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1 | INTRODUCTION

CERVAN- MARTIN ET AL.

Abstract

Background: Severe spermatogenic failure (SpF) represents the most extreme mani-
festation of male infertility, as it decreases drastically the semen quality leading to
either severe oligospermia (SO, <5 million spermatozoa/mL semen) or non-obstructive
azoospermia (NOA, complete lack of spermatozoa in the ejaculate without obstruc-
tive causes).

Objectives: The main objective of the present study is to analyze in the Iberian popu-
lation the effect of 6 single-nucleotide polymorphisms (SNPs) previously associated
with NOA in Han Chinese through genome-wide association studies (GWAS) and
to establish their possible functional relevance in the development of specific SpF
patterns.

Materials and methods: We genotyped 674 Iberian infertile men (including 480
NOA and 194 SO patients) and 1058 matched unaffected controls for the GWAS-
associated variants PRMT6-rs12097821, PEX10-rs2477686, CDC42BPA-rs3000811,
IL17A-rs13206743, ABLIM1-rs7099208, and SOX5-rs10842262. Their association
with SpF, SO, NOA, and different NOA phenotypes was evaluated by logistic regres-
sion models, and their functional relevance was defined by comprehensive interroga-
tion of public resources.

Results: ABLIM1-rs7099208 was associated with SpF under both additive (OR = 0.86,
p = 0.036) and dominant models (OR = 0.78, p = 0.026). The CDC42BPA-rs3000811
minor allele frequency was significantly increased in the subgroup of NOA patients
showing maturation arrest (MA) of germ cells compared to the remaining NOA cases
under the recessive model (OR = 4.45, p = 0.044). The PEX10-rs2477686 SNP was
associated with a negative testicular sperm extraction (TESE) outcome under the ad-
ditive model (OR = 1.32, p = 0.034). The analysis of functional annotations suggested
that these variants affect the testis-specific expression of nearby genes and that lin-
cRNA may play a role in SpF.

Conclusions: Our data support the association of three previously reported NOA risk
variants in Asians (ABLIM1-rs7099208, CDC42BPA-rs3000811, and PEX10-rs2477686)
with different manifestations of SpF in Iberians of European descent, likely by influ-

encing gene expression and lincRNA deregulation.

KEYWORDS
genetic association study, impaired spermatogenesis, male infertility, non-obstructive
azoospermia, severe oligospermia

azoospermia (NOA) and severe oligospermia (SO).>* NOA rep-

Sexual reproduction provides an evolutionary fitness advantage
through the generation of genetic diversity. However, these ad-
vantages are not toll-free, and successful meiosis, spermiogenesis,
and fertilization depend on a fine balance between the spatial and
temporal control of gene expression in both female and male indi-
viduals.! Conceiving a biological child can fail for one in every six
couples, with the primary cause deriving from the male in around
half of those cases.? Specifically, sperm cells are absent or severely
diminished in the ejaculate of up to 1% of adult men, and approx-
imately 10% of the cases of infertility are due to non-obstructive

resents the most severe expression of male infertility, due primar-
ily to a complete impairment in spermatogenesis in the absence of
any obstruction of the post-testicular genital tract.>* Conversely,
SO does not lead to complete absence of mature spermatozoa but
rather very low sperm counts in the ejaculate (<5 million sperm/
ml).”

The spermatogenic failure in NOA/SO can occur at different
phases of the gametogenesis, leading to a variety of histological
sub-phenotypes. For example, seminiferous tubules from some pa-
tients completely lack germ cells presenting a Sertoli cell-only (SCO)
syndrome; other affected individuals show >90% of seminiferous
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tubules with maturation arrest (MA) at early stages of the germline
(either spermatogonia or primary spermatocytes), while other pa-
tients present all stages of spermatogenesis, but with a decline in
the number of cells from all stages resulting in very low numbers
of mature motile sperm cells (hypospermatogenesis, HS).® NOA pa-
tients can be also classified based on the success of mature sperm
cell retrieval from a testicular biopsy through testicular sperm ex-
traction (TESE) techniques.7

