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Non-obstructive azoospermia, a severe form of male infertility caused by spermatogenic failure
(SPGF), has a largely unknown genetic basis across ancestries. To our knowledge, this is the first
trans-ethnic meta-analysis of genome-wide association studies on SPGF, involving 2255 men with
idiopathic SPGF and 3608 controls from European and Asian populations. Using logistic regression
and inverse variance methods, we identify two significant genetic associations with Sertoli cell-only
(SCO) syndrome, the most extreme SPGF phenotype. The G allele of rs34915133, in the major
histocompatibility complex class Il region, significantly increases SCO risk (P = 5.25E-10, OR = 1.57),
supporting a potential immune-related cause. Additionally, the rs10842262 variant in the SOX5 gene
region is also a genetic marker of SCO (P = 5.29E-09, OR = 0.72), highlighting the key role of this gene
in the male reproductive function. Our findings reveal shared genetic factors in male infertility across
ancestries and provide insights into the molecular mechanisms underlying SCO.

Infertility represents a significant health concern, showing a consistent
increase in global disease burden during the last 30 years'. It has been
estimated that around 15% of couples attempting to conceive are affected by
this problem, with male factors contributing to around half of the infertility
cases’. These factors often involve issues such as low sperm counts or poor
sperm quality, either due to an obstruction of the post-testicular tract or to
spermatogenesis failure (SPGF)*. In this sense, non-obstructive azoos-
permia (NOA) due to SPGF, which affects approximately 1% of all adult
men, represents the most severe form of male infertility, since it is char-
acterized by a complete absence of sperm in the ejaculate due to severely
impaired spermatogenesis’. SPGF can also lead to severe oligozoospermia
(SO), characterized by drastically reduced sperm counts in the semen’.
Known genetic causes of SPGF include karyotype abnormalities, such
as Klinefelter syndrome, microdeletions in the Y-chromosome AZF locus,
and rare mutations in genes with a key role in spermatogenesis’. However,
the etiology of around 70% of SPGF cases remains unknown and there is
increasing evidence suggesting that this idiopathic form of male infertility
may represent a complex trait*’”. The genetic architecture of complex forms

of SPGF involves common variation in the human genome, mainly single
nucleotide polymorphisms (SNPs), which individually have mild or mod-
erate effects but their additive effect significantly contribute to SPGF
susceptibility®.

To date, only three well-powered genome-wide association studies
(GWASs, in which millions of genetic variants are screened across the entire
genome in a hypothesis-free manner®) have been performed in SPGF, two of
them in Asian populations and a recently published study in a European
population”™"". These studies identified several risk variants associated with
SPGF susceptibility, with the major histocompatibility complex (MHC)
region showing the strongest association. Notably, the European study
yielded strong evidence that this human leukocyte antigen (HLA) associa-
tion was specific to the most extreme histological pattern of NOA"", defined
by the Sertoli cell-only (SCO) phenotype, which is characterized by a
complete absence of germ cells in the testis’’. At the amino acid level, the
SCO-specific risk MHC allele determines the presence of a serine at position
13 of the class I HLA-DRp1 molecule. The fact that this particular position
has been identified as the top association signal for a wide spectrum of
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autoimmune diseases, clearly suggests that the SCO phenotype may
represent an immune-mediated condition'.

Despite efforts to unravel the genetic factors contributing to severe
forms of idiopathic male infertility, we are still far from a complete under-
standing of the intricate molecular mechanisms involved. Additionally, a
substantial proportion of the heritability remains unexplained, emphasizing
the need for further basic research before clinical applications can be
implemented. Recent advancements in genotype imputation quality, driven
by larger and more diverse reference panels, have greatly benefitted human
genetic studies”. In this context, trans-ethnic meta-analyses of imputed
GWAS data offer an excellent opportunity to 1) boost the statistical power by
pooling together samples from different ancestries, facilitating the detection
of novel genetic loci, and 2) take advantage of the comparison of distinct
patterns of local linkage disequilibrium (LD) blocks observed in genetically
diverse ethnic populations, which allows a more precise identification of
causal variants by narrowing down the associated regions and reducing the
number of putative causal variants for the different associated loci'.

Taking all the above into consideration, we aimed to shed light into the
pathogenic genetic and molecular mechanisms of SPGF by conducting a
trans-ethnic meta-analysis of this form of male infertility by combining the
GWAS data generated by Hu et al. in Asians’ and those generated by
Cervan-Martin et al. in Europeans'.

Results

Trans-ethnic genome-wide association study meta-analysis

A trans-ethnic GWAS meta-analysis was conducted to shed light into the
genetic component of idiopathic SPGF. This analysis integrated previously

generated GWAS data from populations of European (including both SO
and NOA with a histological diagnosis) and Asian (including only NOA
without a histological diagnosis) descent™"".

