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ORIGINAL ARTICLE

EZH2 promotes a bi-lineage identity in basal-like breast cancer

cells

RZ Granit', Y Gabai', T Hadar'?, Y Karamansha', L Liberman’, | Waldhorn', | Gat-Viks>®, A Regev3, B Maly4, M Darash-Yahana®,

T Peretz’ and | Ben-Porath’

The mechanisms regulating breast cancer differentiation state are poorly understood. Of particular interest are molecular regulators
controlling the highly aggressive and poorly differentiated traits of basal-like breast carcinomas. Here we show that the Polycomb
factor EZH2 maintains the differentiation state of basal-like breast cancer cells, and promotes the expression of progenitor-
associated and basal-lineage genes. Specifically, EZH2 regulates the composition of basal-like breast cancer cell populations by
promoting a ‘bi-lineage’ differentiation state, in which cells co-express basal- and luminal-lineage markers. We show that human
basal-like breast cancers contain a subpopulation of bi-lineage cells, and that EZH2-deficient cells give rise to tumors with a
decreased proportion of such cells. Bi-lineage cells express genes that are active in normal luminal progenitors, and possess
increased colony-formation capacity, consistent with a primitive differentiation state. We found that GATA3, a driver of luminal
differentiation, performs a function opposite to EZH2, acting to suppress bi-lineage identity and luminal-progenitor gene
expression. GATA3 levels increase upon EZH2 silencing, mediating a decrease in bi-lineage cell numbers. Our findings reveal a novel
role for EZH2 in controlling basal-like breast cancer differentiation state and intra-tumoral cell composition.
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INTRODUCTION

The mechanisms dictating the differentiation state of cancer cells
are poorly understood, and their elucidation is essential for
understanding cancer etiology, as well as for therapy develop-
ment. Breast cancers are grouped into several major subtypes that
differ in their typical progression course, as well as in their
differentiation traits."? Ongoing advances in the study of the cell
lineages in the normal breast allow improved analyses of the links
between normal cell types and tumor subtypes.’

Breast carcinomas of the basal-like subtype are of particular interest.
These tumors, which comprise ~ 10% of cases, are highly aggressive,
and as no targeted therapy currently exists for their treatment they
represent a major clinical challenge.** Unlike the majority of breast
cancers, which express markers of the normal mammary gland
luminal lineage, basal-like tumors express markers of both the basal
(or myoepithelial) and the luminal lineages.*” This, as well as the poor
histopathological differentiation typical of these tumors, suggests that
they possess a stem- or progenitor-like phenotype. Supporting this
notion, these tumors express an embryonic stem (ES) cell-like
signature: high expression levels of ES-enriched genes and
repression of Polycomb targets® Gene expression analyses have
established that in fact basal-like tumors are most similar to luminal-
lineage progenitors in the normal mammary gland, cells from which
they may originate”® The molecular regulators controlling the
differentiation state of basal-like tumors are largely unknown.

The Polycomb complex is a major regulator of stem cell identity,
and an important link between stem cells and cancer.'®"" EZH2, the

catalytic subunit of the Polycomb repressive complex 2 (PRC2),
methylates lysine 27 of histone H3 (H3K27me3) on target genes,
leading to chromatin condensation and transcriptional silencing.'®""
Polycomb maintains stem cell states by silencing differentiation-
associated genes, and is often essential for proper differentia-
tion."®"" EZH2 is frequently overexpressed in aggressive, metastatic
tumors'*'® and mutations in this gene are found in hematological
malignancies.' In breast cancers its expression is associated with
high grade, ER-negative status, the basal-like subtype, and poor
prognosis.'>'>'®  EZH2 promotes cancer cell proliferation,
anchorage-independent growth and invasiveness.'*'’"'® In vivo,
EZH2 inhibition reduces tumor growth rates to various extents.'®'
However, the functions of EZH2 in controlling cancer cell
differentiation remain poorly understood.

The known functions of Polycomb and the expression pattern
of EZH2 in human breast cancers led us to examine the effects of
EZH2 on breast cancer cell differentiation state. Our findings
reveal that EZH2 promotes a bi-lineage identity and progenitor-
associated traits in basal-like breast cancer cells, thereby control-
ling subtype identity and intra-tumoral cell composition.

RESULTS

EZH2 maintains the gene expression signature associated with
basal-like breast cancers

Analysis of published breast cancer gene expression profiles,® as
well as immunohistochemical staining of an independent patient
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sample set, indicated that EZH2 overexpression is strongly
associated with the basal-like breast cancer
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increased the expression of CK5 and CK14 (Figure 1b). These
as

subtype,
previously reported'® (Supplementary Figure 1). Of other PRC2
components, EED expression was also associated with the basal-
like subtype, to a less significant degree (Supplementary Figure 1).
Known targets for Polycomb repression®? were negatively
correlated with EZH2 levels, consistent with the potentially
elevated Polycomb activity in these tumors; in contrast, genes
highly expressed in normal luminal progenitor cells’ showed a
strong positive correlation with EZH2 expression (Supplementary
Figure 1).

