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Editor's Summary

Playing Tug-of-War with HOXC10

Aromatase inhibitors are drugs that prevent androgens from being converted into estrogen, and they are
frequently used to treat breast cancers that express the estrogen receptor. Unfortunately, some patients' tumors never
respond to these drugs, and others gradually become resistant over time. Although the development of resistance to
aromatase inhibitors has been investigated in some previous studies and some potential mechanisms have been
proposed, much about this process remains unknown.

Pathiraja and colleagues began by performing a genome-wide methylation screen in breast cancer cells, which
identified the developmental gene HOXC10 as a target of epigenetic silencing in the context of long-term estrogen
withdrawal. When HOXC10 is active, it interferes with proliferation and can stimulate apoptosis, but estrogen
suppresses its activity, thereby promoting tumor growth. By decreasing estrogen production, aromatase inhibitors
up-regulate HOXC10, accounting for some of their antitumor activity. However, long-term estrogen deprivation
eventually has the opposite effect, leading to methylation of HOXC10 and its long-term suppression even in the
absence of estrogen. These findings suggest that a rational approach for overcoming aromatase resistance in breast
cancer may involve the addition of demethylating drugs to overcome the methylation of HOXC10 and take advantage
of its antitumor effects, although this remains to be demonstrated directly.
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CANCER

Epigenetic Reprogramming of HOXC10 in
Endocrine-Resistant Breast Cancer

Thushangi N. Pathiraja,">* Shweta R. Nayak,? Yuanxin Xi,* Shiming Jiang,?" Jason P. Garee,*
Dean P. Edwards,*> Adrian V. Lee,?° Jian Chen,® Martin J. Shea,? Richard J. Santen,’

Frank Gannon,®® Sara Kangaspeska,®" Jaroslav Jelinek,® Jean-Pierre J. Issa,’ Jennifer K. Richer,'®

Anthony Elias,'® Marie Mcllroy,'" Leonie S. Young,"' Nancy E. Davidson,® Rachel Schiff,?
Wei Li,? Steffi Oesterreich®°!l

Resistance to aromatase inhibitors (Als) is a major clinical problem in the treatment of estrogen receptor (ER)-
positive breast cancer. In two breast cancer cell line models of Al resistance, we identified widespread DNA hyper-
and hypomethylation, with enrichment for promoter hypermethylation of developmental genes. For the homeobox
gene HOXC10, methylation occurred in a CpG shore, which overlapped with a functional ER binding site, causing
repression of HOXC10 expression. Although short-term blockade of ER signaling caused relief of HOXC10 repression
in both cell lines and breast tumors, it also resulted in concurrent recruitment of EZH2 and increased H3K27me3,
ultimately transitioning to increased DNA methylation and silencing of HOXC170. Reduced HOXC10 in vitro and in
xenografts resulted in decreased apoptosis and caused antiestrogen resistance. Supporting this, we used paired
primary and metastatic breast cancer specimens to show that HOXC170 was reduced in tumors that recurred during
Al treatment. We propose a model in which estrogen represses apoptotic and growth-inhibitory genes such as
HOXC10, contributing to tumor survival, whereas Als induce these genes to cause apoptosis and therapeutic
benefit, but long-term Al treatment results in permanent repression of these genes via methylation and confers
resistance. Therapies aimed at inhibiting Al-induced histone and DNA methylation may be beneficial in blocking

or delaying Al resistance.

INTRODUCTION

About 70% of breast tumors express estrogen receptor o, (ER), and pa-
tients with these tumors are candidates for endocrine therapy such
as tamoxifen and aromatase inhibitors (Als). Despite the well-
documented benefits of endocrine therapy, not all patients with ER"
tumors initially respond to endocrine therapy (“de novo resistance”),
and many ER" tumors eventually become refractory to therapy (“ac-
quired resistance”) (I). Als, which block the conversion of androgen
to estrogen and thus lower systemic estrogen, have superior efficacy
for the treatment of postmenopausal ER" breast cancer compared to
tamoxifen (2). Although a large body of literature has identified pos-
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sible mechanisms of resistance to tamoxifen, little is known about the
mechanisms of resistance to Als (3).

A number of possible mechanisms for endocrine resistance have
been described, such as the bidirectional crosstalk between steroid re-
ceptors and growth factor receptors (4). The targeting of mTORC1
(mammalian target of rapamycin complex 1) with everolimus has re-
cently shown great promise in the treatment of endocrine-resistant ER*
disease (5). Deregulation of estrogen signaling and altered expression of
coactivators and corepressors have been reported to be associated with
endocrine resistance (6). This occurs as a consequence of genetic
changes, such as amplification of AIB1 (7), ERBB2 (8), and, more re-
cently, ESR1 mutations (9). However, there is increasing evidence im-
plicating epigenetic mechanisms in the development of resistance. For
example, resistance to tamoxifen has been associated with promoter hy-
permethylation and hypomethylation of a number of genes (10). In
contrast, very few studies have focused on epigenetic changes in breast
cancer cells resistant to estrogen deprivation (11).

