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Fundamental Pathways in Breast 
Cancer 4: Signaling to Chromatin 
in Breast Development

Luca Mazzarella and Pier Giuseppe Pelicci

4.1	 �Breast Development and Its 
Relationship with Cancer

4.1.1	 �Normal Breast Development 
and the Identification  
of Mammary Stem Cells

Development of the breast has important differences com-
pared to other organs, as it is mostly completed in the post-
natal life (for extensive review of breast development, see 
[1]). At birth, the breast consists only of a rudimentary ductal 
structure populating the area around the nipple. During 
puberty and in response to ovarian hormones, a branched 
ductal architecture develops, driven by highly proliferative 
“terminal end bud” (TEB) cells. This process is macroscopi-
cally and molecularly similar to the epithelial-to-
mesenchymal transition (EMT) that occurs earlier in 
embryonal development and implies infiltration of epithelial 
cells into the underlying fibroadipose stroma. Postpubertal 
mammary ducts so formed consist of a bilayer of polarized 
luminal cells surrounded by myoepithelial basal cells; small 
milk-producing alveoli with apocrine lobular cells develop; 
lastly, a specialized stroma with trophic function surrounds 
the mature gland. Ductal and alveolar cells undergo periodic 
waves of apoptosis and regeneration at each estrous cycle. 
During pregnancy and then lactation, duct arborization and 
alveolar volume increase dramatically through active cell 
proliferation.

The cell types and molecular mechanisms governing 
breast regeneration are still incompletely understood. Early 
experiments showed that any portion of the mammary gland 
transplanted into a suitable environment (cleared mammary 
fat pad for mouse-to-mouse transplants, kidney capsule for 
human-to-mouse) is able to regenerate a functional mam-

mary gland [2, 3]. However, it was unclear whether this abil-
ity is shared by most cells or is restricted to few mammary 
stem cells (MaSCs). The latter view is now supported by a 
large body of experimental evidence (reviewed in [1, 4, 5]), 
but the heterogeneity of the experimental systems employed 
has fueled debate about the features of MaSCs. Earlier 
transplantation-based experiments revealed that single indi-
vidual cells able to completely regenerate a functional gland 
and give rise to all mammary lineages can be prospectively 
identified in the mouse as CD24+ or CD29hi/CD49fhi [6–8]. 
In humans, CD49+/EpCAMlow cells or aldehyde dehydroge-
nase (ALDH)-active cells are enriched for regenerative activ-
ity when transplanted in immunocompromised mice [9, 10]. 
Furthermore, in  vitro mammosphere formation assays 
revealed that regenerative activity is highly enriched in a rare 
population that cycles infrequently [11, 12]. This led to a 
dominant model in which mammary regeneration is carried 
out by few and slow-cycling stem cells with the ability to 
give rise to all mature breast lineages, in clear resemblance to 
models of hematopoiesis. However, transplantation is a 
highly nonphysiological setting in which the revealed devel-
opmental potential may not reflect the actual contribution to 
normal mammary homeostasis. More recent in vivo lineage 
tracing experiments have established the existence of cells 
with “true” multipotency but also revealed that multiple 
reporter alleles can identify multipotent cells with different 
expression profiles, frequency, and cell cycle dynamics, sug-
gesting a higher than expected heterogeneity [13–15]. A sig-
nificant part of adult mammary lineages is replenished by 
self-renewing “progenitor” cells whose contribution is 
restricted to the luminal or basal lineages [16, 17]. A subset 
of self-renewing cells is retained through rounds of 
pregnancy-induced alveolar remodeling and re-initiates 
alveologenesis at subsequent pregnancies in mice (“parity-
induced mammary epithelial cells,” PI-MEC) [18–21], 
although the existence of such cells has never been demon-
strated in humans [4]. It is still unclear whether multipotency 
is a fixed feature of cells which are multipotent by transplan-
tation and by lineage tracing, or whether unipotent 
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progenitors might become multipotent upon strong changes 
in environmental signals, like physiological hormonal 
changes or transplantation.

4.1.2	 �Relationship Between Normal Breast 
Development and Breast Cancer

The study of normal developmental dynamics can provide 
important information to understand breast cancer natural 
history. What is the cell of origin of breast cancer? Multiple 
cumulative genetic abnormalities are required to transform a 
normal cell. In the breast, on average one mutation per cod-
ing megabase are identified in large-scale sequencing proj-
ects [22, 23]. As the rate of mutation accumulation at each 
cell division is low [24], cells of cancer origin are likely to 
have a long proliferation history: MaSCs or progenitors sur-
viving multiple cycles of gland regeneration are the likeliest 
candidates.

