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Context: Testosterone (T) is a central androgenic hormone, and sex hormone-binding globulin (SHBG)
is the major determinant of its bioactivity. There are no acknowledged genetic variants with clear-cut
clinical implications, modulating T levels in men.

Objective: To confirm genetic associations of top loci (SHBG, GCKR, SLCO1B1, and JMJD1C) from
genome-wide association (GWA) studies for serum SHBG and T.

Design, Patients:Groups differing in general and reproductive parameters: youngmen (n = 540; 19.36
1.8 years), severe idiopathic male infertility patients (n = 641; 31.6 6 6.0 years), and male partners of
pregnant women (n = 324; 31.96 6.6 years). All patients were recruited at the Andrology Centre, Tartu
University Hospital, Estonia.

Main Outcome Measure(s): Genetic associations with reproductive hormones, testicular and sperm
parameters (linear regression, additive model); intergroup allele/genotype distribution comparisons.

Results: Associations with serum SHBG levels were robust for SHBG 268 G.A [rs1799941; meta-
analysis: P = 3.7 3 10214; allelic effect (standard error) = 4.67 (0.62) nmol/L], SHBG +1091 C.T
[rs727428; P = 7.33 10211;23.74 (0.57)], SHBG Pro185Leu [rs6258; P = 1.23 1024,212.2 (3.17)], and
GCKR Pro446Leu [rs1260326; P = 1.53 1024;22.2 (0.59)]. Measured T concentrations correlated with
genetically modulated levels of SHBG (r = 0.48 to 0.74, P , 0.0001), guaranteeing stable availability of
free T. Among infertile men, SHBG Pro185Leu substitution showed additional downstream effect on
luteinizing hormone [P = 5.13 1025;21.66 (0.57) IU/L] and follicle-stimulating hormone [P = 3.43 1023;
22.48 (1.23) IU/L]. No associations with male reproductive parameters were detected for SHBG
Asp327Asn (rs6259), SLCO1B1 Val174Ala (rs4149056), and JMJD1C intronic variant rs7910927.

Conclusions:Claims were replicated and additional associations were detected for four of seven tested
GWAS top loci. Perspective clinical investigations of these variants are hypotestosteronemia among
aging men and pharmacogenetics of hormone replacement therapy.

Copyright © 2017 Endocrine Society
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No-Derivatives License (CC BY-NC-ND; https://creativecommons.org/licenses/by-nc-nd/4.0/).

Despite the rising importance in personalized patient management in the clinical practice,
the current understanding of common genetic variation contributing to male reproductive
hormone levels is moderate. Perspective clinical implications of genetic testing include
more accurate diagnostics of clinical conditions with impaired reproductive physiology, and
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terone; FSH, follicle-stimulating hormone; FT, free testosterone; GWA, genome-wide association; LH, luteinizing hormone; MAF, minor
allele frequency; SE, standard error; SHBG, sex hormone-binding globulin; SNP, single-nucleotide polymorphism; T, testosterone.
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development of stratified treatment schemes taking into account patients’ genetic profile.
There are few examples of polymorphismswith generally acknowledged robust genetic effects
onmale hormonal profile and so far, the focus has been vastly targeted to gonadotropin action.
The variant with strongest and widest effect on male reproductive physiology is FSHB2211
G.T (rs10835638) located in the promoter of the follicle-stimulating hormone (FSH)
b-subunit encoding gene [1]. T-allele carriers have substantially lower serum FSH, and TT-
homozygosity is associated with decreased testes volume and higher risk to idiopathic male
infertility [2]. Pharmacogenetic potential of FSHB 2211 G.T in male FSH treatment has
been suggested to detect men with genetically inherited low FSH [3]. Other examples of
extensively analyzed variants in andrology settings have smaller genetic effects on male
reproductive parameters, e.g.FSH receptor (p.Asn680Ser/p.Thr307Ala) [4, 5],FSHR229G.
A (rs1394205) [6, 7], and luteinizing hormone (LH) isoforms (V-LH, Trp8Arg/ Ile15Thr) [8, 9].

A central androgenic hormone in men is testosterone (T). There is growing evidence that
low T level is related to a wide variety of general health problems from metabolic syndrome
[10] to increased general mortality risk [11, 12]. Sex hormone-binding globulin (SHBG) is the
high-affinity binding protein for androgens and estrogens and the major modulator of their
bioactivity by limiting diffusion into target tissues [13]. Only a small fraction (2% to 5%) of T
represents free T (FT). So far, there are no acknowledged genetic variants with clear-cut
clinical implications that modulate male T levels. However, recent genome-wide association
(GWA) studies have extensively targeted the genetic determinants of both, circulating total T
and the key modulator of FT, sex-hormone binding globulin (SHBG) [14–16]. These studies
have highlighted previously known loci from candidate gene studies and/or associated with
other metabolic phenotypes (SHBG, GCKR, and SLCO1B1), and novel genes potentially
contributing to SHBG and T levels (JMJD1C, FAM9B, PRMT6, and ZBTB10).

