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A large body of evidence indicates that women with polycystic ovary syndrome
(PCOS) have a higher risk of developing Hashimoto's thyroiditis (HT) than healthy
individuals. Given the strong genetic impact on both diseases, common
predisposing genetic factors are possibly involved but are not fully understood.
Here, we performed whole-exome sequencing (WES) for 250 women with sporadic
PCOS, HT, combined PCOS and HT (PCOS+HT), and healthy controls to explore the
genetic background of the joint occurrence of PCOS and HT. Based on relevant
comparative analyses, multivariate logistic regression prediction modeling, and the
most informative feature selection using the Monte Carlo feature selection and
interdependency discovery algorithm, 77 variants were selected for further validation
by TagMan genotyping in a group of 533 patients. In the allele frequency test,
variants in RAB6A, GBP3, and FNDC7 genes were found to significantly (Dagjustea <
0.05) differentiated the PCOS+HT and PCOS groups, variant in HIF3A differentiated
the PCOS+HT and HT groups, whereas variants in CDK20 and CCDC71
differentiated the PCOS+HT and both single disorder groups. TagMan genotyping
data were used to create final prediction models, which differentiated between
PCOS+HT and PCOS or HT with a prediction accuracy of AUC = 0.78. Using a 70%
cutoff of the prediction score improved the model parameters, increasing the AUC
value to 0.87. In summary, we demonstrated the polygenic burden of both PCOS
and HT, and many common and intersecting signaling pathways and biological
processes whose disorders mutually predispose patients to the development of
both diseases.
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1 Introduction

Both polycystic ovary syndrome (PCOS) and Hashimoto’s
thyroiditis (HT) are common endocrinopathies, affecting 5-20% of
the female population of reproductive age (1, 2), with a prevalence
that varies depending on the ethnicity of the population and the
diagnostic criteria used (3, 4). PCOS is a heterogeneous disorder
characterized mainly by hyperandrogenism, ovarian dysfunction
often manifested as chronic oligo- or anovulation, and polycystic
ovarian morphology (PCOM) on pelvic ultrasonography. Because
two of these three features must be present for PCOS diagnosis
(Rotterdam criteria) (5), their different combinations determine the
various phenotypes of the disease (6).

HT is an organ-specific T cell-mediated autoimmune disorder
in which an autoimmune attack targeting components of the
thyroid gland can lead to a decreased production of thyroid
hormones (hypothyroidism) (3). HT is considered the main cause
of hypothyroidism, although it can persist for years without
noticeable thyroid dysfunction (7). As a result, HT has a clinically
heterogeneous presentation, ranging from the presence of thyroid
antibodies but normal thyroid function (euthyroidism) to
subclinical hypothyroidism, defined as a serum thyroid-
stimulating hormone (TSH) level above the reference limit and a
normal level of free thyroxine (fT4), and finally, overt
hypothyroidism, in which the fT, level is reduced below the
normal limit and TSH is further increased (8, 9). In most cases,
HT eventually progresses to hypothyroidism, even though patients
were euthyroid or even transiently hyperthyroid (hashitoxicosis) at
the time of presentation (10). However, it should be noted that the
definition of HT is not unambiguous and some authors define HT
as hypothyroidism and elevated levels of antithyroid antibodies.
Nearly all patients with HT (90-95%) have antibodies against
thyroid peroxidase (TPO) and 60-80% have antibodies against
thyroglobulin (Tg) (11, 12). In general, the diagnostic criteria for
HT are based on the detection of elevated serum levels of anti-TPO
and/or anti-Tg antibodies and a typical hypoechogenic pattern in
the thyroid gland on ultrasound imaging (13).

PCOS and HT share several common symptoms and may be
accompanied by similar endocrine and metabolic disorders,
including inflammation, insulin resistance, and dyslipidemia,
which contribute to the increased risk of obesity, diabetes,
cardiovascular disease, and cancer (14-17). Both disorders are the
leading causes of reproductive complications and infertility in
women of childbearing age (18). A growing number of studies
have indicated a higher incidence of various thyroid disorders in
patients with PCOS than in the general population (19, 20).
According to several meta-analyses, HT occurs approximately
three times more often among patients with PCOS than among
healthy women, with a slightly higher prevalence in Asian
populations than in European and South American populations
(21-24). Interestingly, a higher risk of developing PCOS was
observed among Asian patients with newly diagnosed HT but was
lower than the risk of developing HT among PCOS patients in the
same population (25).
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While the close interaction between PCOS and HT seems
indisputable, its causes are not entirely clear. Current research has
shown that epigenetic changes may play a leading role in the
etiology of both diseases. In turn, such post-translational
modifications of the genome depend on the environmental
changes during the lifetime (26-28). Growing evidence suggests
that environmental factors can trigger epigenetic modifications that
may lead to the development of the disease in genetically susceptible
individuals (29-31). Given the strong genetic component in the
heritability of PCOS and HT, exceeding 70% (32, 33), it can be
assumed that some elements of their genetic backgrounds are
common or mutually predispose to the joint occurrence of these
diseases. Although many candidate gene and genome-wide
association studies (GWAS) have been performed for each of
these diseases (19, 34-36), genetic variants predisposing
individuals to the joint occurrence of both disorders have not yet
been extensively studied. To date, only a few polymorphisms
contributing to both PCOS and HT have been proposed,
including the most convincingly described polymorphisms in
FBN3, CYPIBI, and GNRHR, and GWAS-selected single
nucleotide polymorphisms (SNPs) in FSHR and INSR which are
common in PCOS and HT (17, 19, 37).

Despite many efforts, PCOS- or HT-related variants identified
by GWAS account for only a small proportion of the estimated
disease heritability (38-40), likely due to the specificity of the
GWAS technique, which primarily identifies SNPs in non-coding
regions as common markers of linkage disequilibrium with causal
variants. PCOS and HT are highly polygenic disorders, in which
both common and rare variants may account for multifactorial
susceptibility. Unlike GWAS, whole-exome sequencing (WES)
allows the identification of variants in the coding region, which
are often rare and have a functional effect (41). Several new variants
have been discovered in studies using WES for both familial and
sporadic cases of PCOS and HT (42-49), confirming that this
approach can be effective in discovering genes underlying
complex diseases. To date, WES has not been employed to search
for susceptibility variants related to the risk of joint occurrence of
PCOS and HT. In this study, we performed WES to investigate the
genetic background and biological pathways associated with both
disorders and explored the possibility of predicting the genetic
susceptibility to their joint occurrence.

2 Materials and methods
2.1 Ethics statement

All enrolled patients and controls were Polish Caucasians. The
local ethics committee approved the study (Medical University of
Warsaw, No: KB/200/2015 and Centre of Postgraduate Medical
Education, No: 77/PB/2017, Warsaw, Poland), and all participants
provided written informed consent before participating in the
study. The study protocol conformed with the ethical guidelines
of the 1975 Declaration of Helsinki.
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2.2 Study population

A total of 571 women aged 15-45 were recruited for this study.
Of these, 250 were included in WES: 70 patients with PCOS (P
group), 71 with HT (H group), 71 with both PCOS and HT (P+H
group), and 38 healthy women in the control group (K group). To
ensure the greatest possible homogeneity of the study groups,
stricter inclusion and exclusion criteria were used to recruit
patients. Patients included in the WES must meet all three
Rotterdam criteria (5) for the diagnosis of PCOS: chronic
anovulation or infrequent ovulation, hyperandrogenism
presenting as elevated androgenic hormone levels, and the
presence of PCOM on ultrasound examination. A serum
progesterone (PRG) concentration of < 3 ng/ml on the 22" to
24'™ day of the cycle confirmed an anovulatory cycle.
Oligomenorrhea was defined as a menstrual cycle duration > 35
days, and secondary amenorrhea was defined as a lack of menstrual
bleeding for over six months. Clinical hyperandrogenism manifests
as hirsutism, acne, and alopecia. The degree of hirsutism was
assessed using the Ferriman-Gallwey scale, and the cutoff point
indicative of hirsutism was defined as a score of at least eight points.
Biochemical hyperandrogenism involves elevated levels of
androgen hormones (testosterone and androstenedione). Pelvic
ultrasound was performed using ProSound Alpha 7 equipment
(Hitachi-Aloka Medical America Inc., Wallingford, CT, USA) to
assess ovarian morphology. The presence of at least 12
circumferentially located follicles that are 2-9 mm in diameter in
each ovary or an ovarian volume > 10 ml without the presence of
confounding pathology was considered indicative of PCOM. The
exclusion criteria were as follows: refusal to participate in the study
and diagnosis of hyperandrogenism due to causes other than PCOS,
such as nonclassical adrenal hyperplasia, androgen-secreting
tumors, or Cushing syndrome. An additional exclusion criterion
was the use of oral contraception, glucocorticoids, biguanides, and
other drugs, supplements or herbs that could affect the hormonal
function and serum androgen levels, for up to six months before
participation in the study.

The inclusion criteria for patients with HT included, at least, an
elevated serum level of anti-TPO autoantibodies and reduced
echogenicity of the thyroid gland on the ultrasound image. This
means that all patients had elevated anti-TPO antibodies, and the
majority (excluding seven patients) also had elevated anti-Tg
antibodies. Echogenicity was assessed in both the thyroid lobes
and muscles surrounding the neck. Hypoechogenicity was assessed
by comparing the distribution of echoes in the thyroid parenchyma
with those in the surrounding neck muscles. For the remaining
patients in the study who were not included in the WES, the
criterion of PCOM presence may not have been met in cases of
PCOS, and an elevated level of anti-Tg autoantibodies, in addition
to the hypoechogenic thyroid gland, was sufficient for the diagnosis
of HT. Approximately 55% of the patients with HT or PCOS+HT
were supplemented with levothyroxine because of additionally
diagnosed clinical or subclinical hypothyroidism. At the time of
recruitment and blood collection, all patients with HT were
euthyroid, either because hypothyroidism had not yet developed
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or as a result of adequate supplementation. Baseline serum levels of
relevant autoantibodies, hormones, and endocrine parameters were
determined as part of routine diagnostic procedures. See
Supplementary Table S1 for the ranges of standard
concentrations. The demographic and clinical characteristics of
the enrolled patients and controls are shown in Table 1.

2.3 Nucleic acid extraction

Total genomic DNA was extracted from whole blood treated
with EDTA using a QIAamp DNA Mini Blood Kit (Qiagen GmbH,
Hilden, Germany) according to the manufacturer’s instructions.
Quantity and purity of extracted DNA were measured using
QubitTM dsDNA HS Assay Kit on Qubit fluorometer 2.0 (Thermo
Fisher Scientific, Waltham, MA, USA) and NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA), respectively.

2.4 Whole-exome sequencing and exome
sequence data analysis

Exome regions were captured using the Twist Human Core
Exome Kit with RefSeq and Mitochondrial Panel (Twist Bioscience,
San Francisco, CA, USA). Paired-end sequencing (2 x 100 bp) was
performed using an Illumina NovaSeq 6000 next-generation
sequencing platform (San Diego, CA, USA), yielding a minimum
read depth of 40x in the cohort. The generated reads were aligned to
the human reference genome build, hg19, from the UCSC Genome
Browser, using Bowtie2 (version 2.4.4) (50). After removing
duplicate reads and base quality recalibration using Picard tools
(http://broadinstitute.github.io/picard), genetic variations were
determined using the Genome Analysis Toolkit (GATK)
HaplotypeCaller with the default parameters (51). Variant
genotyping was implemented using the GATK GenotypeGVCFs
tool with the dbSNP build 155 vcffile as a reference and the variant
call confidence score set to 50.

After variant quality control (QC), ethnicity was inferred using
the R package EthSEQ (version 2.1.4) (52) based on ancestry
reference samples from the 1000 Genomes Project (http://
www.1000genomes.org), indicating that all samples were within the
European population. Principal Component Analysis of WES data
generated for all 250 participants, implemented using Plink version
1.9, identified seven outliers that were excluded from further analysis.
A Variant Effect Predictor (VEP; GRCh37 Ensembl release version
105) (53) was used to assess the potentially deleterious effects (high,
moderate, low, or modifier impact) of the exome variants (http://
www.ensembl.org/index.html).

2.5 Association analyses

Four association analyses were conducted using a variant in the
hgl9 sequence as the reference allele. The principal analysis
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TABLE 1 Clinical and hormonal characteristics of study participants.

