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Abstract

Ovarian cancer is a chemoresponsive tumor with very high initial response rates to standard 

therapy consisting of platinum/paclitaxel. However, most women eventually develop recurrence, 

which rapidly evolves into chemo-resistant disease. Persistence of ovarian cancer stem cells 

(OCSC) at the end of therapy has been shown to contribute to resistant tumors. In this study, we 

demonstrate that the long non-coding RNA HOTAIR is overexpressed in HGSOC cell lines. 

Furthermore, HOTAIR expression was upregulated in OCSC compared to non-CSC, ectopic 

overexpression of HOTAIR enriched the ALDH+ cell population and HOTAIR overexpression 

increased spheroid formation and colony forming ability. Targeting HOTAIR using peptide nucleic 

acid-PNA3®, which acts by disrupting the interaction between HOTAIR and EZH2, in 

combination with a DNMT inhibitor inhibited OCSC spheroid formation and decreased the 

percentage of ALDH+ cells. Disrupting HOTAIR-EZH2 with PNA3® in combination with the 

DNMTi on the ability of OCSC to initiate tumors in vivo as xenografts was examined. HGSOC 

OVCAR3 cells were treated with PNA3® in vitro and then implanted in nude mice. Tumor growth, 

initiation and stem cell frequency were inhibited. Collectively, these results demonstrate that 

blocking HOTAIR-EZH2 interaction combined with inhibiting DNA methylation is a potential 

approach to eradicate OCSCs and block disease recurrence.
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Introduction

Ovarian cancer is the fifth leading cause of death among U.S. women [1]. Currently, the 

standard therapy for OC consists of debulking surgery followed by chemotherapy. Although 

most patients are chemoresponsive in the initial stages, the majority of patients experience 

tumor relapse and recurrent OC rapidly evolves into chemoresistant disease, which is 

universally fatal[1]. The persistence of residual tumor cells, often referred to as cancer stem 

cells (CSCs), is now widely accepted as a critical factor contributing to OC 
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chemoresistance[2–4]. Furthermore, their enrichment after chemotherapy in preclinical 

models of OC [2, 5, 6] as well as OC patient samples [7] strongly support the premise that 

ovarian CSCs contribute to tumor relapse and disease recurrence. Thus, therapeutically 

disrupting cancer stemness has the potential to eradicate tumor residuals and delay or 

prevent recurrence [3, 8].

CSCs share certain characteristics with normal stem cells, including the ability to self-renew, 

differentiate, and the heterogenous cell populations of the parental tumor [2]. Biological 

features of ovarian CSCs (OCSCs) such as the ability to form anchorage-independent 

spheroids, over-expression of ABC drug-transporters, and loss of cell-cell contact contribute 

to drug resistance and metastasis in these cells [9, 10]. Upregulation of EMT-related genes 

and stemness markers as well as downregulation of differentiation-related genes, such as 

homeobox (HOX) genes, and altered expression of non-coding RNAs are characteristics of 

OCSCs [10].

The long non-coding (lnc) RNAs HOX antisense intergenic RNA (HOTAIR) has been 

correlated with chemoresistant OC and poor patient outcomes [11]. Originally identified as a 

lncRNA located in the HOXC cluster on chromosome 12 that regulates the HOXD gene 

cluster on chromosome 2 in trans [12], HOTAIR has been shown to play a key role in 

chromatin remodeling and transcription. Interaction with HOTAIR is required for polycomb 

repressive complex 2 (PRC2) occupancy at specific loci, H3K27me3 by EZH2 and 

subsequent gene repression[13]. To therapeutically target HOTAIR, we recently designed a 

peptide nucleic acid (PNA3) that inhibited the HOTAIR-EZH2 interaction and showed 

treatment of OC cells with PNA3 decreased invasion and re-sensitized OC cells to cisplatin. 

Furthermore, PNA3 decreased ALDH1A1 activity in ALDH (+) OC cells [14], suggesting 

that targeting HOTAIR in OCSC may be a potential therapeutic approach in the disease.

DNA methylation contributes to several key characteristics of OCSC, including self-renewal 

ability and tumor initiation capacity [15, 16] DNA hypomethylating agents (DNMT 

inhibitors, DNMTi) alone or in combination with other therapeutics prevented platinum-

induced enrichment of OCSC in vitro and in vivo in mouse xenografts [6, 17, 18]. 

