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Background: Polycystic ovary syndrome (PCOS) is defined by oligo/anovulation,
hyperandrogenism, and polycystic ovaries with uncertain pathogenesis. The
proteome represents a substantial source of therapeutic targets, and their
coding genes may elucidate the mechanisms underlying PCOS. However,
reports on the profiles of the human plasma protein-coding genes and PCOS
are limited. Here, we aimed to investigate novel biomarkers or drug targets for
PCOS by integrating genetics and the human plasma proteome.

Methods: Our study acquired the protein quantitative trait loci from DECODE
Genetics, offering 4,907 proteins in 35,559 individuals while obtaining PCOS
summary statistics by accessing the FinnGen biobank (1,639 cases and 218,970
controls) and the genome-wide association study catalog (797 cases and
140,558 controls). Herein, we sequentially used two-sample Mendelian
randomization (MR) analyses and colocalization to verify the causal link
between candidate proteins, their coding genes, and PCOS. Further PCOS data
download was conducted by accessing the Gene Expression Omnibus and
Zenodo platforms. Gene expression level analysis, pathway enrichment
analysis, immune cell infiltration, and transcription factor prediction were
performed, aiming at detecting specific cell types with enriched expression
and exploring potential optimized treatments for PCOS.

Results: MR analysis revealed 243 protein-coding genes with a causal
relationship to PCOS risk, of which 12 were prioritized with the most significant
evidence. Through colocalization analysis, three key genes, CUB domain-
containing protein 1 (CDCP1), glutaredoxin 2 (GLRX2), and kirre-like nephrin
family adhesion molecule 2 (KIRRELZ2), were identified. Subsequently, the three
genes were strongly related to immune function and metabolism in terms of
biological significance. In single-cell analysis, the expression levels of genes in
ovarian theca cells were explored.
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Conclusion: Overall, three protein-coding genes (CDCP1, GLRX2, and KIRREL?2)
may be related to a higher PCOS risk, suggesting that they may be entry points for
exploration of PCOS pathogenesis and treatment, warranting further
clinical investigations.
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Introduction

Polycystic ovary syndrome (PCOS) constitutes a highly
heterogeneous reproductive endocrine disease affecting women of
reproductive age that is defined by a wide range of symptoms and
can be diagnosed using several criteria, resulting in a prevalence of 4-
21% (1-5). PCOS diagnosis typically demands the inclusion of at least
two out of these three symptoms: oligovulation-anovulation,
hyperandrogenism (clinical symptoms and/or androgen excess), and
polycystic ovarian morphology (2). Additionally, patients with PCOS
are often associated with substantial metabolic abnormalities, including
diabetes, insulin resistance (IR), obesity, adipose tissue dysfunction, and
reproductive disorders (6, 7). Considering the high heterogeneity and
clinical variability of PCOS, besides the interplay of genetic, endocrine,
and environmental factors that may be implicated in PCOS
development, its specific pathogenesis has not been fully elucidated
(8). It is indicated that increased production of ovarian and/or adrenal
androgen, partial folliculogenesis arrest, IR, and neuroendocrine axis
dysfunction seem to contribute to PCOS to different degrees (9).
Currently, as PCOS has no effective cure (10), lifestyle modifications
(involving exercise, diet, weight, mood, and sleep) are recommended as
the first-line therapy for PCOS (11, 12), and treatment focuses
primarily on managing symptoms in clinical settings (13).

PCOS is a complex polygenic syndrome characterized by genetic
alterations that underlie a wide range of pathophysiological processes,
including metabolism, endocrinology, immunity, and inflammation
(14, 15). Although the contribution of genetic factors is estimated to be
less than 10%, they play an important role in the clinical
manifestations of the disease (16). Through examining a large twin
cohort of 1332 monozygotic and 1873 dizygotic twin sisters,a study
concluded that the genetic component contributes to over 70% of
PCOS pathogenesis (17). A multitude of candidate genes has been
discovered,including genes involved in insulin action, androgen
biosynthesis, and gonadal function (18). Distinct PCOS subtypes are
associated with different genetic heterogeneity, therefore, the
establishment of candidate genes is still in the exploratory stage.
Exploring protein-coding genes may play an essential role in
proposing PCOS biomarkers and drug targets. Recently, several
methods have been used to identify potential biomarkers. For
instance, it has been discovered that the elevated miR-26b
expression, a type of extracellular vesicle, may promote the impaired
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hormone levels of PCOS (19), which consequently makes it a possible
biomarker for PCOS. Additionally, through the microbiomes inquiry,
it is suggested that fecal microbiota transplantation may constitute a
novel therapeutic strategy for the management of PCOS (20).
However, reports on the profiles of the human plasma protein-
coding genes and PCOS are scarce. Therefore, the study directly
investigates the relationship between these plasma protein-coding
genes and PCOS and hypothesizes that the regulatory mechanisms
of these genes may serve as a basis for developing future drug targets/
novel biomarkers/tailor treatment for PCOS.

Proteins, most circulating in the blood, originating from cellular
leakage or active secretion, act as key regulators of molecular pathways
(21). They include immune-related proteins (such as immunoglobulins
and cytokines), which play a critical role in mediating these processes.
Consequently, proteomic research has substantially enhanced our
understanding of these mechanisms, contributing to the
identification of potential biomarkers, therapeutic targets, and
insights into disease pathogenesis (22). Notably, extensive proteomic
investigations have discovered over 18,000 protein quantitative trait
loci (pQTL) that encompass over 4,800 proteins, providing excellent
data resources for thoroughly understanding the causal influence of
proteins in circulation (23). Mendelian randomization (MR) is
designed to detect causal effects impartially through genetic
variations (GVs) as instrumental variables (IVs) to associate
exposure with outcomes (24, 25). The inherent random distribution
and stability of these GV allow differences in exposure to explain the
outcome disparities between individuals with and without GVs (26).
Consequently, MR is not subject to the typical confounding factors and
reverse causation issues prevalent in epidemiology (26). Integrating
genome-wide association study (GWAS) findings of women with
PCOS with pQTL data may provide probable explanations (potential
causal genes and drug targets) for immune dysregulation in PCOS (27).
Additionally, single-cell RNA sequencing (scRNA-seq) analysis allows
more in-depth exploration of diseases in the cellular and molecular
dimensions, revealing how genetic factors interact with cellular
malfunctions and molecular changes. Given the limited research on
the impact of pQTLs in PCOS, conducting thorough and systematic
studies is imperative to evaluate the causal influences of circulating
proteins and their coding genes on PCOS.

Noteworthy, it is believed that PCOS is closely related to the

imbalance of immune homeostasis. Immune cells, including
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macrophages and B/T cells, are vital in PCOS development by
mediating the development of a chronic low-grade inflammatory
state, closely related to PCOS clinical features that include obesity,
IR, and hyperandrogenemia (28-31). In addition, other non-
metabolic organismal pathological changes in PCOS (cardiac
macrophage aggregation) are associated with immune cell activity
(32). The imbalance of the immune microenvironment is expected
to become a breakthrough point in treatment and medication for
PCOS women. Treatments against potential immune targets may
have unique advantages in restoring ovarian function, reducing IR,
and increasing the chance of conception in PCOS patients. Only a
few studies have specifically examined the subtle variations in the
activity status among various immune cell types in patients with
PCOS. Therefore, the correlation between immune cells and
potential target genes needs to be further analyzed and discussed.