But does this also imply that the developmental potential 
of the cell of origin can shape cancer phenotype? This was 
strongly suggested by the landmark expression microarray 
studies of the early 2000s [25, 26], which showed that groups 
of commonly expressed genes that define normal lineages 
are also able to define clusters of cancers with common natu-
ral history (“intrinsic” subtypes). However transcriptional 
similarities do not necessarily extend to the cell of origin, 
implying for instance that a basal-like cancer had to originate 
from a basal-restricted cell. In fact, more recent studies on 
BRCA-deficient mice and humans suggest that basal-like 
cancers derive from luminal-committed progenitors [9, 27]. 
The emerging consensus is that luminal progenitors are the 
likely cell of origin for both luminal and basal-like tumors, 
whereas MaSCs and/or basal progenitors are the initiators of 
the rarer claudin-low subtype. The origin of HER2+ tumors 
is less well understood; data in mice suggest that parity-
induced stem cells might be the culprit as their ablation 
inhibits tumorigenesis in MMTV-neu mice [28], but to what 
extent this model really mimics human HER2+ tumors is 
disputable since the murine expression profile is more akin 
to human luminal tumors [4, 28, 29]. Almost completely 
undetermined is the cell of origin of lobular and rarer breast 
cancer subtypes. Transcriptome analysis of “special” sub-
types (like mucinous and micropapillary) all clustered in a 
separate group, revealing transcriptional homogeneity 
despite morphologic differences, but little about a possible 
common cell of origin [30]. Lobular cancers showed hetero-
geneous signatures resembling ductal subtypes (including 
luminal-like and basal-like signatures) [30]; transcriptome 
signatures within lobular cancers have been recently studied 
in more depth by the TCGA, with the definition of three new 
subgroups “reactive-like,” “immune-related,” and “prolifera-
tive” [31]. Again this reveals little about the cell of origin, but 

the only available genetically engineered mouse model 
showed that lobular tumors can be obtained from basal cells 
expressing cytokeratin 14 [32].

4.2	 �Signaling Pathways Controlling 
Breast Development and Their 
Alterations in Cancer

Several authors have proposed that molecular mechanisms 
specific for stem cells might also be responsible for malig-
nant behavior, in a declination of the “cancer stem cell” the-
ory [33]. Specifically, the same pathways allowing stem cells 
to maintain multilineage potential resist to physiological 
death and invade the stroma to (re)generate the organ, might 
also allow cancer cells to adapt their transcriptome, resist to 
treatment-induced death, and become invasive and meta-
static. We will now review the most important developmental 
and stem cell-related pathways in breast. Then, we will 
review how these signals converge on chromatin (the ensem-
ble of normal DNA and DNA-bound proteins) to modulate 
transcription. Chromatin can directly (by physical compac-
tion) or indirectly (through differential recruitment of effec-
tor proteins) control DNA accessibility to transcription 
factors and stabilize phenotypic traits by restricting the 
degree to which transcriptional signatures can be further 
modified by competing signals. Hence, proteins directly gov-
erning chromatin architecture are particularly important in 
developmental processes and are often disrupted in cancer.

4.2.1	 �NOTCH/NUMB and p53 as Regulators 
of Symmetric vs Asymmetric Cell 
Division