Furthermore, HOTAIR and DNA methylation were both associated with platinum resistance 

in OC [19, 20], suggesting that dual epigenetic targeting of these epigenetic factors could be 

an effective approach in OC. To achieve this objective, in the current study we first 

demonstrate that HOTAIR is enriched in OCSCs compared to non-OCSCs and 

overexpression of HOTAIR promotes expansion of OCSCs. Combined targeting of HOTAIR 

and DNMT blocks spheroid formation ability of OCSCs, OC proliferation and clonogenic 

survival in vitro. Furthermore, treatment with both a HOTAIR inhibitor and a DNMTi 

decreases tumorigenesis and decreases tumor-initiating capacity in vivo in mouse 

xenografts. Our studies identify for the first time a combinatory therapeutic approach based 

on targeting a lncRNA and DNA methylation in OCSC.
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Material and Methods

Cell culture, reagents and drug treatments:

High-grade serous ovarian cancer (HGSOC) cell lines (OVCAR3, CAOV3, OVCAR5, 

COV362, Kuramochi) were maintained in culture as described previously [21]. Cell lines 

were tested for mycoplasma contamination (Lonza, cat #LT07–318) every 6 months. Cells 

were authenticated by short tandem repeat (S7TR) analysis in 2017 (IDEXX BioAnalytics, 

Columbia, MO). Cells were treated with the DNMTi (guadecitabine, Astex Pharmaceuticals, 

Inc) for 72 hours, following by 24 hours of peptide nucleic acid (PNA) treatment (HOTAIR 

inhibitor PNA3® acts by disrupting the interaction between HOTAIR and EZH2 and the 

negatrive control PNA4 has no effect on the interation [20]). As a normal cell control, 

human ovarian surface epithelial cells (HOSE) were used (Department of Obstetrics and 

Gynecology, Indiana University School of Medicine ). HOSE were obtained from normal 

ovaries of five patients by scraping the OSE, placing in in short-term culture and expanding 

(two to four passages), as we have described previously [22]. The purity of the HOSE cells 

was confirmed by keratin and vimentin immunostaining [22]. For HOTAIR overexpression, 

cell lines were tranfected with lipofectamine 3000, following manufacturer’s protocol. Full-

length HOTAIR was cloned into pAV5S vector containing a 98-mer aptamer sequence and 

as a vector control, aptamer cloned into pAV5S was used to avoid any RNA-dependent 

signaling effects [20].

Western blot:

Cells were treated with DNMTi (guadecitabine; 20–1000 nM) for 72 hours, and proteins 

were extracted from treated cells with RIPA buffer (Thermo Fisher, cat #89900). Protein 

concentrations were quantified with the Bradford assay (Bio-Rad, cat #5000001) following 

the manufacturer’s protocol. Lysates were subjected to SDS-PAGE and transferred to a 

PVDF membrane by standard methods [20]. Western blots were probed with primary 

antibodies anti-Snail (Cell Signing Technologies, cat #3879), anti-p-NF-κB (Cell Signaling 

Technologies, cat #3033), anti-p-β-catenin Cell Signaling Technologies, cat #4176), anti-

histone H3 (Cell Signaling Technologies, cat #4499), anti-GAPDH (Cell Signaling 

Technologies, cat #5174), and anti-acetyl-histone H3(Cell Signaling Technologies, cat 

#8173). After incubation with corresponding secondary antibodies conjugated with 

horseradish peroxidase, ECL kit (Thermo Scientific, cat #32106) was utilized to visualize 

the protein bands.

qRT-PCR:

RNA was isolated from cultured cells using RNeasy mini kit (Qiagen, 74104) following 

manufacturer’s protocol. Concentrations were determined by using the absorbance at 260 

nm, and purity was assessed based on the 260/280 nm absorbance ratio. Total RNA (2μg) 

was reverse transcribed with the following manufacturer’s instructions. qPCR was 

performed using Lightcycler 480 SYBER Green I Master kit (Roche Diagnostics, cat 

#04707516001) and HOTAIR (Forward primer 5’-

GTGGTTTATCTTGCACCCCTCATTCTCAAGCCCCAGCCAGGGAA-3’, and reverse 

primer 5’-TTCCCTGGCTGGGGCTTGAGAATGAGGGGTGCAAGATAAACCAC-3’. 

mRNA expression levels were determined using Lightcycler software version 3.5 (Roche 
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Applied Science) and normalized to EEF1A1: Forward primer: 5’-

GCCCCAGGACACAGAGACTTTATC-3’;Reverse primer: 5’-

CAACACCAGCAACAATCAG-3’).

