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1.  ABSTRACT 

 
Breast cancer is a heterogeneous disease at both 

the histological and molecular levels.  The current model of 
breast tumorigenesis suggests that the normal mammary 
stem cell and the various progenitors that arise thereof can 
be transformed and generate lineage-restricted tumor 
phenotypes.  This model is supported by observations that 
the different subtypes of breast cancer share transcriptional 
signatures intrinsic to normal components of the mammary 
epithelium.  Studies have since elaborated these molecular 
signatures to include recurrent genetic abnormalities, 
patterns of DNA methylation and dysregulation of 
microRNAs.  Here we aim to review the current state of 
knowledge concerning the cellular etiology of breast cancer 
subtypes and the genetic, transcriptional and epigenetic 
aberrations associated with each subtype. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.  INTRODUCTION 

 
Breast cancer remains the second leading cause 

of cancer-related death worldwide.  The World Health 
Organization (WHO) estimates that more than one million 
women are diagnosed with breast cancer annually, and 
more than 400,000 will die from the disease (1).  Though 
the global incidence of breast cancer appears to be 
increasing, the five-year relative breast cancer survival rate 
has increased dramatically in developed countries over the 
last 50 years due to early detection and treatment of in situ 
and early stage disease and improvements in targeted 
therapies for specific subtypes of breast cancer. 

 
At both the histological and molecular levels, 

human breast cancer is a heterogeneous group of diseases.  
Infiltrating ductal carcinoma (IDC), which comprises 80% 
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Figure 1.  The mammary epithelial hierarchy and its relation to breast cancer subtypes, adapted from the model proposed by Jane 
Visvader (45).   

 
of all breast cancers, can be divided into more 

than a dozen histological subtypes and at least six distinct 
molecular families (2-5).  Expression (or absence thereof) 
of estrogen receptor (ER), progesterone receptor (PR), and 
epidermal growth factor receptor 2 (ERBB2/HER2) are 
widely used to classify tumors clinically and identify 
patients who will likely benefit from endocrine and HER2-
targeted therapies.  Despite the predictive and prognostic 
significance of these markers, clinical responses remain 
variable within subtypes.   

 
Though the precise causes of molecular and 

phenotypic diversity in human breast cancer remains poorly 
understood, the current working model suggests that the 
normal mammary stem cell and the various progenitor cells 
that arise thereof are all potential targets of transforming 
mutations that lead to the generation and propagation of 
lineage-specific tumor-initiating cells within the mammary 
gland (Figure 1).  This paradigm is in concert with 
observations that most human breast malignancies share 
transcriptional, biochemical and/or morphological 
characteristics with discrete non-transformed components 
of the normal mammary gland.  Definitive evidence linking 
each tumor subtype with the correct cell of origin is lacking 
due to our incomplete understanding of the normal 
mammary epithelial cell hierarchy.  Even without such 
conclusive evidence, conserved molecular signatures have 
been delineated in cohorts of breast cancers, stemming 
from recurrent genetic and epigenetic alterations.  Here we 
aim to review the current state of knowledge regarding the 
cellular origin(s) of specific breast cancer subtypes as well 
as the currently identified recurrent genetic and epigenetic 
aberrations associated with each subtype. 

 
3.  BREAST CANCER STEM CELLS 

 
Tumors are composed of heterogeneous 

populations of cells with differences in morphology, 
architecture and developmental potential (6, 7). The 
striking similarity between embryonic tissues and cancer 
with respect to their enormous capacity for proliferation 

and differentiation lead to the cancer stem cell (CSC) 
hypothesis (8, 9). According to the this hypothesis, only a 
subset of cancer cells within each tumor are long-lived cells 
with unlimited tumorigenic potential and are responsible 
for tumor growth, maintenance and relapse (8-13). The 
CSC model was first established in the leukemia system 
when it was found that a minority of malignant blood cells 
could form colonies in the spleen of a mouse (14-16).  
Pioneering studies by several groups have since 
demonstrated the existence of CSCs in several additional 
epithelial and hematologic malignancies by transplanting 
single tumor cells (17-20).  Based on surface marker 
expression, CSCs in acute myeloid leukemia were 
identified and they showed tumorigenic potential in SCID 
mice (16, 21, 22).  Later, several other studies 
demonstrated the presence of CSCs in various solid tumors, 
including breast tumors, in which the CSC population is 
characterized by a CD44Hi/CD24-/low phenotype (23-29). 
Aldehyde dehydrogenase 1 (ALDH1) has since been 
identified as another potential breast CSC marker (30). 

 
Several mutations are necessary for a cell to 

become tumorigenic (31, 32) and hence, tissue stem cells 
are likely candidates to accumulate the requisite number of 
mutations because of their long life span compared to 
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restricted progenitors or differentiated cells.  In breast 
cancer, the CSC population displays a mesenchymal 
phenotype (33).  The majority of identified invasive gene 
signatures (IGS) are overexpressed both in breast CSCs as 
well as in basal-like breast cancers (34, 35). This similarity 
indicates that basal-like breast cancers may be enriched in 
tumorigenic breast CSCs or maintain a similar 
transcriptional profile.  Cheng, et. al. found that a 
population of cells was enriched in patients who underwent 
chemotherapy or were given drugs that block the action of 
tumor-promoting sex hormones (36). These cells can resist 
treatment and cause tumor relapse (36). Moreover, they 
identified a characteristic gene expression signature that 
overlapped with the CD44Hi/CD24-/low tumor cells that can 
be serially passaged for an extended period of time in 
mammosphere culture (an in vitro culture condition to 
show self-renewal potential) and can readily perpetuate 
tumors (33, 37).  Cells with this gene expression signature 
are particularly enriched in a relatively uncommon breast 
cancer subtype called “claudin-low” which displays 
characteristics of undergoing the epithelial-to-mesenchymal 
transition (EMT), a latent embryonic developmental 
program implicated in the spread of breast and other 
malignancies (33).  Breaking down of epithelial cell 
homeostasis and the acquisition of a migratory 
mesenchymal phenotype is referred to as EMT and is 
considered a crucial early event in malignancy (38).  
Recent studies also indicate that EMT causes increased 
resistance to chemotherapy and enrichment in breast CSCs 
(39, 40).  These studies suggest the possibility that through 
EMT, breast epithelial cells can acquire CSC properties by 
genetic, epigenetic or as yet unknown molecular 
mechanisms.  Consistent with this notion, Villasden et. al. 
functionally identified a stem cell zone in the luminal 
compartment in breast biopsies as indicated by the presence 
of cells with a capacity for clonal growth, self-renewal and 
bipotency (41). They also reported a higher prevalence of 
progenitor cells in the luminal compartment compared to 
the basal compartment. Collectively these data suggest that 
transformation of multiple epithelial components in the 
mammary gland can generate discrete types of breast 
cancer (42). 
 
4.  INTRINSIC SUBTYPES OF BREAST CANCER 
 

First generation gene expression profiling of 
human breast cancers established at least six major types of 
invasive breast cancer:  luminal type A, luminal type B, 
luminal type C, basal-like, ERBB2/HER2-overexpressing, 
and normal breast-like (2-5).  Retrospective analysis of 
patient outcomes in these studies demonstrated that specific 
molecular taxonomies are strongly correlated with 
unfavorable clinical behavior and poor overall survival (4).  
Refinements in profiling have since identified additional 
intrinsic subtypes of breast cancer, the most notable of 
which is the recently described claudin-low subtype (43).  
The morphological and molecular heterogeneity observed 
in human breast cancers likely stems from differential 
mechanisms of transformation in discrete cellular elements 
of the mammary epithelium (Figure 1).  This model is 
supported by evidence that defined subsets of normal 
mammary epithelial cells and ductal carcinoma in situ 

(DCIS) lesions, the precursors to invasive ductal 
carcinoma, can also be classified into the previously 
described intrinsic subtypes.  Thus, the same molecular 
signatures that exist in advanced invasive breast cancers are 
present in the earliest stages of neoplastic growth and 
normal components of the mammary epithelium and 
consequently represent an indication of cellular ancestry 
(44).  Discrete recurrent molecular abnormalities associated 
with each of these subtypes and/or cellular origins are 
emerging and appear to dictate many aspects of the biology 
and clinical behavior of these subtypes.  Given the 
heterogeneity that currently exists within many of these 
subtypes, it is likely that additional intrinsic categories of 
breast cancer will be defined in the relatively near future. 
 
4.1.  Tumors arising from luminally-committed cells 
4.1.1.  Luminal A and luminal B tumors 

The majority of invasive ductal and lobular 
carcinomas exhibit evidence of luminal differentiation.  
These tumors usually express ER and are thus amenable, to 
varying degrees, to therapies aimed at regulating ER 
signaling.  Based on similarities in gene expression and 
morphology, it is believed that tumors comprising the 
luminal A and luminal B subtypes arise from 
transformation of cells in the terminal stages of luminal fate 
commitment (45).  Specifically, luminal A tumors exhibit 
robust expression of ER, PR, and other markers of mature 
luminal epithelial cells including the transcription factor 
GATA3 and luminal cytokeratins (CK8 and CK18), and 
likely arise from malignant transformation of the mature 
luminal ductal or lobular epithelial cell (3, 45).  Luminal B 
tumors commonly express ER, albeit at a lower level than 
luminal A tumors, and likely stem from transformation of a 
cell with an intermediate degree of terminal luminal 
commitment.  Accordingly, these tumors usually exhibit 
lower expression of estrogen-related genes, higher mitotic 
indices and histological grade and a significantly poorer 
prognosis than luminal A malignancies (4, 46).   

 
Several studies have confirmed the critical nature 

of the Notch morphogenetic pathway and the GATA3 
transcription factor in the specification and maintenance of 
the luminal epithelium (47-50).  GATA3 likely functions 
pleiotropically in breast tumorigenesis, simultaneously 
promoting terminal differentiation of ductal and alveolar 
epithelial cells and antagonizing the epithelial-to-
mesenchymal transition and metastasis (48, 51, 52).  In 
agreement with experimental studies of GATA3 in the 
mammary gland, high expression of this transcription factor 
in human breast cancer correlates with lower grade, higher 
expression of ER and PR and improved survival (53).  
Among the intrinsic subtypes of breast cancer, tumors with 
robust luminal phenotypes are associated with significantly 
better disease-free and overall survival than tumors with 
less differentiated phenotypes and those with exaggerated 
expression of ERBB2/HER2 (4).  Endocrine therapies 
aimed at regulating the synthesis and/or cellular responses 
to estrogen have led to significantly improved outcomes for 
women with hormone receptor positive breast cancer.  
Despite these advances, primary and secondary resistance 
to endocrine therapy remain major clinical obstacles (54).  
Additional studies are needed to identify factors which can 
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predict initial responsiveness to anti-estrogen therapies and 
to understand the biological mechanisms responsible for 
development of acquired endocrine resistance. 
 
4.1.2. ERBB2/HER2 tumors 

Tumors overexpressing the ERBB2/HER2 
receptor tyrosine kinase (RTK) appear to originate from a 
luminally-restricted cell, but have a significantly poorer 
prognosis than either the luminal A or luminal B subtypes 
without amplification or overexpression of this molecule.  
Overexpression of HER2 is observed in approximately 25-
30% of human breast cancers, is usually caused by 
amplification of the 17q12 locus (containing the ERBB2 
gene), and results in exaggerated expression of wild-type 
HER2 RTK at the membrane (55, 56).  Though only a 
quarter of invasive malignancies exhibit amplification of 
HER2, this molecular abnormality is observed in nearly 
half of all ductal carcinoma in situ (DCIS) lesions, 
suggesting that ERBB2 amplification is an early event in 
the pathogenesis of this subtype of breast cancer (57, 58) 
and represents an intrinsic subtype of breast cancer rather 
than an artifact of advanced disease.  Overexpression of 
HER2 at the cell surface appears to promote dimerization-
dependent signaling events that activate numerous 
signaling nodes and influence proliferation, differentiation 
and apoptosis (59).  ERBB2/HER2 cancers follow a more 
aggressive clinical course than do luminal tumors without 
amplification of this gene, are more resistant to 
chemotherapeutic agents and have an increased risk of 
distant metastasis (4, 60, 61).  The introduction of 
trastuzumab (Herceptin®) into the treatment paradigm of 
HER2-positive breast cancer dramatically improved 
survival for women with this subtype of disease (62).  
Newer agents like the small-molecule tyrosine kinase 
inhibitor lapatinib (Tykerb®) can also inhibit HER2-
associated signaling events (63, 64).  Though ERBB2 gene 
copy number remains the best predictive marker of 
response to HER2-targeted therapies, intrinsic and acquired 
resistance to agents like trastuzumab and lapatinib remains 
a clinical problem (65).  Accordingly, there exists much 
interest in identifying factors that can predict 
responsiveness to HER-targeted therapies.  Such advances, 
coupled with an understanding of both primary and 
secondary resistance mechanisms will improve quality of 
life and survival for HER2-positive breast cancer patients. 
 
