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Long non-coding RNA lnc-CCNL1-3:1 promotes
granulosa cell apoptosis and suppresses glucose
uptake in women with polycystic ovary syndrome
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Polycystic ovary syndrome (PCOS) is a common endocrine and
metabolic disease in premenopausal women. Long non-coding
RNAs (lncRNAs) constitute important factors in numerous
biological processes. However, their roles in PCOS pathogen-
esis require further clarification. Our study aims to elucidate
the roles of lncRNA lnc-CCNL1-3:1 (CCNL) in PCOS. CCNL
expression in human luteinized granulosa cells (hLGCs)
derived from women with and without PCOS was detected.
The full length of CCNL was obtained by 50 and 30 rapid ampli-
fication of cDNA ends. CCNL roles in granulosa cell apoptosis,
mitochondrial function, and glucose uptake were evaluated.
The binding relationship between CCNL and forkhead box
O1 (FOXO1) was determined by RPISeq, RNA immunoprecip-
itation, subcellular fractionation, and immunofluorescence. In
KGN cells and hLGCs, CCNL overexpression upregulated
FOXO1 expression, promoted cell apoptosis, reduced glucose
transport capability, and impaired mitochondrial function,
and these effects were partially abolished by silencing
FOXO1. The interaction of CCNL with FOXO1might prevents
FOXO1 exclusion from the nucleus and subsequent degrada-
tion in the cytosol. We determined that CCNL serve as a facil-
itator in the processes of PCOS. CCNL might participate in
PCOS pathologies such as follicular atresia and insulin resis-
tance.
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INTRODUCTION
Polycystic ovary syndrome (PCOS), one of the most common endo-
crine and metabolic disorders, has a prevalence of 6%–20% in women
of reproductive age.1,2 PCOS is characterized by signs and symptoms
of hyperandrogenemia, chronic oligo-ovulation/anovulation, and
polycystic ovarian morphology on exclusion of other specific diagno-
ses.1 PCOS is commonly associated with reproductive co-morbidities
such as female infertility, menstrual irregularity, ovulatory dysfunc-
tion, and pregnancy complications, along with metabolic disorders
such as insulin resistance, metabolic syndrome, and type 2 diabetes,
as well as psychological risk factors such as depression.2
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Follicular atresia, a common process in female mammalian ovaries,
constitutes the degeneration of follicles at any stage of growth and
development.3 Follicles consist of granulosa cells, theca internal cells,
and oocytes. The granulosa cell layers surround the oocytes,
providing them with nutrients and regulators during oocyte develop-
ment.2,4,5 Granulosa cell apoptosis is the major cause of follicular
atresia, inducing DNA degradation and caspase activation.6,7 Women
with PCOS exhibit more ripening and subsequent atretic follicles
from an early stage,8 representing follicles that failed to develop
into dominant follicles, along with follicular hypertrophy and degra-
dation, concordant with the abnormal apoptosis and proliferation of
granulosa cells in PCOS.1,2,9 Thus, granulosa cell apoptosis promotes
abnormalities in PCOS folliculogenesis, which lead to anovulation
and infertility.

Oxidative stress is closely associated with the levels of reactive oxygen
species (ROS). In mitochondria, electron transfer between cyto-
chrome c and p66Shc generates ROS,10 which regulate the ratio of B
cell lymphoma-2 (Bcl-2)-associated X (Bax)/Bcl-2 expression, result-
ing in impaired mitochondrial membrane potential and caspase-
induced apoptosis.11,12 Notably, mutations in different complexes
of the electron transport chain led to the accumulation of ROS.11 In
addition, patients with PCOS display features of mitochondrial
impairment and oxidative stress as highlighted by elevated ROS pro-
duction.13–15 Furthermore, oxidative stress-induced apoptosis has
long been reported to play a vital role in follicular atresia. Specifically,
increased ROS levels cause premature ovarian insufficiency and follic-
ular atresia in the human ovary.16 Apoptosis and protein oxidation
were also shown to be increased in sheep and mouse ovarian follicles
during follicular atresia.17,18 These observations suggest that oxidative
Authors.
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Table 1. Full-length sequence of CCNL from RACE

RNA sequence (lnc-CCNL1-3:1)

AGCTCTTCAGTGTTGTGCTCATTGGTTTCATCAAAGCAGGACAATACTT
GGCACTAAGTCGACAAAATTCTCACTTCTGCAGTGGGTCTCTAGATG
TCCATGACCCTGCCTTCTCAGGAAAAGAGGGAGGACATGCGGCTGGA
GGGACACAGAGGGCAAGACTGCATCCCAGTTACAACACCAGGAAGCC
ACGTCTGAAAGGAAACTCCTCAGAAACCTGGGCATAGGCTATCGGGA
AAGTAAAGAAGACATCTGGAGAGGCGAATATTCTGAAGGAATCTCT
GCCAGAGGAGAAGGGAAAAGGAAAGCACTTATCCAGGTCAAAGGCAT
GAGTTTCCAGGAGATTATTCATCGTGACTAGAGGATGACTGTTGACT
AGATTTATTCCACAGGTATGGAAGGAAAAGTCTTGGTACATTTTTT
GCAGCATTTCCTCCTCTCCATATAGACTGTTCTCATTCTGCAGGGCTGG
GGTTCACCCAGTATTCAACTCCAAGCCCTTCACATAGTAAAAGAAG
TAAGGGGAGCCAGGCATGGTGGCTTACACCTGTAAACCCAGCACTTTG
GGAGGGCAAAGCAGGCAGATTCATTGAGCTCAGGAGTTCGACCCCAA
CCTGGGCAACATGGTGAAACCCTGTCTCTACTAAAAATACAAAAA
TTAGCTGGGTGTGGTGGTGCATGCCTGTGGTCCCAGCTACTCTGGAGGC
TGAGGTGGTAGGATTGCTTGAGCCCACATGTGTGAGGCTGCAGTGAGC
TGTGATCACACCACTGCTCTCCAGCCTGGGTGACAGAGTGAGAGAC
CCTGTCCCCCCAACCACCCCCCCCAACAAAAAAAAAAAAAA

RACE, rapid amplification of cDNA ends (50 and 30).
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stress-induced granulosa cell apoptosis might contribute to the aber-
rant folliculogenesis observed in PCOS.

Insulin resistance, a clinical feature of PCOS, is defined as a decreased
ability of insulin to mediate metabolic actions on glucose uptake, pro-
duction, and lipolysis. Insulin resistance appears to constitute an
important factor in the pathogenesis of PCOS.19 In women with
PCOS, insulin resistance tends to worsen over time and is associated
with the development of obesity and type 2 diabetes.20 In PCOS plus
obesity, the capability of insulin-mediated glucose uptake of adipo-
cytes is reduced, indicating a decrease in insulin sensitivity.21,22 More-
over, non-obese women with PCOS also suffer frommetabolic distur-
bances and the risk of long-termmetabolic complications.23 Thus, the
associated metabolic disorders, obesity, and type 2 diabetes have
recently become among the most important long-term concerns in
PCOS and warrant increased attention.