PCOS
N =203

Median (IQR)

HT

Parameter N'=164

Median (IQR)

10.3389/fimmu.2023.1193293

PCOS+HT
N =166

Kruskall
Wallis

Control
N =38

Median (IQR) Median (IQR)

Pagj-value

Age (years) 24 (7)* 33 (8)** 27 (7.25) 30.5 (10.25)* 22x10%
BMI (kg/m?) 25 (7.9) 24 (5)* 26 (10.5) 22.1 (4.18)* 34x107
FSH (mIU/ml) 4.97 (1.67) 5.5 (2.38)* 475 (2.1) 5.52 (1.23) 2.8x 10
LH (mIU/ml) 7.6 (5.53)* 4.9 (2.9)* 6.06 (4.46) 4.77 (1.39)* 39%x 10"
LH/FSH 1.5 (1.14)* 0.85 (0.44)** 1.3 (0.97) 0.81 (0.38)** 8.5x 107
E; (pg/ml) 37.5 (21.0)* 42 (43) 41 (24.5) 41.5 (28) 7.0 x 107
T (ng/ml) 0.55 (0.22) 0.32 (0.11)* 0.56 (0.23) 0.3 (0.1)** 1.1x 10
A (ng/ml) 4.08 (1.75) 1.9 (0.8)* 3.9 (1.37) 1.94 (0.31)** 1.6 x 1077
PRG (ng/ml) 0.27 (0.2)** 8 (8.48)** 0.43 (2.42) 11 (50 1.6 x 10™*
17-OH-PRG (ng/ml) 1.74 (1.34)* 1.04 (0.67)** 138 (1.2) 1.2 (0.57) 71x 1078
DHEAS (umol/l) 9.26 (4.82) 6.23 (3.48)** 8.36 (4.65) 6.88 (3.16)* L1x 10"
TSH (uIU/ml) 1.55 (0.83) 1.47 (1.07)* 1.72 (1.18) 1.48 (1.12)* 54 %102
£T, (pmol/ml) 12.41 (1.91) 12.9 (2.55) 12.7 (2.38) 12.49 (1.26) 1.9 x 10
TPO-Ab (IU/ml) 0.33 (0.49)** 254 (557) 127 (404) 0.46 (0.64)** 8.1x107°
Tg-Ab (IU/ml) 1.38 (1.17)** 36 (90.58) 41 (95.75) 1 (0.56)** 36x 107"

Data are shown as median and interquartile range (IQR). Bold value indicates statistically significant difference with PCOS+HT group (*p < 5 x 102, **p < 10™*). A, androstenedione; BMI, body
mass index; DHEAS, dehydroepiandrosterone sulfate; Ej, estradiol; FSH, follicle-stimulating hormone; fT4, free thyroxine; HT, Hashimoto’s thyroiditis; LH, luteinizing hormone; PCOS,
polycystic ovary syndrome; PRG, progesterone; T, testosterone; Tg-Ab, anti-thyroglobulin antibody; TPO-ADb, anti-thyroid peroxidase antibody; TSH, thyroid-stimulating hormone.

assumed a dominant mode of inheritance, where the number of
alternate allele genotypes and reference allele homozygotes were
compared using Fisher’s exact test conducted in rvtests version
20170613 (54). The same test was used for two other analyses: a
comparison of the number of alternate allele homozygotes with
other genotypes (recessive mode of inheritance) and a comparison
of both alternate and reference allele frequencies (allelic test).
Individual genotype frequencies were analyzed using Plink
version 1.9.

Functional enrichment analysis in sets of selected genes was
conducted using the Cytoscape platform v.3.6.1 with the ClueGO
v.2.5.1 application (55) and GeneAnalytics program
(geneanalytics.genecards.org) (56), based on Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases,
using the default settings and the p-value adjusted (p,q-value) for
multiple comparisons with the Benjamini-Hochberg algorithm with
significance threshold < 0.05 (57). Candidate gene prioritization was
conducted using the Endeavour approach (https://
endeavour.esat kuleuven.be/) (58), using genes associated with HT
and PCOS according to the Malacards database (59) as the training set.

2.6 Prediction models — stepwise forward
logistic regression analysis

Multivariate logistic regression was used to create models to
predict the risk of joint occurrence of PCOS and HT. For the
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selection of marker SNPs, variants significantly associated (p < 0.05)
with the joint occurrence of PCOS and HT in any of the four
association analyses were clumped using Plink version 1.9 with
default parameters (variants with p < 10~ in the 250 kb region).
Body mass index (BMI) value was included as an additional
variable. Predictive analysis was performed using a stepwise
forward logistic regression method, with the Akaike information
criterion (AIC) as a variable selection criterion and the step function
of the R basic statistics package. Significant SNPs were ranked
according to their AIC values, starting from the variant with the
lowest AIC value, and were sequentially introduced into the
prediction model. Nagelkerke’s pseudo-R® value for each step was
computed with the DescTools package, version 0.99.40 (60) to
estimate the proportion of the overall risk of developing PCOS
and HT.

The area under the ROC curve (AUC) value, describing the
accuracy of the prediction, was computed using the pROC package,
version 1.16.2 (61). 10-fold cross-validation was performed to avoid
model overfitting. The remaining parameters describing the
prediction accuracy were calculated using two probability
threshold levels: 50% and 70%. A probability threshold of 50%
means that PCOS+HT was predicted if the prediction probability
was = 50%. If the probability was < 50%, a non-PCOS+HT stage was
predicted. A probability threshold of 70% means that PCOS+HT
was predicted only if the prediction probability was > 70%.
Prediction results that did not reach the 70% probability
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threshold were considered to be inconclusive (30-70%) or no-PCOS
+HT (< 30%).

2.7 Monte Carlo feature selection
and interdependencies discovery —
feature importance

The Monte Carlo feature selection and interdependency
discovery (MCFS-ID) method implemented in the rmcfs R
package, as the mcfs() function, was used to perform supervised
feature selection (62, 63). The data input to the mcfs() function was
in the form of a decision table, in which features were stored as
columns, and one row reflected one patient. To fix the input data
values, column names, and attribute types, the fix.data() function
was applied (63). The initial data consisted of 175,376 features
(WES-identified variants and BMI). Of these, 1979 showed no
variance across patients and was excluded. To evaluate the feature
potential for distinguishing patients between groups (P+H vs. P and
P+H vs. H), two computational runs were performed using the
MCEFS-ID algorithm. In each, the algorithm builds thousands of
decision trees on randomly selected subsets of features and patients
to obtain the relative importance (RI) score for each feature. Based
on the calculated RI, two rankings of features that best predicted the
samples belonging to a given group were returned. The permutation
method was used to evaluate the significance of the top features.
Because further steps of the analysis assumed verification of the
significance of the returned features, the relaxed cutoff point was
used according to the critical angle cutoff point implemented in the
MCEFS-ID. Finally, to maintain an equal number of features, the top
15 variants were selected from each comparison and the ID module
of the mcfs() function was used to reveal the associations between
these variants and their most important 40 interactions. The created
networks of interdependencies are presented in the form of directed
SVG graphs.

2.8 TagMan genotyping and data analysis

To further verify the association of the selected SNPs, DNA
samples were genotyped using TagMan SNP Genotyping Assays
(Thermo Fisher Scientific, Waltham, MA, USA), Sensi FAST Probe
Hi-ROX Kit (Bioline Ltd., London, United Kingdom), and 7900HT
Real-Time PCR system (Thermo Fisher Scientific, Waltham, MA,
USA) in a 384-well format. The Hardy-Weinberg equilibrium
concordance of SNPs selected for verification was tested using the
HardyWeinberg R package version 1.7.5 (64). Differences in allele
frequencies between groups were verified using Fisher’s exact test
(implemented in the EpiTools R package), whereas differences in
genotype frequencies were assessed using the chi-squared test. The
p-value significance threshold was adjusted using the Benjamini—
Hochberg false discovery rate (FDR) algorithm (57). Odds ratios
(ORs) and 95% confidence intervals (CIs) were estimated using the
normal approximation implemented in the EpiTools R package,
version 0.5-10 (65). Unless otherwise noted, OR values were
calculated using the hgl9 sequence allele as a reference.
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3 Results

In this study, WES was used to identify genetic variants
associated with the joint occurrence of PCOS and HT. A total of
571 women were included in the study: 203 with PCOS, 164 with
HT, 166 with both disorders, and 38 healthy controls. All the
patients were of European ancestry. Table 1 presents the
characteristics of the study participants. Patients with HT were
more likely (p < 10™*) to have lower serum levels of luteinizing
hormone (LH), dehydroepiandrosterone (DHEAS),
androstenedione, testosterone, 17-OH-PRG, and LH/follicle-
stimulating hormone (FSH) ratio and higher levels of PRG than
patients with combined PCOS and HT. Whereas, patients with
PCOS had lower serum levels of anti-TPO and anti-Tg antibodies
and PRG than patients with both disorders. For the WES, 250 study
participants were included: 70 patients with PCOS, 71 patients with
HT, 71 patients with both PCOS and HT, and 38
control individuals.

3.1 Association analyses

After QC filtering of the exome sequence data, 175,374
qualifying variants located in 18,886 genes and 98 regulatory
regions were selected for further association analyses (median
25,603 variants per sample). Of these, 46% were missense
variants, 35% were synonymous variants, and 7% were intronic
variants according to VEP (GRCh37 Ensembl). Association
analyses, assuming a dominant model of inheritance, were
performed for the following group comparisons: P+H vs. H, P+H
vs. P, H vs. P, P+H vs. K, H vs. K, and P vs. K. The number of
significantly differentiating variants (p < 0.05) in these comparisons
was 2061, 1960, 1583, 2275, 2381, 2558, respectively, including 20,
31, 18, 26, 16, 30 with p < 1073, respectively, and 7, 19, 7, 10, 7, 17
with p < 5x10™, respectively. The most significant association with
co-occurrence of PCOS and HT was observed for rs17855988 in
ELN gene (p = 4.96 x 10’6), unknown variant 9:139846575_A/
AGGTG located in the regulatory region upstream of the LCN12 (p
=43 x 10”) and rs4758289 in TUB (p = 7.65 x 107) in P+H vs. P;
157259 in CERCAM (p = 1.95 x 10™) and rs562859 in OPRM1 (p =
2.99 x 10*) in P+H vs. H; rs4746970 in TYSNDI (p = 6.2 x 10™)
and rs7145565 in CDCA4 (p = 1.71 x 10™*) in P+H wvs.
K comparison.

3.2 Common or unique variants and
functional enrichment analyses

Venn diagrams were created to identify unique or common
variants, differentiating patients with both disorders from those
with PCOS or HT alone. As shown in Figure 1A, 303 variants were
unique to PCOS with HT, as they differentiated the double-case
group from both single-case groups (common for P+H vs. H and P
+H vs. P comparisons). According to the VEP, 132 of these variants
were low-impact (mostly synonymous), 115 were moderate-impact,
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PCOS element

1528

PCOS

Venn diagram for significantly differentiating variants. (A) Pairwise comparisons of combined PCOS and HT (PCOS+HT) with solely PCOS or HT
groups. A total of 303 variants were common for both comparisons. (B) Pairwise comparisons of PCOS+HT, PCOS, and HT groups with the control
(K) group. 293 variants were common for all three comparisons (‘'minimal genetic background’), whereas, 319 and 320 variants were common for
PCOS+HT and PCOS ('PCOS element’), and for PCOS+HT and HT (‘HT element’) comparisons with the K group, respectively.

four were high-impact, and 52 were changes in non-coding
regulatory sequences (modifier impact) (Supplementary Table
S2). To increase the chance of detecting biological processes
related to the above genetic variants, all variants, regardless of the
expected effect, were included in functional enrichment analyses
based on the GO and KEGG databases. Analysis of 234 genes to
which the above 303 variants were assigned indicated a significant
association (p,g; < 0.05) with 40 biological processes and signaling

pathways, such as Protein O-linked glycosylation and O-glycan
processing, Voltage-gated calcium channel activity and Calcium
ion transmembrane transporter activity, Regulation of microtubule
polymerization and depolymerization and Motor activity (Figure 2A;
Supplementary Table S3).

A Venn diagram of the results of patient group comparisons
with the control group indicated 292 common variants (assigned as
‘minimal genetic background’), differentiating all three groups of
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patients (P+H, P, and H) from the K group (Figure 1B). Among
them, 123 were variants with low impact, 113 with moderate, six
with high impact, and 50 variants were potential modifiers
(Supplementary Table S4). In total, 88 GO and KEGG terms were
significantly associated with the 212 genes assigned to these
variants, including Antigen processing and presentation of peptide
antigen, Regulation of insulin receptor signaling pathway, Vesicular
transport between the endoplasmic reticulum and the Golgi
apparatus, Dynein light intermediate chain binding, Regulation of
cell junction assembly, Peroxisome organization and Positive
regulation of epidermal growth factor receptor signaling pathway
(Figure 2B; Supplementary Table S5).

The same Venn diagram (Figure 1B) indicated 319 variants
common for only the P+H and P groups in comparison with the K
group (assigned as ‘PCOS element’). Of these, 126 were low-impact
variants, 144 were moderate-impact, five were high-impact, and 44
were located in the regulatory regions (Supplementary Table S6).
Functional enrichment analysis of 216 genes assigned to these
variants indicated their involvement in 95 biological processes
and molecular activities such as Regulation of T cell-mediated
cytotoxicity and Immunoglobulin mediated immune response,
Female meiotic nuclear division and Spindle localization,
Lamellipodium assembly and Cell adhesion, Phospholipase D
signaling pathway and Choline metabolism (Figure 2C;
Supplementary Table S7).