We performed a genome-wide methylation screen using two
independent long-term estrogen-deprived cell lines derived from
MCEF-7, termed C4-12 and LTED. We identified genome-wide hyper-
and hypomethylation with enrichment for developmental genes, in-
cluding a number of homeobox genes. HOXCI0, a gene repressed
by estrogen in hormone-responsive MCF-7 cells, was repressed through
epigenetic mechanisms after estrogen withdrawal. This epigenetic re-
programming included EZH2 recruitment, repressive histone marks,
and subsequent DNA methylation. We propose a model whereby estro-
gen represses HOXCIO to promote tumor growth, whereas Al blocks
estrogen action to induce HOXCI0. HOXCIO0 apoptotic and growth-
inhibitory functions may contribute to the therapeutic effect of Al
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however, long-term estrogen deprivation leads to permanent epigenetic
silencing of HOXCI0, which counteracts the Al-mediated induction of
these genes and contributes to acquired endocrine resistance.

RESULTS

DNA methylation frequently changes in breast cancer cells
resistant to estrogen deprivation

C4-12 and LTED cells, two previously established MCF-7 sublines that
are resistant to estrogen deprivation, were used for the studies (Fig. 1A).
C4-12 cells were previously shown to be ER™ (12), whereas LTED cells
maintain high levels of ER (13). Loss of ER in C4-12 was only par-
tially due to methylation, because the ESR1 promoter was largely
unmethylated (fig. S1A). These two cell
line models are representative of clinical

involved in developmental processes (table S2). Given the increasingly
recognized importance of HOX genes in tumorigenesis, we focused our
subsequent studies on HOXC10, which was highly methylated in both
C4-12 and LTED cells.

Methylation of the HOXC70 promoter is associated with
transcriptional silencing

The HOXCI0 gene has a clearly defined CpG island spanning its
proximal promoter and extending over the first exon (Fig. 2A). The dis-
tal promoter region showed almost complete DNA methylation in both
C4-12 and LTED, with no detectable methylation in MCF-7 (Fig. 2B).
This methylated region falls into the category of “CpG island shore”
methylation, an event that has been described for other cancer cells, as
well as for stem cells (16, 17). There was also an increase in methylation

Al-resistant breast tumors, which can be A — B Hypermetfly_l_a_:(ign
ER" or ER". They are resistant to estrogen -E; — MBD- C \\\
deprivation; however, they have not under- 9 months ER- / pull down LTED
gone complete epithelial-to-mesenchymal I
" . MCF-7 — 229
transition (EMT), because expression of ER+ \ l J
classical EMT markers (14) showed incon- LTED ~———=7
sistent changes (fig. S1B). ‘ ) ER+ Affymetrix Hypomethylation
We performed a genome-wide meth- 12 months - promoter e
ylation screen with a previously described € array LTED
assay (15), which uses affinity-based en- " 82 )
richment of methylated regions of DNA chr20: 555050001 525300001 _ A
via a methylation binding domain (MBD). 574 +794§_"
We detected a total of 267 and 301 hyper- 1 €412 ‘
methylated genes in C4-12 and LTED, re- § M. LR mcr-7 OOOOCIPNBOOD 19%
spectively, compared to MCF-7 (table S1) LTED 12 OP00IOPPPDI DO s5%
(fold change cutoff >2). Hypomethylation h. Lk
: LA 29
was less frequently observed, with 82 and hm_018437 sreiSea Gene. e DO DD IBEY 52%
97 hypomethylated genes in C4-12 and CpG m
LTED, respectively. There was a highly
?igniﬁcant ovegl%p Oflhg’permetEYiateg chria: 534900(?0\kb +115 +384
P =6.1 x 107"") and hypomethylate 62
genes (P = 2.4 x 107*°) between C4-12 s C4-12 - L R mcr-7 (YDA PEIIIEDEAPIDDY 40%
and LTED (Fig. 1B), suggesting that there s 0 a1 9000000000000 00000 -
were many epigenetic modifications shared LTED h
between these two independent models of oo u_ull .. 10 QOOOIO00IOVVO000000
resistance to estrogen deprivation. - RefSeq Gene .
Given the well-known effect of hyper- CpG 1 -0 Fig. 1. Frequent hypo- and
. . . hypermethylation in breast
meglylatlont(l)ln lgene silencing, we focusti:ld chro: | Sk +340 +532 cancer cells resistant to estro-
on hypermethylation events. DNA meth- 10| 14855000 114860000 MCE-7 gen deprivation. (A) Schemat-
ylation peaks from the MBD-PD (pull- 5 C4-12 ‘II'I OODOCO0) 3 ic representation of cell line
down) assay showed that the promoters & il .“"‘i | C4-12 OQG““O 65%  models resistant to estrogen
of DOKS5, BMP4, and ZFP37 were hyper- N 10 deprivation used in this study
LTED 12% . !
methylated in C4-12 and LTED by ~5- to LTED I"Im CD@@@@O ” and genome-wide methylation
~10-fold (Fig. 1C, left panel). For all three -1 Retseq e 6 N 003408 analysis. (B) Venn diagrams

genes, bisulfite sequencing confirmed the
MBD-PD result, although the actual mag-
nitude of methylation was somewhat var-
iable (Fig. 1C).

