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Résumé

Le cancer du sein est une maladie hétérogéne qui comprend trois types principaux de
tumeurs identifiables par analyse de profils d’expression génique : les tumeurs luminales,
HER2+ et basal-like. Ces sous-types pourraient résulter d’'un blocage a différents stades de
la différenciation épithéliale mammaire. Cependant, les mécanismes qui déterminent ces
sous-types restent peu explorés. Les tumeurs luminales, qui représentent deux tiers des
tumeurs mammaires, sur-expriment le récepteur des oestrogénes alpha (ERa), un facteur de
transcription (FT) ligand-dépendant. De plus, elles expriment des niveaux élevés de deux
autres FT luminaux, FOXA1 et GATA3, impliqués dans la régulation de I'expression et de
l'activité de ERa. En clinique, I'action proliférative du récepteur peut étre bloquée par des
anti-oestrogénes, mais malheureusement la maladie progresse dans ~50% des cas dd a une
résistance au traitement, soulignant le besoin de thérapies additionnelles. Les inhibiteurs
d’histones désacétylases (HDACIi) sont une classe d’agents anti-cancer qui inhibent la
proliferation des tumeurs hématologiques et solides. Dans les cellules tumorales mammaires,
ils suppriment I'expression de ERa et sa signalisation et induisent la différentiation ou
'apoptose. Ces propriétés ont conduit a l'utilisation combinée d’anti-oestrogénes et HDACI
pour le traitement des tumeurs du sein ER+.

Dans ce travail, nous avons effectué une analyse de corrélation dans de grands jeux
de transcriptomes de tumeurs mammaires et caractérisé un groupe de génes luminaux
hautement corrélés contenant six FT du lignage luminal : ESR1 (le géne codant pour ERaq),
FOXA1, GATA3, SPDEF, XBP1 et AR. Nous démontrons via une déplétion par siRNA que
FOXA1 régule l'expression de ces genes de maniére prépondérante, et ce malgré
I'enrichissement en sites de liaisons de ChiP-Seq d’autres FT luminaux. Ce groupe peut étre
subdivisé en deux sous-groupes, l'un centré sur ESR1 et GATA3 et l'autre sur FOXAT,
suggérant I'existence de tumeurs exprimant ces sous-groupes de maniére différentielle. En
effet, 'expression de FOXA1, ESR1 et GATA3 permet de ségréger les tumeurs luminales
(expression élevée) et basal-like (expression faible). De plus, nous avons observé que les
tumeurs de type molecular apocrine, décrites comme dépendantes de la signalisation par le
récepteur des androgénes AR et fréquemment HER2+, présentent un profil FOXA7""
ESR1°" GATA3"". L’expression ectopique de ERa dans les cellules tumorales SK-BR-3, de
type molecular apocrine, (1) induit une ouverture de la chromatine a des éléments cibles liés

faiblement par FOXA1 et (2) récapitule une partie de la réponse oestrogénique des cellules



luminales. Ces résultats complémentent des études précédentes décrivant FOXA1 comme
un factor pionnier pour la liaison de ERa a ses éléments de réponse. L'absence d’expression
de ESR1 dans les cellules SK-BR-3, en dépit de hauts niveaux d’expression de son facteur
régulateur amont FOXA1, correle avec une liaison faible de FOXA1 et des marques de
chromatine actives H3K9/K14 sur les régions régulatrices amont de ESR1.

Dans la seconde partie de notre étude, nous montrons de plus que les HDACI
reprogramment la transcription des cellules de cancer du sein, entrainant une suppression
des FT du lignage luminal FOXA1 and GATAS3, et également de plusieurs protéines de
remodelage de la chromatine, et des traits de différenciation lactogénique. La suppression de
I'expression des FT luminaux par des mécanismes transcriptionnels et post-transcriptionnels
implique l'acétylation de substrats protéiques restant a identifier.

De maniére globale, l'identification de réseaux transcriptionnels qui sous-tendent les
sous-types de tumeurs mammaires et d’interrupteurs moléculaires contrélant leur
expression/fonction aidera a déterminer si leur modulation permet de reprogrammer les

cellules de cancer du sein vers un phénotype moins agressif.

Mots-clés : cancer du sein, ERa, FOXA1, GATAS3, FT luminaux, HDAC, inhibiteur d’HDAC,

reprogrammation transcriptionnelle, acétylation.



Abstract

Breast cancer is a heterogeneous disease comprising three major molecular subtypes that
can be identified by gene expression profiling: luminal, HER2-positive, and basal-like. These
subtypes are thought to arise from a block at different stages of breast epithelial cell
differentiation. However, the mechanisms underlying subtype specification remain largely
unexplored. Luminal tumours, which account for two-thirds of breast tumours, overexpress
estrogen receptor alpha (ERa), a ligand-inducible transcription factor (TF). These tumours
additionally express high levels of FOXA1 and GATA3, two luminal-lineage TFs, that have
been reported to regulate both expression and activity of the receptor. In the clinic, the
proliferative actions of the receptor can be blocked with antiestrogens, but unfortunately
~50% of patients will relapse due to resistance, highlighting the need for additional therapies.
Histone deacetylase inhibitors (HDACis) are a class of anticancer agents with anti-
proliferative activity in both solid and haematological tumours. In breast cancer, these drugs
were shown to suppress ERa expression/signalling, and induce differentiation and apoptosis.
These properties have led to the combined use of HDACis and antiestrogens in clinical trials
for treatment of ERa-positive breast tumours.

In the present work, we have utilized gene correlation analysis in large breast tumour
transcriptome datasets and characterized a cluster of highly correlated luminal genes
containing six luminal-lineage TFs: ESR1 (gene encoding ERa), FOXA1, GATA3, SPDEF,
XBP1 and AR. We show using siRNA-mediated depletion that FOXA1 dominantly positively
regulates expression of the cluster despite its enrichment in ChIP-Seq binding sites of other
luminal TFs. Interestingly, this cluster partitions into two subclusters, one centered around
FOXA1, and the other, around ESR1 and GATAS3, suggesting the presence of tumours that
differentially express either subcluster. Indeed, expression of ESR1, FOXA1 and GATA3 can
readily segregate luminal tumour samples (high expression) from basal-like ones (low
expression). Furthermore, we found that molecular apocrine tumours, previously described as
frequently HER2-positive, and androgen receptor signalling-dependent, are FOXA1"e"
ESR1°" GATA3"°". Ectopic expression of ERa in molecular apocrine SK-BR-3 cells could (1)
recapitulate part of the estrogen response observed in luminal cells and (2) also result in
chromatin opening and transcriptional regulation of target genes weakly pre-bound by
FOXA1. This is complementary to previous studies describing FOXA1 as a factor that

pioneers ERa binding at its target genes. Notably, lack of ERa expression in SK-BR-3 cells,



despite high expression of its upstream regulatory factor FOXA1, coincided with weak FOXA1
binding and reduced recruitment of active H3K9/K14 marks at upstream ESRT regulatory
regions.

In the second part of our study, we further show that HDACis transcriptionally
reprogram breast cancer cells resulting in downregulation of luminal-lineage TFs FOXA1 and
GATA3, as well as many chromatin remodelling proteins, while inducing expression of
lactogenic differentiation genes. Shutdown of Iuminal TFs occurred through both
transcriptional and post-transcriptional mechanisms that involved modulated acetylation of
protein substrates to be identified.

Altogether, identification of transcriptional networks that demarcate breast tumour
subtypes and molecular switches controlling their function/expression will help determine
whether their perturbation can rewire breast cancer cells towards a less aggressive

phenotype.

Keywords: breast cancer, ERa, FOXA1, GATA3, luminal TFs, HDAC, HDAC inhibitors,

transcriptional reprogramming, acetylation.
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Gaily bedight,

A gallant knight,

In sunshine and in shadow,
Had journeyed long,
Singing a song,

In search of Eldorado.

But he grew old—
This knight so bold—
And o'er his heart a shadow
Fell as he found
No spot of ground
That looked like Eldorado.

And, as his strength
Failed him at length,

He met a pilgrim shadow—
"Shadow," said he,
"Where can it be—

This land of Eldorado?"

"Over the Mountains
Of the Moon,
Down the Valley of the Shadow,
Ride, boldly ride,"
The shade replied,—
"If you seek for Eldorado!"

— Edgar Allan Poe, Eldorado, 1849
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Introduction



1. The mammary gland

The mammary gland is a remarkable tissue in mammals in that it has the unique capacity to
produce milk to sustain the newborn. It is composed of two main tissue compartments: the
epithelium and the mammary fat pad or stroma. Two main cell lineages make up the
mammary epithelium: luminal cells, which line a lumen, and basal cells (mainly contractile
myoepithelial cells), which surround luminal cells and are positioned adjacent to the
basement membrane (1). Both of these cell types form ductal structures that invade the
stromal compartment and terminate in milk-producing alveolar units during pregnancy and
lactation. The stromal compartment is primarily composed of adipocytes, in addition to
fibroblasts, the extracellular matrix (ECM) and cells of the haematopoietic system. The
epithelial tissue compartment is highly dynamic as it is subject to tightly coordinated hormonal

regulation during different stages of mammary differentiation.

1.1 The life and death of the mammary gland

Most of our knowledge of mammary gland development comes from mouse studies, because
of the feasibility of gland manipulation. Despite some differences in hormonal regulation and
the architecture of the human mammary gland, the mouse mammary gland has been used for
decades as a model system for understanding the biology of the human mammary gland.
Development of the mouse mammary gland begins prenatally in the embryo with the majority
of its morphogenesis occurring postnatally during puberty and reproduction. At birth, the
mouse mammary gland is seen as a small rudimentary ductal tree connected to the nipple.
As the body develops, this structure grows in an allometric fashion, until the onset of puberty
when highly proliferative structures, termed terminal end buds (TEB), begin to form at the tip
of every duct (2). These bulbous structures are made up of two main cell compartments: (i)
the highly proliferative outer ‘cap cell’ layer, which is thought to contain mammary stem cells
(MaSCs) that can differentiate into myoepithelial cells that would envelope the duct as it
elongates, and (ii) a multi-cellular layer of ‘body cells’, which is thought to comprise luminal
and alveolar progenitors that differentiate into mature luminal cells (2, 3). In addition,
apoptosis in the ‘body cell’ layer of the TEB is thought to assist in the creation of a lumen (4).
Our current understanding of the contribution of hormonal cues to development of the
mammary gland owes largely to elegant endocrine-ablation studies performed in the 1950s
(5, 6). In these studies, the minimal hormonal requirements for mammary gland development

were identified through surgical removal of ovaries, which produce estrogens and



progesterone, pituitary gland, which synthesizes prolactin and growth hormone (GH), and
adrenal gland, which produces cortisol, coupled with subsequent hormone replacement.
Indeed, ductal elongation and side-branching into the fat pad ensues following exposure to
circulating hormones 17@-estradiol (E2) and progesterone, which elicit their proliferative
effects through binding estrogen receptor alpha (ERa) and progesterone receptor (PR),
respectively (7-9). Following puberty, and at each menstrual cycle, expansive proliferation
takes place in the mammary gland followed by tissue remodelling and cell death should
fertilization/implantation not take place. However, in the case of pregnancy, exposure to
prolactin, estrogen and progesterone causes gross expansion of the epithelial compartment
to fully occupy the fat pad (Figure 1). During pregnancy, secretory alveolar units begin to
form. These are small sacs composed of an inner epithelial cell layer that lines the lumen
encapsulated by a myoepithelial cell outer layer which contracts to push milk through ducts.
Upon binding to prolactin, the prolactin receptor activates a number of signalling pathways,
primarily the JAK2/STATS5 cascade, in addition to mitogen-activated protein kinase (MAPK)
and phosphoinositide (PIl) 3-kinase (PI3K) (10). Collectively, these signals drive terminal
lactogenic differentiation of epithelial cells within alveoli and generate a lactation-competent
gland. This stage of terminal differentiation is also known as secretory differentiation and
occurs in two phases: secretory differentiation | (Initiation) and Il (Activation). The Initiation
phase begins around mid-pregnancy where alveolar cells become primed for milk production.
However, only limited secretion of milk components is detected at this stage both in mouse
and human (11). At parturition, a drastic drop in progesterone levels is thought to trigger the
Activation phase, which lasts 3 weeks postpartum (10, 12). This phase is marked by
transcriptional activation of milk protein genes, such as whey acidic protein (Wap) and casein
beta (Csnb) (10), lipid biosynthesizing enzymes (13), accumulation of lipid droplets (13),
Golgi apparatus maturation and mitochondrial expansion (14, 15). Unlike mouse, in humans,
this phase takes place shortly after parturition (11). Lack of suckling at weaning marks the
beginning of involution, the final stage of mammary gland morphogenesis, whereby alveolar
cells undergo massive cell death and the gland regresses back to its pre-pregnancy stage.
Involution happens in two phases. The first phase is reversible (first 48-72 h) in that milk
production can restart if suckling is resumed (10). In addition, it marks the onset of p53-
dependent apoptosis (16). The second phase (8-10 days) is irreversible, and is accompanied
by a second wave of apoptosis that is p53-independent and mediated through increased

expression of serine proteases and matrix metalloproteinases (10, 17). Notably, adipocyte



cell differentiation takes place during this phase to replace the dying epithelial tissue and
replenish the fat pad (17, 18). Although the exact trigger of involution remains unclear,
signalling by members of the signal transducer and activator of transcription (STAT) protein
family has been shown to play a role. Particularly, STAT3 propagates pro-apoptotic signals
that antagonize pro-survival signals of STAT5 (19). Following its activation by Leukemia
Inhibitory Factor (LIF), STAT3 induces expression of two inhibitory subunits of PI3K, namely
p50a and p55a, which result in reduced activation of the serine-threonine protein kinase
AKT1 and its pro-survival signals (20, 21). Another mechanism by which STAT3 can regulate
involution is through induction of insulin-like growth factor (IGF) binding protein 5 (IGFBP5)

expression, which inhibits pro-proliferative IGF1 signalling (22).
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Figure 1. Mouse mammary gland development during puberty, pregnancy and lactation.
Schematic (Aa—d) and wholemount (Ba—d) representation of the different stages of mammary gland
development. A rudimentary ductal tree is observed at birth which grows gradually until puberty when
estrogens and progesterone drive ductal side branching and invasion of the fat pad. The bulbous
terminal end buds are also shown. During pregnancy, massive epithelial cell expansion takes place
and the fat pad is fully invaded by alveolar structures following exposure to prolactin and progesterone
resulting in a lactation-competent gland. Reprinted by permission from Macmillan Publishers Ltd:
Nature Reviews Molecular Cell Biology 6, 715-725, copyright (2005). (Reference (1))



1.2 Epithelial Hierarchy in the Mammary Gland

Transplantation studies have been instrumental in shaping our understanding of the epithelial
hierarchy in the mammary gland. In 1959, DeOme et al. demonstrated for the first time that
transplantation of normal mammary epithelial tissue of a donor mouse into a de-epithelialized
mammary fat pad of a host mouse can fully reconstitute the mammary ductal tree (23). This
was one of the first lines of evidence to suggest existence of mammary repopulating cells
(MRCs), thought to be enriched for MaSCs. Indeed, Hoshino et al. and others subsequently
corroborated these findings where transplantation of any portion of the mouse mammary
gland into cleared fat pads could regenerate a ductal tree that was lactation-competent (24—
26). The advent of fluorescence-activated cell sorting (FACS) technology allowed the
characterization of cell surface markers of MRCs. Following dissociation of the mouse
mammary gland into its different cell populations and exclusion of endothelial (CD31") and
haematopoietic (CD45%) cells, fat pad transplantation of a single cell that was
CD29"9"CD24*CD31°CD45 had the capacity to generate a fully functional bi-lineage
mammary gland (27, 28). These findings suggested that a multipotent CD49f""
CD29""CD24* MaSC can fully reconstitute mature luminal, alveolar and myoepithelial cells
of the mammary gland. However, recent lineage-tracing experiments revealed that the role of
multipotent MaSCs may be restricted to embryogenesis and luminal (CD29°CD24"*) and
myoepithelial (CD29""CD24") unipotent stem cells are the main contributor to maintenance
and expansion of the epithelial compartment in the adult mouse mammary gland (29).
Remarkably, the myoepithelial unipotent stem cell-enriched population could regenerate a full
mammary gland when transplanted into cleared fat pads, indicating that under conditions of
transplantation assays, it either acquires ‘multipotent stem cell’ behaviour or dormant
multipotent stem cells become reactivated to combat injury and restore homeostasis (29, 30).
Despite the progress that has been made in understanding the hierarchy in the mammary
gland, several questions remain unanswered. What does the differentiation path between
mammary stem cells and mature committed cells entail? Are there several luminal and
myoepithelial intermediary progenitors? What is the degree of plasticity of these cell
populations? Alveolar progenitors that differentiate to mature alveolar cells during pregnancy
have also been described (31). These cells were identified as a subset of the luminal lineage
that are ERa-negative Sca1'CD49b" and express higher levels of milk proteins in the virgin

state in comparison to ERa-positive Sca1*CD49b" luminal progenitors (31).



2. Luminal transcription factors

Transcription factors (TFs) are remarkable proteins because they can cause the selective
expression of subsets of genes that ultimately dictate cell identity. One important example of
how TFs can reprogram cell fate is the conversion of fibroblast cells into induced pluripotent
stem cells following exogenous introduction of a specific cocktail of factors (32). As
mentioned in the previous section, E2 can regulate development of the mammary gland
through ERa, a ligand-dependent TF. Forkhead box A1 (FOXA1) and GATA binding protein 3
(GATAS3), two other luminal lineage-restricted TFs, gained considerable attention over the
recent years following gene expression profiling studies of breast cancer cells and purified
normal mammary epithelial cell populations. Genetic knockouts (KO) of these TFs in mice

revealed their important roles in development of the normal mammary gland.

2.1 The estrogen receptor

Estrogens play key roles in the development and function of normal sexual and reproductive
functions in both males and females. In addition, estrogens are known to have protective
biological effects in musculoskeletal, immune, bone as well as central nervous systems (33).
They are also protective against cardiovascular disease, where they can attenuate ventricular
hypertrophy and prevent ischemic arrhythmias (34). In humans, ERa and ERf, both of which
belong to the nuclear receptor superfamily of ligand-inducible TFs, mediate the effects of
estrogens. They are encoded by separate genes on different chromosomes: ESR7 on
chromosome 6 encodes ERa and ESR2 on chromosome 14 encodes ERPB. These two
receptors share evolutionarily-conserved structural and functional domains: a ligand-binding
domain (LBD) that is composed of 12 a-helices (H1-12), a hinge region that contains a
nuclear localization signal, and a highly conserved DNA-binding domain (DBD) flanked by
two transcriptional activation function (AF) domains. AF1 is constitutively active whereas AF2
activation is dependent on ligand binding (35).

The studies described in this thesis are focused exclusively on the functions of ERa.
Liganded ERa can mediate the effects of E2 through either genomic or non-genomic (rapid)
actions as summarized in Figure 2. The genomic actions of ERa can either be ligand-
dependent or independent and result in direct or indirect (via tethering) engagement of E2

target genes.



2.1.1 ERa signalling

Liganded ERa binds as a dimer to estrogen response elements (EREs) in the promoters or
enhancers of its target genes. The ERE consensus sequence has been described as a 15bp
palindromic inverted repeat that contains a 3bp spacer: 5-(A/G)GGTCAnnnTGACC(T/C)-3'
(36). Upon binding E2, ERa undergoes a conformational change that repositions helix 12
over the ligand-binding pocket. This results in the formation of an interaction surface that
exposes several amino acid residues (Asp538, Leu539, Glu542 and Met543) that mediate
recruitment of transcriptional coactivators (37). This is essential for the receptor to gain full
transcriptional activity. The p160 family of homologous steroid receptor coactivators
comprising SRC-1, SRC-2 (GRIP1) and SRC-3 (AIB1 or ACTR) are amongst the most
characterized coactivators of ERa (38). Not only can these factors engage in direct or indirect
recruitment of other coactivators, but they also harbour intrinsic, albeit weak, histone
acetyltransferase activity (HAT) that can assist in chromatin opening and allow subsequent
recruitment of basal transcriptional machinery (39, 40). Structurally, these coactivators
contain highly conserved LXXLL motifs that can interact with the hydrophobic groove of the
LBD of ERa that becomes revealed following E2-induced rearrangement of H12 (41, 42).
Interaction of SRC proteins with ERa also provides a platform for recruitment of additional
cofactors that harbour histone modifying and chromatin remodelling activities. These include
the histone acetyltransferases p300, CREB-binding protein (CBP) and p300/CBP-associated
factor (PCAF) (40, 43, 44), protein arginine methyltransferase CARM1 (45-47), as well as
SWI/SNF complexes (48, 49). TFF1 (formerly pS2), an E2-target gene (50), has been
historically used as a model gene to study transcriptional activation by ERa. It has been
demonstrated through chromatin immunoprecipitation (ChlP) and re-ChIP, that ERa and its
cofactors can cycle the TFF1 gene promoter on and off in 45-minute cycles (51).
Interestingly, at the end of each cycle, ERa clearance is associated with a decrease in
binding of p300, CBP and PCAF and increased recruitment of histone deacetylase 1
(HDAC1) and 7 before a second round of transcription begins and chromatin is opened again
(51). Consistent with the findings that ERa can recruit HDAC activities to an induced gene in
the presence of E2, the receptor can also repress E2-dependent transcription through
recruiting corepressors including ligand-dependent corepressor (LCoR) and c-terminal
binding protein 1 (CtBP1), which could in turn recruit HDAC3 and 6 (52). An interaction
between the LBD of ERa and repressor of estrogen receptor activity (REA) was also

observed, where REA inhibited ERa’s transcriptional activity by competing with SRC-1



binding (53) or by recruiting HDAC1 (54). On the other hand, ERa can engage its target
genes indirectly via protein-protein interactions. This allows the receptor to regulate genes
that don’t harbour consensus EREs. Indeed, ERa can interact with activator protein 1 (AP1)
(55), specificity protein 1 (SP1) (56), nuclear factor-kB (NF-kB) (57), cAMP response
element-binding protein (CREB) (58), p53 (59), and recently discovered, runt-related
transcription factor 1 (RUNX1) (60), to regulate expression of its target genes. The genomic
mechanisms described above could also take place in a ligand-independent manner. For
instance, phosphorylation of unliganded ERa can stimulate its transcriptional activity. Several
serine residues in the AF1 domain (S104/106/118) of ERa are targets of phosphorylation of
MAPK following activation of growth factor signalling pathways such as IGF-1 and epidermal
growth factor (EGF) (61-63). Another example of activation of unliganded ERa is through its
interaction with cyclin D1, which can act as a bridge to mediate the receptor’s interaction with
coactivator proteins SRC1 and 3 (64, 65). This interaction cannot take place in a direct
manner in the absence of E2-induced conformational changes of ERa, as mentioned above.
Lastly, a small fraction of plasma membrane-bound ERa can exert rapid, nongenomic actions
by interacting with signalling molecules such as G-proteins (66), as well as ¢-Src (67) which
results in activation of the MAPK and PI3K/AKT protein kinase signalling pathways in the
cytoplasm. Even though ERa does not contain an intrinsic trans-membrane domain, it is
thought to associate with the plasma membrane through palmitoylation of Cys447 and
interaction with caveolin 1 (68). Ultimately, these nongenomic actions of ERa also result in

genomic changes following activation of downstream TFs by activated kinase pathways.
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Figure 2. Genomic and nongenomic actions of ERa.

(1) Upon binding to its ligand, E2, ERa dimers bind to EREs with the help cofactor proteins or (2)
activates expression of its target genes by tethering to other TFs. Additionally, unliganded ERa can be
phosphorylated following activation of growth factor signalling cascades, which activates the receptor
(3). Finally, ERa can activate protein kinase signalling cascades in the cytoplasm resulting in activation
of downstream TFs through increased phosphorylation (4). This is known as nongenomic ERa

signalling.



2.1.2 Lessons from ERa KO mice

In the mammary gland, ERa is expressed in a subset of luminal epithelial cells surrounding
the ductal lumen, but not detectable in myoepithelial cells (Figure 3). ERa can also be
detected in the stromal layer (69). The first ERa knockout mouse was generated in 1993 by
Lubahn et al. by insertion of the neomycin gene into exon 2 of the mouse Esr1 gene using
classical genetic recombination in embryonic stem cells. Deletion of ERa resulted in infertility
in both sexes. In females, this was associated with hypoplastic uteri that lose responsiveness
to estrogen stimulation. In addition, these mice are not capable of ovulation. Males exhibited
abnormal spermatogenesis and reduced sperm counts, and decreased aggression and
mating behaviour (70). Importantly, while the mammary gland of ERa KO mice develops
normally in the prenatal and prepubertal stages, it remains a simple rudimentary ductal tree
and does not undergo any additional morphogenesis at puberty (71). As mentioned earlier,
PR plays important roles in regulating this process. Expectedly, it was found that mammary
glands of ERa KO mice had reduced PGR mRNA expression (the gene encoding PR)
consistent with a positive regulatory role of ERa in regulating PR expression (71). Thus, the
lack of mammary gland development in these mice is likely due to the combined loss of ERa
expression and the subsequent decrease in PR expression. The finding that deletion of ERa
does not affect prenatal development of the mammary gland is consistent with low ERa
expression in the MaSC population (72). However, it remains unclear what impact deletion of
ERa has on the ERa-positive Sca1'CD49b" luminal progenitor population previously
described (31). Notably, in comparison, ERB KO mice were fertile although females exhibited
infrequent pregnancies and smaller litter size (73). In addition, these mice harboured normal
ovarian, uterine and testicular development. Interestingly, mammary glands of these mice
develop normally and can fully differentiate to the stage of lactation. This data indicated that,
of the two receptors, ERa is the main player in regulating development of the mammary
gland.

Additional studies have assessed the individual contribution of stromal as well as
epithelial ERa in mammary gland development. Cunha et al. were the first group to address
this question (74). They generated four different combinations of recombined neonatal
epithelial and stromal tissue from ERa KO and wild type (WT) mice: (i) WT epithelium and
WT stroma, (ii) WT epithelium and ERa KO stroma, (iii) ERa KO epithelium and WT stroma,
and (iv) ERa KO epithelium and ERa KO stroma. Following transplantation under the kidney

capsule of nude athymic mice, no ductal growth could be detected in (ii) whereas ductal
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growth and branching morphogenesis was observed in (iii). This study indicated that stromal,
but not epithelial ERa, was required for mammary gland development (74). However, a
subsequent study by Mueller et al. contrasted these findings where they found that both
stromal and epithelial ERa is required for mammary growth postpuberty (75). Importantly, it
was later discovered that the ERa KO mouse generated by Lubahn et al. and used in these
subsequent studies expresses an alternatively spliced form of ERa that retains the DBD and
LBD/AF2 domains of the WT receptor and partially retains transcriptional transactivation
potential (76, 77). This prompted the generation of a new ERa KO mouse (78), where it was
found that deletion of ERa in the mouse mammary gland also resulted in a rudimentary ductal
tree that could not develop past the pubertal stage (79). In addition, this study found that the
epithelial ERa, but not the stromal, is needed for development of the mammary gland. Lastly,
Feng et al. employed conditional deletion of ERa in the mammary gland at different stages of
its development and confirmed its importance not only for ductal elongation but also for the
process of alveologenesis and lactation (80). Furthermore, consistent with the important roles
of progesterone mentioned above, a similar phenotype was observed in PR KO mice, where

ductal side-branching and alveologenesis were also impaired (81).
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2.2 FOXA1

The forkhead box (FOX) family of TFs comprises 50 members in humans that are unique in
their ‘winged-helix’ DBD and their capacity to spatially and temporally regulate gene
expression during development (82). These TFs can be divided into 19 subgroups (FOXA to
FOXS) based on homology of their DBDs. The family acquired its name following the
discovery of its founding member in 1989, where mutations in the fkh gene in Drosophila

Melanogaster embryos were found to cause homeotic transformation of the foregut and
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hindgut which become replaced by ectopic head structures (83). That same year, FOXA1 or
hepatocyte nuclear factor 3A (HNF3A), the first member of the FOXA subgroup, was
described in a seminal study by Costa et al. as a regulator of the liver-specific genes
Transthyretin (TTR) and alpha 1-antitrypsin (alpha 1-AT; SERPINAT) (84). Structurally, the
highly-conserved forkhead DBD, which lies at the centre of the protein, consists of three a-
helices (a1, 2, 3), three B-sheets (B1, 2, 3) and two wing (loop) domains (W1 and 2) arranged
in a1-B1-02-a3-p2-W1-B3-W2 order. This imparts a butterfly-like structure to FOXA1, where
helix a3 primarily binds the DNA major groove and W2 binds the minor groove (85). The
consensus FOXA1 response element (FOXRE) has been described as 5'-
AA/TTRTT(G/T)RYTY-3’ (86). In addition to its forkhead domain, FOXA1 also contains N-
and C-terminal transactivation domains as well as conserved nuclear localization signal
sequences. Because the structure of FOXA1 resembles that of linker histones H1 and H5,
both of which also contain winged-helix domains, FOXA1 is able to make contacts with the
sides of nucleosome cores (85). It was previously reported that four basic amino acids (K40
and 52 and R42 and 94) present in H1 are indispensable for its ability to compact
nucleosomes (87). Unlike linker histone binding, FOXA1 binding does not result in chromatin
condensation because this TF lacks any basic amino acids at its nucleosome binding
interface (88). Indeed, addition of these residues at structurally similar sites in FOXA1
resulted in chromatin compaction as evidenced by protection of DNA from micrococcal
nuclease (MNase) digestion (88). The current paradigm of transcriptional regulation follows
that chromatin remodelling proteins can facilitate chromatin opening to allow TF binding and
recruitment of the basal transcriptional machinery. The finding that FOXA1 opened
compacted chromatin at the albumin gene enhancer in vitro even in the absence of chromatin
remodelling enzymes lead to coining of the term ‘pioneer factors’ (89). Pioneer factors are
defined as factors that have the capacity to bind heterochromatin and facilitate its opening
either intrinsically or via recruitment of additional factors. The hypothesis regarding the
mechanism of action of FOXA pioneer factors follows that their concomitant binding to both
DNA and core histones abrogates inter-nucleosomal interactions mediated by histones H3
and H4 (89) and additionally stabilizes the position of underlying nucleosomes (90). This in
turn may allow FOXA1 to modulate binding of additional TFs through phasing their local
binding sites on and off of nucleosomes. The role of FOXA1 as a pioneer factor and regulator

of ERa signalling in breast cancer will be further discussed in section 3.2.1 and Chapter 2.
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While FOXA1 has a positive regulatory role in the expression of liver-specific genes,
livers of FOXA1 KO mice develop normally. It was determined that this phenotype results
from FOXA2 compensation, which when deleted alone has no effect on liver development,
but when deleted together with FOXA1 abrogates fetal liver development (91). FOXA1 can
also regulate development of a number of tissues including pancreas, kidney, brain and lung.
FOXA1 KO mice suffer from weakness, hypoglycemia and dehydration and die postnatally.
This was in part due to reduced secretion of glucagon into the circulation because of
disrupted expression of the proglucagon gene (Gcg) which is normally controlled by FOXA1
in pancreatic islet a-cells (92). It remains unclear why these mice suffer severe dehydration.
Although kidney defects were reported, these could not readily explain the dehydration
phenotype. Conditional FOXA1 knockouts in the kidney tissue will ultimately be crucial to
further interrogate this phenotype. Brain defects in FOXA1 KO mice involved impaired
maturation of midbrain dopaminergic neurons as a result of loss of expression of Nurr1,
engrailed 1 and neurogenin 2, important factors for their differentiation process (93). Lung
development defects have also been reported and these included delayed alveolarization
associated with decreased expression of epithelial differentiation markers (94).

Up until recently, we were unable to examine whether FOXA1 plays any role in
development of the mammary gland because, as mentioned earlier, mice die shortly after
birth. Bernardo et al. devised an elegant study where they employed the use of orthotopic
transplantation and renal capsule grafting to be able to monitor growth of mammary glands of
FOXA1 KO mice postnatally until puberty (95). Similar to the ERa KO mouse phenotype, a
rudimentary mammary ductal tree developed normally in the prenatal stage of FOXA1 KO
mice, however it failed to grow beyond that and remained an anlage, even after several
weeks of exposure to pregnancy hormones. Notably, it was found that, similar to ERa ductal
localization, FOXA1 is also expressed in luminal cells but not myoepithelial cells in the WT
gland (Figure 4). Interestingly, FOXA1 mRNA levels increased as differentiation progressed
from a stem cell to a luminal progenitor to a mature luminal cell in the WT gland. This raised
the possibility that FOXA1 KO mice might have defects in luminal cell specification. However,
using immunohistochemical staining (IHC), the authors found no major difference in
expression/localization of luminal (Cytokeratin 8) or myoepithelial (a-Smooth muscle actin)
cell markers between WT and KO mice. Importantly, while transplanted FOXA1 KO mammary
epithelium was not capable of expansive proliferation when recipient mice became pregnant,

it was capable of generating alveoli that stained positively for milk proteins and lipid droplets.
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Additionally, glands with deletion of a single FOXA1 allele (heterozygotes) had increased
alveoli formation in comparison to WT glands following exposure to pregnancy hormones.
These data indicated that (i) FOXA1 is necessary for ductal outgrowth and invasion of the
mammary anlage at puberty, and (i) FOXA1 deletion enhances the process of
alveologenesis during pregnancy. Several questions regarding FOXA1 biology in mammary
gland development remain unresolved. Is FOXA1 important for luminal cell differentiation?
What is the proportion of mature vs. progenitor/stem cells in FOXA1 KO mice? Does FOXA1
deletion result in accumulation of a less differentiated progenitor or stem cell population
and/or depletion of the more differentiated mature luminal population? Using FACS analysis
rather than non-quantitative IHC staining will help address these questions. Lastly, does
FOXAA1 truly inhibit alveologenesis? And does it alter the proportion of the alveolar progenitor
cell population? To more directly answer these questions, mice that overexpress FOXA1 at

different stages of mammary gland development will need to be generated.

Figure 4. FOXA1 is expressed in luminal
mammary epithelial cells.

2.3 GATA3

In humans, the GATA family of TFs comprises six members (GATA1-6), found on different
chromosomes. Historically the GATA family has been divided into two subfamilies (GATA1-3
and GATA4-6), based on expression in hematopoietic and cardiac tissue, respectively.
However, recent studies suggest that their functions extend to other types of tissues,
including endothelium, breast and prostate. GATA proteins comprise two N-terminal
transactivation domains and a dual zinc finger DBD that is highly conserved (>70%) amongst
all GATA proteins and recognizes 5°-(A/T)GATA(A/G)-3’ sequences (96). Each of the two zinc
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fingers is followed by highly conserved and distinct basic regions (basic region 1 and 2) that
have less defined functions.

The GATA consensus site is highly abundant in the human genome with about seven
million GATA motifs present (97). Interestingly, not all GATA sites are bound by GATA
proteins. In fact, ChlP-Seq studies have shown that GATA1 and 2 occupy only about 0.1 to
1% of these sites in erythroblast cells (97, 98). In addition, 90% of bound sites were found
away from promoters suggesting that long-range interactions are necessary to regulate
transcription. Indeed, GATA1 can induce higher order chromatin loops by interacting with its
cofactor Friend of GATA-1 (FOG1) (99) or the chromatin remodelling factor BRG1 at the B-
globin locus (100). While the mechanisms by which these factors choose their sites remain
unclear, it has been reported that histone modifications (H3K9ac, H3K4me1 and me2) can
demarcate GATA-bound sites. In addition, FOG1 (99, 101) and acetylation of GATA1 (102)
have been reported to increase DNA accessibility at GATA sites. A potential pioneer factor
role of this family of proteins was originally suggested by Bossard et al. where similar to
FOXA1, GATA1-4 proteins were also found present at the albumin enhancer in endoderm
cells that had not yet undergone liver specification (103). Recently, Takaku et al. addressed
the pioneer factor role of GATA3 by comparing DNA accessibility before and after expression
of this factor in a GATAS3-negative breast cancer cell line (104). GATAS3 expression resulted in
opening of a subset of sites that coincided with concomitant BRG1 binding and enhanced
gene expression. Notably, the same study found that GATA3-bound sites harboured high
nucleosome density in the absence of GATA3 expression. Additionally, GATA3 was able to
bind reconstituted nucleosomes in vitro, suggesting that GATA3 can bind closed chromatin.

The GATA3 null mutation is embryonic lethal (11 days post coitum) due to extreme
internal bleeding and neural as well as hematopoietic abnormalities with a block in T-cell
differentiation (105). In addition, GATA3 -/- embryos exhibited noradrenaline deficiency in the
sympathetic nervous system due to loss of expression of tyrosine hydroxylase (Th) and
dopamine [B-hydroxylase (Dbh) (106). It was found that administration of catechol
intermediates to pregnant dams delayed embryonic lethality (12.5-16.5 days post coitum)
thereby indicating that noradrenaline deficiency was a major cause of GATA3 -/- embryonic
lethality (106). No defects were reported in GATA3 -/+ mice (105), although recent evidence
suggests that they suffer from sensorineural deafness (107). In the WT mouse mammary
gland, GATAZ is expressed in luminal epithelial cells following a similar pattern of expression
to that of ERa and FOXA1 (Figure 5). Furthermore, GATA3 was identified as the most highly
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expressed TF in the mammary epithelium. Conditional deletion of GATA3 in the mammary
gland using the MMTV-cre system results in severe defects in mammary gland development,
including impaired ductal branching and elongation and failure to generate TEBs at puberty
(108, 109). Wap promoter-Cre-mediated deletion of GATA3 during pregnancy revealed
impaired alveologenesis and lactation similar to the phenotype observed in ERa knockout
mice. In addition, GATA3 loss caused an accumulation of the CD61*CD29°CD24" luminal
progenitor population and a concomitant reduction in the CD61" mature luminal cell
population, both of which were conversely depleted and expanded, respectively, as the
mammary gland progressed to the pregnancy stage in WT mice (109). This indicates that loss
of GATAS3 causes a block in luminal cell differentiation. Importantly, ectopic expression of
GATAS3 into the MaSC population lead to increased expression of milk protein genes, Wap
and Csnb indicating that GATA3 is essential in driving differentiation along the alveolar

lineage.

Figure 5. GATAS3 is expressed in luminal
mammary epithelial cells.
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2.4 ETS family members: ELF5 and SPDEF

The human ETS family of TFs comprises 28 members that have a broad range of functions in
development, cell fate specification and differentiation (110). These TFs share a highly
conserved ETS winged helix-turn-helix domain DBD that recognizes the sequence 5’-
GGA(A/T)-3". While previous studies have reported a role of ELF5 in controlling the process
of alveologenesis (111-113), it remains unclear what role other ETS family members have in
mammary gland development. ELF5 null mammary glands undergo normal ductal
morphogenesis at puberty, however they are unable to produce alveoli during pregnancy and

this results in lactational insufficiency (111). Conversely, forced expression of ELF5 at the
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pubertal stage of mammary gland development activated alveolar differentiation, increased
expression of Wap and Csnb, and lead to precocious milk production (111). Impaired
alveologenesis in ELF5 -/- mice was associated with reduced expression and phosphorylation
of STATS, which was identified as direct ELF5 transcriptional target (112). In addition, ELF5
null mammary glands exhibited increased expression of Notch1 and Notch2 leading to
hyperactivation of Notch signalling and subsequent accumulation of MaSC population (113).
Sterile alpha motif (SAM) pointed domain containing ETS transcription factor
(SPDEF), another ETS TF, was originally described as highly expressed in prostate tissue
where it acts as a cofactor of androgen receptor (AR) to regulate expression of prostate-
specific antigen (KLK3), a widely used diagnostic marker for prostate cancer (114). SPDEF
KO mice are viable at birth and show defects in differentiation of a number of tissues,
including lung, stomach and intestine (115-117). Regrettably, our knowledge of the function
of this TF in the context of the mammary gland is limited to one published report. Buchwalter
et al. found that SPDEF expression, like FOXA1, was highest in mature luminal cells and
lowest in the MaSC population (118). Consistent with this observation, the authors show that
knockdown of SPDEF in human luminal progenitor cells resulted in repression of luminal-
lineage marker genes. On the other hand, forced expression in a non-transformed mammary
epithelial cell line resulted in induction of luminal-lineage markers and repression of
myoepithelial markers. Collectively, this data suggests that SPDEF regulates mammary

luminal cell differentiation, although the mechanism by which this happens remains unclear.