4.2.1.1	 �NOTCH Pathway in Breast Development
The NOTCH pathway governs cell lineage determination 
and body patterning in all metazoans [34–36]. NOTCH was 
classically identified as a regulator of neuroectodermal 
development in Drosophila but then emerged as a functional 
module repeatedly exploited in heterogeneous developmen-
tal contexts to execute binary cell fate choices, generating 
and maintaining phenotypic “boundaries” within organs. 
The four NOTCH receptors are functionally redundant [37] 
transmembrane proteins with homology to eGFR; once acti-
vated by short-range ligand binding, usually requiring cell-
to-cell interaction, the receptor is cleaved by the 
gamma-secretase complex and transported into the nucleus. 
Here, it induces the assembly of a highly conserved protein 
complex that canonically includes CBF-1 and RBP-J, plus 
additional chromatin-modifying enzymes [38]; this drives 
transcription of NOTCH target genes, most notably the HES 
and HERP families of bHLH transcription factors [39, 40]. 
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The half-life of the activated receptor is normally very short 
due to efficient proteasomal degradation, which is dependent 
on the C-terminal PEST (rich in proline (P), glutamic acid 
(E), serine (S), and threonine (T)) domain common to all 
NOTCH receptors. The NOTCH molecular circuitry is rein-
forced by multiple layers of intrinsic and extrinsic feedback 
mechanisms (“lateral inhibition”) that amplify small varia-
tions in ligand/receptor concentrations between adjacent 
cells; this allows the emergence of discontinuities among 
cell populations with prior equal potentials. A particularly 
important regulatory role is played by NUMB, a membrane-
associated protein that targets NOTCH receptors to protea-
somal degradation and is a key determinant of asymmetric 
cell division: in several NOTCH-dependent lineage choices, 
NUMB is unequally partitioned between daughter cells, 
leading to differential inactivation of the NOTCH pathway. 
Numb also independently regulates the stability of p53 [41], 
which in itself is implicated in stem cell self-renewal and (a)
symmetric cell division [11].

These general functional properties also apply to NOTCH 
role in breast biology. NOTCH pathway receptors are 
expressed in the luminal compartment [42–44], and its target 
genes are upregulated in luminal progenitors in the adult 
gland [42]. This expression pattern is mutually exclusive 
with that of ΔNp63, which promotes and maintains basal 
cell gene expression; in fact, NOTCH and p63 appear to be 
functional antagonists [45]. Hyperactivation of NOTCH 
pathway by overexpression of the active form [42] or condi-
tional ablation of NUMB [44] leads to ductal hyperplasia 
with luminal differentiation. On the contrary, ablation of 
NOTCH function by conditional deletion of the common 
transcriptional mediators CBF1 or RBP-J led to expansion of 
the basal cell pool during pregnancy [46]. Collectively, these 
results suggest a model in which NOTCH pathway activation 
promotes the commitment of dividing stem cells and pro-
genitors to the luminal lineage at the expenses of the basal/
myoepithelial lineage [47]. However, this model is compli-
cated by the presence of low levels of NUMB and NOTCH 
receptors also in basal and other cell types [42, 44]; the pre-
cise mechanism of action of NOTCH in normal mammary 
gland biology remains an active field of research.

4.2.1.2	 �Modes of NOTCH Pathway Alterations 
in Breast Cancer

Although altered NOTCH receptors have been found to act 
as tumor suppressors in some circumstances [48, 49], in 
breast cancer and in most other tumors (most notably 
T-ALL), they behave as classical proto-oncogenes that 
become constitutively activated through loss of extrinsic or 
intrinsic regulation [49, 50].

Loss of extrinsic regulation is achieved by genetic ablation 
of the N-terminal extracellular domain. Early on in the his-
tory of breast cancer experimental research, this mechanism 

was identified as a consequence of insertional mutagenesis of 
the mouse mammary tumor virus; breast-specific expression 
of the truncated form induces expansion of luminal progeni-
tors and mammary tumors in experimental animals [51–53].

Among human tumors, alterations in NOTCH receptors 
are present in around 5% of all cases in different patient pop-
ulations. Unlike MMTV insertions in the mouse, the genera-
tion of an extracellular domain-defective protein is 
uncommon in humans; this was observed as the result of 
chromosomal translocations in a recent study [54, 55]. More 
common are point mutations that frequently (around 60% in 
the TCGA cohort) are truncating and clustered at 3′ exons, 
resulting in a disrupted PEST domain and predicted to lead 
to increased protein half-life. The PEST can also be lost 
through deletions or translocations [54, 55]. The remaining 
point mutations are scattered throughout the gene body with 
no detectable pattern but tend to occur in highly conserved 
residues important for receptor heterodimerization associ-
ated with increased activity in T-ALL [54]. NUMB is fre-
quently downregulated at the protein level in breast cancer, 
although the mechanism leading to downregulation has not 
been extensively studied. Deletions can be observed in 0.6% 
of all TCGA breast cancer patients.

NOTCH/NUMB alterations are strongly associated with 
HER2/ER/PgR negativity [41, 54, 56] and, as expected, with 
unfavorable outcome in invasive carcinoma [41, 43, 56–59] 
and with higher recurrence rate in DCIS [60]. This makes 
NOTCH pathway an attractive target for drug development. 
Inhibiting NOTCH through genetic [61, 62] or pharmaco-
logical [60, 63] means results in a loss of in vitro self-renewal 
ability in mammosphere assays.