Seventy-two genes were commonly hy-
permethylated between C4-12 and LTED
cells (Fig. 1B). Gene Ontology (GO) anal-
ysis showed a marked enrichment of genes

showing overlap of hyper-

and hypomethylated genes in C4-12 (solid line) and LTED (dashed line). (C) Confirmation of candidate
hypermethylated genes identified by MBD-PD array. Methylation tracks for C4-12 and LTED compared to
MCF-7 viewed on the UCSC (University of California, Santa Cruz) Genome Browser (http://www.genome.
ucsc.edu/) (hg18) (left). The National Center for Biotechnology Information reference sequence IDs are in-
dicated in the tracks. The y axis represents fold methylation relative to MCF-7, and upward and downward
peaks represent hyper- and hypomethylated regions, respectively. Corresponding results of the bisulfite
sequencing assay in MCF-7,C4-12,and LTED cells are shown on the right. Each CpG site is represented by a
circle, and mean percent methylation at each CpG site is shown by the fraction of dark shading inside.
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of the exonic region, although the difference between MCF-7 and the re-
sistant cell lines was less marked. In contrast, the proximal promoter was
unmethylated in MCF-7, C4-12, and LTED cells.

Quantification of HOXCI0 mRNA in MCF-7, C4-12, and LTED
cells showed that methylation was associated with transcriptional si-
lencing (Fig. 2C, top panel, and table S3). The decreased expression
of HOXCIO0 in breast cancer cells resistant to estrogen deprivation
was not unique to MCF-7, because it was also observed in resistant cell
line models generated from MDA-MB-361, ZR-75B, T47D, and BT474
breast cancer cells (Fig. 2C, bottom panel, and table S3). Treatment of
C4-12, LTED, and MCF-7 cells with the DNA methylation inhibitor

5’'-aza-deoxycytidine (DAC) and the histone deacetylase inhibitor
trichostatin A (TSA) showed that repression of HOXC10 was not only
mediated by DNA methylation but may also involve additional repres-
sive histone modifications (Fig. 2D and table S3). Treatment with TSA
significantly induced HOXCI10 expression in both C4-12 (P = 0.025)
and LTED cells (P = 0.0007), but not in MCF-7 cells (P = 0.279).

We analyzed HOXCIO0 expression and methylation in a large num-
ber of breast cancer cell lines. Methylation at the CpG island shore var-
ied widely from 5 to 95%, whereas very little methylation was detected at
the proximal promoter region (Fig. 2E and table S3). HOXC10 meth-
ylation at the CpG island shore and the amount of transcript were
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S M7 - (412 000000300 63880080080 COOOCCOOOOC00000 COOCOOCCN $8dedee0eed
S 7 ‘It LTED ©0000000d 9830000009 OCCOOCOOC00C00000 COCOOO0Cd 0800eeseeee
T
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efSe ene
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Fig. 2. Methylation and expression of HOXC10 in breast cancer cells.
(A) UCSC Genome Browser figure showing hypermethylated HOXC10 re-
gions in C4-12 and LTED cells. Methylation tracks are shown as described in
Fig. 1C. The locations of bisulfite sequencing primers are depicted as lines
labeled a, b, ¢, d, and e. (B) Bisulfite sequencing at an upstream promoter
region/CpG shore (a and b), proximal promoter (c and d), and first exon (e)
in HOXC10. Each CpG site is represented by a circle, and mean percent
methylation at each CpG site is shown by the fraction of dark shading.
(C) Relative mRNA expression of HOXC10 in cells resistant to estrogen dep-
rivation. Relative amount of mRNA is depicted as fold change compared to
MCF-7 (top panel) (mean £ SD). HOXC10 mRNA levels were determined in
other ER" parental cell lines and clones resistant to estrogen deprivation
(“"EDR") (bottom panel). *P < 0.05, **P < 0.01 (t test compared to respective
parental cells). Exact P values are provided in table S4. (D) Effect of DAC and

50%

TSA treatment on HOXC10 expression. Quantitative reverse transcription
polymerase chain reaction (QRT-PCR) was used to determine the relative
HOXC10 mRNA expression after C4-12, LTED, and MCF-7 cells were treated
with DAC for 6 days and TSA for 14 hours. Data are means + SD from three
biological replicates and presented as fold over vehicle control. *P < 0.05,
**P < 0.01, ***P < 0.001 (t test compared to vehicle-treated cells). Exact
P values are provided in table S4. (E) HOXC10 methylation inversely corre-
lates with gene expression in breast cancer cell lines. qRT-PCR and bisulfite
pyrosequencing were used to quantify expression of HOXC10 and pro-
moter methylation, respectively, in 34 breast cancer cell lines. ER status
of the cell lines is shown by black (ER*) and white (ER”) boxes. The rel-
ative mRNA level is depicted as fold change compared to the average set
as 1. Exact P values (Spearman rank correlation comparing expression
and methylation) are provided in table S4.
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inversely correlated (r = —0.61, P = 0.001), with a weaker association at
the proximal promoter region (r = —0.36, P = 0.034). There was also an
association between HOXC10 mRNA expression and ER status of the
cell lines: most ER" cell lines (76%) expressed HOXC10 above the av-
erage level, but only 28% of ER™ cell lines expressed HOXCI0 above the
average level. Intriguingly, the two ER" cell lines in which HOXCI0 was
hypermethylated (MDA-MB-134-VI and HCC1395, indicated with ar-
rows in Fig. 2E) showed decreased estrogen response compared to other
ER" cells (fig. S2), suggesting that there is an inverse correlation between
HOXCI0 methylation and ER level and function.

