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Abstract

Context: Polycystic ovary syndrome (PCQOS) is characterized by ovulatory dysfunction
and hyperandrogenism and can be associated with cardiometabolic dysfunction, but
it remains unclear which of these features are inciting causes and which are secondary
consequences.

Objective: To determine whether ovarian function is necessary for genetic risk factors for
PCOS to produce nonreproductive phenotypes.

Design, Setting, and Participants: Cohort of 176 360 men in the UK Biobank and
replication cohort of 37 348 men in the Estonian Biobank.

Main Outcome Measures: We calculated individual PCOS polygenic risk scores (PRS),
tested for association of these PRS with PCOS-related phenotypes using linear and
logistic regression and performed mediation analysis.
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Results: For every 1 SD increase in the PCOS PRS, men had increased odds of obesity
(odds ratio [OR]: 1.09; 95% Cl, 1.08-1.10; P = 1 x 10*), type 2 diabetes mellitus (T2DM)
(OR: 1.08; 95% ClI, 1.05-1.10; P = 3 x 107'?), coronary artery disease (CAD) (OR: 1.03; 95%
Cl, 1.01-1.04; P = 0.0029), and marked androgenic alopecia (OR: 1.03; 95% CI, 1.02-1.05;
P = 3 x 10®°). Body mass index (BMI), hemoglobin A1c, triglycerides, and free androgen
index increased as the PRS increased, whereas high-density lipoprotein cholesterol and
SHBG decreased (all P < .0001). The association between the PRS and CAD appeared
to be completely mediated by BMI, whereas the associations with T2DM and marked
androgenic alopecia appeared to be partially mediated by BMI.

Conclusions: Genetic risk factors for PCOS have phenotypic consequences in men,
indicating that they can act independently of ovarian function. Thus, PCOS in women
may not always be a primary disorder of the ovaries.

Key Words: polycystic ovary syndrome, PCOS, polygenic risk score, obesity

Polycystic ovary syndrome (PCOS) is a common polygenic
disorder affecting 6% to 10% of women of reproductive
age (1). Cardiometabolic dysfunction, as evidenced by in-
sulin resistance, dyslipidemia, and obesity, is often a signifi-
cant comorbidity with long-term effects on cardiometabolic
health (1, 2). Despite extensive physiologic and genetic
studies, the pathogenesis of PCOS remains incompletely
understood.

PCOS is a heterogeneous disorder, which raises chal-
lenges in understanding its pathophysiology. Studies
show that PCOS is associated with perturbation of pre-
sumed ovarian-related factors and nonovarian factors
(3). However, it remains to be determined which of
these are the inciting events and which are the secondary
consequences.

Historically, PCOS has been conceptualized as a dis-
order of reproductive-aged women, with ovarian dys-
function as a key feature (1). However, many have since
suggested that PCOS may not always be primarily a dis-
order of the female reproductive system (4, 5). Indeed,
male first-degree relatives of women with PCOS have
increased rates of cardiometabolic dysfunction (4-9).
A Mendelian randomization analysis suggested that gen-
etic variants associated with androgenic alopecia in men
may play a causal role in PCOS (3). These observations in
men suggest that genetic variants associated with PCOS
may not act through alterations in ovarian function to
influence the development of the cardiometabolic and an-
drogenic features of PCOS.

The largest genome-wide association study (GWAS)
meta-analysis of PCOS risk in 2018 identified numerous
genetic loci that can be used to generate polygenic risk
scores (PRSs) that quantify the susceptibility for PCOS be-
cause of common genetic variants (3, 10, 11). In this study,
we optimized a PRS for PCOS and examined associations

between this PRS and cardiometabolic and androgenic
phenotypes in the absence of ovarian function (ie, in men).

Methods

Standards for the development, validation, and association
testing of a PRS for PCOS were followed as described here
and in the Supplemental Materials (12, 13).

Study Cohorts

The UK Biobank (UKBB) is a population-based cohort of
~500 000 individuals in the United Kingdom aged 40 to
69 vyears at recruitment (14). Additional characteristics
are reported in the Supplemental Materials (12). At the
time of analysis, there were 383 212 unrelated individuals
(176 360 genetic males and 206 852 genetic females) of
European ancestry with genotype data available.

The replication cohort consisted of men and women
from the Estonian Biobank (EstBB), a population-based
biobank with > 200 000 participants. Additional charac-
teristics are reported in the Supplemental Materials (12). At
the time of analysis, there were 91 384 unrelated individ-
uals (37 348 genetic males and 54 036 genetic females) of
European ancestry with genotype data available.

