 
of the mouse and human breast is not identical. While the mouse mammary stroma largely 
consists of adipose tissue, the human stroma contains a relatively high amount of fibrous 
cells surrounding the epithelial compartment. Tumor fibroblasts have been shown to have an 
active phenotype different to that of resting tissue fibroblasts, and reports have suggested that 
cancer stromal alterations precede the malignant conversion of tumor cells  (160) . Indeed, 
microdissection of the epithelial and mesenchymal components of breast tumors has revealed 
genetic aberrations in the mesenchymal cells, including LOH at several loci exclusive to the 
stromal cells  (160) . To further our knowledge of breast cancer it will be important to develop 
methods that allow investigators to address the contribution of stromal components in mouse 
models. It would be invaluable to identify promoters that will allow targeting gene expres-
sion to the different cell types of the stroma including fibroblasts and adipose cells in order 
to accurately address the cross-talk between the cells present within the tumor. 

 Another important component of human breast cancer that is lacking in transgenic mouse 
models is the hormone receptor status. While approximately half of all human breast cancers are 
ER-positive, the majority of lesions observed in the mouse models are ER-negative. Although a 
few recent transgenic models have demonstrated to some extent to develop ER-positive mammary 
tumors, additional models will be important to fully dissect the role of hormones in breast cancer 
and for testing therapeutic agents that target this feature of breast cancer. 

 In addition, the majority of existing cancer models do not reproduce aspects of advanced 
human breast cancers especially in terms of the frequency and location of metastases. Breast 
cancer in humans typically spreads lymphatically starting with local lymph glands, followed 
by distant metastases to predominantly the bone, brain, adrenal gland, liver, and lung. 
In contrast, mouse mammary cancers metastasize almost exclusively to the lung via the 
hematogenous route. The establishment of mouse models that metastasize analogous to 
human breast cancer is an important aim that needs to be addressed in order to appropriately 
investigate mechanisms of metastasis and to evaluate anticancer therapies that interfere with 
metastatic pathways. 

 Through the increased analysis and further development of strains of transgenic mice 
modeling breast cancer, it is hopeful that novel targets for the treatment of breast cancer can 
be identified and hopefully mouse models that recapitulate the human disease will prove 
useful in the testing of therapeutic agents.      
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  Summary 

 Breast cancer is a complex genetic disease characterized by the accumulation of multiple 
molecular alterations. Today, routine clinical management of breast cancer is insufficient to 
reflect the whole clinical heterogeneity of this disease. Recent advances in human genome 
research and gene expression profiling have made it possible to start uncovering biological 
mechanisms underlying clinically useful signatures. Here we highlight gene expression 
profiling in breast cancer research and discuss its most current clinical applications.  

  Key Words:   Breast cancer ;  Microarrays ;  Gene expression profiling ;  Data integration ;  Data 
analysis ;  Molecular classification ;  Diagnosis and prognosis ;  Response to therapy    

  1. INTRODUCTION  

 Breast cancer is the most common cancer in women  (1,  2)  with most cases occurring 
in postmenopausal women, but a significant number of younger women are afflicted, often in 
families with a hereditary predisposition. It is the most common malignancy and leading cause 
of cancer death among American women between the ages 20 and 59 and the second cause of 
cancer death in women aged 60 to 79  (3) . Known risk factors include the length of the life-time 
exposure to estrogens, ionizing radiation, cigarette smoking, and a high-fat diet. Breast cancer 
is a genotypically, phenotypically, and clinically a heterogeneous complex disease. In fact, 
breast cancer is characterized by the accumulation of multiple molecular alterations. 
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 Even though UK and US breast cancer mortality is declining because of the implementation 
of widespread screening mammography, earlier diagnosis, and advances in adjuvant treatment 
 (4) , not all patients benefit from their treatment. In fact, current routine clinical management 
of breast cancer relies on a number of clinical and pathological prognostic and predictive 
factors and these seem insufficient to reflect the whole clinical heterogeneity of tumors and 
are less than perfectly adapted to each patient. 

 Although the strong overall association between the current standard clinicopathological 
variables used in breast cancer management and patients’ prognosis and outcome  (5) , it is 
clear that patients with similar clinical and pathological features may show distinct outcomes 
and vary in their response to therapy  (6) . Even though algorithms based on clinicopathological 
data are now regularly used to define prognostically significant groups and to tailor systemic 
therapy for breast cancer patients, further improvements are required. In fact, several studies 
have shown that approximately 30% of lymph node-negative breast cancer patients who are 
classified as lying within a “good prognostic group” develop recurrence  (7) , whereas a simi-
lar proportion of node-positive patients remain free from development of distant metastases 
 (8) . Alternatively, a significant proportion of patients allocated to a poor prognosis group 
will never develop distant recurrence  (9) . For this reason, there is an increasing need for 
additional prognostic factors to improve patients’ risk stratification and the targeting of treat-
ment. Today’s goal in breast cancer research is aimed at tailoring treatment for the individual 
patient, known as “personalized medicine”  (10) . This requires developing an accurate prog-
nostic profile to define which patients should receive systemic therapy (hormone or chemo-
therapy) before and/or after surgery, and to decide which systemic treatments are most 
suitable for a given patient. 

 The final deciphering of the complete human genome, together with the improvement of 
high-throughput molecular technologies, has caused a fundamental transformation in breast 
cancer research, beginning to tackle the molecular complexity of breast cancer and contributing 
to the realization that the biological heterogeneity of breast cancer has implications for treatment. 
Gene expression profiling is any method that can analyze the expression of genes in selected 
samples and has been widely applied to cancer research in the past few years. These tech-
niques consist of differential display  (11) , serial analysis of gene expression  (12) , various 
proteomics approaches  (13) , and gene expression microarrays  (14) . The recent development 
of microarray and related technologies provides an opportunity to perform more detailed and 
individualized breast tumor characterization. This assay is a powerful molecular technology 
that allows the simultaneous study of the expression of thousands of genes or their RNA 
products, giving an accurate picture of gene expression in the cell or the sample at the time 
of the study (Fig.  1 ). The two main types of microarrays are cDNA microarrays and oligo-
nucleotide microarrays  (14,  15) . Both types of microarray are hybridized with cDNA or RNA 
samples obtained from tissues/cells of interest to assess changes in their expression levels. 
Technical details about microarrays are beyond the scope of this chapter, and readers are 
recommended to access the different excellent reviews on this subject.  

 Besides these global expression profiling approaches yielding candidate genes that requires 
validation, other “-omic” techniques have been used. Reverse transcriptase polymerase chain 
reaction (RT-PCR) (Fig.  2 ) allows simultaneous PCR amplification and detection of target 
DNA or cDNA sequences and provides semiquantitative estimation of the relative abundance 
of specific transcripts using specific primers. More, tissue microarrays (TMAs)  (16)  offer a 
method for high-throughput protein expression analysis of large cohorts of archival formalin-
fixed paraffin-embedded tissue samples that can be readily linked to long-term follow-up and 
clinicopathological databases. The development and application of these high-throughput 
molecular techniques have contributed to the know-how for comprehensive studies of genes, 
gene products, and signaling pathways involved in the molecular biology of breast cancer.  



  Fig. 1.    Microarray expression profile. Schematic overview of an experiment of gene expres-
sion profiling by microarray.       

  Fig. 2.    RT-Polymerase Chain Reaction. Detailed overview of reverse transcriptase polymer-
ase chain reaction.       
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 Because of the huge dimension of the promise of microarray technology, we will focus 
on the contribution of microarray-based expression profiling analysis. 

 Microarray platform, with its ability to simultaneously    analyze the expression of the 
entire genome of an organism, has transformed our understanding of human breast cancer. 
Previously, historical classification systems were based on light microscopic results and single 
marker-tumor features (e.g., estrogen receptor). Expression profiling and other technologies 
helped in discovering relevant signatures potentially related to prognosis (clinical out-
come), prediction (tumor response to a specific therapy), and provide further insights into 
tumor biology informing both the clinician and the scientist. 

 Generally, molecular profiling of breast cancers by gene expression microarrays can be 
performed in two ways: unsupervised or supervised analysis. Unsupervised analysis is a 
statistical method for microarrays that does not use information derived about the data 
(samples or genes) to be analyzed. The outputs are simply a description of the relationships 
among the samples or genes based on gene expression patterns. It is an extensive set of 
methods, of which hierarchical clustering analysis is the most popular  (17) . The main objective 
of this approach is to determine whether discrete subsets can be defined on the basis of gene 
expression profiles and to identify new classes (class discovery) potentially having clinical 
significance in order to develop a new molecular taxonomy. In supervised analysis external 
information is used to group the samples (tumor grade, gender, response to therapy) or the 
genes (functional class, chromosomal location) and relate the grouping with gene expression 
data. There are two main subtypes of supervised analysis: class comparison and class prediction. 
The first aims to identify the transcriptomic differences between two classes of tumors, 
whereas the goal of the second one is the development of a “gene signature”  (18,  19) .  

  2. MOLECULAR CLASSIFICATION  

 The identification of particular tumor subtypes is essential in order to design possible 
therapeutic intervention. Breast cancer heterogeneity has been confirmed at gene expression 
level  (20) . Multiple breast cancer subtypes with distinct gene expression patterns and differ-
ent prognoses have been identified in primary breast cancers and their metastases. Different 
studies established that breast cancers can be classified into five distinct molecular subtypes 
based on their microarray expression  (21–  28) . Early studies divided breast tumors in two 
different branches, each arising from one of the two types of breast cancer cells: basal and 
luminal cells. By recent inclusion of larger number of samples and meta-analysis (merging 
data from multiple studies) we know that luminal tumors can be subdivided into luminal A 
and luminal B types, and basal tumors gave rise to three major groups: normal-like, basal, 
and ERBB2. 

 Perou et al.  (22)  originally showed that ER status defines two groups of breast tumor 
samples. ER-positive tumors represent 34–66% of all breast cancers  (24,  29,  30) . Tumors in the 
ER-positive group have expression patterns reminiscent of the luminal epithelial cells of the 
breast [e.g., ER (ESR1) and luminal cytokeratins 8/18]. There are at least two subtypes of ER 
positive tumors  (23) , luminal A and luminal B (now also known as highly proliferating lumi-
nals)  (31) . These two tumor classes are characterized by gene expression patterns and different 
clinical outcomes. In general, luminal A tumors represent 19–39% of all breast cancers, have 
the highest expression of ER and ER-related genes, and show the best prognosis. Luminal B 
tumors represent 10–23% of all breast cancers, have profiles enriched for luminal genes, and 
show low to moderate expression of ER-related genes, relatively high expression of prolifera-
tion and cell cycle-related genes. If compared with luminal A, luminal B tumors might have 
a higher proliferation rate, and are associated with less favorable outcome. 
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 Hormone receptor negative breast cancers represent 30–45% of all breast cancer, are 
characterized by lack of HR expression and low to absent expression of some other luminal 
markers. This class is further subclassified into at least three distinct subtypes sharing a com-
mon feature (e.g., HR and GATA3 negative expression), but are otherwise molecularly and 
biologically different: basal-like, ERBB2/HER2/neu/+, and normal breast-like. Basal-like 
represent 16–37% of all breast cancers  (24,  30,  32–  34) , express genes characteristic of basal
myoepithelial cells  (a6-integrin, CK5, CK17, c-KIT, EGFR, fatty acid binding protein 7, 
integrin 4, laminin, metallothionein 1X, NF-kappaB, and P-cadherin)   (22,  27,  35–  37) . 
Moreover, recent studies confirmed that tumors from patients carrying  BRCA1  mutations fall 
within the basal-like subgroup  (29,  38,  39) . Basal-like tumors usually have aggressive features 
such as high tumor grade and  TP53  mutations  (24,  31,  40)  and poor outcome. 

 ERBB2/HER2/neu/+ tumors represent 4–10% of all breast cancers  (29,  30,  41,  42)  and, 
compared with basal-like group, share comparatively poor outcomes. This subtype is 
characterized by overexpression of genes in a 17q11 amplicon that include  ERBB2, GRB7 , 
 GATA4 , and high levels of  NF-kappaB  activation. Like the basal-like subtype,  ERBB2 -
overexpressing tumors have a high proportion of  TP53  mutations, and are significantly more 
likely to be grade III. 

 Normal breast-like subtype represents up to 10% of all breast cancer  (23,  43,  44) . These 
tumors are sometimes called unclassified, undetermined, or null subtype  (40,  45,  46) . Normal 
breast-like tumors have some characteristics in common with normal breast tissue, including 
adipose and other non-epithelial tissue components of the tumor microenvironment. These 
tumors share with normal breast tissue relative overexpression of basal epithelial genes and 
relative underexpression of luminal epithelial genes. The distinct subtypes of breast cancer 
have also been characterized by immunohistochemical protein markers (e.g., basal cytok-
eratins ER, HER1/EGFR, HER2, and PR)  (47) . Invasive lobular breast cancers often show 
normal-like expression profiles  (23,  29) . These tumors have a prognosis that seems to be better 
than that of basal-like cancers  (23,  43)  and do not appear to respond to neoadjuvant chemo-
therapy at the same rates as other tumors pertaining to the ER-cluster  (48) . 

 A possible new subtype characterized by high expression of interferon (IFN)-regulated 
genes has been identified and linked to lymph node metastasis and poor prognosis  (27) . 

 Different studies have reported that the best prognosis is seen in patients with luminal 
(ER+) tumors and, in particular, those of luminal A subtype when subclassified, and the 
worst prognosis in HER2 and basal-like (mainly ER–) tumors. Although these findings are 
known already, certain points of clinical importance must be underlined: (1) ER+ tumors are 
not a single entity and one subclass (luminal B) is reported to show a poor outcome, compa-
rable to the ER– basal-like and HER2 tumors; (2) Most basal-like and HER2 tumors have 
poor prognostic features as defined by routine pathology methods, which may have impor-
tant implications for outcome and clinical management; (3) transcriptomic analysis has 
provided some leads on genes that may drive each molecular subgroup. These genes, or their 
protein products, could potentially suggest new therapeutic targets (e.g., epidermal growth 
factor receptor and c-kit in basal-like cancers). Unfortunately, today’s variation in methodology 
and defining criteria for each class is still cause of difference in the clinical significance of 
the resulting molecular classification. In order for this molecular classification to be trans-
lated into a clinically useful assay, a definitive gene signature with predictive accuracy needs 
to be defined, and tested. To date, such set of intrinsic genes has yet to be completely defined. 
Further studies on larger cohorts of patients are needed. There is already the EORTC-
MINDACT (Microarray In Node-negative Disease may Avoid ChemoTherapy) Trial that 
was launched by the Breast Cancer International Group. This trial is based on upfront patient 
stratification using the 70-gene predictor and aims to recruit 6,000 patients in this study. 
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Future analyses of these data together with meta-analyses of public data will provide more 
precise intrinsic gene signatures predictive of breast cancer molecular subtypes.  

  3. DIAGNOSIS AND PROGNOSIS  

 Metastases are the main cause of death in breast cancer patients. The failure of current 
predictive factors (factors correlating with response to, or benefit from, a given treatment 
according to specific patient or tumor characteristics) as well as prognostic factors (sources 
of information on the prognosis for different subgroups of patients, describing the natural 
course and outcome, unrelated to different therapeutic interventions) prompted clinicians to 
look for something new to try. The prevention of using aggressive adjuvant therapy for 
patients who in the end would not benefit is a hot field, but current pathological markers do 
not have the ability to classify such patients based on initial diagnosis yet. Genomic-based 
tests predicting the likelihood of tumor recurrence provide information about the molecular 
biology of metastasis and provide a measure of outcome for new cases  (9,  20,  21,  24,  49,  50) . 
At present, therapies based on molecular diagnosis are limited to hormonal-based chemo-
therapy such as tamoxifen for estrogen-responsive tumors or treatment of ERBB2/HER2/
neu/+ tumors with Herceptin. 

 A 70-gene prognosis signature was identified by van’t Veer et al.  (51) . In this study, ER 
status and other clinical variables were not considered when the molecular predictor was 
developed. A 70-gene marker set was developed to classify tumors into good and poor prog-
nosis groups. Genes significantly up-regulated in the poor prognosis signature included those 
involved angiogenesis, in cell cycle, invasion and metastasis, and signal transduction. This 
prognostic signature was found to be strongly predictive of a short interval to distant metas-
tasis in lymph node-negative patients. The prognostic ability of the 70-gene signature has 
been supported by subsequent studies from this research team  (52,  53)  even though some 
concern regarding the design and statistical analysis used to derive the original 70-gene 
signature have been raised  (54,  55) . The US Food and Drug Administration (FDA) approved 
the commercial version of the 70-gene signature, MammaPrint ® , developed by Agendia 
(Amsterdam, Netherlands) as the first in vitro diagnostic multivariate index assay device. 
This array will be used as a test to distinguish lymph node-negative breast cancer patients 
who would benefit from additional therapy and those who would not (the ongoing European 
MINDACT clinical trial will examine the MammaPrint ®  test). 

 Another gene expression signature assay developed from microarray studies of breast 
cancer commercially available is the 21-gene Oncotype DX ™  assay  (56) . Genomic Health 
released the Oncotype DX Recurrence Score (RS) gene signature of breast cancer prognosis 
test in 2004. This test tracks a 21-gene expression signature using qRT-PCR and can be 
performed on formalin-fixed, paraffin-embedded tumors tissue. The TAILORx study spon-
sored by the US National Cancer Institute and led by the Eastern Cooperative Oncology 
Group will test the Oncotype DX ™  assay. This study plans to enroll more than 10,000 women 
with hormone-positive (ESR1+ and/or PgR+), ERBB2  breast cancer that has not spread to 
the lymph nodes. The Oncotype DX ™  assay will be used to determine which women will 
receive adjuvant chemotherapy in addition to hormone therapy. Initial studies of the 21-gene 
Oncotype DX ™  assay signature are inconclusive but more studies are indeed required to 
establish the clinical usefulness of this assay. 

 CellSearch™ (Veridex, LLC; Warren, NJ) is a method to detect circulating tumor cells 
(CTCs) that are characterized by the lack of expression of CD45 cell surface antigen and by 
positive staining for epithelial cell adhesion molecule and cytokeratins 8, 18, and/or 19  (57) . 
These cells can be detected in the peripheral blood of some breast cancer patients. It is an 
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opinion that these cells might be involved in the spread of metastases. Patients with meta-
static breast cancer with more than five CTCs at baseline and first follow-up had a worse 
prognosis than patients with fewer than five CTCs  (58–  60) . The CellSearch™ assay is actu-
ally approved in the USA for risk stratification of patients with metastatic breast cancer 
based on the detection of CTCs in the peripheral blood. A recent study also demonstrated 
that changes in CTC count in response to therapy were also predictive of outcome  (58) . 
A clinical trial is under way to examine the clinical utility of this test in switching treatment 
in patients not responding to initial treatment with a dropping CTC count. 

 A diagnostic test (VDX2) is also being developed by Veridex, (Veridex, LLC; Warren, 
NJ), using a set of 76 genes (the Rotterdam gene set) that were identified in a study of gene 
expression profiles of 286 lymph node-negative patients who had not received adjuvant 
systemic treatment  (9,  61) . This signature was able to predict distant metastatic recurrence 
with a sensitivity of 93% and a specificity of 48%  (9) . This prognostic indicator performed 
better than standard, clinical variables in a multivariate analysis. The ongoing European 
MINDACT clinical trial may prospectively evaluate the 76-gene Veridex signature. 

 Mammostrat ®  (Applied Genomics, Inc.; Huntsville, AL) is a five-antibody panel. These anti-
bodies were selected because of their ability to distinguish tumors with a high versus low risk for 
recurrence  (62) . Mammostrat ®  panel was validated in two cohorts of patients, with the Cox model 
distinguishing ER-positive patients with poor outcomes from patients with good or moderate 
outcomes, but this model was not useful for ER  patients. Different clinical trials indicated 
that the greatest clinical utility of Mammostrat ®  panel may be in postmenopausal patients. 

 Not only it is important having assays helping in decision making regarding whether 
patients should undergo adjuvant therapy, we need also molecular tests for prediction of risk of 
local or distant recurrence. Kreike et al.  (63)  and Nuyten et al.  (64)  were both independently 
unable to recover gene predictors of recurrence in their recent breast cancer studies in which 
they used unsupervised and supervised approach. A successful predictor of local recurrence 
identified is the wound-healing (or wound response indicator, WRI) signature  (65) , which 
correctly predicted local recurrence in 7 out of 8 cases of the test dataset (88% sensitivity) with 
a specificity of 74% (53 out of 72). However, the number of local recurrences in the dataset 
was low (17/161), and these results should be confirmed in a larger study. 

 Several of the gene expression-based predictors mentioned in this chapter (e.g., MammaPrint ®  
test, WRI, and Oncotype DX ™  assay) have been compared. The comparison study used a 
single dataset of breast cancer samples from 295 women  (43) . The indicators showed high 
rates of concordance in predicted outcome for individual patients, regardless of the minimal 
gene overlap among the assays. These results suggest that the concordance of the predictors 
is a result of common cellular phenotypes that are detected by the various predictors  (66) . 
Even though there was discordance among the involved genes, these indicators all detected 
common sets of biological characteristics determining patient outcomes.  

  4. GENE EXPRESSION PROFILING FOR PREDICTION 
OF RESPONSE TO THERAPY  

 Breast cancer is one of the most sensitive to chemotherapy compared to other solid 
tumors. Systemic therapy for breast cancer includes chemotherapy, hormonal therapy, and 
novel agents. Several single agent and combination chemotherapy regimens are successful 
treatments for breast cancer, such as cyclophosphamide, doxorubicin, 5-fluorouracil (5-FU), 
and taxanes. Since in clinical practice chemotherapy is applied empirically despite the fact 
that not all patients benefit from those agents, there is an effective need to identify predictive 
biomarkers for its efficacy. 
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 Evaluation of ER status is an essential component of the pathological breast cancer 
because ER status is used to determine candidacy for endocrine therapy. ER status is deter-
mined by performing immunohistochemistry (IHC) on formalin-fixed, paraffin-embedded 
tumor tissue, but these assays are known to have considerable variation in tissue fixation, 
antigen retrieval, staining techniques, and interpretation of results across laboratories. 
Studies suggested that benefit of estrogen therapy is proportional to the level of ER expression; 
therefore, further quantitative ER measurements assays are important  (67) . Today, the 
expression of the ER is measured at the mRNA level using RT-PCR or microarrays, which 
are more quantitative than IHC  (68) . 

 Taxanes are a class of antimicrotubule agents that are proven to be effective and are routinely 
used in multidrug therapy of breast cancer  (69–  72) . A 92-gene panel was developed as 
potential predictor of response to taxanes. Tumors from patients ( n  = 24) with primary breast 
cancer were biopsied prior to neoadjuvant treatment with docetaxel  (73) . Gene expression 
patterns were then correlated with a response to docetaxel (one of the most active agents in 
this disease). In cross-validation experiments, the resultant 92-gene predictor detected 
docetaxel-sensitive and docetaxel-resistant tumors with 92% specificity and 83% sensitivity. 
More studies with larger sample sizes are needed to further validate this predictor. 

 A Japanese group studied 44 primary or locally recurrent breast cancers treated with 
docetaxel using a 2,453-gene high-throughput RT-PCR technique  (74) . They developed an 
85-gene classifier for partial or complete response, and it was validated in an additional 26 
patients. 

 Topoisomerases are enzymes regulating the coiling of DNA and are essential components 
of the cell division machinery. It was recently demonstrated that patients with advanced 
breast cancer also showed that topoisomerase  TOP2A  overexpression was associated with a 
higher probability of response to single-agent doxorubicin but not to single-agent docetaxel 
 (75) . Recently, FDA approved a  TOP2A  fluorescence in situ hybridization (FISH) assay 
(TOP2A FISH pharmDx™; Dako, Glostrup, Denmark) to measure amplification of this gene 
in breast cancer specimens. 

 Two years ago a group from Germany reported a 512-gene signature, enriched for genes 
involved in transforming growth factor beta and RAS-mediated signaling pathways, to predict 
pathologic complete response to primary systemic therapy with chemotherapy drugs docetaxel, 
epirubicin, and gemcitabine in primary breast cancers  (76) . Although all groups reported an 
association between gene expression profile and treatment outcome, the predictive power was 
too low for current clinical use and larger validation studies are certainly needed. 

 Several small studies have provided “proof-of-principle” that the gene expression profile 
of cancers highly sensitive to chemotherapy is different from the gene expression profile of 
tumors that are resistant to treatment  (77) . The largest study included 133 patients with stage 
I–III breast cancer who received preoperative weekly paclitaxel and 5-fluorouracil, doxoru-
bicin, and cyclophosphamide (T-FAC) chemotherapy  (78) . The first 82 cases were used to 
develop a multigene signature predictive of a pathological complete response (pCR), and the 
remaining 51 cases were used to test the accuracy of the predictor. The overall pCR rate was 
26% in both cohorts. A 30-gene predictor correctly identified all but one of the patients who 
achieved a pCR (12 of 13) and all but one of those who had residual cancer (27 of 28) in the 
validation set. It showed a significantly higher sensitivity (92% vs. 61%) than a clinical 
variable-based predictor that included age, ER status, and nuclear grade. 

 Tamoxifen reduces recurrence rates in patients with early stage, ER-positive breast cancer, 
but a better identification of people who actually benefit from this drug is needed  (79) . 
A comparison of ER-positive tumors obtained from tamoxifen responders and non-responders 
with advanced breast cancer led to the identification of 44 genes that are differentially 
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expressed in these tissues. The predictive power of this signature was considerably superior 
to that of traditional predictive factors in a univariate analysis and it was associated with a 
longer progression-free survival time in univariate and multivariate analyses. It was also 
demonstrated that a two-gene ratio ( HOXB13/IL17BR ) was predictive of disease-free sur-
vival in patients with early-stage, ER-positive breast cancer who received treatment with 
tamoxifen  (79) . An RT-PCR based method to assess this ratio from paraffin-embedded tissue 
samples is now commercially available (AviaraDx H/ITM; AviaraDx, Carlsbad, CA).  

  5. INTEGRATED DATA ANALYSIS OF MICROARRAY PLATFORMS  

 Several public repositories have been established to collect the publicly available microarray 
data (Table  1 ). A researcher can query these databases for all experiments of a given type and 
retrieve the respective data, which then can be combined with the researcher’s own data or used 
for designing new experiments. These repositories represent a large data resource. With grow-
ing amounts of microarray data, improving quality, and new analysis methods being developed, 
these databases are a rich resource for both data mining and validation of “-omic” studies of 
breast cancer. Datasets can also be combined in meta-analysis. Since the cost and availability 
of biopsy tissues limit the number of samples analyzed, low case-to-feature ratio remains an 
issue. For this reason, meta-analysis is an attractive option. Meta-analysis of many gene expres-
sion datasets has been applied to define the number of well-supported molecular subtypes of 
breast cancer  (80)  and to obtain more robust breast cancer gene signatures  (81) . New integrated 
meta-analysis methods are being developed and applied to many types of “-omic” data from 
ongoing large clinical trials and other studies. The analyses of these integrated datasets might 
yield a more complete understanding and insight than can be obtained from any single 
approach regarding gene expression profiling of breast cancer.   

