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Abstract

Resistance to aromatase inhibitors (AIs) is a major clinical problem in the treatment of estrogen 

receptor positive breast cancer. In two breast cancer cell line models of AI 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 HOXC10. 

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 HOXC10 was reduced in tumors which recurred during AI treatment. We 

propose a model in which estrogen represses apoptotic and growth inhibitory genes such as 

HOXC10, contributing to tumor survival, whereas AIs induce these genes to cause apoptosis and 

therapeutic benefit, but long-term AI treatment results in permanent repression of these genes via 

methylation and confers resistance. Therapies aimed at inhibiting AI-induced histone and DNA 

methylation may be beneficial in blocking or delaying AI resistance.

INTRODUCTION

Approximately 70% of breast tumors express estrogen receptor α (ER), and patients with 

these tumors are candidates for endocrine therapy such as tamoxifen and aromatase 

inhibitors (AI). 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 (“acquired resistance”) (1). AIs, 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 possible mechanisms of 

resistance to tamoxifen, less is known about the mechanisms of resistance to AIs (3).

A number of possible mechanisms for endocrine resistance have been described, such as the 

bidirectional crosstalk between steroid receptors and growth factor receptors (4). The 

targeting of mTORC1 with everolimus has recently shown great promise in the treatment of 

endocrine-resistant ER+ disease (5). Deregulation of estrogen signaling and altered 
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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 recently ESR1 mutations (9). However, 

there is increasing evidence implicating epigenetic mechanisms in the development of 

resistance. For example, resistance to tamoxifen has been associated with promoter 

hypermethylation 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 MCF-7, termed C4-12 and LTED. We identified genome-

wide hyper-and hypomethylation with enrichment for developmental genes, including a 

number of homeobox genes. HOXC10, a gene repressed by estrogen in hormone-responsive 

MCF-7 cells, was repressed through epigenetic mechanisms after estrogen withdrawal. This 

epigenetic reprogramming included EZH2 recruitment, repressive histone marks, and 

subsequent DNA methylation. We propose a model whereby estrogen represses HOXC10 to 

promote tumor growth, whereas AI block estrogen action to induce HOXC10. HOXC10 

apoptotic and growth-inhibitory functions may contribute to the therapeutic effect of AI, 

however, long-term estrogen deprivation leads to permanent epigenetic silencing of 

HOXC10, which counteracts the AI-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-negative (12), while LTED cells maintain high levels of ER (13). Loss of ER in 

C4-12 is only partially due to methylation, as the majority of the ESR1 promoter is 

unmethylated (Fig S1A). These two cell line models are representative of clinical AI-

resistant breast tumors, which can be ER+ or ER−. They are resistant to estrogen-

deprivation; however, they have not undergone EMT, as expression of classical EMT 

markers (14) showed inconsistent changes (Fig S1B).

We performed a genome-wide methylation screen with a previously described assay (15), 

which uses affinity-based enrichment of methylated regions of DNA via a methylation 

binding domain (MBD). We detected a total of 267 and 301 hypermethylated genes in 

C4-12 and LTED, respectively, compared to MCF-7 (Table S1) (fold change cut-off>2). 

Hypomethylation was less frequently observed, with 82 and 97 hypomethylated genes in 

C4-12 and LTED, respectively. There was a highly significant overlap of hypermethylated 

(p = 6.1E−79) and hypomethylated genes (p = 2.4E−23) between C4-12 and LTED (Fig 1B), 

suggesting that there were many epigenetic modifications shared between these two 

independent models of resistance to estrogen deprivation.
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Given the well-known effect of hypermethylation on gene silencing, we focused on 

hypermethylation events. DNA methylation peaks from the MBD-PD assay showed that the 

promoters of DOK5, BMP4, ZFP37 were hypermethylated in C4-12 and LTED by ~5 to ~10 

fold (Fig 1C left panel). For all three genes, bisulfite sequencing confirmed the MBD-PD 

result, although the actual magnitude of methylation was somewhat variable (Fig 1C).

