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ABSTRACT HAS2 antisense RNA 1 (HAS2-AS1) is a long noncoding RNA that has increased
expression in mature granulosa cells (GCs) and contributes to cumulus expansion by regulat-
ing HAS2 expression. However, the roles of HAS2-AS1 during the pathological process of
polycystic ovary syndrome (PCOS) are still unclear. This study investigated the roles of
HAS2-AS1 in patients with PCOS. Here, a significant upregulation of HAS2-AS1 was found
in the primary GCs from patients with PCOS, which was positively correlated with the level
of the protein HAS2. The knockdown of HAS2 restored the upregulation of HAS2-AS1 in
promoting migration but could not restore the effects of HAS2-AS1 overexpression in pro-
moting proliferation and repressing apoptosis. Transforming growth factor b (TGF-b) upreg-
ulated HAS2-AS1 levels, while HAS2-AS1 functioned as a feedback inhibition factor repres-
sing TGF-b signaling by inhibiting TGF-b receptor type 2 (TGFBR2) expression. HAS2-AS1
bonded with EZH2 and guided the polycomb complex 2 to the TGFBR2 promoter region.
HAS2-AS1 overexpression induced H3K27 hypermethylation in the TGFBR2 promoter region
and then repressed TGFBR2 transcription in KGN cells and primary GCs. In conclusion, we
identified for the first time that HAS2-AS1 is upregulated in patients with PCOS and
represses TGF-b signaling via inducing TGFBR2 promoter region hypermethylation, which
allowed us to explore the pathological processes of PCOS.
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Polycystic ovary syndrome (PCOS) is a common metabolic and reproductive disorder
affecting 6% to 20% of women of reproductive age (1, 2). Patients with PCOS usually

have complex phenotypes, including reproductive comorbidities (irregular periods, abnormal
folliculogenesis, ovulatory dysfunction, and infertility) and metabolic disorders (insulin resist-
ance, elevated androgens, and cardiovascular disease). The etiology of PCOS is complex and
includes genetic, environmental, and epigenetic factors (3). Granulosa cells (GCs) are a group
of somatic cells which form a single layer around the oocytes and provide nutrients and
growth regulators for the oocytes (4). Emerging evidence indicates that GCs in PCOS patients
have abnormal proliferation (5). Furthermore, these GCs have been found more sensitive to
some hormones, like follicle-stimulating hormone (FSH), indicating that the dysregulation of
GCs may contribute to the pathophysiological processes of PCOS (6, 7).

Owing to the findings of high-throughput sequencing, most of the human genome is tran-
scribed into non-protein-coding RNAs (ncRNAs), which are mainly divided into long ncRNAs
(lncRNAs) and small ncRNAs (microRNA, PIWI-interacting RNA, and small nucleolar RNA).
Emerging evidence indicates that some of the ncRNAs play an important regulatory role
for maintaining healthy ovarian function, and abnormal expression of ncRNAs has been
found to be related to the pathogenesis of PCOS (8, 9).

HAS2 antisense RNA 1 (HAS2-AS1) is located on chromosome 8q24.13 and is transcribed
from the opposite strand of the HAS2 gene locus, which was first described in 2005 (10). The
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HAS2-AS1 transcript consists of four exons, and the presence of an alternative splicing site
inside exon 2 allows the generation of two splicing isoforms of different lengths (10, 11).
These two isoforms show perfect complementarity with a region starting about 70 bp from
the presumed transcription initiation site of human HAS2, allowing HAS2 mRNA and HAS2-
AS1 natural antisense to form a heteroduplex (11, 12). Initially, HAS2-AS2 was identified as a
suppressor for hyaluronan synthase 2 (HAS2) expression and of U2OS cell proliferation (10).
However, in 2011, HAS2-AS1 was found to be a positive regulator for HAS2 expression by
forming a double-strand RNA with HAS2 mRNA, which further stabilized HAS2 mRNA in renal
proximal tubular epithelial cells (12). Additionally, HAS2-AS1 also works in cis, regulating HAS2
transcription by altering the chromatin structure around the HAS2 proximal promoter via O-
GlcNAcylation and acetylation (13).

In reproduction systems, the level of HAS2-AS1 is very low in immature GCs but is
increased in mature GCs (14). Meanwhile, HAS2-AS1 modulates cumulus expansion
and migration by regulating HAS2 expression (14). HAS2-AS1 is overexpressed in ovar-
ian cancer and promotes cancer cell proliferation and migration (15). However, the
roles of HAS2-AS1 during the pathogenesis of PCOS are unknown.

The transforming growth factor b (TGF-b) signaling pathway plays key roles in maintain-
ing the normal physiological conditions of the placenta, and the TGF-b signaling is dysregu-
lated in patients with PCOS (16, 17). Meanwhile, the interaction between HAS2-AS1 and the
TGF-b signaling pathway has been partially reported. For example, HAS2-AS1 has been identi-
fied to be upregulated by TGF-b in renal proximal tubular epithelial cells (12). HAS2-AS1 has
been found positively correlated to the expression of TGF-b-induced epithelial-mesenchymal
transition markers in breast cancer (18). However, whether HAS2-AS1 is regulated by the
TGF-b signaling pathway in GCs is still unknown.

Additionally, it has been identified that HAS2-AS1 is involved in regulating TGF-b
signaling in breast cancer cells (18), phosphatidylinositol 3-kinase (PI3K)/Akt in glioma cells
(19), and NF-kB signaling in aortic smooth muscle cells (20). Meanwhile, these three signal-
ing pathways are usually dysregulated in patients with PCOS (21, 22). However, genes usually
play roles in a cell type-specific manner. So, whether HAS2-AS2 is related to these pathways in
granulosa cells is unknown.

In the present study, GCs were isolated from 76 patients with PCOS and 18 healthy con-
trols. The level of HAS2-AS1 was examined. The involvement of HAS2-AS1 in TGF-b , PI3K/Akt,
and NF-kB signaling pathways was examined in granulosa cells. HAS2-AS1 was confirmed to
be a multifunctional lncRNA that regulates mRNA degradation and histone methylation.

