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Portugal; o Institute of Molecular Pathology and Immunology of the University of Porto (IPATIMUP), Porto, Portugal;
p Serviço de Gen�etica, Departamento de Patologia, Faculdade de Medicina da Universidade do Porto, Porto, Portugal;
q ToxOmics - Centro de Toxicogen�omica e Sa�ude Humana, Nova Medical School, Lisbon, Portugal; r Human Molecular
Genetics Group, Bellvitge Biomedical Research Institute (IDIBELL), L'Hospitalet de Llobregat, Barcelona, Spain; and
s Departamento de Bioquímica y Biología Molecular I, Universidad de Granada, Granada, Spain
Objective: To evaluate whether SOHLH2 intronic variation contributes to the genetic predisposition to male infertility traits, including
severe oligospermia (SO) and different nonobstructive azoospermia (NOA) clinical phenotypes.
Design: Genetic association study.
Received December 20, 2019; revised February 6, 2020; accepted February 28, 2020.
A.M.L. is funded by the Portuguese Government through Portuguese Foundation for Science and Technology (FCT, IF/01262/2014). P.I.M. is supported by the

Portuguese Foundation for Science and Technology (FCT) post-doctoral fellowship (SFRH/BPD/120777/2016), financed from the Portuguese State
Budget of the Ministry for Science, Technology and High Education and from the European Social Fund, available through the Programa Operacional
do Capital Humano. ToxOmics - Centre for Toxicogenomics and Human Health, Genetics, Oncology and Human Toxicology, Nova Medical School, Lis-
bon, and is also partially supported by Portuguese Foundation for Science and Technology (FCT; project: UID/BIM/00009/2013).
S. Larriba received support from ‘‘Ministerio de Economía y Competitividad’’ (Madrid, Spain; grants FIS-ISCIII PI15/0153), co-funded by Fondo Europeo
de Desarrollo Regional (FEDER) funds, and from ‘‘Generalitat de Catalunya’’ (Spain; grant 2017SGR191). S. Larriba is sponsored by the ‘‘Researchers
Consolidation Program’’ from the Sistema Nacional de Salut (SNS)-Department Salut Generalitat de Catalunya (CES09/020). M.C.-M. has nothing to
disclose. M.I.S.-S. has nothing to disclose. R.R.-E. has nothing to disclose. N.G. has nothing to disclose. G.R. has nothing to disclose. S.S.-R. has nothing
to disclose. J.A.C. has nothing to disclose. M.C.G. has nothing to disclose. A.C. has nothing to disclose. F.J.V. has nothing to disclose. V.M. has nothing to
disclose. M.B. has nothing to disclose. F.J.B. has nothing to disclose. R.J. has nothing to disclose. J.S.-C. has nothing to disclose. O.L.-R. has nothing to
disclose. M.F.P. has nothing to disclose. I.P.-C. has nothing to disclose. F.C. has nothing to disclose. A.B. has nothing to disclose. L.B. has nothing to
disclose. S.S. has nothing to disclose. J.G. has nothing to disclose. R.J. P.-M. has nothing to disclose. F.D.C. has nothing to disclose.

R.J.P.-M. and F.D.C. should be considered similar in author order.
This article is related to the Ph.D. doctoral thesis of M.C.-M.
Part of the control samples DNA samples were provided by the National DNA Bank Carlos III (University of Salamanca, Spain). Supported by the Spanish

Ministry of Economy and Competitiveness through the Spanish National Plan for Scientific and Technical Research and Innovation (reference number
SAF2016-78722-R) and the ‘‘Ram�on y Cajal’’ program (reference number RYC-2014-16458), which include Fondo Europeo de Desarrollo Regional
(FEDER) funds. Instituto de Patologia e Imunologia Molecular da Universidade do Porto (IPATIMUP) integrates the i3S Research Unit, which is partially
supported by the Portuguese Foundation for Science and Technology (FCT), financed by the European Social Funds (COMPETE-FEDER) and National
Funds (projects PEstC/SAU/LA0003/2013 and POCI-01-0145-FEDER-007274).