NOTCH inhibitors are currently undergoing early phase 
clinical evaluation in breast cancer and other tumors. Two 
main approaches are being explored: the use of antibodies 
that disrupt ligand-receptor interaction and inhibitors of 
the gamma-secretase activity first explored in Alzheimer’s 
disease [64–66].

4.2.2	 �The Wingless (WNT) Pathway

4.2.2.1	 �Wnt Pathway in Breast Development
The Wingless (WNT) pathway plays a crucial role in mam-
mary development; similarly to NOTCH, it acts prevalently at 
short range as a functional module that is repeatedly used in 
highly different contexts to give rise to variable outputs, 
including the regulation of asymmetric cell division. Signals 
are instructed through paracrine cellular communication 
between the lipidated Wnt ligands and the Frizzled transmem-
brane receptors. This results in the phosphorylation of the 
canonical WNT mediator beta-catenin by casein kinase I 
(CKI) and glycogen synthase-3β (GSK-3β), resulting in its 
stabilization and nuclear translocation. In the nucleus, 
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beta-catenin activates transcription of conserved targets, 
namely, telomerase, Axin2, and LGR5, through TCF/LEF fac-
tors. Signal strength is intrinsically regulated through protea-
somal degradation of Frizzled receptors by Rnf43/Znrf3, 
which is in turn inhibited by LGR5; LGR5 marks WNT-
responsive cells in a variety of epithelial tissues [67], and in 
the breast it marks a subset of bipotential stem cells able to 
give rise to luminal and myoepithelial cells as defined by lin-
eage tracing experiments [13]. PROCR is another WNT target 
that also marks multipotent mammary stem cells, although 
intriguingly, PROCR+ cells appear distinct from LGR5+ [14].

Another level of WNT modulation is through sequestra-
tion of beta-catenin to adherent junctions by E-cadherin: this 
peripheral pool of beta-catenin is unavailable for nuclear 
translocation and is thought to play a role in epithelial-to-
mesenchymal transitions [68, 69].

4.2.2.2	 �Modes of WNT Pathway Alterations 
in Breast Cancer

Similarly to NOTCH, the Wnt1 receptor was found early on 
as a common MMTV integration site [70], and the oncogenic 
potential of Wnt hyperactivation subsequently demonstrated 
by MMTV-induced overexpression of several Wnt receptors 
or of beta-catenin [71–75]. This leads to anticipated lobuloal-
veolar overgrowth, morphologically similar to that induced 
by pregnancy but with an expansion of poorly differentiated 
cells [73]; importantly, this is also true in male mice and upon 
transplantation into ovariectomized recipients, suggesting 
that Wnt pathway lies downstream of ovarian hormones and 
that Wnt-aberrant cells might become estrogen independent 
[76, 77]. As mice age, invasive ductal tumors develop with a 
penetrance of 100% by 1 year. The long penetrance suggests 
that additional mutations are required to achieve the invasive 
phenotype, but importantly ablation of Wnt signaling is still 
required after the invasive tumor has formed, although loss of 
p53 facilitates the transition to WNT independence [78].

WNT-hyperactivated mouse models have been used exten-
sively in basic research, but their relevance to clinical practice 
might be questionable, since components of the canonical Wnt 
pathway are not frequently mutated in breast cancer [76, 79]. 
However, aberrant beta-catenin staining patterns (i.e., preva-
lence of nuclear pattern) is observed in about 20% of ductal 
carcinomas and, as it might be expected, is correlated with 
triple-negative histology and poor prognosis [79, 80]. Aberrant 
beta-catenin expression is also correlated with lobular histol-
ogy, given its association with E-cadherin loss [79, 80].

The absence of a clear targetable alteration made WNT an 
attractive but difficult pathway for drug development. 
Recently, casein kinase 1d (CK1d) was found to be amplified 
and overexpressed in strong correlation with WNT pathway 
genes in 36% breast cancers, particularly in luminal B and 
triple-negative ones. The CK1D inhibitor SR-3029 was 
highly effective in preclinical models (orthotopic cell line 
transplantation) [81].

