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The FSHB —211G>T variant attenuates serum
FSH levels in the supraphysiological gonadotropin
setting of Klinefelter syndrome

Alexander S Busch!3, Frank Tiittelmann?3, Michael Zitzmann!, Sabine Kliesch! and Jorg Gromoll*!

Klinefelter syndrome (47, XXY) is the most frequent genetic cause of male infertility and individuals share the endocrine
hallmark of hypergonadotropic hypogonadism. Single-nucleotide polymorphisms located within the FSHB/FSHR gene were
recently shown to impact serum follicle-stimulating hormone (FSH) levels and other reproductive parameters in men. The
objective of this study was to analyse the effect of FSHB-211G>T (c. —280G>T, rs10835638) as well as FSHR ¢.2039G>A
(rs6166) and FSHR c. —29G > A (rs1394205) on endocrine and reproductive parameters in untreated and testosterone-treated
Klinefelter patients. Patients were retrospectively selected from the clientele attending a university-based andrology centre. A
total of 309 non-mosaic Klinefelter individuals between 18 and 65 years were included and genotyped for the variants by
TaqMan assays. The untreated group comprised 248 men, in which the FSHB —211G>T allele was significantly associated
with the reduced serum follicle-stimulating hormone levels (—6.5 U/l per T allele, P=1.3 x 10 —3). Testosterone treatment
(n=150) abolished the observed association. When analysing patients before and under testosterone treatment (n=89),
gonadotropin levels were similarly suppressed independently of the FSHB genotype. The FSHR polymorphisms did not exhibit
any significant influence in any group, neither on the endocrine nor reproductive parameters. In conclusion, a hypergonadotropic
setting such as Klinefelter syndrome does not mask the FSHB —211G>T genotype effects on the follicle-stimulating hormone
serum levels. The impact was indeed more pronounced compared with normal or infertile men, whereas gonadotropin
suppression under testosterone treatment seems to be independent of the genotype. Thus, the FSHB —211G>T genotype is a

key determinant in the regulation of gonadotropins in different reproductive-endocrine pathopyhsiologies.
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INTRODUCTION

Klinefelter’s syndrome (KS) is the most frequent genetic cause of male
infertility.! The syndrome is caused by a numerical sex chromosomal
aberration (47, XXY or higher-grade aneuploidies and mosaicisms).
Patients typically display small firm testes and azoospermia,” while
other symptoms including eunuchoid tall stature, gynaecomastia,
display a broad interindividual phenotypic variability.> Due to
deficient testicular function and hence the absence of negative
feedback regulation by the gonadal steroids and Inhibin B, adult
Klinefelter ~ individuals share the endocrine hallmark of
hypergonadotropic FSH and luteinzing hormone (LH) levels, often
in the presence of low testosterone levels.*® Recently, a single-
nucleotide polymorphism (SNP; FSHB c.—280G>T, rs10835638,
commonly denoted as FSHB —211G>T, see Materials and methods)
in the promoter of the FSHB gene, coding for the f-subunit of FSH,
has been observed to be associated with reduced serum FSH levels in
men.” !0 Furthermore, associations with testosterone and other
downstream reproductive parameters, that is, lower bi-testicular
volume and lower sperm concentration/count have been reported.'®
In addition, two SNPs in the FSH receptor, FSHR ¢.2039G>A
(rs6166) and FSHR c.—29G>A (rs1394205), have been shown to
impact serum FSH levels in men.!! As Klinefelter individuals display
supraphysiological, but highly variable gonadotropin levels, we asked
whether an impact of the FSHB —211G>T SNP on gonadotropins

exists and if testosterone treatment influences gonadotropin
suppression depending on the SNP genotype. To address this, we
investigated large cohorts of KS patients who were either treatment
naive or under testosterone treatment. Further, we included FSHR
€.2039G> A and FSHR c. —29G> A in our analysis and additionally
measured Inhibin B and anti-Miillerian hormone (AMH) levels in a
subgroup of 52 untreated KS individuals and a control group
comprising 50 healthy men to asses Sertoli cell function.

