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Abstract

Antisense transcript, long non-coding RNA HOTAIR is a key player in gene silencing and breast
cancer and is transcriptionally regulated by estradiol. Here, we have investigated if HOTAIR
expression is misregulated by bisphenol-A (BPA) and diethylstilbestrol (DES). Our findings
demonstrate BPA and DES induce HOTAIR expression in cultured human breast cancer cells
(MCF7) as well as in vivo in the mammary glands of rat. Luciferase assay showed that HOTAIR
promoter estrogen-response-elements (ERES) are induced by BPA and DES. Estrogen-receptors
(ERs) and ER-coregulators such as MLL-histone methylases (MLL1 and MLL3) bind to the
HOTAIR promoter EREs in the presence of BPA and DES, modify chromatin (histone
methylation and acetylation) and lead to gene activation. Knockdown of ERs down-regulated the
BPA and DES induced expression of HOTAIR. In summary, our results demonstrate that BPA
and DES exposure alters the epigenetic programming of the HOTAIR promoters leading to its
endocrine disruption in vitro and in vivo.

Introduction

Non-coding RNAs (ncRNA) are a group of regulatory RNASs that are not translated into
protein (Mattick and Makunin 2006). NcRNAs that are longer than 200 nucleotides (nt) are
classified as long non-coding RNAs (IncRNA) (Carninci et al. 2005). LncRNA consists of
more than 50% of transcript in human cells (Khalil et al. 2009; Niland et al. 2012).
LncRNAs are major players in diverse biological processes that include genome packaging,
chromatin organization, dosage compensation, genomic imprinting, and gene regulation
(Brown et al. 1991; Sleutels et al. 2002; Carninci et al. 2005; Rinn et al. 2007; Gupta et al.
2010). Similar to protein coding mRNA, many IncRNA are transcribed by RNA polymerase
I1 (RNA pol 1), capped, spliced, and polyadenylated (Rinn et al. 2007; Cabili et al. 2011). In
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addition, IncRNA may be transcribed from both sense and antisense strands of the genome
(Ponting et al. 2009). HOTAIR (HOX Antisense Intergenic RNA) is a recently discovered
2.2 kb long IncRNA that is located at the antisense strand of the HOXC gene locus in
chromosome 12, flanked by HOXC11 and HOXC12 (Rinn et al. 2007). HOTAIR silences
the HOXD locus genes present at chromosome 2 in humans, in trans, via recruitment of
various gene silencing machineries (Rinn et al. 2007). For example, HOTAIR interacts with
PRC2 (polycomb repressive complex 2) and histone demethylases LSD1/CoREST/REST
complexes through it 5~ and 3’-end, respectively (Rinn et al. 2007; Tsai et al. 2010).
Notably, PRC2 complex that contains histone H3-lysine 27 (H3K27)-specific histone
methylases EZH2, along with several other polycomb group (PcG) of proteins (Wang et al.
2010). LSD1 is a histone H3K4-specific demethylase (Wang et al. 2011). Notably, H2K27-
methylation and H3K4-demthylation are critical for gene silencing. In summary, HOTAIR
recruits the machinery required for gene silencing (PRC2 and LSD1-complexes) to the
promoters of target gene that modify chromatins which, in turn, lead to gene silencing (Tsai
et al. 2010).

A growing body of literature has revealed that HOTAIR is highly expressed in variety of
cancers including breast tumor (Gupta et al. 2010), hepatocellular carcinoma (Geng et al.
2011; Yang et al. 2011; Ishibashi et al. 2013), pancreatic cancer (Kim et al. 2012), non-small
cell lung cancer (Nakagawa et al. 2013; Zhuang et al. 2013), colorectal cancer (Kogo et al.
2011), gastrointestinal stromal tumor (Niinuma et al. 2012), esophageal squamous cell
carcinoma (Lv et al. 2013), sarcoma (Milhem et al. 2011) and others. HOTAIR expression
levels are correlated with tumor metastases and loss of HOTAIR has been linked with
decrease in cancer invasiveness (Gupta et al. 2010; Geng et al. 2011). However, although
HOTAIR has been shown to play a fundamental role in cancer, little is known about its
transcriptional regulation. Recent studies from our laboratory demonstrated that HOTAIR is
a critical player in survival and maintenance of breast cancer cells (Bhan et al. 2013). We
also found that HOTAIR is transcriptionally regulated by estradiol in breast cancer cells,
which is mediated via the co-ordination of estrogen-receptors and various ER-coregulators
including mixed lineage leukemia (MLL) family of histone methyl-transferases (Bhan et al.
2013).

Since HOTAIR is a critical player in the maintenance and viability of breast cancer cells and
is transcriptionally regulated by estrogen (Bhan et al. 2013), we hypothesized that its
transcription may be influenced by estrogenic endocrine disrupting chemicals (EDCs) and
synthetic estrogens. An endocrine disruptor is an exogenous substance or mixture that alters
function(s) of the endocrine system and consequently causes adverse health effects in an
intact organism, or its progeny, or (sub) populations. EDCs interact with hormone receptors
even at very low concentrations and interfere with hormone signaling affecting various
hormonally regulated processes including reproduction and development (Brown and
Lamartiniere 1995; Calle et al. 1996; BLOCK et al. 2000; Munoz-de-Toro et al. 2005;
Susiarjo et al. 2007; Adamsson et al. 2008; Baba et al. 2009; Doherty et al. 2010a; Mahoney
and Padmanabhan 2010; Gibert et al. 2011; Wolstenholme et al. 2012; Xu et al. 2012).
Chronic or acute exposure to EDCs results in harmful health effects including birth defects,
diabetes, cancers, reproductive problems, early puberty, and obesity (Hwang et al. 2008;
Jacobs et al. 2008; Nakanishi 2008; Navas and Segner 2008; Phillips and Foster 2008;
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Schoeters et al. 2008; Wohlfahrt-Veje et al. 2009; Grun 2010; Casals-Casas and Desvergne
2011; Lee et al. 2012; Fenichel et al. 2013; Vuorinen et al. 2013). EDCs may induce
aberrant and altered gene expression. For example, exposure to estrogenic EDCs such as
bisphenol-A (BPA) and synthetic estrogens such as diethylstilbestrol (DES) alters uterine
HOX gene expression and induces developmental changes in the female reproductive tract
(Ben-Jonathan and Steinmetz 1998; Akbas et al. 2004; Bromer et al. 2010b; Doherty et al.
2010b). Perinatal exposure to BPA alters mammary gland development in mice (Krishnan et
al. 1993; Saunders et al. 1997). BPA is commonly found in plastics, metallic storage
containers, and other routinely used consumables. DES is an active synthetic nonsteroidal
estrogen drug that has been used for various hormonal disorders (Titus-Ernstoff et al. 2001),
induction of fertility, and others (Levi et al. 1996). Women exposed to DES while pregnant
have been identified as having increased incidence of breast cancer (Greenberg et al. 1984;
Calle et al. 1996). Daughters born after in utero exposure to DES are also at a higher risk for
breast cancer (Troisi et al. 2007). Thus, BPA and DES exposure are of serious health
concern.