Fig. 3. Estrogen regulation of HOXC10 ex-
pression and histone marks in the HOXC10
promoter. (A) Model showing ERE sites in the
HOXC10 promoter and the position of the

DNA methylation
1/2 EREs

Estrogen regulates HOXC10 expression

The preferential expression of HOXC10 in ER" cells (Fig. 2E) indicated
that regulation of HOXCI10 expression might be under estrogen control.
The HOXCI0 promoter has six half estrogen response element (ERE)
sites and one palindromic full ERE site, with only one mismatch com-
pared to the consensus ERE (Fig. 3A). The ERE maps to the CpG island
shore, which is hypermethylated in the C4-12 and LTED cells, as well as
in many ER" cell lines. Chromatin immunoprecipitation (ChIP) assays
revealed strong estrogen-induced ER recruitment to the ERE at the
—1.6-kb region and modest recruitment to the —0.1-kb region (Fig. 3B

N

ER ChIP HOXC10 mRNA

15
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.
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box. TSS, transcription start site. (B) ER ChiP as-
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ative control) was determined. Bars represent
means + SD from three biological replicates.
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in table S4. (C) Estrogen-mediated repression
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term E, deprivation. EZH2 and H3K27me3 ChIP
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and table S3). As a positive control, we used recruitment to pS2 ERE, and
as a negative control, we used the lack of ER recruitment to a non-
functional ERE (NFERE) (18). ER was also recruited (albeit more weakly)
to the HOXCI10 promoter in LTED cells (fig. S3), suggesting that (i) ER
can be recruited to a methylated region and (ii) ER recruitment is not
sufficient for transcriptional activation.

To examine whether ER recruitment resulted in estrogen regulation
of HOXCIO0 gene expression, we treated MCF-7 and LTED with estra-
diol (E;) and the antiestrogen ICI 182,780 (ICI). E, caused repression of
HOXCI0 mRNA expression, which was blocked by ICI (Fig. 3C and
table $3). As expected, E; and ICI did not change the minimal HOXC10
expression in LTED cells. Notably, LTED cells retained the ability of
estrogen to regulate many other classical E,-regulated genes (fig. S4),
consistent with a previous report (19). As expected, these genes were
not identified in the LTED MBD-PD array as being significantly meth-
ylated, using cutoffs of P < 10~ and fold change of >2 in the MAT
(model-based analysis of tiling arrays) analysis (table S1).

To determine whether estrogen regulation of HOXCI0 was also ob-
served in clinical breast tumors, we measured HOXC10 levels by immu-
nohistochemistry (IHC) in 30 matched pre- and posttreatment samples
(15 pairs) from women with early breast cancer who received 4 months
of neoadjuvant exemestane treatment (Fig. 3D). Baseline expression
levels varied widely; however, there was a significant increase in total
HOXCIO0 after short-term treatment with Al as one would expect for
an estrogen-repressed gene (paired ¢ test, P = 0.02). This induction was
more pronounced for cytoplasmic HOXCIO (P = 0.003) compared to
nuclear HOXCIO0 (P = not significant) (Fig. 3E).

Because histone methylation is critical for long-term repression of
HOX genes during embryonic development (20), we determined
whether estrogen regulation, or loss thereof, was associated with altered
EZH2 recruitment to the HOXCI0 promoter. E, deprivation (vehicle)
of MCF-7 cells resulted in EZH2 recruitment and trimethylation of
H3K27 at the distal HOXCI0 promoter region (Fig. 3, F and G, left pan-
el, and table S3), but not at the proximal promoter (fig. S5). A similar
increase in EZH2 recruitment and H3K27me3 was observed when ER
signaling was blocked with ICI (Fig. 3, F and G, and table S3). A strong
recruitment of EZH2 (Fig. 3F and table S3) and H3K27me3 (Fig. 3G
and table S3) was also detected in C4-12 and LTED cells, with minor
effects of EZH2 recruitment in the ER™ MDA-MB-231 cells, which are
de novo resistant to estrogen. Because HOX genes show bivalent repres-
sive H3K27me3 and active H3K4me marks during development (21, 22),
we also studied methylation at H3K4 by ChIP and found strong recruit-
ment in MCF-7 cells, which was decreased in C4-12 and LTED and ab-
sent in MDA-MB-231 cells (Fig. 3H and table S3).

Collectively, these data suggest that short-term blockade of ER
signaling is associated with increased EZH2 recruitment and increased
H3K27me3, which is also seen in cells with acquired loss of hormone
response (C4-12 and LTED). In these cells, chromatin is still marked by
H3K4me3, thus reflecting a status of bivalent modification. DNA meth-
ylation can be observed, but it is less pronounced compared to MDA-
MB-231 cells, which are fully methylated, thereby potentially decreasing
the need for repressive histone modifications (depicted in a model in
Fig. 31).