Although the pathophysiological characterization of each azo-
ospermic patient is performed as part of clinical management and
reproductive counseling, an etiology can be established in only ap-
proximately 30% of the affected men.® Known NOA/SO primary
causes include karyotype abnormalities, Y chromosome microdele-
tions, high-penetrance monogenic mutations, deficit in gonado-
tropin, and/or sex steroid hormones, among others.” Hence, the
majority of NOA/SO cases are classified as idiopathic, and the etiol-
ogy of the infertility in those patients remains obscure.®1°

The scientific community has hypothesized on the contribution
of common variations of the human genome in NOA, and genome-
wide association studies (GWAS,) of this condition have already been
conducted, albeit mostly in Asian populations.” However, GWASs
have not been as successful in severe spermatogenic failure as in
other complex disorders, likely due to the heterogeneity of the stud-
ied phenotypes, the lack of proper control populations, and, espe-
cially, the limitation in terms of statistical power of those studies.

In this context, the GWASs carried out to date have been rean-
alyzed complemented with different rounds of replication. This is
the case of Hu and collaborators, who performed a GWAS in the
Han Chinese population including 981 men diagnosed with NOA
and 1657 non-affected controls.!! After a first replication step in
1180 NOA cases and 2082 healthy males, and a second replication
phase with 766 NOA cases and 1995 controls, only three genetic
markers reached genome-wide statistical significance and were in-
ternally replicated, that is, rs12097821 (located in 1p13.3, nearby
PRMTG), rs2477686 (in 1p36.32, close to PEX10), and rs10842262
(in 12p12.1, within an intron of SOX5).}! Two years later, the same
group performed a third replication step testing all signals with p-
values ranging from 107 to 1077 in the original GWAS. In this case,
the sample included 3608 NOA cases and 5909 controls in the
combined set.'? Following a meta-analysis of the whole dataset,
three additional non-HLA markers were described: rs3000811 (in
1g42.13, in the vicinity of CDC42BPA), rs13206743 (in 6p12.2, be-
tween MIR133B and IL17A), and rs7099208 (in 10g25.3, upstream
ABLIM1).}? Different evidences suggest that the NOA-associated
loci described above play relevant roles in the testicular function at
different levels. For instance, (1) PRMT6 is important for germ cell
viability during spermatogenesis and it has been shown to be down-
regulated by the androgen receptor,'® (2) disruption of the ortholog
genes of both PEX10 and CDC42BPA led to spermatogenesis defects
and male sterility in Drosophila,*?'* (3) SOX5 is required for a proper
gene expression pattern during spermatogenesis,*>*¢ (4) unbalanced
immune responses orchestrated by IL-17-expressing Th17 cells have

been associated with testicular damage in azoospermic testis with

chronic inflammation,” and (5) the protein encoded by ABLIM1 has
a function in the ectoplasmic specialization of the testis, which is
crucial for establishing the blood-testis barrier.®

Although the genetic associations with NOA of the six non-
HLA loci identified by Hu et al*'*? were confirmed in a number of
Chinese cohorts in the different rounds of replication, the effect
of such variants in NOA patients with European ancestry is yet to
be confirmed. Additionally, no histological phenotypes associated
with NOA have been considered in genetic association studies with
these polymorphisms to date. Consequently, we decided to analyze
the NOA-associated SNPs reported by Hu and colleagues in the

two previously mentioned reports*?*?

accordingly with a variety of
NOA/SO-related sub-phenotypes in an Iberian case-control cohort

of European descent.

