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Background: Disordered folliculogenesis is a core characteristic of polycystic ovary syndrome (PCOS) and
androgen receptors (ARs) are closely associated with hyperandrogenism and abnormalities in folliculogene-
sis in PCOS. However, whether the new AR binding partner phosphoglycerate kinase 1 (PGK1) in granulosa
cells (GCs) plays a key role in the pathogenesis of PCOS remains unclear.
Methods: We identified the new AR binding partner PGK1 by co-IP (co-immunoprecipitation) in luteinized
GCs, and reconfirmed by co-IP, co-localization and GST pull down assay, and checked PGK1 expression levels
with qRT-PCR and western blotting. Pharmaceuticals rescue assays in mice, and metabolism assay, AR pro-
tein stability and RNA-seq of PGK1 targets in cells proved the function in PCOS.
Ubiquitin ligase skp2 Findings: PGK1 and AR are highly expressed in PCOS luteinized GCs and PCOS-like mouse ovarian tissues.
Glucose metabolism PGK1 regulated glucose metabolism and deteriorated PCOS-like mouse metabolic disorder, and paclitaxel
PCOS rescued the phenotype of PCOS-like mice and reduced ovarian PGK1 and AR protein levels. PGK1 inhibited
AR ubiquitination levels and increased AR stability in an E3 ligase SKP2-dependent manner. Additionally,
PGK1 promoted AR nuclear translocation, and RNA-seq data showed that critical ovulation-related genes
were regulated by the PGK1-AR axis.
Interpretation: PGK1 regulated GCs metabolism and interacted with AR to regulate the expression of key ovu-
lation genes, and also mediated cell proliferation and apoptosis, which resulted in the etiology of PCOS. This
work highlights the pathogenic mechanism and represents a novel therapeutic target for PCOS.
Funding: National Key Research and Development Program of China; National Natural Science Foundation of
China grant.
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and is associated with other abnormalities, such as insulin resistance,
metabolic syndrome, and dyslipidemia that cause women to become
infertile [1,2]. However, despite the high incidence and significant

1. Introduction

Polycystic ovary syndrome (PCOS) is the most common endocrine
and metabolic disorder in reproductive-age women, causing hirsut-
ism, anovulatory infertility, and miscarriage [1]. PCOS is characterized
by hyperandrogenism, ovulatory dysfunction, and polycystic ovaries
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health effects associated with PCOS, the pathogenic mechanism
underlying PCOS development remains unclear, making mechanism-
based treatments elusive.

Disordered folliculogenesis and follicle arrest are primary charac-
teristics of PCOS. Previous studies showed that c-Fos/activator pro-
tein 1 (AP-1) and c-Jun signaling play vital roles during ovulation,
primarily by promoting ovulatory gene expression [3-5|. As we
know, androgens and androgen receptors (ARs) are important in
PCOS because they play key roles in hyperandrogenemia prevalence
and follicular development [6]. Androgens bind to the AR, which is a
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Research in context

Evidence before this study

Polycystic ovary syndrome (PCOS) is the main cause of infertil-
ity in women. The follicles in women with PCOS generally can-
not develop into a dominant follicle, resulting in ovulation
dysfunction. The granulosa cell layers around these follicles
show atresia, hypertrophy and degradation, suggesting metab-
olism dysfunction or proliferation abnormality. It is crucial that
granulosa cells provide nutrients and growth regulators for
oocytes during development. Therefore, their dysfunction may
be one of the key factors in PCOS folliculogenesis failure.

Previous studies demonstrated that follicles in development
mainly depend on the surrounding granulosa cells for energy
via glycolysis. Wang et al. indicated that PCOS patients had
signs of glycolysis abnormality and accompanying mitochon-
drial dysfunction, which influenced the switch between meta-
bolic and glycolytic energy. However, up to now, the molecular
mechanism of the key glycolysis enzyme phosphoglycerate
kinase 1 (PGK1) in disordered folliculogenesis in PCOS is not
clear.

Added value of this study

In the present study, we identified PGK1 as a novel binding
partner of AR by mass spectroscopy in patient GCs, and showed
that the abundance of PGK1 was increased in PCOS luteinized
GCs and PCOS-like mouse ovarian tissues by qRT-PCR and west-
ern blotting. PGK1 regulated glucose metabolism and deterio-
rated the PCOS-like mouse metabolic disorder. Meanwhile,
highly abundant PGK1 inhibited AR ubiquitination levels and
increased AR stability in an E3 ligase SKP2-dependent manner.
In addition, RNA-seq data showed that critical ovulation-
related genes were regulated by the PGK1-AR axis. Previous
study demonstrated impaired development of follicles and low
oocyte competence in PCOS. Thus, our data indicate that the
reason for folliculogenesis failure might be excessive expres-
sion of critical ovulation-related genes and glucose dysfunction.

Implications of all the available evidence

In this study, PGK1 was highly expressed in PCOS luteinized
GCs and PCOS-like mouse ovarian tissues, and the high expres-
sion levels were related to hyperandrogenemia. The PGK1 in
GCs regulated metabolism interacted with AR to mediate the
expression of key ovulation genes and regulated cell prolifera-
tion and apoptosis, resulting in the etiology of PCOS. This pro-
vided us a new mode of action for abnormal glycolysis in PCOS,
and also a potential treatment target for clinical PCOS.

transcription factor belonging to a superfamily of steroid hormone
receptors and primarily functions by modulating genomic activity as
a nuclear receptor [7]. In the ovary, the AR is primarily expressed by
granulosa cells (GCs), during most stages of follicular development.
In our previous study, phosphoglycerate kinase 1 (PGK1) was identi-
fied as a new binding partner with the AR in GCs [8], but whether it
cooperated with AR in folliculogenesis or PCOS was really unknown.
PGK is one of two enzymes that produce ATP during glycolysis,
regulating energy homeostasis. It catalyses the conversion of 1,3-
bisphosphoglycerate into 3-phosphoglycerate, which generates ATP
during glycolysis [9,10]. In humans, two PGK isoenzymes, PGK1 and
PGK2, have been identified. Researchers have examined the roles
played by PGK1 in many diseases and the associated underlying
molecular mechanisms. For example, hypoxia-inducible factor-1

(HIF-1) transcribes and activates PGK1 in breast cancer, and PGK1
might be as the primary target molecule in colorectal cancer cells
during immunotherapy [11,12]. In addition, PGK1 acts as a protein
kinase that regulates mitochondrial function and autophagy induced
by cell stress [9]. The key functions of PGK1 in the comprehensive
regulation of glycolysis, mitochondrial metabolism, and autophagy
serve to promote tumor cell proliferation and maintain of cell
homeostasis [13-15]. Of note, PGK1 plays an important role in meta-
bolic reprogramming, resulting in the conversion of glucose into lac-
tate. PCOS is associated with many risk factors in adults, including
insulin resistance and gestational diabetes, and is closely associated
with reproductive failure and dysfunctional metabolism [16,17]. It
remains unclear whether PGK1 bind with AR and regulates glucose
metabolism in GCs, leading to insulin resistance and other PCOS-
associated metabolic disorders, and whether it regulates c-Fos or c-
Jun signaling during ovulation. The present study identified new
functions of the PGK1-AR axis in the reproductive system, which may
represent a new therapeutic target for PCOS.