RESULTS
HAS2-AS1 is overexpressed in patients with PCOS and positively correlated with

HAS2 protein level. To explore whether HAS2-AS1 is involved in the pathogenesis of
PCOS, the HAS2-AS1 level was examined by reverse transcription-quantitative PCR (RT-qPCR)
in the GCs from 76 patients with PCOS and 18 healthy controls. As shown in Fig. 1A, the level
of HAS2-AS1 was significantly upregulated in the GCs from patients with PCOS compared
with healthy controls. It has been reported that HAS2-AS1 regulates HAS2 expression in U2OS
cells and renal proximal tubular epithelial cells through distinct mechanisms (10, 12). To under-
stand whether HAS2-AS1 regulates HAS2 expression in GCs, we examined the protein level of
HAS2 by immunoblotting analysis of GCs from patients with PCOS and controls. We observed
that the HAS2 protein level was significantly upregulated in GCs from patients with PCOS (Fig.
1B and C) and positively correlated with the HAS2-AS1 RNA level (Fig. 1D), suggesting that
HAS2-AS1 may regulate HAS2 expression in GCs.

HAS2-AS1 promotes GC proliferation andmigration and inhibits apoptosis through
regulating HAS2. To explore the biological function of HAS2-AS1 in GCs, HAS2-AS1-overex-
pressing KGN cells were generated. In addition, HAS2-AS1 was knocked down in KGN cells
by small interfering RNA (siRNA) transient transfection. As shown in Fig. 2A, the HAS2-AS1
level increased to 8.26-fold in the HAS2-AS1 overexpression cells and was reduced to 12.5%
by siHAS2-AS1. Immunoblotting results showed that HAS2 protein level was upregulated in
HAS2-AS1-overexpressing cells and downregulated in HAS2-AS1 knockdown cells, indicating
that HAS2-AS1 positively controlled HAS2 expression (Fig. 2B).
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Since GCs provide nutrients and growth regulators for oocytes, maintenance of a
healthy physiology condition is necessary for oocyte development (4). In addition, GCs have
been reported to migrate in response to human chorionic gonadotropin, which is important
for the formation of the corpus luteum (23, 24). To understand whether HAS2-AS2 regulates

FIG 2 HAS2-AS1 promotes migration and proliferation and inhibits apoptosis in GCs. (A to F) KGN cells were transfected with a HAS2-AS1 overexpression vector or
siRNA for 48 h, and then the cells were subjected to RT-qPCR (A), immunoblotting (B), transwell assay (C), MTT assay (D), and flow cytometry analysis (E and F). (G to J)
KGN cells were transfected with siHAS2 or control siRNA for 48 h, and then the cells were subjected to immunoblotting (G), transwell assay (H), MTT assay (I), and flow
cytometry analysis (J). Results were analyzed by paired Student's t test, and a P value of ,0.05 was considered significant. *, P , 0.05; **, P , 0.01.

FIG 1 HAS2-AS1 is overexpressed in patients with PCOS and positively correlated with HAS2 protein
level. (A) Primary granulosa cells were isolated from 76 PCOS patients and 18 healthy controls (NC). Total
RNAs were extracted, and the level of HAS2-AS1 was quantified by RT-qPCR. Results were analyzed by
using an unpaired t test, and a P value of ,0.05 was considered significant. (B) The protein level of HAS2
was examined by immunoblotting. (C) The relative HAS2 expression levels were quantified by using Image
J, and the results were analyzed with an unpaired t test. A P value of ,0.05 was considered significant. (D)
The correlation between HAS2-AS1 RNA level and HAS2 protein level in patients with PCOS was analyzed
by x2 analysis. A P value of ,0.05 was considered significant.
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GC migration, proliferation, and apoptosis, KGN cells were subjected to a transwell assay,
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTT) assay, and flow cytometry to examine the cell migration capacity, cell viability, apoptosis,
and cell cycle. As shown in Fig. 2C to E, HAS2-AS1-overexpressing cells had increased
migration, upregulated viability, and reduced apoptosis. In contrast, HAS2-AS1 knockdown
cells had reduced migration, inhibited cell viability, and increased apoptosis. Meanwhile,
more HAS2-AS1-overexpressing KGN cells were distributed in the S phase, while more
HAS2-AS1 knockdown cells were distributed in the G0-G1 phase (Fig. 2F).

Through Northern blotting, we determined that the longer isoform of HAS2-AS1 (HAS2-
AS1-L) was the main isoform expressed in primary GCs and KGN cells (Fig. 2G). To understand
the function of these two HAS2-AS1 isoforms, KGN cells were transfected with one isoform of
HAS2-AS1. We noticed that both HAS2-AS1 isoforms upregulated migration and proliferation
and inhibited apoptosis in KGN cells (data not shown). However, no significant difference was
found between the HAS2-AS1-L and short (HAS-AS1-S) groups (data not shown). So, the sub-
sequent research focused on the HAS2-AS1 longer isoform.

To identify whether HAS2-AS1 promoted cell migration proliferation and inhibited
apoptosis through upregulating HAS2, KGN cells were transfected with HAS2-specific
siRNA to knock down the endogenous HAS2 protein level, and then the cells were sub-
jected to a transwell assay, MTT assay, and flow cytometry. As shown in Fig. 2H, the HAS2
protein level was significantly reduced by siHAS2. siHAS2 significantly repressed the number
of migrated cells (Fig. 2I). However, siHAS2 did not restore the function of HAS2-AS1 in terms
of cell viability and apoptosis (Fig. 2J and K), suggesting that HAS2-AS1 promotes cell prolif-
eration and inhibits apoptosis through a HAS2-independent manner.

To examine whether HAS2-AS1-related cell proliferation and apoptosis occurs through
an HA-related signaling pathway, HAS2-AS1-overexpressing or knockdown KGN cells were
cultured in medium containing HA for 48 h. As shown in Fig. 3, HAS2-AS1 promoted KGN
cell proliferation and inhibited apoptosis without changing the CD44 protein level, indicating
that HAS2-AS1 regulated cell proliferation and apoptosis via an HA- and HA receptor-inde-
pendent pathway.

HAS2-AS1 repressed TGF-b signaling by inhibiting TGFBR2 expression. To understand
the mechanisms of how HAS2-AS1 controls proliferation and apoptosis in granulosa cells,
HAS2-AS1 was transiently overexpressed or knocked down in KGN cells. Key components in
the Akt, NF-kB, and TGF-b signaling pathways were examined by using immunoblotting.
We observed that the levels of phosphorated PI3K and Akt were not significantly altered
(data not shown). Meanwhile, in lipopolysaccharide-treated KGN cells, the levels of phospho-
rylated NF-kB and IkBa were not significantly changed (data not shown), indicating that
HAS2-AS1 is not involved in the Akt and NF-kB signaling pathway. We noticed that the
TGF-b receptor type 2 (TGFBR2) level was repressed by HAS2-AS1 and upregulated by
HAS2-AS1 siRNA (Fig. 4A). Additionally, the HAS2-AS1 level was significantly upregulated
from 2 to 48 h after TGF-b treatment (Fig. 4B), suggesting some interactions between TGF-
b signaling and HAS2-AS1 in GCs.