Lisbon Clinical Group: Carlos Calhaz-Jorge, Ana Aguiar, Joaquim Nunes, and Sandra Sousa (Unidade de Medicina da Reproduç~ao, Hospital de Santa Maria,
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Setting: Not applicable.
Patient(s): Five hundred five cases (455 infertile patients diagnosed with NOA and 50 with SO) and 1,050 healthy controls from Spain
and Portugal.
Intervention(s): None.
Main Outcome Measure(s): Genomic DNA extraction from peripheral blood mononuclear cells, genotyping of the SOHLH2 polymor-
phisms rs1328626 and rs6563386 using the TaqMan allelic discrimination technology, case-control association analyses using logistic
regression models, and exploration of functional annotations in publicly available databases.
Result(s): Evidence of association was observed for both rs6563386 with SO and rs1328626 with unsuccessful sperm retrieval after
testicular sperm extraction (TESE-) in the context of NOA. A dominant effect of the minor alleles was suggested in both associations,
either when the subset of patients with the manifestation were compared against the control group (rs6563386/SO: P¼ .021, odds ratio
[OR]¼ 0.51; rs1328626/TESE-: P¼ .066, OR¼ 1.46) or against the group of patients without the manifestation (rs6563386/SO: P¼ .014,
OR ¼ 0.46; rs1328626/TESE-: P¼ .012, OR ¼ 2.43). The haplotype tests suggested a combined effect of both polymorphisms. In silico
analyses evidenced that this effect could be due to alteration of the isoform population.
Conclusion(s): Our data suggest that intronic variation of SOHLH2 is associated with spermatogenic failure. The genetic effect is likely
caused by different haplotypes of rs6563386 and rs1328626, which may predispose to SO or TESE- depending on the specific allelic
combination. (Fertil Steril� 2020;114:398–406. �2020 by American Society for Reproductive Medicine.)
El resumen está disponible en Español al final del artículo.

Key Words: SOHLH2, spermatogenesis, nonobstructive azoospermia, oligospermia, infertility

Discuss: You can discuss this article with its authors and other readers at https://www.fertstertdialog.com/users/16110-fertility-
and-sterility/posts/61157-29538
I nfertility is a growing concern in Western countries
because it affects approximately 10%–15% of couples of
child-bearing age. In approximately half of those cases,

the impossibility of conceiving a child by natural means is
due to male infertility. In this regard, decreased semen quality
is the most common male infertility factor, with severe oligo-
spermia (very low concentration of spermatozoa in the
semen) and azoospermia (complete lack of sperm in the ejac-
ulate) being two severe phenotypes related to either an
obstruction of the reproductive tract (obstructive factor) or a
defective production of sperm in the testis (impaired sper-
matogenesis or nonobstructive factor) (1).

Congenital genetic factors have been demonstrated to
be directly involved in the development of male infertility
related to defective spermatogenesis. These include
karyotype abnormalities, such as Klinefelter syndrome,
microdeletions within the long arm of the Y chromosome,
and specific mutations in a few genes involved in the
spermatogenic process as well as in the regulation of the
hypothalamic-pituitary-gonadal axis. However, for most
of the affected patients, their infertility has an idiopathic
origin, with accumulating knowledge clearly suggesting
that common variation of the human genome, mostly
single-nucleotide polymorphisms (SNPs), may account for
a proportion of the heritability of this condition (2). A
large number of case-control genetic studies have been
performed during the last decade in an attempt to unravel
the genetic basis of idiopathic male infertility. Although
several genetic associations have been proposed, most
studies have been limited by low sample sizes,
heterogeneous inclusion criteria, and lack of replication
in independent cohorts (3).