2. Materials and methods
2.1. Ethics statement

This study was approved by the Ethics Committee of the Interna-
tional Peace Maternity and Child Health Hospital, School of Medicine,
Shanghai Jiao Tong University, Shanghai, China. Ovarian GCs were
collected from patients who underwent in vitro fertilization (IVF) at
the Center for Reproductive Medicine of International Peace Mater-
nity and Child Health Hospital. Signed informed consent was received
from all subjects (NO. GKLW 2015—42). PCOS patients were identi-
fied by the Rotterdam diagnostic criteria and the patient luteinized
GCs were retrieved from the follicular fluid. The follicular fluid was
collected and centrifuged at 20 min 2000 rpm and the pellets were
re-suspended in phosphate-buffered saline containing 0.1% hyal-
uronidase (Sigma-Aldrich, St. Louis, MO, USA) at 37 °C for 20 min.
Then, granulosa cells were purified by Ficoll-Paque separation (GE
Healthcare Bio-Science, Uppsala, Sweden) and used for the next
study. The procedures for animal experiments were performed fol-
lowing the Guide for the Care and Use of Laboratory Animals at
Shanghai Model Organisms (Shanghai, China) and the approval ID for
the animal experiment was 2018—-0005.

2.2. Cell culture

The human cell line HEK293T and the human ovarian granulosa-
like tumor cell line KGN were preserved in the central laboratory of
the International Peace Maternity and Child Health Hospital.
HEK293T cells were cultured in Dulbecco’s modified Eagle medium
(DMEM, Gibco, BRL, Grand Island, NY, USA) with 10% foetal bovine
serum (FBS, Gibco) and 1% penicillin-streptomycin. KGN cells were
cultured in DMEM/F12 (Gibco) with 10% FBS and 1% penicillin-strep-
tomycin (Gibco). The cell line information and other materials in this
study are described in Supplementary Table 1.

2.3. Plasmids and lentivirus

The polymerase chain reaction (PCR) products were generated by
a PCR instrument (Applied Biosystems, Foster City, CA, USA). It was
programmed for 35 cycles, and each cycle consisted of pre-denatur-
ation at 95 °C for 120 s followed by denaturation at 95 °C for 25 s,
annealing at 57 °C for 29 s, and extension at 72 °C for 60 s. PCR-ampli-
fied full-length sequences of human PGK1 and AR were cloned into
pFLAG-CMV-2 and pcDNA-HA. The structural domains of PGK1 were
generated from full-length PGK1 and cloned into pEGFP-C1. The len-
tiviral vectors shCtrl and shPGK1 were purchased commercially
(Genepharma, Shanghai, China). Plasmids were transfected into
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HEK293T cells in 6-well plates. Cells were seeded 24 h in advance,
and the cell density was approximately 80% at the time of transfec-
tion. Transfection was performed using 2 ug of plasmid and 5 uL
Lipo2000 (Invitrogen, Carlsbad, CA, USA) according to the manufac-
turer’s protocol. Cells were collected 36 h after transfection. KGN cells
were seeded into 6-well plates 24 h before transfection with the len-
tivirus and the medium was replaced with fresh DMEM/F12 before
transfection. The quantitative real-time PCR (qRT-PCR) and western
blotting experiments were performed to verify the mRNA and pro-
tein levels, respectively.

2.4. Western blotting

Cells were lysed using lysis buffer (P0013, Beyotime, Nanjing,
Jiangsu, China), containing protease inhibitor cocktail (YEASEN,
Shanghai, China). Protein concentrations were determined by bicin-
choninic acid assay (Thermo Fisher Scientific, Rochester, NY, USA). A
total of 20 ug of each protein extract was separated by sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) and
blotted onto a polyvinylidene difluoride (PVDF) membrane. The
PVDF membrane was blocked with 5% milk for 1 hr. Then, the mem-
brane was incubated with the relevant antibody at 4 °C overnight.
After washing three times with Tris-buffered saline containing
Tween20 (TBST), the membrane was incubated with horseradish per-
oxidase (HRP)-conjugated secondary antibody. Relative protein levels
were quantified by Image J.

2.5. RNA-seq and qRT-PCR

The KGN cells treated with shRNA PGK1 in advance were seeded
in 9 cm plates and serum starved for 12 hrs, before stimulation by
DHT (final concentration 10—7 moleL-1) for 24 hrs. The cells from
each group were collected and sent to Novel Bioinformatics Ltd., Co.
(Shanghai, China) for RNA-seq and bioinformatics analysis. The RNA-
seq data were deposited in the NCBI (National Center for Biotechnol-
ogy Information) GEO depository and assigned accession numbers is
GSE146856. Total RNA from cultured cells, human GCs, and mouse
ovarian tissues were isolated with RNAisoreagent (9109, Takara,
Shiga, Japan), according to the manufacturer’s instructions. According
to the protocol, a total of 1 ug of RNA was synthesized into cDNA
using the RT Reagent Kit and gDNA Eraser (RR047A, Takara, Shiga,
Japan). The qRT-PCR was performed on the QuantStudio 7 Flex sys-
tem (Life Technologies, Carlsbad, CA, USA). All samples were run in
triplicate. To quantify the relative expression of mRNA, data were
normalised to the expression level of glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). The primers and si-RNAs in the study are
described in Supplementary Table 2.

2.6. Immunofluorescence staining

Cultured cells were washed with phosphate-buffered saline (PBS),
then fixed with 4% paraformaldehyde for 15 min. After washing with
PBS, cells were permeabilised with 1% Triton-100 for 15 min. After
blocking in 3% bovine serum albumin for 1 h, cells were incubated
the with primary antibody overnight at 4 °C. After washing with PBS,
cells were incubated with Alexa Fluor 488- or 594-conjugated sec-
ondary antibodies (Invitrogen) for 1 h and then stained with the
nuclear stain 4’,6-diamidino-2-phenylindole (DAPI), at room temper-
ature. Immunofluorescence was detected using a confocal micro-
scope.

2.7. Immunoprecipitation assays
Cells were lysed with IP lysis buffer (P0013, Beyotime). The

whole-cell lysates were incubated with antibodies overnight at 4 °C
and then precipitated with the antibody-protein complex, using

Protein A/G beads (Thermo Fisher Scientific). The immunoprecipi-
tates were washed five times and then subjected to western blotting
analysis.