In summary, with the integration of genetics and the human
plasma proteome, MR was used to explore the causal genes of
PCOS. Due to the significance of the inflammatory immune
mechanism behind PCOS onset and progression, pathway
enrichment analysis has been performed to find whether potential
pathways related to immunity and inflammation exist.
Furthermore, the RNA-seq data of PCOS from ovaries were
applied to investigate the association of immune cells and the
three protein-coding genes. Meanwhile, scRNA-seq data have
been collected to analyze the expression of the causal protein-
coding genes. The aim of our study was to find novel biomarkers/
drug targets for PCOS administration by integrating genetics and
the human plasma proteome, thereby comprehending PCOS
pathogenesis contributing to developing personalized treatment
strategies and exploring potential biomarkers as well as drug
targets for patients with PCOS.

Materials and methods
Data sources
The pQTL data were obtained via DECODE Genetics, which

determined 4,907 proteins in 35,559 European ancestry individuals
through the SomaScan assay v.4 (SomaLogic) (23). For outcome

TABLE 1 Summary of data sources.

10.3389/fendo.2024.1442483

data sources, FinnGen is a database containing samples collected
from Finnish biobanks and phenotyping data gathered from
national health registers; 1,639 PCOS cases and 218, 970 controls
were included in this study (Finngen _R10_E4_PCOS). Other
summary outcome data were derived from the GWAS Catalog
database (GCST90044902) and used for external validation.
Currently, the GWAS Catalog is mapped to Genome Assembly
and dbSNP Build, resulting in 797 cases and 140,558 controls in the
PCOS validation set. Table 1 lists the detailed data.

IV selection

The selection of SNPs as IVs depended on the requirement to
satisfy three assumptions of MR: a correlation with the exposure,
independence from other confounding factors, and an effect on the
result solely via the exposure (26). Our study established a threshold
of P< le-6 for SNP selection. Additionally, we concurrently
computed the F-value for the assessment of IV strength and
selected IVs that exhibited a high correlation with F>10 (33). The
threshold for the linkage disequilibrium coefficient was established
as R?<0.001, using R*-values corresponding to a linkage
disequilibrium distance of 10000 kb.

MR analysis

To determine the connection between genetically predicted
protein levels and PCOS, two-sample MR (TSMR) analyses were
employed. Generally, the methods used to assess causality and
determine the overall estimate of the influence of all cis and some
cross-region gene expression on PCOS in whole blood included
inverse-variance weighted (IVW), MR-Egger (MRE), weighted
median (WME), and weighted modes (WMO) (34). Specifically,
we employed the IVW method to calculate the MR effect estimates
for proteins having over one instrument. The MRE method
depended on the assumption that instrument strength is not
influenced by direct effects. The WME method enables accurate
estimation of causality in 50% of cases where the IVs are not valid.
The WMO estimation method possesses a higher capability of

MR Traits Database Number SNPs Population
Exposure pQTL deCODE 35,559 26,683 European
Cases Controls
Outcome PCOS FinnGen biobank 1,639 218,970 19,674,513 European
PCOS GWAS Catalog 797 140,558 11,108,199 European
Bioinformatics Cases Controls Data type Population
PCOS GEO 7 3 Transcriptome Asian
PCOS Zenodo 5 5 Single-cell European
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detecting causal effects, a smaller bias, and a lower Type I error rate.
The Wald ratio can be deployed as the sole statistical method to
determine the SNP causal relationship. The study reported odds
ratios (ORs) that indicate an increased risk of PCOS per standard
deviation increase in plasma protein levels. We employed the MR
leave-one-out sensitivity analysis to assess the influence of
particular GVs on PCOS risk while conducting a heterogeneity
test to evaluate genetic instrument heterogeneity using Q statistics.
The insignificance of Q (P>0.05) indicated a lack of sufficient
evidence to demonstrate heterogeneity presence among the effect
sizes of the SNP, suggesting the statistical consistency of SNP
impacts on disease risk.

Co-localization analysis

Co-localization analyses were performed to estimate whether
the connections between the identified proteins and PCOS were
attributed to linkage disequilibrium using the R package Coloc (35).
A posterior probability summary for each of the above five
hypotheses was calculated using the packages (HO, H1, H2, H3,
and H4). HO represented no pQTL and no PCOS correlation; H1
and H2 indicated a link with pQTL but no PCOS link or vice versa;
H3 reflected pQTL and GWAS connection but independent signals;
and H4 referred to shared pQTL and PCOS correlation. In this
study, colocalization support was defined as the posterior
probability for a shared causal variant (PP.H4) > 0.65.

Gene set variation analysis and gene set
enrichment analysis

GSVA constitutes a nonparametric and unsupervised statistical
technique utilized for the enrichment assessment of gene sets in
transcriptome data. GSVA has the capability of converting gene-
level changes into pathway-level changes through a comprehensive
scoring of the gene set of interest and determining the sample
biological function (36). GSEA is frequently employed to assess if a
set of genes exhibits statistically significant variations between two
biological phenotypes (37). Significantly enriched gene sets were
identified and sorted based on their consistency scores (P <0.05).

Immune cell infiltration analysis

ICI was estimated using the single-sample GSEA (ssGSEA)
algorithm (38), which quantifies the relative infiltration of 29
immune cell types into the tumor immune microenvironment.
Our study utilized ssGSEA for the data analysis of women with
PCOS, aiming at inferring the connection between gene expression
and immune-infiltrating cells. The R package “Hmisc” (https://
CRAN.R-project.org/package=Hmisc) was used for correlation
analysis and visualized by ggplot function. PCOS data download
was conducted by accessing the Gene Expression Omnibus database
(GSE34526) with seven cases and three controls (39).
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Transcription factor prediction

Herein, we predicted the TFs via the R package “RcisTarget,”
conducting all calculations depending on motifs. The motif’s
normalized enrichment score (NES) relies on the total motif
number in the database. Besides the source data annotated motifs,
we inferred additional annotation files on the basis of motif
similarity and gene sequences. The NES for each motif was
calculated via the area under the curve (AUC) distribution of all
motifs in the gene set.

Data processing of sc-RNA seq data
of PCOS

The PCOS single-cell (SC) data file (theca cells from ovaries)
downloaded from the Zenodo database, indicated in previous
literature (40), included expression profile data from ten
individuals, including five normal ovulatory women and five
having PCOS. The processing of gene expression profiles was
conducted through the Seurat package in R. Quality control,
filtering, normalization, and subsequent analyses were performed.
The positional relation between each cluster was acquired through
T-distributed Stochastic Neighbor Embedding (tSNE) for nonlinear
dimensionality reduction (41). Visualization of SC gene expression
and co-expressed genes in PCOS were explored.

Statistical analysis

R software (version 4.2.0) was utilized to conduct this study,
setting P<0.05 as statistical significance.

Results

Figure 1 depicts the overall study design.

Proteome-wide MR analysis revealing 12
circulating protein-coding genes for PCOS

TSMR analysis revealed 243 protein-coding genes causally
associated with PCOS. Among the identified proteins, 200 were
related to a heightened PCOS risk, whereas the remaining 43 were
negatively associated with PCOS risk (Supplementary Figure 1). The
Q value showed a non-significant P-value in the heterogeneity test
(P>0.05), indicating no heterogeneity in these 243 pairs of causal
relationships. In addition, a subsequent leave-one-out analysis
showcased that removing a single SNP did not impact causal
estimates. To ensure that discrimination was not restricted to one
dataset, we used variants from the GWAS Catalog database as
another validation dataset. Following causal analysis of these
proteins and their association with positive pQTL outcomes, 12
genes were identified as the most significant. These genes include:
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Exposure: plasma protein-coding genes

Outcome: polycystic ovary syndrome
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(4,907 proteins in 35,559 individuals)

FinnGin biobank
(1639 cases, 218,970 controls)

GWAS catalog
(797 cases, 140,558 controls)
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FIGURE 1
The study design schematic diagram.