MATERIALS AND METHODS

Study population

All patients were retrospectively selected from the clientele attending the
Department of Clinical Andrology, Centre of Reproductive Medicine and
Andrology, University Clinic Miinster, using the Androbase database.!?
Klinefelter individuals between 18 and 65 years were included while
excluding patients with higher-grade aneuploidies or mosaicisms. A total of
309 KS individuals were included forming the following groups: the first group
comprised of 248 patients who were either treatment naive or did not receive
any testosterone treatment in the previous 12 months (untreated group).
A second group comprised of 150 patients who underwent testosterone
treatment at the time of hormone measurement (treated group). Around half
of these patients were treated with testosterone gel and the other half with
quarterly injections of testosterone undecanoate. Both groups shared 89 KS
individuals with both a treated and an untreated status. To establish previously
unavailable normal ranges for Inhibin B and AMH, 50 male controls (mean
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age: 42.4 years  14.2, range: 21-68 years) were recruited by advertisement in
newspapers, consented specifically and analysed. Health status of controls was
not specifically asked for to minimize bias.

Ethics statement

All participants gave informed written consent for evaluation of their clinical
data and genetic analysis of their donated DNA samples according to protocols
approved by the Ethics Committee of the Medical Faculty in Miinster
(AZ4INie).

Hormone analyses

A venous blood sample was drawn from the cubital vein. FSH and LH were
measured by immunofluorometric assays (Autodelfia; Perkin-Elmer, Freiburg,
Germany). Serum testosterone (DRG-AURICA-ELISA testosterone kit; DRG-
Instruments, Marburg, Germany), AMH and Inhibin B (AMH/Inhibin B Gen
II Kit, Beckman Coulter, Sinsheim, Germany) were measured by a commercial
ELISA. Intra- and interassay coefficients of variation were less than 5% and less
than 10%, respectively. Free testosterone was calculated from total testosterone
and sex hormone-binding globulin (SHBG) concentrations.!?

Genotyping

Genomic DNA was extracted from EDTA-preserved blood using the FlexiGene
DNA extraction kit (QIAGEN, Diisseldorf, Germany). Genotyping
was performed with the StepOnePlus Real-Time PCR-System, the TagMan
GTXpress Master Mix and a TagMan genotyping assay mix customized for the
FSHB ¢.—280G>T (rs10835638, NC_000011.10:2.30230805G>T and
NM_000510.2:c. —280G>T, most commonly denoted as FSHB —211G>T
referring to the position upstream of the mRNA transcription start site,
which is predicted 69bp upstream of the ATG codon), FSHR —29G>A
(rs1394205, NC_000002.12:2.49154446C>T and NM_000145.3:c. —29G>A)
and FSHR ¢2039G>A (rs6166, NC_000002.12:g.48962782C>T and
NM_000145.3:¢.2039G > A; because the common allele in most populations
is A, this SNP has frequently been denoted as c¢.2039A>G) SNPs (Applied
Biosystems, Carlsbad, CA, USA). The thermal cycling conditions were as
follows: 2min at 50 °C followed by 15min at 95°C and 35 cycles of 15s
at 95°C plus 1min at 60°C. All genotyping results have been
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submitted to dbSNP database (ss ID: s$s1056609682, ss1052336034 and
51052336035, respectively; URL: http://www.ncbi.nlm.nih.gov/SNP/snp_ss.cgi?
subsnp_id=1056609682, http://www.ncbi.nlm.nih.gov/SNP/snp_ss.cgi?subsnp_
1d=1052336034 and http://www.ncbi.nlm.nih.gov/SNP/snp_ss.cgi?subsnp_id=
1052336035, respectively). rs10835638 was additionally reported to ClinVar
database (Accession SCV000165958; URL: http://www.ncbi.nlm.nih.gov/clinvar/
2term=SCV000165958).

Statistics

All analyses were performed using Stata/SE (StataCorp LP, Version 11.2;
College Station, TX, USA) using additional Stata subroutines.'* The HWSNP
subroutine was used to test for deviation from the Hardy—Weinberg
equilibrium and the GENCC subroutine to test for differences in allele
frequencies. QTLSNP was used for linear regression to test the hypothesis of
equality of the means of parameters across genotypes, including continuous
covariate adjustment. Although the additive model assumes a cumulative allele
effect in a dose-dependent manner, in the recessive model strong effects are
only expected among minor allele homozygotes. As values, except estradiol,
did not follow a Gaussian distribution, data were log-transformed to
approximate a normal distribution. P<0.05 was considered statistically
significant.