4.2.3	 �Inducers of Epithelial-to-Mesenchymal 
Transition

Invasion of epithelial cells into connective and adipose tis-
sue is a physiological phase of pubertal breast development 
and is governed by signaling pathways that have also been 
implicated in the acquisition of metastatic potential. This 
process bears resemblance to the physiological epithelial-
to-mesenchymal transition (EMT) that occurs during cru-
cial phases of embryogenesis like gastrulation. Whether 
tumoral invasion is truly an aberrant form of EMT has been 
a matter of dispute, mostly due to the fact that normal EMT 
implies dramatic morphological and molecular transitions 
that have not been consistently observed in breast and other 
tumors. However, a recent study showed that highly sensi-
tive analysis of pathological specimens can identify cells 
with mixed epithelial/mesenchymal markers in invasive but 
not noninvasive breast cancers. These cells correlate with 
primary histology (mostly triple negative) and can be found 
circulating in proportions that vary according to treatment 
response [82].

The exact wiring of the signaling circuits responsible for 
EMT-like responses in breast cancer has not been fully 
worked out. Overexpression of specific individual transcrip-
tion factors (SNAIL, TWIST, SLUG, and ZEB1/2) is able to 
initiate EMT and increase invasiveness in noninvasive 
breast cells [83–87]. Several extracellular signals are also 
implicated, most notably transforming growth factor beta 
(TGFb), WNT, and Sonic Hedgehog, the latter in turn acti-
vated by FOXC1/2 and the basal cell-specific p63 [88]. A 
common outcome of EMT response is the loss of E-cadherin 
expression, which results in a weakening of cell-to-cell 
adhesion and the release of a cytoplasmic pool of beta-
catenin, which can now enter in WNT-dependent regula-
tion. A second, recently discovered output of EMT activation 
is the activation of the Hippo pathway, which in breast can-
cer is correlated with metastatic behavior and resistance to 
chemotherapy [89, 90].

All these pathways are rarely affected by genetic aberra-
tions in breast cancer but appear frequently deregulated 
through nongenetic mechanisms in poor-prognosis breast 
tumors, especially of the basal and claudin-low subtype [91, 
92]. As such, they have attracted attention as drug targets 
[93] but are still limited to preclinical development.

4.2.4	 �GATA3, FOXA1, and Lobular  
vs Ductal Tumors

GATA3 and FOXA1 are both implicated in the regulation of 
estrogen-mediated transcription (see chapter by Magnani), 
and their expression is strongly associated with estrogen 
positivity in tumors [94]. If conditionally deleted during 
puberty or adult life, they abrogate or severely distort  
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mammary gland development, with loss of luminal cell iden-
tity in the case of GATA3 [95, 96] and a block in terminal 
end bud formation and invasion during puberty for FOXA1 
[97]. Their functional similarities extend to their molecular 
mode of action, as both are so-called “pioneering” factors 
able to condition chromatin structure and subsequent bind-
ing of other transcription factors [98]. FOXA1, ER, and 
GATA3 physically interact with several other chromatin reg-
ulators in a “mega transcription factor complex” nucleated 
by the estrogen receptor in response to estradiol stimulation. 
As FOXA1 directly promotes ER expression, these three fac-
tors form a regulatory network able to stabilize estrogen-
dependent transcription [99].

Intriguingly, the mutational pattern of GATA3 and 
FOXA1 has recently emerged as mutually exclusive in the 
two forms of strongly ER+ breast cancers: GATA3 is fre-
quently mutated in ductal luminal cancers, while FOXA1 is 
as frequently mutated in lobular cancers [31].

Mutations in GATA3 are the third most common altera-
tion in breast cancer globally [100]. SNVs are invariably 
heterozygous and cluster in three specific categories: splice 
site mutations at the junctions between exons 4/5 and 5/6 
(20%), frameshift mutations in exon 6 (50%), and frame-
shifts in zinc finger 2 (10%). Also, GATA3 is frequently 
amplified (28% of all GATA3 alterations in the TCGA data-
set), but this has received little attention. Mutation type 3 is 
the only type that has been characterized molecularly [101, 
102]. Although SNVs cause apparent GATA3 loss of func-
tion, they appear to stabilize the non-mutated allele, lead-
ing to an intriguing model that can explain the requirement 
for maintaining heterozygosity [103]. The frequently 
mutated MAP3K1 is also a target of GATA3, and recently a 
germline variant in its GATA3-bound promoter was discov-
ered in a genome-wide association study [104]. Loss of 
GATA3 expression correlates with acquisition of metastatic 
potential in the MMTV-PyMT mouse model of luminal 
cancer [105].