  6. CONCLUSIONS  

 The completing of the human genome sequencing, together with the development of high-
throughput technologies, such as gene expression profiling, is giving us the opportunity to 
describe biological features in a quantitative manner. In the past decade, high-throughput biol-
ogy and gene expression profiling have matured considerably. Gene expression profiles by 

  Table 1 
  Omics data in public repositories    

  Repository    Experiments    Number 
of arrays  

  URL  

 ArrayExpress  3,720  110,731    http://www.ebi.ac.uk/arrayexpress     
 Oncomine  360  25,447    http://www.oncomine.org     
 CIBEX  30  50    http://cibex.nig.ac.jp     
 RAD  85  86    http://www.cbi1.upenn.edu/RAD     
 GENEVESTIGATOR    20 024    https://www.genevestigator.ethz.ch     

  CIBEX, Center for Information Biology gene Expression database; RAD, RNA Abundance 
Database. An array is a single-microarray hybridization; an experiment is a collection of arrays. Counts 
compiled June 2008  
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microarray analysis of breast cancer samples have allowed researchers the development of 
profiles that can distinguish, identify, and classify discrete subsets of disease, predict the 
disease outcome, or the response to therapy. Currently, most breast tumors are detected in 
breast examination and mammography, and when abnormalities are found, these are followed 
up with invasive needle or surgical biopsy. For this reason, less-invasive approaches would be 
a significant advance. The gene expression profiling has the incredible potential to change the 
prognostication and treatment options for patients with breast cancer. More, an important 
potential of microarray-based tests is that multiple predictions, including prognosis and sensi-
tivity to various treatment modalities, may be generated from a single experiment. These 
assays would use information from different sets of genes measured from the same tissue for 
different predictions, substantially improving the cost-effectiveness of these promising tests. 

 While reports of microarray studies in breast cancer research are exciting, the use of this 
technology has not yet been completely implemented clinically. Different signatures are 
reported by different studies of the same disease, resulting in classifiers with little overlap 
between predictive gene lists for the same cancer, even when the same microarray platform 
is used  (19,  43,  55,  82–  84) . Among the many limitations to deriving a stable molecular predic-
tor for new cases of breast cancer is variability in technique platform, patient selection crite-
ria, statistical methods of data analysis, noise and bias analysis, sample size, and prediction 
rules  (14,  50,  53,  83,  85–  87) . In most studies, the number of tumors assayed is an order of 
magnitude smaller than the number of genes analyzed, leading to a lack of statistical power. 
Moreover, when large numbers of genes are involved in the analysis, traditional approaches 
to multiple hypothesis correction are too conservative, finding only few of any significant 
genes. Many of the currently available tests are based on retrospective studies performed on 
archival material, and thus, they do not provide the level of evidence that can only be gained 
from prospective, randomized, high-powered clinical trials. Currently, the MammaPrint ®  test 
70-gene set is being validated in the MINDACT clinical trial, and Oncotype DX ™  assay is 
being evaluated in the TAILORx clinical trial. These trials might provide clinicians with 
better information regarding the clinical utility of these tests, serving as models for future 
efforts addressing the clinical impact of gene expression profiling in this disease. 

 As discussed above, several gene expression profiles that have successfully predicted 
survival in patients with breast cancer have been identified; however, it remains to be deter-
mined whether these gene sets will be used individually, in conjunction, or if there will be a 
gene signature to rule them all. Moreover, we are still uncertain about the clinical value of these 
assays and their potential superiority to standard clinicopathological parameters  (83,  88) . 

 In conclusion, expression profiling technology holds the promise to help improve clinical 
management. Profiling of experimental models with activation of specific oncogenic path-
ways might be used to find the molecular events involved in the establishment and development 
of breast tumors and, consequently, these models could be validated as tools for preclinical 
therapy. Moreover, the detailed analysis of gene expression deregulation after response to the 
therapies in such models might allow us to predict the response to specific drugs, and to target 
the therapies to patients in search for individualized management of breast cancer. Recent 
advances in microarray technology have demonstrated improved reproducibility, which will 
make its clinical application more achievable and highly possible that this technology will 
improve and refine, rather than replace current prognostic and predictive tools.      
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  Summary 

 Targeted therapies for breast cancer rely on an understanding of cellular signaling in 
both normal and neoplastic tissue. The transforming growth factor-beta (TGF- b ) signaling 
pathway is an important regulator of both normal mammary gland development and mam-
mary carcinogenesis. The TGF- b  signaling pathway regulates numerous cellular processes 
in breast tissue, including proliferation, apoptosis, migration, and invasion, in addition to 
contributing to angiogenesis and modulation of the immune system. TGF- b  often has oppos-
ing effects on these cellular processes, with its effects being both cell and context specific. 
Moreover, TGF- b  possesses a unique dichotomy of function in breast cancer progression, 
acting as a tumor suppressor early in breast cancer carcinogenesis and then as a tumor promoter 
in the later stages of breast cancer progression. Highlighting the complexities inherent in 
TGF- b  signaling, along with our current efforts to better our understanding of it, we outline 
several strategies that may enable us to create focused therapies in the prevention and treatment 
of breast cancer.  

  Key Words:   TGF- b  :  Breast cancer ;  Metastasis ;  Apoptosis ;  Proliferation ;  Invasion ; 
 Angiogenesis ;  Immune system ;  Targeted therapy    

  1. INTRODUCTION  

 Worldwide, breast cancer is one of the most significant causes of cancer morbidity and 
mortality with over one million new cases and 400,000 deaths every year globally  (1) . 
Through advances in detection and treatment modalities, the number of women with poor 
outcomes after diagnosis has steadily decreased. The prevalence of breast cancer remains 
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high, however, justifying continued studies into the etiology and biology of breast cancer 
with the aim of further reducing morbidity and mortality. 

 Chemotherapeutic and targeted agents are used in adjuvant and neoadjuvant settings in 
combination with surgical resection and radiation therapy for the treatment of breast cancer. 
Until recently, chemotherapeutic drugs were blunt instruments lacking specificity for breast 
cancer cells. The relatively recent introduction of targeted therapies heralded a new paradigm 
of breast cancer treatment, promising greater specificity and thus a lower attendant potential 
for toxicity. The selective estrogen receptor modulator (SERM) tamoxifen and the HER-2/
neu receptor antagonist trastuzumab, targeting ER-positive and HER-2-overexpressing 
breast cancers, respectively, have revolutionized the treatment of breast cancer patients. 
The demonstrated efficacy of these targeted drugs provides proof of principle for developing 
rational, targeted strategies for breast cancer therapy based on studies of both normal and 
tumor biology. Given this backdrop, here we examine the transforming growth factor-beta 
(TGF- b ) signaling pathway, an important regulator of normal mammary gland development 
and homeostasis whose disruption is a common event during mammary carcinogenesis. We 
pay particular attention to the current understanding of TGF- b  biology at the molecular, 
cellular, and systemic levels in normal and tumor states and the potential for and challenges 
posed by targeting the TGF- b  pathway in the prevention and treatment of breast cancer.  

  2. THE TGF- β  SIGNALING PATHWAY  

 The canonical signaling cascade for TGF- b  involves the binding of TGF- b  ligand dimer 
to its cognate cell surface receptors. TGF- b  binds either to the type III TGF- b  receptor 
(T b RIII, or betaglycan) dimer, which in turn presents TGF- b  to the dimeric type II TGF- b  
receptor (T b RII), or directly to T b RII. Once either of these occurs, ligand binding to T b RII 
favors recruitment and interaction with the type I receptor (T b RI) dimer, forming a mul-
timeric ligand–receptor complex. In this complex, T b RII transphosphorylates serine residues 
on T b RI in the cytoplasmic domain, thereby activating T b RI serine/threonine kinase activity. 
Activated T b RI then recruits and phosphorylates the Smad2 or Smad3 transcription factors, 
members of a family of receptor Smads. Once phosphorylated, Smad2/3 binds to Smad4, a 
co-Smad. This complex then translocates to the nucleus and directly interacts with other 
transcription factors to regulate expression of TGF- b -responsive genes in a cell- and context-
specific manner  (2)  (Fig.  1 ).   

  3. EFFECTS OF TGF- β  ON BREAST CANCER BIOLOGY  

 The relative simplicity of the canonical TGF- b  signaling pathway as outlined above 
belies the complexities of TGF- b -mediated biology. The TGF- b  superfamily of growth factors 
influences a wide variety of biological processes in both normal and disease states. 
Physiologically, TGF- b  plays prominent roles in development, wound healing, and modulating 
immune system responses. Subversion of these normal processes by TGF- b  misregulation 
can contribute, for example, to abnormal fibrotic changes, immunosuppression, and carcino-
genesis. Underlying these systemic manifestations, TGF- b  signaling is involved at the 
cellular level in the intricate regulation of proliferation, apoptosis, differentiation, extracel-
lular matrix deposition, migration, and invasion. We will briefly discuss below the role of 
TGF- b  signaling in cellular and systemic processes relevant to breast cancer development 
and progression. 



  Fig. 1.    The TGF- b  signaling pathway. TGF- b  binds to either T b RIII or T b RII which leads to 
complex formation with T b RI. Activated T b RI phosphorylates Smad2 or Smad3. The Smad2/3 
complex with Smad4 translocates to the nucleus and regulates target gene transcription.       
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  3.1. Regulation of Proliferation 
 Proliferation is perhaps the most well-characterized role for TGF- b  in carcinogenesis. 

Normally, TGF- b  acts as a potent inhibitor of proliferation. TGF- b  activation leads to cell 
cycle arrest at the G1/S phase, primarily through the upregulation of cyclins and the cyclin-
dependent kinase inhibitors p15  (3)  and p21  (4)  and additionally via repression of c-myc  (5) . 
During cancer progression, however, cells become resistant to TGF- b -mediated inhibition of 
proliferation, and TGF- b  signaling instead can promote malignant proliferation. In a study 
of TGF- b  modulation of mammary tumor progression, mice transgenic for activated T b RI 
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were crossed with transgenic mice expressing oncogenic Neu (the mouse homolog of human 
HER-2/neu). Mice singly transgenic for oncogenic Neu developed mammary tumors with 
minimal metastases to the lung  (6) . Overexpression of T b RI reduced the mitotic index and 
proliferation rate of the Neu-driven primary tumors but enhanced pulmonary metastasis  (7) . 
Thus, TGF- b  signaling acts early in carcinogenesis to suppress tumor proliferation but 
potentiates tumorigenesis in later stages.  

  3.2. Regulation of Apoptosis 
 In contrast to proliferation, another mechanism by which cell number can be controlled is 

apoptosis, or programmed cell death. TGF- b  mediates the induction of apoptosis in normal 
epithelia. TGF- b  and its family members influence prototypical regulators of apoptosis, 
including upregulation of the pro-apoptotic factors Bax and caspases  (8,  9) , and downregula-
tion of the anti-apoptotic Bcl-2 family members  (10) . In the context of apoptosis regulation in 
cancer, TGF- b  modulates the tumor suppressor p53 by inducing p53 activity and consequent 
apoptosis in a Smad-dependent manner  (11) . In addition, MCF-7 breast cancer cells over-
expressing dominant negative T b RII or treated with a T b RI inhibitor exhibit increased apop-
tosis compared to normal breast epithelia  (12) , revealing a potential mechanism of therapy.  

  3.3. Regulation of Migration and Invasion 
 The TGF- b  signaling pathway is a key regulator of cellular migration and invasion 

through effects on cellular adhesion, motility, and the extracellular matrix. In normal epithelia 
and in early tumorigenesis, TGF- b  facilitates extracellular matrix deposition by increasing 
the biosynthesis of extracellular matrix proteins and by inhibiting the degradation of extra-
cellular matrix proteins via upregulation of PAI-1 and TIMP-1  (13) . In the later stages of 
carcinogenesis, however, TGF- b  fosters a permissive environment for migration and inva-
sion by upregulating matrix metalloproteases (MMPs) and other enzymes that degrade 
extracellular matrix  (14) . In an immunohistochemical analysis of breast tumors, TGF- b  
staining was concentrated at the tumor periphery as compared to the central tumor bulk  (15) , 
supporting a role at the invasive front. Furthermore, in a pre-neoplastic breast epithelial line, 
TGF- b  triggered the transcriptional induction of MMP-2  (16)  and MMP-9  (17) . Interestingly, 
while TGF- b  modulates p53-mediated apoptosis, p53 affects TGF- b -mediated migration. 
A p53 mutant was shown to downregulate T b RII and attenuate Smad2/3 phosphorylation, 
thereby decreasing migration in vitro  (18) . Taken together, current studies suggest that 
TGF- b  inhibits migration and invasion early in carcinogenesis but promotes metastatic 
potential later in cancer progression.  

  3.4. Regulation of Angiogenesis 
 Tumor progression requires the recruitment of new blood vessels to support ongoing 

tumor growth, making angiogenesis an attractive target for pharmacotherapy. The efficacy of 
bevacizumab, a monoclonal antibody directed against the angiogenic activator VEGF, in 
treating metastatic colon and non-small cell lung cancers validates the clinical utility of anti-
angiogenic agents. TGF- b  induces VEGF expression in a smooth muscle cell model  (19) , 
while genetic analysis directly implicates TGF- b  signaling in vascular development. Mutations 
of the type III TGF- b  receptor endoglin and type I receptor ALK-1 in humans are linked to 
defective vascular formation in hereditary hemorrhagic telangiectasia type 2 (HHT-2)  (20,  21) . 
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Interestingly, we have shown that overexpressing T b RIII in a xenograft breast cancer model 
decreases angiogenesis in both the primary and metastatic tumor  (22) . Finally, TGF- b  
upregulation of MMP-9, related to invasive and metastatic potential as discussed above, 
also induces angiogenesis in a breast cancer line  (23) . Thus, TGF- b  signaling generally 
enhances angiogenesis.  

  3.5. Regulation of the Immune System 
 Another facet that affects breast cancer progression is the systemic surveillance of cancer 

cells, for which the immune system is responsible. Among the many roles that TGF- b  plays 
is its modulation of the immune system. TGF- b  signaling has an overall suppressive effect 
on the immune system, specifically on cellular immunity mediated by T-cells and antigen 
presenting cells (APCs). TGF- b  influences T-cell development at the level of both prolifera-
tion and differentiation. TGF- b  suppresses T-cell proliferation, as seen in CD4+ cells  (24)  
and CD8+ cells  (25) , but promotes T-cell differentiation, as exemplified by the conversion of 
naïve CD4+ CD25  T-cells to regulatory CD4+ CD25+ T-cells  (26)  and by the conversion of 
naïve T-cells to helper T-cells  (27) . Given the intimate interaction between T-cells and APCs 
required for cell-mediated immunity, it is not surprising that TGF- b  also regulates APCs 
themselves. Mice with conditional dendritic cell knockout of a TGF- b -activating integrin 
lack regulatory T-cell activity and display an autoimmune phenotype in the colon  (28) . 
TGF- b  also inhibits macrophage activation  (29)  and Langerhans cell development  (30) . 
The higher TGF- b  levels associated with increased tumor burden, therefore, would be predicted 
to promote immunosuppression, thereby allowing cancer cells to more effectively evade 
immune system surveillance.  

  3.6. Evidence of TGF- b  Alterations in Human Breast Cancer 
 The cellular and systemic activities of TGF- b  take on great clinical and therapeutic 

significance in the face of evidence that several human cancers feature alterations in the TGF- b  
signaling pathway. TGF- b  ligand expression is elevated in the later stages of a wide variety 
of cancers, including breast, colon, lung, gastric, pancreatic, and hepatic carcinomas  (31) . 
All three TGF- b  receptors display evidence of mutation, deletion, or reduced protein expression 
with corresponding implications for tumor biology and clinical prognosis. T b RI mutations 
are associated with advanced stages of breast cancer  (32,  33) . Reduced expression or muta-
tion of T b RII receptor has been observed in some breast and colon cancers  (34,  35) . Loss of 
T b RII expression in hyperplastic breast lesions is associated with an increased risk of inva-
sive breast cancer  (36) , while reduced T b RII expression is associated with higher tumor 
grades  (37) . T b RIII displays reduced expression in breast, prostate, and ovarian cancers 
 (22,  38,  39) . With regards to downstream mediators, microarray analysis of human breast 
carcinomas reveals that decreased levels of phosphorylated Smad2 are associated with 
decreased survival times in patients with stage II breast cancer  (40) . 

 Notably, a plethora of evidence points to TGF- b  as a major player in breast cancer 
progression. Increasing circulating TGF- b  levels are correlated with advancing stages of breast 
cancer  (41) , and elevated TGF- b  levels, as well as those of the family member BMP-7, are 
prognostic of a poorer outcome for breast cancer patients  (42,  43) . After surgical removal of 
cancerous breast tissue, circulating TGF- b  levels decline, suggesting that reduced tumor 
burden leads to a decrease in TGF- b  secretion  (44) . In addition, an aggressive subpopulation 
of breast cancers featuring increased invasion and poorer outcome was associated with 



  Fig. 2.    Alterations in the TGF- b  signaling pathway in breast cancer. The progression of 
human breast cancer is linked to changes at different levels of the TGF- b  signaling cascade, 
from the levels of TGF- b  ligand and its cognate receptors to the expression and activation of 
the downstream signaling mediator Smads.       
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increased T b RII expression and TGF- b  activation  (45) . These findings demonstrate that 
increased TGF- b  levels or activity are associated with later stages of breast cancer and less 
favorable prognoses. 

 Taken together with our current understanding of the biology of TGF- b  signaling, these 
findings are seemingly paradoxical. Losses or deficiencies in TGF- b  signaling are associated 
with increasingly malignant tumors, suggesting that decreased TGF- b  signaling output is 
associated with advancing stages of cancer and that TGF- b  acts as a tumor suppressor. 
Increased TGF- b  levels, however, are also associated with increased tumor progression and 
poorer survival, suggesting that TGF- b  promotes tumorigenesis. This dichotomy of TGF- b  
activity remains a central and fundamental focus of investigation. Delving into the intricacies 
of the complex interplay of tumor-suppressing and tumor-promoting activities is critical to 
our eventual understanding of TGF- b  in cancer and, importantly, in developing sound thera-
peutic strategies in breast cancer treatment (Fig.  2 ).    
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  4. DICHOTOMY OF TGF- β  SIGNALING  

 How do we start to understand the apparent dichotomy of TGF- b  signaling? A widely 
regarded explanation for the dichotomy of TGF- b -mediated effects is that cells develop 
altered responsiveness to TGF- b  or insensitivity to TGF- b  signaling. Indeed, unlike other 
TGF- b -associated cancers such as pancreatic or colon cancers, breast cancer is more likely 
to be associated with subtle alterations in cellular responses to TGF- b . The majority of breast 
cancers is not associated with overt loss of function or expression of T b RII or T b RI, though 
T b RIII is lost at both the mRNA and protein levels in the progression from early to later 
stages of breast cancer  (22) . Smads, including Smad2 and Smad4, are also not frequently 
altered or mutated in human breast cancer  (40,  46) . 

 Indeed, the scaffolding of the TGF- b  signaling pathway remains largely intact in human 
breast cancers. What ultimately determines TGF- b ’s role during cancer progression – tumor 
suppression or tumor promotion – is the milieu and time point in which cells are exposed. 
Generally, TGF- b  tends to act in a tumor suppressor role in normal tissue and in early 
carcinogenesis but as a tumor promoter in the later stages of carcinogenesis. Studies in ani-
mal models support this dual, context-dependent role for TGF- b . Targeted mammary expres-
sion of dominant-negative T b RII in the context of chemically induced breast cancer 
enhanced the tumorigenicity of both mammary and pulmonary tumors  (47) . In contrast, 
expression of dominant-negative T b RII in a mouse model of oncogenic Neu-driven breast 
cancer not only decreased tumor but also decreased lung metastatic potential  (7) . Targeted 
expression of activated T b RI in the mammary glands of oncogenic Neu mice elicited yet 
another response: delayed initial tumor onset but increased lung metastasis  (7) . 

 The precise mechanisms underlying the switch in the functional effects of TGF- b  signaling 
remain unclear. An attractive possibility is that early tumor epithelia become gradually more 
resistant to the anti-proliferative effects of TGF- b , effectively driving an anomalous feed-
back cycle that increases TGF- b  signaling. This TGF- b  signaling eventually leads to auto-
crine and paracrine effects, both on the adjacent epithelia and the extracellular environment. 
In an increasingly unregulated fashion, TGF- b  signaling ramps up to a critical point at which 
it becomes pro-oncogenic. 

 In this context, it should be noted that TGF- b  effects depend not only on the epithelia in 
situ but also on the surrounding extracellular matrix. The differential effects of TGF- b  in 
epithelial versus mesenchymal cells is long-established, but more intense study of the inter-
play between the tumor and its microenvironment has been undertaken only recently  (48) . 
Stromal secretion of TGF- b  contributes to the inhibition of proliferation and tumor progression 
in the epithelia  (49) . Changes in stromal TGF- b  signaling can also dictate cancer progression 
and the balance of oncogenic potential. One study demonstrated, for example, that fibroblasts 
lacking T b RII are able to induce an invasive phenotype in adjacent carcinomas, featuring 
increased proliferation rate, greater angiogenesis, and reduced apoptosis  (50) . Furthermore, 
T b RII-null fibroblasts grafted into the mammary fat pads of wild-type mice induced epithelial 
changes in the new local microenvironment  (50) . 

 This interplay between the stromal and epithelial compartments lends credence to another 
explanation for the functional dichotomy of TGF- b  in cancer progression. In this model, the 
carcinoma in situ derived from an epithelial cell type acquires traits of a mesenchymal cell 
in the process termed epithelial-mesenchymal transition (EMT). Epithelial cells are charac-
terized by a low level of motility, enhanced cell–cell contact, and flattened morphology. In 
contrast, mesenchymal cells exhibit relatively higher levels of motility and invasiveness, 
decreased cell–cell contact, and a spindle-like morphology. A subset of cancer cells at the 
primary site switch to a more mesenchymal phenotype. The more invasive mesenchymal 
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cells can then break through the immediate extracellular matrix, including the basement 
membrane, greatly facilitating metastasis to secondary sites  (51) . Interestingly, differences 
in TGF- b  signaling in epithelial cells and mesenchymal cells parallel those of early and late 
carcinogenesis; that is, TGF- b  in epithelial cells inhibits proliferation, migration, and invasion, 
whereas TGF- b  tends to promote these processes in mesenchymal cells. We have found that 
T b RIII modulates the EMT-associated migration and invasion of pancreatic carcinomas. 
Specifically, during EMT T b RIII expression decreases, and either membrane-bound or soluble 
T b RIII can inhibit this EMT-associated migration and invasion  (52) . Evidence also impli-
cates TGF- b  and EMT in breast cancer progression. In one model, TGF- b  induced EMT and 
consequent migration in a PI3K-dependent manner  (53) . In another cell culture model of 
breast cancer, dominant negative T b RII was associated with a decrease in tumor progression 
with concomitant inhibition of EMT  (54) . Thus, the EMT model presents an attractive expla-
nation for the dichotomy of TGF- b  signaling.  

  5. TGF- β  AS A TARGET FOR BREAST CANCER THERAPY  

 Efforts are underway to target the TGF- b  pathway for the prevention or treatment of 
breast cancer. Unlike other targeted therapies, however, the therapeutic strategy for TGF- b  
is not straightforward. The complex and sometimes diametrically opposed aspects of TGF- b  
signaling render the outcome of TGF- b  inhibition difficult to predict. Nevertheless, the varying 
degrees of success in initial forays into this field of TGF- b  targeted therapy have laid the 
groundwork for more promising approaches. 

 Given the observed anti-proliferative effect of TGF- b  in early carcinogenesis, one potential 
strategy for preventing the initiation or progression of early stage breast cancer is to func-
tionally increase local TGF- b  signaling. TGF- b  seems to play an inhibitory role in the early 
stages of hormone-dependent breast cancers in particular  (55) . In fact, tamoxifen use in 
ER-positive breast cancers augments TGF- b  secretion and consequent growth inhibition 
 (56) . In addition, a human breast cancer line treated with a histone deacetylase inhibitor 
displayed increased expression of T b RII, consequent downstream TGF- b  signaling, and 
inhibition of cancer cell proliferation  (57) . 

 Despite these telling findings, to date no definitive evidence demonstrates high efficacy in 
directly exploiting the early anti-proliferative effects of TGF- b . The difficulties in employing 
a strategy of functionally increasing TGF- b  signaling for prevention and treatment of early 
breast cancer are compounded by the contrasting role of TGF- b  in later stages of cancer. 
Given that several models suggest that primary tumors initially inhibited by TGF- b  signaling 
eventually give rise to more aggressive and malignant tumors, some serious considerations 
must be made. First, what constitutes an “early stage” of breast cancer in the spectrum of 
TGF- b  function must be defined so as to avoid a scenario in which artificially enhanced 
TGF- b  signaling unintentionally becomes tumor-promoting. The association of stage or grade 
with TGF- b  functionality has not yet been rigorously established. Second, the present benefit 
of TGF- b -mediated delay in tumor onset must be weighed against the future risk of a more 
aggressive tumor phenotype. The risk–benefit ratio for each individual patient would need to 
account for improvements in morbidity and quality of life as well as the availability and efficacy 
of treatment strategies for the contingency of an increasingly aggressive tumor. 

 In comparison to the complications inherent to exploiting TGF- b ’s tumor suppressing 
role in early carcinogenesis, the approach of targeting increased TGF- b  signaling in later 
stages of cancer is much more straightforward. A number of therapeutic strategies designed 
to inhibit TGF- b  signaling locally or systemically are currently being evaluated. 
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 One attractive strategy for targeting breast carcinomas directly: one exploits the fact that 
both T b RI and T b RII are receptor kinases whose downstream effects are mediated by the 
phosphorylation of their target residues. High-throughput screening for specific activity 
against the T b RI and T b RII kinase domains has identified many promising small molecule 
inhibitors. A few compounds, including SB-431542, SB-505124, and SB-203580, have been 
shown to specifically inhibit T b RI with consequent inhibition of proliferation, angiogenesis, 
motility, and TGF- b -dependent transcription  (58–  60) . Another small molecule inhibitor, 
Ki26894, has been shown to selectively and effectively inhibit TGF- b  responsiveness in a 
breast cancer-specific assay. In a xenograft mouse model of a highly metastatic human breast 
cancer cell line, application of Ki26894 significantly inhibited metastatic potential and pro-
longed survival time  (61) . Continued small molecule discovery combined with testing in 
preclinical trials promises to expand the possibilities of carcinoma-directed TGF- b  therapy. 

 A complementary approach for TGF- b  inhibition is based on limiting the bioavailability 
of the TGF- b  ligand itself. Increased circulating serum TGF- b  levels are correlated with 
increasing tumor grade  (31) , making the attenuation of TGF- b  ligand another avenue of 
intense investigation. At the cellular level, increased availability of TGF- b  for autocrine and 
paracrine signaling is thought to contribute to tumor-promoting activity, and TGF- b  mediates 
important interplay between the epithelial and stromal compartments in the tumor microen-
vironment  (48) . The use of neutralizing antibodies to sequester TGF- b  ligand has yielded 
encouraging results. One such antibody has been used in a mouse xenograft model to abro-
gate TGF- b -mediated tumor progression and metastasis of the human breast cancer line 
MCF-7  (62) , with similar results reported using another human cancer line MDA-MB231 
 (63) . Another way to sequester TGF- b  ligand is to utilize soluble forms of the cognate 
TGF- b  receptors which, when circulated, bind to free serum TGF- b  and prevent signaling to 
cell surface receptors. A soluble form of recombinant T b RII has been used to inhibit breast 
cancer progression in a mouse model, both increasing apoptosis in the primary tumor and 
decreasing pulmonary metastatic potential  (64) . Similarly, introduction of a soluble recom-
binant T b RIII reduced metastasis and angiogenesis in a xenograft of a human breast cancer 
line  (65) . Importantly, soluble T b RIII affects other important mediators of breast cancer 
progression, including apoptosis  (66) , migration, and invasion  (22) . 