72 genes were commonly hypermethylated between C4-12 and LTED cells (Fig 1B). Gene 

Ontology analysis showed a marked enrichment of genes involved in developmental 

processes (Table S2). Given the increasingly recognized importance of HOX genes in 

tumorigenesis, we focused subsequent studies on HOXC10, which was highly methylated in 

both C4-12 and LTED cells.

Methylation of HOXC10 promoter is associated with transcriptional silencing

The HOXC10 gene has a clearly defined CpG island spanning its proximal promoter and 

extending over the first exon (Fig 2A). The distal 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 of the exonic region, although the difference between 

MCF and the resistant cell lines was less striking. In contrast, the proximal promoter was 

unmethylated in MCF7, C4-12 and LTED cells.

Quantification of HOXC10 mRNA in MCF-7, C4-12, and LTED cells showed that 

methylation was associated with transcriptional silencing (top panel in Fig 2C; table S3). 

The decreased expression of HOXC10 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 MM361, ZR-75B, T47D, and BT474 breast cancer cells (bottom panel in 

Fig 2C; table S3). Treatment of C4-12, LTED and MCF-7 cells with the DNA methylation 

inhibitor 5’aza-deoxycytidine (DAC) and the histone deacetylase (HDAC) inhibitor 

Trichostatin A (TSA) showed that repression of HOXC10 was not only mediated by DNA 

methylation, but may also involve additional repressive histone modifications (Fig 2D; table 

S3). Treatment with TSA significantly induced HOXC10 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 HOXC10 expression and methylation in a large number of breast cancer cell 

lines. Methylation at the ‘CpG island shore’ varied widely from 5 to 95%, whereas very 

little methylation was detected at the proximal promoter region (Fig 2E; table S3). HOXC10 

methylation at the CpG island shore and the amount of transcript were 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: the majority (76%) of the ER+ cell lines expressed HOXC10 above 

the average level, but only 28% of ER– cell lines expressed HOXC10 above the average 

level. Intriguingly, the two ER+ cell lines in which HOXC10 was hypermethylated (MDA-

MB-134-VI and HCC-1395, indicated with arrows in Fig 2E) show decreased estrogen (E2) 

response compared to other ER+ cells (Fig S2), suggesting that there is an inverse 

correlation between HOXC10 methylation and ER levels, and also ER function.
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Estrogen regulates HOXC10 expression

The preferential expression of HOXC10 in ER+ cells (Fig 2E) indicated that regulation of 

HOXC10 expression might be under estrogen control. The HOXC10 promoter has 6 half 

estrogen response element (ERE) sites and 1 palindromic full ERE site, with only one 

mismatch compared 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-negative 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; 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). 

Interestingly, ER was also recruited (albeit more weakly) to the HOXC10 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 if ER recruitment resulted in estrogen regulation of HOXC10 gene expression, 

we treated MCF-7 and LTED with estradiol (E2) and the anti-estrogen ICI 182,780 (ICI). E2 

caused repression of HOXC10 mRNA expression, which was blocked by ICI (Fig 3C; table 

S3). As expected, E2 and ICI did not change the minimal HOXC10 expression in LTED 

cells. Of note, LTED cells retain the ability of estrogen to regulate many other classical E2-

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 methylated, using 

cut-offs of p < 10−5 and fold change >2 in the MAT analysis (Table S1).

To determine whether estrogen regulation of HOXC10 was also observed in clinical breast 

tumors, we measured HOXC10 levels by immunohistochemistry (IHC) in 30 matched pre 

and post-treatment 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 HOXC10 after short-term 

treatment with AI, as one would expect for an estrogen-repressed gene (paired t-test, 

p=0.02). This induction was more pronounced for cytoplasmic HOXC10 (p=0.003) 

compared to nuclear HOXC10 (n.s.) (Fig 3E).

