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Abstract

Background: Recent findings demonstrate that single nucleotide variants can cause

non-obstructive azoospermia (NOA). In contrast, copy number variants (CNVs) were

only analysed in few studies in infertile men. Some have reported a higher prevalence

of CNVs in infertile versus fertile men.

Objectives: This study aimed to elucidate if CNVs are associated with NOA.

Materials and methods:We performed array-based comparative genomic hybridisa-

tion (aCGH) in 37 men with meiotic arrest, 194 men with Sertoli cell-only phenotype,

and 21 control men. We filtered our data for deletions affecting genes and prioritised

the affected genes according to the literature search. Prevalence of CNVs was com-

pared between all groups. Exome data of 2,030 men were screened to detect further

genetic variants in prioritised genes.Modellingwas performed for the protein encoded

by the novel candidate gene TEKT5 and we stained for TEKT5 in human testicular

tissue.

Results: We determined the cause of infertility in two individuals with homozygous

deletions of SYCE1 and in one individual with a heterozygous deletion of SYCE1
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combined with a likely pathogenic missense variant on the second allele. We detected

heterozygous deletions affecting MLH3, EIF2B2, SLX4, CLPP and TEKT5, in one sub-

ject each. CNVs were not detected more frequently in infertile men compared with

controls.

Discussion:While SYCE1 andMLH3 encode knownmeiosis-specific proteins,much less

is known about the proteins encoded by the other identified candidate genes, warrant-

ing further analyses. We were able to identify the cause of infertility in one out of the

231 infertile men by aCGH and in twomen by using exome sequencing data.

Conclusion: As aCGH and exome sequencing are both expensive methods, combining

both in a clinical routine is not an effective strategy. Instead, using CNV calling from

exome data has recently becomemore precise, potentially making aCGH dispensable.

KEYWORDS

CNV, meiotic arrest, non-obstructive azoospermia, SCO, SYCE1,WES

1 INTRODUCTION

Infertility is a common condition that affects up to 10%–15%of all cou-

ples.While the clinical causes are equally distributed betweenmen and

women,1 around 10% of men in infertile couples exhibit azoospermia.

With this condition, a man cannot father a child naturally.

Azoospermicmen are offered a testicular biopsywith the aimof tes-

ticular sperm extraction (TESE); if sperm are gained, these can then

be used for assisted reproductive technology (ART). Yet, TESE is only

successful in around 50% of men with non-obstructive azoospermia

(NOA).2,3 According to histological analyses, one testicular phenotype

that is a common cause of NOA is Sertoli cell-only (SCO) phenotype

when tubules contain no germ cells. Another cause of NOA is meiotic

arrest (MeiA), if men exhibit incomplete spermatogenesis, interrupted

at meiosis, most commonly during prophase I. In the case of complete

bilateral SCO or MeiA, no spermatozoa can be obtained by biopsy and

TESE, making it impossible for those men to father a child. Thus, deci-

phering the underlying genetic causes for SCO and MeiA may help

better predict the success of TESE and subsequent ART.

Previous studies have primarily identified single nucleotide varia-

tions (SNVs) in several genes as causes for NOA. However, in other dis-

eases such as mental retardation, also copy number variations (CNVs)

play a relevant role.4 Fittingly, a higher prevalence of CNVs, most sig-

nificantly deletions, has been reported in infertile men versus fertile

men,5 but results were not conclusive concerning recurrently affected

genes—most likely due to rather small group sizes and heterogeneous

phenotypes.

To address these issues, we performed array-based comparative

genomic hybridisation (aCGH) in larger numbers of highly selected

men with complete bilateral SCO and MeiA to identify deletions

undetectable by conventional karyotyping. For the first time, we syn-

ergistically analysed whole exome sequencing (WES) data in the same

men.

2 MATERIALS AND METHODS

2.1 Study population for array-based comparative
genomic hybridisation

The study cohort for aCGHwas retrospectively selected frommenwho

attended the Centre of Reproductive Medicine and Andrology (CeRA)

inMünster. The cohort comprised231menwithunexplainedazoosper-

mia who underwent testicular biopsy and TESE. Of this cohort, 194

men had complete bilateral SCO (N= 37 from Tüttelmann et al.,6 were

re-analysed and included), and 37 men had MeiA. All known clinical

and genetic causes for azoospermia (e.g., chemotherapy, AZFdeletions,

chromosomal aberrations) were excluded. As control group, we used

the data from men with normal semen parameters according to WHO

criteria7 (N = 21, previously published6). A list of all patients, which

were derived from the previous study6 can be found in the support-

ing information. Descriptive statistics of all men included in the aCGH

cohort is shown in Table S1.