4.2.  The luminal progenitor (“basal-like”) cancers 

Basal-like breast cancers (BLBCs) were so 
named because these neoplasms consistently express 
molecules normally confined to the basal/myoepithelial 
compartment of the ductal and lobular epithelium, 
including basal cytokeratins (CK5, CK6, CK14, CK17), α-
smooth muscle actin and vimentin (66).  BLBCs account 
for approximately 15% of all invasive breast cancers and 
are typically of high histological grade, demonstrate high 
mitotic indices, mutations in the TP53 tumor suppressor 
gene, and almost uniformly lack expression of estrogen 
receptor (ER), progesterone receptor (PR) and HER2 and 
are thus termed “triple-negative” (TN) (67, 68).  Due to the 
absence of these receptors, BLBCs are not amenable to the 
targeted anti-estrogen and anti-HER2 therapies that have 
dramatically improved survival of patients diagnosed with 

luminal-type or HER2-positive tumors.  Because of the 
aggressive biological features inherent to these tumors as 
well lack of targeted therapies, the basal-like malignancies 
are associated with the most aggressive clinical behavior 
and poorest prognosis among all molecular classifications 
of breast cancer (4).  Interestingly, human breast cancer cell 
lines derived from basal-like malignancies show 
exaggerated self-renewal capacity in vitro and are almost 
uniformly composed of CD44Hi/CD24-/low cells, suggesting 
they may be enriched for cells which possess 
stem/progenitor-like properties (69).  These similarities 
logically pointed to the mammary stem cell as the likely 
origin of BLBCs.  Unexpectedly, comparison of the BLBC 
transcriptional profile with the profiles of normal mammary 
epithelial components revealed great similarity between the 
BLBC and the CD49f+/EpCAM+ luminal progenitor 
signatures (70).  It has also since been demonstrated that 
deletion of Brca1 in the luminal-progenitor population of 
the mouse mammary epithelium generates tumors which 
phenocopy human BLBCs at both the histological and 
molecular level, while the identical genetic change in the 
murine mammary stem cell generates 
adenomyoepitheliomas, an exceedingly rare form of human 
breast cancer (71). 

Until recently, the therapeutic paradigm for TN 
breast cancers was limited to traditional cytotoxic 
chemotherapy.  Recent studies have documented two 
recurrent molecular abnormalities in BLBCs that offer the 
potential for targeted therapeutic intervention.  
Overexpression of epidermal growth factor receptor 
(EGFR) occurs in a number of human malignancies, 
including certain breast cancers.  EGFR plays critical roles 
in transducing signaling events associated with 
proliferation, differentiation and survival.  Multiple ligands 
can bind to and stimulate EGFR leading to the activation of 
several signaling pathways, including RAS/RAF/MAPK, 
PI3K/AKT/mTOR and SRC/NFκB (72).  When EGFR 
expression is examined with respect to breast cancer 
subtype, it is significantly more prevalent in TN and basal-
like malignancies than in other subtypes (72).  
Dysregulation of EGFR in malignancy leads to autonomous 
growth signaling, acquisition of an invasive phenotype, 
secretion of angiogenic factors, and resistance to apoptosis 
(72).  Monoclonal antibodies and small molecule tyrosine 
kinase inhibitors which inhibit EGFR signaling are 
currently in evaluation for treatment of TN and BLBCs, 
though it is currently unclear whether these agents confer a 
survival benefit.  Thus, while EGFR appears to be a sound 
marker for the basal-like and/or triple-negative phenotype, 
clinical data remains mixed concerning the therapeutic 
benefit of targeting EGFR in breast cancer (72). 

 
BLBCs also commonly demonstrate 

dysregulation of the breast cancer susceptibility gene 1 
(BRCA1).  As is described later, tumors arising in BRCA1 
mutation carriers nearly always have a TN 
immunophenotype and basal-like transcriptional signature.  
Moreover, sporadic BLBCs commonly demonstrate 
downregulated BRCA1 expression in the absence of 
mutations at the BRCA1 locus, a phenotype termed “BRCA-
ness” (68, 73, 74).  Disruption of BRCA1 (or BRCA2) 
function by genetic or epigenetic mechanisms results in 
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compromised capacity to repair double-strand DNA breaks 
(DSBs) by homologous recombination (HR) (75).  While 
this genomic instability likely underlies the proclivity for 
tumorigenesis observed in heterozygous individuals, it also 
lends itself to therapeutic exploitation.  Agents which 
induce DSBs (i.e., ionizing radiation and bleomycin) or 
interstrand crosslinks (i.e., platinum-based alyklating 
agents) appear to be significantly more toxic in cells with 
reduced or absent expression of BRCA1 (76-79).  
Accordingly, human breast cancers arising in BRCA1 
mutation carriers are more likely to achieve clinical 
responses in response to platinum-based agents than non-
BRCA1/2 tumors (80).  Conversely, because of the critical 
role of BRCA1 in inducing G2/M arrest in response to 
microtubule poisons, tumors deficient in BRCA1 tend to be 
relatively resistant to these agents (78, 81-83).  Thus, 
selection of specific cytotoxic agents based on DSB repair 
capacity may improve responses to traditional 
chemotherapeutic agents and enable personalized cytotoxic 
chemotherapy (84). 

 
The most promising recent advancement in the 

treatment of both BRCA1-associated and sporadic TN and 
BLBCs is based on the concept of “synthetic lethality”.  
Synthetic lethality is a biological concept describing cell 
death resulting from inactivation of two pathways, neither 
of which is cytotoxic alone.  Because BRCA1-associated, 
TN and basal-like malignancies have intrinsic defects in 
HR-mediated DNA damage repair, ancillary DNA repair 
pathways dependent on poly(ADP-ribose)polymerase 
(PARP) become critical (85).  Investigators proposed that 
inactivation of PARP in tumors which have lost functional 
BRCA1 or BRCA2 would induce a synthetic lethal state.  
This hypothesis has proven correct in breast, ovarian and 
other malignancies with impaired DSB repair (86).  
Numerous PARP inhibitors are currently in evaluation, and 
the two frontrunners AZD2281 (olaparib) and BSI-201 
have shown clinical efficacy in the treatment of TN and 
BLBCs (87). 
 
4.3.  Tumors arising from transformation of the 
mammary stem cell – Claudin-low, metaplastic and 
normal-breast like tumors 

The claudin-low subtype of breast cancer was 
identified in 2007 by examining similarities between mouse 
and human mammary tumors (88).  This molecular subtype 
is characterized by low expression of components of the 
tight and adherens junctions, including claudins 3, 4, 7, and 
E-cadherin (43, 88).  When compared to all breast tumors, 
those classified as claudin-low also were enriched for 
expression of genes involved in immunological responses, 
cellular communication, extracellular matrix, migration and 
angiogenesis and showed recurrent copy-number 
amplification of the KRAS2 locus (43).  Further studies 
revealed that claudin-low tumors display molecular features 
consistent with the mammary stem cell and exhibit 
transcriptional evidence of epithelial-to-mesenchymal 
transition, including high proportions of CD44Hi/CD24-/Low 
cells, high expression of TWIST1 and SNAI3 and repression 
of E-cadherin (2).  Comparing the transcriptional profiles 
of claudin-low tumors with components of the normal 
mammary epithelium revealed that the gene expression 

patterns of these tumors closely mirrored those observed in 
the mammary stem cell-enriched population (70). 
 

Metaplastic breast cancers (MBCs) are a 
morphologically diverse group of mostly TN malignancies 
that exhibit mesenchymal, sarcomatoid and/or squamous 
metaplasia (89-92).  Transcriptional profiling of these 
tumors originally classified them as basal-like malignancies 
(92).  By refining the criteria used for classification and 
including the recently-identified claudin-low subtype, 
MBCs were shown to be molecularly heterogeneous and 
may cluster with the basal-like, claudin-low or normal 
breast-like subtypes (2, 43).  Whereas BLBCs commonly 
have high pathologic complete responses to neoadjuvant 
chemotherapy, both claudin-low and metaplastic breast 
cancers are usually resistant, providing further rationale for 
distinguishing these lesions from BLBCs (90, 93). 
 
5.  GENETIC RISK FACTORS FOR BREAST 
CANCER: BRCA1 AND THE BASAL-LIKE 
PHENOTYPE 
 

Approximately 90% of all breast cancers are 
sporadic in nature.  Of the remaining 10% which appear to 
be associated with inheritance of dominantly-acting genes, 
20-40% are due to mutations in the BRCA1 gene.  While 
BRCA1 dysfunction is notably associated with inherited 
breast cancers, several studies have reported loss of 
BRCA1 expression by non-mutational means in 30-40% of 
sporadic malignancies (74, 94).  Transcriptional profiling 
of BRCA1-mutated breast cancers has revealed that these 
tumors, almost without exception, cluster in the basal-like 
subtype (61, 95, 96).  Moreover, immunohistochemistry 
studies reveal that nearly 70% of BRCA1-mutated breast 
cancers express basal cytokeratins and lack expression of 
ER, whereas this immunophenotype is present in less than 
9% of matched control tumors (96).  Sporadic breast 
cancers which exhibit loss of BRCA1 expression also have 
a strong tendency to be of the basal-like phenotype (68, 
74).  Conversely, tumors which maintain expression of 
functional BRCA1 are almost uniformly luminal type 
cancers and are accordingly associated with more indolent 
clinical courses, responsiveness to endocrine therapies, and 
improved survival (97, 98).  Taken together, these findings 
suggest that loss of BRCA1 expression and/or function has 
a causal role in the development of the basal-like 
phenotype.  Though this association is now well-supported, 
the molecular consequences of BRCA1 deficiency that 
result in the generation of BLBCs remain undefined. 

 
Recent studies support a model in which BRCA1 

is necessary for the normal luminal differentiation program 
within the mammary gland.  In vitro and in vivo studies 
have revealed that loss of BRCA1 expression in mammary 
epithelial cells leads to marked dysplasia and failure of 
terminal luminal epithelial cell differentiation (70, 99, 100).  
These morphological abnormalities are associated with 
exaggerated expression of basal/myoepithelial antigens and 
enrichment of cells with expression of the putative 
stem/progenitor cell marker ALDH1A1 (70, 100, 101).  
These findings would suggest that BRCA1 deficiency may 
induce BLBCs by causing expansion and transformation of 
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the basal/myoepithelial population.  As previously 
discussed, recent studies have unexpectedly documented 
expansion of the CD49f+/EpCAM+ luminal progenitor 
population in the pre-malignant breast tissue of BRCA1-
mutation carriers and demonstrated that loss of Brca1 in the 
luminal progenitor population generates murine mammary 
tumors which phenocopy human BLBCs at both the 
histological and molecular level (70, 71). 

 
A mechanistic understanding of how BRCA1 

dysfunction contributes to the pathogenesis of BLBCs is 
currently lacking.  Studies detailing the role(s) of this 
protein in the normal luminal differentiation program of the 
mammary gland are needed and may illuminate the 
molecular events that initiate basal-like malignancies. 
 