Cell proliferation assay:

Cells were collected after drug treatments as previously described [20] and then were seeded 

at a concentration of 1000 cells per well in 96-well plates and 3-(4.5-dimethylthiazol-2-

yl)-2.5-diphenyl tetrazolium bromide (MTT, Thermoo Scientific, cat #M6494) assay was 

performed at day 1–4 as previously described [19].

Spheroid and colony formation assay:

Cells were seeded at 60–70% confluency in 10cm plates and treated at indicated times as 

previously described. 500 cells were plated in triplicates in 24-well ultra-low adherent plates 

(Corning, cat #3473) with 1ml of stem cell medium (for spheroid formation assay) or 6-well 

plates in 2ml fresh complete media (for colony formation assay). Cells were allowed to grow 

for 14 days for spheroid formation or 5–7 days for colony formation. Spheroid size and 

morphology were assessed using a Zeiss Axiovert 40 inverted microscope with Axio-Vision 

software (Carl Zeiss MicroImaging). Colonies were stained with crystal violet (0.5%). 

Spheres or clusters smaller than 100 μm were not counted.

Combination index and synergism:

Cells were treated and plated as indicated for clonogenic survival assays. Following 

treatment, the percent survival subtracted from 100% was indicative of the fraction affected 

(FA). Subsequent combination indices, and synergism determination were calculated by the 

Chou-Talalay method [23].

Aldefluor assay and flow cytometry:

ALDH1 enzymatic activity was measured using the Aldefluor assay kit according to the 

manufacturer’s instructions (Stemcell Technologies, cat. #01700), as described 

previously[18, 24]. The test ALDH1-positive population was gated using control cells 

incubated with the ALDH inhibitor, diethylamino benzaldehyde (DEAB).

Mouse xenograft experiments:

OVCAR3 cells were treated with the DNMTi for 72 hours, following by 24 hours of PNA 

treatment, mixed with matrigel at 1:1 ratio and injected subcutaneously into the right flank 

of NSG female mice (5,000, 20,000 and 50,000 cells). Tumor size was measured once a 

week with a caliper, and tumor volume was determined using the formula V=½ × L × W2, 

where L is the longest tumor diameter and W is the perpendicular tumor diameter. Xenograft 

tumors were collected at the end of study and dissociated into single-cell suspension using 

tumor dissociation kit (Miltenyi Biotec, cat #130–095-929) in combination with the 

gentleMACS™ Dissociator, prior to spheroid formation assay and RNA purification. OCSC 

frequency and significance were calculated by Extreme Limiting Dilution Analysis (ELDA) 

software (http://bioinf.wehi.edu.au/software/elda/).
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Statistical analysis:

All data are presented as mean values ± SD of at least three biological experiments unless 

otherwise indicated. The estimate variation within each group was similar therefore 

Student’s t-test was used to statistically analyze the significant difference among different 

groups. For mouse xenograft study, statistical significance was determined using a Student 

two-tailed t-test.

Results

HOTAIR expression drives OCSC phenotypes

The lncRNA HOTAIR is frequently overexpressed in human OC and correlates with 

chemoresistance and poor patient prognosis [20, 25]. To investigate HOTAIR as a 

therapeutic target in OCSCs, HOTAIR expression was examined in a panel of HGSOC cell 

lines. Increased expression of HOTAIR in OC cells compared to normal ovarian surface 

epithelial cells was observed (Fig. 1A). Moreover, HOTAIR expression was greater in OCSC 

(ALDH+) compared to non-CSC (ALDH-) (Fig. 1B). OVCAR3 cells displayed low basal 

HOTAIR expression but high expression of HOTAIR (Fig. 1A and B), and ectopic 

overexpression of HOTAIR in OVCAR3 cells (Supplementary Fig. S1A) upregulated 

expression of p-NF-κB and the EMT-related gene SNAIL, while p-β-catenin expression was 

unchanged (Supplementary Fig. S1B). Furthermore, HOTAIR overexpression significantly 

increased ALDH expression (Fig. 1D) and ALDH activity (Fig. 1E) compared to empty 

vector control. Functionally, overexpression of HOTAIR in OVCAR3 increased spheroid and 

colony forming ability compared to control cells (Fig. 1F). Collectively, these results 

indicate the potential for HOTAIR to drive non-CSCs to a more stem-like state.