In the present study, we investigated the impact of the BPA and DES on transcriptional
regulation of breast cancer associated INcRNA HOTAIR both in vitro and in vivo. Our
results demonstrate that the HOTAIR gene is dysregulated upon exposure to nanomolar
concentrations of BPA and DES in breast cancer cells as well as in vivo, in the mammary
glands of ovariectomized rats. BPA and DES exposure recruits ERs and ER-coregulators at
the HOTAIR promoter, alters the epigenetic modifications leading to HOTAIR
dysregulation.

Experimental Procedure

Cell culture and treatment with estradiol, BPA and DES

The MCF7 cell line (human breast cancer, ER-positive) was obtained from American Type
Cell Culture Collection (ATCC) and cultured in our laboratory as described by us previously
(Ansari et al. 2013a; Ansari et al. 2013b; Bhan et al. 2013). Cells were grown and
maintained in Dulbecco’s modified Eagle’s media (DMEM; Sigma-Aldrich, St. Louis, MO)
supplemented with 10% heat inactivated fetal bovine serum, 2 mM L-glutamine, 100
units/mL penicillin and 0.1 mg streptomycin/mL. Cells were maintained in a humidified
incubator with 5 % CO, and 95 % air at 37 °C.

For the treatment with estradiol, DES, and BPA (Sigma-Aldrich), cells were grown and
maintained for at least 3 generations in phenol-red free DMEM-F12 media (Sigma-Aldrich)
supplemented with 10% charcoal stripped serum (FBS), 2 mM L-glutamine and 100
units/mL penicillin and 0.1 mg/mL streptomycin. Cells were grown up to 60 % confluency
in 60 mm culture plates and treated with varying concentrations of estradiol, BPA and DES
for 4 h. Then the cells were harvested for RNA/protein extraction or for ChlP assays (Ansari
et al. 2009a; Ansari et al. 2013a; Ansari et al. 2013b; Bhan et al. 2013).
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RNA extraction, cDNA synthesis, RT-PCR and real-time PCR (qPCR)

For the RNA extraction, we followed similar protocols as described by us earlier (Ansari et
al. 2009a; Ansari et al. 2013a; Ansari et al. 2013b; Bhan et al. 2013). Briefly, control and
treated cells (BPA or DES) were harvested, centrifuged at 500 g for 5 min at 4 °C, and then
resuspended in diethyl pyrocarbonate (DEPC) treated buffer A (20 mM Tris-HCI (pH 7.9);
1.5 mM MgCl, 10 mM KCI, 0.5 mM dithiothreitol (DTT), and 0.2 mM
phenylmethylsulfonyl fluoride (PMSF, Sigma-Aldrich)), for 10 min on ice. Cells were
centrifuged at 3500 g for 5 min at 4 °C, and the supernatant was subjected to phenol-
chloroform (1:1 phenol and chloroform saturated with 1 x TE). The aqueous layer was
mixed with 3 volume of ethanol, incubated at —80 °C for 4 h and then centrifuged at 13000 g
for 30 min at 4 °C. The RNA pellets were air dried, dissolved in DEPC treated water
containing 0.5 mM EDTA, and quantified using a nanodrop spectrophotometer.

For cDNA synthesis, 2.4 uM of oligo dT (Promega, Madison, WI) was mixed with 500 ng
of the RNA in a 12 pL total volume and incubated at 70 °C for 10 min. The mix was then
added to a cocktail of 100 units of MMLYV reverse transcriptase (Promega, Madison, WI),
1X first strand buffer (Promega, Madison, WI), 100 uM dNTPs (each), 1 mM DTT, and 20
units of RNaseOut (Invitrogen, Carlsbad, CA) and the volume was made up to 25 pL (using
DEPC treated water). This mixture was incubated at 37 °C for 1 h for the reverse
transcription. Each cDNA product was diluted to 100 pL, and 5 uL of the diluted cDNA was
subjected to PCR amplification using specific primer pairs as described in Table 1.

In general, PCR reaction reactions were carried out for 31 cycles (30 s at 94 °C for
denaturation, 30 s at 60 °C for annealing, 45 s at 72 °C for elongation) and final PCR
products were analyzed in 1.5 % agarose gel electrophoresis. For the gPCR reactions, 5 uL
of diluted cDNA were mixed with 5 pL Sso EvaGreen supermix (Bio-Rad, Hercules, CA)
and 2 pM each primer and final volume was made up to 12 pL. PCR reaction reactions were
carried out in CFX96 real-time detection system (Bio-Rad, Hercules, CA) for 40 cycles (5 s
at 95 °C for denaturation and 10 s at 60 °C for both annealing and elongation). Data analyses
were performed using CFX manager software (Bio-Rad, Hercules, CA). Each experiment
was repeated three times with three replicates each time.

ERs knockdown via antisense transfection

Cells were grown up to 60% confluency in 60 mm culture plates and transfected with ERs
(ERa and ERp) and scramble (no homology to ERS) antisense oligonucleotides
independently (Table 1) using iFect transfection reagent (K.D. Medical, Columbia, MD) as
previously described (Ansari et al. 2011b; Ansari et al. 2012a; Shrestha et al. 2012). Prior to
transfection, a cocktail of transfection reagent and antisense oligonucleotide was made as
follows. Initially, 12 pL (12 ug) of iFect reagent was mixed with 200 uL DMEM (without
FBS and antibiotics) in an Eppendorf tube. In a separate Eppendorf, antisense
oligonucleotide was mixed with 100 uL DMEM (without supplements). Then the diluted
antisense solution was mixed with diluted iFect reagents and allowed to stand for 45 min in
dark. In the meantime, cells were washed twice with supplement free DMEM and then 1.7
mL of supplement free DMEM was added to each cell culture plate. Finally, antisense-
transfection reagents cocktail was applied to the cell plates and incubated for 24 h. Then 2
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mL of DMEM with all supplements including 20% FBS was added in each well, incubated
for additional 24 h and then harvested for RNA/protein extraction or for ChlP assays (Ansari
et al. 2013a).