2.5 XBP1

X-box protein 1 (XBP1), another luminal-lineage TF, has been recently described as an
essential factor in mammary gland development. XBP1 is a ubiquitously expressed basic
leucine zipper (bZIP) TF that was originally discovered as a regulator of MHC class Il genes
in B cells (119). It is most notably linked to the unfolded protein response (UPR). Upon
accumulation of unfolded proteins in the endoplasmic reticulum (ER), the trans-acting TRF6
binds to the cis-acting ER stress response element (ERSE) in the XBP1 promoter increasing
its transcription (120). XBP1 mRNA subsequently undergoes splicing of 26 nucleotides
through an ER transmembrane endoribonuclease and kinase called inositol-requiring
transmembrane kinase/endonuclease 1 (IRE1). This results in a shorter transcript called
XBP1(S) that encodes for a potent transactivator that translocates to the nucleus and

activates transcription of UPR genes (121). Studies from XBP7-deficient mice reveal its
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crucial roles in the development of secretory cells, hepatocyte and B-lymphocyte terminal
differentiation (122-124). Targeted deletion of XBP1 in the mammary gland hinders ductal
branching at the virgin state, but does not alter the gland’s capacity to produce alveoli.
However, the subsequent process of lactation is severely impaired due to reduced
lobuloalveolar development and reduced proliferation of the epithelial compartment because
of increased ER stress (125, 126).

2.6 The androgen receptor (AR)

Like ERa, AR is a member of the nuclear receptor superfamily of ligand-inducible TFs and is
essential for male sex differentiation (127). Upon binding testosterone ligand (produced
primarily in the testes) or its derivative dihydrotestosterone (DHT) (produced intracellularly),
heat shock proteins are displaced and AR dimerizes and undergoes a conformational change
similar to that of ERa, where helix 12 rearrangement results in coactivator binding. AR binds
to androgen response elements (ARE; GGTACAnNnnTGTTCT) at enhancers and promoters of
target genes, such as prostate-specific antigen (PSA, KLK3) and transmembrane protease
serine 2 (TMPRSS2) (128, 129). In the prostate, AR is necessary for the growth and survival
of normal cells. Genetic aberrations such as fusions between the promoter of TMPRSS2 and
the coding region of ETS TFs occur in a significant proportion of prostate tumours, which
results in ETS factor overexpression (130). In addition, a number of mutations that target AR
can increase risk of development of prostate cancer (131). Thus, androgen suppression
therapy is administered be it surgical (castration) or chemical (treatment with gonadotropin-
releasing hormone analogues). AR can also engage in non-genomic actions, interacting with
c-src and the p85a subunit of PI3K to activate MAPK and AKT signalling cascades and
enhance cell proliferation (132). In the human mammary gland, AR mainly localizes to nuclei
of luminal and basal cells with some IHC staining detected in nuclei of stromal cells (133). In
addition, AR -/- mice show defects in ductal morphogenesis during puberty (134). In addition,
these mice produce alveoli and can lactate albeit much less than WT animals. Interestingly, it
was found that MAPK signalling is inactive in AR -/- mammary glands, resulting in reduced
expression of cyclin D1 and cell proliferation. Importantly, expression of ERa target genes
was also reduced in AR -/- mammary glands, suggesting crosstalk between these two

signalling pathways.
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3. Breast cancer

Breast cancer remains the most frequently diagnosed cancer in women in Canada, followed
by lung and colorectal cancer. An estimated 26,300 new breast cancer cases are expected
in 2017, accounting for 25% of all new cancer cases in women (135). On average, one in
eight Canadian women is expected to develop breast cancer within her lifetime (135). A
number of risk factors contribute to development of breast cancer, including personal and
family history, sex, age, BRCA tumour suppressor gene mutation status, density of breast
tissue, reproductive history, and exposure to hormones. The implementation of provincial
mammographic screening programs in 1988 resulted in an increase in breast cancer
incidence in early 1990s, due to increased capacity for detection. The incidence dropped
again in 2002, concurrent with a decline in hormone replacement therapy (HRT) use amongst
post-menopausal women (135-137). Of note, breast cancer is very rare in males, accounting
for less than 1% of new cases expected in Canada in 2017 (135).

While breast cancer is the second leading cause of cancer-related deaths amongst
women after lung cancer, its mortality rate has been steadily declining owing to increased
screening measures that allow for early detection of the disease, as well as major research
advances in breast cancer treatment. Breast cancer diagnosis, prognosis and treatment
depend on a number of factors including tumour type, size and histological grade, hormone
receptor status, age, proliferative index (Ki67 positive) and whether metastasis/lymph node
infiltration has occurred. These will dictate whether a patient will receive local therapy
(surgery with or without adjuvant radiation therapy) with or without systemic therapy
(chemotherapy, hormonal therapy and targeted therapy). Chemotherapy can be administered
either in the neo-adjuvant or adjuvant setting, to shrink a large tumour prior to surgery or to
prevent relapse due to residual cancer cells, respectively. Hormonal and targeted therapies,
which will be discussed further below, depend on hormone receptor (ERa and PR) and

epidermal growth factor receptor 2 (EGFR2 or HER2) protein expression.

3.1 Breast cancer is not a single disease

In the clinic, breast cancer has traditionally been classified into different histologic types
based on histopathology (ductal or lobular in situ carcinoma vs. invasive carcinoma),
pathological grade (grade 1: well differentiated, grade 2: moderately differentiated and grade
3: poorly differentiated), axillary lymph node status, and expression of protein markers (ERa,

PR, and HER2) (138). The accuracy of the current methods for predicting the course of
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breast cancer development has been questioned, as it can sometimes lead to ineffective
treatment regimens.

The advent of gene expression profiling technologies over the last two decades
revolutionized the way we perceive breast cancer. Two landmark studies in the early 2000s
by Perou et al. and Sorlie et al. examined gene expression profiles of normal and
tumourigenic breast samples using cDNA microarrays and unsupervised hierarchical
clustering. This approach allowed the identification of several molecular subtypes of breast
cancer (luminal A, luminal B, basal-like, HER2-enriched and normal-like), each characterized
by its own signature and a different clinical outcome (139, 140), which have been confirmed
by several other groups (141-143). In the clinic, these subtypes parallel those identified by
IHC. Luminal tumours are ERa/PR+ HER2-/+, HER2-enriched tumours are ERa/PR- HER2+,
and basal-like tumours are ERa/PR/HER2-. Normal-like breast tumours are also
ERa/PR/HER2- and are characterized by expression of markers of adipose tissue and basal
myoepithelial cells (140). Of note, the existence of the normal-like tumour subtype has been
questioned due to the possibility of contamination with surrounding normal tissue. Two
additional subtypes recently emerged from gene expression profiling studies by other groups:
claudin-low and molecular apocrine (144, 145). Notably, these different molecular subtypes
are thought to have arisen from blocks in cell differentiation together with genetic defects, as
discussed below. Aligning the transcriptomes of particular molecular subtypes with those of
their hypothesized cell of origin results in a tentative model (Figure 6).

Together, results from these studies engendered several commercially available
prognostic signature tests, including the RT-gPCR-based OncotypeDx® and microarray-
based Mammaprint®. The former estimates the risk of recurrence in ERa-positive early
breast cancer, whereas the latter calculates a high-risk or low-risk recurrence score in lymph
node negative breast cancers (<5cm) in patients younger than 61 years of age (138).
However, the implementation of genomic tests into everyday use in the clinic to replace
currently used histopathological methods is unlikely, due to high costs and time consumption.
Instead, these tests will likely complement existing clinical methods for additional
confirmation.

To fully capture the molecular basis underlying the observed breast tumour
heterogeneity, correlate it with clinical features and tailor appropriate therapies, efforts were
aimed at constructing large tumour datasets that integrate information at genomic,

transcriptional, translational and epigenetic levels. The goals of these studies were to either
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refine the previously reported molecular subtypes of breast cancer by identifying additional
features (the METABRIC dataset) or to study the genomic complexity of the currently existing
ones (the TCGA dataset). The Molecular Taxonomy of Breast Cancer International
Consortium (METABRIC) dataset comprised 2000 breast tumour samples, which were
subjected to microarray-based gene expression profiling coupled with copy number alteration
(CNA) analysis (146). This led to the identification of two novel breast cancer subgroups. One
was ERa-positive and characterized by high mortality rate and amplifications in the cis-acting
11q13/14 region that contains driver genes such as CCND1 (cyclin D1). The second
subgroup comprised both ERa-positive and ERa-negative breast tumours that had good
prognosis and were devoid of CNAs, but exhibited increased lymphocyte infiltration and a
strong immune/inflammation gene signature. On the other hand, the Cancer Genome Atlas
(TCGA) dataset comprised a total of 817 breast tumour samples that were studied using
different platforms: RNA-Seq, whole-exome DNA sequencing, miRNA-Seq, SNP arrays, DNA
methylations arrays, as well as reverse phase protein arrays (147, 148). Results from these
studies revealed a plethora of genetic and epigenetic aberrations that could recapitulate the

tumour subtypes previously identified by gene expression profiling.

21



g

/ eem

S <
= :
= £
] g
4 E
0 fr

om
®
£
£
E]
-l

Claudin'ov

l Ductal

&
J?

? ER'/ER"
Luminal
progenitor
/ Alveolar
Unlpoten
luminal stem
cell
MaSC
J ER- alveolar ER-
G progenitor
Unipotent O -
myoepithelial Myoepthelial
stem cell Myoepithelial
progenitor

Figure 6. A tentative model outlining the different molecular subtypes of breast cancer and their
hypothesized cell of origin. Adapted from Visvader et al. (149)
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3.1.1 Luminal tumours

Luminal tumours, which represent about two-thirds of breast tumours, express ERa, and are
dependent on estrogens for growth. Importantly, these tumours were dubbed ‘luminal’
because their gene signature comprises high expression of several luminal-lineage genes in
addition to ESR1, including FOXA1 and GATA3 as well as TFF3, SPDEF and XBP1 (140).
Importantly, while the normal cell(s) of origin of these tumours remain(s) unclear, comparative
gene expression profiling studies reveal that the transcriptome signature of these tumours
closely aligns with that of normal luminal mammary epithelial cells (149). Luminal tumours
can be further subdivided into two subgroups: luminal A and B. Luminal A tumours (ERa+
PR+ HER2-) are generally associated with smaller tumour size, lower grade and a better
prognosis owing to high expression of ERa, which can be targeted by competitive inhibitors
called antiestrogens. On the other hand, luminal B tumours (ERa+ PR+ HER2-/+) express
lower levels of ERa and luminal-specific genes, have a higher proliferative index, and a worse
clinical outcome in comparison to luminal A tumours (140). A third subgroup of luminal
tumours termed luminal C has also been described (150). Similar to Luminal B tumours,
Luminal C tumours are highly proliferative, although they position at the boundary between

ERa+ and ERa- tumours. In addition, 40% of these tumours overexpress HER2 (150).

3.1.1.1 Hormonal therapy

The original work by Thomas Beatson in 1878 indicated that ovarian ablation (oophorectomy)
abolished lactation in rabbits. Addressing the Edinburgh Medico-Chirurgical Society in 1896,
Beatson pointed out that, “This fact seemed to me of great interest, for it pointed to one organ
holding control over the secretion of another and separate organ.” This finding lead Beatson
to the discovery that surgical removal of ovaries was in fact beneficial in an advanced breast
cancer patient (151). It wasn’t until 60 years later that Jensen discovered ERa, which was
subsequently identified as the target of ovarian estrogens (152). As mentioned earlier,
exposure to estrogens is an important risk factor in breast cancer. In fact, early age at
menarche, late age at menopause as well as use of hormone contraceptives and HRT have
been linked to increased risk of developing breast cancer (153). Today, hormonal therapy for
ERa-positive breast tumours comprises antiestrogens and aromatase inhibitors (Als).
Antiestrogens act as competitive inhibitors of ERa to block its transcriptional activity, and
subsequently block E2-mediated tumour growth. These drugs can be divided into two
subclasses: selective estrogen receptor modulators (SERMs) and selective estrogen receptor

downregulators (SERDs). SERMs act by preventing recruitment of coactivator complexes
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through inducing a conformational change in ERa that instead leads to recruitment of
corepressors (37). Tamoxifen is an example of a SERM that is now considered the gold
standard of care for antiestrogen treatment in ERa-positive breast tumours. While this drug
acts as an ERa antagonist in the breast, it can have agonistic effects in the endometrium and
the bone. Even though this aids in prevention of osteoporosis, it also increases the risk of
developing endometrial cancer. Regrettably, 50% of patients do not respond to tamoxifen
treatment due to intrinsic (de novo) resistance (154). In addition, 40% of patients who initially
respond to tamoxifen eventually develop resistance (acquired) and relapse (155). The
majority of these patients still express ERa and respond to SERDs and Als in second-line
treatment. Mechanisms of tamoxifen resistance (reviewed in (156)) include defects in its
metabolism due to single nucleotide polymorphisms of cytochrome P450 2D6 (CYP2D6), loss
of ERa expression, increased phosphorylation of the receptor due to activation of MAPK and
PKA signalling, altered expression of ERa coregulator proteins, increased HER2 signalling,
and presence of gain-of-function mutations in the LBD of ERa which result in ligand-
independent activation of the receptor (157). ICl 182,780 (Fulvestrant), a SERD that binds
ERa with much higher affinity than tamoxifen, induces sumoylation of the receptor, which
correlates with its increased degradation and inhibition of its transcriptional activity (Traboulsi
T. and Mader S., manuscript under review and (158)). Lastly, Als act by inhibiting the enzyme
aromatase, which catalyses the conversion of androstenedione to estrone and testosterone
to estradiol. Als are primarily administered in post-menopausal women in combination with

tamoxifen (159).

3.1.1.2 Genetic defects in luminal breast tumours

The seminal TCGA network study published in 2012 revealed a multitude of mutations
affecting luminal tumours (147). The alpha catalytic subunit of PI3K (PIK3CA) was found as
the most frequently mutated gene in luminal tumours affecting 45% and 29% of luminal A and
B tumours, respectively. Additionally, mutations targeting MAP3K1 and MAP2K4 have also
been observed in luminal A tumours where they are more prevalent than in luminal B
tumours. TP53 mutations are also present in luminal tumours with a higher rate in luminal B
(29%) than A (12%) tumours and less frequently than in HER2 and basal-like tumours.

As mentioned earlier, loss of ERa expression can lead to endocrine resistance,
however the vast majority of distant metastases that are resistant to hormonal treatment still

express an active ERa. The updated TCGA dataset of primary breast tumours (817 samples)
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reveals that ESR1 mutations are present in only 0.6% of the cases (148, 160, 161), however
recent studies have reported a higher frequency of ESR71 mutations in metastatic ERa-
positive breast cancers (162-166), that affect the LBD of ERa (39 samples, 21%) (reviewed
in (157)). These mutations, the majority of which affect tyrosine 537 and aspartate 538,
confer ligand-independent activation of the receptor and increased proliferation. On the other
hand, FOXA1 mutations were also rare affecting only 3.7% of all breast cancers in the TCGA
dataset. Most of these mutations were missense mutations, and although many of them
clustered immediately downstream of the forkhead domain, their impact on FOXA1 protein
function remains unclear. This is important as previous studies have shown a role for FOXA1
in mediating the response to tamoxifen (167, 168). Recently, FOXA1 gene
amplification/overexpression was shown to contribute to tamoxifen insensitivity of endocrine-
resistant breast cancer cells in a mechanism that involved interleukin-8 induction (169). In
addition, a G>A mutational hotspot was discovered in the promoter region of FOXA1 in ERa-
positive breast cancers at position -81 relative to the TSS, and it results in increased binding
of E2F1 leading to FOXA1 overexpression (170).

Interestingly, GATAS3 is the third most mutated gene in luminal breast cancers with a
prevalence of approximately 14% and 15% in luminal A and B tumours, respectively, in the
TCGA dataset. The GATA3 gene consists of 6 exons located at 10p14 and encodes for a
48kDa protein that is composed of two N-terminal transactivation domains and two zinc-finger
DNA-binding motifs. Each of the two zinc fingers is followed by highly conserved and distinct
basic regions (basic region 1 and 2) that have less defined functions. The reported mutations,
which cluster in (i) basic region 1 (intron 4: 2 base-pair deletion hotspot), (ii) the second zinc
finger motif and its subsequent basic region 2 and (iii) the C-terminal region (147, 171)
(Figure 7), are predicted to result in a loss of function. The first zinc finger is targeted by a
missense mutation converting methionine 293 to a lysine or an arginine. Two residues in
basic region 1 are targeted: R305Q (missense mutation) and X308 (splice site mutation:
residue 308 marks beginning of exon 5). Interestingly, mutating arginine at position 305 to
alanine results in a dominant negative GATA3 protein as shown in reporter assays driven by
the T-cell receptor alpha and beta enhancers (172). Mutations targeting the second zinc
finger are expected to abrogate binding to DNA. For instance, the hydrophobic Leucine 327,
is mutated to a histidine and has been suggested to play a role in maintaining the stability of
the DNA/protein complex as it makes direct hydrogen bonds in the major groove (173). Also,

R330, which makes interactions with the sugar phosphate backbone of DNA (173) and is
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# Mutations

essential for the nuclear localization of the protein (174), is mutated to Glutamic acid via a
frameshift mutation. In addition, one study recently reported increased protein stability and
reduced DNA-binding of a truncated form of GATA3 that arises from a heterozygous
frameshift mutation (D336fs) in the second zinc finger in MCF-7 cells (175). Of note, this
mutation has not been reported in primary tumour samples. Deletion studies indicate that the
C-terminal region, encompassing basic region 2, is required for the protein’s transactivation
capacity in in vitro CAT assays (172). Additionally, the study of the crystal structure of the C-
terminal zinc finger of mouse GATAS has identified several residues that are important for
stabilizing the protein’s binding to DNA. Several residues within basic region 2 are subject to
mutation in luminal tumours. This region contains part of the highly conserved YXKXHXXXRP
motif (aa 344-354; YYKLHNINRPL in humans and mice), where mutation of any amino acid
has been reported to disrupt binding to DNA and abrogate GATA3-controlled Th2 cytokine
production and cell differentiation (176). Several residues within this motif are also found
mutated: Y344, K346, 1350, X350_splice, N351, L354. Importantly, the NRPL residues within
this motif can act as a homodimerization interface, with their mutation being reported to cause
a decrease in GATA1 self-association (177). Arginine 364, which plays a key role in binding
the minor groove of DNA, is mutated in breast cancer (R364S) and its disruption has been
reported to prevent GATA3 binding to its consensus WGATAR sequence (173). From the
clinical standpoint, GATA3 mutations have been associated with improved overall survival
(178) and response to Al therapy (179), although their actual impact on GATA3 function
remains unclear due the scarcity of functional assays. Thus, additional studies are needed to

examine what contribution GATA3 mutants may have in luminal breast tumourigenesis.
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Figure 7. Lollipop representation of GATA3 mutations in breast tumours from the TCGA

dataset.

3.1.2 HER2-enriched tumours

HER2-enriched tumours represent about 15-20% of all breast tumours (180). These tumours
are characterized by HER2 overexpression most often due to amplification of the HER2
amplicon (80% of the cases) located at 17q12 (147). HER2 amplification correlates with
worse prognosis and shorter disease-free and overall survival time (181), due to high tumour
grade, increased cell proliferation, lymph node positivity, and large tumour size (182). HER2
encodes a receptor tyrosine kinase which dimerizes with other EGF receptors, leading to auto
and/or transphosphorylation of tyrosine residues in EGFR proteins and constitutive
downstream activation of MAPK and PI3K signalling. HER2-enriched tumours have a high
frequency of TP53 (72%) and PIK3CA (39%) mutation and MDM2 (30%) and CCND1 (38%)

gene amplification (147).

3.1.2.1 HER2-targetted therapy

HER2-enriched tumours are treated with Trastuzumab (Herceptin®), a humanized
monoclonal antibody, in combination with adjuvant chemotherapy. Trastuzumab recognizes
the extracellular domain IV of HER2 (183) and blocks its activation by causing receptor
internalization and increased degradation through the c-Cbl ubiquitin ligase (184), activation
of natural killer cells and antibody-dependent cell-mediated cytotoxicity (185), and inhibition of
RAS/MAPK and PI3K/AKT activation by interfering with HER2/HER3 ligand-independent

dimerization (186).

3.1.3 Basal-like tumours

Basal-like tumours represent the most aggressive and least differentiated subtype of breast
cancer with low overall survival rates. Tumours of this subtype have high incidence in BRCA1
(DNA repair gene) germline mutation carriers (141, 187, 188) and premenopausal women of
African-American ancestry (189). Furthermore, they are distinguished by their high tumour
grade, often lack of expression of ERa, PR or HER2, and high expression of basal
(myoepithelial) markers such as cytokeratin 5, 6, 14, 17 as well as EGFR. Of note, while the
majority of basal-like breast cancers are clinically defined as ERa- PR- HER2- or ftriple-

negative based on the traditional IHC classification, some of the tumours in this subtype do
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not conform to the aforementioned IHC definition (reviewed in (190)). Despite the small
number of patients in their study (82 patients), Rouzier et al. reported that about 14% of
basal-like breast cancers are HER2+ and a smaller proportion (5%) is ERa-positive (191).
Similarly, not all triple-negative tumours harbour the basal-like molecular signature. Amongst
all breast cancer subtypes, basal-like tumours have the highest frequency of TP53 mutations
(80%), most of which are nonsense and frame shift mutations (147). In addition, they suffer
from loss of retinoblastoma (Rb) in 30% of the cases (147). Together with the high frequency
of BRCA1 and 2 somatic mutations (20%) (147), these genetic defects culminate in genomic
instabilities and increased proliferation (192, 193).

Recent studies indicate that basal-like tumours with BRCA7 mutations may arise from
a luminal progenitor cell population. Lim et al. analyzed mammary epithelial cell populations
in preneoplastic mammary tissue from patients heterozygous for a BRCA1 mutation (194).
They discovered that luminal progenitor cells were expanded in BRCA1 mutation carriers and
that these cells exhibited enhanced clonogenic activity in vitro. Importantly, comparative gene
expression profiling revealed that the gene signature of luminal progenitor cells was most
correlated with signatures of preneoplastic BRCA1 mutation carriers and basal-like tumours.
These findings were corroborated in breast cancer mouse models where luminal progenitor
cells heterozygous for a BRCA1 mutation showed increased basal differentiation features
prior to formation of basal-like tumours (188) without evidence of implication of basal
progenitor cells in this process (195). Regrettably, basal-like tumours do not benefit from
targeted therapy and are treated with chemotherapy. Additional studies are needed to fully

understand the molecular mechanisms that underlie tumourigenesis in this subtype.

3.1.4 Claudin-low tumours

Claudin-low tumours were identified in 2007 as a new subtype of breast cancer that is
marked by low expression of tight junction-associated proteins claudin 3, 4, 7 and occludin
(144). In addition, these tumours are poorly differentiated, express low levels of E-cadherin
and are characterized by a signature that has epithelial-mesenchymal transition (EMT)
features (high expression of TWIST1 and 2, SNAI1 and 2, ZEB1 and 2) and closely aligns
with the signature of MaSCs (196, 197). Clinically, most of these tumours are triple-negative
and express low levels of luminal genes and, surprisingly, proliferation genes, suggesting that
unlike basal-like tumours, claudin-low tumours are slow-cycling (144). Claudin-low tumours

are treated with chemotherapy but show poor survival outcomes owing to their
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mesenchymal/stem cell-like features that render these tumours highly intrinsically resistant
(198).

3.1.5 Molecular apocrine tumours

In 2005, molecular apocrine tumours emerged as a new subtype of breast cancer
representing about 8-14% of all cases (145). While tumours of this subtype harbour some
apocrine features present in androgen-dependent apocrine scent glands, they are not
classified as apocrine carcinomas as they don’t meet the strict histopathological criteria. In
addition to being ERa-negative, these tumours are often HER2+ and AR+, and harbour
increased AR signalling, although there is a discord between mRNA and protein levels of AR
in a subset of these tumours. Lehmann-Che et al. found that 43% of molecular apocrine
tumours were AR- by IHC despite having high mRNA expression (199). Overexpression of
gross cystic disease fluid protein 15 (GCDFP15), the product of the AR target gene PIP
(200), combined with HER2-positivity and ERa-negativity was more accurate in identifying
tumours of this subtype (199).

Gene expression profiling of molecular apocrine tumours indicates that they share
some features of luminal breast tumours, such as expression of luminal lineage genes as well
as ERa targets despite absence of the receptor (201). It was hypothesized that increased AR
signalling may recapitulate the luminal features of these tumours. Interestingly, FOXA1 is
overexpressed in 90% of molecular apocrine breast tumours (199) (as determined by IHC),
and has been shown to play an important role in controlling AR signalling in the ‘molecular
apocrine’ AR-positive breast cancer cell line MDA-MB-453 (202), similar to its role in prostate
cancer cells (203). FOXA1 binding significantly matched that of AR across the genome and
siRNA-mediated knockdown of FOXA1 in these cells resulted in reduced global AR binding
without a change in expression of the receptor, and modulated expression of molecular
apocrine genes (202). siRNA-mediated knockdown of AR, on the other hand, resulted in
moderate reduction of mRNA expression of a number of luminal tumour markers such as
SPDEF and XBP1. Furthermore, reduced proliferation of FOXA1-depleted MDA-MB-453 cells
correlated with a growth inhibitory effect of the anti-androgen bicalutamide in these cells
(202). The authors’ conclusion that FOXA1 regulates the molecular apocrine phenotype
through regulating AR signalling is not strongly supported, particularly as the authors do not
address the impact of AR knockdown globally on expression of ‘molecular apocrine’ signature

genes. Additional studies and cell line models are needed to fully understand transcriptional
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regulation in AR+ and AR- molecular apocrine tumours and whether FOXA1 can control the

phenotype of these cells independently of AR.

3.2 Luminal transcription factors in breast tumours

3.2.1 The ERa-FOXA1-GATA3 TF network: A tale of three musketeers

Large genomic and transcriptomic studies over the past two decades have revealed the great
complexity of transcriptional regulation in breast cancer. As mentioned earlier, analysis of
large transcriptomic data using gene correlations has allowed the identification of several
subtypes of breast cancer, each marked by its own signature. These studies together with
ChiIP-Seq experiments characterizing ERa binding across the genome have been
monumental in increasing our understanding of how the receptor works in luminal breast
cancer cells. In luminal breast tumours, expression of FOXA1 and GATAS is highly correlated
with that of ERa. This prompted several studies to ask the question whether a cross-
regulatory network exists between these factors and what impact this might have on the

differentiation state of luminal tumours. Findings of these studies are summarized below.

3.21.1 ERa, FOXA1 and GATA3 exist in a transcriptional cross-regulatory
network

Remarkably, the strong positive correlation between ERa, FOXA1 and GATA3 expression in
luminal breast tumours is associated with favourable prognosis (204-207). This is in
agreement with data from preclinical models where both FOXA1 and GATA3 regulate the
differentiation state of luminal tumours. Conversely, these three TFs are not expressed in
basal-like tumours, which are poorly differentiated. In the MMTV-PyMT breast cancer
(luminal-like) mouse model, deletion of GATA3 accelerated progression from adenoma to
carcinoma and increased frequency of tumour-initiating cells whereas its reintroduction
inhibited tumour dissemination potential and induced differentiation (208, 209). Furthermore,
ectopic expression of GATA3 in MDA-MB-231 basal-like cells inhibited metastatic potential
and promoted their differentiation in mouse xenografts in a mechanism that was dependent
on induction of miR-29b (210). On the other hand, FOXA1 and ERa expression was lost
during mammary tumour progression in the MMTV-PyMT mouse model (211). siRNA-
mediated knockdown of FOXA1 in luminal ERa-positive human breast cancer cell lines, MCF-
7 and T-47D, reduced expression of luminal markers and enhanced expression of basal-like

markers, which resulted in a less-differentiated phenotype that was accompanied by
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increased cell migration and invasion (212). A recent study corroborated these findings where
it was found that exogenous expression of TWIST1, a TF that regulates the process of EMT,
in MCF-7 cells, directly inhibited FOXA1 expression, increasing invasion, migration and
metastasis (213). These studies thus reveal that expression of ERa, FOXA1 and GATAS in
luminal breast tumours is associated with a well-differentiated phenotype.

Mouse knockout studies reveal the presence of a complex -cross-regulatory
transcriptional network composed of ERa, FOXA1 and GATAS3, consistent with the degree of
similitude in mammary gland phenotypes of their respective knockouts. As mentioned above,
all three TFs are co-expressed in normal luminal mammary epithelial cells. This raises the
question whether these three TFs exist in a cross-regulatory network in mammary epithelial
cells. While it was found that GATA3 can bind a site 0.8kb upstream of the first exon of
FOXA1 in mouse primary mammary epithelial cells (108), GATA3 KO in the mammary gland
had no impact on FOXA1 expression (95), but did reduce ERa expression in luminal ductal
cells (109). ERa KO mice exhibited no change in expression of FOXA1 or GATAS3, indicating
ERa is downstream of the other two TFs (95). FOXA1 deletion in the mammary gland
resulted in loss of ERa expression and its downstream target, PR, without a significant
change in GATA3 mRNA expression (95). These results place both FOXA1 and GATA3
upstream of ERa in the normal mammary epithelium. They also indicate that GATAS by itself
is not sufficient for ERa expression, as FOXA1 null glands still lost expression of the receptor
despite maintained expression of GATAS3.

Similar results have been reported in breast cancer cells, although regrettably, original
data from these studies are sometimes incorrectly interpreted by authors of the work and also
by subsequent studies that cite this work. Eeckhoute et al. first reported that siRNA-mediated
knockdown of GATA3 in MCF-7 and T-47D cells reduced ERa mRNA and protein levels,
which correlated with GATA3 and p300 binding at two enhancer sites upstream of promoters
E and F of ESR1 (214) along with increased recruitment of the H3K9 di/tri-methyl
demethylase KDM4B, and addition and removal of H3K9/K18Ac and H3K9me2/3 marks,
respectively (215). Notably, the Eeckhoute et al. study additionally suggested that ERa
regulates expression of GATA3 based on (i) E2-induced recruitment of ERa to an enhancer
site downstream of GATA3 and (ii) induction of GATA3 mRNA following E2 treatment, albeit
very weakly (1.5 folds). Although mere TF binding may not necessarily merit transcriptional
regulation, several subsequent reports have cited the Eeckhoute et al. study incorrectly

indicating that ERa positively regulates expression of GATA3. The role of FOXA1 in
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regulating ERa expression was examined by two separate groups. Hurtado et al. found that
siRNA-mediated knockdown (48 h) of FOXA1 in MCF-7 cells cultured in hormone-depleted
medium does not alter ERa expression (167). However, two subsequent reports contradict
this finding. Caizzi et al. observed a reduction in ERa protein levels following siRNA-mediated
knockdown (48 h) of FOXA1 in MCF-7 cells cultured in hormone-depleted medium (216). On
the other hand, Bernardo et al. reported that FOXA1 is recruited to a site at the proximal
promoter of ESR1 and its knockdown (36 h) in MCF-7 cells in hormone-replete medium
results in reduction of ERa expression without a change in expression of GATA3 (95). Of
note, the presence of steroidal hormones and phenol-red (which acts as a weak estrogen
(217)) in culture media can interfere with estrogen-regulation experiments. To study
estrogenic regulation, it is imperative to use a culture medium that is phenol-red free and
deplete serum of steroidal hormones via charcoal-dextran treatment. Under hormone-replete
conditions, estrogens can enhance ERa protein turnover (218). Thus, different cell culture
conditions may explain the different findings reported by these studies.

Contradictory studies have reported that FOXA1 expression is both induced (219) and
repressed (220-222) by E2 treatment. E2 treatment represses expression of ESR1 and
GATAS3 (222). These results indicate that both FOXA1 and GATA3 are upstream of ERa in
breast cancer cells and additionally seem to act in parallel to regulate the receptor’s
expression in normal mammary epithelial cells. Repressed expression by E2 treatment may
indicate negative feedback through ERa, but this remains to be confirmed through siRNA-
mediated knockdown of the receptor in the presence of E2. Additional studies are also
needed to examine whether there is crosstalk between FOXA1 and GATAS in breast cancer
cells.

Lastly, the ERa-FOXA1-GATA3 network can influence expression of two other
luminal-lineage TFs: SPDEF and XBP1. XBP1 is an E2-target gene in breast cancer (223)
and knockdown of FOXA1 can result in its downregulation (212). SPDEF expression is
activated by FOXA1 and ERa (118, 212) and repressed by GATA3 (118). Notably, SPDEF
knockdown has no impact on mRNA levels of ESR1, FOXA1, and GATA3 (118).

3.2.1.2 FOXA1 and GATAS3 regulate ERa binding to its target genes

The complexity of this network is further increased by the fact that these three TFs can
influence each other’s function. GATA3 was originally found to bind to several GATA sites

flanking an ARE in the upstream enhancer of the AR target gene KLK3 in LNCaP prostate
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cancer cells (224). Mutation of these GATA sites reduced androgen-mediated induction of a
luciferase reporter under the control of the KLK3 promoter, a finding that indicated potential
cooperativity between GATA3 and AR in regulating its target genes (224). The first evidence
that GATA3 may be implicated in regulation of E2 target genes was the finding that GATAG
binds several GATA sites in the promoter of TFF1, and enhances transcription of a luciferase
reporter under the control of the TFF1 promoter in gastric and intestinal cell lines (225). On
the other hand, FOXA1 but not ERa microinjection into Xenopus Laevis oocytes lead to
chromatin opening at the estrogen-responsive vitellogenin B1 gene promoter, suggesting that
this might facilitate binding of ERa (226). In addition, mutation of a FOXA1 binding site
immediately downstream of an ERE in the CYP3A4 proximal promoter reduced E2-mediated
transactivation of this gene’s promoter in a reporter assay (227). FOXA1 was also shown to
bind a FOXRE immediately upstream of the TFF1 TATA box and transactivate a TFF1
reporter plasmid (228). Interestingly, the FOXRE and GATA elements in the TFF1 proximal
promoter were within a 350 bp window downstream of an imperfect ERE (229) that is
necessary for E2-mediated induction of TFF1 (230). Together, these studies based on single
genes lead to the hypothesis that FOXA1 and GATA3 may cooperate with ERa to regulate its
downstream targets. In 2005, using ChIP-on-chip two separate groups showed that ERa-
binding sites in MCF-7 cells are enriched in FOXREs and that knockdown of FOXA1 reduces
E2-mediated recruitment of ERa to its target genes, which correlated with their reduced
expression (219, 231). This result was further corroborated by another study where CCND1
gene regulation by E2 was abrogated following knockdown of FOXA1 in a mechanism
involving decreased binding of ERa to an upstream enhancer (232). However, these studies
did not report on whether FOXA1 knockdown altered ERa protein levels, which could explain
decreased recruitment of ERa and subsequent transcriptional activation. Importantly though,
the majority of the ERa mapped sites reported by Carroll et al. were located at distal
enhancers, suggesting that ERa might primarily engage in long-range chromatin interactions
for transcription of its target genes (231). Indeed, our lab previously showed through 3C
experiments that GREB1, an E2 target gene, is regulated by ERa binding at three EREs
within 20kb from the TSS through chromatin loops (233). In addition, through the ChIP-PET
technique, the majority of ERa-bound cis-regulatory elements were found to interact with
promoters of downstream E2 target genes through chromatin loops (234). Because the
previous studies were limited to either studying ERa binding on proximal promoter regions in

a genome-wide manner (219) or on specific chromosomes (231), genome-wide ERa ChlP-
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on-chip experiments were performed without a limit on the binding site mapping window and
confirmed enrichment of FOXREs as well as EREs and identified additional TF motifs
including those of Oct, AP1, and C/EBP enriched at ERa binding sites (235). GATA motifs
were also found enriched at sites where ERa is bound (236). Consistent with the TF binding
site (TFBS) predictions, FOXA1 ChlIP-on-chip experiments in MCF-7 cells revealed that 50-
60% of ERa binding sites overlap with a FOXA1 binding site (237). Enrichment of E2 target
genes near those overlapping sites (within 20kb) was also observed. This degree of overlap
was also observed for AR in LNCap cells, indicating that FOXA1 may be implicated in
regulating the function of other hormone receptors as well. Binding of FOXA1 occurred
predominantly at distal enhancers in a cell-type specific manner and correlated with the
presence of active enhancer marks H3K4me1 and 2 and DNA hypomethylation (237, 238).
Importantly, reduction of the aforementioned histone marks by overexpression of the histone
demethylase KDM1 resulted in decreased FOXA1 recruitment, whereas FOXA1 depletion
had no impact (237). Although these results indicate that FOXA1 may be recruited to sites
already marked by H3K4me1 and 2, it remains to be determined whether this holds true for
all FOXA1 binding sites across the genome, as the KDM1 overexpression experiment was
performed on only a select number of FOXA1 sites. One important question arises from these
findings: does FOXA1 binding correlate with chromatin opening? Using Formaldehyde
Assisted Isolation of Regulatory Elements (FAIRE), which can identify ‘open chromatin’
regions (239), Eeckhoute et al. found that a significant proportion of FOXA1 binding sites had
surprisingly low FAIRE signals (240). Interestingly, while these sites did not correlate with
gene expression in a given cell line, a subset of them were found active in another cell type
indicating that FOXA1 may require additional signals to elicit chromatin opening and
transcriptional regulation. Indeed, 22% of low FAIRE FOXA1-bound sites in MCF-7 cells had
a high FAIRE signal while being bound by FOXA1 in LNCaP cells (240). These sites were
also more likely to bind AR in LNCAP cells. Conversely, 17% of low FAIRE FOXA1-bound
sites in LNCaP cells had a high FAIRE signal while being bound by FOXA1 in MCF-7 cells
and those sites were more likely to also be bound by ERa (240). These data are consistent
with the paradigm that differences in TF activity/expression dictate cell-type specific features.
Subsequent ChlP-Seq experiments have revealed that knockdown of FOXA1 reduced
signal intensity of 90% of ERa binding events by at least 50% and abrogated regulation of
95% of E2 target genes, without a change in protein levels of the receptor (167). A proportion

of ERa binding sites also overlapped with binding sites of the coactivators SRC-1 (12%),
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SRC-2 (41%) and SRC-3 (37%) that were induced in an E2-dependent manner (241). Unlike
the SRC proteins, p300 and CBP were present at ERa binding sites prior to E2 stimulation.
However, the proportion of ERa binding sites that overlapped with P300 (51%) and CBP
(45%) binding was markedly increased by E2 treatment (241). GATA3 was also shown to
bind in concert with ERa. A set of the most highly active ERa enhancers defined by H3K27Ac
marks and increased eRNA transcription were also found bound by GATA3 in an E2-
dependent manner (242, 243). However, to address the importance of global GATA3 binding
at ERa-bound sites, Theodorou et al. depleted GATA3 using siRNAs and showed that this
can cause redistribution of about one third of all ERa binding events, half of which exhibited
increased or decreased binding intensity (244). Interestingly, sites that exhibited stronger
ERa signal intensity following GATA3 depletion, also exhibited stronger FOXA1 binding
intensity and a gain in p300 recruitment and active histone marks. Conversely, sites on which
GATA3 knockdown caused weaker ERa binding, exhibited reduced FOXA1, P300 and active
histone mark recruitment. These data indicated that not only can GATA3 influence ERa
cofactor binding, but also that of FOXA1 to a certain extent, although the mechanism by
which this happens remains unclear (244).