FIG 3 HAS2-AS1 regulates proliferation and apoptosis in a HA/HA receptor-independent manner.
KGN cells were transfected with HAS2-AS1 expression vector or siHAS2 and then cultured in medium
containing hyaluronic acid (HA) (molecular weight 5 kDa, 100 nM) for 48 h. The cells were then
subjected to MTT assay (A), flow cytometry analysis (B), and immunoblotting (C).
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To understand whether HAS2-AS1 inhibits TGF-b signaling through repressing TGFBR2
expression, HAS2-AS1-overexpressing and wild-type KGN cells were treated with TGF-b for
up to 6 h and then the cells were subjected to immunoblotting. As shown in Fig. 4C, the levels
of phosphorylated SMAD2 and SMAD3 were increased in wild-type cells at 1 h and 6 h after
treatment. However, no significant upregulation of p-SMAD2 and p-SMAD3 was observed in
HAS2-AS1-overexpressing cells. Meanwhile, significantly reduced CDKN1A and CDKN1B and
upregulated c-MYC were found in HAS2-AS1-overexpressing cells (Fig. 4D). When we exam-
ined the cell cycle by using flow cytometry, we found that 12% more HAS2-AS1-overexpress-
ing cells switched from G0/G1 phase to S phase compared with control cells (Fig. 4E). When
TGFBR2 was knocked down, the cell cycle distribution was similar in HAS2-AS1-overexpressing
and control cells.

HAS2-AS1 regulates TGFBR2 promoter region hypermethylation by binding with
EZH2. It has been reported that lysine 27 on histone 3 (H3K27) in the promoter region of
TGFBR2 can be methylated by EZH2, which is related to TGFBR2 expression repression
(25, 26). In addition, several lncRNAs have been reported to bind with EZH2 and contrib-
ute to the hypermethylation of target gene promoter regions. So, we hypothesized that
HAS2-AS1 regulates TGFBR2 through binding with EZH2, which further induces hyper-
methylation of the TGFBR2 promoter region.

To confirm this hypothesis, endogenous EZH2 in KGN cells was knocked down by EZH2-
specific siRNAs, and then the expression of TGFBR2 was detected by immunoblotting. As
shown in Fig. 5A, the total H3K27me3 level was reduced in EZH2 knockdown cells and in
cells treated with the EZH2 inhibitor 3-deazaneplanocin A (DZNep). Meanwhile, the level of
TGFBR2 was increased, indicating that EZH2 regulates TGFBR2 expression through inducing
hypermethylation. To understand whether HAS2-AS1 regulates TGFBR2 expression through
regulating the hypermethylation of the promoter region, the H3K27me3 level was detected
in HAS2-AS1-overexpressing and knockdown cells. As shown in Fig. 5B, HAS2-AS1 overex-
pression upregulated the H3K27me3 level while HAS2-AS1 knockdown reduced the

FIG 4 HAS2-AS1 inhibits TGF-b signaling by repressing TGFBR2. (A) KGN cells were treated with 1 ng/mL TGF-b . The relative HAS2-AS1 level was quantified by RT-
qPCR at different time points. (B) KGN cells were transfected with HAS2-AS1 overexpression vector or siHAS-AS1 for 48 h. The expression levels of TGF-b1,
TGF-b2, TGF-b3, TGFBR1, and TGFBR2 was examined by immunoblotting, with the level of GAPDH as a loading control. (C) Control and HAS2-AS1-overexpressing
KGN cells were treated with 1 ng/mL TGF-b1 for 1 h or 6 h. The levels of TGFBR1, TGFBR2, SMAD2, SMAD3, p-SMAD2, and p-SMAD3 were examined by
immunoblotting, with the level of GAPDH as a loading control. (D) The mRNA level of CDKN1A, CDKN1B, and c-MYC were examined by RT-qPCR. (E) The HAS2-AS1
overexpression vector and siTGFBR2 were cotransfected into KGN cells for 48 h, and then the cells were subjected to flow cytometry analysis. Results were analyzed
by one-way ANOVA, and a P value of ,0.05 was considered significant. *, P , 0.05; **, P , 0.01.
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H3K27me3 level without changing the EZH2 protein level, suggesting that HAS2-AS1 may
function as a cofactor of EZH2, guiding EZH2 to methylate the promoter regions of target
genes.

To identify whether HAS2-AS1 regulates the binding of EZH2 to the TGFBR2 promoter
region and induces H3 hypermethylation, a chromatin immunoprecipitation-PCR (ChIP-PCR)
assay was used to determine how much DNA in the TGFBR2 promoter region (Fig. 5C) was
bound by EZH2 and hypermethylated H3. As shown in Fig. 5D, EZH2 was successfully
enriched by EZH2 antibody in both control and HAS2-AS1-overexpressing KGN cells. Three
segments of the TGFBR2 promoter region were enriched by EZH2 antibody in both control
and HAS2-AS1-overexpressing cells, indicating that EZH2 binds to the TGFBR2 promoter
region. Furthermore, EZH2 antibody enriched more TGFBR2 promoter segments in HAS2-
AS1-overexpressing cells, indicating that EZH2 functions as a cofactor guiding EZH2 to the
promoter region of TGFBR2. Similarly, H3K27me3 was successfully enriched by H3K27me3
antibody compared with mouse IgG (Fig. 5E). Three segments of the TGFBR2 promoter
region were enriched by H3K27me3 antibody in both control and HAS2-AS1-overexpressing
cells. Meanwhile, H3K27me3 antibody enriched more TGFBR2 promoter segments in HAS2-
AS1-overexpressing cells, indicating that HAS2-AS1 upregulated the hypermethylation level
of the TGFBR2 promoter region (Fig. 5E).