The spermatogenesis and oogenesis specific basic helix-
loop-helix 2 (SOHLH2) gene has been recently associated with
nonobstructive azoospermia (NOA) due to spermatogenic
dysfunction in the Han Chinese population (4). This gene is
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located in chromosome 13 and it encodes a member of bHLH
transcription factors with essential roles in spermatogenesis,
oogenesis, and folliculogenesis (5–7). In animal models,
SOHLH2 has been reported to stimulate, together with
SOHLH1, the Kit signaling pathway in postnatal
spermatogonia, thus promoting spermatogenesis (8). Indeed,
knockout male mice for SOHLH2 were shown to be sterile
because of a failure in the spermatogonial differentiation (6).
In human tissues, SOHLH2 expression has been observed in
adult spermatogonia, but also in Sertoli cells and Leydig cells
in males, and oocytes of primordial and primary follicles,
granular cells, and theca cells in female subjects (9).

Taking all of this into consideration, we decided to eval-
uate for the first time the consistency of the genetic associa-
tion between SOHLH2 and severe spermatogenic disorders,
NOA and severe oligospermia (SO) without ejaculatory duct
obstruction, in a large population of European origin. More-
over, we also aimed to dissect the possible genetic effects by
analyzing more homogeneous subsets of male infertility,
including hypospermatogenesis (HS), meiotic arrest (MA),
and Sertoli cell–only syndrome (SCO) subphenotypes, as
well as outcome of sperm retrieval with testicular sperm
extraction (TESE) techniques.

MATERIAL AND METHODS
Study Design and Study Population

A candidate gene case-control study was performed in a well-
powered European cohort of the Iberian Peninsula to replicate
the findings reported by Song et al. (4) in the Han Chinese
population, and to shed light into the specific functional con-
sequences of the reported risk variants for NOA.

In total, 505 cases (455 infertile men diagnosed with NOA
and 50 with SO, according to the World Health Organization
guidelines (10)) and 1,050 healthy controls from Spain and
Portugal were analyzed. Informed written consent from all
participants and approval from the local ethics committees
399
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of all participating centers were obtained in accordance with
the tenets of the Declaration of Helsinki.

Case samples were obtained from different fertility and
assisted reproduction clinics of the reproduction group
‘IVI-RMA Global’ as well as hospitals of the public health
systems of Spain and Portugal. The selection criteria were
based on a comprehensive examination of male patients
showing clinical infertility with medical history, physical
examination, semen analysis, genetic testing (that included
Y chromosome microdeletions and karyotype), and endo-
crine profile (follicle-stimulating hormone, luteinizing hor-
mone, and testosterone), when available. Two high-speed
centrifugation processes in two different semen samples
were performed to confirm NOA (total absence of sperm
in ejaculate) and SO (<5 million spermatozoa/mL semen)
diagnosis in patients with no signs of ejaculatory duct
obstruction. Individuals with abnormal karyotypes, Yq
deletions, or a history of testicular disorders (such as or-
chitis, testis maldevelopment, bilateral cryptorchidism,
bilateral varicocele, and obstruction of vas deferens) and
professional/environmental factors associated with low
sperm counts were excluded from the study. Testis biopsy
specimens were obtained from patients with NOA using
TESE techniques (including both gross TESE and micro-
TESE), and the biopsied samples were processed for
clinical and histological analysis as well as for sperm
retrieval for intracytoplasmic sperm injection, using stan-
dard procedures. Different NOA subgroups were established
for the subphenotype analyses based on histological
examination of testicular biopsy specimens, including HS
(extremely low numbers of mature motile sperm cells in
few testicular locations), MA (>90% of maturation arrest
of the germline either at spermatogonia or in primary
spermatocyte levels), and SCO (total absence of germ
cells). Additionally, the outcome of sperm retrieval from
the testis was taken into account being TESEþ (sperm
were successfully removed from the testicular biopsy spec-
imen) and TESE- (it was impossible to retrieve any mature
sperm cells from the testicular biopsy specimen). Approx-
imately half of the patients with NOA included in this
study underwent TESE, with a percentage of success in
sperm retrieval of 40%. Supplemental Table 1 (available
online) shows the most relevant clinical characteristics of
the case cohort included in this study.