Loss of HOXC10 increases cell growth, decreases apoptosis,
and enhances cell motility

To determine whether the loss of HOXCI0 is causatively involved in
resistance to estrogen deprivation, we generated MCF-7 pooled clones

with decreased (75 to 80%) HOXCI0 expression using two independent
short hairpin RNAs (shRNAs) (Fig. 4A and table S3). MCEF-7 cells with
HOXC10 knockdown (sh-H1 and sh-H2) grew significantly better (P <
0.001) compared to control cells with nonsilencing shRNA control
(sh-ns) in the presence and absence of estrogen (Fig. 4B and table S3).
This increased growth rate was associated with increased cyclin D1
levels (inset in Fig. 4B, right panel). Similar effects were observed in a
second breast cancer cell line model (ZR75B). Transient knockdown of
HOXC10 in ZR75B cells resulted in increased proliferation of the cells
in charcoal-stripped serum (CSS) as well as in serum-free medium
(SEM), but not in full serum (Fig. 4C and table S3). This was, however,
not generalizable to all resistant models, because transient knockdown
of HOXCI0 had no effect in MDA-MB-361 cells and resulted in a de-
crease of growth in T47D cells (fig. S6). MCF-7 cells with HOXC10
knockdown also showed increased anchorage-independent growth in
the presence and absence of estrogen (Fig. 4D and table S3). We also
observed increased anchorage-dependent and anchorage-independent
growth of the HOXC10 knockdown clones in the presence of tamoxi-
fen, suggesting that HOXCI0 might have a role in tamoxifen resistance
(fig. S7).

In the apoptosis analysis, we did not detect differences with E, in 5%
CSS, but there were marked differences under estrogen-deprived con-
ditions (Fig. 4E and table S3). In contrast to sh-ns control cells, sh-H1 cells
completely lacked induction of apoptosis, and apoptosis was decreased in
the sh-H2 clone. This decrease in apoptosis was reflected by a reduced
induction of cleaved poly(adenosine diphosphate-ribose) polymerase
(PARP) (Fig. 4E, right panel). HOXC10 knockdown cells also displayed
enhanced migration (Fig. 4, F and G, and table S3) compared to the con-
trol. In summary, loss of HOXCI10 caused MCEF-7 cells to become more
aggressive and less sensitive to estrogen deprivation therapy, as reflected
by increased growth in two-dimensional (2D) and 3D cultures, increased
motility and migration, and reduced apoptosis.

Loss of HOXC10 promotes resistance to estrogen
deprivation in vivo

To determine whether HOXCI0 plays a role in endocrine resistance
in vivo, we used an endocrine resistance xenograft model. MCF-7 cells
were grown in estrogen-supplemented mice, which were then randomized
to receive continued estrogen supplementation or estrogen deprivation
(Fig. 5A and table S3). As expected, removal of estrogen slowed growth;
however, tumors soon acquired resistance to estrogen deprivation and
continued to grow. Consistent with our in vitro data, HOXCI0 levels
were significantly lower in the xenografts resistant to estrogen depriva-
tion compared to the estrogen-stimulated xenografts (P = 0.0069) (Fig.
5B and table S3).

To directly examine the effect of HOXC10 knockdown on endocrine
sensitivity in vivo, we performed an experiment similar to Fig. 5A but
injected MCF-7 control and HOXCI0 knockdown cells. In the sh-ns
clone, removal of the estrogen pellet resulted in rapid shrinkage of all
tumors with the exception of one outlier (Fig. 5C, left panel, and table
S3). In contrast, most sh-H1 tumors continued to grow when estrogen
was removed. Because the tumors in this model did not follow a homo-
geneous growth rate, we analyzed the tumor growth using a previously
described piecewise linear (“broken stick”) model (23) (Fig. 5C, right
panel, and table S3), which clearly indicated that clone sh-H1 was re-
sistant to estrogen deprivation. A second clone (sh-H2) grew similar to
the control (fig. S8A, right panel) and did not show down-regulation of
HOXCI0 levels in vivo (fig. S8B). qPCR analysis confirmed significant
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down-regulation of HOXCI0 in vivo in the sh-H1 clone (P = 0.032) (fig.
S8B). To determine whether the increased growth of the HOXC10
sh-H1 clone in vivo was a result of decreased apoptosis and/or increased
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Fig. 4. Effect of HOXC10 loss on cell growth, apoptosis, and cell motility. (A) shRNA-mediated
knockdown of HOXC10 expression. HOXC10 expression was analyzed by qRT-PCR in MCF-7 parental, control
(sh-ns), and HOXC10 knockdown (sh-H1 and sh-H2) cells. Data are means + SD from three biological repli-
cates. ***P < 0.001 (t test compared to sh-ns). Exact P values are provided in table S4. (B) HOXC10 knockdown
increases cell proliferation. Growth curves are shown for MCF-7, sh-ns, sh-H1, and sh-H2 cells in CSS + 1078 M
E,, or CSS + vehicle (—E,). Data are means + SEM from three biological replicates. *P < 0.05, **P < 0.01 (re-
gression analysis comparing sh-H1 or sh-H2 to sh-ns). Exact P values are provided in table S4. The inset shows
a cyclin D1 immunoblot from parallel cultures. (C) HOXC10 knockdown increases proliferation in ZR75B cells.
Growth curve after transient transfection with scramble small interfering RNA (siRNA) (si-ns) or with HOXC10
siRNA and incubation in FBS, CSS, or SFM. Data are means + SEM from seven biological replicates. ****P <
0.001 (regression analysis). Exact P values are provided in table S4. (D) HOXC10 knockdown stimulates
anchorage-independent growth. sh-ns, sh-H1, and sh-H2 cells were plated in soft agar with CSS in the
presence (1078 M) or absence of E,. Data are means + SD from three biological replicates. *P < 0.05, **P < 0.01
(t test). Exact P values are provided in table S3. (E) shRNA-mediated knockdown of HOXC10 reduces apoptosis.
sh-ns, sh-H1, and sh-H2 cells were cultured in CSS in the presence or absence of vehicle or 1078 M E, for
4 days, followed by measurement of apoptosis using annexin V binding assay. Data are means + SD from
three biological replicates. The right panel shows immunoblotting for cleaved PARP (and B-actin as a loading
control) using the indicated lysates at 0, 3, and 6 hours after switching to CSS (-E,). (F) shRNA-mediated
knockdown of HOXC10 enhances cell motility. sh-ns, sh-H1, and sh-H2 were seeded at the same density,
scratched, and photographed 72 hours later. Scale bars, 50 um. Data are means + SD from three biological
replicates. **P < 0.01, ***P < 0.001. Exact P values are provided in table S4. (G) shRNA-mediated knockdown
of HOXC10 enhances cell migration. Migration assays were performed in Boyden chambers with 5% serum
as chemoattractant. Migrating cells were counted in three different fields, and three biological replicates
were used to calculate means + SD. **P < 0.01, ***P < 0.001. Exact P values are provided in table S4.
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proliferation, we repeated the experiment, but tumors were harvested at
an earlier time point so that the material was available for in situ anal-
ysis. As expected, estrogen removal caused a decrease in proliferation

