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PPM1K-regulated impaired catabolism of branched-chain
amino acids orchestrates polycystic ovary syndrome
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Summary
Background Polycystic ovary syndrome (PCOS) is one of the most common diseases with the coexistence of repro-
ductive malfunction and metabolic disorders. Previous studies have found increased branched chain amino acid

(BCAA) levels in women with PCOS. However, it remains unclear whether BCAA metabolism is causally associated
with the risk of PCOS.

Methods The changes of BCAA levels in the plasma and follicular fluids of PCOS women were detected. Mendelian
randomization (MR) approaches were used to explore the potential causal association between BCAA levels and the
risk of PCOS. The function of the gene coding the protein phosphatase Mg**/Mn**-dependent 1K (PPM1K) was
further explored by using Ppmik-deficient mouse model and PPM1K down-regulated human ovarian granulosa cells.

Findings BCAA levels were significantly elevated in both plasma and follicular fluids of PCOS women. Based on MR,
a potential direct, causal role for BCAA metabolism was revealed in the pathogenesis of PCOS, and PPMiK was
detected as a vital driver. Ppmik-deficient female mice had increased BCAA levels and exhibited PCOS-like traits,
including hyperandrogenemia and abnormal follicle development. A reduction in dietary BCAA intake
significantly improved the endocrine and ovarian dysfunction of Ppmik™~ female mice. Knockdown of PPMiK
promoted the conversion of glycolysis to pentose phosphate pathway and inhibited mitochondrial oxidative
phosphorylation in human granulosa cells.

Interpretation Ppmik deficiency-impaired BCAA catabolism causes the occurrence and development of PCOS.
PPMiK suppression disturbed energy metabolism homeostasis in the follicular microenvironment, which
provided an underlying mechanism of abnormal follicle development.
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Research in context

Evidence before this study

Some metabolomics studies, including the authors’ previous
reports have indicated the imbalance of amino acids
metabolism in PCOS, especially significantly increased levels
of BCAAs in PCOS. However, it remains unknown whether
BCAA metabolism causally affects the risk of PCOS or in
versa.

Added value of this study

1. Based on MR approaches coupled with lab research,
BCAA metabolism was determined to have causal
association with increased risk of PCOS, and the
ringleader was PPM1K gene.

Introduction

Polycystic ovary syndrome (PCOS) is a common repro-
ductive and metabolic disorder that affects 4-20% of
women of reproductive age worldwide.' PCOS is char-
acterized by menstrual irregularity (oligo-ovulation or
anovulation), hyperandrogenism (clinical or biochem-
ical) and polycystic ovarian morphology.? PCOS is the
main cause of female infertility and, in many cases, en-
compasses a wide range of cardiometabolic disorders,
such as insulin resistance, obesity, type 2 diabetes (I2D),
hypertension, and cardiovascular disease.’ The aetiology
of PCOS remains largely unknown, but growing evi-
dence suggests that PCOS may be a complex multigenic
disorder that is influenced by both genetic and envi-
ronmental factors, including diet and other lifestyle
factors.?

Branched-chain amino acids (BCAAs) are members
of a unique category of essential amino acids, including
valine, leucine, and isoleucine. Previous studies have
found that a BCAA-abundant diet positively affects
glucose homeostasis, muscular protein synthesis, and
body weight regulation.* Despite these beneficial effects
on metabolic health, recent studies have highlighted
that elevated circulating levels of BCAAs are associated
with insulin resistance, T2D, obesity and cardiovascular
diseases.”” Circulating levels of BCAAs are regulated by
both the dietary intake of BCAAs and the catabolism of
BCAAs in the body.® The BCAA catabolic pathway
widely regulates the metabolism of glucose® and lipid
synthesis,'® and defects in BCAA catabolism promote
insulin resistance, diabetes and obesity.""

In previous research, we observed elevated plasma
levels of BCAAs in PCOS patients through

2. Ppmik-deficient female mice and high BCAA diet-
induced female mice exhibited PCOS-like endocrine and
reproductive traits.

3. Reducing dietary BCAAs improved the endocrine and
ovarian dysfunction of Ppm1k-deficient female mice.

4. PPM1K knockdown in human ovarian granulosa cells
disturbed the energy metabolism homeostasis in the
follicular microenvironment.

Implications of all the available evidence

Both genetic determinants and dietary induction of BCAA
catabolism cause the occurrence and development of PCOS.
PPM1K can function as a vital BCAA catabolism-related
genetic driver for PCOS.

metabolomics analysis,”” and this finding has been
replicated in other studies.”'* We further determined
that the increased levels of BCAAs were significantly
associated with insulin resistance and metabolic syn-
drome in women with PCOS.” However, it remains
unclear whether abnormal BCAA metabolism is caus-
ally associated with the risk of PCOS or vice versa.

In the present study, we used Mendelian randomi-
zation (MR) to explore the potential causal association
between elevated levels of BCAAs and an increased risk
of PCOS. Our analysis revealed that the causal gene is the
protein phosphatase Mg®*/Mn**-dependent 1K (PPM1K)
gene, which encodes the enzyme that dephosphorylates
and activates the mitochondrial branched-chain a-ketoa-
cid dehydrogenase (BCKD) that controls BCAA catabo-
lism."* Moreover, we utilized Ppmlk knockout female
mice to elucidate whether defects in BCAA catabolism
could lead to PCOS-like phenotypes. Then, we performed
a BCAA-restricting dietary intervention study to evaluate
the effect of BCAA level manipulation on the reproduc-
tive and metabolic dysfunction of Ppmlk knockout fe-
male mice. Furthermore, we examined the impact of
PPMIK knockdown in human ovarian granulosa cells on
energy metabolism homeostasis in the follicular
microenvironment.

Methods

GWAS data source

The current three BCAA GWAS datasets were extracted
from a GWAS meta-analysis by Lotta, Pietzner et al.”
Two different PCOS GWAS datasets were obtained
from the UK BioBank' derived from the Neale labora-
tory and the study by Day F et al.”” The quality control
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details for GWASs for analysis are presented in
Supplementary Table S1. These original studies were
approved by the local ethical committee of the institu-
tional review board, and all participants signed informed
consent forms.

SNPs with genome-wide associations with BCAAs
were extracted through publicly available meta-GWAS
summary statistics from the study of Lotta, Pietzner
etal.”” (meta-analyzed p < 5 x 107%), which examined up
to 174 metabolites among 86,507 European participants.
SNPs with low minor allele frequency (MAF) or
imputed rate were excluded (criteria: in the Fenland and
EPIC-Norfolk study, MAF <2% or imputation quality
score <0.3; in the INTERVAL study, MAF <1% and
imputed variants info score of <0.4). The Hardy-
Weinberg equilibrium in the whole meta-GWAS was
checked for p > 1 x 107°. Variants with an absolute
effect size value > 5 and a standard error > 10 or <0 were
excluded, as were insertions and deletions. Age-, sex-,
and study-specific covariates were adjusted for in mixed
linear models before examining genome-wide associa-
tions (Supplementary Table S1). Since the authors did
not provide a BCAA phenotype GWAS for female pa-
tients, we used the BCAA GWAS for both sexes instead.

Two PCOS GWAS were extracted to estimate the
effect of BCAA genetic determinants (Supplementary
Table S1). One from the UK BioBank imputed v3,
which is a large prospective cohort, includes data from
up to 361,194 European women with 194,153 partici-
pants, including 436 PCOS patients and 193,717 con-
trols.”® Phenotypes were collected from self-reports. Data
from another GWAS for PCOS were derived from a
meta-analysis by Day F et al."” (not containing data from
23andMe), including a European population of 4138
PCOS patients and 20,109 controls. Two diagnostic
criteria were utilized in this meta-GWAS: hyper-
androgenism and ovulatory dysfunction are required by
the National Institutes of Health criteria, while polycy-
stic ovarian morphology is required by Rotterdam with
at least two of the traits above.