Chromatin immunoprecipitation assay (ChiP)

ChIP assays were performed using MCF7 cells and an EZ Chip™ chromatin immuno-
precipitation kit (Millipore, Temecula, CA) as described previously (Ansari et al. 2013b). In
brief, MCF7 cells were treated with 100 nM BPA and 10 nM DES separately for 4 h, fixed
with 4% formaldehyde, and then sonication to shear the chromatins (~ 300 bp long DNA
fragments).

The fragmented chromatin was pre-cleaned with protein-G agarose beads and subjected to
immuno-precipitation with antibodies specific to ERa, ERB, MLL1, MLL2, MLL3, MLL4,
H3K4-trimethyl, acetylated histone, CBP, p300, TAF250, B-actin (control) and RNA
polymerase 11 (RNAPII) overnight. Immuno-precipitated chromatins were washed and de-
proteinized to obtain purified DNA fragments that were PCR amplified using various
primers corresponding to different ERE regions of HOTAIR promoter (Table 1). Antibodies
were purchased from commercial sources that are as follows: MLL1 (Abgent, San Diego,
CA, AP6182a, MLL2 (Abgent, San Diego, CA, AP6183a), MLL3 (Abgent, AP6184a),
MLL4 (Sigma, St. Louis, MO, AV33704), ERa (D-12, sc-8005, Santa Cruz Biotechnology,
Dallas, TX), ERB (H-150, Santa Cruz biotechnology, sc-8974), H3K4-trimethyl (EMD-
millipore, Temecula, CA, 07-473), RNA pol Il (RNAPII, Abcam, Cambridge, MA,
8WG16), p-actin (Sigma, A2066), CBP (A22, Santa Cruz Biotechnology, Sc369) and p300
(N15, Santa Cruz Biotechnology, Sc584) (Ansari et al. 2012a) (Bhan et al. 2013).

Dual luciferase reporter assay

HOTAIR full length promoter (—2050 to + 5 nt) and individual estrogen response elements
(EREs) such as ERE1 (-536 to —924 nt), ERE2 (-1315 to —1531 nt), ERE3 (-1623 to
-1755 nt), and ERE4 (1731 to —1833 nt) regions were cloned and inserted upstream of the
luciferase gene in a pGL3 vector (Promega, Madison, WI) (cloning primers in Table 1)
(Bhan et al. 2013). MCF7 cells (50% confluency) were grown in 6 well plate in DMEM-F12
media, and co-transfected with 1500 ng of these ERE-pGL3 constructs along with 150 ng of
a reporter plasmid containing renilla luciferase (pRLTk, Promega, Madison, WI) as an
internal transfection control using FUGENESG transfection reagent. Control transfections
were done using empty pGL3 vector without any ERE insertion. At 24 h post transfection,
cells were treated with 100 nM BPA and 10 nM DES separately, and incubated for
additional 4 h and then subjected to luciferase assay, using Dual luciferase reporter assay kit
(Promega, Madison, WI) as instructed. Luciferase activities were normalized to the renilla
and plotted. Each treatment was performed in four parallel replicates and the experiment
was repeated at least twice (Ansari et al. 2011b; Bhan et al. 2013).

Animal Experiments

Subjects—Twelve 90 day old, experimentally naive, adult, female, Sprague-Dawley rats
were triple housed in a temperature and humidity-controlled environment under a 12h
reversed light/dark cycle with lights on at 7 p.m. and off at 7 a.m. All animals had free
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access to food and water throughout the study and were maintained and cared for in
accordance with the National Institutes of Health Guide for the Care and Use of Laboratory
Animals.

Ovariectomy—Rats were anesthetized with a 2-3%isoflurane-oxygen vapor mixture and
ovariectomized (OVX) (Maclusky 2005; Betancourt AM 2010; Eilam-Stock et al. 2012)
Following a 4-5 day surgical recovery period, all rats underwent vaginal lavage testing daily
for 8 consecutive days to confirm cessation of estrous cycling. All OV Xs performed were
confirmed as complete and thus, no animals were eliminated on the basis of an incomplete
procedure (Inagaki et al. 2012).

Drugs and drug treatments—BPA: 10 mg of BPA was dissolved in 1 mL of ethanol to
create a stock solution that was stored at —4 °C. DES and estradiol were dissolved in peanut
oil to yield final concentrations of 5 pg/mL. BPA was dissolved in ethanol and brought up to
a final concentration of 50 ug/mL with saline. Rats were given subcutaneous injections of
either BPA (25 pg/kg), estradiol (5 pg), or DES (5 pg/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, flash frozen on dry ice, and then stored at —80 °C until RNA
extraction (Maclusky 2005; Betancourt AM 2010; Eilam-Stock et al. 2012).

RNA extraction—RNA extraction was carried out using ZyGEM kit (Hamilton, New
Zealand) according to the manufacturer’s protocol. The RNA was reverse transcribed to
cDNA and subjected to gPCR using rat specific primers (Table 1) (Ansari et al. 2013b).

Statistical analysis

Results

Each experiment was done in two to three replicates and then cells were pooled (and treated
as one sample), subjected to RNA extraction, RT-PCR and ChlIP analysis and each
experiment was repeated at least three times (n = 3). The real time PCR analysis of such
samples were done in three parallel replicate reactions and repeated thrice (n = 3). For
luciferase assay each treatment was carried out in four replicates and the experiment was
repeated at least twice (n = 2). Normally distributed data were 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.