These associations suggested that EZH2 function contributes
to the differentiation state of basal-like cancers. To test this,
we stably silenced EZH2 in a panel of human breast cancer cell
lines representing different tumor subtypes (Figure 1a and
Supplementary Figure 2). As faithful models of basal-like cancers,
we considered lines that maintain epithelial identity, express both
basal and luminal cytokeratins, and express protein markers and
mMRNA profiles typical of this subtype (Supplementary Figure 3).
We found that in basal-like cell lines (HCC70, MDA-MB-468)
silencing of EZH2 led to reduced expression of basal cytokeratins —
CK5 and CK14 - accompanied by increased expression of the
luminal cytokeratin CK18 (Figure 1a), suggesting a shift away from
basal differentiation. Consistent with this, overexpression of EZH2

b

changes in cytokeratin expression were observed using two
different hairpins targeting EZH2, as well as upon silencing of EED
(Supplementary Figure 2). Levels of the luminal CK18 were not,
however, affected by EZH2 overexpression or by its silencing in
luminal cells (Figure 1b and Supplementary Figure 2). These
findings were supported by qRT-PCR analysis of additional lineage
markers, which indicated that basal-lineage gene expression was
reduced by silencing of EZH2 or EED, and promoted by EZH2
overexpression, with changes in luminal markers being less
dramatic at the mRNA level (Figure 1c).

To obtain a more detailed picture of the effects of EZH2 on the
differentiation state of the tumor cells, we performed expression
profiling of HCC70 cells silenced for EZH2 or for EED, or
overexpressing EZH2, as well as of MDA-MB-468 cells silenced
for EZH2. We analyzed changes in the expression of previously
compiled gene sets associated with different breast cancer
subtypes®® (Supplementary Figure 4). Genes highly expressed in
basal-like tumors were preferentially suppressed upon EZH2 or
EED silencing (Figures 1d—f and Supplementary File 1); EZH2
overexpression promoted the expression of a smaller number of
these genes (Figures 1d, f). To gain further resolution, we compiled
12 sets of genes coordinately expressed across breast cancers,
each associated with different cancer subcategories and gene
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Figure 1.

EZH2 promotes the expression of basal-lineage and progenitor-associated genes. (a) Western blot analysis of basal (CK5,14) and

luminal (CK18) cytokeratins in basal-like breast cancer cell lines expressing a shEZH2 or control (shCont) lentivirus. (b) Same analysis in basal-
like HCC70 and luminal MCF7 cells overexpressing EZH2 (OE) or infected with control vector. (c) Fold change in expression of basal- and
luminal-lineage markers in EZH2 or EED silenced HCC70 cells, and in EZH2 overexpressing cells, relative to control cells, assessed by qRT-PCR.
Values indicate average of triplicate reactions * s.e.m. (d) Preferential repression (green) or activation (red) of genes highly expressed in basal-
like cancers in the indicated cells relative to controls. Values indicate statistical significance of preferential change in gene set expression,
shown as -log;o of P-value. (e) Gene set enrichment analysis (GSEA) of genes highly expressed in basal-like cancers in shEZH2 versus shCont-
infected HCC70 cells. ES, enrichment score; NES, normalized ES. (f) Fold change in expression of individual genes from the basal-like gene set
and the luminal progenitor gene set in indicated cells relative to control cells. VGLL1 and CD133 are included in both sets. (g) Preferential
repression (green) or activation (red) of luminal progenitor-associated genes in the indicated cells relative to controls. (h) GSEA of luminal
progenitor-associated genes in shEZH2 versus shCont-infected HCC70 cells. (i, j) FACS analysis of control and EZH2-silenced HCC70 cells
stained for CD133 or c-KIT. Percentages of high CD133 or c-KIT-expressing cells are indicated.
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functions (Supplementary Figure 4 and Supplementary File 1).
Specific gene sets associated with high-grade and basal-like
breast cancers were preferentially repressed in EZH2-silenced
cells, and preferentially upregulated in EZH2-overexpressing cells
(Supplementary Figure 4). Upon EZH2 silencing, preferential
upregulation of gene sets associated with luminal and claudin-
low tumors were observed; however, these were less consistent
across the different samples (Supplementary Figure 4).

In light of the expression of luminal progenitor-associated
genes in basal-like breast cancer cells,” we tested the effect of
EZH2 on these genes. Luminal progenitor-associated genes were
preferentially downregulated in EZH2- and EED-silenced cells, and
upregulated in EZH2-overexpressing cells (Figures 1f-h). Further-
more, FACS analyses revealed that CD133 (PROM1) and c-KIT,
which are both expressed specifically in luminal progenitors in the
normal breast,” were dramatically downregulated upon EZH2
silencing (Figures 1i,}).