Detailed phenotypic information of PCOS was further
analysed to understand the relationship between BCAAs
and PCOS. Based on the limited data, 4 available pheno-
typic GWAS data that often correlate with abnormal hor-
mone levels were used to examine PCOS-related
phenotypes: bioavailable testosterone levels, total testos-
terone levels, and sex hormone-binding globulin (SHBG)
with/without adjustment for BMI. Ruth et al.”” identified
the genetic determinants of these traits among 425,097 UK
Biobank study participants; the GWAS details for each
phenotype are shown in Supplementary Table S1.

MR analysis

Preprocessing before performing MR: GWAS of BCAAs

The BCAA meta-GWAS was based on a weighted z
score approach. To obtain the effect estimates and
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standard error, we converted z scores for further MR
analysis using the method provided by Kho et al.”

Beta Z—score 1

= X

VN~ eaf (i-eaf)
Beta

SE=
Z—score

Where N is the sample size of all participants matched
for each genetic association, eaf represents the effect
allele frequency, and SE is the standard error for con-
verted beta.

Two-sample Mendelian randomization

We performed two-sample MR* with three BCAAs as
exposures and PCOS and its related traits as outcomes.
All analyses were conducted using the “TwoSam-
pleMR” package in R.»» We screened for instrumental
variables based on the top genetic determinant SNP of
BCAAs (p < 5 x 107%). The estimated model effects are
presented with ORs and 95% Cls, and two-tailed
p < 0.05 was considered statistically significant. To
assess weak instrumental variable effects, the R* and F-
statistics were also calculated, and an SNP with an F-
statistic value greater than 10 reflects a strong instru-
ment.”* We performed multiple models including the
inverse variance weighted (IVW), weighted median,
weighted modes and MR-Egger to obtain effect esti-
mates because these methods rely on different as-
sumptions for valid causal inference. We primarily
used IVW approach for two-sample MR analyses, as
this is considered the most reliable when there is no
evidence of directional pleiotropy. IVW meta-analysis is
a straightforward way of obtaining an MR estimate for
multiple SNPs, which is equivalent to a weighted
regression of gene—outcome association where the
intercept is limited to zero.” However, since directional
pleiotropy exists, this estimation can be highly biased,
particularly with an increasing sample size. A more
robust method in this situation is MR—-Egger regres-
sion, as it has less pleiotropic bias but at the expense of
statistical power, and the slope coefficient provides the
causal effect estimation.”

Heterogeneity test and sensitivity analysis

Sensitivity analysis is often used to control the pleio-
tropic effects of SNPs in instrumental variables to
improve the reliability of the MR results.”? When
determining the reliability of our results, the heteroge-
neity test was performed by using Cochran Q as an in-
dicator of possible horizontal pleiotropy, and an MR
Egger intercept was performed to determine potential
directional pleiotropy. Funnel plots displayed the indi-
vidual Wald ratios for each SNP, and the graphical
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asymmetry suggested outliers that may cause directional
pleiotropy. Furthermore, we conducted a "leave-one-
out" analysis to assess whether causal effects were
driven by one single SNP by removing each potentially
pleiotropic SNP at a time and re-estimating the effects.”
We also applied the Mendelian Randomization Pleiot-
ropy RESidual Sum and Outlier test (MR-PRESSO) to
detect the pleiotropy caused by outlier variables in IVW
analysis and correct horizontal pleiotropy via outlier
removal. Lastly, we applied MR Steiger filtering as
implemented in the “TwoSampleMR” R package to
calculate the variance explained in the exposure and the
outcome by the instrument SNPs and test whether
causality was in the expected direction.”” MR Steiger test
with p < 0.05 was considered statistically significant,
supporting the validity of causality direction.

Multivariable Mendelian Randomization Analysis (MVMR)

MVMR is an extension of MR that takes into account the
multiplicity between traits. In this study, we used
MVMR to assess whether an outcome (PCOS and
PCOS-related traits) was related to exposure (BCAASs) as
well as “independent” causality between each type of
BCAA. Our MVMR was performed using the “Mende-
lianRandomization” R package.”® In the setting of
MVMR, we included most GWAS-associated SNPs for
all traits in the model. However, rs4253272 in the test
conducted by the UK BioBank PCOS GWAS was
removed prematurely due to the missing exposure data.

Phenome-Wide Association Study (PheWAS)

We applied PheWAS to further detect the pleiotropic
effect of the top SNPs that were associated at genome-
wide significance with BCAAs and located in the
PPMIK gene from publicly available genetic association
studies® based on the GWAS ATLAS database, using
the GWAS summary statistics of 3302 complex traits
from 28 domains. Given that the phenotypes investi-
gated were not completely independent, correction was
made for multiple testing by the Benjamini & Hochberg
method with a 5% FDR threshold.

Study population
This study was approved by the Ethics Committee of
Peking University Third Hospital (No. 2016SZ-027), and
informed consent was obtained from all participants.
Chinese women with PCOS and healthy women as
controls were recruited from the Reproductive Medicine
Center of Peking University Third Hospital from March
2017 to June 2019. PCOS was diagnosed according to the
Rotterdam criteria, in which two or more of the following
traits are required for diagnosis: (1) hyperandrogenism
(clinical and/or biochemical signs); (2) oligo-ovulation
and/or anovulation; and (3) polycystic ovaries. The ex-
clusion criterion was the presence of any endocrine- or
metabolism-related disorder (congenital adrenal hyper-
plasia, androgen-secreting tumour, hypogonadotropic

hypogonadism, thyroid dysfunction, Cushing syndrome,
hyperprolactinemia and premature ovarian failure). The
control group included women attending the clinic
owing to male azoospermia or tubal occlusion who were
matched for age and BMI. All the controls had regular
menstrual cycles and normal ovarian morphology and
did not exhibit clinical or biochemical hyperandrog-
enism. None of the women used medications known to
affect metabolic function or reproductive function within
3 months before enrollment.

Clinical sample collection and biochemical
measurement

Peripheral blood samples were collected, and biochem-
ical parameters were determined for all participants as
described previously.” Patients underwent in vitro
fertilization with the same stimulation protocol as pre-
viously described.’! Follicular fluid samples were ob-
tained from the largest follicle aspirated from each
ovary. Mural granulosa cells were isolated from the
follicular fluids aspirated during oocyte retrieval by
Ficoll density gradient centrifugation.”

Analysis of plasma and follicular fluid BCAA levels
BCAA concentrations in plasma and follicular fluids
were determined by the liquid chromatography-tandem
mass spectrometric method using a 3200 Q TRAP
triple-quadrupole linear ion trap mass spectrometer
(Applied Biosystems, Darmstadt, Germany) and a high-
performance liquid chromatography system (Dionex,
Sunnyvale, CA, USA).”

Animal studies
All animal experimental procedures were approved by the
Animal Care and Use Committee of Peking University
Health Science Center according to the national legisla-
tion for animal care. Female C57Bl/6] mice were raised in
the Animal Center of Peking University Health Science
Center in an SPF environment. Ppmlk’/ ~ mice, a
generous gift from Professor Haipeng Sun, Tianjin
Medical University, have also been previously described.'®
To assess the effect of low dietary BCAAs on the pheno-
type of Ppmik™/~ female mice, mice at 4 weeks were
divided into three groups as follows: wild-type females
were fed a chow diet, while Ppm1k™~ mice were fed either
a chow diet or a low-BCAA diet. The low-BCAA diet
contained one-fifth of the standard content of BCAAs as
described previously,** specifically including 7.8%
BCAAs (3.4% Leu + 1.9% Ile + 2.5% Val, and the Lew:I-
le:Val ratio was 2:1.1:1.5). The Low-BCAA diet was
isocaloric based on the formula reported.** When BCAA
level was reduced, other amino acids were supplemented
in proportion to casein, and the deficient BCAA was
supplemented with glutamic acid. The female mice were
analysed after dietary intervention for 8 weeks.

