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Abstract

HOXC6 is a homeobox-containing gene associated with mammary gland development and is 

overexpressed in variety of cancers including breast and prostate cancers. Here, we have examined 

the expression of HOXC6 in breast cancer tissue, investigated its transcriptional regulation via 

estradiol (E2) and bisphenol-A (BPA, an estrogenic endocrine disruptor) in vitro and in vivo. We 

observed that HOXC6 is differentially over-expressed in breast cancer tissue. E2 induces HOXC6 

expression in cultured breast cancer cells and in mammary glands of Sprague Dawley rats. 

HOXC6 expression is also induced upon exposure to BPA both in vitro and in vivo. Estrogen-

receptor-alpha (ERα) and ER-coregulators such as MLL-histone methylases are bound to the 

HOXC6 promoter upon exposure to E2 or BPA and that resulted in increased histone H3K4-

trimethylation, histone acetylation, and recruitment of RNA polymerase II at the HOXC6 

promoter. HOXC6 overexpression induces expression of tumor growth factors and facilitates 

growth 3D-colony formation, indicating its potential roles in tumor growth. Our studies 

demonstrate that HOXC6, which is a critical player in mammary gland development, is 

upregulated in multiple cases of breast cancer, and is transcriptionally regulated by E2 and BPA, 

in vitro and in vivo.

Introduction

Homeobox containing genes (HOX genes) are evolutionarily conserved family of genes that 

are critical players in embryogenesis and fetal development (1, 2). Each HOX protein 

contains a highly conserved homeodomain through which it binds DNA, recognizes gene 

promoters and regulates transcription of a variety of target genes (3). Though HOX genes 
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were primarily considered as developmental genes associated with embryogenesis, recent 

studies demonstrate that they are also involved in postnatal development and are expressed 

in a variety of adult tissues (4, 5). The human genome contains 39 HOX genes that are 

arranged in four different clusters (and 13 paralogs): HOXA, HOXB, HOXC, and HOXD 

loci, which are located in chromosomes 7p15.3, 17q21.3, 12q13.3, and 2q31, respectively 

(1, 6). HOX gene expression specifies the identity of the body segments along the anterior-

posterior axis and secondary axis in animals (7). Recent studies demonstrate that HOX gene 

expressions are disrupted in various cancers (8–17). Many HOX genes appear to play 

critical roles in tumor cell proliferation, metastasis, and angiogenesis and the level of 

expression of these genes is correlated with patient outcome (17–20). Thus, HOX genes are 

emerging as key players in variety of cancer and are potential targets for disease diagnosis 

and novel therapy.

HOXC6 is one of the 39 HOX genes present in human and is associated with mammary 

gland development and milk production (21, 22). HOXC6 null female mice show complete 

absence of mammary epithelium in thoracic glands and dilated ducts in inguinal glands (23). 

HOXC6 is crucial in the development and proliferation of epithelial cells in response to 

hormonal signals (24). HOXC6 overexpression has been detected in variety of cancers 

including breast (15, 21), lung (25) prostate (26), leukemia (27), osteosarcomas (28), and 

medulloblastomas (29). HOXC6 regulates proteins such as bone morphogenic protein 7 

(BMP7), fibroblast growth factor receptor 2 (FGFR2), and platelet-derived growth factor 

receptor α (PDGFRA) that are crucial players in tumor cell proliferation, growth, and 

metastasis (30, 31). It also regulates the PI3K/Akt, Notch, and Wnt signaling pathways (30–

35). Though mechanism is not clear, HOXC6 has been shown to be associated with both 

transcription repression (36) as well as activation of various genes (24, 37, 38). In a recent 

study, we demonstrated that HOXC6 expression is transcriptionally induced by estradiol 

(E2) in estrogen-receptor (ER) positive placenta choriocarcinoma cells (JAR) (15). Herein, 

we have investigated the potential association of HOXC6 with breast cancer and studied its 

regulatory mechanisms.

As HOXC6 is transcriptionally induced by E2 in JAR cells and is potentially associated with 

breast cancer, we further examined E2-mediated transcriptional regulation of HOXC6 in 

breast cancer cells in vitro and in vivo (using animal model). Furthermore, we also 

investigated if HOXC6 expression could be affected upon exposure to estrogenic endocrine 

disrupting chemicals such as bisphenol-A (BPA). BPA is a well-known environmental 

contaminant that is routinely used as a plasticizer in plastics. Similar to estradiol, BPA 

contains multiple phenolic groups and hence behaves as a synthetic estrogen (39–42). Once 

BPA enters in the body, it has potential to bind estrogen-receptors (ERs) and interfere with 

normal estrogen-signaling processes contributing towards various human diseases including 

reproductive and developmental defects and metabolic disorders (41, 43). BPA is a well-

known estrogenic endocrine disruptor. Here, we show that HOXC6 is differentially 

overexpressed in breast cancer tissue and is transcriptionally induced by E2 and BPA both in 

vitro and in vivo.
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Experimental section

Cell culture and treatment with E2 and BPA

MCF7 (ER-positive, mammary adenocarcinoma), T47D (ER-positive, ductal carcinoma 

mammary), and MDA-MB-231 (ER-negative, adenocarcinoma mammary) cells were 

obtained from ATCC and grown in DMEM (Dulbecco’s Modified Eagle’s Medium) 

containing 10 % FBS (fetal bovine serum), 2 mM L-glutamine and 1 % penicillin/

streptomycin (100 unit and 0.1 mg/mL respectively) in presence of 5 % CO2 in a humidified 

incubator at 37°C (16, 41, 44). For the E2 and BPA-treatments, MCF7 cells were grown for 

two generations in phenol-red-free DMEM-F-12 supplemented with 10 % charcoal stripped 

FBS, 2 mM L-glutamine and penicillin/streptomycin (100 units and 0.1 mg/mL, 

respectively). Cells were grown to 60 % confluency and then treated with E2 or BPA. RNA 

and proteins were isolated and analyzed by real-time PCR (qPCR) and western blotting, 

respectively (14, 16, 41, 45–47).

Flag-HOXC6 stable cell line

Human full-length HOXC6 gene was cloned in a human expression construct pflag-CMV4. 