Insulin resistance and compensatory hyperinsulinemia contribute to
premature granulosa cell luteinization,24 leading to the arrest of cell
proliferation and follicle growth in PCOS.25 Granulosa cells in the
ovary are responsible for providing intermediates and energy sub-
strates to the oocytes. Normal glucose metabolism in granulosa cells
is essential for oocyte development, maturation, and protection.26

Previous studies have reported that human ovary tissues such as gran-
ulosa cells and endometrium from patients with PCOS showed
reduced glucose uptake.27–29 The insulin resistance of granulosa cells
may thus influence granulosa cell function, thereby impairing the
development potential of the oocytes.30,31

Recently, the field of non-coding RNAs (ncRNAs) has markedly
expanded, with the focus during the past decade on small ncRNAs
such as microRNAs increasingly shifting to the analysis of long
ncRNAs (lncRNAs), defined as ncRNAs with transcripts >200 nt.32

lncRNAs are emerging as vital regulators in abundant biological pro-
cesses such as nuclear architecture, epigenetic modifiers, protein
binding, and transcription in the nucleus, and molecular decay, trans-
lation, and post-translational modifications in the cytoplasm.32–34

lncRNAs are proposed as being involved in folliculogenesis, including
cumulus expansion,35 luteinization,36,37 and oocyte development and
maturation.38 In women with PCOS, lncRNAs have been found to
regulate cell proliferation,39,40 apoptosis,41,42 endocrine func-
tion,40,42,43 and metabolism.44–48 Nevertheless, few studies have clar-
ified the relationship between lncRNAs and PCOS. Thus, additional
research related to the function of lncRNAs in the pathogenesis of
PCOS is needed.

In this study, we focused on the potential roles and underlying mech-
anisms of lncRNAs in PCOS. This work derives from our previous
microarray analysis of differentially expressed lncRNA profiles in hu-
man luteinized granulosa cells (hLGCs) in women with and without
PCOS (GEO: GSE114419).39 Among these differentially expressed
lncRNAs, intergenic lncRNA lnc-CCNL1-3:1 (CCNL), located on
chromosome chr3:157131726–157132376 (Figure S1), is highly ex-
pressed in the ovary and liver (http://www.noncode.org/show_rna.
php?id=NONHSAT092887&version=2&utd=1#), indicating a po-
tential role in PCOS. Moreover, the PhyloCSF score suggested that
CCNL is likely to constitute a ncRNA (Figure S2). In the present
study, we found that CCNL was elevated in patients with PCOS
and evaluated the effects of CCNL on PCOS pathogenesis using
hLGCs and the human granulosa cell tumor-derived cell line, KGN.
CCNL was found to promote granulosa cell apoptosis and suppress
glucose uptake, partly contributing to the occurrence of follicular
atresia and insulin resistance in PCOS. Our results regarding the
function of dysregulated lncRNAs in PCOS provide new insight
with respect to follicular atresia and insulin resistance in PCOS.

RESULTS
lnc-CCNL1-3:1 expression is increased in granulosa cells of

women with PCOS

The full length of CCNL was successfully obtained by 50 and 30 rapid
amplification of cDNA ends (RACE) assays (Figure S3). We
confirmed the full-length sequence of CCNL by running polymerase
chain reaction (PCR) with three pairs of fragmented primers (Table
S3) and compared our results with the CCNL sequence from the
NONCODE database (Figure S4). Thus, the whole sequence of
CCNL was validated and is provided in Table 1.

In our previous study,39 we found that the expression levels of CCNL
were increased in patients with PCOS (p < 0.05) as revealed by micro-
array and quantitative real-time PCR analysis. To further validate
these results, in the present study we analyzed the expression of
CCNL by quantitative real-time PCR in a cohort of 43 women with
PCOS and 41 controls (Figure 1A). The CCNL expression level was
elevated in hLGCs of women with PCOS. The major anthropometric
variables of the two groups are presented in Table 2. No significant
difference was observed with regard to age and body mass index
(BMI) between women with PCOS and the control group.
Conversely, women with PCOS exhibited significantly higher serum
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Figure 1. lnc-CCNL1-3:1 is upregulated in granulosa

cells of women with PCOS

(A) The expression level of CCNL in 43 women with PCOS

and 41 healthy controls. The expression level was detected

via quantitative real-time PCR. The first DCt normalization

was to b-actin, and the second DCt normalization was to

the control group. (B) Bar graph showing CCNL vector-

mediated overexpression efficiency. KGN cells or hLGCs

stably expressing empty vector (Enter) or CCNL over-

expression vectors (CCNL) were cultured 72 h and then

subjected to quantitative real-time PCR and normalized

against b-actin. Error bars represent SDs of at least three

independent experiments. ****p < 0.0001 corresponds to

two-tailed Student’s tests.
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levels of testosterone, luteinizing hormone, and anti-Müllerian hor-
mone compared with those of the control group.

The abundance of CCNL in the granulosa cells of women with PCOS
was significantly positively associated (R2 = 0.6044, p < 0.0001) with
the concentration of testosterone in the serum (Figure S5A). To iden-
tify the potential for androgen-induced CCNL, we conducted quanti-
tative real-time PCR on KGN cells that had been cultured in different
concentration of double hydrogen testosterone (DHT) medium (0.1
or 10 mM) for 24 h (Figure S5B). We found that the expression level
of CCNL in KGN cells was increased in the higher DHT group
(10 mM).