6.  EPIGENETIC CHANGES IN BREAST CANCER 
SUBTYPES 

 
In addition to sequence alterations in the genome, 

there are also changes in the epigenetic information in 
malignant disease.  However, unlike genetic changes, 
epigenetic changes may be reversible.  In breast cancer, the 
epigenetic regulation of critical tumor suppressor and 
growth regulatory genes are extremely important because 
of their well-documented role in breast cancer progression, 
diagnosis, prognosis and individualized therapy.  Cellular 
epigenetic changes generally are classified into two main 
categories:  DNA methylation and histone modifications 
(102, 103).  These processes covalently attach small 
chemical moieties to DNA or histones and increase the 
capacity of the genome to store and transmit biological 
information beyond that encoded in the DNA sequence. 
 
6.1. DNA methylation 

The most widely studied epigenetic modification 
in humans is cytosine methylation of DNA within the 
dinucleotide CpG.  Nearly 3–6% of all cytosines are 
methylated in normal human DNA (104, 105). The 
enzymes which catalyze these reactions, the DNA-cytosine 
methyltransferases (DNMTs), transfer a methyl group from 
the methyl donor S-adenosylmethionine to nascent DNA 
using a hemimethylated DNA template to maintain DNA 
methylation patterns during cell division in mammals.  

 
Like all cancers, breast cancer is also considered 

as the result of, in part, accumulation of epigenetic 
alterations leading to oncogene overexpression and loss of 
tumor suppressors.  Normally, CpG dinucleotides within 
promoters tend to be protected from methylation, whereas 
both benign and malignant tumors have shown global 
reduction of DNA methylation (106).  This property is now 
considered a universal feature of cancer (106-108). 
However, epigenetic changes, specifically silencing of 
tumor suppressor genes via DNA hypermethylation, plays a 
critical role in the initiation and progression phases in many 
human cancer types, including breast cancer. Methylation 
of CpG islands in the promoters of various important genes 
such as CDKN2A (p16), SFN (14-3-3σ), steroid receptors, 
RARB (RARβ2), GSTP1 and BRCA1 have been reported to 
be inactivated in breast cancer.  These data are reviewed 
extensively by Yang et. al. (109). 

It has recently been reported that the gene 
expression profiles of progenitor and differentiated 
populations (defined as CD44Hi/CD24-/Low (CD44+) and 
CD44Low/CD24+ (CD24+), respectively) in both normal 
and neoplastic breast tissue are highly similar between 
analogous cell types (110). However, follow-up studies 
using MSDK (methylation-specific digital karyotyping) 
and SAGE (serial analysis of gene expression) have 
identified well-conserved epigenetic programs that define 
the progenitor characteristics regardless of tissue type 
(111). The methylation pattern of luminal tumors were 
found to be similar to that of normal CD24+ cells, whereas 
HER2+ and basal-like tumors were more hypomethylated 
and similar to CD44+ cells (111). This suggests that the 
epigenetic profiles of progenitor-like cells in different 
subtypes of breast tumors are distinct, probably due to 
subtype-specific developmental processes. Consistent with 
these observations, very recently Holm et al., reported 
methylation analysis of 807 cancer related genes in 189 
primary breast tumors (112). They clustered the tumors into 
three groups with characteristic methylation patterns, which 
were associated with basal-like, luminal A and luminal B 
molecular subtypes. Their study revealed that the 
methylation frequency in basal-like tumors was 
significantly reduced compared to the luminal B types. In 
normal stem/progenitor cells, Polycomb repressive 
complex 2 (PRC2) mediated gene silencing through 
trimethylation of H3K27 is common and characterized by 
high EZH2 expression as well as low expression of PRC2 
targets with unmethylated CpG sites. Their study observed 
similar characteristics with basal-like tumors. High 
expression of PRC2 targets with low methylation in CpG 
sites and low EZH2 expression promote differentiation in 
normal ES cells, which they found to be similar in luminal 
A breast cancers. Additionally, they found an aberrant state 
for luminal B types where both high expression of PRC2 
targets and higher methylation of CpG sites were observed. 
A parallel study by Bediaga et al., also analyzed more than 
800 genes in 28 breast cancer paired samples and identified 
15 individual CpG loci differentially methylated in breast 
cancer molecular subtypes (113). They found that basal-
like tumors showed hypomethylation at the NPY, FGF2, 
HS3ST2, RASSF1, and Let-7a loci compared to HER2-
overexpressing tumors, different methylation levels in 
SOX1 and SOX17 between luminal B and luminal A 
tumors, and the HS3ST2, DBC1, FGF2, CD40, JAK3, Mir-
93, and Mir-10a loci displayed higher methylation levels in 
luminal B and HER2+ subtypes than in the basal-like and 
the luminal A tumors (113).  The precise role(s) of DNA 
methylation in the pathogenesis of breast cancer subtypes 
remains unclear.  Small molecule DNA methyltransferase 
inhibitors have been developed with the hope of re-
expressing tumor suppressor genes that have been 
epigenetically silenced through methylation of their 
promoters.  Several of these agents, including 5-azacytidine 
and 5-aza-2’-deoxycytidine demonstrate safety and efficacy 
in clinical trials and are in ongoing trials for the treatment 
of human neoplasms (114). 
 
6.2.  Histone modifications 

In eukaryotes, histone proteins organize DNA 
into nucleosomes, which are regular repeating structures of 



Signatures of breast cancer subtypes 

940 

chromatin. The nucleosomes are composed of an octamer 
of histones H2A, H2B, H3 and H4 wrapped by 147 bp of 
DNA.  Certain configurations of chromatin inhibit gene 
transcription by restricting DNA-binding transcriptional 
regulators from accessing promoter regions of genes (115). 
However, chromatin structure is plastic and chromatin 
remodeling can lead to activation or repression of 
transcription. Remodeling of chromatin can happen when 
histone proteins undergo a variety of post-translational 
modifications, especially on their N terminus, including 
acetylation of lysines (K), methylation of lysines and 
arginines (R), as well as phosphorylation, ubiquitylation, 
glycosylation, sumoylation, ADP-ribosylation and 
carbonylation (103). The combination of these post-
translational modifications of histones are crucial and 
create a regulatory epigenetic ‘code’, which is read by the 
non-nucleosomal DNA binding multiprotein complexes 
that form the transcription-activating and transcription-
repressing machinery to modulate gene expression (116). 
Although elucidation of the histone code is in its infancy, 
specific histone marks such as lysine acetylation (H3K9ac, 
H3K18ac, and H4K12ac), lysine methylation (H3K9me2 or 
H3K9me3 and H4K20me3), lysine trimethylation 
(H3K4me3), and arginine dimethylation (H4R3me2), are 
characterized and associated with transcriptionally active 
and repressed chromatin structure (117-121). In fact, global 
loss of acetylation (K16) and trimethylation (K20) of 
histone H4 have been shown to be hallmarks of human 
cancer (122). 

 
Acetylation is the most studied histone mark of 

chromatin structure in cancer development and this post-
translational modification is mediated by histone acetyl 
transferases (HATs) and removed by histone deacetylases 
(HDACs) (123, 124).  In addition to acetylation of histones, 
HATs can also acetylate several transcription factors, 
including GATA1, E2F1, pRB or p53 to modulate their 
DNA binding affinities (125). Hbo1, a histone 
acetyltransferase of the MYST family, and hMOF, a CBP-
p300 HAT, have already been linked to breast cancer 
progression (126-128). Similarly, expression levels of 
several HDACs such as HDAC1, -2, -3, and -6 have also 
been shown to be aberrant in breast cancer (129-134). A 
number of HDAC inhibitors have been shown to inhibit 
tumor growth in vitro and in vivo and several of these are 
now in clinical trials (116). Besides acetylation, 
methylation and demethylation of histones as well as the 
expression levels of methyl transferases and demethylases 
are also altered in breast cancer and has been reviewed 
extensively by Dalvai et al., (135). Recently, Elsheikh et 
al., studied the relative levels of seven modified histones, 
including H3K18ac, H3K9ac, H4R3me2, H3K4me2, 
H4K12ac, H4K16ac and H4K20me3 in a series of 880 
invasive breast carcinoma cases and identified distinct 
histone marks which have distinct relationships to known 
prognostic factors and clinical outcomes (136). In their 
study, medullary carcinomas showed low-level detection of 
all histone marks compared to the lobular, mucinous, 
tubular and mixed tubular carcinomas. In addition, 
complementary biomarker analysis showed higher level of 
histone modifications in tumors with steroid receptor-
positive subtypes, luminal subtypes, high E-cadherin and 

BRCA1 expression, whereas lower global levels of histone 
modifications were observed in tumors which expressed 
basal cytokeratins (CK5/6 and CK14), p53 and HER-2. 
These results indicate that low levels of these histone marks 
are associated with adverse patient outcome, whereas high 
levels of H3K18ac, H4R3me2, and H3K9ac were 
significantly associated with a more favorable clinical 
course and longer disease-free survival. 
 
6.3.  MicroRNAs (miRNAs) 

MicroRNAs (miRNAs) are a novel class of small 
non-coding RNAs of 20 to 25 nucleotides in length that can 
hybridize to the 3' untranslated region (UTR) of messenger 
RNAs (mRNAs) and either block translation or direct 
degradation of their specific target mRNAs by the RNA-
induced silencing complex (RISC) (137).  MiRNA was first 
discovered in C. elegans in 1993 by the laboratory of Dr. 
Victor Ambrose (138) and have since been identified in 
almost every species, including humans (137, 139-141). 
The 5' region of a miRNA is critical for targeting and 
miRNA function and is known as the “seed” region 
(nucleotides 2 through 8) (137, 142, 143). The base pairing 
of miRNAs with their target sites in the 3' UTR are often 
imperfect and thus, a single miRNA molecule can have 
multiple target mRNAs (144-146). As a result, miRNAs 
have the ability to alter the proteome as well as the 
phenotype of a single cell (137).  

 
miRNAs have been demonstrated to be important 

in many biological processes, including cell proliferation, 
differentiation and apoptosis (147-149).  Since all of these 
processes are often altered in cancer cells, it is not 
surprising that miRNAs have a distinct role in cancer 
progression.  In fact, the majority of human miRNA genes 
are located in fragile chromosomal regions that are 
susceptible to amplification, deletion or translocation 
during tumor development (150, 151). Expression of 
miRNAs are altered in tumors compared with normal 
tissue, supporting the diverse functions of these 
biomolecules as oncogenes or tumour suppressors (152-
155).  For example, miRNA-21 is overexpressed in nearly 
every cancer examined, and thus has been labeled an 
“oncomir” (156). The targets of miRNA-21 include the 
tumor suppressor genes programmed cell death 4 (PDCD4) 
and phosphatase and tensin homologue (PTEN) (157, 158).  
This miRNA also pleiotropically regulates numerous cell 
functions, including protein translation, apoptosis, cell 
proliferation and migration (157, 159, 160). Using miRNA 
profiling, Iorio et al., (161) have identified 29 miRNAs that 
are differentially expressed in breast cancer tissue 
compared to normal mammary tissue.  Of these, 15 were 
able to distinguish tumor versus normal breast tissue with 
100% accuracy. Their study also showed that miRNA 
expression correlated with ER and PR expression (miRNA-
30) as well as tumor stage (miRNA-213 and miRNA-203). 
The differential expression of miRNA let-7 isoforms was 
related to PR status (let-7c), lymph node metastasis (let-7f-
1, let-7a-3, let-7a-2), or high proliferation index (let-7c, let-
7d). Recently, it has been also reported that miRNA let-7 is 
a tumor suppressor controlling breast CSC self-renewal and 
is downregulated in breast CSCs (162, 163).  Another study 
identified unique sets of miRNAs associated with the 
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ERBB2/HER2 or ER/PR status of breast cancers (164). Ma 
et al., identified that miRNA-10b was highly expressed 
only in metastatic cancer cells (165). In breast cancer cells, 
the transcription factor TWIST regulates the expression of 
miRNA-10b, which then inhibits translation of the 
homeobox D10 (HOXD10) mRNA, resulting in increased 
expression of a well-characterized pro-metastatic gene, 
RHOC.  Another study reported that miRNA-373 and 
miRNA-520c could also promote breast tumor invasion and 
metastasis, at least in part by regulating the gene CD44 
(166). Tavazoie et al., identified that miRNA-335, miRNA-
206, and miRNA-126 are metastasis suppressors of breast 
cancer (167). 