RESULTS

All SNP genotypes were found to be in Hardy—Weinberg equilibrium
for the study group (P=NS). Age and BMI differed significantly
between the FSHB —211G>T genotype groups (Tables 1 and 2) and
were introduced as covariates into the model. Regarding the untreated
group, the FSHB —211 T allele was significantly associated with
reduced serum FSH levels (additive model: —6.5U/1 per T allele,
P=1.3 x 1073, recessive model: TT homozygosity-effect: —10.1 U/,
P=6.6 x 1073). No other endocrine or reproductive parameter, for
example, bi-testicular volume, was significantly associated with the
FSHB —211G>T genotype (Table 1 and Figure la). Testosterone
treatment of KS patients abolished the previously observed associa-
tion, although a clear gradient over the three genotypes was observed

Table 1 Clinical parameters of the untreated group (N=248) stratified by FSHB —211G>T genotype?

Additive model Recessive model

FSHB —211G> T rs10835638 G/GN=173) G/TN=71) T/T(N=4) P-value T-allele-effect® P-value TT-homozygosity-effect®
FSH (U/1)¢ 38.1+15.2 289+11.4 14.8+4.7 1.3x103 -6.5(4.0) 6.6 103 —10.1 (8.2)
36.5 (18.5-71.4) 27.9 (15.1-47.3) 16.2 (8.1-18.8)
LH (u/ne 20.4+9.5 18.5+6.6 16.7+1.6 9.5x10! -04(2.6) 98x10! -0.3(5.1)
18.8 (10.5-38.5) 17.3 (8.9-28.9) 16.4 (15.3-18.6)
Testosterone (nmol/1)¢ 9.9+45 11.0£4.8 6.3+3.0 53x101 03(1.2) 6.1x10! -0.4 (2.4)
9.9 (2.6-17.6) 10.8 (3.6-19.0) 5.9 (3.3-10.2)
Testosterone (pmol/I)© 184+84 207115 134+56 2.7x107! 20 (26) 3.4x10°1 —-32 (51)
179 (52-324) 191 (64-463) 130 (76-199)
SHBG (nmol/I)® 39.1+16.8 39.8+17.6 26.815.1 2.9x10! -5.3 (4.8) 3.2x10°! —10.1 (9.5)
35.0 (15.5-72.0) 35.0 (14.6-73.2) 26.0 (22.0-34.0)
Estradiol (pmol/l) 68.9+22.3 70.8£22.0 68.5+9.9 8.1x10! 1.6 (6.7) 8.3x10°! 2.9(13.3)
69.0 (26.4-109.0) 72.0 (33.2-103.8) 69.0 (57.0-79)
Bi-testicular volume (ml)® 5.2+3.5 54+3.5 3.3+1.0 9.9x10! -0.4(1.1) 97x10! -0.9 (2.1)
4.0 (2.0-11.0) 5.0 (2.0-12.7) 4.0 (2.0-4.0)
Age (years) 29.1+8.3 30.5+9.7 435+12.4 1.3x10°3 7.2(22) 17x10°3 14.0 (4.4)
29.0(19.0-43.3) 30.0(18.0-46.8) 41.0(33.0-60)
BMI (kg/m?) 25.6+5.3 25.7+5.5 32.0+7.6 4.1x102 3.2(1.6) 4.2x102 6.4 (3.1)

24.9 (18.0-35.6)

24.4 (18.7-35.5)

29.8 (25.7-40.5)

Abbreviations: BMI, body mass index; FSH, follicle-stimulating hormone; LH, luteinizing hormone; SHBG, sex hormone-binding globulin.
Genotype-trait associations calculated by linear regression across genotypes with the covariates age and BMI for all parameters except age and BMI. Significant associations are marked in bold

(Pvalues<5.0 x 10-2).

2Data presented as mean +SD and median (5-95th percentile).

bT-allele- and TT-homozygosity-effect (beta coefficient of regression) with SE in brackets.
¢Log-transformed for calculation of P-values.
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Table 2 Clinical parameters of the treated group (N= 150) stratified by FSHB —211G>T genotype?

