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ABSTRACT
Background: The routine genetic analysis for diagnosing male infertility has not changed over the last twenty years, and currently

available tests can only determine the etiology of 4% of unselected infertile patients. Thus, to create new diagnostic assays, we must

better understand the molecular and genetic mechanisms of male infertility. Although next-generation sequencing allows for simul-

taneous analysis of hundreds of genes and the discovery of novel candidates related to male infertility, so far only a few gene candi-

dates have enough sound evidence to support the gene–disease relationship.

Objective: Since complementary studies are required to validate genes, we aimed to analyze the presence of potentially pathogenic

rare variants in a set of candidate genes related to azoospermia in a hitherto understudied South American population.

Subjects and Methods: We performed whole exome sequencing in a group of 16 patients with non-obstructive azoospermia from

Ribeir~ao Preto, Brazil. Based on a recent systematic review of monogenic causes of male infertility, we selected a set of 37 genes

related to azoospermia, Sertoli-Cell-Only histology, and spermatogenic arrest to analyze. The identified variants were confirmed by

Sanger sequencing, and their functional consequence was predicted by in silico programs.

Results: We identified potential pathogenic variants in seven genes in six patients. Two variants, c.671A>G (p.(Asn224Ser)) in

DMRT1 and c.91C>T (p.(Arg31Cys)) in REC8, have already been described in association with azoospermia. We also found new vari-

ants in genes that already have moderate evidence of being linked to spermatogenic failure (TEX15, KLHL10), in genes with limited

evidence (DNMT3B, TEX14) and in one novel promising candidate gene that has no evidence so far (SYCE1L).

Discussion: Although this study included a small number of patients, the process of rationally selecting genes allowed us to detect

rare potentially pathogenic variants, providing supporting evidence for validating candidate genes associated with azoospermia.

INTRODUCTION
Male infertility is a multifactorial condition associated with

variable phenotypes, and it affects approximately 7% of men

worldwide (Krausz & Riera-Escamilla, 2018). Diagnosing this

condition is difficult not only because several environmental

and genetic factors interfere with spermatogenesis (Cocuzza

et al., 2013), but also because of social taboos. In some countries

of Africa, men unable to father children are so marginalized that

some may even commit suicide (Zarrabi & Kruger, 2018). More-

over, a man is usually only analyzed after the woman has under-

gone an extensive workup (Cocuzza et al., 2013).

The cornerstone of male infertility diagnostics is semen analy-

sis, which evaluates sperm number, motility, and morphology

following World Health Organization (WHO) guidelines (WHO,

2010). The most severe phenotype of male infertility is non-ob-

structive azoospermia (NOA), characterized by the absence of

spermatozoa in the ejaculate even after centrifugation. In men

with NOA, testicular biopsy reveals histological variations,

including Sertoli-Cell-Only histology (SCO), maturation arrest at

any stage of spermatogenesis, and mixed testicular atrophy.

These variations in histopathology might be a consequence of

the complex process that regulates spermatogenesis (Gershoni

et al., 2017).

Among several possible etiologies, those of genetic origin may

be transmitted to one’s offspring if a child can be conceived, for[Copyright line changed after the first online publication on 3 September 2019]
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example, by assisted reproduction. Therefore, genetic screening

is relevant not only because of its diagnostic value but also for its

potential prognostic value for clinical decision-making and

appropriate genetic counseling (Kumari et al., 2015; Belva et al.,

2016; Krausz & Riera-Escamilla, 2018). Since Klinefelter syn-

drome and other chromosomal aberrations are the major

genetic causes of male infertility, the first genetic examination

performed is karyotype analysis. This examination detects

numerical chromosomal abnormalities, mosaicisms, and some

structural chromosomal abnormalities. Patients with severe

oligozoospermia (<5 9 106 spermatozoa per mL semen) or

azoospermia usually undergo molecular analysis to identify AZF

deletions on chromosome Y (Krausz et al., 2013). Beyond these

genetic examinations, gene sequencing in a clinical setting is

currently only performed in the very rare condition of hypogo-

nadotropic hypogonadism or in men with congenital bilateral

absence of vas deferens (CBAVD) (T€uttelmann et al., 2018).

This routine diagnostic workup has not changed over the last

twenty years, and the currently available genetic tests can only

determine the etiology of 4% of unselected infertile men and

20% of azoospermic men (T€uttelmann et al., 2018). Thus, devel-

oping new diagnostic assays requires understanding the molecu-

lar and genetic mechanisms of male infertility.