PCOS PRS Calculation

To generate PRSs for PCOS, we used summary statistics
from the largest published GWAS meta-analysis for PCOS,
which included 113 238 women of European ancestry
(3,15,16). We compared the following 3 methods for calcu-
lating PRSs, which are further described in the Supplemental
Materials (12): (1) PRSice-2 software; (2) PRS-CS software;
and (3) PRS-CS software with modification to incorporate
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probabilistic genotype dosages generated by imputation
(10, 11).

Optimizing the PRSs in Women in the UKBB and
Validation in the EstBB

To optimize the performance of the PCOS PRSs, we
identified women in the UKBB with a likely diagnosis of
PCOS determined by self-report during a verbal interview
with a trained nurse, primary-care clinical events, and/or
International Classification of Diseases, 9th and 10th revi-
sions, codes (Supplemental Materials; (12)). Because PCOS
is a disorder of reproductive-age women and the UKBB has
a relatively older age at recruitment (40-69 years), some
women in the UKBB may have menstrual irregularity from
menopause rather than PCOS. We therefore further nar-
rowed our analysis to women < 50 years old with no re-
ported history of menopause on questionnaire.

The 3 methods to calculate PRSs were then applied to
these cohorts. For each method, we calculated the pheno-
typic variance explained for PCOS using a logistic regres-
sion model with the first 10 principal genetic components
to adjust for potential population stratification, array
number, and assessment center as covariates. To assess the
risk of PCOS with increasing PCOS genetic risk score, we
separated participants by quintile of PRSs and used logistic
regression to assess the odds ratio (OR) of PCOS for each
quintile using the lowest quintile as reference. We used the
best-performing method (highest R?) for all subsequent
analyses.

We validated the optimized PCOS PRSs in women in
the EstBB, who were not included in the GWAS meta-
analysis for PCOS that was used to generate the PCOS
PRSs in this study (3). Women with PCOS were identified
by the International Classification of Diseases, 10th revi-
sion, code E28.2, and women who did not have a diagnosis
of PCOS served as controls. We then compared the risk of
PCOS with increasing PCOS PRSs between women in the
UKBB and the EstBB with 2 heterogeneity tests, the I* and
Cochran’s Q test.

Cohorts and Phenotypes in Men

We used the PRS method that was optimized in women to
calculate PRSs for men in both the UKBB and EstBB. The
resulting PRSs were scaled to a mean of 0 and an SD of 1.

Cardiometabolic and androgenic phenotypes were
based on a composite of anthropometric measurements,
self-reported measures, diagnosis and procedure codes
from hospitalization records, medication use, and age at
diagnosis (Supplemental Materials; (125 17-20).

Statistical Analysis

For continuous phenotypes, we used linear regression to
analyze the association between the phenotypes and the
PRSs. We also grouped participants by PRS decile and de-
termined the average for each phenotype (with 95% Cls)
within each decile. For dichotomous outcomes, we used lo-
gistic regression to calculate the OR of the outcome per 1
SD increase of the PRS. We also used logistic regression to
compare the odds of the outcome for participants with high
(top 20%, 10%, 5%, 1%), low (bottom 20%, 10%, 5%,
1%), and middle genetic risk scores (middle 20%) with the
remainder of the cohort.

All analyses were adjusted for age, age squared,
genotyping array, and the first 10 genetic principal com-
ponents to adjust for potential population stratification.
For participants in the UKBB, analyses were additionally
adjusted for the UKBB assessment center to control for
genetic relatedness and other confounding factors. For par-
ticipants in the EstBB, all analyses were adjusted for batch
effects. All analyses were performed with and without body
mass index (BMI) as a covariate.

To further address the role of BMI, we conducted causal
mediation analysis to assess the indirect effect of BMI in the
association between the PRSs and the outcomes of interest
(Supplemental Materials; (12)). All statistical analyses were
conducted using R v3.5.0. The R package “mediation” was
used to conduct causal mediation analysis (21).