Similarly, 320 variants were common only for P+H vs. K and H
vs. K comparisons (assigned as ‘HT element’) (Figure 1B). Low
impact was attributed to 116 variants, moderate impact to 140
variants, high impact to four variants, and modifier impact to 60
variants (Supplementary Table S8). The 244 genes assigned to these
variants were related to 87 GO and KEGG terms, including
Regulation of T cell-mediated cytotoxicity and immunity,
Interferon-gamma-mediated signaling pathway, Cilium or
flagellum-dependent cell motility and Axoneme localization,
Bilateral symmetry determination, Microtubule-based transport
and Cell adhesion molecules (Figure 2D; Supplementary Table S9).

3.3 Prediction modeling based on WES
data - stepwise forward logistic regression

Considering the different inheritance modes of the genetic
variants, three additional association analyses were conducted:
comparison of the number of alternate allele homozygotes with
other genotypes (recessive mode of inheritance), comparison of
both alternate and reference allele frequencies (allelic test), and
comparison of individual genotype frequencies (genotype test).
Statistically significant variants (p < 0.05) in any of the four
association analyses were subjected to a clumping procedure to
select marker SNPs (p < 107 in the 250 kb region). Stepwise forward
logistic regression was used to create models predicting the risk of
the joint occurrence of PCOS and HT, using the AIC minimization
approach for significant variable selection. The selected variants
were ranked according to their AIC values and were sequentially
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introduced into the prediction model. Two prediction models were
created: differentiating PCOS+HT from PCOS (PCOS model) and
differentiating PCOS+HT from HT (HT model).

As estimated using Nagelkerke’s pseudo-R” statistics, the eight
variants included in the PCOS model explained 83% of the overall
varjation between patients with combined PCOS and HT and those
with PCOS alone (Table 2). The model prediction accuracy
expressed by the AUC was 0.912 (95% CI 0.861-0.956) with a
sensitivity of 88.7% and a specificity of 92.9%. The accuracy of the
model for the 10-fold cross-validation was 0.84 + 0.12. Seven
variants were selected for the HT model, which explained 73% of
the overall variation between the co-occurrence of both diseases and
HT alone (Table 2). The AUC value of this model was 0.874 (95%
CI 0.819-0.929), sensitivity 88.7%, specificity 85.9%, and accuracy
for 10-fold cross-validation 0.84 + 0.08. The BMI was not selected
for any of the models.

3.4 Importance of the features — Monte
Carlo feature selection and
interdependencies discovery

The MCEFS-ID algorithm was used to select the most
informative features (variants) and rank them according to the
calculated RI values. Analyses were performed on the WES-
identified variants to compare the P+H group with the P or H
groups, yielding ranking lists of variants that best distinguished
patients with co-occurrence of PCOS and HT from those with
either PCOS or HT alone. Among the variants with the highest RI
values, rs36104512 in RANBP17 was common in both comparisons
(P+H vs. P and P+H vs. H). In addition, the best-differentiating
PCOS+HT and PCOS groups were rs17855988 in ELN, rs1061638
in AHSA1I, rs140634372 in PRDMS5, and rs77570237 in IGSF9. The
variants that best differentiated the PCOS+HT and HT groups were
rs62638683 in GPR37, rs185466872 in MYOIS8B, rs1043424 in
PINK1, and the undescribed 19:6751068_T/A variant in TRIP10
(Supplementary Figure S1). BMI was not ranked among the top 500
features in any comparison.

For the top 15 variants, selected based on the adopted critical
angle cutoff point, and for their 40 most significant interactions, a
network of interdependencies was built and presented as a directed
SVG graph, where the nodes represent variants, and the thickness of
the edges shows the importance of the association (Figure 3). Thus,
features that do not have significant predictive power in themselves
(e.g., due to very low prevalence in the population) in the presence
of other features become significant for differentiating patients
between groups and can be considered potentially causal. Two
hub nodes, rs36104512 and 19:6751068_T/A, had the largest
number of associations with other variants in the P+H vs. P and
P+H vs. H analyses, respectively. Interestingly, in the P+H vs. P
graph (Figure 3A), there were fewer edges with arrows in both
directions between pairs of variants, indicating a stronger
hierarchical relationship between them than between pairs of
features in the P+H vs. H.
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TABLE 2 The results of the stepwise selection for the logistic regression models based on WES data.

Model differentiating PCOS+HT and PCOS

10.3389/fimmu.2023.1193293

dbSNP ID @ Gene AlC ® AIC change (%) R? change (%)

9:139846575_A/AGGTG, (rs11787588) ¢ intergenic 183.50 0.16

155751516 © IGLV2-23 167.44 16.06 (8.8) 032 0.16 (98)
1561750041 CERKL 152.16 15.28 (9.1) 045 0.13 (40.6)
1559506446, (rs7129499) KRTAP5-2 136.62 15.54 (10.2) 0.56 0.11 (24.4)
152777962 FCRL4 123.73 12.89 (9.4) 0.65 0.09 (16.1)
157427 MSRB2 113.26 10.47 (8.5) 071 0.07 (10.8)
1510789501 © CYP4A22 101.18 12.08 (10.7) 0.78 0.07 (9.9)
157499814 © BANP 91.30 9.88 (9.8) 0.83 0.04 (5.1)

dbSNP ID @

Model differentiating PCOS+HT and HT

Gene

AlC®

AIC change (%)

change(%)

1s3737075 © FAM207A 184.38 0.16

rs812847 NWDI 168.49 15.89 (8.6) 0.32 0.15 (93.8)
1675026, (rs677830) ¢ OPRM1 155.46 13.03 (7.7) 0.43 0.12 (37.5)
rs11642122 intergenic 143.10 12.36 (8.0) 0.52 0.09 (20.9)
rs3818222 BPIFA3 131.95 11.15 (7.8) 0.60 0.08 (15.4)
rs2075577 UcCP3 122.76 9.19 (7.0) 0.67 0.07 (11.7)
rs8066132 SLFNI2L 113.17 9.59 (7.8) 0.73 0.06 (9.0)

The marker variants (p < 10”°), ranked using the Akaike Information Criterion (AIC), were sequentially implemented into the model, starting with the variant with the lowest AIC value.

“SNP identifier based on NCBI SNP database (http://www.ncbi.nlm.nih.gov/SNP/).

Y AIC value calculated after sequential implementation of the ranked SNPs.
“/Nagelkerke pseudo-R? value calculated after sequential implementation of the ranked SNPs.
9The probe was unavailable; SNP located in the same 250 kb clumping region was chosen (ID in the parenthesis).

“'The probe was unavailable; there were no other SNPs in the clumping region.
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FIGURE 3

The directed graphs presenting interdependencies of the top 15 variants according to the relative importance (RI) value and their 40 most important
interactions: (A) P+H vs. P, (B) P+H vs. H. Nodes represent variants and the thickness of the edges shows the importance of the association. The
direction of the arrow points from the feature that was closer to the root in the decision trees to the feature further away. The size of the node
reflects the number of interdependencies (the more interdependencies the larger node) and its color intensity represents the Rl value (the more
intensive, the higher value).
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3.5 TagMan genotyping

Several approaches have been applied to select differentiating
variants for further validation by TagMan DNA genotyping: (1)
association analyses and Venn diagram selection of unique or
common variants significant in pairwise comparisons, (2)
stepwise forward logistic regression selection for prediction
models, (3) MCFS-ID selection of feature importance, and (4)
candidate gene prioritization using the Endeavour approach.
Some of the differentiating variants could not be selected for
genotyping validation because TagMan probes for these variants
were not commercially available, and universal custom probes or
primers could not be designed because of the architecture of variant
locations. Finally, 77 SNPs were selected for allele frequency
analyses in 533 patients: 203 with PCOS, 164 with HT, and 166
with both disorders. The estimated variant OR, 95% CI, and
significance p-value in P+H vs. P and P+H vs. H comparisons of
allele and genotype frequencies are presented in Supplementary
Table S10. Six and three SNP associations were significant in the
allelic test with FDR p,4-value < 0.05 for P+H vs. P and P+H vs. H,
respectively (Table 3). Additionally, the two variants were
significantly associated (p,q; < 0.05) with the combined PCOS
and HT in the P+H vs. P genotype frequency comparison. The
most significant differentiation between PCOS+HT and PCOS
groups was observed for rs4484951 in FNDC7 gene (OR 4.62;
95% CI 1.95-12.85) and between PCOS+HT and HT groups for
rs8101480 in HIF3A gene (OR 5.88; 95% CI 1.89-25.0). Two
significant SNPs, rs4955418 in CCDC71 and rs28364969 in
CDK20, were common in both comparisons.

3.6 Validation of the WES
prediction models

Based on the TagMan genotyping results, both prediction
models built on WES data were further validated in an unrelated

TABLE 3 TaqMan genotyping significant associations.

PCOS+HT vs. PCOS

dbSNP_ID® Gene MA MAF

OR allelic (95% Cl)

adj

Allelic

10.3389/fimmu.2023.1193293

group of 322 patients: 133 with PCOS, 93 with HT, and 96 with
both disorders. However, TagMan probes were available for three of
the eight variants included in the original PCOS model, and two
additional probes were selected for variants from the same clamping
region as the marker SNP (Table 2). The overall accuracy of the
prediction of the joint occurrence of PCOS and HT based on these
five variants was as follows: AUC, 0.536 (95% CI 0.437-0.635);
sensitivity, 14.7%; specificity, 88.6%; 10-fold cross-validation
accuracy 0.54 * 0.05. In total, they explained only about 2.4% of
the total variation in PCOS+HT. In the case of the WES data-based
HT model, probes for five of the seven variants were available, and
an additional one was selected for the variant from the same
clumping region (Table 2). The calculated accuracy of model
prediction expressed by AUC was 0.594 (95% CI 0.523-0.665),
with the sensitivity of 63.8% and the specificity 54.8%, and the 10-
fold cross-validation accuracy 0.53 + 0.06. The selected variants
accounted for a total of 8.3% the variation in PCOS+HT.

3.7 Prediction modeling based on
TagMan genotyping data - stepwise
forward logistic regression

To create more accurate and useful models for predicting the
risk of the joint occurrence of PCOS and HT, stepwise forward
logistic regression was used to select variants from a set of 77
differentiating SNPs based on genotyping results in a group of 533
patients. In the analysis, the FAM homozygote was used as the
reference. When absent, the FAM/VIC genotype was used as the
reference. The final PCOS (differentiating PCOS+HT and PCOS)
and HT (differentiating PCOS+HT and HT) models are presented
in Table 4. The variants selected for the models accounted for 47.4%
and 44.3% of the PCOS+HT variability compared with the PCOS
and HT groups, respectively.

The prediction accuracy parameters were calculated for both
models (Table 5). The AUC value for the PCOS model was 0.785

PCOS+HT vs. HT
Allelic

adj

OR allelic (95% Cl)

Genotype p,g;

Genotype p,g;

rs1061638 AHSAI A 0.33 1.08 (0.78-1.49) 0.736 0.009 1.15 (0.82-1.63) 0.559 0.451
rs4955418 CCDC71 A 0.35 0.59 (0.43-0.81) 0.026 0.046 0.51 (0.36-0.71) 0.005 0.014
rs28364969 CDK20 T 0.34 0.56 (0.40-0.79) 0.026 0.023 0.57 (0.40-0.76) 0.046 0.081
rs4484951 ENDC7 C 0.02 4.62 (1.95-12.9) 0.026 0.021 3.76 (1.59-10.5) 0.059 0.081
rs4656077 GBP3 A 0.33 0.64 (0.48-0.86) 0.048 0.047 0.69 (0.51-0.94) 0.111 0.171
rs634710 GOLGAI A 0.43 1.47 (1.10-1.97) 0.085 0.047 1.34 (0.99-1.83) 0.173 0.081
rs1007298 GUSBPI11 T 0.32 1.69 (1.23-2.33) 0.026 0.049 1.59 (1.15-2.22) 0.077 0.140
rs8101480 HIF3A T 0.13 1.45 (0.70-2.99) 0.490 0.431 5.88 (1.89-25.0) 0.046 0.039
rs41298115 RAB6A C 0.01 NA 0.042 0.047 NA 0.404 0.395

Bold indicates genotype-phenotype relationship significant at FRD p-adjusted (p.g;) < 0.05. MA; minor allele, MAF; MA frequency, CI; confidence interval, OR; odds ratio.

“/SNP identifier based on NCBI SNP database (http://www.ncbi.nlm.nih.gov/SNP/).
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TABLE 4 The results of the stepwise selection for the logistic regression models based on TagMan genotyping data.