The Flag-HOXC6-CMV4 construct was transfected into HEK293 cells using 

Lipofectamine-2000 (Invitrogen) and stably transfected cells were isolated using G418 

selection procedure as described by us earlier (16, 17). In brief, 5 µg of the Flag-HOXC6 

construct was incubated with 8 µL of lipofectamine transfection reagent for 30 min in 500 

µL DMEM at room temperature and the mixture was added to HEK293 cells (at 80% 

confluency). After 48 h, cells were washed with PBS, trypsinized and replated in medium 

supplemented with 1 mg/mL of G418 (Sigma). After about 3 weeks, stably transfected cells 

expressing Flag-HOXC6 were isolated, cultured separately grown and maintained in G418 

containing media. Flag-HOXC6 overexpression was confirmed by Western blot using Flag-

antibody.

RNA extraction, reverse transcription, and qPCR

For RNA extraction, cells were harvested by centrifugation at 700 rpm, the cell pellets were 

resuspended in diethyl pyrocarbonate (DEPC) treated buffer A (20 mM Tris-HCl, pH 7.9; 

1.5 mM MgCl2; 10 mM KCl and 0.5 mM DTT; 0.2 mM PMSF), incubated on ice for 10 

min, and centrifuged at 3500 rpm for 5 min. The supernatant containing the RNA was 

subjected to phenol-chloroform extraction followed by ethanol precipitation of RNA by 

incubating 1h at −80 °C (17). Reverse transcription (RT) reactions were performed in a total 

volume of 25 µL of cDNA containing 500 ng of RNA, 2.4 µM of oligo dT (Promega), 100 

units of MMLV reverse transcriptase, 1X first strand buffer (Promega), 100 µM each of 

dATP, dGTP, dCTP and dTTP (Invitrogen), 1 mM DTT, and 20 units of RNaseOut 

(Invitrogen). The cDNA was diluted to 100 µL. PCR was performed in a 10 µL reaction 

volume containing 5 µL diluted cDNA and gene specific primer pairs (Table 1). For qPCR 

analyses, the cDNA was amplified using SsoFast EvaGreen supermix (Bio-Rad) using 

CFX96 real-time PCR detection system. The qPCR results were analyzed using the CFX 

manager software. The experiments were repeated at least thrice with three replicates each 

time (16, 46–48).
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Immunohistological analysis of breast cancer tissue microarray

The breast cancer tissue microarray slide containing six different cases (duplicates of each) 

of breast cancer and their corresponding adjacent normal tissues were purchased from US 

Biomax Inc. and subjected to immunohistological staining. Prior to staining, the paraffin 

embedded tissue microarray slides were immersed twice in xylene (for 10 min) and then 

sequentially immersed in 100%, 95% and 70 % ethanol (5 min each) to deparafinize the 

tissue. Antigen retrieval was carried out by incubating the slides in 0.01 M sodium citrate 

buffer at 95 °C for 15 min according to the supplier's instructions. For immunohistological 

staining, the tissue microarray slide was incubated with 3% H2O2 for 15 min, washed with 

PBS thrice, and then blocked with blocking buffer containing donkey serum. The slides 

were then incubated with HOXC6 antibody overnight, washed thrice in PBS, and then 

incubated with biotinylated donkey secondary antibody for 1.5 h. The slide was washed 

thrice with PBS, incubated with avidin-biotin complex (ABC, Vector laboratories) for 1.5 h, 

washed twice with PBS and then twice with 0.1 M Tris-HCl (pH 7.4). Next, the slides were 

incubated with diaminobenzidine (DAB) substrate (Vector laboratories) for peroxidase 

labeling. The tissue microarray slides were dehydrated with sequential immersion in 70%, 

95%, and 100% ethanol and then cleaned by sequential incubation (1, 5 and 10 min) in 

CitriSolv clearing agent (Fisherband). Tissue sections were finally mounted with DPX 

mounting solution (Sigma), photographed, and examined under microscope (Nikon Eclipse 

TE2000-U, Japan) (14).

Dual luciferase reporter assay

The HOXC6 ERE located at −125 nt upstream to the transcription start site along with its 

flanking region (total 396 nt) was cloned and inserted upstream of the promoter of a fire fly 

luciferase gene in pGL3-promoter vector (Promega) (primers in Table 1). MCF7 cells were 

co-transfected with the ERE-pGL3 construct along with reporter plasmid containing, renilla 

luciferase (pRLTk, Promega) as an internal transfection control using lipofectamine 

transfection reagent (Invitrogen). Control transfections were done using empty pGL3 

promoter vector without any ERE insertion. At 30 h post-transfection, cells were treated 

with 1 nM E2 or 10 nM BPA and incubated for an additional 8 h. Total protein was 

extracted and then subjected to luciferase assay using Dual-Glo Luciferase Assay System 

(Promega) as instructed and detected using a microplate reader (Flowstar-Omega) (14, 15, 

41, 44, 48–50). Each treatment was done in four replicates and the experiment was repeated 

at least twice.

Chromatin immunoprecipitation (ChIP) assay

ChIP assays were performed using EZ Chip kit (Upstate) as described by us previously (51). 

For ChIP assay, cells were fixed in 4% formaldehyde for 15 min at room temperature, 

excess formaldehyde was quenched with 1.25 M glycine, washed twice with cold PBS 

containing protease inhibitor cocktail (5 µL.mL−1) and PMSF (0.2 mM). The cells were then 

lysed in SDS lysis buffer and sonicated to shear the chromatin to ~150–450 nt in length. The 

sonicated chromatin was pre-cleaned using protein G agarose (Millipore) beads and 

subjected to immuno-precipitation using antibodies specific to ERα (Santa cruz; 2Q418), 

H3K4-trimethyl (EMD-Millipore; 07-473), RNAPII (Abcam; ab5408), MLL1 (Abgent; 
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AO1146a), MLL2 (Bethyl laboratories; A300-113A), MLL3 (Abgent; AP6184a), MLL4 

(Sigma; AV33704), CBP (Santa Cruz, sc-369), p300 (Santa Cruz; sc-585), N-CoR (Santa 

Cruz; sc-1609), and histone-acetylation (EMD-Millipore; 06-599). The ChIP chromatin was 

deproteinized by incubating at 65°C in presence of NaCl, followed by incubation with 

proteinase K (Sigma) to obtain purified DNA fragments. The immuno-precipitated DNA 

was PCR-amplified using HOXC6 promoter specific primers (shown in Table 1) to analyze 

the level of recruitment of different proteins (45).