To evaluate the influence of higher BCAA intake on
the phenotype of female mice, normal females at 4
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weeks of age were fed either a chow diet or a high BCAA
diet. High BCAA diets contained twice the standard
content of BCAAs as described previously,** specifically
including 78.7% BCAAs (35.6% Leu + 17.9%
Ile + 25.2% Val, and a Leu:lle:Val ratio of 2:1:1.4). The
female mice were analyzed after dietary intervention for
8 weeks.

Hormone and biochemical index determination in
mice

Blood was collected from the retro-orbital plexus after
the mice were fasted for 8 h. The serum was immedi-
ately and stored at —80 °C. The levels of total testos-
terone were detected with an ELISA kit (Demeditec
Diagnostics, GmnH, DEV9911) according to the
manufacturers’ instructions. The levels of luteinizing
hormone (LH) were analysed using an ELISA kit (E-EL-
M3053; Elabscience) according to the manufacturers’
instruction. The levels of follicle stimulating hormone
(FSH), estradiol and insulin were measured by radio-
immunoassay kits (Beijing North Institute of Biological
Technology, Beijing, China). The glycerol phosphate
oxidase-catalase method was used to measure the serum
levels of total cholesterol (total cholesterol assay kit
211016, WEIYIBIO) and triglyceride (triglyceride assay
kit 211016, WEIYIBIO), and direct surfactant method
was applied to examine the serum levels of high density
lipoprotein (HDL) cholesterol (direct HDL-cholesterol
kit, 210926, WEIYIBIO) and low density lipoprotein
(LDL) cholesterol (direct LDL-cholesterol kit, 211017,
WEIYIBIO).

Estrous cycle determination

For at least two estrus cycles, vaginal smears were per-
formed at 09:00 every day. The stage of the estrus cycle
was determined by microscopic analysis of the main cell
types in vaginal smears stained with the Shorr method.
Proestrus was composed of round nucleated epithelial
cells; estrus was composed of keratinized squamous
epithelial cells; metestrus was composed of epithelial
cells and leukocytes; and diestrus was composed of
nucleated epithelial cells and a predominance of
leukocytes.

Ovarian morphology and immunohistochemistry
The ovaries were quickly collected, cleaned of fat, fixed
in 4% paraformaldehyde, dehydrated in 70% ethanol
and embedded in paraffin. Then, the ovaries were seri-
ally sectioned into 5 pm thick sections (LEICA CM1850,
Germany) and stained with hematoxylin and eosin
(Beisuo Biotech Company, China). Follicles were coun-
ted in every fifth section and categorized into different
developmental stages based on standards of classifica-
tion.” Immunohistochemistry was performed as
described previously.*® The primary antibodies included
anti-CYP19A1 (ab18995; Abcam) and anti-3f-HSD
(sc-515120; Santa Cruz).
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Fertility assessment of mice

Eight-week-old WT and Ppml1k™~ female mice were
mated to WT male mice 1:2 until the first litter of pups
was born. The number of pups in the first litter were
quantified per pairing.

Knockdown of PPM1K in human granulosa cells
The human ovarian granulosa tumour cell line COV434
was kindly provided by Professor Yimin Zhu, Women’s
Hospital School of Medicine Zhejiang University. For
PPM1K-shRNA transduction, a lentiviral vector plasmid
pLV3(H1/GFP&Puro) (GenePharma Inc, Shanghai,
China) was used to construct the stable clones. Lentiviral
particles were produced by cotransfection of HEK293T
cells with the target plasmid pLV3-shRNA and lentiviral
packaging plasmid (pGag/Pol, pRev, pVSV-G). The
target gene shRNA sequence, target location and
sequence information were detailed in Supplementary
Table S2.

Seahorse Extracellular Respiratory Flux Test

The experiment was performed as described previ-
ously.”” Cells were counted and plated at 1.5 x 10° cells
per well in a Seahorse XF96 Cell Culture Microplate for
all experiments (Agilent). According to the manufac-
turer’s instructions, OCR was analysed using an XF96
Extracellular Flux Analyzer (Seahorse Bioscience). Cells
were cultured in RPMI 1640 media and measured after
the addition of 2 pM oligomycin and 100 mM 2-DG. The
consumption rate was measured under basal conditions.

Metabolic flux analysis

COV434 cells were grown on 10-cm plates (Corning).
U-"2C-glucose (11 mM)-labelled medium was replaced
24 h before metabolic analysis. An Agilent 1290/6460
(Agilent) triple quadrupole mass spectrometer was used
to collect positive ionization mode data. The cell extract
(10 pL) was injected onto a 100 x 2.1 mm 1.9 pm
Hypersil GOLD aQ (Thermo). The [M + H] of the ana-
lyte was chosen as the precursor ion. The quantitative
mode was a multiple reaction monitoring (MRM) mode
using mass conversion (precursor ion/product ion).
Quantitative Analysis Version B.04.00 (Agilent) was
used for acquisition and processing. The details of the
LC-MS method were described previously.”

Statistical analysis

SPSS 26.0 and GraphPad Prism version 8.0 were used
for statistical analysis. The sample distribution was
determined by the Kolmogorov—Smirnov normality test.
Statistical comparisons of patients with PCOS and the
controls were made using Student’s t test or nonpara-
metric test when appropriate. The data are presented as
the median (interquartile range). Spearman’s rank cor-
relation was used to evaluate the correlation between
BCAA levels and clinical indicators. Binary logistic
regression was performed to evaluate the correlation
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between BCAA levels and the risk for PCOS before and
after adjustment for baseline age and BMI, and BCAA
levels were scaled to standard deviation (SD) units. We
categorized testosterone levels and menstrual cycle in-
tervals into high and low levels according to the median
values of PCOS patients and then performed logistic
regression to assess the relation of BCAA levels to the
risk for the clinical phenotype of PCOS. All reported
confidence interval (CI) values were calculated at the
95% level. The significance tests were two-sided, and a p
value < 0.05 was considered a significant difference.

Role of the funding source

All of the funders (National Key Research and Devel-
opment Program of China/National Natural Science
Foundation of China/the CAMS Innovation Fund for
Medical Sciences/Key Clinical Projects of Peking
University Third Hospital/the China Postdoctoral Sci-
ence Foundation/the China Postdoctoral Science
Foundation) had no role in the study design, sample
collection and examination, animal experiments, data
analysis and interpretation, or writing of the manu-
script. The corresponding authors had full access to all
the data and final responsibility for the decision to
submit for publication.