2 | PATIENTS and METHODS

2.1 | Patients and clinical definition

This study was performed using the STREGA reporting guidelines.?’
To our knowledge, we analyzed the largest cohort of infertile pa-
tients with severe spermatogenic failure (SpF) of European ances-
try included in a genetic association study thus far. All patients
and controls were recruited in the Iberian Peninsula after obtain-
ing both ethical approval by the Ethics Committees on human ex-
perimentation of Government of Andalusia (CEIM/CEI Provincial
de Granada), Health Research Institute La Fé (CEIm La Fé), and
Instituto Valenciano de Infertilidad (CEIC IVI Valencia), as well as in-
formed written consent from all participants, in accordance with the
Declaration of Helsinki. The clinical procedures for infertile patients
included medical history, physical examination, semen analyses (per-
formed in accordance with World Health Organization guidelines 29),
and hormonal study (follicle-stimulating hormone, luteinizing hor-
mone, and testosterone).

A total of 674 SpF Iberian (Spanish and Portuguese) infertile
men with azoospermia or severe oligospermia (no sperm cells in the
ejaculate or <5 million spermatozoa/mL semen, respectively, after
two high-speed centrifugation processes in two different semen
samples) of testicular origin, including 480 NOA and 194 SO men,
were recruited for this study. Patients were identified and clinically
assessed in facilities and clinics managed by different public and pri-
vate hospitals from Spain and Portugal. Individuals with abnormal
karyotypes, chromosome Yq deletions and AZF microdeletions, a
history of testicular disorders (such as orchitis, testis maldevelop-
ment, bilateral cryptorchidism, bilateral varicocoele, and obstruction
of vas deferens), or professional/environmental factors associated
with low sperm counts were discarded from this study. Testicular
biopsies were obtained for sperm retrieval for assisted reproduc-
tion treatment. In total, 312 SpF patients had a confirmed testic-
ular biopsy in our database, including 260 NOA and 52 extreme
SO (who were recommended to underwent TESE due to the low

quality of sperm cells in the ejaculate). TESE outcome information
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was available for all SO individuals (who had a successful TESE in all
cases). However, information about the TESE result could be only re-
trieved for 221 NOA patients (being successful in 88 and unsuccess-
ful in 133). The sub-phenotype analysis accordingly with the TESE
outcome was performed only with NOA individuals, who were clas-
sified either as TESE+ (when spermatozoa was successfully obtained
in a testicular biopsy) or TESE- (if no spermatozoa were retrieved
from the biopsy).

The biopsies were also used to perform histological analysis
to confirm the clinical diagnosis and to classify NOA patients into
different histological subtypes. After histological analysis, patients
showing seminiferous tubules with a reduced number of cells at all
stages of the germline resulting in very low numbers of mature mo-
tile sperm cells were classified as HS, patients with a >90% germ
cell maturation failure at spermatogonia or primary spermatocytes
level were included in the MA group, and if only Sertoli cells were
observed in the seminiferous tubules, with total absence of germ
cells, patients were defined as having SCO. Subtype details are pro-
vided in Table S1. The high proportion of missing data for hormone
levels prevented us to use such information in the analyses. Similarly,
sperm counts and testicular volume data were not available for the
majority of our study cohort, and therefore, performing consistent
association analyses of the studied SNPs with those andrological pa-
rameters was not possible (which clearly limited the potential of our
study).

As control group, we included 700 men representative of the
general population (with self-reported fatherhood) as well as 358
men with proven normal sperm concentration in the ejaculate by
semen analysis. The control group was geographically, ethnically,
and age-matched to the case population.

2.2 | SNP selection and genotyping

We selected six single-nucleotide polymorphisms (SNPs) located in
independent non-HLA loci based on their previous association with
NOA in the Han Chinese population as reported by Hu et a/***?
Five intergenic SNPs (PRMT6-rs12097821, PEX10-rs2477686,
CDC42BPA-rs3000811, IL17A-rs13206743, and ABLIM1-rs7099208)
and one intronic variant (SOX5-rs10842262), which surpassed the
genome-wide level of significance either in the two- or three-stage
combined analysis by Hu et al**'? were selected for replication in
our Iberian cohort.

