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Abstract

Tamoxifen, an estrogen receptor (ER) antagonist, is the mainstay treatment of breast cancer and 

the development of resistance represents a major obstacle for a cure. Although lncRNAs such as 

HOTAIR have been implicated in breast tumorigenesis, their roles in chemotherapy resistance 

remain largely unknown. In this study, we report that HOTAIR is up-regulated in tamoxifen-

resistant breast cancer tissues compared to their primary counterparts. Mechanistically, HOTAIR is 

a direct target of ER-mediated transcriptional repression and is thus restored upon the blockade of 

ER signaling, either by hormone deprivation or tamoxifen treatment. Interestingly, this elevated 

HOTAIR increases ER protein level and thus enhances ER occupancy on the chromatin and 

potentiates its downstream gene regulation. HOTAIR overexpression is sufficient to activate the 

ER transcriptional program even under hormone-deprived conditions. Functionally, we found that 

HOTAIR overexpression increases breast cancer cell proliferation, whereas its depletion 

significantly impairs cell survival and abolishes tamoxifen-resistant cell growth. In conclusion, the 

lncRNA HOTAIR is directly repressed by ER and its up-regulation promotes ligand-independent 

ER activities and contributes to tamoxifen resistance.
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INTRODUCTION

Long non-coding RNAs (lncRNAs) are a major class of newly identified non-coding 

transcripts that are usually composed of more than 200 nucleotides. Accumulating evidence 

suggests that lncRNAs play critical roles in regulating a wide range of cellular processes 

through affecting various aspects of protein, DNA, and RNA expression and 

interactions
15, 18, 29, 30, 32

. Large-scale RNA sequencing (RNA-seq) studies have revealed 

that lncRNAs are abundantly transcribed from the genome; a recent study comprehensively 

examined over 7000 RNA-seq libraries and uncovered nearly 60,000 lncRNAs from the 

human transcriptome
11

. Out of numerous cancer-associated lncRNAs, HOTAIR (HOX 

antisense intergenic RNA) was among the most upregulated in breast cancer. Localized in 

chromosome 12, HOTAIR is 2.2kb in length and transcribed from the antisense strand of the 

HOXC locus. It has been shown to interact with the Polycomb Repressive Complex 2 

(PRC2) to reprogram chromatin state and induce cancer metastasis
8, 9. In vivo experiments 

showed that HOTAIR is sufficient and required to promote invasion of breast carcinoma 

cells
8
. Concordantly, HOTAIR and EZH2 expression levels were highly correlated in breast 

cancer tissues and high HOTAIR level is associated with worse prognosis
3, 26

. In addition, 

these studies reported that strong HOTAIR expression correlated with ER and PR positivity 

and HOTAIR expression is a strong predictor of poor clinical outcome especially in estrogen 

receptor (ER)-positive breast cancer
3, 26

.

These results provided first lines of evidence that the lncRNA HOTAIR may play important 

roles in regulating breast cancer progression. Tamoxifen, an antagonist of the estrogen 

receptor (ER), is the most commonly used treatment for ER-positive breast cancer. Despite 

great success in improving overall survival of breast cancer patients, development of 

tamoxifen-resistance (TamR) is persistently seen in clinic and is a major cause of breast 

cancer recurrence and mortality
22

. Understanding the biological mechanisms underlying this 

acquired resistance to tamoxifen is thus of substantial clinical significance
17

.

ER is a hormonal transcription factor that is liganded and activated by estrogen. ER 

regulates target genes that control endocrine response and cell cycle progression
6, 24, 32

. 

Tamoxifen competes with estrogen for binding to the ER protein, thereby inhibiting 

convential ER transcriptional program
24, 25, 32

. Using ChIP-seq, a recent study has mapped 

genome-wide ER binding profiles in primary breast cancers and found that ER is still 

recruited to the chromatin in tamoxifen-resistant breast cancer, but to new regulatory regions 

associated with poor clinical outcome
23

. This aberrant ER transcriptional activity is 

proposed to be regulated by various oncogenic mechanisms and have critical functions in 

mediating tamoxifen resistance and tumor progression. Here we report that HOTAIR is 

overexpressed in tamoxifen-resistant breast cancer. It directly interacts with the ER protein 

to enhance ER transcriptional activity and thus ligand-independent breast cancer growth. 