2.8. Cell counting kit-8(cck-8) assay, colony formation assay, and
terminal deoxynucleotidyltransferase dUTP nick labeling (TUNEL) assay

For the CCK-8 assay, 2000 cells were seeded in 96-well plates for
24 hrs. After treatment with dimethyl sulfoxide (DMSO), DHT, and
relative cell growth was measured using a Cell Counting Kit-8 (YEA-
SEN), according to the manufacturer’s protocol. For colony formation
assays, 2000 cells were seeded in 6-well plates and cultured over-
night. Cells were cultured in the presence or absence of DHT in com-
plete media for 14 days. The medium was discarded and the cells
were washed once with PBS. Cells were then fixed in methanol, at
room temperature for 10 min. The methanol was discarded, and cells
were washed with PBS three times. Giemsa stain was added to each
well for 30 min and discarded, and cells were washed with PBS. The
images were taken by a digital camera and the colony numbers were
analyzed by the Image ] software. For apoptosis assays, cells were
seeded in 15-mm cell culture dishes and cultured in complete
medium for 1 day. Cells were incubated at 37 °C for 6 h, in the pres-
ence or absence of DHT. A TUNEL kit (C1089, Beyotime), was used
according to the manufacturer’s protocol. Images were acquired by
confocal microscope.

2.9. The glutathione-S-transferase (GST) pull-down assay and kinase
assay in vitro

The expression of GST, GST-PGK1, and His-AR proteins was
induced in E. coli BL2, grown in LB-ampicillin and harboring the plas-
mids pGEX-4T1, pGEX4T-PGK1, and pET-28a-AR, respectively, using
isopropyl B-p-1-thiogalactopyranoside when cells reached an optical
density of approximately 0.6. Proteins were expressed at 28 °C over-
night. Then, the bacterial liquid was collected, the supernatant was
removed by centrifugation, and an appropriate amount of PBS was
added to perform ultrasonic fracture on ice. Then the mixture was
centrifuged at 4 °C, at 3000 x g for 20 min. The supernatant was col-
lected and the proteins were purified according to the manufacturer’s
protocol. Purified GST-PGK1 fusion protein or GST control was com-
bined with His-AR fusion protein and GST-agarose overnight at 4 °C.
The protein mixtures were washed four times, as previously
described [18]. The protein samples were separated by 10% SDS/
PAGE, followed by western blotting. For the kinase assay in vitro, the
recombinant PGK1 and AR proteins were incubated in the kinase
buffer (25 mM Tris—HCI at pH 7.5, 10 mM MgCl,, 2 mM Dithiothrei-
tol, 5 mM p-glycerophosphate, 0.1 mM Na3VO,4, and 10 mM ATP)
(Sigma-Aldrich). The reactions were incubated at 37 °C for 25 min,
followed by western blotting.

2.10. PCOS-like mouse model

Female C57BL/6 ] mice were purchased commercially (Shanghai
Model Organisms, Shanghai, China). Mice were obtained at the age of
3 weeks and allowed to habituate for 1 week. The PCOS-like mouse
model was generated by treating the mice daily with dehydroepian-
drosterone (DHEA; 0.6 g/kg body weight) via subcutaneous injection
for 20 days [19]. The PCOS-like mice in the paclitaxel (PTX) treatment
group were gavaged with PTX (0.2 mg/mL) at 7 weeks-age for 3
weeks. Mouse body weights were measured weekly. The vaginal cells
of the indicated mice were collected daily with normal saline lavage
and visualized under light microscopy for 16 consecutive days. The
standard for the oestrus cycle was identified in the following way:
mainly leukocytes in the dioestrus stage, mainly nucleated cells in
the pro-oestrus stage, mainly cornified epithelial cells in the oestrus
stage, and a mixture of both leukocytes and cornified cells in the
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metoestrus stage. To determine the ovarian morphology, ovaries
were fixed in 4% paraformaldehyde, dehydrated in an ethanol gradi-
ent, and finally embedded in paraffin. Ovary tissues were sectioned
to approximately 8 wm thick in succession, and the sections were
stained with haemoxylin and eosin (H&E). Finally, histomorphologi-
cal observation was performed with a microscope (DM2500, Leica,
Germany). The cystic follicles and corpora lutea were counted, and
the phenotype and the counted number were confirmed by a pathol-
ogist. The protein expression levels in the ovaries were measured by
immunohistochemistry (IHC) following a series of procedures: anti-
gen retrieval, addition of primary and secondary antibody, and finally
adding a detection reagent to recognize and localize the primary anti-
body referenced as Magaki et al. [20].

2.11. Glucose tolerance test (GTT) and insulin tolerance test (ITT)

Mice were fasted for 12 hrs before the GTT and four hours before
the ITT. The glucose concentration was checked by tail vein blood
sampling using the Accu-Chek Performa blood glucose meter (Roche,
Los Gatos, CA, USA). After testing the fasting glucose concentrations,
the mice were intraperitoneally injected with glucose (G6152,
Sigma-Aldrich) (2 mge g ~ ' BW) for the GTT, or insulin (1000~! [Ue
g~ 1 BW) for the ITT. The tail sample blood glucose levels were mea-
sured at time points 15, 30, 60, and 120 min.

2.12. Metabolism detection in cells and mice

The KGN cells were seeded in 6-well plates and manipulated with
the relevant treatment, then the culture medium supernatant was
collected and kits were to detect the production of glucose (GAG020,
Sigma-Aldrich), and lactate (K607, BioVision, Milpitas, CA, USA) pro-
duction according to the protocols. The cells were seeded on the
plates, and the extracellular acidification rate (ECAR) and oxygen
consumption rate (OCR) were measured with the Seahorse XFe96
Analyzer (Agilent Technologies, Santa Clara, CA, USA), with a method
slightly modified from Chakraborty et al. [21]. The metabolic and
physical parameters of the control, PCOS-like model, and PTX treat-
ment mice were analysed by the Comprehensive Lab Animal Moni-
toring System (Columbus Instruments, Columbus, OH, USA). The
animals were maintained under a constant temperature, (22 °C),
with a 12-h light/dark cycle, with free access to water and food. After
proper adaptation to the system, the food intake, CO, and O, vol,
respiratory exchange rate (RER), and energy expenditure of each
mouse were measured for 24 h.

2.13. Statistical analysis

All calculations were performed using Excel and GraphPad Prism
software (GraphPad, La Jolla, CA, USA). Data are expressed as the
mean =+ SE. The statistical analysis was performed using the unpaired
two-tailed Student’s t-test. Statistical differences were considered
significant at p < 0.05. The clinical data were analysed with SPSS
v.26.0 (Endicott, New York, NY). Normally distributed continuous
data were expressed as the mean + SE and differences between
groups were compared by Student’s t-test. Skewed variables were
expressed as the median (95% confidence intervals) and analysed by
Mann-Whitney U test between groups. Significance is denoted as fol-
lows: *p < 0.05, ** p < 0.01, and *** p < 0.001.

2.14. Role of funding source

This study was supported by the National Key Research
and Development Program of China (2018YFC1003201,
2017YFC1001300), International Cooperation Project of China and
Canada NSFC (81661128010), the National Natural Science Founda-
tion of China (81671412, 81771593), Chinese Academy of Medical

Sciences Research Unit (No. 2019RU056), CAMS Inovation Fund for
Medical Sciences (CIFMS) (2019-12M-5-064), The Interdisciplinary
Key Program of Shanghai Jiao Tong University (YG2014ZD08), Shen
Kang Three Year Action plan (16CR3003A), the postdoctoral grant
(2018M630454), Shanghai Municipal Key Clinical Specialty, Shang-
hai, China. The funding sources had no role in the study design, inter-
pretation of data and collection analysis, writing of the report, and
the decision to submit the paper for publication.

