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LncRNA HOTALIR regulates anoikis-resistance capacity and spheroid
formation of ovarian cancer cells by recruiting EZH?2 and influencing H3K27
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This study aims to investigate the role of the long non-coding RNA (IncRNA) HOX transcript antisense RNA (HOTAIR)
in the regulation of anoikis resistance of ovarian cancer cells, a prerequisite for metastasis and chemoresistance in ovarian
cancer cells. Ovarian cancer SKOV?3 cells were cultured in an ultra-low attachment system to establish an anoikis model. The
relationship between cellular anoikis capability and HOTAIR expression level was studied by flow cytometry and RT-PCR.
The ability of spheroid formation, migration, and invasion of the suspended cells was assessed following the knockdown of
HOTAIR expression. The expression of EZH2, H3K27me3, representative targets of EZH2, and anoikis-related biomarkers
was also detected. An increase in the duration of suspension culture time rendered the SKOV3 cells anoikis-resistant with
a significantly lower apoptotic rate compared to the adherent cells. HOTAIR expression in the suspension cells increased
significantly, while that in the adherent cells did not. Following small interfering RNA (siRNA)-mediated knockdown of
HOTAIR expression, the abilities of anoikis resistance, migration, and invasion decreased in the suspension cells. Knock-
down of HOTAIR levels also reduced the spheroid forming ability of the tumor cells in continuous suspension cultures.
Moreover, EZH2 expression correlated with HOTAIR expression, thus regulating the expression of miR-193a and DOK2 via
introducing H3K27me3. Western blot analysis of anoikis-related markers showed that N-cadherin, ZEB1, and TWIST1 were
downregulated following inhibition of HOTAIR, while E-cadherin and ErbB3 were upregulated. In conclusion, HOTAIR
enhances the anoikis resistance and spheroid forming ability of ovarian cancer cells by recruiting EZH2 and influencing

H3K27 methylation that may contribute to migration, invasion, and chemoresistance of ovarian cancer cells.
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Ovarian cancer is the most lethal gynecologic cancer
with epithelial ovarian cancer accounting for 85-90% of all
primary ovarian cancers [1]. Factors that contribute to the
poor prognosis of ovarian cancer include failure of early
detection, a high degree of pelvic and peritoneal metastasis,
and inherent or acquired chemoresistance [2]. Anoikis is a
special form of apoptosis, resulting from the loss of adhesion
of cells to the extracellular matrix [3]. Anti-anoikis ability
was first discovered in ovarian cancer by Frankel et al. [4].
Anoikis resistance acquired by ovarian cancer cells is essen-
tial for their survival in ascites and is the first step in achieving
distant dissemination [5]. Moreover, ovarian cancer cells are
more resistant to chemotherapy when grown in the form of
multicellular spheroids than in monolayers [6]. Although the
existence of anoikis is well recognized, little is known about
the mechanisms of the regulation of anoikis, especially the

crosstalk between anoikis and other clinically important
cellular events.

Epithelial-mesenchymal transition (EMT) is an essential
event during the acquisition of anoikis resistance by epithe-
lial-derived cells. A mesenchymal phenotype usually confers
the anoikis resistance to tumor cells [7, 8]. Thus, there may
be common regulators involved in the acquisition of anoikis
and mesenchymal phenotype [9]. However, the role of
known EMT regulators in anoikis needs to be elucidated
experimentally. Most of the sequences in the human genome
are transcribed into non-protein-coding RNA molecules,
among which RNA transcripts longer than 200 nucleotides
are called long non-coding RNAs (IncRNAs) [10]. LncRNAs
are important regulators of transcription and translation and
participate in many biological processes such as cell prolifera-
tion, apoptosis, and differentiation. These universal functions
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of IncRNAs suggest their involvement in tumorigenesis [11].
The IncRNA, HOX transcript antisense RNA (HOTAIR), has
been shown to be an indicator of poor prognosis in ovarian
cancer [12]. Overexpression of HOTAIR enhances invasion,
migration, and tolerance to cisplatin in ovarian cancer cells,
via a mechanism related to EMT [13-16]. Therefore, in this
study, we investigated the role of HOTAIR in the acquisition
of the anoikis resistance in ovarian cancer cells as well as its
underlying molecular mechanism.

Materials and methods

Cell line and culture method. The ovarian cancer cell
line, SKOV3 that has an intermediate mesenchymal pheno-
type with high spheroidogenic efficiency [17], was purchased
from the Shanghai Institute of Biochemistry and Cell
Biology (Shanghai, China) and used in this study. Cells were
maintained in complete high-glucose Dulbecco’s modified
Eagles medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin and streptomycin. All
the supplements used in the culture medium were purchased
from HyClone (Logan, UT, USA). The cells were cultured at
37°C in a humidified atmosphere containing 5% CO,.