Inhibiting both HOTAIR and DNA methylation reduces OC stemness

As an interplay between HOTAIR and DNA methylation in OC chemoresistance [26] and 

the OCSC phenotype have been reported [27], it was of interest to examine the effect of 

inhibiting both HOTAIR and DNA methylation on OCSC. First, to determine the effective 

dose of the DNMTi, OVCAR3 and OVCAR5 cells were treated with 20–1000nM 

guadecitabine and western blot analysis for DNMT1 expression was performed. Those doses 

reduced DNMT1 expression, with 100nM guadecitabine demonstrating similar activity in 

both cell lines based on DNMT1 level (Fig. 2A, B). Next, OVCAR3 and OVCAR5 cells 

were treated with 100nM guadecitabine for 72 hours or PNA3 for 24 hours alone, or the 

DNMTi for 72 hours followed by PNA3 for 24 hours and assayed for spheroid formation 

and ALDEFLUOR activity. PNA3 treatment alone significantly decreased the number of 

spheroids in both cell lines (Fig. 2C, D), and PNA3 plus guadecitabine further decreased 

spheroid formation in OVCAR5 cells compared to PNA3 treatment alone (Fig. 2C, D). 

However, a further decrease in spheroid formation was not observed in OVCAR3 cells. 

FACS analysis revealed that in both OVCAR3 and OVCAR5, single agent and combination 

treatments significantly reduced the percentage of ALDH+ cells compared to DMSO-treated 

cells (representative scatter plots are shown in Fig. 2E, F). Although the combination 

treatment reduced the %ALDH+ cells compared to either drug alone in both OC cell lines, 

the decreases were not statistically significant (OVCAR3: DMSO 19.0±3.14 vs. PNA3 alone 

11.2±1.81 vs. guadecitabine alone 8.12±1.45 vs. PNA3 + guadecitabine 5.21±2.62; 
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OVCAR5: DMSO control 10.9±1.71 vs. PNA3 alone 2.89±0.29 vs. guadecitabine alone 

2.71±0.28 vs. PNA3 + guadecitabine 1.26±0.49). PNA4 was served as negative control for 

PNA3 and no significant differences in spheroid formation, and percentage of ALDH+ cells 

between PNA4- and DMSO-treated cells (Supplemental Fig. S2A, B).

To examine the effect of PNA3 in combination with DNMTi on OC cell growth, clonogenic 

survival assays were performed. It was first of interest to test the combination for a 

synergistic interaction using the Chou-Talalay method [28]. Co-administration of PNA3 

(100nM) and guadecitabine (100–1000nM) showed a synergistic inhibitory effect (CI<1) on 

cell survival in OVCAR3 (Fig. 3A). In OVCAR5, only the higher dosages of guadecitabine 

(500nM, 1000nM) were synergistic with 100nM PNA3 (Fig. 3B). OVCAR3 and OVCAR5 

cells were treated with the 100nM of guadecitabine and 100nM of PNA3 and re-plated for 

clonogenic survival assay. Compared to the single agents only, combined treatment with 

PNA3 plus DNMTi inhibited colony formation in both cell lines (Fig. 3C, D). In cell 

proliferation assays, PNA3 or guadecitabine alone decreased proliferation in both OVCAR3 

and OVCAR5 cells, with the combined treatment further inhibited proliferation of both OC 

cell lines compared to single treatment (Fig. 3E, F). PNA4 did not alter clonogenic survival 

compared to DMSO treatment (Supplemental Fig. S2C,D).

Inhibiting HOTAIR and DNA methylation reduces OCSC tumor initiation capacity in vivo

To further investigate the effect of the PNA3-DNMTi combination on OCSCs, a tumor 

initiation study was conducted in mice. FACs sorting was performed to obtain ALDH+ from 

the whole cell population of OVCAR3. The OVCAR3-ALDH+ cells were treated daily with 

100nM guadecitabine for 72 hours or PNA3 for 24 hours alone, or guadecitabine for 72 

hours followed by PNA3 for 24 hours, and 5,000, 20,000 or 50,000 ALDH+ cells from each 

treatment group were injected subcutaneously into mice. Tumor growth and volume were 

measured once a week starting on day 21 post-injection. Regardless of the cell number 

injected, PNA3 and DNMTi treatment alone significantly reduced tumor volume and the 

combination treatment further reduced tumor volume (Fig. 4A & B, 5,000-cell injection; 