Overexpressed lnc-CCNL1-3:1 promotes apoptosis of

granulosa cells in PCOS

As CCNL was a previously unexplored lncRNA, its biological func-
tions were unknown. To investigate the biological significance of
CCNL in the development of PCOS, we generated KGN cells and
hLGCs exhibiting overexpression of CCNL. CCNL vector-mediated
overexpression efficiencies are shown in Figure 1B. KGN cells or
hLGCs expressing empty vector (Enter) or CCNL-overexpression
vector were cultured for 72 h and then subjected to quantitative
real-time PCR. To evaluate the effects of CCNL on cell apoptosis,
the Enter- and CCNL-transfected granulosa cells were subjected to
annexin V/propidium iodide (PI) staining followed by flow cytometry
to measure the percentages of annexin V-positive/PI-negative (A+/
P�) and annexin V-positive/PI-positive (A+/P+) cells (Figure 2A).
TUNEL (terminal deoxynucleotidyltransferase-mediated deoxyuri-
dine triphosphate nick end labeling) staining was also used to detect
the apoptotic hLGCs (Figure 2B). Consistent with these results, west-
ern blot analyses of relative protein expression showed that overex-
pression of CCNL decreased the abundance of Bcl-2, whereas it
increased the expression of Bax, cleaved poly(ADP-ribose) polymer-
ase (PARP), and cleaved caspase-3 in both KGN cells and hLGCs
(Figures 2C and 2D). The expression level of total PARP and total cas-
pase-3 remained unchanged following transfection with CCNL.
These data suggested that overexpressed CCNL promotes cell
apoptosis in KGN cells and hLGCs.
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Overexpressed lnc-CCNL1-3:1 impairs mitochondrial function

of granulosa cells in PCOS

As the hub proteins Bcl-2 and Bax are involved in the mitochondrial
apoptotic pathway,12 their altered expression in CCNL-transfected
granulosa cells inspired us to further investigate the potential role
of CCNL inmitochondrial function. We compared the mitochondrial
function in CCNL-overexpressed KGN cells and hLGCs with that of
controls. The results showed that the ROS generation level in CCNL-
overexpressed cells was significantly higher than that in the controls
(Figure 3A), whereas the adenosine triphosphate (ATP) concentra-
tion was lower (Figure 3B). Because little is known regarding the
ATP levels in PCOS, we also confirmed that the ATP concentration
was lower in women with PCOS compared to that of controls (Fig-
ure 3C). Taken together, these results indicated that overexpressed
CCNL impairs cell mitochondrial function.

Overexpressed lnc-CCNL1-3:1 suppresses glucose uptake of

granulosa cells in PCOS

As previously reported, mitochondrial function plays a vital role in in-
sulin resistance.49 To verify whether CCNL is potentially involved in
the etiology of PCOS with insulin resistance, we first analyzed relative
CCNL expression in ovarian granulosa cells from a cohort of 43
women with PCOS. The relative clinical variables and endocrine pa-
rameters of the patients are presented in Table S5. The expression
level of CCNL increased in patients with PCOS concomitant with
elevated BMI (p = 0.0070) (Figure 4A). Ranges of homeostasis model
assessment of insulin resistance (HOMA-IR) values in patients with
PCOS were from 0.71 to 2.04 for tertile I, 2.04 to 3.89 for tertile II,
and 3.89 to 20.73 for tertile III (Table S6). The ovarian granulosa cells
of patients with PCOS exhibiting with the higher HOMA-IR values
demonstrated higher expression levels of CCNL (p = 0.0784, tertile
I versus II; p = 0.0017, tertile I versus III; p = 0.0267, tertile II versus
III) (Figure 4B). We then ascertained whether CCNL affected cell
glucose transport. The capabilities of glucose uptake at basal and in-
sulin-stimulating levels were both impaired in CCNL-transfected
granulosa cells compared to those of controls (Figures 4C and 4D).
Detection of the expression of key proteins involved in glucose uptake
(insulin receptor substrate 1 [IRS1] and glucose transporter 4



Table 2. Relative clinical characteristics of PCOS and control groups

Control (n = 41) PCOS (n = 43) p value

Age (years) 28.63 ± 2.79 27.81 ± 3.17 0.192

BMI (kg/m2) 23.89 ± 3.09 22.73 ± 3.34 0.095

Basal FSH (IU/L) 6.54 ± 1.38 6.19 ± 1.37 0.235

Basal LH (IU/L) 4.93 ± 1.80 7.86 ± 3.77 <0.0001

Basal T (ng/dL) 19.71 ± 7.05 37.98 ± 19.28 <0.0001

AMH (ng/mL) 4.52 ± 2.51 10.85 ± 5.89 <0.0001

Retrieved oocytes 11.78 ± 3.65 17.17 ± 7.24 <0.0001

All data are mean ± SD value. BMI, bodymass index; FSH, follicle-stimulating hormone;
LH, luteinizing hormone; T, testosterone; AMH, anti-Müllerian hormone. The Kolmo-
gorov-Smirnov test was used to assess the distributions of relevant variables. Statistical
comparisons between two variables (the PCOS group and the control group) were per-
formed using the Student’s t test for normal distribution, whereas an unpaired test and
the Mann-Whitney U test were used for continuous variables.
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[GLUT4]) by western blot revealed that their abundance decreased
when CCNL was overexpressed (Figure 4E).

FOXO1 is involved in lnc-CCNL1-3:1-mediated regulation of

granulosa cells in PCOS

Forkhead box O1 (FOXO1) constitutes an important transcriptional
factor and an RNA-binding protein (RBP) for inducing the expres-
sion of a series of genes involved in cell cycle arrest, apoptosis, insulin
resistance, and oxidative stress.50–54 FOXO1 is highly expressed in the
ovary, adipose tissues, fat, and endometrium (https://www.ncbi.nlm.
nih.gov/gene/2308/?report=expression). Recent studies found that
FOXO1 is involved in follicular development through the regulation
of apoptosis and proliferation of granulosa cells.17,27 FOXO1 activity
is regulated by subcellular localization and posttranslational modifi-
cations such as nuclear translocation and dephosphorylation.55 We
found that CCNL regulated the expression of FOXO1. The overex-
pression of CCNL in KGN cells and hLGCs significantly increased
the expression of FOXO1 at the protein level, whereas the mRNA
level remained unchanged (Figures 5A and 5B). Moreover, CCNL
and FOXO1 were predicted to exhibit high affinity as determined us-
ing the online algorithm RPISeq (http://pridb.gdcb.iastate.edu/
RPISeq/index.html) (Table S7).

Therefore, we conducted series of rescue experiments to determine
whether FOXO1 is involved in CCNL-induced cell apoptosis. KGN
cells overexpressing CCNL followed by FOXO1 knockdown were
cultured for 72 h and then subjected to quantitative real-time
PCR and western blot. The efficiency of the FOXO1 small inter-
fering RNA (siRNA)-mediated knockdown is shown in Figure 5C.
Western blot analysis showed that the effects of overexpressed
CCNL on relative Bcl-2, Bax, cleaved PARP, IRS1, and GLUT4 pro-
tein abundance were rescued by the siRNA-mediated knockdown of
FOXO1 (Figure 5E). Moreover, the effects of CCNL overexpression
on cell apoptosis (Figure 2) and glucose transport (Figure 4) were
attenuated by FOXO1 knockdown (Figures 5D and 5F). These re-
sults suggested that CCNL promotes granulosa cell apoptosis and
glucose uptake at least partly through an increase in FOXO1
expression.

lnc-CCNL1-3:1 interaction with FOXO1 enhances its nuclear

location and expression

To explore the molecular mechanism underlying the regulation of
FOXO1 by CCNL, we first detected the subcellular localization of
CCNL in granulosa cells. The sequence-based tool iLoc-LncRNA pre-
dicted that the subcellular location of CCNL is nucleolus, nucleus,
nucleoplasm (probability score, 0.694883) (http://lin-group.cn/
server/iLoc-LncRNA/pre.php). RNA from nuclear and cytoplasmic
fractions was reverse transcribed and detected via quantitative real-
time PCR, revealing that CCNL was predominantly distributed in
the nucleus (Figure 6B). ACTB and U6 were used as cytoplasm and
nucleus controls, respectively.