To confirm the interaction between HAS2-AS1 and EZH2 and identify the EZH2-binding
sites on HAS2-AS1, four overlapping segments of HAS2-AS1 were transcribed in vitro for an
RNA pulldown assay (Fig. 6A). We observed that only segment 1 could successfully recruit
EZH2 from the cell lysate (Fig. 6B). It has been reported that EZH2 preferably binds to G-
quadruplex RNA sequences (27). So, we predicted the G-quadruplex domains in the first seg-
ment of HAS2-AS1 by using the G4RNA screener web server (https://bioinformatics.ramapo
.edu/QGRS/index.php) (28) and then constructed a plasmid expressing a truncated form of
HAS2-AS1, without the 142-bp sequence containing the first two G-quadruplex domains
that had the highest G-score (Fig. 6C and D). Through the RNA pulldown assay, we con-
firmed that the truncated HAS2-AS1 could not bind with EZH2 (Fig. 6E), indicating that
EZH2 binds with this 142-bp segment of HAS2-AS1. To investigate whether HAS2-AS1 mod-
ulates proliferation, apoptosis, and the cell cycle of granulosa cells via the interaction of
HAS2-AS1 and EZH2, HAS2-AS1D was overexpressed in wild-type or HAS2-AS1wt knockdown

FIG 5 HAS2-AS1 regulates TGFBR2 expression through modulating promoter region hypermethylation. (A) KGN cells were transfected
with EZH2-specific siRNAs or treated with DHZep for 48 h, and then the cells were subjected to immunoblotting. The relative gene
expression levels were quantified with ImageJ, and the results were analyzed by a one-way ANOVA. (B) Immunoblotting to examine
the EZH2, H3K27me3, and TGFBR2 levels in HAS2-AS1 overexpression or knockdown KGN cells. The relative gene expression levels
were quantified with ImageJ, and the results were analyzed with a one-way ANOVA. (C) Schematic diagram of the TGFBR2 promoter
region and primer design. (D) ChIP assay with EZH2 antibody. The enrichment of EZH2 was confirmed by immunoblotting, and the
enrichment of the TGFBR2 promoter region was examined by RT-qPCR. (E) ChIP assay with H3K27me3 antibody. The enrichment of
EZH2 was confirmed by immunoblotting, and the enrichment of the TGFBR2 promoter region was examined by RT-qPCR. Results were
analyzed by Student's t test, and a P value of ,0.05 was considered significant. *, P , 0.05; **, P , 0.01.
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KGN cells (Fig. 7A). As shown in Fig. 7B, HAS2-AS1D did not repress TGFBR2 expression, and
HAS2-AS1D overexpression could not rescue the repressive effect of siHAS2-AS1wt on TGFBR2
expression. Meanwhile, HAS2-AS1D-overexpressing KGN cells had similar viability, apoptotic
cell proportions, downstream gene expression levels, and cell cycles as the controls, and
HAS2-AS1D could not rescue the phenotypes of siHAS2-AS1wt-treated cells (Fig. 7C to F).
These results indicate that the binding of HAS2-AS1 and EZH2 is necessary for the function
of HAS2-AS1 in regulating cell viability, apoptosis, and the cell cycle.

HAS2-AS1 binds with EZH2 and colocalizes with EZH2 in the cell nucleus. To further
confirm that EZH2 can bind with HAS2-AS1 in granulosa cells, the cell nucleus and
cytoplasm were separated from KGN cells, and these cell fractions were subjected to
RNA extraction, RT-qPCR, and immunoblotting. As shown in Fig. 8A, the cell nucleus-localized
RNA MALAT1 was specifically detected in the nucleus fraction, and the cytoplasm-localized RNA

FIG 7 Binding with EZH2 is necessary for HAS2-AS1 function in regulating TGFBR2 expression, cell viability, apoptosis, and the cell cycle. HAS2-AS1D was
overexpressed in wild type or HAS2-AS1wt knockdown KGN cells. (A) Expression of HAS2-AS1D and HAS2-AS1wt was detected by Northern blotting. (B) The protein
level of TGFBR2 was determined by immunoblotting. (C and D) Cell viability was detected by MTT assay, and apoptotic cells were examined by flow cytometry analysis
(D). (E and F) The expression levels of CDKN1A, CDKN1B, and c-MYC were detected by RT-qPCR (E), and the cell cycle was examined by flow cytometry (F). Results
were analyzed by a one-way ANOVA, and P values of ,0.05 were considered significant. *, P , 0.05; **, P , 0.01.

FIG 6 EZH2 binds with G-quadruplex domains of HAS2-AS1. (A) Schematic diagram of four overlapping segments of the
HAS2-AS1 longer isoform. (B) RNA pulldown assay with four segments of HAS2-AS1. (C) Predicted G-quadruplex domains
in the first segment of HAS2-AS1. (D) Schematic diagram of truncated HAS2-AS1 first segment construction. Red letters
indicate G-quadruplex domains. Deleted nucleotides are labeled with gray shade. (E) RNA pulldown assay with wild-type
HAS2-AS1 or HAS2-AS1 with the binding region deleted.
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7SL was mainly detected in the cytoplasmic fraction, which confirmed the fractionation quality.
HAS2-AS1 was detected in both cytosol and nucleus, like glyceraldehyde-3-phosphate dehydro-
genase (GAPDH), indicating that HAS2-AS1 was distributed in both the cell nucleus and cyto-
plasm. Similarly, Lamin B protein was mainly observed in the nucleus, while a-tubulin was
mainly found in the cytosol, indicating that cell fraction isolation was successful (Fig. 8B). EZH2
was observed mainly in the nucleus (Fig. 8B), providing a spatial colocalization potential of
HAS2-AS1 and EZH2. Subsequent results in an RNA antisense purification (RAP) assay with cell
nucleus extracts showed that HAS2-AS1 was enriched more than 12-fold by the HAS2-AS1-spe-
cific probe (Fig. 8C). EZH2 and not SUZ12 was enriched by the HAS2-AS1 probe at the
same time, suggesting that HAS2-AS1 may bind with EZH2 in the cell nucleus (Fig. 8C). In
contrast, an RNA immunoprecipitation-PCR assay was used to confirm binding between
HAS2-AS1 and EZH2. As shown in Fig. 8D, EZH2 was enriched by EZH2 antibody. Meanwhile,
HAS-AS1 was recruited by EZH2 antibody, indicating that EZH2 can bind with HAS2-AS1 in
KGN cells. Finally, the localizations of EZH2 and HAS2-AS1 in KGN cells were examined by
immunofluorescence. As shown in Fig. 8E, EZH2 and HAS2-AS1 colocalized in the cell nucleus.

HAS2-AS1 regulates TGFBR2 expression in primary GCs bymodulating H3K27me3
in the promoter region. To further confirm our findings in primary GCs, we isolated
and cultured primary GCs from 5 patients with PCOS and 5 healthy controls. We examined
the expression of HAS2-AS1, HAS2, TGFBR2, and H3K27m3 in the TGFBR2 promoter region.
The results indicated that the levels of HAS2-AS1 and HAS2 were both increased in GCs from
patients with PCOS (Fig. 9A and B), and the TGFBR2 level was downregulated (Fig. 9B). The
H3K27me3 level was increased in the promoter region of TGFBR2 (Fig. 9C and D), which may
have been a result of increased colocalization of HAS2-AS1 and EZH2 (Fig. 9E). Knockdown
HAS2-AS1 repressed HAS2 expression and increased the TGFBR2 level in the primary GCs (Fig.
9F and G). Primary GCs from patients with PCOS exhibited increased S-phase cell numbers
(Fig. 9H), migration capacity (Fig. 9I), and viability (Fig. 9J) and repressed apoptosis (Fig. 9K).