Determining the genetic component of male infertility is diffi-

cult because >2,000 genes are involved in human spermatogene-

sis (Krausz et al., 2015). Since the late 1990s, an intense search

has been underway to identify genetic risk factors of male infer-

tility via associations with single nucleotide polymorphisms

(SNP) and copy number variation (CNV) (Krausz et al., 2015).

Despite the more than 300 SNPs distributed in 123 genes

reported to be associated with male infertility (Krausz et al.,

2015) and some CNVs (T€uttelmann et al., 2011; Krausz et al.,

2012; Nakamura et al., 2017), most data remain controversial, as

patients’ ethnic and geographical origin seem to influence the

phenotypic expression of these genomic variations (Krausz

et al., 2015; Krausz & Riera-Escamilla, 2018).

A relatively novel approach to identify potential pathogenic

genes is next-generation sequencing (NGS), which allows for

rapid and cost-effective sequencing of whole exomes or gen-

omes. As such, this approach can help identify novel genetic fac-

tors in different complex diseases, including male infertility

(Krausz & Riera-Escamilla, 2018). In fact, whole exome sequenc-

ing (WES) has already been employed to identify novel genes

related to the phenotype of non-obstructive azoospermia in

humans (Gershoni et al., 2017; Fakhro et al., 2018), but the num-

ber of genes that can be confidently linked to this condition is

still low (Oud et al., 2019). Without stronger evidence, some

findings may lead to distorted conclusions, resulting in inappro-

priate subsequent research or false understanding of genetic

pathways (Oud et al., 2019).

Although several variants in numerous genes have been

described in association with male infertility, few studies have

been independently validated or have provided functional evi-

dence that the variants identified are pathogenic. Furthermore,

only a fraction of the identified genes have supporting biological

evidence (e.g., a knockout mouse model showing male infertil-

ity) (T€uttelmann et al., 2018). Regarding genes that do fulfill

multiple levels of evidence for an association with male infertil-

ity, an unstructured assessment reportedly found three: NR5A1,

DMRT1, and TEX11 (T€uttelmann et al., 2018). Very recently, an

extensive literature review and structured clinical validity assess-

ment of a large number of genes showed that only a few have

‘strong’ evidence of being associated with male infertility, while

many more have ‘moderate’ or ‘limited’ evidence (Oud et al.,

2019).

Since studies in male infertility are still lacking (Barratt et al.,

2017), our objective was to analyze the presence of rare, poten-

tially pathogenic variants in a set of candidate genes associated

with non-obstructive azoospermia and provide evidence for

their clinical validity.

SUBJECTS AND METHODS

Ethical approval

This study was conducted in accordance with the ethical stan-

dards of the involved institutions. Written informed consent for

genetic testing was obtained from all subjects participating,

according to the approved Ethics Committee of the Hospital das

Cl�ınicas of Ribeir~ao Preto (reference number HCRP_n°8715/
2013), and Ethics Committee of the State Medical Board and the

Medical Faculty M€unster (Kennzeichen 2010-578-f-S).

Patients

The study group consisted of 16 unrelated infertile patients,

below 45 years of age at first evaluation, seeking advice for cou-

ple infertility at Human Reproduction Division of Hospital das

Cl�ınicas of Ribeir~ao Preto (HCRP, Brazil). These patients were

recruited in a previous study (Grangeiro, 2018). All had azoosper-

mia and reduced testicular volumes (<15 ml) measured by the

same physician (CHPG) using an orchidometer. Twelve patients

were confidently diagnosed as having NOA based on testicular

biopsy. Six of them had SCO and six had germ cell maturation

arrest. Two of the remaining patients had elevated FSH levels,

which together with the reduced testis lead to the diagnosis of

NOA. The diagnoses in the last two patients (M1807 and M1809)

solely relied on reduced testis size. The normal routine diagnos-

tic workups included GTG-banding with exclusion of chromoso-

mal mosaicism (Hook, 1977) and AZF deletions according to the

EAA and EMQN protocol (Krausz et al., 2013). Clinical informa-

tion regarding these patients is summarized in Table 1.