Because histone methylation is known to be 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 HOXC10 promoter. E2 

deprivation (veh) of MCF-7 cells resulted in EZH2 recruitment and trimethylation of H3K27 

at the distal HOXC10 promoter region (Figs 3F and 3G, left panel; 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 3F and 3G; table S3). A strong 

recruitment of EZH2 (Fig 3F; table S3) and H3K27me3 (Fig 3G; table S3) was also detected 

in C4-12 and LTED cells, with minor effects of EZH2 recruitment in the ER-negative 

MDA-MB-231 cells, which are de-novo resistant to estrogen. Because HOX genes show 

bivalent repressive H3K27me3 and active H3K4me marks during development (21, 22), we 

also studied methylation at H3K4 by ChIP and found strong recruitment in MCF-7 cells, 

which was decreased in C4-12 and LTED, and absent in the MDA-MB-231 cells (Fig 3H; 

table S3).
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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 methylation 

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 3I).

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

To determine if the loss of HOXC10 is causatively involved in resistance to estrogen 

deprivation, we generated MCF-7 pooled clones with decreased (75–80%) HOXC10 

expression using two independent shRNAs (Fig 4A; table S3). MCF-7 cells with HOXC10 

knockdown (sh-H1, sh-H2) grew significantly better (p<0.001) compared to control cells 

with non-silencing shRNA control (sh-ns), both in the presence and absence of estrogen (Fig 

4B; table S3). This increased growth rate was associated with increased Cyclin D1 levels 

(insert 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 (SFM), but not in full serum (Fig 4C; table S3). This was, however, not 

generalizable to all resistant models, as transient knockdown of HOXC10 had no effect in 

MDA-MB-361 cells and resulted in a decrease of growth in T47D cells (Fig S6). MCF-7 

cells with HOXC10 knockdown also showed increased anchorage-independent growth, both 

in the presence and absence of estrogen (Fig 4D; table S3). We also observed increased 

anchorage-dependent and anchorage-independent growth of the HOXC10 knockdown 

clones in the presence of tamoxifen, suggesting that HOXC10 might have a role in 

tamoxifen resistance (Fig S7).

When studying apoptosis, we did not detect differences with E2 in 5% CSS, but there were 

marked differences in estrogen-deprived conditions (Fig 4E; 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 PARP (Fig 4E, right panel). HOXC10 knockdown cells also displayed 

enhanced migration (Fig 4F and 4G; table S3), compared to the control. In summary, loss of 

HOXC10 caused MCF-7 cells to become more aggressive and less sensitive to estrogen 

deprivation therapy, as reflected by increased growth in 2D and in 3D cultures, increased 

motility and migration, and reduced apoptosis.

Loss of HOXC10 promotes resistance to estrogen deprivation in vivo

To determine if HOXC10 plays a role in endocrine resistance in vivo we used an endocrine 

resistance xenograft model. MCF-7 cells were grown in estrogen-supplemented mice, and 

then randomized to receive continued estrogen supplementation or estrogen deprivation (Fig 

5A; 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, HOXC10 levels were significantly lower in the xenografts resistant to estrogen 

deprivation compared to the estrogen-stimulated xenografts (p=0.0069) (Fig 5B; table S3).
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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 HOXC10 

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 panels; table S3). In 

contrast, the majority of sh-H1 tumors continued to grow when estrogen was removed. 

Because the tumors in this model did not follow a homogenous growth rate, we analyzed the 

tumor growth using a previously described piecewise linear (“broken stick”) model (23) (Fig 

5C, right panel; table S3), which clearly indicated that clone sh-H1 was resistant to estrogen 

deprivation. A second clone (sh-H2) grew similar to the control (Fig S8A, right panel) and 

didn’t show down-regulation of HOXC10 levels in vivo (Fig S8B). qPCR analysis 

confirmed significant downregulation of HOXC10 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 proliferation, we repeated the experiment, but 

tumors were harvested at an earlier time point so that material was available for in situ 

analysis. As expected, estrogen removal caused a decrease in proliferation and an increase in 

apoptosis, however these effects were attenuated in sh-H1 (Fig 5D; table S3). Collectively, 

these data suggest that loss of HOXC10 can confer resistance to estrogen deprivation in 

vivo, and the main mechanism of action is a prevention of apoptosis.