Results

Optimization of a PCOS PRS in UKBB Females
and Validation in EstBB Females

To calculate a PRS for PCOS, we started with the esti-
mated effect sizes for common genetic variants determined
in the largest GWAS meta-analysis for PCOS on females
of European ancestry (3). To optimize the PRS, 3 different
algorithms as well as ranges of tuning parameters (see
Materials and Methods) were tested for association with
the PCOS phenotype in a dataset of 206 852 unrelated fe-
males of European ancestry in the UKBB. In this cohort
study, we note that the women identified as having PCOS
(N = 1003 cases, prevalence of 0.5%) are almost certainly
a subset of the women who have PCOS and may also in-
clude women with reproductive dysfunction because of
menopause. Although optimization of a PRS does not re-
quire precise diagnostic distinctions, we also refined the set
of women with a likely diagnosis of PCOS in the UKBB
by analyzing a sub-cohort of 50 612 females who were <
50 years of age with no history of menopause, resulting in
an increased prevalence of PCOS (N = 669 cases, preva-
lence of 1.3%; Supplemental Materials, Fig. S1A; (12). The
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PRSs produced by the 3 algorithms tested were all normally
distributed and showed significant association with PCOS
in both the total cohort and the subcohort (all P < .01),
with R? ranging from 0.0014 to 0.0052 (Supplemental
Materials, Table S1; (12)). The PRS-CS method modified
to incorporate probabilistic genotype dosage performed the
best in the total cohort (R* = 0.0045) and the subcohort
(R* = 0.0052) and was selected for subsequent analyses
(10, 11). Women who had a PRS in the top quintile had
71% greater odds of having PCOS compared with those
in the bottom quintile (OR: 1.71; 95% CI, 1.33-2.19;
P = 3 x 10”; Supplemental Materials, Fig. S1C; (12)); thus,
this PRS successfully captures genetic risk for PCOS in
women in the UKBB.

We then validated the association between the opti-
mized PCOS PRS with PCOS in 54 036 unrelated females
of European ancestry in the EstBB (3651 cases of PCOS
and 50 385 controls). Women who had a PRS in the top
quintile had 45% greater odds of having PCOS compared
with those in the bottom quintile (OR: 1.45; 95% CI,
1.29-1.63; P = 2 x 10'% Supplemental Materials, Fig. S2;
(12)). This OR was not significantly different from the es-
timates from UKBB (I* = 28%, Cochran’s Q P value for
heterogeneity = .24).

Associations Between Polygenic Risk for PCOS
and Cardiometabolic Phenotypes in Men

We determined the relationship between the PRS and
cardiometabolic phenotypes in 176 360 unrelated men of
European ancestry in the UKBB. Based on composite algo-
rithms incorporating self-reported measures, diagnosis and
procedure codes from hospitalization records, and medica-
tion use, we identified 44 499 cases of obesity, 15 857 of
coronary artery disease (CAD), 11 730 of type 2 diabetes
mellitus (T2DM), and 87 830 of marked androgenic alo-
pecia (Table 1).

For BMI, we observed a 0.20 kg/m? increase for every 1
SD increase in the PRS (P = 1 x 107%). To assess abdominal
adiposity, we also examined the waist-to-hip ratio (WHR)
controlled for BMI in addition to the standard covariates,
and we observed a 4.8 x 10™ increase in WHR per 1 SD of
PRS (P = 1.2 x 10™). We further grouped participants into
deciles by their PRS and observed a gradient of increasing
BMI and WHR across increasing deciles (Figs. 1A, 1B).

Next, we assessed obesity (defined as BMI > 30 kg/m?)
and observed a 9% increase in odds of obesity per 1 SD of
PRS (OR: 1.09; 95% CI, 1.08-1.10; P = 1 x 10™*). We also
observed a higher risk of obesity with higher PRS across a
range of percentile cutoffs (Fig. 1C).

Men who carried a high PRS also had higher hemo-
globin Alc (HbAlc; 0.12 mmol/mol or 0.011% increase

Table 1. Ascertainment of cardiometabolic and androgenic
phenotypes in men in the UK Biobank (N = 176 360)

Cardiometabolic phenotypes Mean = SD or N
cases/controls

Continuous
BMI (kg/mz) 27.8 +4.2 175 708
Waist-to-hip ratio 0.94 = 0.07 176 000
HbA1c (mmol/mol) 36.3+7.3 168 088
HDL cholesterol (mmol/L) 1.29 = 0.31 155 355
Triglycerides (mmol/L) 1.98 = 1.15 168 122

Dichotomous®

Obesity 44 499/131 861 176 360
Type 2 diabetes mellitus 11 730/97 146 108 876
Coronary artery disease 15 857/160 503 176 360
Androgenic phenotypes
Continuous
SHBG (nmol/L) 40 =17 154 245
Free androgen index” 3314 153 352
Dichotomous
Marked androgenic alopecia” 31 852/55 978 87 830