We excluded patients showing characteristics known to be

associated with male infertility phenotype, such as (i)

endocrinopathy (hypogonadotropic hypogonadism, hyperpro-

lactinemia, hyper/hypothyroidism, use of anabolic steroids);

(ii) pathologies or procedures that affect the production of

spermatozoa (chemo- or radiotherapy, traumatic or infectious

orchitis, varicocoele (≥ grade II), bilateral cryptorchidism); (iii)

post-testicular dysfunctions (erectile dysfunction/loss of

libido/anorgasmia, retrograde ejaculation/anejaculation, con-

genital absence of the vas deferens, vasectomy, mechanical

obstruction resulting from trauma or infection); or (iv) testicu-

lar volumes >15 ml.

For one variant filtering step, we utilized an already available

in-house control group, which is part of our larger scale Male

Reproductive Genomics (MERGE) study comprising >700
exomes. The control group consisted of 17 unrelated healthy

men below 45 years attending the Centre of Reproductive Medi-

cine and Andrology (CeRA) in M€unster, Germany. They pre-

sented normal semen parameters according to WHO criteria

(World Health Organization, 2010).

© 2020 The Authors. Andrology published by Wiley Periodicals, Inc. on behalf of
American Society of Andrology and European Academy of Andrology
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Whole exome sequencing and bioinformatic analysis

Genomic DNA was isolated from peripheral blood according to

standard procedures and as described previously (R€opke et al.,

2013). For WES, samples were prepared and enriched according

to the protocol of Agilent’s SureSelectQXT Target Enrichment for

Illumina Multiplexed Sequencing Featuring Transposase-Based

Library Prep Technology (Agilent Technologies, Inc., Santa Clara,

USA). The libraries were index tagged using appropriate pairs of

index primers for multiplexed sequencing. To capture libraries,

SureSelectXT Human All Exon V6 was used. Quantity and quality

of the libraries were determined with Agilent’s TapeStation 2200,

and the final concentration was adjusted to 1.6 pM. Sequencing

was performed on the Illumina NextSeq� 500 System using the

NextSeq 500 V2 High-Output Kit (300 cycles).

After trimming, the remaining adapter sequences and primers

were removed with Cutadapt v1.15 (Martin, 2011). Sequence

reads were aligned against the reference genome GRCh37.p13

using BWA Mem v0.7.17 (Li & Durbin, 2010). Duplicate reads

and reads that mapped to multiple locations in the genome were

excluded from further analysis. Single nucleotide variations and

small insertions/deletions (Indels) were identified and quality-

filtered using GATK toolkit v3.8 with haplotype caller, according

to the best practice recommendations (McKenna et al., 2010).

Briefly, haplotype caller performs local de novo assembly in

active regions and calculates haplotype likelihoods at potential

variant sites. Resulting variants were annotated with Ensembl

Variant Effect Predictor (McLaren et al., 2016).

Selection of genes for analysis

Initially, we analyzed the WES data for the three genes NR5A1,

DMRT1, and TEX11 from our unstructured assessment (T€uttel-

mann et al., 2018). Subsequently, we selected a set of genes

based on a systematic review that established the clinical validity

of candidate genes related to male infertility (Oud et al., 2019).

We considered all genes with definitive, strong, moderate, and

limited evidence of monogenetic association with male infertility

and selected those leading to the phenotypes presented by our

patients, such as NOA, SCO, and germ cell maturation arrest (see

Table S1).

Variant filtering

We filtered for coding variants with potentially severe conse-

quences for protein function—namely those affecting splice sites

(donor/acceptor), start loss, stop gain, frameshift, and missense.

In order to rule out common polymorphisms, we excluded all

variants with a frequency higher than 0.05 in any subpopulation

in the Exome Sequencing Project (ESP, https://evs.gs.washing

ton.edu/EVS/), 1000 Genomes Browser ( http://phase3browser.

1000genomes.org/index.html), and the genome aggregation

database gnomAD ( https://gnomad.broadinstitute.org/; includ-

ing 11,304 Latino individuals) (modified from Riera-Escamilla

et al., 2019). For genes associated with autosomal dominant

inheritance or linked to X- and Y-chromosomes, we excluded

variants with a frequency above 0.01. As an additional filtering

step, variants identified in German controls were also excluded,

because these will most likely neither cause NOA in any other

population. For missense variants, we excluded those predicted

to be tolerated by all of the in silico programs considered: SIFT,

PolyPhen-2, MutationTaster, and CADD (score < 10). Addition-

ally, we excluded single variants present in genes associated with

autosomal recessive inheritance.