A disintegrin and metalloproteinase with thrombospondin motifs 4
(ASAMTS4), carboxymethylenebutenolidase homolog (CMBL),
hepatic and glial cell adhesion molecule (HEPACAM), glutaredoxin
2 (GLRX2), Erb-B2 receptor tyrosine kinase 4 (ERBB4), endoplasmic
reticulum protein 27 (ERP27), eukaryotic translation initiation factor
4E binding protein 1 (EIF4EBPI), prokineticin 2 (PROK2), CUB
domain-containing protein 1 (CDCP1), kallikrein-related peptidase 8
(KLKS), kirre like nephrin family adhesion molecule 2 (KIRREL2),
glycolipid transfer protein domain containing 2 (GLTPD2), are all
related to a heightened PCOS risk (Figure 2A). A calculation of OR
and 95% confidence interval (95% CI) was carried out. Specifically,
ASAMTS4 (OR=2.442; 95% CI 1.163-5.129; P=0.018), CMBL
(OR=2.154; 95% CI 1.120-4.141; P=0.021), HEPACAM
(OR=2.072; 95% CI 1.085-3.956; P=0.027), GLRX2 (OR=1.843;
95% CI 1.107-3.068; P=0.019), ERBB4 (OR=1.794; 95% CI 1.021-
3.155; P=0.042 ), ERP27 (OR=1.789; 95% CI 1.049-3.051; P=0.033),
EIF4EBP1 (OR=1.701; 95% CI 1.002-2.887; P=0.049), PROK2
(OR=1.544; 95% CI 1.013-2.353; P=0.043), CDCPI1(OR=1.445;
95% CI 1.020-2.046; P=0.038), KLK8 (OR=1.273; 95% CI 1.027-
1.579; P=0.028), KIRREL2 (OR=1.223; 95% CI 1.084-1.381;
P=0.001), and GLTPD2 (OR=1.205; 95% CI 1.020-1.422; P=0.028)
(Figure 2, Figures 3A-L). Causal associations between the 12 gene
pairs and the pQTL outcomes were rigorously assessed using MR
analysis. Additionally, the Q-values derived from the heterogeneity
tests exceeded the threshold of 0.05 for all 12 gene pairs, thereby
indicating a lack of heterogeneity within these causal
relationships (Table 2).
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Sensitivity analyses demonstrated minimal fluctuations in the
overall error margin once excluding any single SNP, suggesting a
high degree of robustness in the selected gene pairs (Figures 4A-L).

Co-localization analyses supported the
causality of three protein-coding genes
with PCOS

To identify the genes implicated in PCOS, we conducted a co-
localization analysis at the pQTL-GWAS interface for the 12 selected
genes. Notably, the co-localization of PP.H4 with CDCPI, GLRX2,
and KIRREL2 exceeded the threshold of 0.65, indicating their
significance as target genes for subsequent research (Figures 5A-C).

GSEA and GSVA of signaling pathways for
the three genes

Subsequently, an examination was conducted on the precise
pathways related to these three key genes to understand the
probable molecular processes through which these genes affect
PCOS progression. GSEA findings manifested that CDCP1 was
enriched in various pathways, such as the B-cell receptor, cytosolic
DNA-sensing, and NOD-like receptor (Figure 6A). GLRX2 was
enriched in pathways including B-cell receptor, chemokine, and
Toll-like receptor (Figure 6B). KIRREL2 was enriched in calcium
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Symbol;Protein Nsnp abs(B) OR(95%Cl) Pvalue
ADAMTS4;ADAMTS-4 3 0.8929 —— 2.442(1.163-5.129) 0.018
CMBL;CMBL 3 0.7672 —— 2.154(1.120-4.141) 0.021
HEPACAM;HEPACAM 3 0.7285 —— 2.072(1.085-3.956) 0.027
GLRX2;GLRX2 5 0.6115 —— 1.843(1.107-3.068) 0.019
ERBB4;ERBB4 3 0.5846 —— 1.794(1.021-3.155) 0.042
ERP27,ERP27 3 0.5818 e — 1.789(1.049-3.051) 0.033
EIF4EBP1;4EBP1 4 0.5310 e — 1.701(1.002-2.887) 0.049
PROK2;Prokineticin—2 8 0.4344 e 1.544(1.013-2.353) 0.043
CDCP1;CDCP1 6 0.3678 —— 1.445(1.020-2.046) 0.038
KLK8;kallikrein-8 4 0.2416 i 1.273(1.027-1.579) 0.028
KIRREL2;KIRR2 7 0.2015 - 1.223(1.084-1.381) 0.001
GLTPD2;GLTD2 1 0.1861 (o 1.205(1.020-1.422) 0.028

17 1

1.0 2.0 4.0
Odds Ratios
FIGURE 2

Forest plot indicating Mendelian randomization estimation of the connection between plasma protein-coding genes and PCOS risk

signaling, cytokine-cytokine receptor interactions, and neuroactive
ligand-receptor interaction pathways (Figure 6C). The GSVA
results elucidated that these three gene expressions were
associated with several signaling pathways. CDCPI overexpression
enriched ESTROGEN_RESPONSE_LATE and IL6_JAK_
STAT3_SIGNALING, while low expression was associated with
ESTROGEN_RESPONSE_EARLY and FATTY_ACID_
METABOLISM (Figure 6D). High expression of GLRX2 enriched
MTORCI1_SIGNALING and ANDROGEN_RESPONSE, while low
expression was associated with IL6_JAK_STAT3_SIGNALING and
INFLAMMATORY_RESPONSE (Figure 6E). High expression of
KIRREL2 exhibited main enrichment in CHOLESTEROL_
HOMEOSTASIS and IL6_JAK_STAT3_SIGNALING, whereas
low expression KIRREL2 was related to ANDROGEN_
RESPONSE and PI3K_AKT_MTOR_SIGNALING (Figure 6F).

Key genes are closely linked to ICI

We conducted an extensive analysis to investigate the molecular
processes via which key genes affect PCOS progression. Specifically,
we examined the correlation between these key genes and ICI in
PCOS. Each individual’s relative immune cell proportion and the
correlations among 29 different immune cell subtypes were
determined (Figures 7A, B), revealing significantly higher
numbers of neutrophils, T cell co-inhibition, and macrophages
(P<0.001, P<0.001, P<0.05, respectively) than their corresponding
levels in the control group (Figure 7C). Furthermore, the relation
between the key genes and immune cell subtypes was explored.
Specifically, CDCPI showed significant positive and negative
correlations with T_helper_cells and NK_cells, respectively;
GLRX2 demonstrated significant positive and negative
correlations with NK_cells and T_cell_co-inhibition, respectively;
and KIRREL2 had a significant positive correlation with
Type_II_IFN_ response (Figures 7D-F).
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TF regulation

Herein, these three key genes were governed by frequent
mechanisms involving multiple TFs (Figure 8A). Results showcased
that the motif having the highest NES (7.15) was cisbp _ M3414. All
enriched motifs of the key genes and their corresponding TFs are
shown in descending order of their NESs (Figure 8B).