Abbreviations: BMI, body mass index; HbAlc, hemoglobin Alc; HDL,
high-density lipoprotein.
“See supplemental materials for definitions and ascertainment details.

per 1SD of PRS, P =2 x 10'°), and HbA1c increased across
increasing deciles of the PRS (Fig. 2A). We also assessed the
association with T2DM and found an 8% increase in odds
of T2DM per 1 SD of PRS (OR: 1.08; 95% CI, 1.05-1.10;
P =3 x 10"%) and an increased odds of T2DM with higher
PRS across a range of percentile cutoffs (Fig. 2B).

We next determined the relationship between the PRS
and circulating lipids and CAD. A higher PRS was asso-
ciated with lower high-density lipoprotein (HDL) choles-
terol (f = -0.0056 mmol/L or 0.22 mg/dL per 1 SD of PRS,
P = 8 x 10™%) and higher triglycerides (§ = 0.018 mmol/L
or 1.6 mg/dL per 1 SD of PRS, P = 7 x 10™'%), and the trends
were consistent across deciles of PRS (Figs. 3A, 3B). For
CAD, we found a 3% increase in odds per 1 SD of PRS
(OR: 1.03; 95% CI, 1.01-1.04; P = .0029). In addition,
those who carried a high PRS had an increased rate of CAD
across a range of percentile cutoffs (Fig. 3C).

Associations Between Polygenic Risk for PCOS
and Androgenic Phenotypes in Men

To assess the effect of polygenic risk for PCOS on androgen
levels, we tested the association between PRS and free an-
drogen index (FAI), a measure of androgen bioavailability,
and observed that a higher PRS was associated with a
higher FAI ( = 0.15 increase in the index per 1 SD of PRS,
P = 3 x 107). We also assessed the effect of the PRS on
SHBG, which is influenced by androgen action (as well as
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Figure 1. Association of polycystic ovary syndrome (PCOS) polygenic risk score with body mass index (BMI), waist-to-hip ratio (WHR), and obesity.
(A-B) 176 360 unrelated men in the UK Biobank were separated into 10 deciles by polygenic risk score for PCOS. (A) BMI and (B) WHR increased
across these deciles (P value for linear regression shown). (C) Odds ratios for obesity (defined by BMI > 30 kg/m?) were calculated by comparing
those with a high, middle, or low polygenic risk score with the remainder of the cohort using logistic regression. Error bars indicate 95% CI. All ana-
lyses were adjusted for age, age squared, genotyping array, and the first 10 genetic principal components.

A HbA1c by decile of PCOS polygenic risk score B Odds of type 2 diabetes mellitus based on PCOS polygenic risk score  Cases  OR [95% CI] P

366 P=2x1070 Top 1% vs. Bottom 99% . 129 1.13[0.92,1.38] 0.24
365 g Top 5% vs. Bottom 95% —e— 660  1.18[1.07,1.29] 4.2x10*
s & Top 10% vs. Botiom 90% —e—i 1335  1.18[1.11,1.26] 3x107
E 36.4 g Top 20% vs. Bottom 80% —e—i 2573 1.15[1.09, 1.20] 5x10%
% 36.3 §, Middle 20% »—0—1 2353 1.00[0.95,1.05] 0.92
% 6.2 i Bottom 20% vs. Top 80% —eo—i 2154 0.89[0.84,0.93] 5x10°®
I "_6 Bottom 10% vs. Top 90% —e— 1066 0.89[0.83,0.96] 0.0013

36.1 € Bottom 5% vs. Top 95% r—o——| 547 0.93[0.84,1.02] 0.2

36.0 = Bottom 1% vs. Top 99%{ F—————&—————— 110  0.87[0.70,1.07] 0.19

T2 3 4 5 6 7 8 910 08 10 12 14
Polygenic risk score decile Odds ratio for type 2 diabetes mellitus