Confirmation of variants with Sanger sequencing

All variants remaining after filtering were confirmed by Sanger

sequencing as described previously (Tewes et al., 2014). The pri-

mers used for DNA amplification are shown in Table S2.

RESULTS
In our set of 37 candidate genes (Table S1), we identified 35

variants in the group of 16 Brazilian NOA patients (Table S3).

Applying further selection criteria, we excluded 16 single reces-

sive variants, three combinations of recessive variants without

prediction of pathogenicity, one dominant variant with a fre-

quency of 0.023 in the general population, and two dominant

variants also found in normozoospermic men from the German

controls. Along with six variants predicted as pathogenic, we

considered three variants with uncertain prediction of

pathogenicity (concomitant classification as benign and delete-

rious) and one predicted as benign in TEX15 gene (c.7118G>A).

Table 1 Clinical and routine genetic characterization of NOA patients

Patient ID Age (years) Testosterone

ng/mL (2.49–8.36)
FSH

mIE/mL (<7.0)
LH

mIE/mL (1.7–8.6)
Karyotype

(GTG banding)

AZF deletions Testicular

histology

M1802 34 3.18 16.7 8.1 46, XY[100] Negative SCO

M1803 33 4.20 3.7 2.0 46, XY[50] Negative Mat.A

M1804 32 6.81 7.7 3.0 46, XY[50] Negative SCO

M1805 29 3.92 23 7.9 46, XY[50] Negative SCO

M1806 35 1.83 13.1 4.2 46, XY[50] Negative SCO

M1807 33 3.95 3.2 1.0 46, XY[50] Negative –
M1808 30 4.11 21 6.7 46, XY[50] Negative Mat.A

M1809 24 4.80 4.3 5.0 46, XY[50] Negative –
M1810 31 2.96 1.7 2.6 46, XY[50] Negative Mat.A

M1811 39 3.25 19.7 6.5 46, XY[100] Negative –
M1812 34 3.05 11.5 5.9 46, XY[50] Negative Mat.A

M1813 37 5.20 7.7 2.8 46, XY[50] Negative Mat.A

M1814 34 4.45 7.7 2.7 46, XY[50] Negative –
M1815 26 3.20 9.4 3.7 46, XY[100] Negative Mat.A

M1816 36 3.00 17.5 6.5 46, XY[50] Negative SCO

M1817 31 3.50 10.1 5.5 46, XY[50] Negative SCO

ID, Identity; FSH, Follicle-stimulating hormone; LH, Luteinizing hormone; AZF, azoospermia factor; SCO, Sertoli-Cell-Only histology; Mat.A, germ cell maturation

arrest. Hormone values outside the normal range are marked in bold.
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Hence, ten missense variants in seven candidate genes remained

for subsequent in-depth assessment (Table 2).

We chose to report the heterozygous variant c.7118G>A in

TEX15, despite it being predicted as benign, because it was

found in combination with another heterozygous variant

(c.9223G>A ClinVar SCV000987204.1), predicted as deleterious

(Table 2). Moreover, TEX15 has moderate evidence of associa-

tion with male infertility (Oud et al., 2019). Hence, we report a

potentially compound heterozygous patient (M1804) (Fig. 1A)

that, in contrast to previous reports, is affected by azoospermia

due to SCO. This patient also presents mildly increased FSH

levels (Table 1).

Two heterozygous variants in the gene TEX14, c.727C>G and

c.4297G>A (ClinVar SCV000987207.1), were identified in another

potentially compound heterozygous patient (M1810) (Fig. 1B).

This man presented germ cell maturation arrest in the testicular

histology and normal hormonal parameters, comparable to

patients with missense variants in TEX14 previously reported

(Fakhro et al., 2018).

A single variant was identified in the gene REC8,

c.91C>T (ClinVar SCV000987205.1), predicted to lead to an

amino acid substitution p.(Arg31Cys), in an azoospermic patient

with normal hormonal parameters (Patient M1809) (Fig. 1C).