DISCUSSION

HAS2-AS1 has been found to regulate the HAS2 protein level, but the processes can be in
totally different manners in different cell types. In the normal reproduction system, the level of
HAS2-AS1 is very low in immature GCs but is increased in mature GCs (14). However, the

FIG 8 HAS2-AS1 binds with EZH2 and colocalizes with EZH2 in the cell nucleus. (A) RNA was isolated from the whole
KGN cells or from cytoplasm and nucleus separately. The relative levels of HAS2-AS1, MALAT1, and GAPDH were
determined by RT-qPCR. (B) The nuclear and cytosol fractions were isolated from KGN cells, and then the EZH2 level
was detected by immunoblotting. (C) RAP assay. Biotin-labeled HAS2-AS1-specific DNA probe was incubated with KGN
cell lysate to recruit endogenous HAS2-AS1. The HAS2-AS1 was precipitated by streptavidin beads. The enrichment of
HAS2-AS1 was confirmed by RT-qPCR, and the HAS2-AS1 binding proteins were subjected to immunoblotting. (D) RIP
assay. EZH2- and EZH2-binding RNAs were recruited by antibody-coated beads and then subjected to immunoblotting
and RT-qPCR. (E) The colocalization between endogenous HAS2-AS1 and EZH2 was examined by in situ hybridization combined
with immunofluorescence. Results were analyzed by Student's t test, and a P value of ,0.05 was considered significant.
*, P , 0.05; **, P , 0.01.

Altered HAS2-AS1 Is Related to Polycystic Ovary Syndrome Molecular and Cellular Biology

September 2022 Volume 42 Issue 9 10.1128/mcb.00107-22 8

https://journals.asm.org/journal/mcb
https://doi.org/10.1128/mcb.00107-22


function of HAS2-AS1 in the pathophysiological processes of PCOS is totally unknown. In the
present study, we identified that HAS2-AS1 is overexpressed in patients with PCOS and posi-
tively regulated by HAS2 protein levels in GCs. To our understanding, this is the first report
demonstrating the roles of HAS2-AS1 in PCOS, which unveiled the regulatory relations
between HAS2-AS1 and HAS2 in GCs.

Emerging evidence indicates that the TGF-b signaling pathway plays critical roles in
maintaining the normal physiological conditions of the placenta, while dysregulated TGF-b
signaling has been found disordered in patients with PCOS. For example, genetic studies have
constructed the linkage between PCOS and a polymorphism in intron 55 of the fibrillin 3
gene, which was considered to bind with and inactivate TGF-bs (29, 30). Meanwhile, upreg-
ulated follistatin and downregulated activin in serum has been observed in patients with
PCOS (16, 17). Our previous study also confirmed that the TGF-b signaling pathway was
repressed in the GCs from patients with PCOS (31). In the present study, we confirmed that
HAS2-AS1 upregulation is related to GC dysfunction through repressing TGF-b signaling,
and this successfully constructed the correlation between the disordered HAS2–AS1–TGF-b
axis and the etiology of PCOS.

The phenomenon of inhibition of HAS2-AS1 results in HAS2 expression reduction and
decreases migration of granulosa cells as reported by Yuval Yung and colleagues in 2019 (14).
Our research confirmed these findings in KGN cells. Furthermore, we identified that HAS2-AS1
regulates GC proliferation, apoptosis, and cell cycle distributions through a HAS2-independent
pathway. Most recently, the HAS2-independent functions of HAS2-AS1 were observed by
Arianna Parnigoni and colleagues in breast cancer cells (32). They confirmed in estrogen re-
ceptor-negative breast cancer cells that HAS2-AS1 inhibits breast cancer cell aggressiveness
via modulating several signaling pathways, such as TGF-b and PI3K-Akt (32). TGF-b has been
found to regulate HAS2-AS1 expression in proximal tubule cell (PTC), but whether HAS2-AS1
regulates TGF-b signaling as a feedback mechanism is unknown. In the present study, we
identified for the first time that HAS2-AS1 functioned as a TGF-b signaling repressor by regu-
lating the hypermethylation of the TGFBR2 promoter region. We determined that upregulated

FIG 9 HAS2-AS1 regulates TGFBR2 expression in primary GCs. (A to E) Primary GCs from 5 controls and 5 patients with PCOS were cultured in
vitro and then subjected to RT-qPCR (A), immunoblotting (B), ChIP assay (C and D), and immunofluorescence (E). (F and G) Primary GCs from
patients with PCOS were transfected with siHAS2-AS1 for 48 h and then subjected to RT-qPCR (F) and immunoblotting (G). (H to K) Primary GCs
from 5 controls and 5 patients with PCOS were cultured in vitro and then subjected to flow cytometry for cell cycle analysis (H), migration assay
(I), MTT assay (J), and flow cytometry for apoptosis analysis (K). Results were analyzed by Student's t test, and P values of ,0.05 were considered
significant. *, P , 0.05; **, P , 0.01.
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HAS2-AS1 repressed TGFBR2 expression through enhancing the hypermethylation level of the
promoter region, which functioned like a negative feedback mechanism.

It has been found that HAS2-AS1 can promote histone O-GlcNAcylation and increase the
accessibility index of the proximal promoters of both HAS2 and HAS2-AS1, indicating that
HAS2-AS1 has the potential to regulate multiple gene expression via modulating chromatin
structure (13). EZH2 and SUZ12 are two key components of polycomb repressive complex 2
(PRC2) that have been determined to have RNA-binding motifs (33). Meanwhile, some
lncRNAs have been reported to recruit PRC2 to specific sites for epigenetic repression via
binding with EZH2 or SUZ12 (34–36). In the present study, we identified for the first time
that HAS2-AS1 colocalizes with EZH2 in the nucleus and interacts with EZH2 not SUZ12 in
GCs, which further induces promoter region hypermethylation of TGFBR2 (Fig. 10). These
findings expand our knowledge of HAS2-AS1.

There are still limits of this research: (i) The underlying mechanism of how HAS2-
AS1 guides PRC2 to the TGFBR2 promoter region needs to be further unveiled. (ii)
HAS2-AS1 may guide PRC2 to several target sites in the genome and not only TGFBR2.
All target sites of HAS2-AS1 need to be identified by high-throughput methods.