Next, we identified the intracellular localization of related proteins
(Figure 6A). The cytoplasmic and nuclear proteins were separated
and subjected to western blot analysis. FOXO1 protein tends to re-
translocate in the nucleus after CCNL overexpression. Moreover,
the abundance of FOXO1 increased in the nucleus but decreased in
the cytoplasm in overexpressed CCNL cells (Figure 6A). Cleaved
PARPs were primarily located in the nucleus, and its expression levels
were also elevated following CCNL overexpression. In comparison,
Bcl-2/Bax were distributed in the cytoplasm, and this localization
decreased/increased, respectively, following CCNL overexpression.
Lamin A/C and tubulin were used as nucleus and cytoplasm controls.

Notably, CCNL was shown to possess the ability to bind to FOXO1
(Table S7). The full-length sequence of CCNL was validated via a
RACE assay (Table 1; Figure S3). Khail et al.56 reported that approx-
imately 20% of lncRNAs bind to PRC2, which includes EZH2. We
therefore used the EZH2-HOTAIR interaction pair as a positive con-
trol (interaction probability, 0.75). Using RPISeq, we found that the
CCNL-FOXO1 interaction pair had a higher score (interaction prob-
ability, 0.75) (Table S7) than that of CCNL-EZH2 (interaction prob-
ability, 0.65) (Table S8). Therefore, we hypothesized that CCNL may
interact with FOXO1 in granulosa cells. An RNA immunoprecipita-
tion (RIP) assay to verify this hypothesis revealed that enrichment of
CCNL in the precipitates of FOXO1 substantially increased compared
with that of the immunoglobulin G (IgG) control (Figure 6D). The
efficiency of RIP results is shown in Figure 6C using SNRNP70 as a
positive control. Immunofluorescence staining further illustrated
that CCNL-transfected cells exhibited higher FOXO1 expression in
the nucleus (Figure 6E).

These results suggested that CCNL may interact with FOXO1 and
regulate its activity. Hence, we elucidated that CCNL induces cell
apoptosis and reduces glucose uptake in granulosa cells partly by
enhancing FOXO1 nuclear location and expression (Figure 7).

DISCUSSION
In the present study, we revealed that CCNL, an intergenic lncRNA,
was upregulated in PCOS and likely contributed to the associated
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follicular atresia and insulin resistance in this condition. Our results
further indicated that alternation of CCNL expression may participate
in the PCOS pathological process.

lncRNAs are emerging as important regulatory elements that control
cell growth, development, and metabolic function in human dis-
ease.34,57,58 Accordingly, an increasing number of studies have
demonstrated that lncRNAs are involved in the development of
PCOS as well. In particular, three general aspects of lncRNA function
in PCOS have emerged. The first relates to cell growth, development,
and apoptosis. LINC-01572:2839 and lncRNA HCG2640 were found
to influence cell proliferation and cell-cycle progression in the gran-
ulosa cells of PCOS. Han et al.41 indicated that lncRNA-LET inhibits
cell viability and migration whereas it induces apoptosis. lncRNA
SRA (steroid receptor RNA activator)42 has also been reported as a
regulator of cell growth and apoptosis in mouse granulosa cells.
The second aspect deals with steroid genesis, secretion, and receptor
function. lncRNA HCG2640 and lncRNA SRA42 affect steroidogene-
sis, as well as estradiol and progesterone secretion in granulosa cells.
CTBP1-AS43 positively associates with androgen receptor activity and
serum testosterone level in PCOS. Finally, the third aspect is related to
metabolic processes. lncRNA SRA positively associates with obesity in
women with PCOS.45 Moreover, Jiao et al.44 conducted RNA
sequencing analysis in women with or without PCOS, identifying
differentially expressed lncRNAs that were associated with the meta-
bolic process in the follicular fluid of mature follicles. Butler et al.46

found eight differentially expressed lncRNAs in PCOS with signifi-
cant insulin resistance and hyperandrogenemia. An insulin resis-
tance-associated lncRNA-mRNA network of PCOS was also con-
structed using starBase and GEO, allowing the identification of hub
lncRNAs.47 Among these, lncRNA RP11-151A6.4 was highly ex-
pressed in PCOS and positively correlated with higher BMI, hyperin-
sulinemia, and higher HOMA-IR values. Conversely, lncRNA
GAS548 was negatively associated with HOMA-IR. In turn, the
expression of H19 was positively associated with fasting plasma
glucose levels.59 Our results are in accordance with these prior studies.
Specifically, we presented the CCNL as being related to PCOS path-
ogenesis and evaluated its potential function, demonstrating that
CCNL promotes apoptosis, regulates mitochondrial function, and
suppresses glucose uptake in granulosa cells.

Multiple studies have reported that increased apoptosis in the ovarian
granulosa cells of PCOS leads to the induction of premature arrest of
follicle growth.9,60–63 Our results illustrated that upregulated CCNL
induced apoptosis in both hLGCs and KGN cells as detected by an-
Figure 2. lnc-CCNL1-3:1 promoted granulosa cell apoptosis in vitro

(A and C) lnc-CCNL1-3:1 promoted cell apoptosis in KGN cells. (B and D) lnc-CCNL1

(CCNL)-transfected KGN cells were cultured inmedium for 72 h and then subjected to an

measure the percentages of annexin V-positive/PI-negative (A+/P�) and annexin V-po

protein expression (cleaved/total PARP [C/T PARP], cleaved/total caspase-3 [C/T Cap3]

for 72 h before being subjected to (B) TUNEL (terminal deoxynucleotidyltransferase-m

apoptosis and DAPI staining (blue) to detect the amount of cells (n = 3) or (D) to western b