Fig. 5A & B, 20,000-cell injection; Suppl. Fig. S3A & B, 50,000-cell injection). In addition 

to tumor growth, tumor initiation frequency was assessed. At weeks 5 and 6, single agent 

treatments reduced tumor initiation capacity of 5,000 cells, as 2/6 and 0/6 mice formed 

tumors in the guadecitabine and PNA3 treated mice, respectively (Fig. 4C). By week 8, 

tumor formation in mice initially injected with 5,000 cells was observed in 5/6 and 3/6 

guadecitabine- and PNA3-treated mice, respectively (Fig. 5C). However, the combination 

treatment was more effective at inhibiting tumor formation throughout the study compared 

to either drug alone, and by week 8, tumor formation was observed in only one mouse 

initially injected with 5,000 ALDH+ cells (Fig. 4C). In mice injected with 20,000 ALDH+ 

cells, single agents were ineffective at inhibiting tumor initiation; however, tumor initiation 

capacity was inhibited by the PNA3-DNMTi combination treatment in 5/7 mice at week 5 

and 3/7 mice at week 7 (Fig. 5C). In 50,000 cell injection group, the combination treatment 

was only moderately effective at inhibiting tumor, with 4/6 mice forming tumors by week 5 

(Supplementary Fig. S3C).
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The extreme limiting dilution analysis (ELDA) webtool was used to determine stem cell 

frequency on day 35 and 42 post- cancer cell injection. Stem cell frequency in the PNA3-

treated group was ~10-fold less on day 35 and ~5 fold less on day 42 compared to control 

(Fig. 4D). In the guadecitabine-treated group, stem cell frequency was ~5-fold less 

compared to the control group at both days (Fig. 4D). Furthermore, based on ELDA, the 

PNA3 plus DNMTi combination was significantly more effective at reducing stem cell 

frequency than either treatment alone, resulting in 20-fold less stem cell frequency than 

control on day 35 and 10-fold less on day 42 in 5,000 cell injection group (Fig. 4D).

At the end of the 12-week study, tumors were harvested and dissociated into single-cell 

suspensions for spheroid formation assay and ALDH1A1 gene expression. In mice injected 

with 20,000 (Fig. 5D) or 50,000 ALDH+ cells (Supplementary Fig. S3D), spheroid 

formation capacity was significantly decreased by the single agent treatments. A further 

reduction in spheroid formation was only observed in in the 20,000 ALDH+ cell-injected 

mice treated with the PNA3-guadecitabine combination compared to either drug alone (Fig. 

5D). However, due to a limited number of cells in the 5,000 injection group at the end of the 

12 weeks, we were not able to asses spheroid formation. The single cell suspensions were 

also subjected to qRT-PCR analysis to determine ALDH1A1 expression. In the mice injected 

with 5,000 ALDH+ cells, mRNA level of ALDH1A1 was significantly reduced in both 

single agent and combination treated groups (Fig. 4E). Collectively, these data demonstrated 

that inhibiting both HOTAIR interaction and DNMT effectively reduced the OCSC 

population and delayed tumor initiation capacity in vivo.

Discussion

Chemotherapy decreases tumor bulk but leaves behind residual tumor cells that are capable 

of regenerating ovarian tumors. As these residal cells, termed OCSCs, are hypothesized to 

be a key source for emergence of recurrent tumors, developing therapeutic strategies that 

target OCSCs is a area of critical importance. Aberrant epigenetic changes in OCSCs have 

been reported [6], and we previously demonstrated the therapeutic potential of targeting 

DNMTs in OCSC [6, 18]. Here we report a new potential therapeutic approach based on 

combined targeting of both DNA methylation and the epigenetic regulator HOTAIR in 

OCSCs. We show that combining a HOTAIR inhibitor with a DNMTi is highly synergistic in 

reducing tumorigencity, suggesting that inhibiting both the HOTAIR-EZH2 interaction and 

DNA methylation effectively impaired the tumor initiation capacity of OCSCs. These novel 

findings have several implications.