Results

BCAA levels are associated with the clinical features
of PCOS

First, we explored the association of plasma BCAA
levels and PCOS clinical characteristics in a cross-
sectional study including 202 PCOS patients and
198 control women (Supplementary Table S3). Total
BCAA levels were significantly higher in the PCOS
group than in the control group (Fig. 1a). Adjusting
for potential confounding factors (age and BMI), the
levels of total BCAAs and each BCAA were all still
positively associated with PCOS (Fig. 1b). Addition-
ally, plasma BCAA levels were closely associated
with the endocrine and metabolic indicators of
PCOS, including positive correlations with BMI,
serum total testosterone, free androgen index, fasting
serum insulin and antral follicle count and a nega-
tive association with the serum level of SHBG
(Fig. 1c). BCAA levels were found to be associated
with the increased odds of insulin resistance with
and without BMI adjustment (Supplementary
Figure S1). Moreover, we detected elevated BCAA
levels in the follicular fluids of women with PCOS
compared  with  control women (Fig. 1d;
Supplementary Table S4) and determined the posi-
tive association of increased BCAA levels in the
follicular fluids with the risk for PCOS (Fig. le). In
addition, the effects of high BCAA levels on the
typical clinical features of women with PCOS were
further evaluated, and the elevations of three BCAAs

in the follicular fluids were significantly correlated
with excessive testosterone levels (Fig. 1f) and
increased menstrual cycle intervals (Fig. 1g) in
women with PCOS with and without age and BMI
adjustment, suggesting that increased BCAA levels
were closely related to the pathogenesis of PCOS.

MR of BCAAs and PCOS

We explored the association between BCAAs and PCOS
by performing a two-sample-based MR (Fig. 2). A total
of 13 unique loci were obtained from a previous
genome-wide association study (GWAS) by Lotta et al.””
and used as the instrumental variables of BCAAs,
including 5 loci for isoleucine, 6 for leucine, and 7 for
valine (Supplementary Table S5). Fig. 3a shows 11 genes
associated with any of these BCAAs in these 13 lodi,
including AARS, ALDH1A2, BCAT2, GCKR, GLS2,
KLKB1, MIP, PPM1K, SLC1A4, SLC2A4, and ZPR1, of
which AARS and PPMIK are shared in isoleucine,
leucine, and valine (Fig. 3a; Supplementary Figure S2).
Notably, PPM1K is the common gene with the strongest
signal (p e = 7.69 x 107, p Loy = 8.25 x 107°, p
val = 2.51 x 107®) (Fig. 3b) and has been widely reported
to be associated with many diseases, such as cardio-
vascular disease** and T2D.”

The effect of the top SNPs of BCAAs on PCOS was
obtained from a previous GWAS of PCOS data in the
UK Biobank, a fully independent cohort and the source
of BCAA SNPs.” The MR results showed significant
associations for all BCAAs and PCOS using IVW
method (beta 1le-PCOS (UKB) = 0.003, p= 0.043, IVW; beta
Leupcos (ukp) = 0.003, p = 0.020, IVW; beta va.pcos
wkg) = 0.002, p = 0.004, IVW; Table 1, Supplementary
Figure S3). These directions of effects were also
consistent with other methods (weighted median,
weighted mode, and MR-Egger; Supplementary
Table S6). No significant heterogeneity or pleiotropic
effect was found to drive the causal link (Supplementary
Table S6; Supplementary Figure S3). A sensitivity
analysis was performed using another PCOS GWAS
from a previous study by Day F et al."” The MR results
were consistent in the direction of effect estimates,
although the effect estimates in the study of Day F et al.
study did not reach a significant level (beta [eu.pcos (pay F
et aly = 0296, p = 0.130, IVW; beta vapcos sy F
et aly = 0.105, p = 0.573, IVW; Supplementary Table S7).
The MR Steiger test also indicated the accuracy of our
estimate of the causal directionality (Table 1). Overall,
our MR results suggest that BCAAs contribute to an
increased risk of PCOS, and this was also consistent
with our observational study.

MVMR was further performed to explore whether
any particular BCAA drove the MR. We did not find any
BCAAs that appeared alone to significantly influence
PCOS, suggesting that the three BCAAs may contribute
to the occurrence of PCOS jointly with shared pathways
(p > 0.05, Multivariable IVW; Table 1).
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Fig. 1: BCAA levels associate with clinical features of PCOS women. (a) The plasma levels of BCAAs in PCOS (n = 202) and control (n = 198)
groups. (b) The odds ratios (95% Cls) for PCOS per 1-SD increase in plasma abundance of BCAAs with and without age and BMI adjustment.
() The correlations between the plasma levels of BCAAs and the endocrine and metabolic parameters of PCOS. (d) The follicular fluid levels of
BCAAs in PCOS (n = 45) and control (n = 37) groups. (e) The odds ratios (95% Cls) for PCOS per 1-SD increase in BCAA levels in follicular fluids
with and without age and BMI adjustment. (f and g) The odds ratios (95% Cls) for excessive androgen level (f) or increased menstrual cycle
interval (g) in PCOS women per 1-SD increase in BCAA levels in follicular fluids with and without age and BMI adjustment. P values were

determined by two-tailed Mann-Whitney U-test. ****, p < 0.0001.

Association of BCAAs and PCOS-related traits from
MR

To better understand the phenotypic association of
BCAAs with PCOS, we further used the MR approach to
test the association of the genetic predisposition of the
three BCAAs and PCOS-related traits, including
bioavailable testosterone, total testosterone, and SHBG
(Table 2). MR-Egger intercepts were not indicative of
directional pleiotropy (Table 2), but there were potential
outliers present on visual inspection in both scatter and
leave-one-out plots (Supplementary Figure S4). When
corrected for the outliers detected by MR-PRESSO, the
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re-estimated effects were consistent with the significant
associations (Table 2, Supplementary Table S8). The re-
sults show that the genetically predicted isoleucine and
leucine was associated with higher levels of bioavailable
testosterone (beta Ile- bioavailable testosterone = 00957 p= 0.01,
IVW; beta Leu- bioavailable testosterone = 00887 p= 002, IVW),
and the genetically predicted isoleucine and leucine
were associated with lower levels of SHBG (beta pe.
supc = —0.085, p = 0.01, IVW; beta qe.suBG adjusted for
BMI = —0123, p= 6.9 x 10_6, IVW, beta Leu-SHBG = —0048,
p=16x10"", IVW; Deta cust1G adjusted for Bur = ~0.034,
p = 0.01, IVW) (Table 2; Supplementary Table S8). The
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Exposure Dataset & Instrument Variants

Isoleucine
SNPs (n=5)

ALDHI1A2

KLKBI SLC144

SLC244

Valine
SNPs (n=7)

Leucine
SNPs (n=6)
Branched-Chain Amino Acids

A GWAS study up to 86,507 participants from Lotta,
Pietzner et al.

[

Outcome Datasets

Polycystic Ovarian Syndrome

Database including 436 cases and 194,153 controls from
UK Biobank (Neale Lab).

Polycystic Ovarian Syndrome

Database including 4,890 cases and 20,405 controls by
Day F et al.

Total Testosterone Levels
Bioavailable Testosterone Levels
Sex Hormone-Binding Globulin Levels

Sex Hormone-Binding Globulin Levels
Adjusted for BMI

Identified by Ruth et al., with the sample size of 230,454,
188,507; 189,473; and 188,908 European population.

Fig. 2: Flow diagram of Mendelian randomization analysis. We used two-sample MR with summary statistics from 3 GWAS genetic datasets
to determine the causal relationship between BCAAs and PCOS (with related traits). 18 robust variants were included as instruments, AARS and
PPM1K were the shared gene in all BCAAs. “TwoSampleMR” R package was used in the analysis.

MVMR did not detect a significant effect of any geneti-
cally predicted BCAAs on PCOS-related traits indepen-
dently (Supplementary Table S9).