3D-colony formation assay (soft agar assay)

Colony forming ability of Flag-HOXC6 overexpressed cells were assessed using soft agar 

method using a similar protocol described by us earlier (16, 17). In brief, 1.2 % agar was 

prepared in PBS (pH 7.4), autoclaved, cooled down (to ~40°C) and added to an equal 

volume of 2X DMEM with 20 % FBS, 4 mM L-glutamine and 2% Penicillin/Streptomycin 

(100 unit and 0.1 mg/mL, respectively) to form the base agar layer. The base agar layer 

mixture was plated onto 6 well culture plates (16, 17), cooled to room temperature and the 

base agar layer was solidified. Then ~5000 HEK293 (control) or Flag-HOXC6 cells were 

added to a mixture of 0.5 mL 2X DMEM and 0.5 ml of 0.7 % agar (in PBS, pH 7.4) at room 

temperature and then plated on top of the base agar layer. The dishes were kept at room 

temperature for 15 min (to allow the top agar to solidify) and then incubated in the cell 

culture incubator under normal growth conditions. The cells were fed with 0.5 mL of normal 

growth media at 2 days interval for 21 days, until the colonies were visible. Prior to counting 

the colonies, the media was removed from the plates and the plates were rinsed with PBS, 

stained with 0.005 % crystal violet (2 h), then washed with PBS and colonies were examined 

under light microscope (16, 17).

Animal experiments

Subjects: Adult, 90 day old, experimentally naïve, female Sprague Dawley rats (n=12) were 

triple housed and maintained in a temperature and humidity-controlled environment under a 

12 h reversed light/dark cycle with lights on at 7 p.m. and off at 7 a.m. All the animals were 

maintained and cared for in accordance with the National Institutes of Health Guidelines for 

the Care and Use of Laboratory Animals. The University of Texas at Arlington’s Animal 

Care and Use Committee approved all experimental procedures and protocols. Notably, all 

the animals (controls and treatments) were maintained under same caging, bedding, food, 

and water bottles conditions to normalize effects of any exogenous source of estrogens in 

our results.

Ovariectomy: Sprague-Dawley rats were anesthetized with 2–3% isoflurane-oxygen vapor 

mixture and ovariectomized (OVX) as previously described by us (52, 53). The animals 

were allowed to recover for 4–5 days post-surgery, daily vaginal lavage testing was 

performed for eight consecutive days to confirm cessation of estrous cycling, thus verifying 

the completion of the OVX procedure. All OVXs performed were confirmed complete and 

thus, no animals were eliminated on the basis of an incomplete procedure (54). Treatments 
with E2 and BPA: BPA (Bisphenol-A): 10 mg of BPA was dissolved in 1 mL of ethanol to 

create a stock solution that was stored at −4 °C. Estradiol (E2; 17β-estradiol) was dissolved 

in peanut oil to yield final concentrations of 5 µg/mL. BPA was dissolved in ethanol and 
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brought up to a final concentration of 50 µg/mL with saline. Rats were given subcutaneous 

injections of either BPA (25 µg/kg) or E2 (5 µg/kg), (n=4) 24 and 4 hours prior to sacrifice. 

Animals were sacrificed via rapid decapitation and mammary gland tissue was collected 

from each rat and flash frozen on dry ice and then stored at −80 °C) until RNA extraction 

(52, 53, 55). RNA and protein extraction: For RNA extraction, the flash frozen mammary 

glands were homogenized. RNA extraction was carried out using a ZyGEM kit (Hamilton, 

New Zealand) according to the manufacturer’s protocol. The RNA was reverse transcribed 

to cDNA and subjected to qPCR using rat-specific primers (Table 1) (46). Protein extraction 

of the excised mammary glands was performed using ZyGEM kit (Hamilton, New Zealand). 

The protein extracts were analyzed using western blots (46, 47).

Statistical analysis—Each experiment was performed in two to three replicates and then 

cells were pooled together and treated as one sample, subjected to RNA extraction, RT-PCR 

and ChIP analyses and each experiment was repeated at least three times (n = 3). The qPCR 

analyses were done in three parallel replicate reactions and repeated thrice (n = 3). For 

luciferase assay, each treatment was carried out in four parallel replicates and the 

experiment was repeated at least twice (n = 2). Normally distributed data was analyzed by 

ANOVA and non-normally distributed data were analyzed using student-t tests (SPSS) to 

determine the level of significance between individual treatments. The treatments were 

considered significantly different at p≤ 0.05 (42).

Results

HOXC6 is overexpressed in breast carcinomas and in ER-positive breast cancer cells

HOXC6 is known to be associated with mammary gland development and our previous 

studies demontrated that HOXC6 is transcriptionally regulated by estrogen in placenta 

choricarcinoma cells (15). To further understand the expression and transcriptional 

regulation of HOXC6 in breast carcinomas, initially we examined its expression in different 

breast cancer tissue samples (Figures 1A–B). In brief, we performed immunohistochemical 

staining (DAB staining) of breast cancer tissue microarray that contains six cases of breast 

cancer (in duplicates) along with corresponding adjacent normal tissue, using HOXC6 

antibody. HOXC6 appeared to be overexpressed in some of the breast cancer tissue samples 

in comparison to its corresponding adjacent normal breast tissues (such as cases 4, 5 and 6, 

Figure 1A, quantification is shown in 1B). To further understand its mechanism of gene 

expression, we examined its expression levels in different types of breast cancer cells such 

as estrogen-receptor (ER)-positive (MCF7 and T47D) and ER-negative (MDA-MB-231) 

breast cancer cells (Figure 1C). Briefly, RNA was isolated from different cell lines, reverse-

transcribed and subjected to qPCR analyses for expression of HOXC6 (relative to GAPDH, 

as control). These analyses demonstrate that HOXC6 expression is relatively higher in ER-

positive breast cancer cells (MCF7 and T47D) in comparison to the ER-negative MDA-

MB-231 cells (Figure 1C). These analyses indicated that HOXC6 expression is potentially 

upregulated in breast cancer and regulated by ERs in breast cancer cells.
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HOXC6 expression is induced by E2 and BPA in breast cancer cells

As HOXC6 is overexpressed in multiple cases of breast cancer tissues and in cultured ER-

positive breast cancer cells, we examined its transcriptional regulation by E2 in ER-positive 

breast cancer cells MCF7. Furthermore, to investigate the potential endocrine disruption of 

HOXC6, we also examined the expression of HOXC6 upon exposure to a well-known 

estrogenic endocrine disruptor, BPA. Briefly, MCF7 cells that were grown in phenol-red-

free media, treated with varying concentrations of E2 and BPA. The RNA from the control, 

E2 and BPA treated samples were reverse-transcribed and analyzed by qPCR and regular 

RT-PCR. This analysis showed that HOXC6 transcription is induced upon treatment with E2 

(Figure 2A–B) and BPA in a concentration dependent manner in MCF7 cells (Figure 2E–F). 

