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G-quadruplex is critical to epigenetic activation
of the lncRNA HOTAIR in cancer cells

Xiaohan Qu,1,8,* Zhen Lin,2 Janarthanan Jayawickramarajah,3 John S. Alsager,4 Emily Schmidt,3

Kenneth P. Nephew,5 Fang Fang,5 Shankar Balasubramanian,6,7 and Bin Shan4

SUMMARY

The cancer-promoting lncRNA HOTAIR has multiple isoforms. Which isoform of HOTAIR accounts for its
expression and functions in cancer is unknown. Unlike HOTAIR’s canonical intergenic isoform
NR_003716 (HOTAIR-C), the novel isoform NR_047517 (HOTAIR-N) forms an overlapping antisense tran-
scription locus with HOXC11. We identified HOTAIR-N as the dominant isoform that regulates the gene
expression programs and networks for cell proliferation, survival, and death in cancer cells. The CpG island
in the HOTAIR-N promoter was marked with epigenetic markers for active transcription. We identified a
G-quadruplex (G4) motif rich region in the HOTAIR-N CpG island. Our findings indicate that G4s in
HOTAIR-N CpG island is critical for expression of HOTAIR-N in cancer cells. Disruption of G4 may repre-
sent a novel therapeutic approach for cancer. The transcriptomes regulated by HOTAIR-N and Bloom in
cancer cells as provided herein are important resources for the exploration of lncRNA, DNA helicases,
and G4 in cancer.

INTRODUCTION

Long noncoding RNAs (lncRNA) have emerged as a new category of tumor suppressor and oncogenes in cancer. Recent advances in

detection of lncRNAs have enabled fast and reliable discoveries of these lncRNA in cancer cells and tumor tissues.1–3 HOTAIR is a

prime example of trans-acting lncRNA that promote cancer.4,5 HOTAIR is located in the homeobox gene C cluster (HOXC) and assigned

with three isoforms in RefSeq since the initial discovery of HOTAIR’s canonical transcript NR_003716 (named HOTAIR-C hereafter) (Fig-

ure 1A).6,7 HOTAIR-C is intergenic and located between two protein-coding genes HOXC11 and HOXC12. It remains unclear how each iso-

form contributes to the expression and functions of HOTAIR in cancer. The current paradigm is that HOTAIR-C accounts for elevated expres-

sion of HOTAIR in cancer although the methods employed in the previous studies were not able to distinguish contribution from each

isoform.4,8–10

Among all three isoforms of HOTAIR in the latest release of RefSeq, we are intrigued by NR_047517 that has not been characterized pre-

viously (Figure 1A).6,7 We named this isoform HOTAIR-N to distinguish it from two other intergenic isoforms, HOTAIR-C and another unchar-

acterized isoform NR_047518 (named HOTAIR-U hereafter). HOTAIR-N is transcribed from the first intron of HOXC11 in an antisense fashion

and the overlapping region contains a strong CpG island with 160 CpG sites, named the HOTAIR-N CpG island hereafter (Figure 1A).11 This

configuration resembles other gene loci in the HOXC cluster that are usually enriched with CpG islands, overlapping sense-antisense gene

pairs, andG-quadruplex (G4) formingmotifs.7,12–14 G4s are widespread in the human genome and reported to regulate genome stability and

transcription in physiological and pathological conditions.14 Given the genomic configuration of HOTAIR-N, it is conceivable that regulation

of HOTAIR-N in cancer cells involves cytosine methylation to form 5-methylcytosine (5meC) on CpG sites, histone modifications, and G4

motifs.

In the current study, we aim to determine whether HOTAIR-N is upregulated in cancer cells and to elucidate the epigenetic mechanisms

that mediate upregulation of HOTAIR-N in cancer cells. We demonstrate that HOTAIR-N is the dominant isoform with respect to expression

and functions of HOTAIR in cancer cells. Moreover, epigenetic elements within the HOTAIR-HOXC11 CpG island, especially G4 formation,

are critical for upregulation of HOTAIR-N expression.
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RESULTS

Elevated expression of HOTAIR-N in cancer cells

Addition of the HOTAIR-N-specific first exon (59 bp) did not result in protein-coding potential as predicted by ORFfinder (www.ncbi.nlm.nih.

gov/orffinder/) (Figure S1). We designed a pair of HOTAIR-N-specific primers that spans the first and third exons of HOTAIR-N (+32 to +315

relative to HOTAIR-N’s transcription initiation site) and examine HOTAIR-N expression using RT-PCR in two types of non-cancer cells, the

immortalized HBEC3 (lung) and human mammary epithelial cells (HMEC) (breast), and four tissue type matching cancer cell lines were

selected, two lung cancer cell lines A549 and H23, and two breast cancer cell lines MDA-MB231 and T47D.15 We observed undetectable

Figure 1. Elevated expression of HOTAIR-N in cancer cells

(A) A screenshot of the human HOTAIR isoforms in RefSeq using the UCSC Genome Browser. HOTAIR-N corresponds to NR_047517. HOTAIR-C corresponds to

NR_003716. HOTAIR-U corresponds to NR_047518.

(B) Total cell RNA was extracted from the indicated cell lines (BE, normal bronchial epithelial cell line; ME, normal mammary epithelial cells; RT-, negative control

of reverse transcription). The RNA levels of HOTAIR-N and the housekeeping gene b-actin were assessed using RT-PCR and visualized using SybrGold staining on

agarose gels. The image was representative of three independent experiments.

(C) The amount of total HOTAIR (HOTAIR-T), HOTAIR-N, and HOTAIR-C was compared between MDA-MB-231 and T47D cells in the RNA-SEQ data deposited

on NCBI SRA. Each transcript was quantified as transcript per million (TPM) using RSEM.

(D) RNA-SEQ was carried out on total RNA extracted from A549 and H23 cells. Total HOTAIR (HOTAIR-T) and each isoform was quantified as TPM using RSEM.

The means were obtained from three biological replicates.

(E) Overall survival was compared between the patients with HOTAIR-N increased in the tumor over thematching tumor tissues and the rest patients in the TCGA

Invasive Breast Carcinoma cohort. We used cBioportal to carry out Kaplan-Meier Estimate and log-rank test (cBioportal.org).

(F) The sequencing reads and splicing junctions of a representative RNA-SEQ of H23 cells were illustrated on IGV.

(G) The sequencing reads of GRO-SEQ of MDA-MB-231 and MDA-MB-468 cells were illustrated in a strand specific fashion on IGV.
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to modest expression of HOTAIR-N in HBEC3, A549, HMEC, and MDA-MB-231 cells (Figure 1B). In contrast, H23 and T47D cells exhibited

robust expression of HOTAIR-N (Figure 1B).

To determine relative contribution of HOTAIR-C and HOTAIR-N to the expression of total HOTAIR in cancer cells, we examined the RNA-

SEQ data of MDA-MB-231 and T47D cells available at NCBI Sequence Read Archive (SRP005601).16 Consistent with our RT-PCR results T47D

exhibited higher expression of HOTAIR, including HOTAIR-N, HOTAIR-C, and total HOTAIR than MDA-MB-231 cells (Figure 1C). HOTAIR-N

accounted for�75% of total HOTAIR in T47D cells (Figure 1C). We further examined expression of the HOTAIR isoforms in A549 andH23 cells

using RNA-SEQ (Figure 1D). The RNA levels of total HOTAIR andHOTAIR-N in H23 cells was 57-fold and 63-fold higher than that in A549 cells,

respectively. HOTAIR-N accounted for 78% of total HOTAIR in H23 cells. The RNA levels of HOTAIR-C and HOTAIR-U in H23 cells, albeit also

higher, accounted for only 22% when combined.