The control cohort was composed of 700 population-
representative men (most of them with a self-reported
fatherhood) and 350 samples from men with normal
semen analyses (spermatozoa number and motility), all
of them matching the geographical origin, ethnicity,
and average age of cases.
Single-Nucleotide Polymorphism Selection and
Genotyping

Two intronic variants of the SOHLH2 gene, rs1328626 and
rs6563386, were selected to test for association with different
male infertility traits because of their evidence of association
with NOA in the Han Chinese population (4). The genetic
context and linkage disequilibrium across the region in the
400
European population of the 1000 Genome Project Phase III
(1KGPh3) (11) are summarized in Supplemental Figures 1
and 2 (available online).

Genomic DNA was extracted from peripheral white
blood cells using the QIAamp DNA Blood Midi/Maxi (Qia-
gen) or MagNA Pure LC – DNA LV Isolation kit I (Roche),
following the manufacturer’s protocol. The genotyping was
performed using predesigned TaqMan probes (assay IDs:
C__30182059_10 and C___2710431_10) from Applied Bio-
systems. Real-time quantitative polymerase chain reaction
(PCR) was performed on a 7900HT Fast Real-Time PCR
System (Applied Biosystems) in a total reaction volume
of 10 mL, using 5 mL of iTaq Universal Probes Supermix
(Bio-Rad Laboratories, Berkeley, California, USA), 1 mL
of TaqMan probe, and 25 ng of genomic DNA. Cycle con-
ditions were 95�C for 3 minutes followed by 40 cycles at
95�C for 3 seconds and 60�C for 25 seconds. Post-PCR,
the genotype of each sample was automatically attributed
by measuring the allele-specific fluorescence (VIC or FAM)
in the 7900HT Fast Real-Time PCR System, using SDS 2.3
software for allele discrimination (Applied Biosystems).
Statistical Analyses

The statistical power of the study was calculated with the
CaTS Power Calculator for Genetic Studies (12). The software
Plink (version 1.9) (13) was used to perform all the statistical
analyses. Deviance from Hardy-Weinberg equilibrium was
determined at the 5% significance level in both case and con-
trol groups. To test for association, we performed case-control
comparisons of the allele and genotype frequencies of the case
groups (NOA, SO, MA, HS, and TESE-) and the control one by
means of logistic regression with geographical origin (Spain
or Portugal) as covariate, and assuming additive, dominant,
recessive, and two-degree of freedom (genotypic) models.
To eliminate a possible effect of having NOA or SO as a con-
founding variable, we also conducted the same tests but
between the subgroups of patients with NOA with and
without specific clinical phenotypes (SCO, MA, HS, and
TESE-), as well as between SO and NOA groups. P values,
odds ratios (ORs), and 95% confidence intervals (CIs) were
then calculated. Possible multiple testing effects were
controlled by the Benjamini & Hochberg step-up false discov-
ery rate correction (14). P values< .05 were considered statis-
tically significant.

Additionally, we performed haplotype-based logistic
regression tests adjusted based on geographical origin to eval-
uate possible combined effects of the SOHLH2 gene variants.
Only allelic combinations with frequencies higher than 1% in
the control population were analyzed.

To evaluate the possible functional implications of the
observed associations, publicly available functional annota-
tion data were explored using different online tools, such as
GTExPortal (15), RegulomeDB (16), HaploReg version 4.1
(17), LDlink (18), Ensembl Variant Effect Predictor (VEP)
(19), or ReMap 2018 version 1.2 (20), which are based on
empirical data from projects including Gene Expression
Omnibus, the Roadmap Epigenomics, the Encyclopedia of
DNA Elements, and 1KGPh3, as well as published literature.
VOL. 114 NO. 2 / AUGUST 2020
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RESULTS
Estimations of the overall statistical power of our study are
included in Supplemental Table 2 (available online). The
genotype frequencies of the SOHLH2 variants rs1328626
and rs6563386 showed no significant divergence from
Hardy-Weinberg equilibrium either in cases or controls
(P>.05). The genotyping success rate of both SNPs was
>98% and the minor allele frequencies of both control
groups agreed with those described for the Iberian population
of the 1KGPh3 (consequently, no significant difference in
either the allele or genotype frequencies were observed
between them).
Susceptibility to NOA and Specific Manifestations

To evaluate the possible effect of rs1328626 and rs6563386 in
the genetic susceptibility to NOA, we compared the allele and
genotype frequencies of the case groups with those of the con-
trol population accordingly with the overall disease and its
main clinical phenotypes (Table 1). No significant associa-
tions were detected when the allele and genotype frequencies
of rs6563386 were compared between the control group and
those including the different NOA cases (overall NOA, SCO,
MA, HS, and TESE-).