Model differentiating PCOS+HT and PCOS

10.3389/fimmu.2023.1193293

dbSNP ID ® AlIC® AIC change (%) R? change (%)

154484951 FNDC7 384.80 0.048

1541298115 RABGA 375.52 9.28 (2.4) 0.098 0.050 (102.8)
15634710 GOLGAI 365.39 10.13 (2.7) 0.157 0.059 (60.8)
1511787588 PRR31 358.94 6.45 (1.8) 0.199 0.042 (26.8)
153179003 NCR3 353.30 5.64 (1.6) 0.229 0.030 (15,0)
1517301182 DYNC2HI 347.47 5.83 (1.7) 0.267 0.037 (16.3)
151061638 AHSAI 342.59 4.88 (1.4) 0.299 0.033 (12.2)
154656077 GBP3 338.48 4.11 (1.2) 0328 0.029 (9.7)
158066132 SLFNI2L 333.61 4.87 (1.4) 0359 0.031 (9.4)
1512038198 CGN 329.79 3.82 (1.1) 0.379 0.020 (5.5)
15276937 DSC3 326.64 3.15 (1.0) 0.402 0.024 (6.2)
1528364969 CDK20 322.77 3.87 (1.2) 0.428 0.025 (6.3)
151786263 CEP192 320.93 1.84 (0.6) 0.446 0.018 (4.3)
1579609470 MICALCL 319.18 1.75 (0.5) 0.458 0.012 (2.6)
151063479 PLEK 317.90 1.28 (0.4) 0.474 0.016 (3.5)

Model differentiating PCOS+HT and HT

dbSNP ID @ AlC® AIC change (%) R? change (%)

154484951 FNDC7 344.56 0.056

158101480 HIF3A 336.39 8.17 (2.4) 0.106 0.050 (89.9)
153829817 FBN3 331.13 526 (1.6) 0.150 0.044 (41.4)
152256273 FAMI89AI 326.18 495 (1.5) 0.191 0.041 (27.3)
154955418 cCDC71 322,61 3.57 (1.1) 0224 0.034 (17.6)
rs11564148 LRRK2 318.92 3.69 (1.1) 0257 0.033 (14.7)
1512038198 CGN 316.99 1.93 (0.6) 0.274 0.017 (6.4)
15909920 TPSG1 315.35 1.64 (0.5) 0297 0.023 (8.5)
1528364969 CDK20 313.13 222 (0.7) 0322 0.025 (8.4)
151054645 CACNAIH 310.35 2.78 (0.9) 0349 0.027 (8.3)
1541275060 EFNB2 308.97 1.38 (0.4) 0.369 0.021 (5.9)
rs1156287 STXBP4 308.08 0.89 (0.3) 0388 0.018 (5.0)
15595844 AZU1 306.40 1.68 (0.5) 0.409 0.021 (5.4)
151800472 TGFBI 304.14 226 (0.7) 0.424 0.015 (3.8)
15634710 GOLGAI 302.78 1.36 (0.4) 0.443 0.019 (4.5)

Selected SNPs, ranked using the Akaike Information Criterion (AIC), were sequentially implemented into the model, starting with the variant with the lowest AIC value.
V/SNP identifier based on NCBI SNP database (http://www.ncbi.nlm.nih.gov/SNP/).

Y AIC value calculated after sequential implementation of the ranked SNPs.
“/Nagelkerke pseudo-R? value calculated after sequential implementation of the ranked SNPs.
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TABLE 5 The prediction parameters of models differentiating PCOS+HT and PCOS (PCOS model) or HT (HT model).

Prediction Probability PCOS model HT model

parameters threshold [95% Cl] [95% Cl]
AUC 50% 0.785 [0.731-0.831] 0.776 [0.724-0.828]
Sensitivity 85.7% 72.4%
Specificity 68.1% 82.0%
Accuracy 0.708 [SD 0.056] 0.711 [SD 0.120]
AUC 70% 0.875 [0.824-0.927) 0.865 [0.811-0.919]
Sensitivity 77.6% 76.8%
Specificity 93.4% 92.9%
Inconclusive 35% 40%

Accuracy; 10-fold cross validation accuracy, AUC, area under the ROC curve; CI, confidence interval; SD, standard deviation.

(95% CI 0.731-0.831), sensitivity was 85.7%, specificity was 68.1%,  unique for a given comparison. This suggests that both diseases
and the 10-fold cross-validation accuracy was 0.71 £ 0.06. The AUC  share a large portion of their genetic background, and the joint
value for the HT model was 0.776 (95% CI 0.724-0.828), sensitivity ~ occurrence of both diseases may be determined by the emergence of
was 72.4%, specificity was 82%, and 10-fold cross-validation  additional variants that disrupt the same basic processes and are
accuracy was 0.71 + 0.12. When a 70% probability threshold was  mutually predisposed to the second disease.
applied, the accuracy of both models prediction improved, Strikingly, several of the same GO BP terms related to the
increasing the AUC value to approximately 0.87 and the  category of immune response were significantly enriched with genes
specificity of the prediction to 93% (Table 5). However, assigned to two otherwise non-overlapping sets of variants, PCOS
inconclusive results were obtained at 35% and 40% for PCOS and  element’ and ‘HT element’, such as Interferon-gamma-mediated
HT models, respectively. signaling pathway, Regulation of lymphocyte- and T cell-mediated
cytotoxicity and immunity, Positive regulation of cell killing, Positive
regulation of adaptive immune response, Positive regulation of
4 Discussion adaptive immune response based on somatic recombination of
immune receptors built from immunoglobulin superfamily
Here, for the first time, WES was used to explore the possibility ~ domains and Detection of other organism and biotic stimulus
of predicting the joint occurrence of PCOS and HT. In addition, our ~ (Supplementary Tables S7, S9). In addition, among the significant
study is among the largest WES analyses of any of these diseases =~ GO categories characterizing the set of variants comprising the
(42-49). Despite the high heritability of PCOS and HT as indicated ~ ‘minimal genetic background’, several were related to processes of
by familial clustering and twin studies (32, 66), the mode of  antigen processing and peptide antigen presentation via Major
inheritance remains unclear. The lack of clear genetic causes  histocompatibility complex (MHC) class I (Supplementary Table
reinforces the hypothesis of the polygenic nature and genetic ~ S5), that are prerequisites for activation of the adaptive immune
heterogeneity of both diseases. Therefore, in our analyses, we  system. Antigen molecules are expressed on the surface of target
considered different modes of disease inheritance. Additionally,  cells and presented in association with MHC class I or II molecules,
the analyses included both common and rare variants with  typically to CD8+ cytotoxic T (Tc) cells or CD4+ helper T (Th)
different predicted impacts, increasing the chances of identifying  cells, respectively. The cross-presentation of autoantigens can lead
biological significance and putative associations with the joint  to impaired self-tolerance and the development of autoimmune
occurrence of the two diseases. diseases (67). Overall, this finding may support the concept of an
autoimmune etiology of PCOS (68), or more likely, indicate that the
systemic immune activation created in PCOS promotes the

4.1 Association and functional development of autoimmune diseases, explaining the repeatedly

enrichment analyses observed association between PCOS and various autoimmune
conditions (69, 70).

One of the main aims of this study was to identify variants that Interferon-gamma (IFN-y), a pro-inflammatory cytokine

are unique or common to the double-case disease compared to  produced by activated T cells, plays an essential role as a
PCOS or HT alone and to determine the biological significance of =~ mediator of the immune response. It favors the development of
the genes assigned to these variants. An important observation from  Thl cells over Th2 cells and assists Thl cells in macrophage
functional enrichment analyses was that variants differentiating  activation and B-cell isotype switching (67). Several studies have
PCOS+HT from PCOS and/or HT were assigned to mostly  suggested a protective effect of endogenous IFN-y in T cell-
similar or closely related functional pathways, even if they were  mediated autoimmune diseases. For example, produced by Thl
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cells counteracts the development of Thl7 cells, inhibits the
proliferation of Th2 but not Thl cells, and stimulates the
suppressive activity of thymus-derived CD4+CD25+ natural
regulatory T (Treg) cells (71, 72). Chronic inflammation is a
hallmark of both HT and PCOS (73, 74). In patients with HT, the
expression of interleukin (IL)-17 was elevated and was significantly
correlated with the levels of thyroid hormone, anti-TPO, and anti-
Tg antibodies (75). In turn, IFN-yand IL-10 levels were significantly
lower in the HT patients compared with the controls. Similarly,
PCOS patients had lower levels of IFN-y than healthy women, and
in the rat model of DHEA-induced PCOS, decreased levels of IFN-y
were observed compared to control rats, which was negatively
correlated with elevated testosterone levels (76). DHEA was
shown to inhibit the proliferation and promote the apoptosis of
ovarian granulosa cells by downregulating the expression of IFN-
v (76).

One of the four unique SNPs that significantly differentiated
PCOS+HT and PCOS (p,4 < 0.05) in TagMan genotyping was
rs4656077 in the GBP3 gene (Table 3), which encodes a guanylate-
binding protein belonging to the family of IFN-y-inducible GTPases
involved in host defense against infection and inflammasome
response, as well as in metabolic inflammatory diseases and
cancer (77). This variant was selected to the final prediction
model differentiating PCOS+HT and PCOS, as were the SNPs in
NCR3 and SLFNI2L (Table 4). NCR3 encodes natural cytotoxicity-
triggering receptor 3, which interacts with CD247, a T cell receptor
(TCR), and activates natural killer cell cytotoxicity and cytokine
secretion (78). SLENI2L belongs to the Schlafen family of growth-
regulating genes involved in thymocyte development and T cell
activation. Its upregulation in primary immune cells depends on
autocrine type I IFN signaling. SLEN12L has been suggested to play
arole in T cell quiescence (79).

The GO biological processes related to O-glycan processing,
voltage-gated calcium channels, and transporter activity were
significantly enriched in genes assigned to variants differentiating
PCOS+HT from all three other groups (Supplementary Table S3).
Glycosylation is one of the most abundant post-translational
modifications and glycoproteins play essential roles in diverse
processes, including inflammatory and immune responses (80). O-
glycosylation affects the structure and function of cell surface proteins
and modifies antigen processing and presentation to T cells (81).
Specific O-GlcNAc modifications are important for T cell activation
and their blocking reduces IL-2 production and cell proliferation (82).
Changes in O-glycan composition are associated with different
metabolic conditions and disorders, including autoimmune diseases,
type II diabetes, and cardiovascular diseases (83, 84). O-glycans are
present in high concentrations in the zona pellucida surrounding
mammalian eggs and play critical roles in fertilization (85). They are
involved in sperm-oocyte binding and acrosome reaction induction
(86). Oocyte core 1-derived O-glycans are involved in the regulation of
cumulus-oocyte complex development by modifying the extracellular
matrix (ECM) composition (87). O-glycan-deficient oocytes exhibit
altered follicle development, resulting in the production of more
follicles by increasing FSH sensitivity and reducing apoptosis (88).

Voltage-gated Ca®" channels are multi-subunit complexes
activated by membrane depolarization that allow Ca*" influx into
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the cell. In the ovary, intracellular Ca®" plays an essential role in
folliculogenesis (89), oocyte maturation, fertilization, and early
embryonic development, particularly in egg activation, blocking
polyspermy, and egg-to-embryo transition (90). The a1 subunit of
the T-type voltage-gated Ca®" channel CaV3.2, encoded by
Cacnalh, mediates Ca®" influx into mouse oocytes and is
required to increase the total and endoplasmic reticulum Ca**
stores in eggs (91). A variant of CACNAIH was selected for our
prediction HT model to differentiate the PCOS+HT and HT
groups (Table 4).

The specific GO categories enriched by genes related to ‘PCOS
element’ are associated with female meiosis and establishment of
spindle localization. In addition to the regulation of insulin
secretion, oocyte meiosis was significantly associated with PCOS
in a pathway-based approach and the application of meta-analysis
gene-set enrichment of variant associations (MAGENTA) to the
PCOS GWAS dataset (92). Mammalian oocytes undergo meiotic
maturation, including extreme asymmetric division and polar body
extrusion, to produce fertilizable haploid eggs. Centromere-free
bipolar spindle assembly relies on the close interactions between
microtubules and actin filaments, which are critical for spindle
migration to the actomyosin-rich oocyte cortex and proper spindle
positioning for asymmetric division (93, 94). Precise alignment and
segregation of chromosomes during meiosis are crucial events that
require stabilization of the spindle pole assembly by microtubule
cross-linking and anchoring of the minus ends of microtubules in
the spindle pole region (95). The assembly of spindles with unstable
poles is a leading cause of aneuploidy, resulting in pregnancy loss
and genetic defects. Mutations in meiotic genes can impair meiotic
progression leading to oocyte death (96).

The PCOS prediction model included SNP rs1786263 in
CEP192 (Table 4), which encodes a protein essential for bipolar
spindle assembly and high fidelity of chromosome segregation. Its
depletion delays microtubule spindle assembly and causes
chromosomal misalignment (97). Similarly, rs41298115 in RAB6A
encoding a small GTPase was included in the PCOS model and was
one of four unique variants significantly differentiating patients with
combined PCOS and HT from those with PCOS alone in TagMan
genotyping (Table 3). Rab6A plays a key role in the maintenance of
the cytoskeletal structure and normal progression of oocyte
maturation (98, 99). Rab6A knockdown mouse oocytes fail to
form an actin cap and microtubule network, and the spindle
assembly checkpoint during meiosis is inactivated (99). Upon
Rab6A depletion, spindle defects and chromosomal misalignment
were significantly increased. Additionally, reduced intracellular
Ca®" stores and endoplasmic reticulum abundance have been
observed (98). Through recruitment of the dynein/dynactin
motor complex, Rab6A plays an essential role in microtubule-
dependent retrograde trafficking and recycling in the Golgi
apparatus. It interacts with several effector proteins localized in
the Golgi called golgins (100). Interestingly, rs634710 in GOLGAI,
which encodes golgin A1, was one of the variants selected to both
final prediction models (Table 4).

