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Introduction: Human spermatogenesis is a highly intricate process that requires
the input of thousands of testis-specific genes. Defects in any of them at any stage
of the process can have detrimental effects on sperm production and/or viability.
In particular, the function of many meiotic proteins encoded by germ cell specific
genes is critical for maturation of haploid spermatids and viable spermatozoa,
necessary for fertilization, and is also extremely sensitive to even the slightest
change in coding DNA.

Methods: Here, using whole exome and genome approaches, we identified and
reported novel, clinically significant variants in testis-expressed gene 15 (TEX15), in
unrelated men with spermatogenic failure (SPGF).

Results: TEX15 mediates double strand break repair during meiosis. Recessive loss-
of-function (LOF) TEX15 mutations are associated with SPGF in humans and
knockout male mice are infertile. We expand earlier reports documenting
heterogeneous allelic pathogenic TEX15 variants that cause a range of SPGF
phenotypes from oligozoospermia (low sperm) to nonobstructive azoospermia
(no sperm) with meiotic arrest and report the prevalence of 0.6% of TEX15 variants in
our patient cohort. Among identified possible LOF variants, one homozygous
missense  substitution = c.6835G>A  (p.Ala2279Thr)  co-segregated  with
cryptozoospermia in a family with SPGF. Additionally, we observed numerous
cases of inferred in trans compound heterozygous variants in TEX15 among
unrelated individuals with varying degrees of SPGF. Variants included splice site,
insertions/deletions (indels), and missense substitutions, many of which resulted in
LOF effects (i.e., frameshift, premature stop, alternative splicing, or potentially
altered posttranslational modification sites).
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Conclusion: In conclusion, we performed an extensive genomic study of familial and
sporadic SPGF and identified potentially damaging TEX15 variants in 7 of 1097 individuals
of our combined cohorts. We hypothesize that SPGF phenotype severity is dictated by
individual TEX15 variant's impact on structure and function. Resultant LOFs likely have
deleterious effects on crossover/recombination in meiosis. Our findings support the
notion of increased gene variant frequency in SPGF and its genetic and allelic
heterogeneity as it relates to complex disease such as male infertility.

KEYWORDS

male infertility, next-generation sequencing, non-obstructive azoospermia (NOA),
oligozoospermia, TEX15

Introduction

Male infertility is a complex health condition that affects 7% of
reproductive aged men around the world (Krausz and Riera-
Escamilla, 2019). Spermatogenic failure (SPGF) is responsible for
the majority of male factor diagnoses and variably manifest in
severity from reduced (oligozoospermia) to absent (azoospermia)
sperm in ejaculated semen. Among the established causes of primary
SPGF originating in the testes, ~20% of patients have genetic
aberrations including numerical or structural errors of
chromosomal complement, microdeletions of the Y chromosome
in the Azoospermia Factor (AZF) region, or commonly known
mutations in autosomal genes that contribute to spermatogenesis
(Reijo et al.,, 1996; Sarrate et al., 2005; Jungwirth et al, 2012).
However, ~40% of infertile men are negative for these established
markers and other common causes like hormonal abnormalities,
presenting as idiopathic (Nieschlag et al., 2011).

Recent efforts to identify pathogenic variants associated with
SPGF phenotypes led to several key findings, for example, MultL
Homolog 3 (MLH3), Kelch like family member 10 (KLHL10), and
Zinc Finger MYND type 15 (ZMYNDI5); still the majority of cases
do not have a clear diagnosis (Yatsenko et al., 2006; Ayhan, 2014;
Punab et al, 2017). As such, the highly intricate nature of
spermatogenesis and involvement of more than 4,000 genes
warrants further genetic characterization (Jan et al, 2017). A
significant proportion of SPGF diagnoses can be attributed to
defects in meiosis caused by genetic mutations (Wyrwoll et al.,
2020). Any disruption in the process during DNA replication, DNA
double strand break (DSB) and mismatch repair, spindle formation,
synapsis, recombination or chromosome segregation can lead to
defects in spermatogenesis and reduction or absence of functional
sperm in semen (Miyamoto et al., 2016). Recent identification of
Meiosis 1 Associated Protein (M1AP), Testis Expressed 11 (TEX11),
Testis Expressed 14 (TEX14), and Testis Expressed 15 (TEX15)
mutations has demonstrated that biallelic and hemizygous single
nucleotide variants and indels in meiotic genes play a crucial role in
SPGF phenotypes (Yang et al., 2015; Yatsenko et al., 2015; Boroujeni
et al., 2018; Wyrwoll et al., 2020).

For this study, we utilized whole exome and genome approaches
to determine genetic causes of SPGF. Our investigation resulted in
the identification of multiple TEX15 variants in SPGF patients.
TEX15 encodes an essential meiotic protein and belongs to the
family of Testis Expressed (TEX) genes expressed predominantly in
germ cells (Wang et al, 2001). A high degree of sequence
conservation and similarity exists between human TEX15 and

Frontiers in Genetics

other species. TEX15 knockout mice are infertile due to meiotic
arrest (Yang et al,, 2008; Bellil et al., 2021). Moreover, multiple case
reports have reported an association of TEX15 variants with SPGF in
humans (Okutman et al., 2015; Colombo, Pontoglio, and Bini, 2017;
Wang et al., 2018; Araujo et al., 2020; Cannarella et al., 2021). Given
the increasing number of cases caused by TEX15 mutations, our aim
was to identify the allelic heterogeneity and prevalence of rare,
pathogenic TEX15 variants. Here we report the prevalence and
allelic heterogeneity of TEX15 variants associated with SPGF in a
combined cohort of over 1,000 infertile men.