Together, these data present a model whereby both FOXA1 and GATA3 are thought
to act as ‘pioneer factors’ that bind and open chromatin in a first step and allow for the binding
of ERa and other cofactors like the SRC proteins, CBP and p300, resulting in transcriptional
regulation of downstream targets. These sites bound by a multitude of TFs have been
recently referred to as MegaTrans enhancers, i.e super-enhancers bound by 1-2 MDa TF
complexes acting in frans (242).

Whereas Hurtado et al. showed that knockdown of ERa or ICI 182,780 treatment had
no impact on FOXA1 binding on a select number of sites and in a genome-wide manner,
respectively (167), recent studies contradict this finding. Kong et al. showed that 30% of ERa-
bound sites induced following E2 treatment were also bound by FOXA1 and GATAS3 (245).
Importantly, E2 treatment revealed new ERa and FOXA1 co-bound sites that were solely
bound by ERa in the vehicle control, suggesting that liganded ERa may contribute to
recruitment of FOXA1 at these sites. This was in agreement with another report that identified
enrichment of FOXREs at sites bound by unliganded ERa and found that shRNA-mediated
knockdown of ERa reduced FOXA1 binding on a number of these sites (216). These findings
suggest that the current ‘FOXA1 pioneers ERa recruitment’ model is subject to change and

that both ERa and GATA3 may act as ‘pioneer factors’ for FOXA1 in breast cancer. Additional
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studies are needed to identify the mechanism(s) by which ERa, FOXA1 and GATA3

cooperate to regulate transcription in luminal tumours.

3.3 Other upstream regulators of ERa expression

3.3.1 FOXC1, FOXO3A and FOXM1

Several other members of the FOX family of proteins have been implicated in regulation of
ERa expression. High FOXC1 expression, which demarcates basal-like tumours, is
associated with poor prognosis. In addition, overexpression of this TF in MDA-MB-231 and
MCF-7 breast cancer cells causes increased proliferation, migration, and invasion (246). A
recent study has shown that FOXC1 overexpression in luminal MCF-7, T-47D and ZR-75-1
cells reduces expression and the transcriptional activity of ERa in a mechanism that involves
reduced binding of GATA3 and KDM4B at promoter C and an enhancer element just
upstream of promoter D in the ESR1 gene (247). Another TF, FOXO3A, has been shown to
positively regulate expression of ERa in ERa-positive MCF-7 cells and NF639 breast cancer
cells by binding to two forkhead elements in promoter B of the ESR7 gene (248).
Interestingly, activation of the PI3K/Akt pathway increases phosphorylation of FOXO3A and
inhibits its activity by increasing its association with the cytoplasmic scaffold protein 14-3-3C
which prevents it from travelling to the nucleus (249). Consistent with this finding, transfection
of a constitutively active Akt reduced ERa expression (248). In addition, overexpression of
HER2 or EGFR or a constitutively active RAF kinase in MCF-7 cells resulted in
downregulation of ERa, which could be reversed by concomitant inhibition of MEK or co-
transfection of dominant-negative ERK1/2 (250). Conversely, inhibition of the PI3K/Akt
pathway by chemical agents reduced FOXO3A phosphorylation, increased its nuclear
localization and ERa expression (248). A subsequent study showed that in fact FOXM1
expression, but not that of FOXO3A or its phosphorylated form, positively correlated with
expression of ERa in breast cancer cell lines. Through overexpression and knockdown
experiments, Madureira et al. showed that FOXM1 positively regulates ERa expression by
binding several forkhead elements in the promoter of ESR7 (251). Interestingly, FOXM1 is a
transcriptional target of ERa (252) and plays an important role in controlling expression of
G2/M genes of the cell cycle (253). Additionally, 30% of ERa binding sites overlapped with a
FOXM1 binding site, consistent with the finding that both of these TFs can physically interact
(254).
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3.3.2 p53

Regulation of ERa expression and function by p53 has also been described. Overexpression
of WT p53 in MCF-7 cells was shown to increase mRNA and protein levels of ERa, whereas
conversely, its knockdown reduced expression of the receptor (255). This positive regulation
by p53 was not dependent on its DNA-binding capacity but is rather mediated through
protein-protein interactions (255). Consistent with this finding, p53 activation by ionizing
radiation or doxorubicin treatment increased expression of ERa in a mechanism that involved
formation of a p53 complex at the promoter of ESR1 composed of CARM1, CBP, c-Jun, and
Sp1 (256). Furthermore, induction of p53 expression by ionizing radiation or treatment with an
agent that inhibits p53’s interaction with MDM2 also stabilized ERa protein (257). The positive
correlation in expression of both factors was also observed in vivo where tumours arising in
MMTV-Wnt1 transgenic mice that were heterozygous or homozygous for p53 deletion
expressed lower levels of ERa than their WT counterparts (258). On the other hand, p53
expression is induced by E2 treatment in MCF-7 cells in a mechanism that requires the
presence of CTF-1 and NFkB-binding motifs in the TP53 promoter as revealed by deletion
mutant analysis (259). Another mechanism by which ERa can induce p53 expression is
through induction of c-myc, an E2-target gene, which can bind a c-myc/Max response
element in the TP53 promoter (260). The TP53 promoter harbours no consensus EREs,
however two distal half-EREs have been shown to be important for regulation of p53 by ERa
(261). Indeed, knockdown of ERa reduces p53 expression and its downstream targets, p21
and MDM2 (261). Together, these studies indicate that both ERa and p53 exist in a positive
cross-regulatory loop. As mentioned earlier, TP53 is frequently mutated in breast cancer,
primarily ERa-negative basal-like tumours. Thus, based on the findings outlined above, it is
plausible to speculate that TP53 mutations in basal-like tumours may contribute to the
absence of ERa expression (and potentially other luminal TFs) in these tumours. Additional

studies will be needed to address this hypothesis.

3.3.3 NFkB

There is evidence for the interplay of NFKB and ERa (reviewed in (262)). In breast cancer cell
lines and tumour samples, there is a negative correlation between activation of NFkB and
ERa expression (263—-268). Indeed, the NFkB subunit, RelB, has been shown to inhibit ERa
expression through induction of Blimp1, a repressor zinc finger protein that binds a GAAA

core sequence in promoter B of ESR1 (269). Additionally, Belguise et al. showed that PKC8
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can activate c-Rel and Akt, which results in increased FOXO3A phosphorylation and
reduction of ERa expression, thus providing evidence of indirect interactions between NFkB
and the receptor (267). Another mechanism by which NFkB activity may inhibit ERa
expression is through potential recruitment of EZH2 to the ESR1 gene promoter. This is
because (i) EZH2 knockdown has been shown to increase ERa expression in MCF-7 cells
(270) and (ii) TNFa-mediated activation of NFkB results in inhibition of Notch1 gene
expression via increased recruitment of EZH2 and DNMT3B in muscle cells (271). On the
other hand, ERa can also inhibit NFkB activity. For instance, introduction of ERa into ERa-
negative MDA-MB-231 breast cancer cells inhibited TNFa and TPA-mediated activation of an
NF-kB CAT reporter (263). Furthermore, inhibition of ERa using the full antiestrogen ICI
182,780 resulted in enhanced c-Rel DNA binding (267).

3.3.4 BRCA1

BRCA mutations are associated with ERa-negative basal-like tumours. Although little is
known about the interactions between BRCA proteins and ERaq, it was reported that BRCA1
can engage the ESR1 promoter together with Oct-1, and both of these factors act as positive
regulators of the receptor’'s expression (272). Indeed, siRNA-mediated knockdown of WT
BRCA1 in T-47D and MCF-7 cells resulted in decreased ERa protein levels, whereas
overexpression of WT BRCA1 in BRCA1-mutant triple-negative HCC1937 breast cancer cells
resulted in upregulation of ERa expression (272). In contrast with this finding, another study
has reported a negative role of BRCA1, through its ubiquitin ligase activity, in regulating
ERa’s transcriptional activity by inducing mono-ubiquitination and competing to reduce p300-
mediated acetylation (273). Acetylation of ERa positively regulates the receptor’s
transcriptional activity (274). Indeed, BRCA1 knockdown increased and overexpression
decreased ERa acetylation in MCF-7 cells with no impact on protein levels. It remains unclear
how various BRCA mutations impact ERa transcriptional activity, but one could speculate that
the exact impact would depend on the type of mutation and the effect the mutation has on
BRCA protein function and ubiquitin ligase activity. As ERa is known to autoregulate its own
expression (275), changes in its activity may determine whether it is expressed or not in
BRCA mutant tumours. ERa-positive breast cancers in BRCA1 mutation carriers have been
described, although they are considered ‘incidental’ and not a direct result of a dysfunctional
BRCA protein (276).
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3.3.5 Menin

Menin is a nuclear protein that is targeted by inactivating mutations in multiple endocrine
neoplasia type 1 (MEN1), which encompasses a group of neoplasias affecting the endocrine
system (parathyroid, pituitary, and pancreas). A role of this factor in regulating estrogen
signalling has recently been revealed. Menin acts as a coactivator of ERa and is recruited to
the TFF1 promoter in an E2-dependent manner (277). Additionally, as part of the MLL1/MLL2
H3K4 methyltransferase complexes (278, 279), menin contributes to increased H3K4me3
marks at the TFF1 promoter (277). Although siRNA-mediated knockdown of menin had no
impact on ERa expression in this study (277), a more recent study showed that its inhibition
either by shRNA or a chemical agent downregulates ERa expression in several ERa-positive
breast cancer cell lines (280). Interestingly, menin was found to be associated with enhancers
co-bound by ERa, FOXA1 and GATA3 and its depletion resulted in a drastic decrease in
FOXA1 binding signal at those sites, suggesting that menin acts upstream of FOXA1. The
decrease in ERa expression following menin depletion was not due to a change in FOXA1
expression (280). However, menin has been shown to act as an adaptor factor allowing
physical interaction between GATA3 and c-myb to positively regulate expression of GATA3 in
primary human Th2 cells (281). Thus, menin may modulate ERa expression through
modulating expression of GATA3, although this requires further investigation. Female
patients suffering from MEN1 are at a higher risk of developing breast cancer, suggesting that
menin acts as a tumour suppressor in these patients (282). MEN1 gene mutations are not
common in ERa-positive sporadic breast cancers (147) where menin seems to act as an
oncogene based on its capacity to drive ERa signalling. Further investigation is needed to
determine whether targeting menin to abrogate ERa expression could serve as a useful

therapy in ERa-positive breast cancer.
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4. Histone deacetylase inhibitors (HDACis) as anticancer agents for breast
cancer treatment

4.1 HDACs

Eighteen HDACs have been identified in humans. They are subdivided into four classes
based on their homology to yeast HDACs and their subcellular localization (283). Class |
HDACs (HDACH1, 2, 3, and 8) are detected in the nucleus and share homology with the yeast
RPD3 protein. Class Il HDACs (HDACA4, 5, 6, 7, 9 and 10) are found both in the nucleus and
cytoplasm and share homology with the yeast Hda1 protein. Class Ill comprises members of
the sirtuin family (SIRT1, 2, 3, 4, 5, 6, and 7), which are homologous to the yeast Sir2 protein.
Class IV has just one member, HDAC11, which does not share a sufficient level of conserved
residues in its catalytic core domain with class | and Il HDACs to be placed in either class
(283, 284). One key difference between the sirtuin class of HDACs and classes |, Il and IV is
that sirtuins require NAD+ for their enzymatic activity, whereas the other three classes are
Zn**-dependent.

In 1964, Allfrey et al. discovered that acetylation can lower histone capacity to inhibit
RNA synthesis (285). It was subsequently determined that a positive correlation exists
between histone acetylation and transcriptional activation (286). HDAC and HAT activities
act in concert to maintain a homeostatic balance between deacetylation and acetylation
activities, respectively. On the one hand, histone acetylation can disrupt the electrostatic
interactions between the negatively-charged phosphodiester DNA backbone and the
positively-charged lysine residues in amino-terminal histone tails, leading to a more relaxed
chromatin structure that is permissive to TF binding and subsequent transcriptional regulation
(287). On the other hand, histone deacetylation tightens histone-DNA interactions and results
in a compact chromatin state that is not amenable to TF binding (Figure 8). The current
paradigm follows that in addition to HATs acting as ‘writers’ and HDACs as ‘erasers’,
bromodomain-containing proteins can act as ‘readers’ that recognize acetylated peptides.
Indeed, bromodomain-containing proteins can modulate transcription through various
mechanisms (reviewed in (288)). For instance, they can be part of chromatin remodelling
complexes as is the case with SWI/SNF complex core subunits SMARCA2/SMARCA4, which
promote chromatin opening or ACF-WSTF complex core subunits BAZ1A/BAZ2A, which
promote chromatin compaction. Bromodomain-containing proteins can also mediate histone
acetylation, as is the case for the HATs P/CAF, GCN5L2, p300 and CBP or histone
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methylation, as seen with ASH1L and MLL. Other bromodomain-containing proteins, such as
those belonging to the BET family, can serve as scaffolds that recruit components of the
transcriptional machinery or additional TFs. These effector proteins represent a second mode

of action by which histone acetylation can regulate gene expression.
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Figure 8. Impact of histone acetylation on gene expression. HATs (writers) catalyze addition of
acetyl marks to side chains of lysine residues on N-terminal tails of all four core histone proteins. This
results in a more relaxed chromatin state permissive to transcriptional activation. HDACs (erasers)
catalyze removal of these marks resulting in a compact chromatin state and transcriptional repression.
Bromodomain-containing proteins (readers) can include HATs, methyltransferases, TFs, chromatin
remodeling factors, coactivator proteins, all of which can act as effector proteins that propagate the
acetylation signal. Reprinted by permission from Macmillan Publishers Ltd: Nature Reviews Molecular
Cell Biology 16, 258-264, copyright (2015). (Reference (289))

Contrary to what their name implies, HDACs can deacetylate a variety of non-histone
substrates, including TFs, chaperones and signal transducer proteins, and this acetylation
can drastically impact their function. Acetylation of TFs can enhance their transcriptional
activity/binding to DNA (ERa, GATAS3, p53, RUNX3, E2F1, SREBP-1, AR) (274, 290-295) or
repress it (BCL6, IRF7, FOXA1) (296-298). Acetylation can also increase protein stability
(RUNX3, SREBP-1, SMAD7, c-myc, p53) (292, 294, 299-301) or turnover via the
proteasome pathway (HIF1a, cyclin A) (302, 303). In some cases, protein-protein interactions
can be enhanced (STAT3, Ubc12) (304, 305) or disrupted (HSP90, Ku70, NFkB) (306-308)

by acetylation. Given the pleiotropic effects that HDACs have on proteins with diverse
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biological functions, it is not surprising that their knockout in mice causes severe defects in
proliferation and differentiation. Notably, most of these mice suffer from cardiac diseases,

including hypertrophy and fibrosis (309).

4.1.1 HDACs as targets for cancer therapy

Cancer has been traditionally thought of as a disease arising from genetic aberrations in
tumour suppressor genes and oncogenes, however there is a growing body of evidence that
epigenetic defects can also contribute to the process of tumourigenesis. A role of HDAC
proteins in cancer cells was first described in the mid-1970s by the laboratories of Leder and
Riggs, who showed that the short-chain fatty acid N-butyrate reverses viral transformation of
Friend erythroleukemia cells through increased histone acetylation (310), promoting their
differentiation to normoblast-like cells that synthesize haemoglobin (311). It was later
determined that N-butyrate is in fact an HDAC inhibitor (HDACIi) (312, 313). It was
subsequently revealed that HDACs play a role in leukaemogenesis as they are aberrantly
recruited together with corepressors to promoters of differentiation genes by oncogenic fusion
proteins such as PML/PLZF-RARa, and AML-ETO in acute promyelocytic leukaemia (APL)
and acute myeloid leukaemia (AML), respectively (283). In addition to their aberrant
recruitment to specific promoters, HDAC expression is also deregulated in several types of
solid tumours. For instance, HDAC1 is overexpressed in breast (314), prostate (315), and
gastric (316) cancers. HDAC2 is overexpressed in colon (317), gastric (318) and cervical
(319) cancers. HDACG is also overexpressed in breast cancer (320) and cutaneous and
peripheral T-cell ymphoma (CTCL and PTCL) (321).

4.2 HDACis: molecular mechanisms of action

Several HDACis are presently being assessed in clinical trials for treatment of haematological
malignancies and solid tumours, where they show antiproliferative properties (322). These
inhibitors are either naturally existing, or chemically synthesized, have different specificities
and can be divided into four classes based on their chemical structure: short-chain fatty
acids, hydroxamates, cyclic tetrapeptides and benzamides (Figure 9). Short-chain fatty acids
butyrate and valproic acid are weak HDACis acting at millimolar concentrations. Trichostatin
A (TSA) is a hydroxamic acid derivative and was originally discovered as a naturally occurring

antibiotic in streptomyces hygroscopicus due to its antifungal properties against Trychophyton
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(323). It was subsequently shown that it induces differentiation of Friend murine
erythroleukemia (324) and has HDACi activity (325). Another hydroxamate, vorinostat
(suberoylanilidehydroxamic acid or SAHA), gained FDA approval in 2006 for treatment of
CTCL. Romidepsin, a cyclic tetrapeptide and Panobinostat, a hydroxamate, are two other
HDACIis that have also been approved by the FDA for treatment of CTCL and multiple
myeloma, respectively (322). These three drugs are currently being tested for treatment of
patients infected with human immunodeficiency virus (HIV) to reactivate latent HIV in residual
infected cells following antiretroviral therapy as a strategy to resensitize them for targeting
(326). Both TSA and SAHA are pan-specific, targeting classes |, Il and IV HDACs (283). A
recent study suggests that both TSA and SAHA are more selective towards HDAC1, 2, 3 and
6, as determined by in vitro acetylation assays (327). The benzamide class of HDACIis
include Entinostat (MS-275), which is more selective towards HDAC1 and HDAC3. Entinostat
is currently in a phase lll clinical trial in combination with exemestane, an aromatase inhibitor,

for treatment of recurrent hormone receptor-positive breast cancer.
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Figure 9. Structure of the four main classes of HDACis, their specificity and their potency
(reviewed in (283, 309)).

While HDACI treatment results in global histone hyperacetylation, approximately 50%

of HDACI target genes are repressed, owing to the capacity of these drugs to target non-
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histone proteins. HDACis have antitumourigenic actions both in vitro and in vivo, as
summarized in Figure 10 (reviewed in (283)). Consistent with the initial discovery that these
drugs act as differentiation agents in haematological malignancies, HDACis can also induce
cell differentiation in several solid cancers including endometrial (328), ovarian (329), bone
(330), and breast (331) cancers. Additionally, HDACis induce cell cycle arrest at the G1
phase via p53-independent induction of p21 and downregulation of cyclin D1, resulting in Rb
hypophosphorylation (332). HDACis have also been shown to repress expression of DNA
synthesis proteins thymidylate synthetase and CTP synthase, which correlates with a G1/S
cell cycle arrest (333). These inhibitors can also induce expression of extrinsic death receptor
(DR5, TRAIL) (334) and/or intrinsic (Bax, Bim, Bak) (335) apoptotic pathway genes, leading
to apoptosis. Accumulation of reactive oxygen species (ROS) has also been reported in
HDACIi-treated cells (336). This was associated with induction of thioredoxin-binding protein 2
(TBP2), which negatively regulates the ROS scavenger thioredoxin (337). HDACis can also
have immunomodulatory effects by inducing expression of co-stimulatory/adhesion molecules
such as CD80, CD86 and ICAM1 (338), or MHC class I-related proteins MIC-A and MIC-B
(339), which increases immunogenicity of tumours cells. Furthermore, HDACis have been
shown to suppress expression of pro-inflammatory cytokines which reduces acute graft-

versus-host disease (340).
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4.2.1 HDACis in breast cancer

HDACis have been shown to have strong anti-proliferative properties in breast cancer. For
instance, treatment of MCF-7 cells with SAHA results in G1/S and G2/M cell cycle phase
arrest (331) along with induction of p21 (341) and reduced expression of cyclin D1 (342) and
cyclin B (343). Interestingly, ERa-positive cell lines were more sensitive to HDACi-mediated
p21 induction than ERa-negative cell lines (341). In fact, re-expression of ERa in these cells
increased their sensitivity to growth inhibition by HDACis. Furthermore, HDACis can induce
differentiation traits in breast cancer cells. For instance, Davis et al. showed that the HDACi
sodium butyrate can induce formation of lipid droplets, a hallmark of lactating cells, in both
normal and tumourigenic breast cells irrespective of ERa status (344). This was in agreement
with studies by Munster et al. (331) and Travaglini et al. (343) who showed induction of milk
fat globule proteins by SAHA and lipid droplets by valproic acid treatment, respectively. The
antiproliferative actions of HDACis have also been reported in vivo. SAHA was shown to
inhibit brain metastases in a preclinical mouse model of triple-negative breast cancer (345).

Additionally, Hirokawa et al. showed that romidepsin treatment inhibited growth of both
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estrogen-responsive and tamoxifen-resistant MCF-7 cell xenografts by inhibiting the kinase
activity of PAK1, a serine/threonine-protein kinase (346). TSA was also shown to inhibit
growth of MCF-7 cell xenografts (347) and ERa-negative MDA-MB-435 cells in combination
with the DNA methyltransferase 1 (DNMT1) inhibitor 5-aza-2’-deoxycytidine (348).

4.2.1.1 HDACis repress ERa expression

Repression of ERa expression by HDACI treatment has been widely described by our lab and
others and takes place at the transcriptional and post-transcriptional levels. We have
previously reported that treatment of ERa-positive endometrial Ishikawa and MCF-7 breast
cancer cells with TSA inhibited transcription from ESR1 promoters A, B, C, and F, leading to
a strong decrease in both mRNA and protein levels of the receptor (349). Counterintuitively,
hypoacetylation of histones H3 and H4 was observed at these promoters, suggesting loss of
activities that recruit HAT factors to the ESR17 promoter and/or induction of activities that
deacetylate histones (349). Transcriptional repression of ERa was not dependent on de novo
protein synthesis as co-treatment with cycloheximide did not alter regulation by HDACis (342,
349). Reid et al. found that valproic acid treatment induced recruitment of methyl cytosine
binding protein 2 (MeCP2) to the ESR1 promoter, which might indicate that increased DNA
methylation could be a potential mechanism of transcriptional repression of the receptor
(350). Results observed with chemical inhibition of HDACs were corroborated by siRNA-
mediated knockdown of HDAC1, 2 or 6, which also resulted in downregulation of ERa
expression (351). Interestingly, inhibition of the class Il sirtuin enzymes by sirtinol (350) or
genetic deletion of SIRT1 in mice (352) also inhibited expression of ERa. A reduction in
mRNA stability of the receptor has also been shown to contribute to inhibition of its
expression. Pryzbylkowski et al. showed that combined treatment with TSA and 5-aza-2’-
deoxycytidine altered the subcellular localization of the RNA binding protein HuR, resulting in
reduced ERa mRNA stability (353). Furthermore, transcriptional repression by TSA required
the 3’'UTR region of ERa, suggesting the possibility of regulation by miRNAs. Indeed, several
miRNAs have been linked to regulation of ERa expression (reviewed in (354)), although
regulation of their expression by HDACis remains unclear. Lastly, HDACis have been shown
to increase ERa protein turnover in a mechanism involving HSP90 hyperacetylation and
disruption of its function (306), causing dissociation from ERa and resulting in degradation of
the receptor by the ubiquitin ligase C-terminal HSC70-interacting protein (CHIP) (355, 356).
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4.2.1.2 HDACis and antiestrogens as a combined treatment for breast cancer

The ESR1 gene promoter is hypermethylated in ERa-negative breast cancer cells, resulting
in constitutive silencing of the gene (357, 358). There are several reports in the literature
indicating that HDACis can relieve epigenetic silencing of ESR1 in ERa-negative breast
cancer cells, which in turn can sensitize them to antiestrogen treatment. Together with the
strong antiproliferative properties of HDACis and their ability to inhibit expression of ERa in
ERa-positive breast cancers, these observations serve as a rationale for the use of these
inhibitors in combination with antiestrogens for a potentially more effective treatment. Indeed,
co-treatment of MDA-MB-231 cells with 5-aza-2"-deoxycytidine and TSA lead to re-expression
of ERa mRNA and protein. This sensitized cells to tamoxifen treatment and resulted in
increased cell death associated with caspase 3 activation and subsequent PARP cleavage
(359). In a subsequent study, the same group showed that another HDACi (LBH589) was
sufficient to restore ERa expression in MDA-MB-231 cells with no need for DNMT inhibitors
(360). LBH589 treatment abrogated the formation of a repressor complex composed of
DNMT1, HDAC1, and the H3K9 methyltransferase SUV39H1 at the ESR1 gene promoter and
reversed tamoxifen resistance (360). In contrast to these findings, Jang et al. reported that
TSA treatment of ERa-negative breast cancer cell lines MDA-MB-231 and Hs578T restored
their tamoxifen sensitivity through increased expression and transcriptional activity of ER[ but
not ERa (361). It was found that abrogation of ERB expression by siRNAs desensitized cells
to tamoxifen. Another mechanism by which HDACis can restore tamoxifen sensitivity in ERa-
negative breast cancer cells is through abrogated expression of EGFR, preventing activation
of EGF-mediated signalling and downstream activation of PAK1, p38MAPK and AKT, all of
which are involved in tamoxifen resistance (362). HDACis have also been reported to
potentiate the anti-proliferative actions of antiestrogens in a variety of ERa-positive breast
cancer cell lines and block agonist activity of tamoxifen in uterine endometrial cells (363).
These findings resulted in a phase Il clinical trial that has assessed the clinical benefit
from combining tamoxifen treatment with SAHA for treatment of ERa-positive metastatic
breast tumours. The objective response rate was 19% (8/43 patients) and stable disease = 24
months was observed in 9/43 patients (364). These results were encouraging as the
expected response rate in this population of patients is 7.4% for fulvestrant (365). Several
other phase |, Il and Il clinical trials are currently assessing combinations of
entinostat/exemestane, SAHA/tamoxifen or entinostat/azacitdine for the treatment of

metastatic ERa-positive and triple-negative breast cancers.
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Chapter Two.
FOXA1 as a Master Regulator in Molecular

Apocrine and Luminal Breast Cancer Subtypes
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RATIONALE

Breast cancer is a heterogeneous disease with several tumour subtypes that can be identified
by hierarchical clustering of tumours based on their gene expression profiles: Luminal, HER2-
positive, molecular apocrine, basal-like and claudin-low. These subtypes are thought to arise
from a block at different stages of breast epithelial cell differentiation. However, the
mechanisms underlying subtype specification remain unclear. We have recently developed a
tool called ‘MiSTIC’, which integrates data from several platforms including RNA-Seq, ChIP-
Seq, as well as clinical features allowing for identification of clusters of co-expressed genes
and generating testable hypotheses (366). By applying MiSTIC in the TCGA dataset of breast
tumours, we identified a highly correlated cluster of genes in luminal tumours, which
contribute to differentiation of breast tumour subtypes. We found that this cluster contains 45
genes including six luminal-specific transcription factors (ERa, FOXA1, GATA3, SPDEF,
XBP1 and AR) that have documented roles in mammary gland development and luminal
breast epithelial cell differentiation. Importantly, basal-like tumours that lack ERa, also lack
expression of FOXA1 and GATAS3. In addition, as mentioned earlier, expression of FOXA1
and GATAZ3 is associated with good prognosis and well-differentiated tumour status. Both
TFs have been reported to act as ‘pioneer factors’ that positively regulate ERa expression
and function. Thus, in this study, we are asking two questions: What is the TF hierarchy in
luminal cells? And how is ERa expression/function regulated? This is important as unravelling
mechanisms of regulation of ERa in luminal tumours can help understand how its expression
is lost in ERa-negative tumours. This will ultimately lead to the design of therapies that aim to

restore the receptor’s expression to induce tumour differentiation.
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ABSTRACT

Transcriptome profiling in breast tumours has revealed different subtypes, but the underlying
causes of subtype determination still require further investigation. Using correlation analysis
in breast tumour datasets, we identified a cluster of highly-correlated luminal genes including
ESR1, FOXA1 and GATAS3. Importantly, expression patterns of these TFs recapitulate
stratification of luminal (FOXA1"™" ESR1/GATA3"®"), molecular apocrine (FOXA1""
ESR1/GATA3°") and basal-like (FOXA1°" ESR1/GATA3°") tumours. Downregulation of
FOXA1 expression in luminal cells supported a role as a positive modulator of other luminal
TFs, including ESR1. In molecular apocrine SK-BR-3 cells, which are ERa-negative and
GATA3", FOXA1 maintained binding to response elements present in several luminal cluster
genes, although its binding to ESR1 regulatory regions was reduced and this correlated with
the presence of repressive chromatin marks. Ectopic ERa expression in these cells resulted
in E2-induced binding of the receptor to estrogen response elements (EREs) as well as pre-
bound FOXA1 elements, with chromatin opening observed at some EREs with low FOXA1
binding. In addition, these cells exhibited activation of an E2-transcriptional response
reminiscent of that observed in luminal cells, albeit several cell cycle genes were already
active in an ERa/E2 independent manner. Collectively, these findings support transcriptional
cooperativity between FOXA1 and ERa for expression of luminal genes, and suggest that

differential expression of these master regulators drives breast tumour subtype specification.
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INTRODUCTION

While breast cancer is the most frequently diagnosed cancer in women worldwide, it is a
heterogeneous disease, with several “intrinsic” subtypes that have been identified through
non-supervised clustering analyses based on gene expression profiling studies. These
include the luminal, HER2-positive, basal-like, claudin-low and molecular apocrine subtypes,
which can be identified by various gene classifiers albeit with only partial concordance in
tumour partitioning between subtypes (139, 140, 144, 145, 367). Luminal tumours express
ERa (encoded by the ESR17 gene) and are candidates for hormonal therapies, such as
antiestrogens or aromatase inhibitors that aim to block activity of the receptor (368). HER2-
positive tumours harbour an amplification in the HER2-encoding gene, ERBB2, and can be
targeted with inactivating antibodies or small molecule inhibitors of this receptor (369). Basal-
like, molecular apocrine and claudin-low tumours are ERa-negative and are currently treated
mainly with chemotherapy in the absence of common tumourigenesis driver events, although
novel therapeutic regimens are currently being tested in subsets of patients based on the
presence of specific genetic defects (370). Tentative models associating breast cancer
subtypes with their hypothesized normal mammary epithelial cell counterpart have been
proposed (367, 371, 372), postulating that tumours arise at different stages of epithelial cell
differentiation, with ulterior steps being blocked by oncogenic defects present in the tumour
(372). However, the determinants of tumour subtype specification remain largely unexplored,
and could reflect both the impact of genetic defects on the expression of affected genes (e.g.
ERBB2 amplification) or alterations in gene expression networks due to deregulated
expression of transcription factors (TFs).

Reprogramming of cell fate through modulation of expression of TFs has been widely
described, perhaps most notably in conversion of fibroblasts to induced pluripotent stem cells
(373) and in epithelial to mesenchymal transition in tumour cells (374). In the specific case of
breast tumours, expression of ERa in two thirds of breast tumours specifies a luminal
phenotype. However, genetic alterations also influence gene expression patterns,
complicating the interpretation of non-supervised tumour subtype classification. For instance,
HER2-positive tumours can be either ERa-positive or ERa-negative (375), the latter group
overlapping with the molecular apocrine subtype that also includes HER2-negative tumours
(199). It thus remains unclear to what extent transcriptional networks explain breast tumour

subtypes and which transcription factors act as master regulators of tumour cell fate.
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Addressing these questions may lead to the development of therapeutic strategies that rewire
cancer cells through induced differentiation.

Transcription factors can have broad influence on cell differentiation by acting either as
master transcription factors or pioneer factors. Master transcription factors are expressed
early during differentiation processes and control the expression of downstream transcription
factors. The term ‘pioneer factor’ emerged over the past decade to describe TFs that can bind
closed chromatin, and elicit cell-specific enhancer competence, ultimately influencing the
process of cell differentiation (376). ERa has long been recognized as a master regulator of
the luminal subtype. In addition, FOXA1 and GATA3 have been described as pioneer TFs
that facilitate 17p-estradiol (E2) signalling and control mammary gland development (95,
377-379). FOXA1 was found at approximately 50% of ERa-binding events in MCF-7 breast
cancer cells via genome-wide ChlP-chip or ChlP-Seq analysis (237, 377). Furthermore, its
depletion was found to result in deregulation of expression of roughly 95% of E2-target genes
as well as E2-induced proliferation without an impact on ERa expression (377). On the other
hand, a subsequent study reported a positive regulatory role of FOXA1 in ERa expression in
MCF-7 cells (95). In the mouse mammary gland, FOXA1 is predominantly expressed in
luminal progenitors and committed mature luminal cells and its ablation results in impaired
ductal invasion and terminal end bud formation, and reduced ERa expression in luminal
epithelial cells (95). GATA3 depletion was also reported to result in redistribution of nearly
one-third of ERa-binding events and in an altered E2-transcriptional response (378). In
addition, its knockdown has been shown to reduce expression of the receptor (380). GATA3
ablation in mouse models causes a block in differentiation of mammary stem cells, resulting
in expansion of a CD61" luminal progenitor cell population (379). Other mammary luminal-
lineage TFs include SAM pointed domain containing ETS (SPDEF), and X-box binding
protein 1 (XBP1). SPDEF plays an important role in maintaining the luminal phenotype by
regulating expression of luminal-lineage genes and is positively regulated by FOXA1 (118).
XBP1 is an ERa target gene in MCF-7 cells (223) and its deletion in mice leads to failure in
mammary ductal branching and lactogenic differentiation (125).

In this study, we aimed to analyse the hierarchy of TFs that play a role in the
specification of the luminal phenotype and examine how their expression impacts the
hierarchical clustering of breast tumours. Using large breast tumour transcriptome datasets,
we observed that FOXA1 expression pattern is broader than that of ERa and GATA3. In

addition, we characterized its role as a master regulator of ERa-negative molecular apocrine
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breast cancer cells, and in transcriptional cooperation with ERa in luminal breast cancer cells.
Together, our results suggest that FOXA71 and ESR1/GATA3 expression orchestrates
transcriptional programs implicated in specifying three main breast tumour subtypes: luminal,
molecular apocrine and basal-like. We propose that these TFs, together with highly correlated
target genes that reflect their activity, can form the basis of an informed classification of
breast tumour subtypes reflecting the differential activity of the correspoding transcriptional

networks.
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MATERIAL AND METHODS

Cell culture conditions

All cell lines used in this study were purchased from ATCC. MCF-7 breast cancer cells were
maintained in a-Minimal Eagle’s Medium (a-MEM; Wisent) supplemented with 10% fetal
bovine serum (FBS; Sigma), 1% penicillin/streptomycin (Wisent) and 1% L-glutamine
(Wisent). T-47D and ZR-75-1 breast cancer cell lines were maintained in RPMI 1640 (Wisent)
supplemented with 10% FBS, 1% penicillin/streptomycin, 1% L-glutamine, 10mM HEPES
(Sigma), and 1% sodium pyruvate (Wisent). SK-BR-3 cells were maintained in Dulbecco's
Modified Eagle's Medium (DMEM; Wisent) supplemented with 10% fetal bovine serum, and
1% penicillin/streptomycin. For estrogen regulation experiments, cells were cultured in DMEM
without phenol red supplemented with 2% L-glutamine, 1% penicillin/streptomycin, and 10%
charcoal-dextran treated FBS (FBST) for 72 h. All cell lines were kept in a humidified 37°C
incubator with 5% CO.,.

SiRNA Transfections

Cells were cultured in hormone-depleted media and allowed to adhere overnight. Two
different siRNAs were used per gene. Cells were transfected with 40nM of ON-TARGETplus
siRNA targeting ESR1, FOXA1, GATA3, SPDEF, XBP1, and AR using SilentFect reagent
(BioRad) for a total duration of 72h. ON-TARGETplus Non-Targeting siRNAs were used as
negative controls. Cells were stimulated with 25nM E2 (Sigma) for the last 24h of
transfection. Cells were then washed twice with ice-cold phosphate buffered saline (PBS) and
harvested for subsequent protein and RNA extractions. All siRNAs were purchased from GE

Dharmacon and their sequences are provided in Supplementary Table 1.

RNA Extractions, Reverse Transcription and Real-Time Quantitative PCR

Total RNA was extracted using the TRIzol reagent according to the manufacturer’s protocol
(Invitrogen). 2ug of RNA were reverse transcribed to cDNA following specifications of the
RevertAid H first minus strand cDNA synthesis kit (Thermo Fisher Scientific) using
oligo(dT)18 primers. cDNA was subsequently diluted one in ten and expression levels of
target genes were assessed by real-time quantitative PCR (qPCR) using the Universal
ProbeLibrary system (Roche). YWHAZ, RPLPO and TBP were used as reference genes
based on their stable expression levels as determined by RT-gPCR following different

perturbations. Relative mRNA levels were determined using the -AACy method (381). First,
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ACr+is calculated by determining the difference between the C+ values of the target gene and
the reference genes. AACr+ is then calculated as the difference between ACt of each condition
(average of two siRNA) and that of the negative control (siControl). gqPCR primer sequences

and probe numbers are listed in Supplementary Table 2.

Transcriptome Sequencing and Analysis

Gene expression was computed with Kallisto (382) on the reference genome GRCh38 with
the annotation of ensembl v85 (with cDNA and RNA). Kallisto was running with default
parameters (100 bootstraps). Differentially expressed gene analysis was done with
Sleuth [http://biorxiv.org/content/early/2016/06/10/058164]. Sleuth is an R package designed
to work with Kallisto’s output, which implements statistical algorithms (Wald test in our studies
which generates a p-value and a g-value (FDR-adjusted p-value)) for differential analysis that
leverage the bootstrap estimates. The Log2FC is calculated from the mean TPM value of
each group of biological replicates. A Log2FC is calculated for each kallisto bootstrap and the

reported value is the median of all of them.

MiSTIC

MiSTIC has been previously described (366). The Cancer Genome Atlas (TCGA) breast
cancer transcriptome dataset including 754 tumours has been used for correlation analysis.
For enrichement analyses, a p-value (Fisher's exact test), g-value (FDR-adjusted p-value

using Benjamini—-Hochberg) and an odds ratio are calculated.