Mutations in FOXA1 cluster on lysines located on the 
wings of the Forkhead domain. These residues, when acety-
lated by EP300, prevent DNA binding; thus, their loss cre-
ates a strongly bound FOXA1 at sites of ER binding, 
amplifying a normally estrogen-dependent response on the 
absence of the hormone [31].

4.3	 �Chromatin Marks in Normal 
and Neoplastic Breast

The study of chromatin factors in breast development and 
cancer is probably less advanced than in other systems. In 
hematopoiesis and its malignancies, where mutations in 
chromatin factors were identified first, targeted drugs have 
already made it to the clinic and are routinely used [106]. 

We will skip lengthy discussions on basic chromatin struc-
ture, for which the reader is addressed to extensive reviews 
[107, 108] Proteins involved in interactions with chromatin 
have been functionally divided in writers, erasers, and read-
ers [109], a useful classification that will be maintained 
here. We will focus on those aspects of chromatin regula-
tion not specifically related to estrogen receptor biology, 
which is extensively covered by L. Magnani in this book 
(ref).

4.3.1	 �DNA Methylation

DNA methylation dynamics and the role of DNA methyl-
transferases in normal breast development have not been 
extensively investigated. In most breast tumors, primitive 
techniques could identify gross aberrations in DNA meth-
ylation as compared to normal tissues. Locus-specific 
analyses carried out at relevant genes (e.g., estrogen recep-
tor) could also show aberrant methylation, but the rele-
vance of this information has remained questionable; only 
recently genome-wide investigations have been systemati-
cally applied to large patient cohorts in the TCGA [100] 
and other studies [110, 111]. Unfortunately, even these 
systematic studies are complicated by the still poorly 
understood relationship with gene expression, and by sig-
nificant heterogeneity in the techniques employed, none of 
which is truly able to fully cover all potentially methylated 
cytosines. In the TCGA, basal-like tumors tended to be 
globally hypermethylated, and, importantly, BRCA1 
hypermethylation appeared to be a frequent mechanism 
(24%) for gene downregulation, potentially suggesting an 
involvement of BRCA functional loss in the absence of 
genetic alterations. A group of MSKCC performed a bio-
informatically more refined analysis on 171 samples of 
heterogeneous histology and identified a cluster of tumors 
with methylation profile similar to that identified in colon 
cancer (“breast CpG island methylator profile,” B-CIMP), 
which was associated with significantly lower propensity 
to metastasize. Different results were obtained by an 
Australian group focusing on triple-negative cancers; 
here, hypomethylated tumors were associated with better 
prognosis.

4.3.2	 �Histone Modifications

Histone modifications in normal breast cell populations 
have been systematically studied by Polyak et al. [112], who 
focused on the two marks that define actively transcribed 
and repressed genomic regions: trimethylation of H3K4 and 
H3K27. Regions where both signals overlap (“bivalent 
chromatin”) are considered to be epigenetically plastic and 
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enriched in multipotent stem cells at genes with strong 
lineage-defining activity [113, 114]. CD24+ and CD44+  
cells showed a different distribution of these marks, and 
many lineage-defining genes, especially transcription fac-
tors, were shown to maintain chromatin bivalency, suggest-
ing a basis for phenotypic plasticity. In particular, ZEB 
transcription factors are bivalent in some tumor cell lines 
and regulate the expression of CD44, a marker of cancer 
stem cells with increased invasiveness. Robert Weinberg 
and colleagues demonstrated that cells in which ZEB1 is 
bivalent (but CD44 is repressed, like in luminal cancer cell 
lines) are able to resolve bivalency and lose the repressive 
H3K27me3 in response to TGFb, resulting in CD44 upregu-
lation and acquisition of invasive traits [115], directly link-
ing an extracellular stimulus with a chromatin-mediated 
phenotypic change. The Polyak lab investigated further the 
role of chromatin in phenotypic reprogramming. Using ele-
gant cell fusion experiments between cell lines with luminal 
or basal features, they showed that the basal phenotype is 
dominant over the luminal and can be induced by even 
short-term exposure of luminal cells to basal cell total 
extracts; reprogramming correlated with the acquisition of 
epigenetic traits of the parental basal cell, in particular the 
super-enhancer profile defined by elevated H3K27ac [116]. 
It might be interesting to explore whether luminal-to-basal 
epigenetic reprogramming is at the basis of estrogen expres-
sion discordance between primary and relapsed tumors, 
which more often become estrogen receptor negative from 
positive than vice versa [117].