Our study will not only inform about the mechanistic underpinnings of breast cancer 

progression, but also provide evidence supporting therapeutic potentials of lncRNA targeting 

in breast cancer treatment.
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RESULTS

HOTAIR is up-regulated in tamoxifen-resistant, ER-positive breast cancer

To determine lncRNAs that may contribute to breast cancer tamoxifen resistance, we re-

analyzed publically available dataset profiling gene expression in wildtype MCF7 cells as 

well as its tamoxifen-resistant derivatives treated with ethanol or 17β-estradiol for 4 hours 

(GSE5840)
7
. Our analysis revealed 37 lncRNA genes that were repressed by estrogen and 

became up-regulated in tamoxifen-resistant cells (Figure 1A). Among the top de-regulated 

lncRNAs are HOTAIR and TP53TG1. Although HOTAIR has been shown up-regulated in 

metastatic breast cancer
8, 26

, its role in tamoxifen-resistance has not been investigated. To 

examine this, we performed in situ hybridization (ISH) to probe the abundance of HOTAIR 
lncRNA in breast cancer tissues, comparing between matched primary and tamoxifen-

resistant breast carcinoma samples. Our results showed that HOTAIR localized primarily in 

the nuclei but was also present in the cytoplasm (Figure 1B). Most primary breast cancer 

tissues had weak HOTAIR staining, whereas tamoxifen-resistant brest cancer generally 

exhibited moderate to strong HOTAIR staining. Overall, HOTAIR expression level was 

significantly higher in tamoxifen-resistant breast cancer than primary, hormone-naïve tumors 

(Figure 1C). Being consistent with this, qRT-PCR analysis showed that tamoxifen treatment 

for 7 days significantly increased HOTAIR lncRNA levels in both MCF7 and T47D cells, 

while dramatically decreasing the expression of GREB1, a known ER-induced gene (Figure 

1D–E). As tamoxifen is known to compete with estrogen to inhibit estrogen-induced ER 

activities, next we examined whether HOTAIR is a target of ER-mediated transcriptional 

regulation.

The lncRNA HOTAIR is directly repressed by Estrogen Receptor

To examine whether estrogen regulates HOTAIR expression, we carried out qRT-PCR 

analysis of MCF7 cells treated with increasing doses of estradiol (E2). HOTAIR expression 

was greatly inhibited for up to 7-fold, while GREB1 was increased as expected (Figure 2A 

& S1A). Estrogen inhibited HOTAIR expression in a dose- and time-dependent manner 

(Figure 2A–B). HOTAIR level was decreased about 2-fold after 4 hours of E2 treatment and 

nearly 10-fold after 24 hours of E2 treatment, whereas GREB1 was gradually induced for 

around 20-fold at 4 hours and reached a plateau of more than 30-fold after 8 hours (Figure 

S1B) A similar trend of inhibition of HOTAIR expression by estrogen was observed in a 

different ER+ breast cancer cell line T47D, despite T47D being much less responsive to 

estrogen as indicated by much less GREB1 induction (Figure 2C–D). Furthermore, HOTAIR 
level is considerably restored in breast cancer cells following hormone deprivation, wherein 

GREB1 expression was lost (Figure 2E). Next, to determine whether estrogen inhibits 

HOTAIR expression through direct ER binding to HOTAIR regulatory elements, we re-

analyzed previously published ER ChIP-seq dataset performed in MCF-7 cells 

(GSE23893)
12

. We observed a very strong ER binding site at a genomic region of about 

14.5kb upstream to the transcription start site (TSS) of the HOTAIR gene (Figure 2F). In 

addition, this region is strongly occupied by H3K4me1 and H3K27ac (GSE40129), 

supporting its being an active enhancer (Figure S2A). ER ChIP followed by qPCR analysis 

confirmed that estrogen stimulation significantly increased ER binding to this region as well 

as the positive control gene GREB1, but not to the negative control gene KIAA0066 (Figure 
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2G). Further, chromosome conformation capture (3C) experiment demonstrated estrogen-

induced DNA looping between the transcription start site (TSS) of the HOTAIR gene 

(anchor primer - AP) and the ER-bound enhancer (P4) (Figure S2B). Taken together, our 

data showed that HOTAIR is directly repressed by estrogen and is therefore up-regulated 

following hormone deprivation and in tamoxifen-resistant breast cancer.