Protein Extraction and Western Blot Analysis

Whole cell extracts were prepared using a total lysis buffer (50mM Tris-HCI pH 7.4, 5.0mM
EDTA, 150mM NaCl, 0.5% Triton, 1.0% NP40. 2% SDS and freshly-added protease inhibitors
(PMSF at 10mM; leupeptin, pepstatin, and aprotinin at 1 pg/ml). Extracts were homogenized
by sonication and quantified using Lowry assay (BioRad). Equal amounts of proteins (20-
60ug) were electrophoresed on an 8% SDS-polyacrylamide gel. Proteins were transferred
onto polyvinylidene difluoride membranes (Millipore). Membranes were blotted with a rabbit
anti-ERa (1 in 3000; Clone 60C from Millipore), rabbit anti-FOXA1 (1:3000; Abcam,
ab23738), mouse anti-GATA3 (1 in 3000; BioLegend, Clone 16E10A23), rabbit anti-SPDEF
(1:1000; Santa Cruz, sc-67022), rabbit anti-XBP1s (1:1000; Biolegend, 619501), mouse
monoclonal anti-B-actin (1 in 10000; Sigma), rabbit anti-AR (1:1000; Santa Cruz, N-20), rabbit
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anti-HER-2 (1:2000; Millipore Sigma, 06-562). HRP-conjugated anti-mouse and rabbit 1gG
were used as secondary antibodies (Cedarlane). Immunodetection was performed using
enhanced chemiluminescence (PerkinElmer Life and Analytical Sciences) as per

manufacturer’s instructions.

Chromatin Immunoprecipitation (ChlIP)

Cells were crosslinked by incubation with 1% formaldehyde for 10min at room temperature.
Crosslinking was stopped by administration of 0.15M glycine for 5min. Cells were
subsequently washed twice with ice-cold PBS and harvested and lysed for 10min on ice in
cell lysis buffer (5mM Pipes pH8, 85mM KCI, and 0.5% NP-40) supplemented with a fresh
mixture of protease and phosphatase inhibitors. The lysates were then centrifuged at 1000g
for 5min at 4°C and nuclear pellets were kept and lysed for 10min on ice in nuclear lysis
buffer (50mM Tris pH8.1, 10mM EDTA pH8, and 1% SDS) supplemented with a fresh mixture
of protease and phosphatase inhibitors. To shear DNA, lysates were subjected to 4 rounds of
sonications (8min each) using Bioruptor (Diagenode) set at ‘medium’ power with a 30sec
interval between pulses. IPs were performed on 50ug of DNA diluted in 1/20 in dilution buffer
(0.01% SDS, 1.1% Triton X-100, 1.2mM EDTA, 16.7mM Tris pH8.1, 167mM NaCl) to attain a
final SDS concentration of 0.05% and incubated with 4ug of antibodies overnight on a rotor at
4°C. A 1:1 mix of Dynabeads A and G (Invitrogen 10002D and 10004D) was then added for
2h on a rotor at 4°C to capture antibody-protein-DNA complexes. Beads were then washed
twice with dialysis buffer (2mM EDTA, 50mM Tris pH8.1, and 0.2% Sarkosyl) and 4 times with
wash buffer (0.5M LiCl, 1% NP40, 1% sodium deoxycholate, and 33.2mM Tris pH8.1) on a
rotor at RT with each wash lasting 15min. Input DNA was precipitated overnight by addition of
two volumes of 95% ethanol. Reverse-crosslinking and DNA elution was performed by
heating beads for 30min at 65°C in elution buffer (50mM NaHCO3, 1% SDS). The eluates
were subsequently incubated with Proteinase K (ThermoScientific, EO0491) for protein
digestion and then DNA fragments were purified on EZ-10 columns (BioBasic BS664). RT-
gPCR was subsequently performed using the Universal Probe Library (Roche) kit and the
ViiA 7 Real-Time PCR System (ThermoFisher Scientific). ChIP results are shown as
percentage of input (% input) or fold change (% input antibody/%input of IgG) as indicated.
ChIP primer sequences and their respective probe numbers are provided in Supplementary
Table 3.
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FAIRE

Cells were crosslinked for 10min through incubation with 1% formaldehyde. Crosslinking was
stopped by addition of 0.125M glycine for 5min. Cells were then washed twice with ice-cold
PB, harvested and lysed in FAIRE lysis buffer (1% SDS, 10mM EDTA pH 8, and 50mM Tris
pH 8.1) supplemented with a fresh mixture of protease and phosphatase inhibitors. DNA was
sheared through one round of sonication using Bioruptor (Diagenode) set at high power with
a 30sec interval between pulses for 15min. Lysates were centrifuged for 15min at 14,000 rpm
at 4°C and supernatants were kept for three subsequent phenol:.chloroform:isoamyl alcohol
25:24:1 (Sigma P3803) extractions using Phase Lock gel tubes (5 Prime, #2302810) keeping
the aqueous phase (‘open chromatin’) each time. FAIRE and input DNA was precipitated with
2 volumes of 95% ethanol, 1/6.3 volume of 2M sodium acetate pH 5.2 and 20ug/mL of
Glycogen (Fermentas #R0551) at -80°C for 48h. Samples were then incubated with RNAse A
(BioShop #RNAG675.100) and Proteinase K (ThermoScientific, EO0491) and reverse-
crosslinked overnight at 65°C. EZ-10 columns (BioBasic BS664) were used to purify DNA
fragments. Fragment abundance was subsequently assessed by RT-qPCR was using the
Universal Probe Library (Roche) kit and the ViiA 7 Real-Time PCR System (ThermoFisher
Scientific). FAIRE results are shown as percentage of input (% input). Primers and probe
numbers used in FAIRE experiments were the same ones used in ChIP assays (see

Supplementary Table 3).

CRISPR-Cas9-mediated gene recombination

CRISPR/Cas9 mediated FOXA1 knockdown experiments in T-47D and ZR-75-1 cells were
performed using the lentiCRISPR v2 plasmid (Plasmid #52961-addgene). Briefly, five single-
guide RNA (sgRNA) targeting FOXA1 and 2 scrambled sgRNA controls were designed as
described previously (383) (Supplementary Table 4). Each sgRNA was cloned into the
lentiCRISPR plasmid by standard cloning methods. Lentivirus were packaged and produced
in HEK-293T cells by co-transfecting 6ug of lentiCRISPR v2 plasmid, 1.5ug of pMDLg/pRRE,
1.5ug of pRev and 3ug of pMD2.G using lipofectamine 2000 (Invitrogen). Media was changed
18h after transfection. Viral supernatants were collected 32h to 72h after transfection and
filtered through 0.45um filters. T-47D and ZR-75-1 cells were plated and grown to 75%
confluence and infected. 72 h after infection, cells were selected with puromycin (1 ug/ml) for

7-10 days. Protein extractions were performed on puromycin-selected cell populations.

58



Transient transfections and generation of stable SK-BR-3:ER cells.

An electroporation strategy was used for transient transfections in SK-BR-3 cells. Five million
cells were counted and resuspended in 200ul of culture media. A 40ug DNA mix was
prepared containing 6ug of plasmid DNA (PSG5-ESR1 or PSG5 (Empty vector)), 34 pg of
salmon sperm DNA (Invitrogen) and 0.2M NaCl. The cell and DNA mixture was then placed in
a cuvette and pulsed using a Gene Pulser (Bio-Rad) at 250V and a capacitance of 975pF.
Electroporated cells were then washed with fresh medium and allowed to adhere overnight.
The following day, cells were treated with E2 (25nM) for 24 h and RNA and proteins were
extracted for subsequent assays.

Retroviruses were produced by transient cotransfection of HEK293 cells with VSVG envelop
plasmid, gag-pol packaging plasmid, and pBabe-HA-ESR1. The envelop and packaging
plasmids were kind gifts from the Guy Sauvageau lab at IRIC. Filtered retroviral supernatants
containing polybrene (8 pg /ml) were added to SK-BR-3 cells. Infected cells were selected
with puromycin at a final concentration of 2 pg/ml. SK-BR-3 cells were infected in parallel with

retroviruses expressing the empty vector (pBabe) as a negative control.
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RESULTS

ESR1 expression strongly correlates with that of several luminal TFs in independent
breast tumour transcriptome datasets

Using MISTIC, a tool for correlation and enrichment analysis in large transcriptome datasets
(366), we identified a cluster of 44 genes whose mRNA expression was highly correlated with
that of ESR1 in the Cancer Genome Atlas (TCGA) breast tumour RNA-Seq transcriptomes
dataset (754 profiles) (Figure 1). This cluster was also largely present in the METABRIC
dataset (997 breast tumour expression microarrays), albeit of smaller size (27 genes)
(Supplementary Figure 1A) (146). Correlation analysis performed on an in-house cohort of
150 breast tumours (Quebec-Alberta dataset) with associated RNA-Seq profiles also
identified a similar cluster (40 genes, Supplementary Figure 1B). 27 genes were common to
at least two out of three datasets, supporting the robustness of this association across
platforms, sample size and transcriptome analysis methods (Supplementary Figure 1C).
The TCGA cluster was found to be enriched in various gene signatures for normal luminal
cells or luminal tumours (142, 371, 384-386) (Supplementary Table 5). In addition,
expression of genes in this cluster was highest in luminal (A and/or B) and lowest in basal-like
tumours using the PAMS50 classifier (Supplementary Figure 2), although overlap with the
PAMS5O0 classifier was reduced to ESR1, FOXA1 and MLPH.

The high correlation in expression between genes in the luminal cluster in the TCGA
dataset is not due to copy number variations affecting all genes in the cluster, since these are
located on different chromosomes (Supplementary Table 6). However, we note that several
pairs of genes colocalize to the same chromosomal locus, often adjacent to each other
(GATA3-AS1 and GATA3 (3kb); ABCC8 and KCNJ11 (7kb); ARSG and SLC16A6 (7.8kb);
ANXA9 and FAMG63A: 14kb; ARMT1 and RMND1 (47kb); AGR2 and AGR3 (67kb); TFF1 and
TFF3 (50.6kb); CCDC170 and ESR1 (163kb)), suggesting either co-amplification/deletion,
observed in less than 2% tumours for most gene pairs, or common transcriptional regulation
via shared regulatory regions. Notably, the luminal cluster contains several luminal-lineage
TFs in addition to ESR1: FOXA1, GATAS3, SPDEF, XBP1 (AR is present in the TCGA dataset
but is absent in the top 50 genes most correlated with ESR7 in the METABRIC and Quebec-
Alberta datasets), whose expression has been reported to be strongly correlated in other
breast tumour datasets (118, 139, 140, 144). We thus probed the flanking regions of cluster
genes for the presence of ChlP regions associated with each TF in published ChIP-chip or
ChIP-Seq datasets in MCF-7 cells (245, 387-390) and in LNCaP prostate cancer cells for AR
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(391). Indeed, genes within the cluster were enriched for binding regions of ERa, FOXA1,
GATA3, SPDEF and AR within 5 kb of their transcriptional start sites with statistical
significance (Figure 1 and Supplementary Figure 3), with 41 out of 45 genes containing
binding regions for at least three of these TFs. Of note, we did not observe enrichment of
cluster genes with XBP1-bound regions (38), possibly reflecting roles of XBP1 not related to
subtype specification, although the presence of bound regions at larger distances cannot be
excluded. It is noteworthy that the XBP1 ChlIP-Seq dataset was generated using a fusion
protein between XBP1 and GFP, which may affect DNA binding patterns (390). Interestingly,
we found that the cluster is also enriched in p300/CBP-binding regions within 25 kb from the
TSS (40 out of 45 genes for both factors; P-value= 7.71 x 10°; Odds ratio= 7.98) (241).
p300/CBP have been reported to act as transcriptional co-activators that are recruited to DNA
in concert with ERa, FOXA1 and/or GATA3 to elicit a functional E2-response (245). These
observations suggest that luminal TFs within the cluster may regulate expression of cluster

genes, causing their high correlation in several independent datasets.

FOXA1 is a master regulator of luminal cluster genes

To explore the potential role of luminal TFs in regulating expression of highly-correlated
genes, we designed two different siRNAs against each TF and monitored impact of their
depletion on expression of cluster genes by RT-gPCR in MCF-7 cells in the presence of E2.
Expression of most cluster genes was regulated by at least one and often several cluster TFs
(Supplementary Figure 4). FOXA1 and ERa depletion had the widest influence on
transcription of cluster genes, followed by that of GATA3, while SPDEF, XBP1 and AR had a
minor impact on cluster gene expression (Supplementary Figure 4). Notably, several genes
within the cluster were induced by E2 treatment (AGR2, AGR3, CA12, FSIP1, GPR77,
SLC7A8, TFF1, TFF3 and XBP1), an effect that could be abrogated by knockdown of ESR1.
Importantly, knockdown of FOXA1 reduced E2-mediated induction of expression of several of
these genes (AGR2, AGR3, FSIP1, GPR77, TFF1, TFF3 and XBP1). In addition, GATA3
knockdown had a similar impact on expression of some (AGR2, AGR3, CA12, FSIP1, and
SLC7A8) but not all E2-induced targets within the cluster. An exception is RABEP1, a cluster
gene that is bound by ERa, GATA3, SPDEF and AR, but is not affected by knockdown of
these TFs (Supplementary Figure 3 and 4). It remains possible that transcriptional
regulation could only be observed following more complete knockdown or simultaneous

knockdown of several TFs.
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Even though several cluster genes contained flanking regulatory sequences co-
occupied by several TFs, we did not observe an equal influence of targeting individual TFs.
For instance, CCDC170 is bound by ERa, FOXA1 and SPDEF (within 5 kb from the TSS), yet
only knockdown of FOXA1 affected its expression (Supplementary Figure 3 and 4). On the
other hand, ANXA9 and FBP1 contained FOXA1 and ERa peaks, but were upregulated by
ESR1 knockdown and unaffected by FOXA1 knockdown. In addition, while TFF1/TFF3 and
AGR2/AGR3 were downregulated by knockdown of both factors, CA12 was upregulated by
FOXA1 knockdown but downregulated by ESR1 knockdown. Thus, the presence of ChIP
peaks is not sufficient to predict the existence/strength or the direction of regulation by the
corresponding TF.

Interestingly, several genes were regulated at the transcriptional level despite lack of
TF binding within 25 kb of their TSS, as in the case of FOXA1 positively regulating expression
of DEGS2 and PRR15. This might reflect the presence of long-range chromatin interactions
with enhancers at distances farther than 25 kb, or indirect regulation. The tight correlation
between expression of TFs present within this cluster indeed suggests that they might cross-
regulate each other and form a transcriptional network regulating expression of cluster genes.
Accordingly, knockdown of FOXA7 resulted in significant downregulation of mRNA
expression of ESR1, GATA3, SPDEF, XBP1 and AR (Figure 2A). Downregulation of ESR1
expression by siRNA-mediated knockdown of FOXA1 was verified at the protein level in
MCF-7 cells (Figure 2A and B). Decreased ERa protein levels were also observed in T-47D
and ZR-75-1 cells either transfected with siRNA against FOXA1 (Figure 2C and D) or
infected with CRISPR-Cas9 sgRNA (Supplementary Figure 5). The general positive-
regulatory role of FOXA1 in expression of luminal TFs (see also below for additional evidence
of the role of FOXA1 as an upstream regulator of XBP1 and SPDEF) may explain indirect
effects of FOXA1 downregulation on expression of cluster genes. For instance, PRR15,
which is repressed by FOXA1 knockdown in the absence of a FOXA1-associated region, is
bound by SPDEF, and siSPDEF results in its downregulation.

While siRNA-mediated depletion of GATA3 in MCF-7 cells did not result in detectable
changes in ESR1 expression (Figure 2A and B), a reduction in ERa protein levels
comparable to that obtained with siFOXA7 was observed in T-47D and ZR-75-1 cells (Figure
2C and D). This is in agreement with the previous report by Eeckhoute et al. where GATA3
was shown to bind two enhancer sites upstream of the ESR71 TSS and positively regulate
expression of the receptor in T-47D cells (380). We note that unlike T-47D and ZR-75-1 cells,
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which harbour WT GATA3, MCF-7 cells contain a heterozygous frameshift mutation in
GATAS3, which results in a truncated protein that has reduced binding to DNA but also
increased stability (392, 393). siRNA-mediated knockdown of ESRT1 or GATA3 caused a
significant increase in FOXAT mRNA expression in MCF-7 cells, albeit without a significant
change in its protein levels in all three cell lines at the examined time point (Figure 2A and
B). In addition, regulation of GATA3 by E2 was nonsignificant at the mRNA and protein levels
in MCF-7 cells, suggesting a dominant role of FOXA1 in transcriptional regulation of luminal
cluster genes, either directly via association with their regulatory sequences or through

positive regulation of expression of ERa and/or of other luminal TFs.

Molecular apocrine tumours are FOXA1T"""ESR1°"GATA3""
MiSTIC generates a radial icicle representation of gene correlations resulting in peaks whose
width and length is proportional to cluster size (gene number) and the correlation coefficient
at which the cluster forms, respectively (366). Interestingly, examination of the luminal
correlation cluster/peak in the TCGA dataset shown in Figure 3A reveals that it partitions into
two sub-clusters at a higher correlation coefficient threshold. The ESR7 sub-cluster also
contains GATA3, and the FOXA1 sub-cluster contains SPDEF and XBP1. Strikingly,
stratifying breast tumours according to expression of ESR1 and FOXA1 identified three main
populations of breast tumours: FOXA1T""ESR1"" FOXA1°“ESR1°", and FOXA1""ESR1""
(Figure 3B). In addition, similar tumour partitioning was observed when comparing
expression of ESR1 to expression of any of the FOXAT sub-cluster genes (Figure 3B and
supplementary Figure 6A), or of FOXA1 with any of the ESR7T sub-cluster genes
(Supplementary Figure 7), reflecting the existence of three main breast tumour
subpopulations defined by differential expression of the two sub-cluster metagenes, although
tumour clustering was strongest with FOXA71 and ESR7. Notably, separation of breast
tumours in three subgroups based on expression of ESR1 and FOXA1 was also observed in
the METABRIC and Quebec-Alberta datasets (Supplementary Figure 8A and 8B,
respectively), reflecting the similar organization of the “luminal” correlation cluster in these
datasets.

Using the CIT breast tumour classifier, which distinguishes luminal A/B/C, basal-like,
normal-like and molecular apocrine breast tumours (394), FOXA1""ESR1"" tumours were
identified as luminal A/B/C (blue), FOXATESR1°" tumours as basal-like (black) while

FOXA1""ESR1"" tumours were enriched in molecular apocrine (red, either HER2-positive or
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HER2-negative) tumours (Figure 3B). When compared to luminal tumours, molecular
apocrine tumours expressed lower levels of the ESR1 sub-cluster genes, but comparable
levels of the FOXA1 sub-cluster genes. Of interest, AR, which has previously been proposed
as a marker and potential therapeutic target in molecular apocrine tumours (395, 396), is
highly correlated with FOXA1, although with a correlation coefficient below the cut-off for sub-
cluster partitioning (Figure 3B). On the other hand, when comparing expression levels of
ESR1 to those of ESR1 sub-cluster genes, CCDC170, C5AR2, AGR3 or GATA3, tumours
partitioned mostly in two groups (Figure 3C). Molecular apocrine tumours expressed low
levels of any pair of ESR1 sub-cluster genes, and segregated together with basal-like
tumours (Figure 3C and Supplementary Figure 6B). Therefore, molecular apocrine tumours

high

are FOXA1 metagene™®" and ESR1 metagene".

Lastly, the almost total absence of tumour samples that were ESR1"" and FOXA1

low

sub-cluster™ (Figure 3B and Supplementary Figure 6A, top left quadrant) or ESR1 sub-
cluster"®" and FOXA1°" (Supplementary Figure 7, lower right quadrant) indicates that ESR?
sub-cluster genes are not expressed in the absence of FOXA1. This observation is consistent
with our finding that FOXA1 is an upstream regulator of expression of ESR1 and of several

ESR1 sub-cluster genes (Figure 2 and Supplementary Figure 4).

FOXA1 directly regulates expression of a “luminal” sub-cluster in an ERa-independent
manner in molecular apocrine SK-BR-3 cells

Breast cancer cell lines representative of the molecular apocrine subtype can be identified
through use of the CIT breast cancer subtype classifier (394) on cell line transcriptomes and
include the SK-BR-3 cell line (397). Indeed, SK-BR-3 cells express FOXA1 but are GATAS3-
and ERa-negative at the protein level, whereas luminal MCF-7, T-47D and ZR-75-1 cells
express all three factors, and triple-negative MDA-MB-231, MDA-MB-436 and MDA-MB-468
cells express none of them (Figure 4A). Additionally, SK-BR-3 cells are HER2-positive but
express low levels of AR (Figure 4A). Consistent with what was observed in tumours, SK-
BR-3 cells exhibited low expression levels of ESR1 sub-cluster genes except CA712, and high
expression levels of most of the FOXA1 sub-cluster genes (SPDEF, XBP1, MLPH, PRR15
and FOXAT1) in existing RNA-Seq datasets (398) (Figure 4B); in addition, expression of TFF1
and TFF3 was low but detectable by RT-gPCR (data not shown). MCF-7 and T-47D cells
expressed high levels of genes in both sub-clusters, whereas MDA-MB-231 cells presented

low expression levels of both sets of genes (Figure 4B).
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Next, we investigated whether FOXA1, XBP1, and/or SPDEF regulate expression of
the FOXA1 sub-cluster genes in SK-BR-3 cells, in spite of very low expression of ERa or
GATA3. SiRNA-mediated depletion of FOXAT resulted in a decrease in mRNA expression of
almost all FOXA1 sub-cluster genes (XBP1, SPDEF, TFF1, TFF3, AGR2, PRR15; Figure
4C); downregulation of SPDEF and XBP1 was also observed at the protein level (Figure 4D).
Notably, while knockdown of SPDEF or XBP1 also impacted expression of some cluster
genes, including each other, it did not affect expression of FOXA1 at the RNA or protein
levels (Figure 4C and D), similar to our findings in MCF-7 cells (Figure 2A). To investigate
the mechanism by which FOXA1 regulates expression of this transcriptional network, we
assessed enhancer/promoter occupancy by FOXA1 in sub-cluster genes in SK-BR-3 cells,
based on a published FOXA1 ChIP-exonuclease dataset in MCF-7 cells (399). In addition,
the presence of FOXA1 response elements (FOXREs) at FOXA1-bound sites was
determined by TF binding site analysis (HNF3A_01.M01261, score cutoff 65%). Interestingly,
FOXA1 binding coincided with one or several FOXREs at the promoter/enhancer regions of
TFF1, TFF3, SPDEF and XBP1 in MCF-7 cells (see UCSC genome browser views in
Supplementary Figure 9). We confirmed FOXA1 association to TFF1, TFF3, and SPDEF
promoter regions in SK-BR-3 cells using ChIP-gPCR (Figure 4E). FOXA1 binding to the
XBP1 enhancer site mapped in MCF-7 cells 13kb upstream of the XBP1 TSS was also
verified (Figure 4E). Together, these results suggest that in SK-BR-3 cells, FOXA1 regulates
expression of genes most correlated with itself in the “luminal” cluster, in part directly via
binding to FOXREs, and in part through SPDEF and XBP1. This highlights the role of FOXA1
as a master regulator of luminal/molecular apocrine genes, and together with its target genes,

as a marker of both of these subtypes.

Expression of ESR1 in molecular apocrine SK-BR-3 cells restores part of the E2-
dependent gene regulation network in luminal cells

Although ectopic expression of ESR1, FOXA1 and GATA3 in the triple-negative (claudin-low)
breast cancer cell line MDA-MB-231 has been reported to restore E2-dependent growth of
these cells, reanalysis of the corresponding microarray expression data reveals that almost
all E2-induced changes in gene expression in transfected cells are below a 1.4 fold change
cut-off, suggesting a very modest activation of the E2-response. In addition, expression of
luminal markers was only slightly increased (245). Given that SK-BR-3 molecular apocrine

cells already express FOXA1, but not ERa or GATA3, we investigated whether ERa
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transfection is sufficient to restore E2-dependent transcription. We transiently transfected SK-
BR-3 cells with an expression vector for ERa (SK-BR-3:ER) or the parental vector (negative
control) (Supplementary Figure 10) in the presence or absence of E2 for 24 h and
sequenced the resulting transcriptomes for comparison with luminal MCF-7 cells. We
identified 387 differentially-regulated genes by E2 upon ERa expression in SK-BR-3 cells (FC
cut-off of 1.4 vs vehicle treatment; q<0.05). Strikingly, the majority of these genes were
upregulated by ERa expression (377 genes) whereas only 10 genes were downregulated
(Figure 5A). In comparison, the repertoire of genes differentially regulated by E2 (16 h) was
larger in MCF-7 cells, with a similar number of upregulated (1842) and downregulated genes
(1483), compared to vehicle control (FC>1.4 or FC<-1.4 and <0.05) as shown in Figure 5A.
The vast difference in the number of E2-repressed genes between SK-BR-3:ER cells and
MCF-7 cells may be due to the lack of expression of factors involved in E2 signalling, such as
GATAZ, or alternatively, activation of E2-independent growth regulatory pathways, such as
ERBBZ2 overexpression in SK-BR-3 cells. We cannot however exclude the possibility that
stable ERa expression in these cells may produce a broader E2 response. Importantly,
though, 95 genes upregulated by E2 in SK-BR-3:ER cells (constituting 25% of upregulated
genes) were also induced by E2 treatment in MCF-7 cells (Figure 5A). This represents a
much higher overlap than that observed in MDA-MB-231 cells upon ectopic co-expression of
ERa, FOXA1 and GATAS, where only 6 genes (out of 14 with FC=1.4) were regulated by E2
in a similar manner to MCF-7 cells (245). Moreover, reanalysis of microarray gene expression
profiles of MDA-MB-231 cells stably expressing ERa reported by Quintin et al. also revealed
a small degree of overlap (~7%, 31 out of 433 genes) in the E2 response (upregulated genes)
vs MCF-7 cells (400). Amongst the commonly upregulated genes in our dataset were well-
characterized ERa targets in MCF-7 cells, such as GREB1 (233, 401, 402), as well as genes
in the ERa sub-cluster (CA12, AGR3, C5AR2), but also in the FOXA1 sub-cluster
(TFF1/TFF3) (230, 378, 402), as validated by RT-gPCR (Figure 5B). Of note, none of these
E2 target genes were significantly regulated in MDA-MB-231 cells expressing ERa, FOXA1
and GATAS3 (245). However, some luminal cluster genes induced (AFF3, CT62, XBP1,
AGR2) or repressed (APBB2, HID1, C90rf152, GPR160) in MCF-7 cells were not regulated in
SK-BR-3 cells (Supplementary Figure 11). Conversely, luminal cluster genes ANXA9 and
FAMG63A were induced in SK-BR-3:ER cells, albeit these genes were not regulated by E2 (16
h) in MCF-7 cells, respectively.
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Enrichment analysis for predicted TF binding sites (TFBS) in the flanking regions
within 10 kb of TSS of genes commonly upregulated in both cell lines indicated a strong
enrichment in EREs (2.4- to 4.9-fold using cut-offs between 70% and 85%) (Figure 5C);
accordingly, 66 of the 95 genes (69.5%) harboured ERa ChIP regions within 25 kb of their
TSS in MCF-7 cells, the majority of which (43 genes) contained a predicted ERE (identified at
65% cut-off). In addition, enrichment in Ets1 (V_ETS1_B matrix M00339; up to about 4-fold),
or NFKB (V_NFKB_Q6 matrix M00194; up to 2.5 fold) binding sites were also observed in
commonly regulated genes (Figure 5C), suggesting a role of these factors either in direct or
indirect regulation of gene expression by ERa in both cell lines.

The 282 genes that were only significantly upregulated by E2 in SK-BR-3:ER cells
included genes either upregulated without statistical significance (11 genes; FC>1.4 and
g>0.06) or downregulated by E2 treatment in MCF-7 cells (21 genes; FC<-1.4 and g<0.05). In
addition, 12 genes were not expressed in MCF-7 cells. Enrichment analysis in the remaining
set of SK-BR-3 unique genes (n=238 out of 282) indicated a smaller enrichment in EREs
(2.2- vs 4.9-fold at 85% cut-off). Interestingly, about 35% of these genes (84 out of 238)
harboured ERa ChlIP regions within 25 kb of their TSS in MCF-7 cells, almost half of which
(41 genes) overlapped with an ERE (detected at 65% cut-off); thus in spite of their lack of
regulation in MCF-7 cells after 16 h of E2 treatment, ERa binding to these genes suggests
that the potential for their regulation by E2 in luminal cells might be preserved, possibly under
different experimental conditions. While we did not find a detectable enrichment for Ets and
NFKB motifs in the SK-BR-3 specific gene set, an enrichment in SMAD (V_SMAD_Q6_01
matrix M00974; up to about 3.8-fold) motifs was observed (Figure 5C). Interestingly, SMAD2,
SMAD3 and SMAD4 have been shown to physically interact with a constitutively active form
of ERa, and SMAD3 enhanced transcriptional activation by ERa in luciferase assays (403). In
addition, HER2 overexpression in MCF10A cells combined with TGF-8 stimulation enhances
binding of SMAD proteins to TGF-3 target genes, suggesting cooperativity between TGF-3
and HER2 signalling (404). These data indicate that unique ERa targets in HER2-
overexpressing SK-BR-3 cells may be activated by E2 via tethering of the receptor to SMAD

proteins.
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ERa can open chromatin at EREs and binds to FOXA1-occupied response elements to

regulate gene expression in molecular apocrine SK-BR-3 cells

To further examine the mechanisms of gene regulation by ERa in SK-BR-3:ER cells, we
examined its recruitment at EREs or FOXREs in regulatory regions bound by either factor in
MCF-7 cells (Figure 6). The GREB1 gene contains several regulatory regions associated
with both TFs in MCF-7 cells, including the P3 region, which coincides with a FOXRE and the
P4 enhancer, which contains two EREs. Association of FOXA1 was strong at the P3 site, but
much lower at the P4 upstream enhancer in SK-BR-3 cells in the absence of ERa. Hormone-
induced binding of ERa was detected at both elements in the transiently transfected cells,
with a hormone-dependent increase of FOXA1 association at the P3 site, and a hormone-
independent increase in FOXA1 association at the P4 site. Analysis of chromatin accessibility
by formaldehyde assisted isolation of regulatory elements (FAIRE) (405) at these sites in SK-
BR-3 cells stably expressing ERa (Supplementary Figure 12) indicated that accessibility of
the P3 site, already strongly bound by FOXA1, was not regulated significantly by either ERa
expression or E2 treatment (Figure 6). On the other hand, chromatin accessibility was lower
at the P4 upstream GREBT enhancer and was significantly increased by E2 treatment in
ERa-expressing cells, but not in control cells. Similarly, ERa was recruited in an E2-
dependent manner to EREs in regulatory regions of the CA72 and C5AR2 genes (both in the
ESR1 sub-cluster). The CA12 element was strongly associated with FOXA1 in the absence of
ERa despite the absence of predicted FOXREs, and was not further opened by E2 treatment
in the presence of ERa. Conversely, the C5AR2 ERE, which was weakly bound by FOXA1,
was made more accessible by E2 treatment in the presence of exogenous ERa (Figure 6).
Lastly, we also monitored recruitment of ERa at FOXREs found in regulatory regions of the
two FOXA1 sub-cluster genes, TFF1 and XBP1 (Supplementary Figure 13). ERa was
recruited to the FOXA1-bound element present in the TFF1 promoter, where an ERE is
present in the vicinity of a FOXRE. ERa was also recruited to the FOXA1-bound XBP1
enhancer, which contains a predicted FOXRE but no predicted ERE. These results are
compatible with the positive regulation of XBP1 and TFF1 by FOXA1 independently of ERa
(Figure 4), and with the regulation of TFF1 by E2 in the presence of exogenous ERa (Figure
5B). However, recruitment of ERa at the FOXRE of XBP71 was not sufficient to confer
significant regulation by E2 in SK-BR-3 cells (Supplementary Figure 11), at least under our

experimental conditions.
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Overall, there was an excellent match between regions bound by ERa or FOXA1 in
MCF-7 and SK-BR-3 cells containing EREs or FOXREs. In addition, co-occupancy of FOXA1
and ERa observed in MCF-7 cells, or lack thereof, was also verified in SK-BR-3:ER cells.
Comparison of FOXA1 binding in the presence or absence of transfected ERa indicated that
(i) FOXA1 may recruit ERa at FOXREs pre-bound by FOXA1 (GREB1 and XBP1 FOXA1
sites) and (ii) E2-dependent binding of ERa on elements not strongly pre-associated with
FOXA1 (C5AR2, GREB1 P4 site) can result in further chromatin opening without markedly
affecting FOXA1 recruitment. Together, these results suggest that ectopic ERa expression in
SK-BR-3 cells elicits ERa binding patterns and an E2-response that resemble those observed
in luminal MCF-7 cells. The transcriptional response of ERa sub-cluster genes as well as
some FOXA1 sub-cluster genes appears driven by ERa recruitment to high affinity EREs,
which is sufficient for chromatin opening, but may also result from ERE-independent

recruitment of ERa at already accessible, FOXA1-bound response elements.

ESR1 expression and FOXA1 recruitment to its upstream regulatory regions are

epigenetically suppressed in SK-BR-3 cells

As we have observed that FOXA1 positively regulates ESR1 expression in ERa-positive
luminal cells, the lack of expression of the receptor in SK-BR-3 cells, which express FOXA1,
remains unaccounted for. Copy number analysis of the ESR17 locus did not reveal the
presence of focal deletions in SK-BR-3 cells (cBioPortal, CCLE dataset). We carried out ChIP
experiments to monitor FOXA1 recruitment to ESR1 regulatory regions, and observed that
FOXA1 binding to several enhancers mapped in MCF-7 cells (399) is suppressed in SK-BR-3
cells, while recruitment of FOXA1 at the SPDEF promoter occurs at similar levels in both cell
lines (Figure 7). In addition, ERa is recruited at ESR1 enhancer sites in MCF-7 cells
containing an ERE (site 59) or a FOXRE (sites 5, 31) (Supplementary Figure 14A and 14B),
consistent with the receptor’s capacity to positively regulate its own expression (275). Lack of
association of FOXA1 and ERa in upstream ERa regulatory regions in SK-BR-3 cells
correlated with decreased recruitment of active chromatin marks H3K9/K14Ac at these
elements (Figure 7). Finally, increased association with H3K27me3 was observed at
promoter A of ESR1 in SK-BR-3 as well as in triple-negative MDA-MB-231 cells
(Supplementary Figure 14C). Together, these results indicate that lack of ESR71 expression
in SK-BR-3 cells coincides with epigenetic inactivation and incapacity of FOXA1 to access

regulatory sites and open chromatin. Thus, while FOXA1 acts as a master regulator in both

69



molecular apocrine and luminal cells, its regulation of ESR17 in luminal cell models is either
lost in molecular apocrine cells or gained de novo in luminal tumour cells, even though its
expression level is comparable in both tumour subtypes at the mRNA level, and between
MCF-7 and SK-BR-3 cells at both the mRNA and protein levels (Figure 4A and 4B).
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Discussion

ESR1, FOXA1 and GATA3 are three TF-encoding genes whose expression is highly
correlated in luminal breast tumours (139), however their respective contribution to gene
regulation and breast tumour subtype specification still needs clarification. In the present
study, we have characterized transcriptional regulation of a luminal cluster of genes whose
expression is highly correlated across breast tumour samples. Despite that this cluster of
genes was enriched in ERa, FOXA1 and GATAS binding regions, we found that siRNA-based
suppression of each TF favours a hierarchical rather than combinatorial regulation of gene
expression, with FOXA1 playing a role as direct regulator of a significant fraction of these
genes. Interestingly, regulation by these TFs was observed for genes whose expression was
most correlated with them, particularly in the FOXA1 and ESR1 sub-clusters, although cross-
regulations between the two sub-clusters were also observed. These results suggested that
gene expression correlations generated by MiSTIC reflect specific transcriptional regulation.
We do not exclude the possibility that some regulations may be missed due to the partial
nature of gene suppression under our experimental conditions. GATA3 was found to regulate
ESR1 expression in T-47D and ZR-75-1 cells, consistent with the previous report by
Eeckhoute et al. (380). In addition, like previously reported in MCF-7 cells (95), we also
observed positive regulation of ESR1 expression by FOXA1, consistent with the presence of
bound FOXREs in ESR1 regulatory regions. These results provide a molecular mechanism
for the tight correlation that exists between these TFs in breast tumour samples. Notably,
regulation of ESR1 expression by FOXA1 was not observed by Hurtado et al. in MCF-7 cells
(377), but this may result from shorter time frames of treatment with siRNAs and/or less
complete suppression of FOXA1 expression.

Molecular apocrine tumours were originally described as ERa-negative, and often
HER2-positive and AR-positive with increased AR signalling (395, 396, 406). However, 43%
of these tumours are AR-negative, as determined by immunohistochemical analysis,
suggesting that additional factors may drive the phenotype of these tumours (199). Gene
expression profiling of a set of 99 breast tumours has previously led to the identification of a
subset of tumours characterized by expression of luminal markers FOXA1, SPDEF, XBP1
and AR but lack of expression of ESR1 (201). A significant proportion of these tumours were
found to harbour strong apocrine morphological features, reminiscent of the molecular
apocrine subtype. Robinson et al. subsequently hypothesized that AR signalling can

recapitulate the luminal features of these tumours in the absence of ERa (396). By using
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MDA-MB-453 cells as a molecular apocrine cell line model, FOXA1 was shown to be
important for the majority of AR binding events across the genome (396). Moreover, FOXA1
depletion modulated expression of molecular apocrine genes without affecting expression of
AR (396). In this study, we have utilized SK-BR-3 cells as a cell line model representative of
AR"™ molecular apocrine tumours, as opposed to AR™" MDA-MB-453 cells (407). SiRNA-
mediated inhibition of FOXA1 and ChIP assays reveal that FOXA1 directly regulates luminal
cluster genes, particularly those most correlated with its expression, via binding to cognate
response elements, providing a key to their expression irrespective of ERa and AR levels.
Expression of genes highly correlated with FOXA1 defines similar sub-populations of tumours
in association with ESR1 expression, albeit sometimes with lower resolution than FOXA1
itself. We note that despite the significant degree of overlap between AR and FOXA1 ChIP
regions in MDA-MB-453 cells (396), expression of a 100-gene signature of molecular
apocrine tumours (406) was largely unregulated by the AR agonist, dihydrotestosterone
(DHT), in a transcriptome dataset of MDA-MB-453 cells (408). These results would indicate
that transcriptional regulation by AR is not the main driver of the molecular apocrine
phenotype as previously thought. In fact, our work indicates that FOXA1 represents a better
marker in terms of segregating different subgroups of tumours based on its expression levels.
Indeed, basal-like and molecular apocrine tumours present more of a continuum in terms of
AR expression levels compared to FOXA1. Thus, FOXA1 appears to contribute to this
phenotype by direct and independent transcriptional regulation, which complements its
previously documented role as a mediator of estrogenic and androgenic signalling (409).