However, suggestive P values were observed in the anal-
ysis of the rs1328626 SNP frequencies of TESE- NOA cases
and controls under the additive and dominant models
(PADDITIVE¼ .065, OR ¼ 1.40, and PDOMINANT¼ .066, OR
¼ 1.46, respectively) (Table 1). Interestingly, these same
models yielded significant associations when TESE- NOA
cases were compared against TESEþ NOA cases
(PADDITIVE¼ .030, OR ¼ 1.99, and PDOMINANT¼ .012, OR
¼ 2.43). The latter association remained significant after the
false discovery rate correction (adjusted PDOMINANT¼ .024).
The genotype distributions of these two NOA groups were
also significantly different (PGENOTYPIC¼ .031; Table 2).

The analysis of rs1328626 accordingly with the presence/
absence of SCO in the NOA population also showed sugges-
tive associations under the same models (PADDITIVE¼ .054,
OR¼ 1.74, and PDOMINANT¼ .047, OR¼ 1.90; Table 2). Never-
theless, the statistical significance was lost in both cases after
adjusting for multiple testing (adjusted PADDITIVE¼ .108, and
adjusted PDOMINANT¼ .095).
Susceptibility to severe oligospermia

The minor allele frequencies of the SOHLH2 variant
rs6563386 differed significantly between the SO group of pa-
tients and the control one (PADDITIVE¼ .018, OR ¼ 0.58)
(Table 1), but also between SO and NOA groups
(PADDITIVE¼ .018, OR ¼ 0.55; Table 2). A dominant effect of
the minor allele was evidenced in both comparisons (SO vs.
controls: PDOMINANT¼ .021, OR ¼ 0.51, and SO vs. NOA:
PDOMINANT¼ .014, OR ¼ 0.46; Tables 1 and 2). The
statistical significance was maintained after multiple
testing correction (SO vs. controls: PADDITIVE¼ .036,
PDOMINANT¼ .041, and SO vs. NOA: PADDITIVE¼ .036,
PDOMINANT¼ .027). The genotypic test also showed a
VOL. 114 NO. 2 / AUGUST 2020
significant difference of the genotype distributions of both
case groups (PGENOTYPIC¼ .044; Table 2).

No evidence of association was observed in any of the
tests performed between SO and both NOA and controls for
rs1328626 (Tables 1 and 2).
Haplotype Analysis

The possible interaction between the genetic variants of
rs6563386 and rs1328626was also evaluated. Due to the link-
age disequilibrium relationship of both SNPs (r2 ¼ 0.09 and
D’ ¼ 0.98), only three allelic combinations with frequencies
>1% were observed (Table 3). The haplotype containing the
two risk alleles (rs6563386*G and rs1328626*A) showed
evidence of association with increased predisposition to un-
successful sperm retrieval (TESE- vs. controls: P¼ .069;
TESE- vs, TESEþ NOA: P¼ .020). On the contrary, the other
two haplotypes were associated with the SO condition, one
of them (rs6563386*G and rs1328626*C) conferring suscepti-
bility (SO vs. controls: P¼ .011; SO vs. NOA: P¼ .022) and the
other one (rs6563386*C and rs1328626*C) conferring protec-
tion (SO vs. controls: P¼ .023; SO vs. NOA: P¼ .062; Table 3).
In Silico Functional Characterization