In conclusion, this study determined that HAS2-AS1 overexpression contributes to GC
dysfunction by regulating HAS2 expression and TGF-b signaling, which partially unveiled
the mechanism of the pathophysiological processes of PCOS.

MATERIALS ANDMETHODS
Participants. Seventy-six patients with PCOS and 18 healthy women were recruited at The Second

Affiliated Hospital of Zhengzhou University. They were diagnosed to have healthy ovaries and did not have male

FIG 10 Schematic diagram of HAS2-AS1 function in GCs.

TABLE 1 Basic clinical features of participants

Clinical featurea Controls (n = 18) PCOSb (n = 76)
Age (yrs) 29.636 6.42 28.446 2.93
BMI (kg/m2) 22.426 4.66 24.456 5.73
Total T (nmol/liter) 1.336 0.41 2.886 0.92*
Free T (pmol/liter) 19.076 5.12 42.336 9.43**
E2 (nmol/liter) 0.226 0.115 0.236 0.164
SHBG (nmol/liter) 52.416 6.23 50.126 8.16
DHEAS (mmol/liter) 4.526 0.65 5.476 1.08
FSH (IU/liter) 6.026 1.12 6.016 1.67
LH (IU/liter) 5.866 1.71 6.186 1.87
Prolactin (ng/mL) 13.026 1.32 12.476 1.93
Fasting insulin (mIU/mL) 8.746 3.17 11.836 5.54*
Fasting glucose (mmol/liter) 5.456 0.75 6.086 1.13
Menstrual cycle (days) 29.136 5.54 44.226 9.64*
Normal menstrual cycle 18/18 33/76
aT, testosterone; E2, estradiol; SHBG, sex hormone-binding globulin; DHEAS, dehydroepiandrosterone-sulfate;
FSH, follicle stimulating hormone; LH, luteinizing hormone.

bValues for PCOS subjects were significantly different: *, P, 0.05; **, P, 0.01.
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factor infertility. Written informed consent was obtained from all participants and this study was approved by the
Ethics Committee of The Second Affiliated Hospital of Zhengzhou University. The revised diagnostic criteria of
the 2003 Rotterdam meeting (37) were used to identify the PCOS phenotypes, which necessitated the inclusion
of at least two of the following criteria: (i) signs of clinical and/or biochemical hyperandrogenism, (ii) oligo and/or
anovulation, and (iii) polycystic ovaries. Healthy women (n = 18) with normal menstruation were recruited as con-
trols. The clinical characteristics of all participants are shown in Table 1.

Clinical and biochemical measurements. A physical examination was performed, including weight,
height, and body mass index (BMI, in kilograms per square meter). After 10 h of fasting, blood samples
were collected, and the serum samples were separated by centrifugation and stored at 220°C prior to
analysis. The serum hormone levels, including follicle-stimulating hormone (FSH), sex hormone-binding
globulin (SHBG), estradiol (E2), luteinizing hormone (LH), testosterone (T), dehydroepiandrosterone-sul-
fate (DHEAS), prolactin, and insulin, were measured using enzyme-linked immunosorbent assay kits
(Abcam, Cambridge, MA, USA).

Follicular fluid and granulosa cell collection. Human granulosa cells were obtained from follicles
(diameters of .12 mm) from all participants. Follicular fluid of 2 follicles from the same participant was col-
lected for granulosa cell isolation. After filtration using a 40-mm cell strainer (Fisher Scientific, Pittsburgh, PA,
USA), the blood cells were excluded after sorting using CD45 microbeads (Miltenyi Biotec, Bergisch Gladbach,
NRW, Germany). The cells were collected after centrifugation and stored at 280°C for further experiments.
Primary GCs separated from 5 healthy controls were cultured for functional study.

Cell culture and treatment. Human granulosa-like tumor cell line KGN and primary granulosa cells
were maintained in Dulbecco's modified Eagle medium (DMEM)-F12 containing 10% fetal bovine serum
(HyClone), 100 IU/mL penicillin, and 100 IU/mL streptomycin (HyClone). All cells were maintained at 37°C under
an atmosphere of 5% CO2.

To examine whether HAS2-AS1 expression is regulated by TGF-b , 1 ng/mL TGF-b1 (Thermo Fisher Scientific)
was added to the cell culture medium directly, and then the cells were collected at 0, 2, 4, 6, 8, 12, 24, and 48 h.
The cells were then subjected to RNA extraction, and the HAS2-AS1 levels were examined by RT-qPCR.

Vector construction. The full lengths of HAS2-AS1-L and HAS2-AS1-S were amplified by RT-PCR and
then cloned into a pcDNA3.1 vector between the NheI and ApaI sites, respectively. Primers were the following:
HAS2-AS1-NheF, CTAGCTAGCAATTGCTCCTGAGACCCAACAGG; HAS2-AS1-ApaR, GCGGGCCCGCATTTATTATTAC
TTCAAATGACTTAA.

Cell transfection. The cells were seeded at a density of 2 � 105/mL, and the medium was then replaced
with fresh DMEM-F12 without antibiotics.

The vectors were transfected into KGN cells and primary GCs by using an electroporator (Lonza) with
a P1 Primary Cell 4D-nucleofector X kit. siRNAs (50 nM) were transfected into KGN cells and primary GCs by
using Lipofectamine 2000 (Thermo Fisher Scientific) following the manufacturer’s instructions. At 48 h post-
transfection, the cells were harvested by mild trypsinization and washed in phosphate-buffered saline.

The siRNA sequences were the following: SiHAS2-AS1, GGAACUGCCGUGACGAAUUTT; SiHAS2, GGAAGAUUG
GUACAAUCAAGAAUTT; SiTGFBR2, GAACUGAUGCUUCCUGGAAAACCAA; Sicontrol, CACCUCUAGUUGUCCCUGATT.

In vitro transcription. The full-length HAS2-AS1, with EZH2 binding sites deleted, HAS2-AS1(HAS2-
AS1D), and four segments of HAS2-AS1 were amplified by RT-PCR with forward primers containing T7 pro-
moter sequence (TAATACGACTCACTATAGGG) and then purified after electrophoresis. Biotin-labeled RNAs
were obtained by using T7 RiboMAX Express large-scale RNA production system (Promega) with biotin-16-UTP
(Sigma). The RNA concentration and purity were determined using a model ND-2000 spectrophotometer
(Nanodrop Technologies, Wilmington, DE, USA).