To determine howmuchHOTAIR-N accounts for the expression of HOTAIR in human tumor tissueswe analyzed TheCancerGenomeAtlas

(TCGA) lung adenocarcinoma (LUAD) and breast invasive carcinoma (BRCA) RNA-SEQ data using the RSEM algorithm that is tailored for

quantification of isoforms.17,18 In each dataset we selected the paired tumor and non-tumor samples that exhibit elevated expression of

HOTAIR in tumor tissues over their paired non-tumor tissues. In the invasive breast carcinoma dataset, we screened the paired tumor and

nontumor tissues and identified 14 paired samples that exhibited higher increase in expression of total HOTAIR in tumor over their paired

non-tumor tissues. In 10 of those 14 tumor samples, HOTAIR-N exhibited the highest expression among all three isoforms and accounted

for�57%of HOTAIR in breast cancer as we previously reported.19 Similarly, in 12 selectedpairs ofmatching tumor and non-tumor lung tissues

HOTAIR-N was the highest expressed isoform in 10 tumor samples and accounted for �72% of total HOTAIR expression on average

(Table S2). In contrast, HOTAIR-C was a minor isoform in both datasets as it accounted for �26% and �31% on average in lung and breast,

respectively (Table S2).19 Similar findings were observed in the paired tumor and nontumor samples from the TCGA Kidney Renal Papillary

Cell Carcinoma (KRPCC) cohort (Table S3). Moreover, we compared overall survival of the breast cancer samples with increased HOTAIR-N

over the paired normal samples with the rest samples from the invasive breast carcinoma cohort of the TCGA project. We used cBioportal

platform to carry out Kaplan-Meier Estimate and log-rank test (cBioportal.org). Indeed, our analysis suggested an association between

elevated expression of HOTAIR-N and was associated with poor overall survival in the TCGA Invasive Breast Carcinoma cohort (Figure 1E).

Due the small sample size of the HOTAIR-N expression elevated group, this association needs to be further validated in future studies that

include sufficient samples for more rigorous statistical analyses.

To confirm the transcription initiation site of HOTAIR-N as specified in RefSeq, we carried out 5’RACE on RNA extracted from H23 cells

using a primer complementary to a fragment in the last exon that is common to all three HOTAIR isoforms (Figure 1A). The 5’RACE clones

were sequenced and the sequencing results were blasted using BLAT.20 The transcription initiation of HOTAIR-Nwasmappedprecisely at the

site as specified by RefSeq (Figure S2).6 To further confirm expression of the HOTAIR-N transcript, we examined the transcription initiation

and splicing of HOTAIR-N in H23 cells based on the RNA-SEQ data. Indeed, the HOTAIR-N transcript was initiated and spliced from the 1st

intron of HOXC11 in an antisense fashion (Figure 1F). To capture active transcription from HOTAIR-N, we analyzed the RNA-SEQ and GRO-

SEQdata of two human basal-like breast cancer cell lines,MDA-MB-231 andMDA-MB-468 (GSE96867).21 The RNA levels of total HOTAIR and

HOTAIR-N in MDA-MB-468 cells were 283- and 406-fold of that in MDA-MB-231 cells, respectively (Table S4). Moreover, HOTAIR-N ac-

counted for 70% of total HOTAIR in MDA-MB-468 cells (Table S4). GRO-SEQ is able to directly measure nascent RNA production.22 We

observed robust nascent RNA production through the HOTAIR-N region that overlaps with HOXC11 and harbors the CpG island (hg/38/hu-

man chr12:53973032-53975319) (Figure 1G). The HOTAIR-N CpG island yielded an average of 387 reads in MDA-MB-468 cells compared to

0 read in MDA-MB-231 cells (Table S5).

Requirement of HOTAIR-N for the gene expression programs related to cancer

To confirm that HOTAIR-N is a major functional isoform in cancer cells, we transfected the HOTAIR-N-specific siRNAs (HOTAIR-Nsi) into

HOTAIR-intermediate H23 and HOTAIR-high T47D cells. The RNA levels of total HOTAIR and HOTAIR-N exhibited a �70% reduction by

HOTAIR-Nsi relative to the control siRNA (CTLsi) in H23 and T47D cells (Figures 2A and 2B). HOTAIR-Nsi diminished proliferation of T47D

cells by �2.3-fold because the HOTAIRsi group exhibited only 2.9-fold increase in cell count at 72 h after transfection vs. robust a 7-fold in-

crease in the CTLsi group (Figure 2C, p < 0.001). Moreover, the HOTAIR-Nsi transfected T47D cells exhibited a 61% reduction in cell viability

when compared to the CTLsi group as measured by MTT assays (Figure 2D, p < 0.01).

We then carried out RNA-SEQ to gain insight into howHOTAIR-N regulates proliferation and viability. HOTAIR-Nsi significantly altered the

expression of 1829 genes in T47D cells after filtering with a fold change greater than 2 and an false discovery rate (FDR) smaller than 0.01

(Figures 2E; Table S6). Similarly, 904 genes were differentially expressed between HOTAIR-Nsi and CTLsi transfected H23 cells (Table S7).

It was noteworthy that HOTAIR-Nsi substantially reduced the expression of its partner EZH2 to 38% relative to CTLsi in T47D cells

(Table S6). We determined the pathways and networks that were altered by HOTAIR-Nsi using Ingenuity Pathway as we previously

described.23 HOTAIR-Nsi significantly altered 259 canonical pathways in T47D cells (Table S8). The top 50 canonical pathways altered by

HOTAIR-Nsi in T47D cells featured cancer related pathways, such asMolecular Mechanisms of Cancer, ERK/MAPK Signaling, STAT3 Pathway,

NF-kB Signaling, and CDK5 Signaling (Figure 2F, for details see Table S8). HOTAIR-Nsi altered similar gene expression programs and canon-

ical pathways in H23 cells (Figures S3A and S3B; Table S9). HOTAIR-Nsi altered 25 networks in T47D cells that were exemplified by the net-

works that regulate cell cycle, cell death, and survival (Figure 2G; Table S10). HOTAIR-Nsi altered similar networks in H23 cells (Figure S3;

Table S11). GO term analyses further confirmed a critical role of HOTAIR-N as 11 GO terms altered by HOTAIR-N in T47D cells and H23 cells
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were directly related to breast cancer, including proliferation, apoptosis, survival, adhesion, migration, and invasion (Figures 2H; Table S12;

Figure S3C).

To further examine the transcriptome regulated by HOTAIR-N, HOTAIR-N was knockdown using a different siRNA that targets all three

isoforms in a third cancer cell line, MCF-7-TNR that exhibit high expression of HOTAIR.24 RNA-SEQwas employed to examine the RNA levels

of each HOTAIR isoform. HOTAIR-N accounted for 75% of total HOTAIR, whereas HOTAIR-C and HOTAIR-U accounted for 9% and 16%,

respectively (Figure S4A). The HOTAIR-specific siRNA reduced all three isoforms by greater than 70%.Moreover, the expression of 545 genes

were altered by HOTAIRsi (Table S13). The cancer-related pathways and networks were also altered by HOTAIR knockdown in MCF-7-TNR

cells (Tables S14 and S15; Figures S4B and S4C).