The current study aimed to analyze the association of single-nucleotide polymorphisms
(SNPs) identified in the GWA studies as top-associated loci as top loci for circulating T and
SHBG. Seven variants were selected for the analysis, including four in the SHBG gene. The
50UTR regulatory variant SHBG 268 G.A (rs1799941; reference transcript: NM_001040.4)
was shown to modulate SHBG and T levels in candidate-gene [17] and GWA reports [14–16].
Variant +1091 C.T (rs727428) at the 30 downstream region has been associated with female
serumSHBG [18, 19] andmale T andDHT [16].Missense variants SHBGPro185Leu (rs6258)
and Asp327Asn (rs6259) were shown to affect serum SHBG level in both sexes [14, 15, 20].We
also analyzed three novel genes (GCKR, JMJD1C, and SLCO1B1) highlighted among the top
12 findings in the largest conducted GWAS meta-analysis for SHBG that incorporated data
from 16 epidemiologic cohorts (n = 28,837; 14,938 men and 10,899 women) [15]. Among these,
the Pro446Leu (rs1260326) in theGCKR gene encoding hepatic glucokinase regulator protein
has been previously shown to modulate several metabolic traits and disorders [21]. A variant
in the SLCO1B1 gene, Val174Ala (rs4149056) with a functional effect on the encoded
OATP1B1 protein activity has been extensively explored in the context of statin pharmaco-
genetics [22]. SNPs in JMJD1C, a gene involved in spermatogenesis [23], have been associated
with SHBG (rs7910927, intron 1) [15] and total T (rs10822184) [16] in two independent GWA
studies.

The main objective of our study was to robustly confirm or reject the claimed associations
with male serum SHBG and/or T levels, as well as to uncover additional genetic effects in
an independent and clinically well characterized sample set with available broad range of
hormonal and fertility-related parameters. The study was designed using three groups of
young and middle-age men recruited at the Andrology Centre, Tartu University Hospital,
Estonia (total, n = 1505): young men (n = 540), patients with severe idiopathic male factor
infertility (n = 641), and fertile men recruited among partners of pregnant women (n = 324).
This choice of alternative patient groups also enabled us to assess age and fertility status
related effects. For four of the seven analyzed variants, original claims were replicated
and additional genetic associations were detected. No associations with male reproductive
parameters were detected for three SNPs, previously highlighted as top findings in a large
GWA studies meta-analysis [15].
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1. Methods

A. Ethics Statement

The study has been approved by the Ethics Review Committee on Human Research of the
University of Tartu, Estonia. The study was conducted according to the Declaration of
Helsinki principles. Written informed consent for evaluation and use of their clinical data for
scientific purposes was obtained from each patient prior to recruitment.

B. Study Groups for the Genetic Analysis

Genetic analysis was carried out for three study groups of men, differing in their general and
reproductive parameters, as well as fertility status (Table 1). All men were recruited at the
Andrology Centre, Tartu University Hospital (AC-TUH). All study participants were born
and living in Estonia.

B-1. Estonian young men cohort

Young men (n = 578) were recruited by the AC-TUH between May 2003 and June 2004 in the
framework of a prospective studyEnvironment andReproductiveHealth (EU sixth FP project
QLRT-2001-02911). The study group has been used previously in a number of genetic as-
sociation studies of male reproductive parameters [1, 9]. The current study excluded subjects
with severe genital pathologies (cryptorchidism, n = 9) or missing data (no DNA, n = 27;
incomplete clinical records, n = 3). The final number of genotyped young men was 540 (aged
19.3 6 1.8 years).

Table 1. Characteristics of the Study Groups

Parameter
Young Men

Cohort
Partners of

Pregnant Women
Idiopathic

Infertility Patients
Kruskal–Wallis
Test P Value

n 540 324 641
Age, y 19.3 6 1.8 31.9 6 6.6 31.6 6 6.0 ,0.0001

18.7 (17.2‒22.9) 31.0 (22.8‒45.0) 30.9 (23.5‒42.0)
BMIa 22.3 6 2.7 25.5 6 3.8 26.6 6 4.4 ,0.0001

22.1 (18.7‒27.5) 24.8 (20.0‒32.3) 25.8 (20.9‒34.7)
Abstinence period, h 114.9 6 55.2 108.3 6 109.0 92.3 6 51.0 ,0.0001

98.0 (58.0‒227.0) 72.0 (48.0‒240.0) 72.0 (48.0‒168.0)
FSH, IU/L 3.2 6 1.8 4.1 6 2.3 7.3 6 6.0 ,0.0001

2.9 (1.2‒6.7) 3.6 (1.5‒8.3) 5.5 (1.9‒19.8)
LH, IU/L 4.0 6 1.7 3.8 6 1.7 4.4 6 2.1 0.0003

3.8 (1.8‒7.2) 3.6 (1.5‒6.7) 4.0 (1.7‒8.1)
Total T, nmol/L 29.2 6 9.2 17.0 6 5.9 18.6 6 6.4 ,0.0001

27.8 (15.5‒46.3) 16.5 (8.8‒27.2) 17.9 (10.1‒30.0)
SHBG, nmol/L 34.4 6 14.1 34.6 6 14.6 n/d 0.6394b

32.0 (18.0‒57.0) 30.9 (16.4‒63.6)
Semen volume, mL 3.4 6 1.6 4.1 6 1.8 4.2 6 1.8 ,0.0001

3.2 (1.2‒6.4) 3.7 (1.7‒8.0) 4.0 (1.7‒7.8)
Sperm concentration, mln/mL 87.7 6 79.4 98.1 6 80.1 7.8 6 5.9 ,0.0001

67.3 (8.2‒224.5) 76.0 (16.7‒236.0) 7.0 (0.1‒18.0)
Total sperm count,
mln/ejaculate

287.5 6 291.4 383.0 6 330.1 33.9 6 31.2 ,0.0001
222.8 (18.4‒782.1) 295.2 (60.0‒980.1) 25.2 (0.4‒94.5)

Total testes volume, mL 50.7 6 10.6 46.9 6 10.0 40.3 6 10.3 ,0.0001
50.0 (35.0‒70.0) 46.0 (34.0‒63.0) 40.0 (24.0‒56.0)

Data are presented as mean 6 standard deviation and median (5th to 95th percentiles).
Abbreviations: BMI, body mass index; mln, million; n/d, not determined.
aData for BMI available for 327 patients of the idiopathic infertility group.
bP value for Mann-Whitney U test comparing distribution of SHBG levels among young men cohort versus partners
of pregnant women.
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B-2. Estonian idiopathic infertility patients

Idiopathic oligozoospermia cases (n = 750) were recruited at the AC-TUH between June 2003
and August 2008 among the male partners of couples failing to conceive a child for a period
of $12 months [24]. Oligozoospermia was diagnosed according to the World Health Orga-
nization criteria valid at the time of recruitment (sperm concentration ,20 mln/mL) [25].
Patients with causal factors for male infertility were excluded from the genetic analysis
(Supplemental data) [2, 7, 9]. The final number of genotyped patients was 641 (aged 31.66 6.0
years).