The highest levels of HOXC6 induction was observed at 1 nM of E2 (6.9 fold increase) and 

10 nM of BPA (4.16 fold increase) (Figures 2A–B and E–F). The time-dependent analysis 

showed that HOXC6 induction in MCF7 cells was optimum at 4 h post-treatment with 1 nM 

E2 or 10 nM BPA (Figures 2C–D and G–H). These studies demonstrate that HOXC6 is an 

E2-regulated gene and exposure to estrogenic endocrine disrupting chemicals (such as BPA) 

may induce its expression even in the absence of E2. Notably, exposure to E2 and BPA also 

induced the expression of HOXC6 in other ER-positive breast cancer cells such as T47D 

(Figure 2I–J), but not in ER-negative cell line such as MDA-MB-231(data not shown). The 

induction in HOXC6 expression by E2 and BPA in ER-positive breast cancer cells (MCF7 

and T47D) indicate its potential regulation by E2 and BPA mediated via ER.

BPA induced the expression of HOXC6, in vivo; rat mammary glands

As HOXC6 is found to be overexpressed in breast cancer tissues and it is transcriptionally 

induced by E2 and BPA in breast cancer cells (in vitro), we examined its regulation by E2 

and BPA in vivo. We exposed overiectomized (OVX) Sprague Dawley rats with E2 and 

BPA, either seperately or in combination, and examined its impacts on HOXC6 expression 

in mammary tissue. Briefly, OVX rats were treated with acute doses of E2 (5 µg/kg) and 

BPA (25 µg/kg) individually or in combination for up to 24 hrs. Notably, these doses were 

selected on the basis of the studies previously performed by other laboratories and shown to 

be effective in in vivo analyses of gene expression and to influence behaviors and other 

neural functions (14, 46, 47, 56–58). OVX rats were used to minimize the effects of 

endogenous estrogen levels in female rats. RNA and proteins were isolated from the 

mammary gland tissues and analyzed by qPCR and western blots for the expression of 

HOXC6. These analyses demonstrated that HOXC6 expression was significanlty increased 

(both at RNA and protein levels) in the rat’s mammary tissues upon treatment with E2 

(Figures 3A–C, compare lane 1 and 2). BPA treatments also resulted in upregulation of 

HOXC6 in the mammary tissue, either independently or in combination with E2 (Figures 

3A–C, compare lane 1, 3 and 4). These observations demonstrate that HOXC6 is an 

estrogen-regulated gene in vivo, in the mammary tissue of the Sprague Dawley rats and 

importantly, its expression is also upregulated upon BPA exposure, even in the absence of 

E2.
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HOXC6 promoter ERE is responsive to BPA

HOXC6 promoter contains an imperfect (GGTCAnnTGACT) estrogen-response element 

(ERE) with one base pair mismatch and one base-pair less spacing between two half-sites, 

compared to a typical full EREs (GGTCAnnnTGACC), located at the 125 bp upstream of 

the transcription start site (Figure 4A) (15). Herein, we examined if this ERE also 

participates in E2 and BPA-mediated HOXC6 activation in MCF7 cells, using luciferase-

based reporter assay. The promoter of HOXC6 containing the ERE region (from +100 to 

−296 nt) was cloned into luciferase construct pGL3 (15). The ERE-pGL3 construct along 

with renilla vector (transfection control) was tranfected into MCF7 cells followed by 

expsoure to E2 (1 nM) and BPA (10 nM) and the induction of luciferase was determined by 

using dual luciferase detection kit (15). Empty pGL3 transfection was used as negative 

control. As seen in Figure 4B, E2-treatment induced (5 fold) the luciferase expression in 

ERE-pGL3 transfected MCF7 cells. Interestingly, exposure to BPA also induced luciferase 

activity by 4.3 fold in comparison to untreated samples (Figure 4B). These analyses 

demonstrate that HOXC6 promoter ERE is functional towards E2 and BPA-induced 

HOXC6 expression in breast cancer cells. Notably, our recent study also showed the 

presence of another ERE1/2-site located at −1143 bp upstream of the transcription start site 

at the HOXC6 promoter (15), however, this ERE1/2-site (at −1143 bp) was found to be 

much less E2-responsive that ERE located at −125 bp region (in Figure 4A) (15). Therefore, 

in the current study, we studied the contributions of the ERE located at −125 bp region in E2 

and BPA-induced HOXC6 expression. Our luciferase data indeeded demonstrate that this 

HOXC6 promoter is responsive towards E2 and BPA-treatments (Figure 4).

E2 and BPA modulates the recruitment of ERα and ER-coactivators and modify histones at 
the HOXC6 promoter

ER-coregulators are integral components of estrogen-mediated gene activation (59, 60). ER-

coregulators interact with ERs, bind to the promoter of ER-target genes, modify and remodel 

chromatins and interact with general transcription machineries and all these contributes to 

gene activation (61–63). Examples of ER-coregulators include SRC1-family of coactivators, 

CBP/p300, etc. (60, 64, 65). Studies demonstrate that mixed lineage leukemia (MLL) family 

of histone methylases act as ER-coregulators during E2-mediated gene activation (14, 15, 

44, 48, 49, 64–74). Herein, we examined, if ER and MLLs are involved in the E2 and BPA 

induced HOXC6 expression in MCF7 cells. We examined the binding of ERα, MLLs 

(MLL1–4), CBP/p300 and N-CoR at the HOXC6 promoter in the presence and absence of 

E2 and BPA separately (Figures 5A–D), using chromatin immuno-precipitation (ChIP) 

assay. We also analyzed the levels of histone modifications (H3K4-methylation and 

acetylation) at the HOXC6 promoter upon treatments with E2 or BPA (Figure 6A–B). 

Notably, H3K4-trimethyl and histone acetylation are key to transcriptional activation. MLLs 

and CBP/p300 are well known H3K4-trimethylases and histone acetylases, respectively, that 

aid in gene activation (14, 15, 44, 48, 49, 51, 75). We treated MCF7 cells with E2 and BPA 

separately, fixed with formaldehyde and subjected to ChIP assay using antibodies against 

ERα, MLL1, MLL2, MLL3, MLL4, CBP, p300, N-CoR, H3K4-trimethyl, histone acetyl, 

RNAPII and β-actin (negative control). N-CoR is a nuclear-receptor co-repressor recently 

shown to be involved in HOXC6 gene repression under basal conditions (76–78). ChIP 

DNA were analyzed by qPCR using HOXC6 promoter ERE primers. The analyses showed 
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that ERα, histone methylases MLL2 and MLL3, histone acetylases CBP/p300 were enriched 

at the HOXC6 promoter ERE region upon treatment with either E2 or BPA (Figures 5A–D). 