Vesicular transport and regulation of the insulin receptor
signaling pathway were represented by several GO terms
associated with the ‘minimal genetic background’ variant set
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(Supplemental Table S5). Many important transmembrane
receptors and transporters are selectively sorted by endosomal
trafficking, in cooperation with sorting nexins and the retromer
complex. The retromer protects these proteins from degradation in
the lysosome, directing them back to the cell surface (recycling),
Golgi network, or specialized endosomes (101). Abnormal
endosomal trafficking after T cell activation leads to the loss of
surface expression and, ultimately, lysosomal degradation of the
TCR or glucose transporter GLUT1 (102). Variants of the syntaxin-
binding protein 4 (STXBP4) and leucine-rich repeat kinase 2
(LRRK2) genes were included in our final HT model (Table 4);
both genes are involved in vesicle trafficking. STXBP4
phosphorylation is required for insulin-stimulated Glut4
translocation and glucose uptake, suggesting that defects in
STXBP4 phosphorylation underlie insulin resistance (103). With
the association of the SNARE syntaxin-4, STXBP4 plays a role in the
regulation of insulin release by pancreatic beta cells after
stimulation by glucose (104). LRRK2 is a key regulator of Rab
GTPases through phosphorylation and has been implicated in
retromer-dependent protein recycling, maintenance of organelles,
including Golgi, endosomes, and lysosomes, and the regulation of
primary ciliogenesis. Patients with LRRK2 mutations exhibited
altered lysosomal morphology (105).

Genes assigned to variants from the ‘HT element’ were
specifically enriched with GO categories related to ciliary
assembly and intraciliary transport (Supplementary Table S9).
Cilia are specialized microtubule-based organelles that, depending
on their axonemal structure, are used by cells to direct fluid flow
over their surface (motile cilia) or sense and conduct extracellular
signals (primary cilia). Primary cilia concentrate various ion
channels and receptors, including Hedgehog (Hh), Wingless
(Wnt), Notch, transforming growth factor (TGF)-f, and platelet-
derived growth factor receptors; hence, they play important
physiological roles in embryonic development and tissue
homeostasis (106). Ciliary dysfunction and disorder of their
signaling activities are associated with a group of diseases known
as ciliopathies, with a wide range of clinical manifestations,
including, among many others, female and male infertility and
cyst formation (107, 108). The primary cilia play an important role
in maintaining the globular follicular structure of the thyroid gland.
Their defects result in the irregular dilation of follicles and
decreased colloid Tg levels (109). Thyrocyte cilia contain the Tg
receptor LDL-related protein 2 (LRP2) and are involved in TSH-
mediated Tg endocytosis, which is crucial for thyroid hormone
release (110). LRP2 knockout mice showed hypothyroidism
associated with decreased serum Tg and fT, levels and increased
TSH levels (111).

Ciliary and signaling components are trafficked in the
anterograde and retrograde directions along the axoneme
microtubule by intraflagellar transport (IFT) complexes, which
engage dynein and kinesin motors, respectively (107). Recently,
cyclin-dependent kinase 20 (CDK20) was shown to regulate ciliary
retrograde protein trafficking by interacting with TBC1D32 and the
phosphorylation of ciliogenesis-associated kinase 1 (CILK1) (112).
CILK1 is involved in motor switching at the ciliary tip. In CDK20
knockout cells, IFT proteins accumulate at the bulging ciliary tips
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and are eliminated as extracellular vesicles. Mutations in CDK20
and TBCID32 are associated with ciliopathies and defective
embryonic development resulting from the dysregulation of Hh
signaling (113). In our study, the variant in CDK20 significantly
difterentiated the PCOS+HT group of patients from the PCOS and
HT alone groups (Table 3). In addition, SNP in DYNC2H]I
encoding dynein cytoplasmic 2 heavy chain 1, a component of
the IFT dynein motor (114), was included in the final PCOS
model (Table 4).

Changes in ovarian ECM composition and the organization of
collagen, fibronectin, and elastin play significant roles in follicle
development (115). Recently, two rare missense variants in FBN3
encoding an ECM protein, a member of the fibrillin/latent TGF-8
binding protein (LTBP) family, and a missense variant in FNI,
which encodes a member of the fibronectin family, were identified
by WES in families with PCOS (48). In addition, the FBN3 D19S884
allele 8 variant has been identified by candidate gene analysis and its
causality in PCOS susceptibility has been suggested (116, 117).
Together with other components of TGF-3 and androgen signaling,
FBN3 is present in the fetal ovary, and its expression is restricted to
the perifollicular stroma of the follicles (118). It has been
hypothesized that changes in FBN3 expression during fetal
development influence TGF-f bioactivity and collagen deposition
in the ovarian ECM and predispose women to PCOS later in life
(119). In turn, TGE-B is a key regulator of immune tolerance that
upregulates Treg cells, and its downregulation may predispose to
autoimmunity (19). Accordingly, variants in both FBN3
(rs3829817) and TGFBI (rs1800472) were selected for the final
HT model, and the variant rs4484951 in FNDC7, which encodes a
fibronectin type III domain-containing protein, was selected for
both prediction models in our study (Table 4). In addition,
rs17855988 in ELN encoding elastin was the most significant
variant (the highest RI) according to MCFS-ID analysis in the
P+H vs. P comparison (Supplementary Figure S1).

SNP rs8101480 in HIF3A was a unique variant that significantly
differentiated the PCOS+HT and HT groups (OR = 5.88; p,g; < 0.05)
in both allelic and genotype analyses of the TagMan genotyping
results (Table 3). HIF3A belongs to the transcription factor family
and is involved in adaptive responses to hypoxia. It is highly
expressed in adipocytes and is negatively correlated with insulin
resistance and adipose tissue dysfunction in obesity (120).

4.2 Prediction modeling of the joint
occurrence of PCOS and HT

Based on TagMan genotyping of WES-identified variants in a
cohort of 533 patients, we created two prediction models to
differentiate patients with joint PCOS and HT from those with
PCOS or HT alone. Both final models included 15 genetic variants,
and their prediction accuracy estimated by the AUC value was 0.78,
with the specificity of 68% and 82% for the PCOS and HT models,
respectively (Tables 4, 5). Use of the 70% cutoft of the prediction
score to distinguish patients with higher confidence improves the
model parameters, increasing both the accuracy (up to 0.87) and
specificity (up to 93%) of prediction, but 35-40% of the model
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results remain inconclusive. In addition, we identified the FNDC7
variant as the one that contributed the most to the predictive power
of both models, followed by RAB6A and GOLGAI variants in the
PCOS model and HIF3A and FBN3 variants in the HT model.

Our study has some limitations. One of these may be that the
age of the patients with HT in our study was significantly higher
than that of the patients with PCOS and PCOS+HT. Therefore, the
possibility that HT appears later in patients with PCOS cannot be
ruled out. On the other hand, in PCOS patients, HT may be
detected earlier thanks to thyroid tests performed during the
diagnostic process. Second, the sample size of our patient cohort
may have been relatively small, especially considering the whole-
exome analysis of sporadic cases. This may partly contribute to the
poor validation of WES-derived classifiers in an independent group
of patients (121). However, it must be emphasized that the WES-
derived models in our study could not be fully validated owing to a
partial lack of suitable probes. To increase the power of our study
and the chance of detecting significant relationships, we adopted
more stringent diagnostic criteria, thus reducing the phenotypic
and, most likely, genotypic heterogeneity of the studied groups. Our
goal was to obtain the largest possible collection of putative
candidate genes to identify the biological processes involved. A
study in women with sporadic diseases was supposed to facilitate
the unraveling of the complex genetic background of these two
polygenic disorders. Indeed, analyses of functional enrichment in
the obtained gene sets indicated several processes significantly
related to the etiology of PCOS and HT.

5 Conclusion

This study provides new insights into the joint occurrence of
PCOS and HT, despite their phenotypic heterogeneity, complex
genetic backgrounds, and limitations. Several variants were found
to significantly differentiate between patients with joint PCOS and
HT and those with both diseases separately. Functional enrichment
analysis of genes related to the selected variants identified several
processes whose abnormal functions may be involved in the
development of both diseases, such as immune responses, insulin
signaling, O-linked glycosylation, ECM organization and
composition, membrane trafficking, ion channels, retrograde and
axonemal transport, follicular development, meiosis, and cell
communication, including gap junctions. Overall, our study
supports the concept that PCOS and HT share a large portion of
their genetic backgrounds, and the joint occurrence of both diseases
may be determined by the emergence of additional variants that
disrupt the same basic processes and mutually predispose patients
to a second disease.

Novel candidate genes have been proposed as predisposing
factors for the co-occurrence of PCOS and HT. Based on the
TaqMan genotyping data for WES-selected variants, two
prediction models were proposed, differentiating patients with
both diseases and each disease separately, with 78% prediction
accuracy. Such WES-generated models can be useful for creating
multigenic panels, which may eventually be introduced into clinical
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practice. In the case of the joint occurrence of PCOS and HT,
studies using WES can help identify patients with a predisposition
to comorbidity even before the disease develop, enable the
implementation of appropriate preventive measures, and support
parental planning and decisions regarding childbirth.

Data availability statement

A large portion of original data presented in the study is
included as Supplementary Material in this manuscript. Due to
the ethical restrictions and data protection regulations (possibility
of identification), the raw WES data will be made available by the
authors upon reasonable request.

Ethics statement

The studies involving human participants were reviewed and
approved by Local Ethics Committees at Medical University of
Warsaw and Centre of Postgraduate Medical Education. The
patients/participants provided their written informed consent to
participate in this study.

Author contributions

EH, KS, NZ-L and MK contributed to conception and design of
the study. KS, KJ, MG and RS participated in patient recruitment.
EH, KS and NZ-L organized the database. NZ-L, AK and MP
performed the experiments. MK and MD performed the statistical
analyses. KS, MK and MD wrote sections of the manuscript. EH
acquired funds and wrote the original draft of the manuscript. EH,
NZ-L, MK and KS critically revised the manuscript. All authors
approved the submitted version of the manuscript.

Funding

This work was supported by the National Science Centre,
Poland [grant number 2016/23/B/NZ2/00696] and the Centre of
Postgraduate Medical Education [grant number 501-1-009-12-22].
Acknowledgments

We would like to thank Editage (www.editage.com) for English
language editing.
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.

frontiersin.org


http://www.editage.com
https://doi.org/10.3389/fimmu.2023.1193293
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zeber-Lubecka et al.

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.

References

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

2. McLeod DSA, Cooper DS. The incidence and prevalence of thyroid
autoimmunity. Endocrine (2012) 42:252-65. doi: 10.1007/s12020-012-9703-2

3. Lee HJ, Li CW, Hammerstad SS, Stefan M, Tomer Y. Immunogenetics of
autoimmune thyroid diseases: a comprehensive review. | Autoimmun (2015) 64:82-
90. doi: 10.1016/j.jaut.2015.07.009

4. Chang S, Dunaif A. Diagnosis of polycystic ovary syndrome: which criteria to use
and when? Endocrinol Metab Clin North Am (2021) 50:11-23. doi: 10.1016/
j.ec.2020.10.002

5. 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: 10.1016/
jfertnstert.2003.10.004

6. 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

7. Poppe K, Velkeniers B, Glinoer D. Thyroid disease and female reproduction. Clin
Endocrinol (Oxf) (2007) 66:309-21. doi: 10.1111/j.1365-2265.2007.02752.x

8. Benetti-Pinto CL, Berini Piccolo VRS, Garmes HM, Teatin Juliato CR. Subclinical
hypothyroidism in young women with polycystic ovary syndrome: an analysis of
clinical, hormonal, and metabolic parameters. Fertil Steril (2013) 99:588-92.
doi: 10.1016/j.fertnstert.2012.10.006

9. Ragusa F, Fallahi P, Elia G, Gonnella D, Paparo SR, Giusti C, et al. Hashimotos’
thyroiditis: epidemiology, pathogenesis, clinic and therapy. Best Pract Res Clin
Endocrinol Metab (2019) 33:101367. doi: 10.1016/j.beem.2019.101367

10. Klubo-Gwiezdzinska J, Wartofsky L. Hashimoto thyroiditis: an evidence-based
guide to etiology, diagnosis and treatment. Pol Arch Intern Med (2022) 132:16222.
doi: 10.20452/pamw.16222

11. Frohlich E, Wahl R. Thyroid autoimmunity: role of anti-thyroid antibodies in
thyroid and extra-thyroidal diseases. Front Immunol (2017) 8:521. doi: 10.3389/
fimmu.2017.00521

12. Chardés T, Chapal N, Bresson D, Beés C, Giudicelli V, Lefranc M-P, et al. The
human anti-thyroid peroxidase autoantibody repertoire in graves’ and hashimoto’s
autoimmune thyroid diseases. Immunogenetics (2002) 54:141-57. doi: 10.1007/s00251-
002-0453-9