No genetic associations at the genome-wide level of significance were
observed when the study of “NOA vs controls” from Asians was meta-
analyzed with that of “overall SPGF vs controls” or “NOA vs controls” from
Europeans (Fig. 1A, B, respectively). However, the meta-analysis between
the “NOA vs controls” study from the Asian GWAS and the “SCO vs
controls” study from the European GWAS revealed two significant asso-
ciation signals, defined by the SNPs rs34915133 (P = 5.25E—10, odds ratio
[OR] =1.57, 95% confidence interval [CI]=1.36-1.81, MAFgyropEANS
(case/controls) = 0.20/0.11, MAFcymnesg (case/controls) = 0.16/0.11) and
rs10842262 (P=529E-09, OR=0.72, 95% CI=0.65-0.81,
MAFgruropeans  (case/controls) = 0.40/0.44, MAFcymnesg  (case/con-
trols) = 0.61/0.69) (Fig. 1C and Table 1). Although some heterogeneity in
effect sizes was observed for rs34915133 (Q = 0.03), the ORs for the minor
allele were consistent across studies, showing the same direction towards
risk (ORpprrians = 247, ORGerMans = 1.67, ORcpnesg = 142). No sig-
nificant heterogeneity in ORs was observed for rs10842262 across studies
(Q=0.11), showing all of them protective effects for the minor allele
(ORyperiaNs = 0.97, ORGerMmans = 0.71, ORcymgsg = 0.68). According to
the variant-to-gene algorithm of Open Targets Genetics”, the genomic
regions functionally implicated by these variants were the MHC class I locus
(specifically the genes HLA-DQAI and HLA-DRBI) for rs34915133, and the
SOX5 gene for rs10842262 (Fig. 1C).

Suggestive associations close to the threshold of significance (P< 1E
—07) were also observed in the three meta-analyses (Table 1). Regarding the
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Fig. 1 | Manhattan plot representations of the
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Associated variants at the genome-wide significance level (P < 5E—08) are highlighted in bold.

Alt alternative (effect) allele used for OR calculation, CI confidence interval, GRCh38 genome reference consortium human build 38, NOA non-obstructive azoospermia, OR per-allele odds ratio for the reference allele, Phen phenotype, Ref reference allele, SCO Sertoli cell-

only, SPGF spermatogenic failure.

meta-analysis accordingly with overall SPGF, rs7873478 emerged as the top
signal (P=2.92E—07, OR=124, 95% CI=1.14-1.35, MAFgyroprans
(case/controls) = 0.54/0.48, MAFcumnese (case/controls) = 0.24/0.21), with
the DMRT1 gene primarily affected by this SNP. In the meta-analysis
according to NOA, rs34915133 and rs13206743, impacting the loci HLA-
DQAI1/HLA-DRBI and IL17A, respectively, were identified as the SNPs with
the lowest P-values. However, as previously mentioned, the rs34915133
variant exhibited a stronger association when considering SCO. Finally, two
additional variants, rs4492992 and rs112307255, showed a trend of asso-
ciation in the SCO-specific meta-analysis, influencing the genes TJPI and
TAFIB, respectively. All these suggestive signals displayed no significant
heterogeneity in ORs across studies (Q > 0.05), except for the NOA-related
variant IL17A-rs13206743 (Q = 0.02, I* = 74.50) (Table 1).

Overrepresentation of Sertoli-cell only patients in the

Asian cohort

The previous SPGF GWAS conducted in the European population sug-
gested that SCO should be considered as a genetically homogeneous entity
with a distinct genetic and molecular basis compared to other NOA
phenotypes''. According to such study, SCO may represent an immune-
mediated condition primarily associated with the MHC class II region'".
Consequently, the strong association between MHC and NOA reported in
the Asian GWASs for this condition led us to speculate that the NOA
cohorts analyzed in those studies could have an overrepresentation of SCO
patients'".

To explore this hypothesis, we calculated two polygenic risk scores
(PRSs) for each participant within the Asian cohort analyzed here. These
scores were derived using the summary statistics data from the comparative
analyses between “SCO vs controls” and “SPGF patients without SCO vs
controls”, within the European cohort. Regarding the first (PRSs based on
SCO data), we observed that the best-fitting model (PRS R?=0.0025; P-
value = 0.03) included 1077 independent SNPs with P-values < 1.87E—03.
Conversely, the PRSs based on non-SCO data, including other SPGF phe-
notypes such as SO, hypospermatogenesis (HS, in which all stages of
spermatogenesis are present in the testis but in an extremely low number),
and maturation arrest (MA, with incomplete differentiation of the germ-
line), showed a best-fitting model (PRS R*=0.0041; P-value=0.005)
including 12 independent SNPs with P-values < 6.71E—05 (Supplementary
Fig. 1, Supplementary Table 1).

Notably, the Asian NOA cases and controls showed opposite PRS
distributions when comparing scores derived from SCO data (control group
mean = 0.0304, case group mean = 0.0307, t-test P-value = 1.04E—01) and
from non-SCO data (control group mean = —0.0291, case group mean =
—0.0356, t-test P-value =4.63E—03), with controls manifesting higher
average PRS values than the NOA group in the former case (Supplementary
Fig. 1, Supplementary Table 1).