B-3. Partners of pregnant women

The group was formed from the partners of pregnant women, who presented for prenatal care
at Tartu University Women’s Clinic and West-Tallinn Central Hospital Women’s Clinic,
Estonia in 2010 to 2014. Male partners of the informed pregnant women were invited to
participate in the study; final recruitment and clinical assessment of men (n = 364) were
conducted at the AC-TUH. The details of the group formation are described by Punab et al.
[26]. The current genetic analysis excluded cases with pregnancies achieved by in vitro
fertilization (n = 3), borderline oligozoospermia (n = 10), and extended time (.12 months)
taken to achieve pregnancy (n = 27). The number of genotyped subjects in this study was 324
(aged 31.9 6 6.6 years).

C. Clinical Examination and Laboratory Procedures

Patients were examined by specialist clinicians, who had received respective training in
clinical assessment and standardized andrological workup, locally and in collaboration with
other EAA accredited centers [27]. The applied routine andrological pipeline to collect and
document epidemiological, laboratory, and clinical examination data at the AC-TUH is de-
scribed in detail by Punab et al. [26]. Semen samples were obtained by patient masturbation,
and all semen values were determined in accordance to the World Health Organization
recommendations at the time of recruitment [25, 28]. The protocol of semen analysis is
detailed in the Supplemental data. Physical examination for the assessment of genital pa-
thology and testicular size (orchidometer, made of birch wood; Pharmacia & Upjohn, Den-
mark) was performed with theman in standing position. The total testes volume is the sum of
right and left testicles. Venous blood was obtained from the cubital vein in themorning (08.00
to 13.00) and serum was separated immediately. Analyses of reproductive hormone levels
(serum FSH, LH, total T, and SHBG) are detailed in the Supplemental data. Calculated FT
levels (unbound T, cFT) were derived frommeasured total T and SHBG, using the Vermeulen
equation [29]. FT percentage (%FT) was estimated as cFT/total T 3 100.

D. Genetic Analysis

In total, seven genetic variants were analyzed in the genomic DNA extracted from the pa-
tients’ blood samples. The SHBG regulatory variants 268 G.A in 50UTR (rs1799941) [30]
and +1091 C.T (rs727428) [16] at the 30 downstream regions, SHBG Pro185Leu (rs6258) [14,
15] andGCKR Pro446Leu substitutions (rs1260326) [15] were genotyped in all study subjects
(n = 1505). Three SNPs were genotyped only in youngmen and infertile patients study groups
(n = 1181): SLCO1B1 Val174Ala (rs4149056) [15], SHBG Asp327Asn (rs6259) [15], and the
G.T SNP in JMJD1C intron 1 (rs7910927) [15, 16]. As genetic association testing with all
parameters in these two samples resulted in no statistically significant outcomes, these three
SNPs were excluded from further genotyping among the partners of pregnant women. All
polymorphismswere genotyped by polymerase chain reaction and allelic discrimination assay
on the ABI PRISM 7900HT detection system (Applied Biosystems, Foster City, CA) and
details are provided in the Supplemental data. Median genotyping efficiency (call rate) across
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SNPs and study samples was 99.8%. Genotype frequencies for all the SNPs in all studied
samples were in concordance with Hardy-Weinberg equilibrium (P $ 0.2; Supplemental
Table 1).

E. Statistical Analysis

Mean, standard deviation, median, and 5th to 95th percentiles were calculated for general
characteristics and outcome variables using Stata/SE version 13.1. Statistical tests were
performed using PLINK software, version 1.07 [31], unless stated otherwise. Tests for Hardy-
Weinberg equilibrium of the genotyped SNPs and tests for population differentiation (x2 test,
allelic and genotypic) for all pairs of studied samples were performed. Marker-trait associ-
ation testingwas performed usingmultiple linear regression applying additive geneticmodel.
If required, the natural log-transformation was used to obtain an approximate normal
distribution of values. Regression testing was performed with adjustment for appropriate
cofactors (Supplemental Methods). Results of individual study groups were combined in
meta-analysis using the meta package [32] for the statistical package R using inverse var-
iance method under fixed-effects model. Statistical significance threshold after correction for
multiple testing was estimated a = 0.05/119 = 4.2 3 1024 (Supplemental Methods). Corre-
lations between total T and SHBG levels were evaluated using Pearson product-moment
correlation coefficients. Subjects with outlier values for T and SHBG (,1st and .99th
percentiles) have been excluded from the correlation analysis.