The partial degree of overlap in the E2 response as well as our observation that a
subset of E2 target genes are uniquely regulated by ERa in SK-BR-3 vs MCF-7 cells
prompted us to examine whether this is a result of expression of different sets of TFs.
Analysis of TFs that are differentially expressed between both cell lines revealed reduced
MRNA expression of ERa coactivators SRC-1, SRC-2 and SRC-3 in SK-BR-3 cells compared
to MCF-7 cells (data not shown). It remains to be determined whether overexpression of
these factors in SK-BR-3 cells can generate a larger degree of overlap in the E2 response
with MCF-7 cells. We also note that FOS, FOSB and JUN expression was significantly higher
in SK-BR-3 cells in comparison to MCF-7 cells. This was consistent with our finding that AP-1
motifs (V_AP1_C matrix M00199; up 10 1.8 fold) are enriched in E2 target genes unique to
SK-BR-3 cells, but not in commonly regulated ones (Supplementary Figure 15). While

estrogens both induce and repress gene expression in MCF-7 cells, mostly positive
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regulation was observed in SK-BR-3 cells. Transcriptional repression was very weak and did
not pass statistical significance cutoffs for selection of significant gene regulation. The
reasons for this are unclear, but it is possible that the differential expression of some
transcription factors between the two cell lines, such as GATA3, may explain this bias. Of
note, several of the FOXA1 target genes are also regulated by estrogens in ERa-positive
breast cancer cells, including TFF1/3 and XBP1. This may be mediated via cooperative
transcriptional activation, as in the TFF1 gene that harbours chromatin regions with both
FOXREs and EREs located in close proximity to each other. In addition, it is possible that the
observed co-recruitment of ERa to FOXREs observed in SK-BR-3:ER cells results from
interaction between the two factors, either directly or mediated via common cofactors or the
transcriptional machinery. Indeed, binding of FOXA1 was not decreased upon ERa
transfection, suggesting that these sites are still occupied by FOXA1 in the presence of ERa,
rather than the receptor replacing FOXA1 at these elements. However, ERa was recruited to
FOXA1 elements in the XBP1 enhancer even though regulation of XBP1 by E2 was not
observed in SK-BR-3:ER cells under our experimental conditions. Notably, SRC-1, 2 and 3
have been shown to bind the XBP1 enhancer in concert with ERa following E2 treatment in
MCF-7 cells (241). Thus, their reduced expression in SK-BR-3 cells may explain lack of
induction of this gene by E2. Ultimate identification of ERa-interacting partners as well as
DNA-binding patterns in SK-BR-3:ER cells will help shed light on differential accessibility of
EREs, and/or cooperativity with different factors/cofactors in the two cell lines. It also remains
possible that some ERa-FOXA1 interactions are not transcriptionally-productive, but rather
may reflect random contacts between TFs co-expressed in the same cell lines. Use of
transcriptionally inactive ERa mutants or induction of binding of WT ERa by antiestrogens
rather than estrogens in SK-BR-3 cells will be needed to clarify this question. Furthermore,
ChIP-Seq against ERa performed in SK-BR-3 cells should further clarify the degree of
overlap of bound chromatin with MCF-7 cells and the enrichment in TFBS at bound chromatin
regions.

Ectopic expression of ERa in SK-BR-3 cells led to increased chromatin opening at
some of the EREs surveyed. Constitutive and strong association of FOXA1 with these
elements correlated with more open chromatin and little effect of ERa binding on chromatin
accessibility in FAIRE experiments. This is consistent with the previously suggested role of
FOXA1 as a pioneer factor enabling ERa binding to DNA. However, a direct role of estrogens

in opening chromatin at EREs with weak association with FOXA1 and lower accessibility in
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FAIRE experiments was also observed. It remains to be determined whether these effects
are dependent on long-range interactions with FOXA1 bound at other regulatory sites or
whether ERa can open chromatin in a FOXA1-independent manner on certain elements. We
have attempted to examine this directly by depleting FOXA1 in SK-BR-3 cells stably
expressing ERa, however FOXA1 knockdown resulted in reduced expression of the
ectopically-expressed receptor (data not shown).

We have previously characterized a mitosis/ cell cycle cluster in breast cancer
comprising 157 proliferation genes that are positively regulated by E2 treatment (366). Our
SK-BR-3:ER RNA-Seq dataset indicated that E2 stimulation in these cells did not result in
regulation of expression of this cluster. Therefore, we wondered whether these genes were
already expressed in an ERa-independent manner in SK-BR-3 cells. Differential gene
expression analysis between untreated SK-BR-3 (transfected with empty vector) and MCF-7
cells revealed that 79 out of 157 genes were expressed in SK-BR-3 cells to a level similar to
that in E2-stimulated MCF-7 cells (Supplementary Figure 16). It is plausible to speculate
that the ERBB2 gene amplification plays a role in driving this cluster in SK-BR-3 cells. It will
thus be of interest to stably express ERa and test whether this confers E2-dependent growth
upon suppression of HER2 signalling using Herceptin.

While we have observed that FOXA1 acts as a positive regulator of ESR1 expression
in luminal breast cancer cell lines, its expression in SK-BR-3 cells was not accompanied with
ERa-positivity. This suggests the existence of other positive upstream regulators of ERa
expression absent in SK-BR-3 cells or gain of repressive mechanisms in these cells. GATA3
levels are low in SK-BR-3 cells, however transient expression of GATA3 did not result in
increased ESR1 expression (data not shown). Another important regulator may be p53, which
has been shown to upregulate ESR1 expression in MCF-7 cells (255-257). Interestingly,
MCF-7 cells harbor a WT version of TP53 whereas SK-BR-3 express a mutant form. Loss of
p53 function in SK-BR-3 cells preventing ERa expression is plausible as TP53 loss-of-
function mutations have been shown to be far more prevalent in ERa-negative basal-like
tumours (410). Another possible explanation for the lack of ERa expression in these cells is
absence of expression of the receptor in the corresponding cell of origin. On the other hand,
FOXA1 expression could be positively gained in both ESR7 expressing and silent
backgrounds. A recent study has reported the presence of a G>A mutational hotspot in the
promoter region of FOXA1 in ERa-positive breast cancers at position -81 relative to the TSS,

which results in increased binding of E2F1 leading to FOXA1 overexpression (170). In
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addition, FOXA1 gene amplifications, albeit infrequent (about 2% of tumours), have been
reported (169, 410). On the other hand, FOXA1 expression may be lost in basal-like tumours
due to BRCA1 mutations, which were reported to correlate with FOXA1 promoter methylation
and repression of its expression (411). Knockdown of BRCA1 in MCF-7 cells can cause
increased recruitment of H3K27me3 repressive marks to the FOXA71 gene promoter and
repression of its expression due to increased activation of EZH2, which is normally inhibited
by direct interaction with BRCA1 (411). The positive regulatory role that BRCA1 plays in
regulating FOXA1 expression was also described by a another group (412). Future
experiments will be necessary to examine whether overexpression of BRCA1 mutants can
abolish expression of FOXA1 in luminal and molecular apocrine breast cancer cells.

In conclusion, we have shown that mRNA expression of ESR71 and FOXA1 sub-
clusters largely recapitulates the luminal, molecular apocrine and basal-like phenotypes
(Figure 8), and that the role of FOXA1 in subtype specification reflects direct gene regulation
mediated through binding cognate sites and/or tethering interactions, and indirect regulation
via relay by TFs whose expression it modulates. These results point to a role of FOXA1 as a
master regulator of gene expression in the molecular apocrine and luminal breast tumour

subtypes.
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Figure 1. The luminal cluster comprises six transcription factors whose expression is highly
correlated in breast cancer. Shown is a minimal spanning tree of the ‘luminal’ cluster composed of 45
genes in the TCGA dataset. Genes encoding transcription factors (ESR1, FOXA1, GATA3, SPDEF,
XBP1 and AR) are indicated with a red node. Enrichment for TF binding within 5kb (SPDEF) or 25kb
(ERa, FOXA1, GATAS3, and AR) from the TSS is illustrated as a colour code. A p-value, g-value and an
odds ratio are calculated for statistical significance.
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Figure 2. FOXA1 positively regulates expression of ERa in several luminal breast cancer cell
lines.

(A) MCF-7 cells cultured in hormone-depleted medium were transfected with two different siRNAs
targeting ESR1, FOXA1, GATAS3, SPDEF, XBP1 for 72 h. Cells transfected with siESR7 were treated
with E2 (25nM) for the last 24 h of transfection. The mRNA level of each TF was measured using RT-
gPCR and presented as a heatmap. Upregulation is represented in red and downregulation is
represented in blue. White indicates absence of regulation (ratio of siRNA to sicontrol is lower than 1.3
or greater than -1.3). Asterisks indicate statistically significant regulations (N=3, p<0.05, student’s
paired t-test). Protein lysates from MCF-7 (B), T-47D (C), and ZR-75-1 (D) cells transfected with
siRNAs in hormone-depleted medium were analysed by western blotting using antibodies against ERaq,
FOXA1, GATAS3 (N=2). B-actin serves as a loading control.
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Figure 3. Molecular apocrine tumours are FOXA1""ESR1°"GATA3"".
(A) The luminal peak is partitioned into two sub-peaks one containing FOXA1, and the other, ESR1.
(B) Breast tumours from the TCGA dataset were classified into four subpopulations using the CIT
classifier: Normal-like (green), Luminal A, B, and C (blue), basal-like (black), and molecular apocrine
(red). Tumours were then sorted according to expression levels of ESR1 vs FOXA1 sub-cluster genes
(FOXA1, SPDEF, and XBP1; see Supplementary Figure 6A for additional FOXA1 sub-cluster genes).
AR expression was added as a known marker of molecular apocrine tumours. (C) TCGA dataset
tumours were segregated according to expression levels of ESR1 vs ESR1 sub-cluster genes
CCDC170, C5AR2, AGR3, and GATA3 (see Supplementary Figure 6B for additional ESR1 sub-cluster

genes).
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Figure 4. FOXA1 regulates expression of a ‘luminal’ sub-cluster in an ERa-independent manner
in molecular apocrine SK-BR-3 cells.

(A) Protein levels of ERa, FOXA1, GATA3, AR and HER2 were assessed by western blots in luminal
(MCF-7, T-47D, and ZR-75-1), molecular apocrine (SK-BR-3), and triple-negative (MDA-MB-231,
MDA-MB-436, MDA-MB-468) cells. (B) Relative mRNA expression levels of FOXA1 and ESR17 sub-
cluster genes in luminal (MCF-7, T-47D and ZR-75-1) and molecular apocrine (SK-BR-3) cells
compared to triple-negative (MDA-MB-231) cells are represented as a heatmap. Each gene is given its
own heatmap colour code to measure expression across all cell lines. Asterisks indicate statistically
significant regulations (g<0.05) (C) SK-BR-3 cells cultured in hormone-depleted medium were
transfected with two siRNAs targeting FOXA1, SPDEF, or XBP1 and expression of genes from the
FOXA1 sub-cluster was measured by RT-qPCR. Asterisks indicate statistically significant regulations
(p<0.05, N=3, student’s paired t-test). (D) protein expression levels of FOXA1, SPDEF, and XBP1s are
shown following knockdown of the indicated TFs (N=2). (E) FOXA1 binding to FOXA1 sub-cluster
genes: TFF1, XBP1, SPDEF, and TFF3 in SK-BR-3 cells was examined by Chromatin IP (ChIP) and

shown as percentage of input (N=3, one representative experiment is shown). IgG IPs were used as a
negative control.
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Figure 5. Ectopic ERa expression in SK-BR-3 cells restores part of the E2 transcriptional
response observed in luminal MCF-7 cells. (A) Transcriptome profiling (RNA-Seq) was performed in
MCF-7 cells treated with E2 (25nM) (16 h, N=3) and SK-BR-3 cells transiently expressing ERa (SK-
BR-3:ER) and treated with E2 (25nM) (24 h, N=3). Venn diagrams showing the overlap of
upregulated/downregulated genes (FC>1.4 or <-1.4 and q<0.05; compared to vehicle control) in MCF-7
and SK-BR-3:ER cells. (B) Relative mRNA levels of E2-target genes in SK-BR-3:ER cells treated with
E2 (25nM) were assessed by RT-qPCR and represented as a heatmap. Asterisks indicate statistically
significant regulations (p<0.05, N=3, student’s paired t-test). (C) TF binding site enrichment analysis is
shown at different matrix cutoffs in commonly upregulated genes between MCF-7 and SK-BR-3:ER
cells or genes uniquely upregulated in SK-BR-3:ER cells.
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Figure 6. Interplay between ERa and FOXA1 binding in SK-BR-3:ER cells.

UCSC Genome Browser views of ERa and FOXA1 consensus sites as well as occupancy over
promoter/enhancer regions of GREB1, CA12, and C5AR2 in MCF-7 cells are shown; peaks probed are
shown in close-ups. FOXA1 and ERa ChIP-gPCR was performed in SK-BR-3 cells transiently
transfected with an ERa expression vector (ESRT) or with an empty vector (EV) and treated with
vehicle (V) or E2 (25nM) for 24 h. Binding across sites shown is represented in a heatmap as the mean
of fold enrichment vs IgG from three independent experiments. FAIRE was performed on the same
sites probed in ChIP in SK-BR-3 cells stably expressing HA-ERa and treated with E2 (25nM) for 24 h.
FAIRE enrichment is shown as the mean of percentage of input values from three independent
experiments, and are represented as bar-graph. Error bars represent mean + SEM. Asterisks denote
statistical significance for differential intensities of peaks in ESR1_E2 vs ESR1_V (p<0.05 in a
Student’s paired t-test).
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Figure 7. SK-BR-3 cells exhibit reduced FOXA1 binding to ESR1 regulatory regions. FOXA1 and
H3K9/K14Ac association with ESR1 enhancers and the SPDEF promoter region was measured using
ChIP-gPCR in MCF-7 (with or without E2 25nM for 45 min), SK-BR-3 and MDA-MB-231 cells.
Enrichment is represented as percentage of input of one representative experiment (N=3). Error bars
represent standard deviation of the mean of three technical replicates.
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Figure 8. Role of FOXA1 as a master regulator in molecular apocrine and luminal breast tumour
subtypes. mRNA levels of FOXA1, ESR1, GATA3, as well as those of their target genes identified
herein represent markers for a rationale, TF-based tumour subtype classification.
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Supplementary Figure 1. The ‘luminal’ cluster in the METABRIC and Quebec-Alberta datasets.
The minimal spanning tree containing genes whose expression is highly correlated with ESR1 is
shown in both the (A) METABRIC (27 genes) and (B) Quebec-Alberta (40 genes) datasets. Genes
whose expression is highly correlated with that of ESR1 in the TCGA, METABRIC and Quebec-Alberta
datasets are listed in a table in (C). White boxes indicate absence of a gene in the ESR1 cluster,
whereas red boxes indicate its presence.
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Supplementary Figure 2. ESR1 cluster genes are highly expressed in luminal tumours.
Expression levels (RPKM) of ESR1, FOXA1, GATA3, SPDEF, XBP1, and AR from the ESR1T cluster
are shown across breast tumours samples representing the basal, HER2-positive, luminal A, luminal B,
and normal-like subtypes identified using the PAM50 gene signature classifier. P-values for each
boxplot were generated using a Mann—-Whitney U test.
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Supplementary Figure 3.
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Supplementary Figure 5. SgRNA-mediated depletion of FOXA1 results in downregulation of
ERa expression. T-47D and ZR-75-1 cells were infected with sgRNAs targeting FOXA7 in hormone-
replete media (N=2). Infected cells were selected with puromycin for 7-10 days. Protein lysates were

probed by western analysis using ERa, FOXA1, and GATA3 antibodies. $-actin was used as a loading
control.
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Supplemelgvtvary Figure 6. Molecular apocrine tumours are FOXA1 metagenehlgh and ESR1
metagene . Tumour samples from the TCGA dataset were sorted according to expression levels of
ESR1 compared to FOXA1 sub-cluster genes (AGR2, TFF3, TFF1, DRAIC, MLPH, and PRR15) as
shown in (A) or ESR1 sub-cluster genes (TBC1D9, CA12, THSD4, CT62, and GATA3-AS1) as shown
in (B). Luminal tumours are identified in blue, normal-like in green, molecular apocrine in red and
basal-like in black.
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Supplementary Figure 7. Absence of ESR1 sub-cluster™®” FOXA1"°" tumours in the TCGA
dataset. Tumour samples from the TCGA dataset were sorted according to expression levels of
FOXA1 compared to ESRT sub-cluster genes (ESR1, GATA3, GATA3-AS1, AGR3, C5AR2,
CCDC170, CA12, TBC1D9, THSD4, and CT62).
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Supplementary Figure 8. ESR1 and FOXA1 expression is positively correlated in the METABRIC
and Quebec-Alberta breast cancer datasets. Tumour samples from the METABRIC (A) and

Quebec-Alberta (B) datasets were sorted based on expression levels of ESR1 and FOXAT1. A
correlation coefficient r is indicated.
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Supplementary Figure 9. UCSC Genome Browser views of FOXREs (pHNF3A_01) as well as
occupancy at flanking regulatory regions of TFF1, XBP1, SPDEF, and TFF3.
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Supplementary Figure 10. Transient

ERa expression in SK-BR-3 cells.
ERa Protein levels of ERa and GATA3 were

assessed following transient ectopic

expression of ERa in SK-BR-3 cells.
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as a control for comparison.
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Supplementary Figure 11. Regulation of luminal cluster genes in SK-BR-3:ER cells.
Relative expression levels of luminal cluster genes are derived from transcriptome analysis of SK-BR-
3_ER cells treated with E2 (25nM, 24 h) (vs SK-BR-3_ER cells treated with vehicle) and MCF7 cells in

the presence of E2 (25nM, 16 h) (vs absence). Asterisks denote statistically significant regulations
(9<0.05). White boxes indicate absence of significant regulation (-1.4<FC<1.4).
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Supplementary Figure 12. Stable
E ERa ERa expression in SK-BR-3 cells.
Protein expression levels of ERa and
GATA3 GATA3 were assessed in SK-BR-3
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western blots.
_ B-actin
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Supplementary Figure 13. FOXA1 pre-occupancy coincides with lack of further chromatin
opening by ERa at XBP1 and TFF1 upstream regulatory regions. UCSC genome browser views of
ERa and FOXA1 consensus sites as well as occupancy at the XBP1 and TFF1 regulatory regions in
MCF-7 cells are shown. Peaks examined by ChIP-gPCR and FAIRE are shown in close-ups. ChIP-
gPCR was performed in SK-BR-3 cells transiently expressing ERa and treated with E2 (25nM) for 24 h.

Results are shown as a heatmap of the mean of folds of enrichment over IgG (N=3; *
ESR1_E2 vs ESR1_V, Student's paired t-test).

p<0.05 of
FAIRE was performed in SK-BR-3 cells stably

expressing ERa and treated with E2 for 24 h. Enrichment is shown as percentage of input. (N=3, error
bars represent mean + SEM).
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Supplementary Figure 14. ERa and H3K27me3 recruitment at ESR71 upstream regulatory
regions. UCSC genome browser view of ERa and FOXA1 occupancy at the ESR1 gene in MCF-7
cells is shown in (A). Peaks examined in Figure 7 are shown in boxes with the corresponding RT-
gPCR probe number. ERa recruitment was assessed by ChIP-gPCR in MCF-7 cells stimulated with E2
(25nM) for 45 mins and represented as percentage of input in (B). H3K27me3 recruitment was

assessed in E2-stimulated MCF-7 as well as SK-BR-3 and MDA-MB-231 cells (C). N=3, one
representative experiment is shown.
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Supplementary Figure 15. AP1 consensus motifs are enriched in E2-target genes uniquely
regulated in SK-BR-3_ER cells.
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Supplementary Figure 16. Expression of proliferation cluster in SK-BR-3 and MCF-7 cells.
Relative expression levels of the cell cycle/proliferation cluster genes in the TCGA dataset of breast
tumours were examined using the MCF-7 and SK-BR-3 transcriptome sequencing datasets.
Differential gene expression was generated by comparing SK-BR-3 cells and E2-stimulated MCF-7
cells to vehicle-treated MCF-7 cells. Asterisks denote statistically significant regulations (q<0.05).
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Supplementary Table 1. SiRNA oligonucleotide
sequences used in this study

Gene Sequence

Scrambled UGGUUUACAUGUCGACUAA
ESR1#1 GAAUGUGCCUGGCUAGAGAUU
ESR1#2 CAUGAGAGCUGCCAACCUUUU
FOXAT#1 GCACUGCAAUACUCGCCUUUU
FOXAT#2 CCUAAACACUUCCUAGCUCUU
GATAS3#1 AAGCCUAAACGCGAUGGAUAUUU
GATA3#2 AACAUCGACGGUCAAGGCAACUU
SPDEF#1 GAGGAGAGCUGGACCGACAUU
SPDEF#2 UUAGGUGGCUCAACAAGGAUU
AR#1 AAGAAGGCCAGUUGUAUGGACUU
AR#2 AAGACGCUUCUACCAGCUCACUU
XBP1#1 CGAAAGAAGGCUCGAAUGAUU
XBP1#2 CAACUUGGACCCAGUCAUGUU

Supplementary Table 2. RT-qPCR primer sequences

UPL
Gene probe Sequence
number
RPLPO s 5'-TCCCACTTGCTGAAAAGGTC-3'
(Reference) 5'-AGCAGGAGCAGCTGTGGT-3'
YWHAZ , 5'-GCAATTACTGAGAGACAACTTGACA-3'
(Reference) 5'-TGGAAGGCCGGTTAATTTT-3'
TBP . 5'-GAACATCATGGATCAGAACAACA-3'
(Reference) 5-ATAGGGATTCCGGGAGTCAT-3'
5-GTGGCTCTGTGGCTTTTCTC-3'
ABCCS8 78
5'-AGACCCTCATGAACCGACAG-3'
5'-GTAGGAGAGGGCCACAAGG-3'
AGR2 47
5'-GGTGGGTGAGGAAATCCAG-3'
2GRS y 5'-AGGCTCATATGTGTACAATCTGTTAGA-3'
5'-TGGGCAATATGTGCCTAGAA-3'
5'-CTGCAAGATGCCACTGGTC-3'
ANXA9 39
5'-TGCCTGGCAGTCTACAAACA-3'
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5-GTCGCTATGGGCTCACTGTT-3'

APBB2 27
5'-GCAATGGTGCAGGAAATAGG-3'
AR 14 5-GCCTTGCTCTCTAGCCTCAA-3'
5-GTCGTCCACGTGTAAGTTGC-3'
5'-CCAGCCTCCTAACCCAAAG-3'
C170rf28 1
5'-AGCCTGGCCACACCTTTT-3'
5'-GCCCAGTATGAAGGCTTGAA-3'
C90rf152 10
5'-CAGGAGCAGGTGTGTTTCCT-3'
CA12 11 5-GCTCCTGCTGGTGATCTTAAA-3'
5'-CCAAAATAAGTCCACTTGGAACC-3'
5-TCACGTTCAAGCCTAGCATC-3'
CCDC170 10
5'-GAGAAAAGCAGCTGGCAGAC-3'
5-TTGATGGCCGGGTACTTG-3'
DEGS2 28
5'-GCGACTTCGAGTGGGTCTAC-3'
5'-TTACTGACCAACCTGGCAGA-3'
ESR1 24
5'-ATCATGGAGGGTCAAATCCA-3'
5'-ACCCTGCCGTCACTGAGTA-3'
FBP1 6
5'-GCCCCATAAGGAGCTGAAT-3'
5'-ATCATTGCCATCGTGTGCTT-3'
FOXA1 47
5'-CACCATGTCCAACTGTGGAA-3'
5'-TCCAAGACTTGAAAATCGGAAT-3'
FSIP1 2
5-CGTTGCTCTTTGGTGTTCCT-3'
5-ACTACGGAAACTCGGTCAGG-3'
GATA3 36
5'-GGTAGGGATCCATGAAGCAG-3'
5'-AAGAAACCGGATGGCAGTC-3'
GPR77 25
5-CAGTGTGTGGTGGACTACGG-3'
5'-GGCCTCCTCCTCTACATCG-3'
MLPH 67
5-GGGCGTCTTCTGAGAGTCA-3'
5'-CCTGTTAAGCCCGAGCAG-3'
PRR15 89
5-CCCTTTCTCCACGTGGTCT-3'
5'-CGACTTCAAGAGTATCCTGCCTA-3'
RAB17 77
5'-CAGCTGTGTCCCAGATCTCA-3'
5-TGTGTCATTACAGCAAGCAGAA-3'
RABEP1 88
5-TTAATACCAACTCCCGCAGTG-3'
RMND1 5 5-GCGCTTCCTTCTTCTCTTCC-3'
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5-CTTCGGCACTGATGTGCTT-3'
5-AGCCCAAGTCCTTAAGGTGAG-3'
SIDT1 71
5'-CCATACTAAAAGACTGGTAACAGCAG-3'
5-GCTGGGGTCTACATCTTCATTC-3'
SLC16A6 20
5-TTTGGTCCACCAACAAACCT-3'
5'-CTCTGACCACAGGCTGAAGA-3'
SLC7A8 4
5'-CGCTGGAAGAAGCCTGATA-3'
5-CTCAGCTTGTCGTAGTTCATGG-3'
SPDEF 26
5-AGGTGGCTCAACAAGGAGAA-3'
5'-GAAAAGTGCACGGTATCTCTCA-3'
TBC1D9 37
5'-AAAAAGTGTCTGCTCTAAAACGTG-3'
5-ACCATGGAGACAAGGTGAT-3'
TFF1 66
5'-AAATTCACACTCCTCTTCTG-3'
5-TGGAGGTGCCTCAGAAGGT-3'
TFF3 4
5-GCTGCTGCTTTGACTCCAG-3'
5'-GCAGGAAGGACTTCATGAGAA-3'
THSD4 19
5-GAGCTCTCCTTGTGCCCTAGT-3'
5'-CCCTGGTTGCTGAAGAGG-3'
XBP1 62
5-TGGAGGGGTGACAACTGG-3'

Supplementary Table 3.

ChIP/FAIRE primer sequences

Probe
Gene number Sequence
TEE1 2 TCTTCTCCACGCCCTGTAAA
enhancer GACAGCTGCCAGGTACGG
TEE1 20 GACGACATGTGGTGAGGTCAT
promoter CCATGGGAAAGAGGGACTTT
TGCCAAGTATCTGCCCTGTT
XBP1 85
TCTGTGTGCTCAGCAAATGTT
GTCAGACAGCCGCGAGAT
SPDEF 81
AGCAAGGAGTGTATTTGTTCAGG
CAGCTCAGGACTCGCTTCAT
TFF3 79
AGAGCAGCTGTGCAAACAAC
AGR3 8 CCAGACTCGATTAGGCTGACA
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GGAGCCCAGAGAATGGAGA
GREB1- 4 GCCTGGGGATATTTGCTTCT
P3 AGCTCAACATCTGCTTGTATGC
GREB1- 26 GAGAGGGTGGTGACACTTGG
P4 CCGTGCCTACCACAAGGT
AGTTTCAGGCGGGATCAGT
CA12 65
CTCCTGGCAGAGTCAGAAGC
GGCCAGGTCACTCTGACATT
GPR77 51
AGCTGTGGGTAGCACAGGAC
GCAGAGATCAGTTGCAGGAA
ESR1 59
GGTCGGCCATCAAGTCTG
TCTTTGGTCTTATCCTCTTATCTTCC
ESR1 26
AGATAATGACATCGGAGACAGTACA
ESR1- s CTGCATTTCCTAATTTCATGGTC
promF AAAATCCGTTCTGAGTCGGTAG
AAGAAACTGCCAAACTGTCTCC
ESR1 31
AACACCAAATGCTGCCAAG
.. ; GGGCTAGTGTATCTTTCTGCTGAT
TTAAGAGCAAGCGTCCTTGG
ESR1- 2 GCTGTGCTCTTTTTCCAGGT
promA GGTGTGGAGGGTCATGGTC

Supplementary Table 4. sgRNA sequences used in this

study
Sequences

sgRNA-FOXA1#1 GATGTTAGGAACTGTGAAGA
sgRNA-FOXA1#2 GTAGTAGCTGTTCCAGTCGC
sgRNA-FOXA1#3 GAAGGGCATGAAACCAGCGAC
sgRNA-FOXA1#4 GTTCATGTTGCTGACCGGGA
sgRNA-FOXA1#5 GTTGGACGGCGCGTACGCCA
sgRNA-ctrl#1 GTAGCGAACGTGTCCGGCGT
sgRNA-ctrl#2 GACCGGAACGATCTCGCGTA
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Supplementary Table 5. Luminal gene signatures enriched in the luminal TCGA cluster

P-value | Q-value | Odds Name Type
8.40E-35 | 1.44E-32| 84.51 CHARAFE_BREAST_CANCER_LUMINAL_VS_BASAL_UP msigdb
3.98E-24 |2.39E-22| 44.44 |CHARAFE_BREAST_CANCER_LUMINAL_VS_MESENCHYMAL_UP| msigdb
4.21E-23 |2.19E-21| 78.02 SMID_BREAST_CANCER_LUMINAL_B_UP msigdb
6.79E-11 | 1.40E-09| 45.1 upegulated in the mature luminal microarrays
7.81E-11 |1.56E-09 | 44.26 LIM_MAMMARY_LUMINAL_MATURE_UP msigdb
5.33E-10 | 9.06E-09| 173.44 Breast_Muggerud06_27genes_LuminalvNonLuminal GeneSigDB
6.32E-10 |1.07E-08| 79.33 Breast Cancer Luminal A vs. Basal like - Sorlie et al., 2006 microarrays
9.16E-10 | 1.56E-08 | 74.15 Breast_Sorlie06_54genes_Luminal_v_Basal GeneSigDB
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Supplementary Table 6. Chromosomal locations and amplification status of the
ESR1 cluster genes in the TCGA dataset of breast tumours.

Gene name|Chromosome Gene start| Gene end [KaryotypeNUM_CASES_|% CASES_

(bp) (bp) band AMPLIFIED |AMPLIFIED
C1orf64 1 16004236 | 16008807 | p36.13 2 0.20%
ANXA9 1 150982017|150995634| g21.3 54 7%
FAM63A 1 150996086|151008375| g21.3 54 7%
DNALI1 1 37556919 | 37566857 | p34.3 5 0.60%
AFF3 2 99545419 (100142739| q11.2 2 0.20%
MLPH 2 237485428|237555318| q37.3 2 0.20%
RAB17 2 237574322|237601614| q37.3 2 0.20%
GPR160 3 170037929|170085403| q26.2 17 2.10%
SIDT1 3 113532296|113629578| q13.2 8 1%
APBB2 4 40810027 | 41216714 p13 5 0.60%
TBC1D9 4 140620765|140756120| q31.21 4 0.50%
CMBL 5 10275875 | 10308026 | p15.2 9 1.10%
ARMT1 6 151452258|151470101| q25.1 13 1.60%
RMND1 6 151404763|151452181| q25.1 14 1.70%
SLC44A4 6 31863192 | 31879046 | p21.33 2 0.20%
CCDC170 6 151494030(151621193| g25.1 16 1.90%
ESR1 6 151656691|152129619| q25.1 13 1.60%
SPDEF 6 34537802 | 34556333 | p21.31 5 0.60%
AGR2 7 16791811 | 16833433 | p21.1 8 1%
PRR15 7 29563811 | 29567295 | p14.3 6 0.70%
AGR3 7 16859405 | 16881987 | p21.1 8 1%
FBP1 9 94603133 | 94640249 | q22.32 3 0.40%
C9orf152 9 110190048|110208189| @g31.3 2 0.20%
GATA3-AS1 10 8050450 | 8053484 p14 15 1.80%
GATA3 10 8053604 | 8075198 p14 16 1.90%
ABCC8 11 17392885 | 17476845 | p15.1 7 0.80%
KCNJ11 11 17385859 | 17389331 p15.1 7 0.80%
DACH1 13 71437966 | 71867192 | q21.33 5 0.60%
DEGS2 14 100143957|100160163| g32.2 5 0.60%
SLC7A8 14 23125295 | 23183674 | q11.2 3 0.40%
FOXA1 14 37589984 | 37596059 | q21.1 10 1.20%
DRAIC 15 69463026 | 69571440 g23 5 0.60%
FSIP1 15 39600031 | 39782830 q14 4 0.50%
CT62 15 71110244 | 71115494 g23 5 0.60%
CA12 15 63321378 | 63382161 | q22.2 3 0.40%
THSD4 15 71096952 | 71783383 g23 5 0.60%
ARSG 17 68259182 | 68422731 | q24.2 56 7%
HID1 17 74950743 | 74973166 | q25.1 32 4%
RABEP1 17 5282265 | 5385812 p13.2 4 0.50%
SLC16A6 17 68267026 | 68291267 | q24.2 57 7%
C5AR2 19 47332147 | 47347327 | q13.32 1 0.10%
TFF1 21 42362282 | 42366594 | q22.3 4 0.50%
TFF3 21 42311667 | 42315651 | q22.3 4 0.50%
XBP1 22 28794555 | 28800597 | q12.1 4 0.50%
AR X 67544032 | 67730619 gq12 0 0%
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Chapter Three.
Histone Deacetylase Inhibitors as Regulators of
Luminal and Lactogenic Transcriptional Programs in

Luminal Breast Cancer Cells
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RATIONALE

Antiestrogen therapy has been effective in blocking the proliferative effects of estrogen
receptor alpha (ERa), but unfortunately about 50% of patients will relapse due to resistance.
Histone deacetylase inhibitors (HDACis) are a class of anticancer agents with anti-
proliferative activity in both solid and haematological tumours (283). Inhibition of HDAC
activity leads to histone hyperacetylation, causing chromatin opening, enhancing transcription
factor accessibility and promoting gene transcription. However, HDACis can also repress a
significant percentage of genes, due to changes in acetylation of other substrate proteins
including transcription factors. Importantly, HDACis have been shown to suppress expression
of ERa, abrogate 17p-estradiol (E2) signalling and induce differentiation and apoptosis in
several breast cancer cell lines (413). These properties have led to the use of these inhibitors
in clinical trials either as monotherapies or in combination with antiestrogens for treatment of
ERa-positive breast tumours (364). However, the mechanisms of antiproliferative actions of
HDAC:Is in breast cancer still require investigation, especially as it remains unclear how these
drugs impact transcriptional reprogramming and differentiation. Our hypothesis in this study
was that the shutdown of E2 signalling and antiproliferative/proapoptotic properties of
HDAC:s in breast cancer cells result in part from the induction of tumour cell differentiation by
modulated acetylation of one or several transcriptional regulators in ERa-positive breast
cancer cell lines. Our main goal has been to characterize the mechanisms of the ERa-
suppressive and antiproliferative effects of HDACis using genome-wide gene expression

profiling in breast cancer cells.
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ABSTRACT
Histone deacetylase inhibitors (HDACis) are a class of drugs with anti-tumourigenic activity in

several types of cancers. HDACis have been shown to suppress expression of the estrogen
receptor (ERa), which is overexpressed in two thirds of breast tumours. ERa, FOXA1 and
GATAZ, all luminal-lineage transcription factors (TFs), form a cross-regulatory network that
controls estrogen signalling and mammary gland development. Here, we report that HDACis
Trichostatin A (TSA) and suberoylanilide hydroxamic acid (SAHA) induce extensive
transcriptional reprogramming and abrogate expression of ERa, FOXA1 and GATAS3 in
several ERa-positive luminal breast cancer cell lines. Moreover, TF protein expression is also
suppressed by increased protein turnover, as revealed by cycloheximide and MG132
experiments. On the other hand, HDACi treatment induces expression of several markers of
lactogenic differentiation, including the SREBP-1-driven lipid/cholesterol biosynthesis
pathway, and reduces cell viability. Further, ERa, FOXA1 and GATA3 protein levels are
reduced during lactation in the mouse mammary gland. Finally, we find that HDACis increase
SREBP-1 acetylation, which stabilizes the protein by preventing its ubiquitination. Chemical
inhibition of the histone acetyltransferase p300 prevents induction of SREBP-1 as well as its
acetylation and leads to increased expression of cholesterol/lipid biosynthesis genes. It also
reverses the suppressive effects of HDACis on luminal TFs, suggesting that acetylation also
plays a role in their regulation. Collectively, our study suggests that treatment of ERa-positive
breast tumours by clinically relevant HDACis fully suppresses estrogen-mediated proliferation
and induces pathways characteristic of lactogenic differentiation via increased acetylation of

multiple protein substrates.
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INTRODUCTION

Breast cancer is a heterogeneous disease comprising several molecular subtypes as
revealed by transcriptome profiling studies. These are the ‘luminal’, ‘Her2+’, ‘basal-like’ and
‘claudin-low’. Luminal tumours express or overexpress the estrogen receptor (ERa) and are
targeted with antiestrogens. HER2-positive tumours harbour an amplification in the HER2-
encoding gene, ERBB2, and are targeted with Herceptin, a monoclonal antibody. The basal-
like and claudin-low tumours are ERa-negative and are treated with chemotherapy. In luminal
breast cancer, two luminal-specific TFs, GATA3 and FOXA1, play important roles in
controlling ERa expression and signalling and mammary gland development. Expression of
these TFs positively correlates with the luminal subtype of breast cancer and favourable
patient prognosis (140, 206, 414). GATAS3, a lineage-restricted member of the GATA family of
TFs, is an essential factor for mammary gland ductal branching and alveologenesis (108,
109). It functions concomitantly with ERa where it positively controls its expression and
modulates transcription of downstream E2 target genes (214). On the other hand, Forkhead
box protein A1 (FOXA1), a member of the forkhead family of winged-helix TFs, has
established roles in the development and differentiation of several organs including liver,
kidney, and pancreas (91, 415, 416). Importantly, FOXA1 is required for proper ductal
branching in the mammary gland, but unlike GATA3, is not needed for alveolar cell
differentiation (95). FOXA1 also acts upstream of ERa both in vivo and ex vivo, regulating the
transcription of the ESR1 gene (95) (see Chapter 2). FOXA1 can also regulate ERa function
as it is required for optimal expression of around 95% of E2-regulated genes and E2-induced
proliferation (167). However, while ERa, GATA3 and FOXA1 form a master co-regulatory
network in breast cancer cell lines and normal mammary epithelial cells, the mechanisms
underlying their tightly-controlled expression remain largely unexplored.

Targeting the epigenome for cancer therapy has gained considerable momentum over
the past decade, especially as there is a growing body of evidence that chromatin-modifying
enzymes are frequently mutated in cancer (417). These enzymes act in concert and could be
grouped into three distinct categories that grant the epigenome its plasticity: writers, readers
and erasers. Writers modify histones and DNA. Readers recognize and interpret these
modifications; erasers remove them, ultimately resulting in transcriptional changes. Several
drugs that target enzymes in these three categories are either currently being assessed in
clinical trials or are being used in the clinic. For instance, the DNA methyltransferase inhibitor

Decitabine has been approved by the European Medicines Agency (EMA) for treatment of
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Acute Myeloid Leukemia. In addition, inhibitors of bromodomain-containing proteins that
recognize acetylated residues are in Phase | and Il clinical trials for treatment of
haematological cancers (322). Histone deacetylase inhibitors (HDACis) were originally
identified as compounds that induce differentiation in erythroleukemic cell lines (311, 324),
and today, three of them are used in the clinic for treatment of peripheral/cutaneous T-cell
lymphoma: suberoylanilide hydroxamic acid (SAHA; Vorinostat), Romidepsin, and Belinostat
(322). Surprisingly, given that HDACis readily increase overall levels of histone acetylation,
their effects on transcription appear to be gene-specific and lead to activation as well as
repression of gene expression (333). The identity of genes regulated by HDACis suggests
pleiotropic effects on pathways that control proliferation, apoptosis, tumour angiogenesis and
immunology, as well as tumour cell differentiation (283, 418, 419). In addition, HDACs can
modulate the acetylation of several non-histone substrates including proteins involved in
chromatin remodelling, cell cycle regulation, splicing, nuclear transport, and actin nucleation
(420). Recent efforts have aimed to further elucidate the mechanisms of action of these
drugs, especially as their anticancer activities have been extended to solid cancers, including
breast, endometrial and ovarian cancers, where they promote cell differentiation (328, 329,
331). Preclinical studies in breast cancer have found that HDACis have broad-spectrum
growth-inhibitory effects where they induce a G1-phase cell cycle arrest via downregulation of
cyclin D1 and upregulation of p21VAFVCP1 (342, 421, 422). Additionally, treatment of ERa-
negative breast cancer cells with HDACis was reported to relieve epigenetic silencing of the
ESR1 gene (gene encoding ERa) and restore sensitivity to antiestrogens (359, 360, 423,
424). Previous results from our lab and others have shown that HDACis block expression of
ERa both transcriptionally and post-transcriptionally in ERa-positive breast cancer cells (349,
350, 353, 355, 356). These findings subsequently lead to a phase Il clinical trial where clinical
benefit was observed in 40% of ERa-positive metastatic breast cancer patients following
combined treatment with SAHA and tamoxifen (364).