2.2 Ethics approval

The study protocol was approved by the Ethics Committees (Ref. No.

2010-578-f-S) in accordance with the Helsinki Declaration of 1975.

2.3 Array-based comparative genomic
hybridisation

Genomic DNA was extracted from peripheral blood using stan-

dard methods. CGH was conducted using the Human Genome CGH

Microarray Kit 400K (Agilent Technologies, Santa Clara, CA, USA).

The median probe spacing was 5.3 kb. The infertile men’s DNA was
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compared to a pooled male control DNA (Human Genomic DNA

Male, Promega, Walldorf, Germany) and hybridised against DNA

oligonucleotides representing thewhole human genome. Labelling and

hybridisation were performed using the SureTag DNA Labeling Kit

andOligo aCGH/ChIP-on-chipHybridisationKit (AgilentTechnologies)

according to the manufacturer’s protocol. Double digestion of 1 μg
of both infertile men’s and control DNA was carried out with AluI

and RsaI. Consecutive labelling of the DNA using Cy5-dUTP for the

infertile men and Cy3-dUTP for the controls was done. Purification of

all samples by filtration followed. Hybridisation of the pooled infer-

tile men and control DNA with 25 μg of competitor (COT) DNA was

conducted for 40 h at 65◦C in the hybridisation oven (Agilent Tech-

nologies, Santa Clara, CA, USA) followed by washing steps. The arrays

were scanned using a microarray scanner (G2565BA, Agilent Tech-

nologies, Santa Clara, CA, USA). A computer-based analysis followed,

measuring the spot intensities using the ‘Feature Extraction Software’

(version10.7,AgilentTechnologies, SantaClara,CA,USA) andGenomic

Workbench (Version7.0.4.0)with the followingparameters: aberration

algorithm ADM-2, threshold 6.0, fuzzy zero, centralisation andmoving

average window 1 Mb. Signals larger than four adjacent probes were

considered to be a genomic CNV.

2.4 Filtering for relevant copy number variants
detected by array-based comparative genomic
hybridisation

The CNVs were categorised into deletions and duplications. As dele-

tions are assumed to be more likely pathogenic, only deletions were

taken into account for further analyses. To consider a putative CNV

as a deletion, we set as a criterion a negative log value of below −0.6.

CNVs with a log value between−0.6 and−2.5 were considered as het-

erozygous, while those with a log value below −2.5 were considered

as homozygous. CNVs with a log value below −2.5 affecting the sex

chromosomes were considered as hemizygous. These filtering criteria

slightly differed from those applied in our previous study,6 explaining

the small deviations in the number of detected CNVs. Deletions also

found in a homozygous state in controls were disregarded if the

control deletion covered the infertile man’s deletion with breakpoints

varying with a maximum of 1,000 base pairs. Additionally deletions

found in a heterozygous state in both infertile men and control men

were disregarded. Deletions found in a homozygous state in infertile

men while being found in a heterozygous state in a control were not

excluded. Also, we excluded deletions that did not affect at least part of

a coding gene. Genes that were deleted in more than three men were

considered to be a common, non-pathogenic polymorphism and were

not considered further. The remaining genes affected by deletions

were ranked according to their expression in the testis as available

from the GTEx Portal.8 Only protein-coding genes with the highest

expression in the testis were further taken into account.

For the genes that remained, we performed an extensive database

and literature search using Mouse Genome Informatics (MGI) and

PubMed. A special focus was placed on genes in which the corre-

sponding complete knockout (KO) or testis-specific KO mice exhib-

ited reduced fertility or spermatogenic impairment. If not previously

described for the respective gene, the mode of inheritance of priori-

tised genes was determined using DOMINO9 and the loss-of-function

observed/expected upper bound fraction (o/e ratio) available in gno-

mAD database. Deletions in prioritised genes were validated by quan-

titative Polymerase Chain Reaction (qPCR) using two primer pairs

spanning the respective deletion. The primer sequences can be found

in Table S2.

2.5 Statistical analysis

The prevalence of all CNVs as well as deletions/duplications detected

by aCGH was compared between men with SCO, MeiA, and the con-

trol group. This analysis was also done with regards to the prevalence

of CNVs in each group on each chromosome and with regards to the

size of detected CNVs in each group. Comparisons between infertile

menand fertile controlswere carried out using the two-sample t-test in

the case of normally distributeddata (e.g., number ofCNVs).Otherwise

the non-parametric Mann–Whitney test was used. P-values less than

0.05were considered statistically significant. All calculationswere per-

formed with GraphPad Prism version 8.3.1 (GraphPad Software, San

Diego, CA, USA).