Material and methods
Study cohorts

Patients were recruited from Khyber Medical University, Pakistan
(n = 24), University of Pittsburgh, United States (n = 110), and
Institute of Human Genetics, Polish Academy of Sciences, Poland
(n = 39). We analyzed WES data from a previously unpublished
cohort of 924 sporadic cases of non-obstructive azoospermia
sequenced by the GEMINI Consortium (https://www.ncbinlm.nih.
gov/pmc/articles/PMC9792524/). Informed consent was obtained
from patients and participating family members after briefing
about the research project. 1,033 patients within the overall SPGF
cohort were diagnosed with azoospermia (no sperm in the ejaculate),
7 patients were diagnosed with cryptozoospermia (<0.1 million
sperm/mL), 38 were diagnosed with severe oligozoospermia (0.
1-5 million sperm/mL), and 19 patients were diagnosed with
oligozoospermia (5-15 million sperm/mL) in accordance with
American Urology Association and American Society for
Reproductive Medicine guidelines (Schlegel et al., 2021). Patient
evaluation also included serum reproductive hormone levels,
karyotyping, ultrasound, and testicular biopsy (where appropriate).
Individuals with a history of non-genetic causes for SPGF (e.g.,
trauma, surgery, or medication), obstructive azoospermia (e.g.,
CBAVD), abnormal sex chromosome evaluation on karyotype or
Y chromosome microdeletions were excluded from the study.

Whole exome sequencing

DNA was isolated from peripheral blood and whole exome
sequencing and analysis were performed as previously described
(Hardy et al, 2021). Briefly, DNA was isolated from blood with
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the Gentra Puregene kit (Qiagen, United States). For samples
prepared in Pittsburgh (Khyber Medical University and University
of Pittsburgh), whole exome sequencing libraries were constructed
with the SOPHIA Whole Exome Solution (SOPHiIiA GENETICS, Inc.,
United States) and sequenced on the Illumina NovoSeq 6,000
CA).
sequenced with target read length of 150 bp and average depth

(Novogene, Sacramento, Paired-end fragments were
coverage of ~110x per target interval. Raw data quality obtained
was evaluated with FastQC software (Babraham Bioinformatics,
Babraham Institute, UK). FASTQ files were aligned with the
GRCh37/hgl9 reference genome using SOPHiA Genetics DDM
platform (SOPHiA GENETICS, Inc., Boston, MA, United States),
utilizing proprietary algorithm with BaseSpace Burroughs-Wheeler
Aligner (BWA) with the BWA-MEM algorithm. Among many
polymorphisms with minor allele frequencies (MAF) greater than
1%, the following variants with MAF>15% were identified at the
expected frequencies across our cohort: p. Leul724Val (gnomAD
MAF: 0.18297; SPGF MAF: 0.16044), p. Asn1698Ser (gnomAD MAF:
0.18309; SPGF MAF: 0.16089), p. Ilel422Val (gnomAD MAEF:
0.25998; SPGF MAF: 0.23701), p. Cys491Arg (gnomAD MAF:
0.26515; SPGF MAF: 0.24157), and p. Thr2862 = (gnomAD MAF:
0.99269; SPGF MAF: 0.99407). Since the majority of the patients were
recruited without ethnic identification, we are unable to reliably
ethnically match our cohort population to the gnomAD reported
frequencies, this may contribute to the slight discrepancy between the
observed and expected MAFs of our variants in the SPGF cohort and
the general population. We have estimated matched frequency of
polymorphic variants based on general population structure to
validate the power of our variant detection softwares.

Whole genome sequencing

Whole-genome sequencing (WGS) was performed on an
Mumina HiSeq X (Ilumina San Diego, CA) with minimum
coverage of 30 x (100-120 Gb per sample) (Malcher et al., 2022).
The SPGF patients from the Polish Academy of Sciences (n = 39)
were sequenced with WGS methodology. Our WGS analysis did not
identify new or significant deep intronic variants.

Variant annotation

WES variants were annotated using the SOPHIA Genetics DDM
(SOPHIiA GENETICS, Inc,, Boston, MA, United States) and Fabric
Enterprise (Fabric Genomics, Oakland, CA) platforms. Variants were
filtered through a list of 336 genes curated from previously reported gene
candidate lists (Oud et al.,, 2019; Alhathal et al., 2020; Houston et al.,
2021) with a moderate or above level of evidence. To infer haplotype for
sporadic patients without familial segregation data, we utilized
gnomAD’s phasing program, which makes use of the Expectation-
algorithm  to haplotypes  of
variants  (https://gnomad.broadinstitute.org/variant-