Figure 2. Effects of HOTAIR-N knockdown on cancer cells

(A) The HOTAIR-N-specific siRNAs (HOTAIR-Nsi) were transfected into H23 cells. Total RNA was extracted and RNA levels of total HOTAIR (HOTAIR-T) and

HOTAIR-N were assessed using real-time qPCR. A fold change was obtained by normalizing to the house keeping gene GAPDH and setting the values from

the control siRNA (CTLsi) transfected group to one.

(B) Similar to part A except that T47D cells were transfected with the indicated siRNAs.

(C) Similar to part B except that cell proliferation was measured in T47D cells.

(D) Similar to part B except that cell viability was measured using MTT assays in T47D cells. A fold change of the MTT values was obtained by setting the values

from the CTLsi group to one.

(E) T47D cells were transfected with either CTLsi or HOTAIR-Nsi. Total cell RNAwere extracted and processed for RNA-SEQ. The differentially expressed gene set

between CTLsi and HOTAIR-Nsi was established from RNA-SEQs of the triplicates of each group. The differentially expressed gene sets was illustrated in a

heatmap.

(F) Ingenuity Pathway was employed to analyze the differentially expressed gene set between the CTLsi and HOTAIR-Nsi transfected T47D cells (part E) and to

identify the pathways altered by HOTAIR-Nsi. The 50 most significantly altered pathways by HOTAIR-Nsi in T47D cells were illustrated after filtering with a fold

change >2 and an FDR <0.01.

(G) Ingenuity Pathway was employed to identify the cancer related networks that were significantly altered by HOTAIR-Nsi in T47D cells through analysis of the

RNA-SEQ data as seen in part E. The representative altered network Cell Death and Survival was illustrated using Ingenuity Pathway.

(H) Gene Ontology (GO) analyses was carried out on the RNA-SEQ data as seen in part E to identify the GO terms that were significantly altered by HOTAIRsi in

T47D cells. The representative altered GO terms enrichment of Adhesion of Breast Cancer Cell Lines was illustrated. Mean and standard deviations were

obtained from at least three independent experiments. ** and *** indicate a p value <0.01, 0.001, respectively.
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Figure 3. Association between epigenetic markers and the expression of HOTAIR-N

(A) The HOTAIR-N-GLUC and SEAP reporters were transfected into T47D and MDA-MB-231 cells. The ratios of HOTAIR-N-GLUC over SEAP were compared

between T47D and MDA-MB-231 cells. A fold change of the ratios was obtained by setting the values from MDA-MB-231 cells to one. Mean and standard

deviations were obtained from three independent experiments. *** indicates a p value <0.001.
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Gene Set Enrichment Analysis (GSEA) analyses was employed to gain insight into potential mechanisms underlying the biological effects

of HOTAIR-Nsi. A total of 1006 gene sets in T47D cells were enriched when the GSEA-recommended cutoff of FDR smaller than 0.25 was

applied (Table S16). Consistent with the previous findings the EZH2 target and H3K27me3 gene sets were enriched in the panel

(Table S16). Moreover, the DNA methylation gene sets were also enriched (Table S16). Similarly, the same epigenetic gene sets were also

enriched in MCF-7-TNR when HOTAIR-N was knocked down (Table S17).

Chromatin stage of the HOTAIR-N CpG island in cancer cells

Wewere intrigued by theHOTAIR-NCpG island (�363 to +1925 relative to HOTAIR-N’s transcription initiation site) that is actively transcribed

as revealed by our GRO-SEQ analyses (Figure 1G). Thus, we set to determine whether the HOTAIR-N CpG island region is more transcrip-

tionally active in the HOTAIR-N high T47D cells than that in HOTAIR-N low MDA-MB-231 cells. We transfected a reporter HOTAIR-N-GLUC

that is controlled by the HOTAIR-N CpG island region (�500 to +1500 relative to the HOTAIR-N transcription initiation site). As expected,

HOTAIR-N-GLUC in T47D cells was 3.4-fold higher than that in MDA-MB-231 cells (Figure 3A).

We compared the percentage of methylated cytosine in the CpG island betweenMDA-MB-231 and T47D cells by analyzing genome-wide

bisulfite treatment sequencing data (BS-SEQ) (SRA# SRP005601).16 Indeed, 84.6% of the CpG sites were methylated in MDA-MB-231 cells,

whereas only 0.1% of those CpG sites were methylated in T47D cells (Figure 3B). In contrast, cytosine methylation in the HOTAIR-C corre-

sponding region (�363 to +1925 relative to HOTAIR-C’s transcription initiation site) exhibited a modest difference between MDA-MB-231

(51.7%) and T47D (21.5%) cells (Figure 3B). Trimethylation of histone H3 lysine 4 (H3K4me3) in gene promoters is a hallmark of actively tran-

scribed lncRNAs.25 Hence, we surveyed H3K4me3 ChIP-SEQ data of MDA-MB-231 and T47D cells (SRA# SRP069855 and SRP073742).26,27 We

observed low abundance of H3K4me3 in the HOTAIR-N CpG island in MDA-MB-231 cells and high abundance of H3K4me3 in T47D cells

(Figure 3C). On the other hand, we observedminimal amount of H3K4me3-associated HOTAIR-C corresponding region (�363 to +1925 rela-

tive to HOTAIR-C’s transcription initiation site of HOTAIR-C) in both cell lines (Figure 3C). Acetylation of histone H3 lysine 27 (H3K27ac) is

another hallmark of actively transcribed genes.28 We surveyed H3K27ac ChIP-SEQ data of MDA-MB-231 and T47D cells (SRA# SRP028597

and SRP052748).29,30 We observed low abundance of H3K27ac in the HOTAIR-N CpG island in MDA-MB-231 cells and high abundance in

T47D cells (Figure 3D). In contrast, minimal amount of H3K27ac was observed in the HOTAIR-C corresponding region (Figure 3D). Open chro-

matin is associated with active transcription and successfully assessed globally by an assay for transposase-accessible chromatin using high

throughput sequencing (ATAC-SEQ).31 We surveyed ATAC-SEQ and identified more transposase-accessible reads of the HOTAIR-N CpG

island in T47D cells than MDA-MB-231 cells (SRA# SRP062544 and SRP078834) (Figure 3E). Similar correlation between epigenetic codes

and the expression of HOTAIR-N was also observed in human lung cancer cell lines. H3K4me3 and H3K27ac exhibited strong association

with the HOTAIR-N CpG island only in the HOTAIR-intermediate H23 cells, but not HOTAIR-low A549 cells (Figures 3F and 3G)

(GSE104481, GSE29611).32,33 Moreover, the HOTAIR-C corresponding region was devoid of either histone modifications in both cell lines

(Figures 3F and 3G). To further elucidate the role of cytosine methylation and histone acetylation in regulation of the HOTAIR-N expression,

we chose to inhibit DNA methyltransferase (DNMT) and histone deacetylase, and then examined the expression of HOTAIR-N. The RNA

levels of total HOTAIR, HOTAIR-N, and HOXC11 were substantially increased in the HOTAIR-N low A549 andMDA-MB-231 cells upon expo-

sure to 5-Aza-2dC (5 mM), an inhibitor of DNMT for 72 h (Figures 4A and 4B). Similarly, exposure to TSA (250 nM, 48 h), an inhibitor of HDAC,

increased the RNA levels of total HOTAIR, HOTAIR-N, and HOXC11 (Figures 4C and 4D).