 In addition to carcinoma-directed strategies, therapies are now increasingly geared 
toward modulation of TGF- b  specifically in the immune system. As TGF- b  signaling sup-
presses the immune system in general and cell-mediated immunity in particular, an approach 
inhibiting TGF- b  signaling in the immune compartment would be predicted to bolster 
immune surveillance of rogue cancer cells. In experiments demonstrating proof-of-principle 
using a syngeneic mouse model, expression of dominant negative T b RII in T-cells led to a 
marked decrease in metastases of murine melanoma and lymphoma lines  (67) . In another 
experiment, CD8+ T-cells were sensitized in a nude mouse xenograft model of prostate 
cancer, manipulated to express dominant negative T b RII, and then re-introduced into the 
mice. Remarkably, introduction of modified T-cells reduced metastasis compared to intro-
duction of unmodified control T-cells  (68) . These results illustrate the significant role of 
TGF- b  in the interplay between tumor and cell-mediated immunity. Further, continued 
research into immune-targeted approaches for breast cancer therapy is justified, with simul-
taneous consideration for the undesired side effects of immunosuppression. 

 Because TGF- b ’s sometimes antithetical effects depend on temporal and spatial context, 
a straightforward approach to utilizing TGF- b -modulating chemotherapeutic or biologic 
agents in the treatment of breast cancer is unlikely. However, initial preclinical investigations 
reveal opportunities which may be exploited to enhance the mode and timing of treatment. 
As our understanding of TGF- b  signaling in proliferation, apoptosis, migration, invasion, 
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angiogenesis, and immune system modulation continues to advance, so will our knowledge 
of how these diverse biological processes are implicated in breast cancer progression. 
As further efforts reveal the nuances of the TGF- b  pathway, a wider range of successful 
therapeutic strategies will be developed. TGF- b -targeted therapies that minimize serious side 
effects while selectively and potently targeting breast cancer cells will add alternatives to 
traditional therapies to the clinician’s armamentarium.      
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  Summary 

 The progression through the multiple steps of breast cancer from epithelial hypertrophy to 
highly invasive breast carcinoma involves multiple coordinated changes in gene expression pro-
gramming. Such coordinated changes in gene expression are bound to be controlled by global 
mechanisms of gene expression programming. The genome is programmed by the epigenome, 
which consists of chromatin structure, a pattern of modification of DNA by DNA methylation and 
a profile of expression of noncoding RNAs such as microRNA. This chapter will focus on DNA 
methylation. Three kinds of aberrations in the DNA methylation machinery were observed in 
breast cancer: induction of DNA methyltransferase activity, hypermethylation of tumor suppress-
ing genes, and hypomethylation of other genes. The main focus of attention has been hypermeth-
ylation of tumor suppressor genes and demethylation inducing therapies. Recent data suggest that 
hypomethylation of prometastatic genes might play an important role in cancer progression and 
metastasis. The implications of coexistence of hypermethylation and hypomethylation in breast 
for epigenetic therapy will be discussed.  

  Key Words:   DNA methylation ;  Epigenetics ;  Global hypomethylation ;  Tumor suppressor 
genes ;  Chromatin modification ;  Histone acetylation ;  Trichostatin A (TSA) ;  5-Azacytidine 
(5-azaC) ;  S-adenosylmethionine (SAM) ;  DNA methyltransferase (DNMT) ;  Histone acetyl 
transferase (HAT) ;  Histone deacetylase (HDAC) ;  Metastasis ;  Prometastatic genes    

  1. CHROMATIN, ITS MODIFICATIONS, AND CANCER  

 Breast cancer progression involves multiple changes in the transcriptome as unraveled by 
several microarray gene expression profiling studies. The epigenome regulates gene expres-
sion programming in eukaryotes. The epigenome consists of the chromatin structure and 
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chromatin modification, a pattern of covalent modification of the DNA by enzymatic addi-
tion of methyl groups from the methyl donor S-adenosyl methionine (SAM) at the 5 ¢  of 
cytosines residing mainly at the dinucleotide sequence CG and a profile of expression of 
noncoding RNAs such as microRNA. 

 DNA is wrapped around a proteinacious core consisting of an octamer of histone mole-
cules which constitutes the basic building block of chromatin, the nucleosome. The nucleo-
some is composed of a H3-H4 tetramer flanked on either side with a H2A-H2B dimer  (1) . 
The N-terminal tails of these histones are extensively modified by methylation  (2) , phospho-
rylation, acetylation  (3) , sumoylation  (4) , and ubiquitination  (5) . The state of modification 
of these tails plays an important role in defining the accessibility of the DNA to the transcrip-
tion machinery. Different histone variants, which replace the standard isoforms, also play a 
regulatory role and serve to mark active genes in some instances  (6) . All histone modifica-
tions are a balance of modifying and demodifying enzymes. Thus, the state of chromatin 
could be tilted in both directions by blocking the different modification enzymes with spe-
cific antagonists. The state of modification at specific loci is defined through recruitment of 
chromatin-modifying and -demodifying enzymes by sequence-specific factors. The targeting 
factors are responsive to cellular signaling pathways, thus creating a conduit between cellular 
and extracellular signals and the epigenetic state  (7) . 

 The most investigated histone modification is histone acetylation. H3 and H4 histones are 
acetylated at different positions especially in the N terminus tail; H3 at K9 residue as well 
as other residues  (4,  14,  18,  23,  27)  and H4 tails at a number of residues (K-5, 8, 12, 16, 20) 
 (8,  9) . The balance between HATs and HDACs defines the state of acetylation of given loci 
they associate with. Histone acetylation is believed to be a predominant signal for an active 
chromatin configuration  (10,  11) . Recent whole-genome ChIP on chip analyses revealed that 
histone acetylation is a hallmark of regulatory regions of active genes and could be utilized 
to identify transcriptional regulatory positions in the genome  (12–  14) . 

 Histone acetylation is catalyzed by histone acetyltransferases HAT which transfer an 
acetyl group from the cofactor acetyl CoA onto the  e  position on lysine and is reversed by 
histone deacetylases HDACs (HDAC)  (8) . 

 Histone acetylation plays a critical role in breast cancer. For example, the silencing of 
 E CADHERIN  a critical step in the epithelial-mesenchymal transition involves the transcrip-
tional repressor SNAIL which recruits HDAC to the promoter of the gene resulting in 
deacetylation of histones associated with the promoter and silencing of gene expression  (15) . 
HDAC inhibitors (HDACi) were shown to be effective in inducing tumor suppressor genes 
suppressed by hypoacetylation in breast cancer cells, blocking breast cancer cell growth and 
inducing apoptosis  (16–  20) . Histone acetylation is also important because of its bilateral 
relationship with DNA methylation  (21)  which will be discussed below. 

 HDAC inhibitors HDACi are in advanced clinical trials for blood cancers and several 
classes of HDAC inhibitors were developed. Vorinostsat (SAHA) was recently approved for 
clinical use in cutaneous T-cell lymphoma  (22) . Although, HDACi are effective against 
breast cancer cells in culture it is still unclear whether HDACi will be active against breast 
cancer in humans. In a proof of principle study the HDAC inhibitor magnesium valproate 
and hydralazine an inhibitor of DNA methylation were added to neoadjuvant doxorubicin 
and cyclophosphamide in locally advanced breast cancer and indicated some efficacy of 
epigenetic treatment  (19) . 

 Methylation of histones is a different class of histone modifications, which are especially 
important in the cross talk between DNA methylation and chromatin structure as will be 
discussed below. Histone methylation at lysine residues H3-K9Me, H3-K27Me, and 
H4-K20Me associated with promoters of genes are repressive of gene expression. In general, 
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these modifications are hallmarks of gene silencing as validated by genome-wide ChIP on 
chip analyses  (23) . However, recent studies suggest that H3K9Me3 downstream to transcrip-
tional start sites is associated with active genes rather than being a ubiquitous repressive 
marking as previously thought  (24) . H3-K4Me, H3-K36Me, and H3-K79Me are associated 
on the other hand with gene activity and transcription elongation  (25)  and this is confirmed 
by genome-wide analyses  (23) . There is a cross talk between histone acetylation and histone 
methylation. H3-K4Me3, H3-K36Me2, and H3-K79Me2 are associated with hyperacetyla-
tion and active genes, whereas H3-K9Me2, H3-K9Me3, H3-K27Me2, and H4-K20Me2 are 
associated with hypoacetylation  (23) . A member of the PcG group of proteins is EZH2, which 
was shown to contain a SET domain and to function as histone methyltransferase (HMETase) 
targeting K27 and K9 in the H3 histone tail  (26,  27) . EZH2 plays an important role in silencing 
several tumor suppressor genes and might serve as the targeting factor for DNA methyltrans-
ferase, thus marking sequences for de novo methylation in response to an increase in DNMT 
levels  (28,  29) . Interestingly, however, EZH2 acts as a transcriptional activator in breast 
cancer cells integrating Wnt and estrogen signaling  (30) . Thus, although histone modifica-
tion and their enzymes are recognized for either their repressive or their activating function, 
they might in certain instances play an opposite role. Enhanced expression of EZH2 has been 
seen in highly metastatic and aggressive breast and prostate cancers  (31,  32) . 

 Activation and inactivation of chromatin necessitates movement of nucleosomes. Such a 
process requires energy, which is derived from ATP  (33,  34) . SWI/SNF, RSC, NURF, CHRAC, 
ACF, RSF, and NuRD are highly conserved chromatin remodeling complexes that utilize 
energy derived from ATP hydrolysis to remodel chromatin  (35) . Interestingly, several breast 
cancer metastasis genes were shown to be members of the NurD complex. For example, the 
metastasis associated proteins (MTA) is found in the NurD complex  (36) . The MTA family of 
proteins can act as either co-activators or co-repressors of nuclear receptors including estrogen 
receptor signaling which has an important involvement in breast cancer [for a review see 
 (37)] . Another component of the NurD complex MTA3 was shown to be required for sup-
pressing the expression of  SNAIL.  Inhibition of MTA3 leads to activation of SNAIL which in 
turn suppresses the expression of  E CADHERIN  leading to breast cancer invasion  (15) . 

 In summary, the chromatin modification and remodeling machineries are involved in the 
changes in gene expression leading to breast cancer.  

  2. THE DNA METHYLATION PATTERN  

 The primary methylated sequence in vertebrates is composed of only two bases, the 
di-nucleotide sequence CG  (38) . Another feature that distinguishes vertebrate methylation is 
the fact that only a fraction (<80%) of the methylatable CG population is methylated. 
Different CG sites are methylated in different tissues, creating a pattern of methylation, which 
is gene and tissue specific  (38) . The pattern of methylation creates a layer of information, 
which confers upon a genome its specific cell-type identity. Although genomes are identical 
in all cells of the body, the DNA methylation pattern is different in distinct cell types. In some 
cases, such as parentally imprinted genes  (39)  or genes residing on the inactive X chromo-
some, the two alleles of the same gene are differentially methylated in the same cell  (40) . 
DNA methylation is the only component of the covalent DNA structure that shows cell, parent 
of origin, and allele-specific identity. An identical sequence could be either methylated or 
nonmethylated in different cell types or in different alleles in the same cell type. The DNA 
methylation pattern is not copied by the DNA replication machinery, but by independent 
enzymatic machinery  (41)  the DNA methyltransferase(s) (DNMT). DNA methylation patterns 
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in vertebrates are distinguished by their tight correlation with chromatin structure. Active 
regions of the chromatin, which enable gene expression, are associated with hypomethylated 
DNA whereas hypermethylated DNA is packaged in inactive chromatin  (41    ).  

  3. MECHANISMS OF SILENCING OF GENE EXPRESSION BY 
DNA METHYLATION  

 DNA methylation is a highly effective mechanism of silencing of gene expression in 
vertebrates and plants. DNA methylation silences gene expression by two principal mecha-
nisms. The first mechanism involves direct interference of a methyl residue with the binding 
of a transcription factor to its recognition element in DNA resulting in silencing of gene 
expression  (42,  43) . A second mechanism is indirect. A certain density of DNA methylation 
moieties in the region of the gene attracts the binding of methylated-DNA binding proteins 
such as MeCP2  (44) . MeCP2 recruits other proteins such as SIN3A- and histone-modifying 
enzymes, which lead to formation of a “closed” chromatin configuration and silencing of 
gene expression  (44) . Several methylated-DNA binding proteins such as MBD1, MBD2, and 
MBD3 suppress gene expression by a similar mechanism  (45–  47) . MBD3 does not bind 
directly methylated DNA but associates with the NurD complex which contains MBD2 as 
the methylated-DNA binding factor  (48) . 

 The role of DNA methylation in expression is more complex than the well-accepted and 
attractively simple model presented above. This is important for interpretation of aberrant 
DNA methylation patterns in breast cancer. Methylation in body of genes was found to be 
associated with transcriptional activity in plants  (49)  and body of genes was found to be 
methylated in several active genes in mammals as well. Recent data suggest that the presence 
of epigenetic modification in the body of active genes, which are considered repressive in 
promoters, is not unique to DNA methylation. Hypoacetylation and repressive methylation 
marks were found to be associated with transcription elongation in yeast  (50)  and repressive 
HP-1 protein which recognizes H3-K9me and is involved in heterochromatin was also found 
to be associated with transcription elongation  (51) . Perhaps one explanation for this contra-
diction of finding repressive marks in active genes is that repressive marks in bodies of genes 
act to prevent spurious firing of cryptic promoters outside the legitimate transcription start 
site  (50) . It remains to be seen whether these repressive epigenetic marks are limited to body 
of genes or whether other regions upstream to promoters might be marked similarly. Future 
interpretation of epigenomic mapping must take this into consideration. 

 In addition to chromatin and DNA methylation, gene expression is also regulated by 
noncoding RNAs, antisense RNA as well as microRNA, which negatively regulate gene 
expression. Methylation of a promoter of a microRNA or an antisense RNA would result in 
suppression of the noncoding RNA release of repression and activation of the target genes. 
Thus, a simplistic interpretation of methylation marks as far as gene expression is concerned 
might be misleading. Perhaps some of the contradictions to the rule of the inverse correlation 
between gene expression and DNA methylation revealed in recent genomic screens might be 
explained by these confounding factors. 

 It is important to note here as well that methylated DNA binding proteins (MBDs) which 
were originally characterized as the repressive agents translating the DNA methylation 
signal could be involved in gene activation as well as gene silencing. MBD2 was shown to 
activate several promoters by methylation-dependent and independent pathways  (52–  55) , 
MBD3 was shown to be required for demethylation and expression of rRNA  (56,  57)  and 
MeCP2 was shown to associate with many active promoters; a genome-wide analysis 
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revealed that 63% of MeCP2-bound promoters were actively expressed and only 6% were 
highly methylated  (58) . Certain MBDs have other enzymatic activities. MBD4 is a thymi-
dine glycosylase  (59)  and MBD2 was suggested to bear demethylase activity  (60–  64)  
although this activity was highly contested. This dual and opposite action of MBDs has obvi-
ously important implications and has to be considered in analysis of chromatin immunopre-
cipitation data and the future development of drugs targeting this important set of proteins 
for therapeutic interventions in breast cancer.  

  4. DNA METHYLATION AND DEMETHYLATION ENZYMES  

 The DNA methylation reaction is catalyzed by enzymes which transfer a methyl moiety 
from the methyl donor S-adenosylmethionine to the 5 ¢  position in the cytosine ring which is 
found in mammalian DNA in the context of the di-nucleotide CG. We differentiate between a 
de novo methylation event that introduces a new methylated site in the genome and mainte-
nance methylation which copies the pattern of methylation of the template parental DNA strand 
accurately during cell division without adding or removing methylation sites in the genome. 
Three distinct phylogenic DNA methyltransferases were identified in mammals. DNMT1 
shows preference for hemimethylated DNA in vitro, which is consistent with its role as a main-
tenance DNMT, whereas DNMT3a and DNMT3b methylate unmethylated and methylated 
DNA at an equal rate which is consistent with a de novo DNMT role  (65) . Two additional 
DNMT homologs were found; DNMT2 whose substrate and DNA methylation activity is 
unclear  (66)  but was shown to methylate tRNA  (67,  68)  and DNMT3L which is essential for 
the establishment of maternal genomic imprints but lacks key methyltransferase motifs, and is 
possibly a regulator of methylation rather than an enzyme that methylates DNA  (69) . 
Knock-out mouse data indicate that DNMT1 is responsible for a majority of DNA methylation 
marks in the mouse genome  (70)  as well as the human genome  (71) , whereas DNMT3a and 
DNMT3b are responsible for some but not all de novo methylation during development  (72) . 

 Razin and Riggs proposed that the DNA methylation pattern is accurately inherited 
during replication since maintenance DNMT could only methylate hemimethylated sites. 
Hemimethylated sites are generated on the nascent DNA strand during DNA replication 
when a methylated CG dinucleotide in the template strand is replicated. DNA methylation 
was therefore proposed to be truly heritable by a semi-conservative mechanism similar to 
DNA replication  (38) . 

 However, although this model of maintenance methylation might apply to a significant 
portion of the methylated CGs in the genome, it appears that the DNA methylation events, 
which are prevalent in breast as well as other cancers, require targeting and are not an auto-
matic copying of methylated cytosines from the parental to nascent strand. Targeting is 
required not only for the initial triggering of a new (de novo) methylation event but also for 
maintaining the methylated pattern  (28,  73) . Thus, specific methylation event including those 
prevalent in cancer require active presence of the pathway that led to the methylation event 
in the first place and is not a hit and run phenomenon which is just selected by the growth 
advantage conferred by the aberrant methylation. If indeed DNA methylation in breast can-
cer is a targeted event launched by cancer-specific signaling pathways then it should be 
possible to reverse this change in methylation by targeting the signaling cascade rather than 
the global DNA methylation machinery. 

 Several proteins were shown to recruit DNMTs to target sequences and cause de novo 
methylation of target genes. It has recently been demonstrated that an additional factor is 
required for targeting DNMT1 to newly replicating hemimethylated DNA, the protein 
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  Fig. 1.    A mechanism for gene-specific hypermethylation in breast cancer. Oncogenic path-
ways lead to activation of RAS-MAP kinase signaling pathway which in turn results in 
transcriptional activation of DNMT1. DNMT1 could also be activated by downregulation of 
Rb, which commonly occurs in cancer. Under normal conditions, RB upregulates AUF1. 
AUF1 normally binds the 3 ¢  of DNMT1 mRNA and destabilizes it. Downregulation of Rb 
leads to downregulation of AUF1 and blocks the destabilizing effects on DNMT1 resulting 
in increased DNMT1. The increased DNMT1 is recruited to EZH2 sites in the genome which 
are also histone H3K27 methylated triggering gene-specific methylation of tumor suppressor 
genes such as p16. This results in silencing of tumor suppressor genes and loss of cell cycle 
control.       
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UHRF1 (ubiquitin-like, containing PHD and RING finger domains 1), also known as NP95 
in mouse and ICBP90 in human  (74) . Several lines of evidence indicate that DNMTs are 
targeted to specific sequences by sequence-specific factors, which recognize specific 
sequences of DNA. For example, the histone methyltransferase EZH2 or the oncoprotein 
PML-RAR target DNMTs to specific sequences in DNA  (28,  73) . Targeting is emerging as a 
main principle guiding the way methylation patterns are generated, maintained during cell 
division, and altered by pathological processes (Fig.  1 ).  

 Another important issue for analyzing and treating aberrant DNA methylation in breast 
cancer is determining the differential role of the DNMT isoforms in the aberrant DNA meth-
ylation patterns observed in cancer. The original concept that only DNMT1 is responsible 
for copying the DNA methylation pattern in dividing cells including cancer cells is only 
partially true. Other DNMTs are involved and they might have different sequence selectivity. 
Since it is clear that breast cancer progression and metastasis involves both hypermethylation 
and silencing of certain genes as well as hypomethylation and activation of others  (75)  as 
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cellular transformation by different mechanisms. DNMTs can lead to gene-specific methyla-
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thus limit passive DNA demethylation but certain tumor suppressor genes will be induced by 
a methylation-independent mechanism.       
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will be discussed below, it is important to target the specific isoforms of DNMT responsible 
for methylation of tumor suppressor genes while avoiding DNMTs which are responsible for 
methylating and silencing of tumor promoting and prometastatic genes (Fig.  2 ).  

 It has been a prevalent dogma in the field that DNA methylation is an irreversible reaction 
and that demethylation occurs only during gestation but is not a major factor once the DNA 
methylation pattern of differentiated mature cells is established. It was proposed that if a loss 
of methylation occurs in somatic cells it happens through a “passive” mechanism whereby 
new DNA synthesized in the absence of DNMT activity avoids methylation. An active 
demethylation would not require new DNA synthesis. The possibility that a demethylating 
activity is present in breast cancer has implications on our understanding of the aberrations 
in DNA methylation patterns in breast cancer as well as on the design of therapeutic inter-
ventions to reverse these aberrations. Most of the literature analyzes the data from the point 
of view that only DNMTs are involved in defining the DNA methylation pattern in cancer 
and therefore the main focus of therapy is targeted toward DNMT inhibition. However, if the 
DNA methylation patterns are an equilibrium of methylation and demethylation as are most 
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biological reactions as proposed here, then looking at only one side of the reaction equilib-
rium might be misleading and misguiding our conclusions. 

 The question of whether DNA methylation is a reversible reaction is the most controver-
sial issue in the DNA methylation field. There is a long list of data from both cell culture and 
early mouse development supporting the hypothesis that active demethylation occurs in 
embryonal as well as somatic cells. There are now convincing examples of active, replication-
independent DNA demethylation during development as well as in somatic differentiated 
tissues. Active replication-independent demethylation was demonstrated in EBV virus upon 
stimulation with sodium butyrate  (76)  in the myosin gene in differentiating myoblast cells 
 (77) , the  INTERLEUKIN 2  gene upon T cell activation  (78) , the  INTERFERON      gene upon 
exposure of memory CD8 T cells to antigens  (79) , and in the glucocorticoid receptor gene 
promoter in adult rat brains upon treatment with the HDAC inhibitor TSA  (80) . More inter-
estingly, recent data suggest that a dynamic DNA methylation pattern is involved in memory 
in the brain in response to contextual fear conditioning  (81) . The rapid demethylation–
remethylation observed in post-mitotic neurons is perhaps the best evidence for a life-long 
dynamic and physiologically relevant DNA methylation equilibrium. A recent paper revealed 
dynamic cyclical DNA methylation–demethylation and transcription of an estrogen responsive 
promoter of the pS2/TFF gene in human breast cancer cell lines  (82) . 

 Since it is becoming clear that the DNA methylation equilibrium in somatic tissues 
involves both methylation and demethylation, it is critical to identify the enzymatic machin-
ery responsible for demethylation. It is impossible to understand the role of DNA methyla-
tion in normal physiology as well as its aberration in pathology by just studying one side of 
the DNA methylation equilibrium (Fig.  3 ). Moreover, designing therapeutic strategies to 
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manipulate the DNA methylation pattern must take into account both sides of this equilib-
rium. However, the identity of the enzymes required for DNA demethylation has been 
extremely controversial and there was a reluctance in the field to accept the notion of 
enzymatic demethylation. Several candidates were proposed in the last decade but all 
proposed candidates were hotly contested immediately after publication. Part of the problem 
is the difficulty encountered in purification of active demethylation activities and the 
difficulty in developing a consistent cell-free assay of DNA demethylation. Nevertheless, 
several cell-free assays were published. In 1982, Gjerset and Martin used a cell-free radio-
active assay that measured release of radioactive methyl groups from DNA to demonstrate 
5-methylcytosine demethylase activity in erythrocytes extracts  (83) , demethylase activity 
was shown in nuclear extract from RAS transfected p19 cells using a radioactively labeled 
methylated CG oligonucleotide  (84) , A549 human lung cancer cell line  (85) , prostate cancer 
cells  (86) , and normal white matter from brain using the radioactively labeled methylated 
CG as a substrate  (87) . Several enzymatic activities were proposed to bring about DNA 
demethylation. One proposal has been that a G/T mismatch repair glycosylase also functions 
as a 5-methylcytosine DNA glycosylase, recognizes methyl cytosines, and cleaves the bond 
between the sugar and the base. The abasic site is then repaired and replaced with a non-
methylated cytosine resulting in demethylation  (88) . An additional protein with a similar 
activity was recently identified, the methylated DNA binding protein 4 (MBD4)  (89) .  

 A different report has proposed that methylated binding protein 2 MBD2 has demethylase 
activity. MBD2b (a shorter isoform of MBD2) was shown to directly remove the methyl 
group from methylated cytosine in methylated CpGs  (90) . This enzyme was therefore pro-
posed to reverse the DNA methylation reaction. However, other groups disputed this finding 
 (46) . The MBD2 knock-out mouse was not found to show differences in DNA methylation; 
however, the assay used looked at the global state of methylation at MboI and HpaII sites in 
spleen and liver  (91) . This assay does not measure the details of the DNA methylation pat-
tern at single site resolution. Thus, it is possible that numerous changes in DNA methylation 
patterns would go undetected, using this assay. A more comprehensive analysis of methyla-
tion has not been performed and needs to be done to assess the effects of MBD2 depletion 
on DNA methylation patterns. However, although global changes in methylation were not 
altered in MBD2−/−, hypermethylation of several tumor suppressor genes was observed in 
adenomas that arose in APC Min−/+ Mbd2−/− mice  (92) . Several follow-up studies have 
continued to show that MBD2 could trigger DNA demethylation in vitro  (55,  60,  62)  and in 
cells  (93) . Knock down of MBD2 in colorectal, lung, breast, and prostate cancer cells led to 
inhibition of tumor growth  (94,  95) , tumor invasion, and metastasis as well as silencing and 
hypermethylation of hypomethylated prometastatic genes  (96,  97)  supporting involvement of 
MBD2 in demethylation, cancer growth, and metastasis. 

 More recently a protein involved in DNA damage response GADD45A was proposed to 
trigger active DNA demethylation through a repair-mediated process  (98) . However, this was 
contested by a later study  (99) . Recently the provocative idea that the DNA methyltrans-
ferase DNMT3A acts as a demethylase possibly through a mechanism that involves deami-
nation and excision repair of the deaminated base was proposed  (100) . The main problem 
with this mechanism is that it introduces a highly mutagenic event such as deamination into 
the physiological process of DNA demethylation. If indeed a deamination mechanism played 
a physiological role in maintaining the DNA methylation equilibrium, this would constitute 
an almost insurmountable challenge to the maintenance of the integrity of the genome. 

 Understanding the mechanisms responsible for demethylation is one of the most impor-
tant questions in the field and putative demethylases are candidate drug targets in combating 
breast cancer as will be discussed below.  
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  5. BILATERAL RELATIONSHIP BETWEEN CHROMATIN AND 
DNA METHYLATION  

 The two main components of the epigenome chromatin and DNA methylation are tightly 
linked. Silencing chromatin modification such as histone hypoacetylation and histone meth-
ylation plays an important role in inhibition of expression of critical genes in breast cancer. 
For example, SNAIL silences  E CADHERIN , a hallmark of epithelial to mesenchymal transi-
tion (EMT), through recruitment of HDACs resulting in histone hypoacetylation  (101) . The 
HDAC inhibitor TSA activates  E CADHERIN  as expected from the mechanism of its silenc-
ing through hypoacetylation. 

 Certain genes are silenced by chromatin modification events exclusively but others are 
silenced by a combination of histone modification and DNA methylation. It was originally 
believed that DNA hypermethylation precedes and dictates histone modification through 
recruitment of histone deacetylases and histone methyltransferases by methylated DNA 
binding proteins  (44) . It was thus assumed that chromatin-modifying drugs such as HDAC 
inhibitors would affect only histone acetylation but not the DNA methylation pattern. It was 
therefore believed that a combination of HDACi TSA and the DNA methylation inhibitor 
5-azacytidine (5-azaC) would act synergistically to activate gene expression through 5-azaC 
inhibition of DNA methylation and TSA inhibition of HDAC activity  (102) . Indeed clinical 
trials in several cancers were launched testing a combination of HDAC and DNA methyla-
tion inhibitors  (103) . 