and an increase in apoptosis; however,
these effects were attenuated in sh-H1
(Fig. 5D and table S3). Collectively, these
data suggest that loss of HOXCI0 can
confer resistance to estrogen deprivation
in vivo, and the main mechanism of action
is prevention of apoptosis.

HOXC10 levels are reduced in
breast tumors that recur on

Al therapy

To determine whether HOXCI0 is lost
in breast tumors that recur during AI
therapy, we measured HOXCIO in five
matched primary-recurrent tumor pairs
(Fig. 6A). We measured HOXC10 by IHC
(Fig. 6B) or qPCR (Fig. 6C), depending
on the source of specimens [formalin-
fixed, paraftin-embedded (FFPE) or frozen].
Supporting our hypothesis, we found de-
creased HOXCIO in four of five recurrences.
In the remaining pair (RCS#2), HOXCI0
was already undetectable in the primary tu-
mor. We also measured HOXCIO0 in two
matched primary-recurrent tumor pairs
from tamoxifen-treated patients (RCS#4
and RCS#5), and again, we detected de-
creased HOXCI0 expression in the recur-
rences (Fig. 6B). Thus, HOXCI0 levels are
low in recurrences from endocrine-treated
breast tumors, providing evidence for clin-
ical relevance of our findings.

DISCUSSION

We report that HOXCI0 promoter meth-
ylation is a determinant of endocrine
resistance in breast cancer. An unbiased
genome-wide promoter methylation screen
under long-term estrogen-deprived C4-12
and LTED cells identified widespread ge-
nomic hyper- and hypomethylation, with
hypermethylation being threefold more fre-
quent than hypomethylation. We report
HOXCI0 methylation and subsequent loss
of expression causing aggressive in vitro
and in vivo tumor growth in the absence
of estrogen, primarily mediated by loss of
apoptosis. HOXCIO expression is repressed
by estrogen in vitro and in vivo to promote
tumor growth. Short-term estrogen with-
drawal induces HOXCI0 to induce growth
arrest and apoptosis, but its long-term
absence results in permanent repression
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mediated by methylation. This repression counteracts the therapeu-
tic benefit of estrogen withdrawal.

There is increasing evidence implicating HOX genes in cancer (24).
Deregulation of HOX gene expression is frequently caused by epigenetic
changes, including DNA methylation (25). There is also previous evi-
dence for a role of HOX genes in endocrine treatment response in breast
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Fig. 5. Effect of HOXC10 knockdown on endocrine resistance in breast tumor xenografts. (A) Growth
of MCF-7 xenografts. Ovariectomized athymic nude mice bearing tumors derived from MCF-7 cells were
randomly assigned to +E; (continued estrogen supplementation via E, pellet) or to —E, (estrogen depriva-
tion; removal of E, pellet). This resulted in growth retardation, followed by outgrowth of resistant clone(s).
Data are means + SD of tumor growth from three independent mice in each group. (B) HOXC10 mRNA is
down-regulated in endocrine-resistant xenografts. qRT-PCR was used to quantify HOXC710 mRNA in +E,
tumors and —E,-resistant tumors [from the experiment shown in (A)]. The relative mRNA expression is de-
picted as fold change compared to +E, group and represents means + SD (n = 3 mice per group). P = 0.0069
(ttest). (C) Down-regulation of HOXC10 causes resistance to estrogen deprivation. sh-ns (n = 10) and sh-H1
(n = 13) cells were injected into nude mice, E, pellet was removed when tumors reached 150 to 200 mm?,
and tumor volume was measured over time. Right panel: Comparisons of estimated animal profiles (blue) to
estimated population profile (red) for sh-ns and sh-H1 clones. For this analysis, we used the piecewise linear
model for each animal’s log-transformed tumor volume over time (23). (D) Increased proliferation and de-
creased apoptosis in HOXC10 knockdown xenograft. Tumors from sh-ns and sh-H1 clones grown for 3 weeks
in the presence or absence of E, were harvested and stained by IHC for Ki67 (n = 6 to 9) and TUNEL (terminal
deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling) (n = 3 to 6) to deter-
mine the effects on proliferation and apoptosis, respectively. Two-way analysis of variance (ANOVA) was
used to compare effects on proliferation and apoptosis between sh-ns and sh-H1.
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cancer (26); however, these studies were performed in the setting of ta-
moxifen resistance, whereas our study focuses on resistance to AL
HOXCI0 encodes a transcription factor containing a conserved
DNA binding homeodomain (27). HOXCIO0 has also been implicated
in replication, where it binds in a structure-dependent manner to ori-
gins of replication and contributes to the assembly of replicative