Functional relevance of Sertoli cell-only associated variants
To elucidate the functional implications of genetic associations with SCO
susceptibility identified in the trans-ethnic meta-analysis, we systematically
examined functional annotations for the lead variants and their proxies
(R*20.8) utilizing publicly available databases and bioinformatics tools.
Regarding the MHC association on chromosome 6, five proxies of
1534915133 (all with R*>=0.99) exhibited strong functional relevance. Par-
ticularly, the rs113705304 variant showed the maximum pathogenicity
score in RegulomeDB (1a); while rs34831921, rs201769738, rs35001273,
and 1s73728618 exhibited the highest FunSeq2 values (1.30), with
rs35001273 additionally displaying the highest CADD score (14.51). Fur-
thermore, these variants affected the promoter regions of various cell types
(including those from fetal thymus) and overlapped with the CCCTC-
binding factor (CTCF) site in monocytes CD14+ and B cells, among others.
Additionally, these SNPs were predicted to alter the binding sites of
numerous proteins and transcription factors known to play pivotal roles in
testicular function. Lastly, these variants overlapped with multiple histone
marks in several immunological cells such as B and T cells, natural killer
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Functional prediction scores

i < . Proteins
Proxy variant Posldan R? CADD FunSeq2 RegulomeDB Regu.latory Epigenstlc TFBS bound eQT.L SQT.L
(GRCh38) regions marks (testis)  (testis)
(ChiIP-seq)
rs34915133  chr6:32623645 1.00 s |
rs9271725  chr6:32625782 0.99
rs560607175 chr6:32625539 0.99
rs34720986 chr6:32625493 0.99
rs35508382  chr6:32625367 0.99
rs113705304 chr6:32622676 0.99
rs34831921  chr6:32622991 0.99
rs35867827  chr6:32624291  0.99
rs201769738 c¢hr6:32623910 0.99
rs35001273  chr6:32623887 0.99
rs35407265 chr6:32623449 0.99
rs35316732  chr6:32623455 0.99
rs34376179  chr6:32623461 0.99
rs34967069 chr6:32623471  0.99
rs73728618 chr6:32623790 0.99
rs34518860 chr6:32626326 0.98
rs114786106 chr6:32629101 0.97
rs73728889  chr6:32629079 0.97
rs2150932654 chr6:32629021 0.97
rs202092176 chr6:32628652 0.97
rs116352702 chr6:32626884 0.97
rs116518618 chr6:32627221 0.97
rs35224566  chr6:32624536  0.94
rs10842262 chr12:24031610 1.00
rs2418156  chr12:24035664 0.89 [
rs7962638  chr12:24045721 0.80 _ _

Fig. 2 | Enrichment of functional annotations of the human genome for the
Sertoli cell-only (SCO)-associated polymorphisms rs34915133 and rs10842262
(highlighted in red) as well as their proxies. The different functional features are
represented with specific colors, with color grade correlating with the probability of
functional impact for each tested variant (darker colors indicate higher probability).
This figure summarized the information provided in Supplementary Table 2. CADD
combined annotation dependent depletion score, ChIP-seq proteins bound from

chromatin immunoprecipitation flowing by sequencing experiments in the testis
(using ENCODE data), eQTL expression quantitative trait locus effects in the testis,
GRCh38 genome reference consortium human build 38, sQTL splicing quantitative
trait Jocus effects in the testis, TFBS transcription factor binding sites modifications
related to transcription factors involved in spermatogenesis based on protein weight
matrix data.

cells, and neutrophils. These SNPs were located between the HLA-DRBI
and HLA-DQAI genes, acting as both expression and splicing quantitative
trait loci (eQTL and sQTL, respectively) of several MHC class II genes in the
testis (Fig. 2, Supplementary Data 1).

Notably, the G allele of the lead SNP (rs34915133) was found to be
completely linked (D’ = 1) with the G allele of the multiallelic polymorphism
that best explained the MHC association with SCO in Europeans
(rs1136759). This variant defines the presence of serine at position 13 of the
HLA-DRB1 molecule, impacting antigen presentation to CD4+ T cells'".

In relation with the SOX5 signal (rs10842262), only two proxies were
identified, i.e. rs2418156 (R*=0.89) and rs7962638 (R* = 0.80). Both var-
iants were located in an intronic region of the SOX5 gene and overlapped
with histone marks in multiple tissues, as well as with binding sites of several
spermatogenesis-related proteins such as SMAD and HDAC. Both variants
exhibited similar FunSeq2 scores (0.16); however, rs2418156 displayed a
higher CADD score (7.37), while 157962638 was assigned a more relevant
score in RegulomeDB (4). Additionally, the latter variant was reported to
interact with several proteins in ChIP-seq experiments (Fig. 2, Supple-
mentary Data 1).

The suggestive association haplotypes within the TAFIB and TJPI
regions also included SNPs with strong evidence of functionality (Supple-
mentary Data 1). Both genes were predominantly expressed in testicular
tissues (Supplementary Fig. 2), and several TAFIB genetic variants were
annotated in the GTEx database as eQTL and sQTL in the testis, with highly
relevant RDB scores (i.e. 1b and 1f; see Supplementary Data 1).