Induction of anoikis. The anoikis induction method
used in this study was adapted from a previous report [18].
Adherent cells were dissociated using trypsin and strained
through a 40 pm pore strainer (BD Biosciences, Franklin
Lakes, NJ, USA) to obtain a single-cell suspension. The
cell suspension was seeded at a density of 1x10° cells/well
in the ultra-low attachment (ULA) 6-well plates (Corning
Inc., Corning, NY, USA). The cells were cultured overnight
in serum-free DMEM and strained as described above to
remove cell aggregates to avoid false-positive results. For the
induction of anoikis, the cells were seeded back in ULA plates
and cultured further for 24, 48, or 72 h prior to the assess-
ment of their morphology and flow cytometric analysis. For
assessment of continuous spheroid formation, cells were
cultured further in ULA plates for a period of 2 weeks and

Table 1. The primers used in real-time PCR.

Gene Primer sequence (5’-3’)
HOTAIR F: ACAGTGGCACCGCTTTTCTA
R: GCAGGGTCCCACTGCATAAT
miR-193a RT: GTCGTATCCAGTGCAGGGTCCGAGGTATT
CGCACTGGATACGACATGGG
F: CGAACTGGCCTACAAAGTC
R: GTGCAGGGTCCGAGGT
DOK2 F: ACCAGTGTCGTTTAAGGAAC

R: GACCTCTCCCGTTGAAACTC
U6 RT: AAAATATGGAACGCTTCACGAATTTG
F: CTCGCTTCGGCAGCACATATACT
R: ACGCTTCACGAATTTGCGTGTC
F: GAAGGTCGGAGTCAACGGATTT
R: CCTGGAAGATGGTGATGGGATT

GAPDH

the number of spheres was counted under a microscope.
The spheres were then collected, dispersed, seeded into ULA
plates (1x10° cells/well), and the culture process was then
repeated for two passages.

Detection of apoptosis. After induction of anoikis, the
collected cells were dispersed by trypsinization and analyzed
by flow cytometry using APC Annexin V/propidium iodide
(PI) Apoptosis Detection Kit (BioLegend, San Diego, CA,
USA). The cells were washed with cold phosphate-buffered
saline (PBS), suspended in annexin V binding buffer (BioLe-
gend), and adjusted to a density of 1x10° cells/ml. The cells
were then stained with annexin V/PI detection reagents for
30 min in the dark. Cell apoptosis was detected by FACSCal-
ibur flow cytometry (BD).

RNA extraction and qRT-PCR. Total RNA was extracted
from the collected cells using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA). Single-strand cDNA was reverse
transcribed from the RNA template using the SuperScript
IIT First-Strand Synthesis System (Invitrogen). Expression
of selected genes was detected using quantitative RT-PCR
on an ABI 7500 Real-Time PCR System (Applied Biosys-
tems, Bedford, MA, USA) with specific primers (Table 1).
The primers were synthesized by GenePharma (Shanghai,
China). AceQ qPCR SYBR Green Master mix (with ROX)
was purchased from Vazyme Biotech Co. Ltd. (Nanjing,
China) and used in the PCR reactions. The PCR condi-
tions used were as follows: denaturation at 95°C for 10 min,
followed by 40 amplification cycles of 95°C for 10's, 60 °C for
30 s, and 72°C for 10 s. The relative mRNA amount of target
transcripts was normalized to the amount of U6 or GAPDH
in the same sample using the AACt method [19].

Protein extraction and western blot analysis. Total
protein was extracted from approximately 5x10° cells by
lysing the cells in Total Protein Extraction Reagent for cell
cultures (Boster Biological Technology, Wuhan, China).
Protein concentration was measured using a BCA Protein
Assay Kit (Boster). For each sample, 50 pg of total protein was
separated by 12% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and then transferred onto a polyvinylidene
difluoride (PVDF) membrane (Millipore, Billerica, MA,
USA). After blocking with 5% non-fat milk, immunoblot-
ting was performed by incubating the membranes overnight
at 4°C with the following primary antibodies: rabbit
monoclonal anti-N-cadherin (1:1000, M01577-2), rabbit
monoclonal anti-ZEB1 (1:500, BM5462), rabbit polyclonal
anti-TWIST (1:500, A12525), rabbit monoclonal anti-E-
cadherin (1:2000, BM4867), rabbit monoclonal anti-ErbB
(1:1000, BM4149), rabbit monoclonal anti-EZH2 (1:300,
BM4874), and mouse monoclonal anti-H3K27me3 (1:1000,
ab6002, Abcam Inc., Cambridge, UK). The membranes were
then incubated with appropriate horseradish peroxidase-
conjugated goat anti-rabbit IgG (BA1055) or goat anti-
mouse IgG (BA1051, both 1:2000) for 1 h. All the antibodies
were purchased from Boster unless indicated. Protein bands
were visualized using an Enhanced Chemiluminescence Kit
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(Boster). Relative levels of the target proteins were quantified
using Image] software and normalized to that of GAPDH.