2. Results

A. Clinical Comparison of the Three Study Groups

To assess the robustness of genetic associations, the current study was designed to include
three groups of men with different reproductive histories and health: young men (n = 540;
aged 19.3 6 1.8 years), and middle-aged patients with either severe idiopathic male factor
infertility (n = 641; 31.66 6.0 years) or proven fertility (partners of pregnant women; n = 324;
31.96 6.6 years; Table 1). Bothmiddle-aged study groups, menwith idiopathic infertility and
partners of pregnant women, had significantly higher body mass index than young men
(median 22.1 versus 24.8 and 25.8, respectively). As expected from the study group formation
criteria, fertile men exhibited 10-fold higher sperm counts (median 295.2; 5th to 95th per-
centiles, 60.0 to 980.1 million) compared with infertility patients (25.2; 0.4 to 94.5 million).
Reflecting their impaired testicular function, infertility patients were measured statistically
higher serum FSH (5.5; 1.9 to 19.8 IU/L) compared with young male cohort (2.9; 1.2 to 6.7 IU/
L) and fertile middle-aged men (3.6; 1.5 to 8.3 IU/L; P , 0.05). Young men exhibited higher
total T and larger total testes volume, but lower semen volume compared with middle-
aged men.

B. Common SHBG Variants Coregulate Circulating SHBG and Total T

Regulatory variant 268 G.A [rs1799941; minor allele frequency (MAF), 27.7% to 29.3%] at
the SHBG 50UTR exhibited a significant primary effect on increased SHBG in both study
groups with available SHBGmeasurements: young men [YM; P = 2.83 10210; A-allele effect
(SE) = 5.26 (0.77) nmol/L] and partners of pregnant women [PP; P = 1.0 3 1023; 3.58 (1.04)
nmol/L] [Fig. 1(a); Table 2]. Meta-analysis enhanced the statistical significance of the as-
sociation [P = 3.7 3 10214; 4.67 (0.62) nmol/L]. High levels of SHBG in A-allele carriers were
accompanied by increased total T [meta-analysis, all groups: P = 2.13 1027; 1.36 (0.26) nmol/
L], unchanged cFT level [young men + partners of pregnant women: P = 2.5 3 1021; 0.01
(0.01) nmol/L], and decreased %FT [young men + partners of pregnant women: P = 3.93 10210;
20.13% (0.02%)]. The regulatory variant +1091 C.T (rs727428; MAF 39.6% to 40.4%) down-
stream of the SHBG gene exhibited the same magnitude, but opposite genetic effect
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Figure 1. Tukey boxplots for the distribution of the SHBG, percentage of free testosterone
(%FT), and total testosterone values in the young men cohort (n = 540), partners of pregnant
women (n = 324), and idiopathic infertility patient study groups (n = 641) stratified according
to the genotypes of the SHBG gene variants (a) rs1799941 (268 G.A) and (b) rs727428
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compared with the 268 G.A [Fig. 1(b); Table 2]. T-allele carriers had decreased SHBG
[meta-analysis, youngmen + partners of pregnant women: P = 7.33 10211; allelic effect (SE) =
23.74 (0.57) nmol/L] and total T [meta-analysis, all groups: P = 6.3 3 1027; 21.64 (0.33)
nmol/L), unaffected cFT level [meta-analysis, young men + partners of pregnant women:
P = 7.63 1022,20.01 (0.01) nmol/L], but higher %FT [meta-analysis, youngmen + partners of
pregnant women: P = 6.5 3 1029; 0.11% (0.02%)].

The genetic associations of rs1799941 and rs727428 with SHBG, total T, and %FT were
robust across study groups and remained statistically significant after correction for
multiple testing. Neither of the variants affected the level of serum FSH and LH levels
(Table 2).

The two common SHBG variants 268 G.A (rs1799941) and +1091 C.T (rs727428) are
located 4369 base pairs apart, and the distribution of their alleles exhibits low correlation
(linkage disequilibrium estimate across all study subjects, r2 = 0.241). When the carriers of
the alternative genotype combinations were compared, the lowest circulating SHBG was
detected for the GG-homozygotes at 268 G.A position combined with TT-homozygosity at
the +1091 C.T position [young men: 29.1 6 10.6, partners of pregnant women: 28.3 6 10.6
nmol/L; Fig. 2(a)]. This level of SHBG was 27.5% lower compared with the opposite genotype
combination AA/CC [young men: 40.36 25.7, partners of pregnant women: 40.66 16.6 nmol/
L; P # 0.0012; Fig. 2(a)]. The measured serum SHBG and total T exhibited more prominent
positive correlation amongmiddle-aged (n = 292, r = 0.738, P, 0.0001) compared with young
men (n = 473, r = 0.484, P, 0.0001). The strength of interrelation between SHBG and T was
also dependent on the genotype combination of SHBG variant [Fig. 2(b)]. Interestingly, in
both groups the lowest correlation between circulating SHBG and T levels was detected
among the carriers of the major alleles of both variants [GG/CC genotype combination: young
men, n = 55, r = 0.276, P = 0.041; partners of pregnant women, n = 26, r = 0.586; P = 0.002; Fig.
2(b)]. This indicates in these men the weakest compensatory mechanism to keep their T in
normal level when the SHBG concentration is either increased or decreased.

C. Rare Variant SHBG Pro185Leu Exhibits Large Effects on Circulating
Reproductive Hormones

A rare missense variant Pro185Leu in the SHBG gene (rs6258, C.T; MAF 0.62% to 1.12%)
showed a strong functional effect that exceeded manifold the respective effects of the reg-
ulatory SNPs and was consistent across study groups. Carriers of the Pro.Leu substitution
had only 60% to 66% of the circulating SHBG level compared with Pro-Pro homozygotes
[meta-analysis, young men + partners of pregnant women: P = 1.2 3 1024, Leu-allele effect
(SE) 212.2 (3.17) nmol/L; Fig. 3; Table 2]. Total T levels in heterozygote mutation carriers
compared with wild-type variant were also substantially decreased, ranging from 71.5% to
82% [meta-analysis, all groups: P = 4.13 1024;24.80 (1.36) nmol/L]. As a consequence of low
SHBG and T, the Leu-variant carriers have ~20% higher %FT [young men + partners of
pregnant women:P = 2.23 1026; 0.48% (0.10%); Fig. 3; Table 2]. No effect was detected on the
level of cFT.