2.6 Whole exome sequencing

WES was performed in the Male Reproductive Genomics (MERGE)

study that currently comprised 2,030 men with a diverse spectrum of

male infertility phenotypes and 41 normozoospermic controls as pre-

viously described.10 A majority of 1,777 men were affected by severe

spermatogenic failure (severe oligo-, crypto, or azoospermia). Reads

were aligned using GRCh37/hg19. Men with previously identified

(genetic) causes for infertility and men with testicular malignancies

were excluded from the analyses.WESdata of themenwith potentially

relevant deletions (M1369, M663, M921, M226, M1635, M877 and

M1281), detected by aCGH, were analysed to validate the aCGH

findings. Additionally, WES data of all men from the MERGE study,

including those, in which no aCGH has been performed, were analysed

for deletions in the five prioritised genes. To this end, CNVs were

called using GATK’s GermlineCNVCaller.11 Seventy-two samples were

excluded before CNV calling due to poor quality, high variability or

capture panels with too few reference samples for normalisation.

Furthermore, the frequency of CNVs in the general population

affecting the prioritised genes was determined using gnomAD struc-

tural variation database (gnomAD SVs v2.1) and database of genomic

variants (DGV).

Additionally, theWES data of ourMERGE studywere analysedwith

a focus on rare stop-gain, frameshift and missense variants (minor

allele frequency [MAF] < 0.01 in the gnomAD database, gnomAD

v2.1.1) with a Combined Annotation Dependent Depletion (CADD)

score > 20 in the prioritised genes. In autosomal-recessive genes, only
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TABLE 1 Deletions in prioritised genes in azoospermic men

Men

Testicular

pheno-

type

Gene symbols;

prioritised genes

in bold Region Start End

Size

(kb)

Deletion of

prioritised

gene Genotype

o/e ratio of

prioritized

genea

Inheritance

of prioritized

geneb

M136916 MeiA SYCE1, CYP2E1,
SCART1

10q26.3 135281682 135378761 97 Complete Homozygous 0.63 Very likely

recessive

M3187 MeiA SYCE1, CYP2E1,
SCART1

10q26.3 135252347 135378802 127 Complete Homozoygous 0.63 Very likely

recessive

M2681 SCO SYCE1, CYP2E1,
SCART1

10q26.3 135256762 135393215 137 Complete Heterozygous 0.63 Very likely

recessive

M663 SCO SYCE1, CYP2E1,
SCART1

10q26.3 135252327 135378761 126 Complete Heterozygous 0.63 Very likely

recessive

M921 MeiA SYCE1, CYP2E1,
SCART1

10q26.3 135252327 135378761 126 Complete Heterozygous 0.63 Very likely

recessive

M226 SCO MLH3, EIF2B2 14q24.3 75470567 75490715 20 Partial Heterozygous 0.41 Very likely

recessive

M1635 SCO SLX4, CLUAP1,
NLRC3

16p13.3 3586849 3657147 70 Partial Heterozygous 0.68 Very likely

recessive

M877 SCO TEKT5 16p13.13 10721351 10825301 103 Complete Heterozygous 1.22 Very likely

recessive

M1281 SCO CLPP 19p13.3 6340541 6369092 28 Complete Heterozygous 0.18 Very likely

recessive

Abbreviations:MeiA, meiotic arrest; o/e, loss-of-function observed/expected upper bound fraction; SCO, Sertoli cell-only phenotype.
aAccording to gnomAD v2.1.1.
bAccording to DOMINO.

homozygous or likely compound-heterozygous variants were consid-

ered as relevant.

In men with heterozygous deletions in one of the prioritised genes

with an autosomal-recessive mode of inheritance, we screened the

WES data to identify rare variants (MAF < 0.01) on the second allele,

indicating compound heterozygosity.

Next, all patients with potentially relevant CNVs and SNVs listed in

Tables 1 and 2 were examined for possible other causes of their infer-

tility. To this end, the exome sequencing data of M1369, M663, M921,

M226, M1635, M877, M1281, M2681 and M3187 were screened

for rare (MAF < 0.01 for autosomal recessive genes and < 0.001

for autosomal dominant genes, according to the gnomAD database),

possibly pathogenic variants (stop-gain, frameshift, splice site andmis-

sense variants with a CADD score > 20) in 230 genes that were

classified with at least a limited level of evidence for being associated

with male infertility according to a recent review.12 The list of genes

can be found in the supporting information. Additionally, the genes

ADAD2, GCNA,MAJIN,MSH4,MSH5,M1AP, RAD21L1, RNF212, SHOC1,

STAG3, SYCP2, TERB1, TERB2 and TRIM71, which have recently been

described to be associated with NOA (Table S3), were screened. Only

variants detected in genes that quantitatively impair spermatogenesis,

leading to non-syndromic infertility were considered for further anal-

yses. Variants in recessive genes were only considered if at least two

heterozygous variants in this gene or a homozygous variant were iden-

tified in one individual. The pathogenicity of identified variants was

assessed based on the guidelines provided by the American College of

Medical Genetics (ACMG) and the Association ofMolecular Pathology

(AMP).13

Deletions, which were primarily detected via analysis of the WES

data, were confirmed by qPCR and by single nucleotide polymorphism-

array (SNP-array), because array-CGH was no longer available. SNP-

array was performed as described in the supporting information.