We further searched for functional annotations of the two
SOHLH2 polymorphisms included in this study and their
proxies (r2 > 0.8) in the European population of the
1KGPh3. Although the variants mapped in a region that did
not show enrichment in relevant DNA features and regulatory
elements for the testis (Supplemental Table 3 and
Supplemental Figures 3 and 4, available online), the analysis
of the transcriptome data of the GTEx project (analysis release
V8) showed evidence of functionality for both rs6563386 and
rs1328626. These SNPs were annotated as splicing quantita-
tive trait loci, thus affecting the splicing of the region
(P¼2.6E-10 and P¼1.8E-10, respectively), with rs6563386
showing a dominance model similar to that observed in our
genetic association test for SO predisposition (Supplemental
Figure 5, available online). In addition, rs1328626 was also
annotated as an expression quantitative trait locus influ-
encing SOHLH2 expression in the testis (P¼9.4E-10), also
consistent with the dominant effect of the risk variant
observed in our genetic data (Supplemental Figure 5, avail-
able online). Furthermore, the read counts of both the exon
1 and the junction of exons 1–2 (in which the SNPs are
located) were considerably reduced in comparison with the
remaining exons and junctions of the most frequent SOHLH2
isoform (ENST00000379881.7) (Figure 1).

DISCUSSION
To our knowledge, this study represents the first attempt to
evaluate the possible genetic influence of SOHLH2 variation
in the predisposition to male infertility traits in a population
of European origin. In a previous study, Song et al (4) reported
a genetic association of the SOHLH2 polymorphisms
rs1328626 and rs6563386 with NOA in the Han Chinese pop-
ulation. We did not replicate the associations with the overall
disease described in Asians. Instead, our results suggested that
401
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TABLE 3

Haplotype analysis of the SOHLH2 polymorphisms in Iberian infertile men according to sperm retrieval success and SO.

Haplotype
(rs6563386
jrs1328626)

Freq.
Controls

TESE- SO

Freq.
TESE-

Freq.
TESE
D

P (TESE- vs.
controls)

P (TESE- vs.
TESED) Effect

Freq.
SO Freq. NOA

P (SO vs.
controls) P (SO vs. NOA) Effect

GA 0.1377 0.1787 0.0943 .0695 .0201 Risk 0.1199 0.1285 .6133 .7945 No effect
GC 0.4794 0.4512 0.5435 .3379 .0732 No effect 0.6103 0.5029 .0107 .0217 Risk
CC 0.3828 0.3702 0.3622 .7492 .8724 No effect 0.2699 0.3686 .0229 .0617 Protection
Note: Risk variants of each SOHLH2 polymorphism are highlighted in bold. Freq. ¼ frequency; NOA ¼ nonobstructive azoospermia; SO ¼ severe oligospermia; TESE ¼ testicular sperm extraction.

Cerv�an-Martín. SOHLH2 and male reproductive impairment. Fertil Steril 2020.
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both rs1328626 and rs6563386 may confer risk to specific
features of male infertility, ranging from severe oligospermia
to complete lack of sperm cells in the testis (leading to unsuc-
cessful sperm retrieval in TESE). A possible explanation for
this discrepancy could be that the population included in
the study by Song et al. (4) may have been enriched in
TESE- patients, acting as a confounding factor in the statisti-
cal analyses influencing possible spurious associations with
NOA. That said, this assumption requires further confirma-
tion, given that the authors did not provide information
regarding the clinical features of their cohort, and no
subphenotype analyses were conducted in that study.

The results of our allelic tests suggested that rs1328626 is
specifically associated with TESE- in the context of NOA, and
that rs6563386 is associated with SO. Therefore, the risk allele
of the former would increase the susceptibility to develop the
most severe manifestation of NOA (complete lack of any
viable sperm cell in the testis tissue), whereas the latter would
have considerably less impact on male fertility (allowing
some sperm cells to be present in the ejaculate). However,
these two polymorphisms are relatively close on chromosome
FIGURE 1

Gene model, isoform population, exon expression, and exon junction e
rs1328626 and rs6563386 within intron 1 is shown. Data source: GTEx An
Cerv�an-Martín. SOHLH2 and male reproductive impairment. Fertil Steril 2020.