HOXC10 levels are reduced in breast tumors which recur on AI therapy

To determine whether HOXC10 is lost in breast tumors which recur during AI therapy, we 

measured HOXC10 in 5 matched primary-recurrent tumor pairs (Fig 6A). We measured 

HOXC10 by IHC (Fig 6B) or qPCR (Fig 6C), depending upon the source of specimens 

(FFPE or frozen). Supporting our hypothesis, we found decreased HOXC10 in 4/5 

recurrences. In the remaining pair (RCS#2), HOXC10 was already undetectable in the 

primary tumor. We also measured HOXC10 in 2 matched primary-recurrent tumor pairs 

from tamoxifen-treated patients (RCS#4 and RCS#5), and again we detected decreased 

HOXC10 expression in the recurrences (Fig 6B). Thus, HOXC10 levels are low in 

recurrences from endocrine-treated breast tumors, providing evidence for clinical relevance 

of our findings.

DISCUSSION

We report that HOXC10 promoter methylation is a determinant of endocrine resistance in 

breast cancer. An unbiased genome-wide promoter methylation screen in long-term 

estrogen-deprived C4-12 and LTED cells identified widespread genomic hyper- and 

hypomethylation, with hypermethylation being three-fold more frequent than 

hypomethylation. We report HOXC10 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. HOXC10 expression is repressed by estrogen in vitro and in 

vivo to promote tumor growth. Short-term estrogen withdrawal induces HOXC10 to induce 

growth arrest and apoptosis, but its long-term absence results in permanent repression 

mediated by methylation. This repression counteracts the therapeutic benefit of estrogen 

withdrawal.
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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 prior evidence for a role of HOX genes in endocrine treatment response 

in breast cancer (26), however, these studies were performed in the setting of tamoxifen 

resistance, whereas our study focuses on resistance to AI.

HOXC10 encodes a transcription factor containing a conserved DNA-binding homeodomain 

(27). HOXC10 has also been implicated in replication, where it binds in a structure-

dependent manner to origins of replication, and contributes to the assembly of replicative 

complexes (28, 29). Our finding of strong regulation of HOXC10 in the cytoplasm also 

implies a role for HOXC10 outside the nucleus. Further studies will need to focus on the 

mechanism of action of HOXC10 in cancer cells, to understand how HOXC10 mediates its 

effects on proliferation, apoptosis, and invasive phenotypes.

Intriguingly, in cervical cancer cells, HOXC10 is associated with increased invasiveness 

(30). We also observed high HOXC10 expression in a subset of primary tumors (as shown 

in our IHC studies), and knockdown of HOXC10 decreased growth of T47D cells and didn’t 

affect growth in MDA-MB-361. A recent study by Ansari et al suggested estrogen induction 

of HOXC10 (31). The different roles for HOXC10 may depend on cell type and specific 

genetic background, an observation with increasing relevance in the era of “personalized” 

medicine. It is also possible that HOXC10 might play a role in some ER+/ER− primary 

tumors that is different 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) resistance, with the identification of 

ESR1 mutations being a recent example (9), and it is thus critical to model these diverse 

clinical observations in vitro.

Finally, our studies contribute to a general model of epigenetic reprogramming in endocrine 

resistance. Given estrogen regulation of HOX gene expression (31) and the previously 

reported links between ER and EZH2 (32), we analyzed the role of EZH2 and H3K27me3/

H3K4me3 in the progression to AI resistance. In ES cells, polycomb proteins are recruited 

to the HOXC10 promoter, which displays both H3K4me3 and H3K27me3 marks (33). 