HOTAIR directly interacts with ER and enhances ER transcriptional activities

Next, we asked what is the role of elevated HOTAIR in breast cancer ER signaling and 

tamoxifen resistance. HOTAIR has been previously shown to directly interact with 

chromatin-modifying proteins such as EZH2 and LSD1
13, 28, 32

. As HOTAIR is up-regulated 

in tamoxifen-resistant breast cancer cells which often have altered ER program
23

, we asked 

whether HOTAIR might regulate ER function. This may shed light on the mechaisms 

underlying recently reported correlation between HOTAIR expression and ER positivity in 

primary specimens
3, 26

. To test this, we first examined whether HOTAIR lncRNA could 

physically interact with the ER protein using RNA pulldown assay. Briefly, we carried out in 
vitro transcription to synthesize biotinylated RNA probes from sense and antisense HOTAIR 
DNA templates, which were then incubated with MCF7 nuclear extracts to allow protein-

RNA interactions and precipated, along with its interacting proteins, with streptavidin beads. 

Western blot analysis demonstrated that the sense HOTAIR RNA probe, but not the 

antisense transcript , pulled down the ER protein (Figure 3A). On the other hand, we carried 

out RNA immunoprecipitation (RIP) assay and found that the ER antibody significantly 

enriched for HOTAIR, as opposed to IgG control, whereas the negative control RNA U1 did 

not exhibit differential enrichment (Figure 3B).

Subsequently, we inquired into the consequences of HOTAIR-ER interaction, in order to 

speculate how ER activities may be affected as a result. By separating MCF7 cell lysates 

into cytoplasmic, nuclear, nucleoplasm, and chromatin-bound fractions, we observed that 

ER, as expected, localized primarily within the nucleus as opposed to cytoplasm. HOTAIR 

overexpression substantially increased ER protein levels, suggesting potential roles of 

HOTAIR in enhancing ER transcriptional functions (Figure 3C & S3). Moreover, 

immunofluorescent staining confirmed noticeable increase of nuclear ER following 

HOTAIR overexpression (Figure 3D). Interestingly, this HOTAIR-mediated increase in 

nuclear ER level was also true under hormone-starved condition, in which there is only 

minimal estrogen present to activate ER transclocation into the nucleus, suggesting the roles 

of HOTAIR in enhancing ligand-independent ER function (Figure 3E). To confirm the 

notion that HOTAIR may augment ER genomic targeting, we conducted ER ChIP-Seq in 

MCF7 cells grown in the presence and absence of estrogen. As expected, the total number of 

ER binding sites was 4.6-fold higher in estrogen-stimulated vs. hormone-deprived cells 

(Figure 3F). Importantly, upon overexpression of HOTAIR, global ER binding events were 

greatly increased under both conditions. Heatmap and average intensity analysis of the 

various groups of ER peaks demonstrated a clear increase in ER ChIP-seq read intensity in 

both shared and HOTAIR-only groups, representing a majority of the ER binding events 

(Figure 3G & S4A). This HOTAIR-mediated increase of ER binding events was more 

prominent in the absence of estrogen, suggesting important functions of HOTAIR in 

regulating ligand-independent ER activities. Concordantly, qPCR analysis of several 
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previously reported ER target genes, such as GREB1, TFF1, PR and CTSD, demonstrated 

that HOTAIR overexpression significantly increased ER occupancy at most of these genes 

(Figure S4B). Similarly, the increase in ER binding at target genes was more prominent in 

hormone-deprived MCF7 cells, (Figure S4C). Next, we proceeded to investigate to what 

extent HOTAIR impact ER-mediated transcriptional activities particularly in a hormone-

deprived environment.

HOTAIR drives estrogen-independent ER transcriptional program

To identify HOTAIR- and estrogen-regulated genes, we conducted microarray profiling of 

hormone-deprived and estrogen-stimulated MCF7 cells with control or HOTAIR 
overexpression. Data analysis identified 132 and 112 genes that were induced and repressed 

by HOTAIR, respectively. Importantly, hierarchical clustering followed by heatmap view 

revealed that a majority of HOTAIR-induced genes are also induced by E2 stimulation, 

whereas HOTAIR-repressed genes tend to become down-regulated by estrogen (Figure 4A). 