On the contrary, the occupancy levels of N-CoR and histone methylase MLL4 at the 

HOXC6 promoter are significantly reduced upon treatment with E2 or BPA (Figure 5A – 

D). Levels of histone H3K4-trimethylation, histone acetylation and RNA polymerase II 

(RNAP II) recruitment were increased at the HOXC6 promoter upon E2 and BPA treatments 

(Figures 6A–B). These observations demsontrated that ERα and histone methylases MLL2 

and MLL3, histone acetylases CBP/p300 are associated not only with E2 but also with BPA-

dependent HOXC6 activation in MCF7 cells. In contrast to MLL2 and MLL3, the level of 

recruitment of MLL4 as well as the N-CoR was decreased upon treatment with either E2 or 

BPA, indicating potential involvment of MLL4 and N-CoR in the maintenace of basal 

transcription of HOXC6. This may indicate that there is an exchange of negative regulatory 

transcription factors with positive regulatory factors upon treatment with E2 or BPA, at the 

HOXC6 promoter and this type of exchange in transcription factors has been previously 

observed HOXC6 and other genes (14, 15, 41, 42, 44, 45, 48, 49, 73). Similar to E2, BPA 

exposure induced the epigenetic changes (histone modifications) at the HOXC6 promoter 

affecting its gene expression. Upon exposure to E2 or BPA, the levels of H3K4-

trimethylation, histone acetylation, recruitment of histone methylase MLL2, MLL3, and 

histone acetylase CBP, p300 and RNAP II were enriched at the HOXC6 promoter.

To examine further about the involvement of ERα, we knocked it down in MCF7 cells and 

examined its impact on E2 and BPA-induced HOXC6 expression. Briefly, we transfected 

MCF7 cells with ERα and scramble antisenses (no homology to ERα) and then exposed to 

E2 or BPA followed by analysis of ERα and HOXC6 expression using RT-PCR and qPCR. 

Our results demonstrate that upon transfection with ERα-antisense, the level of ERα was 

decreased and that resulted in decreased E2 and BPA induced HOXC6 expression (Figure 

7A–B). These results further support that ERα plays critical roles in E2/BPA-induced 

HOXC6 gene expression.

HOXC6 over expression induces tumor growth factors and facilitates 3D-colony formation

To understand potential roles of HOXC6 in tumorigenesis, we examined the impact of 

HOXC6 overexpression on regulation of tumor growth factors and also evaluated its ability 

towards 3-dimensional (3D) colony formation using a soft agar assay (16, 17). In brief, we 

generated a stable transfected cell line overexpressing HOXC6 (Flag tagged HOXC6) in 

HEK293 cells (16, 17). Human HOXC6 gene was cloned in pFlag-CMV4 human expression 

construct, transfected into HEK293 cells and stably transfected cells expressing Flag-

HOXC6 were selected using G418 antibiotic selection procedure as described by us earlier 

(16, 17). The overexpression of Flag-HOXC6 was confirmed by western blot (using Flag-

antibody) analysis (Figure 8A).

In order to study the impact of HOXC6 overexpression in tumorigenesis, we examine the 

3D-colony formation ability of Flag-HOXC6 overexpressed stable cell line using a soft-agar 

assay (16, 17). Briefly, HEK293 (control) and Flag-HOXC6 stable cells were plated in soft 

agar separately, grown for about 21 days (until distinct colonies were visible), stained with 

crystal violet, and then the visible colonies were examined under a light microscope. Our 
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analysis showed that while very few small colonies were observed in the control HEK293 

cells, HOXC6-overexpressing cells (Flag-HOXC6 stable cell line) formed many more 

distinctly visible large three dimensional (3D) colonies embedded in different layers of soft 

agar (Figure 8B, an enlarged colony is below). The number of colonies were about 6–7 fold 

more in the HOXC6 overexpressed cells than in the control HEK293 cells (Figure 8C). 

Colonies in the HOXC6-overexpressed cells appeared three dimensional (3D) and dense in 

cell population. These observations indicated that HOXC6 overexpression enhanced the cell 

proliferation facilitating the formation of large 3D-growth of cell colonies. Furthermore, we 

isolated the RNA from the HEK293 and Flag-HOXC6 stable cells and analyzed by RT-

qPCR analysis for the expression of various tumor growth factors. These analysis showed 

that overexpression of HOXC6 (Flag-HOXC6) resulted in upregulation of VEGF (vascular 

epithelial growth factor), bFGF (basic fribroblast growth factor), and PDGFRA (platelate 

derived growth factor receptor-alpha) (Figure 8D). VEGF, bFGF and PDGFRA are well 

known tumor grwoth factors what are over expressed in variety tumors and contribute 

towards tumor growth, angiogenesis, and metastasis (23, 24, 27, 31, 36–38, 79, 80). 

Theorefore, the upregulation of these tumor growth factor upon overexpression of HOXC6 

indicate potential roles of HOXC6 in tumor cell proliferation and growth.

Discussion

HOXC6 is a key player in mammary gland development and milk production (15). HOXC6 

expression is associated with several human carcinomas such as cancers of gastrointestinal, 

breast, lung, prostate, head and neck squamous cell carcinomas, osteosarcomas, 

medulloblastomas and leukemias (15, 19, 21, 24, 25, 28, 29, 81). HOXC6 is also 

transcriptionally upregulated in lymph node metastases (31). HOXC6 regulates the 

expression of various tumor growth factors such as connective tissue growth factor (CTGF), 

T-cell receptor alternate reading frame protein (TARP), insulin-like growth factor binding 

protein 3 (IGFBP3), and neutral endopeptidase/membrane metallo-endopeptidase (NEP/

MME) and therefore contribute to tumorigenesis (24, 30, 80). Since, HOXC6 expression is 

associated with the development of mammary glands and breast cancer, its expression is 

likely regulated by E2. Indeed, our recent findings showed that HOXC6 is transcriptionally 

induced by E2 in placenta choriocarcinoma (JAR) cells (15). Here, we further investigated 

the epigenetic mechanisms of E2-mediated transcriptional regulation of HOXC6 in breast 

cancer cells, in vitro and in animal models, in vivo. We also examined its expression levels 

in primary breast cancer tissues.