 
Many miRNAs are differentially expressed in 

breast cancer stem cells and several appear to be important 
in maintaining their tumorigenic potential (162, 168, 169).  
In a study published by Shimono et al., miRNA expression 
in human breast CSCs (lin-CD44Hi/CD24-/Low ) was 
compared with differentiated progeny and discovered that 
members of the miRNA-200 family (a, b, and c) were 
significantly downregulated in breast CSCs (168).   Targets 
of miRNA-200 family miRNAs include stem cell self-
renewal factor BMI1 as well as the transcriptional 
repressors of E-cadherin, ZEB1/ZEB2 (168, 170).   
Consistently, overexpression of miRNA-200c in breast 
CSCs resulted in suppression of tumorigenic potential 
(168).  Another study demonstrated a feedback loop 
involving Lin28-mediated downregulation of tumor 
suppressor miRNA let-7 (163). Lin28 is an RNA-binding 
protein that induces uridylation of specific miRNAs to 
block miRNA processing by Dicer (171). Additionally, 
miRNA-200c and another miRNA, miRNA-107, which is 
also downregulated in breast CSCs, are also regulated by 
Lin28 (171), suggesting a broader role of Lin28 in 
regulating the expression of multiple miRNAs to promote a 
stem cell phenotype.  Recently, a group led by Stefano 
Piccolo has reported that the miRNA-103/107 family can 
also downregulate Dicer, and that its overexpression is 
associated with an increased risk of developing metastases 
in breast cancer patients (172). Overexpression of miRNA-
103/107 induced epithelial–mesenchymal transition (EMT) 
and treatment of mice with antagomiR-103/107 reduced 
metastatic colonization as well as restored levels of mature 
miRNAs including miRNA-200 expression (172). 

 
The delineation of specific alterations in miRNA 

expression in different subtypes of breast malignancy 
highlights the importance of these biomolecules in 
specifying and maintaining discrete tumor phenotypes.  
Definitive patterns of miRNA expression may provide 
novel tools in the diagnosis, classification and prognostic 
stratification of human breast cancers.  Moreover, targeting 
miRNAs may provide a promising new approach to cancer 
therapy, since miRNA-based therapies have the potential to 
treat chemo-resistant CSCs that are responsible for relapse 
(173).  While specific miRNAs may be dysregulated in 
cancer, the same miRNAs likely play essential roles in 
normal cells (169). Thus, it is necessary to deliver miRNA 
effectors specifically to the tumor.  In this regard, several 
approaches have been used to deliver miRNA effectors to 
cancer cells (169, 174-176). 

7.  FINAL COMMENTS 
 
The past decade of breast cancer research has 

transformed our understanding of this disease.  Though the 
histological heterogeneity of human breast cancer has been 
appreciated for some time, profiling breast cancers at the 
genetic, epigenetic and transcriptional levels has revealed 
immense diversity that is not apparent at the morphological 
level.  These advances have enhanced our ability to predict 
the biological behavior and even clinical course of specific 
human breast cancers, though we still have much work to 
do in this regard.  Given the molecular heterogeneity within 
a given subtype in our current classification scheme, it is 
apparent that additional types or subtypes of breast cancer 
will likely emerge in the relatively near future.  By utilizing 
our ever-growing base of knowledge concerning 
transcriptional, genetic and epigenetic changes associated 
with the subtypes of breast cancer, we will undoubtedly 
identify exploitable targets that can be used to rationally 
treat breast cancer patients on the basis of the biology of 
their individual tumor.  Precisely defining the myriad 
molecular alterations present in cancer offers the 
opportunity to specifically define rational targeted 
therapeutic approaches that are individualized and 
optimized for each patient.  This approach will define the 
development of personalized medicine in the 21st century. 
 
8.  ACKNOWLEDGEMENTS  
 

Authors S.R.S. and A.P. contributed equally to 
this work.  S.R.S. is supported by a United States 
Department of Defense Breast Cancer Research Program 
Pre-Doctoral Fellowship (BC100441). 
 
9.  REFERENCES 
 
1. Coughlin, S. S. & D. U. Ekwueme: Breast cancer as a 
global health concern. Cancer Epidemiol, 33, 315-8 (2009) 
 
2. Hennessy, B. T., A. M. Gonzalez-Angulo, K. Stemke-
Hale, M. Z. Gilcrease, S. Krishnamurthy, J. S. Lee, J. 
Fridlyand, A. Sahin, R. Agarwal, C. Joy, W. Liu, D. 
Stivers, K. Baggerly, M. Carey, A. Lluch, C. Monteagudo, 
X. He, V. Weigman, C. Fan, J. Palazzo, G. N. Hortobagyi, 
L. K. Nolden, N. J. Wang, V. Valero, J. W. Gray, C. M. 
Perou & G. B. Mills: Characterization of a naturally 
occurring breast cancer subset enriched in epithelial-to-
mesenchymal transition and stem cell characteristics. 
Cancer Res, 69, 4116-24 (2009) 
 
3. Perou, C. M., T. Sorlie, M. B. Eisen, M. van de Rijn, S. 
S. Jeffrey, C. A. Rees, J. R. Pollack, D. T. Ross, H. 
Johnsen, L. A. Akslen, O. Fluge, A. Pergamenschikov, C. 
Williams, S. X. Zhu, P. E. Lonning, A. L. Borresen-Dale, 
P. O. Brown & D. Botstein: Molecular portraits of human 
breast tumours. Nature, 406, 747-52 (2000) 
 
4. Sorlie, T., C. M. Perou, R. Tibshirani, T. Aas, S. Geisler, 
H. Johnsen, T. Hastie, M. B. Eisen, M. van de Rijn, S. S. 
Jeffrey, T. Thorsen, H. Quist, J. C. Matese, P. O. Brown, D. 
Botstein, P. Eystein Lonning & A. L. Borresen-Dale: Gene 
expression patterns of breast carcinomas distinguish tumor 



Signatures of breast cancer subtypes 

942 

subclasses with clinical implications. Proc Natl Acad Sci U 
S A, 98, 10869-74 (2001) 
 
5. Sotiriou, C., S. Y. Neo, L. M. McShane, E. L. Korn, P. 
M. Long, A. Jazaeri, P. Martiat, S. B. Fox, A. L. Harris & 
E. T. Liu: Breast cancer classification and prognosis based 
on gene expression profiles from a population-based study. 
Proc Natl Acad Sci U S A, 100, 10393-8 (2003) 
 
6. Park, C. H., D. E. Bergsagel & E. A. McCulloch: Mouse 
myeloma tumor stem cells: a primary cell culture assay. J 
Natl Cancer Inst, 46, 411-22 (1971) 
 
7. Lobo, N. A., Y. Shimono, D. Qian & M. F. Clarke: 
The biology of cancer stem cells. Annu Rev Cell Dev 
Biol, 23, 675-99 (2007) 
 
8. Sell, S.: Stem cell origin of cancer and differentiation 
therapy. Crit Rev Oncol Hematol, 51, 1-28 (2004) 
 
9. Huntly, B. J. & D. G. Gilliland: Leukaemia stem cells 
and the evolution of cancer-stem-cell research. Nat Rev 
Cancer, 5, 311-21 (2005) 
 
10. Dalerba, P., R. W. Cho & M. F. Clarke: Cancer stem 
cells: models and concepts. Annu Rev Med, 58, 267-84 
(2007) 
 
11. Clarke, M. F. & M. Fuller: Stem cells and cancer: 
two faces of eve. Cell, 124, 1111-5 (2006) 
 
12. Reya, T., S. J. Morrison, M. F. Clarke & I. L. 
Weissman: Stem cells, cancer, and cancer stem cells. 
Nature, 414, 105-11 (2001) 
 
13. Behbod, F. & J. M. Rosen: Will cancer stem cells 
provide new therapeutic targets? Carcinogenesis, 26, 
703-11 (2005) 
 
14. Bruce, W. R. & H. Van Der Gaag: A Quantitative 
Assay for the Number of Murine Lymphoma Cells 
Capable of Proliferation in vivo. Nature, 199, 79-80 
(1963) 
 
15. Fiala, S.: Cancer Cell as a Stem Cell Unable to 
Differentiate . A Theory of Carcinogenesis. Neoplasma, 
15, 607-& (1968) 
 
16. Bonnet, D. & J. E. Dick: Human acute myeloid 
leukemia is organized as a hierarchy that originates from 
a primitive hematopoietic cell. Nat Med, 3, 730-7 (1997) 
 
17. Pierce, G. B. & C. Wallace: Differentiation of 
malignant to benign cells. Cancer Res, 31, 127-34 (1971) 
 
18. Hamburger, A. & S. E. Salmon: Primary bioassay of 
human myeloma stem cells. J Clin Invest, 60, 846-54 
(1977) 
 
19. Hamburger, A. W. & S. E. Salmon: Primary bioassay of 
human tumor stem cells. Science, 197, 461-3 (1977) 
 

20. Fialkow, P. J.: Stem cell origin of human myeloid blood 
cell neoplasms. Verh Dtsch Ges Pathol, 74, 43-7 (1990) 
 
21. Spangrude, G. J., S. Heimfeld & I. L. Weissman: 
Purification and characterization of mouse hematopoietic 
stem cells. Science, 241, 58-62 (1988) 
 
22. Lapidot, T., C. Sirard, J. Vormoor, B. Murdoch, T. 
Hoang, J. Caceres-Cortes, M. Minden, B. Paterson, M. A. 
Caligiuri & J. E. Dick: A cell initiating human acute 
myeloid leukaemia after transplantation into SCID mice. 
Nature, 367, 645-8 (1994) 
 
23. Singh, S. K., I. D. Clarke, T. Hide & P. B. Dirks: 
Cancer stem cells in nervous system tumors. Oncogene, 23, 
7267-73 (2004) 
 
24. Singh, S. K., C. Hawkins, I. D. Clarke, J. A. Squire, J. 
Bayani, T. Hide, R. M. Henkelman, M. D. Cusimano & P. 
B. Dirks: Identification of human brain tumour initiating 
cells. Nature, 432, 396-401 (2004) 
 
25. Al-Hajj, M., M. S. Wicha, A. Benito-Hernandez, S. J. 
Morrison & M. F. Clarke: Prospective identification of 
tumorigenic breast cancer cells. Proc Natl Acad Sci U S A, 
100, 3983-8 (2003) 
 
26. Fang, D., T. K. Nguyen, K. Leishear, R. Finko, A. N. 
Kulp, S. Hotz, P. A. Van Belle, X. Xu, D. E. Elder & M. 
Herlyn: A tumorigenic subpopulation with stem cell 
properties in melanomas. Cancer Res, 65, 9328-37 (2005) 
 
27. Gibbs, C. P., V. G. Kukekov, J. D. Reith, O. 
Tchigrinova, O. N. Suslov, E. W. Scott, S. C. Ghivizzani, 
T. N. Ignatova & D. A. Steindler: Stem-like cells in bone 
sarcomas: implications for tumorigenesis. Neoplasia, 7, 
967-76 (2005) 
 
28. Ricci-Vitiani, L., D. G. Lombardi, E. Pilozzi, M. 
Biffoni, M. Todaro, C. Peschle & R. De Maria: 
Identification and expansion of human colon-cancer-
initiating cells. Nature, 445, 111-5 (2007) 
 
29. O'Brien, C. A., A. Pollett, S. Gallinger & J. E. Dick: A 
human colon cancer cell capable of initiating tumour 
growth in immunodeficient mice. Nature, 445, 106-10 
(2007) 
 