Primers for qPCR are shown in Table S2.

2.7 Replication study of TEKT5 variants in an
independent population

To validate our findings concerning TEKT5, we sequenced the whole

coding region of this gene in an independent cohort of 126 azoosper-

mic men (NOA/hypospermatogenesis, MeiA, SCO) enrolled at Magee

Research Institute, Department of OB/GYN and Reproductive Sci-

ences, School of Medicine, University of Pittsburgh in Pittsburgh, PA,

USA as described previously.14

2.8 In silico analysis of TEKT5

The secondary structure of the TEKT5 protein was predicted using

the protein prediction server PSIPred and protein structure and func-

tion prediction server I-Tasser. The Pfam database was used to search

for protein domains in TEKT5. To visualise the three-dimensional
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(3D) structure, we used the Phyre2 intensive algorithm to generate

a homology model of TEKT5. Structural models were designed with

PyMOLMolecularGraphics System (Schrödinger). The in silicoprogram

HOPE15 was applied to predict functional consequences of identified

TEKT5 variants.

2.9 Immunohistochemistry of TEKT5 in fetal and
adult human and mouse testes

Paraffin sections from human and murine fetal and adult testis tissue

were dewaxed using ProTaqs Clear (ProTaqs Clear, Quartett Immun-

odiagnostika and Biotechnologie, Berlin, Germany) and rehydrated

in decreasing concentrations of ethanol. After rinsing with distilled

water and tris-buffered saline (TBS), heat-induced antigen retrieval

was performed with citrate buffer (pH 6) and a microwave (12 min).

After cooling to room temperature (RT), sections were washed in

TBS, and endogenous peroxidase activity was blocked with 3% (v/v)

hydrogen peroxidase (H2O2) for 15 min at RT. The reaction was

stopped by short incubation with ddH2O and followed by wash-

ing with TBS. In order to block non-specific binding sites, sections

were incubated with 5% (w/v) bovine serum albumin (BSA) in TBS

for 30 min at RT. Subsequently, a primary antibody against TEKT5

(rabbit polyclonal anti-TEKT5, PA5-21157 ThermoFisher Scientific,

Langenselbold, Germany, 1:100) was applied, and sections were incu-

bated in a humid chamber at 4◦C overnight. After three washes in

TBS, sections were incubated with the secondary antibody (goat-anti-

rabbit-HRP, sc-2004, Santa Cruz Biotechnology, Heidelberg, Germany,

1:100). Isotype-specific immunoglobin (IgG) was used as a techni-

cal control (I5006, Sigma–Aldrich, Munich, Germany). Sections were

washed in TBS prior to incubationwith 3,3′-diaminobenzidine tetrahy-

drochloride (DAB) as chromogen (D4168, Sigma–Aldrich, Munich,

Germany). Precipitation was stopped with distilled water, and cross

sections were counterstained with Mayer’s hematoxylin. Next, sec-

tions were dehydrated in increasing concentrations of ethanol and

then mounted with Merckoglas® mounting medium (Merck Millipore,

Darmstadt, Germany).

3 RESULTS

3.1 Identification of copy number variants in
infertile men

Of the 5211 CNVs that were found in the infertile men by aCGH, 2797

were deletions and 2414 duplications. Of these, 971 deletions had a

log value −0.6 and were not found in controls. There were 928 dele-

tions, which covered at least one gene. After excluding all genes that

were deleted in more than three men, 577 genes remained. Of these,

150 genes had high testis expression (scaled TPM [transcripts per mil-

lion] 0.4–1); of these 23 were non-protein-coding genes, which were

disregarded (Figure 1).
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F IGURE 1 Criteria for prioritizing copy number variants (CNVs)
obtained by array-based comparative genomic hybridisation (aCGH)
in relevant genes. SCO: Sertoli cell-only phenotype;MeiA: meiotic
arrest; GTEx: ‘Genotype-Tissue Expression’ project