3. Results
3.1. PGK1 and ar are highly expressed in the GCs of patients with PCOS

Our previous study used AR as the bait to identify PGK1 as a
new binding partner [8]. AR co-immunoprecipitation (co-IP) pro-
teins from human GCs were analysed by mass spectrometry,
which identified PGK1 binding to AR (Figs. 1a and 1b). Impor-
tantly, the mRNA expression levels of PGK1 were higher in PCOS
GCs than in non-PCOS GCs (Fig. 1c). It was also found that PGK1
expression levels were related with clinical features in PCOS
patients (Table 1). In addition, PGK1 mRNA expression levels
were positively correlated with the serum levels of testosterone
(TT) and the ratio of serum LH (luteinizing hormone) to FSH (fol-
licle stimulating hormone) among patients (Figs. 1d and e). Fur-
thermore, western blotting analysis showed that both PGK1 and
AR protein expression levels were high in PCOS GCs (Fig. 1f and
1g). These results demonstrate that PGK1 may be involved in
PCOS, likely through the AR pathway.

3.2. PGK1 is associated with ovulatory obstacles, and the phenotype can
be rescued by PTX

A previous study demonstrated that PGK1 plays vital roles in
both physiological and pathological processes, due to its effects
on cell proliferation and apoptosis [9,10]. PTX is one of the most
effective chemotherapeutic drugs used for the treatment of ovar-
ian cancers and acts by arresting the cell cycle, causing apoptosis
[22]. Here, we used PTX as a candidate drug to counteract the
effects of PGK1 during PCOS treatment. A PCOS-like mouse model
was successfully established, showing abnormal oestrus cycles
and increased cystic follicles, and these abnormal PCOS-like
symptoms were attenuated by PTX treatment (Figs. 2a and 2b).
The number of mouse embryos produced by DHEA-treated PCOS-
like mice decreased significantly compared to that of the control,
whereas the number of embryos increased after PTX treatment
(Fig. 2c). Western blotting and immunohistochemical analyses
showed that the PGK1 and AR protein expression levels in PCOS-
like mice were high in ovarian tissue but returned to normal lev-
els after PTX treatment (Figs. 2d and 2e). This suggests that PTX
treatment reduced PGK1 protein expression and provides further
evidence that PGK1 is associated with ovulatory obstacles via AR
signaling. Importantly, we also found that the ovulation-related
phosphorylation levels of the c-Fos and c-Jun signaling pathways
increased in the PCOS-like group and decreased in the PTX group,
to levels similar to those observed in the control group (Fig. 2f).
In addition, the TUNEL assay showed that the ovarian GCs in
PCOS-like mice did not undergo apoptosis but that PTX was able
to induce apoptosis in these cells (Fig. 2g). The Ki-67 staining
data demonstrated the increased proliferation of ovarian GCs in
PCOS-like mice that was reduced by PTX treatment (Fig. 2h). The
effects of PTX on GC cells were likely associated with the rescue
of the critical ovulation-associated c-Fos and c-Jun phosphoryla-
tion levels, which may promote GC apoptosis, resulting in suc-
cessful ovulation.
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Fig. 1. PGK1 is a new binding partner for AR, and PGK1 and AR protein levels are highly expressed in human PCOS luteinized granulosa cells. (a) Clinical luteinized granulosa cells
(GCs) were used for a co-immunoprecipitation (co-IP) assay, with an AR antibody, and the proteins were separated by 10% SDS/PAGE, followed by Coomassie staining. Next, the gel
was cut into strips containing the proteins of interest, treated with trypsin digestion, and analysed by LC-MS/MS. (b) Mass spectroscopy identified PGK1 as a new protein partner of
the AR protein. (c) The relative expression level of PGKT mRNA in human luteinized GCs from the Control (n = 36) and PCOS groups (n = 44). Data are expressed as the mean =+ SE.
The p values were calculated by an unpaired two-tailed Student’s t-test compared with controls. (d) Correlation analysis between the relative expression levels of PGKT mRNA and
serum testosterone (TT) levels among patients (r = 0.5017, p < 0.0001, n = 80). (e) Correlation analysis between the relative expression levels of PGKT mRNA and the ratio of serum
LH (luteinizing hormone) to FSH (follicle stimulating hormone) among patients (r = 0.2611, p = 0.0193, n = 80). (f-g) PGK1 and AR protein were detected by western blotting analysis
in human luteinized GCs from patients in the Control and PCOS (n = 4 per group). The protein expression levels of PGK1 and AR were statistically analysed. Data are expressed as the
mean =+ SE. The p values were calculated by an unpaired two-tailed Student’s t-test compared with controls.

3.3. PGK1 regulates cell glucose metabolism and aggravates metabolic
disorders in PCOS-like mice

PGK1 plays a vital role in glycolysis, converting glucose into lactic
acid. We examined whether the PGK1 regulation of glucose metabo-
lism played a role in PCOS. Thus, we first used KGN cells to measure
glucose and lactate production. The glucose levels in shPGK1 (PGK1
knockdown) cells increased, whereas the glucose levels in overex-
pression (OE)-PGK1 cells decreased, compared with the levels in con-
trol (Ctrl) cells. In contrast, lactate levels were reduced in shPGK1
cells and increased in OE-PGK1 cells relative to Ctrl cell levels
(Figs. 3a and 3b). In addition, the extracellular acidification rate
(ECAR) was notably downregulated and the OCR was notably upregu-
lated in shPGK1 cells (Figs. 3c and 3d) compared to in Ctrl cells.
Meanwhile, the gene set enrichment analysis (GSEA) and the glucose
metabolism genes were significantly regulated by PGK1 in the
shPGK1 cells compared to control RNA-seq data, indicating that PGK1
plays a key role in the regulation of glucose metabolism in GCs

(Supplementary Figure 1 and Supplementary Figure 2). Next, we
assessed the whole-body glucose homeostasis of PGK1 in PCOS-like
mice. The weight curves for the mice showed that the body weights
for the PCOS-like group were higher than those for the Ctrl group.
The PCOS+PTX group had body weights similar to those of the PCOS
group, and the area under the curve (AUC) analysis showed similar
results (Figs. 3e and 3f). The homeostasis model assessment-insulin
resistance (HOMA-IR) values in the PCOS+PTX group decreased com-
pared with those in the PCOS-like group (Fig. 3g). Glucose and insulin
resistance were increased in PCOS-like mice compared to in Ctrl
mice, and PTX was able to reduce the glucose and insulin resistance
of PCOS-like mice to Ctrl levels (Figs. 3h—3m). Insulin secretion
defects contribute to glucose intolerance, and our results showed
that insulin secretion in PCOS-like mice was reduced compared with
that of both the Ctrl and PCOS+PTX groups, but not significantly
(Figs. 3n and 30), indicating that neither the PCOS-like model
nor PTX treatment influenced insulin secretion for the regulation of
glucose levels. Importantly, we also evaluated the metabolic
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PCOS-NHT(n = 28)

PCOS-HT(n = 16)