Bax). Error bars represent SDs of at least three independent experiments. *p < 0.05, **
nexin V/PI and TUNEL staining and the alteration of related protein
levels (e.g., cleaved/total PARP, cleaved/total caspase-3, Bcl-2, and
Bax). Caspase-3, a member of the caspase family of 13 aspartate-spe-
cific cysteine proteases, is mainly responsible for the cleavage of PARP
during cell death.64 PARP cleavage catalyzed by caspase-3 is generally
involved in the cellular DNA damage response, required for cell
apoptosis,65 as PARP contributes to programmed cell death by
depleting the cell of nicotinamide adenine dinucleotide (NAD) and
ATP.66 The anti-apoptotic Bcl-2 and pro-apoptotic Bax proteins
exhibit the ability to regulate mitochondrial outer membrane perme-
abilization, which impacts mitochondrial redox metabolism.49 The
alteration of Bcl-2/Bax protein levels is thus indicative of mitochon-
dria-dependent apoptosis and ROS production. Notably, oxidative
stress can trigger apoptosis in granulosa cells and is thought to consti-
tute a major cause of follicular atresia.17 We found that overexpres-
sion of CCNL increased the level of ROS generation, decreased the
ATP concentration, and concomitantly impacted mitochondrial
function. Thus, we demonstrated that dysregulation of CCNL
impaired mitochondria, leading to the stimulation of apoptosis in
granulosa cells.

Substantial evidence indicates the significant role of insulin in women
with PCOS. For example, insulin resistance and compensatory hyper-
insulinemia in PCOS contribute to hyperandrogenemia and ovula-
tory disturbances.67 In PCOS, a post-binding defect is observed in re-
ceptor signaling, likely owing to inactivated IRS1 that selectively
affects metabolic action in classic insulin target tissues and in the
ovary.68 We found that CCNL expression levels were also increased
in patients with PCOS exhibiting higher BMI and higher HOMA-
IR values. However, we note that the relationship between CCNL
expression and relative endocrine parameters in the normal popula-
tion remain to be further evaluated owing to the lack of clinical data.
Our data also highlighted that CCNL impaired glycometabolism in
granulosa cells as evaluated by glucose uptake capability and relative
key protein expression (e.g., IRS1, GLUT4). Insulin regulates blood
glucose by binding to the insulin receptor, then stimulating IRS1
and downstream proteins. Glucose uptake is activated via the canon-
ical IRS-mediated GLUT4 vesicle translocation to themembrane.69 In
the present study, we found that increased CCNL led to decreased
glucose uptake along with IRS1 and GLUT4 abundance. Moreover,
previous studies have reported that patients with PCOS display fea-
tures of mitochondrial impairment and oxidative stress, and that
these can aggravate insulin resistance,13,14 which is consistent with
the identification of chronic oxidative stress and associated inflamma-
tion as risk factors that contribute to insulin resistance.26,70
-3:1 promoted cell apoptosis in hLGCs. (A) Enter- or CCNL-overexpression vector

nexin V/PI staining followed by fluorescence-activated cell sorting (FACS) analysis to

sitive/PI-positive (A+/P+) cells or (C) to western blotting analysis to measure relative

, Bcl-2, Bax). (B and D) Enter- orCCNL-transfected hLGCs were cultured in medium

ediated deoxyuridine triphosphate nick end labeling) staining (green) to detect cell

lotting analysis to measure relative protein expression (C/T PARP, C/T Cap3, Bcl-2,

p < 0.01, ***p < 0.001, ****p < 0.0001 correspond to two-tailed Student’s tests.
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Figure 3. lnc-CCNL1-3:1 impaired cell mitochondrial

function in vitro

(A) lnc-CCNL1-3:1 regulates cell reactive oxygen species

(ROS) generation in KGN cells and hLGCs. Enter- orCCNL-

transfected cells were cultured in medium for 72 h and then

subjected to H2DCFDA staining (green) and Hoechst

staining (blue). The level of intracellular ROS production

was detected by fluorescence intensity of H2DCFDA and

Hoechst 33342 to detect the amount of cells. (B) The

concentration of intracellular ATP in Enter- or CCNL-

transfected KGN cells. The level of ATPwas detected via an

Infinite M200 PRO microplate reader. (C) Concentration of

intracellular ATP in granulosa cells of eight PCOS patients

and eight healthy controls. Error bars represent SDs of at

least three independent experiments. **p < 0.01, ***p <

0.001, ****p < 0.0001 correspond to two-tailed Student’s

tests.
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Consequently, we suggest that upregulated CCNL affects the glucose
uptake ability and oxidative stress levels in PCOS granulosa cells,
contributing in part to tissue-specific insulin resistance in the ovary.
In addition, CCNL is highly expressed not only in the ovary but also
in the liver, which constitutes an important insulin target organ, and it
is responsible for hepatic insulin resistance. However, owing to the
lack of human hepatic tissue sources, we were unable to determine
the CCNL expression and effects on glucose uptake in the liver.
Future work may thus include exploring the function of CCNL in
the liver.

Investigation of the underlyingmechanisms of CCNL-mediated regu-
lation of the PCOS-related phenotypes revealed that the transcription
factor FOXO1was highly expressed in KGN cells and hLGCs. FOXO1
protein levels were elevated whereas mRNA levels remained un-
changed. The luciferase reporter assays also echo that CCNL has no
effects on transcription activity of FOXO1 (Figure S10). FOXO1, a
member of the forkhead transcription factor family, is highly ex-
pressed in the ovary, adipose tissues, fat, and endometrium (https://
www.ncbi.nlm.nih.gov/gene/2308/?report=expression). FOXO fam-
ily members regulate various processes, including apoptosis, cell cy-
cle, DNA repair, ROS, glucose metabolism, mitophagy, and mito-
620 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
chondrial metabolism.50–52 Activated FOXO1
promotes apoptosis both in a mitochondria-
dependent and mitochondria-independent
manner by regulating various pro-apoptotic pro-
teins, including Fas ligand and Bcl-2 family
members, such as Bim, bNIP3, and Bcl-xL.