Only among infertile men, the SHBG Pro185Leu substitution showed additional down-
stream effect on reduced serum gonadotropin levels, LH [P = 5.1 3 1025; 21.66 (0.57) IU/L]
and FSH [P = 3.4 3 1023; 22.48 (1.23) IU/L]. Heterozygotes for this missense variant may
represent a subgroup of idiopathic infertility patients with low T, but no consequent increase

(+1091 C.T). Free testosterone (cFT) percentage (%FT) expresses the fraction of free
testosterone of total measured testosterone. cFT was calculated based on total testosterone
and SHBG measurements, using the Vermeulen’s equation [29]. The numbers above the
boxes represent median values. For idiopathic infertility patients, measurements of serum
SHBG were not available. Minor allele effect (statistic b from linear regression under
additive model) and statistical significance (P value) are shown on each graph.
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Table 2. Marker–Trait Association Analysis for the SHBGVariants rs1799941, rs727428, and rs6258, and
GCKR Variant rs1260326

Parameter

Linear
Regression
(Additive
Model)

Young Men
Cohort

Partners of
Pregnant
Women

Idiopathic
Infertility
Group (II)

Meta-Analysisa

Young Men +
Partners of
Pregnant
Women

Meta-Analysisa

Young Men +
Partners of
Pregnant

Women + II

SHBG rs1799941
(G.A),b 268 G/A

MAF, % 27.7 28.2 29.3 n/a n/a
Total T, nmol/L Effect (SE) 2.58 (0.58) 1.16 (0.43) 0.96 (0.40) 1.66 (0.35) 1.36 (0.26)

P value 2.3 3 1025 8.6 3 1023 1.7 3 1022 1.6 3 1026 2.1 3 1027

SHBG, nmol/L Effect (SE) 5.26 (0.77) 3.58 (1.04) n/d 4.67 (0.62) n/d
P value 2.8 3 10210 1.0 3 1023 3.7 3 10214

cFT, nmol/L Effect (SE) 0.02 (0.02) 0.00 (0.01) n/d 0.01 (0.01) n/d
P value 1.9 3 1021 5.5 3 1021 2.5 3 1021

%FT, % Effect (SE) 20.14 (0.03) 20.11 (0.03) n/d 20.13 (0.02) n/d
P value 6.7 3 1028 1.8 3 1023 3.9 3 10210

FSH, IU/L Effect (SE) 20.02 (0.10) 0.14 (0.16) 0.04 (0.25) 0.03 (0.08) 0.03 (0.08)
P value 8.4 3 1021 3.7 3 1021 8.6 3 1021 7.7 3 1021 7.4 3 1021

LH, IU/L Effect (SE) 0.06 (0.10) 20.04 (0.14) 0.05 (0.12) 0.03 (0.08) 0.03 (0.07)
P value 5.7 3 1021 8.0 3 1021 6.9 3 1021 7.6 3 1021 6.3 3 1021

Sperm count, mln Effect (SE) 7.76 (14.2) 231.8 (20.8) 3.27 (1.67) 24.82 (11.7) 3.11 (1.65)
P value 5.8 3 1021 9.2 3 1022 5.9 3 1022 6.8 3 1021 6.0 3 1022

Sperm concentration,
mln/mL

Effect (SE) 0.25 (4.21) 28.36 (5.17) 1.03 (0.38) 23.18 (3.27) 0.97 (0.38)
P value 9.5 3 1021 7.6 3 1022 1.0 3 1022 3.3 3 1021 1.0 x 1022

Total testes
volume, mL

Effect (SE) 0.59 (0.71) 1.06 (0.80) 20.51 (0.68) 0.79 (0.53) 0.31 (0.42)
P value 4.1 3 1021 1.9 3 1021 4.5 3 1021 1.3 3 1021 4.7 3 1021

SHBG rs727428
(C.T), +1091 C/T

MAF 39.6 40.4 39.8 n/a n/a
Total T, nmol/L Effect (SE) 22.43 (0.52) 21.13 (0.42) 21.58 (0.37) 21.64 (0.33) 21.61 (0.25)

P value 1.3 3 1026 5.6 3 1023 2.0 3 1025 6.3 3 1027 4.8 3 10211

SHBG, nmol/L Effect (SE) 23.60 (0.70) 24.03 (1.01) n/d 23.74 (0.57) n/d
P value 4.9 3 1028 2.1 3 1025 7.3 3 10211

cFT, nmol/L Effect (SE) 20.04 (0.01) 0.00 (0.01) n/d 20.01 (0.01) n/d
P value 1.1 3 1022 5.6 3 1021 7.6 3 1022

%FT, % Effect (SE) 0.10 (0.02) 0.13 (0.03) n/d 0.11 (0.02) n/d
P value 3.6 3 1025 4.8 3 1025 6.5 3 1029

FSH, IU/L Effect (SE) 20.04 (0.09) 0.06 (0.16) 20.35 (0.23) 20.01 (0.08) 20.05 (0.07)
P value 6.7 3 1021 6.9 3 1021 9.9 3 1022 8.6 3 1021 5.0 3 1021

LH, IU/L Effect (SE) 20.16 (0.09) 20.02 (0.14) 20.11 (0.11) 20.12 (0.08) 20.12 (0.06)
P value 8.2 3 1022 8.6 3 1021 2.8 3 1021 1.3 3 1021 6.8 3 1022

Sperm count, mln Effect (SE) 26.65 (12.7) 24.8 (20.6) 21.80 (1.53) 2.01 (10.8) 21.73 (1.51)
P value 5.8 3 1021 2.3 3 1021 2.0 3 1021 8.5 3 1021 2.5 3 1021