The molecular mechanisms by which HDACis reprogram breast cancer cells and
regulate their differentiation remain unclear. Here, we report that HDACis cause extensive
transcriptional reprogramming of MCF-7 breast cancer cells, suppressing expression of
luminal TFs ERa, FOXA1 and GATA3 through both transcriptional and post-transcriptional
mechanisms. In addition, we show that HDACis induce expression of genes that are
upregulated during lactogenic differentiation in the human breast, including SREBF1, a

master TF that controls expression of cholesterol and lipid biosynthesis genes. Consistent
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with our observations in HDACi-treated breast cancer cells, we find that expression of ERa,
FOXA1 and GATAS is reduced during lactation in the normal mouse mammary gland. Finally,
we identify a role of acetyltransferases p300/CBP in HDACi-mediated suppression of luminal
TFs and in stabilizing SREBP-1 protein levels via increased acetylation. Together, these
results demonstrate mechanistically how HDACIis can transcriptionally reprogram luminal

breast cancer cells towards a lactogenic differentiation state that is marked by loss of
expression of luminal TFs.
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MATERIAL AND METHODS

Cell culture and reagents

All cell lines used in this study were purchased from ATCC. MCF-7 breast cancer cells were
maintained in a-Minimal Eagle’s Medium (a-MEM; Wisent) supplemented with 10% fetal
bovine serum (FBS; Sigma), 1% penicillin/streptomycin (Wisent) and 1% L-glutamine
(Wisent). T-47D and ZR-75-1 breast cancer cell lines were maintained in RPMI 1640 (Wisent)
supplemented with 10% FBS, 1% penicillin/streptomycin, 1% L-glutamine, 10mM HEPES
(Sigma), and 1% sodium pyruvate (wisent). All cell lines were kept in a humidified 37°C
incubator with 5% CO,. Prior to HDACI treatment, all cells were cultured in DMEM without
phenol red supplemented with 2% L-glutamine, 1% penicillin/streptomycin, and 10%
charcoal-dextran treated FBS (FBST) for 72 h. Cells were then starved in DMEM without
phenol red supplemented with 2% L-glutamine, 1% penicillin/streptomycin, and 0.5% FBST
for 16 h before being treated with the desired compounds. TSA, SAHA, MS-275 and C646
were all purchased from Sigma and dissolved in DMSO at 10mM each and stored in dark at -
20°C. The mother stock solution was then diluted to the desired working stock concentration
in DMSO. Following treatment, cells were washed twice with ice-cold phosphate buffered

saline (PBS) and harvested for subsequent protein and RNA extractions.

RNA Extractions, Reverse Transcription and Real-Time Quantitative PCR

Total RNA was extracted using the TRIzol reagent according to the manufacturer’s protocol
(Invitrogen). 2 pyg of RNA were reverse transcribed to cDNA following specifications of the
RevertAid H first minus strand cDNA synthesis kit (Thermo Fisher Scientific) using
oligo(dT)18 primers. cDNA was subsequently diluted one in ten and expression levels of
target genes were assessed by real-time quantitative PCR (RT-qPCR) using the Universal
ProbeLibrary system (Roche). YWHAZ and RPLPO were used as reference genes. mRNA

-AAC
levels were determined using the 2 Al T (RQ) method (425). First, ACt is calculated by

determining the difference between the C+ values of the target gene and the reference genes.
AACT is then calculated as the difference between ACt of each condition and that of the
calibrator control. RQ<1 indicates repression and RQ>1 indicates induction. RT-qPCR primer

sequences of genes tested in this study are provided in Supplementary Table 1.
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Protein Extraction and Western Blot Analysis

Whole cell extracts were prepared using a total lysis buffer (50 mM Tris-HCI pH 7.4, 5.0 mM
EDTA, 150 mM NaCl, 0.5% Triton, 1.0% NP40. 2% SDS and freshly-added protease
inhibitors (PMSF at 10mM; leupeptin, pepstatin, and aprotinin at 1 ug/ml). Extracts were
homogenized by sonication and quantified using Lowry assay (BioRad). Equal amounts of
proteins (20-60ug) were electrophoresed on an 8-14% SDS-polyacrylamide gel. Proteins
were transferred onto polyvinylidene difluoride membranes (Millipore). Membranes were
blotted with a rabbit anti-ERa (1 in 1000; Clone 60C from Millipore), rabbit anti-FOXA1
(1:3000; ab23738 from Abcam), anti-GATA3 (1 in 3000; Clone 16E10A23 from BioLegend),
anti-SREBP-1 (1 in 1000; SC-13551), mouse monoclonal anti-B-actin (1 in 10000; Sigma).
HRP-conjugated anti-mouse and rabbit IgG were used as secondary antibodies (Cedarlane).
Immunodetection was performed using enhanced chemiluminescence (PerkinElmer Life and

Analytical Sciences) as per manufacturer’s instructions.

Microarray gene expression profiling

MCF-7 cells cultured in hormone-depleted medium were treated with E2 (25nM), TSA
(300nM) or E2+TSA for 24 h. RNA was extracted as mentioned earlier and purified using the
RNeasy MinElute Cleanup Kit (QlAgen). cRNA synthesis from total RNA, labelling and
hybridization to lllumina WG-6 expression microarrays were performed at the Genome
Quebec and McGill University Innovation Center using standard protocols
(http://www.genomequebec.mcgill.ca/). Three biological replicates per condition were
hybridized and analysed on 12 chips. Gene expression analysis was performed using the
lumi and limma Bioconductor packages (426, 427). Genes deemed significantly regulated
were those with 1.4-fold change between vehicle and treatments, average log2-expression
levels greater than 5 across all samples (A-value) and a p-value for moderated statistics
(428) smaller than 0.01. P-values were adjusted to control the false discovery rate with the

Benjamini and Hochberg method (429).

RNA sequencing and analysis

MCF-7 cells cultured in hormone-depleted medium were treated with TSA (300nM), SAHA
(5uM), or MS-275 (5uM) for 8 h. RNA was extracted as previously mentioned. RNA purity
was assessed by nanodrop using 260/280 and 260/230 ratios. Quality of total RNA was

assessed with the BioAnalyzer Nano (Agilent) and all samples had a RIN above 9. Library
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preparation was done with the Truseq RNA stranded kit (lllumina). Libraries were quantified
by QuBit and BioAnalyzer. All libraries were diluted to 10 nM and normalized by gPCR using
the KAPA library quantification kit (KAPA; Cat no. KK4973). Libraries were pooled to
equimolar concentration. Sequencing was performed with the Illlumina Hiseq2000 using the
SBS v3 kit (200 cycles, paired-end). Around 60M paired-end PF reads was generated per
sample. Library preparation and sequencing was performed at the Institute for Research in
Immunology and Cancer's Genomics Platform (IRIC). The standard MUGQIC RNA-Seq
pipeline (version 2.1.1) was used. Briefly, reads were trimmed from the 3' end to have a
phred score of at least 30. lllumina sequencing adapters were removed from the reads, and
all reads were required to have a length of at least 32 bp. Trimming and clipping were
performed using Trimmomatic (430). The filtered reads were aligned to a reference genome.
The genome used in this analysis is Homo_sapiens assembly GRCh37. Each readset is
aligned using STAR (431). Then, all readset BAM files from the same sample are merged into
a single global BAM file using Picard. The differential gene expression analysis is done using
DESeq (432) and edgeR (433) Bioconductor packages and a nominal DESeq p-value is

generated using the Wald statistical test.

GO term enrichment analysis
GO term enrichment analysis in this chapter was performed using the PANTHER
classification system available at http://pantherdb.org/. The statistical test used to calculate p-

values is the binomial test (434).

Transcription factor binding site enrichment analysis (TFBS)

TFBS analysis was performed as described previously (435).

Immunohistochemistry

Mammary glands from C57BL/6 mice were formalin fixed and paraffin embedded at the IRIC
histology core facility. For staining, deparaffinization and antigen retrieval were performed
using a Discovery XT automatic stainer (Ventana Medical Systems) using protocols
recommended by the manufacturer. Primary antibodies used were directed against ERa (C-
60, Millipore Technologies, 1:50 dilution for 180 min at room temperature), FOXA1 (ab23738,
1:200 dilution for 60 min at room temperature) and GATA3 (Clone 16E10A23 from

BioLegend, 1:20 for 180 min at room temperature). Primary antibody incubation was followed
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by incubation with appropriate biotin conjugated secondary antibodies (1:100, Jackson
ImmunoResearch Laboratories). For staining, streptavidin-horseradish peroxidase, and 3,3
diaminobenzidine were used according to the manufacturer’s instructions (DABmap detection
Kit, Ventana Medical Systems). The sections were then counterstained with Gill hematoxylin
and a bluing reagent was applied for postcounterstaining. Sections were scanned at X40
maghnification using the C9600 NanoZoomer System (Hamamatsu Corporation, Bridgewater,
NJ, USA), which can adjust focus on any part of the slide. NDP Scan software (version

2.2.17) was used to visualize virtual slides and extract images.

Immunoprecipitation

MCF-7 cells were treated with TSA (300nM) or SAHA (5uM) or MS-275 (5uM) for 3 h and
collected on ice. For C646 acetylation experiments, MCF-7 cells were pre-treated with C646
(20pM), MG132 (10uM) or both for 3 h and then treated with vehicle or TSA (300nM) for 3 h.
DMSO served as the vehicle control for all treatments. Harvested cells were lysed in IP buffer
(50mM tris-HCI pH 7.5, 150mM NaCl, 5mM EDTA, and 0.1% NP40) for 10 minutes on ice.
The lysis buffer was supplemented with TSA (300nM) or SAHA (5uM) or MS-275 (5uM) to
prevent loss of acetylation during extraction steps. Protein lysates were subsequently
sonicated for 1 minute and quantified using the lowry method. 1 mg of protein lysates were
incubated with an anti-acetyl-lysine antibody (sc-32268, Santa Cruz) or mouse IgG
(ChromPure Mouse 1gG, Jackson laboratories) (9ug of antibody per 1mg of protein lysate)
overnight on a rotor at 4°C. The following day, beads were washed twice with PBS and
blocked with PBS containing 0.5% BSA for 10 minutes on a rotor at room temperature.
Blocked beads were then washed once with PBS and once with IP buffer and added to
immunoprecipitated protein lysates for 4 h on a rotor at 4°C. Beads were subsequently
centrifuged and washed six times with ice-cold IP buffer and proteins were eluted in 60pl of
2X Laemmli sample buffer. 60ug of input sample and 30ul of immunoprecipitated samples
were resolved by SDS-PAGE and immunoblotted for SREBP-1 (1 in 1000, sc-8984, Santa
Cruz) and histone H4 (ab10158, abcam).

DNA transfection
An electroporation strategy was used for DNA transfections in MCF-7 cells. Five million cells
were counted and resuspended in 200ul of culture media. A 40upg DNA mix was prepared

containing 6ug of plasmid DNA, 34 pg of salmon sperm DNA (Invitrogen) and 0.2M NaCl.
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PSG5-ESR1, pCMV6-XL5-FOXA1, pCMV6-XL5-GATA3, and pCMV6-XL5-EGFP plasmids
were used. pCMV6-XL5 empty vector was utilized as a negative control. The cell and DNA
mixture was then placed in a cuvette and pulsed using a Gene Pulser (Bio-Rad) at 250V and
a capacitance of 975uF. Electroporated cells were then washed with fresh medium and
allowed to adhere overnight. The following day, cells were treated with HDACis and RNA and

proteins were extracted for subsequent assays.

Proliferation assays

MCF-7 cells were seeded at a density of 2000 cells per well in 96-well plates. The next day,
cells were incubated with media containing the alamarBlue® reagent (1:50 dilution,
Invitrogen) for 3 h at 37°C and absorbance was read at 590nm. Afterwards, cells were treated
for 3 consecutive 72 h with 1:2 serial dilutions of a starting concentration of 20uM of TSA,

SAHA or MS-275. AlamarBlue® absorption signal was measured at the end of the assay.
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RESULTS

HDACis suppress estrogenic signalling including activation of proliferative
target genes in MCF-7 breast cancer cells

Previous results from our lab have shown that HDACis Trichostatin A (TSA), a pan-specific
hydroxamic acid, and sodium butyrate inhibit E2-mediated transcriptional activation of an
ERE-driven luciferase reporter in Ishikawa endometrial cancer cells (349). Suppression of E2-
mediated proliferation and signalling by HDACis has also been reported in MCF-7 cells (342,
350). These findings prompted us to examine the impact of HDACis on E2 signalling in a
genome-wide manner. Hormone-depleted MCF-7 cells were treated with E2 (25nM), TSA
(300nM), or E2+TSA for 24 h and gene expression profiles were assessed by lllumina WG-6
expression microarrays (Figure 1). A fold change (FC) of 1.4 and p<0.01 were chosen to
select significantly regulated genes. Regulation by E2 treatment was biased towards
activation (369 genes UP and 179 DOWN), whereas that of TSA (2478 UP, 2359 DOWN)
and E2+TSA (2483 UP, 2387 DOWN) was equally distributed between up- and
downregulation (Figure 1A). The greater number of regulated genes by TSA can be
explained by the pleiotropic effects HDACis have on global histone acetylation. Strikingly, the
majority of E2-induced genes were either not significantly regulated (231/369, grey dots) or
repressed (59/369, green dots) following co-treatment with TSA (Figure 1B), suggesting
shutdown of E2 signalling. The remaining 79 genes that were induced by both E2 and
E2+TSA (orange dots in Figure 1B) were also induced by TSA treatment alone (Figure 1A).
Conversely, the majority of E2-repressed genes were also repressed by TSA or E2+TSA
(Figure 1A and 1B). Plotting the folds of gene regulation in the presence of TSA vs E2+TSA
revealed a near-perfect correlation (Figure 1C), indeed corresponding to an almost complete
suppression of the impact of E2 on gene transcription. This result was not surprising given
previous findings of suppression of ERa expression by HDACis (349, 350, 353, 355, 356),
which we confirmed as shown in Figure 1D. TSA-mediated suppression of E2 regulation of
two E2-target genes, GREB1 and XBP1, was also confirmed by RT-qPCR (Figure 1E).
Lastly, given the antiproliferative nature of HDACis, we examined the impact of TSA on E2-
mediated induction of a cluster of 99 cell cycle genes (366). As expected, the vast majority of
these genes (81/99), induced by E2 alone, were not significantly regulated following E2+TSA
treatment (Figure 1F). Collectively, these results indicate that HDACis can efficiently

suppress the E2-dependent response in MCF-7 cells including proliferation genes.
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HDACis induce transcriptional reprogramming of MCF-7 breast cancer cells

To explore the molecular basis underlying the gene regulation properties of HDACis in breast
cancer cells, we sequenced the transcriptomes of luminal ERa-positive MCF-7 cells following
treatment with one of three different HDACis: TSA (300 nM), SAHA (5 uM), or MS-275 (5 uM)
for 8 h in hormone-depleted media. Like TSA, SAHA also belongs to the hydroxamic acid
class of HDACis and is pan-specific targeting class | (HDAC1, 2, 3 and 8), Il (HDACA4, 5, 6, 7,
9 and 10) and IV (HDAC11) HDACs. MS-275, on the other hand, is a benzamide and
preferentially inhibits HDAC1 and 3 (436). About the same numbers of genes were up- or
downregulated (compared to vehicle control; FC>1.4 or <-1.4 and p<0.01) in all three
datasets (TSA: 3873 UP and 3924 DOWN genes; SAHA: 3514 UP and 3592 DOWN; MS-
275: 3926 UP and 3878 DOWN) (Figure 2A), consistent with previous HDACi gene
expression profiling studies (333, 437, 438). Notably, up to 18% of genes regulated by
HDACIis were TFs with experimentally validated DNA-binding capacities (439) (TSA: 465 UP,
930 DOWN; SAHA: 422 UP, 844 DOWN; MS-275: 442 UP, 880 DOWN) (Figure 2A), the
majority of these TFs being repressed by HDACi treatment.

Genes significantly regulated by TSA were selected and their folds of regulation were
plotted against those in the SAHA condition (Figure 2B). This revealed a high correlation
between regulation by both drugs (r=0.96 for all genes; r=0.93 and r=0.79 for upregulated and
downregulated genes, respectively) (Figure 2B), as expected given the congruence of their
HDAC targets. Of note, a large proportion of upregulated genes were highly induced by both
drugs (10-1000 fold), suggestive of derepression of silenced genes. Indeed, examination of
the top 100 induced genes by TSA/SAHA reveals their lack of expression in the vehicle
condition (Supplementary Figure 1). However, examination of regulation by MS-275
treatment of TSA/SAHA commonly regulated genes (3082 UP and 3268 DOWN), or
conversely, by TSA/SAHA of MS-275-regulated genes, revealed a lower degree of similarity
between these two classes of HDACis, and identified four categories of genes significantly
regulated by all three drugs (Figure 2C): (i) genes regulated in the same direction by
TSA/SAHA and MS-275 (1024 UP and 1147 DOWN, representing about 33% and 35% of
TSA/SAHA regulated genes, respectively; red and light blue dots in Figure 2C); (ii) genes
regulated in opposite directions by TSA/SAHA and MS-275 (544 genes UP with TSA/SAHA
and DOWN with MS-275, representing 31.5% of the TSA/SAHA UP genes; 364 genes
DOWN by TSA/SAHA and UP by MS-275, representing 42.5% of TSA/SAHA DOWN genes;
purple and yellow dots in Figure 2C) (iii) genes uniquely regulated by TSA/SAHA (972 UP
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and 1394 DOWN; dark blue dots in Figure 2C); (iv) genes uniquely regulated by MS-275
(638 UP and 1619 DOWN, representing almost 16% and 42% of UP and DOWN genes
regulated by this drug, respectively; green dots in Figure 2C). Together, these results
indicate that while the two classes of drugs share common target enzymes and genes, they
also exert unique and divergent regulatory effects on gene expression.

Next, we performed GO term enrichment analysis to identify biological processes
over-represented in our datasets (440, 441). The top 20 GO terms are presented in Figure
2D and 2E for TSA/SAHA and MS-275-responsive genes, respectively. Processes
overrepresented in the TSA/SAHA upregulated genes included cilium organization (fold
enrichment=2.26, p=6.73E-10) and assembly (fold enrichment=2.3, p=5.09E-10),
cytoskeleton-related processes such as membrane docking (fold enrichment=2.58, p=1.37E-
06) and microtubule-based protein transport (fold enrichment=3.41, p=5.94E-03) (Figure 2D).
This result is in line with previous reports highlighting the role of TSA and HDACG6-specific
inhibitors, tubacin and tubastatin A, in preventing ciliary disassembly by promoting tubulin
acetylation (442, 443). In addition, we found that multiple downstream effector proteins of
smoothened signalling were upregulated by TSA and SAHA (PTCH1, SUFU, GLI1;
smoothened signalling: fold enrichment=2.79, p=1.97E-02) (Supplementary Figure 2A).
Notably, these proteins have been shown to concentrate in primary cilia where hedgehog
signalling takes place (444-447).

Although a role of HDACIis in inducing lipid droplet formation has been reported in
breast cancer cells (331, 344, 448), the mechanism by which this happens is not known.
Interestingly, our results reveal that several metabolic processes including lipid (fold
enrichment=2.42, p=4.94E-05) and sterol biosynthesis (fold enrichment=3.16, p=9.16E-02)
were enriched in genes upregulated by TSA and SAHA but not MS-275. Upregulated genes
included ones involved in cholesterol biosynthesis such as mevalonate kinase (MVK),
lanosterol synthase (LSS), 3-hydroxy-3-methylglutaryl-Coenzyme A reductase (HMGCR),
farnesyl diphosphate farnesyl transferase 1 (FDFT1), as well as the master TF sterol
regulatory element-binding factor 1, SREBF1 (Supplementary Figure 2A). When
cholesterol/lipid levels are low, SREBP-1, which resides in the endoplasmic reticulum, is
cleaved and its active TF domain is translocated to the nucleus to activate transcription of
fatty acid and cholesterol biosynthesis enzymes (449).

Conversely, GO terms enriched in genes downregulated by TSA/SAHA (Figure 2D)

included genes involved in processes of transcription termination by RNA polymerase Il (fold
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enrichment=3.02, p=2.75E-03), mRNA 3’end processing (fold enrichment=2.8, p=8.07E-03),
RNA splicing (fold enrichment=2.48, p=4.28E-03) as well as translation (fold
enrichment=2.81, p=5.84E-08). Furthermore, we found enrichment of processes involving
chromatin remodelling as well as histone acetylation and methylation. Closer inspection of
genes involved with these processes uncovered repression of several chromatin remodellers
(CHRAC1, PBRM1, SMARCB1, SMARCD1, SMARCC1, SMARCD2, SMARCADI1,
SMARCC2, SMARCA4, RSF1, BPTF, SCMH1) and histone acetyltransferases (EP300,
CREBBP, JADE1-3, KAT2A, KATS5, KAT6B, KAT7, KATS8), and methyltransferases (SETD?,
SETDB1, SETD2, SETD1B, SETD1A, PRDM6, MECP2, ASH1L, KMT2D, NSD1, EZH1,
WHSC1 WHSC1L1, SUV420H1, EHMT1, EHMT2, PRMT2, PRMT6) (Supplementary Figure
2A), suggesting indirect mechanisms by which HDACis can activate or repress gene
transcription.

GO terms enriched in MS-275-upregulated genes included ones related to epithelial
cell differentiation (fold enrichment=2.65, p=4.37E-05) and development (fold
enrichment=2.16, p=1.56E-03), mesenchymal cell differentiation (fold enrichment=2.19,
p=4.52E-02), and mammary gland development (fold enrichment=2.52, p=3.92E-04) (Figure
2E). Genes related to epithelial cell differentiation included GRHL1 and 2, OVOL2, TP63,
PRLR, and LIF (see heatmap in Supplementary Figure 2B). Intriguingly, the angiogenesis
GO term was also enriched in MS-275 upregulated genes (fold enrichment=2.21, p=6.94E-
08) after 8 h of treatment. It will be essential to examine the sustainability of induction of
these genes following prolonged MS-275 treatment, especially as this inhibitor has been
shown to inhibit angiogenesis and metastasis in a breast cancer xenograft mouse model
(450). MS-275-downregulated genes were enriched in GO terms associated with nuclear
pore organization (fold enrichment= 4.92, p=3.66E-02), tRNA (fold enrichment=4.3, p=2.65E-
05) and mRNA export from the nucleus (fold enrichment=3.85, p=3.51E-17) as well as
regulation of transcription elongation by RNA polymerase Il (fold enrichment= 3.86, p=3.39E-
02) (Figure 2E and Supplementary Figure 2B). These data suggested that HDACs may
regulate the processes of transcription and translation by affecting mRNA and tRNA export to
the cytoplasm further emphasizing the extensive degree of transcriptional reprogramming as
a result of their inhibition.

Consistent with the antiproliferative properties of these inhibitors in MCF-7 cells
(Supplementary Figure 3A), Ingenuity Pathway Analysis (IPA) (451, 452) predicted an

increase in apoptosis (z-score=2.897, p=5.86E-12) and decrease in cell viability of tumour
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cells (z-score=-2.547, p=3.5E-12) by TSA and SAHA. Indeed, several anti-apoptotic (CFLAR,
BCL2, BCL2L1, XIAP) and pro-apoptotic (APAF1, CYCS AIFM1, BCL6 CASP9 and 10)
genes, were downregulated and upregulated, respectively. Furthermore, IPA predicted
activation of apoptosis by TSA/SAHA via inhibition of Remodeling and Spacing Factor 1
(RSF1) function (activation z-score= -2, p=1.55E-02) (Supplementary Table 2). RSF1
expression is inhibited by TSA/SAHA and this in turn is predicted to prevent expression of
anti-apoptotic RSF1 targets CFLAR, BCL2, BCL2L1, and XIAP (Supplementary Figure 3B)
(453). While RSF1 expression was also repressed by MS-275, its downstream anti-apoptotic
targets were not significantly regulated under these conditions, with the exception of BCL2,
which was increased. However, it is possible that prolonged treatment with MS-275 is
required to observe changes in expression of genes related to apoptosis. Transcriptional
regulators predicted to be commonly activated by TSA, SAHA and MS-275 included HIF1A
(activation z-score= 2.425, p=1.88E-05 for TSA/SAHA; activation z-score= 4.21, p=3.17E-07
for MS-275) and EGR1 (activation z-score= 2.019, p=5.57E-05 for TSA/SAHA; activation z-
score= 2.437, p=2.95E-03 for MS-275) (Supplementary Table 2 and 3). This is compatible
with previous reports that acetylation of both factors by p300 increases their protein stability
and transcription of their downstream target genes (454, 455).

Lastly, because HDACIs resulted in loss of expression of many TFs and chromatin-
modifying enzymes, we reasoned that screening regulatory sequences of HDACi-target genes
for enrichment in TF binding may provide insight into their mechanism of action. We
performed TF binding site (TFBS) enrichment analysis surveying the regulatory sequences
within 2.5 kb, 5 kb or 10 kb upstream or downstream of the transcription start site (TSS) of
HDACi-responsive genes (Supplementary Figure 4A and 4B). We found enrichment of
MAF1 (V_MAF_Q6, fold enrichment=1.556 at 2.5 kb), EGR3 (V_EGR3_01, fold
enrichment=1.553 at 2.5 kb), and ATF (V_ATF_01, fold enrichment=1.542 at 2.5 kb) binding
motifs in genes upregulated by TSA/SAHA whereas HOXA3 binding motifs (V_HOXA3_01,
fold enrichment=2.05 at 2.5 kb) were enriched in MS-275-upregulated genes. On the other
hand, YY1 (V_YY1_Q6_02, fold enrichment=2.78 at 10 kb) and SMAD binding motifs
(V_SMAD_Q6, fold enrichment=1.523 at 5 kb) were enriched in genes downregulated by
TSA/SAHA. Binding motif enrichment of YY1 (fold enrichment=2.064 at 2.5 kb) as well as
members of the ETS TF family (C-ets-1 (V_CETS1P54_01, fold enrichment=2.011 at 10 kb)
and ELK1 (V_ELK1_04, fold enrichment=1.817 at 10 kb)) was observed in genes

downregulated by MS-275. Interestingly, HDACIi treatment modulated expression of several of

124



these enriched TFs (Supplementary Figure 4C), which may contribute to transcriptional
reprogramming by these inhibitors. In addition, acetylation of members of the ATF, EGR,
SMAD and ETS protein families has been reported. Acetylation of ATF2, ATF4, ATF5 and
EGR1 can increase their transcriptional activity (455-458), consistent with enrichment of their
binding sites in genes upregulated by TSA/SAHA. Acetylation of SMAD2 and SMAD3 as well
as ETS1 and ETV1 has been reported to increase their transcriptional activity (459-462). This
is inconsistent with enrichment of their binding in downregulated genes, although it remains
unclear whether HDACis indeed modulate their acetylation in breast cancer cells. YY1, whose
binding sites were most enriched in HDACi-downregulated genes and is repressed by HDACi
treatment, can activate or repress transcription by recruiting HAT or HDAC activities (463,
464). Furthermore, p300-mediated acetylation of YY1 at its central glycine-lysine rich domain
is necessary for its transcriptional repressor function (465). PCAF can also acetylate YY1 at
its C-terminal zinc finger domain and this results in reduced binding to DNA (465). It remains
necessary to assess whether YY1 acetylation is modulated following HDACi treatment at early
time points when its expression is not yet altered and determine if expression of an

acetylation-defective mutant may impede HDACi-mediated repression of transcription.

HDACIs abolish expression of luminal TFs in breast cancer cells

Our transcriptome data revealed repression of several luminal-lineage TFs including ESR1,
FOXA1, and GATAS3 irrespective of hormonal supplementation (RNA-Seq in hormone-
depleted media and microarray analyses with or without E2 supplementation)
(Supplementary Figure 5A and 5B). Monitoring mRNA expression of these TFs at 1, 2, 3, 6,
8, 12, 16 and 24 h after treatment with HDACis in MCF-7 cells maintained in hormone-
depleted media (Figure 3A) revealed that GATA3 expression was repressed 2-fold or more
as early as 1 h of treatment with TSA or SAHA. FOXA1 relative mRNA levels were
downregulated at 2-3 h and this was followed by a similar decline in ESR1 mRNA levels at 3
h of treatment. Transcriptional repression by TSA and SAHA was maximal at 12 h of
treatment for FOXA1 and GATAS3, and 24 h for ESR1 (Figure 3A). MS-275, on the other
hand, exhibited slower kinetics for downregulation of ESR1, progressing from 6 to 24 h,
whereas GATA3 expression was transiently induced at 6 h and repressed at later time points,
and FOXA1 expression remained unaffected at all time points (Figure 3A). Lastly, rapid
transcriptional repression of SPDEF and XBP1, two TFs whose expression is strongly
associated with that of FOXA1, ESR1 and GATA3 (see Chapter 2), was also observed
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following treatment with TSA or SAHA with decreased expression as early as 1 h
(Supplementary Figure 6). Of note, MS275 displayed a different pattern of effects, with
transient induction of expression of XBP1 and SPDEF at 2-6 h, and weak repressive effects
at longer time points.

ERa, FOXA1 and GATAS3 protein levels were also repressed by TSA and SAHA
(Figure 3B). GATAS3 protein levels were markedly reduced between 6-24 h of treatment, and
a similar impact on ERa protein levels was observed with a slight delay. FOXA1 protein levels
were also repressed but less markedly and more transiently. Downregulation of ERa and
GATA3 by MS-275 was only observed at 24 h of treatment, and with only minor impact on
FOXA1 expression. We further extended our observations in MCF-7 cells to two other ERa-
positive breast cancer cell lines: T-47D and ZR-75-1, where we similarly observed HDACI-
mediated repression of these TFs at the RNA and protein levels at 16 h of treatment (Figure
3C and 3D). However, unlike MCF-7 cells, MS-275 treatment resulted in downregulation of
FOXA1 mRNA levels, albeit with no significant change in its protein levels at this time point. It
remains possible however that prolonged treatment is necessary to observe an impact of MS-
275 on FOXA1 expression.

SiRNA-mediated downregulation of FOXA1 in MCF-7 cells has been previously
reported to induce expression of basal markers and increase metastasis and invasion (212).
We therefore wondered whether HDACi treatment may affect expression of basal markers
given the downregulation of luminal TFs. Transcriptome profiling of breast cancer cell lines
has led to identification of two basal subtypes: basal A and B. Basal A cell lines are more
representative of basal-like tumours whereas basal B like the claudin-low subtype exhibit
characteristics of epithelial to mesenchymal transition (466). We examined the impact of
HDACi treatment on expression of the top 30 luminal, basal A and basal B markers
generated by the Neve et al. classifier (466) (Supplementary Figure 7). Genes
downregulated by TSA or SAHA were significantly enriched in luminal markers (fold
enrichment= 1.95 and 2.5, p<0.05, respectively) and basal A markers (fold enrichment= 2.32
and 1.95, p<0.05, respectively). Basal B markers were significantly enriched in genes both
up- and downregulated by TSA and SAHA. On the other hand, MS-275 overwhelmingly
resulted in significant enrichment of luminal, basal A and basal B markers in induced (fold
enrichment= 3.03, 3.03 and 3.57, p<0.05, respectively), but not repressed genes. These
results indicate that HDACis have a differential impact on expression of subtype markers, but

do not favour reprogramming towards one specific subtype.

126



HDACIis abolish expression of luminal TFs via both transcriptional and post-
transcriptional mechanisms

To explore the mechanism(s) of repression of ESR1, FOXA1 and GATA3, we addressed the
possibility that their downregulation may be the result of loss of one or several upstream
regulators. Although FOXA1 is a positive regulator of ESR1 and GATAS3 transcription, as well
as of XBP1 and SPDEF (see Chapter 2), the kinetics of its HDACi-mediated loss at the
protein level (Figure 3B) do not support the hypothesis that its reduction triggers HDACi-
mediated downregulation of ERa and GATA3. However, it remains possible that loss of
FOXA1 expression may contribute to sustained repression of ERa and GATA3 expression at
later time points. To examine this possibility, we ectopically expressed each of these TFs
individually in MCF-7 cells in the presence or absence of TSA treatment (Supplementary
Figure 8). We found that overexpression of FOXA1 did not alleviate transcriptional repression
by TSA, nor did it restore protein levels of ERa or GATA3 (Supplementary Figure 8A and
8B). Notably, overexpression of GATA3 or ERa did not prevent TSA-mediated repression of
FOXA1 mRNA or protein levels.

To further dissect the mechanisms underlying repression of luminal TFs, we asked
whether de novo protein synthesis is necessary for their HDACi-mediated repression at the
RNA and/or protein levels. MCF-7 cells were pre-treated with cycloheximide, a translation
elongation inhibitor, for 1 h and then treated with TSA, SAHA or MS-275 for 16 h.
Interestingly, cycloheximide alleviated repression of ERa protein expression by TSA, SAHA
and MS-275 (Figure 4A). While protein levels of FOXA1 and GATA3 were already reduced
with cycloheximide treatment alone, we did not observe any further reduction in their protein
levels following HDACi co-treatment (Figure 4A). Intriguingly however, we found that mRNA
levels of ESR1, FOXA1 and GATA3 were still reduced following co-treatment with
cycloheximide (Figure 4B). These results indicate that HDACi-mediated repression of protein
expression of these TFs is cycloheximide-sensitive, whereas their transcriptional repression is
not, suggesting different underlying mechanisms.

It was previously reported that SAHA enhances ERa ubiquitination and degradation
through the proteasome via CHIP (encoded by STUBT), an E3 ubiquitin ligase (355). We
therefore assessed whether HDACis regulate FOXA1 and GATA3 expression similarly
through the proteasome pathway. Indeed, co-treatment with MG132, a proteasome inhibitor,
prevented the repressive actions of TSA, SAHA and MS-275 and stabilized ERa, FOXA1 and

127



GATAS protein levels (Figure 4C). Together with the cycloheximide experiment, these data
suggest that HDACis may target luminal TFs for degradation by the proteasome through
inducing expression of one or several effector protein(s). While the identity of such proteins
remains to be determined by mapping global changes in protein expression in the presence
or absence of cycloheximide and HDACis, the possibility of ubiquitin ligases playing a role is
a plausible one. Indeed, our transcriptome sequencing revealed upregulation of several
genes encoding proteins involved in the ubiquitin-proteasome pathway by TSA and SAHA
(Figure 4D). This included ubiquitin ligases (STUB1, CBL, CCNB1IP1, MARCH?2, HERCS,
NEDDA4L, RNF41, RNF123, TNFAIP3, TRIM2, UBE4A, and USP20) as well as several
members of the F-Box protein family which together with SKP1 and Cullin form the SCF
ubiquitin ligase complex (FBX0O10, 36, 43, and FBXL18) (Figure 4D).

Collectively, these results indicated that HDACis can repress expression of luminal

TFs simultaneously through both transcriptional and post-transcriptional mechanisms.

HDACIis activate processes implicated in lactogenic differentiation in breast
cancer cells

HDACIis have been previously reported to induce specific lactogenic differentiation traits in
breast cancer cells, such as lipid droplet formation or induction of milk proteins (331, 343,
344). Milk produced in the mouse mammary gland is primarily composed of lipids (30%; 29%
of which are ftriglycerides), proteins (12%) and lactose (5%) (13, 467). The mammary gland
has the capacity to synthesize fatty acids (FAs) de novo, in addition to obtaining them through
maternal diet or mobilization of fat reserves. Consistent with these data, lactogenic
differentiation markers were shown to encompass genes involved in FA synthesis,
elongation, desaturation, uptake, and transport. Additionally, genes associated with
triglyceride synthesis, cholesterol synthesis, as well as formation of lipid droplets are also
regulated during lactation (468).

Our finding that lipid and sterol biosynthesis GO terms were enriched in genes
upregulated by TSA and SAHA in MCF-7 cells (Figure 2D and Supplementary Figure 2A)
prompted us to further examine the underlying transcriptional programs that govern this
HDACI regulation. Reanalysis of a previously published gene expression microarray dataset
by Mohammad et al. (468) identified genes that were differentially expressed at 72 h
postpartum (compared to 6 h postpartum, FC>1.4 or <-1.4 and p<0.05; n=7). Expectedly, GO

term analysis of upregulated genes identified enrichment of several metabolic processes that
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were also regulated by HDACIis (Supplementary Figure 9A and 9B). Acetyl-CoA
biosynthesis (fold enrichment=7.15, p=1.87E-03) was marked by induction of several
enzymes including ATP-citrate synthase (ACLY) and Acetyl-coenzyme A synthetase
(ACSS2), both of which can drive Acetyl-CoA synthesis through conversion of citrate or
acetate, respectively. This is additionally necessary for fatty acid synthesis as well as
oxidation of pyruvate for energy production by the tricarboxyllic acid (TCA) cycle, which was
also found enriched (TCA metabolism, fold enrichment=3.58, p=4.93E-02). Branched-chain
amino acid (BCAA) catabolism serves as a source of energy and can additionally contribute
to FA synthesis (fold enrichment=5.9, p=2.66E-04) (469). Genes involved in cholesterol
biosynthesis (fold enrichment=3.69, p=9.66E-03) were also upregulated during lactation. On
the other hand, several 40S and 60S ribosomal proteins as well as eukaryotic translation
initiation factor subunits were induced during lactation suggesting a potential elevation in
protein synthesis (cytoplasmic translation, fold enrichment=3.63, p=3.83E-03). Strikingly, the
majority of genes in each of these processes were also induced by TSA and SAHA treatment
(fold enrichment >2, p<0.05), with the exception of the cytoplasmic translation GO term,
which was largely unregulated (Supplementary Figure 9B).

GO terms analysis of downregulated genes at 72 h postpartum revealed enrichment
of interferon response processes, particularly ones associated with type | interferon IFN-
alpha, which had the highest fold of enrichment (response to interferon-alpha, fold
enrichment=6.16, p=1.13E-03) (Supplementary Figure 9C). Interestingly, several genes in
this GO term were also downregulated by TSA and/or SAHA (fold enrichment >2, p<0.05)
(Supplementary Figure 9D), including interferon-induced transmembrane proteins (IFITM1,
2 and 3), interferon-induced protein with tetratricopeptide repeats (IFIT2 and 3) and the 2'-5'-
oligoadenylate synthetase 1, OAST.