Further functional annotation analyses using the Database for Anno-
tation, Visualization, and Integrated Discovery (DAVID) and the Search
Tool for the Retrieval of Interacting Genes/Proteins (STRING) revealed that
the proteins encoded by both genes are essential for maintaining tran-
scriptional and cellular architecture (Supplementary Data 2 and

Supplementary Fig. 3). TAF1B plays a critical role in RNA polymerase I
transcription and rRNA synthesis, with key domains such as the RRN7-type
zinc finger facilitating DNA binding and transcriptional regulation. TJP1,
on the other hand, is crucial for cell-cell junction assembly, including tight
junctions, and supports cytoskeletal organization and cell-cell barrier
integrity, with PDZ and SH3 domains driving protein interactions. Inter-
estingly, genetic regions encoding components of the molecular networks
linked to TAFBI and TJP1 harbor variations showing some evidence of
genetic association with SCO (Supplementary Data 3).

Finally, a functional enrichment analysis was performed on the grey
zone (ie., signals with P-values < 1IE—05) from our trans-ethnic GWAS
meta-analysis to further investigate the genetic basis of this condition
(Supplementary Table 2). The Multi-marker Analysis of GenoMic Anno-
tation (MAGMA) gene-set analysis identified the “WP_SARSCOV2_-
B117_VARIANT_ANTAGONISES_INNATE_IMMUNE_ACTIVA-
TION” pathway as the most significantly associated with SCO (P =1.05E
—05, 8 = 1.21). This pathway also emerged as the top signal in the MAGMA
analyses of SPGF and NOA grey zones. However, SCO demonstrated
unique enrichment for other immune-related pathways, including the
NLRP3 inflammasome complex and MHC class II antigen presentation,
highlighting its distinct immunological profile (Supplementary Table 2).

Phenome-wide association study

A phenome-wide association study (PheWAS) was conducted to comple-
ment the findings from our GWAS, allowing us to evaluate the roles of the
most relevant risk variants (i.e. those reported in Table 1) across a broad
spectrum of phenotypes. This approach provided insights into potential
pleiotropic effects, where a single genetic variant may influence multiple
traits. Several significant traits associated with our male infertility signals
also implicated other reproductive system-related issues (Supplementary
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Data 4-9). For example, DMRT1-rs7873478 was linked to “bioavailable
testosterone levels” (P =0.0043, 5=0.0084), and IL17A-rs13206743 was
associated with both “sex hormone-binding globulin levels” (P = 0.0040,
B=0.0036) and “benign neoplasm of male genital organs” (P =0.0025,
B =0.2332) (Supplementary Data 4 and 5). Interestingly, the SCO-risk
variants showed associations with traits related to female reproductive
system dysfunction, including “endometriosis of ovary” for HLA-DQA1/
HLA-DRBI-1s34915133 (P =0.0046, 3 =0.1031), “endometriosis of fallo-
pian tube” for SOX5-rs10842262 (P = 0.0045, 3 = —0.3474), “pain and other
conditions associated with female genital organs and menstrual cycle” for
TJP1-rs4492992 (P =0.0024, 3 =0.0876), and “ovarian dysfunction” for
TAFI1B-rs112307255 (P = 0.0026, 3 = 0.1591) (Supplementary Data 6-9).

Apart from reproductive traits, the PheWAS analysis also revealed
associations with immune system conditions, especially when considering
the SCO variants. Those included “autoimmune diseases” for HLA-DQA1/
HLA-DRBI-1s34915133 (P =4.06E—67, $ = —0.2198), “ulcerative colitis”
for SOX5-rs10842262 (P=0.0041, $=0.1760), “circumscribed scler-
oderma” for TJPI-rs4492992 (P=0.0024, ff=0.6640), and “multiple
sclerosis” for TAF1B-rs112307255 (P = 0.0049, 3 = 0.0863) (Supplementary
Data 6-9). Evaluation of previously reported associations with spermato-
genic failure.

To check the association of variants previously associated with NOA
and SCO in Asian and European cohorts in our trans-ethnic meta-analysis,
we evaluated the statistical significance of these genomic regions (+0.5 Mbp
centered in the lead SNP) within our dataset and compared them with their
reported association signals in the independent European and Asian studies.

Only one SNP, rs13206743, located within the IL17A region, showed a
P-value < 0.05 in both Asian (P = 1.11E—06) and European (Pnoa = 2.32E
—03, Psco = 2.32E—02) studies independently, exhibiting a P-value close to
the statistical significance in the meta-analysis considering either NOA
(P=4.19E—07) or SCO (P =5.52E—07) (Supplementary Data 10). Fur-
thermore, the OR directions remained consistent across studies, with the C
allele indicating a risk effect for NOA and the SCO histological phenotype in
the independent European and Asian cohorts as well as in the trans-ethnic
meta-analysis (Supplementary Data 10). This same SNP emerged as the top
signal in the trans-ethnic meta-analysis for both NOA and SCO phenotypes
within the analyzed 1 Mbp region (Supplementary Data 11).