 However, it emerges that there is a bilateral relationship between chromatin modifica-
tion and DNA methylation (Fig.  3 ). Not only does DNA methylation drive chromatin 
inactivation, chromatin modification defines DNA methylation. For example, genetic 
defects in chromatin remodeling proteins such as BRG1 in cancer results in aberrations in 
DNA methylation  (104) , and mutation in the SWI/SNF protein ATRX results in wide-
spread changes in DNA methylation  (105) . The histone methyltransferase EZH2 targets 
tumor suppressor genes for DNA hypermethylation  (29)  and a physical association was 
shown to exist between HDACs and DNMTs  (106,  107) . More interestingly, HDAC inhibi-
tors were shown to trigger active demethylation  (63,  108)  and activation by demethylation 
of  E CADHERIN  by both histone acetylation and DNA demethylation  (109) . Similarly, the 
mood stabilizer and antiepileptic drug valproic acid which was also shown to act as a 
HDAC inhibitor triggers active DNA demethylation and activation of genes silenced by 
DNA demethylation  (62,  110) . Most studies to date using HDAC inhibitors either clinically 
or pre-clinically have not examined the possibility that chromatin-modifying drugs could 
also trigger DNA methylation changes. This need to be corrected and the possibility that 
a classic HDAC inhibitor could also cause DNA demethylation should be examined in any 
clinical or pre-clinical study. 

 This bilateral relationship between chromatin modification and DNA methylation  (21)  
has several important implications for breast cancer therapy. First, activation of signaling 
pathways that lead to chromatin modification could serve as a conduit for triggering gene-
specific changes in DNA methylation. A good example is the role that EZH2 might be playing 
in targeting tumor suppressor-specific gene methylation  (28) . Second, the long-term and 
broad effects that HDAC inhibitors and other chromatin-modifying agents might have on 
DNA methylation must be considered when assessing possible adverse effects of chromatin-
based therapeutics. Third, since HDAC inhibitors trigger active replication-independent 
DNA demethylation, they might be used to trigger DNA demethylation in slow growing 
tumors in an S phase independent manner as well as in non-dividing somatic tissues.  
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  6. ABERRATIONS IN DNA METHYLATION IN BREAST CANCER     

 Aberrations in DNA methylation patterns were documented in cancer in general and 
breast cancer in particular. These changes are postulated to be responsible in part for the 
broad changes in gene expression that drive cellular transformation and cancer metastasis. 
First, there is deregulation of normal cell cycle controlled expression of DNMT1  (111) . 
DNMT1 expression is tightly correlated with the cell cycle such that DNMT1 is expressed 
only during S phase of the cell cycle  (112–  114) . It was proposed that this regulation protects 
the genome from aberrant DNA methylation. The regulation of DNMT1 occurs at both tran-
scriptional and post-transcriptional levels. The mitogenic RAS-JUN signaling pathway 
induces DNMT1 expression through AP1 sites in DNMT1 regulatory regions  (115–  117) . 
The tumor suppressor Rb represses DNMT1 expression through post-transcriptional mecha-
nisms that affect RNA stability  (118) . The RNA binding protein AUF1 degrades DNMT1 
mRNA through interaction with AUF1 recognition element in the conserved 3 ¢ UTR during 
G0/G1 phase of the cell cycle  (119) . Deregulated expression of DNMT1 in the wrong phase 
of the cell cycle results in cellular transformation  (112) . 

 Overexpression of DNMT1 is postulated to trigger cellular transformation by both 
methylation-dependent and -independent mechanisms. DNMT1 is a multifunctional protein 
that has both catalytic DNMT activity and other functional domains responsible for recruit-
ment of HDACs  (106)  associating with PCNA and the replication fork  (120) . DNMT1 
inhibition results in blocking DNA replication and launching of a DNA damage response by 
a mechanism independent of DNA methylation  (121–  124) . Thus, an important component 
of DNMT transforming action does not involve DNA methylation (Fig.  2  for a summary of 
DNMT and DNA methylation aberrations in breast cancer). 

 An expected consequence of deregulated DNMT is hypermethylation of a specific set 
of genes. Our recent data indicate that unscheduled expression of DNMT1 results in aber-
rant methylation of tumor suppressor genes. Recent data have shown that gain of function 
of DNMT3B promotes transformation through methylation and silencing of specific genes 
 (125) . It is also important to note that although DNMT deregulation can lead to DNA 
methylation, it does so in a sequence-specific manner. Not all genes are equally methyl-
ated. DNMTs are targeted by specific proteins and thus the repertoire of these proteins in 
a given cell will define the specific targets of deregulated DNMT in the genome. 
Understanding the precise links between DNMTs and their targets and their relevance to 
breast cancer progression and metastasis is required for developing tumor-specific DNA 
methylation inhibitors. 

 In addition to deregulated expression of methylation enzymes two contradictory aberra-
tions in the DNA methylation pattern are seen in breast cancer cells: hypermethylation of 
tumor suppressor genes  (126,  127)  and hypomethylation of prometastatic genes  (128,  129)  as 
well as global hypomethylation  (130) . Indeed it is well established that two kinds of changes 
in the DNA methylation occur in cancer, regional hypermethylation of certain genes  (131)  
and global hypomethylation  (130,  132) . This coexistence of both hypermethylation and 
hypomethylation in the same cancer cell has been confusing especially if one hypothesizes, 
as has been commonly accepted, that only one enzymatic activity maintenance DNMT is 
involved. However, if different enzymatic processes are involved in methylation and demeth-
ylation and they are guided to different sequences by separate signaling and targeting path-
ways, then this coexistence could be explained. Understanding the relationship between 
these two processes methylation and demethylation and the mechanisms involved is critical 
for both therapy of breast cancer and diagnostics and staging of breast cancer.  
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  7. HYPERMETHYLATION OF GENES IN BREAST CANCER, ROLE 
IN SILENCING TUMOR SUPPRESSOR GENES  

 Although it has been known for some time that cancer cell are globally hypomethylated, 
the phenomenon of regional DNA hypermethylation and silencing of tumor suppressor genes 
in cancer has been the focus of attention in the last decade. A significant amount of data has 
established a list of genes hypermethylated in cancer and whole genome approaches have 
identified methylation signatures of breast cancer cells  (120,  133,  134) . These methylation 
signatures, which are the unique combination of methylated CpG islands in a cancer cell, were 
correlated with breast cancer stage and have been proposed to be a diagnostic marker of breast 
cancer cells. In addition to their diagnostic value in breast cancer it is clear from the repertoire 
of methylated genes that silencing of these genes by DNA methylation plays a role in the 
transformation process. Among the methylated genes are tumor suppressor genes such as  p16  
whose methylation is proposed to silence it, thus overriding normal cell growth regulatory 
signals controlled by  p16   (135,  136) .  p16  methylation in DNA prepared from plasma of breast 
cancer patients was associated with nodal metastasis  (137) . Another group of methylated 
genes in breast cancer is composed of damage response genes such as BRCA1  (138,  139) , 
which is also mutated in familial breast cancer, and mismatch repair genes hMLH1 and 
HMSH2  (140) . Disruption of repair genes might increase sporadic mutations frequency, a 
hallmark of cancer cells. Steroid receptor genes family members such as the  ESTROGEN 
RECEPTOR   (126)  and  RETINOIC ACID BETA 2  ( RAR  b  2 ) receptor are methylated and 
silenced in a fraction of breast cancers  (16,  141) . Interaction of  RAR  b  2  receptor with retinoic 
acid might have an antiproliferative effect and its silencing confers a selective advantage on 
advanced breast cancer cells. Cell adhesion and cell surface molecules such as  E-CADHERIN  
 (142)  and inhibitors of proteases such as  TIMP-3   (143)  whose silencing might promote metas-
tasis are also found to be methylated in breast cancer.  E CADHERIN  plays an important role 
in EMT transition, which defines the point at which non-invasive breast cancer cells become 
invasive and metastatic. A new and interesting group of sequences which emerge to be hyper-
methylated in breast cancer are microRNA promoters  (144) , this hypermethylation is an 
example of a methylation event which might result in gene activation downstream. 

 A recent study unraveled a hypermethylator, phenotype in a subset of breast cancer cell 
lines which was characterized by concurrent methylation of several genes  (CDH1, 
CEACAM6, CST6, ESR1, LCN2, SCNN1A )  (145) . This hypermethylator phenotype was 
associated with overexpression of DNMT3b. A cluster of primary breast tumors that express 
the hypermethylation signature, which represents 20% of breast cancers, was identified by 
mining microarray data. This supports the hypothesis that overexpression of DNMT results 
in hypermethylation of specific clusters of genes in breast cancer and illustrates the role of 
specific DNMT isoforms in this process. This has obvious implications on the possible thera-
peutic potential of isoform-specific DNMT inhibitors as will be discussed below. The 
involvement of a specific DNMT isotypes also begs the question of the mechanism involved 
in their activation in breast cancer. Several oncogenic signaling pathways were shown to 
upregulate DNMT expression through transcriptional activation by RAS  (115,  117)  or 
through post-transcriptional effects resulting from  RB  knockdown  (118,  119) . Identifying 
breast cancers with specific hypermethylator phenotypes and deciphering the pathways link-
ing the methylation profile with the specific DNNMT isoform responsible will facilitate 
targeted DNA methylation therapy as well as provide diagnostic markers for more accurate 
staging of breast cancer. 

 DNA methyltransferase inhibitors, such as the nucleoside analog 5-aza-deoxy-cytidine 
(5-aza-CdR) as well as antisense oligonucleotides targeting  DNMT1,  activated methylated 
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genes in cancer supporting the hypothesis that DNA methylation plays a causal role in 
silencing of these genes in other cancers as well as breast cancer cells. For example, 
 ESTROGEN RECEPTOR (ER)  in receptor negative breast cancer cells MDA-MB-231 was 
demethylated and activated by either 5-aza-CdR or 5-aza-cytidine treatment  (146) , and 
5-aza-CdR demethylated and activated the  RAR b 2  in receptor-negative breast cancer cells 
 (147) . A  DNMT1  antisense oligonucleotide activated  ER  in ER− breast cancer cells although 
this activation did not involve a change in DNA methylation  (148) . 5-aza-CdR also induced 
cell arrest in breast cancer cell lines and it was proposed that this was brought about by 
demethylation and activation of genes, which suppress tumor growth such as  RAR  b 2  (149) . 

 However, two critical questions remain unresolved. First, although it is clear that a 
number of tumor suppressor genes are methylated and silenced in cancer, it is still possible 
that DNA methylation is not the primary event that triggered the silencing of these genes. 
5-aza-CdR might be activating the genes by a different mechanism and demethylation might 
be a consequence rather than the cause of gene activation. Similarly, even if DNA methyla-
tion inhibitors such as 5-aza-CdR simultaneously inhibit DNA methylation, DNMT1 activity 
and also cause cell arrest it is still possible that DNMT1 is involved in cell growth by 
methylation-independent mechanisms. Understanding the precise function of DNMT1 that 
is the primary driver of cellular transformation is important for future development of 
DNMT inhibitors in breast cancer  (150) . The main issue is that global blockage of DNMT 
activity as is done today in recent clinical trials in hematological cancers could result in 
hypomethylation and activation of genes that promote the cancer state. Thus, it is important 
to target DNMT functions that will not result in global demethylation.  

  8. THERAPEUTIC IMPLICATION OF HYPERMETHYLATION OF 
GENES IN BREAST CANCER  

 Since it is well established that inhibitors of DNA methylation can induce tumor suppres-
sor gene expression, it was proposed that DNA methylation inhibitors might serve as anti-
cancer agents. The induction of  ER   (146)  and  RAR  b 2  (149)  in ER and RAR b 2 negative cells 
by a demethylating agent also raises the prospect of combination therapy of a demethylating 
agent with either an estrogen antagonists or a retinoid in receptor negative tumors. 

 Two classes of DNA methyltransferase inhibitors are now in clinical trials. First, the 
nucleoside analog 5-aza-CdR, which is incorporated into DNA during replication following 
its phosphorylation to the trinucleotide form and traps the DNA methyltransferase as it 
moves along with the replication fork. As the replication fork is progressing, nascent DNA 
is synthesized in the absence of DNA methylation  (151) . A second inhibitor is an antisense 
oligonucleotide inhibitor of DNMT1, which knocks down DNMT1 protein levels  (152) . The 
two agents have somewhat different effects on DNA replication and DNA methylation 
reflecting their different mechanisms of action. Knock down of DNMT1 induces some tumor 
suppressor genes and inhibits DNA replication by a methylation-independent mechanism 
 (121,  123,  153) . This effect on tumor suppressor expression is probably mediated by the 
protein–protein interactions of DNMT1. Similarly, it has recently been shown that antisense 
DNMT1 knockdown in ER− breast cancer cells induces ER expression without causing a 
change in DNA methylation supporting the hypothesis that DNMT1 regulates genes required 
for the transformed state by methylation-independent mechanisms  (148) . The inhibition of 
replication caused by DNMT1 knockdown limits the extent of DNA methylation inhibition 
since nascent unmethylated DNA is not synthesized in the absence of DNMT1  (123) . These 
data point out to the possibility of targeting DNMT and its cell growth and gene regulatory 
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functions without causing global demethylation  (150)  using a knock-down approach with 
either siRNA or antisense. 

 Several clinical trial have been launched with a nucleoside-analog pan DNMT inhibitor 
5-azacytidine 5-azaC (DAC) and its deoxy analog 5-deoxycytidine in hematological cancers. 
Responses with tolerable adverse effects were reported in clinical trials in hematological 
malignancies especially in myelodysplastic syndrome (MDS)  (154) . However, originally 
there was no significant success reported in solid tumors  (155) . The weak response of solid 
tumors might result from pharmacokinetic issues such as delivery problems as well as dosing 
and scheduling. Different strategies for combining of 5-azaC and other chemotherapeutic 
agents or chromatin modifiers such as histone deacetylase inhibitors (HDACi) are now being 
tested and might be effective in solid tumors  (156) . A recent proof of principle study in 
breast cancer that used a different DNMT inhibitor hydralazine in combination with the 
HDAC inhibitor valproic acid was somewhat promising  (19) . It remains to be seen however 
whether the use of pan catalytic inhibitors of DNMT might be of utility in breast cancer or 
whether the lack of clinical effect observed in other solid tumors in the past reflects the 
adverse effects of global inhibition of DNA methylation and therefore more selective drugs 
need to be tested. 

 The main challenge here is to identify the specific isoform of DNMT responsible for 
silencing by hypermethylation of breast cancer targets but is not involved in methylation of 
prometastatic genes (Fig.  2 ). Alternatively, we might limit the global demethylation events 
and induction of prometastatic genes by knocking down DNMT1 rather than inhibiting its 
catalytic activity. We have recently shown that it might be possible to suppress cellular trans-
formation by complete knock down of DNMT rather than inhibiting its catalytic activity.  

  9. HYPOMETHYLATION IN BREAST CANCER AND ITS 
THERAPEUTIC IMPLICATIONS  

 Although it was known for decades that the DNA of cancer cells is hypomethylated in 
comparison with normal DNA, the significance of this observation was not appreciated up 
to recent years. Several studies have now indicated that hypomethylation is widespread in 
cancers. Several genes heavily involved in metastasis were shown to be hypomethylated in 
breast cancer  (128,  165–  167)  although the full implication of hypomethylation on diagnosis 
and staging of breast cancer is not fully appreciated. Mapping the hypomethylation profile 
of breast tumors might reveal patterns, which could aid in staging of breast cancers and 
provide diagnostic tools as well as guide us to the possible mechanisms leading to hypometh-
ylation and from hypomethylation to aggressive cancers. 

 It is well documented that DNA from breast cancer as well as other cancers is globally 
hypomethylated  (157,  158) . The extent of global hypomethylation was found in one study, 
which measured in vitro methylation of genomic DNA by a CG methylase as an indicator of 
genomic hypomethylation, to be correlated with the histological grade and malignancy 
 (157) . An earlier study using methylation-sensitive restriction enzymes found global 
hypomethylation to characterize breast cancers but no clear correlation was found with clini-
cal stage  (158) . This difference might reflect the difference in sensitivity of the two assays. 
Repetitive sequences  (159)  and satellite DNA sequences  (130)  are hypomethylated in breast 
cancer. Different members of the melanoma associated cancer/testis antigens  MAGE,  which 
were shown to be methylated and silenced in adult tissues and hypomethylated in multiple 
tumors were also expressed in breast cancer cells  (160–  163) . Their expression was shown to 
be associated with a poorly differentiated stage in invasive ductal breast cancers  (164) . 
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Unique genes such as  uPA   (128,  165)  and  Breast Cancer Specific Gene 1 - SYNUCLEIN   g  
 (166,  167)  were also shown to be hypomethylated in breast cancer. 

 This data point out to the possibility that there is a general defect in the DNA methylation 
machinery in cancer cells that results in global hypomethylation. There is no reduction of 
DNA methyltransferase activity in cancer cells  (168) , on the contrary upregulation of expres-
sion of DNA methyltransferase in cancers during G1 phase of the cell cycle was reported in 
ER− breast cancer cells  (111) . We therefore proposed that global demethylation in cancer 
might be caused by an excess of demethylation activity  (150) . We have recently shown that 
MBD2, that we had earlier proposed to be involved in demethylation, triggers demethylation 
of uPA in breast cancer cells and  uPA  and  MMP2  in prostate cancer cells  (97,  129) . 

 We proposed that the hypomethylation and hypermethylation observed in the same can-
cer cell target different components of the cancer progression program. Whereas silencing of 
tumor suppressor genes by hypermethylation is mainly involved in tumor growth, activation 
of other genes by hypomethylation seems to be targeting cancer invasiveness and metastatic 
potential. Indeed these two critical processes in cancer growth and invasiveness could be 
dissociated. Highly invasive human breast cancer cells MDA-MB-231 cells expressing 
ectopic RAS exhibit increased growth rate but reduced metastatic potential  (169) . 

 This obviously leaves open the question of how could tumor suppressors be hypermethyl-
ated in cancer cells in an environment that is markedly hypomethylated. Recent data suggest 
that inactivation of the chromatin structure at the tumor suppressor  p16  gene comes about 
even in a colorectal cancer cell line bearing a homozygous knock out of three DNMTs 
DNMT 1, 3A and 3B  (170) , suggesting that inactivation of chromatin is the primary event in 
silencing of  p16 . The inactivated p16 is slowly hypermethylated after chromatin structure 
inactivation  (170)  by residual DNMT activity suggesting that regional hypermethylation is a 
consequence of chromatin inactivation. Although it is yet unknown which factor recruits 
repressor complexes to  p16  promoter and how this leads to DNA methylation, an oncogenic 
transcriptional repressor such as the leukemia-promoting PML–RAR fusion protein was 
shown to recruit histone deacetylases HDACs and DNA methyltransferases to target promot-
ers  (73) . Recent data suggest that an important mechanism targeting DNMT to tumor sup-
pressor genes is occupancy with the polycomb protein the histone methyltransferase EZH2 
and H3K27me  (28) . It is also possible that localized chromatin inactivation blocks access to 
demethylases and that regional chromatin structure inactivation is responsible for mainte-
nance of regional hypermethylation even when high levels of demethylase are present in the 
cell. In accordance with this hypothesis, it has been shown that the InHAT complex which 
inhibits histone acetyltransferases can block active demethylation of ectopically methylated 
DNA  (108) , thus any local change in chromatin structure such as histone deacetylation could 
result in local inhibition of demethylase activity. Thus, regional hypermethylation is directed 
by a different enzymatic process than global demethylation and could therefore coexist with 
global hypomethylation. An important challenge in the field is to fully understand the coor-
dination of methylation and demethylation events during breast cancer progression, the 
enzymes and targeting molecules involved, the signaling pathways that regulate them, and 
their differential role in the different stages of breast cancer. 

 What are the therapeutic implications of the hypomethylation in breast cancer? The first 
implication is that globally inhibiting DNA methylation, although effective in activating 
tumor suppressor genes, could result in unleashing of genes that could drive cancer metasta-
sis the most fatal and morbid facet of breast cancer. Thus, extreme caution should be applied 
before using pan inhibitors of DNA methylation such as 5-azaC in cancer therapy. Indeed we 
have recently shown that 5-aza C treatment of the non-invasive human breast cancer cell line 
MCF7 resulted in demethylation and activation of a series of prometastatic genes  (171) . 



166 Szyf 

Although the treatment inhibited growth significantly it also induced metastatic potential at 
the same time. Thus, it is possible to accomplish inhibition of tumor growth, which as antici-
pated by the classic mechanism of action of 5-azaC and at the same time plant the seeds for 
cancer metastasis. This should raise a red flag in evaluating current clinical trials, the imme-
diate effects of inhibition of tumor growth might be misleading. 

 It is therefore imperative upon us to follow with extreme caution any therapy that involves 
inhibition of DNA methylation. An additional implication is that we need to develop specific 
DNMT inhibitors, which eliminate the growth promoting functions of DNMT without caus-
ing global demethylation and without unleashing prometastatic genes. One approach is to 
accurately map the hypermethylated genes at different stages of breast cancer and identify 
the specific DNMT isotypes responsible for their methylation. By developing isotypic-
specific DNMT inhibitors and identifying isotypes that target tumor suppressor genes but not 
prometastatic genes it might be possible to eliminate or at least reduce the adverse demeth-
ylation events. An alternative approach would be to target the proteins that recruit DNMTs 
to specific tumor suppressor genes. It remains to be seen however whether it would be 
possible to dissociate the events leading to methylation of prometastatic genes and tumor 
suppressor genes. Another interesting possibility as discussed above is to target the DNA 
methylation-independent functions of DNMT1 and to limit global hypomethylation by 
knocking down the entire protein using either antisense or siRNA approaches. We have 
developed antisense inhibitors of  DNMT1  and showed that they cause immediate growth 
suppression events without causing DNA demethylation and aberrant gene activation 
 (121,  123,  124) . MG98 a first generation DNMT1 antisense oligonucleotide was tested in 
phase II clinical trials  (172,  173) . Although the trials were stopped owing to lack of response 
in the group of patients, this approach deserves further study with altered dosing and sched-
uling. Although clinical use of siRNA has not been yet reported, this might be a reality in 
the future. Developing small molecules that target the interactions of DNMT1 with the 
replication fork or with PCNA rather than targeting its methylation activity might serve as 
an alternative approach to the current attempt to identify catalytic inhibitors of DNMT1. 

 The apparent role of hypomethylation in metastasis of breast and other cancers points 
toward a new and different DNA methylation target in breast cancer, inhibition of demethyla-
tion (Fig.  4 ). We have tested two approaches to inhibit DNA demethylation and to silence 
prometastatic genes in human breast cancer cell lines. First, as discussed above, MBD2 was 
found to be required for the activation of several prometastatic genes in breast cancer  (129) . 
We therefore developed antisense inhibitors of MBD2 and showed that they were effective 
in blocking the growth of human colorectal and non-small lung cancer cells tumor cell lines 
implanted as xenograft growth in mice in vivo  (94,  174)  as well as in blocking cell invasion 
and metastasis in vitro and in vivo  (129) . Interestingly, this treatment did not result in silenc-
ing of any of the known tumor suppressor genes. Indeed, it was previously shown that MBD2 
suppresses the expression of  p16  and  GSTP1  through its alternative function, recruitment of 
HDACs to methylated genes. Therefore, it is possible that by hitting MBD2 we will eliminate 
the two classes of gene expression aberrations in breast cancer, silencing of tumor suppressor 
genes, and activation of prometastatic genes. MBD2 is therefore an ideal candidate for 
intervention in breast cancer (Fig.  4 ).  

 An alternative option for inhibiting DNA demethylation in metastatic breast cancer is to 
treat with either SAM or an analog of SAM. SAM is the methyl donor of the DNA methyla-
tion reaction. We have previously shown that SAM inhibits active demethylation of uPA 
 (129)  and MMP2  (97)  and reverses the metastatic state of breast cancer cells  (129) . It is 
unclear whether SAM would be stable enough as an effective therapeutic in vivo. Analogs 
of SAM that inhibit demethylation might be needed to reach a therapeutic effect. Another 
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  Fig. 4.    Inhibition of demethylation as a potential therapy for breast cancer. In metastatic 
breast cancer multiple prometastatic genes (such as MMP2 and uPA) are demethylated and 
active. By inhibiting demethylase activity it might be possible to block demethylation and 
reverse the demethylated state. MBD2 AS, an antisense oligonucleotide inhibitor targeting 
MBD2; SAM, the methyl donor SAM.       
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important consideration is the possibility that diet enriched with folates or/and vitamin B12, 
which enhance methyl content, might protect from cancer metastasis and that SAM or its 
active analog might be used as a prophylactic in breast cancer (Fig.  4 ).  

  10. CONCLUSIONS AND PROSPECTIVE  

 Changes in DNA methylation are well established in breast cancer as well as their role in 
cancer growth progression and metastasis. However, it is becoming clear that the simplistic 
but nevertheless dominant idea that methylation in breast cancer is mainly a hypermethyla-
tion event which could be reversed using catalytic DNA methylation inhibitors needs to be 
revisited. 

 We now start understanding the multifaceted involvement of the DNA methylation 
machinery in breast cancer. Not only are DNMT involved but also demethylases- and chro-
matin-modifying enzymes and there is a strong interrelationship between these different 
components. We understand that loss of methylation is a critical process leading to activation 
of prometastatic genes and that it might be a target for therapy as much as or even more so 
than hypermethylation. The seemingly contradictory appearance of both hypermethylation 
and hypomethylation prove to be less paradoxical once the complex machinery involved in 
defining DNA methylation patterns and the concept of gene-specific targeting are taken into 
account. Just the global levels of methylating and demethylating enzymes do not define the 
DNA methylation pattern but these enzymes need to be targeted to specific positions in the 
genome by complexes which contain sequence recognition factors. Thus, by differential 
targeting of these enzymes both methylation and demethylation events could concurrently 
occur. It is also important to note that DNMTs and perhaps demethylases could have multiple 
actions in promoting tumorigenesis and that they might act through selective protein–protein 
interactions by a mechanism independent of DNA methylation. All these factors have to be 
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taken into account in devising therapeutic strategies that involve the DNA methylation 
machinery (Fig.  2 ). 

 Further studies need to accurately delineate the specific involvement of the different 
components of the DNA methylation machinery in breast cancer and at different stages of 
the disease. It is important to correlate these changes in methylation machinery with specific 
alterations in DNA methylation profiles. This would enable to use isoform-specific inhibitors 
to target stage-specific methylation aberrations. Delineating the specific methylation profiles 
and gene expression patterns associated with them and correlating them with specific physi-
ological and pathological outcomes will enhance our understanding of the molecular patho-
physiology of breast cancer, provide important predictive markers, and guide the targeting of 
stage-specific epigenetic therapies.      
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  Summary 

 Current systemic therapies for breast cancer are often limited by their non-specific mechanism 
of action, unwanted toxicities on normal tissues and short-term efficacy due to the emergence of 
drug resistance. Identification of the molecular alterations in key proteins involved in breast cancer 
cell proliferation and survival resulted in development of various signal transduction inhibitors as 
new treatment strategy. Preclinical data support the use of these agents in breast cancer, includ-
ing estrogen receptor positive breast cancer patients in which signalling inhibitors might prevent 
or treat resistance to endocrine therapy. These compounds have generally shown an acceptable 
toxicity profile. However, little clinical activity of signalling inhibitors as monotherapy in breast 
cancer patients has been reported up to now. Furthermore, the preliminary results of clinical trials 
of combinations of signalling inhibitors and endocrine therapies published to day are rather disap-
pointing. These negative findings are likely due to the occurrence of mechanisms of resistance to 
these drugs.  

  Key Words:   Breast cancer ;  Signal transduction ;  Tyrosine kinase ;  EGFR ;  Endocrine therapy ; 
 Resistance    
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  1. INTRODUCTION  

 Breast cancer is a complex and heterogeneous disease in which several different molecular 
alterations are involved in its pathogenesis and progression. The development of high-
throughput technologies has recently underscored such complexity by revealing the existence 
of different subtypes of breast carcinoma that are characterized by specific gene expression 
profiles  (1) . More importantly, the identification of the mechanisms that regulate proliferation 
and survival of tumour cells is leading to the development of novel therapeutic approaches. 
Several different agents, directed against specific signalling molecules expressed in tumour 
cells, have been developed. In most of the cases, the targets of these agents are also expressed 
in normal cells. However, the toxicity profile of these molecules is generally acceptable, and 
the side effects are much more tolerable as compared with conventional cytotoxic agents. 