Maximization infer
heterozygous
cooccurrence) (Niu, 2004). WGS variants were annotated using
Ensembl Variant Effect Predictor 30. Databases including
1,000 Genomes (NCBI browser), ESP6500 (National Heart, Lung,
and Blood Institute), EXAC and gnomAD (Broad Institute) were used

for identification of variant allele frequency in the general population. For

compound
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evaluating potential clinical significance of variants, the following
databases were used: HGMD (Stenson et al,, 2014) (Qiagen) (http://
www.hgmd.cfac.uk/ac/index.php), OMIM (Amberger et al, 2015)
(Johns Hopkins University) (https://www.omim.org/), and ClinVar
(NCBI) (https://www.ncbinlm.nih.gov/clinvar/). The MGI database
(Blake et al, 2021) (Jackson Laboratory, United States) (http://www.
informaticsjax.org/) was used for evaluation of gene variants from
animal models. AceView (National Center for Biotechnology
Information, NCBI) (https://www.ncbinlm.nih.gov/), GTEx Portal
(Lonsdale et al., 2013) (Broad Institute) (https:/gtexportal.org/home/),
Human Protein Atlas (Uhlen et al., 2010) (https://www.proteinatlas.org/
), and BioGPS (Wu et al,, 2009) (Scripps Research Institute) (http://
biogps.org/#goto=welcome) databases were used for evaluation of gene
expression at the tissue level. Clustal Omega (Madeira et al, 2019)
(EMBL-EBI) (https://www.ebi.ac.uk/Tools/msa/clustalo/) and PhyloP
(Pollard et al, 2010) (Cornell University) (http://compgen.cshl.edu/
phast/) were used for assessing conservation of variants. CADD
(Kircher et al, 2014) (University of Washington, Hudson-Alpha
Institute for Biotechnology and Berlin Institute of Health) (https://
cadd.gs.washington.edu/), NNSplice (Berkley Drosophila Genome
Project)  (https://www.fruitfly.org/seq_tools/splicehtml), ~PolyPhen-2
(Adzhubei et al, 2010) (Harvard University) (http://genetics.bwh.
harvard.edu/pph2/), SIFT (Kumar, Henikoff, and Ng, 2009) (J. Craig
Venter Institute) (https://sift.bii.a-star.edu.sg/), MaxEntScan (Yeo and
Burge, 2004) (Massachusetts Institute of Technology) (http://hollywood.
mit.edu/burgelab/maxent/Xmaxentscan_scoreseq.html), MutationTast
er (Schwarz et al., 2010) (Charité) (https://www.mutationtaster.
org/), and VVP (Flygare et al., 2018) were used for prediction of
consequence of amino acid changes on protein function. The R
programming environment was used to identify WES variants
with causative effect for non-obstructive azoospermia within the
GEMINTI cohort.

Variant confirmation

Variants obtained by WES were confirmed by Sanger
(ThermoFisher
Scientific). Primer3+ software was used for designing primers.

sequencing using BigDye sequencing kit
Sequencher (GeneCodes) was used for analysis of Sanger
sequencing results.

Single-cell RNA-seq data analysis

Previously generated, processed merged human digital expression
matrix data file from Drop-seq experiments on human testicular cells
from 4 adult males was obtained from Gene Expression Omnibus
(GEO: GSE142585) as previously described (Shami et al., 2020). The
data was generated through global analysis of a total of
35941 transcripts from 13,597 cells. The following known RNA
markers for human testicular cell types were used for expression
profiling: spermatogonia (GFRA1, HORMADI, ID4, ITGA6, LY6K,
STRAS, SYCP2, UCHLI, and UTF1), spermatocytes (PIWIL1 and
SYCP3), spermatids (ACRV1, PRM1, TNP1, and TSSK6), Leydig cells
(IFG1/2 and STAR), endothelial cells NOSTRIN and VWE), testicular
macrophages (CD52, CD163, LYZ, and TYROBP), pericytes (ADIRF,
MCAM, PDGFRB, and STEAP4) or myoid cells (ACTA2 and
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FIGURE 1

Single-cell transcriptome profiling of TEX15 in the adult human testis. (A) UMAP visualization of annotated testicular cell types in the adult human
testis from global clustering of 13,597 cells. Each dot represents a single testicular cell and is colored based on cell type. (B) UMAP plot demonstrating RNA
expression pattern of TEX15 is predominant in the human testicular germ cells. Red represents a high expression level, as shown on the color key at the

bottom right.

MYH11). The normalized PCA and UMAP images developed from this
data collection process were scaled and reported to support the findings
in this study (Figure 1A).