Discussion
Trans-ethnic meta-GWASs have proven very useful in advancing our
understanding of the genetic architecture of complex conditions, such as
autoimmune and cardiovascular diseases, diabetes, cancer, and COVID-
19'". By performing a trans-ethnic meta-analysis of GWAS data in SPGF
and subsequent functional annotation analyses, we have been able to
advance our understanding about the genetic component of this condition.
While the relevant role of the MHC class II locus in NOA development was
previously recognized’, here we provide further evidence that this associa-
tion is specific to the SCO phenotype by calculating PRSs predictive for SCO
risk within the Asian GWAS cohort. Indeed, the strongest MHC association
signal was observed when integrating data from the Chinese NOA study
with that of the European SCO study. This finding reinforces our previous
idea that this extreme male infertility histological pattern represents a
genetically homogeneous clinical entity with an immune-mediated origin'’.
In this regard, the top SCO-associated MHC allele in our meta-analysis
accordingly with SCO (rs34915133*G) exhibits complete LD with a serine
residue at position 13 of the HLA-DR1 protein, known to be crucial in the
antigen presentation to T cells”””. It has been recently reported that this site
substantially increases autoimmune predisposition by influencing amino
acid composition within the T-cell receptor complementarity-determining
region 3 (TCR-CDR3)*. Indeed, the codon that defines HLA-DRB1 13 is
highly polymorphic, and specific residues at this position are known to drive
the major risk of multiple autoimmune diseases” . Additionally, our in
silico functional annotation analyses suggested that the pathogenic impact
of this haplotype block could also extend to the modulation of gene
expression in class II HLA genes through eQTL and sQTL effects in

testicular immune cells, as reported in other diseases involving the immune
system®.

These observations support the hypothesis that SCO is predominantly
an immune-mediated condition of NOA, which may result from the loss of
the immune privilege of the testis (a mechanism essential for preventing
autoimmune responses against germline cells)'"”’. Beyond male infertility,
parallels can be drawn to inflammatory processes or autoimmune reactions
targeting reproductive tissues in women. For instance, ovarian endome-
triosis (a condition in which endometrial tissue is present in the ovary
leading to infertility) is characterized by chronic inflammation and immune
activation. Notably, high-precision single-cell RNA sequencing has recently
revealed elevated expression of the MHC class II complex in epithelial cells
within ectopic endometrial lesions of affected women, thus activating
CD4+ T cells and perpetuating chronic inflammation™. The above is
consistent with our PheWAS analysis, in which endometriosis and other
immune-mediated conditions were linked to the SCO-associated variants.
Overall, these similarities highlight shared biological mechanisms under-
lying immune-mediated infertility across sexes. Future research should aim
to comprehensively elucidate these molecular pathways and evaluate their
potential for therapeutic intervention.

The identification of the HLA-DRPI site 13 as a primary risk factor for
male infertility in Asians may had not been possible in the MHC fine
mapping performed by Huang et al. ** because of the inclusion of not only
SCO patients but also other NOA phenotypes. Although the authors were
able to establish the classical haplotype HLA-DRB1*1302 (which includes a
serine at position 13) as a key MHC contributor for NOA susceptibility, the
statistical noise coerced by the lack of histological phenotype information
potentially hindered the analysis at the amino acid level. The data presented
here strongly support this assumption.

Regarding the implication of the SOX5 region in male infertility, the
lead variant of this association signal (rs10842262) has been reported to
increase the genetic predisposition to NOA across various Chinese and
Serbian populations™ . This fact highlights rs10842262 as a pivotal
genetic determinant in the pathogenesis of NOA, particularly within the
context of SOX5 gene regulation. However, our results indicate that this is
likely another SCO-specific association. We would like to note that the lack
of histological phenotype information for the NOA cohorts in the Chinese
and Serbian studies precludes definitive confirmation of this observation.
Thus, while the rs10842262 effect on extreme patterns of male infertility is
well-established, further investigation integrating detailed phenotype
characterization is warranted to elucidate the precise phenotypic manifes-
tations of this genetic association.

SOX5 encodes a member of the SRY-related HMG-box family of
transcription factors, which are involved in the regulation of different
developmental processes including sex determination and differentiation™.
In humans, SOX5 exhibits predominant expression in the testis, particularly
in spermatocytes and round spermatids”-**. Its role in the testis development
and function seems to be highly conserved. In this regard, a recent study on
the fish Chinese tongue sole revealed that SOX5 was mainly expressed in
spermatogonia, with expression levels decreasing as differentiation
progresses”. Interestingly, the authors observed that SETDBI, the pre-
dominant histone lysine methyltransferase catalyzing H3K9me3, is impli-
cated in SOX5 transcription in gonads, which provides molecular insights
into the relevance of the epigenetic control of SOX5 expression during sex
differentiation and gametogenesis™.

Other genetic regions showing trends of association with SPGF in our
meta-analysis included DMRT]1 (particularly evident when meta-analyzing
the Asian NOA study with the overall SPGF European study), IL17A (with
the strongest signal observed when the Asian NOA study was meta-
analyzed with the NOA European study), as well as T/PI and TAFIB
(observed in the meta-analysis accordingly with SCO).

DMRT1 plays a critical role in male fertility, with deleterious and rare
variants within this gene being reported as NOA genetic markers**'. Its
encoded protein is a key player in male sex determination and differentia-
tion. Moreover, this transcription factor is essential in both Sertoli cells and
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spermatogonia, preventing female reprogramming and maintaining the
proliferative state, respectively, within the adult testis, highlighting its
multifaceted importance in maintaining the male reproductive system* ™.