G4 motifs in the HOTAIR-N CpG island

CpG islands are frequently enriched with G4s.34 Thus, we searched for G4 motifs in the HOTAIR-N CpG island using QGRS Mapper, an

algorithm that identifies G4 forming sequences.35 We identified a �500 bp G4 dense region in the HOTAIR-N CpG island that harbors 5

G4 motifs using the formula [G3N1–7G3N1–7 G3N1–7 G3] (Table S18; Figure S5). We selected the two highest scoring G4 motifs

(chr12:54368091-54368115 with a score of 60, named G4-60; and chr12:54,367,915-54,367,931 with a score of 41, named G4-41) for further

analyses. We used circular dichroism (CD) spectroscopy, a standard in vitro G4 structure determination assay, to analyze the structures

formed by oligonucleotides G4-60 and G4-41.36,37 The CD spectra of both G4-60 and G4-41 (10 mM) displayed a trough at 240 nm and

a positive peak at 260 nm in 10 mM Tris, 80 mM KCl buffer (pH 7.5) (Figures 5A and 5B). This type of CD signature is indicative of formation

of a parallel G4.36,37 Moreover, the UV-Vis absorption spectra of TMPyP4, a commonly used chromophore that binds to G4, exhibited a

characteristic shift to longer wavelengths in combination with hypochromicity, upon addition of increasing concentrations of G4-60 or

G4-41 (Figures 5C and 5D).38,39 The HOTAIR-N CpG island was enriched with G4 SEQ reads and peaks as illustrated in Figure 5E. Similarly,

Figure 3. Continued

(B) Abundance of 5meC in the HOTAIR-N CpG island and the corresponding region in the HOTAIR-C locus was quantified by extracting and analyzing genome

wide GpG methylation sequencing (Meth-SEQ) obtained from MDA-MB-231 and T47D cells. Percentage of the methylated CpG sites in HOTAIR-N CpG island

and the HOTAIR-C corresponding region was compared between MDA-MB-231 and T47D cells.

(C) Similar to part B except that the H3K4me3 bound HOTAIR-N CpG island and the HOTAIR-C corresponding region were compared between the two cell lines.

(D) Similar to part B except that the H3K27ac bound HOTAIR-N CpG island and the HOTAIR-C corresponding region were compared between the two cell lines.

(E) Similar to part B except that ATAC-SEQ reads were compared between the two cell lines.

(F) Similar to part B except the H3K27ac and H3K4me3 bound HOTAIR-N and HOTAIR-C were compared between A549 and H23.

(G) The ChIP-SEQ reads for the H3K27ac and H3K4me3 bound HOTAIR-N CpG island and the HOTAIR-C corresponding region were illustrated on the genome

browser.
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the BG4 ChIP reads were enriched in the HOTAIR-N CpG island in the immortalized keratinocytes HACAT (Figure 5F) and the BG4 ChIP

signals were further increased by Entinostat, an inhibitor of histone deacetylase (Figure 5F).13 Moreover, our analysis of the paired RNA-

SEQ datasets (SRA# SRP068243) revealed that Entinostat increased the expression of HOTAIR-N and total HOTAIR in HACAT cells

(Figure 5G).

G4-mediated expression of HOTAIR-N

To assess the role of G4 in regulation of the expression of HOTAIR-N, we treated MDA-MB231, A549 cells, and H23 cells with Pyridostatin, a

G4 stabilizing ligand.14 We chose these cell lines because they exhibited low to moderate expression of HOTAIR. Exposure to Pyridostatin

(5 mM) for 24 h increased the expression of HOTAIR-N in all three cell lines (Figures 6A–6C). We postulated that G4 enhances the HOTAIR-N

expression. Thus, we exposed the HOTAIR-intermediate H23 and HOTAIR-high T47D cells to TAP1 (0.5 mM& 2 mM), a ligand that can disrupt

G4.35 Indeed, exposure to TAP1 (2 mM) for 48 h reduced the expression of HOTAIR-N by 80% in both cell lines (Figures 6D and 6E). Moreover,

G4 formation of HOTAIR-N G4-60 and G4-41 was disrupted by TAP1 in a dose-dependent manner (0–120 mM) as demonstrated by reduced

peak intensities at 240 and 260 nM using CD assays (Figures 6F and 6G). It is noteworthy that Pyridostatin and TAP1 exerted opposite effects

on the expression of HOTAIR-N in the same line, H23 cells in which the expression of HOTAIR-Nwas intermediate when comparedwithMDA-

MB-231, A549, and T47D cells (Figures 6C and 6D). Consistent with TAP1’s ability to disrupt G4 structure, TAP1 reduced the G4-60 harboring

Figure 4. Regulation of the expression of HOTAIR-N by DNMT and HDAC

(A) MDA-MB-231 cells were exposed to the DNMT inhibitor 50AZA (5 mM) for 72 h. Total RNA was extracted from the treated cells and assessed for the RNA levels

of HOTAIR-T, HOTAIR-N, and HOXC11 using real-time qPCR. A fold change was obtained by normalizing to the house keeping gene GAPDH and setting the

values from the DMSO group to one (CTL).

(B) Similar to part A except that A549 cells were exposed to 50AZA (5 mM) for 72 h.

(C) Similar to part A except that MDA-MB-231 cells were exposed to the HDAC inhibitor TSA (250 nM) for 48 h.

(D) Similar to part C except that A549 cells were exposed to TSA. Mean and standard deviations were obtained from three independent experiments. *, **, and

*** indicate a p value <0.05 and 0.001, respectively.
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region bound by a G4-specific antibody BG4 by�80% in H23 cells as demonstrated by BG4 ChIP assays (Figure 6H). To determine the direct

effects of TAP1 on transcription from theHOTAIR-NG4 rich region, we transfected into T47D cells the HOTAIR-N-GLUC reporter that harbors

the HOTAIR-N G4 motifs. Indeed, reporter activity of HOTAIR-N-GLUC was reduced by 72% after 48 h exposure to TAP1 (2 mM) (Figure 6I).

Regulation of HOTAIR-N expression by Bloom

G4 is unwound and resolved by DNA helicases, such as Bloom (BLM) that belongs to the RecQ family.40 Interestingly, we noticed an in-

verse correlation between the expression of HOTAIR and BLM in the TCGA RNA-SEQ data of lung and breast tumors as determined by

cBIOPORTAL (Table S19).41 A similar trend was observed between HOXC11 and BLM. We also observed an inverse correlation between

HOTAIR and BLM in Affymetrix gene expression array of the established human lung and breast cancer cell lines (GSE32474) (Table S20). It

is noteworthy that BLM exhibited the highest expression in the HOTAIR-low MDA-MB-231 and lowest expression in the HOTAIR-high T47D

cells in the array. The inverse correlation between HOTAIR-N, HOXC11, and BLM was further confirmed in our own RNA-SEQ of A549 and

H23 cells (Figure 7A).

Figure 5. G4 motifs in the HOTAIR-N CpG island

(A) CD spectrum of the G4-60 oligo was assessed at a concentration of 10 mM in 10 mM Tris, 80 mM KCl buffer (pH 7.5).

(B) Similar to part A except that the CD spectra are assessed for G4-41.

(C) The UV-vis absorption spectra of TMPyP4 (5 mM) were measured upon titration with G4-60 (from 0 to 6.5 mM) in 10 mM Tris, 80 mM KCl buffer at pH 7.5.

(D) The UV-vis absorption spectra of TMPyP4 (5 mM) were measured upon titration with G4-41 (from 0 to 6.5 mM) in 10 mM Tris, 80 mM KCl buffer at pH 7.5.

(E) The G4 SEQ raw reads and peaks that were identified within the HOTAIR-N CpG island were visualized on IGV genome browser.

