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STUDY QUESTION: Could whole-exome sequencing (WES) be useful in clinical practice for men with maturation arrest (MA) after a
first testicular sperm extraction (TESE)?

SUMMARY ANSWER: WES in combination with TESE yields substantial additional information and may potentially be added as a test
to predict a negative outcome of a recurrent TESE in patients with MA.

WHAT IS KNOWN ALREADY: At present, the only definitive contraindications for TESE in men with non-obstructive azoospermia
(NOA) are a 46,XX karyotype and microdeletions in the azoospermia factor a (AZFa) and/or AZFb regions. After a first negative TESE
with MA, no test currently exists to predict a negative outcome of a recurrent TESE.

STUDY DESIGN, SIZE, DURATION: In a cohort study, we retrospectively included 26 patients with idiopathic NOA caused by com-
plete MA diagnosed after a first TESE.

PARTICIPANTS/MATERIALS, SETTING, METHODS: Twenty-six men with MA at the spermatocyte stage in all seminiferous
tubules, according to a histopathological analysis performed independently by two expert histologists, and a normal karyotype (i.e. no AZF
gene microdeletions on the Y chromosome) were included. Single-nucleotide polymorphism comparative genomic hybridization array and
WES were carried out. The results were validated with Sanger sequencing. For all the variants thought to influence spermatogenesis, we
used immunohistochemical techniques to analyse the level of the altered protein.

MAIN RESULTS AND THE ROLE OF CHANCE: Deleterious homozygous variants were identified in all seven consanguineous
patients and in three of the 19 non-consanguineous patients. Compound heterozygous variants were identified in another 5 of the 19 non-
consanguineous patients. No recurrent variants were identified. We found new variants in genes known to be involved in azoospermia or
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MA [including testis expressed || (TEX/ I), meiotic double-stranded break formation protein | (MEIl), proteasome 26s subunit, ATPase 3
interacting protein (PSMC3IP), synaptonemal complex central element protein | (SYCE/) and Fanconi anaemia complementation group M
(FANCM) and variants in genes not previously linked to human MA (including CCCTC-binding factor like (CTCFL), Movl10 like RISC com-
plex RNA helicase | (MOVIOLI), chromosome | | open reading frame 80 (C/ /| ORF80) and exonuclease | (EXOI)].

LARGE SCALE DATA: Data available on request

LIMITATIONS, REASONS FOR CAUTION: More data are required before WES screening can be used to avoid recurrent TESE, al-
though screening should be recommended for men with a consanguineous family background. WES is still a complex technology and can
generate incidental findings.

WIDER IMPLICATIONS OF THE FINDINGS: Our results confirmed the genetic aetiology of MA in most patients: the proportion of
individuals with at least one pathologic variant was 50% in the overall study population and 100% in the consanguineous patients. With the
exception of MEII (compound heterozygous variants of which were identified in two cases), each variant corresponded to a specific
gene—confirming the high degree of genetic heterogeneity in men with MA. Our results suggest that WES screening could help to avoid
recurrent, futile TESE in men with MA in general and in consanguineous individuals in particular, but these results need to be confirmed in
future studies before clinical implementation.

STUDY FUNDING/COMPETING INTEREST(S): The study was funded by the Fondation Maladies Rares (Paris, France), Merck
(Kenilworth, NJ, USA), IRSF (Montigny le Bretonneux, France) and Agence de la Biomédecine (Saint Denis, France). There are no compet-

ing interests.
TRIAL REGISTRATION NUMBER: N/A.

Key words: azoospermia / meiosis / spermatogenic arrest / whole-exome sequencing / consanguinity / testicular sperm extraction /

non-obstructive azoospermia

Introduction

Infertility is a major worldwide health issue and concerns more than
15% of couples. The aetiology of infertility is not known in a high pro-
portion of cases. Hence, a greater level of fundamental knowledge is
required to improve clinical care.

In over 50% of cases, infertility is caused by sperm abnormalities
(Jungwirth et al., 2012). The most severe clinical phenotype (observed
in 10% of infertile men) is azoospermia, with the complete absence of
spermatozoa in the semen. The condition can be obstructive (i.e.
caused by an obstruction in the seminal tract, for example) or non-
obstructive (i.e. owing to a defect in sperm production). Testicular
sperm extraction (TESE) is the main form of ART that enables men
with azoospermia to become fathers (ASRM, 2019; Corona et dl.,
2019). TESE is successful in over 95% of cases of obstructive azoo-
spermia (OA) and 40-50% of cases of non-obstructive azoospermia
(NOA). In NOA, the likelihood of retrieving sperm via TESE is related
to the testis’ histological phenotype: hypospermatogenesis; Sertoli cell-
only (SCO, with the absence of germ cells in the tubules); and germ
cell maturation arrest (MA, where development stops at the sperma-
tocyte or spermatid stage). MA can be homogeneous (i.e. all the semi-
niferous tubules have the same appearance) or heterogeneous (i.e.
tubules differ in their appearance) (Mclachlan et al., 2007). With a
view to subsequent IVF, surgical sperm recovery via TESE is futile in
cases of homogeneous MA or SCO.

Many cases of NOA are thought to have a genetic cause. After ac-
quired diseases have been ruled out, genetic screening is always rec-
ommended for men with NOA. This screening is typically limited to
karyotyping for the identification of chromosomal abnormalities (De
Braekeleer and Dao, 1991) and Y chromosome microdeletions (Vogt
et al, 1992). Over the last few decades, whole-genome analyses (es-
pecially array comparative genomic hybridization (CGH) and whole-
exome sequencing (WES)) have been used to discover novel genetic

defects associated with spermatogenesis failure or NOA (Krausz et al.,
2020; Cannarella et al., 2021). Several lines of evidence indicate that
MA can be caused by point mutations in single genes and by copy
number variations (CNVs) (Halder et al., 2017); the evidence notably
includes: the occurrence of MA in male siblings; the features of mono-
genic mouse models with MA; and the fact that spermatogenesis is
governed by a particular set of genes. In human, the list of gene muta-
tions leading to NOA continues to grow (Houston et al., 2021 )—con-
firming that a large number of genes are involved in spermatogenesis
(Matzuk and Lamb, 2008). To date, few mutations in human genes di-
rectly involved in meiosis have been linked to MA in particular (Bellil
et al., 2021; Houston et al., 2021). The sequencing of these mutated
genes has not yet been integrated into the clinical management of men
with sperm abnormalities. Some researchers have suggested sequenc-
ing a panel of candidate genes prior to TESE, especially for genes that
are frequently found to be mutated in NOA (e.g. testis expressed | |
(TEXI1), stromal antigen 3 (STAG3) and synaptonemal complex cen-
tral element protein | (SYCEI) (Cannarella et al, 2021)). When at
least one of these genes carries a deleterious mutation (e.g. as listed in
the ClinVar database (http://www.clinvar.com/)), the likelihood of
sperm retrieval is low and so futile TESE could be avoided.