Genomic DNA was isolated from peripheral blood mononuclear
cells (PBMCs) using standard protocols. The TagMan allelic discrim-
ination technology was used for the genotyping, which was per-
formed using 6 pre-designed probes (assay IDs: C__31860585_10,
C__29347361_10,C__31905167_10,C___1975065_10,C__31383398_
10, C__15974285_10). Genotype assignment was carried out on a
7900HT Fast Real-Time PCR System (Applied Biosystems, Foster City,
California, USA). The genotype call rate was over 99% for all the tested

genetic variants.

2.3 | Statistical analyses

An estimation of the statistical power of our study is shown in
Table S2. These estimates were calculated with a method im-
plemented in the software CaTS Power Calculator for Genetic
Studies.?!

The association of the analyzed SNPs with severe male in-
fertile disorders (SpF, SO, NOA, and the NOA sub-phenotypes
SCO, MA, HS, and TESE-) was evaluated using logistic regres-
sion analyses in additive, dominant, recessive, and genotypic (2
degrees of freedom) models, considering the geographical origin
(Spain and Portugal) as a covariate, as implemented in Plink.?? The
case groups were compared to either unaffected geographically
matched controls or to infertile patients who did not present the
selected phenotype. The exact number of patients in each cat-
egory is shown in Tables 1 and 2. p-values, ORs, and 95% con-
fidence intervals (Cls) were calculated for all comparisons. The
significance threshold for this replication study was established
at p-value <0.05.

2.4 | Insilico characterization of
associated variants

A wide range of public databases and resources were queried to
data mine the functional clues available for the genotyped vari-
ants and their proxies. Proxies were defined as all variants showing
a linkage disequilibrium (LD) r? = 0.8 in the 1000 Genomes Project's
European (EUR) sub-population, with the six lead variants identified
in Hu et al**'? as implemented in LDlink.%® Significant quantitative
trait locus (QTL) effects on either expression or splicing were obtained
from both the cis-eQTL and cis-sQTL results from the v8 GTEx data
release. QTL effects on testis were prioritized. Furthermore, we re-
trieved peaks called for different regulatory chromatin marks in the
testis included in the ENCODE % DNase-seq hypersensitivity sites
(ENCFF323BCL, ENCFF608KRZ); CTCF (ENCODE sample references:
ENCFF300WML, ENCFF559LDF, ENCFF644JKD, ENCFF767LMP,
ENCFF788RFY, ENCFF855EVV) and POLR2A (ENCFF535DHF, ENC
FF651APG) protein ChIP-seqs; H3K4me3 (ENCFF286DAB, ENCFF
509DBT), H3K4mel (ENCFF316 MJM), H3K27ac (ENCFF610XSK,
ENCFF819NRA), H3K9me3 (ENCFF711LHL), and H3K27me3 (ENCF
F8810HS) histone modification ChIP-seqs. We also retrieved
SNP-based information from the SNPnexus,?> HaploReg v4,%¢ and
SNP2TFBS? portals, which integrate the information from differ-
ent sources such as Ensembl, SIFT, PolyPhen, CpG, Vista enhancers,
miRbase, TarBase, TargetScan, miRNA Registry, snoRNA-LBME-DB,
Roadmap,?® Ensembl regulatory build, CADD, DeepSEA, EIGEN,
FATHMM,, fitCons, FunSeq2 GWAVA, REMM, and RegulomeBD.?’

All the chromosomal positions for SNPs and peaks are reported
for the GRCh38 human genome build.%°

Figures and panels illustrating GTEx data were obtained from

the GTEx portal. LD plots in Chinese and Iberian populations were
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generated as implemented in the LDmatrix tool in LDlink.2® The re-

maining figures were generated with custom R scripts.

3 | RESULTS

The six polymorphisms had a minor allele frequency (MAF) higher
than 10% in the studied population (Table 1). Such observed MAFs
resembled those in the reference EUR population (Table S2) (as im-
plemented in ALFA, Allele Frequency Aggregator in the NCBI data-
base) and all the variants complied with Hardy-Weinberg equilibrium
(HWE, p > 0.05) in both cases and controls.