complexes (28, 29). Our finding of strong
regulation of HOXCI0 in the cytoplasm also
implies a role for HOXC10 outside the nucle-
us. Further studies will need to focus on the
mechanism of action of HOXCI0 in cancer
cells to understand how HOXCI0 mediates
its effects on proliferation, apoptosis, and
invasive phenotypes.

Intriguingly, in cervical cancer cells,
HOXCIO is associated with increased in-
vasiveness (30). We also observed high
HOXCI0 expression in a subset of pri-
mary tumors (as shown in our IHC studies),
and knockdown of HOXC10 decreased
the growth of T47D cells and did not affect
growth in MDA-MB-361. A recent study
by Ansari et al. suggested estrogen induc-
tion of HOXCIO0 (31). The different roles
for HOXC10 may depend on cell type and
specific genetic background, an observa-
tion with increasing relevance in the era
of “personalized” medicine. It is also pos-
sible that HOXCI0 might play a role in
some ER"/ER™ primary tumors that is dif-
ferent from its role in tumors with acquired
endocrine resistance. There is an increasing
realization that the mechanism involved in
primary resistance might be different from
those involved in secondary (acquired) re-
sistance, with the identification of ESR1
mutations being a recent example (9), and
it is thus critical to model these diverse clin-
ical observations in vitro.

Finally, our studies contribute to a gen-
eral model of epigenetic reprogramming
in endocrine resistance. Given the estrogen
regulation of HOX gene expression (31)
and the previously reported links between
ER and EZH?2 (32), we analyzed the role of
EZH2 and H3K27me3/H3K4me3 in the
progression to Al resistance. In embryonic
stem (ES) cells, polycomb proteins are re-
cruited to the HOXCI0 promoter, which
displays both H3K4me3 and H3K27me3
marks (33). These bivalent modifications
frequently mark genes that are central to
the developmental potential of ES cells
and that are required to be in a “poised”
state, ready to be transcriptionally regu-
lated (34). In MCF-7 cells, the HOXCI10
regulatory region contains open chromatin
marked by H3K4me3, thus allowing for
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Fig. 6. HOXC10 expression in breast tumor recurrences from Al-treated patients. (A) Clinical
information about recurrent tumors. TTR, time to recurrence. (B) HOXC10 protein expression in matched
primary and recurrent tumors. FFPE samples from primary tumors and recurrences in chest wall, lung,
and breast were stained for HOXC70 by IHC. Scale bars, 50 um. (C) HOXC10 RNA expression in matched
primary and recurrent tumors. HOXC10 was measured by qPCR in primary tumors and matched recurrences,
and data are presented relative to the levels in the primary tumor. n = 1 for each sample.

estrogen response. Loss of hormone response, such as in C4-12 and
LTED cells, is associated with increased EZH2 recruitment and
H3K27 trimethylation. ER and EZH2 may compete with each other
for binding to the —1.6-kb region in the HOXCI0 promoter, and loss
of ER signaling then results in recruitment of EZH2. In C4-12 and
LTED, the HOXCIO regulatory region contains both the H3K27me3
and H3K4me3 marks, and thus, the HOXCI10 promoter has bivalent
modifications similar to ES cells, suggesting a potential “dedifferentiation.”
Increased H3K27me3 is accompanied by increasing hypermethylation,
presumably through interaction between EZH2 and DNA methyltrans-
ferases (35), resulting in “epigenetic switching.” Exposure of mammo-
spheres to estrogen has been shown to promote a repressive mode of
chromatin, followed by DNA methylation (36). Given that a number
of developmental genes were methylated in our study, our results
support a model of epigenetic reprogramming during transition from
undifferentiated cells to hormone-responsive cells, and finally to a state
characterized by hormone resistance.

Our present study has some limitations. First, the identification of
methylated candidate regions was limited by the use of an Affymetrix
array that contains promoters of >25,000 genes but does not contain
non-promoter regions, which could be differentially methylated and
important in Al resistance. Additional studies using recently developed
methods, such as genome-wide bisulfite sequencing followed by
systems biology analyses, will provide further insight. Second, given
the relatively small sample size of the clinical specimens, it is not clear
how generalizable our findings are. Additional cell lines and tumors,
both primary and metastatic, representing different molecular subtypes,
will need to be studied to address this limitation.