After the database and literature search (Table S4), we prioritised

the five genes CLPP, MLH3, SLX4, SYCE1 and TEKT5 (Table 1). Overall,

we detected one individual with a homozygous deletion and six men

with heterozygous deletions in these genes. Clinical data of these men

are shown in Table S5. IndividualM136916 carried a 97 kbhomozygous

deletion on chromosome 10, covering the genes SYCE1, SCART1 and

CYP2E1 (Figure 2A). M663 and M921 carried heterozygous deletions

affecting SYCE1. Additionally, we identified heterozygous deletions

affecting large parts of the prioritised genes MLH3 (M226) and SLX4

(M1635) as well as heterozygous deletions of the complete genes

TEKT5 (M877) and CLPP (M1281) (Figure 2). In particular, M226 was

a carrier of the 20 kb heterozygous deletion on chromosome 14 affect-

ing the genes MLH3 and EIF2B2. M1635 was shown to be a carrier

of a 70 kb heterozygous deletion on chromosome 16, leading to a

heterozygous loss of a large fraction of SLX4 and CLUAP1 and the com-

pleteNLRC3 gene. The deletionwas inherited fromM1635’smother as

revealed byqPCRanalysis in both parents. InM1281, a 29 kbheterozy-

gous deletion on chromosome 19 was detected, exclusively involving

the CLPP gene. In M877, aCGH analysis revealed a 104 kb large dele-

tion covering TEKT5. Based on CNV calling from WES data as well as

qPCR analysis the deletions in the prioritised genes were confirmed in

all sevenmen (Table 1, Table S6).

When screening WES data for CNVs in the prioritised genes, we

detected two additional men with likely causal deletions affecting

the genes SYCE1, SCART1 and CYP2E1. M3187 carried a homozygous

deletion, while M2681 carried almost the same deletion in a heterozy-

gous state, leading to a heterozygous loss of SYCE1. The deletions in

both men were confirmed by qPCR analysis as well as by SNP-array

analysis (Figure S1).

In gnomAD structural variation database, no individuals with

homozygousdeletions affecting the coding regionsof SYCE1andTEKT5

are listed, while no individuals with homo- or heterozygous deletions

are listed affecting the coding regions of CLPP,MLH3 and SLX4. In DGV

two individuals with deletions affecting SLX4 and MLH3, respectively,

24 individuals with deletions affecting TEKT5 and no individuals with

deletions affecting CLPP are listed.

3.2 Identification of possibly relevant single
nucleotide variations in infertile men

As the infertile men M921, M663, M226, M1635, M1281, M877 and

M2681 were carriers of heterozygous deletions, we examined their

WES data for rare genetic variants on the second allele of the gene

deleted in a heterozygous state. However, in the infertile men M921,

M663,M226,M1635 andM1281, no such variants were detected.

In M2681 who is affected by a heterozygous deletion covering i.a.

SYCE1, we detected the missense variant c.430C>T p.(Arg144Trp) in

SYCE1 resulting in compound-heterozygosity. This missense variant

is extremely rare in gnomAD database (MAF = 0.00003541) with no

homozygous individuals listed. This variant was classified as likely

pathogenic according to the ACMG-AMP criteria (Table S8).

In M877, who was a carrier of the heterozygous deletion in

TEKT5, WES revealed the missense variant p.(Val61Ile) (c.181G>A,

rs138126929, MAF = 0.00712 in gnomAD) on the second allele of

TEKT5, confirming compound heterozygosity.

After filtering the exome sequencing data of the men M1369,

M663, M921, M226, M1635, M877, M1281, M1767, M1404, M1626,

M1761, M2023 and M2134 for possibly pathogenic variants in

the examined genes, one heterozygous missense variant (c.17G>A

p.(Gly6Glu)) in PLK4 inM1281, remained as potential alternative cause

for infertility.

WES data from the MERGE study including 2,030 men revealed

variants, which might potentially affect both alleles, in the genes

SLX4 and TEKT5 in four men (genetic data in Table 2, clinical data in

Table S7). In the mother of M1767 only the TEKT5 variant c.263G>A

p.(Arg88His) was detected (Figure S2), strongly suggesting that the

second variant c.1022C>T p.(Ala341Val) was inherited from the

father, though his DNA was not available. By sequencing the TEKT5

gene in an independent male infertility cohort from Pittsburgh, PA,
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F IGURE 2 Array-based comparative genomic hybridisation of menwithmeiotic arrest (MeiA) or Sertoli cell-only phenotype (SCO) exhibiting
deletions (indicated in colored areas) in prioritised genes. Dots represent probe position. Red dots represent facultative duplications, green dots
represent facultative deletions. IndividualM1369 hadMeiA and a homozygous deletion of SYCE1, encompassing the genes CYP2E1 and SCART1
(A). M663 hadMeiA andwas carrier of a heterozygous deletion spanning the genes SYCE1, CYP2E1 and SCART1 (B). The same genes are deleted
heterozygously inM921, who had SCO (C). InM226, who also had SCO, we detected a heterozygous deletion encompassing the genesMLH3 and
EIF2B2 (D). IndividualM1635 had SCO and a heterozygous deletion encompassing the genes SLX4, CLUAP1 andNLRC3 (E). SCOmanM877was
found to have a heterozygous deletion of TEKT5 (F). In SCOmanM1281we found a heterozygous deletion of the CLPP gene (G)

USA, we identified one man withMeiA (PIT10) with two heterozygous

missense variants (Table 2).