Our studies demonstrated that HOXC6 expression is upregulated in some of the breast 

cancer tissues, (50–60% cases of the tissue we examined) in comparison to the surrounding 

normal breast tissue. We also observed that HOXC6 expression is higher in ER-positive 

breast cancer cells such as MCF7 and T47D, than in ER-negative breast cancer cells (MDA-

MB-231). The overexpression of HOXC6 in multiple cases of breast cancer tissues and it 

upregulation in ER-positive breast cancer cells indicate its potential association with breast 

cancer and its transcriptional regulation via involvement of estrogen-receptors (ERs). To 

understand further the potential regulation of HOXC6 by estrogen, we exposed 

ovariectomized (OVX) Sprague Dawley rats with acute levels of E2 and analyzed the 

HOXC6 expression levels in rat mammary gland tissue. These analyses demonstrated that 
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HOXC6 expression (both mRNA and protein levels) is indeed upregulated in mammary 

gland upon exposure to E2. These observations further demonstrate that HOXC6 expression 

is transcriptionally regulated by E2 both in vitro and in vivo. Notably, in agreement with our 

observations, HOXC6 expression was previously shown to be upregulated in cultured breast 

cancer cells (40, 82, 83). In particular, affymetrix GeneChip microarray analyses revealed 

that HOXC6 expression was upregulated in MCF7 and T47D cells upon treatment with E2 

(40, 82, 83). Futherthermore, RNA-Seq analysis by Frasor et al demonstrated that HOXC6 

expression is upregulated in MCF7 upon exposure to E2 (82–84). Thus, our results showing 

the E2-induced up regulation of HOXC6 in vitro and in vivo, are in agreement with previous 

observations.

Since HOXC6 is an estrogen-regulated gene and is overexpressed in breast cancer, we 

examined its potential misregulation by hazardous endocrine disrupting chemicals using 

both in vitro and in vivo models. BPA is well recognized as a estrogenic endocrine 

disrupting chemical that is commonly found in plastics, metallic storage containers and 

various other routinely used consumables, and due to its presence in plastic objects, humans 

are ubiquitously exposed to varying levels of BPA (39, 41, 85). Exposure to BPA has been 

associated with adverse and harmful perinatal, childhood, and adult health outcomes, 

including reproductive and developmental defects, metabolic disease, and other health 

defects (41, 43). BPA exposure has been shown to alter the expression of developmental 

genes, such as HOX genes, in the reproductive tracts of animals (41, 86). Studies of 

perinatal and in utero BPA exposure (mice and rats) show abnormalities in mammary gland 

development, alterations in the overall morphology of the mammary tissue, increased 

sensitivity to E2, increased cell proliferation, decreased apoptosis, and altered timing of 

physical development (87, 88). BPA also enhances the incidence of carcinoma in the 

mammary glands and pre-neoplastic lesions (87). Our recent studies also demonstrated that 

BPA induces the expression of long non-coding RNA HOTAIR, a crucial player in breast 

and other types of cancer (6, 41, 42, 44). Thus, BPA exposure poses a major health risk (41, 

76). Herein, we observed that, similar to E2, exposure to BPA induced the expression of 

HOXC6 in the rat mammary glands as well as in cultured MCF7 and T47D cells, even in the 

absence of E2. Notably, the upregulation of HOXC6 by E2 and BPA in breast cancer cells 

has been previously observed by other researchers based on genome wide RNA-Seq 

analyses (40, 82–84). BPA has been shown to regulate a subset of genes that are regulated 

by E2 (84). Furthermore, we also observed that treatment with BPA in the presence of E2, 

showed no significant additional impact on HOXC6 expression in comparison to E2 

treatment alone and these observations were also supported by previous studies (40). We 

predict that being relatively weaker than E2, BPA may not be able to effectively compete 

with E2 in binding to ER for target gene regulation (89, 90) and hence there is a limited 

impact of BPA in presence of E2. Our data support that HOXC6 is an estrogen-regulated 

gene in breast cancer cells and its expression may be induced upon exposure to estrogenic 

endocrine disrupting chemicals such as BPA both in vitro and in vivo.

Promoter analysis revelaed that HOXC6 promoter contains two putative EREs (half-site, 

GGTCA) that are located at −125 bp and −1143 bp upstream of the transcription start site 

(15). Recently, we reported that out of these two EREs, the ERE located at −125 bp is much 
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more responsive to E2-treatment (in JAR cells) than the other ERE1/2-site located at −1143 

nt. ERs and ER-coregulators were found to be enriched the this ERE located at −125 bp, in 

an E2-dependent manner, indicating its functionality in the E2-induced HOXC6 expression 

(15). Therefore, in this study, we primiarily foussed on analyzing the involvment of this 

more responsive ERE (at −125 bp site, termed as HOXC6 ERE here, Figure 4A) during 

BPA/E2-induced HOXC6 expression in breast cancer cells. Here, luciferase based reporter 

analysis indeed demonstrated that the HOXC6-ERE is indcued upon exposure to E2 and 

BPA, in MCF7 cells (see Figure 4). ChIP analysis demosntrated that ERs and ER-

coregulators are recruited to ERE region in an E2/BPA-dependent manner (Figures 5 an 6). 

Analysis of the neighbouring sequences indicated that the HOXC6 ERE (shown in Figure 

4A) is a putative imperfect full ERE (GGTCAnnTGACT) with one base pair mismatch and 

one base-pair less between two half-sites, compared to a typical consensus full ERE 

(GGTCAnnnTGACC) (15). Notably, numerous ChIP-Seq analysis demonstrated that ERs 

are enriched at both consensus full ERE-sites as well as in ERE-half sites (GGTCA) in an 

E2-dependent manner (91–97), indicating pontential functional signifcance of ERE-half 

sites along with typical full EREs, during E2-mediated gene regulation. In this stydy, we 

also observed the E2-dependent enrichment of ERs and ER-coregulators at the HOXC6 

ERE. Thus, irrespective of being a ERE1/2-site or an imperfect full ERE, the observed the 

E2/BPA-dependent enrichment of ERs at the HOXC6 promoter ERE-region, indicate its 

potential involvement in E2/BPA-induced HOXC6 gene regulation.

Mechanistic analyses showed that, similar to E2, BPA-treatment also induced the 

recrutiment of ERs and ER-coactivators such as histone methylases MLL2 and MLL3 and 

histone acetylases such as CBP and p300 to the HOXC6 promoter promiximal ERE region. 