Sperm concentration,
mln/mL

Effect (SE) 20.39 (3.78) 6.22 (5.12) 20.55 (0.35) 1.94 (3.04) 20.51 (0.35)
P value 9.1 3 1021 2.3 3 1021 9.5 3 1022 5.2 3 1021 1.4 3 1021

Total testes
volume, mL

Effect (SE) 21.45 (0.64) 21.48 (0.79) 1.49 (0.63) 21.46 (0.50) 20.32 (0.39)
P value 2.4 3 1022 5.6 3 1022 1.9 3 1022 3.3 3 1023 4.0 3 1021

SHBG rs6258
(C.T), Pro185Leu

MAF 1.12 0.62 0.94 n/a n/a
Total T, nmol/L Effect (SE) 25.89 (2.73) 24.16 (2.67) 4.59 (1.94) 25.00 (1.91) 24.80 (1.36)

P value 1.1 3 1022 5.2 3 1022 1.8 3 1022 8.8 3 1023 4.1 3 1024

SHBG, nmol/L Effect (SE) 212.3 (3.65) 212.09 (6.39) n/d 212.2 (3.17) n/d
P value 9.9 3 1026 9.4 3 1023 1.2 3 1024

cFT, nmol/L Effect (SE) 0.06 (0.07) 20.03 (0.05) n/d 0.00 (0.04) n/d
P value 4.2 3 1021 5.7 3 1021 9.7 3 1021

%FT, % Effect (SE) 0.48 (0.12) 0.47 (0.19) n/d 0.48 (0.10) n/d
P value 6.3 3 1025 1.4 3 1022 2.2 3 1026

FSH, IU/L Effect (SE) 20.15 (0.47) 21.48 (1.04) 22.48 (1.23) 20.38 (0.43) 20.61 (0.40)
P value 7.2 3 1021 3.6 3 1022 3.4 3 1023 3.8 3 1021 1.3 3 1021

LH, IU/L Effect (SE) 20.08 (0.49) 0.18 (0.90) 21.66 (0.57) 20.02 (0.43) 20.62 (0.34)
P value 8.6 3 1021 8.3 3 1021 5.1 3 1025 9.6 3 1021 7.1 3 1022
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in FSH and LH. Notably, a trend for reduced FSH was also detected among partners of
pregnant women [P = 3.6 3 1022; 21.48 (1.04) IU/L], potentially indicative to a progressive
effect with increasing age.

D. Main Effect of GCKR Variant Pro446Leu Is on Decreased SHBG

GCKR Pro446Leu missense variant (rs1260326; MAF 36.8% to 41.1%) exhibited functional
effect only on serum SHBG [P = 1.5 3 1024; allele effect 22.2 (0.59) nmol/L] and %FT
[P = 3.53 1025; 0.08% (0.02%); Table 2]. This genetic effect was weaker than was identified
for the analyzedSHBG variants. Consequently, no significant associationwas detectedwith
total T.

Interestingly, we observed a trend for an increasing genetic effect of GCKR Pro446Leu
with age, as the effect on both, SHBG and %FT was approximately doubled among the
middle-aged partners of pregnant women (aged 31.96 6.6 years) compared with youngmen
cohort (19.3 6 1.8 years; Table 2). As this missense variant has a vast cascade of functional
effects on shaping the serum metabolomics profile and susceptibility cardio-metabolic
diseases [21], the age-related progressive effect may indicate decreasing actions of com-
pensatory mechanisms.

Table 2. Continued

Parameter

Linear
Regression
(Additive
Model)

Young Men
Cohort

Partners of
Pregnant
Women

Idiopathic
Infertility
Group (II)

Meta-Analysisa

Young Men +
Partners of
Pregnant
Women

Meta-Analysisa

Young Men +
Partners of
Pregnant

Women + II

Sperm count, mln Effect (SE) 247.9 (72.4) 130.1 (145.0) 7.81 (8.74) 212.4 (64.8) 7.45 (8.66)
P value 3.6 3 1021 3.6 3 1021 3.6 3 1021 8.5 3 1021 3.9 3 1021

Sperm concentration,
mln/mL

Effect (SE) 216.8 (21.2) 39.70 (35.59) 2.97 (1.92) 22.0 (18.18) 2.91 (1.91)
P value 2.8 3 1021 2.7 3 1021 1.5 3 1021 9.1 3 1021 1.3 3 1021

Total testes
volume, mL

Effect (SE) 25.71 (3.14) 0.68 (4.85) 4.46 (3.28) 23.82 (2.64) 20.57 (2.05)
P value 7.0 3 1022 8.8 3 1021 1.8 3 1021 1.5 3 1021 7.8 3 1021

GCKR rs1260326
(C.T), Pro446Leu

MAF 41.1 37.4 36.8 n/a n/a
Total T, nmol/L Effect (SE) 20.03 (0.55) 20.83 (0.41) 20.42 (0.38) 20.54 (0.33) 20.49 (0.25)

P value 9.5 3 1021 3.7 3 1022 2.7 3 1021 1.0 3 1021 5.0 3 1022

SHBG, nmol/L Effect (SE) 21.61 (0.73) 23.38 (1.00) n/d 22.2 (0.59) n/d
P value 2.3 3 1022 3.1 3 1024 1.5 3 1024

cFT, nmol/L Effect (SE) 0.02 (0.01) 20.01 (0.01) n/d 0.00 (0.01) n/d
P value 1.7 3 1021 4.8 3 1021 9.7 3 1021