Criteria for ACMG-AMP classification of SNVs listed in Table 2 can

be found in Table S8.

3.3 Comparison of copy number variants
detected by array-based comparative genomic
hybridisation between groups

In total, 527 CNVs were detected in 21 men of the control group

(24.0 per individual), 795 CNVs in men with MeiA (N = 37, 21.5 per

individual) and 4416 CNVs in men with SCO (N = 194, 22.8 per indi-

vidual). Of these CNVs, 252 were deletions found in the control group

(12 per individual), 414 were deletions detected in men with MeiA

(11.2 per individual) and 2,383 were deletions detected in men with

SCO (12.3 per individual). The prevalence of all CNVs was significantly

higher in controls, while no significant differences between the three

groups were identified when analysing deletions and duplications sep-

arately (Figure S3). To analyse whether the chromosomal distribution

of CNVs was different between the groups, the number of CNVs, and

deletions/duplications separately, was calculated per chromosome and

normalised to 100 men. The chromosomal distribution did not show

significantly more sex-chromosomal CNVs in the azoospermic men
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F IGURE 3 Histological analysis of the TEKT5 protein expression by immunohistochemical staining. (A, B) Testis tissue from fetal mouse and
human biopsies was stained with TEKT5 primary antibody (PA5-21157), resulting in a germ cell-specific staining pattern. (C, D) Evaluation of adult
murine and human tissue confirmed characteristic protein expression of the germ cell population, mainly including spermatocytes and round and
elongated spermatids. (E) Isotype-specific immunoglobin (IgG) was used as a technical control. (F)ManM877, displaying a Sertoli cell-only
phenotype (SCO), showed no specific TEKT5 staining since germ cells were absent within the testicular tubules. Scale bars are indicated in each
micrograph

(Figure S4). Also, the detected CNVs in the infertile men did not cover

more base pairs than CNVs from the control group (Figure S5).

3.4 Investigation of TEKT5

TEKT5 is, to date, a relatively unknown protein. Therefore, we per-

formed immunohistochemistry (IHC) in fetal and adult testes of mice

and humans to analyse the cellular expression of the TEKT5 protein.

In E15.5 mice, TEKT5 is highly expressed in fetal germ cells, whereas

in the pre-pubertal testes of human samples only very few germ cells

were positively stained. In both murine and human adult testicular tis-

sue, TEKT5 can exclusively be observed in the germ cell population,

specifically in spermatocytes as well as round and elongated sper-

matids (Figure 3A–D). In M877 with SCO (Figure 3F), no staining was

detected, which further confirms the germ cell-specificity of TEKT5 in

human testes.

While the 3D modelling of the TEKT5 structure does not directly

provide evidence for the pathogenicity and the observed phenotype

for M877, the larger amino acid (p.(Val61Ile)) could alter the tertiary

structure of the protein. It could also affect intermolecular interactions

with TEKT5 binding partners (Figure 4).17

4 DISCUSSION

Inmost cases of NOA-associatedmale infertility, no underlying genetic

cause can be determined. While SNVs, that is, point mutations, are

a well-established cause of NOA, CNVs have rarely been examined

in infertile men. In this study, we describe the so far largest cohort

of well-characterised men with complete bilateral SCO and MeiA

and assessed their genetic causes of infertility using primarily aCGH,

combinedwithWES.