First, we show that HOTAIR expression is upregulated in OCSCs compared to non-OCSCs 

and that HOTAIR overexpression significantly contributes to stemness phenotypes, 

including ALDH+ percentage, spheroid formation, clonogenic survival. Furthermore, 

expression of the mesenchymal maker SNAIL is upregulated in HOTAIR overexpressing 

cells, in agreement with previous reports on upregulation of Snail and Twist in OCSCs [29, 

30], which are both associated with the process of epithelial-to-mesenchymal transition 

(EMT) [31, 32]. Furthermore, as chemotherapy-induced Snail activation has been shown to 

drive cancer stemness [6, 33], our results indicate a potential role for HOTAIR in regulating 

OCSCs via modulation of EMT. In addition, we observed that p-NF-κB expression was 
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significantly elevated in HOTAIR overexpressing cells, in agreement with our finding that a 

positive feedback loop exists between HOTAIR and NF-κB and drives OC chemoresistance 

[20]. Furthermore, as we previously demonstrated that the HOTAIR inhibitor PNA3 

effectively resensitizes tumor cells to chemotherapy both in vivo and in vitro [14], together 

with the current study, our data support a potential mechanism of regulation of OCSCs by 

HOTAIR through EMT and NF-κB pathway.

DNMTi have been utilized in combination therapies to overcome OC chemoresistance [18, 

34–38]. Epigenetic priming using low doses of guadecitabine sensitized OC cells [19] and 

patient tumors [34–36] to platinum chemotherapy, and DNMTi sensitized BRCA-proficient 

HGSOC to PARP inhibitors [28, 39].The current study provides a new avenue for a 

epigenetic therapy strategy based on a DNMTi-HOTAIRi combination to potentially 

overcome chemoresistance in HGSOC. Furthermore, our pre-clinical findings suggest that 

the effectiveness of this strategy may be due to a direct targeting of OCSCs and the reversal 

of OCSC driven chemotherapy resistance. The synergistic effect of inhibiting both DNMT1-

HOTAIR indicates that the drugs may be targeting the products of genes in parallel and 

highly connected pathways. DNMTs regulate EMT process and CSCs phenotypes in various 

cancers [40], and regulators of DNMT1 were involved in these process, such as miRNAs, 

oncogenes, and cytokines [41–43]. HOTAIR and DNMT1 interaction in several cancers has 

been shown [44, 45], and HOTAIR knockdown downregulates DNMT1 and decreases DNA 

methylation on both a global level as well as at gene promoters [44].HOTAIR-EZH2 

interaction and global hypomethylation are known to induce cancer cell differentiation and 

stem cell features, potentially augmenting the efficacy of combining HOTAIRi and 

DNMT1i. However, the exact mechanism by which the PNA3-guadecitabine eradicates 

OCSCs requires further investigation.

We show using an in vivo limiting dilution assay that the dual inhibition approach reduces 

tumor initiation capacity, stem cell frequency and tumor burden, indicating that the DNMTi 

sensitizes OC cells to HOTAIR inhibition. Recent studies suggest that inter-conversion and 

dynamic equilibrium between CSCs and non-CSCs exists in many cancers [45–49]. By 

using a purified CSC population in breast cancer, Yang et al [50] reported that the proportion 

of non-CSCs increased with each generation; in addition, in the purified non-CSC 

population, the CSC population increased overtime [6, 51]. In a purified OCSC population 

implanted in mice, we showed the capacity of OCSCs forming tumor with very limited cell 

numbers, starting from 5,000 cells. Also, we show that in vitro epigenetic drug treatment 

dramatically reduces frequency and tumor initiation capacity of CSCs. Combination 

treatment showed significant efficacy compared to single agent alone, indicating the additive 

or synergistic effect of the two agents, however, the underlying mechanism is still unkown. 

ALDH1A1 expression and spheroid formation capacity of tumor cells collected at the end of 

the study, indiacating the effect of both DNMT1 inhibitor and PNA3 are quite stable. Taken 

together, we suggest that the combination blocked cancer cell inter-conversion, including of 

non-CSCs to CSCs and consequently tumor burden.