RNA pulldown. For RNA pulldown assay, 1 mg of protein extract was diluted with NT2 buffer
(50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1 mM MgCl2, 0.05% NP-40 supplemented with fresh RNaseOut [200 U],
400 mM ribonucleoside vanadyl complex (RVC), 1 mM dithiothreitol [DTT], 20 mM EDTA, and protease inhibitor
cocktail) and then incubated with 50 pmol biotin-labeled RNA at 4°C for 2 h. After 1 h of incubation with strepta-
vidin beads, the RNA protein complexes were washed with NT2 buffer 6 times. The enriched proteins were then
subjected to immunoblotting.

RNA extraction. TRIzol reagent (Invitrogen) was used to extract RNA from all the samples, according
to the manufacturer’s instructions. Briefly, samples were resuspended with 100 mL phosphate-buffered saline
(PBS) and thenmixed with 1mL TRIzol. After mixing with 200mL chloroform and centrifugation, the supernatants
were transferred into a new tube and the RNAs were precipitated by isopropanol. The RNA pellets were washed
by 70% ethanol and then resolved. The RNA concentration and purity were determined using a model ND-2000
spectrophotometer (Nanodrop Technologies, Wilmington, DE, USA). Only samples with absorbance ratios at
260 nm/280 nm of;2.0 and at 260 nm/230 nm of 1.9 to 2.2 were considered for inclusion in the study.

Northern blotting. Five micrograms of total RNA was resolved on a 1% agarose–6.5% formaldehyde
gel and electrophoretically transferred to nylon membranes (Sigma). After UV-cross-linking and baking at 80°C
for 30 min, the membrane was prehybridized at 42°C for 4 h and then hybridized with digoxigenin-labeled
HAS2-AS1-specific probe at 40°C overnight. After four washes, HAS2-AS1 was detected with an alkaline phos-
phatase-conjugated antidigoxigenin antibody (Sigma) with CDP-Star substrate (Thermo Fisher Scientific). The
HAS2-AS1 probe had the following sequence: CTTGCAAGACCTGTGTCCTATTACACAGTCTTAGGTGCCAGTTCCC.

Quantitative RT-PCR. The HAS2-AS1 level was quantified by RT-PCR using SYBR green real-time PCR
master mix (Thermo Fisher Scientific), with the GAPDH level as a loading control. Results were analyzed
by Student's t test. Each sample in each group was measured in triplicate, and the experiment was repeated
three times. Primer sequences were the following: HAS2-AS1-QF, GGTGTCCTTGAGTCCAAGTATT; HAS2-AS1-
QR, TGCAAGACCTGTGTCCTATTAC; MALAT1-QF1, GCTCAGTTGCGTAATGGAAAG; MALAT1-QR1, GTGTTCTCTT
GAGGGACAGTAG; GAPDH-QF, GGTGTGAACCATGAGAAGTATGA; GAPDH-QR, GAGTCCTTCCACGATACCAAAG;
TGFBR2-promoter-1F, CAGCTGAAAGTCGGCCAAAG; TGFBR2-promoter-1R, AGCCCCTAGCTCTCTCGTAG; TG
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FBR2-promoter-2F, GCAAGGAGAAGCCAAATGAAAG; TGFBR2-promoter-2R, CTTCCCACTGCTCTTGAGATAAA;
TGFBR2-promoter-3F, CTCGGTCTATGACGAGCAG; TGFBR2-promoter-3R, ACTCACCCGACTTCTGAAC; HPRT1-
QF, TGTTTGGGCTATTTACTAGTTG; HPRT1-QR, ATAAAATGACTTAAGCCCAGAG; 7SL-QF, GCACTAAGTTCGGCA
TCAATATG; 7SL-QR, AGTGCAGTGGCTATTCACAG.

Immunoblotting. All protein samples were denatured by boiling in sodium dodecyl sulfate–
b-mercaptoethanol loading buffer, and then 20-mg samples were separated using a 10% PAGE gel. The
proteins in the gels were blotted onto a polyvinylidene fluoride membrane (Amersham Pharmacia
Biotech, St. Albans, Herts, UK) by electrophoretic transfer and then incubated with one of the primary
antibodies overnight at 4°C after blocking by 5% nonfat milk. The membranes were incubated with
horseradish peroxidase-conjugated secondary antibody for another 2 h at room temperature, and then
the signals were detected by using an ECL kit (Pierce, Appleton, WI, USA). The GAPDH signal was used as
a loading control. Each sample was examined at least twice, and representative results are shown.

Transwell assay. A typical transwell assay (Costar; 6.5-mm diameter, 8-mm pore size) was used to
examine the cell migration capacity. Briefly, 3 � 104 cells in 200 mL serum-free medium were seeded to
the top chamber and 500 mL medium with 5% serum was added to the bottom. After 12 h, filters were
then submerged in 4% paraformaldehyde for 15 min, and cells on the upper surface were removed with
cotton swabs. The cells on the lower surface were stained with hematoxylin-eosin. Ten random fields
were selected to determine the average number of cells per view field. The experiments were repeated
independently at least three times, and representative results are shown.

RAP assay. Total cell extracts were incubated with a 57-bp biotin-labeled HAS2-AS1-specific probe,
59-AACGGCGGGGAAGGAGAAGTCAAGACGTCTGGAAAGAATTACCCAGTCCTGGCTTCG-39, or a sequence-
scrambled probe, TCAACCTTTACACCGATCCTGGGTAATTCTTTCCAGACGTAGATTAGCCAGGTGCAA at 4°C for
4 h. The hybridized material was captured with magnetic streptavidin beads (Thermo Fisher Scientific). After six
washes with wash buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1 mM MgCl2, 0.05% NP-40 supplemented
with fresh RNaseOut [200 U], 400 mM RVC, 1 mM DTT, 20 mM EDTA, and protease inhibitor cocktail), the pro-
teins were boiled with loading buffer and the levels of EZH2 and SUZ12 were determined by immunoblotting.
The experiments were repeated independently at least three times, and representative results are shown.

PAR-CLIP. For the photoactivatable ribonucleotide-enhanced cross-linking and immunoprecipitation
(PAR-CLIP) assay, cells were seeded in 10-cm plates, and then 4-thiouridine was added to a final concentration
of 100 mM, 12 h before cross-linking. The cells were washed with cold PBS 3 times and then irradiated uncov-
ered with 0.15 J/cm2 of 365-nm UV light. The cells were scraped off and lysed in lysis buffer (150 mM NaCl,
50 mM Tris-HCl [pH 7.5], 0.5% Triton X-100) on ice for 10 min. After 10 min of centrifugation at 13,000 � g at
4°C, the cell lysates were incubated with EZH2 antibody-coated magnetic beads for 4 h at 4°C. After incubation,
the beads were washed 6 times with wash buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1 mM MgCl2, 0.05%
NP-40 supplemented with fresh RNaseOut [200 U], 400mM RVC, 1 mM DTT, 20 mM EDTA, and protease inhibi-
tor cocktail) and then subjected to immunoblotting and RNA extraction. The experiments were repeated inde-
pendently at least three times, and representative results are shown.