30. Ginestier, C., M. H. Hur, E. Charafe-Jauffret, F. 
Monville, J. Dutcher, M. Brown, J. Jacquemier, P. Viens, 
C. G. Kleer, S. Liu, A. Schott, D. Hayes, D. Birnbaum, M. 
S. Wicha & G. Dontu: ALDH1 is a marker of normal and 
malignant human mammary stem cells and a predictor of 
poor clinical outcome. Cell Stem Cell, 1, 555-67 (2007) 
 
31. Fearon, E. R. & B. Vogelstein: A genetic model for 
colorectal tumorigenesis. Cell, 61, 759-67 (1990) 
 
32. Grander, D.: How do mutated oncogenes and tumor 
suppressor genes cause cancer? Med Oncol, 15, 20-6 
(1998) 
 



Signatures of breast cancer subtypes 

943 

33. Creighton, C. J., X. Li, M. Landis, J. M. Dixon, V. M. 
Neumeister, A. Sjolund, D. L. Rimm, H. Wong, A. 
Rodriguez, J. I. Herschkowitz, C. Fan, X. Zhang, X. He, A. 
Pavlick, M. C. Gutierrez, L. Renshaw, A. A. Larionov, D. 
Faratian, S. G. Hilsenbeck, C. M. Perou, M. T. Lewis, J. M. 
Rosen & J. C. Chang: Residual breast cancers after 
conventional therapy display mesenchymal as well as 
tumor-initiating features. Proc Natl Acad Sci U S A, 106, 
13820-5 (2009) 
 
34. Liu, R., X. Wang, G. Y. Chen, P. Dalerba, A. Gurney, 
T. Hoey, G. Sherlock, J. Lewicki, K. Shedden & M. F. 
Clarke: The prognostic role of a gene signature from 
tumorigenic breast-cancer cells. N Engl J Med, 356, 217-26 
(2007) 
 
35. Bertucci, F., N. Cervera & D. Birnbaum: A gene 
signature in breast cancer. N Engl J Med, 356, 1887-8; 
author reply 1887-8 (2007) 
 
36. Chang, J. C., E. C. Wooten, A. Tsimelzon, S. G. 
Hilsenbeck, M. C. Gutierrez, R. Elledge, S. Mohsin, C. K. 
Osborne, G. C. Chamness, D. C. Allred & P. O'Connell: 
Gene expression profiling for the prediction of therapeutic 
response to docetaxel in patients with breast cancer. Lancet, 
362, 362-9 (2003) 
 
37. Li, X., M. T. Lewis, J. Huang, C. Gutierrez, C. K. 
Osborne, M. F. Wu, S. G. Hilsenbeck, A. Pavlick, X. 
Zhang, G. C. Chamness, H. Wong, J. Rosen & J. C. Chang: 
Intrinsic resistance of tumorigenic breast cancer cells to 
chemotherapy. J Natl Cancer Inst, 100, 672-9 (2008) 
 
38. Kalluri, R. & R. A. Weinberg: The basics of epithelial-
mesenchymal transition. J Clin Invest, 119, 1420-8 (2009) 
 
39. Mani, S. A., W. Guo, M. J. Liao, E. N. Eaton, A. 
Ayyanan, A. Y. Zhou, M. Brooks, F. Reinhard, C. C. 
Zhang, M. Shipitsin, L. L. Campbell, K. Polyak, C. 
Brisken, J. Yang & R. A. Weinberg: The epithelial-
mesenchymal transition generates cells with properties of 
stem cells. Cell, 133, 704-15 (2008) 
 
40. Gupta, P. B., T. T. Onder, G. Jiang, K. Tao, C. 
Kuperwasser, R. A. Weinberg & E. S. Lander: 
Identification of selective inhibitors of cancer stem cells by 
high-throughput screening. Cell, 138, 645-59 (2009) 
 
41. Villadsen, R., A. J. Fridriksdottir, L. Ronnov-Jessen, T. 
Gudjonsson, F. Rank, M. A. LaBarge, M. J. Bissell & O. 
W. Petersen: Evidence for a stem cell hierarchy in the adult 
human breast. J Cell Biol, 177, 87-101 (2007) 
 
42. Stingl, J. & C. Caldas: Molecular heterogeneity of 
breast carcinomas and the cancer stem cell hypothesis. Nat 
Rev Cancer, 7, 791-9 (2007) 
 
43. Prat, A., J. S. Parker, O. Karginova, C. Fan, C. Livasy, 
J. I. Herschkowitz, X. He & C. M. Perou: Phenotypic and 
molecular characterization of the claudin-low intrinsic 
subtype of breast cancer. Breast Cancer Res, 12, R68  
 

44. Muggerud, A. A., M. Hallett, H. Johnsen, K. Kleivi, W. 
Zhou, S. Tahmasebpoor, R. M. Amini, J. Botling, A. L. 
Borresen-Dale, T. Sorlie & F. Warnberg: Molecular 
diversity in ductal carcinoma in situ (DCIS) and early 
invasive breast cancer. Mol Oncol, 4, 357-68  
 
45. Visvader, J. E.: Keeping abreast of the mammary 
epithelial hierarchy and breast tumorigenesis. Genes Dev, 
23, 2563-77 (2009) 
 
46. Tamimi, R. M., H. J. Baer, J. Marotti, M. Galan, L. 
Galaburda, Y. Fu, A. C. Deitz, J. L. Connolly, S. J. Schnitt, 
G. A. Colditz & L. C. Collins: Comparison of molecular 
phenotypes of ductal carcinoma in situ and invasive breast 
cancer. Breast Cancer Res, 10, R67 (2008) 
 
47. Bouras, T., B. Pal, F. Vaillant, G. Harburg, M. L. 
Asselin-Labat, S. R. Oakes, G. J. Lindeman & J. E. 
Visvader: Notch signaling regulates mammary stem cell 
function and luminal cell-fate commitment. Cell Stem Cell, 
3, 429-41 (2008) 
 
48. Asselin-Labat, M. L., K. D. Sutherland, H. Barker, R. 
Thomas, M. Shackleton, N. C. Forrest, L. Hartley, L. Robb, 
F. G. Grosveld, J. van der Wees, G. J. Lindeman & J. E. 
Visvader: Gata-3 is an essential regulator of mammary-
gland morphogenesis and luminal-cell differentiation. Nat 
Cell Biol, 9, 201-9 (2007) 
 
49. Chou, J., S. Provot & Z. Werb: GATA3 in development 
and cancer differentiation: cells GATA have it! J Cell 
Physiol, 222, 42-9  
 
50. Usary, J., V. Llaca, G. Karaca, S. Presswala, M. 
Karaca, X. He, A. Langerod, R. Karesen, D. S. Oh, L. G. 
Dressler, P. E. Lonning, R. L. Strausberg, S. Chanock, A. 
L. Borresen-Dale & C. M. Perou: Mutation of GATA3 in 
human breast tumors. Oncogene, 23, 7669-78 (2004) 
 
51. Yan, W., Q. J. Cao, R. B. Arenas, B. Bentley & R. 
Shao: GATA3 inhibits breast cancer metastasis through the 
reversal of epithelial-mesenchymal transition. J Biol Chem, 
285, 14042-51  
 
52. Dydensborg, A. B., A. A. Rose, B. J. Wilson, D. Grote, 
M. Paquet, V. Giguere, P. M. Siegel & M. Bouchard: 
GATA3 inhibits breast cancer growth and pulmonary 
breast cancer metastasis. Oncogene, 28, 2634-42 (2009) 
 
53. Yoon, N. K., E. L. Maresh, D. Shen, Y. Elshimali, S. 
Apple, S. Horvath, V. Mah, S. Bose, D. Chia, H. R. Chang 
& L. Goodglick: Higher levels of GATA3 predict better 
survival in women with breast cancer. Hum Pathol, 41, 
1794-1801  
 
54. Johnston, S. R.: New strategies in estrogen receptor-
positive breast cancer. Clin Cancer Res, 16, 1979-87  
 
55. Shiu, K. K., R. Natrajan, F. C. Geyer, A. Ashworth & J. 
S. Reis-Filho: DNA amplifications in breast cancer: 
genotypic-phenotypic correlations. Future Oncol, 6, 967-84  
 



Signatures of breast cancer subtypes 

944 

56. Moasser, M. M.: The oncogene HER2: its signaling and 
transforming functions and its role in human cancer 
pathogenesis. Oncogene, 26, 6469-87 (2007) 
 
57. Liu, E., A. Thor, M. He, M. Barcos, B. M. Ljung & C. 
Benz: The HER2 (c-erbB-2) oncogene is frequently 
amplified in in situ carcinomas of the breast. Oncogene, 7, 
1027-32 (1992) 
 
58. Park, K., S. Han, H. J. Kim, J. Kim & E. Shin: HER2 
status in pure ductal carcinoma in situ and in the intraductal 
and invasive components of invasive ductal carcinoma 
determined by fluorescence in situ hybridization and 
immunohistochemistry. Histopathology, 48, 702-7 (2006) 
 
59. Casalini, P., M. V. Iorio, E. Galmozzi & S. Menard: 
Role of HER receptors family in development and 
differentiation. J Cell Physiol, 200, 343-50 (2004) 
 
60. Rodriguez-Pinilla, S. M., D. Sarrio, E. Honrado, D. 
Hardisson, F. Calero, J. Benitez & J. Palacios: Prognostic 
significance of basal-like phenotype and fascin expression 
in node-negative invasive breast carcinomas. Clin Cancer 
Res, 12, 1533-9 (2006) 
 
61. Sorlie, T., R. Tibshirani, J. Parker, T. Hastie, J. S. 
Marron, A. Nobel, S. Deng, H. Johnsen, R. Pesich, S. 
Geisler, J. Demeter, C. M. Perou, P. E. Lonning, P. O. 
Brown, A. L. Borresen-Dale & D. Botstein: Repeated 
observation of breast tumor subtypes in independent gene 
expression data sets. Proc Natl Acad Sci U S A, 100, 8418-
23 (2003) 
 
62. Slamon, D. J., B. Leyland-Jones, S. Shak, H. Fuchs, V. 
Paton, A. Bajamonde, T. Fleming, W. Eiermann, J. Wolter, 
M. Pegram, J. Baselga & L. Norton: Use of chemotherapy 
plus a monoclonal antibody against HER2 for metastatic 
breast cancer that overexpresses HER2. N Engl J Med, 344, 
783-92 (2001) 
 
63. Esteva, F. J., D. Yu, M. C. Hung & G. N. Hortobagyi: 
Molecular predictors of response to trastuzumab and 
lapatinib in breast cancer. Nat Rev Clin Oncol, 7, 98-107  
 
64. Murphy, C. G. & M. Fornier: HER2-positive breast 
cancer: beyond trastuzumab. Oncology (Williston Park), 
24, 410-5  
 
65. Morrow, P. K., F. Zambrana & F. J. Esteva: Recent 
advances in systemic therapy: Advances in systemic 
therapy for HER2-positive metastatic breast cancer. Breast 
Cancer Res, 11, 207 (2009) 
 
66. Gusterson, B. A., D. T. Ross, V. J. Heath & T. Stein: 
Basal cytokeratins and their relationship to the cellular 
origin and functional classification of breast cancer. Breast 
Cancer Res, 7, 143-8 (2005) 
 
67. Turner, N. C. & J. S. Reis-Filho: Basal-like breast 
cancer and the BRCA1 phenotype. Oncogene, 25, 5846-53 
(2006) 
 

68. Turner, N. C., J. S. Reis-Filho, A. M. Russell, R. J. 
Springall, K. Ryder, D. Steele, K. Savage, C. E. Gillett, F. 
C. Schmitt, A. Ashworth & A. N. Tutt: BRCA1 
dysfunction in sporadic basal-like breast cancer. Oncogene, 
26, 2126-32 (2007) 
 
69. Fillmore, C. M. & C. Kuperwasser: Human breast 
cancer cell lines contain stem-like cells that self-renew, 
give rise to phenotypically diverse progeny and survive 
chemotherapy. Breast Cancer Res, 10, R25 (2008) 
 