Additive model

Recessive model

FSHB —211G>Trs10835638 G/G N=93) G/T(N=51) T/T(N=6) P-value T-allele-effect® P-value TT-homozygosity-effect®
FSH (U/1)° 18.7+£16.0 16.5+16.0 6.1+5.2 7.1x10°! -3.1(89) 79x10°! -5.7(7.7)
17.9 (0.1-48.2) 11.4 (0.1-48.5) 5.3 (0.3-14.1)
LH (u/m)e 9.2+8.6 9.1+£8.0 9.0£7.3 55x 10! -0.6(2.1) 53x10°! -1.3(4.2)
7.6 (0.1-22.6) 8.6 (0.1-25.7) 8.9 (0.8-19.8)
Testosterone (nmol/l)® 18.3+10.3 18.5+9.5 21.3+£15.9 9.8x10°! -0.5(2.5) 9.6x107? -1.1(5.0)
16.9 (7.5-34.0) 17.4 (6.1-39.6) 16.5 (10.3-52.6)
Testosterone (pmol/l)® 417 £316 404 +271 615+610 8.4x10°1 -5 (80) 8.2x 107! -8(157)
359 (162-845) 354 (115-781) 383 (249-1837)
SHBG (nmol/l)® 32.9+13.2 35.6+13.4 23.0+4.9 48x10°1 -26(32 41x10-! -5.0 (5.7)
31.0(15.7-56.9) 34.0(17.2-62.8) 22.5 (16.0-31.0)
Estradiol (pmol/I)¢ 91.9+31.9 97.0+38.8 122.5+40.1 6.6x 107! 3.8(86) 78x107! 4.9 (17.2)
88.0 (44.0-152.3) 92.0 (49.0-173.6) 111.0 (78.0-192)
Bi-testicular volume (ml)¢ 42+2.7 3.7+23 5416.0 3.0x10°! 1.4(0.7) 25x10°! 3.0(1.4)
3.0 (2.0-10.3) 3.0 (2.0-9.0) 3.0 (2.0-16.0)
Age (years) 32.9+9.8 34.4+11.7 42.0+£12.6 8.2x10°2 39(22) 1.0x10°! 7.3 (4.4)
32.0(19.0-55.3) 34.0(18.0-56.4) 39.5(23.0-61.0)
BMI (kg/m?) 27.2+5.4 27.3+£4.9 33.0+7.7 3.3x102 29(1.4) 3.2x10°2 5.8 (2.7)

26.4 (18.8-37.7)  27.5(19.5-36.0)

31.6 (26.0-42.9)

Abbreviations: BMI, body mass index; FSH, follicle-stimulating hormone; LH, luteinizing hormone; SHBG, sex hormone-binding globulin.
Genotype-trait associations calculated by linear regression across genotypes with the covariates age and BMI for all parameters except age and BMI. Significant associations are marked in bold

(P-values<5.0 x 10~2) and underlined for trends (P-values <1.0 x 10~1).

aData presented as mean + SD and median (5-95th percentile).

bT-allele- and TT-homozygosity-effect (beta coefficient of regression) with SE in brackets.
¢Log-transformed for calculation of P-values.

(Table 2 and Figure 1b). Investigation of each testosterone-agent
subgroup alone did not show any significant influences of the SNP
(data not shown). LH displayed a non-significant and less pro-
nounced gradient over the three genotypes in the untreated group,
which was no longer detectable in the treated group (Tables 1 and 2).
When comparing the untreated and treated status in the subgroup of
89 men, mean FSH suppression by testosterone treatment accounted
for 49.7% +38.8 among GG-homozygotes, 44.0% +39.8 among
GT heterozygotes and 46.0% *31.9 among TT homozygotes and
was comparable between genotype groups (P=NS). FSHR
¢2039G>A and FSHR c.—29G>A did not exhibit any further
significant influence on any parameter neither in the untreated
(Supplementary Tables 1 and 2) nor in the treated group (data not
shown). Notably, a trend for lower FSH in the untreated FSHR c. —29
A-Allele group was observed. Comparable to a previous study,'® we
found AMH and Inhibin B levels in KS individuals strongly reduced
(mean: 0.44ng/ml and 1.5 pg/ml, respectively) in comparison with
controls (mean: 5.43ng/ml and 195 pg/ml, respectively). Only half of
the KS patients had AMH levels above the assay detection limit
(Supplementary Figure 1) and only two patents displayed measurable
Inhibin B levels. No association with the SNPs” genotypes was found.