Cytoplasm and nuclei fractionation. Cells were trypsinized and collected by centrifugation. After 3
washes, the cells were resuspended in cytoplasmic extract (CE) buffer (10 mM HEPES, 60 mM KCl, 1 mM
EDTA, 0.075% NP40, 1 mM DTT; pH 7.6). The cells were incubated on ice for 3 min and then centrifuged
at 250 � g for 5 min. The supernatant was removed to a new tube for RNA extraction, and the cell nuclei
were washed four times with CE buffer without NP-40. After the final wash, the pellets were resus-
pended in 200 mL PBS and then subjected to RNA extraction. The experiments were repeated independ-
ently at least three times, and representative results are shown.

Chromatin immunoprecipitation assay. For the ChIP assay, KGN cells were cross-linked with 1%
formaldehyde at 37°C for 5 min and then resuspended in SDS lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-
HCl; pH 8.1) for 15 min on ice. The cell lysates were sonicated on ice for 5 min. After centrifuging at 13,000 rpm
at 4°C for 10 min, the supernatant was diluted 10 times in the dilution buffer (0.01% SDS, 1.1% Triton X-100,
1.2 mM EDTA, 167 mM NaCl, 16.7 mM Tris-HCl; pH 8.1) and was incubated for 1 h on a rotating platform at 4°C
with protein A/G beads. The supernatant was incubated with specific antibody-coated beads for 6 h at 4°C, with
rabbit IgG-coated beads as a negative control, and then the beads were washed with three times with LiCl buffer
(0.25 M LiCl, 1% Triton X-100, 1% deoxycholic acid, 1 mM EDTA, 10 mM Tris-HCl; pH 8.1). After the final wash, half
of the beads were subjected to immunoblotting and the other half were subjected to DNA extraction and qPCR.
The experiments were repeated independently at least three times, and representative results are shown.

FISH and immunofluorescence. The HAS2-AS1 fluorescence in situ hybridization (FISH) and EZH2
immunofluorescence experiments were performed following the protocols reported by Hu Y et al. (38). Briefly,
the cells were fixed with 4% formaldehyde at room temperature for 10 min and then permeabilized on ice for
10 min (PBS, 0.5% Triton X-100). HAS2-AS1 was hybridized with 20 nM digoxigenin-labeled HAS2-AS1 DNA
probe at 4°C overnight and then detected with rhodamine-labeled antidigoxigenin antibody (Roche) after
three washes. The cells were washed with PBS three times, incubated with 1% bovine serum albumin for
30 min, and then incubated with Alexa Fluor 488-conjugated EZH2 antibody at 4°C overnight. After 3 washes
in washing buffer, cells were covered with 20 mL antifade reagent with 49,6-diamidino-2-phenylindole (Vector
Laboratories, Inc.) and sealed with coverslips by using mounting medium. Images were captured by confocal
microscopy (Leica TCS SP8) at 400� magnification. The experiments were repeated independently at least
three times, and representative images are shown.

Cell proliferation assay. The cells were transfected with EZH2 siRNAs or treated with DHZep for
48 h and then subjected to a cell viability assay using the CellTilter 96 Aqueous One solution cell proliferation
assay (Promega Corporation), according to the manufacturer’s instructions. The experiments were repeated inde-
pendently at least three times, and representative results are shown.
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Cell apoptosis assay. The cell apoptosis was evaluated by using a fluorescein isothiocyanate (FITC)-
annexin V apoptosis detection kit with 7-aminoactinomycin D (7-AAD) (BioLegend). Cells were stained
with FITC-labeled annexin V antibody and then incubated with 7-AAD for 10 min. Stained cells were ana-
lyzed using flow cytometry, and data were analyzed using Flowjo software (Ashland). The experiments
were repeated independently at least three times, and representative results are shown.

Cell cycle analysis. The cells were fixed with 70% ethanol overnight at 4°C. The cells were washed
with PBS twice and then treated with RNase A (0.5 mg/mL). The cells were stained with propidium iodide
(5 mg/L) and then subjected to flow cytometry. The data were analyzed by Flowjo software (Ashland). The
experiments were repeated independently at least three times and representative results are shown.

Antibodies. Antibodies (and their sources) used in this study included the following: mouse
anti-HAS2 monoclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA); mouse anti-
GAPDH monoclonal antibody (Santa Cruz Biotechnology); rabbit anti-TGFb1 antibody (Abcam,
Cambridge, MA, USA); mouse anti-TGFb2 monoclonal antibody (Abcam); rabbit anti-TGFb3 polyclonal anti-
body (Abcam); rabbit anti-TGFBR1 polyclonal antibody (Abcam); rabbit anti-TGFBR2 monoclonal antibody
(Abcam); rabbit anti-phospho-Akt (Ser473) polyclonal antibody (Cell Signaling Technology, Inc., MA, USA); rab-
bit anti-phospho-PI3K p85 (Tyr458) polyclonal antibody (Cell Signaling Technology); rabbit anti-PI3K p85 poly-
clonal antibody (Cell Signaling Technology); rabbit anti-Akt polyclonal antibody (Cell Signaling Technology);
mouse anti-FOXO1 monoclonal antibody (Cell Signaling Technology); mouse anti-IkBa monoclonal antibody
(Cell Signaling Technology); rabbit anti-Phospho-IkBa (Ser32) polyclonal antibody (Cell Signaling Technology);
Alexa Fluor 488-conjugated mouse anti-EZH2 monoclonal antibody (Santa Cruz Biotechnology); mouse anti-
SUZ12 monoclonal antibody (Santa Cruz Biotechnology); and rabbit anti-H3K27me3 monoclonal antibody
(Abcam).

Statistical analysis. Statistical analysis was performed using SPSS software version 19.0 (IBM,
Armonk, NY, USA). The HAS2-AS1 expression levels in patients and controls were evaluated with an
unpaired t test. The cell migration, cell apoptosis, proliferation, and cell cycle data were analyzed with a
paired t test. The differences between more than two groups were analyzed by one-way analysis of var-
iance (ANOVA). The correlations between HAS2-AS1 expression and HAS2 protein level were analyzed
by x2 test. Two tailed P, 0.05 was considered to indicate a statistically significant difference.

Data availability. The data that support the findings of this study are available from the correspond-
ing author, T.L., upon reasonable request.
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