HOTAIR expression is induced by endocrine disruptors BPA and DES in breast cancer
cells in vitro and in the mammary gland of rats in vivo

As HOTAIR is known to be overexpressed in breast carcinoma (Gupta et al. 2010) and
transcriptionally regulated by estradiol (Bhan et al. 2013), we hypothesized that its
expression may be dysrupted by synthetic estrogens and estrogenic endocrine disrupting
chemicals (EDCs). To test this, we treated human breast cancer cells, MCF7, with BPA and
DES. In parallel, we also treated the cells with estradiol separately as a positive control.
RNA from the control and treated cells was examined for the levels of HOTAIR expression.
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The gPCR analyses showed BPA (100 nM) and DES (10 nM) treatment induced (~ 6 fold)
the expression of HOTAIR, in comparison to the control (untreated cells) (Figure 1). As
expected, HOTAIR level was also induced (~5 fold) upon treatment with estradiol (0.1 nM)
(Figure 1). The level of induction of HOTAIR by BPA and DES was slightly reduced in
presence of estradiol, likely due to competition (Figure 1). The dose-dependent expression
of HOTAIR by BPA, DES and estradiol is shown in Supplementary Figure S1. These results
showed that HOTAIR is optimally expressed when cells are treated with 0.1 nM estradiol,
10 nM BPA and 100 nM DES, respectively. Therefore these were the concentrations chosen
for further mechanistic studies in this manuscript. Notably, our analyses showed that higher
concentrations of BPA (100 nM) and DES (10 nM) than estradiol (0.1 nM) were required to
attain optimal level of HOTAIR expression and this might be likely due to their differential
affinity towards to estrogen-receptors (ERS).

HOTAIR expression is upregulated in vivo, in the mammary glands of rats upon exposure
to BPA, DES as well as estradiol

To examine if the HOTAIR gene is regulated by estradiol or if it is misregulated upon
exposure to BPA and DES in vivo, we exposed ovariectomized (OVX) adult female rats to
estradiol, BPA, or DES, and examined HOTAIR expression in mammary gland tissues. In
brief, OVX Sprague Dawley rats were subjected to acute levels of estradiol (5ug), and BPA
(25ug/kg) or DES (5ug/kg) at 24 h and 4 h prior to sacrifice. These doses of estradiol, BPA
and DES were chosen because these concentrations were used previously by other
laboratories and were found to be effective in in vivo analyses of gene expression and to
influence behaviors and other neural functions (Stangl et al. 2002; Maclusky 2005;
Adamsson et al. 2008; Li et al. 2009; Betancourt AM 2010; Casals-Casas and Desvergne
2011; Eilam-Stock et al. 2012; Nanjappa et al. 2012). RNA was isolated from the mammary
glands from the control and treated animals using ZyGEM Kit, reverse transcribed, and
subjeted to gPCR analyses for the expression of HOTAIR using rat specific HOTAIR
primers (He et al. 2011) (Figures 2A-D). GAPDH was used as control. The qPCR products
were also analyzed in agarose gel and these data were shown in Figure 2B and D. Our
results demonstrate that HOTAIR gene is up regulated 3.3 and 4.1 folds in the rat mammary
glands by estradiol and BPA, respectively (Figures 2A-B). Mammary glands of animals that
were given combination treatments of estradiol + BPA also upregulated HOTAIR by 3.6
fold compared to the untreated control animals (Figure 2A-B). However, the levels of
HOTAIR upregulation were slightly suppressed in cases of estradiol + BPA combination
treatments, in comparison to the BPA alone treatment (Figure 2A-B). This could be due to
the competitive mode of regulation by estradiol and BPA. Similar to BPA and estradiol,
treatment with DES or DES + estradiol, also resulted in upregulation of HOTAIR by 4.3 and
3.8 folds, respectively (Figures 2C-D). These results demonstrated that HOTAIR is
misregulated upon exposure to the estrogenic EDCs and synthetic estrogens like BPA and
DES, even in the absence of estrogen, in vivo.

HOTAIR promoter EREs are responsive to BPA and DES

Since HOTAIR is found to be an estradiol-responsive gene and is induced by BPA and DES,
we investigated the potential mechanism of BPA and DES induced expression of HOTAIR.
The HOTAIR promoter contains multiple putative ERES close to the transcription start site
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(within —2000 nt upstream) (Bhan et al. 2013). The ERE2 (GGTGCnnnTGACC) and ERE3
(GGTCANNnAGACA) appear to be imperfect full EREs with two base mismatches in
comparison to the consensus full ERE (TGACCnnnGGTCA) (Figure 3A) (Bhan et al.
2013). To examine the potential roles of these ERESs in transcriptional dysregulation of
HOTAIR by BPA and DES, we cloned (Bhan et al. 2013) each ERE in a luciferase based
reporter construct, pGL3 and analyzed their response to BPA and DES exposure using
luciferase based reporter assay. In addtion, we also cloned the full length promoter (2050
to +5 nt region) in the pGL3 construct and analyzed its BPA and DES response. In brief, we
transfected each ERE-pGL3 constructs into MCF7 cells and then exposed to BPA (100 nM)
or DES (10 nM), seperately. Notably, along with ERE-pGL3 constructs, a renilla luciferase
vector was co-transfected as an interenal transfection control. An empty pGL3 vector was
also transfected as a negative control. The control and treated cell extracts were analyzed by
dual luciferase kit and the luciferase induction (normalized to renilla expression) was plotted
for various ERE-pGL3 constructs. These analyses demonstrated that HOTAIR full length
promoter is significantly induced (32 and 20.5 fold induction by BPA and DES,
respectively) upon exposure to BPA and DES (Figure 3B). Individual ERE clones such as
ERE2 and ERE3 containing pGL3 constructs also showed high levels of luciferase induction
in the presence of BPA and DES (Figure 3B). In case of ERE2, the levels of luciferase
activities are induced by about 16.8 and 16 folds for BPA, and DES, respectively (Figure
3B). In case of ERE3, the levels of luciferase activity were 18.4 and 16.8 folds for BPA and
DES, respectively (Figure 3B). ERE4 showed moderate level of BPA and DES response
(Figure 3B). On the contrary, ERE1 do not show any luciferase activity as compared to the
empty pGL3 (control) upon treatment with BPA and DES, suggesting it to be a non-
functional ERE. These observations indicate HOTAIR promoter is transcriptionally induced
upon exposure to BPA and DES and primarily ERE2 and ERE3, which are potential
imperfect full EREs, appear to coordinate the BPA and DES induced HOTAIR expression.