13. Caturegli P, De Remigis A, Rose NR. Hashimoto thyroiditis: clinical and
diagnostic criteria. Autoimmun Rev (2014) 13:391-7. doi: 10.1016/j.autrev.2014.01.007

14. Rojas ], Chavez M, Olivar L, Rojas M, Morillo J, Mejias J, et al. Polycystic ovary
syndrome, insulin resistance, and obesity: navigating the pathophysiologic labyrinth.
Int ] Reprod Med (2014) 2014:719050. doi: 10.1155/2014/719050

15. Novais ] de SM, Benetti-Pinto CL, Garmes HM, Jales RM, Juliato CRT.
Polycystic ovary syndrome and chronic autoimmune thyroiditis. Gynecol Endocrinol
Off J Int Soc Gynecol Endocrinol (2015) 31:48-51. doi: 10.3109/09513590.2014.958990

16. Hu X, Wang X, Liang Y, Chen X, Zhou S, Fei W, et al. Cancer risk in hashimoto’s
thyroiditis: a systematic review and meta-analysis. Front Endocrinol (2022) 13:937871.
doi: 10.3389/fendo.2022.937871

17. Singh J, Wong H, Ahluwalia N, Go RM, Guerrero-Go MA. Metabolic,
hormonal, immunologic, and genetic factors associated with the incidence of thyroid
disorders in polycystic ovarian syndrome patients. Cureus (2020) 12:e11681.
doi: 10.7759/cureus.11681

18. Kim JJ, Yoon JW, Kim M]J, Kim SM, Hwang KR, Choi YM. Thyroid
autoimmunity markers in women with polycystic ovary syndrome and controls.
Hum Fertil Camb Engl (2022) 25:128-34. doi: 10.1080/14647273.2019.1709668

19. Zeber-Lubecka N, Hennig EE. Genetic susceptibility to joint occurrence of
polycystic ovary syndrome and hashimoto’s thyroiditis: how far is our understanding?
Front Immunol (2021) 12:606620. doi: 10.3389/fimmu.2021.606620

20. Gawron IM, Baran R, Derbisz K, Jach R. Association of subclinical
hypothyroidism with present and absent anti-thyroid antibodies with PCOS

Frontiers in Immunology

15

10.3389/fimmu.2023.1193293

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1193293/
full#supplementary-material

SUPPLEMENTARY FIGURE S1
Selected variants ranked according to the relative importance (RI) value in
comparisons: (A) PCOS+HT and PCOS groups, (B) PCOS+HT and HT groups.

phenotypes and metabolic profile. J Clin Med (2022) 11:1547. doi: 10.3390/
jem11061547

21. Du D, Li X. The relationship between thyroiditis and polycystic ovary syndrome:
a meta-analysis. Int ] Clin Exp Med (2013) 6:880-9.

22. Ding X, Yang L, Wang J, Tang R, Chen Q, Pan J, et al. Subclinical
hypothyroidism in polycystic ovary syndrome: a systematic review and meta-
analysis. Front Endocrinol (2018) 9:700. doi: 10.3389/fendo.2018.00700

23. Romitti M, Fabris VC, Ziegelmann PK, Maia AL, Spritzer PM. Association
between PCOS and autoimmune thyroid disease: a systematic review and meta-
analysis. Endocr Connect (2018) 7:1158-67. doi: 10.1530/EC-18-0309

24. Hu X, Chen Y, Shen Y, Zhou S, Fei W, Yang Y, et al. Correlation between
hashimoto’s thyroiditis and polycystic ovary syndrome: a systematic review and meta-
analysis. Front Endocrinol (2022) 13:1025267. doi: 10.3389/fendo.2022.1025267

25. Ho C-W, Chen H-H, Hsieh M-C, Chen C-C, Hsu S-P, Yip H-T, et al.
Hashimoto’s thyroiditis might increase polycystic ovary syndrome and associated
comorbidities risks in Asia. Ann Transl Med (2020) 8:684. doi: 10.21037/atm-19-4763

26. Canas CA, Cafas F, Bonilla-Abadia F, Ospina FE, Tobon GJ. Epigenetics
changes associated to environmental triggers in autoimmunity. Autoimmunity
(2016) 49:1-11. doi: 10.3109/08916934.2015.1086996

27. Marsit CJ. Influence of environmental exposure on human epigenetic
regulation. J Exp Biol (2015) 218:71-9. doi: 10.1242/jeb.106971

28. Xu N, Kwon S, Abbott DH, Geller DH, Dumesic DA, Azziz R, et al. Epigenetic
mechanism underlying the development of polycystic ovary syndrome (PCOS)-like
phenotypes in prenatally androgenized rhesus monkeys. PloS One (2011) 6:¢27286.
doi: 10.1371/journal.pone.0027286

29. Patel S. Polycystic ovary syndrome (PCOS), an inflammatory, systemic, lifestyle
endocrinopathy. J Steroid Biochem Mol Biol (2018) 182:27-36. doi: 10.1016/
jjsbmb.2018.04.008

30. Ralli M, Angeletti D, Fiore M, D’Aguanno V, Lambiase A, Artico M, et al.
Hashimoto’s thyroiditis: an update on pathogenic mechanisms, diagnostic protocols,
therapeutic strategies, and potential malignant transformation. Autoimmun Rev (2020)
19:102649. doi: 10.1016/j.autrev.2020.102649

31. Kicinska AM, Maksym RB, Zabielska-Kaczorowska MA, Stachowska A,
Babinska A. Immunological and metabolic causes of infertility in polycystic ovary
syndrome. Biomedicines (2023) 11:1567. doi: 10.3390/biomedicines11061567

32. Hansen PS, Brix TH, Bennedbaek FN, Bonnema SJ, Iachine I, Kyvik KO, et al.
The relative importance of genetic and environmental factors in the aetiology of thyroid
nodularity: a study of healthy Danish twins. Clin Endocrinol (Oxf) (2005) 62:380-6.
doi: 10.1111/j.1365-2265.2005.02230.x

33. Jones MR, Goodarzi MO. Genetic determinants of polycystic ovary syndrome:
progress and future directions. Fertil Steril (2016) 106:25-32. doi: 10.1016/
j.fertnstert.2016.04.040

34. Castillo-Higuera T, Alarcon-Granados MC, Marin-Suarez J, Moreno-Ortiz H,
Esteban-Pérez CI, Ferrebuz-Cardozo AJ, et al. A comprehensive overview of common
polymorphic variants in genes related to polycystic ovary syndrome. Reprod Sci
Thousand Oaks Calif (2021) 28:2399-412. doi: 10.1007/s43032-020-00375-4

35. Hiam D, Moreno-Asso A, Teede HJ, Laven JSE, Stepto NK, Moran L], et al. The
genetics of polycystic ovary syndrome: an overview of candidate gene systematic
reviews and genome-wide association studies. J Clin Med (2019) 8:1606. doi: 10.3390/
jcm8101606

36. Hwangbo Y, Park YJ. Genome-wide association studies of autoimmune thyroid
diseases, thyroid function, and thyroid cancer. Endocrinol Metab Seoul Korea (2018)
33:175-84. doi: 10.3803/EnM.2018.33.2.175

37. Kowalczyk K, Franik G, Kowalczyk D, Pluta D, Blukacz ¥, Madej P. Thyroid
disorders in polycystic ovary syndrome. Eur Rev Med Pharmacol Sci (2017) 21:346-60.

38. Jabrocka-Hybel A, Skalniak A, Pie}tkowski J, Turek-Jabrocka R, Vyhouskaya P,
Ludwig-Stomczynska A, et al. How much of the predisposition to hashimoto’s
thyroiditis can be explained based on previously reported associations? J Endocrinol
Invest (2018) 41:1409-16. doi: 10.1007/s40618-018-0910-4

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1193293/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1193293/full#supplementary-material
https://doi.org/10.1038/nrdp.2016.57
https://doi.org/10.1007/s12020-012-9703-2
https://doi.org/10.1016/j.jaut.2015.07.009
https://doi.org/10.1016/j.ecl.2020.10.002
https://doi.org/10.1016/j.ecl.2020.10.002
https://doi.org/10.1016/j.fertnstert.2003.10.004
https://doi.org/10.1016/j.fertnstert.2003.10.004
https://doi.org/10.20945/2359-3997000000049
https://doi.org/10.20945/2359-3997000000049
https://doi.org/10.1111/j.1365-2265.2007.02752.x
https://doi.org/10.1016/j.fertnstert.2012.10.006
https://doi.org/10.1016/j.beem.2019.101367
https://doi.org/10.20452/pamw.16222
https://doi.org/10.3389/fimmu.2017.00521
https://doi.org/10.3389/fimmu.2017.00521
https://doi.org/10.1007/s00251-002-0453-9
https://doi.org/10.1007/s00251-002-0453-9
https://doi.org/10.1016/j.autrev.2014.01.007
https://doi.org/10.1155/2014/719050
https://doi.org/10.3109/09513590.2014.958990
https://doi.org/10.3389/fendo.2022.937871
https://doi.org/10.7759/cureus.11681
https://doi.org/10.1080/14647273.2019.1709668
https://doi.org/10.3389/fimmu.2021.606620
https://doi.org/10.3390/jcm11061547
https://doi.org/10.3390/jcm11061547
https://doi.org/10.3389/fendo.2018.00700
https://doi.org/10.1530/EC-18-0309
https://doi.org/10.3389/fendo.2022.1025267
https://doi.org/10.21037/atm-19-4763
https://doi.org/10.3109/08916934.2015.1086996
https://doi.org/10.1242/jeb.106971
https://doi.org/10.1371/journal.pone.0027286
https://doi.org/10.1016/j.jsbmb.2018.04.008
https://doi.org/10.1016/j.jsbmb.2018.04.008
https://doi.org/10.1016/j.autrev.2020.102649
https://doi.org/10.3390/biomedicines11061567
https://doi.org/10.1111/j.1365-2265.2005.02230.x
https://doi.org/10.1016/j.fertnstert.2016.04.040
https://doi.org/10.1016/j.fertnstert.2016.04.040
https://doi.org/10.1007/s43032-020-00375-4
https://doi.org/10.3390/jcm8101606
https://doi.org/10.3390/jcm8101606
https://doi.org/10.3803/EnM.2018.33.2.175
https://doi.org/10.1007/s40618-018-0910-4
https://doi.org/10.3389/fimmu.2023.1193293
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zeber-Lubecka et al.

39. Joo YY, Actkins K, Pacheco JA, Basile AO, Carroll R, Crosslin DR, et al. A
polygenic and phenotypic risk prediction for polycystic ovary syndrome evaluated by
phenome-wide association studies. J Clin Endocrinol Metab (2020) 105:1918-36.
doi: 10.1210/clinem/dgz326

40. Day F, Karaderi T, Jones MR, Meun C, He C, Drong A, et al. Large-Scale
genome-wide meta-analysis of polycystic ovary syndrome suggests shared genetic
architecture for different diagnosis criteria. PloS Genet (2018) 14:¢1007813.
doi: 10.1371/journal.pgen.1007813

41. Rabbani B, Tekin M, Mahdieh N. The promise of whole-exome sequencing in
medical genetics. ] Hum Genet (2014) 59:5-15. doi: 10.1038/jhg.2013.114

42. Gorsic LK, Kosova G, Werstein B, Sisk R, Legro RS, Hayes MG, et al. Pathogenic
anti-miillerian hormone variants in polycystic ovary syndrome. J Clin Endocrinol
Metab (2017) 102:2862-72. doi: 10.1210/jc.2017-00612

43. Yu L, Wang L, Tao W, Zhang W, Yang S, Wang J, et al. LHCGR and ALMS1
defects likely cooperate in the development of polycystic ovary syndrome indicated by
double-mutant mice. | Genet Genomics Yi Chuan Xue Bao (2021) 48:384-95.
doi: 10.1016/j.jgg.2021.03.014

44. Dapas M, Sisk R, Legro RS, Urbanek M, Dunaif A, Hayes MG. Family-based
quantitative trait meta-analysis implicates rare noncoding variants in DENNDI1A in
polycystic ovary syndrome. J Clin Endocrinol Metab (2019) 104:3835-50. doi: 10.1210/
jc.2018-02496

45. Crespo RP, Rocha TP, Montenegro LR, Nishi MY, Jorge AAL, Maciel GAR, et al.
High-throughput sequencing to identify monogenic etiologies in a preselected
polycystic ovary syndrome cohort. J Endocr Soc (2022) 6:bvacl06. doi: 10.1210/
jendso/bvac106

46. Alan Harris R, Archer KJ, Goodarzi MO, York TP, Rogers J, Dunaif A, et al. Loci
on chromosome 12q13.2 encompassing ERBB3, PA2G4 and RAB5B are associated with
polycystic ovary syndrome. Gene (2023) 852:147062. doi: 10.1016/j.gene.2022.147062

47. Tamaoka S, Saito K, Yoshida T, Nakabayashi K, Tatsumi K, Kawamura T, et al.
Exome-based genome-wide screening of rare variants associated with the risk of
polycystic ovary syndrome. Reprod Med Biol (2023) 22:e12504. doi: 10.1002/
rmb2.12504