VOL. 114 NO. 2 / AUGUST 2020
13, and such divergence in their associated clinical pheno-
types would be difficult to interpret if only independent
SNP effects were considered. In this regard, although the r2

value between them is low, the minor allele of rs1328626 is
almost completely linked to the major allele of rs6563386
(D’¼ 0.98). As a consequence, only three common haplotypes
were observed in our population (Supplemental Figure 6,
available online). The haplotype analysis provided a better
perspective of the overall picture. In most cases, the
rs1328626*A risk variant for TESE- necessarily implies the
presence of the rs6563386*G risk variant for SO. The opposite
scenario does not occur, as rs6563386*G may be also com-
bined with the rs1328626*C protective variant for TESE-. Tak-
ing this into consideration, it is likely that presence of just one
risk variant of these two SNPs (rs6563386*Gjrs1328626*C
haplotype) slightly increases the susceptibility to impaired
spermatogenesis related to SO, whereas carrying two risk var-
iants (rs6563386*Gjrs1328626*A haplotype) would produce a
much higher negative impact on sperm production that could
lead to TESE-. Consequently, the presence of two protective
variants (rs6563386*Cjrs1328626*C haplotype) would not
xpression of SOHLH2. The location of the SOHLH2 polymorphisms
alysis Release V8.
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affect spermatogenesis (Supplemental Figure 6, available on-
line). Our data are consistent with this hypothesis.

SOHLH2 encodes a transcription factor that has been
described as an important marker for early spermatogenesis
and oogenesis (8, 21). This gene is specifically expressed in
the testis (Supplemental Figure 7, available online), mostly
in adult spermatogonia during their differentiation (21). To
exert its regulatory function, SOHLH2 forms a complex
with SOHLH1, another bHLH protein that has been also sug-
gested as a candidate gene for NOA predisposition using the
candidate gene approach (22). Consistent with this coopera-
tive role, null mice for both genes show similar pathological
phenotypes related to sterility (5, 6, 23). However, Sohlh2
transcripts are observed before the Sohlh1 ones during germ
cell differentiation, which suggests that SOHLH2 may be up-
stream to SOHLH1 in the genetic cascade controlling the Kit
signaling pathway (21, 24). The morphological abnormalities
observed in Sohlh2-null male mice (which include postnatal
seminiferous tubules with Sertoli cells only, undifferentiated
spermatogonia, and degenerating spermatocytes) (6) are in
agreement with the specific association that we have observed
between the haplotype containing the two risk SOHLH2
alleles and the failure to retrieve viable sperm cells with
TESE. This fact highlights the importance of animal models
for the understanding of the possible functional implications
of disease-associated variants.

Different isoforms of SOHLH2 have been detected in the
adult testis, and a variation in the exon expression and junc-
tion is clearly evidenced when the GTEx data is analyzed (15)
(Supplemental Figures 8 and 9, available online). The two
SOHLH2 SNPs studied here map in the first intron of the
gene, nearby to the second exon. The fact that the read counts
of the first exon as well as the exon 1–2 junction were consid-
erably reduced in comparison with the remaining ones in the
GTEx population is striking (Figure 1). In this sense, accumu-
lating knowledge suggests that a large proportion of protein-
coding genes in mammalian genomes contain alternative
promoter sites, with most being located within first introns,
downstream from the main promoter (25). The use of these
alternative intronic promoters involves the loss of the first
exons, leading to shorter isoforms that have been associated
with different pathological conditions such as cancer (26).
Hence, it could be speculated that the SOHLH2 variants
rs1328626*A and rs6563386*G could favor the use of a
non-canonical promoter in the first intron of the gene, thus
increasing the representation of isoforms lacking the first
exon that could influence negatively the function of the
protein in spermatogenesis. Indeed, SOHLH2 is located in a
genomic region that includes other annotated genes with
unknown function, such as CCDC169 and SPART, and
different isoforms including exons of all of them have been
detected in the testis. This fact highlights the high complexity
of this region in terms of transcriptional regulation
(Supplemental Figure 10, available online). Although there
is no functional evidence of this assumption in the literature,
it has been observed that alterations in the splicing process are
involved in the development of NOA (27). Besides, some of the
most relevant NOA risk loci, such as TEX11 mutations, are
reported as splicing mutations (28). In any case, further inves-
404
tigations beyond the scope of our study, therefore, are
required to test this hypothesis.