30,50

The members of the FOXO family of transcrip-
tion factors function in the regulation of stress-
inducible genes, such as GADD45, resulting in
the arrest of cell growth in the G2 phase of the
cell cycle. The oxidative stress increases the
expression of GADD45 by a FOXO-dependent,
but p53-independent, pathway.31,71 We also de-
tected the expression of some classic FOXO1
target genes in overexpressed CCNL cells (Figure S8). The FOXO1
target genes, such as Bim, TRAIL, and GADD45a, were evaluated un-
der CCNL overexpression while some of cell cycle markers remained
unchanged (Figure S6). We suggest that upregulated CCNL might
thereby participate in the FOXO1 selective activation of downstream
signal. Notably, recent studies highlight a potential role for FOXO1
in follicular development through the regulation of apoptosis and
proliferation of granulosa cells.17,27 In addition, previous studies
illustrated that FOXO1 mediates the metabolic consequences of insu-
lin resistance.28,29,72,73 Specifically, FOXO1 serves as the major intra-
cellular transcription factor of insulin action and contributes to the
regulation of glucose metabolism, including gluconeogenesis and
glycolysis.74–77

FOXO1 proteins function primarily as transcription factors by
binding as monomers to their target gene sequences in the nucleus.
FOXO1 activity is regulated by numerous post-translational modifi-
cations, including phosphorylation, ubiquitylation, and acetylation.55

Following such modifications, FOXO1 tends to be excluded from the
nucleus and subsequently degraded in the cytoplasm, which inhibits
FOXO1-dependent transcription. The abundance of phosphorylated
FOXO1 (p-FOXO1) was decreased in CCNL-overexpressed KGN

https://www.ncbi.nlm.nih.gov/gene/2308/?report=expression
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Figure 4. lnc-CCNL1-3:1 suppressed cell glucose

uptake in vitro

(A) The expression level ofCCNLwas correlated with BMI in

patients with PCOS (p = 0.0070). (B) The higher HOMA-IR

values had a higher expression level of CCNL (p = 0.0784,

tertile I versus II; p = 0.0017, tertile I versus III; p = 0.0267,

tertile II versus III). (C and D) Basal and insulin-stimulated

glucose uptake levels were reduced in CCNL-transfected

KGN cells and hLGCs. The cells were serum starved for

12 h following insulin stimulation (100 nM, 20 min) or PBS

as control before the detection. (E) Western blotting anal-

ysis to measure relative protein expression (GLUT4, IRS1)

from KGN cells and hLGCs after transfection with vectors

for 72 h. Error bars represent SDs of at least three inde-

pendent experiments. *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001 correspond to two-tailed Student’s tests.
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cells and hLGCs (Figure S7). Moreover, FOXO1 was reported to
have binding ability toward ncRNAs, thus exerting certain biolog-
ical functions.53,54 Consistent with the ability of endonuclear
lncRNAs to interact with RBPs and regulate the transcriptional ac-
tivity of their target genes in an epigenetic manner or through the
direct stabilization of the mRNAs and proteins,33,34 we found that
CCNL could interact with FOXO1 at the protein level owing to its
high affinity. Thus, we propose that CCNL binds to FOXO1 to in-
crease the levels of activated FOXO1 in the nucleus, as verified
through RIP, immunofluorescence staining, and western blotting.
Specifically, CCNL may interact with FOXO1 and potentially regu-
late its activity by preventing FOXO1 exclusion from the nucleus
and subsequent degradation in the cytosol. Moreover, rescue ex-
periments revealed that CCNL affects cell apoptosis, glucose up-
take ability, and the levels of related protein expression (e.g.,
cleaved/total PARP, cleaved/total caspase-3, Bcl-2, Bax, IRS1, and
GLUT4) were diminished upon FOXO1 knockdown, further sup-
porting that FOXO1 is involved in the CCNL-mediated regulation
of granulosa cells. This finding thus indicates a new interaction
mode for lncRNAs with proteins. To further explore CCNL-pro-
Molecular T
tein interaction and its function in PCOS,
in vitro or in vivo approaches such as prox-
imity proteomics78 should be considered for
future work determining the relationship be-
tween CCNL and protein expression in patients
with PCOS.

In addition, we found that the abundance of
CCNL in the granulosa cells of women with
PCOS was positively associated with the concen-
tration of testosterone in the serum, whereas no
correlation existed between other PCOS clinical
characteristics and CCNL expression. Evaluation
in KGN cells cultured in DHTmedium indicated
that excess androgen induces CCNL expression
(Figure S5). However, owing to the unavailability
of sufficient human theca cells, the main source
of androgen in the ovary, we were unable to directly determine the
relationship between CCNL levels and androgen excess in the
patients.

To date, the etiology of PCOS remains largely unknown. However,
increasing evidence has revealed that PCOS might constitute a multi-
genic disorder with environmental influences, including diet and life-
style.1,2 These environmental factors, which are strongly influenced
by race and/or ethnicity, might be responsible for the differences in
PCOS-related genes among populations of diverse origins.1 As
most patients recruited in this study were from an Asian population
of ethnic Han ethnicity, the conclusions should be carefully applied to
other population-based research.

In conclusion, our findings showed that CCNL was highly expressed
in the granulosa cells of women with PCOS. Overexpressed CCNL in-
teracts with the transcription factor FOXO1 to undermine mitochon-
dria function, ultimately promoting apoptosis and insulin resistance
in PCOS (Figure 7). These findings thus identify lnc-CCNL1-3:1 as
a potential therapeutic target for PCOS and provide a new perspective
herapy: Nucleic Acids Vol. 23 March 2021 621
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Figure 5. FOXO1 was involved in CCNL regulation of granulosa cells

(A) The protein level of FOXO1 was upregulated in CCNL-transfected KGN cells and hLGCs. Enter- or CCNL-transfected cells were cultured 72 h then subjected to western

blotting. (B) The mRNA level of FOXO1 remained unchanged via quantitative real-time PCR. (C–F) CCNL-induced cell apoptosis and glucose uptake are partially attenuated

by knocking down FOXO1 in granulosa cells. (C) Bar graph showing FOXO1-siRNA-mediated knockdown efficiency by quantitative real-time PCR analysis. KGN cells stably

transfecting si-Ctrl or si-FOXO1were cultured 72 h and then subjected to quantitative real-time PCR and normalized against b-actin. (E) Knocking down FOXO1 in granulosa

cells can partially rescue the CCNL-induced relative protein expression. Enter- orCCNL-transfected cells were treated with si-Ctrl or si-FOXO1 for 72 h and then subjected to

western blotting analysis tomeasure relative protein expression (C/T PARP, Bcl-2, Bax, IRS1, GLUT4). (D and F) Knocking down FOXO1 in granulosa cells can partially rescue

the CCNL effect on cell apoptosis and glucose transport. Enter- or CCNL-transfected cells were treated with si-Ctrl or si-FOXO1 for 72 h and then subjected to annexin V/PI

staining followed by FACS analysis or glucose uptake assay. Error bars represent SDs of at least three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001

correspond to two-tailed Student’s tests.
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Figure 6. lnc-CCNL1-3:1 interaction with FOXO1 by enhancing its nuclear location

(A) Nuclear and cytoplasmic fractions of Enter- orCCNL-transfected cells were subjected to western blotting analysis tomeasure relative protein expression. The cytoplasmic

tubulin and nuclear lamin A/C were used as controls. (B) Nuclear and cytoplasmic fractions of granulosa cells were subjected to quantitative real-time PCR to detect the

intracellular localization ofCCNL. The cytoplasmic ACTB and nuclear U6 were used as controls. (C) The efficiency of RNA immunoprecipitation (RIP) is shown as quantitative

real-time PCR of U1 snRNA. (D) Enrichment of CCNL in granulosa cells was measured by quantitative real-time PCR from RIP with FOXO1 antibody or immunoglobulin G

(IgG). IgG immunoprecipitation (IP) was used as a negative control. (E) Cells were incubated with CCNL (pCCNL) or Enter for 72 h. Subcellular localization of FOXO1 was

visualized using anti-FOXO1 (green), and the nuclei were counterstained with DAPI (blue). *p < 0.05, **p < 0.01, ***p < 0.001 correspond to two-tailed Student’s tests.
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Figure 7. Schematic diagram for lnc-CCNL1-3:1

function in women with PCOS

Upregulation of CCNL interacts with the transcription factor

FOXO1, impairs the mitochondria function, promotes cell

apoptosis, and reduces glucose uptake in women with

PCOS.
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regarding the molecular mechanisms underlying the pathogenesis of
this disorder.