Small interfering RNA (siRNA) design and transfection.
Specific siRNA sequence for inhibiting HOTAIR expression
and a scrambled sequence were adapted from a previous
report [20]. SKOV3 cells were seeded in 24-well plates at a
density of 2x10° cells/well and grown overnight for adhesion.
Double-stranded siRNA oligomers and scrambled sequences
were then transfected into SKOV3 cells using Attractene
Transfection Reagent (Qiagen, Hilden, Germany) following
the manufacturer’s instructions. After 48 h of transfection,
cells were harvested and subjected to anoikis induction.

Wound healing assay. Following 72 h of anoikis induc-
tion, the spheroid cells were collected and dispersed into
single-cell suspension. Cells were inoculated in 6-well plates
(I1x10° cells/well) and cultured in complete DMEM to form a
monolayer. A straight scratch line was made in the monolayer
using a pipette tip. The cell debris was gently removed with
PBS. The remaining adherent cells were cultured as a normal
adherent culture. The scratch width was measured at 0 and
24 h after scratching under a microscope.

Matrigel transwell assay. Following 72 h of anoikis
induction, the spheroid cells were harvested and adjusted
to a density of 5x10° cells/ml in serum-free DMEM. The
cells were seeded in the upper insert of a matrigel-coated
transwell plate (Millipore, Temecula, CA, USA) at a density
of 1x10°cells/well and cultured overnight for adhesion. The
next day, 1 ml of complete DMEM was added to the lower
chamber. After 48 h of culture, the cells remaining in the
upper insert were removed along with the medium. The
inserts were then fixed in 10% formaldehyde for 30 min and
stained with 0.1% crystal violet for 30 min. The number of
migrated cells was counted under a microscope. Five random
fields were counted for each well.

Cell viability assay. Following 72 h of anoikis induction,
the spheroid cells were collected and seeded in 96-well plates
at a density of 2x10* cells/well and cultured overnight for
adhesion. The cells were then treated with different concen-
trations (0.4, 0.8, 1, 2, 4, 8, 10, 15, and 20 uM) of cisplatin
(Sigma-Aldrich, St. Louis, MO, USA). Cells cultured without
cisplatin were used as the normalization control. After
incubation for 48 h, cell viability was determined using an
Enhanced Cell Counting Kit-8 (Beyotime Biotechnology,
Shanghai, China) as the manufacturer’s instructions. The
optical density at 450 nm was measured using a microplate
reader (Bio-Rad, Hercules, CA, USA). Percentage of cell
viability was calculated as (ODyeatment = ODptank)/(ODnormal —
ODpjani)-

Statistical analysis. Data were analyzed using GraphPad
Prism 7 software. Continuous variables are expressed as mean
+ standard error of mean (SEM). Comparisons between
two groups were performed using Student t test. Multiple
comparisons were performed using one-way ANOVA
followed by Tukey’s post hoc analysis. The significance of all
tests was set at p<0.05.

Results

HOTAIR expression is upregulated in anoikis-resis-
tant SKOV3 cells. First, we induced anoikis in SKOV3 cells
using a suspension culture system in ULA plates. The cells
grew into large and loose clusters with a smooth surface in
suspension culture (Figure 1A). As shown in Figure 1B, the
HOTAIR expression level increased in the suspension cells
in a time-dependent manner (p=0.0018), whereas its expres-
sion in the adherent culture cells did not change signifi-
cantly (p=0.9996). There was a significant difference in the
HOTAIR expression trend between the two groups (F=25.53,
p=0.0003). Following 72 h of suspension culture, the expres-
sion of HOTAIR in the suspension cells was significantly
higher than that in the adherent cells (p<0.01). The apoptotic
rate of both groups of cells increased with increased duration
in culture but the rate of increase of the suspension cells was
slower than that of the adherent cells (F=20.84, p=0.0006).
Moreover, the apoptotic rate of the suspension cells was
significantly lower than that of the adherent cells after 72h
of suspension culture (p<0.01). These results suggest that
SKOV3 cells attain anoikis resistance following the suspen-
sion culture. Moreover, this resistance is related to the upreg-
ulation of HOTAIR expression levels.