Together these analyses indicate that EZH2 maintains aspects
of the gene expression program active in basal-like breast cells,
specifically, basal-lineage and luminal progenitor-associated
genes. However, we noted that EZH2 silencing did not

result in a full phenotypic conversion involving the acquisition
identity, such as

of an alternative differentiation luminal

differentiation.
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EZH2 regulates the size of a bi-lineage cell fraction

The expression of both luminal and basal cytokeratins is a central
characteristic of basal-like breast cancers*> and of derived cell
lines. We were intrigued whether these cancer cell populations are
homogenously composed of cells that coexpress both luminal and
basal markers, or, instead, contain subpopulations that express
distinct lineage markers.

We first examined this question in human basal-like breast
cancer samples. We co-stained sections of 10 basal-like tumors for
CK14 and CK18. All tumors contained cells expressing only CK18 or
CK14; in addition, 9 out of 10 tumors contained double-positive
(CK18 " CK14 ™) ‘bi-lineage’ cells (Figures 2a, b). In all cases, the bi-
lineage cells were a minority of cells (average 5%, range 0.5-18%).
Often, relatively small tumor regions contained single- and
double-positive cells in close proximity (Figure 2a), suggesting
that differentiation state, as assessed by these markers, is dynamic
even within closely related cell clones.

We next studied whether this composition is represented in
basal-like breast cancer cell lines. Inmunofluorescent staining and
FACS analysis revealed that populations of HCC70 and MDA-MB-
468 cells contained ~22% and 34%, respectively, of CK14"
CK18™" bi-lineage cells, whereas the remainder of cells expressed
the luminal CK18 only (Figures 2c, d). These lines therefore partly
recapitulate the composition of human tumors.

b 100

= BCK14+
¥ go{ |mcKis+
a2 DCK14+18+
3

@ 604

2

2

g7 N N . = B
3

o

& 20

o

=

<

MCF10A

HCC70

MDA-MB-468

CK18 / CK14 / DNA

Figure 2.

1 2 3 4 5 6 7 8 9 10
Tumor sample
MDA-MB-231 MCF7 MCF10A
10° 1
0.2% 10° - 0.07% 3%
/ 10
ﬁ 10°
10%
{ 103‘ 0 10' 10° 108 104 e o e > s .4 .5 6
10 10 10 10 10 10 10 10 10 10 10
CK14 CK14 CK14
HCC70 MDA-MB-468
10 10
o 1° 34.2%
g 10* 10 :
103 103.
10? 107
101 T T T T T J 10‘ T T T T
10 102 1w 1w0' 10° 10° ' 100 10 10t w0t 1t
CK14 CK14

A bi-lineage cell subpopulation is found in basal-like breast tumors. (a) Co-staining of CK14 (green) and CK18 (red) on tumor sections

of human basal-like breast cancers. Double-positive (bi-lineage) cells, appear as yellow/orange. (b) Percentage of CK14 " only, CK18 " only and
bi-lineage CK14"CK18™ cells in tumor sections of 10 basal-like breast tumors obtained from different patients. (c) Immunofluorescent
co-staining of CK14 (red) and CK18 (green) in luminal (MCF7), non-tumorigenic myoepithelial (basal) (MCF10A) and basal-like cell lines (MDA-
MB-468, HCC70). (d) FACS analysis of CK14 and CK18 expression in indicated cell lines. Gate indicates the bi-lineage subpopulation.
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In light of the observed heterogeneity within cancer cell found that HCC70 and SUM149 cell populations seeded on
populations, we examined the effects of EZH2 on population Matrigel formed rounded colonies (filled spheres/acini) (Figure 4a
composition. We found that EZH2 silencing resulted in a and Supplementary Figure 6). We calibrated conditions such that
substantial decrease in the fraction of bi-lineage cells to >96% of colonies were monoclonal. Similar colonies were formed
approximately half of its original size, as did silencing of EED when the cells were grown in semi-liquid conditions recently
(Figures 3a and ¢, Supplementary Figure 5); conversely, EZH2 developed for the growth of primary stem and progenitor cells in
overexpression caused an increase in the bi-lineage fraction size 3D.%° In both conditions only 20-30% of seeded cells formed

(Figures 3b, c). colonies. We noted that the majority (70%) of formed 3D colonies
This was recapitulated in tumors formed by basal-like breast contained both CK18-only cells and bi-lineage cells (Figure 4a and
cancer cells upon transplantation in mouse mammary glands. Supplementary Figure 6); the single cells forming these colonies