MATERIALS AND METHODS
Ethics statement

The study was approved by the ART Ethnics Committee of Ren Ji
Hospital, School of Medicine, Shanghai Jiao Tong University (no.
2017041411), and informed consent was obtained from all
participants.

Human specimens

Ovarian granulosa cell samples were collected from patients who
underwent in vitro fertilization (IVF) or intracytoplasmic sperm in-
jection (ICSI) treatment at the Center for Reproductive Medicine,
Ren Ji Hospital, School of Medicine, Shanghai Jiao Tong University
from March 2016 to June 2019. The diagnosis of PCOS was based
on the Revised Rotterdam Diagnostic Criteria, which require the
presence of at least two of the following criteria for a PCOS diag-
nosis: (1) oligo-ovulation and/or anovulation; (2) clinical and/or
biochemical signs of hyperandrogenism; and (3) polycystic
ovaries.79 Diagnoses of PCOS were made after exclusion of other
etiologies for hyperandrogenemia and ovulatory dysfunction such
as congenital adrenal hyperplasia, Cushing syndrome, androgen-
secreting tumors, thyroid disease, 21-hydroxylase deficiency, and
hyperprolactinemia. The inclusion criteria for control women
624 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
were as follows: regular menstrual cycles (25–
35 days), no endocrine abnormalities, and
normal ovarian morphology confirmed by ultra-
sound; total testosterone was evaluated to
exclude hyperandrogenism. The exclusion
criteria for both groups were as follows: previous
history of gynecological surgery, such as oo-
phorocystectomy and unilateral ovariectomy;
abnormal chromosome karyotypes, steroid use
or illegal drug use in past 3 months, recurrent
abortion and pregnancy loss, with other repro-
ductive disorders, such as adenomyosis, endo-
metriosis, or uterine fibroids, with other under-
lying diseases or complications that are not
consistent with pregnancy, such as diabetes, sys-
temic lupus erythematosus, or anti-cardiolipin
antibody syndrome. Anthropometric variables,
such as age, BMI, and selected endocrine and
biochemical parameters, were recorded (Table
2). Peripheral blood samples were collected
from all subjects during days 2–4 of sponta-
neous cycles or after cessation of bleeding after a 12-h overnight
fast. Follicle-stimulating hormone, luteinizing hormone, testos-
terone, and anti-Müllerian hormone levels were determined using
either chemiluminescent assay (Roche Diagnostics, Indianapolis,
IN, USA) or enzyme-linked immunosorbent assay (Kangrun,
Guangzhou, China) kits. The World Health Organization cutoff
points for normal (BMI, 18.5–23.9 kg/m2) and overweight (BMI,
324 kg/m2) for Asians were utilized.80 The HOMA-IR index was
calculated according to the previously published formula.81

Isolation and culture of ovarian granulosa and KGN cells

The ovarian stimulation for patients undergoing IVF/ICSI treatment
consisted of the gonadotropin-releasing hormone (GnRH) antago-
nist or agonist protocol. Human chorionic gonadotropin (hCG;
Lvzhu, Zhuhai, China) was administered to trigger ovulation after
adequate follicle development was detected via both ovarian ultra-
sound and a serum estradiol assay. Ultrasound-guided oocyte
retrieval was performed after 34–36 h. hLGCs were retrieved from
the follicular fluid as previously described.39 The follicular fluid
was pooled and centrifuged at 2,500 rpm (628.875 � g) for
10 min. Granulosa cells were purified by Ficoll-Paque density
centrifugation, then the pellets were re-suspended in phosphate-
buffered saline (PBS) and dispersed in 0.1% hyaluronidase (Sigma,
St. Louis, MO, USA) at 37�C for 10 min. The isolated hLGCs
were stored at �80�C or used after 3 days in culture.
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The human granulosa cell tumor-derived cell line, KGN, was a
generous gift from Shandong University. All the hLGCs and KGN
cells were cultured in Dulbecco’s modified Eagle’s medium/nutrient
mixture F-12 (DMEM/F12) (Gibco, Grand Island, NY, USA) contain-
ing 10% charcoal-stripped fetal bovine serum (Biological Industries,
Cromwell, CT, USA) and 1% penicillin-streptomycin-neomycin
(Gibco). Cells were cultured at 37�C in a humidified atmosphere con-
taining 95% air and 5% CO2. KGN cells were passaged every 3 days.

Cell transfection and treatment

The cells were transfected with the constructed lnc-CCNL1-3:1 over-
expression plasmid (GV144-CCNL) and control plasmid (GV144
vector) (Sangon, Shanghai, China; Genechem, Shanghai, China).
The full length of the major transcript of CCNL was synthesized
into the pBluescript II SK+ and then cut and synthesized into tran-
sient vector GV144 (Figure S9) (vector backbone: https://www.
genechem.com.cn/index/supports/zaiti_info.html?id=9).

KGN cells and hLGCs (2 � 105) were seeded into six-well plates,
cultured for 1 day, and then transfected with plasmid DNA and/or
siRNAs (siFOXO1) (GenePharma, Shanghai, China) using Lipofect-
amine 3000 reagent (Invitrogen, Carlsbad, CA, USA), according to
the manufacturer’s protocol. After transfection, the cells were incu-
bated for 72 h prior to further treatment. siRNA (Sigma) sequences
are shown in Table S1.

RNA extraction and quantitative real-time PCR

Total RNA from patient ovarian granulosa cells was extracted using
TRIzol (Invitrogen) and reverse transcribed into cDNA (PrimeScript
RT reagent kit, TaKaRa, Dalian, China). Target gene expression was
detected with the use of quantitative real-time PCR. The relative
expression of RNA was calculated using the formula 2�DDCt. b-Actin
was used as an internal control for the quantification of target genes,
using DCt normalization against b-actin. Primers used in this study
are shown in Table S2.