Protein modeling

The  sequence of TEX15  (accession
AOAIW2PS94 isoform producing a 3,176
polypeptide) was obtained from Uniprot (UniProt Consortium,

#QIBXTS5,
amino  acid
2021). Three dimensional structural models were generated using
AlphaFold (Jumper et al., 2021) and Phyre2 (Kelley et al,, 2015).
Because the length of TEX15 exceeds the size AlphaFold can query,
we folded shorter regions for each prediction. Individual domain
boundaries were initially informed by pfam (Mistry et al., 2021) and
then manually curated and iteratively remodeled based on sequence
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alignments and structural modeling from earlier rounds of

prediction. Likewise, residue sequences used to predict
interdomain interactions were manually dissected and modeled
with AlphaFold (Jumper et al., 2021). Structural alignment was
performed in COOT (Emsley and Cowtan, 2004) and structural

model figures made in PyMOL (Schrédinger, LLC).
Results
Homozygous TEX15 mutation cosegregates

with cryptozoospermia in a Pakistani family
(Case 6)

A 20-year-old, married male of Pashtun ethnicity from the
Khyber Pakhtunkhwa (KPK) region of Pakistan presented with
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FIGURE 2

Pedigree of Pakistani family with proband presenting with cryptozoospermia and male infertility. Normal male and female members are represented

with an open square or circle, respectively. The affected proband is shown with a filled symbol. A vertical line with double horizontal lines indicates an
infertile couple (noted with "Cryptozoospermia” diagnosis). The arrow symbol accompanied by the letter “P” represents the proband for this family. Textin
parentheses indicates TEX15 nucleotide at genomic position 8:30843344T (hg38).

TABLE 1 Clinical values for study participants. Ethn = ethnicity: Euro = European, N. Amer = North American, S. Asian = South Asian. Vol = semen volume;
standardized to Norm (normal) according to clinical standards (Schlegel et al., 2021). Morph = normal sperm morphology. Mot = motile sperm. AZF del = AZF
deletion: Neg = negative. T = Testosterone, FSH = Follicle stimulation hormone, LH = Luteinizing hormone. To account for differences in hormone testing
standards, values have been normalized to the following: within range = Norm (normal), greater than clinically expected values = Elev (elevated). N/A = not

available.
Case # Ethn Sperm conc Vol Morph (%) Mot (%) T/FSH/LH Karyotype AZF del
1 Euro 0/mL Norm 0 0 Norm/Elev/Norm 46, XY Neg
2 N. Amer 0/mL Norm 0 0 Norm/Elev/Elev 46, XY Neg
3 Euro 0/mL Norm 0 0 N/A 46, XY Neg
4 N. Amer 0/mL Norm 0 0 Norm/Elev/Elev 46, XY Neg
5 Euro 0/mL Norm 0 0 N/A 46, XY Neg
6 S. Asian <0.1 x 10°/mL Norm 50 10 Norm/Norm/Norm 46, XY Neg
7 African 0/mL Norm 0 0 N/A/Elev/N/A 46, XY Neg

unexplained infertility. The parents were first cousins and had
9 children (Figure 2). The proband’s semen analysis indicated
cryptoozoospermia with normal semen volume, and viscosity
(Table 1). Secondary factors affecting reproduction like
ejaculatory defects, immunological irregularities, congenital
disorders or ruled out.

environmental exposures were

Physical examination including weight, height and secondary
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sexual characteristics were normal. Hormonal analysis for
follicle stimulating hormone, luteinizing hormone, prolactin,
and testosterone all showed normal values (Table 1). T-cell
cytogenetic analysis showed normal 46, XY male karyotype
(Table 1). Y
abnormal vas deferens
detected (Table 1).

chromosome microdeletions as well as

associated mutations were not
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TABLE 2 Identified TEX15 variants associated with SPGF. Dx = Diagnosis (NOA = Non-obstructive azoospermia, CO = cryptozoospermia). NT = nucleotide. AA = amino acid (* indicates premature stop). Zygosity = variant
inheritance pattern (Het = heterozygous, Homo = homozygous). Computational predictions from SIFT (S), PolyPhen (P), PhyloP (F), MutationTaster (T), Omicia (0), CADD (C), and VVP (V) for exonic variants and NNSplice (N),
MaxEntScan (M), and CADD (C) for intronic variants. B = benign, D = damaging, NA = not applicable, P = polymorphism, PD = possibly damaging, T = tolerated; T based on corresponding position in canonical transcript (e.g.,
¢.4441G>C, p.Glu1481GlIn). Minor allele frequency (MAF) values from GnomAD v3.1.2. WES = Whole Exome Sequencing; WGS = Whole Genome Sequencing. Interpretation based on ACMG technical standards and guidelines
(LP = likely pathogenic; VUS = variant of uncertain significance). = Case 2 is the only exception within the 7 identified cases with other potentially causal variants which were not able to be ruled out through our methodology as
highlighted in Results and Discussion sections; further description of the potentially causal MEIT variants is contained in Supplementary Table S1.