Expression of key genes at the SC level

Aiming at exploring whether the coding genes of the three
circulating proteins possessed any cell type-specific enrichment in
theca cells from the ovaries, we further analyzed scRNA-seq data
from the Zenodo database. After clustering using the tSNE algorithm,
14 subtypes of PCOS theca cells were identified (Figure 9A). The
expression of key genes in these populations was analyzed, revealing
that CDCP1 was overexpressed in subtype 3, and GLRX2 was highly
expressed in subtype 13, whereas the expression of KIRREL2 was
rarely detected (Figures 9B, C). In addition, the co-expression of sex
hormone-binding globulin (SHBG) and the three key genes in single
cells were visualized (Figures 10A-C).

Discussion

According to our best awareness, this study is the first to deploy
MR analysis to investigate the causal correlation between plasma
protein-coding genes and PCOS. Bioinformatics analyses using SC
data were conducted to explore molecular mechanisms further.
Employing summary statistics from DECODE genetics, the
FinnGen biobank, and the GWAS Catalog database, we found
that three protein-coding genes (CDCPI1, GLRX2, and KIRREL2)
may have causal associations with PCOS risk, which were all
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FIGURE 3

Scatter plots of Mendelian randomization analysis for twelve genes, with distinct colors indicating distinct statistical methods, with the lines’ slopes
indicating each method's causal effect. (A) ERBB4, (B) ADAMTS4, (C) KLK8, (D) GLTPD2, (E) CDCP1, (F) HEPACM, (G) ERP27, (H) PROK2, (1) GLRX2,

(9) KIRREL2, (K) EIF4EBP1, and (L) CMBL.

associated with increased PCOS susceptibility. Using both RNA-seq
(seven cases with PCOS and three controls) and scRNA-seq data
from ten individuals, immune infiltration analysis, pathway
enrichment analysis, and gene expression levels at the SC level
were explored to probe the specific molecular mechanisms
behind PCOS.
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CDCP1 functions as a transmembrane glycoprotein comprising
three extracellular CUB domains (42). Targeting CDCP1 has
proved effective in ovarian cancer models (43, 44) and may
contribute to cell adhesion and cell-matrix association, which
may be related to increased metabolic risks (45). Hatziagelaki
et al. enrolled 63 PCOS women in their study, suggesting that
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TABLE 2 Heterogeneity results from the Cochran’s Q test.

10.3389/fendo.2024.1442483

Exposure Outcome Method Q Q_df Q_pval
ADAMTS4; ADAMTS-4 PCOS MR Egger 0.4697 1 0.4931
vw 0.5552 2 0.7576
CDCPI; CDCP1 PCOS MR Egger 2.3202 4 0.6771
Ivw 4.1395 5 0.5295
CMBL; CMBL PCOS MR Egger 0.8707 1 0.3508
vw 1.1502 2 0.5627
EIF4EBP1; 4EBP1 PCOS MR Egger 2.6767 2 0.2623
vw 2.6933 3 0.4414
ERBB4; ERBB4 PCOS MR Egger 0.8850 1 0.3468
vw 1.3885 2 0.4994
ERP27; ERP27 PCOS MR Egger 0.2939 1 0.5877
vw 2.7060 2 0.2585
GLRX2; GLRX2 PCOS MR Egger 6.0105 3 0.1111
vw 6.0298 4 0.1969
GLTPD2; GLTD2 PCOS MR Egger 6.7742 9 0.6606
vw 6.8321 10 0.7412
HEPACAM; HEPACAM PCOS MR Egger 0.5014 1 0.4789
vw 0.6868 2 0.7094
KIRREL2; KIRR2 PCOS MR Egger 5.4461 5 0.3639
vw 6.1284 6 0.4090
KLKS; Kallikrein-8 PCOS MR Egger 1.4912 2 0.4744
vw 1.5024 3 0.6817
PROK?2; Prokineticin-2 PCOS MR Egger 7.1368 6 0.3084
vw 8.2992 7 0.3070

IVs, instrumental variables; IVW, inverse-variance-weighted; PCOS, polycystic ovary syndrome.

CDCP1 expression is negatively correlated with SHBG, which is
consistent with our results (46), and the levels of CDCP1 have a
relatively strong positive correlation with follicle-stimulating
hormone. CDCP1 is one of the most promising targets for
therapeutics and diagnostics, reported by many studies of tumors,
which were mainly involved in the epithelial-mesenchymal
transition process and immune infiltration (42, 47). The available
literature demonstrated that CDCP1 might have an
immunoregulatory function that is not only relevant to tumor
biology, but also potential therapeutic applications in patients
with neuroinflammatory conditions and autoimmune endocrine
disorders (48, 49). Metabolism of iron and participation in protein
glutathionylation/deglutathionylation (50), GLRX2 deficiency has
been elucidated to increase oxidative stress cellular sensitivity in
metabolic dysfunction-associated fatty liver disease (51). Given the
strong association between PCOS and metabolic dysfunction, we
speculated that GLRX2 may contribute to PCOS, as oxidative stress
is implicated in PCOS pathophysiology. Young et al. showcased that
GLRX2 deletion protects mice from diet-triggered weight gain; this
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phenomenon is associated with heightened mitochondrial
respiration and proton leaks (52). Currently, there is no relevant
literature on the association between GLRX2 and PCOS;
accordingly, further basic and clinical studies should explore this
issue. KIRREL2, an immunoglobulin superfamily protein with -
cell-specific expression in the pancreas (53), is encoded by the
KIRREL2 gene in humans. As a regulator of basal insulin secretion
in pancreatic cells, KIRREL2 plays an important role (53). In the
nonobese diabetic mouse model during the pathogenesis of
diabetes, the progressive decline in the expression of KIRREL2
was observed (54). Compared with the other two genes, KIRREL2
expression levels in the ovarian theca cells of PCOS patients were
relatively low in our study. However, no studies have documented
the role of KIRREL in PCOS. Therefore, it is advisable to exercise
caution while interpreting the results.

The significance of the inflammatory immune mechanism
behind PCOS onset and progression has been highlighted, and
numerous studies have linked chronic low-grade inflammation to
PCOS and have revealed its interaction with it (55, 56). Compared
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with non-PCOS women, the immune cells such as macrophages,
lymphocytes, and natural killer (NK) cells in PCOS patients were
increased, and the levels of inflammatory factors such as C-reactive
protein, interleukin (IL) 6, IL-18, tumor necrosis factor-o and
monocyte chemotactic protein-1 in peripheral blood were

significantly increased, which makes the ovary and peripheral

blood in a state of chronic inflammation (56). Herein, the key
gene expression was significantly associated with ICI, including
neutrophils, T cell co-inhibition, and macrophages, compared to
normal ovulatory women. In this context, the findings from our
research align with those outlined by the previously referenced
authors. To be specific, we found that CDCP1 expression levels in
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FIGURE 5
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PCOS had a significant positive correlation with neutrophils,
suggesting that the neutrophil count increases accompanied by
hyperandrogenism in PCOS, resulting in a chronic low-grade
inflammation state (57). However, it was observed that levels of
GLRX2 expression in PCOS had a significant negative correlation
with neutrophils. Since no previous literature has reported an
association between GLRX2 and PCOS and its underlying
mechanisms, our negative results should be interpreted with
caution. NK cells constitute a significant part of human