At present, the only definitive contraindications for TESE in men
with NOA are a 46,XX karyotype (usually 46,X,der(X)t(X;Y)(p22.3;
p!1.2) (Ferguson-Smith, 1966)) and microdeletions in the azoospermia
factor a (AZFa) and/or AZFb region (Patrat et al., 2010). These ab-
normalities lead to SCO or MA. Other chromosomal abnormalities do
not contraindicate TESE, although genetic counselling is required to
evaluate the risk of an unbalanced karyotype in the offspring; this is
mainly applied to structural chromosome rearrangements. Thus, kar-
yotyping and screening for Y chromosome microdeletions (De
Braekeleer and Dao, 1991; Jungwirth et al., 2012) are still the first-line
analyses.
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Furthermore, the respective medical benefits of a gene panel ap-
proach and WES must be compared; longer sequences will be associ-
ated with a greater number of genetic variants, higher costs and a
greater probability of incidental findings. Furthermore, incidental find-
ings will: complicate the provision of patient consent; require pre- and
post-test genetic counselling; and make the data more difficult to inter-
pret. However, a focus on genes involved in spermatogenesis might
help to avoid the incidental discovery of gene defects associated with
other pathologies (e.g. cancer).

Here, we first evaluated the incidence of single-nucleotide polymor-
phism (SNPs) and CNVs in patients with a particular clinical pheno-
type, in order to refine our clinical practice. Next, we thought about
whether new technological approaches, such as WES, should be per-
formed before TESE or after a first negative TESE. In order to address
these issues, we performed an SNP-CGH array analysis and WES in a
series of 26 men with homogeneous spermatogenetic MA and a suc-
cessful (sperm-positive: TESE+) or unsuccessful (sperm-negative:
TESE—) TESE. We also used immunohistochemical techniques to as-
sess the impact of the identified gene variants on the expression of
candidate proteins during spermatogenesis.

Materials and methods

Patients

We included patients with idiopathic NOA consulting at Bicétre
Hospital (Le Kremlin Bicétre, France), Lille University Hospital (Lille,
France) and Poissy General Hospital (Poissy, France) after a TESE pro-
cedure. As described previously (Barbotin et al., 2018, 2019), a scrotal
incision was made on each testis and a small fragment of the testicular
pulp was removed with scissors (one site per testis). The testicular bi-
opsy sample was immersed in culture medium and sent to the repro-
ductive biology laboratory for sperm extraction. The TESE outcome
was scored as successful (presence of spermatozoa) or unsuccessful
(absence of spermatozoa), and the suspension was frozen if a least > |
live spermatozoon was detected for further use in ICSI cycles
(Barbotin et al., 2019): for details see, Supplementary Materials and
Methods. NOA was caused by complete MA at the spermatocyte
stage in all seminiferous tubules for all patients. The histopathological
analysis was performed independently by two expert histologists using
an additional fragment fixed in formalin, acetic acid and alcohol, then
paraffin-embedded. The histological evaluation encompassed at least
100 visible seminiferous tubule cross-sections (for details see,
Supplementary Materials and Methods). In the event of disagreement
between the two experts, the patient was excluded. Patients with an
abnormal karyotype or Y chromosome microdeletions were excluded.
After counselling and the provision of consent, DNA was purified
from whole blood or buffy coat samples either automatically (using a
QIlAsymphony DSP DNA Midi Kit, Qiagen, Venlo, The Netherlands)
or manually. Parental DNA was not available for all study participants.

Ethical approval

The study protocol was approved by an independent ethics commit-
tee (CPP lle de France-Ouest, Paris, France; reference: 01-132). All par-
ticipants gave their written, informed consent.

SNP-CGH array analysis and CNYV selection

We performed array CGH (SurePrint G3 Human Genome
CGH+SNP Microarray Kit, Agilent Technologies, Santa Clara, CA,
USA), in order to: identify CNVs associated with MA; identify regions
with loss of heterozygosity (LOH, also referred to as runs of homozy-
gosity) for consanguineous patients; and rule out the presence of
TEX|| exonic microdeletions (Yatsenko et al., 2015). The array CGH
protocol has been validated by our laboratory (Ghieh et al., 2021b).
The experimental protocol and the interpretation procedure have
been performed according to the manufacturer. We followed the
American College of Medical Genetics and Genomics (ACMG) criteria
for the selection of LOH regions and calculation of the inbreeding co-
efficient F (the homozygosity rate, defined as the fraction of the indi-
vidual’'s genome that should be homozygous by descent) (McQuillan
et al., 2008) for each patient (Sund et al., 2013): F = total LOH/hu-
man genome size (3138 Mb for the hgl9 genome) (Wierenga et dl.,
2013). The observed coefficients were compared with the theoretical
coefficients for various degrees of inbreeding (Sund et al., 2013). The
identification of regions with LOH also enabled us to focus on regions
of interest for the WES analysis in consanguineous patients (for details
see, Supplementary Materials and Methods).

WES and variant prioritization

WES was carried out at the genomics facility at the University of
Versailles Saint Quentin (Versailles, France) and by Eurofins Genomics
(Ebersberg, Germany), using lllumina technology (San Diego, CA,
USA). DNA libraries were built with a SureSelect Exome V6+UTR
Capture Library Kit (Agilent Technologies), according to the manufac-
turer’s instructions. Only homozygous or compound heterozygous var-
jiants were considered. We selected variants causing insertions/
deletions, missense, stop-loss, stop-gain or frameshift mutations, or
changes to splice acceptor/donor sites. Synonymous variants and var-
iants with untranslated 3’ or 5’ regions were excluded. Missense var-
iants were selected by combining: the allele frequency in the GhomAD
and the 1000Genomes databases; the predicted effect on the encoded
protein, as judged with the Rare Exome Variant Ensemble Learner,
SIFT  (http://siftjcvi.org/), Polyphen2 (http://genetics.bwh.harvard.
edu/pph2/) and M-CAP (http://bejerano.stanford.edu/mcap/); and
data on predominant or exclusive expression of the protein in the tes-
tis or essential status for spermatogenesis and meiosis in the literature
or the Gene-Tissue Expression (https://gtexportal.org/home/),
Human Protein Atlas (https://www.proteinatlas.org), PubMed and
Ensembl databases. Variant calling is detailed in Supplementary
Materials and Methods.