NT genomic NT coding AA change Zygosity MAFs  Computational predictions (S, P, F, T, O C, WES/
change change V, or N, M, Q) WGS
1 SPGF £.30858836A>G ¢.700-6T>C splice region Het 0.00041 B,B,10.02 WES vus
(NOA)
2.30843318_30843319del ¢.6860_6861del p.Arg2287Asnfs*22 Het 0.00083 NA,NA,NA,NA,0.8,98, NA WES Pathogenic
2 SPGF 2.30848543T>A c1636A>T p.lle546Phe Het 0.0001 B,B,B,B,0.099,63,10 WES vUs
(NOA)
2.30848393T>C c.1786A>G p.lle596Val Het 0.00013 B,B,B,B,0.061,19,1 WES vUs
2.30837478A>G c.8820T>C P.Ser2940Pro Het 0 B,B,D,PD,0.199,55,13 WES vUs
3 SPGF 2.30847618C>A €2561G>T p.Trp854Leu Het 0 B,B,B,PD,0.183,82,6 WES vUs
(NOA)
.30846048G>T c4131C>A p.Ser1377Arg Het 0.00001 B,D,D,PD,0.364,91,15 WES vUs
4 SPGF 2.30846209G>A €3970C>T p.Argl324* Het 0.0001 D,NA,NA,B,0.621,98,36 WES Lp
(NOA)
9.30845222C>T c4957G>A p.Vall6531le Het 0.00241 B,B,B,B,0.088,11,0 WES vUs
5 SPGF 30844577C>GT €5602G>C p.Glu1868Gln Het 0.00001 B,PD,D,P,NA,20.4,14 WGS VUS
(NOA)
2.30843290_30843293del .6886_6889del P.Ser2296Lysfs*11 Het 0.00028 NA,NA,NA,NA,0.8,98 NA WGS Lp
6 SPGF 9.30843344C>T €.6835G>A p.Ala2279Thr Homo 0.00002 D,D,D,PD,0.482,85,18 WES vUs
(CO)
7 SPGF 230842753G>A €.7426C>T p.Arg2476* Het 0 D,NA,NA,D,NA,NANA WES Pathogenic
(NOA)
2.30839981C>T c.8176-17G>A intronic Het 0.00242 B,B,1.36 WES vUs
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p.Ser2296Lysfs*11
c.8176-17G>A
p.lle546Phe p.Ser1377Arg p.Glu1868Gin p.Arg2287Asnfs*22
p-Trp854Leu
€.700-6T>C . * .Val1653lle p.Ala2279Thr p.Arg2476*
p.lle596Val ‘ '°A'91T4 P p.Ser2940Pro
— 4 l | |
— —
1 52 107 254 257 1923 2157 2362 2492 3176
- p.Arg2695*
piTyr039 p.Ser1397Leufs's
p.Ser2373Asn p.Gly3075Arg
p.Lys1190*
Legend:

£ Domain of Unknown Function 3715
1 ADP-Ribosylation Domain

1 TEX15 Region 1

& TEX15 Region 2

Note: Variants below are previously reported

FIGURE 3

TEX15 schematic. Bolded variants listed above the sequence are variants identified within our cohorts; the variants below the sequence are variants
from previously identified literature. The orange square represents the domain of unknown function 3715 (DUF3715); the overlapping light blue square
represents the predicted ADP-Ribosylation domain. The two areas in yellow and dark blue represent the two TEX15 domains.

DNA from the proband, both parents, and one unaffected
brother were subjected to WES analysis in order to identify
genetic causes of SPGF. Candidates were first screened against a
panel of 336 genes with evidence of association with male infertility
in humans and/or mice (Oud et al., 2019; Alhathal et al., 2020;
Houston et al., 2021). Among identified genes from this list, a
homozygous variant in TEX14 was ruled out due to its presence
in the unaffected brother. Based on likely modes of inheritance,
potential candidate variants for the family found in other relevant
genes were a compound heterozygous mutation in AKAPI2,
homozygous mutation in CHAFIB, homozygous mutation in
KIF12, homozygous mutation in RIMBP3, and hemizygous
mutation in ERCC6L. These variants were not considered further
due to overall lack of sufficient criteria (e.g., MAF>1% polymorphic
in one of the ethnic subpopulations) leaving TEXI5 as the top
candidate. Following thorough analysis, the homozygous TEX15
missense variant c.6835G>A, p. Ala2279Thr identified in the
proband (see Case 6 in Table 2), was found to co-segregate with
cryptozoospermia as it was not found in the unaffected brother and
is heterozygous in both parents, indicating autosomal recessive
inheritance (Supplementary Figure S1).

Single cell RNAseq data (GEO: GSE142585) analysis from
4 adult men confirmed the expression of TEXI15 RNA in all cell
types assessed, except pericytes, in adult human testes (Figure 1B)
(Shami et al., 2020). TEX15 RNA shows high expression in male
germ cells including both undifferentiated and differentiating
spermatogonia, spermatocytes, and spermatids. Loss of function
mutations are associated with spermatogenic failure 25
(OMIM#617960 - SPERMATOGENIC FAILURE 25; SPGF25).
The homozygous ¢.6835G>A, p. Ala2279Thr variant found in
the proband affects region of the
3,176 amino acid protein (ENST00000638951.1,
ENSP00000492713.1) (Figure 3). Three-dimensional modeling

an uncharacterized
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suggests that this residue is located in a predicted alpha-helix
whose position is important for interhelical packing within its
TEX15 repeat (Figure 4A). Substitution of this residue with
threonine results in steric clashes with surrounding amino
acids; in one putative threonine rotamer, the methyl group in
the side chain would clash with the side chain of lysine 2,314
(Figure 4B). In the other rotamer, the hydroxyl group of the side
chain would approach the backbone of phenylalanine 2,276 too
closely (Figure 4B). In each of these scenarios, the steric clash
would be predicted to be propagated through the tertiary structure,
destabilizing this TEX15 repeat and its interaction with the
repeat. Additionally, this highly
conserved among mice, chimpanzees, rhesus macaques, and

neighboring position is
humans (Supplementary Figure S2). These predicted steric
hindrances and the relevance of position conservation are
supported by the unanimously deleterious predictions in all in
silico variant assessments performed (Table 2).