lymphocyte lineages, making up approximately 10-15% of

Frontiers in Endocrinology 10

lymphocytes in circulation (58). It is demonstrated that a
substantial increase was observed in NK cells in infertile women
with PCOS, indicating that the active state of NK cells may promote
ovarian fibrosis and affect follicle survival, resulting in rare
ovulation or anovulation, reported by He et al. (59). In our
research, NK cells were negative with the expression of CDCP1
but positive with GLRX2 expression. Due to the correlation analysis
between the expression level of key genes and the level of immune
cells performed using transcriptome data with a relatively small
sample size, additional study is warranted to explore the role of
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abortion (60). Besides, reduced peripheral blood Treg cell levels

these protein-coding genes in NK cell functions. T lymphocytes are
crucial in the local PCOS pathological mechanisms, as reported by
Wu et al. (28). T cells are categorized into three subsets: helper,
cytotoxic, and Treg cells. The Th1/Th2 imbalance is associated with
IR, hyperandrogenism, and polycystic ovarian changes in PCOS, as
well as the reduction of chances of pregnancy and increased risk of
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contribute to lower anti-inflammatory factor levels in women with
PCOS (61). Notably, both CDCP1 and GLRX2 were enriched in the
B-cell receptor pathway according to our results. The activation of B
cells could promote the development of PCOS-like metabolic
phenotype in mice (31). Perhaps further analysis should
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investigate how the coding genes affect the PCOS phenotype via B
cells and B-cell-related pathways. Additionally, identifying and
regulating the state of macrophage polarization may provide new
diagnostic and therapeutic strategies for PCOS (62). Macrophage
polarization and inflammatory cytokines secretion by macrophages
can cause systemic chronic low-grade inflammation in PCOS
patients (63, 64). In our study, differences in macrophage
infiltration were observed between patients with PCOS and
controls; however, no correlations between the three genes and
macrophages were detected.

Our strength point is that we are the first to report the causal
relationship between plasma proteins and their coding genes and
PCOS risk and explore the molecular mechanisms behind the MR
and bioinformatics analysis integration. Our study has a few
limitations that cannot be overlooked. First, four phenotypes
(phenotypes A, B, C, and D) of PCOS relying upon the diagnostic
criteria were analyzed together in the GWAS; nevertheless, we could
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not perform MR targeting a certain phenotype, and only an overall
analysis of PCOS was allowed. Approximately 60% of the patients
included in PCOS GWASs have been projected to exhibit a single
phenotype (phenotype A) (65). For further analysis, hormonal
levels of selected PCOS patients should meet the criteria that the
level of total testosterone is higher than 0.5ng/mL (66). Meanwhile,
patients with comorbidities such as prediabetes or 170.-dihydroxy-
progesterone > 2ng/mL should be excluded. We expect that in the
coming years, a large GWAS will specifically dissect these
phenotypes. Second, it should be noted that the participants in
the original MRI data of MR are exclusively from Europe, which
may limit the generalizability of the results to individuals from other
continents or with other ancestries. Third, different tissues may
have distinct genetic regulatory mechanisms, and an understanding
of PCOS based solely on blood pQTLs may not be comprehensive.
In addition, scRNA-seq data were obtained from ovarian theca cells,
and due to the heterogeneity of PCOS, analysis of other tissues may
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facilitate our understanding of the pathogenesis of PCOS as well
since some ethical concerns must be considered. Perhaps
performing scRNA-seq analysis of different organs of PCOS
rodent models is needed in the future. In our analysis, the
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correlation analysis between the expression level of protein-
coding genes and the level of immune infiltration was performed
using the transcriptome data rather than the scRNA-seq data. The
pivotal of tailor-made therapy for PCOS with high heterogeneity
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was acknowledged. Therefore, appropriately designed clinical trials
(randomized clinical trials) with larger sample sizes containing five
groups (healthy controls and phenotypes A, B, C, and D,
respectively) are needed before they can be suitable for daily
clinical therapeutic practice. Parameters related to glucose and
lipid metabolism, the extent of inflammation, hyperandrogenism,
menstrual cycle, anthropometrics, etc. need to be recorded.
Additionally, adverse events in the process of therapy cannot be
ignored (67, 68).

Conclusion

In summary, through the integration of genetics and the human
plasma proteome, we found that the levels of three protein-coding
genes (CDCPI, GLRX2, and KIRREL2) may be linked to a higher
risk of PCOS, suggesting that they may be an entry point for
exploring the pathogenesis and treatment of PCOS, warranting
further basic and clinical investigations.

Data availability statement

Publicly available datasets were analyzed in this study. This data
can be found here: the single cell data (https://zenodo.org/record/
7942968) from the Zenodo database, the transcriptome data
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE34526)
from the GEO database, the plasma protein (https://www.decode.
com/summarydata/) from the DECODE database, outcome data
sources (https://r10.finngen.fi/) from the FinnGen consortium R10
release and (https://www.ebi.ac.uk/gwas/studies/GCST90044902)
from the GWAS Catalog database. The above data are publicly
available, and further inquiries including analysis coding can be
directed to the corresponding authors.

Author contributions

JZ: Writing - review & editing, Writing - original draft,
Visualization, Methodology, Investigation, Data curation. YL:
Writing - review & editing, Writing - original draft. AG: Writing
- review & editing, Supervision, Resources, Methodology,
Investigation. JW: Writing - review & editing, Visualization,

References

1. Cignarella A, Mioni R, Sabbadin C, Dassie F, Parolin M, Vettor R, et al.
Pharmacological approaches to controlling cardiometabolic risk in women with
PCOS. Int ] Mol Sci. (2020) 21:9554. doi: 10.3390/ijms21249554

2. Rotterdam ESHRE/ASRM-Sponsored PCOS consensus workshop group. Revised
2003 consensus on diagnostic criteria and long-term health risks related to polycystic
ovary syndrome. Fertil Steril. (2004) 81:19-25. doi: 10.1093/humrep/deh098

3. Azziz R, Carmina E, Chen Z, Dunaif A, Laven JS, Legro RS, et al. Polycystic ovary
syndrome. Nat Rev Dis Primers. (2016) 2:16057. doi: 10.1038/nrdp.2016.57

4. Zawadri JK, Dunaif A. Diagnostic criteria for polycystic ovary syndrome: towards
a rational approach. Semin Reprod Med. (1992) 21:267-75.

Frontiers in Endocrinology

14

10.3389/fendo.2024.1442483

Validation, Supervision, Resources, Project administration,
Methodology, Investigation, Formal analysis, Data curation.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Acknowledgments

We thank the patients for their participation and the authors
who generously shared their data in the public domain. We want to
sincerely appreciate Dr. Bing He for her input during the
revision period.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fendo.2024.
1442483 /full#supplementary-material

SUPPLEMENTARY FIGURE 1
The causality analysis result of the two-sample Mendelian randomization
analysis shows 243 gene pairs for PCOS risk relationships.