Concordantly, Gene Set Enrichment Analysis (GSEA) demonstrated that E2-induced genes 

were significantly up-regulated following HOTAIR overexpression, even in the absence of 

estrogen, whereas E2-repressed genes were strongly down-regulated by HOTAIR (Figure 

4B–C). Gene Ontology (GO) analysis showed that HOTAIR-induced genes were 

significantly enriched for response to protein stimulus and regulation of cell death and 

apoptosis, being consistent with the functions of estrogen-mediated ER signaling (Figure 

4D; Table S1-S2). To confirm HOTAIR regulation of ER-mediated transcriptional program, 

we performed qRT-PCR analysis of several known ER-target genes such as GREB1, TFF1 

and c-MYC. Indeed, our data showed that HOTAIR overexpression induced ER-target gene 

expression in the absence of estrogen and further potentiated the effects of E2 (Figure 4E–

G). Taken together, we provide evidence for a model by which the lncRNA HOTAIR 
increases ER protein level and enhances its chromatin binding and thus the ER 

transcriptional program, even in an estrogen-depleted environment. As HOTAIR is up-

regulated in tamoxifen-resistant breast cancer, we next asked whether HOTAIR contributes 

to the development of tamoxifen resistance in breast cancer, wherein tamoxifen abolishes 

estrogen-mediated activation of ER, similar to hormone starvation.

LncRNA HOTAIR promotes tamoxifen-resistant breast cancer progression

To determine the role of HOTAIR in breast cancer, we first overexpressed HOTAIR in 

MCF7 cells (Figure 5A). Cell proliferation assay showed that HOTAIR overexpression 

increased MCF7 cell growth (Figure 5B). On the other hand, HOTAIR knockdown in T47D 

cells markedly reduced cell proliferation (Figure 5C–D). In order to provide direct evidence 

linking HOTAIR to tamoxifen resistance, we generated a tamoxifen-resistant (TamR) MCF-7 

cell line by continually culturing the cells in the presence of 5uM tamoxifen for several 

months. Being consistent with previous HOTAIR staining results in tamoxifen-resistant 

breast tumors, HOTAIR level showed a remarkable 4-fold increase following long-term 

treatment of tamoxifen (Figure 5E). To determine whether this up-regulated HOTAIR is 

critical for the tamoxifen-resistant MCF7 cell growth, we performed HOTAIR knockdown 

using two independent shRNA constructs (Figure 5F). Subsequently we performed cell 

proliferation assay to investigate to what extent HOTAIR contributes to tamoxifen 

resistance. As demonstrated in Figure 5G, knockdown of HOTAIR significantly decreased 
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tamoxifen-resistant MCF7 cell growth, suggesting that tamoxifen resistance may be reverted 

by targeting or depleting HOTAIR. Consistently, clonogenic assays showed that HOTAIR 
knockdown greatly inhibited the colony-formation abilities of the tamoxifen-resistant cells, 

further supporting the role of HOTAIR in mediating tamoxifen-resistant cell growth (Figure 

5H).

DISCUSSION

With the emergence of studies focusing on functional attributes of non-protein coding RNA 

transcripts, such as lncRNAs, it has been revealed that these lncRNAs may contribute 

significantly to biological processes involved in physiological as well as pathological 

conditions. Numerous lncRNAs have been identified as critical players during cancer 

development; some may be beneficial by acting as tumor- or metastasis-suppressors (e.g. 

GAS5
16

, MEG3
34

, LIFR
2
), whereas others may be detrimental by promoting oncogenesis 

(e.g. PCA3 or previously named DD3
1
, PCAT-1

20
, SChLAP1

21
). Previous studies have 

shown that lncRNAs exhibit great diversity in their functions and mechanisms of action, 

which include but are not limited to: epigenetic transcriptional regulation, association with 

enhancer and chromosomal looping, mRNA processing and translation
19

. Several unique 

properties of lncRNAs make them highly useful in the clinic, with potential utilities include 

diagnostic biomarkers due to their tissue specificity
14, 20

, as well as lncRNA-based therapies 

by means of RNA interference (RNAi)
5
. And yet, lncRNAs have just begun to be identified 

and cataloged; a majority of them remain to be characterized.

Gupta et al. reported in 2010 that the lncRNA HOTAIR is notably increased in primary 

breast tumors as well as during metastases
8
. Specifically, by interacting with EZH2 of the 

PRC2 complex, which catalyzes trimethylation at histone H3 lysine 27 (H3K27me3) and is 

up-regulated in a variety of aggressive cancers, HOTAIR was demonstrated to alter 

chromatin structure and regulate gene expression, thereby giving rise to an invasive cancer 

phenotype. In this study, we provide experimental evidence that HOTAIR is also critically 

involved in conferring tamoxifen resistance to MCF7 cells, which represents a major 

challenge in the clinic today. Tamoxifen, belonging to the class of selective estrogen receptor 

modulators, is a competitive antagonist of ER that was developed in the 1970s and has been 

the mainstay treatment for ER-positive breast cancer, which accounts for at least 70% of all 

breast cancers
17

. Despite its initial success in reducing disease mortality and improving 

survival, tamoxifen therapy frequently led to the onset of resistance, and recurrence was 

reported to occur within 15 years in one third of patients treated with tamoxifen
4, 17

. Thus it 

has become imperative to understand the mechansims for acquisition of tamoxifen resistance 

and to develop targeted therapies to improve treatment for breast cancer.