Estrogen-receptors (ERs) are essential for BPA and DES induced HOTAIR expression

Estradiol mediated gene regulation is well known to be coordinated via involvement of
estrogen-receptors such as ERa and ERP (Mangelsdorf et al. 1995; Horwitz et al. 1996;
Nilsson and Gustafsson 2002; Lonard and O’Malley 2005; Chen et al. 2006). To examine, if
ERs are associated with the BPA and DES induced HOTAIR expression, we knocked down
ERa and ERp independently using respective antisense oligonucleotide (Ansari et al. 2011a;
Ansari et al. 2011b; Ansari et al. 2012a; Ansari et al. 2013a; Bhan et al. 2013), in MCF7
cells, exposed the cells to BPA and DES and examined their impacts on HOTAIR
expression. In brief, MCF7 cells were transfected with ERa and ERP and scramble (as
control) antisense separately and then treated with 100 nM BPA and 10 nM DES,
independently for 4 h. RNA was analyzed by gPCR for the expression of HOTAIR (relative
to GAPDH). The levels of respective ER-knockdown are examined both in RNA levels
(Figures 4A-B) and protein levels (data not shown) (Ansari et al. 2011a; Ansari et al. 20123;
Bhan et al. 2013). For examining the specificity of ERa-knockdown, the expression of ERP
(as well as GAPDH) was examined as specificity control and vice versa (Figures 4A-B and
supplementary figure S2). As seen in Figure 4A, the application of the scramble antisense
does not affect the expression of ERa and ERp, or the BPA-induced HOTAIR expression.
However, application of ERa-antisense specifically knocked down ERa (but not ERB) and
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that resulted in down-regulation of BPA-induced HOTAIR expression (Figure 4A, agarose
gel of RT-PCR products is shown the supplementary Figure S2). Similarly, application of
ERpB-antisense specifically knocked down ERP (but not ERa) and down-regulated BPA-
induced HOTAIR expression (Figure 4A and supplementary figure S2). These analyses
demonstrate that ERa and ERP are key players in BPA-induced HOTAIR expression.
Similarly, independent knockdown of ERa and ERp, also down-regulated the DES-induced
expression of HOTAIR, indicating key roles for both ERa and ER, in the DES induced
HOTAIR misregulation (Figure 4B and supplementary Figure S2)

ERs and ER-coactivators such as MLL-histone methylases bind to the HOTAIR promoter
and modify chromatins in presence of BPA and DES

In addition to ERs, ER-coactivators are integral components of estrogen-dependent gene
activation (Lee et al. 2000; Lee et al. 2001). During activation of estradiol-responsive genes,
ERs interact with various ER-coregulators that bridge ERs to chromatin modifying proteins
and basal transcription machinery and that ultimately lead to gene activation (Mangelsdorf
et al. 1995; Horwitz et al. 1996; Nilsson and Gustafsson 2002; Lonard and O’Malley 2005;
Chen et al. 2006). Many ER coactivators have been discovered, including SRC1 family
protein, CREB-binding protein (CBP/p300), p/CAF, and ASCOM [activating signal
cointegrator-2 (ASC2) complexes] (Bulynko and O’Malley 2011; Ansari et al. 2013a).
Recent studies from our laboratory and others demonstrate that mixed lineage leukemia
(MLLs) histone methylases (Dreijerink et al. 2006; Lee et al. 2008a; Lee et al. 2008b;
Bulynko and O’Malley 2011) act as ER co-activators and regulate estrogen-responsive
genes (Jeong et al. 2011; Umezawa et al. 2009; Valekunja et al. 2013). MLLs are well
recognized histone 3 lysine (H3K4) specific histone methyltransferases that aid in gene
activation (Hess 2004; Ansari et al. 2009b; Ansari et al. 2012b). MLLs possess multiple
LXXLL domains (also called nuclear receptor box or NR box) through which they may
interact with NRs and thus, participate in NR-mediated gene activation (Lee et al. 2000; Lee
et al. 2001; Dreijerink et al. 2006; Ansari and Mandal 2010).

To further investigate the mechanism of BPA and DES induced HOTAIR expression, we
examined the bindings of ERs and several ER-coactivators such as histone methylases
MLL1-MLL4, CBP and p300 in the HOTAIR promoter in the absence and presence of BPA
and DES using chromatin immunoprecipitation (ChIP) assay (Shrestha et al. 2012; Ansari et
al. 2013a). Briefly, MCF7 cells were treated with BPA (100 nM) and DES (10 nM) for 4 h,
fixed with formaldehyde, sonicated to shear the chromatin, and subjected to chromatin
immuno-precipitation using ERa, ERB, MLLs (MLL1-4), CBP, p300, and B-actin (control)
antibodies. ChlIP DNA fragments were PCR (gPCR)-amplified using primers specific to
various ERE regions of the HOTAIR promoter (Figures 5-6 and supplementary Figure S3—
4). Figures 5A-D (and supplementary figure S3) showed the binding of both ERa and ERB
in ERE1-ERE4 regions of HOTAIR promoter in the absence and presence of BPA and DES.
These analyses showed that there was no recruitment of ERs in the EREL region irrespective
of BPA and DES (Figures 5B and supplementary figure S3). Interestingly, ERa and ERB
were enriched in both ERE2 and ERE3 regions in a BPA- and DES-dependent manner
(Figures 5C-D and supplementary figure S3). ERE4 was not so much sensitive to BPA and
DES induced binding of ERs (data not shown, supplementary figure S3). There was no

J Seroid Biochem Mol Biol. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Bhan et al.

Page 10

significant binding of ERs in the GAPDH promoter (a non-specific DNA region control)

(Figure 5E). These analyses further demonstrate that ERs are key players in the BPA and
DES induced HOTAIR expression and furthermore ERE2 and ERE3 regions of HOTAIR
promoter are primarily associated with BPA- and DES -induced HOTAIR expression.