These ‘bivalent’ modifications frequently mark genes which are central to the 

developmental potential of ES cells and which are required to be in a “poised” state, ready to 

be transcriptionally regulated (34). In MCF-7 cells, the HOXC10 regulatory region contains 

open chromatin marked by H3K4me3, thus allowing for 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 HOXC10 promoter, and loss of ER signaling then results in 

recruitment of EZH2. In C4-12 and LTED, the HOXC10 regulatory region contains both the 

H3K27me3 and H3K4me3 marks, and thus the HOXC10 promoter possesses ‘bivalent’ 

modifications similar to ES cells, suggesting a potential “dedifferentiation”. Increased 

H3K27me3 is accompanied by increasing hypermethylation, presumably through interaction 

between EZH2 and DNMTs (35), resulting in “epigenetic switching”. Interestingly, 

exposure of mammospheres to estrogen has been shown to promote a repressive mode of 

chromatin, followed by DNA methylation (36). Given that a number of developmental genes 
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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 which contains promoters of >25,000 

genes, but does not contain non-promoter regions which could be differentially methylated 

and important in AI 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.

Notwithstanding these shortcomings, our study clearly provides evidence that methylation of 

the estrogen-regulated gene HOXC10 is a causative event in resistance to estrogen 

deprivation, and it is likely that similar epigenetic reprogramming mechanisms will be 

observed for other developmental genes. Our data warrant additional studies to expand our 

understanding of epigenetic contributions to AI resistance in breast cancer and its 

therapeutic implications, with a specific emphasis on the early targeting of enzymes that 

mediate histone modifications. We expect that such interventions will be beneficial in 

blocking or delaying AI resistance.

MATERIALS AND METHODS

Study Design

The study was designed to identify differentially methylated genes in models of AI 

resistance. The mechanism of repression of a candidate gene (HOXC10) was studied in cell 

line models, and effects of loss of HOXC10 expression were evaluated in cell lines in vitro 

and in vivo. Methylation, expression, cellular proliferation in 2D and 3D, apoptosis, and 

signaling were monitored by methylation-specific PCR, bisulfite sequencing, standard 

growth assays, immunoprecipitation-based approaches, histology, qPCR, immunoblotting, 

and immunohistochemical methods. In vitro assays were repeated two to three times. 

HOXC10 expression was also studied in clinical specimens obtained from a neoadjuvant 

endocrine trial and from retrospective collections of matched primary and metastatic 

samples from breast cancer patients. Sample sizes for most studies were determined on the 

basis of prior 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 Supplementary 

Materials.

Cell lines

Human breast cancer cell lines from the NCI ICBP-43 panel were cultured according to 

ATCC instructions. C4-12 and LTED cells were maintained as previously described (12, 
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37). Additional longterm estrogen-deprived cells were generated through incubation of cells 

(ZR75B, T47D, and BT474) in CSS. Parental and estrogen-deprived MDA-MB-361 cells 

were kindly provided by Dr Carlos Arteaga, and have previously been described (19). 

Generation of HOXC10 knockdown clones is described in the Supplementary Materials and 

Methods.

GST-MBD pull-down and promoter array

GST-MBD pull-down was performed as previously described (15) and as stated in the 

Supplementary Materials and Methods. Data were analyzed using Model-based Analysis of 

Tiling-arrays (MAT) as previously described (38). Cut offs used were p < 10−5 and fold 

change >2.

Xenograft studies

Xenograft experiments were performed as previously published (39), and are detailed in the 

Supplementary Materials and Methods section. 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 (IHC) and Immunofluorescence (IF)

To measure HOXC10 after short-term AI treatment, tumors were obtained from a phase II 

clinical trial in which breast cancer patients were treated with exemestane alone (n=14 pairs 

of pre and post-treatment samples), or exemestane and tamoxifen (n=1) for 4 months, as 

described in 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 prior to participation. Studies with matched primary 

and metastatic samples were covered by the Ethics Committee, Beaumont Hospital, Dublin 

(RCS samples), and by an IRB from the University of Pittsburgh (HSTB samples).