Our results showed that HOTAIR is highly upregulated in the tumors of tamoxifen-resistant 

breast cancer patients compared to their primary tumors before treatment. Moreover, 

physical interaction between HOTAIR and the nuclear hormone receptor ER was detected, 

which in turn resulted in significant amount of nuclear ER even under estrogen-depleted 

conditions, thus allowing ER genomic targeting and consequently inducing the ER 

transcriptional program. Importantly, this phenomenon of HOTAIR-mediated activation of 

ER function in absence of estrogen indicated a potential route to ligand independence that is 
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manifested in tamoxifen-resistant cells. Furthermore, by generating a tamoxifen-resistant 

MCF7 cell model, we showed that HOTAIR was consistently upregulated over long periods 

of drug treatment. In addition, we demonstrated that HOTAIR significantly contributes to the 

growth of these tamoxifen-resistant cells. Therefore, in our present study we provide 

evidence for a novel mechanism that is employed by the lncRNA HOTAIR to promote ER 

activation in absence of estrogen and drive tamoxifen resistance. Due to this crucial role 

HOTAIR plays in the progression of breast cancer and development of drug resistance, it 

holds great promise as a useful biomarker and potential therapeutic target.

EXPERIMENTAL PROCEDURES

Patient Specimens and cell lines

All breast cancer tissue specimens (n=13) were collected via surgical resection or biopsy 

from patients diagnosed between January, 2006 and February, 2014 at the Cancer Center of 

Guangzhou Medical University. The study protocol was approved by the Ethics Committee 

of Cancer Center of Guangzhou Medical University. In general, with n=10, for a continuous 

outcome, there will be more than 89% power to reject the null hypothesis of no difference 

when the difference is 1.5 standard deviations or more, using two-sided t-test and a type 1 

error of 0.05. MCF7 and T47D cell lines were ordered from ATCC.

Plasmids, reagents, qPCR, and western blotting

HOTAIR sequence was amplified by PCR and subsequently cloned into the expression 

vector pCDH-MSCV-mcs-EF1-GFP-T2A-Pu (SBI) at EcoR1 and Not1 sites using Cold 

Fusion kit (SBI). The shHOTAIR was cloned into the pLKO lentivirus system. All PCR 

primers for cloning are listed in Supplementary information (Table S3) and high fidelity 

enzyme Phusion was used for PCR amplification. All PCR products were verified by DNA 

sequencing. Specific antibodies used in this work include rabbit ER (06-935, Millipore), 

mouse ER (sc-8002, Santa Cruz), mouse GAPDH (ab9484, Abcam), rabbit H3 (ab1791, 

Abcam). Other reagents include beta-Estradiol (E8875, Sigma) and 4-Hydroxytamoxifen 

(H6278, Sigma-Aldrich). All primers were designed using Primer 3 and synthesized by 

Integrated DNA Technologies (Supplemental Table 3). QPCR was performed using SYBR 

Green by StepOne Plus in 3 technical replicates and significance was determined by two-

sided t-tests. Each experiment was repeated independently at least two times. Western 

blotting was carried out using standard protocol and repeated at least two times. Band 

intensity on western blot was quantified with ImageJ and normalized to each respective 

control to obtain the ratio of ER protein level.

Chromosome conformation capture (3C) assay

The digestion map of commonly used restriction enzymes around the enhancer/promoter 

region of HOTAIR locus (from −103 to +83 kb) and BglII was selected for digestion, as 

BglII sites show a distribution that will enable appropriate primers to be designed to 

generate 200–350 bp PCR products on re-ligation. All primers are designed based on the 

forward strand immediately upstream of a BglII restriction site (Figue S2B & 

Supplementary Table S3). Chromatin conformation capture experiments were conducted 

according to standard 3C protocol as previously described
31

. Briefly, fixed chromatin of 
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hormone-starved or E2-treated MCF7 cells (1X107) was digested with BglII overnight and 

incubated with 50 units of T4 DNA ligase (10799009001, Sigma, Aldrich, St Louis, MO, 

USA) overnight in a volume of 7 ml to keep the DNA concentration at 2–3 ng/ml to favor 

intramolecular ligation.