Because ERSs are recruited to ERE2 and ERE3 regions of the HOTAIR promoter, we
examined the recruitment of various ER-coregulators such as MLLs (MLL1-4), CBP and
p300 into the ERE2 and ERE3 regions in the absence and presence of BPA and DES, using
ChIP assay (Figures 6A and supplementary figure S4). These analyses showed that CBP,
p300, and histone methylases, MLL1 and MLL3 were enriched in the ERE2 and ERE3
regions in the presence of BPA and DES (Figure 6A and supplementary Figure S4). In
contrast, we observed the constitutive binding of MLL2 in the HOTAIR promoter (ERE2),
MLL2 was delocalized from the HOTAIR promoter upon exposure of BPA and DES
(Figure 6A and supplementary figure S4). MLL4 binding was not significantly affected by
BPA and DES exposure, though some amount of constitutive binding of MLL4 were
observed at the HOTAIR promoter. No binding of MLLs was observed in the GAPDH
promoter (non-specific DNA control) (supplementary figure S4). These observations
demonstrated that, along with ERs, ER-coregulators such as MLL1 and MLL3 histone
methylases and CBP and p300 are involved in the BPA and DES induced HOTAIR
expression.

As histone acetylases and methyl-transferases are involved in DES- and BPA- mediated
HOTAIR gene activation, we examined the levels of histone acetylation and histone H3K4-
tri-methylation status, and the recruitment of RNA Polymerase 11 (RNAP I1) on to the
HOTAIR promoter in the absence and presence of DES and BPA. Notably, H3K4-tri-
methylation and histone acetylation are essential post-translational histone modifications
that are critical for gene expression activation (Ansari and Mandal 2010). MLLs are well
known to be histone H3K4-specific methyl-transferases that are critical players in gene
activation (Ansari and Mandal 2010). ChIP analyses demonstrated that the levels of histone
H3K4-trimethylation, histone acetylation and the levels of RNA polymerase Il were
increased at the HOTAIR promoter (EREZ2) in the presence of BPA, and DES (Figure 6B
and supplementary figure S4). Overall, these analyses demonstrated that ERs, ER-
coregulators such as histone methylases MLL1 and MLL3, CBP, p300 (histone acetylase)
are associated with the HOTAIR promoter in presence of BPA and DES, and introduce the
histone H3K4-trimethylation and acetylations in the promoter histones leading to HOTAIR
gene activation.

Discussion

Non-coding RNA constitutes a major portion of transcripts present in eukaryotic cells
(Khalil et al. 2009). Most of them play regulatory roles in controlling gene expression,
silencing, and chromatin organization (Qureshi et al. 2010; Pan et al. 2011; Harries 2012;
Niland et al. 2012; Sierra-Miranda et al. 2012; Xia et al. 2013). The long non-coding RNA
HOTAIR, which is located in chromosome 12 within HOXC locus, controls the expression
of genes in the HOXD cluster, in a trans fashion (Rinn et al. 2007; Tsai et al. 2010).
HOTAIR RNA interacts with gene silencing machinery, such as PRC2 and LSD1

J Seroid Biochem Mol Biol. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Bhan et al.

Page 11

complexes, and recruits them into the target gene promoters which leads to target gene
silencing (Tsai et al. 2010). Increasing numbers of studies indicate that HOTAIR is up
regulated in various types of human cancers including breast cancer (Gupta et al. 2010).
HOTAIR overexpression is linked with cancer invasiveness and metastasis (Gupta et al.
2010; Geng et al. 2011). Recent studies from our laboratory demonstrate that HOTAIR is
transcriptionally regulated by estradiol in breast cancer cells (MCF7), which is coordinated
via ERs and various ER-coregulators (Bhan et al. 2013). SISENSE (small interfering
SENSE oligonucleotide) mediated knockdown of HOTAIR induced apoptosis in breast
cancer cells indicating the crucial importance of HOTAIR in the survival and maintenance
of breast cancer cells (Bhan et al. 2013). HOTAIR regulates various apoptotic genes such as
BCL2, BID (BH3 interacting domain death agonist) etc. and therefore knockdown of
HOTAIR resulted in apoptotic cell death (Bhan et al. 2013). HOTAIR also regulates various
tumor suppressor genes including PCDH10 (Protocadherin-10), PCDHB5 (Protocadherin
B-5), JAM2 (Junction adhesion molecule 2) etc. (Gupta et al. 2010). Overexpression or
knockdown of HOTAIR misregulated the expression of PCDH10, PCDHB5, JAM?2 etc. and
is thus closely associated with the initiation and progression of tumors (Gupta et al. 2010;
Tsai et al. 2010).

In this manuscript, we investigated if the HOTAIR gene may be misregulated by estrogenic
endocrine disrupting chemicals (EDCs) and synthetic estrogens that are associated with
major health risks. Specifically, we have investigated the epigenetic mechanism of
endocrine disruption of HOTAIR upon exposure to BPA and DES in vitro and in vivo. BPA
is a well-known estrogenic endocrine disruptor and DES is a synthetic estrogen. Both BPA
and DES contains the multiple phenolic moieties in their structures through which they may
interact with estrogen-receptors by mimicking estradiol phenolic moiety and therefore
interfere with normal estrogen signaling (Blair et al. 2000; Yearley et al. 2008). BPA and
DES exposure has been implicated with variety of health disorders in humans and other
organism (Smith and Taylor 2007). In utero exposure to high levels of BPA causes
alterations in estrous cyclicity and results in abnormal mammary gland developments in
rodents (Markey et al. 2001; Mufioz-de-Toro et al. 2005; Fenton 2006). BPA exposure
induces significant developmental consequences in the female reproductive tract such as
early onset of puberty, alterations in hormone production, and histological changes in the
vagina and mammary glands (Smith and Taylor 2007). Low-dose gestational BPA exposure
increased ERa and progesterone receptor (PR) expression in the adult murine uterine
endometrium (Markey et al. 2005; Bromer et al. 2010a). In humans, exposure to BPA has
been associated with recurrent miscarriage (Sugiura-Ogasawara et al. 2005). Similarly, DES,
which hast been extensively used as a synthetic estrogen for the treatment hormonal disorder
including miscarriage, has been linked with an increased risk of cancer in exposed women
and children (Smith and Taylor 2007). Despite the high health risk associated with BPA and
DES exposure, understanding about their molecular mechanism of action is still limited.
Here we have investigated the impact of BPA and DES exposure on the transcriptional
regulation of a breast cancer associated IncRNA, HOTAIR and investigated the molecular
mechanism.
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Our studies demonstrated that, HOTAIR is induced significantly upon exposure to low
concentrations of BPA and DES in vitro, in cultured breast cancer cells MCF7. Most
importantly, we also observed that HOTAIR expression is upregulated in the rat mammary
glands upon treatment with BPA and DES as well as estradiol, indicating estradiol-mediated
transcriptional regulation of HOTAIR and its potential endocrine disruption by BPA and
DES in vivo. Mechanistic studies demonstrated that estrogen-receptors (ERa and ERp)
coordinate the BPA and DES induced HOTAIR expression in MCF7 cells. Knockdown of
ERs resulted in down-regulation of BPA and DES-induced HOTAIR expression. HOTAIR
promoter EREs (especially ERE2 and ERE3) are induced upon exposure to BPA and DES
(luciferase assay), indicating their potential involvement in endocrine disruption mediated
via BPA and DES. ChIP analysis showed that ERs (ERa and ERp) binds to the HOTAIR
promoter EREs (ERE2 and ERE3) in the presence of BPA and DES. Notably, based on the
ER-knockdown experiments (Figure 4) and ChIP analyses (Figure 5), we observed that both
ERa and ERp are involved and necessary for the BPA- and DES-induced HOTAIR
expression. These observations suggest that ERa. and ERP may form heterodimer and bind
to the HOTAIR promoter during BPA- and DES-induced gene expression. Similar to ERs,
ER-coregulators such as the MLL-family of histone methylases (MLL1 and MLL3), and
CBP and p300 (histone acetylases) were bound to the HOTAIR promoter ERE regions in
upon exposure to BPA and DES. BPA and DES treatment also altered the epigenetic marks
such as histone H3K4-trimethylation, histone acetylation etc. that are crucial for gene
activation. Thus, exposure to BPA and DES, alters the epigenetic programming of the
HOTAIR promoter, which resulted in turning on HOTAIR gene expression, even in the
absence of physiological estrogen.