Despite the scarcity of studies in humans (Oud et al., 2019), the

same variant was previously described in a patient with NOA,

although then it was not considered relevant for male infertility

(Griffin et al., 2008; Hann et al., 2011). In the same patient, we

identified a potentially pathogenic homozygous variant

(c.22C>G, ClinVar SCV000987206.1) in the gene SYCE1L

(Fig. 1C) during the analysis of its paralogue SYCE1. The SYCE1L

gene has no evidence of association with infertility so far (Oud

et al., 2019), but variants in SYCE1 have been described in

azoospermic brothers presenting NOA due to meiotic arrest

(Maor-Sagie et al., 2015).

Two single variants were found in the gene KHLH10. The vari-

ant c.887T>C (ClinVar SCV000987210.1) was identified in patient

M1816 (Fig. 1D), who presented SCO and increased FSH levels,

while c.242A>T (ClinVar SCV000987208.1) was identified in

patient M1811 (Fig. 1E), who presented NOA, increased FSH

levels but who unfortunately did not have biopsy results. So far,

missense and splice variants in KHLH10 have only been

described in association with oligozoospermia in humans (Yat-

senko et al., 2006; Miyamoto et al., 2016) and not in the context

of azoospermia or SCO as observed in this study (Patients

M1816 and M1811).

Patient M1816 also carries a variant in the gene DMRT1

(c.671A>G, ClinVar SCV000987211.1) (Fig. 1D). Although both

variants (c.887T>C in KLHL10, c.671A>G in DMRT1) have a

higher prevalence than our initial threshold of 0.01 in the general

population, we included them because they were close to the

limit (0.0102 and 0.0124, respectively) and in the ethnically

matched Latino population even lower (not described and

0.0012, respectively). Furthermore, the variant c.671A>G was

previously described in two patients with SCO (Tewes et al.,

2014).

A single heterozygous variant, c.2452G>A (ClinVar

SCV000987209.1), was identified in the gene DNMT3B in a

patient with NOA and increased FSH levels (Patient M1814)

(Fig. 1F). Despite limited evidence of an association with male

infertility (Oud et al., 2019), rare missense variants within this

gene have been described in patients with NOA (Li et al., 2015).

DISCUSSION
Regardless of the social factors hindering it, diagnosing male

infertility is an enormous challenge because it is a complex, mul-

tifactorial condition resulting in heterogeneous phenotypes and

involving thousands of genes (T€uttelmann et al., 2018). More-

over, once a deleterious mutation in a reproduction-related gene

directly affects fitness, it tends to remain in the population at

low frequencies, such that researchers must screen multiple

genes in a large group of patients to find novel candidate genes

(Oud et al., 2019).

Testing multiple genes in multiple patients is now feasible as

genomics has advanced and next-generation sequencing is avail-

able. Concerning idiopathic spermatogenic failure, WES has pre-

viously been successfully employed to identify novel candidate

genes (Gershoni et al., 2017; Fakhro et al., 2018). However, the

interpretation of genetic data is not simple, because most candi-

date genes have been found via mutations in single patients or

single families, as is expected in the search for rare variants (Oud

Table 2 Variants identified by WES and confirmed by Sanger sequencing

Patient Variant In silico programs Maximum

allele

frequency

Allele

frequency

ID Phenotype Gene Transcript Inh. cDNA Protein Genotype CADD ≥ 10

damage

PolyPhen/SIFT/

MutationTaster

In any sub-

populationa
In Latino

populationb

M1804 SCO TEX15 NM_001350162.1 AR c.9223G>A p.(Gly3075Arg) 1/0 24.9 P/D/- 0.005 0.0035

c.7118G>A p.(Ser2373Asn) 1/0 9.1 B/T/- 0.0257 0.0111

M1809 NOA REC8 NM_001048205.1 AD c.91C>T p.(Arg31Cys) 1/0 35 P/-/D 0.0052 0.0010

SYCE1L NM_001129979.1 AR c.22C>G p.(Leu8Val) 1/1 6.4 P/-/- 0.0386 0.0016

M1810 Mat.A TEX14 NM_001201457.1 AR c.4297G>A p.(Glu1433Lys) 1/0 26.9 B/D/D 0.0039 0

c.727C>G p.(Gln243Glu) 1/0 25.9 P/D/D 0.012 0.0005

M1811 NOA KLHL10 NM_001329595.1 AD c.242A>T p.(Asn81Ile) 1/0 19.2 B/T/D 0.002 0.0013