RNA pulldown assay

RNA pulldown was performed as previously described
28

. Briefly, biotin-labeled RNAs were 

transcribed from DNA templates with biotin-UTP, NTP mix and T7 RNA polymerase 

(Promega), treated with RNase-free DNase I (Promega) and purified with RNeasy Mini kit 

(QIAGEN). Nuclei were extracted from MCF7 cells and resuspended in 1 ml RIP buffer 

(150 mM KCl, 25 mM Tris pH 7.4, 0.5mM DTT, 0.5% NP40, 1mM PMSF and Protease 

Inhibitor (Roche Complete Protease Inhibitor Cocktail Tablets), and subsequently subjected 

to mechanical shearing using a dounce homogenizer. For precipitation assays, fragmented 

nuclear extract and the RNA probe were incubated at RT for 60 min, and 60 ul of 

Streptavidin agarose beads (Invitrogen) were added to each binding reaction and further 

incubated at RT for one hour. After 5 times of washing with PBS, samples were boiled in 

SDS buffer and subjected to western blot analysis.

RNA immunoprecipitation (RIP)

RIP protocol was derived from published reports
28

. Briefly, cells were treated with 0.3% 

formaldehyde for 10 min at 37ºC, then added with glycine to a final concentration of 0.125 

M and then incubated at RT for 5 min. Cells were then washed twice in cold PBS and pellet 

was resuspended in 1 ml of RIPA buffer, which was incubated on ice with frequent vortexing 

for 30 minutes. Finally the nuclear lysate was obtained by centrifugation at 13,000 RPM for 

10 min. To obtain bead and antibody complex, 20 ul protein beads were mixed with 1ug 

antibody and rotated for 4 hours at 4ºC. The complex was added to nuclear lysates and 

incubated overnight at 4ºC and then incubated with RNase-free DNase I (Promega) at 37ºC 

for 15 min and proteinase K at 45 ºC for 45 min. Lastly, RNA was extracted with 1ml 

TRIzol (Invitrogen) and analyzed by qPCR.

Immunofluoresent staining

Cells were fixed with 4% formaldehyde for 15 min at RT and then permeabilized in 0.1% 

Triton-X 100 for 15 min at RT. Cells were then washed by PBS for three times, followed by 

incubation with 5% normal goat serum for 30 min at RT. Subsequently, cells were incubated 

with primary antibody, the anti-mouse ER antibody (Santa Cruz), for 1 hr at RT. After 

washing 3 times with PBS, cells were incubated with secondary antibody, Alexa Fluor 594 

goat anti-mouse IgG (Invitrogen), for 1 hr at RT. Lastly, cells were washed 3 times with PBS 

and mounted using Prolong Gold Antifade Reagent (Invitrogen).

LncRNA in situ hybridization (ISH)

Biotin-labeled antisense HOTAIR RNA probe—/5Biosg/G+C+C+TTGCTCCCTT+G

+CCTGCATTTCT+C+T+G was synthesized by EXIQON. For paraffin embedded tissue, 

after de-paraffinization and rehydration, the samples were treated with peroxidase-

quenching solution; proteinase K was added to digest tissues before pre-hybridization and 
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hybridization, which were carried out at 56 ºC for 30 min and 4 h, respectively. Then 

streptavidin–HRP was used to react with the bound biotin-labeled probe. The signal was 

further amplified using TSA amplification kit (Perkin Elmer). Finally, the signal was 

revealed with Ultra Vision One polymer and AEC chromogen (Thermo Fisher Scientific). 

The stainings were then scored by eye by two pathologists, on a three-tiered scoring system, 

using the following criteria for the three tiered system:0 = negative; 1 = equivocal/

uninterpretable; 2 = weak positive; 3 = strong positive.

Gene expression microarray and data analysis

Total RNAs were isolated using TRIzol reagent (Invitrogen). The integrity of the RNA was 

verified using Bioanalyzer 2100. Microarray profiling was performed using HumanHT-12 v 

4.0 Expression BeadChip (Illumina). Bead-level data were processed using GenomeStudio 

(Illumina), and the expression values were quantile-normalized using the limma package in 

Bioconductor. Genes having at least 2 fold changes in HOTAIR-overexpressing cells 

compared to the control cells in the absence of estrogen were defined as HOTAIR-regulated 

gene set. Genes with at least 2-fold change between ethanol and estrogen-stimulated MCF7 

cells were defined as estrogen-regulated genes. Gene Ontology (GO) terms enrichment was 

analyzed using DAVID 6.7
10

. GSEA was performed as previously described
27

.