Statistical Analysis

The two-sample t 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 “****” to p < 0.0001. In vitro assays were repeated three times, and plotted 

values represent means ± SD, unless otherwise stated. Descriptive statistics were generated 

with GraphPad Prism.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Frequent hypo- and hyper-methylation in breast cancer cells resistant to estrogen 
deprivation
A) Schematic representation of cell line models resistant to estrogen deprivation used in this 

study, and genome-wide methylation analysis.

B) Venn diagrams showing overlap of hypermethylated 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 genome 
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browser (www.http://genome.ucsc.edu/) (hg18) (left). The NCBI reference sequence IDs are 

indicated in the tracks. The y-axis represents fold methylation relative to MCF-7, and 

upward and downward peaks represent hypermethylated and hypomethylated regions, 

respectively. Corresponding results of the bisulfite sequencing (BS) assay in MCF-7, C4-12 

and LTED cells are shown on the right. Each CpG site is represented by a circle and mean % 

methylation at each CpG site is shown by the fraction of dark shading inside.
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Figure 2. Methylation and expression of HOXC10 in breast cancer cells
A) UCSC genome browser figure showing hypermethylated HOXC10 regions in C4-12 and 

LTED cells. Methylation tracks are shown as described in Fig 1C. The locations of BS 

primers are depicted as lines labeled a, b, c, 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 % methylation at each CpG site is shown by the fraction of dark shading.

C) Relative mRNA expression of HOXC10 in cells resistant to estrogen deprivation. 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 TSA treatment on HOXC10 expression. q-RT-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 mean ± SD from 3 

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.
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E) HOXC10 methylation inversely correlates with gene expression in breast cancer cell 

lines. q-RT-PCR and bisulfite pyrosequencing were used to quantify expression of HOXC10 

and promoter methylation, respectively, in 34 breast cancer cell lines. ER status of the cell 

lines is shown by black (ER+) and white (ER−) boxes. The relative mRNA level is depicted 

as fold change compared to the average set as 1.
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Figure 3. Estrogen regulation of HOXC10 expression, and histone marks in HOXC10 promoter
A) Model showing ERE sites in HOXC10 promoter and position of primers used in ChIP 

assays. Hypermethylated CpG shore region is shown by a shaded box.

B) ER ChIP assays in MCF-7 cells. Cells were treated with vehicle or E2 (45 min), and ER 

recruitment to different positions in the HOXC10 promoter, pS2 (positive control), and 

NFERE (negative control) was determined. Bars represent mean ± SD from three biological 

replicates. **p < 0.01, ***p < 0.001 (t-test comparing vehicle and E2 treated cells). Exact p-

values are provided in Table S4.
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C) Estrogen-mediated repression of HOXC10. The relative mRNA expression, measured by 

q-RT-PCR, is depicted as ligand-mediated fold change compared to vehicle (ethanol). Cells 

were treated for 16 hours with either vehicle, E2, or E2 and ICI 172,780. P=0.0236 (t-test 

compared to vehicle treated cells).

D) HOXC10 protein expression in clinical breast cancer specimens. Representative samples 

of HOXC10 IHC in ER+ tumors acquired before (pre) and after (post) neoadjuvant AI 

therapy. Scale bars represent 100 µm.

E) Quantification of HOXC10 protein expression in clinical breast cancer specimens. 

Graphical presentation of nuclear and cytoplasmic H scores. P=0.003 (paired t-test).

F) EZH2 recruitment at the HOXC10 −1.6 kb site after short-term and long-term E2 

deprivation. EZH2 and H3K27me3 ChIP assays in MCF7 cells after culturing in FBS or in 

CSS (3 days) followed by treatment with veh, E2, or E2 and ICI (45 min). Bars represent 

mean ± SD from three biological replicates. *p < 0.05, **p < 0.01 (left panel: t-test 

compared to vehicle treated cells; right panel: t-test compared to MCF-7). Exact p-values are 

provided in Table S4.