Validation of mutations by Sanger
sequencing

Variants prioritized in our analysis were experimentally validated using
Sanger sequencing with a BigDye Terminator v3.| sequencing kit
A38073 (Thermo Fisher Scientific, Waltham, MA, USA) and a
SeqgStudio genetic analyser (Thermo Fisher Scientific). After PCR amplifi-
cation, the products were sequenced in both directions. Primers were
chosen with Primer 3 Plus software (http://primer3.ut.ee/), according
to the general principles of primer design. The primers for PCR
and Sanger sequencing validation are listed in Supplementary Table SI.
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The chromatogram files generated by the analyser were read with 4
Peaks software (https://nucleobytes.com/4peaks/index.html).

Immunohistochemical analyses

Protein expression was assessed with immunochemical techniques.
Samples from participants were compared with control samples from
patients with OA and normal spermatogenesis. All the immunochemi-
cal experiments were carried out at the same time, in order to
inter-session

minimize  possible

Immunohistochemistry was performed with the Benchmark XT

discrepancies  in  staining.
Ventana Roche system and the XT ultraView DAB v3 revelation kit
(Roche Life Science, Penzberg, Germany). The primary antibodies are
listed in Supplementary Table Sll, and the experimental conventional
protocol is detailed in Supplementary Materials and Methods.

Results

Clinical characteristics of the study
population

Twenty-six patients (including seven with a consanguineous family
background) were included in the study. In each case, homogenous
MA of spermatogenesis in all seminiferous tubules (according to a tes-
ticular biopsy) had been confirmed independently by two experts, in-
dependent of the TESE results (Supplementary Fig. SI). The mean £
SD volumes for the left and right testis were, respectively,
10.93+£4.88ml and 12.17+4.93ml. The mean FSH, LH, oestradiol,
inhibin B and testosterone levels were, respectively, 7.58 %+ 6.021U/I,
5.54£3521U/1, 25504 11.34ng/l,  102.52480.17ng/l  and
5.04£ 1.81 pug/l. All the data are detailed in Supplementary Table SlII.
The measured clinical variables and hormone levels were in line with
the literature data on the MA phenotype, i.e. half the normal testis
volume and slightly elevated FSH and LH levels.

TESE had enabled sperm retrieval for 5 of the 26 patients, forming
the successful TESE (TESE+) group. Hence, the unsuccessful TESE
(TESE—) group comprised 2| patients. Although two of the five
TESE+ patients lacked a frozen sperm sample, more than 20 sperma-
tozoa were retrieved by TESE for the other three TESE+ patients (i.e.
enough for attempting IVF without a further TESE).

CGH analysis

With the exception of patient 24 (P24), all the patients had provided
enough DNA for SNP-CGH analysis.

Number of CNVs

The mean £ SD total number of CNVs was 8.56 +7.06 (range: | to
30). The mean number of nullosomies was 0.68+2.41, with
3.12 4 3.24 deletions, 3.84 &= 3.04 duplications and 0.92 £ 3.50 amplifi-
cations. The nullosomy regions did not contain any genes reported as
being essential for spermatogenesis.

TEXI | CNV screening

In view of the above results, we considered that the CNVs were not
responsible for the patients’ phenotype. Furthermore, no TEX/ | exon

deletions (Yatsenko et al., 2015) were found in any of the 25 analysed
patients.

LOH evaluation

We also identified regions with LOH (in Mb) in each patient’s genome.
According to the criteria published by the ACMG, the mean % SD in-
breeding ratio was 2.14£2.32 (range: 0.20 to 8.91). As expected, 7
of the 25 analysed MA patients had high inbreeding coefficients
(between 2.3% and 8.9%) and 18 had low inbreeding coefficients
(between 0.9% and 1.75%). These results enabled us to focus on
regions of interest with LOH in the WES analysis of patients with high
inbreeding coefficients.

Exome analysis

First, for all the spermatogenesis genes (Supplementary Results) af-
fected by a heterozygous CNV deletion or duplication, we used WES
to search for mutations on the other allele; no variant was found in
any cases.

Second, we postulated that MA was associated with autosomal re-
cessive or X-linked recessive inheritance. Accordingly, a list of homo-
zygous, compound heterozygous or X-linked variants was drawn up
for each patient after the exclusion of frequent variants and the appli-
cation of stringent filters. We only considered variants in genes report-
edly expressed during spermatogenesis in humans or mice. The data
for each patient are summarized in Table I.

There were no homozygous or compound heterozygous variants in
spermatogenesis-associated or testis-expressed genes for 8 of the 26
patients, all of whom had non-consanguineous family backgrounds. For
the remaining |8 patients, we identified at least one candidate variant.
By applying additional selection criteria, we only considered variants in
I5 different genes for |5 patients (Table Il and Supplementary
Results).

Sanger sequencing and
immunohistochemical analyses

With the exception of P24 (for whom no further material was avail-
able), the Sanger sequencing confirmed all the participants’ variants
(Supplementary Fig. S2). We then used immunohistochemical techni-
ques to semi-quantitatively evaluate the protein levels in testicular bi-
opsies. We performed |5 immunohistochemical analyses, including
two analyses for P2I. A lack of material prevented us from analysing
P4—a compound heterozygote for two MEIl (meiotic double-
stranded break formation protein 1) variants. The observed protein
expression on control samples was always in agreement with the hu-
man Protein Atlas database (www.proteinatlas.org/). However, we
noticed that the Protein Atlas did not contain data on the testis ex-
pression of SPATA22 (spermatogenesis associated 22), EXO| (exonu-
clease 1), FANCM (FA complementation group M) or MCMDC2
(minichromosome maintenance domain containing 2).