HOTAIR increased anoikis resistance and spheroid
formation of SKOV?3 cells. To further determine the effect of
HOTAIR expression on anoikis resistance, we inhibited the
HOTAIR expression in SKOV3 cells using siRNA technology
(Figure 2A). We then evaluated the cellular apoptotic rate of
the cells after 72 h of suspension culture. The apoptotic rate of
the si-HOTAIR group increased 3-fold more than that of the
non-interference control group (p<0.01; Figure 2B). These
results suggest that downregulation of the HOTAIR expres-
sion counteracts the effect of suspension culture and increases
the apoptosis of cells growing in suspension. Continuous
spheroid forming ability is an important indicator of self-
renewal ability. As shown in Figure 2C, compared to primary
cultures, the spheroid forming ability of the third passage
cells was enhanced in all groups (both p<0.01). However, the
spheroid formatting ability was significantly reduced in the
si-HOTAIR group compared to the control group (p<0.05).
The results further suggest that the HOTAIR expression is
associated with the regeneration ability of SKOV3 cells after
the loss of adhesion, and decreased levels of HOTAIR reduce
the ability to develop anoikis resistance.

HOTAIR is associated with the aggressiveness of
spheroid cells. The acquisition of anoikis resistance is a
prerequisite for ovarian cancer cells to survive in ascites and
develop distant metastasis and is related to drug resistance
[5, 6]. Next, we investigated the effect of HOTAIR levels on
the malignant characteristics of the spheroid cells. As shown
in Figure 3A, inhibiting HOTAIR expression limited cellular
migration ability. Compared to the cells in the control group,
fewer cells in the si-HOTAIR group migrated towards the
scratch (p<0.01). In addition, the invasiveness of spheroid
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Figure 1. HOTAIR expression is upregulated in anoikis resistant SKOV3 cells. A) Image of typical spheroids. Scale bar, 100 um. B) Relative HOTAIR
expression in suspension and adherent cells. C) Cellular apoptosis (%) in suspension and adherent cells. Error bars represent SEM from triplicate

experiments. **p<0.01.

cells also decreased following the inhibition of HOTAIR
expression. Compared to the cells in the control group, fewer
cells in the si-HOTAIR group invaded the matrigel layer
(p<0.01, Figure 3B). These results suggest that the suspension
culture cells have a weakened ability to degrade the extra-
cellular matrix and migrate to form new lesions following
inhibition of HOTAIR expression. Next, the chemoresis-
tance of the spheroid cells was evaluated. After 48 h of cispl-
atin treatment, cell viability of the si-HOTAIR group was
significantly lower than that of the control group (F=1510,

p<0.01, Figure 3C). The half-maximal inhibitory concentra-
tion (ICs,) of cisplatin in the si-HOTAIR group was 0.901 uM
(95% confidence intervals [CI]: 0.834-0.958 uM), which
was lower than that in the control group (1.829 uM, 95%
CI: 1.558-2.100 uM). We then examined the protein expres-
sion of representative EMT factors in different spheroid cells.
As shown in Figure 3D, the epithelial phenotype-related
molecules, N-cadherin, ZEB1, and TWIST, were downreg-
ulated in the si-HOTAIR group, whereas the mesenchymal
phenotype-related molecules, E-cadherin and ErbB, were
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Figure 3. HOTAIR expression is associated with the aggressiveness of spheroid cells. A) Migration ability of cells transfected with si-HOTAIR or si-NC.
Non-transfected cells were used as a control. B) Invasion ability of different cells. C) Cell viability following treatment with different concentrations
of cisplatin. D) Relative protein expression of representative EMT factors. Error bars represent SEM from triplicate experiments. *p<0.05 vs. control;

**p<0.01 vs. control

that is relevant to EMT. Similarly, a previous study reported
that EZH2 controls EMT and anoikis in colon cancer [25],
suggesting a connection between epigenetic regulation and
EMT. Our study clarifies the molecular mechanism by which
EZH2 expression and corresponding EMT-related events
are regulated by HOTAIR. Heat shock protein 90 (Hsp90) is
another joint regulator of EZH2 and EMT in prostate cancer
cells [26]. These studies indicate that epigenetic regulation
and EMT are relevant events. Therefore, targeting their
common triggers may be a potential strategy to improve
treatment outcomes in such cancers.