EZH2-silenced MDA-MB-468 cells formed tumors that were slower can therefore give rise to both cell types, consistent with their
in growth than those formed by control cells (Figure 3d), and undergoing a change in differentiation state.
these tumors contained a smaller fraction of bi-lineage cells We found that EZH2-silenced HCC70 and SUM149 cells formed
(Figures 3e, f). These findings indicate that EZH2 controls the significantly fewer colonies than control cells (Figures 4b-d).
composition of the cancer cell population, promoting the EZH2-silenced cells showed mildly slower growth rates in
presence bi-lineage cells at the expense of CK18-only cells. conventional 2D culture, with no increase in apoptosis (Supple-
mentary Figure 6); however, an inherently slower proliferation rate
EZH2 promotes the colony formation capacity of basal-like breast would be expected to affect colony growth rates rather than the
cancer cells percentage of cells initiating colony formation. Indeed, colonies
We next asked whether the effect of EZH2 on the composition of formed by EZH2-silenced cells were on average smaller than those
the cell population was manifested in the behavior of the formed by control cells, but to a degree less significant than the
population. We tested the effects of EZH2 function on colony- decrease in colony numbers (Figures 4b-d). Upon dissociation of
formation capacity. The ability to form colonies in liquid or on colonies and re-plating, EZH2-deficient cells once again formed
extracellular matrix (Matrigel) is a hallmark of normal mammary fewer colonies, indicating that this reduced capacity was
stem and progenitor cell populations, and of stem-like breast =~ maintained within the colonies (Figure 4b). Conversely, EZH2
cancer cells.”*** Normal luminal progenitors typically form overexpression increased the number of colonies formed by
hollow acini in 3D; in contrast, cancer cells form colonies HCC70 cells, and these were also larger in size (Figure 4e).
lacking organized structure®® and expression of a single Together these findings indicate that EZH2 promotes the colony-
oncogene is often sufficient to disrupt lumen formation.?”?® We formation capacity of the cancer cells.
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Figure 3. EZH2 controls the bi-lineage cell fraction in basal-like cell lines and xenograft tumors. (@) FACS analysis of CK14 and CK18 expression
in EZH2-silenced and control HCC70 cells. (b) Same analysis in EZH2-overexpressing and control cells. (c) Fold change of the bi-lineage cell
fraction size in the indicated cells relative to matching control cells (Cont), as determined by FACS analysis. Values indicate average of three or
more independent experiments +s.e.m. ¥*P<0.03, **P<0.003, t-test. (d) Growth curves (left) and final masses (right) of tumors formed by
control or EZH2-silenced MDA-MB-468 cells injected into the mammary glands of NOD-SCID mice. Values indicate average across tumors
*s.e.m. (e) The percentage of bi-lineage cells in xenograft tumors formed by control and EZH2-silenced MDA-MB-468 cells, as assessed by
immunofluorescent staining. Circles represent individual tumors. Arrows indicate tumors in which no EZH2 silencing was detected. Black bars
indicate average across tumors. (f) Representative images of xenograft tumor sections stained for EZH2 (white), CK14 (green) and CK18 (red);
bi-lineage cells appear as yellow or orange in the merged images.
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Bi-lineage cells possess increased colony-formation capacity

We next assessed whether colony-formation capacity reflected the
phenotypic diversity in the population. Recent studies of the
developing mouse mammary gland have revealed that coexpres-
sion of CK14 and CK18 occurs in mammary stem cells during
embryogenesis, but not subsequently in the adult gland;***'
however, such cells can be detected in mouse mammary
tumors.3? In the adult human breast, progenitor and stem cell-
enriched subpopulations appear to contain cells that express
bi-lineage cytokeratins.”>* Bi-lineage marker expression in cancer
cells could therefore represent a more primitive differentiation
state.

We therefore assessed whether bi-lineage and CK18-only cells
differ in their colony-formation capacity. First, we followed the
population dynamics during colony formation. One day after
plating of HCC70 cells on Matrigel, a time point at which the
culture largely contained single cells, 44% of cells showed bi-
lineage CK14"CK18™" staining (Figures 5a, b). Four days after
plating, these cultures contained single cells that have not
divided, as well as small clusters containing ~5 cells on average,
indicating that approximately two cell divisions took place.
Strikingly, the percentage of bi-lineage cells among the nondivid-
ing single cells was decreased relative to the one-day time point,
to 26% (P=0.007) (Figure 5b); in contrast, 91% of the forming
colonies contained bi-lineage cells (Figure 5b). Eight days after
plating, this trend was further enhanced: only 21.8% of single cells
were bi-lineage (P=10.004), while 96% of colonies contained bi-
lineage cells (Figure 5b). These data indicate that CK18-only cells
preferentially remain undivided following seeding, whereas bi-
lineage cells preferentially divide and form colonies.