To confirm that the two control populations analyzed here (nor-
mozoospermic and population representative men) could be merged
and considered a single cohort of men with normal sperm counts (as
we did in previous studies 31 we compared the allele and genotype
frequencies of all the SNPs between them. As expected, no signifi-
cant differences were observed. Additionally, the MAFs observed in
both populations were similar to those described for the reference
Iberian population (IBS) of the 1000 genomes project.?

3.1 | Susceptibility to severe spermatogenic failure

Only one out of the six analyzed SNPs showed evidence of asso-
ciation with SpF group (NOA and SO) when the allelic and geno-
typic frequencies of the combined set of infertile cases were
compared to the control ones. Specifically, a protective effect
of the ABLIM-rs7099208*G allele was observed in both the addi-
tive (Pypp = 3.64 x 1072, OR,pp = 0.86, 95% Cl,pp = 0.74-0.99)
and dominant models (Pyoy, = 2.64 x 1072, ORyo,, = 0.78, 95%
Clpom = 0.63-0.97) (Table 1). This SNP also showed significant p-
values when different subgroups of infertile patients were tested
(including SO, SCO, and MA) (Tables 1 and 2), which suggests that
ABLIM-rs7099208 is not a subtype-specific marker but a marker of
SpF overall.

No additional SNPs yielded statistically significant association
when either SO patients or NOA cases were compared against the

control population.

3.2 | Susceptibility to non-obstructive azoospermia
phenotypic subtypes

The deep phenotyping and clinical characterization of our patient
cohort allowed us to explore the association of the selected poly-
morphisms with specific NOA histological patterns/TESE success.
Interestingly, the stratification of NOA patients revealed a sig-
nificant association of PEX10-rs2477686 with the most restrictive
definition of NOA (defined by TESE- patients) when compared to
controls with an additive effect of the C allele (PADD =3.42x 1072,
ORpp =1.32,95% Cl,pp = 1.02-1.70) (Table 1). Although no statis-
tical significance was reached in the TESE- vs. TESE + comparison

ANDROLOGY & B3

(which had a considerably lower statistical power), a similar effect
size of the PEX10-rs2477686"C allele was observed (OR ;5 = 1.30)
(Table 2).

Finally, the comparison between MA and non-MA NOA pa-
tients also revealed a potential risk allele effect for CDC42BPA-
rs3000811*Gin the recessive model (P = 4.45 x 1072, ORgec=4.45,
95% Clgec = 1.04-19.12) (Table 2).

The remaining analyzed SNPs showed no evidence of association

with any of the infertile group considered.

3.3 | Functional consequences of the replicated
genetic association signals with SpF male infertility

With the aim of contributing to the identification of plausible causal
variants for the replicated signals, we analyzed a panoply of pub-
licly available resources and databases to compile and integrate the
known functional information for the tested variants. Since the lead

1112 and all the polymor-

variant reported in the GWAS approaches
phisms within the same LD block (r? = 0.8) are tagged and, conse-
quently, statistically indistinguishable from the lead, we included
the replicated lead variants and all their proxies in our functional
prioritization.

The LD block including ABLIM1-rs7099208 (associated with
NOA in the GWASs by Hu et al™'? and with SpF in our study) was
comprised of 11 additional variants across a 13 kb region in chro-
mosome 10, which overlaps the last intron and exon of FAM160B1
(ENSG00000151553, a nearby gene of ABLIM1 with a ubiquitous
expression and unknown function) and the downstream region
(Figure 1A). This block showed eQTL effects on FAM160B1 and on
a long intergenic non-coding RNA (lincRNA) gene known as RP11-
38C6.2 (ENSG00000236799) in the testis. The protective ABLIM1-
rs7099208*G allele correlated with a decreased expression of both
genes in all tissues, with the strongest effect sizes being observed
in the testis (Figure 1B, Table S3). Furthermore, these SNPs were
reported to influence the splicing of both genes in a testis-exclusive
fashion (Figure S1A,B).