Notably, previous studies from our laboratory demonstrated that HOTAIR is an estrogen
responsive gene (Bhan et al. 2013). Estrogen-receptors (ERa and ERp) along with ER-
coregulators such as histone methylases, MLL1 and MLL3, CBP and p300, were bound to
the HOTAIR promoter in an estradiol dependent manner (Bhan et al. 2013). These
observations indicate that the epigenetic mechanism of transcriptional activation of
HOTAIR by BPA and DES is similar to that of estradiol mediated HOTAIR activation.
These observations also further indicate that HOTAIR gene expression may be disrupted
upon exposure to BPA and DES both in vitro and in vivo, even in the absence of estradiol,
which may contribute towards various human pathogenesis including breast cancer. A
model showing the roles of MLLs and ERs during the BPA and DES induced disruption of
HOTAIR is shown in Figure 7.

It is important to note that, HOTAIR is an antisense transcript and IncRNA. Therefore, our
studies also demonstrate that endocrine disruptors can disrupt the noncoding RNAs and can
induce antisense transcripts, in a similar fashion as protein coding genes from the sense
strands. Our studies revealed novel epigenetic mechanism of endocrine disruption, novel
roles of MLL histone methylases and their coordination with ERs and various ER-
coregulators during endocrine disruption, both in vitro and in vivo. Although further in vivo
analyses are required to understand the detailed mechanism of HOTAIR gene expression
and misregulation by EDCs, synthetics estrogens, and other environmental toxins/chemical,
our observations indicate that exposure to BPA or DES may turn on the expression of
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HOTAIR invivo, in a very similar fashion to estrogen even in the absence of estrogen, and
that may result in adverse health effects including cancer and other hormonally regulated
disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Effect of 17p-estradiol (estradiol), bisphenol-A (BPA) and diethylstilbestrol (DES) on

HOTAIR gene expression in MCF7 cells. (A) MCF7 cells were grown in phenol red free
DMEM-F-12 media and treated with 0.1 nM estradiol, 100 nM BPA and 10 nM DES
separately and in combination of 0.1 nM estradiol + 100 nM BPA and 0.1 nM estradiol + 10
nM DES. RNA from the control and treated cells were analyzed by qPCR using primers
specific to HOTAIR. GAPDH was used as the control. Bars indicate standard errors. Each
experiment was repeated for thrice with three parallel replicates. P values < 0.05 were
considered to be significant.
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Figure 2.
In vivo effect of estradiol, BPA and DES on HOTAIR expression. Ovariectomized adult

female rats were administered with acute doses of estradiol (5 ug), BPA (25 pg/kg), and
DES (5 pg/kg), for 24 h, either separately or in combination. RNA from the control,
estradiol, BPA and estradiol/BPA treated mammary glands were analyzed by gPCR (panel
A). The agarose gel analysis of the gPCR products is shown in panel B. GAPDH was used
as a loading control. Panel C shows the effects of estradiol, DES and estradiol + DES on
HOTAIR expression, analyzed via gPCR and agarose gene analysis of the gPCR products is
shown in panel D. Each experiments were performed with three replicate (n = 3). Bars
indicate standard errors. P values < 0.05 were considered to be significant.
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Figure 3.

HOTAIR promoter EREs are responsive to BPA and DES treatments. (A) HOTAIR gene
promoter EREs (termed as ERE1, ERE2, ERE3 and ERE4 locations and the neighboring
sequences are shown). HOTAIR promoter regions spanning ERE1, ERE2 ERE3 and ERE4
as well as the full-length promoter (—2050 to +5 nt region) were cloned individually (clones
1-4) into a luciferase based reporter construct, pGL3, used for transfection and reporter
assay. (B) Luciferase based reporter assay. ERE-pGL3, full-length promoter-pGL3 or empty
pGL3 (vector control) constructs were transfected into MCF7 cells separately for 24 h. A
renilla luciferase construct was also co-transfected along with ERE-pGL3 constructs as an
internal transfection control. Cells were then treated with 100 nM BPA and 10 nM DES and
subjected to luciferase assay by using dual-Glo Luciferase Assay kit. The luciferase
activities (normalized to renilla activity) were plotted. The experiment was repeated thrice
with four parallel replicate (n =3). Bars indicate standard errors. P values < 0.05 were
considered to be significant.
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Figure 4.
Roles of ERs on BPA and DES-induced expression of HOTAIR. (A-B) MCF7 cells were