ChIP and ChIP-seq

ChIP experiments were carried out as previously described
33

. Antibodies used are Rabbit 

ER (06-935, Millipore) and Rabbit IgG (sc-2027, Santa Cruz). ChIP-qPCR enrichment of 

target loci was normalized to input DNA and reported as % Input ± SEM. ChIP DNA was 

prepared into libraries according to standard protocols using Bioo Scientific's DNA Sample 

Kit (Cat# 514101). Libraries were sequenced using Illumina Hi-Seq platforms. Sequence 

reads were aligned to the Human Reference Genome (assembly hg19) using Burrows-

Wheeler Alignment Tool (bwa) version 0.6.1. Microarray and short-read sequencing data 

have been deposited in the GEO database with the accession number GSE61270.

Cell proliferation and clonogenic assay

Cell proliferation assay was carried out using the WST-1 kit according to the manufacturer’s 

instruction (Clontech). Briefly, 5000 cells were seeded in a 24-well plate. After adding 50 μl 

WST-1 reagents per well, cultures were incubated for 2 hours and the absorbance at a 

wavelength of 440 nm was determined using a microplate reader. For clonogenic assay, 500 

cells were plated in each well of a 6-well plate. When there was visible colony by naked eye, 

cells were fixed with 4% formaldehyde, and stained with crystal violet (0.25%). Colonies 

were then counted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. HOTAIR is up-regulated in tamoxifen-resistant breast cancer
A. Heatmap showing lncRNAs that are repressed by estradiol (E2) but up-regulated in 

tamoxifen-resistant (TamR) MCF7 cells. Microarray data were downloaded from GEO with 

GSE5840 and reanalyzed for lncRNA expression. HOTAIR is shown in red.

B. HOTAIR ISH staining in 2 representative pairs of primary and tamoxifen-resistant breast 

cancers.

C. Boxplot showing HOTAIR ISH staining intensity in a set (n=13) of matched primary and 

tamoxifen-resistant breast cancers.

D–E. HOTAIR expression is increased by tamoxifen treatment. QRT-PCR analysis of 

HOTAIR and GREB1 was done in MCF7 (D) and T47D (E) cells treated with increasing 

doses of tamoxifen for 7 days. Gene expression was normalized to GAPDH. Data shown are 

mean ± SEM and is a representative of at least two independent experiments.
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Figure 2. The lncRNA HOTAIR is directly repressed by estrogen through the ER
A. Estrogen inhibits HOTAIR expression in a dose-dependent manner. MCF7 cells were 

hormone starved for 3 days and treated with increasing amounts of estradiol (E2) for 6 

hours. RNAs were then collected and subjected to qRT-PCR analysis of gene expression

B. Estrogen inhibits HOTAIR expression in a time-dependent manner. MCF7 cells were 

treated with 1nM E2 and collected at different time-points for gene expression analysis by 

qRT-PCR.

C–D. Estrogen inhibits HOTAIR expression in T47D cells. T47D cells were hormone 

deprived for 3 days followed by E2 stimulation for up to 24 hours. Cells were then collected 

at different time-points for qRT-PCR analysis of HOTAIR and GREB1 expression and 

normalized to GAPDH.

E. Estrogen depletion restores HOTAIR level. QRT-PCR analysis of HOTAIR and GREB1 

in MCF7 cells subjected for hormone deprivation for up to 7 days.
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F. Genome Browser view of ER binding events at enhancerd of the HOTAIR gene. ER 

ChIP-seq was performed in MCF7 cells stimulated with ethanol (Ethl) or estradiol (E2)
12 

and re-analyzed using HOMER (GSE23893).

G. ChIP-qPCR showing ER binding to the HOTAIR distal enhancer. ER ChIP was 

performed in hormone-starved MCF7 cells stimulated with ethanol (vehicle) or E2 for 45 

min. Enrichment of ER at specific genomic regions including GREB1 and HOTAIR 
enhancers were evaluated by qPCR. The KIAA0066 gene was utilized as a negative control 

as previously described
33

.
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Figure 3. HOTAIR interacts with the ER protein and enhances ER genomic action
A. HOTAIR lncRNA interacts with the ER protein. RNA pulldown assay was performed in 

MCF7 cells using biotin-labeled HOTAIR RNA probe transcribed in vitro. The antisense 

HOTAIR probe was used as negative control.