Notably, MLLs are well-known human histone H3K4-specific methyl-transferases that play 

key roles in gene activation (51, 71). There are several MLLs: MLL1, MLL2, MLL3, MLL4 

and MLL5 (51, 71). Recent studies from our (and others) laboratory demonstrated that 

MLLs (MLL1–4) acts as ER-coregulators and associated with ER-mediated gene activation 

(14, 15, 45, 49, 63, 69). MLLs (MLL1–4) contains one or more LXXLL (nuclear receptor 

box or NR-box) domains through which they interact with nuclear receptors (NRs), get 

recruited to the NR-regulated gene promoters, introduces H3K4-trimethylation leading to 

gene activation (51, 71). Here, our results demonstrated that along with ERs, histone 

methylases MLL2 and MLL3, are enriched at the HOXC6 promoter upon treatment with E2 

and BPA. Exposure to E2 or BPA altered the epigenetic states at the HOXC6 promoter, such 

as increased histone H3K4-trimethylation and histone acetylation levels at the HOXC6 

promoter that ultimately resulted in HOXC6 gene activation. We also found that histone 

methylase MLL4 and nuclear receptor co-repressor N-CoR are pre-occupied at the HOXC6 

promoter in the absence of E2 or BPA-treatment and get delocalized from the HOXC6 

promoter upon exposure to either E2 or BPA. These observation indicated that MLL4 and 

N-CoR are likely involved in maintence of basal expression levesl of HOXC6 (14, 98). A 

schematic model showing the epigenetic mechanism of BPA induced endocrine disruption 

of HOXC6 is shown in Figure 9.

Notably, though we demonstrated that ERs and MLLs are enriched at the ERE-region of the 

HOXC6 promoter in a E2/BPA dependent manner, the mode of their recruitments remain 

unclear. Multiple studies have demonstrated that ERs can directly bind to the EREs and that 
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allows recruitment of other factors at the promoters ultimately resulting in gene activation 

(91, 93, 94). Addtionally, studies also showed that ERs may not be directly interacting with 

ERE-sequences for their recruitment, rather they can be enriched at the gene promoter via 

interactions with other factors and/or via chromatin looping (99–104). Here, based on ChIP 

analyses, we observed that the ERs and ER-coregulators are enriched at the HOXC6 

promoters in an E2/BPA-dependent manner. As this observed enrichement of ERs/MLLs at 

the HOXC6 promoter ERE-region is based on ChIP analyses, the mode of their recruitment 

could follow either direct or indirect mode of interactions including chromatin looping.

The potential impacts of HOXC6 overexpression on cell proliferation and tumor growth was 

assesed using a soft-agar based 3D-colony formation assay. Our studies demonstrated that 

HOXC6 overexpression facilitated 3D-colony formation. HOXC6 overexpression also 

resulted in upregulation of multiple tumor growth factors including VEGF, bFGF and 

PDGFRA. The HOXC6-induced overexpression of the factors, that are critical players in 

tumor cell proliferation and growth, indicated potential roles of HOXC6 in cell proliferation 

and tumor growth. In summary, our studies demonstrated that HOXC6, which is critical in 

mammary gland development and is potentially upregulated in some of the breast cancer and 

is transcriptionally regulated by estrogen in vitro and in vivo. Furthermore, our studies 

showing the upregulation of HOXC6 expression in presence of BPA, may indicate its 

potential endocrine disruption upon exposure to estrogenic endocrine disrupting chemicals 

and that may contribute towards the increased risk of cancer and other associated 

developmental disorders.
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Highlights

a. HOXC6 is a homeobox containing gene associated with breast cancer

b. HOXC6 expression is induced by estradiol (E2) in vitro and in vivo

c. HOXC6 expression is also induced by endocrine disrupting chemicals BPA

d. ERs coordinate with MLLs during E2/BPA-induced HOXC6 expression

e. Results provide mechanistic insight of HOXC6 gene regulation and its 

endocrine disruption

Hussain et al. Page 20

Biochim Biophys Acta. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
HOXC6 expression in breast cancer cells and tissues. (Panel A-C) Immunohistological 

analyses of HOXC6 expression in breast cancer tissues: Human breast cancer tissue 

microarray (6 cases of breast cancer along with their matched adjacent normal breast tissues) 

were immunostained (DAB staining) with HOXC6 antibody (panel A) and the relative 

quantification of HOXC6 expression is shown in panel B. (C) RNA from different breast 

cancer cells (MCF7, T47D, and MDA-MB-231) was reverse transcribed and analyzed by 

qPCR using primers specific to HOXC6. HOXC6 expression relative to GAPDH is plotted. 
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Each experiment was repeated at least thrice with three parallel replicates (n=3). Bars 

indicate standard errors.
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Figure 2. 
Effects of E2 and BPA on HOXC6 expression in MCF7 cells. MCF7 cells grown in phenol 

red free DMEM-F-12 were treated with varying concentrations (or time) of E2 or BPA. 

RNA from the control and E2 or BPA-treated cells were analyzed by RT-PCR and qPCR 

using HOXC6 specific primers. GAPDH was used as the loading control. Panel A-B: RT-

PCR and qPCR analysis of HOXC6 expression upon exposure varying concentrations of E2, 

respectively. Panel C-D: RT-PCR and qPCR analysis of HOXC6 expression upon exposure 

to 1 nM E2 for varying time periods. Panel E-F: RT-PCR and qPCR analysis of HOXC6 
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expression upon exposure varying concentrations of BPA, respectively. Panel G-H: RT-PCR 

and qPCR analysis of HOXC6 expression upon exposure to 10 nM BPA for varying time 

periods. Panel I-J; RT-PCR and qPCR analyses of HOXC6 expression in T47D cells upon 

exposure to 1nM E2 and 10 nM BPA. Each qPCR experiment was repeated for thrice times 

with three parallel replicates (n = 3). Bars indicate standard errors (p < 0.05).
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Figure 3. 
Effects of E2 and BPA on HOXC6 gene expression, in ovariectomized (OVX) rats, in vivo. 

(Panel A-C): OVX female rats were administered with acute doses of E2 (5 µg) and BPA 

(25 µg/kg), for 24 h, either separately or in combination. Control animals were administered 

with the vehicle (peanut oil/saline). RNA and protein were isolated from the mammary 

glands of the control, E2 and BPA treated animals. RNA was analyzed by regular RT-PCR 

(Panel A); GAPDH was used as a loading control and qPCR (Panel B) using rat specific 

HOXC6 primers (relative to GAPDH). Each experiment was repeated thrice with three 
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parallel replicates. Bars indicate standard errors, (p < 0.05)). Western blot analysis of the 

HOXC6 protein levels from the protein samples obtained from control, E2 and BPA treated 

mammary gland tissues of animals are shown in panel C. β-actin was used as the loading 

control. Each experiment was repeated at least thrice (n = 3).
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Figure 4. 
HOXC6 promoter ERE is responsive to E2 and BPA treatment (luciferase assay). Panel A-

B: (A) HOXC6 promoter showing the ERE that was cloned into luciferase construct, pGL3. 