 Drugs directed against molecular alterations of specific subtypes of breast carcinoma have 
long been approved for clinical use. As a matter of fact, the anti-estrogen tamoxifen is the first 
target-based agent developed in breast cancer. More recently, other endocrine therapies (aro-
matase inhibitors, fulvestrant) have been approved for treatment of estrogen receptor positive 
(ER+) breast cancer  (2) . The anti-ErbB-2 monoclonal antibody trastuzumab has shown signifi-
cant clinical activity in patients with either advanced or early breast cancer that overexpresses 
the ErbB-2 receptor  (3) . More recently, the dual EGFR/ErbB-2 tyrosine kinase inhibitor (TKI) 
lapatinib has been approved for treatment of patients with metastatic breast cancer  (3) . 

 A number of novel agents directed against molecular targets are in clinical development 
in breast cancer. In this regard, we will limit our discussion to signalling inhibitors that are 
in early phase of clinical development, since drugs that are in advanced phase of clinical 
studies or that have already been approved for treatment of breast cancer patients will be 
addressed in a different chapter. We will also focus our discussion on trials of signalling 
inhibitors in monotherapy or in combination with endocrine therapy. Before discussing the 
preclinical and clinical findings obtained with these agents, we will briefly summarize the 
current knowledge on the role of different signalling pathways in the pathogenesis and 
progression of breast cancer. The potential mechanisms of de novo or acquired resistance to 
target-based agents will be discussed for each drug. Finally, the therapeutic strategies in 
which these novel drugs might be employed to prevent or to treat resistance to anti-estrogen 
agents will be discussed.  

  2. MOLECULAR TARGETS IN BREAST CANCER  

 The growth and survival of breast cancer cells is sustained by different growth factor 
receptor-driven signalling pathways. Among these, the role of the epidermal growth factor 
receptor (EGFR) family of tyrosine kinase receptors in the pathogenesis of breast cancer has 
long been established. The EGFR family includes four different receptor tyrosine kinases: 
EGFR (ErbB-1), ErbB-2, ErbB-3 and ErbB-4  (4) . Each of these proteins possesses an extra-
cellular ligand-binding domain, a single hydrophobic transmembrane domain and a cytoplasmic 
tyrosine kinase-containing domain  (5) . The receptors of the ErbB family are activated 
following binding to peptide growth factors of the EGF-family (Table  1 ). Upon ligand binding, 
the ErbB receptors form either homo- or hetero-dimers. Following dimerization, auto- and 
trans-phosphorylation in tyrosine residues of the ErbB receptors occurs  (5) .  

 The expression of the EGFR has been reported in 14–91% of breast carcinomas (Table  2 ) 
 (6,  7) . Overexpression of the EGFR has been linked to a more aggressive breast tumour 
phenotype, with increased potential for invasiveness and metastasis  (4,  6,  7) . In this regard, 
EGFR expression has been related to poorer patient prognosis although the results are discordant. 
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In fact, the prognostic significance of EGFR in breast cancer has been shown in studies with 
short follow-up, whereas it was not confirmed in studies with longer follow-up, suggesting 
that EGFR expression could be associated with early relapse of the disease  (4,  6,  7) . More 
recently, it has been shown that the ‘triple negative’ or ‘basal’ breast cancer subtype 
expresses the EGFR at higher frequency as compared with other subtypes  (8) . Expression of 
ErbB-2 is more restricted and occurs in approximately 30% of human primary breast carci-
nomas. High levels of expression of this receptor generally correlate with poor prognosis, 
although mixed results have also been reported  (4,  6,  7) . ErbB-3 and ErbB-4 expression has 
been also demonstrated to occur at high frequency in breast cancer patients  (4,  6,  7) . 
Co-expression of two or more ErbB receptors has been frequently found in breast carcinoma 
 (4,  7) . In this regard, expression of phosphorylated ErbB-2 or co-expression of ErbB-2 and 
EGFR was associated with the shortest survival in breast cancer patients  (9) . In agreement 
with these findings, co-expression of EGFR, ErbB-2 and ErbB-3 was found to have a negative 
synergistic effect on patient outcome, independent of tumour size or lymph node status  (10) . 
Taken together, these findings support that different ErbB receptors cooperate in sustaining 
the growth of breast carcinoma. The redundancy of expression is not limited to the ErbB 
receptors but it also occurs for EGF-like peptides, such as TGF- a , AR and/or NRG  (11) . 
Finally, ErbB receptors and EGF-like peptides are generally expressed at higher levels in 
estrogen receptor negative (ER-) breast carcinomas as compared with ER+ tumours  (11) . 

  Table 1 
  The ErbB receptors and their cognate ligands    

  ErbB receptor    Ligand  

 EGFR  Epidermal growth factor (EGF) 
   Transforming growth factor  a  (TGF- a ) 
   Amphiregulin (AR) 
   Epigen 
 EGFR and ErbB-4  Betacellulin (BTC) 
   Heparin-binding growth factor (HB-EGF) 
   Epiregulin (EPR) 
 ErbB-2  None 
 ErbB-3 and ErbB-4  Neuregulin 1 (NRG 1) 
   Neuregulin 2 (NRG 2) 
 ErbB-4  Neuregulin 3 (NRG 3) 
   Neuregulin 4 (NRG 4) 
   Tomoregulin 

  Table 2 
   Frequency of expression of ErbB receptors in breast cancer     

  ErbB receptor    Percentage of expression  

 EGFR  14–91% 
 ErbB-2  9–39% 
 ErbB-3  22–90% 
 ErbB-4  82% 
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However, a progressive increase in the levels of expression and of activation of EGFR and 
ErbB-2 has been described in ER+ breast cancer cells that develop resistance to anti-estrogen 
therapy  (2,  12) .  

 Following ligand-induced activation, the tyrosine-phosphorylated receptors become able to 
interact with adaptor proteins that couple the receptors to intracellular signalling pathways  (5) . 
Indeed, the ErbB receptors can activate different intracellular signalling cascades, including the 
phosphatidylinositol 3-kinase PI3K/AKT and the ras/raf/MEK/mitogen-activated protein 
kinase (MAPK) pathways. However, these pathways might also be activated in an ErbB-
independent manner by molecular alterations of signalling proteins or by tyrosine kinase recep-
tors other than the ErbB receptors expressed in tumour cells. As we will discuss later, these 
phenomena might be involved in the resistance of breast cancer cells to anti-EGFR agents. 

 The Ras/Raf/MEK/MAPK pathway is activated by tyrosine kinase receptors through either 
Grb2 and Sos or Shc adaptor proteins  (13) . In turn, Ras activates Raf-1 that, through intermedi-
ate steps, leads to phosphorylation of p42/44 MAPK  (13) . Several studies have demonstrated 
that MAPK signalling promotes proliferation and survival of breast cancer cells  (14) . 
Furthermore, as we will discuss in detail in the next paragraphs, activation of MAPK signalling 
has been associated with resistance to both EGFR targeting agents and endocrine therapy in 
breast carcinoma. Mutations of Ras and B-Raf genes lead to abnormal activation of this path-
way in human cancer. However, Ras mutations have been rarely identified in human primary 
breast cancer  (15) . Surprisingly, Ras mutations have been recently described in 18% of human 
breast cancer cell lines  (16) . Similarly, B-Raf mutations have been identified in 10% of breast 
cancer cell lines whereas they have been found at much lower frequency in primary breast 
tumours  (16) . Taken together, these findings suggest that Ras or Raf mutations might occur in 
a late stage of breast tumour progression, and that they might provide a growth advantage to 
clones of cells that can be therefore isolated as continuous cell lines. 

 The PI3K/AKT pathway is involved in different functions that play an important role in 
tumour progression, such as cell growth, survival, invasion and migration  (17) . A mechanism 
for abnormal PI3K activation in cancer is through somatic mutations in the genes that encode 
positive and negative effectors of this pathway  (18) . In particular, loss of expression or func-
tional loss of PTEN, a powerful negative regulator of PI3K signalling, occurs in different 
cancer types, including breast cancer, and results in constitutive AKT activation  (19,  20) . 
Reconstitution of PTEN expression in PTEN-null cells has been shown to repress AKT, 
inhibit tumour growth via induction of apoptosis or repression of cell proliferation, and 
restore sensitivity to anti-EGFR agents  (21,  22) . However, the frequency of PTEN mutations 
in human primary breast carcinoma is approximately 6%  (23) . More recently, activating 
mutations of the  PIK3CA  gene, which encodes for the PI3K p110 catalytic subunit, were 
found in approximately 25% of primary breast tumours  (24) . 

 One of the main targets of the PI3K/AKT cascade is the mammalian target of rapamycin 
(mTOR)  (17) . Activation of mTOR, in turn, regulates translation initiation through activation 
of ribosomal p70S6 kinase (S6K1) and inactivation of the 4E-BP1 suppressor protein  (17) . 
The  RPS6KB1  gene, which encodes the mTOR effector S6K1, is amplified in approximately 
10% of breast cancer  (25) .  RPS6KB1  gene amplification correlates with ErbB-2 overexpres-
sion in breast tumours, possibly due to coamplification of RPS6KB1with ErbB-2  (25) . It is 
important to underline that the PI3K/AKT pathway is activated by different receptor tyrosine 
kinases, and that it plays an important role in the survival of tumour cells even in absence of 
mutations or amplifications of genes that are involved in its signalling. 

 Increasing evidence suggests a role of Src in breast cancer progression. Src is the proto-
type of a large family of non-receptor protein tyrosine kinases, known as the Src family 
kinases (SFKs)  (26) . The 60-kDa Src protein is composed of a C-terminal tail containing a 
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negative-regulatory tyrosine residue, four SRC homology (SH) domains and a unique amino-
terminal domain, which play different functions in the activation of this kinase  (26) . Src can 
be activated by cytoplasmic proteins, such as focal adhesion kinase (FAK) or its molecular 
partner Crk-associated substrate (CAS), which play a prominent role in integrin signalling, 
and by ligand activated-receptor tyrosine kinases of cell surface receptors, including EGFR 
and ErbB-2  (26) . Src is able to activate several different intracellular signalling pathways, 
including the PI3K/AKT and the Ras/Raf/MEK/MAPK pathways. Src is overexpressed and 
highly activated in a wide variety of human cancers, including breast carcinoma  (27) . In 
particular, in human mammary carcinomas Src kinase activity from 4 to 20-fold higher than 
normal tissues has been described  (27) . A cooperation between Src and EGFR in breast 
cancer tumorigenesis has also been hypothesized  (28,  29) . Src might also play an important 
role in epithelial to mesenchymal transition (EMT) that enhances the metastatic potential of 
tumour cells  (30) . 

 Finally, angiogenesis, the formation of new blood vessels from the existing vasculature, 
is essential for the growth of the primary tumour and for the formation of metastasis. One of 
the key molecules responsible for the regulation of tumour-associated neoangiogenesis is 
vascular endothelial growth factor-A (VEGF-A, from now referred as VEGF), although 
additional growth factors, such as interleukin-8 (IL-8), basic fibroblast growth factor (bFGF) 
and the EGFR ligands EGF and TGF- a , might play a role in this phenomenon  (31–  33) . 
VEGF binds two related receptor tyrosine kinases: VEGFR-1 (Flt-1) and VEGFR-2 (Flk/
KDR)  (31) . VEGFR-1 is a potent, positive regulator of physiologic and developmental ang-
iogenesis and is thought to be important for endothelial cell migration and differentiation. 
VEGFR-2 mediates the majority of the downstream effects of VEGF, including vascular 
permeability, endothelial cell proliferation, invasion, migration and survival. An additional 
VEGFR related receptor (VEGFR-3) is involved in lymphangiogenesis  (34) . 

 Increased VEGF expression has been observed in breast cancer patients. Although a clear 
correlation between levels of VEGF and tumour progression has not been established yet, 
several studies suggested that a correlation might exist between high VEGF expression and 
poor clinical outcome in breast cancer  (35) . High VEGF levels have also been linked with a 
lack of response to radiotherapy and chemotherapy  (35) . These observations support the 
rationale for the use of anti-VEGF agents in breast cancer.  

  3. ANTI-EGFR DRUGS IN BREAST CANCER  

 In the past two decades several agents direct against the EGFR have been explored for their 
anti-tumour activity. Monoclonal antibodies that block the interaction between the EGFR and 
its ligands and TKIs, which directly inhibit tyrosine kinase phosphorylation by physical inter-
action with either the ATP and/or the enzyme substrate binding site, are in advanced phase of 
clinical development in different tumour types  (7) . We will focus our discussion on the EGFR-
TKIs gefitinib and erlotinib, for which preclinical and clinical data in breast cancer are avail-
able (Table  3 ).  

  Gefitinib  (ZD1839/Iressa) is an orally active, specific EGFR tyrosine kinase inhibitor. This 
drug is able to block the in vitro and in vivo growth of a wide range of EGFR-expressing human 
cancer cell lines, including breast cancer cells  (36–  39) . The activity of this molecule is generally 
cytostatic, although it was shown to induce apoptosis in several cancer cell lines  (37–  40) . The 
anti-tumour activity of gefitinib does not depend on the levels of expression of the EGFR but it 
might be correlated with the total levels of expression of the different ErbB receptors  (38) . 

 Several phase II clinical trials with gefitinib as single agents in breast cancer patients have 
been reported (Table  4 )  (41) . These studies showed that gefitinib is well tolerated at daily 



  Table 3 
   Signal transduction inhibitors in early phase of clinical development in breast cancer     

  Target    Drug    Other sites of action(s)  

 EGFR  Gefitinib  None 
   Erlotinib  ErbB-2 
 VEGFR1  Sorafenib  VEGFR2,VEGFR3, PDGFR- b , KIT 
   Sunitinib  VEGFR1, VEGFR2, VEGFR3, PDGFR- a  and - b , 

KIT, RET, FLT3, CSF-1R 
   Vandetanib  VEGFR2, EGFR, RET 
 Farnesyltransferase  Tipifarnib  For all FTIs: 
   Lonafarnib  lamin A, PxF, RhoB, cyclic guanosine monophosphate 

phosphodiesterase  a , rhodopsin kinase, transducin 
   AZD3409  geranylgeranyl transferase 
 Src  Dasatinib  Abl 
   AZD0530  Abl 
   Bosutinib  Abl 
 MEK 1/2  AZD6244  None 

    Abbreviations : CSF-1R, colony-stimulating factor 1 receptor; FLT3, FMS-like tyrosine kinase 3, 
PDGFR, platelet-derived growth factor receptor; PxF, human perioxisomal farnesylated protein  
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doses of 500 mg. Skin rashes and diarrhoea were the most frequent adverse effects. The 
majority of events were mild to moderate in severity and reversible on cessation of treatment. 
However, gefitinib did not show significant activity in these studies. Albain and co-workers 
enrolled 63 patients with metastatic breast cancer in a trial of daily administration of gefitinib 
(500 mg/die)  (42) . Of the 63 patients, 27 (43%) expressed ER and 17 (27%) had high levels 
of ErbB-2 expression. The majority of the patients were heavily pretreated with several lines 
of chemotherapy and/or hormonal therapy. All ErbB-2 positive patients had been previously 
treated with the anti-ErbB-2 antibody trastuzumab. Only one patient had partial remission 
(PR), whereas stabilization of the disease (SD) lasting at least 4 months was observed in five 
patients. In the study by von Minckwitz et al.  (43) , 58 patients with advanced breast cancer 
were enrolled. One patient (1.7%) had PR, and 51 patients (98.3%) had progressive disease 
(PD). No significant clinical activity of gefitinib in pretreated advanced breast cancer 
patients was also reported by Baselga et al.  (44)  and Robertson et al.  (45) . However, in the 
latter study, a disease control rate of 66.6% was observed in a small cohort of ER+ tamoxifen 
resistant patients. Pharmacodynamic studies in breast cancer patients treated with gefitinib 
showed that EGFR phosphorylation was successfully inhibited in tumour biopsies in all 
patients  (44) . This observation suggests that lack of clinical response is due to lack of tumour 
dependence upon EGFR rather than incomplete receptor blockade. Furthermore, no correlation 
between receptor expression and response was observed in these studies.  

 The above summarized findings suggest that resistance to anti-EGFR agents is a common 
phenomenon in breast cancer patients. In this regard, different preclinical studies suggested 
that high levels of activation of MAPK and AKT might mediate resistance to gefitinib 
 (36,  39,  46) . The PI3K/AKT pathway was accounted as the main mediator of the resistance 
of breast cancer cells to EGFR-TKIs  (36,  39) . In particular, PTEN-null breast cancer cells, 
which have high constitutive levels of activation of AKT, were found to be resistant to the 
growth inhibitory effect of gefitinib  (36,  39) . Furthermore, as above described, reconstitution 



  Table 4 
   Summary of clinical phase II trials of selected target-based 

agents as monotherapy in breast cancer     

  Drug    Dose (mg/die)    N. pts    ORR (%)    CBR (%)    Reference    Notes  

 Gefitinib  500  63  1.6  9.5   (42)   MBC 
 Gefitinib  500  58  1.7  1.7   (43)   MBC 
 Gefitinib  500  31  0  9.7   (44)   MBC 
 Gefitinib  500  18  5.5  11   (45)   ER  
 Gefitinib  500  9  11.1  66.6   (45)   ER+ 
 Erlotinib  150  69  2.9  14.5   (54)   MBC or 

LABC 
 Sorafenib  400  23  5  10   (56)   MBC 
 Sorafenib  400/twice daily  54  1.8  38.8   (57)   MBC 
 Sunitinib  50  64  11  16   (61)   MBC 
 Vandetanib  100  22  0  0   (65)   MBC 
 Vandetanib  300  24  0  4.2   (65)   MBC 
 Tipifarnib  CD 300 or 400 b.i.d.  41  10  24   (70)   MBC 
 Tipifarnib  ID 300 b.i.d.  35  14  23   (70)   MBC 

    Abbreviations : CD, continuous dosing; ID intermittent dosing; CBR, clinical benefit rate; MBC, meta-
static breast cancer; LABC, locally advanced breast cancer; ORR, objective response rate  
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of PTEN function in these cells restored sensitivity to gefitinib and re-established EGFR-
stimulated AKT signalling  (21,  22) . In agreement with these findings, gefitinib was found to 
inhibit MAPK but not AKT activation in tumour biopsies obtained from patients treated with 
this drug  (44) . Activation of the insulin-like growth factor type 1 receptor (IGF-1R), a tyro-
sine kinase receptor that is a powerful activator of PI3K/AKT signalling, has also been 
associated with both de novo and acquired resistance to gefitinib  (47,   48) . In fact, Camirand 
et al.  (48)  showed that blockade of IGF-1R increased the anti-tumour effects of gefitinib in 
breast cancer cells. Furthermore, prolonged treatment with gefitinib of tamoxifen-resistant 
MCF-7 breast cancer cells generated cells with acquired resistance to gefitinib (TAM/TKI-
R)  (47) . The resistance to this drug was associated with no detectable basal EGFR activity 
and minimal MAPK activity, but with significantly high levels of IGF-1R and AKT activity 
as compared with parental TAM-R cells. It has also been recently shown that breast cancer 
cells that co-express EGFR, ErbB-2 and ErbB-3, such as SK-Br-3 cells, escape the activity 
of EGFR-TKIs through ErbB-2-dependent activation of the ErbB-3/PI3K/AKT pathway 
 (49) . However, this mechanism of resistance developed following short treatment with 
EGFR-TKIs (up to 96 h), whereas breast cancer patients have been treated for much longer 
periods in clinical trials of gefitinib  (41) . 

 Evidence suggests that MAPK signalling might also be involved in the resistance of 
breast cancer cells to gefitinib. Indeed, gefitinib was not able to efficiently down-regulate the 
activation of both the MEK/MAPK and the PI3K/AKT pathways in breast cancer cells with 
relative resistance to this drug, such as the MDA-MB-468 cell line  (46) . The growth of these 
cells was significantly inhibited by treatment with either the PI3K-inhibitor LY294002 or the 
MEK-inhibitor PD98059 and a synergistic anti-tumour effect was observed when this cell 
line was treated with a combination of gefitinib and both MEK and PI3K inhibitors  (46) . 
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These findings suggest that both pathways are involved in the intrinsic resistance of these 
cells to gefitinib. In addition, persistent EGFR-independent activation of MAPK was 
observed in three different gefitinib-resistant breast cancer cell lines that were generated by 
exposing cells for long term (5–8 months) to the drug  (50) . In particular, gefitinib-resistant 
SK-Br-3 cells showed an increased sensitivity to the MEK inhibitor PD98059 as compared 
with wild-type SK-Br-3 cells, and a synergistic anti-tumour effect was observed when resistant 
cells were treated with a combination of gefitinib and PD98059  (50) . 

 An unexpected activity of gefitinib on bone pain in breast cancer patients has been 
reported. In particular, Albain et al.  (42)  enrolled in their study of gefitinib in breast cancer 
12 patients with bone metastasis and bone pain. Surprisingly, 5 out of 12 patients had a 
significant relief of bone pain, leading to the complete withdrawal of all scheduled narcotics 
in several cases. Due to the impressive effects on bone pain palliation, two patients were 
maintained on gefitinib despite objective progression of the disease. A significant improve-
ment in bone pain was also reported in a patient enrolled in the study by von Minckwitz  (43) . 
In this regard, we have shown that gefitinib affects the ability of bone marrow stromal cells 
to secrete pro-osteoclastogenic factors such as macrophage colony stimulating factor 
(M-CSF), which induces proliferation and differentiation of pre-osteoclast cells, and recep-
tor activator of NF-kB ligand (RANKL) that is involved in fusion and activation of these 
cells  (51) . Accordingly, treatment with gefitinib reduced the ability of MSC-like cells to 
induce osteoclast differentiation  (51) . 

  Erlotinib  (OSI-774/Tarceva) is an orally available, reversible inhibitor of the EGFR tyrosine 
kinase. This drug is able to specifically block the kinase activity of purified EGFR and EGFR 
autophosphorylation in intact cells with IC50 values of 2 and 20 nM, respectively  (7) . In pre-
clinical studies erlotinib has shown a potent anti-tumour activity in many cell lines, including 
breast cancer cells  (7) . It has been suggested that erlotinib is also able to block ErbB-2 kinase 
in intact cells through direct interaction with ErbB-2  (52) . However, this drug is 12-fold less 
active against ErbB-2 kinase if compared with the EGFR kinase. In agreement with these find-
ings, Guix et al.  (53)  showed that erlotinib at the concentration of 3  m M was able to directly 
inhibit ErbB-2 activation in cells engineered to express only this receptor, whereas 0.1  m M of 
the drug was sufficient to block the activation of the EGFR. Interestingly, 1  m M erlotinib was 
able to block EGFR-dependent ErbB-2 activation in cells expressing both receptors. 

 In a phase II clinical trial 69 patients with locally advanced or metastatic breast cancer 
were enrolled and treated with erlotinib (150 mg/die) as monotherapy (Table  4 )  (54) . The 
patients were divided in 2 arms. Arm 1 included 47 patients who had received previous 
anthracycline, taxane and capecitabine therapy. In this arm, one patient had PR and six 
patients had SD longer than 12 weeks. Arm 2 included 22 patients who had received differ-
ent previous treatment for metastatic breast cancer. In this group, one patient had PR and two 
patients had SD longer than 8 weeks. The most common side effects were skin rashes (78%) 
and diarrhoea (59%). 

 In the study of Guix et al.  (53) , 52 patients with untreated operable breast cancer (stage I 
to IIIA) were enrolled. They received erlotinib (150 mg/die) orally for 6–10 days until 
approximately 24 h before surgery. Of 52 patients, 41 completed treatment. The most com-
mon adverse effect was rash. Immunohistochemical analysis revealed that only 5 tumours 
were EGFR positive, 20 were ER+/progesterone receptor (PR)+ and 3 tumours were ER+/PR–. 
Moreover, nine patients expressed ErbB-2 and nine patients were triple negative. Some 
tumours exhibited detectable pEGFR ( n  = 5) and pErbB-2 ( n  = 9) in pretherapy specimens, 
which were markedly reduced after treatment. Erlotinib also induced a statistically significant 
reduction of AKT and MAPK phosphorylation. In ER+ breast carcinomas, a reduction in the 
levels of ER phosphorylation at ser118 was also observed following treatment with this 
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drug. A complete cell cycle response, as defined by a <1% Ki67 index after neoadjuvant 
therapy, was observed in 17 patients, 16 of which were ER+. 

 In conclusion, phase II studies have suggested that the EGFR TKIs gefitinib and erlotinib as 
monotherapy do not have a significant efficacy in a non-selected, heavily pretreated population 
of patients with metastatic breast cancer. In addition, no data have been reported up to now to 
support the use of combinations of EGFR-TKIs and chemotherapy in breast cancer patients.  

  4. VEGFR SIGNALLING INHIBITORS IN BREAST CANCER  

 Several therapeutic agents that block VEGFR signalling have been developed and are in 
clinical development  (34) . In particular, the monoclonal antibody bevacizumab that blocks 
VEGF has been recently approved for treatment of breast cancer patients. The preclinical 
and clinical findings with this compound are described in a different chapter. Several differ-
ent tyrosine kinase inhibitors that bind to and block the catalytic site of the tyrosine kinase 
domain of VEGFRs are in early clinical development in breast cancer, and the results 
obtained with these drugs are described (Tables  3  and  4 ). 

  Sorafenib  (BAY 43-9006/Nexavar) is an orally active, multikinase inhibitor with a broad 
spectrum of anti-tumour activity on cancer cell proliferation and angiogenesis  (55) . Preclinical 
studies demonstrated that sorafenib inhibited Raf kinase isoforms (Raf-1, wild-type B-Raf and 
mutant B-Raf). As an inhibitor of Raf kinase, this drug is able to decrease phosphorylation of 
p42/44 MAPK in tumour cell lines. Indeed, sorafenib treatment completely blocked activation 
of MAPK pathway in MDA-MB-231 breast cancer cells that carry mutation of both KRas and 
BRaf. However, sorafenib had no effect on AKT activation in MDA-MB-231 cells, thus dem-
onstrating its selectivity for the inhibition of the MAPK pathway  (55) . Biochemical assays 
showed that sorafenib also inhibits several receptor tyrosine kinases involved in angiogenesis 
such as VEGFR-2, VEGFR-3, platelet-derived growth factor receptors (PDGFR)-  b , and stem-
cell factor receptor (c-KIT). The inhibition of receptor tyrosine kinases autophosphorylation 
occurred at significantly lower drug concentration as compared with the blockade of the Raf/
MEK/MAPK pathway, which might require inhibition of multiple Ras isoforms  (55) . Once 
daily oral dosing of sorafenib demonstrated broad-spectrum anti-tumour activity in colon, 
breast and non–small-cell lung cancer xenograft models, with MDA-MB-231 breast cancer 
cells showing the highest sensitivity to sorafenib  (55) . A close association between inhibition 
of tumour growth and inhibition of the Raf/MEK/MAPK pathway was demonstrated in some 
but not all models  (55) . However, significant inhibition of neovascularization was found in all 
the xenograft models, suggesting that both the anti-tumour and the anti-angiogenic effects 
contribute to the growth inhibitory activity of sorafenib  (55) . 