Compound heterozygous TEX15 coding
variants are associated with varying degrees
of SPGF

Follow-up analysis of WES and WGS results from the remaining
1,096 unrelated male patients (see Materials and Methods) with
unexplained SPGF identified 6 cases with a total of 13 unique,
potentially causative, likely in trans compound heterozygous/
unphased deleterious TEXI5 variants (Figure 3; Table 2). A
¢.700-6T>C splice region variant of uncertain significance (VUS)
in the N-terminal “domain of unknown function” along with a likely
c.6860_6861del, p. Arg2287Asnfs*22 frameshift
resulting in a premature stop prior to the second TEX15 domain

pathogenic

were identified in azoospermic Case 1; the former of which may
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FIGURE 4

Structural modeling of TEX15 reveals some globular regions and the first partial TEX15 structural model of intrinsically disordered regions. (A)
Structural model of the C-terminal region of TEX15 from residue 1901-2,500 generated by AlphaFold (Jumper et al., 2021). The individual TEX15 domains
are colored N- to C-terminally in orange, purple, and cyan, respectively. Positions of individual mutations indicated with arrows. (B) Left, a zoomed view of
the predicted structural environment around A2279. Right, two alternative rotamers for the A2279T mutation. Red arrows indicate steric clashes that

could be introduced upon mutation of this amino acid to threonine.

affect a predicted ADP ribosylation site as observed with 3D
modeling (Supplementary Figure S3).

Case 2, diagnosed with azoospermia due to late meiotic arrest,
presented with 3 TEXI5 missense VUSes: c.1636A>T, p. Ile546Phe,
c.1786A>G, p. lle596Val, ¢.8820T>C, p. Ser2940Pro. The first variant,
p. lle546Phe, is moderately conserved (e.g,, in some species instead of an
isoleucine, it is a methionine or serine); none of the aligned sequences
have an aromatic amino acid at this position (Supplementary Figure S2).
For the second variant, p. lle596Val, the conserved position is either
isoleucine, valine, or leucine in the alignment (Supplementary Figure S2),
so the small difference in the human sequence is a slight size difference,
with valine being smaller. The third variant, p. Ser2940Pro, could have a
strong effect on the structure of the disordered region, given the nature of
proline’s side chain. The additional proline residue could lead to
decreased flexibility and/or increased steric clash in the backbone.
Given the similarity of the MAFs for the p. Ile546Phe and
p. lle596Val variants (.0001 and .00013 respectively), it is likely that
these variants appear as in cis compound heterozygotes (Table 2). The
novel p. Ser2940Pro variant is currently not reported in gnomAD, and as
a result, we could not use gnomAD’s phasing algorithm (See Material
and Methods) to predict haplotype for this variant in relation to the other
two variants. However, we believe that it is possible that the p. Ile546Phe
and p. Ile596Val variants are in trans compound heterozygotes with the
PhyloP/MutationTaster software-predicted deleterious p. Ser2940Pro
variant (Table 2), which may have either contributing or pathogenic
associations with the azoospermic phenotype observed in the patient.
This belief is supported by the notion that within Intrinsically Disordered
Regions (IDRs), any position may be important for intra- or inter-
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molecular interactions. These computational tools are particularly
suggestive as they evaluate not only amino acid substitution effect,
but more specifically the effect at the relatively conserved position as
mentioned above in Materials and Methods. Notably in Case 2, two
believed in trans compound heterozygous (assumed on their significantly
different MAF frequencies, see Materials and Methods for inference
validation) Meiotic Double-Stranded Break Formation Protein 1 (MEII)
variants, consisting of one inframe deletion and one predicted highly
deleterious missense variant, were also seen (Supplementary Table S1).
MEII variants (including frameshifts, non-senses, and missenses) have
been previously associated with non-obstructive azoospermia in male
patients (Ben Khelifa et al., 2018; Nguyen et al,, 2018; Malcher et al,
2022). Given that Case 2 is a sporadic patient without familial
segregation, we are unable to confidently rule out the MEII variants
as potentially causal; however, without further information, they also do
not have sufficient evidence for pathogenic classification than the
identified TEX15 variants, and so we retained them in Case 2 in analysis.

Case 3, diagnosed with azoospermia, had a missense ¢.2561G>T,
p. Trp854Leu addition to a c4131C>A,
p. Ser1377Arg, both of uncertain significance. The first variant,

substitution in

p. Trp854Leu, is a large change from a hydrophobic aromatic amino
acid to a hydrophobic aliphatic amino acid. While both amino acids
are classified as hydrophobic, due to the additional NH group in the
tryptophan side chain, it is notably less hydrophobic than leucine.
The alignment suggests that the position is not conserved for
tryptophan specifically, as seen in Supplementary Figure S2, the
other amino acids in that position are cystine, histidine, and
asparagine, which are all polar amino acids; this is further
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supported by the PhyloP benign prediction (Table 2). However,
again as suggested previously, due to the intrinsically disordered
nature of the protein, specific position conservation is not conclusive
of variant effects. The second variant, p. Ser1377Arg, is in a mostly
conserved region, with only the Western clawed frog (X. tropicalis)
and the Zebrafish (D. rerio) having alternative amino acids at the
position: glutamine and valine respectively (Supplementary Figure
S2). The change is from the tiny uncharged polar amino acid, serine,
to the much larger and positively charged arginine, which could
cause problems in the structure of the disordered region.