Figure 2. Association of polycystic ovary syndrome (PCOS) polygenic risk score and hemoglobin Alc (HbA1c) and type 2 diabetes mellitus. (A)
HbA1c increased across deciles of the polygenic risk score for PCOS (P value for linear regression shown). (B) Odds ratios for type 2 diabetes mellitus
were calculated by comparing those with a high, middle, or low polygenic risk score with the rest of the cohort using logistic regression. Error bars
indicate 95% CI. All analyses were adjusted for age, age squared, genotyping array, and the first 10 genetic principal components.
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Figure 3. Association of polycystic ovary syndrome (PCOS) polygenic risk score and high-density lipoprotein (HDL), triglycerides, and coronary ar-
tery disease. (A) HDL cholesterol decreased and (B) triglycerides increased across deciles of the polygenic risk score for PCOS (P values for linear
regression shown). (C) Odds ratios of coronary artery disease were calculated by comparing those with a high, middle, or low polygenic risk score
with the rest of the cohort using logistic regression. Error bars indicate 95% Cl. All analyses were adjusted for age, age squared, genotyping array,

and the first 10 genetic principal components.

by obesity) and observed that a higher PRS was associated
with a lower SHBG (f = -0.38 nmol/L decrease per 1 SD
of PRS, P = 1 x 107'%). Both the FAI and SHBG trends were
consistent across deciles of PRSs (Figs. 4A, 4B).

Next, we assessed the relative prevalence of marked
androgenic alopecia (stage 5+ in the Norwood-Hamilton
scale) compared with no alopecia (stage 1) in men and ob-
served a 3% increase in odds per 1 SD of PRS (OR: 1.03;
95% CI, 1.02-1.05; P = 3 x 107%) and an increased odds
of marked androgenic alopecia with higher PRS across a
range of percentile cutoffs (Fig. 4C).

Replication in the EstBB

We sought to replicate the associations between polygenic
risk for PCOS and cardiometabolic outcomes in a second,
independent dataset of 37 348 unrelated men in the EstBB.
In this cohort, we identified 7889 cases and 20 631 controls

for obesity, 3595 cases and 10 050 controls for T2DM, and
6161 cases and 31 191 controls for CAD.

Because the sample sizes were smaller than our testing
cohort in the UKBB, we had less power to detect associ-
ations. Thus, we assessed for consistent trends in the associ-
ations between the PRS and the cardiometabolic outcomes
and conducted post hoc power analyses to assess our stat-
istical power to detect expected effect sizes.

Analysis of EstBB replicated the associations between a
higher PRS and increased odds of obesity and T2DM that
we identified in the UKBB. We observed a 10% increase in
odds of obesity (OR: 1.10; 95% CI, 1.07-1.14; P = 2 x 10
) and a 6% increase in odds of T2D (OR: 1.06; 95% CI,
1.02-1.11; P = .0054) per 1 SD of PRS, which are compar-
able to the effect sizes in the UKBB (Fig. 5).

For CAD, we did not observe any difference in the odds
of disease with increases in the PRS (OR: 1.00; 95% CI,
0.97-1.04; P = .80; Fig. 5). A post hoc power analysis
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Figure 4. Association of polycystic ovary syndrome (PCOS) polygenic risk score and SHBG, free androgen index (FAI), and androgenic alopecia. (A)
SHBG decreased and (B) FAI increased across deciles of the polygenic risk score for PCOS (P value for linear regression shown). (C) Odds ratios of
androgenic alopecia were calculated by comparing those with a high, middle, or low polygenic risk score with the rest of the cohort using logistic re-
gression. Error bars indicate 95% CI. All analyses were adjusted for age, age squared, genotyping array, and the first 10 genetic principal components.

showed that our sample size of 6161 cases and 31 191
controls had 80% power to detect an OR > 1.04 per 1 SD
of PRS at an a of 0.05. Because the OR that we observed in
the UKBB was 1.03, we conclude that our replication ana-
lysis of CAD in the EstBB was underpowered to replicate
the association observed with the UKBB.

Mediation by BMI of the Associations Between
PCOS Genetic Risk and Cardiometabolic and
Androgenic Phenotypes

Increased BMI is a well-known risk factor for PCOS and
cardiometabolic diseases, including T2DM and CAD, and
has also been linked to androgenic alopecia (3, 22). In
our cohort, we observed significant associations between
BMI and all evaluated cardiometabolic and androgenic
outcomes (P all < 1 x 10?* in multiple regression), con-
firming the significant effect of BMI on these phenotypes.
Thus, it is possible that BMI is mediating some or all of the

associations between PCOS PRS and cardiometabolic and/
or androgenic phenotypes.