 Phase II clinical trials of sorafenib in patients with metastatic breast cancer have been 
reported. Moreno-Aspitia et al.  (56)  enrolled 23 patients with metastatic breast cancer in a 
trial in which sorafenib was administered at the dose of 400 mg twice daily on days 1–28 of 
each 4-week cycle. The dose was reduced to 400 mg/die due to skin toxicity, hypertension, 
and cramps. The majority of patients had previously received an anthracycline and/or taxane 
treatment in neoadjuvant, adjuvant or metastatic setting. The most frequent side effects were 
grade 3 acne, skin reaction, neutropenia, cough and prolonged PTT. Of 20 eligible patients, 
only 1 (5%) had PR with duration of 3.6 months and 1 had SD for almost 6 months. At 6 
months, the overall survival (OS) rate was 81% and the progression-free survival (PFS) rate 
was 6% with a median time to progression of 2 months. In the study of Bianchi et al.  (57) , 
54 patients with metastatic breast cancer, who had failed almost one prior chemotherapy, 
received a dose of 400 mg twice daily until tumour progression or unacceptable toxicity. 
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Most of patients had ER+/PR+ tumours. The most frequent side effect was grade 4 increase 
of  g GT. Of 54 patients, only 1 (1.8%) patient had PR, whereas 20 (37%) patients had SD, 
with prolonged stabilization for 4 and 6 months occurring in 22% and 11% of the patients, 
respectively. Higher circulating ErbB-2 levels and/or higher baseline serum VEGF levels 
were associated with shorter time to progression. Studies of sorafenib in combination with 
chemotherapeutic agents are underway in metastatic breast cancer patients. 

  Sunitinib  (SU11248, Sutent) is an oral, multitarget receptor tyrosine kinase inhibitor of 
VEGFR1, VEGFR2 and VEGFR3, PDGFRs- a  and - b , c-KIT, glial cell line-derived neuro-
trophic factor receptor (REarranged during Transfection; RET), FMS-like tyrosine kinase 3 
(FLT3), and colony-stimulating factor 1 receptor (CSF-1R)  (34) . 

 In breast cancer tumour xenograft models sunitinib demonstrated effective anti-tumour activ-
ity  (58) . Moreover, activity of sunitinib has been demonstrated in an in vivo model of breast 
cancer bone metastases and tumour-associated osteolysis  (59) . In phase I studies of Sunitinib in 
patients with solid tumours, various schedules were used, including a 3-week cycle consisting 
of treatment for 2 weeks followed by a 1-week rest period (schedule 2/1), a 4-week cycle com-
prising treatment for 2 weeks followed by a 2-week rest period (schedule 2/2), or a 6-week cycle 
of treatment for 4 weeks followed by a 2-week rest period (schedule 4/2). These schedules 
explored both daily and every other day administration, and incorporated planned rest periods 
due to the prolonged half-life of the compound and evidence of accumulation with continuous 
daily dosing. Dose-limiting toxicities of fatigue, asthenia and thrombocytopenia occurred at 75 
mg/die    on all the schedules, thereby establishing the recommended phase II dose of 50 mg/die 
 (60) . A phase II study of sunitinib in patients with anthracycline-resistant and taxane-resistant 
metastatic breast cancer was recently reported  (61) . Sixty-four patients received sunitinib at dose 
50 mg/die (schedule 4/2). The overall response rate (ORR) was 11%, with seven patients achiev-
ing a PR. Three additional patients (5%) had SD for at least 6 months yielding a clinical benefit 
rate of 16%. Interestingly, among the triple negative patients, the response rate was 15% and in 
ErbB2-positive, trastuzumab-treated patients, the response rate was 25%. The most frequently 
reported adverse effects were fatigue, followed by nausea, diarrhoea, mucosal inflammation and 
anorexia. Most adverse effects were mild to moderate (grades 1 to 2) in severity. Grade 3/4, 
transient neutropenia was experienced by 34% of patients. The higher incidence of neutropenia 
reported here may be due to the heavily pretreated nature of the study population. Fifty-six 
percent of patients had their dose interrupted or reduced as a result of an adverse effect, but none 
was considered to have discontinued treatment due to an adverse effect. 

 Phase II and phase III clinical trials of sunitinib in combination with chemotherapeutic 
agents or target-based agents (bevacizumab or trastuzumab) are ongoing. 

  Vandetanib  (ZD6474, Zactima) is a small molecule receptor tyrosine kinase inhibitor that 
inhibits VEGFR2, EGFR and RET  (34) . Vandetanib has shown anti-tumour activity in a broad 
range of preclinical models  (62–  64) . Phase I studies of vandetanib in patients with advanced 
solid tumours have demonstrated that the once daily oral administration at 100–300 mg/die is 
well tolerated  (34) . In a phase II clinical trial 46 patients with metastatic breast cancer, who 
had received prior treatment with an anthracycline and taxane, were treated orally with van-
detanib as single agent  (65) . Patients were randomized in two groups that received respec-
tively 100 or 300 mg/die of vandetanib. Diarrhoea and rash were the most frequent adverse 
effects and increased with dose. Rash was reported by 26% of patients overall but was never 
worse than grade 2. No objective responses were observed; one patient in the 300 mg group 
had SD for  ³ 24 weeks. Studies of vandetanib in combination with chemotherapeutics agents 
in breast cancer are underway. In this regard, a randomized phase II study of the combination 
of vandetanib plus docetaxel versus docetaxel plus placebo as second line treatment for 
advanced breast cancer failed to demonstrate any advantage for the combination  (66) .  
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  5. INHIBITORS OF INTRACELLULAR SIGNAL 
TRANSDUCTION PATHWAYS  

 A number of drugs targeting intracellular signal transduction pathways are being explored 
in breast cancer patients. In particular, agents directed against the PI3K/AKT, the ras/raf/
MAPK and the Src pathways have shown anti-tumour activity in preclinical models of breast 
cancer (Table  3 ). Up to now, the encouraging preclinical findings have not been confirmed 
for the majority of these agents in clinical trials in breast cancer patients. The main preclini-
cal and clinical results of studies conducted with inhibitors of intracellular signalling path-
ways in early phase of clinical development are summarized in this paragraph. Drugs in 
phase III clinical trials (temsirolimus and everolimus) are described in a different chapter. 

 Ras proteins undergo several post-translational modifications that facilitate their attach-
ment to the inner face of the plasma membrane. Among these, the most crucial modification 
is the covalent attachment of a farnesyl isoprenoid lipid to a cysteine residue in the COOH-
terminal of Ras proteins that is catalysed by the enzyme farnesyl transferase  (13) . Farnesyl 
transferase inhibitors (FTIs) are potent inhibitors of this enzyme. However, many potential 
substrates for FTIs independent of Ras have been identified, such as lamin A and human 
perioxisomal farnesylated protein (PxF), both of which have been used as surrogate markers 
of farnesylation, RhoB, cyclic guanosine monophosphate phosphodiesterase a, rhodopsin 
kinase and the g subunit of the retinal protein, transducin  (67) .The FTIs currently in clinical 
development are the orally active compounds tipifarnib, lonafarnib and AZD3409. 

  Tipifarnib  (R115777, Zarnestra) has shown anti-tumour activity in breast cancer preclini-
cal models in vitro and in vivo  (68) . In particular, tipifarnib inhibited the growth of MCF-7 
cells, which express wild-type Ras, at submicromolar concentration. In addition, in mice 
bearing MCF-7 xenografts treatment with this drug slowed the rate of tumour growth with a 
cytostatic effect  (68) . More recently, a synergistic anti-tumour effect of combination of tipi-
farnib and 4-hydroxy-tamoxifen was observed in MCF-7 cells  (69) . Several phase I studies 
of tipifarnib in cancer patients have been performed with different dosing schedules  (67) . 
Continuous dosing was associated with severe toxicities. Dose-related diarrhoea, nausea, 
vomiting, renal dysfunction and myelosuppression were observed. A phase II study of tipi-
farnib, as single agent, in endocrine therapy, and/or chemotherapy-resistant patients with 
metastatic breast cancer, has shown encouraging results (Table  4 )  (70) . A total of 76 patients 
were treated with tipifarnib, either as a continuous dose of 300 or 400 mg b.i.d. ( n  = 41) or 
an intermittent dose of 300 mg b.i.d. for 21 days followed by 7 days of therapy ( n  = 35). In 
the continuous treatment arm, there were four PR (10%) lasting 4–12 months and six patients 
with SD (15%) for at least 6 months. In the intermittent treatment arm, there were five PR 
(14%) and three patients with SD (9%). However, the incidence of hematologic and neuro-
logic toxicities was significantly higher in the continuous treatment arm as compared with 
the intermittent arm. Phase II studies of tipifarnib in combination with chemotherapeutic 
agents are ongoing. 

  Lonafarnib  (SCH66336, Sarazar) has shown to inhibit the in vitro anchorage-independent 
growth of many human tumour cell lines and the growth of a number of human xenografts 
in a dose-dependent manner  (71) . In phase I trials of Lonafarnib in solid tumours various 
dosing schedules were examined, but continuous dosing was associated with intolerable 
toxicities  (67) . The dose limiting toxicity was usually gastrointestinal. Fatigue, which was 
severe at higher doses, and myelosuppression, generally brief durations of leucopenia and 
neutropenia, were noted. Reversible renal dysfunction was also seen, but only in patients 
with diarrhoea and/or nausea and vomiting, and was likely to be due to dehydration. 
Occasional responses were observed in phase I trials  (67) . Phase II studies of Lonafarnib in 
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combination with aromatase inhibitors (anastrozole) or trastuzumab plus chemotherapeutic 
agents (paclitaxel) are ongoing. 

  AZD3409  is a novel prenyl transferase inhibitor that was designed to mimic the C-terminal 
CAAX (CVIM:cysteine, valine, isoleucine, methionine) sequence of KRas 4B, the Ras isoform 
most commonly mutated in human cancers  (72,  73) . This compound has shown activity 
against both farnesyl transferase and geranylgeranyl transferase I in isolated enzyme studies. 
AZD3409 was able to inhibit the growth of tumour cells carrying either mutated or wild-type 
Ras  (72,  74) . Interestingly, in preclinical studies it has been demonstrated that AZD3409 
significantly affected the growth of breast cancer cells with intrinsic resistance to gefitinib 
 (75) . In particular, the combined treatment with AZD3409 and gefitinib of gefitinib-resistant 
breast cancer cells resulted in a synergistic anti-tumour effect  (75) . 

 Results of a phase I trial of AZD3409 in patients with advanced solid malignancies were 
recently published  (76) . Twenty-nine patients were treated at seven dose levels, starting from 
500 mg AZD3409 once daily. The MTD was defined as 750 mg b.i.d. in the fasted state. Adverse 
events were mainly gastrointestinal and the severity was on average mild to moderate and revers-
ible. The dose-limiting toxicities were vomiting, diarrhoea and uncontrolled nausea. 
Pharmacodynamic studies also showed that farnesyltransferase was inhibited at all dose levels. 

 Several inhibitors of Src are in clinical development in different tumour types, including 
breast cancer. 

  Dasatinib  (BMS-354825) is a novel orally active small molecule kinase inhibitor of both 
SRC and Abl proteins. Dasatinib competes with ATP in binding to these kinases, and inhibits 
their autophosphorylation with IC50s value of 0.55 and 3.0 nM, respectively  (77) . Preclinical 
studies demonstrated that dasatinib significantly inhibits the growth of different breast can-
cer cell lines with IC50s ranging between 5.5 and 600 nM  (78,  79) . Analysis of a wide panel 
of breast cancer cell lines revealed a significant relationship between breast cancer subtype 
and sensitivity to dasatinib  (79) . In fact, breast cancer cell lines belonging to the basal-sub-
type or that have undergone epithelial to mesenchymal transition (EMT) were found to be 
the most sensitive to this drug  (79) . Interestingly, a set of three genes, moesin, caveolin-1 and 
YAP-1, whose elevated expression is associated with response to dasatinib, was identified 
 (79) . A six gene signature, including caveolin 1 and 2, annexin A1, EPH receptor A2, 
polymerase I and transcript release factor and insulin-like growth factor binding protein 2, 
was also found to predict sensitivity to dasatinib  (78) . Interestingly, this gene signature was 
observed in basal-like breast tumours, thus confirming the potential sensitivity of this sub-
type for dasatinib  (78) . Following these findings, a phase II clinical trial of dasatinib in 
recurrent or locally advanced triple negative breast cancer has been planned. Results from 
phase I clinical trial of dasatinib in solid tumours have been reported. In a dose-escalation 
study, 19 patients with solid tumours, including 1 breast cancer patient, were enrolled  (80) . 
Patients received dasatinib as oral dose of 35, 50 or 70 mg b.i.d. for 5 days followed by 
2 days break, every week. Toxicity included grade 3 lymphopenya, anorexia and elevation of 
alkaline phosphatase; no dose-limiting toxicity was observed. Of 19 evaluable patients, 5 had 
SD for a median duration of 3 months whereas no objective response was observed. A phar-
macodynamic study showed that, on the b.i.d. regimen, Src phosphorylation was inhibited in 
a dose-dependent manner, by assessing Src activation in peripheral blood mononuclear cells 
 (81) . A phase I study of dasatinib and capecitabine in patients with advanced breast cancer 
is ongoing. 

  AZD0530  is a novel, orally active anilinoquinazoline with a high affinity and specificity 
for the tyrosine kinase domain of Src and Abl, which are inhibited at low nanomolar concentra-
tions of the drug  (82) . In preclinical studies, AZD0530 was able to inhibit the anchorage-
independent growth of MCF-7 breast cancer cells wild-type    or stably expressing a mutant 
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ER with increased sensitivity to estrogen  (83) . However, these effects were reversed by 
estrogen. A cooperative inhibitory effect was observed when ER+ breast cancer cells were 
treated with a combination of AZD0530 and tamoxifen, suggesting that therapeutic use of 
this drug in ER+ breast cancer patients might require blockade of ER signalling  (83) . 
Interestingly, AZD0530 also reduced motility and invasion of MCF-7 cells with acquired 
resistance to tamoxifen  (84) . MCF-7 cells resistant to tamoxifen display increased levels of 
EGFR expression as compared with wild-type cells, and an additive effect in inhibition of 
cell motility and invasion was observed following treatment with a combination of AZD0530 
and gefitinib  (84) . Furthermore, combined treatment of MCF-7 cells with AZD0530 and 
tamoxifen was found to prevent the emergence of clones with acquired resistance to anti-
estrogen therapy  (85) . Taken together, these findings provide a strong rationale for the devel-
opment of AZD0530 in ER+ breast cancer patients. 

 The results of a phase I and pharmacodynamic study of AZD0530 have been recently 
reported  (86) . Patients received daily doses of AZD0530 ranging from 50 to 250 mg. The 
daily dose of 175 mg/die was defined as the maximum tolerated dose. Dose limiting toxici-
ties (DLTs) occurred in three patients at 250 mg [leukopenia; septic shock (grd5) with renal 
failure; asthenia] and in two patients at 200 mg (febrile neutropenia; dyspnea). Thirteen 
patients were treated for 12 weeks or more. In agreement with preclinical findings, a consist-
ent modulation of phosphorylation and/or cellular localization of tumour paxillin and FAK, 
two targets of Src tyrosine kinase, was observed in patients treated with AZD0530. Finally, 
AZD0530 therapy produced a significant decrease in markers of osteoclast-mediated bone 
resorption with a dose response trend. 

  Bosutinib  (SKI-606) is an orally active inhibitor of Abl and Src kinases. Treatment of 
MDA-MB-231 breast cancer cells with bosutinib produced a marked inhibition of cell pro-
liferation, invasion and migration, as well as a significant inhibition of MAPK and AKT 
activation  (87) . Bosutinib also efficiently blocked the in vivo growth of MDA-MB-231 cells, 
and this phenomenon was associated with significant reduction in Src phosphorylation at 
Tyr416  (87) . In a phase I study of bosutinib, the MTD was found at 500 mg/die once daily 
 (88) . However, the recommended dose for phase II studies was 400 mg, due to significant 
grade 2 gastrointestinal toxicity observed in patients treated with 500 mg. The most frequent 
adverse effects were nausea, diarrhoea, anorexia, asthenia and vomiting. Stabilization of the 
disease for more than 24 weeks was observed in 3/51 patients, including one breast cancer 
patient. Bosutinib as monotherapy is currently in phase II study in patients with advanced or 
metastatic breast cancer. 

 A number of MEK inhibitors are in preclinical and clinical development in different 
tumour types. Data in breast cancer are available only for  AZD6244 (ARRY-142886),  a highly 
specific MEK 1/2 inhibitor  (89) . This drug binds to the allosteric inhibitor binding site and 
locks MEK 1/2 in an inactive conformation. The IC50 value of AZD6244 against purified 
constitutively activated MEK 1 and 2 is about 14 nM  (89) . This drug has no inhibitory effects 
on several serine/threonine and tyrosine kinases up to doses of 10  m M  (89) . Preclinical stud-
ies have evaluated the sensitivity of a wide panel of cancer cell lines, including breast cancer 
cells, to AZD6244  (89,  90) . Tumour cells carrying activating Ras and/or B-Raf mutations 
were found to be more sensitive to AZD6244 as compared with those possessing wild-type 
genes. For example, SK-Br-3, MDA-MB-468, BT-474 and Zr-75-1 breast cancer cells that 
have Ras and Raf wild-type genes are relatively resistant to AZD6244, whereas MDA-MB-231 
cells, which carries KRas and B-Raf mutations, are moderately sensitive  (89,  90) . However, 
AZD6244 was found to inhibit the in vivo growth of ZR-75-1 xenografts despite little effects 
on cell viability in vitro. The efficacy of AZD6244 observed in this tumour models might be 
due, in part, to in vivo inhibition of angiogenesis  (89) . It is also possible that in vivo tumour 
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growth is more sensitive to MEK inhibition due to the interactions between tumour and host 
factors that might affect the levels of activation and the role of MEK 1/2 in tumour growth. 

 In a phase I clinical trial, 57 patients with solid tumour, including breast cancer, were 
enrolled  (91) . Most of the patients had received prior chemotherapic treatments, radiation or 
surgery. Patients were treated with AZD6244 as oral doses of 50, 100, 200 and 300 mg b.i.d./
die. The most frequent side effects were acne-form rash, diarrhoea, nausea and fatigue. The 
toxicity was dose dependent and resolution occurred with dose reduction and/or interruption 
of treatment. AZD6244 was well tolerated up to 100 mg b.i.d.. Complete inhibition of 
MAPK phosphorylation in peripheral blood mononuclear cells (PBMCs) was observed 1 h 
after drug administration. Up to 90% inhibition of MAPK phosphorylation was seen in the 
samples on day 15 or 22, indicating that target inhibition was maintained throughout the 
b.i.d. dosing regimen and suggesting that PBMC pMAPK might be a biomarker of MEK1/2 
inhibition. Analyses of paired tumour samples collected before and after treatment showed 
that treatment with AZD6244 produced a significant inhibition of MAPK phosphorylation 
in tumour tissue. Ki-67 labelling index was also reduced in these samples but not as consist-
ently as pMAPK. The best clinical response was SD, lasted for 5 or more months in nine 
patients (16%). In this small cohort of patients no correlation was found between activity of 
AZD6244 and mutational status of Ras or Raf. Phase II clinical trials are ongoing.  

  6. ENDOCRINE THERAPY IN COMBINATION 
WITH SIGNALLING INHIBITORS  

 Despite improvements in the efficacy of endocrine therapy for breast cancer, the occurrence 
of de novo or acquired endocrine resistance represents the major limit of this therapeutic 
approach. Preclinical and clinical studies have demonstrated that activation of growth factor-
driven signalling pathways mediates both the intrinsic and acquired resistance to endocrine 
agents. These mechanisms have been extensively reviewed by our group in a recent publication 
and therefore they will be briefly summarized in the next paragraphs  (2) . More importantly, the 
results of preclinical studies provided the rationale for clinical investigation of combinations 
of different inhibitors with anti-estrogen agents with the aim to prevent the emergence of 
resistance or to restore anti-hormone responsiveness in resistant cells. The results of some of these 
trials have been recently reported and these findings are commented (Table  5 ).      

 Increased levels of expression of EGFR and/or ErbB-2 and increased sensitivity to anti-
EGFR agents have been found in breast cancer cell lines with acquired resistance to 
tamoxifen and to fulvestrant, as well as in estrogen-dependent cells cultured for long term in 
absence of estrogen, an in vitro condition that resembles anti-estrogen therapy in vivo 
 (92,  93) . Breast cancer xenografts in immunocompromised    mice with acquired resistance to 
letrozole have been recently established  (94) . These tumours also showed increased EGFR/
ErbB-2 signalling and increased response to the EGFR-TKI gefitinib  (94) . In addition, it has 
been shown that treatment of breast cancer cells with combinations of anti-EGFR and/or 
anti-ErbB-2 drugs and endocrine agents prevents the occurrence of resistant clones  (95,  96) . 
Finally, increased levels of EGFR and/or ErbB-2 have been shown to be associated with 
reduced effects of tamoxifen, particularly in the ER+/PR-subgroup of breast cancer patients 
 (97) . A number of trials of gefitinib and erlotinib in combination with anti-estrogen agents 
in breast cancer patients have been planned. 

 Two trials of preoperative gefitinib in combination with anastrozole have been reported. 
In a randomized phase II clinical trial, Polychronis et al.  (98)  enrolled 56 postmenopausal 
patients with ER+ and EGFR+ primary untreated breast cancer. Of 56 patients, 29 received 
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once daily administration of gefitinib (250 mg) and anastrozole (1 mg), and 27 received once 
daily administration of gefitinib (250 mg) and placebo. Treatment was given for 4–6 weeks 
or until disease progression, unacceptable toxic effects or withdrawal of consent. Treatment 
was well tolerated in both groups. Patients assigned to receive gefitinib and anastrozole had 
a greater reduction of Ki67 labelling index as compared with those receiving gefitinib and 
placebo. Ultrasonography revealed a significant decrease of tumour mass (PR) in 50% of 
patients treated with gefitinib and anastrozole, and in 54% of patients who received gefitinib 
as single agent. The activation of EGFR and MAPK and the levels of ser118 phosphorylation 
of ER were also significantly reduced in both groups. 

 In contrast, in a neoadjuvant randomized phase II clinical trial, Smith et al.  (99)  enrolled 
206 patients with stage from I to IIIB breast cancer and ER+ and/or PR+ tumours. All 
patients received daily anastrozole (1 mg) for 16 weeks. Patients were divided in three arms: 
arm A ( n  = 31) also received daily gefitinib (250 mg); arm B ( n  = 90) received placebo 
for 2 weeks followed by gefitinib (250 mg) for 14 weeks; arm C ( n  = 85) received placebo for 
16 weeks. About 13% and 2% of patients, receiving gefitinib and anastrozole or anastrozole 
alone, respectively, discontinued treatment because of adverse events. Neither biological nor 
clinical activity of anastrozole was enhanced by the addition of gefitinib. There was no 
significant change of Ki67 labelling index in patients who received anastrozole and gefitinib as 
compared with those treated with anastrozole alone. Moreover, the addition of gefitinib after 
2 weeks of anastrozole did not further suppress Ki67 labelling index. The overall objective 
response rate for anastrozole and gefitinib was 48% compared with 61% for anastrozole alone. 
It must be emphasized that this trial, in contrast to Polychronis’ study, did not require EGFR 
positivity as inclusion criteria. Post-study evaluation of EGFR revealed that only one of the 
patients enrolled in the trial expressed low levels of EGFR protein. 

 A phase II study of gefitinib plus anastrozole in patients with ER+ advanced breast cancer, 
who had previously failed hormonal therapy, found no clinical benefit of the combination 
 (100) . Of 15 patients receiving once daily gefitinib (250 mg) and anastrozole (1 mg), none 
showed a strong anti-tumour activity lasting more than 6 months. In contrast, positive findings 
of the gefitinib/anastrozole combination as first line treatment of metastatic breast cancer 
were recently reported. A phase II randomized trial of anastrozole plus gefinitib versus anas-
trozole plus placebo enrolled a total of 94 women with newly diagnosed metastatic breast 
cancer  (101) . Patients were randomized to receive anastrozole 1 mg/die and either gefitinib 
250 mg/die or placebo. A significant increase in progression-free survival was seen for anas-
trozole plus gefitinib over the anastrozole plus placebo arm (hazard ratio 0.55, 95% CI 
0.32–0.94, median 14.5 m vs. 8.2 m). An advantage in the clinical benefit rate was also 
observed for anastrozole plus gefitinib (49% vs. 34%). Treatment-related adverse events 
were reported in 79% of patients in the anastrozole plus gefitinib arm versus 38% in the 
anastrozole plus placebo arm and were mostly mild. 

 The results of a phase II, randomized, double-blind, stratified, multi-centre trial of gefit-
inib or placebo in combination with tamoxifen in ER+ and/or PR+ metastatic breast cancer 
patients have been reported  (102) . Two patient populations were enrolled: in stratum 1 (S1), 
patients had newly diagnosed metastatic breast cancer or had completed adjuvant tamoxifen 
at least 1 year before study entry; patients in stratum 2 (S2) developed metastatic breast 
cancer following adjuvant aromatase inhibitor or had failed first-line aromatase inhibitor 
treatment. Two hundred six patients and eighty-four patients were enrolled in S1 and in S2, 
respectively. In S1, the PFS hazard ratio (HR) of gefitinib to placebo was 0.84 (95% confi-
dence interval [CI] 0.59, 1.18;  p  = 0.31; median PFS 10.9 vs. 8.8 months). CBR were 50.5% 
(53/105) among patients treated with tamoxifen + gefitinib and 45.5% (46/101) in the 
tamoxifen + placebo group; objective response rates were 12.4% (13/105) and 14.9% 
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(15/101), respectively. In S2, CBR were 29.2% (14/48) for tamoxifen + gefitinib and 31.4% 
(11/35) for the tamoxifen + placebo (odds ratio 0.72, 95% CI 0.26, 1.95;  p  = 0.52) and no 
patient showed an objective response. In S2, the PFS HR for gefitinib to placebo was 1.16 
(95% CI 0.69, 1.93;  p  = 0.58; median PFS 5.7 vs. 7.0 months). Patients treated with 
tamoxifen + gefitinib showed higher incidences of serious adverse events (26% vs. 15%) as 
compared with tamoxifen + placebo. Although the increase in PFS of S1 met the predefined 
success criteria (increase in PFS  ³  5%), the overall results of this trial are definitely 
disappointing. 

 Finally, the combination of erlotinib and letrozole was evaluated as first or second line 
therapy in a phase II clinical trial that enrolled 22 metastatic breast cancer patients  (103) . All 
patients received erlotinib (150 mg/die) and letrozole (2.5 mg/die) until disease progression. 
The treatment was well tolerated. Among the 20 evaluable patients, 1 had a complete 
response (CR), 4 had PR and 6 had SD for 13 months; 11 patients were still on treatment at 
the time the data were reported. EGFR status did not correlate with clinical response. 

 Trials of combinations of anti-ErbB-2 agents (herceptin and lapatinib) and endocrine 
therapies are ongoing. In a phase II clinical trial in patients with ER+/ErbB-2+ metastatic 
breast cancer, the combination of letrozole and trastuzumab    produced a CBR (PR + SD) of 
50%, which is similar to the efficacy of trastuzumab alone in previously untreated patients 
 (104) . A phase III trial showed a significant improvement of the progression-free survival in 
metastatic breast cancer patients treated with the combination of herceptin plus anastrozole 
over anastrozole alone (4.8 vs. 2.4 months)  (105) . No difference in overall survival were 
reported. This might be due to the cross-over of the patients who progressed in the anastro-
zole arm to the combination arm. However, these results have been questioned due to the low 
activity reported for anastrozole as single agent in this trial. 

 Preclinical studies have suggested that both farnesyltransferase inhibitors and mTOR 
inhibitors have a synergistic anti-tumour effect when combined with endocrine therapies 
 (69,  106) . However, phase II trials of FTIs plus letrozole versus letrozole alone in tamoxifen 
resistant tumours failed to demonstrate any advantage of the combination  (107) . A phase II 
study of letrozole alone or in combination with temsirolimus 10 mg daily or 30 mg intermit-
tently (daily for 5 days every 2 weeks) has also been reported  (108) . Preliminary results 
suggested a benefit to the combination with intermittent temsirolimus in terms of median 
PFS (13.2 months vs. 11.6 months) and survival (90% vs. 76%). However, a large phase III 
randomized trial of letrozole +/− temsirolimus was terminated early after an interim analysis 
demonstrated a lack of benefit for the combination  (109) . 