Table 1
Characteristics of the patients in the study.
Ctrl(n =36) PCOS
Total PCOS(n = 44)
Age, year’ 31.66+4.44 31.66+4.44
Height, cm’ 161.23+5.45 161.23+£5.45
Body weight, kg* 60.60+7.97 60.60+7.97
BMI, kg/m? 23.29+2.69 23.29+2.69"%

Cycle length, days'
Duration of infertility, Year‘
FSH, 1U/L 8.35(5.98—10.00)

LH, 1U/L¢ 4.50(3.60—5.97)

PRL( 11.85(9.35-18.93)

Day 3 serum TT, nmol/L’ 1.00(0.80—1.20)

Day 3 serum E2, pmol/L‘ 136.50(85.50—-204.50)

Day 3 serum Prog, nM' 2.00(1.00—4.13)

LH on HCG day, IU/L ¢ 2.40(1.35-3.10)

E, on HCG day, IU/L( 10,627.00(5178.25—16,666.75)
Prog on HCG day, nM( 2.70(1.95-4.95)

30.00(28.00—30.00)
2.50(1.00—4.75) 3.00(2.00—5.00)
6.80(5.60-10.20)
5.20(3.35-9.48)

12.95(8.25-16.03)

2.00(1.00—-2.80)
2.65(1.40—4.20)

3.40(1.60-4.98)

41.50(31.25-90.00)"***

2.05(1.43-2.60)"¢
143.00(96.50-223.75)

16,405.00(9427.00—17,827.00) **

31.50+6.50
160.00+6.25

60.96+1.41

23.54::0.42

45.00(35.00—90.00)
4,00(2.00-5.75)
6.25(5.25-8.54)
5.50(3.13-9.18)
13.15(8.25-15.00)
1.70(1.26-1.98)
129.50(82.75—-204.25)
2.00(1.00-3.10)
2.60(1.25-3.63)
14,774.50(11,495.00—17,827.00)
3.30 (1.60-5.05)

30.00+5.50
160.00+4.50

59.97+2.24

22.85+0.86
37.50(28.00—82.50)
3.00(1.25-4.00)
9.05(6.08—13.65)
460(3.63-12.13)
12.35(8.00—17.48)
2.80(2.60-2.95)**&
194.50(104.25-269.75)
2.00(1.05-2.75)
3.20(1.73-8.03)
17,827.00(7923.00—18,121.00)
3.75(1.68-4.98)

*

indicates PCOS patients versus control (Ctrl).

 *indicates PCOS-HT patients versus PCOS-NHT. HT means high testosterone, NHT means non-high testosterone.

* P<0.05,

P <0.001.

¥ Mean=SE,.

# unpaired t-tests,.

* Median (range),.

& Mann-Whitney U test.

characteristics of the three groups of mice. There were no significant
differences in food intake, O, vol, or physical activity along the X and
Z axis among the groups (Figs. 3p-3s and Supplementary Figure 3),
but the RER in PCOS-like mice was notably higher than that in Ctrl
mice, which could be corrected by PTX during both the light and dark
periods (Figs. 3t and 3u). Together, these results suggest that PGK1
may regulate glucose metabolism dysfunction in GCs, resulting in
ovulation disorder, and that PTX was able to rescue PCOS-like meta-
bolic disorders, likely by acting on PGK1, ameliorating glucose metab-
olism.

3.4. PGK1 physically interacts with the AR

In both clinical human GC samples and the PCOS-like mouse
model, PGK1 and AR protein expression levels were high. However,
whether they interacted with each other remained unknown. To con-
firm whether PGK1 binds with AR, co-immunoprecipitation (co-IP)
assays were performed in HEK293T cells transfected with Flag-PGK1
and HA-AR. The results showed that PGK1 was able to bind to the AR
in HEK293T cells (Figs. 4a and 4b). To further determine whether
PGK1 and AR interact, the endogenous proteins were examined in a
co-IP assay performed with the KGN cell line, demonstrating that
PGK1 interacted with the AR, whereas the IgG control showed no vis-
ible bands (Figs. 4c and 4d). In addition, a GST pull-down assay dem-
onstrated that PGK1 interacted directly with the AR in vitro (Fig. 4e).
Furthermore, an immunofluorescence assay showed that PGK1 and
AR were both primarily distributed in the nucleus (Figs. 4f and 4g).
As described in a previous study [23], we also generated PGK1 struc-
tural domains fused to a green fluorescent protein (GFP)-tag (GFP-
catalytic domain 1 [CD1], GFP-nucleotide-binding domain [NBD],
GFP-CD2). The data illustrated that the nucleotide-binding domain
(NBD) of PGK1 was the primary interaction site for AR (Fig. 4h).

3.5. PGK1 promotes AR translocation into the nucleus, and depends on
ubiquitin ligase SKP2 to increase AR stability

To study the function of PGK1, we screened and obtained the best
shRNA target (shRNA #3) against PGK1 (Fig. 5a). Western blotting
analysis showed that total AR protein levels decreased when the KGN
cell line was treated with shPGK1, which was dependent on

dihydrotestosterone (DHT) (Fig. 5b). To determine whether PGK1
could regulate the nuclear translocation of AR, we used a nucleo-
plasm and cytoplasm separation kit and immunofluorescence to
analyze a KGN cell line treated with shPGK1and background DHT.
The results showed reduced levels of nuclear AR in KGN cells
treated with shPGK1. This response was dependent on DHT
(Figs. 5c and 5d), indicating that PGK1 promoted AR translocation
into the nucleus.

To further investigate the relationship between PGK1 and AR,
empty Flag vector or Flag-PGK1 was co-transfected with HA-AR into
HEK293T cells, and PGK1 overexpression was found to increase AR
protein expression levels (Fig. 5e). The expression level of AR in
shPGK1-treated KGN cells was significantly lower than that in shCtrl-
treated cells (Fig. 5f). Based on these results, we suspected that PGK1
might increase AR stability. To further determine whether PGK1
affected the stability of AR, KGN cells were transfected with shPGK1
and then treated with cycloheximide (CHX), an inhibitor of protein
biosynthesis and MG132 (a proteasome inhibitor), for the indicated
times. The results showed that AR protein levels decreased after CHX
treatment in shPGK1-treated cells compared to in shCtrl-treated cells
(Fig. 5g), demonstrating that PGK1 promotes AR protein stability. The
ubiquitin/proteasome-mediated pathway regulates protein degrada-
tion in eukaryotic cells [24]. From our RNA-seq data, GSEA analysis
showed that the ubiquitin-mediated proteolysis pathway was upre-
gulated in shPGK1-treated cells (Fig. 5h). In addition, we detected the
ubiquitination levels for AR and found that levels decreased in the
presence of PGK1 compared with control levels (Fig. 5i), which fur-
ther indicates that PGK1 promoted AR protein stability by regulating
AR ubiquitination levels.