70. Lim, E., F. Vaillant, D. Wu, N. C. Forrest, B. Pal, A. H. 
Hart, M. L. Asselin-Labat, D. E. Gyorki, T. Ward, A. 
Partanen, F. Feleppa, L. I. Huschtscha, H. J. Thorne, S. B. 
Fox, M. Yan, J. D. French, M. A. Brown, G. K. Smyth, J. 
E. Visvader & G. J. Lindeman: Aberrant luminal 
progenitors as the candidate target population for basal 
tumor development in BRCA1 mutation carriers. Nat Med, 
15, 907-13 (2009) 
 
71. Molyneux, G., F. C. Geyer, F. A. Magnay, A. 
McCarthy, H. Kendrick, R. Natrajan, A. Mackay, A. 
Grigoriadis, A. Tutt, A. Ashworth, J. S. Reis-Filho & M. J. 
Smalley: BRCA1 basal-like breast cancers originate from 
luminal epithelial progenitors and not from basal stem 
cells. Cell Stem Cell, 7, 403-17  
 
72. Burness, M. L., T. A. Grushko & O. I. Olopade: 
Epidermal growth factor receptor in triple-negative and 
basal-like breast cancer: promising clinical target or only a 
marker? Cancer J, 16, 23-32  
 
73. Turner, N., A. Tutt & A. Ashworth: Hallmarks of 
'BRCAness' in sporadic cancers. Nat Rev Cancer, 4, 814-9 
(2004) 
 
74. Thompson, M. E., R. A. Jensen, P. S. Obermiller, D. L. 
Page & J. T. Holt: Decreased expression of BRCA1 
accelerates growth and is often present during sporadic 
breast cancer progression. Nat Genet, 9, 444-50 (1995) 
 
75. Jasin, M.: Homologous repair of DNA damage and 
tumorigenesis: the BRCA connection. Oncogene, 21, 8981-
93 (2002) 
 
76. Bhattacharyya, A., U. S. Ear, B. H. Koller, R. R. 
Weichselbaum & D. K. Bishop: The breast cancer 
susceptibility gene BRCA1 is required for subnuclear 
assembly of Rad51 and survival following treatment with 
the DNA cross-linking agent cisplatin. J Biol Chem, 275, 
23899-903 (2000) 
 
77. Husain, A., G. He, E. S. Venkatraman & D. R. Spriggs: 
BRCA1 up-regulation is associated with repair-mediated 
resistance to cis-diamminedichloroplatinum(II). Cancer 
Res, 58, 1120-3 (1998) 
 
78. Quinn, J. E., R. D. Kennedy, P. B. Mullan, P. M. 
Gilmore, M. Carty, P. G. Johnston & D. P. Harkin: BRCA1 
functions as a differential modulator of chemotherapy-
induced apoptosis. Cancer Res, 63, 6221-8 (2003) 
 



Signatures of breast cancer subtypes 

945 

79. Abbott, D. W., M. E. Thompson, C. Robinson-Benion, 
G. Tomlinson, R. A. Jensen & J. T. Holt: BRCA1 
expression restores radiation resistance in BRCA1-
defective cancer cells through enhancement of 
transcription-coupled DNA repair. J Biol Chem, 274, 
18808-12 (1999) 
 
80. Isakoff, S. J.: Triple-negative breast cancer: role of 
specific chemotherapy agents. Cancer J, 16, 53-61  
 
81. Lafarge, S., V. Sylvain, M. Ferrara & Y. J. Bignon: 
Inhibition of BRCA1 leads to increased chemoresistance to 
microtubule-interfering agents, an effect that involves the JNK 
pathway. Oncogene, 20, 6597-606 (2001) 
 
82. Mullan, P. B., J. E. Quinn, P. M. Gilmore, S. McWilliams, 
H. Andrews, C. Gervin, N. McCabe, S. McKenna, P. White, 
Y. H. Song, S. Maheswaran, E. Liu, D. A. Haber, P. G. 
Johnston & D. P. Harkin: BRCA1 and GADD45 mediated 
G2/M cell cycle arrest in response to antimicrotubule agents. 
Oncogene, 20, 6123-31 (2001) 
 
83. Tassone, P., S. Blotta, C. Palmieri, S. Masciari, B. 
Quaresima, M. Montagna, E. D'Andrea, O. P. Eramo, L. 
Migale, F. Costanzo, P. Tagliaferri & S. Venuta: Differential 
sensitivity of BRCA1-mutated HCC1937 human breast cancer 
cells to microtubule-interfering agents. Int J Oncol, 26, 1257-
63 (2005) 
 
84. Price, M. & A. N. Monteiro: Fine tuning chemotherapy to 
match BRCA1 status. Biochem Pharmacol, 80, 647-53  
 
85. McCabe, N., N. C. Turner, C. J. Lord, K. Kluzek, A. 
Bialkowska, S. Swift, S. Giavara, M. J. O'Connor, A. N. Tutt, 
M. Z. Zdzienicka, G. C. Smith & A. Ashworth: Deficiency in 
the repair of DNA damage by homologous recombination and 
sensitivity to poly(ADP-ribose) polymerase inhibition. Cancer 
Res, 66, 8109-15 (2006) 
 
86. Martin, S. A., C. J. Lord & A. Ashworth: DNA repair 
deficiency as a therapeutic target in cancer. Curr Opin Genet 
Dev, 18, 80-6 (2008) 
 
87. Anders, C. K., E. P. Winer, J. M. Ford, R. Dent, D. P. 
Silver, G. W. Sledge & L. A. Carey: Poly(ADP-Ribose) 
polymerase inhibition: "Targeted" therapy for triple-negative 
breast cancer. Clin Cancer Res, 16, 4702-10  
 
88. Herschkowitz, J. I., K. Simin, V. J. Weigman, I. Mikaelian, 
J. Usary, Z. Hu, K. E. Rasmussen, L. P. Jones, S. Assefnia, S. 
Chandrasekharan, M. G. Backlund, Y. Yin, A. I. Khramtsov, 
R. Bastein, J. Quackenbush, R. I. Glazer, P. H. Brown, J. E. 
Green, L. Kopelovich, P. A. Furth, J. P. Palazzo, O. I. Olopade, 
P. S. Bernard, G. A. Churchill, T. Van Dyke & C. M. Perou: 
Identification of conserved gene expression features between 
murine mammary carcinoma models and human breast 
tumors. Genome Biol, 8, R76 (2007) 
 
89. Gutman, H., R. E. Pollock, N. A. Janjan & D. A. 
Johnston: Biologic distinctions and therapeutic implications 
of sarcomatoid metaplasia of epithelial carcinoma of the 
breast. J Am Coll Surg, 180, 193-9 (1995) 

90. Hennessy, B. T., S. Giordano, K. Broglio, Z. Duan, 
J. Trent, T. A. Buchholz, G. Babiera, G. N. Hortobagyi 
& V. Valero: Biphasic metaplastic sarcomatoid 
carcinoma of the breast. Ann Oncol, 17, 605-13 (2006) 
 
91. Hennessy, B. T., S. Krishnamurthy, S. Giordano, T. 
A. Buchholz, S. W. Kau, Z. Duan, V. Valero & G. N. 
Hortobagyi: Squamous cell carcinoma of the breast. J 
Clin Oncol, 23, 7827-35 (2005) 
 
92. Reis-Filho, J. S., F. Milanezi, D. Steele, K. Savage, 
P. T. Simpson, J. M. Nesland, E. M. Pereira, S. R. 
Lakhani & F. C. Schmitt: Metaplastic breast carcinomas 
are basal-like tumours. Histopathology, 49, 10-21 
(2006) 
 
93. Hess, K. R., K. Anderson, W. F. Symmans, V. 
Valero, N. Ibrahim, J. A. Mejia, D. Booser, R. L. 
Theriault, A. U. Buzdar, P. J. Dempsey, R. Rouzier, N. 
Sneige, J. S. Ross, T. Vidaurre, H. L. Gomez, G. N. 
Hortobagyi & L. Pusztai: Pharmacogenomic predictor of 
sensitivity to preoperative chemotherapy with paclitaxel 
and fluorouracil, doxorubicin, and cyclophosphamide in 
breast cancer. J Clin Oncol, 24, 4236-44 (2006) 
 
94. Sourvinos, G. & D. A. Spandidos: Decreased BRCA1 
expression levels may arrest the cell cycle through 
activation of p53 checkpoint in human sporadic breast 
tumors. Biochem Biophys Res Commun, 245, 75-80 (1998) 
 
95. Foulkes, W. D., I. M. Stefansson, P. O. Chappuis, L. 
R. Begin, J. R. Goffin, N. Wong, M. Trudel & L. A. 
Akslen: Germline BRCA1 mutations and a basal 
epithelial phenotype in breast cancer. J Natl Cancer 
Inst, 95, 1482-5 (2003) 
 
96. Lakhani, S. R., J. S. Reis-Filho, L. Fulford, F. 
Penault-Llorca, M. van der Vijver, S. Parry, T. Bishop, 
J. Benitez, C. Rivas, Y. J. Bignon, J. Chang-Claude, U. 
Hamann, C. J. Cornelisse, P. Devilee, M. W. Beckmann, 
C. Nestle-Kramling, P. A. Daly, N. Haites, J. Varley, F. 
Lalloo, G. Evans, C. Maugard, H. Meijers-Heijboer, J. 
G. Klijn, E. Olah, B. A. Gusterson, S. Pilotti, P. Radice, 
S. Scherneck, H. Sobol, J. Jacquemier, T. Wagner, J. 
Peto, M. R. Stratton, L. McGuffog & D. F. Easton: 
Prediction of BRCA1 status in patients with breast 
cancer using estrogen receptor and basal phenotype. 
Clin Cancer Res, 11, 5175-80 (2005) 
 
97. Catteau, A., W. H. Harris, C. F. Xu & E. Solomon: 
Methylation of the BRCA1 promoter region in sporadic breast 
and ovarian cancer: correlation with disease characteristics. 
Oncogene, 18, 1957-65 (1999) 
 
98. Yang, Q., T. Sakurai, I. Mori, G. Yoshimura, M. 
Nakamura, Y. Nakamura, T. Suzuma, T. Tamaki, T. Umemura 
& K. Kakudo: Prognostic significance of BRCA1 expression 
in Japanese sporadic breast carcinomas. Cancer, 92, 54-60 
(2001) 
 
99. Furuta, S., X. Jiang, B. Gu, E. Cheng, P. L. Chen & W. 
H. Lee: Depletion of BRCA1 impairs differentiation but 



Signatures of breast cancer subtypes 

946 

enhances proliferation of mammary epithelial cells. Proc 
Natl Acad Sci U S A, 102, 9176-81 (2005) 
 
100. Liu, S., C. Ginestier, E. Charafe-Jauffret, H. Foco, C. 
G. Kleer, S. D. Merajver, G. Dontu & M. S. Wicha: 
BRCA1 regulates human mammary stem/progenitor cell 
fate. Proc Natl Acad Sci U S A, 105, 1680-5 (2008) 
 
101. Xu, X., K. U. Wagner, D. Larson, Z. Weaver, C. Li, T. 
Ried, L. Hennighausen, A. Wynshaw-Boris & C. X. Deng: 
Conditional mutation of Brca1 in mammary epithelial cells 
results in blunted ductal morphogenesis and tumour 
formation. Nat Genet, 22, 37-43 (1999) 
 
102. Kouzarides, T.: Chromatin modifications and their 
function. Cell, 128, 693-705 (2007) 
 
103. Kurdistani, S. K.: Histone modifications as markers of 
cancer prognosis: a cellular view. Br J Cancer, 97, 1-5 
(2007) 
 
104. Esteller, M.: Cancer epigenomics: DNA methylomes 
and histone-modification maps. Nat Rev Genet, 8, 286-98 
(2007) 
 
105. Esteller, M.: Aberrant DNA methylation as a cancer-
inducing mechanism. Annu Rev Pharmacol Toxicol, 45, 
629-56 (2005) 
 