48. Karakaya C, Cil AP, Bilguvar K, Cakir T, Karalok MH, Karabacak RO, et al.
Further delineation of familial polycystic ovary syndrome (PCOS) via whole-exome
sequencing: PCOS-related rare FBN3 and FN1 gene variants are identified. J Obstet
Gynaecol Res (2022) 48:1202-11. doi: 10.1111/jog.15187

49. Gong L, Liu B, Wang J, Pan H, Qi A, Zhang S, et al. Novel missense mutation in
PTPN22 in a Chinese pedigree with hashimoto’s thyroiditis. BMC Endocr Disord
(2018) 18:76. doi: 10.1186/s12902-018-0305-8

50. Langmead B, Salzberg SL. Fast gapped-read alignment with bowtie 2. Nat
Methods (2012) 9:357-9. doi: 10.1038/nmeth.1923

51. Poplin R, Ruano-Rubio V, DePristo MA, Fennell TJ, Carneiro MO, Auwera
GAV(d, et al. Scaling accurate genetic variant discovery to tens of thousands of samples.
(2018) bioRxiv 201178. doi: 10.1101/201178

52. Romanel A, Zhang T, Elemento O, Demichelis F. EthSEQ: ethnicity annotation
from whole exome sequencing data. Bioinforma Oxf Engl (2017) 33:2402-4.
doi: 10.1093/bioinformatics/btx165

53. McLaren W, Gil L, Hunt SE, Riat HS, Ritchie GRS, Thormann A, et al. The
ensembl variant effect predictor. Genome Biol (2016) 17:122. doi: 10.1186/s13059-016-
0974-4

54. Zhan X, Hu Y, Li B, Abecasis GR, Liu DJ. RVTESTS: an efficient and
comprehensive tool for rare variant association analysis using sequence data.
Bioinformatics (2016) 32:1423-6. doi: 10.1093/bioinformatics/btw079

55. Bindea G, Mlecnik B, Hackl H, Charoentong P, Tosolini M, Kirilovsky A, et al.
ClueGO: a cytoscape plug-in to decipher functionally grouped gene ontology and
pathway annotation networks. Bioinformatics (2009) 25:1091-3. doi: 10.1093/
bioinformatics/btp101

56. Ben-Ari Fuchs S, Lieder I, Stelzer G, Mazor Y, Buzhor E, Kaplan S, et al.
GeneAnalytics: an integrative gene set analysis tool for next generation sequencing,
RNAseq and microarray data. Omics J Integr Biol (2016) 20:139-51. doi: 10.1089/
omi.2015.0168

57. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and
powerful approach to multiple testing. J R Stat Soc Ser B Methodol (1995) 57:289-300.
doi: 10.1111/j.2517-6161.1995.tb02031.x

58. Tranchevent L-C, Barriot R, Yu S, Van Vooren S, Van Loo P, Coessens B, et al.
ENDEAVOUR update: a web resource for gene prioritization in multiple species.
Nucleic Acids Res (2008) 36:W377-384. doi: 10.1093/nar/gkn325

59. Rappaport N, Twik M, Plaschkes I, Nudel R, Iny Stein T, Levitt J, et al.
MalaCards: an amalgamated human disease compendium with diverse clinical and

genetic annotation and structured search. Nucleic Acids Res (2017) 45:D877-87.
doi: 10.1093/nar/gkw1012

60. Signorell A, Aho K, Alfons A, Anderegg N, Aragon T, Arachchige C. DescTools:
tools for descriptive statistics . Available at: https://CRAN.R-project.org/package=
DescTools (Accessed November 20, 2020).

61. Robin X, Turck N, Hainard A, Tiberti N, Lisacek F, Sanchez J-C, et al. pROC: an
open-source package for r and s+ to analyze and compare ROC curves. BMC Bioinf
(2011) 12:77. doi: 10.1186/1471-2105-12-77

Frontiers in Immunology

10.3389/fimmu.2023.1193293

62. Draminski M, Rada-Iglesias A, Enroth S, Wadelius C, Koronacki J, Komorowski
J. Monte Carlo Feature selection for supervised classification. Bioinforma Oxf Engl
(2008) 24:110-7. doi: 10.1093/bioinformatics/btm486

63. Draminski M, Koronacki J. Rmcfs: an r package for Monte Carlo feature
selection and interdependency discovery. J Stat Softw (2018) 85:1-28. doi: 10.18637/
jss.v085.i12

64. Graffelman J. Exploring diallelic genetic markers: the HardyWeinberg package. J
Stat Softw (2015) 64:1-23. doi: 10.18637/jss.v064.103

65. Aragon T, Fay M, Wollschlaeger D, Omidpanah A. Epitools: epidemiology tools .
Available at: https://CRAN.R-project.org/package=epitools (Accessed November 20,
2020).

66. 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

67. Billiau A, Matthys P. Interferon-gamma: a historical perspective. Cytokine
Growth Factor Rev (2009) 20:97-113. doi: 10.1016/j.cytogfr.2009.02.004

68. Mobeen H, Afzal N, Kashif M. Polycystic ovary syndrome may be an
autoimmune disorder. Scientifica (2016) 2016:4071735. doi: 10.1155/2016/4071735

69. Kujanpii L, Arffman RK, Pesonen P, Korhonen E, Karjula S, Jarvelin M-R, et al.
Women with polycystic ovary syndrome are burdened with multimorbidity and
medication use independent of body mass index at late fertile age: a population-
based cohort study. Acta Obstet Gynecol Scand (2022) 101:728-36. doi: 10.1111/
a0gs.14382

70. Lee T-H, Wu C-H, Chen M-L, Yip H-T, Lee C-I, Lee M-S, et al. Risk of psoriasis
in patients with polycystic ovary syndrome: a national population-based cohort study.
Clin Med (2020) 9:1947. doi: 10.3390/jcm9061947

71. Harrington LE, Hatton RD, Mangan PR, Turner H, Murphy TL, Murphy KM,
et al. Interleukin 17-producing CD4+ effector T cells develop via a lineage distinct from
the T helper type 1 and 2 lineages. Nat Immunol (2005) 6:1123-32. doi: 10.1038/ni1254

72. Wood KJ, Sawitzki B. Interferon gamma: a crucial role in the function of
induced regulatory T cells in vivo. Trends Immunol (2006) 27:183-7. doi: 10.1016/
j.it.2006.02.008

73. Zhai Y, Pang Y. Systemic and ovarian inflammation in women with polycystic
ovary syndrome. J Reprod Immunol (2022) 151:103628. doi: 10.1016/j.jri.2022.103628

74. Eschler DC, Hasham A, Tomer Y. Cutting edge: the etiology of autoimmune
thyroid diseases. Clin Rev Allergy Immunol (2011) 41:190-7. doi: 10.1007/s12016-010-
8245-8

75. Lu Y, Xing C, Zhang C, Lv X, Liu G, Chen F, et al. Promotion of IL-17/NF-xB
signaling in autoimmune thyroid diseases. Exp Ther Med (2023) 25:51. doi: 10.3892/
etm.2022.11750

76. LiY, Zheng Q, Sun D, Cui X, Chen S, Bulbul A, et al. Dehydroepiandrosterone
stimulates inflammation and impairs ovarian functions of polycystic ovary syndrome. J
Cell Physiol (2019) 234:7435-47. doi: 10.1002/jcp.27501

77. Tretina K, Park E-S, Maminska A, MacMicking JD. Interferon-induced
guanylate-binding proteins: guardians of host defense in health and disease. J Exp
Med (2019) 216:482-500. doi: 10.1084/jem.20182031

78. Barrow AD, Martin CJ, Colonna M. The natural cytotoxicity receptors in health
and disease. Front Immunol (2019) 10:909. doi: 10.3389/fimmu.2019.00909

79. Puck A, Aigner R, Modak M, Cejka P, Blaas D, Stockl J. Expression and
regulation of schlafen (SLFN) family members in primary human monocytes,
monocyte-derived dendritic cells and T cells. Results Immunol (2015) 5:23-32.
doi: 10.1016/j.rinim.2015.10.001

80. Wandall HH, Nielsen MAI, King-Smith S, de Haan N, Bagdonaite I. Global
functions of O-glycosylation: promises and challenges in O-glycobiology. FEBS J (2021)
288:7183-212. doi: 10.1111/febs.16148

81. Madsen CB, Petersen C, Lavrsen K, Harndahl M, Buus S, Clausen H, et al.
Cancer associated aberrant protein O-glycosylation can modify antigen processing and
immune response. PloS One (2012) 7:¢50139. doi: 10.1371/journal.pone.0050139

82. Lund PJ, Elias JE, Davis MM. Global analysis of O-GlcNAc glycoproteins in
activated human T cells. ] Immunol Baltim Md 1950 (2016) 197:3086-98. doi: 10.4049/
jimmunol.1502031

83. Reily C, Stewart TJ, Renfrow MB, Novak J. Glycosylation in health and disease.
Nat Rev Nephrol (2019) 15:346-66. doi: 10.1038/s41581-019-0129-4

84. Bright F, Katzeff JS, Hodges JR, Piguet O, Kril JJ, Halliday GM, et al.
Glycoprotein pathways altered in frontotemporal dementia with autoimmune
disease. Front Immunol (2021) 12:736260. doi: 10.3389/fimmu.2021.736260

85. Wassarman PM, Litscher ES. Female fertility and the zona pellucida. eLife
(2022) 11:¢76106. doi: 10.7554/eLife.76106

86. Gupta SK. Human zona pellucida glycoproteins: binding characteristics with
human spermatozoa and induction of acrosome reaction. Front Cell Dev Biol (2021)
9:619868. doi: 10.3389/fcell.2021.619868

87. Ploutarchou P, Melo P, Day AJ, Milner CM, Williams SA. Molecular analysis of
the cumulus matrix: insights from mice with O-glycan-deficient oocytes. Reprod Camb
Engl (2015) 149:533-43. doi: 10.1530/REP-14-0503

88. Grasa P, Ploutarchou P, Williams SA. Oocytes lacking O-glycans alter follicle
development and increase fertility by increasing follicle FSH sensitivity, decreasing

frontiersin.org


https://doi.org/10.1210/clinem/dgz326
https://doi.org/10.1371/journal.pgen.1007813
https://doi.org/10.1038/jhg.2013.114
https://doi.org/10.1210/jc.2017-00612
https://doi.org/10.1016/j.jgg.2021.03.014
https://doi.org/10.1210/jc.2018-02496
https://doi.org/10.1210/jc.2018-02496
https://doi.org/10.1210/jendso/bvac106
https://doi.org/10.1210/jendso/bvac106
https://doi.org/10.1016/j.gene.2022.147062
https://doi.org/10.1002/rmb2.12504
https://doi.org/10.1002/rmb2.12504
https://doi.org/10.1111/jog.15187
https://doi.org/10.1186/s12902-018-0305-8
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1101/201178
https://doi.org/10.1093/bioinformatics/btx165
https://doi.org/10.1186/s13059-016-0974-4
https://doi.org/10.1186/s13059-016-0974-4
https://doi.org/10.1093/bioinformatics/btw079
https://doi.org/10.1093/bioinformatics/btp101
https://doi.org/10.1093/bioinformatics/btp101
https://doi.org/10.1089/omi.2015.0168
https://doi.org/10.1089/omi.2015.0168
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1093/nar/gkn325
https://doi.org/10.1093/nar/gkw1012
https://CRAN.R-project.org/package=DescTools
https://CRAN.R-project.org/package=DescTools
https://doi.org/10.1186/1471-2105-12-77
https://doi.org/10.1093/bioinformatics/btm486
https://doi.org/10.18637/jss.v085.i12
https://doi.org/10.18637/jss.v085.i12
https://doi.org/10.18637/jss.v064.i03
https://CRAN.R-project.org/package=epitools
https://doi.org/10.1210/jc.2005-1494
https://doi.org/10.1016/j.cytogfr.2009.02.004
https://doi.org/10.1155/2016/4071735
https://doi.org/10.1111/aogs.14382
https://doi.org/10.1111/aogs.14382
https://doi.org/10.3390/jcm9061947
https://doi.org/10.1038/ni1254
https://doi.org/10.1016/j.it.2006.02.008
https://doi.org/10.1016/j.it.2006.02.008
https://doi.org/10.1016/j.jri.2022.103628
https://doi.org/10.1007/s12016-010-8245-8
https://doi.org/10.1007/s12016-010-8245-8
https://doi.org/10.3892/etm.2022.11750
https://doi.org/10.3892/etm.2022.11750
https://doi.org/10.1002/jcp.27501
https://doi.org/10.1084/jem.20182031
https://doi.org/10.3389/fimmu.2019.00909
https://doi.org/10.1016/j.rinim.2015.10.001
https://doi.org/10.1111/febs.16148
https://doi.org/10.1371/journal.pone.0050139
https://doi.org/10.4049/jimmunol.1502031
https://doi.org/10.4049/jimmunol.1502031
https://doi.org/10.1038/s41581-019-0129-4
https://doi.org/10.3389/fimmu.2021.736260
https://doi.org/10.7554/eLife.76106
https://doi.org/10.3389/fcell.2021.619868
https://doi.org/10.1530/REP-14-0503
https://doi.org/10.3389/fimmu.2023.1193293
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zeber-Lubecka et al.