IPA identified sterol regulatory element-binding protein 1 (SREBP-1 encoded by
SREBF1) as the most activated TF by TSA and SAHA (z-score= 4.347, overlap p-value=
6.96E-03) based on the direction of regulation of its downstream target genes
(Supplementary Table 2). MS-275 treatment was also predicted to result in activation of
SREBP-1, although this was not statistically significant (z-score=1.98, overlap p-value= 1).
These data are consistent with an increase in SREBF1 expression by TSA, SAHA and MS-
275 (Lipid biosynthetic process, Supplementary Figure 2A). Similarly, SREBF1
expression was found increased during lactation and IPA predicted activation of this TF at 48

h (z-score=2.498, overlap p-value=1.14E-07), 72 h (z-score=2.802, overlap p-value=2.25E-
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10) and 7 days postpartum (z-score=2.967, overlap p-value= 4.88E-11) as previously
reported (468). Using IPA, we generated a list of 44 known SREBP-1 target genes whose
expression was regulated in a direction consistent with activation of SREBP-1 at 7 days
postpartum (38 UP and 6 DOWN), and examined how their expression changes in response
to HDACi treatment in MCF-7 cells (Figure 5A). Remarkably, we observed that many
SREBP-1 target genes induced during lactation were also significantly upregulated by TSA
(28 genes, fold enrichment=3.99, p-value=4.27E-13) and SAHA (26 genes, fold
enrichment=4.08, p-value=6.03E-12), and to a weaker degree by MS-275 (13 genes, fold
enrichment=1.83, p-vaue=0.017) (Figure 5A). Functions of overlapping genes included FA
activation (ACSS2, ACSL1, ACSL4), FA modification (ELOVL6), FA oxidation (EHHADH), FA
desaturation (SC5D), FA binding (DBI), triglyceride synthesis (LPIN1, GPAM), FA transport
(SCARBT1), as well as the cholesterol biosynthesis enzymes (DHCR7, FDFT1, FDPS,
HMGCR, HMGCSH1, IDI1, LSS, MVD, SQLE).

Next, we confirmed HDACi-mediated induction of expression of a panel of SREBP-1
target genes, including SREBF1, which positively autoregulates its own expression (470,
471), by RT-gPCRs in all MCF-7, T-47D and ZR-75-1 cells (Figure 5B). Induction of SREBP-
1 protein levels by HDACis was also confirmed in all three cell lines (Figure 5C). Because
acetylation has been reported to increase SREBP-1 protein stability by competing with
ubiquitination (294), we asked whether HDACis modulated acetylation of this TF. We
performed acetyl-lysine immunoprecipitations followed by SREBP-1 immunoblots in MCF-7
cells after 3 h of treatment with HDACis, when protein expression of this TF was not yet
induced, and indeed observed an increase in its acetylation (Figure 5D). This result indicated
that in addition to increasing mRNA expression of SREBF1, HDACis may also post-
transcriptionally increase expression of this TF by enhancing its acetylation.

Together, these findings suggest that the global changes in metabolism of mammary
epithelial cells during lactation, most notably activation of lipid and cholesterol biosynthesis,
can be partially recapitulated by hydroxamic acid HDACis, suggesting that these inhibitors

can propagate lactogenic differentiation signals in breast cancer cells.

Expression of FOXA1, ERa and GATAS3 is reduced during lactation in the
mouse mammary gland

Given the roles of ERa, FOXA1 and GATAS in ductal cell proliferation and mammary gland

duct development (80, 95, 108), we assessed whether their expression is suppressed during
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lactogenic differentiation of the mammary gland as well as upon HDACi treatment in cultured
cells. Expression levels of the corresponding proteins was assessed during different stages of
mouse mammary gland development: puberty (6 weeks of age), pregnancy (15 days
through:dP15), and lactation (dL5, 10, and 15) (Figure 6). As expected, in the pubertal
mammary gland of virgin mice, most luminal epithelial cells lining ducts showed positive
nuclear immunostaining for ERa, FOXA1 and GATA3. We note that a small fraction of luminal
ductal cells, however, stained negatively for these TFs. Strikingly, though, we found that
expression levels of ERa, FOXA1 and GATA3 are reduced in luminal cells at different time
points during pregnancy and lactation (Figure 6). Together, these results indicate that the
similitudes between phenotypes observed in HDACi-treated breast cancer cells and during
lactogenic differentiation in the normal mouse mammary gland extend to reduction of
expression of luminal TFs and suggest a potential role for HDAC proteins in the suppression

of lactogenic differentiation.

HDACis exert part of their actions through p300/CBP
HDACIi treatment is expected to increase protein acetylation via histone acetyltransferase
proteins, which belong to 5 main families, GNAT, MYST, p300/CBP, basal TFs, and steroid
receptor coactivators. Interestingly, several of these HATs were downregulated by HDACI
treatment in MCF-7 cells (Figure 7A). We focused our attention on p300/CBP as potential
candidates for mediating the changes observed by HDACi treatment for two reasons: (i)
p300/CBP act as cofactors of ERa allowing transcriptional activation of E2-target genes in
breast cancer cells (43, 44, 241), and (ii) a small molecule chemical inhibitor of p300/CBP
(C646) has been shown to reduce TSA-mediated histone H3 hyperacetylation (472). We
subjected MCF-7 cells to DMSO or C646 pre-treatment for 6 h followed by treatment with
HDACIis for 16 h and monitored expression levels of ESR1, FOXA1, GATA3 as well as
SREBF1 by RT-gPCR and immunoblots (Figure 7B and 7C). While C646 pre-treatment
alone resulted in downregulation of expression of all four TFs, it partially alleviated
transcriptional repression of ESR1 and GATA3 and reduced induction of SREBF1 transcript
upon co-treatment with HDACis (Figure 7B and 7C). Interestingly, repression of FOXA1
transcription by HDACis was still detectable with C646 pre-treatment, suggesting a lack of
requirement for p300/CBP in HDACi-mediated transcriptional repression of this TF.

C646 co-treatment also relieved repression of ERa and GATA3 protein expression by

HDACIis, whereas FOXA1 protein levels were strongly repressed irrespective of HDACI
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treatment with C646 co-treatment (Figure 7C). In addition, HDACi-mediated induction of
SREBP-1 protein expression was abrogated by C646 co-treatment (Figure 7C). Intriguingly,
these data suggested that p300/CBP act as positive regulators of expression of ERa and
GATA3, a mode of action that was counterintuitive to their seemingly inhibitory role in the
presence of HDACis. This result suggests that increased acetylation of protein substrates (1)
mediates the actions of HDACis and (2) has a different outcome on gene expression than
when acetylation is kept in a state of equilibrium.

Lastly, reduced expression of SREBF1 in the presence of C646 prompted us to
examine whether this was due to loss of acetylation of this TF, which normally stabilizes the
protein and prevents its degradation (294). Protein acetylation levels were monitored in the
absence or presence of C646 and/or MG132 to stabilize SREBP-1 protein expression
(Figure 7D). We found that C646 pre-treatment prevented TSA-mediated induction of
SREBP-1 acetylation in the presence of MG132 (Figure 7D). This result suggests that
HDACIs induce SREBF1 acetylation in a p300/CBP-dependent manner.
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DISCUSSION
HDACIis have been reported to alter gene expression patterns and inhibit cell proliferation in
breast cancer cells (342, 421, 422). Using gene expression microarrays, Reid et al. originally
reported that 88% of previously identified E2-upregulated genes are repressed by TSA or
valproic acid treatment in MCF-7 cells cultured in hormone-replete media (350). A
subsequent study revealed through GRO-seq and microarray analysis that HDACi-repressed
genes in HER2-positive breast cancer cells display higher RNA Pol Il pausing indices
resulting in a block in transcription elongation (473). Additionally, HDACi-repressed genes
were found to be associated with chromatin organization and transcriptional regulation
processes (473). The work presented herein complements previous studies in documenting
global suppression of E2 signalling by TSA in the context of combined treatment. Indeed, we
observed that the majority of E2 target genes lose E2 regulation in the presence of TSA,
consistent with downregulation of ERa expression. Our study additionally provides new
insights into the molecular basis of HDACi-mediated transcriptional reprogramming of ERa-
positive luminal breast cancer cells via comparative RNA-Seq analysis of the effects of three
different HDACis, i.e. TSA, SAHA and MS-275. In keeping with previous reports in different
cell types (333, 437, 438), we observed a balanced impact of all three inhibitors on the
numbers of genes activated or repressed. HDACis inhibit HDAC enzymes and therefore shift
the steady state balance toward elevated histone acetylation levels. This is proposed to
relieve compacted DNA, thereby enhancing TF accessibility and promoting gene
transcription. However, HDACi treatment also alters the expression of a large number of TFs
and chromatin-modifying factors. Our observation of loss of expression of several HATs at 8 h
after treatment with HDACis, suggested the existence of negative feed-back mechanisms
controlling protein acetylation. We note that HDACis have been previously reported to cause
reduced expression of several HAT proteins, including p300 and CBP, while simultaneously
resulting in H3K9/K14 deacetylation which correlates with transcriptional repression (474). As
expected, TSA and SAHA, two hydroxamic acid inhibitors, shared similar mechanisms of
action whereas MS-275 exerted divergent effects on gene regulation in MCF-7 cells, as
illustrated by differences in GO term enrichment and in TFBS enrichment in regulated genes.
While loss of expression of ERa was reported before (342, 349, 350, 353, 355, 356),
our transcriptome analysis revealed reduced expression of several luminal TFs, including
luminal master regulators GATA3, FOXA1, XBP1 and SPDEF (Chapter 2). Our finding that

de novo protein synthesis was not required for HDACi-mediated transcriptional repression of
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these TFs refutes the possibility of increased expression of (a) transcriptional repressor(s) by
HDACIis. It remains possible, however, that HDACis repress transcription of luminal TFs
through decreased expression of upstream transcriptional activators and/or modulation of
activity of upstream regulatory factors through changes in their acetylation. Epigenetic
regulation of the genes encoding these TFs by HDACis is a plausible hypothesis given our
previous findings that transcriptional repression of ESR7 was associated with a decrease in
histone acetylation at promoters A, B and C (349). In addition, our finding that expression of a
large number of histone acetyltransferases (EP300, CREBBP, KAT2A, KAT5, KAT6B, KAT7,
KAT8) and chromatin remodelling factors (SWI-SNF subunits: SMARCA4, SMARCAD1,
SMARCB1, SMARCC1, SMARCC2, SMARCD1, SMARCD2, SMARCET; ISWI complexes
BAZ1A, BAZ1B, CHRAC1, RSF1; INO80/SWR complexes: INO80, YY1) was suppressed by
HDACI treatment (Supplementary Figure 2A) is compatible with loss of expression of genes
dependent on activating signals for expression. In addition, links between HDACI treatment
and DNA methylation have been previously described. Global DNA methylation levels were
found reduced following HDACi treatment due to reduced expression/increased degradation
of DNMT1 (475, 476). Conversely, inhibition of H3K27 methylating enzymes EZH1/2 was
found to partially relieve transcriptional repression by HDACis (477). In our dataset, DNMT1
and DNMT3A were repressed upon treatment with all three HDACis, whereas TSA and SAHA
(but not MS-275 under our experimental conditions) induced expression of DNMT3B and
repressed EZH1. It remains to be determined whether histone/DNA methylation is altered at
the promoters of luminal TFs, and more globally, of HDACi-responsive genes in breast cancer
cells. Of note, expression of the insulator protein CTCF was repressed by all three inhibitors.
Although CTCF acetylation has not been reported, HDAC activity is recruited by CTCF and
contributes to its insulator function (478). Additional experiments are needed to examine
whether transcriptional repression by HDACis is mediated via inhibition of CTCF expression
and/or function.

Given the positive regulatory role of FOXA1 in ESR1 and GATA3 expression (chapter
2), we reasoned that its downregulation by HDACis may result in their decreased expression.
However, reduction of FOXA1 protein expression occurred only after reduction of ERa and
GATAS protein levels (Figure 3B). Furthermore, overexpression of FOXA1 did not restore
ERa or GATA3 mRNA or protein levels in the presence of HDACis (Supplementary Figure
8). While these results argued against this hypothesis, it remains possible that acetylation of

FOXA1 is altered by HDACi treatment at early time points when its expression is not yet
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affected, and this in turn would alter its binding to promoters of ESR1 and GATAS3. Indeed,
FOXA1 acetylation has been reported to reduce its binding to DNA as well as its capacity to
remodel chromatin (298). Because ERa, FOXA1 and GATA3 are co-expressed in luminal
breast cancer cells, and their HDACi-mediated transcriptional repression occurred
concomitantly, it remains possible that HDAC proteins regulate their expression through (a)
common upstream regulator(s) to be identified. Future shRNA/CRISPR-cas9 targeted or
genome-wide screens will be essential to identify regulators that mediate the repressive
effects of HDACis on expression of luminal TFs.

The rationale behind the use of epigenetic therapy for cancer treatment has been its
capacity to rewire cancer cells towards differentiation (322). Our finding that several
metabolic processes characteristic of lactation in the human mammary gland, including
SREBP-1-driven lipid and cholesterol biosynthesis, are also induced by HDACis suggested
that these inhibitors can induce features of lactogenic differentiation. It remains unclear
whether marked reduction of ERa, FOXA1 and GATAS3 protein on one hand and induction of
SREBP-1 on the other hand happen in parallel or are intricately connected. In the case of the
latter, is loss of expression of luminal TFs a prerequisite for initiation of lactogenic
differentiation, or is it a consequence? Using immunohistochemical analysis, Bernardo et al.
showed that expression of FOXA1 and ERa is reduced in alveoli of virgin, pregnant and
lactating mice (95). Importantly, conditional knockouts of FOXA7 in the mouse mammary
gland did not preclude its capacity to produce alveoli even though ductal invasion was
impaired (95). In fact, FOXA7 heterozygous null glands, which are consequently ERa"",
produced more alveoli, suggesting that FOXA1 might inhibit alveologenesis (95). Future
experiments will address the possibility that HDACis enrich for an alveolar lineage
subpopulation following treatment of breast cancer cells. It will also be important to examine
whether HDAC proteins are differentially expressed during different stages of mammary
gland development.

High expression of cholesterol biosynthesis enzymes has been shown to be
associated with poor prognosis in breast cancer (479, 480). In addition, a recent study has
shown that this pathway is upregulated in breast cancer cell lines resistant to E2-deprivation
therapy. These cells continue to proliferate through the actions of the oxysterols 25- and 27-
hydroxycholesterol, which have a steroid structure similar to that of E2 and can activate ERa
signalling (481). In the context of HDACI treatment, increased cholesterol synthesis is not

expected to increase proliferation as these inhibitors also repress expression of ERa, which is
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their main survival signal, and eventually undergo apoptosis. Additional phenotypic assays
are needed to confirm that breast cancer cells undergo lactogenic differentiation. Particularly,
a differentiation assay will be optimised whereby breast cancer cells are treated with a dose
low enough to allow the cells to survive for an extended period of time so that their
differentiation state can be examined. Moreover, to examine whether there is a link between
loss of luminal TFs and induction of lactogenic differentiation markers, we will overexpress
these factors together or in different combinations and determine whether that abrogates the
HDACi-mediated differentiation response.

While the impact of MS-275 on expression of SREBP-1-driven lipid/cholesterol genes
was weaker than that of TSA and SAHA at 8 h of treatment, this result indicated either the
implication of additional HDACs than HDAC1 and 3 in regulation of expression of
differentiation genes or the need for prolonged treatment with MS-275. We note that at the
drug concentrations used in this study, both TSA and SAHA fully inhibit HDAC1 and 3
activities, whereas activities of other HDACs are only partially affected, based on a previous
in vitro study (327). The finding that many genes are uniquely regulated by MS-275 but not
TSA or SAHA possibly suggests a different impact of inhibition of additional HDACs. Thus, it
will be interesting to examine expression of MS-275 unique genes using TSA and SAHA
concentrations at which only HDAC1 and 3 are inhibited. It is noteworthy that HDACI
selectivity ex vivo might differ from that reported in in vitro studies, which could explain
differences in gene regulation. Ultimately, it will be critical to investigate the contribution of
inhibition of each HDAC using shRNA or CRISPR-cas9 technology.

Lastly, because chemical inhibition of p300/CBP partially relieved HDACi-mediated
repression of ERa and GATAS3 and prevented increase of SREBP-1 acetylation, this indicated
that (1) additional HATs are potentially involved in regulation of luminal TFs, (2) modulated
acetylation of HDAC targets contributes to expression of luminal TFs and (3) p300/CBP
acetylates SREBP-1 to stabilize it thereby contributing to its lactogenic transcriptional
program. We propose a two-edged-sword mechanism whereby HDACis can regulate luminal
TFs at both the transcriptional and post-transcriptional levels partly through p300/CBP
activity. In the presence of HDACIis, the balance is shifted resulting in hyperacetylation
(Figure 8). This may involve (1) increased acetylation of an activator of luminal TF expression
that inhibits its function, (2) increased acetylation of a repressor of luminal TF expression that
activates its function, (3) increased expression of inhibitory miRNAs, (4) increased expression

of proteins that can regulate turn-over of luminal TFs such as ubiquitin ligases, and (5)
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decreased expression of upstream activators. On the other hand, in the presence of a
p300/CBP inhibitor alone, the balance is shifted resulting in hypoacetylation. This results in
repression of Iluminal TFs, potentially through deacetylation of their promoters.
Counterintuitively, concomitant inhibition of HDACs and p300/CBP does not result in further
repression of luminal TFs as one would expect, likely because under these conditions,
acetylation/deacetylation is in steady state.

The picture that emerges from this study highlights HDACs as regulators of luminal
TFs and lactogenic differentiation genes in breast cancer cells. Ultimate identification of
upstream regulators and perturbing their function will help determine whether they can
transcriptionally reprogram breast cancer cells from one subtype to another or alter their
differentiation state into a less tumourigenic phenotype. Identification of the mechanisms of
action of HDACis will also help determine whether ERa-positive breast tumours may benefit
from combining HDACis with hormonal treatment for a more effective suppression of estrogen

signalling and tumour growth.
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Figure 1. TSA suppresses E2 signalling in MCF-7 cells.

MCF-7 cells cultured in hormone-depleted media were treated with vehicle, E2 (25nM), TSA (300nM),
or E2+TSA for 24 hours.

(A) Microarray gene expression profiling was performed (N=3). Venn diagrams showing the overlap of
upregulated/downregulated genes (FC>1.4 or <-1.4 and p<0.01 compared to vehicle control) between
the E2 and TSA/E2+TSA datasets.

(B) Folds of gene regulation in the E2 condition (FC>1.4 or <-1.4 and p<0.01) were plotted against
folds of gene regulation in the E2+TSA condition. Six categories of genes can be identified: (i) Genes
upregulated by E2 and E2+TSA (orange dots, 79 genes), (ii) genes upregulated by E2 and
downregulated by E2+TSA (green dots, 59 genes), (iii) genes downregulated by E2 and upregulated
by E2+TSA (yellow dots, 15 genes), (iv) genes downregulated by E2 and E2+TSA (blue dots, 134
genes), (v) genes upregulated by E2 but not significantly regulated by E2+TSA (grey dots, 231 genes),
and (vi) genes downregulated by E2 but not significantly regulated by E2+TSA (black dots, 30 genes).
(C) Folds of gene regulation by TSA were plotted against folds of genes regulation by E2+TSA. A
correlation coefficient R? is calculated.

(D) Western analysis showing ERa protein levels (N=3). B-actin serves as a loading control.

(E) Relative mRNA levels of XBP1 and GREB1 were assessed by RT-gPCRs. Error bars represent
standard deviation of three technical replicates (N=1).

(F) Relative mRNA levels (microarray data) of 99 cell cycle/proliferation genes is shown as a heatmap.
All gene regulations with a FC>1.4 or <-1.4 are statistically significant (N=3, p<0.01 compared to
vehicle control using Fisher’'s exact test)
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Figure 2. Transcriptome profiling of HDACi-treated MCF-7 cells.

(A) Transcriptome profiles of MCF-7 cells treated with TSA (300nM), SAHA (5uM), or MS-275 (5uM)
for 8 h were assessed by RNA-Seq (N=2). Genes were considered significantly regulated (UP in red
and DOWN in blue) if they met a fold change cutoff of 1.4 (as compared to the vehicle control) and a q
value cutoff of 0.01. Broken pie chart slices represent numbers of regulated TFs across each dataset.
(B) Folds of gene regulation in the TSA condition (FC of 1.4, q<0.01) were plotted against folds of gene
regulation in the SAHA condition to assess the degree of similitude.

(C) Folds of regulation of TSA/SAHA responsive genes (FC of 1.4 and g<0.01 for both datasets) were
plotted against their folds of regulation by MS-275 (no cutoffs). Folds of regulation of MS-275-
responsive genes (FC of 1.4 and q<0.01) were also plotted against those by TSA/SAHA (no cutoffs) to
represent genes uniquely regulated by MS-275. This analysis reveals four different gene categories: (i)
Genes that are regulated in the same direction by TSA, SAHA and MS-275 (UP in red (1024) and
DOWN in light blue (1147)); (ii) Genes that are regulated in opposite directions by TSA/SAHA on one
hand and MS-275 on the other hand (UP TSA/SAHA and DOWN MS-275 in purple (544), DOWN
TSA/SAHA and UP MS-275 in orange (364)); (iii) genes that are uniquely significantly regulated by
TSA/SAHA are shown in dark blue (2366); (iv) genes that are uniquely significantly regulated by MS-
275 shown in green (2257).

GO term enrichment analysis for TSA/SAHA (D) and MS-275 (E) up- and downregulated genes was
performed. The top 20 enriched biological processes (fold enrichment >2) are shown on the y-axis vs
their —log p value on the x-axis.
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Figure 3. HDACIis repress expression of ERa, FOXA1 and GATA3 in luminal breast cancer cell
lines.

(A) MCF-7 cells were treated with vehicle (V), TSA (300nM), SAHA (5uM), or MS-275 (5uM) for 1, 2, 3,
6, 8, 12, 16, and 24 h. Relative mRNA levels of ESR1, FOXA1 and GATA3 were examined by RT-
gPCRs.

(B) MCF-7 protein lysates from the same experiment shown in (A) were probed for ERa, FOXA1 and
GATAS3 expression. Histone H4 acetylation served as a positive control for inhibition of HDAC activity.
B-actin serves as a loading control.

Relative mRNA and protein levels of ERa, FOXA1 and GATA3 were examined in T-47D (C) and ZR-
75-1 (D) cells treated with TSA (300nM), SAHA (5uM), or MS-275 (5uM) for 16 h.

Error bars represent standard deviation of three technical replicates (N=1).
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Figure 4. HDACi-mediated repression of ERa, FOXA1 and GATA3 is dependent on de novo
protein synthesis and degradation by the proteasome.

(A) MCF-7 cells were pre-treated with the de-novo protein synthesis inhibitor, cycloheximide (CHX; 10
pg/ml) or vehicle (DMSO) for one hour, then treated with vehicle, TSA (300nM), SAHA (5uM), or MS-
275 (5uM) for 16 hours. Protein levels of ERa, FOXA1 and GATA3 were assessed by western blots. -
actin serves as a loading control. The band corresponding to the correct molecular weight for the
probed protein is depicted by an asterisk (*).

(B) MCF-7 cells were pre-treated with cycloheximide (10 pg/ml) for one hour then treated with vehicle
or TSA (300nM) for 8 hours. Relative mRNA levels of ESR1, FOXA1 and GATA3 were examined by
RT-qPCRs. Error bars represent standard deviation of three technical replicates (N=1).

(C) MCF-7 cells were pre-treated with MG132 (10 uM) for three hours then treated with vehicle, TSA
(300nM), SAHA (5uM), or MS-275 (5uM) for 16 hours. Protein expression of ERa, FOXA1 and GATA3
was examined by western analysis.

(D) Relative mRNA levels of several ubiquitin-proteasome pathway enzymes were assessed using the
HDACIi-treated MCF-7 RNA-seq datasets (N=2, g<0.01).
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Figure 5. HDACis induce expression of the lactogenic differentiation marker SREBP-1 and its
downstream targets.

(A) Ingenuity pathway analysis reveals activation of the TF SREBP-1 at 48h, 72h, and 7 days
postpartum. Top row shows the direction of regulation of SREBP-1 targets that predict activation of this
TF. Relative expression levels of 44 SREBP-1 target genes are shown at indicated time points during
lactation and following HDACi treatment in MCF-7 cells (RNA-seq, N=2, g<0.01).

(B) Relative mRNA levels of a panel of SREBP-1 target genes were examined by RT-gPCRs in MCF-
7, T-47D and ZR-75 cells treated with vehicle, TSA (300nM), SAHA (5uM), or MS-275 (5uM) for 16
hours. Error bars represent standard deviation of three technical replicates (N=1).

(C) Protein levels of SREBP-1 were examined by western blots in MCF-7, T-47D and ZR-75-1 cells
treated with HDACis for 16 hours.

(D) MCF-7 cells were treated with the indicated HDACis for three hours. Cells lysates were
immunoprecipitated using an anti-acetyl-lysine (AcLys) antibody. The IP was then probed for SREBP-1
by immunoblotting. Histone H4 serves as a positive control for increased acetylation by HDACis.
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Figure 6. ERa, FOXA1 and GATA3 expression is reduced during lactation in the mouse
mammary gland.

ERa, FOXA1 and GATA3 immunohistochemical staining was performed in normal mouse mammary
glands during puberty (virgin), 15 days through pregnancy (dP15), and five and 10 days through
lactation (5dL, 10dL). Representative images are shown at 25um and 100pym magnifications (N=5).
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Figure 7. Chemical inhibition of p300/CBP partially alleviates HDACi-mediated actions.

(A) Relative mRNA levels (RNA-seq) of histone acetyltransferases belonging to different HAT families
following HDAC: treatment in MCF-7 cells (RNA-seq, N=2, q<0.01) .

MCF-7 cells were pretreated with the p300/CBP inhibitor C646 (20uM) or DMSO for 6 hours, then
treated with indicated HDACis for 16 hours. (B) Relative expression levels of ESR1, FOXA1, GATA3
and SREBF1 were assessed by RT-qPCRs (compared to vehicle control). Error bars represent
standard deviation of three technical replicates. One representative experiment is shown (N=2).

(C) Protein expression of ERa, FOXA1, GATA3 and SREBP-1 were examined by immunoblotting
(N=3).

(D) MCF-7 cells were pretreated with DMSO, C646 (20uM), MG132 (10uM) or C646+MG132 for 3
hours, then treated with vehicle or TSA (300nM) for 3 hours. Cells lysates were immunoprecipitated
using an anti-acetyl-lysine (AcLys) antibody then probed for SREBP-1 to assess its acetylation.
Histone H4 serves as a positive control for TSA-induced acetylation.
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Supplementary Figure 1. TSA/SAHA treatment results in transcriptional derepression.
TPMs of the top 100 TSA/SAHA induced genes in the presence of TSA treatment are plotted against
their respective TPMs in the vehicle control.
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Supplementary Figure 2. Enriched biological processes in HDACi-responsive genes reveal
extensive transcriptional reprogramming.

Enriched biological processes in (A) TSA/SAHA and (B) MS-275 significantly up and downregulated
genes are shown as heatmaps. Red denotes induction (FC>1.4) and blue denotes repression (FC<-
1.4). All regulations shown are statistically significant (RNA-seq, N=2, g<0.01).

155



Fluorescence
(arbitrary units)

Fluorescence

(arbitrary units)

Fluorescence
(arbitrary units)

15000

10000 1

5000 1

20000 1
15000 1
10000
5000 1
0 -

20000 1
15000 1
10000 +
5000 1
0 -

AIFM1

BCL6
CASP10
CASP9
CcYcs

BCL2
BCL2L1
CFLAR
RSF1
XIAP

a0
aE2

@30
BE2

@0
@E2

TSA
SAHA
MS-275

FC>1.4
FC<-1.4 TR /\(\ IAP _
LA~ -~ -7
A -1909 e / -2166
, /&,a'oos 66\/\ 2.39%:35 “Ts70 \/ s.sotl)z-sa
»zooe-zs
/ (1) /0(30 C/(54yliﬁ?eo7 (ﬁ Yoy |C00)
’ |

/// //“"\

>N~ \ \
zz~ \( SY
cell viability or cell lines apoptosis o@or cell lines organdeath

156



Supplementary Figure 3. HDACIis inhibit E2-dependent proliferation of MCF-7 cells.

(A) MCEF-7 cell proliferation was assessed by alamarBlue® assay following three consecutive 72-hour
treatments with TSA, SAHA, or MS-275 at the indicated concentrations in the presence or absence of
E2 (25nM).

(B) TSA and SAHA induce expression of pro-apoptotic genes (APAF1, CYCS AIFM1, BCL6 CASP9
and 70) and repress expression of anti-apoptotic genes (CFLAR, BCL2, BCL2L1, XIAP) (RNA-seq,
N=2, g<0.01). Ingenuity pathway analysis (IPA) of TSA/SAHA responsive genes predicts an increase
in apoptosis and a decrease in cell viability based on predicted inhibition of RSF1, which positively
regulates expression of anti-apoptotic genes.
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Supplementary Figure 5. HDACis repress expression of ESR1, FOXA1, and GATA3 in the
presence or absence of E2.

(A). MCF-7 cells cultured in hormone-depleted media were treated with E2 (25nM), TSA (300nM), or
E2+TSA for 24 h. Relative mRNA levels (compared to vehicle control; Log2FC) were assessed by
microarray profiling.

(B). MCF-7 cells cultured in hormone-depleted media were treated with TSA (300nM), SAHA (5uM) or
MS-275 (5uM) for 8 h. Relative mRNA levels (compared to vehicle control; Log2FC) were assessed by
RNA-seq.

Dotted lines mark the 1.4 fold change threshold (Log2FC=0.485).
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MCEF-7 cells were treated with vehicle (V), TSA (300nM), SAHA (5uM), or MS-275 (5uM) for 1, 2, 3, 6,
bars represent standard deviation of three technical replicates (N

Supplementary Figure 6. HDACis repress expression of luminal-lineage TFs SPDEF and XBP1.
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Supplementary Figure 7. Impact of HDACis on expression of basal and luminal markers.

The top 30 luminal, basal A and basal B markers were obtained from the Neve et al. breast cancer cell
line classifier. The impact of HDACi treatment on expression of these genes was determined using the
RNA-Seq HDACI datasets in MCF-7 cells. A fold enrichment is calculated as a ratio of the number of
observed vs expected genes regulated by HDACis. Fold enrichment >1 indicates over-representation.
Asterisks denote statistical significance, p<0.05, Fishers exact test.
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Supplementary Figure 8. Ectopic overexpression of FOXA1 does not prevent HDACi-mediated
repression of ERa and GATAS3.

MCF-7 cells were transiently transfected by electroporation with ERa, FOXA1 and GATA3 expression
plasmids (48 h). Transfection of an empty vector or GFP expression plasmid served as a negative
control. Electroporated cells were treated with vehicle or TSA (300nM) for the last 24 h of transfection.
(A) Relative mRNA levels of ESR1, FOXA1 and GATA3 were assessed by RT-gPCRs and compared
to the GFP-vehicle condition. Error bars represent standard deviation of three technical replicates
(N=1). (B) Protein lysates from the same experiments were probed for ERa, FOXA1 and GATA3
expression by western analysis. B-actin serves as a loading control.
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Supplementary Figure 9. Impact of HDACis on pathways enriched in genes significantly
regulated during lactation in the human mammary gland.

(A) GO term enrichment analysis of significantly upregulated (FC>1.4 and p<0.05) genes at 72 hours
postpartum (compared to 6 hours postpartum) was performed. The top 20 enriched biological
processes (fold enrichment >2) are shown on the y axis and plotted against their respective —log p
values (x-axis).

(B) Pathways enriched in significantly upregulated genes at 72 hours postpartum are shown. The
impact of HDACis on expression of genes in these pathways was examined using RNA-seq data of
HDACI-treated MCF-7 cells (RNA-seq, N=2, q<0.01).

(C) GO term enrichment analysis was performed on genes significantly downregulated (FC<-1.4 and
p<0.05) at 72 hours postpartum. Top 20 enriched biological processes are shown.

(D) The impact of HDACis on genes in the ‘response to interferon alpha’ process is shown.
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Supplementary Table 1. RT-qPCR oligo sequences and their corresponding UPL probe number

are shown.
Gene UPL probe number Sequence
5'-TCCCACTTGCTGAAAAGGTC-3'
RPLPO (reference gene) 74
5'-AGCAGGAGCAGCTGTGGT-3'
5'-GCAATTACTGAGAGACAACTTGACA-3'
YWHAZ (reference gene) 2
5-TGGAAGGCCGGTTAATTTT-3'
5'-TTACTGACCAACCTGGCAGA-3'
ESR1 24
5'-ATCATGGAGGGTCAAATCCA-3'
5-ATCATTGCCATCGTGTGCTT-3'
FOXA1 47
5'-CACCATGTCCAACTGTGGAA-3'
5'-ACTACGGAAACTCGGTCAGG-3'
GATA3 36
5'-GGTAGGGATCCATGAAGCAG-3'
5'-CTCAGCTTGTCGTAGTTCATGG-3'
SPDEF 26
5'-AGGTGGCTCAACAAGGAGAA-3'
5'-CCCTGGTTGCTGAAGAGG-3'
XBP1 62
5-TGGAGGGGTGACAACTGG-3'
YY1 10 5-GAGGTGATCCTGGTGCAGA-3
5-GATCCTCGAAGCCGTCCT-3
5-ATCTTCACTGCCCCTTTGAA-3’
FDFT1 27
5-TGTGTTTAACTTCTGTGCTATTCCA-3’
5-GTTCACCCCAGATACCATCAG-3’
HMGCS1 74
5-GCTAGGAATTCCCTTGGAAGA-3
SQLE 61 5-CACGACAAAGGAATGAGATGTT-3
5-TGATGATGCAGCTATTTTCGAG-3’
5-CGCTCCTCCATCAATGACA-3
SREBF1 77
5-TGCGCAAGACAGCAGATTTA-3’
5-AAGCACTTGCTACCTCTTGCTC-3
DDX58 13
5-ATGTGGGCAATGTCATCAAA-3’
IEIT1 9 5-GCTCCAGACTATCCTTGACCTG-3’
5-AGAACGGCTGCCTAATTTACAG-3’
(T2 o7 5-GTAGGCTGCTCTCCAAGGAA-3
5-TGGTGGCAGAAGAGGAAGAT-3
IFIT3 80 5-GCATTTCAGCTGTGGAAGG-3
5’-CAGAACTGCAGGGAAACAGC-3’
5-TCCAGTCCTCTTCTGCCTGT-3
OAS1 27
5-GTGAGCTCCTGGATTCTGCT-3
5-ATGAGCCCTGCATAAACCTC-3
OAS2 36
5-CCTGCCTTTAATGCACTGG-3
IFIH1 36 5-ATTTGGTAAGGCCTGAGCTG-3
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5-AGGCACCATGGGAAGTGAT-3’

5-AGGTATTCTCCCCGGTCTTG-3’

RSAD2 39

5-TGCTTTTGCTTAAGGAAGCTG-3

Supplementary Table 2. TSA/SAHA responsive genes were subjected to IPA analysis. Upstream
transcriptional regulators predicted to be activated or inhibited by TSA/SAHA treatment based
on the direction of regulation of their target genes as determined by IPA. Log2FC and p values
(<0.05) are shown for the TSA condition.

© 2000-2017 QIAGEN. All rights reserved.
Upstream Predicted o
Tranzcriptional Expr Log Activation A;l‘fg"ﬁg” p;)\:/z?;::;f
Regulator Ratio State
SREBF2 Activated 4.378 0.00451
SREBF1 2.446 Activated 4.347 0.00696
GMNN 1.544 Activated 2.646 0.00535
SOX1 Activated 2.502 0.0147
CREB1 Activated 2.46 0.0038
HIF1A Activated 2.425 0.0000188
SOX3 Activated 2.414 0.00275
XBP1 -1.914 Activated 2.329 0.014
TCF7L2 -0.583 Activated 2.29 0.00203
ATF4 Activated 2.279 0.000444
FOXO1 -0.897 Activated 219 0.0105
NFYA Activated 2.132 0.0225
EGR1 0.888 Activated 2.019 0.0000557
RSF1 -1.211 Inhibited -2 0.0155
STAG1 -1.775 Inhibited -2 0.027
SOX4 Inhibited -2.138 0.0332
HDAC5 Inhibited -2.206 0.0124
POUS5F1 2.582 Inhibited -2.95 0.000154
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Supplementary Table 3. Upstream transcriptional regulators predicted to be activated or
inhibited by MS-275 treatment based on the direction of regulation of their target genes as
determined by IPA.

© 2000-2017 QIAGEN. All rights reserved.
Upstream Predicted o
Tran%criptional E)g);tli‘o()g Activation A;l‘f:)t",gn p;)\(/a;::pof
Regulator State
SMARCA4 Activated 7.436 0.00781
CTNNB1 Activated 5.471 0.0098
EPAS1 1.326 Activated 4.609 0.0000224
STAT4 3.032 Activated 4.225 0.00428
HIF1A 0.553 Activated 4.21 0.000000317
FOXL2 Activated 3.993 0.00953
STAT3 -0.696 Activated 3.837 0.0195
SP1 -0.503 Activated 3.777 0.000264
CDKN2A Activated 3.698 0.0254
SMAD4 -0.588 Activated 3.652 0.00818
PAX7 Activated 3.615 0.0411
NFKBIA 1.368 Activated 3.587 0.00063
CREBBP -0.779 Activated 3.389 0.00109
EP300 -1.167 Activated 3.369 0.000233
HOXA9 Activated 3.328 0.00864
CEBPA Activated 3.285 0.0202
GLH 3.911 Activated 3.105 0.0153
ECSIT Activated 2.915 0.00962
EHF 5.798 Activated 2.844 0.0291
TP53 -1.893 Activated 2.564 1.33E-12
NUPR1 Activated 2.44 4.02E-08
EGR1 1.345 Activated 2.437 0.00295
ETS1 Activated 2.417 0.0229
ZBTB17 -0.625 Activated 2.4 0.00322
FOXO03 0.838 Activated 2.397 0.00172
ELF3 1.844 Activated 2.382 0.00766
TWIST1 Activated 2.273 0.0215
KLF6 0.523 Activated 2.098 0.028
ERG Activated 2.088 0.000796
TCF7L2 0.687 Activated 2.014 0.01
CLOCK Inhibited -2 0.000517
SOX2 Inhibited -2.063 0.0297
HLX Inhibited -2.079 0.0305
NFE2L2 Inhibited -2.1 0.0208
DACH1 Inhibited -2.284 0.0261
E2F1 Inhibited -2.294 0.000959
MYT1 Inhibited -2.333 0.0309
PRDM8 7.712 Inhibited -2.449 0.0308
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MEOX2 Inhibited -2.491 0.0341
GLIS2 Inhibited -2.525 0.0123
HSF2 Inhibited -2.54 0.0115
MYC Inhibited -2.559 0.0122

ZNF217 0.891 Inhibited -3.9 0.0128
XBP1 0.678 Inhibited -4.771 0.00214
CBX5 -0.804 Inhibited -6.856 0.000846
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Chapter Four.
Discussion and Perspectives
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The advent of next-generation sequencing has greatly increased our understanding of the
heterogeneity of breast cancer, a disease that remains the second leading cause of death in
women in Canada. This has led to the identification of gene signatures distinguishing several
molecular subtypes of breast cancer (139, 140). Luminal tumours represent about 70% of
breast cancers and they are characterized by ERa expression or overexpression, which
drives their proliferation. Identifying factors that act upstream of ERa can help determine
whether their targeting may be beneficial in patients who suffer from resistance to
antiestrogen therapy, especially as most distant metastases retain ERa expression (482).