106. Brandeis, M., D. Frank, I. Keshet, Z. Siegfried, M. 
Mendelsohn, A. Nemes, V. Temper, A. Razin & H. Cedar: 
Sp1 elements protect a CpG island from de novo 
methylation. Nature, 371, 435-8 (1994) 
 
107. Feinberg, A. P., R. Ohlsson & S. Henikoff: The 
epigenetic progenitor origin of human cancer. Nat Rev 
Genet, 7, 21-33 (2006) 
 
108. Baylin, S. B.: DNA methylation and gene silencing in 
cancer. Nat Clin Pract Oncol, 2 Suppl 1, S4-11 (2005) 
 
109. Yang, X., L. Yan & N. E. Davidson: DNA 
methylation in breast cancer. Endocr Relat Cancer, 8, 115-
27 (2001) 
 
110. Shipitsin, M., L. L. Campbell, P. Argani, S. 
Weremowicz, N. Bloushtain-Qimron, J. Yao, T. 
Nikolskaya, T. Serebryiskaya, R. Beroukhim, M. Hu, M. K. 
Halushka, S. Sukumar, L. M. Parker, K. S. Anderson, L. N. 
Harris, J. E. Garber, A. L. Richardson, S. J. Schnitt, Y. 
Nikolsky, R. S. Gelman & K. Polyak: Molecular definition 
of breast tumor heterogeneity. Cancer Cell, 11, 259-73 
(2007) 
 
111. Bloushtain-Qimron, N., J. Yao, E. L. Snyder, M. 
Shipitsin, L. L. Campbell, S. A. Mani, M. Hu, H. Chen, V. 
Ustyansky, J. E. Antosiewicz, P. Argani, M. K. Halushka, 
J. A. Thomson, P. Pharoah, A. Porgador, S. Sukumar, R. 
Parsons, A. L. Richardson, M. R. Stampfer, R. S. Gelman, 
T. Nikolskaya, Y. Nikolsky & K. Polyak: Cell type-specific 
DNA methylation patterns in the human breast. Proc Natl 
Acad Sci U S A, 105, 14076-81 (2008) 

112. Holm, K., C. Hegardt, J. Staaf, J. Vallon-Christersson, 
G. Jonsson, H. Olsson, A. Borg & M. Ringner: Molecular 
subtypes of breast cancer are associated with characteristic 
DNA methylation patterns. Breast Cancer Res, 12, R36 
(2010) 
 
113. Bediaga, N. G., A. Acha-Sagredo, I. Guerra, A. 
Viguri, C. Albaina, I. Ruiz Diaz, R. Rezola, M. J. Alberdi, 
J. Dopazo, D. Montaner, M. de Renobales, A. F. 
Fernandez, J. K. Field, M. F. Fraga, T. Liloglou & M. M. 
de Pancorbo: DNA methylation epigenotypes in breast 
cancer molecular subtypes. Breast Cancer Res, 12, R77 
(2010) 
 
114. Fandy, T. E.: Development of DNA methyltransferase 
inhibitors for the treatment of neoplastic diseases. Curr Med 
Chem, 16, 2075-85 (2009) 
 
115. Davie, J. R.: Covalent modifications of histones: 
expression from chromatin templates. Curr Opin Genet Dev, 8, 
173-8 (1998) 
 
116. Marks, P., R. A. Rifkind, V. M. Richon, R. Breslow, T. 
Miller & W. K. Kelly: Histone deacetylases and cancer: causes 
and therapies. Nat Rev Cancer, 1, 194-202 (2001) 
 
117. Schneider, R., A. J. Bannister, F. A. Myers, A. W. 
Thorne, C. Crane-Robinson & T. Kouzarides: Histone H3 
lysine 4 methylation patterns in higher eukaryotic genes. Nat 
Cell Biol, 6, 73-7 (2004) 
 
118. Bernstein, B. E., M. Kamal, K. Lindblad-Toh, S. 
Bekiranov, D. K. Bailey, D. J. Huebert, S. McMahon, E. K. 
Karlsson, E. J. Kulbokas, 3rd, T. R. Gingeras, S. L. Schreiber 
& E. S. Lander: Genomic maps and comparative analysis of 
histone modifications in human and mouse. Cell, 120, 169-81 
(2005) 
 
119. Pokholok, D. K., C. T. Harbison, S. Levine, M. Cole, N. 
M. Hannett, T. I. Lee, G. W. Bell, K. Walker, P. A. Rolfe, E. 
Herbolsheimer, J. Zeitlinger, F. Lewitter, D. K. Gifford & R. 
A. Young: Genome-wide map of nucleosome acetylation and 
methylation in yeast. Cell, 122, 517-27 (2005) 
 
120. Turner, B. M.: Cellular memory and the histone code. 
Cell, 111, 285-91 (2002) 
 
121. Jenuwein, T. & C. D. Allis: Translating the histone 
code. Science, 293, 1074-80 (2001) 
 
122. Fraga, M. F., E. Ballestar, A. Villar-Garea, M. Boix-
Chornet, J. Espada, G. Schotta, T. Bonaldi, C. Haydon, S. 
Ropero, K. Petrie, N. G. Iyer, A. Perez-Rosado, E. Calvo, J. 
A. Lopez, A. Cano, M. J. Calasanz, D. Colomer, M. A. 
Piris, N. Ahn, A. Imhof, C. Caldas, T. Jenuwein & M. 
Esteller: Loss of acetylation at Lys16 and trimethylation at 
Lys20 of histone H4 is a common hallmark of human 
cancer. Nat Genet, 37, 391-400 (2005) 
 
123. Wang, G. G., C. D. Allis & P. Chi: Chromatin 
remodeling and cancer, Part I: Covalent histone 
modifications. Trends Mol Med, 13, 363-72 (2007) 



Signatures of breast cancer subtypes 

947 

124. Dhalluin, C., J. E. Carlson, L. Zeng, C. He, A. K. 
Aggarwal & M. M. Zhou: Structure and ligand of a histone 
acetyltransferase bromodomain. Nature, 399, 491-6 (1999) 
 
125. Martinez-Balbas, M. A., U. M. Bauer, S. J. Nielsen, A. 
Brehm & T. Kouzarides: Regulation of E2F1 activity by 
acetylation. EMBO J, 19, 662-71 (2000) 
 
126. Hyman, E., P. Kauraniemi, S. Hautaniemi, M. Wolf, S. 
Mousses, E. Rozenblum, M. Ringner, G. Sauter, O. Monni, A. 
Elkahloun, O. P. Kallioniemi & A. Kallioniemi: Impact of 
DNA amplification on gene expression patterns in breast 
cancer. Cancer Res, 62, 6240-5 (2002) 
 
127. Pollack, J. R., T. Sorlie, C. M. Perou, C. A. Rees, S. S. 
Jeffrey, P. E. Lonning, R. Tibshirani, D. Botstein, A. L. 
Borresen-Dale & P. O. Brown: Microarray analysis reveals a 
major direct role of DNA copy number alteration in the 
transcriptional program of human breast tumors. Proc Natl 
Acad Sci U S A, 99, 12963-8 (2002) 
 
128. Pfister, S., S. Rea, M. Taipale, F. Mendrzyk, B. Straub, C. 
Ittrich, O. Thuerigen, H. P. Sinn, A. Akhtar & P. Lichter: The 
histone acetyltransferase hMOF is frequently downregulated in 
primary breast carcinoma and medulloblastoma and constitutes 
a biomarker for clinical outcome in medulloblastoma. Int J 
Cancer, 122, 1207-13 (2008) 
 
129. Suzuki, J., Y. Y. Chen, G. K. Scott, S. Devries, K. Chin, 
C. C. Benz, F. M. Waldman & E. S. Hwang: Protein 
acetylation and histone deacetylase expression associated with 
malignant breast cancer progression. Clin Cancer Res, 15, 
3163-71 (2009) 
 
130. Yu, Y., F. Xu, H. Peng, X. Fang, S. Zhao, Y. Li, B. 
Cuevas, W. L. Kuo, J. W. Gray, M. Siciliano, G. B. Mills & R. 
C. Bast, Jr.: NOEY2 (ARHI), an imprinted putative tumor 
suppressor gene in ovarian and breast carcinomas. Proc Natl 
Acad Sci U S A, 96, 214-9 (1999) 
 
131. Feng, W., Z. Lu, R. Z. Luo, X. Zhang, E. Seto, W. S. Liao 
& Y. Yu: Multiple histone deacetylases repress tumor 
suppressor gene ARHI in breast cancer. Int J Cancer, 120, 
1664-8 (2007) 
 
132. Zhang, Z., H. Yamashita, T. Toyama, H. Sugiura, Y. 
Omoto, Y. Ando, K. Mita, M. Hamaguchi, S. Hayashi & H. 
Iwase: HDAC6 expression is correlated with better survival 
in breast cancer. Clin Cancer Res, 10, 6962-8 (2004) 
 
133. Saji, S., M. Kawakami, S. Hayashi, N. Yoshida, M. 
Hirose, S. Horiguchi, A. Itoh, N. Funata, S. L. Schreiber, 
M. Yoshida & M. Toi: Significance of HDAC6 regulation 
via estrogen signaling for cell motility and prognosis in 
estrogen receptor-positive breast cancer. Oncogene, 24, 
4531-9 (2005) 
 
134. Duong, V., C. Bret, L. Altucci, A. Mai, C. Duraffourd, 
J. Loubersac, P. O. Harmand, S. Bonnet, S. Valente, T. 
Maudelonde, V. Cavailles & N. Boulle: Specific activity of 
class II histone deacetylases in human breast cancer cells. 
Mol Cancer Res, 6, 1908-19 (2008) 

135. Dalvai, M. & K. Bystricky: The role of histone 
modifications and variants in regulating gene expression in 
breast cancer. J Mammary Gland Biol Neoplasia, 15, 19-33 
(2010) 
 
136. Elsheikh, S. E., A. R. Green, E. A. Rakha, D. G. 
Powe, R. A. Ahmed, H. M. Collins, D. Soria, J. M. 
Garibaldi, C. E. Paish, A. A. Ammar, M. J. Grainge, G. 
R. Ball, M. K. Abdelghany, L. Martinez-Pomares, D. M. 
Heery & I. O. Ellis: Global histone modifications in 
breast cancer correlate with tumor phenotypes, 
prognostic factors, and patient outcome. Cancer Res, 69, 
3802-9 (2009) 
 
137. Bartel, D. P.: MicroRNAs: genomics, biogenesis, 
mechanism, and function. Cell, 116, 281-97 (2004) 
 
138. Lee, R. C., R. L. Feinbaum & V. Ambros: The C. 
elegans heterochronic gene lin-4 encodes small RNAs 
with antisense complementarity to lin-14. Cell, 75, 843-
54 (1993) 
 
139. Pasquinelli, A. E., B. J. Reinhart, F. Slack, M. Q. 
Martindale, M. I. Kuroda, B. Maller, D. C. Hayward, E. 
E. Ball, B. Degnan, P. Muller, J. Spring, A. Srinivasan, 
M. Fishman, J. Finnerty, J. Corbo, M. Levine, P. Leahy, 
E. Davidson & G. Ruvkun: Conservation of the 
sequence and temporal expression of let-7 heterochronic 
regulatory RNA. Nature, 408, 86-9 (2000) 
 
140. Lagos-Quintana, M., R. Rauhut, J. Meyer, A. 
Borkhardt & T. Tuschl: New microRNAs from mouse 
and human. RNA, 9, 175-9 (2003) 
 
141. Aravin, A. A., M. Lagos-Quintana, A. Yalcin, M. 
Zavolan, D. Marks, B. Snyder, T. Gaasterland, J. Meyer 
& T. Tuschl: The small RNA profile during Drosophila 
melanogaster development. Dev Cell, 5, 337-50 (2003) 
 
142. Wightman, B., I. Ha & G. Ruvkun: 
Posttranscriptional regulation of the heterochronic gene 
lin-14 by lin-4 mediates temporal pattern formation in 
C. elegans. Cell, 75, 855-62 (1993) 
 