(B) Luciferase assay: ERE-pGL3 construct was transfected into MCF7 cells for 30 h. 

Control cells were treated with empty pGL3 vector and no transfection controls were done 

in parallel. Cells were also co-transfected with renilla luciferase expression construct as an 

internal transfection control. Cells were then treated with 1 nM E2 or 10 nM BPA and then 

subjected to luciferase assay by using Dual-Glo Luciferase Assay System (Promega). The 

luciferase activities in presence of E2 and BPA (over untreated controls and normalized 

against renilla luciferase expression) were plotted. The experiment with four replicate 

treatments was repeated at least thrice (n = 3). Bars indicate standard errors (p < 0.05).
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Figure 5. 
Enrichment of ERα, MLLs (MLL1–4), CBP/p300 and N-CoR at the HOXC6 promoter in 

presence of E2 and BPA. (Panel A-D): MCF7 cells were treated with 1nM E2 or 10 nM 

BPA for 4 h and analyzed by ChIP assay using ERα, MLL1, MLL2, MLL3, MLL4, CBP, 

p300, N-CoR and β-actin (negative control) antibodies. The ChIP DNA was PCR-amplified 

using primers specific to ERE region of HOXC6 promoter. The recruitment of ERα, MLL1, 

MLL2, MLL3, MLL4 and β-actin in the HOXC6 promoter are shown in the panel A (qPCR) 
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and panel B (RT-PCR). Panel C-D shows the recruitment of CBP, p300, N-CoR and β-actin 

upon treatment with E2 or BPA. Bars indicate standard errors (p < 0.05).
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Figure 6. 
Enrichment of RNA polymerase II (RNAPII), histone acetylation and H3K4-trimethylation 

at the HOXC6 promoter in presence of E2 or BPA. (Panel A-B): MCF7 cells were treated 

with 1 nM E2 or 10 nM BPA for 4 h and analyzed by ChIP assay using RNAPII, H3K4-

trimethyl, histone acetylation and β-actin (negative control) antibodies. The ChIP DNA was 

PCR amplified using primers specific to ERE region of HOXC6 promoter. Panel A-B 

(qPCR and regular RT-PCR data respectively) shows the levels of RNAPII, H3K4-trimethyl 

and histone acetylation at the HOXC6 promoter. Bars indicate standard errors (p < 0.05).
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Figure 7. 
ERα knockdown downregulates E2 and BPA induced expression of HOXC6. (Panels A-B): 

MCF7 cells were transfected with antisense specific for ERα or scramble antisense for 48 h 

and then treated with 1 nM E2 and 10 nM BPA separately for additional 4 h. RNA was 

subjected to RT-PCR (Panel A) and qPCR analyses (Panel B) using primers specific to ERα, 

HOXC6 and GAPDH. Bars indicate standard error (n = 3; P < 0.05).
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Figure 8. 
HOXC6 over expression induces carcinogenesis. (A) Western blots of HOXC6 

overexpression analysis. Proteins were isolated from HEK293 cells and stable cells 

expressing Flag-HOXC6 and subjected to Western blotting using β-actin (control) and Flag 

antibodies. (B) 3D-colony formation ability of HOXC6 overexpressed cells. HEK293 and 

Flag-HOXC6 stable cells were incubated in soft agar for 4–5 weeks stained with 0.005% 

crystal violet and analyzed under microscope. Magnified view of one HOXC6 

overexpressed colony (C) Number of colonies grown in soft agar assays were counted using 

light microscope and plotted. (D) Analysis of expression of growth factors. The RNA from 

HEK293 and Flag-HOXC6 overexpressed cells were subjected to RT-qPCR with primers 

specific to HOXC6, bFGF, VEGF, PDGFRA, and GAPDH (control). Bars indicate standard 

error ((n = 3, p<0.05)

Hussain et al. Page 32

Biochim Biophys Acta. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 9. 
Models showing the roles of ERs, MLLs and other ER-coregulators during E2 and BPA 

mediated upregulation of HOXC6. During a typical estradiol mediated HOXC6 gene 

activation, ERs upon bindinig to E2 dimerize and then dimerized (activated) ERs bind to the 

EREs of the HOXC6 promoter. ER-coregulators such as MLL2, MLL3, CBP, p300, and 

other ER-coregulators are also recruited to the HOXC6 promoter. Promoter histones are 

methylated via MLL-methylases and acetylated via p300 activity, allowing access to RNA 

polymerase II (RNAP II) to the promoter, ultimately resulting in HOXC6 expression 

activation. Steroidogenic endocrine disrupting chemicals (EDCs) like BPA when enters into 

the cells, competes with esrtradiol and binds to ERs leading to activation of ERs and 
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associated cell signaling and target gene activation, in a fashion very similar to E2. Thus, 

even in the absence of E2, BPA can induce ER-target genes such as HOXC6 leading to their 

misregulation.
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Table 1

Nucleotide sequence of primers

Gene Forward Primer (5'-3') Reverse Primer (5'-3')

PCR primers

GAPDH CAATGACCCCTTCATTGACC GACAAGCTTCCCGTTCTCAG

hHOXC6 CAGACCCTGGAACTGGAGAA CTTCCCGCTTTTCCTCTTTT

rHOXC6 GTTTTGTGCCCGGATCTCTA CCGAGTTAGGTAGCGGTTGA

bFGF TTCTTCCTGCGCATCCAC CGGTTAGCACACACTCCTTT

VEGF TCCACCATGCCAAGTGGTCC TGGATGGCAGTAGCTGCGCT

PDGFRA GAAGCTGTCAACCTGCATGA CTTCCTTAGCACGGATCAGC

Antisense

ERα CATGGTCATGGTCAGb

Scramble CGTTTGTCCCTCCAGCATCTb

Cloning primers

hHOXC6 ERE1 AGCCTCATAGCTCAGGTCCAa CTCCTTCTCAGGACCCCTCTa

HOXC6-Flag-CMV4 AAGCTTCTCTCAAACTGCAGACAAAACAa GGATCCTCACTCTTTCTGCTTCTCCTCTTCTa

a
cloning primers flanked by appropriate restriction sites

b
Phosphodiester linkages replaced by phosphorothioate linkages
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