(F) Abundance of the BG4 bound HOTAIR-N CpG island and the corresponding region in the HOTAIR-C locus was quantified by extracting and analyzing

genome wide BG4 ChIP sequencing data (BG4-SEQ) obtained from HACAT cells treated with Entinostat, an HDAC inhibitor.

(G) The amount of total HOTAIR (HOTAIR-T), HOTAIR-N, and HOTAIR-C was assessed by extracting and analyzing RNA-SEQ obtained from HACAT cells with or

without exposure to an HDAC inhibitor Entinostat. Each transcript was quantified as transcript per million reads (TPM).
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To determine the role of BLM in regulation of HOTAIR-N expression we treated A549 and MDA-MB231 cells with ML216, an inhibitor of

BLM that increases formation of G4.17 Exposure toML216 (25 mM) for 24 h substantially increased the RNA levels of HOTAIR-N andHOXC11 in

the HOTAIR-low A549 and MDA-MB-231 cells (Figures 7B and 7C). Then we knocked down BLM using two distinct BLM-specific siRNAs

(BLMsi) in A549 cells. Both BLMsi reduced the protein levels of BLM and increased the RNA levels of HOTAIR-N and HOXC11 in A549 cells

(Figures 7D and 7E). We carried out RNA-SEQ on BLMsi-1 and CTLsi treated A549 cells. Knockdown of BLM significantly altered the expres-

sion of 4074 genes as illustrated by the heatmap (Figure 7F; Table S21). The panel was highlighted by the establishedG-quadruplex harboring

genes (Table S21). For instance, the RNA levels of TERT were reduced by BLMsi to only 2% of that in the CTLsi group (Table S21). We then

questioned whether BLMsi altered the expression of the G4 harboring genes globally. To assess enrichment of the G4 harboring genes

altered by BLMsi we employed the pipe line that analyzed theG4 harboring genes in BLMdeficient cells.40 We extracted the genes harboring

G4 motifs within 1000 bp either upstream or downstream of the transcription initiation site, which yielded 16914 genes (Table S22). Among

them 4965 genes were significantly altered greater than 1.5-fold by BLMsi-1 (Figure 7G; Table S23). We analyzed the pathways and networks

altered by BLMsi using Ingenuity Pathway. Because of the sheer large number of genes altered by BLMsi, we limited our scope to 500 most

increased and 500 most decreased genes. The canonical pathways altered by BLMsi featured the pathways for cell cycle and DNA damage

repair (Figure 7H; Table S24). Consistently, the networks altered by BLMsi were highlighted by Cell Cycle, Cellular Assembly and Organiza-

tion, DNA Replication, Recombination, and Repair (Figure 7I; Table S25). GO analyses also revealed enrichment of DNA Replication,

Figure 6. Regulation of the expression of HOTAIR-N by G4 ligands

(A) A549 cells were exposed to Pyridostatin (PYRI), a G4 stabilizing ligand (5 mM) for 24 h. Total RNAwas extracted from the treated cells and assessed for the RNA

levels of HOTAIR-N using real-time qPCR. A fold change was obtained by normalizing to the house keeping gene GAPDH and setting the values from the DMSO

group to one (CTL).

(B) Similar to part A except that the RNA levels of HOTAIR-N were measured in MDA-MB-231 cells exposed to PYRI.

(C) Similar to part A except that the RNA levels of HOTAIR-N were measured in H23 cells exposed to PYRI.

(D) H23 cells were exposed to the G4 disruptive ligand TAP1 (0.5 & 2 mM) for 48 h. Total RNA was extracted and assessed for the RNA levels of HOTAIR-N using

real-time qPCR. A fold change was obtained by normalizing to the house keeping gene GAPDH and setting the values from the DMSO group to one (CTL).

(E) Similar part D except that T47D cells were exposed to TAP1.

(F) CD spectra of G4-60 oligo assessed at a concentration of 10 mM in a buffer containing the indicated doses of TAP1 (0–110 mM) in 10 mM Tris, 80 mM KCl

(pH 7.5).

(G) CD spectra of G4-41 oligo assessed at a concentration of 10 mM in a buffer containing the indicated doses of TAP1 (0–120 mM) in 10 mM Tris, 80 mM KCl

(pH 7.5).

(H) G4 formation was assessed using ChIP assays with BG4, a G4-specific antibody in H23 cells treated with TAP1 (2 mM) for 48 h. The BG4 bound HOTAIR-N G4

dense region was quantified using PCR.

(I) The HOTAIR-N-GLUC and SEAP reporters were transfected into T47D cells followed by a 48 h exposure to TAP1 (2 mM). The ratios of HOTAIR-N-GLUC over

SEAP were compared between the TAP1 treated and the control DMSO (CTL) groups. A fold change of the GLUC/SEAP ratios was obtained by setting the values

from the CTL group to one. Mean and standard deviations were obtained from three independent experiments. *, **, and *** indicate a p value <0.05, 0.01, and

0.001, respectively.
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Figure 7. Increased expression of HOTAIR-N by inhibition of BLM

(A) The transcripts of HOTAIR-N, HOXC11, and BLM were quantified as transcript per million reads (TPM) using RNA-SEQ of A549 and H23 cells.

(B) A549 cells were exposed toML216, an inhibitor of BLM at 25 mM for 24 h. Total RNAwas extracted and assessed for the RNA levels of HOTAIR-N and HOXC11

using real-time qPCR. A fold change was obtained by normalizing to the house keeping gene GAPDH and setting the values from the DMSO group to one (CTL).

(C) Similar to part A except that MDA-MB-231 cells were exposed to ML216.

ll
OPEN ACCESS

10 iScience 26, 108559, December 15, 2023

iScience
Article



Recombination, and Repair functional terms (Table S26). In addition, GSEA analysis revealed that BLMsi altered the G4-regulated oncogene

and tumor suppressor gene set as well as several epigenetic gene sets (Figure 7J; Table S27).

DISCUSSION

Investigation of upregulation of HOTAIR expression in cancer hasmostly been focusedonHOTAIR-C and the regulatory elements proximal to

theHOTAIR-C transcription start site.9,10 Herein, we demonstrate that HOTAIR-N is the driver isoform in lung andbreast cancer cells (Figures 1

and 2). This conclusion is supported by our assessment of proliferation and viability, and by the gene expression program, signaling pathways,

and networks that were altered by HOTAIR-Nsi (Figure 2). Moreover, the target genes of HOTAIR-N are highlighted with the genes catego-

rized in themolecular mechanisms of cancer, such as CASP10, CDK6, JUN, E2F7, and TGFB1 (Table S10). These genes are crucial to cell cycle,

apoptosis, and microenvironment of cancer cells.

HOTAIR-N regulates gene expression program likely via epigenetic mechanisms because the HOTAIR-N-regulated genes are enriched

with target genes of 5meC, H3K27m3, and EZH2. Moreover, HOTAIR-N and HOXC11 form a sense-antisense gene pair and their expression

is simultaneously elevated in tumor tissues and cancer cells from breast and lung despite their head-to-head configuration (Figure 1 & un-

published observations). These observations implicate potential reciprocal cis regulation within the HOTAIR-N-HOXC11 locus. Potential

cis actions of HOTAIR-N are appealing because recent reports suggest HOTAIR regulates its neighbor HOXC genes in mice and

HOXC11 itself promotes breast cancer via its interaction with steroid receptor coactivator-1.42,43 The convergent HOTAIR-N-HOXC11 locus

characterized herein presents an ideal platform to study dysregulation of sense-antisense gene pairs in cancer.