Phenotypic pleiotropy of the PPM1K gene

PheWAS can explore associations between specific ge-
netic variants and various phenotypes and are increas-
ingly used in identifying pleiotropy between SNPs and
other phenotypes except for the one of interest.”
PPMIK is the representative gene of BCAAs with the
strongest signal and was verified as a gene related to
PCOS in MR analysis (Fig. 3; Supplementary Tables S5,
S6, and S8). To explore the potential effects, we con-
ducted a PheWAS of the top two genetic variants of the
PPMIK gene (rs1440581, rs7678928; Supplementary
Figures S5 and S6). Both were found to be signifi-
cantly (false discovery rate (FDR) < 0.05) and extensively
associated with BCAA traits in the metabolic domain.
The next highly related traits are usual walking pace and
blood pressure medication in the activity domain. Other
highly significant related traits included diabetes, oste-
oarthritis, Crohn’s disease, etc. These results indicate
that rs1440581 and rs7678928 contribute to metabolic
disorders and inflammation that are common in PCOS.

Ppm1k deficiency causes endocrine and
reproductive dysfunction in female mice

To determine the effect of impaired BCAA catabolism
on the occurrence of PCOS, we characterized the phe-
notypes of BCAA catabolism-deficient female mice, in
which Ppm1k has been genetically disrupted.’® Ppm1k™~
female mice indeed exhibited significantly increased

plasma levels of valine, leucine and isoleucine compared
with wild-type controls (Fig. 4a). Moreover, Ppmik™~
female mice showed obvious alterations in whole-body
metabolism, including enhanced glucose clearance, in-
sulin sensitivity and the respiratory exchange ratio,
which were consistent with previous findings
(Supplementary Figure S7a-d). In addition, the per-
centage of body fat was increased and percentage of lean
mass was decreased in Ppmlk™”/~ female mice
(Supplementary Figure S7e-h). The level of serum tri-
glycerides in Ppmik™”~ female mice were higher than
those in wild-type mice, although the body weight and
serum levels of total cholesterol, LDL-cholesterol and
HDL-cholesterol were unaffected (Supplementary
Figure S7i).

Notably, serum levels of testosterone and luteinizing
hormone were significantly elevated in Ppm 1k~ female
mice, while no differences in follicle stimulating hor-
mone or estradiol levels were observed when compared
with healthy controls (Fig. 4b—e). Interestingly, BCAA
concentrations were positively correlated with testos-
terone levels in female mice (Fig. 4f). To explore the
potential mechanism of androgen excess induced by
Ppm1k defects, we detected the expression of enzymes
involved in androgen synthesis and regulation. Both the
mRNA and protein levels of 3f-hydroxysteroid dehy-
drogenase (3-HSD) were significantly increased, and
aromatase (CYP19A1) expression was reduced in the
ovaries of Ppm1k™~ mice compared to those in the wild-
type group (Fig. 4g and h), implying enhanced androgen
synthesis and suppressed conversion of androgens to
estrogens in Ppmik™/~ female mice. In addition, the
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protein phosphatase Mg”*/Mn?* dependent 1K.

estrous cycles were disturbed, and the ovarian volume
was enlarged in Ppmlk™~ mice compared to controls
(Fig. 41 and j). An analysis of follicular development at
different stages showed increased numbers of growing
follicles (primary, secondary, and antral follicles) in

the ovaries of Ppmik™~ mice, while the numbers of
primordial follicles and corpus lutea did not differ be-
tween the two groups (Fig. 4k and 1). Furthermore, the
number of offspring in the first litter in Ppm1k™/~ mice
was decreased compared with that of wild-type mice

Exposure N F Method beta se p Heterogeneity Pleiotropic MR Steiger
test test test

Univariable MR

Isoleucine 5 92 VW 0.003 0.001 0.043" 0.19 0.57 1.40E-54

Leucine 6 95 VW 0.003 0.001 0.020° 0.23 0.47 7.25E-68

Valine 7 148 WA 0.002 0.001 0.004" 0.61 0.68 1.49E-128

Multivariable MR

Isoleucine 12 Multivariable IVW -0.004 0.007 0.507 0.02

Isoleucine 12 Multivariable MR Egger -0.003 0.008 0.681 0.01

Leucine 12 Multivariable IVW 0.003 0.008 0.723 0.02

Leucine 12 Multivariable MR Egger 0.002 0.008 0.763 0.01

Valine 12 Multivariable IVW 0.002 0.003 0.372 0.02

Valine 12 Multivariable MR Egger 0.003 0.003 0.371 0.01

N number of SNPs, F F-statistic, IVW Inverse variance weighted, OR odds ratio, ClI confidence interval, p p-value. “Significance at p < 0.05.

BioBank GWAS.

Table 1: Mendelian randomization of branched chain amino acids (isoleucine, leucine, valine) and risk of polycystic ovary syndrome (PCOS) by UK
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Exposure Outcome N F IVW OR (95% Cl) beta se p Heterogeneity Pleiotropic MR Steiger
test test test
Isoleucine BT Levels 4 90 1.100 (1.021, 1.185) 0.095 0.038 0.01% 0.01% 0.76 2.28E-33
SHBG Levels 1 44 0.918 (0.863, 0.977) -0.085 0.032 0.01° NA NA 1.20E-04
SHBG Levels Adjusted for BMI 1 44 0.884 (0.838, 0.933) -0.123 0.027 6.9E-06" NA NA 4.35E-03
TT Levels 2 102 1.043 (0.973, 1.118) 0.042 0.035 0.24 0.22 NA 2.54E-28
Leucine BT Levels 5 91 1.092 (1.013, 1.178) 0.088 0.038 0.02° 7.1E-04% 0.91 3.47E-42
SHBG Levels 2 135 0.953 (0.929, 0.977) -0.048 0.013 1.6E-04" 0.34 NA 1.48E-29
SHBG Levels Adjusted for BMI 1 220 0.967 (0.944, 0.991) -0.034 0.012 0.01° NA NA 5.72E-27
TT Levels 3 61 0.812 (0.499, 1.320) -0.208 0.248 0.40 1.3E-29° 0.81 1.52E-05
Valine BT Levels 6 162 1.020 (0.976, 1.066) 0.020 0.023 0.37 3.4E-03" 0.93 2.72E-114
SHBG Levels 5 168 0.979 (0.953, 1.007) -0.021 0.014 0.13 4.8E-03" 0.95 5.14E-97
SHBG Levels Adjusted for BMI 3 117 1.002 (0.935, 1.074) 0.002 0.035 0.96 2.0E-06" 0.32 6.13E-35
TT Levels 7 148 1.035 (0.996, 1.077) 0.035 0.020 0.08 2.9E-02% 0.95 2.05E-130
BT bioavailable testosterone, SHBG sex hormone-binding globulin, TT total testosterone, N number of SNPs, IVW inverse variance weighted, OR odds ratio, Cl confidence interval, p p-value, NA not
applicable. *Significance at p < 0.05.
Table 2: Mendelian randomization of branched chain amino acids (isoleucine, leucine, valine) and related traits of polycystic ovary syndrome.

10

(Fig. 4m), indicating the reduced fertility of Ppmi1k™/~
female mice. Taken together, these data demonstrate
that Ppmik™/~ female mice exhibit PCOS-like repro-
ductive traits.

The impact of increasing BCAA intake on the
reproductive and metabolic phenotypes of female
mice

Previous studies have demonstrated that dietary intake
of BCAAs regulates metabolic health, and high dietary
BCAAs promote adiposity and insulin resistance in ro-
dents.”*" We further examined the impact of a high
BCAA diet containing twice the BCAAs of a normal diet
on the reproductive and metabolic phenotypes of female
mice. Circulating levels of BCAAs were significantly
elevated (Fig. 5a) with BCAA supplementation. Similar
to Ppm 1k~ females, mice fed a high BCAA diet showed
altered glucose tolerance (Fig. 5b), an increased respi-
ratory exchange ratio (Fig. 5c), excessive serum testos-
terone (Fig. 5d), irregular menstrual cycles (Fig. 5e) and
abnormal follicular development (Fig. 5f).