Applying aCGH and WES in a cohort of 231 azoospermic men, we

identified the cause of MeiA in M1369, who was diagnosed with a

homozygous deletion of SYCE1— a gene previously reported to cause

male infertility. Two further men with deletions affecting SYCE1 were

identified by CNV calling from WES data. Moreover, as a potential

novel candidate gene, we propose the heterozygous deletion in combi-

nation with the missense variant in TEKT5 in subject M877 as possible
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F IGURE 4 Structure, conservation andmodelling of the TEKT5 gene/protein. (A) Exon structure of TEKT5 gene. Linear diagram of secondary
structure prediction from PSIPRED of the TEKT5 protein. Grey boxes represent predicted alpha-helices which are linked by predicted coiled
structures. Identified rare or novel TEKT5 variants (MAF< 0.01) are depicted as pinheads. Pfam predicts a tektin domain (amino acids 94-476)
within the protein. (B) Orthologous alignment of the TEKT5 protein. Conservation of five novel identified amino acid substitutions among
orthologous species are highlighted in light grey. (C)Modelling of TEKT5 structure using Phyre2. Left: ribbon representation; right: surface
representation. Position of amino acids of interest, and N- and C-termini are indicated. Below: linear organisation of each template used to
generate the final model of TEKT5 by Phyre2, coloured by confidence of modelling, as quantified in the bar.

cause for his infertility. M1635 was heterozygous for the deletion of

the SLX4 gene with an expected autosomal-recessive mode of inher-

itance. As we did not detect a second hit in this man, it is unlikely that

this deletion alone is responsible for his infertility. The same applies

to the gene CLPP; we therefore cannot definitively diagnose a causal

effect of the deletion in CLPP in individual M1281 who also carries a

heterozygousmissense variant in PLK4 that additionally might have an

impact. According to gnomAD structural variation database, CNVs in

these five genes are very rare or even absent and therefore might be

relevant.

SYCE1 encodes synaptonemal complex central element protein

1, which is involved in the formation of the synaptonemal complex

during prophase of the first meiotic division.18 Fittingly, male Syce1

KO mice exhibit a lack of post-meiotic stages of germ cells19 and

homozygous variants in SYCE1 have been described to cause NOA

in men.20–23 According to a very recent gene–disease relationship

assessment using clinical guidelines, SYCE1 reaches a strong level

of evidence for being associated with male infertility and should

therefore be analysed in clinical diagnostics.16 The additional deleted

genes in M1369, M2681 and M3187 are SCART1 and CYP2E1. As

SCART1 is a non-protein-coding pseudogene and CYP2E1 is exclusively

expressed in the liver, we postulate that the homozygous deletion of

SYCE1 caused the man’s infertility. The fact that M2681 carries a likely

pathogenic missense variant in SYCE1 on the second allele while no

rare coding variants in the other two genes were identified in this man,

further supports the hypothesis that SYCE1 is indeed the causal gene

affected by this deletion.

TEKT5 (tektin 5) is, so far, a poorly studied gene, but it has high

expression patterns in bothmouse and human testis.24 Moreover,male

Tekt5 testis-specific KOmice show a decreased number of spermatids.

TEKT5 has been suggested to be involved in human spermatogenesis

and spermiogenesis, showing upregulated expression patterns from
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the late pachytene stage on.24 We found that TEKT5 shows similar

cellular localisation in mice and men in both fetal and adult testicular

tissue. Thus, we speculate that a lack of or misfolded TEKT5 protein

might have consequences for human male fertility. As such, the SCO

phenotype observed in man M877 may have been caused by the het-

erozygous deletion of the entire gene in combination with a missense

variant that might impact the tertiary structure of the protein. In

particular, this SNV results in a valine-to-isoleucine exchange of the

amino acid at position 61, which is moderately conserved (Figure 4).

The affected amino acids differ in size, this might lead to an altered

tertiary structure. Nonetheless, the in silico algorithms did not predict

the amino acid change would have a damaging impact. Thus, only in

vitro or in vivo analysis will be able to clarify the functional effect of

this variation. In addition, one man (M1767) with maturation arrest at

the round spermatid stage was observed to carry two rare missense

variants in TEKT5 in our own cohort. According to the prediction

programHOPE, themissense variant c.263G>Ap.(Arg88His) detected

in this patient replaces the conserved, positively charged arginine with

the neutral, smaller histidine. The second missense variant in M1767

is c.1022C>T p.(Ala341Val), which introduces the larger amino acid

valine instead of alanine at a conserved position. Another man (PIT10)

withMeiA and twoheterozygous variantswas identified in an indepen-

dent study cohort. The missense variant c.531G>C p.(Glu177Asp) in

PIT10 replaces the negatively charged glutamine,which is located in an

α-helix, with the smaller, neutral asparagine. The other missense vari-

ant c.938C>G p.(Ser313Cys) in PIT10 introduces a more hydrophobic

residue at position 313. Still, it remains unclear if the variants in either

men are located in trans. The fact that M877 was diagnosed with SCO,

while M1767 and PIT10 had maturation or MeiA, does not contradict

TEKT5 as joint underlying cause, because such a phenotypic spectrum

is also observed in patients with pathogenic variants in other well-

established male infertility genes such as TEX14.25 It remains elusive

if the detected variants in TEKT5 are the cause of the individuals’

impaired spermatogenesis and functional analyses are required to

further interpret the pathogenicity of thesemissense variants.