In order to further prioritize among the genetic variants
tagged by ABLIM1-rs7099208, we screened for overlap with
chromatin marks but only rs11196969 overlapped with a CTCF
binding site in the testis (Figure 1A; Table S3). Finally, the
rs10885628 polymorphism, located in a regulatory region, also
overlapped with a GATA1 binding ChIP-seq peak,®® and it has
been predicted to alter the binding of GATA family transcription
factors 2% (Table S4).

Regarding CDC42BPA-rs3000811 (associated with NOA in the
GWASs by Hu et al'*'? and with MA in our study), the complete
LD block spanned a total of 92 SNPs and up to 54.5 kb in chromo-
some 1 (Figure 2). This large LD block enclosed a lincRNA gene,
LINC01641 (ENSG0O0000149527), which is expressed only in the
testis and in two isoforms (Figure 2C; Figure S1C). The MA-risk allele
CDC42BPA-rs3000811*G and its proxies led to decreased expres-
sion of LINC01641 in the testis (Figure 2B).
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FIGURE 1 Mostrelevant functional annotations of ABLIM1-rs7099208. A, Functional classification of all the single-nucleotide
polymorphisms (SNP) in the ABLIM1-rs7099208 linkage disequilibrium (LD) block. B, ABLIM1-rs7099208 expression quantitative trait locus
(eQTL) effects on RP11-38C6.2 and FAM160B1 in the testis (GTEx project data). C, Tissue expression of RP11-38C6.2 and FAM160B1
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FIGURE 2 Most relevant functional annotations of CDC42BPA-rs3000811. A, Functional classification of all the SNPs in the CDC42BPA-
rs3000811 linkage disequilibrium (LD) block. B, CDC42BPA-rs3000811 expression quantitative trait locus (eQTL) effects on LINC01641 in

the testis (GTEx project data). C, Tissue expression of LINC01641

Moreover, we observed an overlap of CDC42BPA-rs3000811*G
with epigenetic marks in the testis for three SNPs: rs3000778,
rs3014278, and rs3014295 (Figure 2A; Table S3). Indeed, rs3014295
was located in a highly active transcriptional region and it was pre-
dicted to be damaging likely by affecting the binding of several
transcription factors, especially PITX2 and PRRX2 24?7 (Table S4).
Additional evidence of functionality was observed for other variants
of the block (Table S4).

The TESE- risk variant PEX10-rs2477686-C, and its proxy alleles (20
SNPs spanning, approximately, 32 kb in chromosome 1) (Figure S2A),
led to a decreased expression of PLCH2 (ENSG00000149527) in the
thyroid and to sQTL effects on RER1 (ENSGO0000157916) in several
tissues (Figure S2B). PLCH2 was barely expressed in the testis while
RER1 showed high expression levels in this tissue (Figure S2C). Although

no effect on expression was detected, some of these variants mapped
into putative regulatory regions harboring histone modifications, open
chromatin, or CTCF binding sites in the testis (Table S3). Lastly, the lead
variant PEX10-rs2477686 was predicted to be damaging by different
methods and to strongly affect the binding of the transcription factor
ROR-alpha 24%’ (Table $3 and S4).

4 | DISCUSSION

To date, GWAS efforts in severe male infertility due to SpF are
scarce, and the replication of the identified signals have rarely been
confirmed following the initial reports.9 In addition, the characteri-

zation of the associated variants in terms of possible influence in
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the development of specific spermatogenic impaired histological
features/patterns and functional relevance is still unexplored in
most cases. Here, we analyzed the potential implication of 6 SNPs,