In summary, we show the efficacy of PNA3-guadecitabine combination on reducing OC 

stemness phenotypes and tumor initiation capacity. This anti-tumor effect is due to direct 

targeting of OCSCs and CSC-driven tumorigenesis. To our knowledge, this is the first report 
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on targeting OCSCs by inhibiting both the HOTAIR-EZH2 interaction and DNA 

methylation. Furthermore, we show that although the combination specifically targets a 

small subset of cells, i.e. OCSC, the overall effect on OC tumorigenesis is impactful. The 

synergy between PNA3-guadecitabine indicates that the drug combination alters genes and 

presumably highly connected pathways in parallel. This study opens up a new avenue for 

combined epigenetic targeting of OCSCs in HGSOC patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. HOTAIR promotes OC stemness phenotypes.
A) HOTAIR expression in a panel of HGSOC cell lines was compared to normal ovarian 

surface epithelial (NOSE) cells. Dashed line represents HOTAIR expression in human 

ovarian surface epithelial (HOSE) cells. B) HOTAIR expression in ALDH+ cells compared 

to ALDH- cells in a panel of HGSOC cell lines. ALDH+ vs ALDH- cells was sorted via 

FACS sorting. C) OVCAR3 collected after stable transfection of HOTAIR overexpression 

plasmid. ALDH+ population were determined by ALDEFLUOR assay using flow cytometry. 

D) Western blot showing higher ALDH1 in HOTAIR overexpressing cells. E) 500 control 
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and HOTAIR overexpressing cells were plated in 24-well non-adherent conditions in stem 

cell medium. Number of spheroids were counted after 14 days in culture. F) Representative 

images of colony formation (upper panel) and quantification (lower panel).
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Figure 2. Effect of inhibiting HOTAIR and DNA methylation on ovarian cancer stem cells.
A) OVCAR3 or B) OVCAR5 were treated with hypomethylating agent guadecitabine for 72 

hours (daily) at indicated dosages. Protein was isolated and immunoblots were performed to 

examine DNMT1 protein. H3 protein was used as the loading control. C) OVCAR3 (500 

cells) and D) OVCAR5 (500 cells) were treated with HOTAIR inhibitor PNA3 (100nM for 

24 hours) with guadecitabine (100nM) and or guadecitabine plus PNA3. Cells were replated 

in 24-well non-adherent conditions after treatment. Representative images of spheroid 

formation (left panel) and quantification (right panel). E) OVCAR3 and F) OVCAR5 ALDH
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+ populations were determined by ALDEFLUOR assay using flow cytometry (upper panel). 

Quantification shown below. Error bars represent SEM; n= 3 independent experiments of 

triplicate assays. Data are presented as mean ± SEM with p< 0.05 (*), p< 0.01 (**), and p< 

0.005 (***).
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Figure 3. Inhibiting HOTAIR and DNA methylation blocks ovarian tumorigenesis.
A) OVCAR3 or B) and OVCAR5 cells were treated with hypomethylating agent 

guadecitabine for 72 hours alone or HOTAIR inhibitor PNA3 at indicated dosages and 

subjected to clonogenic survival assay to determine drug efficacy; x-axis is indicative of 

Fraction Affected, the y-axis is indicative of the Combination Index (CI). Combinations 

beneath the black dashed line are synergistic. C) OVCAR3 and D) OVCAR5 cells were 

treated with guadecitabine (100nM daily for 72 hours), alone or following with PNA3 

(100nM, 24 hours), then re-plated for clonogenic survival assay. Left panel, representative 
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images of colonies. Right panel, quantification of the clonogenic survival assay. E) 
OVCAR3 and F) OVCAR5 proliferation determined by MTT assay after guadecitabine and 

PNA3 treatment as described above. Error bars represent SEM; n= 3 independent 

experiments of triplicate assays. Data are presented as mean± SEM with p< 0.05 (*), p< 0.01 

(**), and p< 0.005 (***).
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Figure 4. Inhibiting HOTAIR and DNMT blocks ovarian tumor initiation.
A) Xenograft tumor growth curve of different treatment groups. OVCAR3 sorted ALDH+ 

cells were treated with guadecitabine alone or with PNA3. 5,000 cells were injected s.c. into 

mice. B) Images of tumors collected at end of study. C) Quantification of tumor-formation 

in mice. D) Stem cell frequency estimates were calculated using Extreme Limiting Dilution 

Assay software.
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Figure 5. Effect of inhibiting HOTAIR and DNMT on ovarian tumors initiated with 20,000 
OVCAR3 cells.
A) Xenograft tumor growth curve of different treatment groups. OVCAR3 sorted ALDH+ 

cells were treated with guadecitabine alone or with PNA3. 20,000 ALDH+ cells were 

injected s.c. into mice. B) Images of tumors collected at end of study. C) Quantification of 

tumor formation in mice. D) Quantification of spheroid formation by tumor cells collected 

from mice at end of study. Data are presented as mean ± SEM with p< 0.05 (*), p< 0.01 

(**), and p< 0.005 (***).
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