MLH3 (MutL-homolog 3) encodes a mismatch repair protein which

is involved in prophase of the first meiotic division.26,27Mlh3 KO

mice are infertile due to meiotic impairment and a severe depletion

of spermatocytes.28 Recently, a homozygous frameshift variant was

reported as the cause of NOA in one man;29 therefore, an autosomal-

recessive mode of inheritance can be assumed. However, we were

not able to detect a likely pathogenic variant on the second MLH3

allele in M226. In M226, the heterozygous deletion further covers

the EIF2B2 gene, a gene in which compound-heterozygous variants

have been described to cause premature ovarian insufficiency (POI) in

women,30 which is in some instances the equivalent to MeiA in men.

Although we did not detect an SNV on the second EIF2B2 allele of

M226, we cannot exclude that the heterozygous deletion of EIF2B2

was involved in M226’s NOA. Also, an oligogenic mode of inheritance

is conceivable, as homozygous Eif2b2 KOmice do not exhibit impaired

fertility due to preweaning lethality.31 However, according to STRING

database EIF2B2 andMLH3 do not interact with each other, making an

oligogenic inheritance pattern rather unlikely.

Biallelic mutations in SLX4 (also known as BTBD12 or FANCP) are

associated with Fanconi anaemia due to a defects in DNA repair.32,33

During murine spermatogenesis, SLX4 facilitates primordial germ cell

proliferation and is involved in meiotic recombination.34 In humans,

SLX4 interacts with FANCM, a gene described to cause NOA.35,36

M1635was a heterozygous carrier of the SLX4 deletion, butwe did not

find a second hit on the other allele. The 70 kbdeletion found inM1635

also spans the genes CLUAP1 and NLRC3. For both genes we found no

link to infertility based on the literature search. Taken together, we

cannot establish the definitive genetic diagnosis for man M1635, but

the heterozygous deletion of both SLX4 and CLUAP1 might produce

a synergistic effect, though no interaction of SLX4 and CLUAP1 has

been described; further investigations are necessary to clarify their

respective impact.

Biallelic mutations of CLPP are associated with Perrault syndrome,

involving ovarian insufficiency in women;37 a homozygous mutation of

CLPPhasbeen reported to causeazoospermia inoneman.38 This gene’s

relevance for human infertility is underlined by the fact that Clpp KO

mice of both sexes are infertile.39 The predicted mode of inheritance

ofCLPP is “very likely autosomal-recessive”.9 We identified a heterozy-

gous deletion of CLPP in M1281, but, due to the lack of a variant on

the second allele, we cannot provide sufficient reason for his infertility.

M1635 did also not exhibit any other signs of Perrault syndrome such

as sensorineural deafness.

Some studies have suggested that the recurringly detected dele-

tion “CNV67” is an X-chromosomal variant leading to infertility inmen,

while others have contradicted this finding.40,41 Of note, we did not

detect anyCNVs involving this chromosomal region in our large cohort.

This does not exclude an impact of CNV67 on male infertility but the

relevance of these CNVs remains controversial.42

Previous studies have reported that infertile men carry overall

more CNVs compared to controls, thus hinting at a greater insta-

bility of their genomes, which would be the ultimate cause of these

men’s infertility.6,43 In contrast to our own previous, smaller and some

other similar studies, theprevalenceof all CNVs, deletions/duplications

separately, and CNVs specifically on the sex chromosomes was not sig-

nificantly higher in infertile men compared with control men. Thus,

we could not support this assumption. In this respect, the small size

of the control cohort (21 men) should be pointed as limitation in the

current analysis, which does not allow drawing general conclusions. To

overcome this issue, large databases like gnomAD SV and DGV are

indispensable. However, no phenotypic information is available and

gnomAD data were obtained by CNV calling from sequencing data

making them difficult to compare to our dataset.

Taken together, we were able to confidently determine the cause

of infertility in three individuals (M1369, M2681 and M3187) by

aCGH and CNV calling from WES data and therefore provide further

evidence for SYCE1 association with NOA. Both methods, aCGH/SNP-

array andWES, are expensive, so combining both in clinical diagnostics

of male infertility due to spermatogenic failure is not an effective

strategy. Instead, using WES read depth data to predict CNVs has

recently become more precise, making aCGH/SNP-array more and

more dispensable.44 Indeed, the homozygous deletion in SYCE1, which
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wasdetected inM1369byaCGH,would also havebeendetected solely

byWES.Moreover, thedeletions affecting SYCE1 inM2681andM3187

were primarily detected by WES and only secondary confirmed by

SNP-array, underlining rapid technological advances.
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