Next, we compared protein expression in the testis in patient sam-
ples versus the control sample (Fig. |). The results for P18 and P19
differed markedly from the control results. FANCM protein was ob-
served in the cytoplasm only for P18 but in the nucleus only for the
control. Expression of MOVIOLI (coding for mov!0 like RISC com-
plex RNA helicase 1) was observed in the nucleus only for P19 but in
the cytoplasm only for the control. The variants’ impact on these
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Table | Detailed genetic results and variants obtained for each patient.
Patient Consanguinity = TESE Gene Variant
rate outcome
Name NM Genomic position Nucleotide Protein Type
Pl 0.96 Positive +
P2 6.25% Negative CTCFL NM_001269041 chr20: 57498582 exon|0:c.T1960C C654R  Homozygote
chr20: 57515764 exon4:c.A344G YI15C  Homozygote
P3 7.15% Positive +  SPATA22  NM_001170696 chrl7: 3462708 exon3:c.GI03A G35R  Homozygote
P4 1.07 Negative MNS| NM_018365 chrl5: 56444483 exon5:c.T647C 1216T  Homozygote
MEI] NM_152513 chr22: 41705502 exon3:c.299-2A>G / Heterozygote
chr22: 41729750 exon8:c.C950T A317V  Heterozygote
P5 0.63 Negative MLHI NM_001167619 chr3: 37047639 exonl|5:c.Al129G K377E  Heterozygote
chr3: 37047640 exon|5:c.Al130C K377T  Heterozygote
Pé 3.48* Negative SYCEI NM_001143763 chrl0: 133557865 exon6:c.A373G R125G  Homozygote
P7 0.9 Negative =~ PSMC3IP NM_001256014 chrl7: 42573326 exon5:c.333delG RITIfs ~ Homozygote
P8 I.14 Negative
P9 2.38% Negative ZNF85  NM_001256173 chrl19: 20949441 exon3:c.736dupG T245fs  Homozygote
DNMT3a NM_022552 chr2: 25275056 exon6:c.G524T GI75V  Heterozygote
NM_022552 chr2: 25275066 exon6:c.G5 14A GI172S  Heterozygote
P10 2.68* Negative ~ Cllorf80 NM_001302084 chrll: 66788158 exon3:c.26-2A>G / Homozygote
Pl I.13 Positive MAGEB6 ~ NM_173523.2  chrX:26194134-26194150 exon2:c.288_304del T96fs  Heterozygote
TOPAZI  NM_001145030 chr3: 44242181 exonl:c.G128C C43S  Heterozygote
chr3: 44244523 exon2:c.C2017G P673A  Heterozygote
P12 [.18 Positive EXOI NM_003686 chrl: 241853401 exon4:c.G325A EIO9K  Heterozygote
chrl: 241885313 exon|4:¢.2209-1G>C / Heterozygote
P13 0.78 Negative ~ SLC22A16 NM_033125 chré: 110438740 exon5:c.GI291A V431l Heterozygote
chré: 110442732 exon4:c.A695G E232G  Heterozygote
P4 1.29 Negative
P15 1.21 Negative ~ CCDC36 NM_001135197 chr3: 49211800 exon2:c.A20G N7S Heterozygote
chr3:49256550-49256553 exon8:c.1053_1056del K35Ifs  Heterozygote
Plé 1.75 Negative
P17 [.11 Positive +
P18 1.02 Negative LRRCCI  NM_001349639 chr8: 85137473 exon| 1:c.T1202C L401P  Homozygote
MDCI NM_014641 chré: 30705059 exon|0:c.4124delC P1375fs  Heterozygote
chré: 30705062 exonl0:c.4120_4121linsA  P1374fs Heterozygote
FANCM ~ NM_001308133 chrl4: 45137184 exon2:c.A624G [208M  Heterozygote
chrl4: 45154705 exon6:c.Cl 14T R372W  Heterozygote
P19 5.49% Negative =~ MOVIOLI  NM_001 164104 chr22: 50144223 exon|8:c.G2485A A829T  Homozygote
ATM NM_000051 chrl1: 108272729 exon22:c.C3161G P1054R  Homozygote
P20 0.29 Negative TEXII NM_031276 chrX: 70651450 exonl|7:c.GI1483A A495T  Homozygote
P21 8.91* Negative =~ MCMDC2 / chr8: 66905436 intron: T/C / Homozygote
ARL2 NM_001199745 chrl1: 65018680 exon3:c.C286T R96C Homozygote
P22 0.84 Negative MAP7 NM_001198617 chré: 136362513 exon9:c.GI I8IA R394Q  Heterozygote
MAP7 chré: 136372607 exon6:c. T488A [163N  Heterozygote
P23 I.15 Negative
P24 not done Negative MEI] NM_152513 chr22: 41699654 exonl:c.TI16G V39G  Heterozygote
chr22: 41718236 exon6:c.A695T D232V Heterozygote
chr22: 41730527 exon9:c.T986C L329P  Heterozygote
P25 0.2 Negative
P26 0.56 Negative

TESE, testicular sperm extraction.

*Consanguineous patient.
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Table Il Detailed variant interpretation obtained for each patient.