We applied mediation analysis to estimate the extent to
which BMI mediated the association between the PRS and
cardiometabolic or androgenic phenotypes. For example,
for HbAlc, there was a significant indirect effect of the
PRS on HbAlc attributable to BMI (P = 1 x 10°%) that
accounted for ~66% of the total observed effect. However,
even after controlling for BMI, the PRS continued to have
a significant direct effect on HbAlc (P = .022). Thus, these
findings suggest that the relationship between the PRS and
HbA1c was partially but not completely mediated by BMI
(Table 2). Similarly, the effect of the PRS on T2DM may be
partially mediated by BMI (P = 2 x 107 for indirect and
P = .0011 for direct effect), and the indirect effect attrib-
utable to BMI accounted for ~46% of the total observed
effect (Table 2).

For HDL cholesterol and triglycerides, there was a
significant indirect effect of the PRS on circulating lipids
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Phenotype Cohort Cases Controls OR [95% CI] P
Obesity UKBB 44,499 131,861 e 1.09[1.08,1.10] 1x104°
EstBB 7,889 20,631 —— 1.10[1.07, 1.14]  2x10"
T2D UKBB 11,730 97,146 —e— 1.08 [1.05,1.10] 3x102
EstBB 3,595 10,050 F——e—A 1.06 [1.02, 1.11]  0.0054
CAD UKBB 15857 160,503 e 1.03[101,1.04] 00029
EstBB 6,161 31,191 |—0—| 1.00 [0.97, 1.04] 0.80
0.95 1.00 1.10 1.15
Odds Ratio

Figure 5. Association of polycystic ovary syndrome (PCOS) polygenic risk score with phenotypes in the UK and Estonian Biobanks. Odds ratios of
phenotypes are shown per 1 SD increase in the PCOS polygenic risk score using a logistic regression model. Error bars indicate 95% CI. All analyses
were adjusted for age, age squared, genotyping array, and the first 10 genetic principal components. In the UK Biobank, analyses were additionally
adjusted for the assessment center; in the Estonian Biobank, analyses were adjusted for batch effects.

Table 2. BMI as a mediator between PCOS genetic risk score and cardiometabolic and androgenic outcomes

Cardiometabolic phenotypes Direct effect independent of P Indirect effect mediated P Estimated
BMI (95% CI) by BMI (95% CI) proportion of total
effect
Continuous
HbA1c (mmol/mol) 0.040 (0.0053-0.074) .022 0.076 (0.067-0.084) 1x10% 0.66
HDL cholesterol (mmol/L) -0.000834 (-0.0025 to 0.00068) .27 -0.0047 (-0.0053 to -0.0042) 9 x 10 0.85
Triglycerides (mmol/L) 0.0039 (-0.0017 to 0.0092) 18 0.014 (0.012-0.015) 4x107° 0.78
Dichotomous
Type 2 diabetes mellitus 0.0033 (0.0013-0.0052) .0011 0.0028 (0.0024-0.0032) 2x107% 0.46
Coronary artery disease 0.00096 (-0.00049 to 0.0023) .18 0.0010 (0.00089-0.0011) 4x10°¢ 0.51
Androgenic phenotypes
Continuous
SHBG (nmol/L) -0.15 (-0.23 t0 -0.073) .00012 -0.22 (-0.25 t0 -0.20) 9x 107 0.59
Free androgen index 0.095 (0.020-0.17) .014 0.054 (0.047-0.061) 4x10°%° 0.36
Dichotomous
Androgenic alopecia 0.0061 (0.0026-0.0093) .00034  0.00076 (0.00059-0.00095) 3x1071° 0.11

Abbreviations: BMI, body mass index; HbA1c, hemoglobin Alc; HDL, high-density lipoprotein; PCOS, polycystic ovary syndrome.

attributed to BMI (P = 9 x 10 for HDL, P = 4 x 107°
for triglycerides) that accounted for an estimated 85% and
78% of the total observed effect, respectively. For these
outcomes, the PRS no longer had a significant direct effect
after controlling for BMI (P = .27 for HDL, P = .18 for tri-
glycerides), which suggests that the relationships between
the PRS and circulating lipids may be completely mediated
by BMI. Similarly, mediation analysis suggests that the
effect of the PRS on CAD may be completely mediated by
BMI (P = 4 x 10°® for indirect and P = .18 for direct effect;
Table 2).