apoptosis, and modifying GDF9:BMP15 expression. FASEB ] Off Publ Fed Am Soc Exp
Biol (2015) 29:525-39. doi: 10.1096/1j.14-253757

89. Bahena-Alvarez D, Millan-Aldaco D, Rincon-Heredia R, Escamilla-Avila N,
Hernandez-Cruz A. Expression of voltage-gated Ca2+ channels, Insp3Rs, and RyRs in
the immature mouse ovary. J Ovarian Res (2022) 15:85. doi: 10.1186/s13048-022-
01015-y

90. Carvacho I, Piesche M, Maier TJ, Machaca K. Ion channel function during
oocyte maturation and fertilization. Front Cell Dev Biol (2018) 6:63. doi: 10.3389/
fcell.2018.00063

91. Bernhardt ML, Zhang Y, Erxleben CF, Padilla-Banks E, McDonough CE, Miao
Y-L, et al. CaV3.2 T-type channels mediate Ca>* entry during oocyte maturation and
following fertilization. J Cell Sci (2015) 128:4442-52. doi: 10.1242/jcs.180026

92. Shim U, Kim H-N, Lee H, Oh J-Y, Sung Y-A, Kim H-L. Pathway analysis based
on a genome-wide association study of polycystic ovary syndrome. PloS One (2015) 10:
€0136609. doi: 10.1371/journal.pone.0136609

93. Duan X, Li Y, Yi K, Guo F, Wang H, Wu P-H, et al. Dynamic organelle
distribution initiates actin-based spindle migration in mouse oocytes. Nat Commun
(2020) 11:277. doi: 10.1038/s41467-019-14068-3

94. Roeles J, Tsiavaliaris G. Actin-microtubule interplay coordinates spindle
assembly in human oocytes. Nat Commun (2019) 10:4651. doi: 10.1038/s41467-019-
12674-9

95. So C, Menelaou K, Uraji ], Harasimov K, Steyer AM, Seres KB, et al. Mechanism
of spindle pole organization and instability in human oocytes. Science (2022) 375:
eabj3944. doi: 10.1126/science.abj3944

96. Dou X, Guo T, Li G, Zhou L, Qin Y, Chen Z-J. Minichromosome maintenance
complex component 8 mutations cause primary ovarian insufficiency. Fertil Steril
(2016) 106:1485-1489.€2. doi: 10.1016/j.fertnstert.2016.08.018

97. Chinen T, Yamazaki K, Hashimoto K, Fujii K, Watanabe K, Takeda Y, et al.
Centriole and PCM cooperatively recruit CEP192 to spindle poles to promote
bipolar spindle assembly. J Cell Biol (2021) 220:e202006085. doi: 10.1083/
jcb.202006085

98. MaR, Zhang]J, Liu X, Li L, Liu H, Rui R, et al. Involvement of Rab6a in organelle
rearrangement and cytoskeletal organization during mouse oocyte maturation. Sci Rep
(2016) 6:23560. doi: 10.1038/srep23560

99. Hou X, Zhang J, Li L, Ma R, Ge ], Han L, et al. Rab6a is a novel regulator of
meiotic apparatus and maturational progression in mouse oocytes. Sci Rep (2016)
6:22209. doi: 10.1038/srep22209

100. Bergbrede T, Chuky N, Schoebel S, Blankenfeldt W, Geyer M, Fuchs E, et al.
Biophysical analysis of the interaction of Rab6a GTPase with its effector domains. J Biol
Chem (2009) 284:2628-35. doi: 10.1074/jbc.M806003200

101. Chandra M, Kendall AK, Jackson LP. Toward understanding the molecular
role of SNX27/Retromer in human health and disease. Front Cell Dev Biol (2021)
9:642378. doi: 10.3389/fcell.2021.642378

102. Piotrowski JT, Gomez TS, Schoon RA, Mangalam AK, Billadeau DD. WASH
knockout T cells demonstrate defective receptor trafficking, proliferation, and effector
function. Mol Cell Biol (2013) 33:958-73. doi: 10.1128/MCB.01288-12

103. Yamada E, Saito T, Okada S, Takahashi H, Ohshima K, Hashimoto K, et al.
Synip phosphorylation is required for insulin-stimulated Glut4 translocation and
glucose uptake in podocyte. Endocr J (2014) 61:523-7. doi: 10.1507/endocrj.ej14-
0099

104. Xie L, Zhu D, Dolai S, Liang T, Qin T, Kang Y, et al. Syntaxin-4 mediates
exocytosis of pre-docked and newcomer insulin granules underlying biphasic glucose-
stimulated insulin secretion in human pancreatic beta cells. Diabetologia (2015)
58:1250-9. doi: 10.1007/s00125-015-3545-4

Frontiers in Immunology

17

10.3389/fimmu.2023.1193293

105. Kuwahara T, Iwatsubo T. The emerging functions of LRRK2 and rab GTPases
in the endolysosomal system. Front Neurosci (2020) 14:227. doi: 10.3389/
fnins.2020.00227

106. Anvarian Z, Mykytyn K, Mukhopadhyay S, Pedersen LB, Christensen ST.
Cellular signalling by primary cilia in development, organ function and disease. Nat
Rev Nephrol (2019) 15:199-219. doi: 10.1038/s41581-019-0116-9

107. McConnachie DJ, Stow JL, Mallett AJ. Ciliopathies and the kidney: a review.
Am ] Kidney Dis Off ] Natl Kidney Found (2021) 77:410-9. doi: 10.1053/
j.ajkd.2020.08.012

108. Zalewska E, Kaniuka-Jakubowska S, Wisniewski P, Jankowska M, Sworczak K,
Debska-Slizien A. Incidence of thyroid nodules in early stage autosomal polycystic
kidney disease. BMC Nephrol (2022) 23:85. doi: 10.1186/s12882-022-02714-w

109. Lee J, Yi S, Chang JY, Kim JT, Sul HJ, Park KC, et al. Loss of primary cilia
results in the development of cancer in the murine thyroid gland. Mol Cells (2019)
42:113-22. doi: 10.14348/molcells.2018.0430

110. Lee J, Sul HJ, Kim K-H, Chang JY, Shong M. Primary cilia mediate TSH-
regulated thyroglobulin endocytic pathways. Front Endocrinol (2021) 12:700083.
doi: 10.3389/fendo0.2021.700083

111. Lisi S, Segnani C, Mattii L, Botta R, Marcocci C, Dolfi A, et al. Thyroid
dysfunction in megalin deficient mice. Mol Cell Endocrinol (2005) 236:43-7.
doi: 10.1016/j.mce.2005.03.009

112. Noguchi T, Nakamura K, Satoda Y, Katoh Y, Nakayama K. CCRK/CDK20
regulates ciliary retrograde protein trafficking via interacting with BROMI/TBC1D32.
PloS One (2021) 16:0258497. doi: 10.1371/journal.pone.0258497

113. Snouffer A, Brown D, Lee H, Walsh J, Lupu F, Norman R, et al. Cell cycle-
related kinase (CCRK) regulates ciliogenesis and hedgehog signaling in mice. PloS
Genet (2017) 13:¢1006912. doi: 10.1371/journal.pgen.1006912

114. Jensen VL, Lambacher NJ, Li C, Mohan S, Williams CL, Inglis PN, et al. Role
for intraflagellar transport in building a functional transition zone. EMBO Rep (2018)
19:¢45862. doi: 10.15252/embr.201845862

115. Ambekar AS, Kelkar DS, Pinto SM, Sharma R, Hinduja I, Zaveri K, et al.
Proteomics of follicular fluid from women with polycystic ovary syndrome suggests
molecular defects in follicular development. J Clin Endocrinol Metab (2015) 100:744—
53. doi: 10.1210/jc.2014-2086

116. Urbanek M, Sam S, Legro RS, Dunaif A. Identification of a polycystic ovary
syndrome susceptibility variant in fibrillin-3 and association with a metabolic
phenotype. J Clin Endocrinol Metab (2007) 92:4191-8. doi: 10.1210/jc.2007-0761

117. Xie G, Xu P, Che Y, Xia Y, Cao Y, Wang W, et al. Microsatellite polymorphism
in the fibrillin 3 gene and susceptibility to PCOS: a case-control study and meta-
analysis. Reprod BioMed Online (2013) 26:168-74. doi: 10.1016/j.rbmo.2012.10.014

118. Jordan CD, Bohling SD, Charbonneau NL, Sakai LY. Fibrillins in adult human
ovary and polycystic ovary syndrome: is fibrillin-3 affected in PCOS? ] Histochem
Cytochem Off ] Histochem Soc (2010) 58:903-15. doi: 10.1369/jhc.2010.956615

119. Hartanti MD, Rosario R, Hummitzsch K, Bastian NA, Hatzirodos N, Bonner
WM, et al. Could perturbed fetal development of the ovary contribute to the
development of polycystic ovary syndrome in later life? PloS One (2020) 15:
€0229351. doi: 10.1371/journal.pone.0229351

120. Main AM, Gillberg L, Jacobsen AL, Nilsson E, Gjesing AP, Hansen T, et al.
DNA Methylation and gene expression of HIF3A: cross-tissue validation and
associations with BMI and insulin resistance. Clin Epigenet (2016) 8:89. doi: 10.1186/
513148-016-0258-6

121. Sun S, Miller M, Wang Y, Tyc KM, Cao X, Scott RT, et al. Predicting embryonic
aneuploidy rate in IVF patients using whole-exome sequencing. Hum Genet (2022)
141:1615-27. doi: 10.1007/s00439-022-02450-z

frontiersin.org


https://doi.org/10.1096/fj.14-253757
https://doi.org/10.1186/s13048-022-01015-y
https://doi.org/10.1186/s13048-022-01015-y
https://doi.org/10.3389/fcell.2018.00063
https://doi.org/10.3389/fcell.2018.00063
https://doi.org/10.1242/jcs.180026
https://doi.org/10.1371/journal.pone.0136609
https://doi.org/10.1038/s41467-019-14068-3
https://doi.org/10.1038/s41467-019-12674-9
https://doi.org/10.1038/s41467-019-12674-9
https://doi.org/10.1126/science.abj3944
https://doi.org/10.1016/j.fertnstert.2016.08.018
https://doi.org/10.1083/jcb.202006085
https://doi.org/10.1083/jcb.202006085
https://doi.org/10.1038/srep23560
https://doi.org/10.1038/srep22209
https://doi.org/10.1074/jbc.M806003200
https://doi.org/10.3389/fcell.2021.642378
https://doi.org/10.1128/MCB.01288-12
https://doi.org/10.1507/endocrj.ej14-0099
https://doi.org/10.1507/endocrj.ej14-0099
https://doi.org/10.1007/s00125-015-3545-4
https://doi.org/10.3389/fnins.2020.00227
https://doi.org/10.3389/fnins.2020.00227
https://doi.org/10.1038/s41581-019-0116-9
https://doi.org/10.1053/j.ajkd.2020.08.012
https://doi.org/10.1053/j.ajkd.2020.08.012
https://doi.org/10.1186/s12882-022-02714-w
https://doi.org/10.14348/molcells.2018.0430
https://doi.org/10.3389/fendo.2021.700083
https://doi.org/10.1016/j.mce.2005.03.009
https://doi.org/10.1371/journal.pone.0258497
https://doi.org/10.1371/journal.pgen.1006912
https://doi.org/10.15252/embr.201845862
https://doi.org/10.1210/jc.2014-2086
https://doi.org/10.1210/jc.2007-0761
https://doi.org/10.1016/j.rbmo.2012.10.014
https://doi.org/10.1369/jhc.2010.956615
https://doi.org/10.1371/journal.pone.0229351
https://doi.org/10.1186/s13148-016-0258-6
https://doi.org/10.1186/s13148-016-0258-6
https://doi.org/10.1007/s00439-022-02450-z
https://doi.org/10.3389/fimmu.2023.1193293
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Exome sequencing to explore the possibility of predicting genetic susceptibility to the joint occurrence of polycystic ovary syndrome and Hashimoto’s thyroiditis
	1 Introduction
	2 Materials and methods
	2.1 Ethics statement
	2.2 Study population
	2.3 Nucleic acid extraction
	2.4 Whole-exome sequencing and exome sequence data analysis
	2.5 Association analyses
	2.6 Prediction models – stepwise forward logistic regression analysis
	2.7 Monte Carlo feature selection and interdependencies discovery – feature importance
	2.8 TaqMan genotyping and data analysis

	3 Results
	3.1 Association analyses
	3.2 Common or unique variants and functional enrichment analyses
	3.3 Prediction modeling based on WES data - stepwise forward logistic regression
	3.4 Importance of the features – Monte Carlo feature selection and interdependencies discovery
	3.5 TaqMan genotyping
	3.6 Validation of the WES prediction models
	3.7 Prediction modeling based on TaqMan genotyping data - stepwise forward logistic regression

	4 Discussion
	4.1 Association and functional enrichment analyses
	4.2 Prediction modeling of the joint occurrence of PCOS and HT

	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References