Patient Gene Variant Decision
after WES
Protein Type Predictive pathogenicity Classification
Frequency
Name GnomaD MCAP Revel SIFT Polyphen
P2 CTCFL C654R  Homozygote  Unknown Benign Benign Deleterious  Deleterious VUS To be confirmed
Y115C Homozygote Unknown Deleterious Deleterious Deleterious Deleterious Deleterious
P3 SPATA22  G35R  Homozygote inf e-04 Unknown Benign Benign Benign Benign but very rare  To be confirmed
P4 MNS| [216T  Homozygote 0.0178 Unknown Benign Deleterious  Deleterious Deleterious
MEII intronic  Heterozygote Unknown  Unknown  Unknown  Unknown Unknown VUS To be confirmed
A317V  Heterozygote  infe-04  Deleterious  Benign Benign Deleterious VUS
P5 MLH| K377E  Heterozygote 0.0034 Deleterious Deleterious Deleterious  Deleterious Cis
K377T  Heterozygote 0.0034 Deleterious Deleterious Deleterious  Deleterious
Pé6 SYCEI R125G  Homozygote 0.0022 Unknown Benign Deleterious  Deleterious Deleterious To be confirmed
p7 PSMC3IP RIIlfs Homozygote Unknown  Unknown  Unknown  Unknown Unknown Frameshift To be confirmed
P9 ZNF85 T245fs  Homozygote  Unknown  Unknown  Unknown  Unknown Unknown Frameshift To be confirmed
DNMT3a GI75V Heterozygote Unknown Deleterious Deleterious Deleterious Deleterious Cis
GI172S Heterozygote Unknown Deleterious Limite Deleterious Limite
P10 Cllorf80 intronic Homozygote inf e-04 Unknown  Unknown  Unknown Unknown VUS To be confirmed
Pl MAGEB6  T96fs  Heterozygote Unknown  Unknown  Unknown  Unknown Unknown Deleterious To be confirmed
TOPAZ| C43S  Heterozygote  infe-04 Benign Benign Benign Benign Benign
P673A  Heterozygote 0.0182 Unknown Benign Deleterious  Deleterious  Likely Deleterious
P12 EXOI EIO9K  Heterozygote 0.0002 VUS Benign Deleterious  Deleterious VUS To be confirmed
intronic  Heterozygote 0.0016 Unknown  Unknown  Unknown Unknown VUS
PI3 SLC22A16 V43Il  Heterozygote 0.0026 Unknown Benign Benign Benign Benign
E232G Heterozygote  0.0149 Unknown  Deleterious Deleterious Deleterious Deleterious
P15 CCDC36 N7S  Heterozygote 0.0004 Benign Benign Deleterious  Deleterious VUS To be confirmed
K35Ifs Heterozygote  infe-04 Unknown  Unknown  Unknown Unknown Deleterious
PI8 LRRCCI L401P  Homozygote 0.0039 Deleterious Limite Deleterious  Deleterious VUS but frequent
MDCI P1375fs Heterozygote Unknown  Unknown  Unknown  Unknown Unknown Cis
P1374fs Heterozygote Unknown  Unknown  Unknown  Unknown Unknown
FANCM 1208M  Heterozygote 0.0102 Unknown Benign Deleterious  Deleterious VUS To be confirmed
R372W Heterozygote  infe-04  Deleterious Benign Deleterious Probablement Deleterious
P19 MOVIOLI  A829T Homozygote 0 Deleterious Deleterious Deleterious  Deleterious Deleterious To be confirmed
P20 TEXII A495T Homozygote  Unknown Deleterious Deleterious Deleterious Deleterious Deleterious To be confirmed
P21 MCMDC2  intronic Homozygote  Unknown  Unknown  Unknown  Unknown Unknown VUS To be confirmed
ARL2 R96C  Homozygote inf e-04 Deleterious Deleterious Deleterious  Deleterious Deleterious To be confirmed
P22 MAP7 R394Q Heterozygote 0.0005 Deleterious Deleterious Deleterious  Deleterious Deleterious
MAP7 I163N  Heterozygote 0.0005 Benign Benign Benign Benign Benign
P24 MEII V39G  Heterozygote 0.015 Unknown Benign Benign Benign Benign To be confirmed
D232V Heterozygote Unknown Benign Benign Benign Benign Benign but unknown
L329P Heterozygote  infe-04 Deleterious Limite Deleterious  Deleterious Deleterious

M-CAP, Mendelian Clinically Applicable Pathogenicity: http://bejerano.stanford.edu/mcap/; SIFT, Sorting Intolerant FromTolerant: http://sift.jcvi.org/; VUS, variant of unknown

significance; WES, whole-exome sequencing.

patients was therefore uncertain. Relative to the control, P9 showed
very low levels of ZNF85 (zinc finger protein 85) expression and P12
showed very low levels of EXOI expression. Again, the variants’ im-
pact on these patients was uncertain.

Protein was absent for the || remaining patients. Relative to the

control patient, these proteins were either not detected by

immunocytochmistry (at spermatogonia stage for ARL2 (ADP ribosyla-
tion factor like GTPase 2) (P21)), at the spermatogonia and spermato-
cyte stages (for CCDC36 (coiled-coil domain-containing protein 36)
(P15), MCMDC2 (P21)), predominantly during the spermatocyte stage
for (SPATA22 (P3), SYCEI (P6é), PSMC3IP (PSMC3 interacting pro-
tein) (P7), Cl1orf80 (chromosome |1 open reading frame 80) (P10),

220z 4990100 9z U0 Josn SINITIAA NI NILNINO LNIVS 3d FHIVLISHIAINN ‘99 Ad 69529G9/7€€ 1/9/L€/oI01e/daiwuny/wod dno-olwapede//:sdiy Woly papeojumoq


http://bejerano.stanford.edu/mcap/
http://sift.jcvi.org/

1340 Ghieh et al.

Control ‘ ‘ Patients

CTCFL

& i ),
:

- | A

PSMC3IP

ZNF85

C110RF80

F ey

il

| MAGEB6_

fi% G

Figure |. Immunohistochemical analysis results for candidate variants in testicular seminiferous tubules of controls (X) and
patients (X’) with maturation arrest. A and A’: CTCFL, CCCTC-binding factor like; B and B’: SPATA22, spermatogenesis associated 22; C
and C’: SYCEI, synaptonemal complex central element protein |; D and D’: PSMC3IP, PSMC3 interacting protein; E and E’: ZNF85, zinc finger
protein 85; F and F’: C| | ORF80, chromosome | | open reading frame 80; G and G’: MAGEB6, MAGE family member B6; H and H’: EXOI, exo-
nuclease I; 1 and I’: CCDC36, coiled-coil domain-containing protein 36; J and J’: FANCM, FA complementation group M; K and K’: MOV|O0LI,
mov |0 like RISC complex RNA helicase |; L and L’: TEXI |, testis expressed | |; M and M’: MCMDC2, minichromosome maintenance domain
containing 2; N and N’: ARL2, ADP ribosylation factor like GTPase 2; O and O’: MEl|, meiotic double-stranded break formation protein |. Blue
arrows = spermatogonia, black arrows = spermatocytes and orange arrows = round spermatids. Scale bars = 200 pm. ARL2, ADP ribosylation fac-
tor like GTPase 2; CI |ORF80, chromosome | | open reading frame 80; CCDC36, coiled-coil domain-containing protein 36; CTCFL, CCCTC-bind-
ing factor like; EXOI, exonuclease |; FANCM, FA complementation group M; MAGEB6, MAGE family member B6; MCMDC?2, minichromosome
maintenance domain containing 2; MEI |, meiotic double-stranded break formation protein |; MOVIOLI, mov|0 like RISC complex RNA helicase |;
PSMC3IP, PSMC3 interacting protein; SPATA22, spermatogenesis associated 22; SYCEI, synaptonemal complex central element protein |; TEXI I,
testis expressed | |; ZNF85, zinc finger protein 85.

(Continued)
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26 patients with homogeneous
maturation arrest

No causal CNVs

Uncertain significance
Consanguineous n=0
No consanguineous n=2

1S

No causal SNVs n=11 (2**)

TESE successful with** or without* frozen spermatozoa

Uncertain significance
Consanguineous n=3 (1**)
No consanguineous n=4 (2*)

TS
Causal SNVs
Consanguineous n=1
No consanguineous n=3
Causal SNVs

Consanguineous n=4
No consanguineous n=4

Figure 2. Summary of results obtained in our case series, according to two different genetic strategies: target sequencing or
whole-exome sequencing. CNV, copy number variations; SNV, single-nucleotide variant; TESE, testicular sperm extraction; TS, target sequenc-

ing; WES, whole-exome sequencing.