Next, we sought to determine the role of BMI in
mediating the relationship between the PRSs and andro-
genic outcomes. The indirect effect of the PRS on FAI that
was attributable to BMI (P = 4 x 10°%) accounted for
~36% of the total observed effect, and the PRSs continued

to have significant direct effects on FAI after controlling for
BMI (P = .014), which is suggestive of partial mediation by
BMLI. The effect of the PRS on SHBG may also be partially
mediated by BMI (P = 9 x 107" for indirect, P = .00012 for
direct; Table 2). Because SHBG is influenced by (1) obesity,
(2) bioactive androgen levels, and (3) sensitivity to andro-
gens, we sought to isolate the contribution of sensitivity to
androgens to the relationship between the PRS and SHBG
by controlling for both obesity as measured by BMI and
bioactive androgen levels as estimated by FAIL. We found a
persistent effect of the PRS on SHBG (f3 = -0.10 nmol/L de-
crease per 1 SD of PRS; P = .0038); this residual effect may
be attributable at least in part to sensitivity to androgens.
The effect of the PRS on marked androgenic alopecia
may also be partially mediated by BMI (P = 3 x 107 for in-
direct, P = .00034 for direct; Table 2). Androgenic alopecia
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has also been associated with bioavailable androgen levels
(23). Thus, we sought to determine if FAI mediated the
association between the PRS and marked androgenic alo-
pecia. The effect of the PRS on marked androgenic alopecia
that was indirectly attributed to FAI (P = .0060) accounted
for ~4.5% of the total observed effect. After controlling for
FAI, the PRS continued to have a significant direct effect on
marked androgenic alopecia (P = 1 x 10™), which suggests
that FAI may only partially mediate this relationship.

Discussion

We found that polygenic risk for PCOS, a diagnosis re-
stricted to women, is associated with cardiometabolic and
androgenic conditions and traits in men. Because men do
not have ovaries, our findings show that genetic risk factors
for PCOS can act independently of ovarian function. Thus,
PCOS may not always be a primary disorder of the ovaries.

The polygenic risk for PCOS could have direct effects
in men; alternatively, genetic risk factors for PCOS could
indirectly affect men through direct effects on female re-
latives—for example, mothers with PCOS have been
proposed to generate an intrauterine environment that
increases the cardiovascular risk of offspring (24). If the
effects of polygenic risk for PCOS affect men only indir-
ectly, the effects of PCOS polygenic risk would be predicted
to be much smaller in men than in women. However, the
cardiometabolic effects of polygenic risk for PCOS in men
observed in this study are comparable in magnitude to those

previously reported in women (25). Similarly, although we
cannot exclude the possibility that the association between
polygenic risk for PCOS and cardiometabolic and andro-
genic outcomes are at least partially mediated by ovarian
function, the comparable effect sizes between men and
women for these outcomes suggests that association be-
tween PCOS and these outcomes is largely not mediated by
ovarian function.

Moreover, in a prior phenome-wide association study of
electronic health records, significant associations between a
PRS for PCOS and obesity, morbid obesity, and T2DM in
women and men had comparable effect sizes (OR: 1.005-
1.010; (25)). Our findings provide further support that
the cardiometabolic effects of polygenic risk for PCOS are
comparable between men and women and show that the
pathogenesis of PCOS may be independent of ovarian func-
tion, at least in some cases (Fig. 6).

Furthermore, we show that BMI at least partially medi-
ates the relationship between polygenic risk for PCOS and
all cardiometabolic and androgenic phenotypes examined.
Specifically, mediation analyses of the effects of polygenic
risk for PCOS on HDL cholesterol, triglycerides, and CAD
were suggestive of complete mediation by BMI, implying
that BMI (or factors reflected by BMI) may be the primary
driver in the pathogenesis of dyslipidemia and CAD associ-
ated with PCOS. In contrast, the effects of PCOS genetic risk
on T2DM and androgenic alopecia suggested a partial medi-
ation by BMI. There is ample evidence that obesity contrib-
utes to PCOS, and resolution of obesity can lead to resolution
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Figure 6. Dissections of the effects of polycystic ovary syndrome (PCOS) genetic risk factors on the phenotypes of PCOS. lllustration of the biological
dissections of the PCOS genetic risk factors based on associations with phenotypes in men, including ovary-dependent vs ovary-independent, BMI
(adiposity)-dependent vs BMI-independent, and androgen production vs androgen action pathways. Solid arrows depict associations demonstrated
in the current study; dotted arrows depict pathways of pathogenesis demonstrated in prior clinical and/or experimental studies.
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of PCOS in some cases (1). Yet, there are women with PCOS
who are not obese. These clinical observations suggest that
both obesity-mediated and non-obesity-mediated pathways
contribute to PCOS, and the partial mediation by BMI ob-
served in this analysis is consistent with the existence of these
2 types of pathways (Fig. 6, (26)).