 Phase II trials of the anti-VEGF monoclonal antibody bevacizumab or anti-VEGFR tyro-
sine kinase inhibitors in combination with endocrine therapy are ongoing. Preliminary 
results of a phase II trial of bevacizumab and letrozole suggested a modest anti-tumour activ-
ity of this combination  (110) .  

  7. CONCLUSIONS  

 Although preclinical studies have shown that different signalling inhibitors are able to 
efficiently block the in vitro and in vivo growth of breast cancer cells, clinical trials have 
demonstrated little activity of these drugs, at least when used as monotherapy. Similarly, 
evidence suggests that increased growth factor-driven signalling is involved in the de novo 
and acquired resistance of breast cancer cells to endocrine therapies. In particular, different 
preclinical studies have suggested that combination of endocrine therapy and signalling 
inhibitors can efficiently block the growth of breast cancer cells with resistance to endocrine 
agents. Based on these preclinical data, numerous clinical trials have been initiated including 
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randomized trials. The preliminary results of these studies are rather disappointing with no 
clear improvement of the efficacy by adding signalling inhibitors to endocrine therapy. 

 Cancer is the result of several, different genetic and epigenetic alterations. Co-expression 
of different growth factors and growth factor receptors has been demonstrated in breast can-
cer. Furthermore, activation of different signalling pathways has been shown in breast cancer 
cells, and this phenomenon might be significantly altered by treatment with anti-cancer 
agents, including target-based agents and endocrine therapies. For example, we found that 
treatment of breast cancer cells with a combination of gefitinib and a MEK inhibitor induced 
in breast cancer cells a compensative response that led to increased activation of AKT and 
to MAPK-independent phosphorylation of BAD in serine 112  (46) . It has also been demon-
strated that an ErbB-2/ErbB-3/AKT pathway is involved in the resistance of ErbB-2 overex-
pressing breast cancer cells to EGFR TKIs  (49) . However, when these cells are exposed to 
EGFR TKIs for several weeks, the levels of activation of ErbB-3 start to decrease, the levels 
of activation of MAPK increase and breast cancer cells become more dependent on the 
MAPK pathway  (50) . Furthermore, gene expression profiling of both fulvestrant- and 
tamoxifen-resistant breast cancer cells showed that in both cell lines resistance to endocrine 
therapy is characterized by significant upregulation of multiple growth-stimulatory path-
ways, a phenomenon that was more pronounced in fulvestrant resistant cells  (111) . 
Interestingly, estrogen receptor signalling has been shown to mediate the resistance of cells 
that express both the estrogen receptor and ErbB-2 to the dual EGFR/ErbB-2 inhibitor lap-
atinib  (96) . Finally, tamoxifen resistant cells have been shown to respond to the EGFR TKI 
gefitinib  (92) . However, long-term exposure of these cells to gefitinib leads to resistance to 
EGFR TKIs through the activation of an IGF/PKC/AKT pathway  (47) . 

 Taken together, the above mentioned findings clearly demonstrate that the redundancy of 
oncogenic pathways activated in cancer cells, the heterogeneity that has been found among 
primary tumours and cell lines, and the plasticity of tumour cells that are capable to adapt to 
different growth conditions, significantly hamper the efficacy of signalling inhibitors in 
breast cancer cells. In this respect, the molecular characterization of the tumours of each 
individual patient and the identification of biological markers that are associated with 
response or resistance to treatment are mandatory to improve the efficacy of target-based 
agents in breast cancer. The finding that the molecular profile of the tumour might change 
during the time under the pressure of therapeutic agents that select for clones of cells with 
acquired resistance, underscores the need to develop novel techniques to monitor the molec-
ular profile of the tumour during the time. In conclusion, a comprehensive approach to the 
complex molecular alterations that characterize the different subtypes of breast carcinoma is 
necessary to improve the efficacy of target-based therapy.      
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           Summary  

 Breast cancer is a heterogeneous disease sustained by the dysregulation of numerous molecular 
pathways, such as cell cycle progression, angiogenesis, and apoptosis. Recent progress in 
molecular technology has allowed better characterization of the transformed phenotype, identify-
ing molecular features that distinguish tumor from normal tissue and represent rational targets 
for more selective therapeutic approaches. In this chapter, we focus on the molecular target-
based agents in the most advanced state of clinical development in breast cancer. Trastuzumab, 
a monoclonal antibody with high specificity for the HER2 protein, is the first targeted agent 
approved for the treatment of metastatic and early breast cancer. Bevacizumab, a monoclonal 
antibody directed against the VEGF-A ligand, with antiangiogenetic properties, and lapatinib, 
a dual tyrosine-kinase inhibitor of both EGFR and HER2, have been recently approved for use 
in the treatment of metastatic breast cancer. Several other compounds directed against different 
targets have also entered clinical evaluation. Key issues in the clinical development of targeted 
therapy include the proper selection of patients, the identification of the optimal combinations 
with conventional treatments, predictive markers of activity and toxicity, and the most appropriate 
therapeutic strategies.  

  Key Words:     Breast cancer ;  Targeted therapy ;  Trastuzumab ;  Pertuzumab ;  Lapatinib ; 
 Bevacizumab ;  Sunitinib ;  Temsirolimus ;  Everolimus    
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  Target    Agent    Class and mechanism of action    Setting of development  

 ErbB receptors  Trastuzumab  Monoclonal antibody against 
HER2 

 Advanced, adjuvant, 
neoadjuvant 

   Lapatinib  TK inhibitor of HER2 and 
EGFR 

 Advanced, adjuvant, 
neoadjuvant 

   Pertuzumab  Monoclonal antibody against 
HER2 

 Advanced 

 Angiogenesis  Bevacizumab  Monoclonal antibody against 
VEGF 

 Advanced, adjuvant 

   Sunitinib  TK inhibitor of VEGFRs, 
PDGFR, c-Kit 

 Advanced 

 mTOR  Temsirolimus  Rapamycin analogue inhibitor 
of mTOR 

 Advanced 

   Everolimus  Rapamycin analogue inhibitor 
of mTOR 

 Neoadjuvant 

 Table 1  
  Target-based agents in phase III clinical development in breast cancer  
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  1. INTRODUCTION  

 Worldwide, breast cancer is the most common female tumor and it is the leading cause 
of cancer deaths. In 2000 alone, more than one million women were diagnosed (22% of 
all female cancer diagnoses) and 373,000 women died (14% of all cancer deaths among 
women) of breast cancer  (1) . Mortality rates have begun to fall in the last 20 years, with a 
substantial reduction both in middle age (approximately 25%) and, to a lesser extent, in 
old age. This decrease is due to improvements in awareness and screening as well as in 
multidisciplinary cancer treatment. Both chemotherapy and hormone therapy have signifi-
cantly impacted survival of these patients, although therapy for metastatic disease still 
remains palliative. Recent progress of molecular technology has allowed for a better 
understanding of the mechanisms sustaining breast cancer transformation and progression, 
which are characterized by a dysregulation of numerous molecular pathways, such as cell 
cycle progression, angiogenesis, and apoptosis, each representing rational targets for more 
selective therapeutic approaches. Target-based agents include antibodies that form com-
plexes with antigens on the surface of cancer cells and small molecules that have been 
engineered to block key enzymatic reactions. Since these agents are specific for a target 
that is usually amplified or overexpressed in cancer cells, they generally have fewer side 
effects than most conventional chemotherapeutic agents and can be combined with con-
ventional chemotherapeutic agents to improve the response to treatment without a major 
increase in side effects. 

 In this chapter, we will discuss the target-based agents in the most advanced state of 
clinical development in breast cancer (Table  1 ), while the agents that are in preclinical 
development or in the initial phases of clinical study will be the topic of a separate chapter 
of this book.      
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  2. TARGETING ERBB RECEPTORS  

 The human epidermal growth factor receptor (HER) family of receptor tyrosine kinases 
comprises four members: epidermal growth factor receptor (EGFR; also named HER1 or 
ErbB1), HER2 (also named ErbB2 or neu), HER3 (ErbB3), and HER4 (ErbB4). Collectively, 
these are also referred to as the ErbB receptors. ErbB receptors are composed of an extracel-
lular ligand binding domain, a single transmembrane domain, and an intracellular domain 
with tyrosine kinase activity. Evidence from experimental systems and from primary human 
breast tumors indicate that ErbB signaling network is involved in the pathogenesis of breast 
cancer. In particular, EGFR and HER2/neu are overexpressed in approximately 50% and 
25% of breast cancers, respectively  (2) . Their overexpression is associated with an aggres-
sive tumor phenotype, which is characterized by increased cell proliferation, tumor cell 
motility and invasiveness, angiogenesis, and inhibition of apoptosis  (2) . In particular, over-
expression of HER2/neu identifies a subgroup of patients with aggressive disease, frequently 
hormone receptor negative and with poor prognosis  (3,  4) . Furthermore, tumor amplification 
of the HER2 gene has been associated with resistance to a variety of cytotoxic agents and 
tamoxifen  (5,  6) . 

 There are two major classes of ErbB receptors inhibitors in advanced clinical evaluation: 
ectodomain-binding antibodies or monoclonal antibodies (mAbs), such as trastuzumab and 
pertuzumab, and small molecule tyrosine kinase inhibitors (TKIs) competing with ATP for 
the tyrosine kinase domain, such as gefitinib, erlotinib, and lapatinib. 

  2.1. Trastuzumab 
 Trastuzumab is a humanized monoclonal antibody with high specificity for the HER2 

protein. It showed activity as single agent in first- or second-line treatment of HER2 positive 
metastatic breast cancer  (7–  9) . In a pivotal randomized prospective controlled trial of first-
line therapy, 469 HER2 positive metastatic breast cancer patients, who had not received 
previous treatment for advanced disease, were randomized to receive chemotherapy or 
chemotherapy plus weekly trastuzumab  (10) . Patients who had received anthracyclines in the 
adjuvant setting or who were not suitable to receive anthracyclines ( n  = 188), received 
3-weekly paclitaxel. All other patients received an anthracycline plus cyclophosphamide. 
The addition of trastuzumab to chemotherapy significantly improved all clinical outcomes. 
Median time to progression was 7.4 months in the combination group, whereas in the group 
treated with chemotherapy alone it was 4.6 months ( p  < 0.001). Compared with chemo-
therapy alone, combination treatment was associated with a significantly higher response 
rate (50% vs. 32%,  p  < 0.001), a longer duration of response (median 9.1 vs. 6.1 months, 
 p  < 0.001), and a longer time to treatment failure (median 6.9 vs. 4.5 months,  p  < 0.001). 
The improvement was significant in both the chemotherapy subgroups (either paclitaxel or 
anthracycline based). Median survival was 25.1 months in the combination group and 20.3 
months in the group that received chemotherapy alone ( p  = 0.046). The risk of death was 
reduced by 18–20% in the arms with trastuzumab, but the result might be diluted as it 
included patients given chemotherapy alone who received open-label trastuzumab after the 
occurrence of disease progression. Trastuzumab given in combination with chemotherapy 
resulted in an increased incidence of anemia, leukopenia, diarrhea, and infections. These 
events were not severe and might be due to the longer duration of chemotherapy in trastuzu-
mab arms. There was an unacceptable high rate of cardiotoxicity in the subgroup of patients 
treated concurrently with anthracyclines (27% of patients exhibited a cardiac toxicity that 
was severe in 16% of cases), which limited the use of such a combination in clinical practice. 
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The combination of trastuzumab with paclitaxel was well tolerated, also considering car-
diac toxicity, which was severe in only 2% of cases. The benefit of combination treatment 
was supported by a successive analysis of health-related quality of life that revealed a 
significant improvement in global quality of life for patients receiving trastuzumab and 
chemotherapy  (11) . 

 Several clinical studies have since assessed the efficacy and safety of two-drug combina-
tions of trastuzumab with paclitaxel  (12–  16) , docetaxel  (17–  19) , vinorelbine  (20–  25) , plati-
num salts  (26) , gemcitabine  (27) , capecitabine  (28,  29) , or of three-drug combinations with 
taxanes and platinum salts as front-line therapy  (30–  33)  (Table  2 ).      

 The combination of trastuzumab and taxanes is supported by preclinical data demonstrat-
ing a synergistic cytotoxicity in breast cancer cell lines. Combinations of trastuzumab and 
taxanes induce a response rate of 40–75% as first-line therapy  (10,  12,  16,  19)  and a high 
percentage of objective responses also in pretreated patients  (13–  15,  17,  18) . Moreover, taking 
into account the low systemic toxicity and the good tolerability of weekly schedules, weekly 
taxanes seem to exhibit, at the moment, one of the best therapeutic indexes when associated 
with trastuzumab. The weekly schedule of administration of both paclitaxel or docetaxel and 
trastuzumab has been successfully evaluated in several clinical trials  (12,  13,  15–  19)  and 
offers the potential of improving certain toxicities associated with tri-weekly administration. 
Weekly schedules of taxanes are characterized by moderate hematological toxicity, allowing 
their administration for prolonged period of time, and by several non-hematological toxici-
ties, mainly consisting of fatigue, myalgia, and neurotoxicity. Although only combinations 
with taxanes have been approved, there is interest in developing alternative trastuzumab-
based treatment options, because of the increasing use of taxanes in the adjuvant setting. 
Trastuzumab plus vinorelbine showed one of the most interesting tolerability and activity 
profiles, with response rates ranging from 50% to 70% in phase II clinical trials of first- or 
second-line therapy  (20–  25) . The most common toxicity was manageable neutropenia, while 
few non-hematological toxicities were reported and the incidence of neuropathy was limited. 
Two clinical trials with the combination of trastuzumab and capecitabine have been pub-
lished, reporting a response rate of almost 50% in first- or second-line and no overlapping 
toxicities  (26,  27) . The combinations of trastuzumab and cisplatin or gemcitabine have been 
evaluated in patients with extensively pretreated metastatic breast cancer only, resulting in a 
response rate of 24% and 38%, respectively, with a favorable toxicity profile  (28,  29) . 

 The favorable safety profile exhibited by the combinations of trastuzumab plus single 
agent chemotherapy prompted researchers to evaluate the addition of the antibody to poly-
chemotherapy. Most of the studies investigated combinations with a taxane and a platinum 
salt  (30–  33) . This triple combination showed a high response rate, ranging from 65% to 85% 
in first-line therapy and being more than 50% in second line also. Nevertheless, these regi-
mens induced severe nonhematologic toxicities, including fatigue, nausea, vomiting, and 
neurotoxicity, which limit the use of such combinations in clinical practice. A randomized 
study of trastuzumab and paclitaxel versus the same regimen in combination with carbopla-
tin demonstrated an improvement in response rate and time to progression with the triplet 
association  (33) . An attractive triplet for taxanes-pretreated patients with HER2 positive 
tumors is the combination of trastuzumab with gemcitabine and vinorelbine, that has shown, 
as second-line therapy, a response rate of 50%, increasing to 73.3% in patients with 
HercepTest 3+  (34) . However, further prospective clinical trials need to establish the relative 
benefit of three-drug versus two-drug combinations. 

 Another debated question is the opportunity of continuing trastuzumab in combination 
with a non-cross resistant chemotherapeutic regimen in patients with progressive disease 
on trastuzumab. Preclinical observations provide some evidence to support the concept of 
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trastuzumab treatment beyond progression  (35) . However, retrospective analyses of case 
series have shown conflicting results  (36–  40) . Two recently published phase II clinical trials 
have evaluated safety and activity of the combination of trastuzumab with capecitabine or 
gemcitabine, respectively, as salvage therapy in heavily pretreated patients with metastatic 
breast cancer after earlier trastuzumab exposure  (41,  42) . Both studies showed a moderate 
activity of the combinations, with a response rate of 20% and a median time to progression 
of 3 months for gemcitabine and 8 months for capecitabine combinations, respectively. To 
date, the opportunity of continuing trastuzumab beyond progression remains unknown and 
needs to be defined with prospective randomized clinical trials. 

 The evidence that a molecular cross-talk exists between estrogen receptors and HER2 
pathway and that HER2 overexpression is associated with preclinical and clinical resistance 
to hormonal therapy suggested that combining treatments that target both pathways may 
provide additional benefits for patients with breast cancer  (43) . A randomized, controlled, 
open-label phase III trial investigated the efficacy and safety of the combination of trastuzu-
mab and anastrozole versus anastrozole alone as first-line therapy in postmenopausal 
patients with estrogen receptor (ER) and/or HER2 positive metastatic breast cancer  (44) . 
Patients on combination arm achieved significant improvements in progression-free survival 
(4.8 vs. 2.4 months;  p  = 0.0016), time to progression (4.8 vs. 2.4 months;  p  = 0.0007), and 
response rate (20.3% vs. 6.8%;  p  = 0.018). It is worth noting that a median time to progres-
sion of 2.4 months in the anastrozole-alone arm does not fit with what is expected for a 
first-line treatment in hormone responsive patients, even for HER2 positive disease. No 
significantly longer overall survival was reported in the combination arm (28.5 vs. 23.9 
months;  p  = 0.325). However, this result includes the crossover of more than half of 
the patients in the monotherapy arm to receive trastuzumab after progression of disease. 
The combination of trastuzumab and letrozole, as first- or second-line therapy, has been 
evaluated in a phase II trial  (45)  including ER/HER2 positive patients with metastatic breast 
cancer. An overall response rate of 26% was reported, with a median time to progression of 
5.8 months. Responding patients had long remission, lasting longer than 1 year. However, 
half of the patients experienced early progressive disease. A phase III trial of letrozole with 
or without trastuzumab as first-line therapy in postmenopausal ER/HER2 positive patients 
with locally advanced or metastatic breast cancer is ongoing, with time to progression as the 
primary end point. A phase II trial of trastuzumab and exemestane in the same population 
has recently been completed. The combination of trastuzumab and fulvestrant is also being 
studied in a randomized phase II study, while a randomized, open-label phase III trial is 
comparing trastuzumab plus tamoxifen to tamoxifen alone. Therefore, in the next few years 
we should know more about the efficacy of the strategy of combining biologic and endocrine 
therapy in breast cancer. 

 The proven benefits of trastuzumab therapy in metastatic breast cancer provided the 
rationale for its use in the adjuvant setting. Four large international randomized phase III 
clinical studies evaluated the efficacy of adjuvant trastuzumab in women with HER2 positive 
early breast cancer (Table  3 ): the Herceptin® Adjuvant (HERA) trial  (46) , the National 
Surgical Adjuvant Breast and Bowel Project (NSABP) B-31 trial and the North Central 
Cancer Treatment Group (NCCTG) N9831 trial, whose results are available as a pooled 
analysis  (47) , and the Breast Cancer International Research Group (BCIRG) 006 trial  (48) . 
Data from a subgroup in a smaller Finnish study, FinHer, were also available on adjuvant 
trastuzumab therapy  (49) . Despite differences in the patient population and design of these 
studies, all showed similar results, namely, a significant reduction of risk of first event, with 
an hazard ratio (HR) of 0.46–0.67 for women receiving trastuzumab. Furthermore, the 
HERA and BCIRG 006 trials and the American joint-analysis also showed improvements in 



  Tr
ia

l  
  Pa

ti
en

ts
  

  N
  

  Tr
ea

tm
en

ts
  

  D
F

S 
H

R
 (

95
%

 C
I)

  p
 

  O
S 

H
R

 (
95

%
 C

I)
  p

 

 H
E

R
A

 [
Pi

cc
ar

t-
G

eb
ha

rt
 M

J 
 (4

6)
]  

 5,
09

0 
 N

−/
N

+
 

 A
ny

 a
cc

ep
te

d 
ch

em
ot

he
ra

py
 

fo
llo

w
ed

 b
y 

ob
se

rv
at

io
n 

vs
. 

H
 f

or
 1

 y
ea

r 
vs

. 
H

 f
or

 2
 y

ea
rs

 

 0.
64

 
(0

.5
4–

0.
76

) 
 p  

<
 0

.0
00

1 

 0.
66

 
(0

.4
7–

0.
91

)
  p

  =
 0

.0
11

5 

 N
SA

B
P 

B
-3

1 
N

C
C

T
G

 N
98

31
 

[R
om

on
d 

E
H

  (
47

)]
  

 3,
35

1 
 N

+
 N

−/
N

+
 

 A
C

 →
 P

 v
s.

 A
C

 →
 P

 +
 H

 
A

C
 →

 w
P 

vs
. A

C
 →

 w
P 

+
 H

 
 0.

48
 

(0
.3

9–
0.

59
) 

 
p  

<
 0

.0
00

1 

 0.
67

 
(0

.4
8–

0.
93

) 
 

p  
=

 0
.0

15
 

 B
C

IR
G

 0
06

 [
Sl

am
on

 D
  (

48
)]

  
 3,

22
2 

 N
−/

N
+

 
 A

C
 →

 D
 v

s.
 

A
C

 →
 D

 +
 H

 v
s.

 
 0.

61
 

(0
.3

7–
0.

65
)

  p
  <

 0
.0

00
1 

 0.
59

 
(0

.4
0–

0.
85

) 
 p  

=
 0

.0
04

 
  

  
  

  D
C

bH
 

 0.
67

 
(0

.4
7–

0.
79

) 
 p  

=
 0

.0
00

2 

 0.
66

 
(0

.4
7–

0.
93

) 
 

p  
=

 0
.0

01
7 

 FI
N

H
E

R
 [

Jo
en

su
u 

H
  (

49
)]

  
 23

2 
 N

−/
N

+
 

 D
 o

r 
V

 ±
 H

 →
 F

E
C

 
 0.

42
 (

0.
21

–0
.8

3)
 

 p  
=

 0
.0

01
 

 0.
41

 
(0

.1
6–

1.
08

) 
 

p  
=

 0
.0

7 

 Ta
bl

e 
3  

  P
ha

se
 I

II
 c

lin
ic

al
 t

ri
al

s 
of

 t
ra

st
uz

um
ab

 a
s 

ad
ju

va
nt

 t
re

at
m

en
t 

of
 e

ar
ly

 b
re

as
t 

ca
nc

er
 p

at
ie

nt
s  

 N
: n

od
al

 s
ta

tu
s;

 D
FS

: d
is

ea
se

-f
re

e 
su

rv
iv

al
; H

: t
ra

st
uz

um
ab

; A
C

: a
dr

ia
m

yc
in

 +
 c

yc
lo

ph
os

ph
am

id
e;

 P
: p

ac
lit

ax
el

; w
P:

 w
ee

kl
y 

pa
cl

ita
xe

l; 
D

: d
oc

et
ax

el
; V

: v
in

or
el

bi
ne

; 
FE

C
: 5

-f
lu

or
ou

ra
ci

l, 
ep

ir
ub

ic
in

, c
yc

lo
ph

os
ph

am
id

e;
 D

C
bH

: d
oc

et
ax

el
 +

 c
ar

bo
pl

at
in

 +
 tr

as
tu

zu
m

ab
 

210 Piccirillo et al.



Chapter 12 / Integration of Target-Based Agents in Current Protocols 211

overall survival (reported HR range 0.59–0.67). These results have led to the approval of the 
use of adjuvant trastuzumab for 1 year.      

 The HERA trial is a three arm study with more than 5,000 women, who were randomized 
to 1 year or 2 years of 3-weekly trastuzumab or observation, after completion of adjuvant 
chemotherapy and radiotherapy. A minimum of four cycles of any standard adjuvant or 
neoadjuvant chemotherapy were accepted, warranting with this heterogeneity general rele-
vance for clinical results regarding both efficacy and safety of combining trastuzumab with 
chemotherapy. To date, results of 1 year of trastuzumab versus observation are available     (46) . 
After 2 years of follow up, trastuzumab showed a significant benefit in disease-free (HR 
0.64, 95% CI 0.54–0.76;  p  < 0.0001) and overall survival (HR 0.66, 95% CI 0.47–0.91;  p  = 
0.0115). Results of 1 versus 2 years comparison are awaited, as the optimal duration of 
trastuzumab adjuvant treatment remains unknown. Nevertheless, the smaller FinHer trial 
showed, in the subset of HER2 positive patients, that 9 weeks of trastuzumab given concur-
rently with three cycles of docetaxel or vinorelbine and followed by three cycles of fluorou-
racil, epirubicin, and cyclophosphamide significantly improve disease-free survival (HR 
0.42, 95% CI 0.21–0.83;  p  = 0.01)  (49) . However, considering the small sample size (232 
patients), the wide confidence interval, and the absence of overall survival benefit, confirma-
tory data are required. 

 The American NSABP B-31 and NCCTG N9831 trials investigated the addition of 1 year 
of trastuzumab treatment to the standard adjuvant chemotherapy regimen of doxorubicin 
plus cyclophosphamide (AC) followed by paclitaxel. The joint-analysis plan compared the 
two arms that provided trastuzumab beginning on the first cycle of paclitaxel with the two 
arms without trastuzumab  (47) . The N9831 had a third arm providing trastuzumab following 
chemotherapy, which was not included in this analysis. At 2 years of median follow up, 
patients receiving trastuzumab experienced a significative benefit in terms of both disease-
free (HR 0.48, 95% CI 0.39–0.59;  p  < 0.0001) and overall survival (HR 0.67, 95% CI 
0.48–0.93;  p  = 0.015). An unplanned analysis, comparing the two trastuzumab arms in the 
N9831 trial, showed a better disease-free survival for those patients receiving concurrent 
versus sequential trastuzumab. However, the analysis was not sufficiently powered to draw 
definite conclusions. A longer follow up will clarify the relative benefit of adding trastuzu-
mab concurrently or sequentially to paclitaxel. Finally, the BCIRG 006 study evaluated the 
addition of trastuzumab to two different chemotherapy regimens, with and without anthracy-
clines. The trial had a three-arm design, comparing AC followed by docetaxel with the same 
chemotherapy plus trastuzumab (AC-DH) and with a regimen of docetaxel and carboplatin 
plus trastuzumab (DCbH). At a median follow up of 36 months, both trastuzumab arms 
showed significant longer disease-free survival (HR 0.61, CI 95% 0.37–0.65;  p  < 0.0001 in 
the AC-DH arm and HR 0.67, CI 95% 0.47–0.79;  p  = 0.0002 in the DCbH arm, respectively) 
and overall survival (HR 0.59, CI 95% 0.4–0.85;  p  = 0.004 in the AC-DH arm and HR 0.66, 
CI 95% 0.47–0.93;  p  = 0.0017 in the DCbH arm, respectively)  (48) . A longer follow up is 
needed to demonstrate whether efficacy differs between the two trastuzumab arms. Therefore 
this study, besides demonstrating that trastuzumab is effective when combined with a regi-
men of AC followed by docetaxel, also showed the efficacy and safety of adding trastuzumab 
to a non-anthracycline regimen and provided an alternative adjuvant treatment for those 
women who are unsuitable for receiving anthracyclines. The BCIRG protocol also included 
a subgroup analysis comparing the efficacy of anthracycline and non-anthracycline regimens 
according to topoisomerase II a  amplification. The topoisomerase-II a  gene is on the same 
chromosomal region of HER2 gene (17q21) and it has been suggested that its amplification 
is a positive marker for efficacy of anthracycline-based chemotherapy  (50) . Patients whose 
tumors showed coamplification of HER2 and topoisomerase-II a  genes had a better outcome 
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than those whose did not, when treated with an anthracycline containing regimen. 
Unfortunately, although two interim analyses were reported at San Antonio Breast Cancer 
Symposium with contrasting results about the comparison of AC-DH and DCbH arms, qual-
ity of life analysis and molecular analysis, no definitive results of the BCIRG 006 study have 
been published to date. Therefore, caution has to be taken to interpret reported data. 