A likely pathogenic ¢.3970C>T, p. Argl324* premature stop
upstream of both TEX15 domains and a ¢.4957G>A, p. Vall653Ile
VUS were found in Case 4, diagnosed with azoospermia as a result of
early meiotic arrest. The missense variant p. Val1653Ile is in a partly
conserved position; however, the position is conserved as either
valine or isoleucine, which are both aliphatic amino acids, however,
valine is slightly smaller (Supplementary Figure S2). From the
alignment, the following amino acid is leucine for the species
that have valine at the position of interest, whereas in species
with isoleucine at this position, the subsequent leucine is
replaced by a valine, except in M. musculus, where it is a
histidine (Supplementary Figure S2). Given the fact that the
region has unique differences in M. musculus compared to the
others, it could mean the structure in most of the aligned species
requires a small amino acid near that position.

Azoospermic Case 5 had a ¢.5602G>C, p. Glu1868GIn VUS as
well as a pathogenic ¢.6886_6889del, p. Ser2296Lysfs*11 premature
termination prior to the second TEX15 domain. For the missense
variant, p. Glul868GlIn, the alignment shows that the position is
highly conserved for glutamic acid (Supplementary Figure S2),
suggesting that the glutamic acid is important for the proper
function and/or structure of the protein.

Additionally, azoospermic Case 7 had a pathogenic ¢.7426C>T,
p. Arg2476* premature stop in the second TEX15 domain as well as
an intronic ¢.8276-17G>A VUS.

In addition to these compound heterozygous variants, single
heterozygous variants were observed in several patients
(Supplementary Table S2). Interestingly, the oligozoospermic
patient Case 18 had in cis compound heterozygous variants that
included a pathogenic frameshift €.6860_6861del,
p. Arg2287Asnfs*22 and a likely pathogenic frameshift c.6886_
6889del, p. Ser2296Lysfs*11 in the uncharacterized region
between the 2 TEX15 domains, both of which resulted in
premature stops (Supplementary Table S2; Supplementary Figure
S4). While 14 of the remaining 1,090 patients (excluding the
7 described above) observed had single or in cis compound
heterozygous variants, these variants were classified as carrier
status and overall are not thought to be pathogenic in these
patients, considering TEXI5-associated disorders are known to
exhibit autosomal recessive inheritance.

Discussion

Identifying genetic factors involved in infertility attracts growing
scientific interest and requires understanding of basic molecular
processes, which govern spermatogenesis and male reproduction.

High-throughput genomic technologies like next-generation
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sequencing and comparative genomic hybridization have
facilitated identification of a significant proportion of genes
presumed to be essential for normal male fertility. To date, basic
and translational research of male infertility has identified, with high
probability, over 100 monogenic causes; those methods are based on
molecular and/or clinical human phenotype, in vivo/in vitro
modeling, and known and predicted functional associations
(Houston et al,, 2021). Among these genes, “strong” evidence
exists for the causality of TEXI5 variants in spermatogenic
failure. Furthermore, TEX15 mRNA expression can be found
throughout adult male testes, particularly in germ cells, while
TEX15 protein is detected in spermatogonia, early spermatocytes,
and post meiotic cells (Wang et al, 2001; Wang, Page, and
McCarrey, 2005; Okutman et al., 2015; Boroujeni et al., 2018;
Schopp et al, 2020; Shami et al, 2020; Yang et al, 2020).
Human TEXI5 is located on chromosome 8p12 and encodes for
a serine rich, 3,176 amino acid protein involved in the repair of DNA
DSBs during the zygonema stage of meiosis prophase I. TEX15
expression is then temporarily downregulated in pachytene
spermatocytes (Wang, Page, and McCarrey, 2005). Mouse Tex15
expression begins in fetal male germ cells and increases postnatally
(Schopp et al.,, 2020; Yang et al., 2020). Male Tex15 knockout (KO)
mice are infertile due to arrest at pachynema, which inhibits the
formation of haploid male gametes necessary for fertilization (Yang
et al., 2008). Previously, it was proposed that TEX15 stabilizes DNA
repair proteins at the time of recombination and in its absence,
spermatocytes fail to develop, resulting in infertility (Yang et al.,
2008). Subsequent analysis revealed that TEX15 is required for
loading DSB repair proteins RAD51 and DMCI1 onto
recombination sites (Yang et al, 2008; Chen et al., 2016). An
ensuing study further solidified the necessity of TEX15 during
meiosis by establishing its role as a nuclear signal imperative for
spermatocyte development (Schopp et al., 2020; Yang et al., 2020).
Additionally, TexI5 KO mice exhibit incomplete methylation
(silencing) of the promoters of transposable elements, which
likely contributes to the infertility phenotype (Schopp et al., 20205
Yang et al., 2020).