Restricting dietary BCAAs improves the endocrine
and ovarian dysfunction induced by Ppm1k defects
Previous reports have shown that the limitation of di-
etary BCAAs could promote metabolic health in ro-
dents.”** Dietary intervention is also the first-line
treatment for women with PCOS.” In this study,
Ppm1k deficiency led to the elevation of BCAA levels;
thus, we further investigated the effects of reducing
dietary BCAAs on the reproductive and metabolic ab-
normalities of Ppm1k™~ female mice. When fed a low
BCAA diet containing one-fifth the BCAAs of a normal
diet,* Ppmik™~ female mice displayed significantly
decreased plasma levels of BCAAs (Fig. 6a). A low
BCAA diet had no effect on the glucose tolerance of
Ppm1k™~ female mice but induced a decrease in the

respiratory exchange ratio at night (Fig. 6b and c),
indicating an enhanced propensity to oxidize fat relative
to glucose for energy production. In addition, Ppmlk
defect-regulated impaired catabolism of BCAAs affected
the levels of other amino acids, especially aromatic
amino acids, histidine, methionine, etc., which were
increased. A low BCAA diet decreased the concentra-
tions of these affected amino acids to normal levels
(Fig. 6d). Intriguingly, the endocrine and ovarian
dysfunction of Ppmlk”/~ mice was significantly
ameliorated after the restriction of dietary BCAAs, as
evidenced by the reduction in serum testosterone levels
(Fig. 6e), the recovery of a regular estrous cycle (Fig. 6f)
and normal ovarian morphology (Fig. 6g and h). These
results demonstrate the contribution of BCAA limita-
tion to improvements in PCOS-like pathological phe-
notypes in Ppm 1k~ mice.

PPM1K suppression affects follicle development by
disturbing energy metabolism in human granulosa
cells

To determine the impact of PPMIK suppression on
human follicle development, we analysed the PPM1K
expression changes in the follicles at different develop-
mental stages using RNA-sequencing data of human
oocytes and corresponding granulosa cells (GCs) in
folliculogenesis.” The transcription level of PPM1K was
profoundly decreased in oocytes with follicle growth and
was extremely low in the oocytes of preovulatory follicles
(Fig. 7b). Conversely, PPM1K was upregulated in the
GCs of growing follicles (primary, secondary and antral
follicles) and then declined in the GCs of preovulatory
follicles (Fig. 7b). Based on the data in mice, a loss of
Ppmik induces the alteration of growing follicles.
Therefore, we speculated that PPM 1K deficiency might
affect human follicle growth mainly by disturbing the
function of GCs.
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Fig. 4: Ppm1k-deficient female mice have a PCOS-like phenotype. (a) The plasma levels of BCAAs in wild-type (WT) and Ppm1k™" female mice
(n = 5 mice per group). (b-e) The changes of serum levels of follicle-stimulating hormone (FSH), luteinizing hormone (LH), estradiol (E2) and
testosterone (T) in WT and Ppm1k™~ female mice (n = 16 mice per group). (f) The correlation analysis between serum BCAAs and total testosterone
levels (n = 10 mice per group). (g) The mRNA expression of androgen synthesis-related genes in the ovarian tissue of WT and Ppm1k™~ female mice
(n = 5 mice per group). (h) Immunohistochemical analysis of the protein expression levels of CYP19A1 and 3B-HSD in ovarian tissues of WT
and Ppm1k™" mice, scale bar = 100 pum. (i) Representative and quantitative analysis of estrous cycles (WT, n = 11; Ppm1k™“female mice, n = 17).
(j) Representative ovarian morphology of WT and Ppm1k™~ mice by hematoxylin and eosin staining, scale bar = 500 pm, images are representative
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Fig. 5: The effects of high dietary BCAAs on the reproductive and metabolic phenotypes of female mice. (a) The plasma levels of BCAAs
(n = 6 mice per group). (b) The glucose tolerance test (n = 10 mice per group). (c) Respiratory exchange ratios (RER) and the area under curve of
RER during light and dark cycles (n = 10 mice per group). (d) The serum levels of testosterone (n = 7 mice per group). (e) Representative and
quantitative analysis of estrous cycles (n = 9 mice per group). (f) Representative ovarian morphology by hematoxylin and eosin staining, scale
bar = 500 pm. Data are presented as means + SEM. P values were determined by Student’s t-test.*, p < 0.05; **, p < 0.01; ***, p < 0.001.

Mitochondrial energy metabolism is essential for
follicle development, so we further investigated the
impact of PPMIK suppression on the metabolic ho-
meostasis of human GCs. *C-glucose-tracing analysis