To further support these findings, we generated a lentiviral
reporter construct in which GFP expression is driven by the CK14
promoter (K14p-GFP) (Figure 5¢). As all the cells in this population
express CK18, the CK14 reporter was expected to label bi-lineage
cells. We infected HCC70 cells with the K14p-GFP lentivirus and
sorted GFP-high and GFP-negative cells. We found that GFP-high
cells were indeed enriched for bi-lineage cells (Supplementary
Figure 7). Upon plating on Matrigel, GFP-high cells isolated from
the K14p-GFP-infected population formed more colonies than GFP-
negative cells, and these were also larger in size (Figure 5c). In
contrast, GFP-high cells isolated from a population of cells infected
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with a virus constitutively expressing GFP, formed similar numbers
of colonies as GFP-negative cells isolated from the same
population (Figure 5d). These findings provide direct evidence
that bi-lineage cells possess increased colony-formation capacity.

We next compared the expression of lineage markers in bi-
lineage and CK18-only cells. We sorted stained HCC70 cells to
obtain these two subpopulations. Bi-lineage cells expressed, as
expected, higher levels of basal-lineage genes; in addition, they
expressed higher levels of luminal progenitor-associated genes
(Figure 5e). This indicates that the bi-lineage cells are closer to
luminal progenitors at the molecular level than the CK18-only cells.

Together, these findings support the hypothesis that bi-lineage
cells within basal-like breast cancer cell populations represent a
more primitive differentiation state than their counterparts, which
is manifested in increased colony-formation capacity and the
expression of progenitor-associated genes. The promotion of
colony formation by EZH2 can therefore be explained by its
promotion of bi-lineage identity.

Bi-lineage cell numbers increase during early tumor formation

In light of the increased ability of bi-lineage cells to form colonies
in culture, we tested the dynamics of bi-lineage cell numbers
within tumor cells implanted in mice. We injected MDA-MB-468
cells into mouse mammary glands, and then extracted the
injected tissue at different time points, from 2 hours after injection
to 3 weeks subsequently. Staining of tissue sections for CK14 and
CK18 revealed that the numbers of bi-lineage cells progressively
increased within these forming tumor nodules (Figures 6a, b). This
phenomenon suggests that the bi-lineage identity provides an
advantage during tumor growth.

GATA3 suppresses bi-lineage identity and luminal progenitor-
associated genes

We next considered which factors could mediate the decrease in
bi-lineage cell numbers upon EZH2 silencing. We noted that EZH2-
silenced cells showed increased expression of GATA3 and FOXAT,
both known Polycomb targets and regulators of luminal identity
in the normal and cancerous breast**~’ (Figure 7a). In the normal
gland, GATA3 promotes the differentiation of luminal progenitors
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EZH2 promotes colony-formation capacity. (a) Confocal image of a colony formed on Matrigel by HCC70 cells and stained for CK14

and CK18 as indicated. (b) Number of colonies formed on Matrigel by control and EZH2-silenced HCC70 cells upon initial seeding (passage 0)
and upon dissociation of colonies and replating (passage 1). Graph on right shows average colony sizes (sizes were the same after passage).
Representative phase-contrast images of colonies are shown on right. (c) Colony numbers and sizes of same cells in semi-liquid stem cell
culture conditions. (d) Colony numbers and sizes of control and EZH2-silenced SUM149 cells; colonies displayed morphology and composition
similar to those formed by HCC70 cells. (e) Colony numbers and sizes of control and EZH2-overexpressing HCC70 cells. Values indicate average

of 3-5 replicates *s.em.
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Figure 5. Bi-lineage cells possess increased colony-formation capacity and express progenitor-associated genes. (a) Confocal images of single
HCC70 cells or colonies stained for CK14 (red) and CK18 (green), 1,4 or 8 days after seeding on Matrigel. (b) Percentage of bi-lineage cells
among single HCC70 cells 1,4 or 8 days following seeding (yellow bars) and percentage of colonies containing bi-lineage cells 4 or 8 days after
seeding (blue bars). No colonies were present 1 day after seeding. *P< 0.007, Pearson’s y*-test. (c) Numbers and sizes of colonies formed by
GFP-high and GFP-negative HCC70 cells infected with the K14p-GFP reporter vector (shown in diagram). Values indicate average of five
replicates +s.e.m. Representative images of colonies are shown on right, inset shows GFP expression in colonies formed by GFP-high cells.
(d) Numbers and sizes of colonies formed by GFP-positive and GFP-negative HCC70 cells infected with the control PGKp-GFP vector. N.S., non-
significant. (e) gRT-PCR analysis of basal, luminal and luminal progenitor-associated genes performed on RNA extracted from FACS-isolated
bi-lineage and CK18-only HCC70 cells. Values indicate fold expression in bi-lineage cells over CK18-only cells, as average of triplicate reactions

+s.em.

into mature luminal cells.3**> GATA3 expression is associated with
luminal breast cancers, and it functions as a tumor suppressor
gene3%73° The expression levels of EZH2 and GATA3 in human
breast cancers are strongly negatively correlated (Supplementary
Figure 8). However, although GATA3 levels are typically very high
in luminal tumors, it is also expressed, albeit at lower levels, in
basal-like tumors and cell lines, and could therefore influence their
differentiation state (Supplementary Figure 8).