IL17A is a previously known NOA-associated gene that encodes a
proinflammatory cytokine produced by activated T cells*. Although base-
line levels of IL-17 are observed in healthy human testes, an increased
IL-17A expression are usually detected in azoospermic testes with chronic
inflammation, potentially leading to damage of the blood-testis barrier
(BTB) and disrupting normal spermatogenesis'*"’.

The BTB divides the seminiferous epithelium into two different
compartments, harboring spermatogonia and preleptotene spermatocytes
in the basal compartment and the remaining germ cell types in the
adluminal compartment. Its primary roles encompass creating a suitable
microenvironment for germ cell maturation and protecting germ cells from
immune cell interaction with auto-antigens®. One of the proteins that
constitute the Sertoli cell-Sertoli cell junctional complex of the BTB is TJP1,
which acts as both a tight junction adaptor and a regulator of adherens
junctions***’. This aligns with the results of our in silico analysis, which
revealed high expression of TJPI in testicular tissues. Consequently,
deregulation of the TJP1 gene could compromise the structural integrity of
this protective barrier, potentially resulting in germ cell loss. Notably,
delocalization of TJP1 has been identified in the testes of rats with experi-
mental autoimmune orchitis™. The observed trend of association of this
gene with the SCO phenotype in our study aligns with the aforementioned
findings.

Regarding TAFIB, although there is no reported evidence that this gene
is directly implicated in human fertility thus far, recent studies have revealed
an association between TAFIB and the incidence of stillborn births in large
white pigs”. Interestingly, the functional characterization of the TAFIB
signal from our meta-analysis based on SCO revealed that several risk
variants function as sQTL for this gene in the testis. Given the critical role of
TAFI1Bin rRNA transcription®, these findings suggest that alterations in the
transcript isoform ratio may disrupt ribosomal function and cellular
metabolism, potentially contributing to the SCO phenotype.

In conclusion, this is a pioneering study that integrates genomic data
from SPGF patients of different ancestries, allowing a deeper exploration of
the molecular mechanisms underlying idiopathic forms of male infertility.
The identification of shared risk polymorphisms across European and Asian
populations, specially under the context of SCO, brings us closer to estab-
lishing genetic panels predictive of the histological affectation of the testis in
NOA patients, thus preventing unnecessary surgeries for testicular sperm

extraction™. However, the lack of detailed phenotype data in the analyzed
Chinese cohort represent an important limitation of this study. While
consistent diagnostic criteria were applied for inclusion, differences in
sample composition across the study cohorts may have contributed to
heterogeneity in the dataset. This heterogeneity, along with the limited
sample size, weakened the ability to draw definitive conclusions about
genetic markers across ancestries. Although the identification of shared
variants is promising, it does not yet provide definitive evidence of con-
sistent genetic effects between populations at this time. Establishing large
and well-characterized SCO cohorts from Asian populations will be
essential to confirm our findings. Moreover, additional post-GWAS ana-
lyses, such as LD score regression, could provide insights into the heritability
and genetic correlations of SCO with related traits, including immune-
mediated disorders. While beyond the scope of this study, we are pursuing a
complementary analysis to explore these questions, which may further shed
light on the immune-related pathways underlying SCO.

Methods

Study population

In this study, we analyzed two independent case-control cohorts comprising
individuals of European and Asian ancestry. The dataset included whole-
genome genotype information from 2255 individuals diagnosed with
idiopathic SPGF and 3608 unaffected controls, extracted from two pre-
viously published GWASs of this condition™".

In brief, a total of 1274 infertile men diagnosed with idiopathic SPGF
from Iberian Peninsula and Germany were recruited in different public
health centers and private fertility clinics from Spain and Portugal, and at the
Centre of Reproductive Medicine and Andrology (University Hospital
Minster, Germany), respectively. Additionally, 981 Han Chinese men
diagnosed with idiopathic NOA were recruited from the Centre of Repro-
ductive Medicine in Nanjing. The European SPGF cohort comprised 494
SO cases (defined as having fewer than 5 million spermatozoa per milliliter
of semen due to SPGF) and 780 NOA cases (showing total absence of
seminal spermatozoa). Amongst these NOA patients, 120 also had a his-
tological diagnosis of HS, 98 of MA, and 214 of SCO following testicular
biopsy. The biopsy results also allowed their classification based on whether
testicular sperm retrieval was successful or unsuccessful (Table 2). No his-
tological data was available for the Asian cohort.