B. ER protein binds to HOTAIR lncRNA. MCF7 cells were subjected to RIP assay using an 

anti-ER antibody or IgG control. IP-enriched RNA was then analyzed by qRT-PCR. U1 

RNA was utilized as a negative control.

C. HOTAIR overexpression increases ER protein level. MCF7 cell lysates were separated 

into cytoplasm, nuclear, nucleoplasm and chromatin-bound fractions and were detected by 
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western blot analysis. GAPDH and H3 were utilized as loading controls for cytoplasmic and 

nuclear/chromatin fractions, respectively. Quantification was done by measuring band 

intensity with ImageJ and normalizing to loading control.

D–E. Ectopic overexpression of HOTAIR increases nuclear ER level. ER immunostaining 

was performed in control and HOTAIR-overexpressing MCF7 cells grown in the presence 

(D) and absence (E) of estrogen.

F. Overlap of ER-binding sites detected by ChIP-seq in MCF7 cells with control or HOTAIR 

overexpression in the absence and presence of estrogen.

G. Heatmap depicting ER ChIP-seq read intensity around (±5_kb) peak centers detected in 

control or HOTAIR-overexpressing MCF7 cells under hormone-starved condition. Average 

ER ChIP-seq read intensity around ER binding sites (±5 kb) is shown on the right.
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Figure 4. HOTAIR overexpression enhances ER transcriptional program
A. HOTAIR-induced and repressed genes are respectively increased and decreased by 

estrogen. Expression microarray was utilized to profile gene expression in control and 

HOTAIR-overexpressing MCF7 cells that were hormone-deprived for 3 days followed by 

either ethanol or 1nM E2 treatment for 6 hours. Expression of genes induced or repressed by 

HOTAIR for at least 2-fold were clustered and visualized using heatmap.

B–C. Estrogen-induced genes are significantly enriched for up-regulation by HOTAIR (B), 

whereas estrogen-repressed genes down-regulated by HOTAIR (C). GSEA was carried out 

to determine the enrichment of E2-induced and -repressed gene sets in the expression dataset 

comparing control and HOTAIR-overexpressing MCF7 cells.

D. HOTAIR-induced genes are enriched for cell growth and response to protein stimulus. 

GO analysis was performed using 132 genes that are increased by HOTAIR by at least 2 

fold. Shown here are representative GO terms that are significantly enriched (P<0.05).
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E–G. HOTAIR enhances ER-target gene expression. QRT-PCR analysis of representative 

ER-induced genes were performed in control and HOTAIR-overexpressign MCF7 cells 

stimulated with ethanol or estrogen. Data were normalized to GAPDH. Error bars: mean± 

SEM. * indicates p<0.05, and ** indicates p<0.01.
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Figure 5. HOTAIR promotes breast cancer cell growth and tamoxifen resistance
A–B. HOTAIR overexpression increases breast cancer cell growth. HOTAIR was 

overexpressed in MCF7 cells through lentiviral transduction with overexpression confirmed 

by qRT-PCR (A). Cell proliferation was determined by WST1 cell growth assay (B). Data 

shown are mean ± SEM and is a representative of at least two independent experiments. ** 

indicates p<0.01.C–D. HOTAIR knockdown decreases breast cancer cell growth. HOTAIR 

was depleted in T47D cells through shRNA lentiviral transduction (C) and cell growth was 

evaluated by WST1 assay (D). Data shown are mean ± SEM and is a representative of at 

least two independent experiments. **indicates p<0.01
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E. HOTAIR is up-regulated in tamoxifen-resistant breast cancer cells. MCF7 cells were 

continuously grown in medium containing 5uM tamoxifen and periodically harvested for 

RNA isolation and qRT-PCR analysis.

F–G. HOTAIR knockdown decreases tamoxifen-resistant breast cancer cell growth. 

HOTAIR was depleted in tamoxifen-resistant (TamR) MCF7 cells through lentiviral 

transduction of two shRNA constructs. Gene expression was determined by qRT-PCR (F) 

and cell growth by WST1 assay (G).

H. HOTAIR knockdown inhibits colony formation abilities of breast cancer cells. Colony 

formation assays and quantifications were performed in tamoxifen-resistant MCF7 cells 

stably expressing control or HOTAIR-targeting shRNAs.
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