The heatmap shows that the core enrichment genes involved in
protein ubiquitination were upregulated and one of the most signifi-
cantly upregulated genes encoded E3 ubiquitin ligase S-phase
kinase-associated protein 2 (SKP2) (Fig. 5j). Next, we determined
whether the observed PGK1-mediated increase in AR protein stability
was dependent on the E3 ubiquitin ligase SKP2. The AR protein level
increased notably when cells were treated with si-SKP2 compared
with the control level, while the AR protein levels did not increase
when we introduced PGK1 into the cells once again (Fig. 5k), which
indicates that the PGK1-mediated increase in AR protein stability
was dependent on the ligase SKP2.
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Fig. 2. PGK1 is upregulated in PCOS-like model mice and returns to normal levels after PTX treatment. (a) Continuous monitoring of the oestrus stage in the mice in three groups
(Ctrl, DHEA, and DHEA+PTX). (b) Representative images of H&E-stained mouse ovaries for the indicated groups. * shows corpus luteum and # shows cystic follicles. Scale bar:
200 pm. (c) The number of embryos was analysed, and the data are expressed as the mean + SE (n = 5 per group). (d) PGK1 and AR were detected by western blotting analysis in
mouse ovaries from the indicated groups (n = 3 per group). The protein expression levels of PGK1 and AR were analysed, and the data are expressed as the mean =+ SE. (e) Represen-
tative images of immunohistochemical staining, using PGK1- and AR-specific antibodies, of mouse ovaries from the indicated groups (n = 5 per group). Data are expressed as the
mean =+ SE. Scale bars in the original and enlarged images are 200 ;+m and 50 pm, respectively. (f) Representative images of immunohistochemical staining, using the indicated spe-
cific antibodies for c-Fos, p-c-Fos, c-Jun and p-c-Jun, of mouse ovaries from the indicated groups (n = 5 per group). Data are expressed as the mean =+ SE. Scale bar: 50 um. (g) Repre-
sentative images of TUNEL assay results in mouse ovaries from the indicated groups (n = 3 per group). Scale bar: 200 um. (h) Representative images of immunohistochemical
staining, using Ki-67-specific antibodies, of mouse ovaries from the indicated groups (n = 3 per group). Scale bar: 100 xm. The statistical data were analysed by an unpaired two-
tailed Student’s t-test compared with controls.
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Fig. 3. PGK1 mediates glucose metabolism in cells and aggravates PCOS-like mouse metabolic disorder. (a) Glucose levels in shPGK1 (PGK1 knockdown) and OE-PGK1 (PGK1 over-
expression) KGN cells compared with Ctrl (control) KGN cells, n = 4. (b) Relative lactate levels in shPGK1 and OE-PGK1 KGN cells compared with Ctrl, n = 4. (c-d) Extracellular acidifi-
cation rates (ECARs) and oxygen consumption rates (OCRs) in shPGK1 and Ctrl KGN cells. Data are expressed as the mean =+ SE. Statistical analysis was performed using an unpaired
two-tailed Student’s t-test (*p < 0.05, ** p < 0.01). (e) Weight curves for Ctrl (control), PCOS (PCOS-like model mice), and PCOS+PTX (PCOS-like model mice treated with PTX) mice
were recorded from 4 weeks to 16 weeks of age, n = 8. (f) Area under the curve (AUC) analysis of the three groups. (g) Homeostasis model assessment-insulin resistance (HOMA-IR)
was analysed based on fasting blood glucose and insulin levels, n = 5. (h-k) Glucose tolerance tests and AUCs were assessed for the three groups, n = 5. (i-m) Insulin tolerance test
and AUCs for mice in the three groups, n = 5. (n-o0) Serum insulin levels after 30 min of fasting and the fold changes in serum insulin levels after glucose injection, n = 5. (p-q) Cumu-
lative food intake over 24 h, and cumulative food intake normalised to body weight, n = 3. (r-s) Consumed O, was measured in the three groups during light and dark phases; the
histogram represents the mean + SE of three mice per group. (t-u) RER was measured during light and dark phases; the histogram represents the mean =+ SE of three mice per
group. Three treatment groups of mice: Ctrl (control), PCOS (PCOS-like model mice), and PCOS+PTX (PCOS-like model mice treated with PTX). Statistical analysis was performed by

an unpaired two-tailed t-test compared with relevant controls.
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Fig. 4. PGK1 interacts with AR, both in vitro and in vivo. (a-b) HEK293T cells were transfected with HA-AR and Flag-PGK1. The immunoprecipitation interaction assay between HA-
AR and Flag-PGK1 was performed by western blotting analysis. The input was used as the positive control and IgG was used as the negative control. (c-d) The endogenous immuno-
precipitation interaction assay between PGK1 and AR was performed in KGN cells, and analysed by western blotting. The input was used as the positive control and IgG was used as
the negative control. (e) PGK1 binding to AR in vitro, using the GST pull-down assay. The control GST and GST-PGK1 fusion protein were purified with GST-agarose, after being
mixed with purified His-AR protein and the interaction was detected by western blotting. (f) Inmunofluorescence images of KGN cells illustrate that PGK1 (green) co-localizes with
AR (red) in the nucleus. Nuclear DNA was counterstained with DAPI (blue). Scale bars: 200 pm. (g) Line scans of a cell co-stained against PGK1, AR, and DNA, at the position shown
by the arrow. (h) An immunoprecipitation assay performed in HEK293T cells showed that AR primarily interacts with the PGK1 NBD domain.

3.6. PGK1 promotes the transcriptional activity of ar and ovulation-
related gene expression

To further explore the genes regulated by PGK1, a volcano plot
and heatmap showing differentially expressed genes were con-
structed from RNA-seq data, comparing between KGN cells treated
with shCtrl+DHT and KGN cells treated with shPGK1+DHT (Figs. 6a
and 6b; Supplementary Table 3). From the Venn diagram and heat-
map data, we found that 3089 genes regulated by PGK1 were depen-
dent on DHT (Figs. 6¢c and 6d; Supplementary Table 4). To determine
AR target genes, we compared the differentially expressed genes
identified between shPGK1+DHT and shCtrl+DHT cells with the AR-

regulated genes reported by Cato et al. [25]. According to the Venn
diagram, 190 AR target genes were regulated by PGK1 and dependent
on DHT (Figs. 6e and 6f; Supplementary Table 5), indicating that
PGK1 regulates AR nuclear translocation and may influence the
excessive expression levels of AR-related genes.