The HOTAIR-N CpG island is critical to the upregulation of HOTAIR-N expression in cancer cells because the reporter gene controlled by

the HOTAIR-N CpG island is more active in the HOTAIR-high T47D cells than the HOTAIR-low MDA-MB-231 cells (Figure 3). The HOTAIR-N

CpG island is also associated with a broad range of epigenetic markers of active transcription, namely low 5meC, and high H3K4me3,

H3K27ac, and ATAC, which collectively indicate an open chromatin in the HOTAIR-N CpG island (Figure 3). In contrast, these markers in

the HOTAIR-C corresponding region exhibit modest to minimal correlation with the expression of total HOTAIR (Figure 3). Moreover, inhi-

bition of DNMT and HDAC can increase the expression of HOTAIR-N (Figure 4). These findings support a critical role of DNA and histone

modifications in regulation of HOTAIR-N. HOTAIR promotes cancer via its interactions with various partners.5 Thus, silencing the expression

of HOTAIR appears to be an efficient approach to target HOTAIR in cancer. Our comparison of the HOTAIR-N and HOTAIR-C loci suggests

that the epigenetic elements in the HOTAIR-N CpG island are the appealing targets to achieve this goal.

We identified G4 motifs in the HOTAIR-N CpG island (Figures 5, 6, and 7). We postulate that G4 formation mediates the expression of

HOTAIR-N in cancer cells. Enhancing G4 formation has been extensively investigated as a therapeutic approach in cancer because G4 for-

mation was associated with suppression of the expression of several oncogenes, such as MYC, KRAS, and KIT.14 Development of G4

enhancing molecules for cancer therapy is largely based on the premise that accumulation of G4 in the oncogenes’ promoters can silence

the expression of oncogenes. However, our characterization of G4s in the HOTAIR-N CpG island challenges this oversimplified paradigm.

Our results indicate that G4 formation is critical for upregulation of HOTAIR in cancer cells. This notion is based on our findings that enhancing

G4 formation by the stabilizing ligands and inhibition of the DNA helicase BLM can increase the expression of HOTAIR-N, whereas disrupting

G4 formation by TAP1 can decrease the expression of HOTAIR-N (Figures 6 and 7). Therefore, it is imperative to thoroughly understand how

G4 upregulates and downregulates genes in a genomic context dependent manner. A recent integrative genome wide analysis of G4, epi-

genome, and transcriptome indicates that G4 is associated with active transcription and open chromatin globally.13 We demonstrate such an

association in the HOTAIR-N-HOXC11 locus (Figures 3, 4, 5, 6, and 7). Our results suggest that G4 regulates gene expression from the

HOTAIR-N-HOXC11 locus epigenetically via direct interactions with DNMT and histone methyltransferase as recently reported.44,45

Figure 7. Continued

(D) Total cell lysates were extracted fromA549 cells transfectedwith either a BLM-specific siRNA (BLMsi) or a control siRNA (CTLsi). The protein levels of BLMwere

assessed using immunoblots.

(E) The culture condition was similar to part B. Total RNAwas extracted and the RNA levels of HOTAIR-N andHOXC11were assessed using real-time qPCR. A fold

change was obtained by normalizing to GAPDH and setting the values from the control siRNA group (CTLsi) to one.

(F) A549 cells were transfected with either CTLsi or BLM-Nsi. Total cell RNA were extracted and processed for RNA-SEQ. The differentially expressed gene set

between CTLsi and BLMsi was established from RNA-SEQs of the triplicates of each group. The differentially expressed gene set was illustrated in a heatmap.

(G) The G4 harboring genes were identified in the gene set that were differentially expressed between CTLsi and BLMsi transfected A549 cells (as seen part F).

The G4 harboring genes that were significantly altered by BLMsi were illustrated in a heatmap.

(H) The most significantly altered pathways by BLMsi were identified and illustrated using Ingenuity Pathway after filtering with a fold change >2 and an

FDR <0.01.

(I) Ingenuity Pathway was employed to to identify the cancer related networks that were significantly altered by BLMsi in A549 cells through analysis of the RNA-

SEQ data as seen in part F. The representative altered networks of Cell Cycle, DNA replication, Recombination, and Repair was illustrated using Ingenuity

Pathway.

(J) GSEA was carried out to assess enrichment of G4 associated oncogene sets and tumor suppressor gene sets in the differentially expressed gene set between

CTLsi and BLMsi transfected A549 cells (as seen in part F). A snap shot of the enrichment of the G4 gene set was presented. The complete presentation of the

analysis was provided in Table S27.

(K) Epigenetic regulation of HOTAIR-N was illustrated in a working model. An open chromatin stage that mediates the expression of HOTAIR-N is achieved

through reduced 5meC and H3K27me3, and increased H3K4me3, H3K27ac, and G4 formation. Mean and standard deviations were obtained from three

independent experiments. ** and *** indicate a p value <0.01 and 0.001, respectively.
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We propose that the genomic context embedding G4 may dictate whether a G4 upregulates or downregulates gene expression. G4s are

commonly located in the promoters of the oncogenes that are suppressed by G4s.14,46 In contrast, five G4 motifs in the HOTAIR-N gene are

located in the first intron of HOTAIR-N (Figure S5). Another distinct feature of the HOTAIR-N G4s is that they are within a CpG island that

HOTAIR-N and HOXC11 are transcribed in a head-to-head fashion (Figure 1A). This configuration resembles another sense-antisense

gene pair Vimentin and VIM-AS1. The expression of Vimentin and VIM-AS1 are co-upregulated by R-loop, another non-B form single-

stranded DNA structure.47 In both sense-antisense gene pairs the transcribed CpG islands are enriched with G4 and R-loop motifs in the first

intron (Figures S5 and S6). Moreover, G4 and R-loopmotifs are either overlapping or proximal to each other (Figures S5 and S6). We observed

increased expression of HOTAIR-N andHOXC11 by the topoisomerase I inhibitors camptothecin and topotecan in A549 cells, which provides

further similarities between two loci (Figure S7).47 Thus, G4 motifs might mediate gene expression from sense-antisense gene pairs via its

interaction with epigenetic modifications and R-loop formation. The G4 and R-loop motifs in the HOTAIR-N CpG island might also facilitate

gene translations that result in the NUP-98-HOXC11 gene fusion in leukemia because G4 and R-loop promote genome instability.48

G4s are resolved by DNA helicases in the cell.49 Patients with deficiencies of these helicases, such as BLM andWarner, are cancer prone as

a result of increased genome instability.49 However, how G4 helicases regulate expression of G4 harboring genes in cancer remains unclear.

We demonstrate an inverse correlation between BLM and HOTAIR in cancer cells and tumor tissues (Tables S19 and S20). Inhibition of BLM

can increase the expression of HOTAIR-N and HOXC11, and regulate the cancer related gene expression programs and networks in cancer

cells (Figure 7). Thus, we propose that deficiency of G4 helicases predisposes patients to cancer via upregulation of oncogene expression

besides promotion of genome instability.

In summary, we identify HOTAIR-N as a dominant isoform in cancer with respect to its expression and functions.We report a critical role for

G4 in upregulation of HOTAIR-N expression in cancer cells. Our results highlight a crosstalk among the epigenetic codes and implicate that

G4 integrates epigenetic codes to upregulate gene expression (Figure 7K). We also provide the transcriptomes regulated by HOTAIR-N and

BLM that are important resources for exploration of lncRNA, DNA helicase, and G4 in cancer cells. We propose a gene context dependent

therapeutic enhancement or disruption of G4 in cancer rather than the current approach that aims solely at enhancement of G4.