DISCUSSION
The present study evaluated a possible impact of FSHB —211G>T,
FSHR ¢.2039G>A and FSHR c.—29G>A SNPs on the endocrine
phenotype in Klinefelter individuals and verified an association of
FSHB —211G>T with reduced FSH levels even in a hypergonado-
tropic setting consistently with previous observations in men.”~10
A relation of testicular size with FSHB/FSHR genotypes could not
be observed, most likely due to the predominant azoospermia in
KS patients.

Since the first clinical study, showing an impact of the FSHB -
211G>T SNP on FSH levels and other reproductive parameters in a
male cohort,” this SNP has become subject to extensive research in
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both men and women.”" %1617 Recent studies also addressed the

clinical use of this genetic marker in male infertility treatment.!”
Concerning the function of this SNP, a recent in vitro study identified
an altered LHX3 binding site in the human FSHB promoter,
encompassing the —211G>T SNP, to be potentially responsible for
the reduced transcriptional activity of the FSHB T-allele variant.'8
Although LHX3 has been shown to be an essential factor in the
regulation of gonadotropin subunit expression,'® it is still unclear
how the transcription factor exerts its effect on FSHB transcription.
Assuming that the net production of FSHB is limited in the TT
genotype, it obviously does not preclude the synthesis of very high
levels of FSH as observed in KS patients. Thus, a scenario in which the
basal synthesis is hampered, but stimulation at a reduced maximum
net amount of FSHB is possible, seems to be very likely. The TT
genotype does not seem to impair the negative feedback regulation of
the FSHB gene, as testosterone treatment not only suppresses FSH
levels, but moreover also abolishes difference between all FSHB
genotypes. Thus, the observed effects of testosterone treatment are
mainly mediated via a presumably changed hypothalamic GnRH
pulse frequency/amplitude effect, which in turn reduces the synthesis
rate of both gonadotropins. The strongly reduced or undetectable
Inhibin B and AMH levels in KS seem to reflect either an impaired
Sertoli cell function (low AMH) and as consequence thereof lacking
spermatogenesis (low Inhibin B levels) or might indicate a substantial
defect in hormone accessibility of FSH to Sertoli cells. This may be
due to a changed testicular architecture as recently shown in KS
patients and a mouse model.?? The investigated FSH receptor SNPs
had no significant impact on FSH levels probably due to the lack of
feedback mechanism.

We found the effect of the T-allele variant of the —211G>T SNP
in this cohort of untreated hypergonadotropic individuals more
visible than in previous studies on male cohorts, resulting in a
decrease of FSH of about 60% (GG vs TT homozygotes). Unfortu-
nately, the groups — primarily the TT group — differ significantly in



a
untreated
100 - .
80 - '-,: .
S 60 -
T
m e —
40
1 T =
o 1 ] 1
X é <
Genotype
b
treated
60 -
3 40 A
I
»n
18
20 -
—_
0 ! 1
& & <
Genotype

Figure 1 Box and whisker plots of FSH serum concentrations according to
FSHB —211G>T genotype of the untreated (a) and the treated group (b).
Boxes contain 50% of the distribution, whiskers extend to 5-95%; lines in
boxes represent the median.

age and BMI. As these two variables can be independent determinants
of gonadotropins and reproductive parameters,>>> we used them for
covariate adjustment to control for confounding. Collectively,
investigating the hypergonadotropic setting in KS, our results
underline the role of this SNP in altering FSHB expression.

We further showed that the effect of the SNP on FSH levels is no
longer significant in the testosterone-treated group. Around half of
these patients were treated with testosterone gel and the other half with
quarterly injections of testosterone undecanoate, resulting in broad
interindividual variance of gonadotropin suppression. Investigation of
each group alone did not exhibit any significance influences of the SNP,
probably due to the reduced group sizes. The reason for the loss of
significance rather seems to be the broad interindividual variance of
gonadotropin suppression by testosterone than the loss of the impact
of the SNP. In addition, testosterone substitution was sufficient to
suppress elevated gonadotropin levels comparably across all genotypes.

Our study raises important questions: first, it would be interesting
to study whether KS patients carrying different FSHB genotypes show
differences in testicular phenotype. In the virtual absence of sperma-
togenesis, the direct effect of FSH on Sertoli cell number during
(pre-)pubertal development could be investigated and it would also
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be interesting to see whether patients with the FSHB TT genotype
have less Sertoli cells. Second, it would be interesting whether the
observed effect is also detectable in elderly women, another setting
with hypergonadotropism, where it might modulate the onset of
menopause.
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