We therefore tested whether GATA3 affects the composition of
basal-like breast cancer cell populations. Consistent with its
described function, GATA3 overexpression repressed luminal
progenitor-associated genes and basal-lineage genes, and
induced luminal-lineage genes (Figure 7b). Furthermore, GATA3
overexpression dramatically reduced bi-lineage cell numbers,
beyond the reduction observed upon EZH2 silencing (Figure 7c).
Conversely, GATA3 silencing led to increased expression of
luminal progenitor-associated and basal-lineage genes, and to

© 2013 Macmillan Publishers Limited

an increase in the bi-lineage fraction (Figures 7d, e). These findings
indicate that GATA3 suppresses bi-lineage identity within the
basal-like breast cancer cell populations, and concomitantly
represses luminal progenitor-associated genes.

To test whether GATA3 contributes to the decreased bi-lineage
fraction observed upon EZH2 silencing, we co-infected HCC70
cells with shEZH2 and shGATA3 lentiviruses; GATA3 silencing
prevented to a large extent the decrease in bi-lineage cell
numbers caused by loss of EZH2 (Figure 7f). We noted that
GATA3 overexpression caused a reduction in EZH2 levels,
whereas its silencing led to a reproducible increase in EZH2 levels
(Figures 7b, d), suggesting a negative-feedback loop between the
two genes. Together, these findings reveal that GATA3 performs a
role opposite to that of EZH2, acting to decrease bi-lineage
identity in favor of a luminally-directed identity. The interplay
between the two proteins can therefore determine the composi-
tion of the cancer cell population (Figure 7g).
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Figure 6.

Bi-lineage cell numbers increase during tumor formation. (a) Percentage of bi-lineage cells in sections of mouse mammary glands

implanted with MDA-MB-468 cells and excised 2 hours (2hr), 1 day, 1 week or 3 weeks (1wk, 3wk) after implantation. Each circle represents a
single tumor. Black bars indicate average of four tumors. *P<0.01, **P <0.001, t-test. (b) Representative confocal images of sections of tumors
excised at each time point and stained for CK18 (red) and CK14 (green). Note that CK18 expression was detected in all cells, albeit at low levels

in cells that appear green in the images.

DISCUSSION

Little is known about the molecular regulators of poor differentia-
tion and stem- or progenitor-like phenotypes in cancer cells. Basal-
like breast cancers are unique in that they present a mixed lineage
phenotype, expressing both basal and luminal genes, as well as
genes specifically expressed in luminal progenitors.>*” Our results
reveal a novel function for EZH2 in determining the differentiation
state of these tumor cells. EZH2 promotes the expression of
basal-lineage markers, as well as of luminal progenitor-associated
genes. The absence of EZH2 is not, however, sufficient for cells to
fully activate an alternative differentiation program, which would
most likely require the concomitant activity of differentiation-
promoting transcription factors.

We gained further insight by assessing the effects of EZH2 on
the composition of the cancer cell population. Basal-like breast
cancers contain a subpopulation of bi-lineage cells co-expressing
CK14 and CK18, and EZH2 increases the relative fraction size of
bi-lineage cells, at the expense of cells expressing only the luminal
CK18. The gene expression changes observed in whole-cell
populations upon EZH2 silencing or overexpression therefore
reflect, at least in part, these changes in cell composition. EZH2
thus controls tumor subtype identity as well as intra-tumor cellular
heterogeneity.

We demonstrate that the bi-lineage identity reflects a
differentiation state that is more primitive, and closer to that of
normal progenitors, than that of the CK18-only cells. This is based
on the expression of progenitor-associated genes and on the
enhanced capacity of these cells to form heterogeneously
composed colonies. The changes in bi-lineage cell numbers upon
EZH2 silencing or overexpression thus readily explain the
corresponding changes in colony formation by these cells. Further
characterization of the dynamics in which cells may exit and/or
enter the bi-lineage state will shed additional light on its nature.

Prior descriptions of bi-lineage cells in the breast are consistent
with our findings. Recent studies of the developing mouse
mammary gland have revealed that bi-lineage cells exist
among embryonic mammary stem cells that subsequently give
rise to the two mature lineages.>**' Bi-lineage cells appear to be
absent from the adult mouse mammary gland*® but have
been detected in mouse mammary tumors,? suggesting an
adoption of this primitive differentiation state by the cancer cells.
Bi-lineage cells do appear to exist in the adult human mammary
gland:”***° luminal progenitors contain a fraction of 41-50% of
cells that co-express CK5 and CK18,” and mammary cells of BRCA1
mutation carriers, whose progenitor pools are expanded, generate
colonies with increased numbers of CK14"CK18" cells.®
Furthermore, stem cells isolated through label retention from
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normal and cancerous breasts (RNMSCs) express both luminal and
basal markers.?® This marker profile therefore appears to be
indicative of increased phenotypic plasticity.