4.3.3	 �Chromatin Writers

Members of the Polycomb family (so called from the 
developmental phenotype observed in Drosophila mutants) 
are the best-studied chromatin writers in breast develop-
ment. Polycomb proteins are organized in two sets of com-
plexes which induce histone modifications associated with 
gene repression, namely, H2AK119 ubiquitylation 
(Polycomb repressive complex 1, PRC1) and H3K27 meth-
ylation (PRC2). Members of both complexes have been 
found to play a role in breast development and cancer 
[118–122]. Polycomb factors are involved in the mainte-
nance of pluripotency in most if not all stem cells in adult 
and embryonal life; their genetic disruption leads to 
increased transcriptional plasticity at lineage-specific 
genes, resulting in a failure to coordinately execute differ-
entiation programs. The ultimate outcome of Polycomb 
ablation is highly variable depending on the examined sys-
tem and can result in cell death. Polycomb inhibitors, espe-
cially those directed against the PRC2 catalytic subunit 
EZH2 that is overexpressed and correlated with poor prog-
nosis in breast cancer [123, 124], have shown responses in 
preclinical studies [125–127].

4.3.4	 �Chromatin Erasers

Factors that remove histone acetylation and methylation 
maintain chromatin in a dynamic state, making it more or 
less amenable to transcriptional changes. Many cancer cells 
depend on persistent deacetylase or demethylase activity for 
survival, and their ablation can lead to cell death or differen-
tiation. Given their favorable chemical properties for drug 
design, chromatin erasers have been identified as interesting 
targets for drug development. Histone deacetylases (HDACs) 
were identified first as playing a role in breast cancer [128], 
especially by virtue of their negative effect on estrogen 
receptor expression [129]; thus, they have been mostly stud-
ied as sensitizers to endocrine therapy [130–132]. Of the sev-
eral inhibitors with different degree of specificity synthesized 
so far, entinostat has reached the furthest clinical develop-
ment, showing efficacy in a randomized phase II trial against 
placebo in combination with exemestane in aromatase 
inhibitor-refractory advanced ER+ breast cancer [133].

Recent research also revealed important roles for histone 
demethylases. The H3K4 demethylase JARID1B (also known 
as KDM5B), involved in mammary gland development and 
GATA3 recruitment to FOXA1 promoter [134], was found 
frequently amplified and overexpressed in multiple breast 
cancers, particularly in luminal cancers where overexpres-
sion of JARID1B target genes identified a subset of patients 
with poorer survival [135]. Another demethylase, LSD1 (also 
known as KDM1A), which targets H3K4 mono- and di-meth-
ylation and is involved in enhancer “decommissioning” dur-
ing cell differentiation [136], was found to regulate breast 
cancer metastasis [137]. LSD1 inhibitors are in early clinical 
trials but have not been yet tested in breast cancers.

4.3.5	 �Chromatin Readers

Chromatin “readers” are proteins with domains able to rec-
ognize specific chromatin modifications and guide locus-
specific assembly of transcription regulator complexes. A 
relevant example in breast biology is the Pygo2 factor that 
contains the PHD finger domain able to recognize H3K4me3. 
Pygo2 is a crucial transducer of WNT signals in breast devel-
opment [138] and is essential for the survival of several 
breast cancer cell lines [139]. Disruption of chromatin inter-
action is a novel pharmacological strategy that has yielded 
intriguing results when targeted against bromodomain-
containing proteins. These interact with acetylated histones 
and are important factors for super-enhancer activity. As 
super-enhancers are associated with highly tissue- or cancer-
specific transcription [140], their targeting might benefit 
from an elevated therapeutic index. BET inhibitors, of which 
JQ1 is the progenitor, are undergoing rapid drug development 
and have recently shown particularly promising activity in 
triple-negative breast cancer [141].
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�Conclusions

Full understanding of the molecular pathways described 
in this chapter will require an elevated degree of integra-
tion between developmental biology, biochemistry, and 
epigenomics. The benefits that can be reaped for patients 
are high, as targeting differentiation and stem cells may 
lead to durable responses or even disease eradication, 
unachievable with drugs targeting proliferation or genome 
stability. Technological advancements of the last decade 
have made this endeavor realistic.
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