1011 i the largest

previously associated with NOA in Han Chinese,
case-control cohort of European descent included in a genetic study
to date. It should be noted that our study not only represents the
first report of association of such SNPs with male SpF infertility in
Europeans, but also the first attempt to evaluate their role in dif-
ferent homogeneous male SpF infertile sub-phenotypes and in the
likelihood of retrieving viable sperm cells from testis biopsies of
NOA men, which has important implications for the clinic due to the
increasingly demanded counseling about the suitability of undergo-
ing surgery in such cases.>* We also provide further insight of their
putative role in the pathogenic molecular mechanisms through com-
prehensive exploration of functional annotation data. Furthermore,
the sample size of our study cohort was in the same range of the
large replication studies in Asian populations already published.35'39
However, it should be noted that the sub-phenotype analyses were
performed in lower study cohorts, which reduced considerably the
statistical power. Moreover, all the associations described here
would be lost if multiple testing correction were applied. Therefore,
the genetic associations observed with specific phenotypes should
be taken cautiously.

The previously reported association of three variants
(SOX5-rs10842262, PRMT6-rs12097821, and IL17A-rs13206743)
with NOA was not replicated in our Iberian SpF infertile men co-
hort. One of them, IL17A-rs13206743, was not included in inde-
pendent replications before. However, the association of both
SOX5-rs10842262 and PRMT6-rs12097821 with NOA or SpF male
infertility has been replicated in previous meta-analyses including
different Chinese populations.3>”% Nonetheless, the association
of these two SNPs with NOA was not confirmed in a different ge-
netic background such as the Japanese population included in Sato
et al®® The three non-replicated variants are relatively frequent in
the studied Iberian population (MAF ranging 10%-40%), so the
lack of association is unlikely to be due to a type Il error, as our
analysis was performed with a considerably high statistical power.
Nevertheless, the power was reduced in our sub-phenotype anal-
yses as a consequence of a decrease in the cohort sizes. Therefore,
phenotype-specific associations of those SNPs with a moderate
genetic effect may not be detected in our current datasets, which
represents a limitation of the study. On the other hand, it is worth
noting that the difference in the MAF frequencies between Asian
and European populations was striking, and such might indicate the
existence of different causal variants, if any, across these regions in
Europeans.

Similarly, we observed relevant MAF differences be-
tween Asians and Europeans for the PEX10-rs2477686,
CDC42BPA-rs3000811, and ABLIM1-rs7099208 NOA-associated
polymorphisms. Nevertheless, significant associations with male
SpF infertile sub-phenotypes were observed for such SNPs, which
highlights the relevance of establishing more homogeneous study

groups.

The association of PEX10-rs2477686 with male infertility and
NOA was replicated by Gu et al*® and Liu et al,*’ although addi-
tional replication efforts did not confirm this NOA-associated signal.
Interestingly, we could only establish an association of this variant
with the most restrictive definition of NOA, which includes those in-
dividuals with total absence of viable germ cells in the testis biopsy.
Although no effect on gene expression or splicing was described in
the testis for PEX10-rs2477686 or its proxies, an overlap between
some of these variants and epigenetic marks were observed in the
testicular tissue. Moreover, PEX10-rs2477686 was predicted to be
damaging by several bioinformatic tools and to affect the binding
of RORA, an ubiquitously expressed transcription factor that has
been involved in circadian rhythms, response to hypoxia and female
fertility, given that this gene is differentially expressed in senescent
follicles in ovaries.*°