COV434  showed
(Supplementary Figure
enhanced the labelling of

in the human ovarian granulosa tumour cell line
that

PPM1K  knockdown
S8a and b) significantly
glucose 6-phosphate (G6P),

of three independent experiments with similar results. (k) The total number of follicles in the entire ovary of WT and Ppm1k™" mice (n = 5 mice per
group). (I) Differential follicle counts of primordial (PrF), primary (PF), secondary follicles (SF), antral follicles (AF) and corpus luteum (CL) (n = 5 mice
per group). (m) Fertility test of female mice (WT, n = 6; Ppm1k™female mice, n = 18). Data are represented as means + SEM. P values were
determined by Student’s t-test. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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Fig. 6: Reduction of dietary BCAAs improves the abnormal reproductive and metabolic phenotypes of Ppm1k-deficient female mice. (a)
The plasma levels of BCAAs (wild-type, n = 10; Ppom1k™~ female mice, n = 8; Ppm1k™~ mice with Low-BCAA diet, n = 7). (b) Respiratory
exchange ratios (RER) and the area under curve of RER during light and dark cycles (wild-type, n = 10; Ppmlk’/’ female mice, n = 5; Ppmlk’/’
mice with Low BCAA diet, n = 8). (c) The glucose tolerance test (wild-type, n = 5; Ppm1k™~ female mice, n = 5; Ppom1k™~ mice with Low-BCAA
diet, n = 6). (d) The plasma levels of other amino acids (wild-type, n = 10; Ppmlk’/’ female mice, n = 10; Ppmlk’/’ mice with Low-BCAA diet,
n = 8) (e) The serum levels of testosterone (wild-type, n = 9; Ppm1k™~ female mice, n = 10; Ppm1k™~ mice with Low BCAA diet, n = 8). (f)
Representative and quantitative analysis of estrous cycles (wild-type, n = 8; Ppmlk’/ ~ female mice, n = 5; Ppmlk’/ ~ mice with Low-BCAA diet,
n = 8). (g) Representative ovarian morphology by hematoxylin and eosin staining, scale bar = 500 pm. (h) Differential follicle counts of
primordial (PrF), primary (PF), secondary follicles (SF), antral follicles (AF) and corpus luteum (CL) (wild-type, n = 5; Ppmlk'/' female mice, n = 4;
Ppm1k™~ mice with Low-BCAA diet, n = 8). Data are presented as means + SEM. P values were determined by one-way ANOVA with Tukey's
multiple comparison post-hoc test. Wild-type versus Ppm1k™~ female mice, *p < 0.05, ***p < 0.001; Ppm1k™~ versus Ppm1k™~ mice with Low-
BCAA diet, *p < 0.05, *p < 0.01, *p < 0.001.
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Fig. 7: Effects of PPM1K knockdown on the energy metabolism homeostasis of human granulosa cells. (a) Schematic diagram of follicle
development (By Figdraw). Red arrows indicate abnormal follicle development in Ppmlk’/’ female mice. (b) The changes of PPM1K gene
expression in oocytes and granulosa cells in human follicles at different developmental stages. (c) Schematic map of *>C-glucose incorporation
from glucose into TCA cycle in human ovarian granulosa cells. G6P, glucose 6-phosphate; F6P, fructose 6-phosphate; F-1,6-BP, fructose 1,6-
bisphosphate; DHAP, dihydroxyacetone phosphate; 6 PG, glucose-6-phosphate; R5P, ribose 5-phosphate; S7P, sedoheptulose 7-phosphate;
a-KG, a-Ketoglutarate; Oxa, oxaloacetic acid. (d-f) Relative levels of glycolysis (d), pentose phosphate pathway (e) and TCA cycle (f) determined
by 3C-labeled metabolites in control and PPM1K knocked-down (PPM1K-KD) groups (n = 3). (g) Analysis of phosphorylation levels changes of
pyruvate dehydrogenase (PDH) protein. (h) Real-time changes of the 02 consumption rate (OCR) in control and PPM1K-KD human ovarian
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fructose  6-phosphate  (F6P), and fructose-1,6-
bisphosphate  (F-1,6-P) in glycolysis and 6-
phosphogluconic acid (6PG), ribose 5-phosphate (R5P),
and sedoheptulose 7-phosphate (S7P) in the pentose
phosphate pathway, whereas no changes were detected
in pyruvate and lactate (Fig. 7d and e), indicating
enhanced glucose catabolism via the pentose phosphate
pathway. A previous report showed that the phosphor-
ylation activation of AKT enhanced the transcription of
glucose-6-phosphate ~ dehydrogenase by activating
mTORCI signaling,* modulating the shunt of glycolysis
to the pentose phosphate pathway. We further detected
phospho-AKT activation in PPMIK knockdown GCs
(Supplementary Figure S8c). Moreover, pyruvate is an
essential metabolite that connects glycolysis and the
TCA cycle, and pyruvate dehydrogenase (PDH) is
responsible for catalysing the irreversible reaction of
pyruvate decarboxylation to produce acetyl coenzyme A
(acetyl-CoA). We found an augmented phosphorylation
level of PDH in PPM1K knockdown GCs (Fig. 7g),
demonstrating the inhibition of pyruvate catabolism and
thus its entry into the TCA cycle. Consistent with this
finding, PPM1K knockdown decreased the level of "*C-
labeled acetyl coenzyme A (acetyl-CoA) (Fig. 7).
Furthermore, PPM1K inhibition significantly reduced
the oxygen consumption rate (OCR) of human GCs
(Fig. 7h; Supplementary Figure S8d). In addition, the
mitochondrial oxidative phosphorylation-related genes
coding complexes I, II, III and V were significantly
downregulated in PPMIK knockdown GCs (Fig. 7i). In
particular, as the core subunits of complexes III and V,
the expression of ubiquinol-cytochrome C reductase
core protein 2 (UQCRC2) and ATP synthase a subunit
(ATP5A1) was also obviously decreased in the primary
granulosa cells of PCOS patients compared with con-
trols (Fig. 7j). Taken together, these results indicate that
PPMIK suppression promotes the conversion from
glycolysis to the pentose phosphate pathway and inhibits
oxidative phosphorylation in human ovarian GCs, which
aggravates the burden of mitochondrial energy meta-
bolism and interferes with follicular environmental
homeostasis.

Discussion

The present study systematically explored the associa-
tions of BCAA catabolism with PCOS using observa-
tional and causal analyses and experimental approaches.
We found that increased plasma levels of BCAAs were

positively associated with androgen levels, the number
of antral follicles and irregular menstrual cycles in
women with PCOS. MR analyses revealed causal asso-
ciations between the elevation of BCAAs and a higher
risk of PCOS and found that the causal gene was the
PPM1K gene. In addition, Ppm1k knockout female mice
manifested PCOS-like traits such as hyper-
androgenemia and abnormal follicle development. A
reduction in dietary BCAA intake relieved the abnormal
reproductive and metabolic phenotypes of Ppm1k-defi-
cient female mice. Finally, we provided evidence that
PPM 1K deficiency in human ovarian granulosa cells led
to the conversion from glycolysis to the pentose phos-
phate pathway and the inhibition of mitochondrial
oxidative phosphorylation.

Due to the heritability of PCOS, the MR method has
recently been gradually used to assess causal associa-
tions between PCOS and etiological risk factors. Based
on MR approaches, we identified that BCAA meta-
bolism was likely to have a causal association with an
increased risk of PCOS. Among the genomic loci asso-
ciated with BCAA levels, the strongest signal was located
21 kb upstream of the PPMIK gene. The knockout of
Ppmlk in mice** or loss-of-function mutations
of PPMIK in humans* led to impaired catabolism of
BCAAs and increased levels of BCAAs, a pattern that
resembles that observed for common PPMIK genetic
variants in our study and in the study of Lotta et al.”
Interestingly, in addition to PPM1K, rs12149660 at the
AARS locus was positively associated with three BCAAs.
Aminoacyl-tRNA synthetases (AaRSs) encoded by AARS
genes are essential enzymes in translation that charge
amino acids onto their cognate tRNAs during protein
synthesis. Mutations in AARS have been implicated in a
plethora of diseases, including neurological conditions,
metabolic disorders and cancer.” Two SNPs at BCAT2
loci were also positively associated with the levels of
isoleucine and valine. Mice with adipose tissue
knockout of Beat2, which converts BCAAs to branched-
chain keto acids (BCKAs), are resistant to high-fat diet-
induced obesity due to increased inguinal white adipose
tissue browning and thermogenesis. These findings
suggest that BCAA-raising polymorphisms affect BCAA
levels and might be implicated in PCOS.

Consistent with the MR results, Ppmlk defect-
induced impaired BCAA catabolism results in PCOS-
like endocrine and ovarian dysfunction in female
mice. Hyperandrogenism is a typical clinical feature in

granulosa cells. Cells were treated with 2 pM oligomycin (Oligo), 1 uM carbonyl cyanide-ptrifluoromethoxyphenylhydrazone (FCCP) and 1 pM
rotenone and antimycin A (Rot/an), as indicated by the three black arrows. (i) The expressions of mitochondrial oxidative phosphorylation-
related genes in control and PPM1K-KD granulosa cells (n = 3). (j) The expressions of mitochondrial oxidative phosphorylation-related
genes in the primary granulosa cells of PCOS and non-PCOS control individuals (n = 30). (k) Summary of PPM1K knockdown inducing the
conversion of glycolysis to pentose phosphate pathway and the suppression of oxidative phosphorylation in human ovarian GCs. Data are
represented as means + SEM. For d, e, fand i, p values were determined by Student’s t-test. For j, p values were determined by two-tailed Mann-