The recruitment process adhered strictly to predefined criteria as
previously described™"", in accordance with approved guidelines from the
American Urological ~Association (AUA)/American Society for

Table 2 | Main clinical features of the 2255 individuals diagnosed with idiopathic spermatogenic failure included in the study

IBERIAN (n = 627)

GERMAN (n = 647) ASIAN (n = 981)

Clinical feature N Value N Value N Value

Age at diagnosis, years 230 36.00 (8)* 647 34.00 (7)* 981 32.12+4.56
Severe oligozoospermia (SO) 172 27.43% 322 49.77% 0 0%

Follicle stimulating hormone (FSH) levels (IU/L) in SO 36 8.81 (8.59)* 322 12.30 (12.20)° NA NA
Luteinizing hormone (LH) levels (IU/L) in SO 22 5.84 (3.14) 322 4.70 (3.40)% NA NA
Non-obstructive azoospermia (NOA) 455 72.57% 325 50.23% 981 100%
Follicle stimulating hormone (FSH) levels (IU/L) in NOA 227 15.20 (16.15)* 325 20.50 (15.40)* 194 16.87 (15.23)*
Luteinizing hormone (LH) levels (IU/L) in NOA 184 5.60 (4.11)2 325 6.80 (4.90)° 194 6.48 (4.85)°
Biopsy performed in NOA 257 56.48% 249 76.62% NA NA

Sertoli cell-only phenotype 104 40.47% 110 44.18% NA NA

Meiotic arrest 49 19.07% 49 19.68% NA NA
Hypospermatogenesis 43 16.73% 77 30.92% NA NA
Successful sperm retrieval in biopsy of NOA 90 40.72% 94 42.53% NA NA
Unsuccessful sperm retrieval in biopsy of NOA 131 59.28% 127 57.47% NA NA

The source publications for the European (Iberian and German) and Asian cohorts were Cervan-Martin etal." and Hu et al.”, respectively. Percentages are calculated based on the subset of individuals with

available data for each variable.

“Median and interquartile range (IQR) are shown for those variables. N number of patients with available information, NA not available.
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Reproductive Medicine (ASRM), the Canadian Urological Association
(CUA), and the World Health Organization (WHO, 2010)*"”". Patients
were included in the study based on comprehensive andrological evalua-
tions, which encompassed a review of medical history, physical examina-
tion, semen analysis, hormone profiling (FSH, LH, and testosterone),
karyotyping, and Y-chromosome microdeletion screening. To ensure
diagnostic accuracy, azoospermia was confirmed by the absence of sper-
matozoa in two semen samples after high-speed centrifugation. Patients
with known causes of male infertility, including cryptorchidism, orchitis,
testicular malformations, obstruction of the vas deferens, chromosomal
abnormalities, or Y-chromosome microdeletions, were excluded. All
enrolled participants provided informed written consent prior to inclusion
in the study. The procedures followed were in accordance with the tenets of
the Declaration of Helsinki and were approved by the Ethics Committee
‘CEIM/CEI Provincial de Granada’ (Andalusia, Spain) in a session held on
January 26,2021 (approval number: 1/21). All ethical regulations relevant to
human research participants were followed. The research involved colla-
boration with local researchers in Spain, Portugal, and China, who con-
tributed to study design, data collection, and authorship. Recruitment
followed international clinical guidelines (AUA, ASRM, CUA, WHO), and
patient safety and confidentiality were ensured. No biological materials or
traditional knowledge were transferred across borders, and all relevant local
studies were cited.

Genotype imputation and quality control
Sample genotyping and quality controls of raw data from both analyzed
cohorts were described elsewhere™'".

Given the extensive reference panels currently available for SNP gen-
otype imputation, we decided to maximize the genetic coverage of both
original datasets by performing an imputation process with Minimac4™,
using the NHLBI Trans-OMICs for Precision Medicine’ (TOPMed) pro-
gram (freeze 5)” as reference for Europeans and the Nanjing Lung Cancer
Cohort (NJLCC)* for Asians. Haplotype phasing was conducted with Eagle
v.2.4.°" and SHAPEIT4* for European and Asian data, respectively.

To ensure the high quality of the imputed data, variants with estimated
imputation quality Rsq < 0.9 and rare variants with minor allele frequency
(MAF) <0.005 were set to missing. Additionally, the imputed dataset
underwent thorough quality control (QC) procedures utilizing R and
PLINK 1.9 software®™. These procedures included the removal of SNPs with
call rates below 98% and those exhibiting genotype frequencies deviating
from Hardy—Weinberg equilibrium (HWE) at a significance level of P-
value < 0.001. In order to control for population stratification, we performed
a principal component (PC) analysis using R, PLINK 1.9, and EIGEN-
STRAT 3.0 software™.

Statistics and reproducibility

Case-control comparisons for each analyzed population, including two
European cohorts (Iberian and German) and one Chinese cohort, were
carried out employing PLINK 1.9 through logistic regression on the best-
guess genotypes (Rsq > 0.9) and assuming additive effects. The covariates
included in the logistic regression models were the 10 first principal com-
ponents (PCs) and country of origin for Europeans, as well as the first PC
and age for Asians. Specifically, three comparisons were performed with the
European dataset: (1) SPGF (NOA + SO) vs controls, (2) NOA vs controls,
and (3) SCO vs controls. Conversely, due to the lack of histological phe-
notype information for the Asian cohort, only the NOA vs controls com-
parison was feasible. For each variant in all comparisons, ORs, along with
their corresponding 95% Cls, standard errors (SE), and P-values, were
computed.