5. Azziz R, Carmina E, Dewailly D, Diamanti-Kandarakis E, Escobar-Morreale HF,
Futterweit W, et al. The androgen excess and PCOS society criteria for the polycystic
ovary syndrome: the complete task force report. Fertil Steril. (2009) 91:456-88.
doi: 10.1016/j.fertnstert.2008.06.035

6. Kokosar M, Benrick A, Perfilyev A, Nilsson E, Kéllman T, Ohlsson C, et al. A
single bout of electroacupuncture remodels epigenetic and transcriptional changes in
adipose tissue in polycystic ovary syndrome. Sci Rep. (2018) 8:1878. doi: 10.1038/
541598-017-17919-5

7. Root-Bernstein R, Podufaly A, Dillon PF. Estradiol binds to insulin and insulin
receptor decreasing insulin binding in vitro. Front Endocrinol (Lausanne). (2014) 5:118.
doi: 10.3389/fend0.2014.00118

frontiersin.org


https://zenodo.org/record/7942968
https://zenodo.org/record/7942968
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE34526
https://www.decode.com/summarydata/
https://www.decode.com/summarydata/
https://r10.finngen.fi/
https://www.ebi.ac.uk/gwas/studies/GCST90044902
https://www.frontiersin.org/articles/10.3389/fendo.2024.1442483/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2024.1442483/full#supplementary-material
https://doi.org/10.3390/ijms21249554
https://doi.org/10.1093/humrep/deh098
https://doi.org/10.1038/nrdp.2016.57
https://doi.org/10.1016/j.fertnstert.2008.06.035
https://doi.org/10.1038/s41598-017-17919-5
https://doi.org/10.1038/s41598-017-17919-5
https://doi.org/10.3389/fendo.2014.00118
https://doi.org/10.3389/fendo.2024.1442483
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Zhang et al.

8. Wen L, Liu Q, Xu J, Liu X, Shi C, Yang Z, et al. Recent advances in mammalian
reproductive biology. Sci China Life Sci. (2020) 63:18-58. doi: 10.1007/s11427-019-1572-7

9. Crespo RP, Bachega TASS, Mendonga BB, Gomes LG. An update of genetic basis
of PCOS pathogenesis. Arch Endocrinol Metab. (2018) 62:352-61. doi: 10.20945/2359-
3997000000049

10. Walter K. What is polycystic ovary syndrome? JAMA. (2022) 327:294.
doi: 10.1001/jama.2021.19776

11. Teede HJ, Misso ML, Costello MF, Dokras A, Laven J, Moran L, et al.
Recommendations from the international evidence-based guideline for the
assessment and management of polycystic ovary syndrome. Hum Reprod. (2018)
33:1602-18. doi: 10.1093/humrep/dey363

12. Gu Y, Zhou G, Zhou F, Wu Q, Ma C, Zhang Y, et al. Life modifications and
PCOS: old story but new tales. Front Endocrinol (Lausanne). (2022) 13:808898.
doi: 10.3389/fend0.2022.808898

13. Teede HJ, Tay CT, Laven J, Dokras A, Moran LJ, Piltonen TT, et al.
Recommendations from the 2023 international evidence-based guideline for the
assessment and management of polycystic ovary syndrome. Fertil Steril. (2023)
120:767-93. doi: 10.1210/clinem/dgad463

14. Krishnan A, Muthusami S. Hormonal alterations in PCOS and its influence on
bone metabolism. ] Endocrinol. (2017) 232:R99-r113. doi: 10.1530/JOE-16-0405

15. Lonardo MS, Cacciapuoti N, Guida B, Di Lorenzo M, Chiurazzi M, Damiano S,
et al. Hypothalamic-ovarian axis and adiposity relationship in polycystic ovary
syndrome: physiopathology and therapeutic options for the management of
metabolic and inflammatory aspects. Curr Obes Rep. (2024) 13:51-70. doi: 10.1007/
513679-023-00531-2

16. Diamanti-Kandarakis E, Piperi C. Genetics of polycystic ovary syndrome:
searching for the way out of the labyrinth. Hum Reprod Update. (2005) 11:631-43.
doi: 10.1093/humupd/dmi025

17. Vink JM, Sadrzadeh S, Lambalk CB, Boomsma DI. Heritability of polycystic
ovary syndrome in a Dutch twin-family study. J Clin Endocrinol Metab. (2006)
91:2100-4. doi: 10.1210/jc.2005-1494

18. Dumesic DA, Padmanabhan V, Chazenbalk GD, Abbott DH. Polycystic ovary
syndrome as a plausible evolutionary outcome of metabolic adaptation. Reprod Biol
Endocrinol. (2022) 20:12. doi: 10.1186/s12958-021-00878-y

19. Zhou G, Gu Y, Zhou F, Zhang H, Zhang M, Zhang G, et al. Adipocytes-derived
extracellular vesicle-miR-26b promotes apoptosis of cumulus cells and induces
polycystic ovary syndrome. Front Endocrinol (Lausanne). (2022) 12:789939.
doi: 10.3389/fendo.2021.789939

20. GuY, Zhou G, Zhou F, Li Y, Wu Q, He H, et al. Gut and vaginal microbiomes in
PCOS: implications for women’s health. Front Endocrinol (Lausanne). (2022)
13:808508. doi: 10.3389/fendo.2022.808508

21. Anderson NL, Anderson NG. The human plasma proteome: history, character,
and diagnostic prospects. Mol Cell Proteomics. (2002) 1:845-67. doi: 10.1074/
mcp.r200007-mcp200

22. Suhre K, McCarthy MI, Schwenk JM. Genetics meets proteomics: perspectives
for large population-based studies. Nat Rev Genet. (2021) 22:19-37. doi: 10.1038/
541576-020-0268-2

23. Ferkingstad E, Sulem P, Atlason BA, Sveinbjornsson G, Magnusson MI,
Styrmisdottir EL, et al. Large-scale integration of the plasma proteome with genetics
and disease. Nat Genet. (2021) 53:1712-21. doi: 10.1038/s41588-021-00978-w

24. Davey Smith G, Hemani G. Mendelian randomization: genetic anchors for
causal inference in epidemiological studies. Hum Mol Genet. (2014) 23:R89-98.
doi: 10.1093/hmg/ddu328

25. Davies NM, Holmes MV, Davey Smith G. Reading Mendelian randomisation
studies: a guide, glossary, and checklist for clinicians. BMJ. (2018) 362:k601.
doi: 10.1136/bmj.k601

26. Emdin CA, Khera AV, Kathiresan S. Mendelian randomization. JAMA. (2017)
318:1925-6. doi: 10.1001/jama.2017.17219

27. Zhu Z, Zhang F, Hu H, Bakshi A, Robinson MR, Powell JE, et al. Integration of
summary data from GWAS and eQTL studies predicts complex trait gene targets. Nat
Genet. (2016) 48:481-7. doi: 10.1038/ng.3538

28. Wu R, Fujii S, Ryan NK, van der Hoek KH, Jasper MJ, Sini I, et al. Ovarian
leukocyte distribution and cytokine/chemokine mRNA expression in follicular fluid
cells in women with polycystic ovary syndrome. Hum Reprod. (2007) 22:527-35.
doi: 10.1093/humrep/del371

29. Solano ME, Sander VA, Ho H, Motta AB, Arck PC. Systemic inflammation,
cellular influx and up-regulation of ovarian VCAM-1 expression in a mouse model of
polycystic ovary syndrome (PCOS). ] Reprod Immunol. (2011) 92:33-44. doi: 10.1016/
1j1i.2011.09.003

30. AruN, Yang C, Chen Y, Liu J. Causal association of immune cells and polycystic
ovarian syndrome: a Mendelian randomization study. Front Endocrinol (Lausanne).
(2023) 14:1326344. doi: 10.3389/fendo.2023.1326344

31. Ascani A, Torstensson S, Risal S, Lu H, Eriksson G, Li C, et al. The role of B cells
in immune cell activation in polycystic ovary syndrome. Elife. (2023) 12:e86454.
doi: 10.7554/eLife.86454

32. Gao L, Zhao Y, Wu H, Lin X, Guo F, Li J, et al. Polycystic ovary syndrome fuels

cardiovascular inflammation and aggravates ischemic cardiac injury. Circulation.
(2023) 148:1958-73. doi: 10.1161/CIRCULATIONAHA.123.065827