G) H3K27me3 marks at the HOXC10 −1.6 kb site after short-term and long-term E2 

deprivation. Treatments in ChIP studies were performed and analyzed as in Fig 3F. **p < 

0.01, ***p < 0.001. Exact pvalues are provided in Table S4.

H) H3K4me3 marks at the HOXC10 −1.6 kb site. ChIP assays were performed and analyzed 

as in Fig 3F. ***p < 0.001. Exact p-values are provided in Table S4.

I) Model for associations between ER activity, HOXC10 expression, promoter methylation, 

and histone marks. The central grey square (“bivalent”) marks a state in which the cells have 

both active H3K4me3 and repressive H3K27me3.
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Figure 4. Effect of HOXC10 loss on cell growth, apoptosis, and cell motility
A) ShRNA-mediated knockdown of HOXC10 expression. HOXC10 expression was analyzed 

by q-RT-PCR in MCF-7 parental, control (sh-ns), and HOXC10 knockdown (sh-H1 and sh-

H2) cells. Data are mean ± SD from three biological replicates. ***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 + 10−8M E2, or CSS + veh (-E2). The data are mean ± 

SEM from three biological replicates. *p < 0.05, **p < 0.01 (regression analysis comparing 

sh-H1 or sh-H2 to sh-ns). Exact p-values are provided in Table S4. The insert shows a cyclin 

D1 IB from parallel cultures.

C) HOXC10 knockdown increases proliferation in ZR75B cells. Growth curve after transient 

transfection with scramble siRNA (si-ns) or with HOXC10 siRNA and incubation in FBS, 
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or CSS, or SFM. Data are mean ± 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 (10−8M) or absence of E2. The 

data are mean ± 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 10−8M E2 for 4 days, 

followed by measurement of apoptosis using Annexin V binding assay. The data are means 

± SD, from three biological replicates. The right panel shows IB for cleaved PARP (and β-

actin as loading control) using the indicated lysates at 0, 3 hours, and 6 hours after switching 

to CSS (-E2).

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 bar is 50 

µm. The 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 chemo-attractant. 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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Figure 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 MCF7 cells were randomly assigned to +E2 (continued estrogen 

supplementation via E2 pellet), or to – E2, estrogen deprivation (removal of E2 pellet). This 

resulted in growth retardation, followed by outgrowth of resistant clone(s). The data are 

means ± SD of tumor growth from three independent mice in each group.

B) HOXC10 mRNA is downregulated in endocrine-resistant xenografts. q-RT-PCR was 

used to quantify HOXC10 mRNA in +E2 tumors and −E2 resistant tumors (from experiment 
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shown in Fig 5A). The relative mRNA expression is depicted as fold change compared to 

+E2 group and represents means ± SD (N=3 mice per group). P = 0.0069 (t-test).

C) Downregulation of HOXC10 causes resistance to estrogen deprivation. Sh-ns (n=10) and 

sh-H1 (n=13) cells were injected into nude mice, E2 pellet was removed when tumors 

reached 150–200 mm3, 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 clone. For this analysis, we used the piecewise linear model for each animal’s 

log-transformed tumor volume over time (23).

D) Increased proliferation and decreased apoptosis in HOXC10 knockdown xenograft. 

Tumors from shns and sh-H1 clones grown for 3 weeks in the presence or absence of E2 

were harvested and stained by IHC for Ki67 (n=6–9) and Tunel (n=3–6) to determine effects 

on proliferation and apoptosis, respectively. Two-way ANOVA was used to compare effects 

on proliferation and apoptosis between sh-ns and sh-H1.
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Figure 6. HOXC10 expression in breast tumor recurrences from AI-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 

HOXC10 by IHC. Scale bar is 50 µm.

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.
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