The original finding by Sorlie et al. and Perou et al. that expression of ERa is strongly
correlated with that of FOXA1 and GATAS3 in luminal tumours led to a whole body of literature
on the biology of these TFs in breast tissue and how they can impact ERa function and
expression. Do FOXA1 and GATAS3 regulate ERa expression, which could explain why their
expression is positively correlated in tumour samples? Two knockout studies in the normal
mouse mammary gland revealed that both FOXA1 and GATAS are positive regulators of ERa
expression (95, 108). Studies in human breast cancer cell lines MCF-7 and T-47D, however,
have reported conflicting results. Bernardo et al. found that siRNA-mediated knockdown of
FOXA1 in MCF-7 cells reduced ERa expression (95), whereas Hurtado et al. found that it has
no effect (167). GATA3 has been shown to positively regulate expression of ERa in MCF-7
and T-47D cells (214), although a subsequent study found that it has no impact (244). While
these contrasting results may be explained by differences in cell culture or transfection
conditions, it remains important to document whether ERa is a FOXA1 and GATAS3 target
because this may dictate whether patients could benefit from therapy targeting FOXA1 and/or
GATAS. Interestingly, siRNA-mediated targeting of both FOXA1 and GATA3 has revealed
that they can impact ERa binding across the genome. 50% of ERa binding events overlap
with a FOXA1 binding event and depletion of FOXA1 was reported to reduce the signal
intensity at 90% of ERa binding sites (167). In addition, GATA3 depletion results in
redistribution of one third of ERa binding events (244) and 30% of ERa-bound sites are also
bound by FOXA1 and GATA3 (245). Thus, given their capacity to bind heterochromatin, the
current paradigm is that both FOXA1 and GATA3 act as pioneer factors that can open
chromatin and dictate ERa binding across the genome either directly or indirectly. However, it
has not been possible to address the hypothesis that ‘pioneer’ FOXA1 and GATAS3 binding to
DNA precedes that of ERa because all three TFs are co-expressed in luminal breast cancer

cells. In the study presented in Chapter 2, we examined large transcriptome datasets from
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patient tumour samples and identified transcriptional networks governed by ERa, FOXA1 and
GATAZ3 that can differentiate between different tumour subtypes. Additionally, we engineered
an SK-BR-3 molecular apocrine breast cancer cell line (FOXA1-positive, ERa-negative,
GATA3-negative) that stably expresses ERa and found that the receptor can actually open
chromatin on sites weakly pre-bound by FOXA1. We further documented a positive regulatory
role of FOXA1 on ESR1 expression in several luminal breast cancer cell lines. The pioneer
factor/upstream regulatory role of GATA3 and FOXA1 will be further discussed in sections
4.1 and 4.2, respectively.

In the study outlined in Chapter 3, we investigated the mechanisms of action of
HDAC:Is in breast cancer cells in light of recent evidence that these inhibitors can synergize
with antiestrogens for breast cancer treatment. We found that HDAC proteins act as
upstream regulators of not just ERa, but also FOXA1 and GATAZ3, as well as genes involved
in lactogenic differentiation processes. The impact of HDACis on the luminal gene cluster
(described in Chapter 2), as well as E2 signalling will be discussed in sections 4.3 and 4.4,
respectively. Lastly, the question of whether FOXA1 can be a therapeutic target in breast

cancer will be addressed in section 4.5.

4.1 On the role of GATAS3 in ERa expression and signalling

Previous studies have relied on siRNA-mediated knockdown of GATA3 to address its
transcriptional roles in ERa-positive cancer cell lines. However, because siRNA targeting
does not result in complete protein depletion, residual protein can impact interpretation of
results. A better approach to examine a potential ‘pioneer factor’ role of a TF is to express it
in a relevant cell line where it is not normally expressed. By doing so, chromatin opening can
be examined before and after expression of this TF. Takaku et al. have utilized this approach
to examine the function of GATA3 in chromatin opening using Assay for Transposase-
Accessible Chromatin using sequencing (ATAC-Seq) (483) in ERa-negative, GATAS3-
negative, and FOXA1-negative MDA-MB-231 breast cancer cells (104). Interestingly, 25% of
GATA3 ChIP peaks became sensitive to transposase treatment following GATA3 expression,
i.e. chromatin was more open at these sites. These peaks were associated with increased
H3K4me1 and H3K27Ac marks, and transcriptional activation of epithelial identity genes
KRT8, KRT18, and CDH1, suggesting that GATA3 induces MET features in MDA-MB-231
breast cancer cells. Of note, 3% of GATA3 peaks in this study were less open following

GATAS expression and harboured reduced H3K4me1 and H3K27Ac marks, suggesting that
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GATA3 can also repress transcription, although to a minor degree. GATA3 was able to
remodel chromatin at sites that became more accessible and this was associated with
recruitment of the chromatin remodelling protein BRG1 that interacted with GATA3 through its
TA1 domain. Although this study suggests that GATAS3 acts as a pioneer factor, given its
capacity to bind its motif in reconstituted nucleosomal DNA in vitro (104), several important
questions need to be answered to support this conclusion. What is the impact of BRG1
depletion on DNA accessibility at GATA3-bound sites? Is it possible that other upstream
factors, including BRG1, could open chromatin at GATA3-bound sites to facilitate its
subsequent binding? Mere opening of chromatin following expression of a given factor may
not necessarily be a consequence of direct binding of this factor to DNA. Thus, what would be
the impact of expression of a GATA3 mutant that lacks any DNA-binding capacity on
chromatin accessibility? Another potential mechanism by which GATA3 can open chromatin
is regulation of expression or modulation of activity via protein-protein interactions of other
factors that might play a role in chromatin opening at sites where it is bound.

The pioneer factor roles of FOXA1 and ERa can also be addressed using the MDA-
MB-231 cell line model, representative of the claudin-low subtype of triple-negative tumours.
It will thus be interesting to express each of these three factors (WT or non-DNA-binding
mutants) separately or in various combinations and perform RNA-Seq to study downstream
targets, ChlP-Seq against against the three TFs and various activating or repressive histone
marks to study recruitment to DNA and ATAC-Seq to study chromatin accessibility in the
presence and absence of E2 stimulation. Such an experiment would help determine the
contribution of each TF to other TF recruitment and activation of the E2 response. Two
approaches can be taken to examine whether additional factors are involved in chromatin
opening of sites after TF expression: (i) bioinformatic mining of TF-bound sites for enrichment
in motifs of other factors and (ii) identification of interacting partners of each of these TFs on
DNA using rapid immunoprecipitation mass spectrometry of endogenous proteins (RIME)
(484), a technique that has allowed the identification of GREB1 as an ERa cofactor (485).
Additionally, enrichment of ERa, GATA3, and FOXA1 binding motifs will be preferentially
examined on sites where they are co-bound. Is ERa mostly recruited to these sites via
tethering to FOXA1 or GATA3? In that case, is there enrichment in FOXREs and/or GATA
motifs at these sites or are these factors recruited via chromatin loops or tethering to other
factors? It is also possible that ERa is recruited to these sites by directly binding to EREs,
which can be further stabilized by binding of FOXA1 and GATAS3. One potential drawback of
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this system is that MDA-MB-231 cells have undergone EMT and may not express all E2-
response components present in luminal cells. This would not allow for full recapitulation of
mechanisms by which binding of these factors is regulated. Indeed, reanalysis of
transcriptome profiles of MDA-MB-231 cells co-expressing ERa, FOXA1 and GATA3 (245)
revealed that this was not sufficient to reconstitute the E2 response observed in luminal cells.
The BT-20 triple-negative cell line, which maintains its epithelial features, and is
representative of the basal-like subtype, could be used instead.

We have employed a similar approach in SK-BR-3 cells to examine the pioneer factor
role of FOXA1. Indeed, we observed activation of an E2-response following transient ectopic
expression of ERa in these cells, albeit with a smaller number of regulated genes than in
MCF-7 cells. It remains to be determined whether a broader response would be observed in
SK-BR-3 cells stably expressing ERa, which could be the case if cascades of chromatin
remodelling events are initiated via ERa but also its downstream TFs, leading to opening of
new EREs. However, one of the key differences between MCF-7 and SK-BR-3 cells is that
the latter also lack GATA3 expression. Thus, we decided to examine the impact of transient
ectopic co-expression of GATA3 with ERa on the E2 response in SK-BR-3 cells through
transcriptome profiling. Notably, despite its positive regulatory role in ESR1 expression in the
ERa-positive breast cancer cell lines T-47D and ZR-75-1 (Figure 2, Chapter 2), transient
expression of WT GATA3 was not sufficient to restore ERa protein levels in SK-BR-3 cells
(Figure 1A). The ESR1 gene promoter is epigenetically silenced via DNA hypermethylation in
ERa-negative breast cancer cell lines (357, 358). This result indicates that expression of two
upstream regulators of ESR1 is insufficient in SK-BR-3 cells to restore its expression,
implying the existence of as yet unidentified additional factors or cofactors. In this respect, it
would be of interest to treat SK-BR-3 cells expressing GATA3 (or not) with epigenetic
modulators such as HDACis or DNMT inhibitors to determine whether this may reverse the
epigenetic inactivation of ESR1 regulatory sequences, and enable binding of FOXA1 and
GATAS3 to these sequences as observed in MCF-7 cells.

We identified 511 upregulated and 53 downregulated E2 target genes in the
ERa+GATA3 co-expression condition (FC>1.4 or FC<-1.4 and g<0.05; ERa+GATA3_E2 vs
ERa+GATA3_vehicle). While most genes in the ERa_E2 dataset (Chapter 2) were also
upregulated by ERa+GATA3_E2, a subset of genes were uniquely significantly regulated by
ERa+GATA3_E2 (Figure 1B). Although the mechanism(s) by which these genes become

significantly regulated by E2 remain(s) unclear, our data is consistent with the previous
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finding that ~ 45% of E2-dependent ERa binding sites in MCF-7 cells overlap with a GATA3
binding site (245). In addition, the number of E2-downregulated genes increased following
GATA3 coexpression (Figure 1B). GATA3 binding may result in chromatin opening and
increase accessibility of novel EREs, while the gain in transcriptional repression may result
from overlapping GATA3 and ERE target sites leading to competition between the two factors
for binding to DNA. We postulated that GATA3 coexpression may regulate expression of
factors involved in ERa signalling. Indeed, GATA3 coexpression led to increased induction of
nuclear receptor subfamily 0 group B member 2 (NROB2) (Figure 1C), an orphan nuclear
receptor that has been shown to inhibit ERa’s transcriptional activity through competition for
coactivator binding to the AF2 domain of the receptor (486, 487). Notably, NROBZ2 is bound
by ERa, FOXA1 and GATAS3 in MCF-7 cells (Figure 1D). Additional experiments are needed
to examine whether depletion of NROB2 in SK-BR-3 cells contributes to transcriptional
repression of E2 target genes in the presence of GATAS.

By plotting folds of gene regulation in the ERa+GATA3_E2 condition against those in
the ERa_E2 condition for all E2 target genes that are significantly regulated by either
condition (667 genes; ERa+GATA3_E2: FC of 1.4, q<0.05 OR ERa_E2: FC of 1.4, g<0.05),
we identified three main categories of E2 target genes (Figure 1E): (i) genes whose
regulation by E2 is increased (>1.4 fold) upon GATA3 co-expression (145 genes), (ii) genes
whose regulation by E2 is decreased (>1.4 fold) upon GATA3 co-expression (114 genes),
and (iii) genes whose E2 response was not significantly affected by GATA3 co-expression
(408 genes). Our observation that GATA3 coexpression had no significant impact on the
majority of E2 target genes indicated that either (1) this TF exerts a minor role in ERa
signalling or (2) mechanisms underlying cooperativity between these two TFs are lacking in
SK-BR-3 cells. GATAS3'’s ability to increase or decrease E2 regulation on a subset of targets is
consistent with the previous report by Theodorou et al. where GATA3 knockdown enhanced
ERa binding at 17% of ERa binding sites, and reduced it at 16% of these sites while the
remaining 66% were unaffected (244). The mechanism by which GATA3 can increase or
decrease ERa binding and signalling remains unclear, but we postulated that this involved
cooperativity with other cofactors. TFBS analysis of genes in categories (i) and (ii) revealed
enrichment of EREs and GATA motifs, as expected (Figure 1F). Interestingly, regulatory
sequences of category (i) genes were enriched in CTCF and GLI1 binding motifs, which were
weakly enriched in category (ii) genes. Although a small fraction of ERa binding sites (~8%)

overlap with CTCF binding, co-bound sites have been reported to be enriched near E2-target
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genes, with a bias towards downregulated ones (488). Enrichment of FOXREs and GATA
motifs at E2-stimulated CTCF binding sites has also been reported (489). In addition, CTCF
knockdown by siRNA can increase ERa association with the chromatin fraction resulting in
upregulation and downregulation of 20% and 12% of E2 target genes, respectively (489). It
will be of interest to deplete GATA3 and/or CTCF and determine how this impacts ERa
binding and transcriptional activity. It is possible that, at a subset of E2 target genes, CTCF
acts as an insulator to prevent propagation of heterochromatin and enhance the cooperativity
between ERa and GATAS to facilitate transcription. Enrichment of GLI1 motifs is consistent
with the previous finding that GLI1 knockdown reduces expression of ERa as well as
transcriptional activation of its downstream targets (490). Category (ii) genes were strongly
enriched in binding motifs of heat shock factor 1 (HSF1) (Figure 1F). Interestingly, HSF1 has
been shown to repress E2-dependent transcription from a luciferase reporter by interacting
with the corepressor protein MTA1, a member of the NuRD complex (491). A potential role of
GATAS3 in recruitment of HSF1 and MTA1 to repress E2-dependent transcription remains to
be examined.

Lastly, we examined the degree of correlation between the transcriptomes of SK-BR-3
cells expressing ERa or ERa+GATAS to those of MCF-7 cells in the presence of E2 (Figure
1G). Although the correlation between both cell lines was weak, it increased from r=0.3 (ERa
alone) to r=0.37 (ERa+GATA3), suggesting that reintroduction of luminal TFs together can
better recapitulate the E2 response observed in luminal cells. Nevertherless, this also points
to significant divergence between the epigenetic landscape of SK-BR-3 cells and luminal
cells, which will be interesting to study using approaches to map chromatin status such as
ATAC-Seq.
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Figure 1. Impact of GATA3 on ERa signalling.

(A) SK-BR-3 cells were transiently transfected with ERa, GATAS3 or both for 72 h and treated with E2
for the last 24 h of transfection. Mock, empty vector and GFP transfections served as negative
controls. Protein levels of ERa and GATA3 were assessed by western analysis. 3-actin serves as a
loading control.

(B) Venn diagrams showing overlap between regulation by ERa_E2 (vs ERa_V) and ERa+GATA3_E2
(vs ERa+GATA3_V) (0.485<log2FC<-0.485 and g<0.05).

(C) NROB2 relative mRNA expression levels (RNA-Seq) are shown for the ERa_E2 and
ERa+GATA3_E2 conditions.

(D) UCSC genome browser views showing ERa, FOXA1 and GATAS3 binding and their respective
motifs in E2-stimulated MCF-7 cells.

(E) Folds of regulation in the ERa+GATA3_E2 condition are plotted against folds of regulation in the
ERa_E2 condition. Genes whose expression was enhanced by E2 treatment in the GATAS3-
coexpression condition were defined as: difference between log2FC ERa+GATA3_E2 and log2FC
ERa_E2 is greater than +0.485 (red, category i). Genes whose expression was decreased by E2
treatment in the GATA3-coexpression condition were defined as: difference between log2FC
ERa+GATA3_E2 and log2FC ERa_E2 is smaller than -0.485 (blue, category ii). Genes whose
expression was not significantly altered by E2 treatment in the GATA3-coexpression condition were
defined as: difference between log2FC ERa+GATA3_E2 and log2FC ERa_E2 (grey, category iii) is
between -0.485 and +0.485.

(F) TFBS enrichment analysis for genes in categories (i) and (ii) is shown.

(G) Degree of correlation between transcriptomes of SK-BR-3 cells expressing either ERa alone or
ERa+GATAS3 (y-axis; 0.485<log2FC<-0.485 and g<0.05) and MCF-7 cells (x-axis; no cutoffs) in the
presence of E2. A correlation coefficient r is calculated.

4.2 Is FOXA1 a pioneer factor for ERa recruitment?

In breast cancer, FOXA1 has been traditionally described as a factor that pioneers ERa
recruitment to its sites across the genome (section 3.2.1). However, more recent studies
indicate that this model is more symmetric than once thought, as nuclear receptors can also
pioneer FOXA1 recruitment and chromatin opening. An early study by Rigaud et al. proposed
a hit-and-run model whereby liganded glucocorticoid receptor (GR) binds a glucocorticoid
response element in the rat tyrosine aminotransferase gene, opens chromatin at that site,
and allows subsequent binding of FOXA1 (492). It was also reported that the retinoic acid
receptor can bind highly compacted chromatin and mediate its remodelling through
recruitment of p300 and SWI/SNF complexes in vitro (493). More recently, Swinstead et al.
revealed that hormone activation of both ERa and GR can result in de novo recruitment of
FOXA1 at sites where it was not present in the vehicle treatment condition (494). These sites
can be divided into two categories: FOXA1 sites that are co-bound by ERa or GR (and thus
sites where ERa or GR can pioneer), and interestingly, FOXA1 sites that are gained by
hormonal treatment but do not overlap with ERa or GR binding. More than 90% of FOXA1

sites in the first category were within 100bp of an ERa or GR binding site. In addition, these
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FOXA1 induced sites co-bound by ERa were enriched in EREs and AP-1 motifs but weak
FOXA1 motifs, suggesting that both ERa and AP-1 may cooperate to recruit FOXA1. They
also exhibited an increase in DNase hypersensitivity, indicating that activation of ERa or GR
may mediate chromatin opening allowing subsequent FOXA1 binding. On the other hand,
while it remains unclear how hormonal stimulation can influence FOXA1 binding at sites
where the cognate receptor is absent, two possibilities may explain this: (i) ERa or GR
modulate expression of secondary factors that can dictate FOXA1 binding or (ii) ERa or GR
bind transiently in a hit-and-run mechanism to open chromatin at these sites and allow
FOXA1 binding. Importantly, in this study, the authors challenge the traditional pioneer factor
model whereby FOXA1 can stably bind for long durations to keep chromatin open for
subsequent TF recruitment. The authors instead demonstrate through single-molecule
tracking experiments that FOXA1 binding is rather dynamic with a DNA residence time of
approximately 9 seconds. In this newly proposed model referred to as ‘Dynamic Assisted
Loading’, pioneer factors can engage chromatin for a very short period of time to open it and
allow binding of other factors. Collectively, these findings suggest that ERa may also act as a
pioneer factor. This is consistent with our finding that while prior presence of FOXA1 seems
to correlate with chromatin opening that is not affected by ectopic ERa expression in SK-BR-3
cells, ERa can increase chromatin opening on sites containing EREs and weakly bound by
FOXA1 (C5AR2 and GREBT1). As we have only demonstrated such as role of ERa on two
tested sites, it remains important to demonstrate this on a genome-wide level through ChIP-
Seq experiments coupled with ATAC-Seq/FAIRE-Seq and TFBS analysis. This will also be
addressed in experiments described in the previous section in MDA-MB-231/BT-20 cells. Of
note, we have attempted to deplete FOXA1 to ascertain that ERa-mediated chromatin
opening at these sites is independent of FOXA1, however, FOXA1 depletion led to reduced
expression of the ectopically expressed receptor (data not shown), which precludes a correct
interpretation of subsequent ChIP/FAIRE results.

The hypothesis that chromatin remodelling factors are involved in mediating
transcriptional activation by FOXA1 has been largely unexplored. Additional studies are
needed to address this as well as the possibility that ERa can also recruit chromatin
remodelling factors to sites with high-affinity EREs, similar to recruitment of BRG1 to GATA3-
bound sites (104). This is plausible as a role for chromatin remodelling factors in assisting
TFs in engaging their target genes has been shown for iPSC reprogramming factors, which

act both as pioneer and master TFs. For instance, OCT4 mediates chromatin opening at 76%
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of its binding sites through BRG1 recruitment (495). Furthermore, BAF155, a BRG-1
associated factor, can increase OCT4 binding to pluripotency genes and enhance
reprogramming efficiency (496). Another chromatin remodelling factor, INO80, was shown to
be co-bound with OCT4, SOX2 and NANOG at promoters of pluripotency genes to increase
chromatin opening and transcriptional activation (497).

In chapter 2, using siRNAs and sgRNA-mediated depletion, we show that FOXA1 is
indeed a positive regulator of ERa expression in several luminal breast cancer cell lines,
consistent with the positive correlation between their expression in breast tumour samples.
We did not identify tumour samples that were ESR1"" and FOXA1°", but the opposite is
true: molecular apocrine tumours were ESR1°" and FOXA1"™". This result indicates that
FOXA1 is not sufficient to drive ERa expression in molecular apocrine tumours as in SK-BR-3
cells, similar to the case of GATA3 (Figure 1B). In fact, we find that FOXA1 recruitment is
reduced at the ESR1 upstream regulatory regions in SK-BR-3 cells in comparison to that in
MCF-7 cells. A potential explanation for this reduced recruitment is that FOXA1 requires the
assistance of (a) chromatin remodelling enzyme(s) or (a) cofactor(s), that is/are not
expressed or not functional in SK-BR-3 cells, to facilitate chromatin opening and transcription
of ESR1. FOXA1 interacting partners on the ESR1 gene promoter in MCF-7 cells could be
identified by performing a DNA-binding assay in vitro where MCF-7 nuclear cell extracts are
incubated with immobilized ESR1 promoter sequences (WT or mutant for FOXA1 binding)
followed by elution of protein complexes and mass spectrometry, as previously reported for
TAL-1 interacting partners in erythroid cells (498). A potential interacting partner of FOXA1 is
p53. It has been reported that knockdown of WT p53 in LNCaP cells results in redistribution
of AR binding genome-wide. On a number of sites, FOXA1 and AR binding was diminished,
suggesting that p53 might play a role in their recruitment (499). Additionally, about 33% of
FOXA1 binding sites in the adult mouse liver are enriched in p53 binding motifs and p53 and
FOXA1 co-occupancy was validated on a number of these sites (500). Although a direct
physical interaction between FOXA1 and p53 has not been reported, both proteins have been
shown to physically interact with SMAD3 (501, 502).

As mentioned earlier, TP53 mutations occur at a much higher frequency in basal-like
(80%) and HER2+ (72%) tumours than in luminal tumours (12% of luminal A and 29% of
luminal B) (147). These mutations result in loss of tumour suppressor function and act as
dominant negative causing inhibition of the DNA-binding activity of WT proteins (503-505). In

addition, TP53 mutations increase the protein’s stability resulting in its accumulation in cancer
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cells and this is associated with gaining new functions that promote cell growth and
tumourigenesis (506, 507). Mutant p53 can exert this effect by regulating activity of other TFs.
Di Agostino et al. found that the interaction of mutant p53 with NF-Y, a TF that regulates
expression of cell cycle genes, promotes expression of these genes in response to DNA
damage contrary to the inhibitory role that WT p53 has (508). In fact, mutant p53 induces
transcriptional activation by co-occupying sites bound by NF-Y at promoters of its target
genes and increasing recruitment of p300 (508). Through ChIP-on-chip experiments,
Stambolsky et al. reported enrichment of vitamin D receptor (VDR) binding motifs in sites
bound by mutant p53 in SK-BR-3 cells (509). The authors found that mutant p53 physically
interacts with VDR and allows its recruitment to its target genes along with p300, thereby
enhancing the vitamin D transcriptional response (509). While vitamin D is reported to
promote cell death, it resulted in reduction of cisplatin- and etoposide-induced apoptosis in
SK-BR-3 cells in a mutant p53-dependent manner (509).

It is plausible to speculate based on the aforementioned studies that p53 may act as a
licensing factor for FOXA1 binding and that targeting mutations may alter this role. Analysis of
the mutational status of MCF-7 and SK-BR-3 cells using cBioPortal reveals that TP53 is
mutated in SK-BR-3 (missense mutation R175H) but WT in MCF-7 cells (160, 161, 510). The
above hypothesis could explain reduced FOXA1 binding to the ESR71 promoter in SK-BR-3
cells, especially as (i) p53 positively regulates ERa expression by directly binding the ESR1
gene promoter in luminal breast cancer cells (section 3.3.2) and (ii) mutant p53 has been
shown to bind the ESR1 gene promoter along with HDAC1, MeCP2, and DNMT1 in ERa-
negative MDA-MB-468 cells (511, 512). Because it remains unclear how FOXA1 and p53
influence each other's binding on a genome-wide scale, their binding profiles will be
examined in ChIP-Seq experiments following depletion (or not) of either TF. Importantly, the
impact of the R175H mutant p53 (as well as other p53 mutants that have been characterized
in basal-like tumours) on gene expression profiles and FOXA1 binding, will be assessed by
RNA-Seq and ChIP-Seq, respectively, following their expression in MCF-7 cells. In particular,
FOXA1 binding to ESR1 and ESR1 gene expression will be examined. Conversely, the p53
mutation in SK-BR-3 cells could be corrected using the CRISPR-cas9 gene editing system,
although recombination of all TP53 copies is not guaranteed, and residual mutant proteins
will inhibit the WT form. Alternatively, we could utilize NSC319726, a mutant-specific p53

reactivator, which can restore WT structure and function to the R175H mutant (513).
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TSA
SAHA
MS-275

4.3 Hydroxamate HDACis repress a luminal transcriptional program

Our observation in Chapter 3 that HDACis repressed expression of luminal-lineage TFs
prompted us to examine how these inhibitors affect expression of the highly correlated
luminal gene cluster we identified in Chapter 2. As expected, most genes within the luminal
cluster are repressed by both TSA and SAHA, whereas in contrast, MS-275 treatment largely

resulted in transcriptional activation after 8 h of treatment (Figure 2).
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Figure 2. TSA and SAHA repress expression of the luminal cluster genes.

MCF-7 cells were treated with TSA (300nM), SAHA (5uM) or MS-275 (5uM) for 8 h in hormone-
depleted media. Relative mRNA levels (RNA-Seq HDACi datasets reported in Chapter 3) of genes in
the luminal cluster identified in Chapter 2 are represented as a heatmap.

* denotes statistically significant regulations, q<0.01, N=2

A potential mechanism for HDACi-mediated repression of expression of luminal genes
is that it is a consequence of loss of expression of luminal TFs. However, this could not fully
explain the observed regulation, as unlike ERa and GATA3, FOXA1 protein expression is not
altered after 8 h of treatment with HDACis (Figure 3A in Chapter 3; also see Figure 5A
below), although the protein may have lost its function by increased acetylation/loss of
expression of cofactors. To test this, FOXA1 acetylation levels will be examined by acetyl-
lysine IPs as performed in Chapter 3 for SREBP-1. Additionally, FOXA1 binding to luminal
genes will be examined by ChIP following TSA and SAHA treatment. If indeed FOXA1
binding is altered, this experiment can then be performed on a genome-wide level. Loss of
binding of FOXA1 to these genes may also be associated with changes in chromatin
accessibility, especially as several chromatin remodelling factors (including BRG1
(SMARCA4)) and HATSs (including p300, whose binding was enriched in luminal genes) are
repressed by TSA and SAHA treatment. Thus, ChlIP against active (H3K9ac, H3K14ac) and
repressive (H3K27me3) histone marks, p300, and RNA pol Il along with FAIRE- or ATAC-RT-

gPCR experiments will be performed to determine whether transcriptional repression of
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luminal genes (and increased transcription of lactogenic differentiation genes) correspond to
differential accessibility of their enhancers and/or promoters.

In line with the previous hypothesis that p53 may affect FOXA1 binding, we also
observed that its expression is repressed following HDACi treatment (Figure 3).
Transcriptional downregulation of TP53 occurred concomitantly with downregulation of
luminal TFs (Chapter 3), beginning as early as 2 h of treatment with maximum repression
reached at 16 h. It will be of interest to also test the impact of HDACis on p53 protein
expression, to determine whether loss of p53 function occurs early and may contribute to the
observed repression of luminal gene expression. Of note, SAHA was reported to induce loss
of mutant (but not WT) p53 mRNA and protein in triple-negative breast cancer cell lines via
acetylation of transcription factor YY1 and loss of its binding to the the TP53 promoter (514).
Whether a similar mechanism is at play in ERa-positive breast cancer cell lines remains to be
investigated.

TP53

1.400
1.200
1.000
0.800
0.600
0.400

0.200
0.000

Relative mRNA levels (RQ)

Figure 3. HDACis repress expression of TP53.
MCF-7 cells were treated with TSA (300nM), SAHA (5uM) or MS-275 (5uM) for for the indicated time
?l\?:n:? in hormone-depleted media. Relative mRNA levels (RQ=2*ddCt) were measured by RT-qPCR
One question arises from these observations: Does p53 regulate expression of the
luminal cluster, and thus, does its loss contribute to HDACi-mediated reprogramming of
luminal cells? We addressed this using RNA-Seq datasets of ERa-positive luminal T47Dkbluc
breast cancer cells infected with shRNA against luminal TFs ESR1, FOXA1, GATA3, XBP1
as well as TP53 (J. Kulpa and S. Mader, manuscript in preparation). Similar to our findings
with siFOXA1 in MCF-7 cells (Chapter 2), shFOXA1 resulted in downregulation of expression
of most luminal cluster genes in T-47D cells (Figure 4). Strikingly, though, TP53 knockdown

resulted in downregulation of many luminal cluster genes including all luminal TFs (Figure 4).
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This result needs to be verified in other ERa-positive breast cancer cell lines including MCF-7
cells. To further test whether downregulation of p53 by HDACis in MCF-7 cells plays a role in
the loss of luminal TF expression in the presence of HDACis, p53 can be overexpressed in
the presence of HDACis and expression of luminal TFs can be examined through RT-qgPCRs
and western analysis. Levels of p53 acetylation will also be examined following HDACI
treatment. p53 has been one of the first non-histone proteins shown to be acetylated by
HATs, including MOZ/MOF/Tip60 and p300/CBP/PCAF (515). Although acetylation of p53
has been shown to contribute to its transcriptional activation and tumour-suppressive
properties, and protect it against degradation by MDM2 (515), its impact can be context-,
residue- and target promoter-specific. Ultimately, it will also be important to examine whether
p53 ChIP binding regions are enriched in regulatory sequences of luminal cluster genes. This
will help determine whether transcriptional regulation of the luminal cluster by p53 occurs
directly, or indirectly via downregulation of luminal TFs. Finally, it will be interesting to

examine how various p53 mutations affect expression of the luminal cluster.
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Figure 4. p53 positively regulates expression of luminal cluster genes.

T-47Dkbluc cells were infected with shRNA against ESR1, FOXA1, GATA3, XBP1 (luminal
TFs) or TP53 and RNA-Seq profiles were generated (N=2). Relative expression of genes in
the luminal cluster identified in Chapter 2 is shown as a heatmap.

44 TSA represses E2 signalling in MCF-7 cells independently of ERa
expression

In Chapter 3, we show that treatment of MCF-7 cells with TSA for 24 h abrogated the E2
response consistent with suppression of ERa protein levels. Notably, TSA-mediated
downregulation of ERa protein levels was enhanced by hormone treatment at 8, 12 and 16 h,
consistent with the previously reported role of E2 in increasing the receptor’s turnover (516),

while FOXA1 and GATAS protein levels were downregulated by TSA irrespective of hormone
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treatment (Figure 5A). We have additionally examined gene expression profiles of MCF-7
cells following a short treatment time (3h) with E2, TSA or E2+TSA. ERa, FOXA1 and GATA3
protein expression levels were unaffected by TSA treatment at this time as shown in Figure
5A. Similar to regulation observed at 24 h (Figure 1, Chapter 3), regulation by E2 treatment
at 3 h (Figure 5B) was biased towards transcriptional activation (75 genes UP and 14
DOWN, FC>1.4 or <-1.4, and p<0.01), whereas TSA exerted almost equal influence on gene
transcription in the absence (494 UP, 392 DOWN) or presence (563 UP, 456 DOWN) of E2,
albeit with a smaller number of regulated genes under all three conditions. Plotting folds of
regulation of the 89 E2 targets against their folds of regulation by E2+TSA reveals that the
majority of these genes (54/89) become unregulated upon co-treatment with TSA (grey (47
upregulated genes) and black dots (7 downregulated genes)) (Figure 5C). Consistent with
this result, a strong linear correlation is observed in the TSA vs E2+TSA log2FC plot in
Figure 5D, suggesting that E2 exerts no pronounceable impact in the presence of TSA.
Shutdown of E2 signalling was confirmed by RT-qPCRs on XBP1 and GREB1, two E2 target
genes as shown in Figure S5E. This intriguing result suggested that ERa or any of its
signalling cascade components are not functional in the presence of TSA at early time points
of treatment. Interestingly, TSA treatment of LNCaP cells has been previously shown to block
activation of AR target genes in the presence of an AR ligand, R1881 (517). While TSA
treatment did not alter AR binding to its target genes, it prevented recruitment of its
coactivator, SRC1, as well as p300 and RNA pol Il (517). Thus, we will examine whether
recruitment of ERa, FOXA1, the p160 family of coactivators (SRC1, SRC2, SRC3), as well as
p300 and RNA pol Il is affected by TSA treatment on promoters/enhancers of ERa targets in
MCF-7 cells. As mentioned earlier, FOXA1 binding to DNA can be negatively affected by
acetylation (298). In the case of ERa, its acetylation on residues K268 and K288 has been
shown to increase DNA binding and transcriptional activity of the receptor (274), whereas
acetylation of its K302 and K303 residues reduces transcriptional activation in luciferase
assays (518). Moreover, acetylation of two ERa coactivators, PGC-1a and SRC3, represses
their function (519, 520). Therefore, we will also determine whether acetylation of these
factors is induced in the presence of E2+TSA after 3 h of treatment and whether that might
contribute to suppression of E2 signalling. FAIRE- or ATAC-Seq experiments can also be
performed to study any changes in chromatin accessibility by TSA treatment. Ultimately, it will
be crucial to identify the specific HDAC proteins responsible for this phenotype as well as loss

of expression of luminal genes described in the previous section through shRNA or siRNA
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targeting of individual HDACs. This would provide a strong foundation for the development of

more selective inhibitors.
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Figure 5. TSA suppresses E2 signalling in MCF-7 cells independently of ERa expression.

MCF-7 cells cultured in hormone-depleted media were treated with E2 (25 nM), TSA (300 nM), or
E2+TSA for 3, 8, 12, 16 and 24 h. (A) Protein expression of ERa, FOXA1 and GATA3 was examined
by western blots.

(B) Microarray gene expression profiles of MCF-7 cells treated for 3 h with E2, TSA, or E2+TSA were
generated (compared to vehicle control). The overlap between the E2 and TSA or E2+TSA genesets is
shown as Venn diagrams for the UP and DOWN categories (FC>1.4 or FC<-1.4, p<0.01).

(C) Fold change values of significantly regulated E2 target genes (FC>1.4 or FC<-1.4, p<0.01) were
plotted against those following E2+TSA treatment.

(D) Fold change values of genes regulated in the TSA condition were plotted against those in the
E2+TSA condition.

(E) Relative mRNA levels of XBP1 and GREB1, two E2 target genes, were measured by RT-qPCR.
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4.5 Is FOXA1 a therapeutic target in breast cancer?

Because of the role that FOXA1 plays in activating ERa signalling, it has been postulated that
its targeting may be beneficial for treatment of luminal breast cancers. The rationale for this
hypothesis is also based on previous findings that knockdown of FOXA1 in breast cancer
cells inhibits their proliferation (167, 202, 232, 521). Efforts are currently ongoing to identify
small molecule inhibitors of kinases that positively regulate FOXA1 activity (622). However, a
recent study by Bernardo et al. has shown that even though knockdown of FOXA1 in MCF-7
luminal breast cancer cells reduces cell proliferation, it also induces expression of basal-like
markers, which is accompanied by increased migration and invasion (212). It was postulated
that because MCF-7 cells are a heterogeneous cell population, FOXA1 silencing may result
in growth arrest of more differentiated cells but at the same time enrich for cells with more
plasticity to de-differentiate to a more basal-like phenotype (212). Another report showed that
ectopic expression of FOXA1 in MDA-MB-231 cells increases expression of E-cadherin and
reduces their migratory potential (523). Our results that FOXA1 knockdown results in reduced
expression of luminal markers is compatible with these studies, although alternative fates
include basal-like and possibly also lactogenic differentiation, since suppression of FOXA1 is
expected to also lead to suppression of ERa expression. Clearly, a FOXA1-targetting
approach is unlikely to be applied in ERa-positive breast tumours unless they have already
developed resistance to hormonal therapy.

Undoubtedly, additional studies are needed to examine whether deletion or
overexpression of FOXA1 could serve as a potential therapy in breast cancer. The role of
FOXA1 in tumourigenesis and metastasis will need to be assessed in vivo by overexpressing
or knocking down FOXA1 in mouse models of basal-like (MMTV-Wnt1) or luminal (MMTV-
PyMT) breast tumours, respectively. In addition, it will be important to examine whether
FOXA1 deletion or overexpression in the normal mouse mammary gland results in tumour

formation as mice age.
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Concluding Remarks
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It is becoming more apparent that breast cancer is a disease of transcriptional addiction with
each molecular subtype characterized by a distinct set of deregulated transcriptional
programs. In studies presented herein, we have identified ERa, FOXA1 and GATAS3 as three
TFs whose expression or lack thereof can largely recapitulate three main breast tumour
subtypes. We further demonstrate that FOXA1 governs this transcription factor hierarchy,
positively controlling expression of the luminal transcriptional network in breast cancer. Our
novel finding that molecular apocrine tumours express only a subset of FOXA1-dependent
luminal genes sheds light on the master regulator role of this TF in specifying the phenotype
of this understudied subtype. While FOXA1 is thought to be a pioneer factor for ERa
recruitment, we show that ERa can also open chromatin on sites weakly bound by FOXA1,
suggesting that the receptor may open chromatin and possibly act as a pioneer factor for
other TFs, although these conclusions will need to be verified on a larger scale. Our studies
additionally indicate that transcriptional shutoff of the ESR7 gene promoter in molecular
apocrine cells correlates with reduced binding of FOXA1, which positively regulates
expression of the receptor in luminal breast cancer cells. Gaining insight into the function of
TFs that are upstream of ERa will determine whether targeting them is beneficial for
treatment of ERa-positive luminal breast cancers and whether they could be used as
biomarkers for subtype classification. The unravelling of transcriptional programs
characteristic of different tumour subtypes may help determine whether their manipulation
can convert an aggressive tumour to a more differentiated one.

For the first time, we demonstrate that chemical inhibition of HDAC proteins represses
a luminal transcriptional program comprising TFs ERa, FOXA1 and GATA3. This was
associated with induction of differentiation markers that are normally upregulated during
lactation in the human breast. Our study also identifies a role of p300 in mediating HDACi
effects. Experiments exploring the mechanisms of action of HDACis are needed, as these will
contribute to the rationale of using them in combined therapies with antiestrogens for
treatment of breast cancer or designing of more specific drugs.

Finally, characterization of epigenetic regulators and TFs orchestrating the luminal
phenotype and governing ESR1 expression will not only provide insight into mechanisms of
breast tumour subtype specification, but should upon characterization of the patterns of
expression of these TFs in normal human epithelial cells clarify the relationship between
these subtypes and the normal epithelial differentiation process during mammary gland

development and lactation.
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