Limitations of the study

Biological significance of the elevated expression of HOTAIR-N in cancer needs to be further explored and validated in animal models and

clinical tissues of cancer. G-quadraplex needs to be precisely targeted to further understand its role in the activation of HOTAIR-N in cancer

cells.
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STAR+METHODS

KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Xiaohan Qu (han_seal@163.com).

Materials availability

This study did not generate new unique materials.

Data and code availability

� RNA-seq data have been deposited at GEO and are publicly available as of the date of publication. Accession numbers are listed in the

key resources table.
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal antibody to Blooms Syndrome Protein Abcam Cat# ab2179; RRID: AB_2290411

Anti-DNA G-quadruplex structures monoclonal Antibody, clone BG4 Millipore Sigma Cat# MABE917; RRID: AB_2750936

Chemicals, peptides, and recombinant proteins

Inhibitor of Bloom ML216 Cayman Chemical 15186

Pyridostatin Cayman Chemical 18013

Trichostatin A Cayman Chemical 89730

5-Aza-20-deoxycytidine BioVision Catalog #: 1754

TAP1 Department of Chemistry,

University of Cambridge

NA

TMPyP4 Aldrich Sigma 613560

Critical commercial assays

SMARTer� RACE cDNA Amplification Kit Takara Bio Cat. Nos. 634858

Secrete-Pair� Gaussia Luciferase Dual Luminescence Assay Kit Genecopoeia Cat. Nos. LF031

Deposited data

RNA-SEQ Datasets This study GSE119510

RNA-SEQ Datasets This study GSE119511

RNA-SEQ Datasets This study GSE119512

RNA-SEQ Datasets This study GSE119513

RNA-SEQ Datasets This study GSE124934

Experimental models: Cell lines

A549 ATCC RRID: CVCL_UR31

H23 ATCC RRID: CVCL_1547

MDA-MB-231 ATCC RRID: CVCL_0062

T47D ATCC RRID: CVCL_0553

Oligonucleotides

PCR primers and siRNAs used in this work, see Table S1 NA NA

Software and algorithms

Graphpad 6.0 Graphpad NA
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

The A549, H23, MDA-MB-231 and T47D cancer cell lines were purchased fromATCC and subcultured for our studies. All cell line studies were

carried out within 15 passages. We did not independently authenticate our cell lines or test mycoplasma contamination.

Cell culture

The hTERT-CDK4-immortalized human bronchial epithelial cell line HBEC3was kindly provided by Dr. Jerry Shay at University of Texas South-

western Medical Center.15 HBEC3 cells were cultured in RPMI1640.15 Primary culture of normal human mammary epithelial cells (HMEC) was

purchased from Lonza and cultured per the provider’s instructions (Basel, Switzerland). Human lung cancer cell lines A549 and H23 were pur-

chased from ATCC and cultured in RPMI1640 (Manassas, VA).50 Human breast cancer cell lines MDA-MB-231 and T47D were purchased from

ATCC and cultured in DMEM (Manassas, VA).51 MCF-7-TNR, a chemoresistant variant of human breast cancer cell line MCF-7, was cultured

DMEM.24 These cell lines were chosen to investigate regulation of the expression of HOTAIR-N because they provided the context of minimal

to robust expression of HOTAIR-N and benign to malignancy. A summary of the characters and salient results of these cell lines was provided

in the supplemental information (Table S28).

Reagents and plasmids

CaymanChemical (AnnArbor,MI) providedML216, an inhibitor of Bloom (BLM); Pyridostatin, a G4 stabilizing ligand; and Trichostatin A (TSA),

a pan-HDAC inhibitor.52 5-Aza-20-deoxycytidine (5-Aza-2dC), a DNAmethyltransferease (DNMT) inhibitor, was purchased fromBioVision (Mil-

pitas, CA). A BLM-specific antibody (ab2179) was purchased from Abcam (Cambridge, MA). TMPyP4, a G4 interacting ligand was obtained

from Aldrich Sigma (St. Louis, MO). TAP1, a G4 disrupting ligand, was provided by Dr. Shankar Balasubramanian.53 Sequences of the primers

and siRNAs were listed in Table S1.

RNA extraction and quantitative RT-PCR

Total cell RNA was extracted using Trizol (Invitrogen, Carlsbad CA) per the provider’s instructions.54 Reverse transcription was carried out

using High-Capacity cDNA Reverse (Transcription Kit Invitrogen, Carlsbad CA). Real-time PCR was carried out using Applied Biosystems

TaqMan Universal PCRMasterMix. The RNA levels of each gene weremeasured using qRT-PCR on StepOne Plus Thermal Cycler (Invitrogen,

CarlsbadCA).55 A fold change of each transcript was obtained by normalizing toGAPDHand setting the values from the control group to one.

50RACE
DNAwas extracted from T47D cells. 5’RACEwas carried out to map the transcription initiation site of HOTAIR-N using SMARTer RACE cDNA

Amplification Kit per the provider’s instructions (Takara Bio, Mountainview CA). DNA was extracted from the resultant clones and sequenced

by Eton Bioscience (San Diego, CA). The sequencing results were blasted against hg19; Genome Reference Consortium GRCH37 using

NCBI’s Oligonucleotide Blast engine. The blast results were visualized in Integrative Genomics Viewer (IGV) genome browser.

Transfection

The HOTAIR-N-specific siRNA was designed using IDT’s siRNA designing tool and purchased from IDT (Coralville, IA). A second human

HOTAIR-specific siRNA that targets all isoforms of HOTAIR (ID: SASI_Hs02_00380445) and the control siRNA were purchased from Sigma

(St. Louis, MO). The human BLM-specific siRNA (BLMsi) and the control siRNAs (CTLsi) were purchased from GenePharma (Shanghai China).

The indicated cancer cells were seeded into 6-well culture dishes at a density of 2.5x105 cells/well. All the siRNAs were transfected at 60 nM

into the indicated cell lines using RNAiMAXper the reverse transfection protocol (Invitrogen, CarlsbadCA).56 RNAwere extracted at 48 h after

transfection for further analysis using Trizol agent.

Cell proliferation and viability assay

Cell Proliferation was assessedwhen T47D cells were transfected with either HOTAIR-NsiRNA or CTLsiRNA. After trypsinization live cells were

counted using a hematocytometer coupled with trypan blue exclusion at 72 h after seeding. A fold change in cell count was determined by

calculating the ratios of the cell number at 48 h after seedingover the number of cells seeded. Cell viability was assessed usingMTTAssays per

the provider’s instructions (ThermoFisher, Waltham, MA).57

Reporter assays

GeneCopoeia provided the control reporter SEAP and the GLUC reporter construct in which expression of the GLUC reporter gene is

controlled by the HOTAIR-N CpG island region (HOTAIR-N-GLUC).58 The HOTAIR-N-GLUC and SEAP reporters were co-transfected into

T47D and MDA-MB-231 cells. Briefly, the cells were split and seeded into a 24-well plate at a density of 5 x 104cells/well. On the next day,

50 ng of each reporter construct was co-transfected into the cells using Lipofectamine 2000 according to the manufacturer’s instructions (In-

vitrogen). The treated cells were harvested and assayed for reporter activity according to the supplier’s instructions. The reporter activities

were measured at 48 h after transfection. The ratios of GLUC/SEAP were compared between the transfected MDA-MB-231 and T47D cells.
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RNA-SEQ analysis