Frontiers in Endocrinology

15

10.3389/fendo.2024.1442483

33. Burgess S, Thompson SG. Avoiding bias from weak instruments in Mendelian
randomization studies. Int J Epidemiol. (2011) 40:755-64. doi: 10.1093/ije/dyr036

34. Bowden J, Davey Smith G, Haycock PC, Burgess S. Consistent estimation in
Mendelian randomization with some invalid instruments using a weighted median
estimator. Genet Epidemiol. (2016) 40:304-14. doi: 10.1002/gepi.21965

35. Giambartolomei C, Vukcevic D, SChadt EE, Franke L, Hingorani AD,
Wallace C, et al. Bayesian test for colocalisation between pairs of genetic association
studies using summary statistics. PloS Genet. (2014) 10:e1004383. doi: 10.1002/
gepi.21965

36. Hinzelmann S, Castelo R, Guinney J. GSVA: gene set variation analysis for
microarray and RNA-seq data. BMC Bioinf. (2013) 14:7. doi: 10.1186/1471-2105-14-7

37. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA,
et al. Gene set enrichment analysis: a knowledge-based approach for interpreting
genome-wide expression profiles. Proc Natl Acad Sci U.S.A. (2005) 102:15545-50.
doi: 10.1073/pnas.0506580102

38. Yi M, Nissley DV, McCormick F, Stephens RM. ssGSEA score-based Ras
dependency indexes derived from gene expression data reveal potential Ras
addiction mechanisms with possible clinical implications. Sci Rep. (2020) 10:10258.
doi: 10.1038/541598-020-66986-8

39. Kaur S, Archer KJ, Devi MG, Kriplani A, Strauss JF 3rd, Singh R. Differential
gene expression in granulosa cells from polycystic ovary syndrome patients with and
without insulin resistance: identification of susceptibility gene sets through network
analysis. J Clin Endocrinol Metab. (2012) 97:E2016-21. doi: 10.1210/jc.2011-3441

40. Harris RA, McAllister JM, Strauss JF 3rd. Single-cell RNA-Seq identifies
pathways and genes contributing to the hyperandrogenemia associated with
polycystic ovary syndrome. Int ] Mol Sci. (2023) 24:10611. doi: 10.3390/ijms241310611

41. Van der Maaten L, Hinton G. Visualizing data using t-SNE. ] Mach Learn Res.
(2008) 9:2579-605.

42. Lin Z, Zhang Z, Zheng H, Xu H, Wang Y, Chen C, et al. Molecular mechanism
by which CDCP1 promotes proneural-mesenchymal transformation in primary
glioblastoma. Cancer Cell Int. (2022) 22:151. doi: 10.1186/s12935-021-02373-1

43. He Y, Wu AC, Harrington BS, Davies CM, Wallace SJ, Adams MN, et al.
Elevated CDCP1 predicts poor patient outcome and mediates ovarian clear cell
carcinoma by promoting tumor spheroid formation, cell migration and
chemoresistance. Oncogene. (2016) 35:468-78. doi: 10.1038/0nc.2015.101

44. Harrington BS, He Y, Davies CM, Wallace SJ, Adams MN, Beaven EA, et al. Cell
line and patient-derived xenograft models reveal elevated CDCP1 as a target in high-
grade serous ovarian cancer. Br J Cancer. (2016) 114:417-26. doi: 10.1038/bjc.2015.471

45. Wortmann A, He Y, Deryugina EI, Quigley JP, Hooper JD. The cell surface
glycoprotein CDCP1 in cancer-insights, opportunities, and challenges. [UBMB Life.
(2009) 61:723-30. doi: 10.1002/iub.198

46. Hatziagelaki E, Pergialiotis V, Kannenberg JM, Trakakis E, Tsiavou A, Markgraf
DF, et al. Association between biomarkers of low-grade inflammation and sex
hormones in women with polycystic ovary syndrome. Exp Clin Endocrinol Diabetes.
(2020) 128:723-30. doi: 10.1055/a-0992-9114

47. Kong R, Liu H, Shi Y. COL14A1 promotes self-renewal of human liver cancer
stem cells through activation of ERK signaling. J Bio-X Res. (2021) 4:10-7. doi: 10.1097/
JBR.000000000000008

48. Magnusson L, Espes D, Casas R, Carlsson PO. Increased plasma levels of the co-
stimulatory proteins CDCP1 and SLAMF1 in patients with autoimmune endocrine
diseases. Front Immunol. (2020) 11:1916. doi: 10.3389/fimmu.2020.01916

49. Palada V, Ahmed AS, Freyhult E, Hugo A, Kultima K, Svensson CI, et al.
Elevated inflammatory proteins in cerebrospinal fluid from patients with painful knee
osteoarthritis are associated with reduced symptom severity. ] Neuroimmunol. (2020)
349:577391. doi: 10.1016/j.jneuroim.2020.577391

50. LiJ, Tang X, Wen X, Ren X, Zhang H, Du Y, et al. Mitochondrial Glrx2 knockout
augments acetaminophen-induced hepatotoxicity in mice. Antioxid (Basel). (2022)
11:1643. doi: 10.3390/antiox11091643

51. Scalcon V, Folda A, Lupo MG, Tonolo F, Pei N, Battisti I, et al. Mitochondrial
depletion of glutaredoxin 2 induces metabolic dysfunction-associated fatty liver disease
in mice. Redox Biol. (2022) 51:102277. doi: 10.1016/j.redox.2022.102277

52. Young A, Gardiner D, Kuksal N, Gill R, O’Brien M, Mailloux R]. Deletion of the
glutaredoxin-2 gene protects mice from diet-induced weight gain, which correlates with
increased mitochondrial respiration and proton leaks in skeletal muscle. Antioxid
Redox Signal. (2019) 31:1272-88. doi: 10.1089/ars.2018.7715

53. Yesildag B, Bock T, Herrmanns K, Wollscheid B, Stoffel M. Kin of IRRE-like
protein 2 is a phosphorylated glycoprotein that regulates basal insulin secretion. J Biol
Chem. (2015) 290:25891-906. doi: 10.1074/jbc.M115.684704

54. Sun C, Kilburn D, Lukashin A. Kirrel2, a novel immunoglobulin superfamily
gene expressed primarily in B cells of the pancreatic islets. Genomics. (2003) 82:130-42.
doi: 10.1016/S0888-7543(03)00110-1

55. Barrea L, Marzullo P, Muscogiuri G, Di Somma C, Scacchi M, Orio F, et al.
Source and amount of carbohydrate in the diet and inflammation in women with
polycystic ovary syndrome. Nutr Res Rev. (2018) 31:291-301. doi: 10.1017/
50954422418000136