transfected with ERa, ERP or scramble antisense (9 ug each) separately for 48 h and treated
with BPA (100 nM) (Panel A) and DES (10 nM) (Panel B) for additional 4 h. RNA was
isolated and subjected to real-time quantification (qQPCR) of HOTAIR expression (relative to
GAPDH). In case of ERa-knockdown, ERB-PCR analysis was performed as a specificity
control, in addition to GAPDH and vice versa. Each experiment was repeated at least thrice
(n = 3). Bars indicate standard errors. P values < 0.05 were considered to be significant.
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Figure 5.
BPA and DES-induced binding of ERs in the HOTAIR promoter EREs. (A-D) MCF7 cells

were treated with 100 nM BPA and 10 nM DES, separately for 4 h and subjected to ChIP
assay using antibodies specific to ERa and ERB. ChIP DNA fragments were PCR-amplified
(gPCR) using primers specific to different ERE regions in the HOTAIR promoter. Panel A
shows the position of the primers in the HOTAIR promoter. Panel B, C and D show the
ChIP analysis with ERa and ERp antibodies, respectively, at different ERE regions (ERE1-
3). Panel E demonstrates ChIP analysis of the GAPDH promoter (non-specific DNA
control) with ERa and ERp antibodies. Each experiment was repeated at least thrice. Bars
indicate standard errors.
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Figure 6.

Roles of MLLs, ER-coregulators, and histone modification. (A-B) MCF7 cells were treated
with 100 nM BPA and 10 nM DES, separately for 4 h and subjected to ChIP assay using
antibodies specific to MLLs (MLL1-4), CBP, p300, H3K4-trimethyl, histone acetyl, RNA
polymerase 11 (RNAP II) and B-actin (control). ChIP DNA fragments were PCR-amplified
(gPCR) using primers specific to ERE2 region in the HOTAIR promoter. Panel A shows the
ChlIP analysis of MLLs (MLL1-4), CBP, p300 and pB-actin on the ERE2 of the HOTAIR
promoter. Panel B shows the ChIP analysis of H3K4-trimethyl, histone acetyl, RNA
polymerase Il (RNAP II) and B-actin (control) on the ERE2 region of the HOTAIR
promoter. Each experiment was repeated at least thrice. Bars indicate standard errors. P
values < 0.05 were considered to be significant
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Figure 7.
Models showing the roles of ERs, MLLs and other ER-coregulators during BPA and DES

mediated endocrine disruption of HOTAIR. Steroidogenic EDCs like BPA and DES binds to
ERs (ERa and ER), in a similar fashion to estradiol. Activated ERs (dimerized) bind to the
functional EREs of the HOTAIR promoter. ER-coregulators such as MLL1 and MLL3,
CBP/p300, and other ER-coregulators are recruited to the HOTAIR promoter EREs.
Promoter histones are methylated (H3K4-trimethylated) and acetylated followed by
recruitment of general transcription factors (GTFs) and RNA polymerase I (RNAP 1),
transcription initiation and gene activation.
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Table 1

Nucleotide sequence of antisense and primers Table 1 Nucleotide sequence of antisense and primers
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Gene Forward Primer (5”-3") Reverse Primer (5”-3")

PCR primers

MLL1 GAGGACCCCGGATTAAACAT GGAGCAAGAGGTTCAGCATC
MLL2 AGGAGCTGCAGAAGAAGCAG CAGCCAAACTGGGAGAAGAG
MLL3 CATATGCACGACCCTTGTTG ACTGCTGGATGTGGGGTAAG
MLL4 CCCTCCTACCTCAGTCGTCA CAGCGGCTACAATCTCTTCC
GAPDH CAATGACCCCTTCATTGACC GACAAGCTTCCCGTTCTCAG
hHOTAIR GGTAGAAAAAGCAACCACGAAGC ACATAAACCTCTGTCTGTGAGTGCC
rHOTAIR GTTAACATGACCAGCGATCTGA AATTAATTAGTGCCTCCCAGTCC
ERa AGCACCCTGAAGTCTCTGGA GATGTGGGAGAGGATGAGGA
ERB AAGAAGATTCCCGGCTTTGT TCTACGCATTTCCCCTCATC
HOTAIR ERE1 TGCCTATATTTCTCTCCCTTAC AGAAGAGGTGGAAGCCAGGAAC
HOTAIR ERE2 CTCCAGGTGGCTTATTTGTATCTT CTGCTGCAGAGAATTTCAGGT
HOTAIR ERE3 TCAAGGAAAGAAGGCCCTGGC AGGTATTGATGCTGTGGCCAG
HOTAIR ERE4 TATGGCTTAGTTTTTCAACAA TCAGTGGCCAGGGCCTTCTTT

GAPDH promoter

Cloning primers

HOTAIR Promoter

HOTAIR ERE1
HOTAIR ERE2
HOTAIR ERE3
HOTAIR ERE4

Antisense
MLL1

MLL2
MLL3
MLL4
ERa
ERB

Scramble

CAATGACCCCTTCATTGACC

GGTACCCTGTGAGGAGACAGCTGCTGGACA

GGTACCCTTGCCTATATTTCTCTCCCTTACAGE

GGTACCCTCCAGGTGGCTTATTTGTATCTTAZ
GGTACCTCAAGGAAAGAAGGCCCTGGC?
GGTACCTATGGCTTAGTTTTTCAACAAZ

TGCCAGTCGTTCCTCTCCACP
ACTCTGCCACTTCCCGCTCAP
CCATCTGTTCCTTCCACTCCCD
CCTTCTCTTCTCCCTCCTTGTP
CATGGTCATGGTCAGP
GAATGTCATAGCTGAP

CGTTTGTCCCTCCAGCATCTP

GACAAGCTTCCCGTTCTCAG

AAGCTTAGGCTGGAACAGATCCCAAACAAAZ
CTCGAGGCTCGTAAAATAGGGCTTTTATGG?
CTCGAGCTGCCTTAACTTTGGTCCAGCTACA
CTCGAGAGGTATTGATGCTGTGGCCAG?
CTCGAGTCAGTGGCCAGGGCCTTCTTTa

a. . . . s
cloning primers flanked by appropriate restriction sites

bPhosphodiester linkages replaced by phosphorothioate linkages.
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