RNA ligase-mediated RACE (RLM-RACE)

Total RNA from KGN cells (2 � 106 to 2 � 107) was extracted via a
TRIzol Plus RNA purification kit (Invitrogen; 12183-555) and reverse
transcribed into cDNA. According to themanufacturer’s instructions,
50 RACE and 30 RACE were performed using a GeneRacer kit (Invi-
trogen; L1500-01). The gene-specific primers used for PCR are pro-
vided in Table S3.

Immunoblotting assay

Cells were harvested and lysed in ice-cold radioimmunoprecipitation
assay lysis buffer (Sangon) containing a protease inhibitor cocktail
(Sangon) and phosphatase inhibitor (Sangon). The protein was ex-
tracted from cells and quantified as previously described82 using
10%–15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
Relative band density was detected using Gel-Pro Analyzer (Media
Cybernetics, Rockville, MD, USA) and normalized to b-actin (Pro-
teintech, Wuhan, Hubei, China). Specifically, the relative cleaved
target protein amount was calculated by the ratios of cleaved target
protein to total protein. The antibodies used in the western blot anal-
ysis are summarized in Table S4.

Subcellular fractionation

Cells were collected using trypsin and washed twice with PBS. Cell
pellets were processed using the cytoplasmic and nuclear RNA puri-
fication kit (Sangon). Cytoplasmic and nuclear fractions were split for
RNA extraction and quantitative real-time PCR or protein extraction
and western blotting. Tubulin and lamin A/C were used as markers of
the cytoplasm and nucleus in western blotting. b-Actin and nuclear
U6 were used as markers of the cytoplasm and nucleus in quantitative
real-time PCR.

Flow cytometry analysis

To measure apoptosis, the cells were stained using the annexin V kit
according to the manufacturer’s instructions (BD Biosciences, San
Jose, CA, USA). Cells were harvested by trypsinization 48 h after
transfection with siRNAs and/or plasmid DNA. Cells were washed
once with PBS and then 1 � 106 to 1 � 107 cells were resuspended
in 100 mL of 1� binding buffer. Fluorescein isothiocyanate (FITC)-
labeled annexin V and propidium iodide (PI) were added to samples
and incubated in the dark for 15 min at room temperature (18�C–
22�C). Subsequently, cells were subjected to fluorescence-activated
cell sorting analysis. The results were analyzed using CytExpert 2.0
(Beckman Coulter, Miami, FL, USA).

TUNEL assay

Cells were fixed with 4% paraformaldehyde for 30 min and washed
twice with PBS. Then, the TUNEL assay was performed using an in
situ cell detection kit (Beyotime, Shanghai, China) according to the
manufacturer’s instructions with a fluorescence microscope (Carl
Zeiss, Oberkochen, Germany). ImageJ software (Rawak Software,
Stuttgart, Germany) was used to quantify fluorescence intensity.

Determination of ROS levels

Cellular ROS levels were assessed using 6-carboxy-20,70-dichlorodihy-
drofluorescein diacetate (carboxy-H2DCFDA) (Life Technology/
Thermo Fisher Scientific, Waltham, MA, USA). ROS generation
was induced by treatment with 20 mM H2O2 for 5 min, and then
the cells were incubated with 30 mM H2DCFDA in PBS at 37�C for
30 min. Cells were washed three times in H2DCFDA-free PBS and
images were captured on a fluorescence microscope (Carl Zeiss). Im-
ageJ software was used to quantify fluorescence intensity.

ATP measurement

Cellular ATP concentration was measured using an ATP assay kit
following the manufacturer’s protocol (BioVision, Milpitas, CA,
USA).

Glucose uptake assay

A glucose uptake assay was performed in KGN cells and hLGCs
following serum starvation for 12 h and insulin stimulation (Sigma-
Aldrich, 100 nM, 20 min) using the Glucose Uptake-Glo assay kit
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 625
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J1342 (Promega, Madison,WI, USA) according to the manufacturer’s
instructions.

RIP assay

The RIP assay was performed using the Magna RIP RNA-binding
protein immunoprecipitation kit (Millipore, Burlington, MA, USA;
17-701) according to the manufacturer’s instructions. Briefly, cells
were lysed and incubated with magnetic beads conjugated with hu-
man anti-FOXO1 antibody (Cell Signaling Technology, Danvers,
MA, USA) or anti-rabbit IgG (Millipore; 03-110). The immunopre-
cipitated RNA was detected by quantitative real-time PCR. Relative
quantities of gene expression level were normalized. The relative
quantities of RIP samples were normalized by the respective individ-
ual inputs.

Immunofluorescence experiment

The stable CCNL- or Enter-transfected KGN cells were seeded on
four-well glass slides (Millipore). After washing in PBS three times,
the cells were fixed with 4% paraformaldehyde for 20 min, permeabi-
lized using 0.5% Triton X-100 in PBS for 15 min, and blocked with
goat serum for 1 h at room temperature. The slides were then incu-
bated with anti-FOXO1 antibody (Cell Signaling Technology;
1:100) for 24 h at 4�C. The cells were incubated with Alexa Fluor
488 (green)-conjugated goat anti-rabbit IgG (Invitrogen; 1:100) for
1 h in the dark. After nuclear staining with DAPI (Invitrogen) for
1 min, the slides were washed with PBS three times and observed un-
der a microscope in the dark.

Luciferase reporter assay

pcDNA3.1-FOXO1 or pcDNA3.1-FOXO1-mut was co-transfected
with pcDNA3.1 or pcDNA3.1-CCNL into 293T cells (psb66 vector)
(Sangon) (Figure S9). 48 h after transfection, luciferase activities
were measured using the Dual-Luciferase reporter assay system
(Promega) in accordance with the manufacturer’s protocol. Relative
firefly luciferase activity was normalized to Renilla luciferase activity.

Statistical analysis and reproducibility

Most experiments were repeated more than three times to be eligible
for the indicated statistical analyses. No estimation of group variation
was performed prior to experiments. All calculations were performed
using the SPSS statistical software package (version 20.0) (IBM, Ar-
monk, NY, USA). Results are expressed as the means ± standard de-
viation (SD). The Kolmogorov-Smirnov test was used to assess the
distributions of relevant variables. Statistical comparisons between
two variables (the PCOS group and the control group) were per-
formed using the Student’s t test for normal distribution, whereas
an unpaired test and the Mann-Whitney U test were used for contin-
uous variables. The Spearman’s correlation and linear regression an-
alyses were used to examine the association between gene expression
levels. Data were considered statistically significant for p <0.05.

SUPPLEMENTAL INFORMATION
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