56. Rudnicka E, Suchta K, Grymowicz M, Calik-Ksepka A, Smolarczyk K,
Duszewska AM, et al. Chronic low grade inflammation in pathogenesis of PCOS. Int
J Mol Sci. (2021) 22:3789. doi: 10.3390/ijms22073789

frontiersin.org


https://doi.org/10.1007/s11427-019-1572-7
https://doi.org/10.20945/2359-3997000000049
https://doi.org/10.20945/2359-3997000000049
https://doi.org/10.1001/jama.2021.19776
https://doi.org/10.1093/humrep/dey363
https://doi.org/10.3389/fendo.2022.808898
https://doi.org/10.1210/clinem/dgad463
https://doi.org/10.1530/JOE-16-0405
https://doi.org/10.1007/s13679-023-00531-2
https://doi.org/10.1007/s13679-023-00531-2
https://doi.org/10.1093/humupd/dmi025
https://doi.org/10.1210/jc.2005-1494
https://doi.org/10.1186/s12958-021-00878-y
https://doi.org/10.3389/fendo.2021.789939
https://doi.org/10.3389/fendo.2022.808508
https://doi.org/10.1074/mcp.r200007-mcp200
https://doi.org/10.1074/mcp.r200007-mcp200
https://doi.org/10.1038/s41576-020-0268-2
https://doi.org/10.1038/s41576-020-0268-2
https://doi.org/10.1038/s41588-021-00978-w
https://doi.org/10.1093/hmg/ddu328
https://doi.org/10.1136/bmj.k601
https://doi.org/10.1001/jama.2017.17219
https://doi.org/10.1038/ng.3538
https://doi.org/10.1093/humrep/del371
https://doi.org/10.1016/j.jri.2011.09.003
https://doi.org/10.1016/j.jri.2011.09.003
https://doi.org/10.3389/fendo.2023.1326344
https://doi.org/10.7554/eLife.86454
https://doi.org/10.1161/CIRCULATIONAHA.123.065827
https://doi.org/10.1093/ije/dyr036
https://doi.org/10.1002/gepi.21965
https://doi.org/10.1002/gepi.21965
https://doi.org/10.1002/gepi.21965
https://doi.org/10.1186/1471-2105-14-7
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1038/s41598-020-66986-8
https://doi.org/10.1210/jc.2011-3441
https://doi.org/10.3390/ijms241310611
https://doi.org/10.1186/s12935-021-02373-1
https://doi.org/10.1038/onc.2015.101
https://doi.org/10.1038/bjc.2015.471
https://doi.org/10.1002/iub.198
https://doi.org/10.1055/a-0992-9114
https://doi.org/10.1097/JBR.000000000000008
https://doi.org/10.1097/JBR.000000000000008
https://doi.org/10.3389/fimmu.2020.01916
https://doi.org/10.1016/j.jneuroim.2020.577391
https://doi.org/10.3390/antiox11091643
https://doi.org/10.1016/j.redox.2022.102277
https://doi.org/10.1089/ars.2018.7715
https://doi.org/10.1074/jbc.M115.684704
https://doi.org/10.1016/S0888-7543(03)00110-1
https://doi.org/10.1017/S0954422418000136
https://doi.org/10.1017/S0954422418000136
https://doi.org/10.3390/ijms22073789
https://doi.org/10.3389/fendo.2024.1442483
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Zhang et al.

57. Ozay AC, Ozay OE. The importance of inflammation markers in polycystic ovary
syndrome. Rev Assoc Med Bras. (1992) 2021) 67:411-7. doi: 10.1590/1806-9282.20200860

58. Hu W, Wang G, Huang D, Sui M, Xu Y. Cancer immunotherapy based on
natural killer cells: current progress and new opportunities. Front Immunol. (2019)
10:1205. doi: 10.3389/fimmu.2019.01205

59. He S, Mao X, Lei H, Dong B, Guo D, Zheng B, et al. Peripheral blood
inflammatory-immune cells as a predictor of infertility in women with polycystic
ovary syndrome. ] Inflammation Res. (2020) 13:441-50. doi: 10.2147/JIR.S260770

60. Pasquali R. Metabolic syndrome in polycystic ovary syndrome. Front Horm Res.
(2018) 49:114-30. doi: 10.1159/000485995

61. Krishna MB, Joseph A, Subramaniam AG, Gupta A, Pillai SM, Laloraya M.
Reduced Tregs in peripheral blood of PCOS patients - a consequence of aberrant I12
signaling. J Clin Endocrinol Metab. (2015) 100:282-92. doi: 10.1210/jc.2014-2401

62. Lima PDA, Nivet AL, Wang Q, Chen YA, Leader A, Cheung A, et al. Polycystic ovary
syndrome: possible involvement of androgen-induced, chemerin-mediated ovarian recruitment
of monocytes/macrophages. Biol Reprod. (2018) 99:838-52. doi: 10.1210/jc.2014-2401

63. Qi X, Zhang B, Zhao Y, Li R, Chang HM, Pang Y, et al. Hyperhomocysteinemia
promotes insulin resistance and adipose tissue inflammation in PCOS mice through

Frontiers in Endocrinology

16

10.3389/fendo.2024.1442483

modulating M2 macrophage polarization via estrogen suppression. Endocrinology.
(2017) 158:1181-93. doi: 10.1210/en.2017-00039

64. Bunn RC, Cockrell GE, Ou Y, Thrailkill KM, Lumpkin CK Jr, Fowlkes JL.
Palmitate and insulin synergistically induce IL-6 expression in human monocytes.
Cardiovasc Diabetol. (2010) 9:73. doi: 10.1186/1475-2840-9-73

65. Azziz R. PCOS and mendelian randomization: too soon? J Clin Endocrinol
Metab. (2022) 107:€2195-6. doi: 10.1210/clinem/dgab827

66. Palomba S, Daolio J, La Sala GB. Oocyte competence in women with polycystic
ovary syndrome. Trends Endocrinol Metab. (2017) 28:186-98. doi: 10.1016/
j-tem.2016.11.008

67. Murdaca G, Spanod F, Contatore M, Guastalla A, Magnani O, Puppo F.
Pharmacogenetics of etanercept: role of TNF-o gene polymorphisms in improving
its efficacy. Expert Opin Drug Metab Toxicol. (2014) 10:1703-10. doi: 10.1517/
17425255.2014.970165

68. Murdaca G, Gulli R, Spano F, Lantieri F, Burlando M, Parodi A, et al. TNF-a
gene polymorphisms: association with disease susceptibility and response to anti-TNF-
o treatment in psoriatic arthritis. J Invest Dermatol. (2014) 134:2503-9. doi: 10.1038/
jid.2014.123

frontiersin.org


https://doi.org/10.1590/1806-9282.20200860
https://doi.org/10.3389/fimmu.2019.01205
https://doi.org/10.2147/JIR.S260770
https://doi.org/10.1159/000485995
https://doi.org/10.1210/jc.2014-2401
https://doi.org/10.1210/jc.2014-2401
https://doi.org/10.1210/en.2017-00039
https://doi.org/10.1186/1475-2840-9-73
https://doi.org/10.1210/clinem/dgab827
https://doi.org/10.1016/j.tem.2016.11.008
https://doi.org/10.1016/j.tem.2016.11.008
https://doi.org/10.1517/17425255.2014.970165
https://doi.org/10.1517/17425255.2014.970165
https://doi.org/10.1038/jid.2014.123
https://doi.org/10.1038/jid.2014.123
https://doi.org/10.3389/fendo.2024.1442483
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	From proteome to pathogenesis: investigating polycystic ovary syndrome with Mendelian randomization analysis
	Introduction
	Materials and methods
	Data sources
	IV selection
	MR analysis
	Co-localization analysis
	Gene set variation analysis and gene set enrichment analysis
	Immune cell infiltration analysis
	Transcription factor prediction
	Data processing of sc-RNA seq data of PCOS
	Statistical analysis

	Results
	Proteome&dash;wide MR analysis revealing 12 circulating protein-coding genes for PCOS
	Co-localization analyses supported the causality of three protein-coding genes with PCOS
	GSEA and GSVA of signaling pathways for the three genes
	Key genes are closely linked to ICI
	TF regulation
	Expression of key genes at the SC level

	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