To determine which ovulation-related genes were regulated by
PGK1, we compared the differentially expressed genes identified
from the shPGK1+DHT and shCtrl+DHT comparison with the ovula-
tion-regulated genes expressed in GCs, as reported by Zhang et al.
[26] The Venn diagram and heatmap show that 87 ovulation-related
genes were likely regulated by PGK1 (Figs. 6g and 6h;
Supplementary Table 6). To further verify the ovulation-related genes
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Fig. 5. PGK1 promotes AR translocation into the nucleus and increases AR stability, which depends on the E3 ubiquitin ligase SKP2. (a) Screening and validation of the knockdown
shRNA of PGK1 by western blotting. (b) Total PGK1 and AR proteins were detected by western blotting analysis after KGN cells were treated with shPGK1. (c) Nuclear-localized
PGK1 and AR proteins were detected by western blotting analysis after KGN cells were treated with shPGK1. (d) The immunofluorescence assay shows that PGK1 promotes AR
translocation into the nucleus, in a DHT-dependent manner. KGN cells were fixed with 4% paraformaldehyde and stained with PGK1 and AR antibodies. DAPI was used to stain the
nucleus. Scale bars: 200 nm. (e) Western blotting analysis was used to detect total protein expression levels in HEK293T cells transfected with HA-AR and either Flag-vector or
Flag-PGK1. (f) Total PGK1 and AR proteins were detected by western blotting analysis in KGN cells treated with shCtrl or shPGK1. (g) The total AR and PGK1 proteins in KGN cells
were analysed by western blotting analysis. The cells were treated with PGK1 shRNA, followed by either cycloheximide or MG132, at the indicated time points. (h) GSEA analysis of
the ubiquitin mediated proteolysis pathway in KGN cells treated with shPGK1 compared to Control (shCtrl). (i) AR polyubiquitination was detected by western blotting. HA or HA-
PGK1, Flag-AR, and HA-Ub were transfected into HEK293T cells. (j) Primary enrichment genes associated with the ubiquitin-regulated proteolysis pathway were identified in
shPGK1 treated KGN cells. The arrow indicates that SKP2 was increased in PGK1 knockdown cells. (k) KGN cells were transfected with PGK1 or si-SKP1, and the total protein levels
for AR, PGK1, and SKP2 were analysed by western blotting.
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Fig. 6. PGK1 regulates AR transcriptional activity and ovulation-related gene expression in KGN cells. (a-b) Volcano plot and heatmap showing differentially expressed genes
between shCtrl+DHT and shPGK1+DHT. (c) Venn diagram comparing the differentially expressed genes identified between shCtrl and shPGK1, and between shCtrl+DHT and
shPGK1+DHT. (d) Heatmap showing the differentially expressed genes dependent on DHT and regulated by PGK1. (e) Venn diagram comparing the differentially expressed genes
identified between shCtrl+DHT and shPGK1+DHT with AR target genes. (f) Network of differentially expressed AR target genes regulated by PGK1. Red indicates upregulation and
blue indicates downregulation. (g) Venn diagram comparing the differentially expressed genes identified between shCtrl+DHT and shPGK1+DHT with ovulation-related genes. (h)
Heatmap showing ovulation-related genes regulated by PGK1. (i) Venn diagram showing the key ovulation-related genes regulated by the PGK1-AR axis. (j) The expression levels of
MAP2K®6, KLF15, LRIG3 and MYOF were confirmed by real-time qPCR following DHT treatment in KGN cells (n = 3). (k) The expression levels of MAP2K6, KLF15, LRIG3 and MYOF were
verified by real-time qPCR in the ovaries of the Ctrl (control), PCOS (PCOS-like model mice), and PCOS+PTX (PCOS-like model mice treated with PTX) mice (n = 3).Statistical analysis
was performed by an unpaired two-tailed t-test compared with relevant controls.



12 X. Liu et al. / EBioMedicine 61 (2020) 103058

regulated by the PGK1-AR axis, we constructed a Venn diagram
between the ovulation-related and AR target genes mediated by
PGK1 and found that MAP2K6, MYOF, KLF15, and LRIG3 were both
ovulation-related genes and AR target genes (Fig. 6i). Using qRT-PCR,
we verified that these four ovulation-related genes were dependent
on DHT and regulated by PGK1 in cells (Fig. 6j), and that PTX could
rescue the expression levels in these four genes in PCOS-like mouse
ovaries to almost the control level (Fig. 6k). Furthermore, qRT-PCR
further confirmed that AR target and ovulation genes were regulated
by PGK1 in cells, and that PTX could rescue above the expression lev-
els of these genes in PCOS-like mouse ovaries to the control levels
(Supplementary Figure 4). All in all, this indicates that ovulation
related genes MAP2K6, MYOF, KLF15 and LRIG3 are regulated by the
PGK1-AR axis, and the reason that the PCOS-like phenotype was res-
cued by PTX to the control level was probably due to improvement of
expression of the related target genes regulated by the axis.

3.7. PGK1 inhibits apoptosis and promotes cell proliferation in KGN cells

Next, we used shPGK1 and DHT to treat KGN cells to see the PGK1
effects on cell proliferation and apoptosis. The TUNEL assay showed
that PGK1 inhibits apoptosis in cell lines (Figs. 7a and 7b). Western
blot analysis further demonstrated that PGK1 regulated the expres-
sion of the apoptosis markers caspase 9/cleaved caspase 9, Bcl2 and
Bax, resulting in the inhibition of apoptosis (Figs. 7c and 7d). In addi-
tion, the effects of PGK1 on cell proliferation were detected by CCK-8
(Fig. 7e), a colony formation assay (Figs. 7f and 7g), and a Bromodeox-
yuridine (BrdU) assay (Figs. 7h and 7i). The data indicate that PGK1
promoted cell proliferation and that such proliferation was depen-
dent on DHT. Taken together, these results suggest that PGK1 may
supress apoptosis and enhance GC proliferation, resulting in ovula-
tory dysfunction.

4. Discussion

Our findings demonstrate that the interaction between PGK1
and AR in GC nuclei may play a sizeable role in the development of
ovulation disorders. We provide convincing evidence to support
this conclusion. Our data also demonstrate that PGK1 binds
directly with AR and that the expression levels of these two pro-
teins were high in human clinical samples of luteinized GCs and
ovarian tissues from PCOS-like mice. PGK1 inhibited AR ubiquiti-
nation, and PGK1 was dependent on the E3 ligase SKP2 to increase
AR stability. In addition, PGK1 promoted AR translocation into the
nucleus, and from the deep analysis of RNA-seq and qRT-PCR data,
we concluded that AR transcription activity and the expression of
critical ovulation-related genes, including MAP2K6, KLF15, LRIG3,
and MYOF, were regulated by the PGK1-AR axis. High PGK1 expres-
sion enhanced glycolysis and metabolic flux, which are regulated
by mitogen-activated protein kinase 6 (MAP2K6) signaling, result-
ing in the development of ovulation disorders. However, normal
PGK1 levels and AR and ovulation target genes remain in a stable
balance, which results in normal metabolism and ovulation
(Fig. 8). The PCOS-like mice demonstrated metabolic disorders,
including dysfunctional whole-body glucose homeostasis and
insulin resistance, which could be partially rescued by PTX treat-
ment. These findings suggest that the PGK1-AR axis may be a
promising drug target for PCOS treatment, providing novel insights
into the role played by the glycolysis pathway during PCOS-associ-
ated metabolic dysfunction.

PCOS is the most common endocrine and metabolic disorder in
reproductive-age women. It can lead to hirsutism, anovulatory infer-
tility, and miscarriage, and is characterised by hyperandrogenemia,
ovulatory dysfunction, and polycystic ovaries [2, 27-29]. PCOS is also
associated with other non-reproductive abnormalities, such as meta-
bolic syndrome, insulin resistance, and dyslipidemia [30-32].