In summary, our data suggest that intronic variation of
SOHLH2, which may affect the splicing of this and other
nearby genes, is associated with spermatogenic failure in
our study population. The genetic predisposition is likely
influenced by three different haplotypes of the analyzed
SNPs: one of them predisposing to TESE-, another one to
SO, and the last one representing a protective allele. These ob-
servations point to SOHLH2 rs1328626 and rs6563386 as
putative candidates for the development of effective markers
of TESE success. In this sense, our results may have important
clinical implications because TESE has not been proven useful
in about half of NOA cases (29), leaving those individuals with
no therapeutic alternatives for fathering a biological child.
Deciphering how genetic predisposition influences normal
spermatogenic function is a necessary step toward both
improving care of infertile men and maximizing the chances
for successful assisted reproduction techniques, which could
alleviate the socioeconomic impact of this major health
concern. Additionally, discovering the genetic causes of
infertility and their consequences for the quality of gametes
will be a very valuable insight to improve the selection criteria
of spermatozoa for intracytoplasmic sperm injection because
it could ensure that the pathogenic regions associated with the
disease are not passed on to future generations, thus reducing
the genetic burden in the overall population. However,
considering that the subphenotype analyses imply a decrease
in the statistical power, together with the lack of functional
validation of our results, this should be taken with caution
until more comprehensive studies are performed to confirm
our findings.
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ORIGINAL ARTICLE: GENETICS
Variantes intr�onicas del gen SOHLH2 confieren riesgo a sufrir discapacidad reproductiva masculina.

Objectivo: Evaluar si la variaci�on intr�onica de SOHLH2 contribuye a la predisposici�on gen�etica de sufrir rasgos de infertilidad mascu-
lina tales como oligozoospermia severa (SO) o diferentes fenotipos clínicos de azoospermia no obstructiva (NOA).

Dise~no: Estudio de relaci�on gen�etica.

Escenario: No aplica.

Patiente(s): 505 casos (455 pacientes est�eriles diagnosticados con NOA y 50 con SO) y 1,050 controles sanos de Espa~na y Portugal.

Intervencion(es): Ninguna.

Medida(s) de resultado(s) principal(es): Extracci�on de ADN gen�omico de c�elulas mononucleares de sangre perif�erica, genotipado de
polimorfismos rs1328626 y rs6563386 de SOHLH2 usando la tecnología de discriminaci�on al�elica TaqMan, an�alisis de la relaci�on caso-
control usando modelos de regresi�on logística y exploraci�on de anotaciones funcionales en bases de datos p�ublicos.

Resultado(s): Se observaron evidencias de asociaci�on entre rs6563386 con SO, como entre rs1328626 y la no recuperaci�on de esper-
matozoides tras la extracci�on de espermatozoides testiculares (TESE) en pacientes con NOA. Se sugiri�o un efecto dominante de los alelos
menores en ambas relaciones, tanto cuando se compararon los pacientes con los rasgos se comparaban contra un grupo control
(rs6563386/SO: P¼.021, odds ratio [OR] ¼ 0.51; rs1328626/TESE-: P¼.066, OR ¼ 1.46) o contra el grupo de pacientes sin el rasgo
(rs6563386/SO: P¼.014,OR ¼ 0.46; rs1328626/TESE-: P¼.012, OR ¼ 2.10). El examen de los haplotipos sugiri�o un efecto combinado
de ambos polimorfismos. El an�alisis in sillico puso en evidencia que este efecto podría ser debido a la alteraci�on de la poblaci�on de
isoformas.

Conclusi�on(es): Nuestros datos sugieren que existe una relaci�on entre las variantes intr�onicas de SOHLH2 con un fracaso en la esper-
matog�enesis. El efecto gen�etico es probablemente causado por distintos haplotipos de rs6563386 y rs1328626, que pueden predisponer a
S0 o infructuosa TESE en funci�on de la combinaci�on de alelos concreta.
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