Raw RNA-sequencing (RNA-SEQ) reads from invasive breast carcinoma (BRCA) and lung adenocarcinoma (LUAD) samples, and their paired

normal sampleswere generatedby TheCancerGenomeAtlas (TCGA) project and obtained from theNational Cancer InstituteGenomicData

Commons that were reported in the previous publications.59 The datasets were then analyzed using the RSEMalgorithm for the quantification

of isoforms of HOTAIR transcripts.17,18 We stratified all samples into two groups based on whether HOTAIR-N was increased in tumor over

their paired non-tumor tissues. For overall survival analysis we used cBioportal platform to carry out Kaplan-Meier Estimate and log -rank test

(cBioportal.org).Raw RNA-SEQ reads from immortalized keratinocytes HACAT, MDA-MB-231, and MDA-MB-468 cells were downloaded

from NCBI’s Sequence Read Archive (GSE96867, SRA# SRP068243).21 The datasets were then analyzed using STAR, RSEM, and EbSeq

softwares.17,18

In house RNA-SEQ data were generated from A549, H23, T47D, and MCF-7-TNR cells at Washington State University Spokane Genomic

Core. cDNA libraries were prepared from ribosomal RNA-depleted (ribodepleted) RNAs using the Illumina Truseq Stranded

TotalRNASample Prep kit (RS-122-2101). The ribodepleted RNA cDNA library was subjected to 100-base paired end strand-specific

sequencing on an Illumina HiSeq 2500。Roughly 40 million paired end stranded 100 bp reads were generated from each RNA sample.

The RNA-SEQ data can be accessed at NCBI GEO (GSE119510, GSE119511, GSE119512, GSE119513, GSE124934). Raw sequence data

were aligned to a reference genome containing a human genome (hg19; Genome Reference Consortium GRCH37). The alignments were

performed using Spliced Transcripts Alignment to a Reference (STAR) aligner version 2.3.0 and were subjected to visual inspection using

the Integrative Genomics Viewer (IGV) genome browser. Transcript data from STAR were subsequently analyzed using RSEM version

1.2.09 for quantification of human gene expression. A transcript was defined as differentially expressed between two selected groups

when its difference was greater than 2-fold and its false discovery rate (FDR) was smaller than 0.01.

GRO-SEQ analysis

GRO-SEQ data generated from two basal-like human breast cancer cell lines, MDA-MB-468 andMDA-MB-231 cells (GSE96867), were down-

loaded fromNCBI’s SRA.21 GRO-SEQ readswere aligned toHG19with BWA0.7.17-r1188 using default settings. HOMER’smakeTagDirectory

was used for eachGRO-SEQ file.60 HOMER’smakeUCSCfile was used on eachGRO-SEQ file’s TagDirectories twice, once with the ‘‘-stand +’’

option and once with ‘‘-strand -’’ options to create strand specific bedGraph files. BEDTOOLS v2.27.1 multicov and SAMTOOLS 1.8 view util-

ities were used to quantify the number of uniquely mapped reads in the HOTAIR-N CpG island and the total number of uniquely mapped

reads across the genome, respectively.

Functional analyses of transcriptomes

Gene Set Enrichment Analysis (GSEA) was carried out to identify the gene sets regulated by the indicated treatments.61 The RNA-SEQ data

were quatified and normalized as in our RNA-SEQ analysis and used as input into our GSEA analysis. C2 curated gene sets were chosen for

GSEA in the GSEA’s MSigDB collection. We used a cutoff FDR value of 25% as recommended by GSEA’s user guide.

BS-SEQ analysis

Raw whole-genome bisulfite sequencing (BS-SEQ) reads from T47D and MDA-MB-231 cells were obtained from the NCBI Sequence Read

Archive (SRA# SRP005601) and analyzed with the Bismark Bisulfite Mapper (ver 0.16.1) using the default option.62 The human genome

hg19; Genome Reference Consortium GRCH37 was used as the reference genome. The percentage methylation within the HOTAIR CpG

islands was compared between T47D and MDA-MB231 cells.

ChIP-SEQ analysis

Raw sequencing reads of ChIP-SEQ (H3K4me3, H3K27ac, BG4) generated from A549, H23, MDA-MB-231, and T47D cells were downloaded

from the NCBI Sequence Read Archive and were aligned with the BWA aligner against the human genome assembly hg19.63 Reads mapped

to the HOTAIR-N and HOTAIR-C promoter regions were extracted based on their corresponding chromosome coordinates on the hg19

reference genome and the number of ChIP reads were further normalized by the total number of mapped ChIP reads and represented as

‘‘reads per million mapped ChIP reads’’.

ATAC-SEQ analysis

RawATAC sequencing reads ofMDA-MB-231 and T47D cells were downloaded fromNCBI SRA (SRP062544 and SRP078834) and alignedwith

the BWA aligner against the human genome assembly hg19. Reads mapped to the HOTAIR-N and HOTAIR-C promoter regions were ex-

tracted based on their corresponding chromosome coordinates on the hg19 reference genome and the number of ATAC reads were further

normalized by the total number of mapped ATAC reads and represented as ‘‘reads per million mapped ATAC reads’’.

In vitro G4 formation and ligand binding studies

Oligonucleotides (oligos) G4-60 and G4-41 were synthesized by the Keck Foundation Biotechnology Resource Laboratory at Yale University

using standard automated solid-phase synthesis. The oligos were desalted and subsequently purified using a Varian Prostar HPLC system. In

order to facilitate G4 formation for circular dichroism spectroscopy (CD), oligos G4-60 or G4-41 were incubated in a micro-centrifuge tube
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containing 10 mM Tris, 80 mM KCl, buffer (pH 7.5) at 90�C for 10 min followed by cooling to room temperature. The CD spectra of the G4s

were obtained on an Olis RSM 1000 CD using a 1 mm path length circular quartz cuvette (Hellma) at room temperature. For the titration with

TAP1: To 10 mMG4 oligos (10 mM Tris, 80 mMKCl, pH 7.5, buffer) was added increasing concentration of TAP1 until no further changes in the

CD spectrum was observed.

UV�vis absorption studies were carried out on a Hewlett-Packard 8452A Diode Array Spectrophotometer using a 1400 mL, 10 mm path

length, quartz cuvette (Nova Biotech), at room temperature. The G4 interacting ligand, TMPyP4, binding to G4s was investigated using

UV-vis. Specifically, a solution of TMPyP4 (5 mM in 10 mM Tris, 80 mM KCl, pH 7.5 buffer) was titrated with a stock solution of 40 mM of G4

oligos and incubated for 1 min between readings until the total concentration of G4 oligos added was 6.5 mM.

Chromatin immunoprecipitation for G-quadruplex motifs

ChIP assays were employed to assess G4 formation in the HOTAIR-NG4 dense region. BG4, a G4-specific antibody was purchased fromMilli-

pore and used in ChIP assays to immunoprecipitated G4 motifs as.64 Briefly, Crosslinked and sheared chromatin were prepared from 1x107

cells. The samples were then immunoprecipitated with 1 mg of the BG4 antibody specific for G4, or a negative control antibody. The immu-

noprecipitated DNAwas then recovered using a standard ethanol precipitation procedure. The precipitatedDNAwas used for real-time PCR

to quantify enrichment of the HOTAIR-N G4 harboring motif. The sequences of the primers were provided in Table S1.

QUANTIFICATION AND STATISTICAL ANALYSIS

When presented, means and standard deviations were obtained from at least three independent experiments. A p value between any two

compared groups was determined using unpaired two-tailed Student’s t test (GraphPad Prism, Version 6).
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