Potential mechanisms associated with PCOS development have been
studied [33-35]; however, because of the heterogeneous and com-
prehensive nature of the endocrine disorders associated with PCOS,
the pathogenesis has not yet been fully explained by any reported
mechanism. Lack of a dominant follicle is one of most important typi-
cal hallmarks in women with PCOS and the relevant outcome is ovu-
lation dysfunction and infertility. Meanwhile, we discovered key
glucose metabolism protein kinase PGK1 as a new binding partner
with AR in this study. Whether this PGK1-AR axis regulates ovulation
dysfunction associated with metabolic disorders is an intriguing
issue.

The metabolic reprogramming enzyme PGK1 has become a
molecular hotspot, and many reports have focused on the activity of
this metabolic enzyme and the effects of PGK1 post-translational
modifications (PTMs) during cancer [36,37]. PGK1 converts 1,3-
bisphosphoglycerate into 3-phosphoglycerate in the glycolysis path-
way, resulting in the production of the first ATP molecule; therefore,
PGK1 can control the synthesis of energy and metabolic products
[10,38]. Here, we found that PGK1 mRNA expression levels were
higher in PCOS luteinized GCs than in non-PCOS GCs. PGK1 and AR
protein expression levels were high in PCOS GCs, suggesting that
PCOS may be closely associated with PGK1 and AR protein expres-
sion. In our previous study, the treatment of the primary GCs with
DHT caused AR translocation into the nucleus, and DHT had a similar
promoting effect on AR signaling in prostate cancer [39,40]. Interest-
ingly, in the present study, PGK1 was closely associated with serum
testosterone levels, promoted AR translocation into the nucleus, and
increased AR stability via physical interactions. The excessive expres-
sion of the ovulation-related genes MAP2K6, KLF15, LRIG3, and MYOF
may be regulated by this critical non-metabolic function of PGK1.

To treat PGK1-associated PCOS, we used PTX as a potential PGK1-
targeting drug in a rodent PCOS-like model. Intriguingly, PCOS-like
mice presented with metabolic disorders, including glucose homeo-
stasis dysfunction, insulin resistance, and dyslipidemia, which could
be partially rescued by PTX treatment (Fig. 3 and
Supplementary Figure 5). In addition, PGK1 protein levels were
decreased in the cell line treated with PTX, and PGK1 and AR levels
were also reduced in the ovaries of PCOS-like mice treated with PTX.
This treatment relieved the ovulation disorder and metabolic symp-
toms observed in the model, and further indicated that the PGK1-AR
axis associated metabolism played a vital role in ovulation dysfunc-
tion. In the GCs, c-Fos/AP1 signaling plays a key role in ovulation and
a pivotal role in the upregulation of critical ovulatory gene expres-
sion; MAPK signaling triggers the response of the ovulation-associ-
ated genes c-Fos and c-Jun [41,42]. Thus, we hypothesised that the
PGK1-AR axis regulated metabolic flux and ovulatory dysfunction,
primarily via the MAPK signaling family member MAP2K6. The medi-
cine rescued PCOS-like mouse phenotype did regulate c-Fos and c-Jun
signaling. Conversely, it demonstrated that phospho-p38 signaling
was really regulated by the PGK1-AR axis in the cell line, and the
medicine rescued PCOS-like mouse phenotype was probably via this
axis in the regulated phospho-p38 signaling pathway in the ovaries
(Supplementary Figure 6). Of note, MAP2KG6 is a key upstream regula-
tor of the MAPK signaling molecule p38, which controls cell differen-
tiation and apoptosis, and p38 signaling also heightens glycolysis
[43,44]. In this study, PGK1 actually inhibited GC apoptosis by regu-
lating the apoptosis markers PARP, caspase 9/cleaved caspase 9, and
Bax, and GC apoptosis could be rescued by PTX treatment, which can
cause cell apoptosis by arresting the cell phase [22]. As we know, the
GCs play a critical role in the development of the oocytes, as they pro-
vide nutrients and growth factors for follicular maturation, and the
GCs preferentially metabolize glucose to lactate under anaerobic con-
ditions to support gonadotropin-induced cell differentiation [45]. As
we know, excess androgen, insulin resistance, and obesity
associations in PCOS may contribute to the development of local
and systemic oxidative stress, which may reciprocally worsen
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Fig. 8. Proposed model of effect of the PGK1-AR axis during ovulatory dysfunction.High PGK1 in GCs inhibits the AR ubiquitination level, and depends on the E3 ligase SKP2 to
increase AR stability. PGK1 promotes AR translocation into the nucleus, and results in excessive AR transcription activity and the expression of critical ovulation-related genes,
including MAP2K6, KLF15, LRIG3 and MYOF, which leads to metabolism and ovulation dysfunction and promotes PCOS occurrence. However, a normal PGK1 level ensures that AR
and ovulation related genes remain in a stable balance, and results in normal metabolism and ovulation.

PCOS-associated metabolic abnormalities [30,46]. Our data indicate
that PGK1 had a role not just in mediating the follicular microenvi-
ronment energy flux via regulating glycolysis in GCs, but also in influ-
encing the function of the mitochondria associated genes’ expression
and the free radicals in GCs (Supplementary Figure 7), which further
demonstrates that energy metabolism and oxidative stress dysfunc-
tion aggravated the imbalance of the GC environment. It suggests
that the excessive PGK1-AR-MAP2K6 p38 axis likely regulates meta-
bolic flux in GCs and p38 further stimulates glycolysis in GCs, which
upsets the GC microenvironment balance and results in dysfunctional
ovulation.

Ubiquitination generally promotes protein degradation and repre-
sents a classical, regulated PTM, with a critical role in both physiolog-
ical and pathological processes, such as reproduction, growth and
development, signal transduction, and tumourigenesis [47-50]. AR is
a nuclear receptor family member with a high-affinity site for chro-
matin that regulates transcriptional activity, and the ubiquitination
ligase system plays a key role in mediating AR activation/reactivation
[51-53]. The E3 ligase SKP2 not only plays a vital role in protein deg-
radation via the proteasome but also contributes to cell cycle regula-
tion [54-56]. AR and AR PTMs play important roles in follicular
development [6,57]. However, whether the critical glycolysis kinase
PGK1 promotes AR stability via PTMs and whether increased AR sta-
bility affects the prevalence of ovulation disorders or PCOS remain
unclear. Our data indicate that PGK1 was dependent on the E3 ligase
SKP2 to promoter AR stability and the PGK1-AR axis-mediated regu-
lation of dysfunctional ovulation via MAP2K6 signaling was likely
dependent on SKP2. Thus, we inferred that PGK1-AR together with
SKP2 regulated the GC cell cycle, resulting in GC cell cycle arrest, and
further caused disordered folliculogenesis. As PGK1 is a protein
kinase, we also detected the phosphorylation levels of AR regulated
by PGK1, and found that there were no phosphorylation changes
(Supplementary Figure 8), indicating that PGK1 regulated AR mainly
through protein interactions.

In conclusion, to our knowledge, this is the first report showing
the effects of the key GC glycolysis-associated protein kinase PGK1
on disordered folliculogenesis, and that the PGK1-AR axis may be a
potential therapeutic target for PCOS.
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