MAGEB6 (MAGE family member B6) (PI 1), TEXII (P20)), or during
the spermatocyte and round spermatid stages (CTCFL, encoding
CCCTC-binding factor like (P2)) and MEII (P24).

Overall interpretation

Considering our results as a whole (Fig. 2 and Table Ill), we identified
clearly deleterious variants in eight patients (all in the TESE— group)
and variants of uncertain significance (VUS) in seven patients (four in
the TESE— group and three in the TESE+ group). P21 appeared to
lack two proteins (MCMDC2 and ARL2). The genetic diagnosis rate
was 57.7% (I5 out of 26) overall: 100% for consanguineous patients,
and 42% for non-consanguineous patients (P=0.010 when comparing
the latter two groups). The rates in the TESE+ group (3 out 5; 60%)
and the TESE— group (12 out of 21; 57.1%) did not differ significantly.

Discussion

Since 2013, whole-genome analysis has identified more than 40 candi-
date genes for idiopathic NOA. However, some limitations should be
noted. First, only a few of these genes (SYCEI, TEXI| and STAG3)
, 2021).
Second, a number of different testicular histology phenotypes have

have been identified in more than one study (Houston et al.

been reported. Third, few of the studies focused on a particular, ho-
mogeneous phenotype. To date, the MA phenotype has been studied
most frequently, and over 25 candidate genes have been linked to var-
ious stages of spermatogenesis. However, most of these variants were
identified in consanguineous families and were not confirmed in inde-
pendent cohorts. The present study is the first to have assessed a se-
lected group of men with complete MA, TESE results and a testicular
biopsy. The participants were included after a double-blind histological
assessment (i.e. the examiners were not aware of the TESE outcome);

hence, we were able to evaluate the utility of performing WES prior
to TESE.

Use of an SNP-CGH array in cases of MA

First, we used an SNP-CGH array to identify new CNVs, screen for
the recurrent TEX/| deletion (Yatsenko et al., 2015), restrict the
WES to regions with LOH, and confirm the impact of consanguinity
(likely to be high for a putative autosomal recessive disease). Only a
few heterozygous deletions or duplications were observed for genes
involved in spermatogenesis. No deleterious variants on the second al-
lele were observed with WES for any of these genes. Furthermore, no
TEX! gene deletions were found. Apart from the regions with LOH
in patients with a consanguineous family background, the SNP-CGH
array did not reveal any deleterious CNVs; the technique does not ap-
pear to be powerful enough in this context. It might be more useful to
identify CNVs through next-generation sequencing (NGS). Several
NGS tools have been developed in this respect, although each has
strengths and weaknesses in terms of applicability; no single tool can
detect the entire range of DNA variations (Pirooznia et al., 2015). The
development of new WES/whole-genome sequencing tools should
soon enable the identification of smaller CNVs. Although many
researchers have analysed CNVs in men with NOA, most of the stud-
ies revealed heterozygous CNVs, CNVs that only predisposed to in-
fertility, or duplications of spermatogenesis genes that cannot alone
account for the NOA phenotype (Sharma et al., 2021).

Use of WES to identify SNPs

We successfully performed WES in a highly selected group of patients.
The candidate genes were selected testis-specific genes and/or genes
identified in a knock-out mouse model of male infertility with sperma-
togenesis MA. We identified |6 variants that might be responsible for
MA in our patients. Only five of the affected genes have already been
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Table Il Detailed confirmation result for each variant and overall interpretation.

Patient Gene Variant Confirmation Conclusive Previously Actionable
reported
gene
Protein Type Sanger Immunohistochemical assessment Before After
TESE TESE
Name Human protein atlas Expression in the control Expression in the
patient
P2 CTCFL C654R  Homozygote Yes Nuclear expression in spermato-  Nuclear in germ cells, with the None Yes No No Yes
YII5C  Homozygote Yes gonia, preleptotene spermato- highest expression in spermato-
cytes (high) and pachytene cytes and round spermatids
spermatocytes (low)
P3 SPATA22  G35R Homozygote Yes No data Nuclear expression in None Uncertain No No No
spermatocytes
P4 MEII intronic  Heterozygote Yes Cytoplasmic/membrane expres-  Nuclear in spermatocytes and No sample Uncertain Yes Debatable Yes
A317V  Heterozygote Yes sion only in elongated or late round spermatids
spermatids (medium)
Pé SYCEI R125G  Homozygote Yes Cytoplasmic/membrane expres-  Nuclear expression in None Yes Yes Debatable Yes
sion in pachytene spermatocytes  spermatocytes
and round or early spermatids
P7 PSMC3IP RIllfs  Homozygote Yes Nuclear expression in spermato-  Nuclear expression in None Yes Yes Yes Yes
gonia, preleptotene and pachy- spermatocytes
tene spermatocytes. and
elongated spermatids/cytoplas-
mic expression in round
spermatids
P9 ZNF85 T245fs  Homozygote Yes Nuclear/cytoplasmic expression  Nuclear expression in all germ None or very low Uncertain No No Probably
in germ cells and Leydig cells cells
P10 Cllorf80 intronic Homozygote Yes Cytoplasmic/membrane expres-  Nuclear expression in None Yes No No Yes
sion in spermatogonia, prelepto-  spermatocytes
tene and pachytene
spermatocytes, and in late and
round spermatids
Pl MAGEB6  T96fs Heterozygote Yes Cytoplasmic/membrane expres- ~ Membrane expression in None Uncertain No No No
sion in pachytene spermatocytes ~ spermatocytes
PI2 EXOI EIO9K  Heterozygote Yes No data None or very low Uncertain No No No
intronic  Heterozygote Yes
(continued)

1so4Je Djuadolewdads uewny ul Supusnbas SWOX3-3[0YAA

evel
220z 4990100 9z uo Josn SINITIAA NI NILNINO LNIVS 3d FHIVLISHIAINN ‘99 Ad 69529G9/7€€ |/9/L€/o101e/daiwny/wod dno-olwapede//:sdiy Wolj papeojumoq