RCS#4

RCS#5

Matched
metastasis

Primary
tumor

Notwithstanding these shortcomings,
our study clearly provides evidence that
methylation of the estrogen-regulated gene
HOXCI0 is a causative event in resistance
to estrogen deprivation, and it is likely that
similar epigenetic reprogramming mech-
anisms will be observed for other develop-
mental genes. Our data warrant additional
studies to expand our understanding of epi-
genetic contributions to Al resistance in
breast cancer and its therapeutic implica-
tions, with a specific emphasis on the early
targeting of enzymes that mediate histone
modifications. We expect that such interven-
tions will be beneficial in blocking or
delaying AT resistance.

MATERIALS AND METHODS

Study design

The study was designed to identify differ-
entially methylated genes in models of AI
resistance. The mechanism of repression of
a candidate gene (HOXCI0) was studied in
cell line models, and the effects of loss of
HOXCIO0 expression were evaluated in cell
lines in vitro and in vivo. Methylation, ex-
pression, cellular proliferation in 2D and
3D, apoptosis, and signaling were moni-
tored by methylation-specific PCR, bisulfite sequencing, standard growth
assays, immunoprecipitation-based approaches, histology, qPCR, im-
munoblotting, and IHC methods. In vitro assays were repeated two
to three times. HOXCI0 expression was also studied in clinical speci-
mens obtained from a neoadjuvant endocrine trial and from retrospec-
tive collections of matched primary and metastatic samples from breast
cancer patients. Sample sizes for most studies were determined on
the basis of previous knowledge or expected effect sizes, and for some
analyses using clinical samples, we were restricted by the availability
of the specimens. For the xenograft studies, the animals were randomly
assigned to the treatment groups (~/+ estrogen and sh-ns/sh-H1/sh-H2).
Full experimental details are provided below and in the Supplemen-
tary Materials.

Cell lines

Human breast cancer cell lines from the National Cancer Institute (NCI)
ICBP-43 panel were cultured according to American Type Culture Col-
lection (ATCC) instructions. C4-12 and LTED cells were maintained as
previously described (12, 37). Additional long-term estrogen-deprived
cells were generated through incubation of cells (ZR75B, T47D, BT474,
and MDA-MB-361) in CSS. Parental and estrogen-deprived MDA-MB-
361 cells were provided by C. Arteaga and have previously been described
(19). Generation of HOXC10 knockdown clones is described in Supple-
mentary Materials and Methods.

Glutathione S-transferase-MBD-PD and promoter array
Glutathione S-transferase-MBD-PD was performed as previously de-
scribed (15) and as stated in Supplementary Materials and Methods.
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Data were analyzed using MAT as previously described (38). Cutofts
used were P < 10~ and fold change >2.

Xenograft studies

Xenograft experiments were performed as previously published (39)
and are detailed in Supplementary Materials and Methods. The animal
experiments were performed according to protocols approved by the
Institutional Animal Care and Use Committee at Baylor College of
Medicine (Houston, TX).

Immunohistochemistry and immunofluorescence

To measure HOXCIO after short-term Al treatment, tumors were ob-
tained from a phase 2 clinical trial in which breast cancer patients were
treated with exemestane alone (n = 14 pairs of pre- and posttreatment
samples) or exemestane and tamoxifen (n = 1) for 4 months, as de-
scribed by Harvell et al. (40). Tumor samples were obtained from pre-
treatment core needle biopsies and at the final excision surgery. The
protocol was approved by the Colorado Multiple Institutional Review
Board (COMIRB Protocol 01-627), and informed consent was obtained
from all patients before participation. Studies with matched primary
and metastatic samples were covered by the Ethics Committee, Beau-
mont Hospital, Dublin (RCS samples), and by an IRB from the Univer-
sity of Pittsburgh (HSTB samples).

Statistical analysis

The two-sample ¢ test was used for two-group comparisons, and unless
otherwise stated, treatment groups were compared to vehicle groups.
All statistical tests were two-sided. Unless otherwise indicated, “*” in
figures refers to P < 0.05, “**” to P < 0.01, “***” to P < 0.001, and
x” to P < 0.0001. In vitro assays were repeated three times, and
plotted values represent means + SD, unless otherwise stated. Descrip-
tive statistics were generated with GraphPad Prism.

SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/6/229/229ra41/DC1

Materials and Methods

Fig. S1. Characterization of C4-12 and LTED cells.

Fig. S2. E, response in MCF-7, MDA-MB-134-VI, and HCC1395.

Fig. S3. ER ChIP for LTED cells.

Fig. S4. E, regulation of classical ER target genes in LTED cells.

Fig. S5. Loss of E, response and associated modest changes in EZH2 recruitment and trimethylation
of H3K27 and H3K4 at HOXC10 proximal promoter region.

Fig. S6. Different effects of HOXC10 knockdown on growth in breast cancer cell lines.

Fig. S7. Tamoxifen resistance mediated by loss of HOXC10.

Fig. S8. In vivo growth of HOXC10 knockdown clone sh-H2.

Table S1. Differentially methylated genes in C4-12 and LTED compared to MCF-7 (see Excel
file).

Table S2. Significant GO terms for hypermethylated genes in C4-12 and LTED.

Table S3. Original data for graphs that show composite results (see Excel file).

Table S4. Exact P values for statistical analyses (see Excel file).

Table S5. List of qPCR primers.

Table S6. List of bisulfite sequencing primers.
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