A recent study has shown that activation of phosphati-
dylinositol 3 kinase (PI3K) and AKT pathway is a key event
in the acquisition of anoikis resistance [4]. EZH2 is also
regulated by the PI3K/AKT pathway [25, 27]. HOTAIR can
work as competing endogenous RNA (ceRNA) to activate
the expression of PI3K regulatory subunit 3 (PIK3R3),
thus promoting the malignant characteristics of ovarian
cancer cells [28]. Therefore, the PI3K pathway may be the
signaling pathway that mediates the regulation of EZH2 by
HOTAIR. In addition, activation of the PI3K-AKT pathway
is associated with enhanced expression of Bcl-X;, RAB25,
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and tyrosine kinase receptor B (TrkB) [29-31]. Expression of
c-Met is required for anoikis resistance and its effect depends
on the crosstalk between the extracellular signal-regulated
kinase (ERK) 1/2 and PI3K pathways [18]. HtrAl is another
regulator of the AKT pathway and contributes to metastatic
suppression by promoting anoikis in ovarian cancer [32]. The
endocrine system also affects the level of anoikis. In human
ovarian cancer patients, enhanced adrenergic activity is
associated with increased phosphorylation of focal adhesion
kinase Y297 and lower levels of anoikis [33].

One of the main findings of this study is that HOTAIR
expression level is related to anoikis resistance acquired by
ovarian cancer cells. Previous studies have revealed several
mechanisms underlying the oncogenic role of HOTAIR.
HOTAIR promotes the expression of nuclear factor kappa-B
and interleukin 6, thereby regulating tumor cell aging and
chemoresistance [14]. By regulating the expression of
matrix metalloproteinases and EMT-related genes, HOTAIR
promotes lymph node metastasis and shortens overall
survival and disease-free survival in patients with epithelial
ovarian cancer [16]. HOTAIR also promotes ovarian cancer
progression by sponging microRNA (miRNA)-1, -214-3p,
-330-5p, -214, -217, -206, and -373 [28, 34-36]. Our study
highlights a potentially new mechanistic role for HOTAIR
in ovarian cancer, that is to improve the tolerance of tumor
cells to apoptosis due to inadequate cell-matrix interac-
tion. Similar results were reported in a study of glioma. The
IncRNA highly upregulated in liver cancer (HULC) plays
an oncogenic role and silencing HULC-induced anoikis
through the PI3K/AKT/mTOR pathway [37]. miR-26a was
reported to suppress hepatocellular carcinoma through
inducing anoikis [38]. Currently, there are limited reports on
the role of non-coding RNAs in anoikis and further research
is needed on this topic.

In our study, we only studied the effect of inhibition of
HOTAIR, mainly because HOTAIR is overexpressed in
ovarian cancer cells. In addition, inhibiting HOTAIR expres-
sion using siRNA is technically easier for us to implement.
Most of the related researches of HOTAIR also adopts the
same research strategy by interfering with HOTAIR expres-
sion. Although we did not study the effect of overexpressing
HOTAIR on the anoikis, its effect on other cellular pheno-
types can be found in the literature. Zhang et al. reported that
upregulation of HOTAIR enhanced cell viability in HeyC2
ovarian cancer cells [35]. Li et al. reported that overex-
pression of HOTAIR promoted cell viability and inhibited
apoptosis in cervical cancer cells (HeLa and C33A) [39]. It
can be inferred from these studies that overexpression of
HOTAIR may enhance the malignancy of tumor cells.

The ability to escape anoikis is essential for ovarian cancer
cells because cancer progression depends on the spread of
tumor cells along the peritoneum and malignant ascites.
Therefore, promoting anoikis may be an optimal choice for
the treatment of ovarian cancer. There have been a few pilot
studies in this area. Foretinib, a small-molecule inhibitor of

c-Met, suppresses the growth of xenograft tumors in nude
mice through the induction of anoikis [40]. Considering
the importance of the PI3K pathway activation in anoikis,
PI3K inhibitors may be expected to suppress tumorigenesis
by increasing anoikis. However, the development of PI3K
targeted drugs has been a challenge. Recently, the first drug,
aplelisib, was approved for the treatment of breast cancer [41].
Other candidate drugs are still in the preclinical or clinical
trial stage, but the prospect is worth looking forward to. In
summary, although the mechanism of tumor anoikis remains
to be clarified, it is a promising field for the development of
new treatment strategies. Our study provides new insights
into the crosstalk between anoikis and other key biological
mechanisms, as well as the identification of common regula-
tory factors.
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