Table Ill Continued

Patient Gene Variant Confirmation Conclusive Previously Actionable
reported
gene
Protein Type Sanger Immunohistochemical assessment Before After
TESE TESE
Name Human protein atlas Expression in the control Expression in the
patient
Nuclear expression in spermato-
gonia (low) and spermatocytes
(high)
PI5 CCDC36  N7S Heterozygote Yes Cytoplasmic/membrane expres-  Nuclear expression in spermato- ~ None Yes No No Yes
K351fs  Heterozygote Yes sion in pachytene spermatocytes,  gonia and spermatocytes
and round and elongated
spermatids
P18 FANCM 1208M Heterozygote Yes No data Nuclear expression in spermato-  Cytoplasmic expression in  Uncertain Yes No Debatable
R372W  Heterozygote Yes gonia. spermatocytes and round  germ cells
spermatids
P19 MOVIOLI A829T  Homozygote Yes Cytoplasmic/membrane expres-  Cytoplasmic expression in sper-  Nuclear expression in Uncertain No No Debatable
sion in germ cells (weak) and ley-  matogonia and spermatocytes spermatogonia and
dig cells spermatocytes
P20 TEXII A495T  Homozygote Yes Nuclear expression in spermato-  Nuclear expression in None Yes Yes Yes Yes
gonia, preleptotene and pachy- spermatocytes
tene spermatocytes
P21 MCMDC2 intronic  Homozygote Yes No data Cytoplasmic expression in sper- ~ None Yes No No Yes
matogonia and spermatocytes
ARL2 R96C Homozygote Yes Nuclear expression in spermato-  Nuclear expression in None Yes No No Yes
gonia, preleptotene and pachy- spermatogonia
tene spermatocytes. and
elongated expression
P24 MEI] V39G Heterozygote No Cytoplasmic/membrane expres-  Nuclear in spermatocytes and None Yes Yes No Yes
D232V Heterozygote No sion only in elongated or late round spermatids
L329P  Heterozygote No spermatids (medium)

TESE, testicular sperm extraction.
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Figure 3. A schematic representation of the genes involved in the major events in spermatogenesis. Candidate genes involved in
maturation arrest (MA) in the present study or in other studies are shown in red and green, respectively. Other spermatogenesis-associated genes
not yet described in human MA are presented in black. (A) The spermatogenesis process. Human MA genes can be involved in the proliferation of
spermatogonial stem cells, the differentiation of spermatogonia, epigenetic modifications during meiosis, the protection of spermatocytes from ret-
rotransposons and spermiogenesis. (B) Homologous recombination during prophase | comprises four substages: leptonema, zygonema, pachy-
nema and diplonema. A series of events occurs throughout this period, including double-strand break (DSB) formation, 5'-to-3’ resection, strand
invasion and crossover (double Holliday junction) formation and resolution. MA-causative genes can affect DSB formation and repair, and pairing,
synapsis and recombination between homologous chromosomes. (C) Structure of the fusion between chromosome telomeres and the nuclear
membrane during pachynema meiosis. During meiosis, telomeres attach to the inner nuclear membrane (INM) and drive the chromosome move-
ment required for homolog pairing and recombination. Human MA-associated genes form complexes to accomplish this meiotic task. (D) The tri-
partite structure of the synaptonemal complex (SC), consisting of two parallel lateral elements and a central element. The SC normally forms
between homologs during meiotic prophase |. Human MA-associated genes are involved in the formation of the SC complex and synapsis between
homologous chromosomes.

implicated in azoospermia or spermatogenesis MA. We notably
highlighted a novel deleterious missense mutation (p.A495T) in the
TEXI| gene. More than 40 TEX|/ | variants have been reported in the
literature (Ghieh et al., 2019)—confirming the high incidence of TEX|/ |
gene mutations in MA patients. We also identified novel variants in
other genes reported previously as being associated with NOA: MEI!,
SYCEI, PSMC3IP, SPATA22 and FANCM. Various researchers have sug-
gested the inclusion of these genes in a target panel for analysis prior
to TESE (de Vries et al., 2014; Al-Agha et al., 2018; Ben Khelifa et al.,
2018; Kasak et al., 2018; Wu et al., 2021). Our WES analysis also

highlighted deleterious variants in CTCFL, Cl/orf80, EXOI, CCDC36,
MOVIOLI and MCMDC2. All these genes have been described previ-
ously as acting during meiosis. The genes’ roles in spermatogenesis are
summarized in Supplementary Results. As explained in the description
of our prioritization strategy for variant identification, knock-out mouse
models have been developed and described for eight of these genes.
The observed defects confirm the variants’ potential effects on sper-
matogenesis. The roles of other candidate gene variants identified in
this study have not been described unambiguously in the literature.
There are no literature data on the functions of ZNF85 and ARL2
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genes and proteins during spermatogenesis in the mouse or in other
animals. The role of MAGEB6 during spermatogenesis has not yet
been elucidated.

WES versus targeted sequencing: which is
the best strategy?

When considering the immunohistochemical analyses, the TESE results
and the variants reported in the present study, we were able to pro-
vide a definitive genetic diagnosis for eight of our patients. For the
other seven patients, the immunohistochemical analyses (n=4), the
TESE outcome (n=2) or both (n=1) left room for uncertainty
(Fig. 2). All the mutated genes described in the present study are
probably involved in meiotic progression (Fig. 3) and are perhaps in-
volved in MA.

Considering the complexity of the main steps in spermatogenesis
and the large number of genes involved, one would expect the MA
phenotype to show a high degree of genetic heterogeneity. Most of
the genetic defects reported in the literature are involved in the early
stages of meiosis, such as chromosome synapsis and double-strand
break repair (Fig. 3). One could therefore expect whole-genome se-
quencing to identify a large number of meiotic gene variants that
would impair pairing and/or recombination.

A targeted sequencing strategy has been suggested for the above-
mentioned genes (Krausz et al., 2020; Cannarella et al., 2021). Had we
applied a targeted strategy for genes known to be involved in MA or
NOA, the genetic diagnosis rate would have been 27% (i.e. 7 of the
26 patients). Although this value is higher than for other diseases and
disorders (such as cardiovascular disease (Richard et al., 2019), epi-
lepsy (Good et al., 2021), intellectual deficiency (Bruel et al., 2020) and
premature ovarian insufficiency (Tucker et al., 2016)), the application
of WES more than doubled the genetic diagnosis rate (to 57%). When
considering solely our seven consanguineous patients, a targeted strat-
egy yielded a diagnosis for two of them. In contrast, the application of
WES gave a genetic diagnosis rate of 100% (Fig. 2).