M1814 NOA DNMT3B NM_006892.3 AD c.2452G>A p.(Val818Met) 1/0 34 P/D/- 0.0001 0

M1816 SCO KLHL10 NM_001329595.1 AD c.887T>C p.(Ile396Thr) 1/0 23 B/T/D 0.0102c –
DMRT1 NM_021951.2 AD c.671A>G p.(Asn224Ser) 1/0 25.4 P/T/D 0.0124c 0.0012

ID, Patient Identity; Inh, inheritance pattern; SCO, Sertoli-Cell-Only histology; Mat.A, germ cell maturation arrest; AD, autosomal dominant inheritance; AR, autosomal

recessive inheritance; 1/0, variant found in heterozygous status; 1/1, variant found in homozygous status; B, benign prediction; P, possibly or probably pathogenic;

T, tolerated; D, deleterious or damaging; N, neutral. aESP, 1000 Genomes, gnomAD. bgnomAD. cDominant variants with frequency > 0.01 (see text for reasons why

they were included).
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et al., 2019). Moreover, the amount of new variants identified by

NGS exceeds researchers’ capacities to perform functional stud-

ies, which makes it difficult to distinguish between variants that

cause disease from variants that are rare but benign (Walsh

et al., 2014). Thus, independent genetic studies and functional

studies are necessary to provide robustness to the clinical valid-

ity of candidate genes linked to male infertility (Oud et al., 2019).

The present study provides evidence for the clinical validity of

some genes associated with azoospermia. Among 37 genes ana-

lyzed, we found variants in seven. We attribute our success of

finding variants, even in a small number of patients, to the

rational selection of candidate genes to analyze. Briefly, we con-

sidered only highly penetrant genes that exclusively affect fertil-

ity, and we selected those linked to the phenotypes presented by

our patients by only considering genes with evidence of associa-

tion to male infertility. To minimize the chance of finding benign

variants, we considered only those with severe consequences,

such as start loss, splicing, frameshift, and missense. We

excluded common variants with allele frequencies higher than

0.05 in general population, and we selected those predicted as

pathogenic and that were absent in the control group. We can-

not confidently rule out obstructive azoospermia (OA) in the two

patients with normal FSH levels, but also these presented with

reduced testicular volume. We did, however, exclude mutations

in the CFTR and ADGRG2 genes, which are the most common

causes for OA. With our approach, we identified potentially

pathogenic variants in six of sixteen non-related Brazilian

patients with NOA (~38%). This is the first comprehensive

screening of South-America NOA men.

Two heterozygous variants, c.9223G>A(;)7118G>A, were identi-

fied in patient M1804, in TESTIS EXPRESSED GENE 15 (TEX15,

OMIM 605795). This gene, exclusively expressed in testis, is

Patient M1810

TEX14

33      

*c.727C>G

7 Exon1

Transcript length:4927bps; Translation length: 1491 residues   

*c.4297G>A

135.38 kbReverse strand
31      

REC8

Exon 2
8.18 kb

*c.91C>T

Forward strand
19

Transcript length:2276bps; Translation length: 547 residues   

Patient M1809

SYCE1L

Exon 1
13.61 kb

*c.22C>G

Forward strand
11
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Figure 1 Exon localization of variants identified in six NOA patients (adapted from http://www.ensembl.org).
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essential for DNA double-strand break repair in germ cells,

ensuring normal chromosome synapsis and meiotic recombina-

tion during spermatogenesis (Yang et al., 2008; Wang et al.,

2018). In mice, mutations in this gene cause drastic reductions

in testis size and meiotic arrest (Yang et al., 2008), whereas in

humans, variants are associated with severe oligozoospermia,

cryptozoospermia, and NOA due to maturation arrest (Okutman

et al., 2015; Colombo et al., 2017; Wang et al., 2018). However,

so far, no variants in TEX15 have been reported in SCO patients

(Okutman et al., 2015; Colombo et al., 2017; Wang et al., 2018).

Although compound heterozygous patients have been reported

(Colombo et al., 2017), most variants described in literature were

nonsense and were found in homozygosis (Okutman et al., 2015;

Wang et al., 2018). Of the TEX15 variants we identified, one of

the variants, c.7118G>A, was considered benign by four predic-

tion programs and is relatively prevalent in the general popula-

tion (0.0257). Moreover, as we did not have DNA samples from

the parents to perform segregation analysis, we could not con-

firm if the variants were on different alleles. Thus, for now, the

diagnostic value of both variants is uncertain. Considering the

moderate evidence that TEX15 is associated with male infertility

(Oud et al., 2019), it would be worthwhile to perform in vitro

functional studies to confirm these variants’ pathogenicity.