EZH2 has been shown to promote the size of the CD24 /
CD44 " sphere-forming population in breast cancers by driving
Raf1 amplification through suppression of Rad51 and DNA
damage repair.*' Our study is consistent with these findings in
ascribing a role for EZH2 in promoting colony formation. However,
we did not observe changes in Raf1 levels in basal-like cells upon
EZH2 overexpression, and the kinetics of colony formation are not
consistent with an amplification-driven mechanism, suggesting
independent modes of action in the two systems.

EZH2-silenced cells give rise to slow growing tumors, as has
been previously shown.'®' Strikingly, upon implantation of
basal-like breast cancer cells in mouse mammary glands, the
numbers of bi-lineage cells increase, indicating either that these
cells have a growth or survival advantage in vivo, or that the cells
adopt this phenotype upon implantation. The manner by which
bi-lineage identity and its control by EZH2 may affect tumor
growth and progression requires further study.

Our finding that GATA3 represses bi-lineage identity in favor of
a more luminally differentiated state is consistent with its
described role as a master inducer of luminal differentiation.>*3°
However, our results shed new light on GATA3 function in breast
cancer, demonstrating that it contributes also to the
differentiation state of basal-like tumors, in which it is expressed
at lower levels than in luminal tumors.

Together, our findings reveal a novel mechanism central to the
determination of breast cancer subtype identity, and point to
EZH2 as a promoter of the basal-like subtype. Furthermore, our
work provides new insights into the complexity of intra-tumoral
cellular heterogeneity, and reveals a function for EZH2 in con-
trolling the equilibrium between different tumor cell populations.

MATERIALS AND METHODS
Cell culture and colony-formation assays

HCC70 cells were grown in RPMI media containing 10% FBS, MDA-MB-468
cells in L15 Leibovitz containing 10% FBS and SUM149 cells in F-12
containing 5% FBS, Tpg/ml hydrocortisone and 0.5 pg/ml insulin. For
colony-formation assays, cells were passed through a 40-um strainer, and
seeded in 96-well plates coated with growth factor reduced Matrigel
(BD Biosciences, Franklin Lakes, NJ, USA), 500 cells per well, and covered in
cell type matching media containing 2% Matrigel. Cultures were grown for
8 days or shorter time points as indicated. Conditions were calibrated to
minimize cell aggregation by seeding a 1:1 mixture of GFP-labeled and
non-labeled cells, and assessing the percentage of dual-color colonies
formed; in these conditions 1.6% of colonies were GFP/non-GFP mixed,
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Figure 7. GATA3 represses bi-lineage identity. (a) Fold change in GATA3 and FOXA1 expression in EZH2-silenced HCC70 cells relative to control

cells (shCont), assessed by qRT-PCR. Values indicate average of triplicate reactions *s.e.m. (b) Fold change in expression of basal-lineage,
luminal-lineage, and luminal progenitor-associated (lum prog) genes upon GATA3 overexpression in HCC70 cells, assessed by gRT-PCR.
(c) Images of control (pLV) HCC70 cells or cells overexpressing GATA3 (pLV-GATA3), either without (shCont) or with (shEZH2) concomitant
EZH2 silencing, stained for CK18 (green) or CK14 (red). Histogram shows bi-lineage cell numbers relative to control cells, as quantified from
images. Values indicate average of seven fields each containing >50 cells, £s.e.m. *P<0.01, **P<0.002, t-test (d) Fold change in expression
of basal-lineage, luminal-lineage and luminal progenitor-associated genes upon GATA3 silencing in HCC70 cells. (e) CK14 and CK18 FACS
analysis of HCC70 cells silenced for GATA3. (f) CK14 and CK18 FACS analysis of HCC70 cells silenced for EZH2, or for both EZH2 and GATA3. (g)
Schematic model: EZH2 and GATA3 play opposing roles in determining bi-lineage content in basal-like breast cancers.

and we extrapolated that bi-clonal colonies account to ~3.2%. For
passaging, Matrigel was dissolved using cell-recovery solution (BD);
colonies were then dissociated with trypsin, passed through a 40-um
strainer and reseeded. The semi-liquid assays were performed as described
in Guo et al.*® Phase-contrast images of colonies were obtained using an
Eclipse Ti inverted microscope (Nikon, Tokyo, Japan) and a DS-Fi1 camera
(Nikon). Colony numbers and sizes were quantified using the NIS Elements
software (Nikon). Colonies with a diameter >30 pum and a round
morphology were scored. Colonies were stained as described in Debnath
et al.*? with antibodies against CK14 (RB-9020, Thermo, Waltham, MA, USA)
and CK18 (MS-142, Thermo), followed by labeled secondary antibodies
(Jackson, West Grove, PA, USA). Images were collected using a LSM710
laser scanning confocal microscope (Zeiss, Oberkochen, Germany). >30
colonies or >100 single cells were scored at each time point.