%FT, % Effect (SE) 0.06 (0.02) 0.11 (0.03) n/d 0.08 (0.02) n/d
P value 1.2 3 1022 5.1 3 1024 3.5 3 1025

FSH, IU/L Effect (SE) 20.04 (0.09) 20.07 (0.15) 0.06 (0.23) 20.05 (0.08) 20.04 (0.07)
P value 6.8 3 1021 6.2 3 1021 7.9 3 1021 5.5 3 1021 6.3 3 1021

LH, IU/L Effect (SE) 0.02 (0.10) 20.27 (0.13) 0.13 (0.11) 20.08 (0.08) 20.01 (0.06)
P value 8.8 3 1021 3.3 3 1022 2.4 3 1021 2.9 3 1021 8.6 3 1021

Sperm count, mln Effect (SE) 3.41 (13.0) 215.9 (20.1) 0.57 (1.57) 22.29 (10.9) 0.51 (1.56)
P value 7.9 3 1021 4.0 3 1021 7.1 3 1021 8.34 3 1021 7.4 3 1021

Sperm concentration,
mln/mL

Effect (SE) 3.05 (3.88) 20.54 (5.00) 0.19 (0.36) 1.70 (3.06) 1.00 (1.23)
P value 4.3 3 1021 9.1 3 1021 5.9 3 1021 5.8 3 1021 4.1 3 1021

Total testes
volume, mL

Effect (SE) 20.92 (0.65) 0.98 (0.77) 0.47 (0.65) 20.14 (0.50) 0.09 (0.40)
P value 1.6 3 1021 2.1 3 1021 4.7 3 1021 7.9 3 1021 8.3 3 1021

Minor allele effect is shown as the estimated linear regression (additivemodel) statistic b, and SE of the regression is
shown in parentheses. P values resistant to Bonferroni correction for multiple testing are indicated in bold.
Abbreviations: mln, million; n/a, not applicable; n/d, not determined.
aResults in individual study groups were combined into meta-analysis using inverse variance method under fixed-
effects model.
bMajor allele . minor allele.
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Figure 2. Effect of the carrier status of SHBG rs1799941 (268G/A; 50UTR) and rs727428
(+1091 C.T; 30downstream) genotype combinations on SHBG and total T levels in the study
groups of young men (n = 540) and partners of pregnant women (n = 324). (a) SHBG levels in
the nine possible SHBG genotype combinations formed by the 268G/A and +1091 C/T
variants. Respective number of carriers is shown under the SHBG data presented as mean 6
SD. The prevalence of each genotype combination (%) is shown in parentheses. Box plots
show the genetic effect on double homozygotes of the two studied variants, rs1799941/
rs727428 genotypes (GG/CC, green; GG/tt, red; aa/CC, blue). The numbers inside the boxes
represent median values. Statistical significance between the groups was assessed by
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E. No Confirmed Effect of Three GWAS Top-SNPs on Male Reproductive Hormones

Three SNPs, highlighted in recent GWA studies [15, 16], showed no statistically significant
associations with any of the analyzed male reproductive parameters in young men and
infertility patients (Supplemental Table 2). These SNPs were missense variants in the
SHBG Asp327Asn (rs6259, G.A, MAF = 7.7% to 8.0%), SLCO1B1 Val174Ala (rs4149056,
T.C, MAF = 19.6% to 23.9%), and an intronic variant in JMJD1C (rs7910927 G.T, MAF =
48.3% to 50.8%).

F. Analyzed Genetic Variants Were Not Significantly Associated With Infertility Status, and
Seminal And Testicular Parameters

None of the tests comparing allele and genotype distributions between the three study
groups, including comparison between infertility patients and men with proved fertil-
ity, reached statistical significance (Supplemental Table 1). Thus, the current data ex-
clude the major role of the studied seven SNPs in predisposition to severe male factor
infertility.

Consistently, none of the tested seven SNPs was significantly associated with semen and
total testicular volume, and total sperm count and concentration (Table 2; Supplemental
Table 2).

3. Discussion

The major aim of the current study was to identify genetic variants with robust and re-
producible effects on male reproductive parameters. Such variants may have potential ap-
plicability in andrology practices in diagnostic purposes, as well as in the development of
optimal treatment options taking into consideration an individual’s genetic profile. The
strength and advantage of our study compared with the previous reports was the analysis of
genetic associations across a broad range of hormonal and testicular parameters available for
the three independent study groups of men with different reproductive histories (young and
middle-aged, fertile and infertile). All the patients involved in the current study had been
clinically phenotyped and passed the standardized andrology workup conducted by trained
andrology specialists at a dedicated clinical center [26]. This represents an additional
strength of the study. This study tests the targeted variants for the link to male infertility
status. Furthermore, no studies have addressed the association of polymorphisms in the
GCKR, SLCO1B1, and JMJD1C with sperm parameters and impaired fertility, despite
highlighting them in GWA studies for male reproductive hormones.

In our clinical study groups, we replicated four of seven top genetic associations previously
highlighted in GWA studies for serum SHBG and/or T levels (Table 2; Figs. 1 and 3). The
corroborated genetic associations represented regulatory and coding variants, common and
rare variants. Three of the confirmed associations had been originally demonstrated in
candidate gene studies. A common polymorphism, SHBG 268 G.A (rs1799941), was shown
to contribute to circulating SHBG and T levels in men already a decade ago [17]. The SHBG
downstream variant +1091 C.T (rs727428) was initially highlighted as the SHBG-level
modulating SNP predisposing to breast cancer [19], and the GCKR Pro446Leu substitution
(rs1260326) has been extensively studied in the context of metabolic disorders [21]. Only
the missense rare variant SHBG Pro185Leu (rs6258), exhibiting large effect on both

Mann-Whitney U test. (b) Scatter plots assessing correlations between SHBG and total
testosterone levels in rs1799941/rs727428 genotype combinations GG/CC (green), GG/tt (red),
and aa/CC (blue) from young men cohort and partners of pregnant women. Best-fit regression
line, 5th to 95th confidence intervals, Pearson product-moment correlation coefficients (r),
and significance of correlation (P) are shown.
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serum SHBG and T, had been discovered using the GWA approach [14]. Ohlsson et al. [14]
demonstrated that leucine at the SHBG position 185 resulted in its altered steroid-binding
capacity affecting T bioavailability and action at the target tissue level.