Our analysis of androgenic phenotypes provides insights
into the biological pathways underlying the pathogenesis of
PCOS by implicating both bioactive androgen levels and
end-organ responsiveness to androgens as contributors.
FAL an estimate of bioactive androgen levels, only par-
tially mediated the effect of the PRS on androgenic alo-
pecia, which suggests that bioactive androgen levels are not
the sole determinant of androgenic alopecia. In agreement,
the persistent association between a higher PRS and lower
SHBG levels even after controlling for BMI and FAI (factors
known to affect SHBG) suggests the additional influence
of sensitivity to androgens. Thus, both bioactive androgen
levels (systemic and possibly local because of tissue-specific
enzyme activity (27)) and the end-organ sensitivity to an-
drogens appear to play a role in the hyperandrogenism of
PCOS in both women and men (Fig. 6).

Our PRS for PCOS was associated with both
cardiometabolic dysfunction and hyperandrogenism, as in-
dicated by higher levels of FAL. We note that a prior study
of individuals in the UKBB reported that genetically deter-
mined lower testosterone levels were associated with in-
creased odds of T2DM in men (28). Importantly, the genetic
variants in the PCOS PRS were weighted by their strength
of association with PCOS in women, in contrast with the
variants used in this prior study, which were those most
strongly associated with increased testosterone in men.
Although the PCOS-associated variants, as we have shown,
are also associated with increased FAI the effect sizes for
these variants are different for PCOS than for androgen
levels in men. We hypothesize that the PCOS variants that
affect free androgen levels have either more complex or
more pleiotropic effects, perhaps acting through different
mechanisms than the variants selected primarily on the
basis of effects on androgen levels in men.

Limitations of our study include the limited predictive
power of our PRS, which is constrained by the relatively low
number of identifiable cases of PCOS in the UKBB (3). The
limited ascertainment of the PCOS phenotype (prevalence
of 1.3% compared with population estimates of 6%-10%)
in the UKBB may be due to the older age and largely
postmenopausal status of the cohort at recruitment (range,
40-69 years) as well as underdiagnosis/underreporting of
PCOS. In addition, we were not able to use standards, such
as the Rotterdam criteria, that include ovarian morphology
to diagnose PCOS because ultrasound results were not avail-
able. Thus, it is likely that a portion of women with a history

of PCOS were classified as controls in the optimization of
our PRS. Despite these limitations, we were able to dem-
onstrate statistically significant effects of polygenic risk for
PCOS on clinical outcomes in men, which provide direct
genetic evidence that genetic risk factors for PCOS have
phenotypic consequences in the absence of ovarian function.
Notably, the limited predictive power of our PRS because of
the lower-than-expected number of PCOS cases in our co-
hort may have misestimated effect sizes in our reported out-
comes; thus, the true effect sizes may be greater or less than
reported. Furthermore, the effect sizes of our cardiometabolic
and androgenic outcomes are modest, which may also be
due to the limited predictive power of our PRS for PCOS.

Our study provides direct genetic evidence of a correlate
to PCOS in men, but the biological mechanisms underlying
PCOS in women and its correlate in men remain largely
unknown. Identifying the specific genetic variants that are
associated with PCOS-related traits will allow categoriza-
tion of these variants into groups (clusters) by their as-
sociated phenotypes. By association testing with specific
PCOS phenotypes, genetic data allow for identification of
mechanistic pathways driven by different groups of PCOS
genetic loci. Classification of these variants and their asso-
ciated clusters as those that affect both men and women vs
those that affect women only will further inform the role
of ovarian factors in the pathophysiology of PCOS. These
future analyses will allow further refinement of the genetics
and molecular pathways that contribute to the pathogen-
esis of PCOS and bring us closer to identifying future treat-
ment targets of the cardiometabolic dysfunction associated
with PCOS for both men and women.

Our results suggest that genetic risk factors for PCOS
affect pathological mechanisms of metabolic dysfunction
that are common to men and women and that lead to re-
productive dysfunction in women. Clinical assessment for
genetic risk for PCOS (ie, family history) may inform pre-
ventive care for cardiometabolic disease in both sexes. Our
findings provide a starting point for dissecting the specific
biological pathways underlying the pathogenesis of PCOS,
which might aid in the identification of mechanistic path-
ways, inform clinical subclassification, and lead to future
therapeutic targets for PCOS.
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