Additionally, two variants, c.727C>G(;)4297G>A, were identi-

fied in another probably compound heterozygous patient

(M1810) in TESTIS EXPRESSED GENE 14 (TEX14, OMIM

605792). In this case, both variants were predicted as damaging.

Studies in mice have shown that Tex14, exclusively expressed in

the testis, is required for the formation of intercellular bridges

and subsequent cell division of germ cells. In its absence, the

spermatogonia do not complete the first cytokinesis (Green-

baum et al., 2006), which explains the germ cell maturation

arrest phenotype presented by our patient. Missense variants in

TEX14 have already been described in azoospermic brothers pre-

senting maturation arrest (Fakhro et al., 2018), while a homozy-

gous splice site variant was identified in a patient with SCO

(Fakhro et al., 2018), and frameshift variants were associated

with both phenotypes (Gershoni et al., 2017; Fakhro et al., 2018).

Therefore, we assume that the missense variants we found are

probably causative for the infertility in patient M1810, reinforc-

ing the evidence that mutations in TEX14 may be responsible for

many NOA cases.

In patient M1816, who presented SCO and increased FSH

levels, we identified potentially damaging variants in two differ-

ent genes (DMRT1 and KLHL10), hampering our ability to define

the causal factor of azoospermia. DOUBLESEX- AND MAB3-

RELATED TRANSCRIPTION FACTOR 1 (DMRT1; OMIM 602424)

is a conserved sex-determination transcription factor that regu-

lates genes in Sertoli cells and pre-meiotic germ cells during

postnatal testis differentiation (Macdonald et al., 2018). KELCH

HOMOLOG 10 (KLHL10; OMIM 615081) is a highly evolutionar-

ily conserved gene in mammals, exclusively expressed in the

cytoplasm of spermatids. Its haplo-insufficiency causes a block

in the elongation stage of spermiogenesis in mice, leading to

asynchronous spermatid maturation (Yan et al., 2004). Deletions

and missense mutations in DMRT1 are associated with a wide

spectrum of phenotypes, from XY gonadal dysgenesis to disor-

ders of spermatogenesis such as cryptozoospermia, SCO and

meiotic arrest (Tewes et al., 2014; Lima et al., 2015; T€uttelmann

et al., 2018). The same variant we found, c.671A>G, has already

been reported in two patients with SCO (Tewes et al., 2014),

whereas missense and splicing variants in KLHL10 have only

been associated with oligozoospermia in humans (Yatsenko

et al., 2006; Miyamoto et al., 2016). Hence, we assume that the

variant c.671A>G in DMRT1 is causative of SCO in patient

M1816, reinforcing the association of this gene with male infer-

tility. However, we cannot rule out the possibility that the variant

c.887T>C in KLHL10 also plays a role in the man’s infertility. We

report a second NOA patient carrying the potentially pathogenic

missense variant c.242A>T in KLHL10 (Patient M1811). This adds

to the list of variants in KLHL10 which may be associated with

male infertility and suggests that they may also be responsible

for NOA in humans, because the haplo-insufficiency of this gene

disturbs the maturation of germ cells in mice.

A variant predicted as deleterious, c.2452G>A, was identified

in DNMT3B (DNA METHYLTRANSFERASE 3 BETA), in patient

M1814, who presented azoospermia and increased FSH levels.

Dnmt3b encodes a de novo methyltransferase that establishes

DNA methylation and, therefore, is classified as an epigenetic reg-

ulator of spermatogenesis in mice (Okano et al., 1999). DNMT3B

is predominantly expressed in spermatogonia and spermatocytes.

Recently, it was demonstrated that expression of DNMT proteins

differs in spermatogenic cell types among NOA groups of patients,

including those presenting hypospermatogenesis, round sper-

matid arrest, spermatocyte arrest, and SCO. Decreased expression

of these proteins causes changes in global DNAmethylation levels

in spermatogenic cells, which may contribute to the development

of male infertility in NOA patients (Uysal et al., 2019). Based on

these functional studies and considering that missense variants

have already been described in patients with NOA (Li et al., 2015),

we presume that the variant we found plays a role in the

azoospermia of patient M1814. Also, as ours is the second study

reporting potentially pathogenic variants in DNMT3B in NOA

patients (Oud et al., 2019), we offer more evidence supporting the

association of this gene with male infertility.