To identify trans-ethnic genetic associations with SPGF, combined
analyses between the Asian NOA group and the European SPGF,NOA, and
SCO groups were conducted by meta-analyzing the summary statistics
derived from the individual logistic regression analyses of each population
(Fig. 3). Meta-analyses were conducted using the inverse variance method
under a fixed effects model using PLINK 1.9. To assess the potential

heterogeneity in effect sizes between the different studies, I and Cochran’s Q
tests were employed. Genome-wide statistical significance for the meta-
analysis was established at a P-value < 5SE—08. Manhattan plots were gen-
erated using a custom R script. Only variants showing statistical significance
in the meta-analysis, displaying consistent ORs across all populations
(towards the same direction), and with P-values lower than 0.05 in the
Chinese study and in any of the two European cohorts (Iberian or German),
were considered associated.

Enrichment analysis of Sertoli cell-only phenotype using a poly-
genic risk score

We previously hypothesized that the Asian NOA cohort examined in this
study may exhibit a significant enrichment of SCO patients based on the
reported HLA associations'. To evaluate this assumption, we used the
PRSice-2 software® to compute two distinct PRSs for each participant
within the Asian NOA cohort: (1) The first PRS was derived by adding the
number of risk alleles (0, 1, or 2) per SNP in the summary statistics corre-
sponding to the European “SCO patients vs controls” analysis, each mul-
tiplied by the natural logarithm of their respective ORs; (2) The second PRS
was computed similarly, but utilizing a new summary statistics obtained
from the analysis of European “SPGF patients not exhibiting SCO (non-
SCO SPGF patients) vs controls”, that is, those infertile men showing his-
tological phenotypes distinct from SCO, such as MA, HS, or SO). The main
goal was to ascertain whether the genetic architecture of the Asian NOA
cohort more closely resembled that of European SCO patients than non-
SCO SPGF patients or controls.

LD clumping was conducted with a cutoff of R* = 0.1 to identify a set of
independent SNPs that retained as much association signal as possible from
the European discovery GWAS. Various models were then fitted by
selecting clumped variants surpassing different P-value thresholds in the
European GWAS summary statistics (defined by the argument—bar-levels
5e—11, 5e—10, 5e—09, 5e—08, 5e—07, 5e—06, 5e—05, 0.0001, 0.001, 0.05,
0.1,0.2,0.3, 04, 0.5, 1), using the first PC and the age as covariates.

In silico characterization of associated variants

To understand the functional implications of suggested associated variants
with NOA, and their proxy variants (R* > 0.8, identified via LDlink [30]), we
conducted a comprehensive in silico functional characterization of the lead
SNPs and their proxies (R* > 0.8) leveraging annotated evidence from public
online databases and diverse bioinformatics resources.

The potential role of these variants as eQTL and sQTL in the testis was
explored using the GTEx database®. Additionally, relevant information
regarding variant functionality and the genes in which associated variants
were implicated functionally was extracted from SNPnexus” and Haploreg
v.4.1% which integrate datasets from Ensembl, SIFT, Polyphen, CpG, Vista
enhancers, miRbase, TarBase, TargetScan, Roadmap, Ensembl regulatory
build, CADD, DeepSEA, EIGEN, FATHMM, fitCons, FunSeq2, GWAVA,
and REMM.

Furthermore, RegulomeDB® was consulted to identify protein and
transcription factor binding sites overlapping with the analyzed variants,
along with their respective pathogenicity scores. The used scores provide
insights into the likelihood of each variant being functional or potentially
pathogenic. Specifically, the CADD and FunSeq2 scores range from 1 to 99
and 0 to 6, respectively, with higher scores indicating a greater likelihood of
functionality or pathogenicity. The RegulomeDB score ranges from 1 to 7,
with 1 indicating higher and 7 lower pathogenicity likelihood.

To place the putative NOA genes within a broader biological network,
we further explored their potential biological functions using the MAGMA
tool integrated into Functional Mapping and Annotation of Genome-Wide
Association Studies (FUMA)", as well as DAVID”'. Additionally, we con-
ducted pathway analyses with STRING” to examine protein-protein
interaction networks, aiming at identifying potential interaction partners for
these genes.

Finally, a PheWAS analysis was conducted to identify pleiotropic
effects of the top signals using the tool for that purpose of the Open Targets
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Fig. 3 | Schematic representation of the study design. The figure illustrates the distribution of individuals included in each meta-analysis. NOA non-obstructive

azoospermia, SCO Sertoli cell-only, SPGF spermatogenic failure.

Genetics platform". This approach aimed to uncover the broader impli-
cations of the most relevant genetic variants associated with male infertility
phenotypes, maximizing the insights gained from our GWAS findings.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The summary statistics of this study are available through the NHGRI-EBI
GWAS Catalog (https://www.ebi.ac.uk/gwas/downloads/summary-statistics)
through the accession numbers GCST90558278, GCST90558279, and
GCST90558280. The accession numbers for the Chinese (NOA) and
the three European original studies (SPGF, NOA, and SCO) are
GCST001362, GCST90239716, GCST90239717, and GCST90239721,
respectively. Individual-level genotype data will not be publicly available
because they could compromise the privacy of participants and the
informed consent. The source data for the plots in Supplementary Fig. 1
are included in Supplementary Data files 12-15. All other data are con-
tained either in the article file and its supplementary information or
available upon reasonable request to the corresponding authors, con-
sidering legal restrictions on transferring individual-level data under both
European and Chinese law at the time of the inquiry.
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