The present study focused on genes expressed in the testis because
the patients’ consent only covered the identification of genetic defects
related to azoospermia; one can therefore consider that this focus cor-
responds to a broad-panel-based approach. In fact, WES can also gen-
erate incidental findings. Thus, the ACMG has issued guidelines on
reporting incidental findings in clinical exome and genome sequencing
(https:/ /www.ncbi.nlm.nih.gov/clinvar/docs/acmg/). A list of more
than 50 genes has been suggested for cardiomyopathy and cancer pre-
disposition screening. The list only includes actionable genes, i.e. those
associated with a clear medical strategy. Actionability should be the
goal of WES analysis, and this is in line with our objective of avoiding
unnecessary TESEs in men with NOA. Although the detection of a
larger number of genetic variants increases the cost and complexity of
analysis and interpretation, these factors have tended to fall over time.
We believe that WES could become the gold standard genetic analysis
in the near future—especially for NOA (Ghieh et al, 202la).
However, a WES analysis must always be preceded by counselling.
The implementation of WES is currently limited by the requirement
for genetic counselling before and after the analysis, the complexity of
the data, the patient’s medical history and the implications for the
patient’s family. All these issues will need to be resolved in the near fu-
ture, and genetic counselling should also address the issue of incidental

findings to obtain the patient’s consent for the identification of genetic
defects not related to azoospermia. It should also be born in mind
that only a few variants are reportedly of importance in human male
meiosis arrest, azoospermia (Maor-Sagie et al., 2015), and female pre-
mature ovarian insufficiency: for example STAG3 (Jaillard et al., 2020),
PSMC3IP (Al-Agha et al., 2018) and SYCE| (de Vries et al., 2014).

Thus, the large number of genes involved in spermatogenesis
(Matzuk and Lamb, 2008) and forthcoming improvements in genetic
analysis software (which should report only class 4 and 5 variants,
according to the ACMG'’s guidelines (Richards et al., 2015)) will proba-
bly limit the value of targeted sequencing relative to WES. In fact, the
pipeline that we used to identify candidate variants is, in a sense, a tar-
geted approach because we only considered genes expressed in the
testis. However, according to the human Protein Atlas (https://www.
proteinatlas.org/humanproteome/tissue/testis), over 75% of all genes
are expressed in the testis, and 10% are predominantly or exclusively
expressed there.

Should WES be recommended before or
after TESE?

For patients with azoospermia, the main objective of genetic testing
(other than obtaining an aetiological diagnosis) is to better predict the
outcome of TESE. At present, TESE is only contraindicated for individ-
uals with a 46,XX karyotype or an AZFa and/or AZFb microdeletion
(Patrat et al., 2010). Similarly, an AURKC gene defect contraindicated
IVF in patients with macrozoospermia (Dieterich et al., 2007). In other
spermatogenesis defects (e.g. globozoospermia (Celse et al, 2021)
and multiple morphological abnormalities of the flagellum (Touré et dl.,
2021)), the diagnosis is solely aetiological. However, the contraindica-
tion of TESE after WES in patients with azoospermia requires strong
arguments, such as the identification of a frequent pathologic variant.
In contrast, when the variant is first reported, genetic counselling
should include a discussion about the likelihood of a successful TESE
result, relative to the literature data. Here, the TESE outcome was not
a selection criterion. This gave us an opportunity to blindly evaluate
the true impact of variant identification on spermatogenesis and, more
specifically, to provide the best advice on the likelihood of sperm re-
trieval in TESE. A candidate variant was identified in 12 of the TESE—
patients. When considering only genes repeatedly described in the lit-
erature, the WES data alone were conclusive and actionable for two
patients (P7 with a PMSC3IP variant, and P20 with a TEX|| variant;
Table Ill). When combined with the immunohistochemistry results,
the WES data were conclusive for the 10 other patients (actionable af-
ter TESE; Table Ill). Among the TESE+4 patients, VUS were identified
for SPATA22, MAGEB6, and EXO/; only one gene has been described
previously as having a role in human MA (SPATA22 (Wu et al., 2021)).
Here, the genetic variants were part of the overall phenotype, and we
cannot rule out effects exerted by combinations of genetic factors
(Ghieh et al., 202 1b) and/or defects in the testicular environment.
Thus, the TESE-WES-immunohistochemistry sequence might be one
of the best ways of avoiding repeated, futile TESEs after an initial nega-
tive outcome. As has been reported for TESE+ patients, the identifica-
tion of a gene variant does not necessarily mean that TESE will be
negative. When combined with an immunohistochemical assessment,
WES is a powerful tool for classifying patients after TESE. Although an
immunohistochemical assessment might improve the characterization
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of meiotic arrest in metaphase cells, the functional validation of an
identified variant is still the most powerful tool. However, cellular
models of meiosis are not available, and the development of a specific
mouse model poses ethical problems.

For men with a consanguineous family background, WES could be
recommended; the identification of a frameshift mutation or a deleteri-
ous mutation already known to cause meiotic arrest in humans might
help to avoid futile TESEs. More caution is probably required for non-
consanguineous men.

Conclusion

We reported the results of an SNP-CGH array analysis and then WES
in a series of infertile men with MA. The deleterious nature of some
(but not all) of the highlighted mutations was confirmed in immunohis-
tochemical analyses. We conclude that: most cases of MA (and espe-
cially those in consanguineous men) have a genetic aetiology; WES is
more informative than small-scale, targeted sequencing for genes in-
volved in spermatogenesis; WES might be a powerful tool after an ini-
tial negative TESE attempt in cases where a deleterious variant is
associated with histologically homogeneous MA and would contraindi-
cate recurrent TESE if the phenotype matches the genotype; and WES
before TESE should be limited to consanguineous men. When a certain
or probable pathologic variant is identified, consanguinity could be con-
sidered as a pejorative additive argument. The identification of gene
defects will facilitate discussion with the patient about the risk/benefit
ratio of TESE. Although contraindicating TESE following the identifica-
tion of a pathologic variant will take more of the practitioner’s time,
we believe that this approach can markedly improve clinical practice.

Given first our postulate whereby MA is probably the best histologi-
cal phenotype for indicating WES, and second the high probability of a
single gene defect (corresponding to the great majority of gene defects
described in MA), more data are probably needed before this ap-
proach can be extended to all men with NOA. However, our present
results suggest that use of this approach can be broadened.

Supplementary data

Supplementary data are available at Human Reproduction online.

Data availability

All CGH and WES data could be available by request to the corre-
sponding author.
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