143. Lai, E. C.: Micro RNAs are complementary to 3' 
UTR sequence motifs that mediate negative post-
transcriptional regulation. Nat Genet, 30, 363-4 (2002) 
 
144. Hendrickson, D. G., D. J. Hogan, H. L. McCullough, 
J. W. Myers, D. Herschlag, J. E. Ferrell & P. O. Brown: 
Concordant regulation of translation and mRNA abundance 
for hundreds of targets of a human microRNA. PLoS Biol, 
7, e1000238 (2009) 
 
145. Baek, D., J. Villen, C. Shin, F. D. Camargo, S. P. Gygi 
& D. P. Bartel: The impact of microRNAs on protein 
output. Nature, 455, 64-71 (2008) 
 
146. Selbach, M., B. Schwanhausser, N. Thierfelder, Z. 
Fang, R. Khanin & N. Rajewsky: Widespread changes in 
protein synthesis induced by microRNAs. Nature, 455, 58-
63 (2008) 



Signatures of breast cancer subtypes 

948 

147. Asangani, I. A., S. A. Rasheed, D. A. Nikolova, J. H. 
Leupold, N. H. Colburn, S. Post & H. Allgayer: 
MicroRNA-21 (miR-21) post-transcriptionally 
downregulates tumor suppressor Pdcd4 and stimulates 
invasion, intravasation and metastasis in colorectal cancer. 
Oncogene, 27, 2128-36 (2008) 
 
148. Cloonan, N., M. K. Brown, A. L. Steptoe, S. Wani, W. 
L. Chan, A. R. Forrest, G. Kolle, B. Gabrielli & S. M. 
Grimmond: The miR-17-5p microRNA is a key regulator 
of the G1/S phase cell cycle transition. Genome Biol, 9, 
R127 (2008) 
 
149. Silber, J., D. A. Lim, C. Petritsch, A. I. Persson, A. K. 
Maunakea, M. Yu, S. R. Vandenberg, D. G. Ginzinger, C. 
D. James, J. F. Costello, G. Bergers, W. A. Weiss, A. 
Alvarez-Buylla & J. G. Hodgson: miR-124 and miR-137 
inhibit proliferation of glioblastoma multiforme cells and 
induce differentiation of brain tumor stem cells. BMC Med, 
6, 14 (2008) 
 
150. Calin, G. A., C. Sevignani, C. D. Dumitru, T. Hyslop, 
E. Noch, S. Yendamuri, M. Shimizu, S. Rattan, F. Bullrich, 
M. Negrini & C. M. Croce: Human microRNA genes are 
frequently located at fragile sites and genomic regions 
involved in cancers. Proc Natl Acad Sci U S A, 101, 2999-
3004 (2004) 
 
151. Negrini, M., D. Rasio, G. M. Hampton, S. Sabbioni, S. 
Rattan, S. L. Carter, A. L. Rosenberg, G. F. Schwartz, Y. 
Shiloh, W. K. Cavenee & et al.: Definition and refinement 
of chromosome 11 regions of loss of heterozygosity in 
breast cancer: identification of a new region at 11q23.3. 
Cancer Res, 55, 3003-7 (1995) 
 
152. Lu, J., G. Getz, E. A. Miska, E. Alvarez-Saavedra, J. 
Lamb, D. Peck, A. Sweet-Cordero, B. L. Ebert, R. H. Mak, 
A. A. Ferrando, J. R. Downing, T. Jacks, H. R. Horvitz & 
T. R. Golub: MicroRNA expression profiles classify human 
cancers. Nature, 435, 834-8 (2005) 
 
153. He, L., J. M. Thomson, M. T. Hemann, E. Hernando-
Monge, D. Mu, S. Goodson, S. Powers, C. Cordon-Cardo, 
S. W. Lowe, G. J. Hannon & S. M. Hammond: A 
microRNA polycistron as a potential human oncogene. 
Nature, 435, 828-33 (2005) 
 
154. Johnson, S. M., H. Grosshans, J. Shingara, M. Byrom, 
R. Jarvis, A. Cheng, E. Labourier, K. L. Reinert, D. Brown 
& F. J. Slack: RAS is regulated by the let-7 microRNA 
family. Cell, 120, 635-47 (2005) 
 
155. Esquela-Kerscher, A. & F. J. Slack: Oncomirs - 
microRNAs with a role in cancer. Nat Rev Cancer, 6, 259-
69 (2006) 
 
156. Cho, W. C.: OncomiRs: the discovery and progress of 
microRNAs in cancers. Mol Cancer, 6, 60 (2007) 
 
157. Frankel, L. B., N. R. Christoffersen, A. Jacobsen, M. 
Lindow, A. Krogh & A. H. Lund: Programmed cell death 4 
(PDCD4) is an important functional target of the 

microRNA miR-21 in breast cancer cells. J Biol Chem, 
283, 1026-33 (2008) 
 
158. Meng, F., R. Henson, H. Wehbe-Janek, K. Ghoshal, S. 
T. Jacob & T. Patel: MicroRNA-21 regulates expression of 
the PTEN tumor suppressor gene in human hepatocellular 
cancer. Gastroenterology, 133, 647-58 (2007) 
 
159. Chan, J. A., A. M. Krichevsky & K. S. Kosik: 
MicroRNA-21 is an antiapoptotic factor in human 
glioblastoma cells. Cancer Res, 65, 6029-33 (2005) 
 
160. Meng, F., R. Henson, M. Lang, H. Wehbe, S. 
Maheshwari, J. T. Mendell, J. Jiang, T. D. Schmittgen & T. 
Patel: Involvement of human micro-RNA in growth and 
response to chemotherapy in human cholangiocarcinoma 
cell lines. Gastroenterology, 130, 2113-29 (2006) 
 
161. Iorio, M. V., M. Ferracin, C. G. Liu, A. Veronese, R. 
Spizzo, S. Sabbioni, E. Magri, M. Pedriali, M. Fabbri, M. 
Campiglio, S. Menard, J. P. Palazzo, A. Rosenberg, P. 
Musiani, S. Volinia, I. Nenci, G. A. Calin, P. Querzoli, M. 
Negrini & C. M. Croce: MicroRNA gene expression 
deregulation in human breast cancer. Cancer Res, 65, 7065-
70 (2005) 
 
162. Yu, F., H. Yao, P. Zhu, X. Zhang, Q. Pan, C. Gong, Y. 
Huang, X. Hu, F. Su, J. Lieberman & E. Song: let-7 
regulates self renewal and tumorigenicity of breast cancer 
cells. Cell, 131, 1109-23 (2007) 
 
163. Iliopoulos, D., C. Polytarchou, M. Hatziapostolou, F. 
Kottakis, I. G. Maroulakou, K. Struhl & P. N. Tsichlis: 
MicroRNAs differentially regulated by Akt isoforms 
control EMT and stem cell renewal in cancer cells. Sci 
Signal, 2, ra62 (2009) 
 
164. Mattie, M. D., C. C. Benz, J. Bowers, K. Sensinger, L. 
Wong, G. K. Scott, V. Fedele, D. Ginzinger, R. Getts & C. 
Haqq: Optimized high-throughput microRNA expression 
profiling provides novel biomarker assessment of clinical 
prostate and breast cancer biopsies. Mol Cancer, 5, 24 
(2006) 
 
165. Ma, L., J. Teruya-Feldstein & R. A. Weinberg: 
Tumour invasion and metastasis initiated by microRNA-
10b in breast cancer. Nature, 449, 682-8 (2007) 
 
166. Huang, Q., K. Gumireddy, M. Schrier, C. le Sage, R. 
Nagel, S. Nair, D. A. Egan, A. Li, G. Huang, A. J. Klein-
Szanto, P. A. Gimotty, D. Katsaros, G. Coukos, L. Zhang, 
E. Pure & R. Agami: The microRNAs miR-373 and miR-
520c promote tumour invasion and metastasis. Nat Cell 
Biol, 10, 202-10 (2008) 
 
167. Tavazoie, S. F., C. Alarcon, T. Oskarsson, D. Padua, 
Q. Wang, P. D. Bos, W. L. Gerald & J. Massague: 
Endogenous human microRNAs that suppress breast cancer 
metastasis. Nature, 451, 147-52 (2008) 
 
168. Shimono, Y., M. Zabala, R. W. Cho, N. Lobo, P. 
Dalerba, D. Qian, M. Diehn, H. Liu, S. P. Panula, E. Chiao, 



Signatures of breast cancer subtypes 

949 

F. M. Dirbas, G. Somlo, R. A. Pera, K. Lao & M. F. 
Clarke: Downregulation of miRNA-200c links breast 
cancer stem cells with normal stem cells. Cell, 138, 592-
603 (2009) 
 
169. Pal, A., K. E. Valdez, M. Z. Carletti & F. Behbod: 
Targeting the perpetrator: breast cancer stem cell 
therapeutics. Curr Drug Targets, 11, 1147-56 (2010) 
 
170. Park, S. M., A. B. Gaur, E. Lengyel & M. E. Peter: 
The miR-200 family determines the epithelial phenotype of 
cancer cells by targeting the E-cadherin repressors ZEB1 
and ZEB2. Genes Dev, 22, 894-907 (2008) 
 
171. Heo, I., C. Joo, Y. K. Kim, M. Ha, M. J. Yoon, J. Cho, 
K. H. Yeom, J. Han & V. N. Kim: TUT4 in concert with 
Lin28 suppresses microRNA biogenesis through pre-
microRNA uridylation. Cell, 138, 696-708 (2009) 
 
172. Martello, G., A. Rosato, F. Ferrari, A. Manfrin, M. 
Cordenonsi, S. Dupont, E. Enzo, V. Guzzardo, M. Rondina, 
T. Spruce, A. R. Parenti, M. G. Daidone, S. Bicciato & S. 
Piccolo: A MicroRNA targeting dicer for metastasis 
control. Cell, 141, 1195-207 (2010) 
 
173. Cochrane, D. R., E. N. Howe, N. S. Spoelstra & J. K. 
Richer: Loss of miR-200c: A Marker of Aggressiveness 
and Chemoresistance in Female Reproductive Cancers. J 
Oncol, 2010, 821717  
 
174. Pirollo, K. F., G. Zon, A. Rait, Q. Zhou, W. Yu, R. 
Hogrefe & E. H. Chang: Tumor-targeting 
nanoimmunoliposome complex for short interfering RNA 
delivery. Hum Gene Ther, 17, 117-24 (2006) 
 
175. Dwyer, R. M., S. M. Potter-Beirne, K. A. Harrington, 
A. J. Lowery, E. Hennessy, J. M. Murphy, F. P. Barry, T. 
O'Brien & M. J. Kerin: Monocyte chemotactic protein-1 
secreted by primary breast tumors stimulates migration of 
mesenchymal stem cells. Clin Cancer Res, 13, 5020-7 
(2007) 
 
176. Mercatelli, N., V. Coppola, D. Bonci, F. Miele, A. 
Costantini, M. Guadagnoli, E. Bonanno, G. Muto, G. V. 
Frajese, R. De Maria, L. G. Spagnoli, M. G. Farace & S. A. 
Ciafre: The inhibition of the highly expressed miR-221 and 
miR-222 impairs the growth of prostate carcinoma 
xenografts in mice. PLoS One, 3, e4029 (2008) 
 
Key Words: Breast Cancer, Cancer Stem Cell, BRCA1, 
Epigenetics, Basal-Like Breast Cancer, Triple Negative 
Breast Cancer, DCIS, miRNA, Review 
 
Send correspondence to: Arindam Paul, Department of 
Pathology & Laboratory Medicine, University of Kansas 
Medical Center, 3901 Rainbow Blvd, MS 3045, Kansas 
City, KS  66160, Tel: 913-945-6774, Fax: 913-588-7073, 
E-mail: apaul2@kumc.edu 
 
http://www.bioscience.org/current/vol4E.htm 
 
 

 
 
 