Lentiviral constructs and infection

The pLKO.1-puro lentiviral vector was used for gene silencing, except for
the experiments where EZH2 and GATA3 were co-silenced, in which
pLKO.1-neo was used for EZH2 silencing. Targeting sequences used:
SshEZH2 #1: 5'-ATTCTTGGTTTAAGATTTCCG-3', shEZH2 #2: 5'-AAGCTAAGG
CAGCTGTTTCAG-3/, shEED: 5'-AATTCCTATGTATGTCTCTGG-3/, shGATA3
5'-TTTCGGTTTCTGGTCTGGATG-3', shCont (scrambled): 5'-CCTAAGGTTAA
GTCGCCCTCG-3'. For EZH2 overexpression, we used the Fip-EZH2
construct, provided by Marius Wernig. For GATA3 overexpression, we
cloned the GATA3 cDNA into the pLV-neo lentivirus. To construct the
K14p-GFP reporter lentivirus, a Sall fragment containing the CK14
promoter provided by Sabine Werner was cloned upstream to GFP,
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modifying the pLU-JARID1Bp-GFP-Blast® vector provided by Meenhard
Herlyn. As a control virus, we used pRRL-GFP, which expresses GFP under
the PGK promoter.*® We used standard virus generation and infection
procedures, packaging with the pHRA8.2 and pCMV-VSV-G vectors.

Expression profiling and analysis

RNA was extracted using the RNeasy Mini Plus kit (Qiagen, Venlo,
Netherlands). Gene expression profiling was done on Human Gene 1.0 ST
Arrays (Affymetrix, Santa Clara, CA, USA). Each cell line was profiled in
duplicate. Profiling data appear in GEO as GSE36939. Analysis of gene-set
enrichments was done using the hypergeometric distribution test as in
Ben-Porath et al® with a threshold of 0.3 in log, change (Z-score > 1.4) and
FDR<0.05. Gene sets used in the study are listed in Supplementary File 1.
Subtype-specific and luminal progenitor-associated gene sets were
obtained from Lim et al.” and Prat et al?*> Gene Set Enrichment Analysis
(GSEA) was performed as described in Subramanian et al**

Immunohistology, immunocytology and FACS

Immunofluorescent staining of cultured cells and tumor sections for CK14
and CK18 was done using standard procedures. Bi-lineage cell percentages
in tumors were calculated as averages of counts of 10 confocal microscopic
fields examined in each section, assisted by the CellProfiler software
(http://www.cellprofiler.org/). FACS analysis of live cells was done using
standard procedures on an LSRIl Analyzer (BD), using antibodies against
CD133 (AC133, Miltenyi, Gladbach, Germany) or c-KIT (#3308, Cell
Signaling, Danvers, MA, USA). For intracellular cytokeratin FACS stains,
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cells were fixed in 2% paraformaldehyde for 10 min, permeabilized for
20 min in 100% methanol on ice, and stained with CK14/CK18 antibodies,
followed by conjugated secondary antibodies. Gating for bi-lineage cells
was done relying on staining of mono-lineage cell lines (MCF7, MCF10A),
the MDA-MB-231 line as a negative control. For isolation of bi-lineage and
CK18-only cells, we sorted stained cells on FACS-ARIAIl (BD). RNA was
extracted using the RNeasy FFPE kit (Qiagen).

Tumor xenografts

For tumor xenografts, 2.5 x 10° viable GFP-labeled MDA-MB-468 cells were
injected in 20pul media containing 25% Matrigel into both #4 mammary
glands of 6-week-old female NOD/SCID mice. Tumors were measured by
palpation, and weighed upon excision, which was done either 125 days
after implantation (Figure 3), or at the time points indicated in Figure 6.
Tumors were formalin-fixed and paraffin-embedded for immunohisto-
chemistry. The experiment shown is representative of three independent
repeats. All experiments involving animals were performed under the
approval of the Hebrew University Ethics Committee for Animal Use.

Human patient material

Samples of 10 basal-like breast cancers were obtained from patients treated
at Hadassah Medical Center. Basal-like tumors were defined on the basis of
triple-negative status (HER2-, ER- and PR-negative) and CK5/6-positive stain.
Samples were used under the approval of the Institutional Review Board.

Western blots and qRT-PCR

Western blot and qRT-PCR analyses were performed according to standard
procedures. Additional antibodies used: EZH2 (07-689, Millipore, Billerica,
MA, USA), CK5 (ab24647, Abcam, Cambridge, UK) and B-actin (sc-1615,
Santa Cruz, Santa Cruz, CA, USA). Primer sequences appear in
Supplementary Methods.
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