 In conclusion, trastuzumab has become a milestone in the adjuvant treatment of HER2 
positive early breast cancer but several clinical issues remain to be solved: (1) the optimal 
duration of trastuzumab treatment; (2) the use of trastuzumab as sequential or concurrent to 
chemotherapy; (3) the optimal combination regimen in terms of efficacy and safety. 
Moreover, as the cited adjuvant clinical trials did not enroll women with tumor size less than 
1 cm and with low grade of malignancy, trastuzumab treatment advisability remains uncer-
tain for HER2 positive tumor with these favorable prognostic factors. Finally, HER2 positive 
patients who are not candidates for chemotherapy are still not candidates for trastuzumab, 
since to date there is no evidence for the addition of the antibody to hormonal adjuvant treat-
ment or for an exclusive trastuzumab adjuvant treatment.  

  2.2. Pertuzumab 
 Pertuzumab is a humanized recombinant monoclonal antibody directed against the extra-

cellular dimerization domain of the HER2 receptor. This antibody directly inhibits the 
dimerization of the HER2 protein with other HER family receptors thus preventing the acti-
vation of HER signaling pathways and resulting in tumor cell apoptosis. The different and 
potentially complementary mechanism of action is the rationale for associating pertuzumab 
with trastuzumab  (51) . These two monoclonal antibodies have been combined in a phase II 
study as treatment of locally advanced or metastatic heavily pretreated patients with HER2 
positive breast cancer, whose disease had progressed during trastuzumab therapy. Early 
results have shown activity of this combination  (52) . Out of 33 enrolled patients, 1 had a 
complete response, 5 had partial responses (response rate of 18.2%), and further 7 patients 
achieved a stabilization of disease lasting 6 months or more (21.2%). On the basis of the 
encouraging phase II data, phase III trials are evaluating the effectiveness of pertuzumab in 
combination with trastuzumab and chemotherapy as first-line therapy in metastatic disease.  

  2.3. Lapatinib 
 Lapatinib is an oral, dual tyrosine-kinase inhibitor of both EGFR and HER2. In preclinical 

studies lapatinib determined growth inhibition, in vitro and in vivo, in a variety of human 
tumor cell lines overexpressing either EGFR or HER2, including breast cancer  (53) . Early 
clinical trials provided evidence that lapatinib is active against EGFR expressing and/or 
HER2 overexpressing heavily pretreated breast cancer  (54,  55) . Two phase II trials of lapat-
inib as single agent were conducted in patients with refractory metastatic breast cancer 
 (56,  57) . The first trial enrolled HER2 positive breast cancer patients with progressive disease 
after prior trastuzumab. In the second trial, patients who had received prior anthracyclines, 
taxanes, and capecitabine were distributed in two cohorts according to their positivity or 
negativity for HER2. Both studies showed activity of lapatinib in this unfavorable setting, 
with a disease control rate of 22% and 15.7%, respectively. A combined biomarker analysis 
was conducted for these studies to determine clinical or biological factors that would predict 
response to lapainib. Initial data showed that estrogen and progesterone receptors (PgR) 
negativity and EGFR overexpression may be predictive markers of response to lapatinib in 
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trastuzumab pretreated patients. Moreover, a decline in serum HER2 extracellular domain 
after 4 and 8 weeks of lapatinib therapy could be related to clinical response. 

 A phase I study demonstrated the activity of lapatinib in combination with capecitabine 
in HER2 positive trastuzumab pretreated patients  (58) . The combination showed no overlap-
ping toxicities and no relevant pharmacokinetic interactions at the recommended dose and 
schedule of the combination therapy (lapatinib at 1,250 mg daily and capecitabine at 2,000 
mg/m 2  daily, on days 1 through 14 of a 21-day cycle). A phase III randomized study demon-
strated the efficacy of lapatinib plus capecitabine over capecitabine alone in women with 
advanced, progressive HER2 positive breast cancer, who had received multiple previous 
treatments  (59) . A planned interim analysis of time to progression met specified criteria for 
early reporting on the basis of superiority in the combination-therapy group. Patients receiv-
ing lapatinib plus capecitabine had a significantly longer median time to progression than 
patients treated with capecitabine alone (37 vs. 20 weeks,  p  = 0.00016), corresponding to a 
51% reduction in the risk of disease progression. Treatment was well tolerated and the rate 
of adverse events was similar in the two arms, the main difference being an increase of grade 
1 and 2 diarrhea in the combination arm (45% vs. 28%). Unfortunately, the cross-over 
offered to women in the monotherapy group after the report of these results invalidated the 
overall survival analysis. 

 Lapatinib has been evaluated in combination with paclitaxel in a randomized phase III 
study, as first-line therapy of a heterogeneous population of HER2 negative/untested 
advanced breast cancer. Patients were assigned to receive paclitaxel alone or paclitaxel plus 
lapatinib  (60) . Overall, the addition of lapatinib to paclitaxel did not lead to significant 
improvement in time to progression, which was the primary end point for the study. However, 
a planned subgroup analysis according to HER2 status showed that among the 12% of all 
cases that had HER2 positive tumors (71 patients), adding lapatinib to chemotherapy 
improved the time to progression and response rate, suggesting that the spectrum of major 
activity for lapatinib is in the group of HER2 positive tumors. 

 Data from phase I and II clinical trials indicated that lapatinib may have an important role 
in the treatment of inflammatory breast cancer. This disease has a higher prevalence of HER2 
overexpression than non-inflammatory locally advanced breast cancer, thus the use of HER2 
antagonists would have a great rationale. In a phase II study of relapsed or refractory inflam-
matory HER2 positive breast cancer, lapatinib showed a response rate of 62%, with an added 
21% of stabilization of disease, while only 8.3% of HER2 negative tumors achieved a partial 
response  (61) . A phase II study of neoadjuvant therapy of lapatinib and paclitaxel is ongoing 
to better evaluate the activity of lapatinib in this setting. 

 An interesting issue is the combination of lapatinib with endocrine agents. Preclinical 
studies showed promising results and demonstrated that combining lapatinib with antiestro-
gens delays or prevents the development of lapatinib resistance in HER2-overexpressing/ER 
positive breast cancer cells and may overcome also endocrine resistance  (62,  63) . A phase I 
study identified the optimal combination dose of lapatinib and letrozole in advanced ER 
positive breast cancer and showed preliminary signs of clinical activity in terms of long-
lasting stable disease  (64) . A phase II study is planned with lapatinib plus tamoxifen in 
endocrine resistant breast cancer patients, while two phase III studies are underway with 
lapatinib plus letrozole as first-line treatment in ER positive metastatic breast cancer regard-
less of HER2 status (EGF30008 trial), and lapatinib plus fulvestrant (CALGB40302 trial) in 
advanced ER positive HER2 overexpressing breast cancer. 

 Because of the unexpected cardiac toxicity evidenced in trastuzumab trials, great atten-
tion has been given to cardiac safety of lapatinib. A review of cardiotoxicity data of nearly 
3,000 patients enrolled in 18 phase I-III clinical trials, including 1,674 breast cancer patients, 
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treated with lapatinib alone or in combination with other agents, reported an incidence of 
symptomatic or asymptomatic decline in left ventricular ejection fraction (LVEF) of 1.3% 
 (65) . Cardiotoxicity was severe in 0.1% of cases and generally reversible or non-progressive. 
It is worth noting that a substantial number of the non-breast cancer patients had not 
received prior anthracycline or trastuzumab treatment, which could have partially influ-
enced the low incidence of cardiac failure. Lapatinib does not appear to increase the risk 
of cardiomyopathy, even when combined with trastuzumab. Data from four trials in which 
patients received both lapatinib and trastuzumab were pooled to analyze cardiotoxicity 
 (66) . Among nearly 400 patients who received the combination treatment, the incidence of 
asymptomatic declines in left ventricular ejection fraction (LVEF) was approximately 2% 
and 2 patients developed heart failure. However, also in this analysis, the incidence of 
cardiotoxicity could have been lowered by patients’ selection, as the majority of them had 
received prior trastuzumab exposure without reporting significant cardiotoxicity, which 
may have reduced the chances of subsequent development of congestive heart failure or 
change in LVEF.   

  3. TARGETING ANGIOGENESIS  

 Angiogenesis, the process of formation of a new network of capillary vessels from pre-
existing vessels, is necessary for tumor growth and metastasis. The initiation of the ang-
iogenic process, the angiogenic switch, requires the acquisition of the angiogenic 
phenotype through a series of molecular events leading to increased expression of ang-
iogenic factors and/or down-regulation of naturally occurring inhibitors  (67) . Vascular 
endothelial growth factor (VEGF) is the most specific and powerful angiogenic factor. 
It is an endothelial cell-specific mitogen and survival factor and also stimulates vascular 
permeability and recruits progenitor endothelial cells from bone marrow. Other major 
angiogenic factors are angiopoietin-2, transforming growth factor- b 1 (TGF- b 1), basic 
fibroblast growth factor (bFGF), and matrix metalloproteinases (MMPs). The biologic 
effects of VEGF are mediated through the binding to three specific endothelial surface cell 
receptors VEGF-R1 (flt-1), VEGF-R2 (flk-1/kdr), and VEGF-R3. VEGF-R1 promotes 
differentiation and vascular maintenance, VEGF-R2 induces endothelial cell mitogenesis 
and vascular permeability, whilst VEGF-R3 stimulates lymphangiogenesis  (68) . VEGF 
gene expression may be upregulated by a number of stimuli, including hypoxia, nitric 
oxide, various growth factors, estrogens, progestins, loss of p53, activation of ras, v-src, 
and HER2/neu  (67) . In breast cancer, initiation of the angiogenic phenotype is correlated 
with progression from DCIS to invasive carcinoma  (69) . In premalignant lesions, 
VEGF-R1 is absent and VEGF-R2 is minimally expressed. Expression of VEGFR is 
enhanced in invasive cancer and endothelial cells. VEGF and HER2 signaling pathways 
are connected at molecular level and cooperate to promote cell proliferation. Many studies 
indicated VEGF as an independent prognostic marker  (70) . Indeed, intratumor VEGF 
levels are predictive of the resistance to various treatments, including radiotherapy, chemo-
therapy, and hormonal therapy  (69) . VEGF-targeting treatments include large molecules 
such as neutralizing antibodies against VEGF (bevacizumab) and VEGFRs and the soluble 
form of VEGFR-1, and small molecules, such as signal transduction inhibitors. Moreover, 
a number of other antiangiogenic agents are being tested in Phase I/II clinical trials for the 
treatment of breast cancer, either alone or in combination with other therapies, including 
carboxyamidotriazole, interleukin-12, thalidomide, celecoxib, soy isoflavone, anti avb3 
integrin monoclonal antibody, and MMPs inhibitors. 
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  3.1. Bevacizumab 
 Bevacizumab, a humanized monoclonal antibody directed against the vascular endothelial 

growth factor (VEGF)-A ligand, is the most mature target-based agent with anti-angiogenetic 
activity. Two phase I clinical studies demonstrated that bevacizumab can be administered 
safely, without dose-limiting toxicities, up to the dose of 10 mg/kg every 2 weeks, and that 
it could be combined with chemotherapy without apparent synergistic toxicity  (71,  72) . 
A phase II study of bevacizumab monotherapy was conducted in 75 patients with previously 
treated metastatic breast cancer  (73) . A 9.3% objective response rate with 17% of patients 
responding or stable at 22 weeks was reported; four (7%) patients continued therapy without 
progression for over 12 months with good tolerability. Several phase II trials tested bevaci-
zumab in combination with chemotherapy in metastatic breast cancer patients. The safety 
and activity of bevacizumab (10 mg/kg every 2 weeks) and vinorelbine (25 mg/mq/week) 
combination were evaluated in 55 metastatic pretreated patients, showing a response rate of 
31% with one complete response. Treatment was well tolerated, with only minor occurrence 
of hypertension, proteinuria, and epistaxis. No major bleeding or thrombotic events were 
registered  (74) . Another trial evaluated the combination of bevacizumab with weekly 
docetaxel as first or second line of treatment of 27 metastatic patients  (75) . A response rate 
of 52% was reported, showing a good activity of this combination. The only severe adverse 
events attributable to bevacizumab were grade 3 hypertension in one patient and venous 
thromboembolism in two patients, being most toxicity consistent with the safety profile of 
weekly docetaxel. 

 A phase III clinical trial was conducted on 462 anthracycline and taxane-refractory meta-
static breast cancer patients, who were randomly assigned to receive capecitabine alone or 
capecitabine plus bevacizumab  (76) . Despite reporting a significant twofold increase in 
response rate in the combination arm (19.8% vs. 9.1%;  p  = 0.001), the study failed to show 
an improvement in progression-free survival, which was the primary end point, and in over-
all survival. As expected, hypertension requiring treatment (17.9% vs. 0.5%), proteinuria 
(22.3% vs. 7.4%), and thromboembolic events (7.4% vs. 5.6%) were more frequent in 
patients receiving bevacizumab. Subsequently, a large international phase III trial of the 
Eastern Cooperative Oncology Group (E2100) tested the addition of bevacizumab to first-
line weekly paclitaxel in 722 metastatic breast cancer patients  (77) . The combination of 
paclitaxel plus bevacizumab significantly prolonged progression-free survival, which was 
the primary end point, as compared with paclitaxel alone (median, 11.8 vs. 5.9 months) with 
HR of progression of 0.60 (95% CI 0.51–0.70;  p  < 0.001). The addition of bevacizumab to 
paclitaxel significantly improved also the objective response rate (36.9% vs. 21.2%,  p  < 
0.001). Combined therapy increased the 1-year survival rate (81.2% vs. 73.4%,  p  = 0.01), 
although median overall survival was similar in the two arms (26.7 vs. 25.2 months, respec-
tively; HR 0.88;  p  = 0.16). More neuropathy was seen in women receiving the combination 
therapy than in those receiving paclitaxel alone (20.5% vs. 14.2%,  p  = 0.01), but this finding 
might be due to longer exposition to paclitaxel in the combination arm. Almost all of the 
enrolled patients had tumors that did not overexpress HER2; thus, on the basis of the results 
of E2100, the combination of bevacizumab plus paclitaxel is a reasonable first-line treatment 
for women with HER2 negative metastatic disease, while further studies are needed to assess 
the efficacy of bevacizumab in patients with HER2 positive breast cancer. The E2100 trial 
demonstrated the efficacy of an early treatment with bevacizumab in the course of metastatic 
breast cancer, when angiogenic pathways are likely less redundant. Moreover, preclinical 
studies have shown that initial events in the development of metastasis are VEGF-dependent 
 (78) , suggesting that the most successful clinical application of angiogenesis inhibitors is 
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likely to be in patients with micrometastatic disease in the adjuvant setting. Trials evaluating 
the feasibility and efficacy of bevacizumab treatment in patients with early breast cancer are 
ongoing. In the neoadjuvant setting, bevacizumab has been tested in combination with 
docetaxel. Locally unresectable breast cancer patients, with or without metastasis, were 
randomly assigned to receive bevacizumab and weekly docetaxel or docetaxel alone. Patients 
whose disease responded underwent definitive surgery followed by adjuvant chemotherapy. 
Only preliminary safety results are available, showing a good tolerability of the combination 
therapy  (79) . Bevacizumab was also tested in combination with doxorubicin and docetaxel 
as neoadjuvant treatment of women with inflammatory breast cancer  (80) . Fourteen of 21 
enrolled patients experienced a clinical partial response and a decrease in vascular permea-
bility on dynamic contrast-enhanced magnetic resonance imaging was evidence that was 
consistent with reduced angiogenesis. Moreover, this study also indicated a direct antitumor 
effect of bevacizumab, suggested by a decrease in phosphorylated VEGF-R2 in tumor cells, 
and a median increase in tumor apoptosis. 

 Several questions are open regarding use of bevacizumab. The optimum therapeutic com-
binations and duration of therapy, the continuance after disease progression, and even the 
optimum setting of use remain undefined.  

  3.2. Receptor Tyrosine Kinase Inhibitors Targeting the VEGF Pathway 
 The small molecules that inhibit tyrosine kinase activity of VEGF receptors represent 

another opportunity of treatment targeting the VEGF pathway. Sunitinib, targeting the 
VEGFRs, PDGFR- b , and c-Kit, has been evaluated in a phase II study enrolling 64 meta-
static breast cancer patients resistant to anthracyclines and taxanes  (81) . Seven patients 
achieved a partial response, giving an overall response rate of 11%. Three additional patients 
(5%) maintained stable disease for  more than  6 months. Of note, responses occurred in triple 
negative tumors (15%) and HER2 positive, trastuzumab-treated patients (25%), thus a popu-
lation for which limited treatment options are currently available. Severe transient neutrope-
nia was experienced by 34% of patients, that is higher than reported in sunitinib trials of 
renal cell or gastrointestinal stromal tumors. This may be due to heavy pretreatment of the 
study population. Several phase III trials are evaluating the efficacy of the addition of 
sunitinib to docetaxel, trastuzumab, capecitabine and comparing sunitinib versus chemo-
therapy or sunitinib and paclitaxel versus paclitaxel and bevacizumab. Moreover, phase I–II 
studies are ongoing with vatalanib, a potent inhibitor of all known VEGFR tyrosine kinases, 
and sorafenib, a dual inhibitor of Raf kinase and VEGFRs  (82) .   

  4. TARGETING MTOR  

 Mammalian target of rapamycin (mTOR) is a serine/threonine kinase, belonging to the 
phosphoinositide kinase-related kinase family. Through the formation of multimolecular 
complexes, the mTOR pathway controls several fundamental cell functions, playing a central 
role in the regulation of cell growth, proliferation, and survival. Upstream activators include, 
but are not limited to, the phosphatidylinositol 3-kinase (PI3K)/AKT signaling pathway. 
AKT is a serine/threonine kinase that promotes cell survival and is activated in response to 
many different growth factors, including EGF, heregulin, VEGF, insulin, insulin-like growth 
factor I, and basic fibroblast growth factor. Activation of mTOR results in the phosphoryla-
tion and activation of the ribosomal protein S6 kinase (pS6K) and the eukaryotic initiation 
factor 4E-binding protein-1 (4E-BP1) that play a key role in translation of mRNAs regulating 



Chapter 12 / Integration of Target-Based Agents in Current Protocols 217

cell cycle progression. Although neither mTOR mutations nor overexpression have been 
reported in human tumors, signaling pathways that are upstream or downstream of mTOR 
are frequently deregulated in human cancers, including breast cancer. Rapamycin, the proto-
type of mTOR inhibitors, inhibited tumor growth in a wide range of experimental malignan-
cies  (83) . Temsirolimus and everolimus are rapamycin analogues currently selected for 
clinical development. 

  4.1. Temsirolimus 
 Temsirolimus (CCI-779) is a water-soluble ester of rapamycin which demonstrated anti-

tumor activity in a variety of cancer models, including breast cancer  (84) . The growth inhibi-
tory properties of temsirolimus were studied in eight human breast cancer lines. Sensitive 
lines were estrogen dependent (MCF-7, BT-474, T47D), or lacked expression of the tumor 
suppressor gene PTEN (MDA-MB-468, BT-549) and/or overexpressed HER2 (SKBR-3, 
BT-474), while resistant lines (MDA-MB-435, MDA-MB-231) shared none of these proper-
ties  (84) . In vivo, temsirolimus inhibited growth of MDA-MB-468 but not of MDA-MB-435 
tumors. AKT resulted highly activated in sensitive but only minimally in resistant cell lines. 
These results suggested that temsirolimus might be a useful treatment for breast cancer with 
specific phenotypes, in which AKT activation results from either growth factor dependency 
or loss of PTEN function. Moreover, a synergistic effect of the combination of temsirolimus 
with endocrine therapy has been shown  (85) . MCF7 breast cancer cell lines, expressing a 
constitutively active AKT, were able to proliferate, in vitro and in vivo, under reduced estro-
gen conditions and resulted resistant to tamoxifen inhibitory effect. In xenograft models, 
temsirolimus treatment inhibited mTOR activity and restored sensibility to tamoxifen, with 
a synergistic interaction. Preclinical findings also revealed the antiangiogenetic potential of 
temsirolimus  (86) . In the HER2 overexpressing breast cancer cell line BT474, temsirolimus 
inhibited VEGF production in vitro under both normoxic and hypoxic conditions through 
inhibition of hypoxia-stimulated hypoxia-inducible factor (HIF)-1 a  expression and transcrip-
tional activation. Temsirolimus also directly inhibited endothelial cell proliferation and 
morphogenesis in vitro and vessel formation in a Matrigel assay in vivo. 

 Temsirolimus was studied in a phase I trial, as a weekly 30-min intravenous infusion, at 
doses ranging from 7.5 to 220 mg/m 2   (87) . The most frequent drug-related toxicities were 
skin rash and stomatitis, observed at all doses. All toxicities were reversible on treatment 
discontinuation. Unexpectedly, the dose of 220 mg/m 2  induced a maniac-depressive syn-
drome, preventing further dose escalation, although the formal definition of MTD was not 
met. Evidence of activity was observed over the entire dose range, with no apparent relation-
ship between exposure and clinical benefit, suggesting that target inhibition may be achieved 
at doses well below those that result in DLT. A translational study of temsirolimus was con-
ducted to develop a pharmacodynamic biomarker, focusing on pS6K activity, a direct down-
stream substrate of mTOR  (88) . Pharmacodynamic measurements were done on peripheral 
blood mononuclear cells (PBMCs), in which pS6K is constitutively activated. Temsirolimus 
inhibited pS6K activity in PBMCs and tumor tissue in vivo in a parallel fashion, indicating 
that the PBMCs could be an appropriate surrogate tissue. Moreover, there was a linear asso-
ciation between inhibition of pS6K and time to tumor progression, showing the potential 
predictive value of this biomarker. 

 Temsirolimus antitumor activity has been explored in a randomized phase II study with 
two dose levels (75 and 250 mg/week as a 30-min intravenous infusion), in heavily pre-
treated patients with locally advanced/metastatic breast cancer  (89) . A response rate of 9% 
and a median time to progression of 12 weeks were reported for all patients in the intent-to-
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treat population. A tolerable safety profile was reported at the 75-mg dose, mucositis, macu-
lopapular rash, and nausea being the most common toxicities. Preliminary data from a 
randomized phase II trial of letrozole with or without oral temsirolimus as first or second line 
of treatment have been also reported  (90) . Locally advanced or metastatic breast cancer 
patients were randomized to letrozole alone, letrozole plus continuous oral temsirolimus, or 
letrozole plus intermittent temsirolimus. Clinical activity has been observed in all arms, and 
the combination treatment resulted well tolerated at the dose of temsirolimus 10 mg daily or 
30 mg for 5 days every 2 weeks. However, a large randomized, placebo controlled, double-
blind phase III trial exploring the efficacy of the combination of letrozole plus temsirolimus 
as first-line hormonal therapy was recently closed on the basis of data from a planned interim 
analysis, reporting the trial was unlikely to achieve the targeted level of efficacy for the 
combination therapy compared to letrozole alone  (91) .  

  4.2. Everolimus 
 Everolimus (RAD-001) is an orally bioavailable mTOR inhibitor under clinical evalua-

tion in different types of cancer, including breast cancer. Everolimus binds with high affinity 
to intracellular receptor FKBP12, forming a complex that interacts with mTOR to inhibit 
downstream signaling events  (92) . In preclinical models everolimus alone at nanomolar 
concentrations decreased the growth of BT-474.m1 cells, a subline of BT-474 breast cancer 
cells that overexpress HER2, and of BT-474.m1 cells transfected with PTEN antisense oli-
gonucleotides  (93) . Moreover, this drug enhanced, in vitro and in vivo, growth inhibition by 
trastuzumab in PTEN-deficient cells, overcoming resistance to trastuzumab  (93) . Everolimus 
was also active against EGFR-resistant cancer cell lines and partially restored the ability of 
gefitinib to inhibit growth and survival. In MDA-MB-468, a breast cancer cell line with low 
sensitivity to gefitinib, everolimus reduced the expression of EGFR-related signaling effec-
tors and VEGF production, inhibiting proliferation and capillary tube formation of endothe-
lial cells, both alone and in combination with gefitinib  (94) . Everolimus inhibited 
estrogen-driven proliferation in MCF7 estrogen-dependent breast cancer cells, with specific 
modulation of mTOR downstream elements  (95) . In the same breast cancer model, the com-
bination of everolimus with letrozole significantly enhanced the antiproliferative activity as 
compared with either agent alone, with a synergistic interaction. 

 A pharmacodynamic phase I study has been conducted to identify the optimal dose and 
schedule of everolimus in cancer treatment  (96) . Nineteen of 55 enrolled patients had breast 
cancer. Everolimus was administered as a single weekly oral dose of 20, 50, and 70 mg, or 
as a continuous daily oral dose of 5 and 10 mg. Pharmacodynamic effects on mTOR path-
ways were determined in sequential tumor and skin biopsies. Toxicity profiles were similar 
in the two schedules. The most frequent toxicities were skin rash, stomatitis, headache, and 
fatigue. Inhibition of mTOR signaling was observed at all dose levels and schedules, being 
almost complete at 10 mg daily and 50 mg weekly. 

 In a phase II preoperative trial, 30 patients with early breast cancer received everolimus 
5 mg daily for 14 days, prior to surgery  (97) . Everolimus produced a significant decrease of 
Ki67 labeling index. Phospho-AKT (pAKT) levels were reduced in tumors with high pre-
treatment cytoplasmic staining for pAKT. Moreover, higher pre-treatment pAKT correlated 
significantly with greater reductions in proliferation, suggesting that AKT activation could 
be a predictive marker of mTOR activation and, therefore, of everolimus efficacy. 

 Everolimus is currently undergoing evaluation in combination with docetaxel, paclitaxel, 
trastuzumab, fulvestrant, erlotinib in patients with metastatic breast cancer. A phase II 
double-blind, randomized, placebo-controlled trial is ongoing to assess the value of adding 
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everolimus to letrozole as preoperative therapy of primary breast cancer in postmenopausal 
women  (98) . Primary objective is the overall response rate, based on the palpation of the 
breast tumor and lymph nodes. Preliminary results evidence a higher response rate by palpa-
tion in the combination arm (68.1% vs. 59.1%) that was also confirmed by ultrasound (58% 
vs. 47%). A biomarker analysis has been conducted to identify subpopulations deriving the 
greatest benefit from the addition of everolimus  (99) . Results indicate significant changes 
between baseline and day 15 tumor biopsies for mTOR pathway relevant markers, including 
PgR, pS6K, pAKT, and cyclinD1. More extensive analysis, after unblinding, will reveal the 
predictive power of the baseline biomarkers in selecting responding populations. A phase III 
trial program is exploring the integration of everolimus, bevacizumab, and lapatinib into 
current neoadjuvant chemotherapy regimens for primary breast cancer.   

  5. CONCLUSIONS  

 A large number of molecular-targeted drugs are in clinical development in breast cancer. 
However, several key issues in the design and conduction of clinical trials with molecular-
targeted agents need to be defined  (100) . First of all, the lack of valid, predictive preclinical 
models: the doses and schedules tested for some agents may not be appropriate and bulky 
disease may not be the optimal setting for the evaluation of these drugs. Second, unanswered 
questions remain regarding the optimal trial design and choice of adequate end-points. 
Response rate remains the preferred end-point in the early evaluation of new drugs. However, 
this approach might lead to rejection of potentially useful drugs when significant tumor 
shrinkage cannot be demonstrated. Therefore, a number of alternative end-points have been 
proposed for agents which are not expected to cause a major tumor regression: time to pro-
gression, progression-free survival, overall survival, early progression rate. Third, the final 
efficacy of these agents should be validated in appropriately designed phase III trials that 
must include tissue or circulating surrogate biomarkers of efficacy, biologically driven crite-
ria of patient selection, well-defined schedules of treatment, and predictive markers of activ-
ity and toxicity. A tight collaboration between laboratory and clinical researchers is required 
in order to avoid missing activity and to define relevant biological end-points.      
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