The testis represents the most enriched tissue in lincRNAs in
Humans.***? These molecules are non-coding RNAs longer that
200 bp that are transcribed autonomously and do not overlap cod-
ing genes.*! The mechanisms and functions of lincRNAs are diverse
and often unknown but, in a broad sense, it is widely accepted that
lincRNAs control the expression of nearby genes in a tissue-specific
manner. Besides, accumulating data strongly support a critical
role of these molecules in the regulatory network controlling both
spermatogenesis and spermiogenesis processes.*>*¢ Indeed, a de-
regulated expression of lincRNAs has been correlated with a dys-
genic gonocyte differentiation into pre-spermatogonia in patients
with Klinefelter syndrome (who are usually characterized as having
NOA).# Interestingly, our functional data mining strategy pointed
to a lincRNA mechanism related to the CDC42BPA-rs3000811
LD block. The CDC42BPA-rs3000811 SNP and its linked variants
showed an eQTL effect on LINC01641. This lincRNA is expressed
only in the testis and its function remains unknown. The minor allele
of CDC42BPA-rs3000811 (G) increased risk to MA in the context of
NOA in our study and led to a decreased expression of LINC01641.
This evidence might suggest a deregulation of LINC01641 with a spe-
cialimpactin early stages of spermatogenesis, during the pre-meiotic
and meiotic phases. Indeed, CDC42BPA, located nearby LINC01641,
encodes a protein involved in cytoskeletal reorganization *® (that
could potentially play a role in both mitosis and meiosis), and it is
likely that the expression of this gene was regulated by LINC01641.
Nevertheless, both this hypothesis and the mechanism that might
control the risk effect of the CDC42BPA-rs3000811 LD block on MA
should be validated experimentally.

With regard to the ABLIM1-rs7099208 LD block, our data sug-
gest that the G allele confers a protective effect to SpF (NOA and
SO) likely by decreasing the expression of a another testis-specific
lincRNA, RP11-38Cé.2, and the ubiquitously expressed gene
FAM160B1 (Figure 1). We would like to note that, although a trend
toward association with NOA was observed, the association of this
SNP with SpF seems not to be subtype-specific. Strikingly, this pro-
tective effect for SpF was opposite to that observed for NOA in

Ii2

Chinese by Hu et al** The MAF of this polymorphism differed signifi-

cantly between populations, being less than 10% in the Han Chinese
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population and higher than 40% in Iberians (Table S5). The discrep-
ancy between the allelic effects could be due to the different LD
patterns between Asian and European populations and incomplete
tagging of the putative causal variant by the ABLIM1-rs7099208 LD
block. Alternatively, the effects of this variant might be influenced
by the characteristic genetic background of each population and/or
the possible differences in the sub-phenotype distribution between
the study cohorts. The function of the lincRNA RP11-38Cé6.2 is un-
known, although its testis-specific expression is compatible with
a possible role in spermatogenesis. On the other hand, a reduced
expression of FAM160B1 in germ cells obtained from Chinese NOA
patients has been reported, consistent with the essential role that

1.*” Therefore, the fine reg-

this gene may have in germ cell surviva
ulatory effects on gene expression exerted by lincRNAs, together
with the testis-specific sQTLs described for both RP11-38C6.2 and
FAM160B1, suggest that the causal variants in this locus may affect
male fertility through an intricate mechanism.

In summary, this genetic study in a large Iberian population of
men showing severe spermatogenic disorders supports the involve-
ment of three previously reported NOA-associated genetic variants
(PEX10-rs2477686, CDC42BPA-rs3000811, and ABLIM1-rs7099208)
in Asian populations. Most importantly, our data shed light into
the pathogenic mechanisms in which they are implicated and their
possible impact on specific spermatogenic impairment patterns/
sub-phenotypes. The comprehensive analysis and interpretation of
publicly available functional data through bioinformatics approaches
performed here (which revealed an overlap of the associated SNPs
with epigenetic marks in the testis, posited an effect on the tran-
scriptome with a tissue-specific profile, and suggested a potential
role on spermatogenesis disruption of testis-specific lincRNAs) may
provide valuable insight for the design of subsequent studies aimed
at developing more effective diagnostic markers, and the potential
use of some of them as prognostic markers of TESE success. The
latter would definitively help to alleviate the high socioeconomic
burden caused by unnecessary surgery in NOA patients seeking
to father a biological child, as unsuccessful TESE occurs in around
half of cases.”® Identifying the molecular causes of the disruption
in spermatogenesis in men with idiopathic male infertility is the
necessary first step toward a better understanding of the disease,
its pathophysiology, and associated sub-phenotypes, thus allowing
urologists and andrologists to improve care and treatment counsel-
ing of their patients.
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