One previous study on a mixed sample including men with normal and abnormal semen
quality (n = 677) has demonstrated a potential association of two variants in the SHBG
gene,268 G.A (rs1799941) and rs6259 (Asp327Asn) with sperm concentration and motility
[33]. So far, no studies have replicated these claims. In our study, none of the tested SNPs
showed a clear effect on fertility status and seminal and testicular parameters in the three
homogenously formed study groups. What could be the clinical implications and impact of
these genetic effects? Among our young and middle-aged men study groups, genetically
determined level of serum SHBG was tightly positively correlated with the level of total T.
Increased levels of circulating SHBGwere accompanied by increased production of T [Table 2;
Fig. 2(b)], guaranteeing optimal availability of T to organs and tissues in the male body. This
refers to fine-tuned feedback mechanisms to maintain the amount of FT at a constant level
(Table 2). Although this compensatory mechanism is expected to work well for the young and
middle-aged men, it may gradually decline along the age and in the context of overall im-
paired health. In elderly men, even in the case of normal serum levels of T, low cFT levels are
associated with androgen-deficiency related symptoms [34]. In addition to cFT, there is rising
acknowledgment of the importance of %FT (FT fraction of total T) in clinical practice. Re-
cently, higher %FT has been associated with poor-prognosis prostate cancer [35]. We have
shown that in the SHBG variants 268 G.A (rs1799941) and +1091 C.T (rs727428), the
SHBGPro185Leu (rs6258) andGCKR Pro446Leu (rs1260326) substitutions are significantly
associated with %FT levels. Regarding the SHBG Pro185Leu variant, our results are

Figure 3. Tukey boxplots for the distribution of the total testosterone, SHBG, and %FT
values in the young men cohort (n = 540), partners of pregnant women (n = 324), and
idiopathic infertility patient study groups (n = 641) stratified according to the genotypes of
the SHBG gene variant rs6258 (C.T, Pro185Leu). The numbers above the boxes represent
median values. Minor allele effect (statistic b from linear regression under additive model)
and statistical significance (P value) are shown on each graph.
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consistent with the study by Ohlsson et al. [14] reporting that the this substitution is as-
sociated with higher %FT due to lower steroid-binding capacity of serum SHBG. Thus, in
the assessment of male reproductive physiology and health, introduction of routine
estimation of cFT and %FT appear to be equally important to the measurement of serum
total T [34]. There is an increased global interest in T deficiency in men, as respective
sexual and nonsexual symptoms can negatively affect the quality of life and cause general
health concerns such as depression, fatigue, and decreased concentration and memory
[36]. The genetic variants shown in the current report with a robust effect on serum
SHBG and T represent prime candidates for the future studies of hypogonadism, i.e.
T deficiency among aging men. Our study suggests that the efficiency of the compen-
satory mechanism for the altered level of SHBG is dependent on the genetic variation in
the SHBG gene [Fig. 2(b)].

Further impact in andrology clinic may arise from the analysis of the highlighted rare
missense variants. Men carrying the SHBG Pro185Leu (rs6258) substitution represent a
subgroup of idiopathic infertility patients with low T, but no consequent increase in FSH and
LH. This genetic stratification may assist in choosing the optimal workup scheme for these
patients. A substitution Pro446Leu (rs1260326) in the hepatic GCKR gene had a weaker
effect on the studied parameters and thus, it was only statistically significant on serum
SHBG. Overall, this variant exhibits a pleiotropic effect on a number of metabolic parameters
(e.g. on triglycerides, serum urate levels) [37, 38] and thus may additionally contribute to the
profile of clinical symptoms in hypogonadism among aging men.

The current study among young and middle-aged men did not confirm three genetic as-
sociations with SHBG, initially reported by a large meta-analysis of GWA reports. These
represent the SHBG Asp327Asn substitution variant (rs6259) and two SNPs in the genes
involved in either hepatic function (SLCO1B1, rs4149056) or spermatogenesis (JMJD1C,
rs7910927). The GWA studies meta-analysis included 16 epidemiological cohorts (n = 28,837;
14,938men and 10,899 women) with various clinical profiles [15]. One possible explanation is
that these variants are mainly associated with SHBG among women or in certain clinical
groups. Indeed, the seminal study on the genetic effect of the SHBG Asp327Asn was per-
formed among women referred to the clinic for hirsutism, including .50% diagnosed with
polycystic ovary syndrome [20]. There is an abundance of literature that the SLCO1B1
missense variant Val174Ala (rs4149056) mainly affects pharmacokinetics and various
treatment responses [39]. JMJD1C represents a novel gene linked to male fertility. Although
two independent GWA studies have reported association with SHBG [15] and T [16], there is
emerging evidence that its role as a candidate histone demethylase is rather in epigenetic
regulation in several clinical conditions [23, 40].

In summary, we have robustly replicated the association with serum SHBG for four of
seven analyzed genetic variants. Our study alerts to investigations on the role of genetically
determined level of T (as well as cFT and %FT) in reproductive and general health of aging
men, in predisposition to hypotestosteronemia and pharmacogenetics of hormone replacement
therapy in male infertility and hypogonadism.
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