Whitney U-test. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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PCOS patients, playing a pathologic role in the devel-
opment and progression of PCOS. In the ovary,
androgen is mostly synthesized from cholesterol and
converted into bioactive types by a series of
steroidogenesis-related enzymes. In this study, the
elevated testosterone levels might be due to enhanced
androgen synthesis mediated by increased 3p-HSD
expression in Ppmi1k™~ female mice. Reports have
shown that the transcriptional regulation of 35-HSD
involves several different factors, especially via the cyclic
adenosine monophosphate/protein kinase-C (cAMP/
PKC)* and mitogen-activated protein kinase (MAPK)
pathways.”’ BCAAs can serve as nutrient signals and
play critical roles in regulating signalling networks.*
The elevation of BCAAs induced by PpmIk deficiency
might modulate specific signalling pathways or tran-
scription factors to affect 35-HSD expression, yet the
molecular mechanism still needs further clarification.
On the other hand, our findings indicate that BCAA-
raising polymorphisms are significantly associated with
SHBG levels. In particular, isoleucine and leucine are
related to decreased SHBG levels, while isoleucine is
associated with elevated bioactive testosterone levels.
These results are consistent with data from observational
studies, in that the plasma levels of BCAAs are negatively
associated with SHBG levels in individuals with PCOS.
SHBG is often used as an indicator of hyperandrogenism
in women with PCOS, acting as a sex hormone trans-
porter that binds androgens and affects their bioavail-
ability. The synthesis and secretion of SHBG occur
mainly in the liver, and hepatocyte nuclear factor 4a
(HNF-4a) is the most important transcription factor
activating SHBG expression. The level of HNF-4a is
negatively correlated with lipogenesis, and the conversion
of monosaccharides to palmitate inhibits HNF-4a
expression and SHBG levels.”* A previous report showed
that hepatic overexpression of BCKD kinase (BCKDK, a
suppressor of BCKD) and the repression of PPM1K
activated de novo lipogenesis,”* which might be the under-
lying mechanism of the downregulation of HNF-4a by
enhanced BCAAs and subsequent inhibition of SHBG
synthesis. Further investigation is required to confirm
this cascade regulatory effect in women with PCOS.
Circulating levels of BCAAs are regulated by the
balance between the catabolic pathway and the dietary
intake of BCAAs. There is increasing evidence that a
high BCAA diet aggravates glucose and lipid metabolic
abnormalities,***"* whereas the limitation of dietary
BCAAs alleviates obesity, abnormal glucose tolerance
and insulin resistance in rodents.”>***” In our study,
high dietary BCAAs enhanced serum testosterone levels
and impaired the reproductive function of female mice,
while a selective reduction in dietary BCAAs amelio-
rated PCOS-like reproductive traits of Ppm1k™~ female
mice, emphasizing the crucial role of elevated BCAAs
(induced by PPM1K genetic deficiency and high dietary
BCAAs) in regulating the occurrence of PCOS.

Diet as a main lifestyle intervention is recommended
as a first-line treatment for women with PCOS.* A
recent study elucidated the impact of dietary macronu-
trients on the development of PCOS using a hyper-
androgenic mouse model and identified that a low
protein, medium carbohydrate and fat diet could
ameliorate key PCOS reproductive defects.”® Strikingly,
we observed that plasma BCAA levels were markedly
increased in a dehydroepiandrosterone (DHEA)-
induced PCOS mouse model, demonstrating that
excessive androgen could conversely interfere with the
BCAA catabolism process. Restricting dietary BCAAs
significantly improved the metabolic, endocrine and
reproductive disorders in DHEA-treated female mice
(Supplementary Figure S9). Overall, these findings
provide evidence to support an intervention strategy of a
low protein diet, especially a low BCAA diet, for the
treatment of PCOS. Additionally, previous randomized
trials have indicated an effect of the PPM1K rs1440581
genetic variant on metabolic changes in obese in-
dividuals in response to an energy-restricted diet with
different nutrient ratios.”>* Thus, it is necessary to
investigate the effects of genetic determinants of BCAA
catabolism on improving the metabolic and reproduc-
tive abnormalities of women with PCOS. In the future,
the assessment of BCAA levels and BCAA catabolism-
related genetic variants may be profound for the devel-
opment of more accurate typing and dietary intervention
strategies for PCOS.

Apart from dietary restriction of BCAAs, some re-
ports have clarified the therapeutic validity of targeting
BCAA catabolism. 3,6-Dichlorobenzo[b]thiophene-2-
carboxylic acid (BT2), a small-molecule pharmacolog-
ical inhibitor of BCKDK, can accelerate BCAA catabolic
flux and reduce the abundance of BCAAs.”" BT2 treat-
ment markedly attenuated insulin resistance and
improved glucose tolerance in obese and diabetes ro-
dent models."”* In addition, sodium phenylbutyrate
(NaPB), an aromatic fatty acid, can also enhance BCAA
catabolism by preventing BCKDK phosphorylation.
NaPB administration was effective in improving glucose
metabolism in a diabetic mouse model® and attenuating
lipid-induced insulin resistance in obese individuals.®
Future studies will be required to investigate whether
pharmacologically modulating BCAA catabolism helps
to improve metabolic and reproductive disorders of
PCOS.

Based on our findings, PPM1K deficiency could
affect follicle development by disturbing the glucose
metabolism and mitochondrial function of GCs. With
the progress of sequencing technology, researchers have
made more in-depth study of genes expression pattern
in a variety of cell types of ovary in recent years. Ac-
cording to the single-cell RNA-sequencing data of hu-
man ovarian cortex in caesarean section and gender
reassignment patients,* we found that PPM1K is widely
expressed in human ovarian tissue, not only in
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granulosa cells and oocytes, but also in stromal cells,
immune cells, perivascular cells and epithelial cells.
However, there is still lack of dynamic change of gene
expression in other ovarian cell types outside the folli-
cles during periodic changes of ovary. It needs to further
explore the physiological role of PPM1K in different cell
types of ovary during follicle development.

There are several limitations of the current study.
First, for MR analysis, we included two different PCOS
GWASs. Although the PCOS GWAS by Day F et al.”” has
a larger sample size than the GWAS using UK Biobank
data, we did not find a significant relationship with
BCAAs. Even though GWAS by Day F et al.”” has larger
sample size, it was subject to multiple sources, and the
use of different measurements and diagnostic criteria
might lead to inaccurate results. Second, residual plei-
otropy and bias due to invalid instruments are common
concerns for MR study. We assessed limited potential
pleiotropy using the MR-Egger intercept, MR-PRESSO
method and MR Steiger filtering test. In our analysis,
we primarily focused on the results of the IVW method
for its higher statistic power compared to other
methods. Although part of the results was not showed
significant across several methods and different PCOS
GWAS source, their consistency in the direction of ef-
fect estimates is complementary evidence for our study.
We also applied outlier removal process for testing
SNPs to minimize pleiotropy and confounding bias for
MR analysis of BCAA and PCOS-related traits, which
may lead to a limited number of instrumental variables.
But we obtained directionally consistent results with the
same significance in most sensitivity approaches, which
may add to the robustness of the conclusions. Third, it
was valuable but challenging to identify independent
instrumental variable for the lack of individual-level
data, and considering that rs1440581 and rs7678928
were located in the same coding region and were both
significantly associated with BCAA levels, we included
both in our PheWAS analysis. The PheWAS results also
supported the multiple functions of the PPM1K gene in
other metabolic disorders, such as diabetes. Therefore,
larger-scale genetic studies and randomized controlled
trials will help to further qualify the causal nature of the
relationship between BCAA metabolism and PCOS risk.
Lastly, we have not yet assessed the significant inde-
pendent effect of a specific type of BCAAs on PCOS
through MVMR analysis. Our study revealed the asso-
ciation between BCAAs and PCOS, but failed to disen-
tangle the independent relationship caused by a specific
type of amino acid, which could be partially explained by
shared genetic risks and potential common biological
mechanisms between BCAAs. The molecular mecha-
nism by which the impaired BCAA catabolism induced
by PPM1K deficiency regulates the occurrence of PCOS
needs to be further elucidated.

In conclusion, the findings of our study suggest that
impaired BCAA catabolism causes the occurrence and
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development of PCOS and that PPM 1K could be used as
a molecular target for regulating BCAA catabolism to
develop a potential treatment strategy for PCOS.
Furthermore, there is a need to perform randomized
controlled trials in humans to further evaluate the
improvement effect of proposed nutritional strategy on
PCOS patients.
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