Like DNMT3B, RECOMBINATION PROTEIN 8 (REC8, GCID:

GC14P024171) has limited evidence of association with male

infertility (Oud et al., 2019). This gene encodes a specific compo-

nent of the cohesin axis needed for assembly of the synaptonemal

complex (SC) (Fukuda et al., 2014); the SC binds sister chro-

matids, preventing their local separation, thus assuring genetic

exchange by crossing over and subsequent accurate segregation

of homologous chromosome during meiosis (Agostinho et al.,

2016; Ishiguro & Watanabe, 2016). While functional studies have

reported REC8’s important role during meiosis, they have failed

to identify causal mutations (Hann et al., 2011). Coincidentally,

the same variant we found in patient M1809, c.91C>T, has already
been reported in a single patient with NOA (Griffin et al., 2008).

When this variant was described, it was considered as polymor-

phism due to its high frequency of 0.5 in the European population

(Griffin et al., 2008) but, according to ESP, 1000 genomes, and

gnomAD, its maximum population frequency is 0.005. As it is

indeed a rare variant, described for the second time in a patient

with NOA, we propose this is a causal variant of male infertility.

We also identified in patient M1809 a homozygous variant,

c.22C>G, in SYCE1L. It is assumed that the SYNAPTONEMAL

COMPLEX CENTRAL ELEMENT PROTEIN 1 LIKE gene

(SYCE1L, GID: GC16P077233) has similar functions to its par-

alogue SYCE1 (OMIM 611486) (https://www.uniprot.org). SYCE1

is one of the central components of the SC, which is formed by

© 2020 The Authors. Andrology published by Wiley Periodicals, Inc. on behalf of
American Society of Andrology and European Academy of Andrology
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lateral, transverse, and central elements in mammals (G�omez

et al., 2016). Disruption of Syce1 also leads to infertility in mice

due to failure in the SC formation and, consequently, meiosis

arrest (Dunne & Davies, 2019). The variant c.22C>G found in

SYCE1L is predicted as pathogenic, but it has a relatively high

frequency in the general population (0.0386). Although muta-

tions in this gene have not yet been reported, mutations in the

paralogue, SYCE1, have been described in azoospermic brothers

presenting meiotic arrest (Maor-Sagie et al., 2015). Therefore,

according to the ‘paralogue annotation’ principle (Walsh et al.,

2014), we hypothesize that mutations in SYCE1L can also cause

azoospermia. From this perspective, we think SYCE1L should be

considered in further investigations of male infertility. Taken

together, for patient M1809, the plausible causative variant of

NOA is c.91C>T, identified in the REC8 gene, but the variant in

SYCE1Lmight produce a synergistic effect, as both genes are clo-

sely related and are required for correct formation of the synap-

tonemal complex during meiosis.

Some limitations should be considered concerning this study.

We did not examine the functional impact of identified variants

but assessed our results based on published observations. Fur-

ther in vitro and/or in vivo experiments would need to be carried

out to evaluate the pathogenicity of the variants. Furthermore,

the study cohort is relatively small. Nevertheless, we were able to

identify variants in genes that were previously proposed to be

associated with infertility in men.

In conclusion, we analyzed 37 candidate genes for male infer-

tility in the first WES study of 16 unrelated NOA patients from

Brazil and identified variants in seven genes. One candidate

gene, DMRT1, is already known to play a critical role in sper-

matogenesis, and the variant we found, c.671A>G, has previously
been described in NOA patients. Another variant, c.91AC>T in

the REC8 gene, has also been described in an NOA patient, but

the literature regarding this gene is still rare. Moreover, we iden-

tified new variants in two genes, KLHL10 and TEX15, with mod-

erate evidence of their association with spermatogenic failure,

and in two genes, DNMT3B and TEX14, with limited evidence. In

addition, we described, for the first time, a homozygous variant

in SYCE1L, which might be a novel candidate gene for male

infertility. Even though our study included a small number of

patients, the rational selection of genes allowed us to detect rare

potentially pathogenic variants, providing supporting evidence

to validate candidate genes associated with azoospermia.
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