Here, using whole exome and genome approaches, we
examined genomes of 1,097 men with spermatogenic failure
with filters for variants from 336 previously reported gene
candidates that are confidently linked to male infertility (Oud
et al., 2019; Alhathal et al., 2020; Houston et al., 2021) in addition
to variants in TEX15. After ruling out any other variants as stated
in the Methods section, we identified significant TEXI5 variants
(likely pathogenic and VUS) in 7 out of 1,097 men with
unexplained male infertility. Given recent studies (Aston, 2014;
Zhang et al., 2015; Tittelmann et al., 2018; Cervan-Martin et al.,
2020; Cioppi, Rosta, and Krausz, 2021; Ghadirkhomi et al., 2022;
Guzmdn-Jiménez et al., 2022), we also sought to determine if
TEX15 polymorphisms could be used as markers for infertility;
however, given that the identified polymorphisms (see Materials
and Methods) appeared at the expected frequency among both our
control and affected populations, we found no apparent,
statistically ~ significant  relationship ~ between TEX15
polymorphisms and SPGF.

In Case 2, which featured likely causal TEXI15 and MEII
variants, we cannot rule out the possibility of digenic effect

resulting in the severe azoospermic phenotype seen in the
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patient, especially when considering the variable phenotypes that
TEX15 variants have been associated with. Notable TEXI5
variants include a possible splice site acceptor change
¢.700-6T>C in the TEX15 DUF3715 region in conjunction
with a c.6860_6861del, p. Arg2287Asnfs*22 frameshift that
likely eliminates the second TEX15 domain in Case 1; both of
which potentially lead to loss of function as a result of protein
truncation. The DUF3715 domain is also known to be involved in
regulation of transposable elements silencing (Douse et al., 2020).
We believe that TEX15 may interact with MIWI2 and MILI
(Schopp et al., 2020; Yang et al., 2020). MIWI2 is a protein
required for piRNA-directed DNA methylation of transposons
that is essential for derivation of germ line cells from somatic cells
during fetal development, (Schopp et al., 2020). DUF3715 also
has strong similarities to a poly ADP-ribose polymerase (PARP)
catalytic domain and may help facilitate RNA binding (Douse
et al., 2020). Acknowledging these known associations suggests
any disruption within this region could lead to loss of function
and impaired spermatogenesis. Within other known domains, a
premature stop was observed in the second TEX15 region in Case
7. Frameshifts and/or premature stops were also found in
uncharacterized IDR-like regions in both oligozoospermic and
azoospermic individuals highlighting the allelic heterogeneity of
SPGF. Additionally, multiple patients had variants affecting
amino acids with known function in post-translational
modification. For instance, serine, a residue that is often
acetylated, glycosylated, or phosphorylated, was replaced in
Additionally,
methylated regulates many cellular processes, was affected in

several patients. arginine, which when
multiple cases. The remaining identified variants likely alter the
and  subsequent

conformation, ultimately leading to protein destabilization.

native  secondary  structure tertiary
TEX15 is predicted to be largely disordered, complicating the

interpretation of the structural consequences of several
mutations of interest. However, we successfully generated the
structures of predicted globular domains based on their sequence
conservation. The C-terminus of TEX15 is predicted by pfam to
contain two TEX15 domains (Letunic, Khedkar, and Bork, 2021;
Mistry et al., 2021; UniProt Consortium, 2021). However,
AlphaFold predicted three alpha-helical bundles (Jumper
et al., 2021). The first two intercalate with each other to form
a ‘superdomain,’ including residues 1901-2,160; the second
predicted TEX15 domain is comprised of an independent
helical bundle, which could theoretically interact with the
existing ‘superdomain’ (Figure 4 and Supplementary Figure
S5). Based on its unrefined structural resemblance to the other
two modeled TEX15 domains, it is possible that this C-terminal
TEX15 domain could interact with other less characterized
TEX15 domains. Indeed, sequence alignments suggest that the
three observed TEX15 domains could contain conserved
S5). Thus, the

predicted three-dimensional structure of the C-terminal region

sequence motifs (Supplementary Figure
of TEX15 provides rationale for the mechanistic studies of the
gene variants. Specifically, multiple observed variants result in
truncation of portions of these globular domains, which could
affect inter- and intra-molecular interactions. The identified
putative the TEXI5
(Supplementary Figure S5B) are likely critical for structural

conservative motifs in domain
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stabilization and their disruption could interfere with the
fold of TEXI5. We
assessment of variant effect within these putative domains and

conformational recognize that the
intrinsically disordered regions is constrained by the current lack
of existing data on the TEX15 functional pathway; further
investigation into this pivotal pathway through functional
characterization assays will be necessary to discern individual
variant effects on protein-protein interactions.

In conclusion, we identified unique and rare significant TEX15
variants that likely contribute to spermatogenic failure in 0.6% of
our study cohort. Considering a model with an equal gene
contribution of the 1,378 known testis-specific proteins to the
SPGF load, one would expect a prevalence of 0.07% (Fagerberg
et al., 2014). Here, we observed a nearly 10-fold increase, which is
greater than that of other germ cell specific genes, ie., GCNA
(<0.4%) but less than that predicted for TEXII (~2%) (Yang
et al, 2015; Yatsenko et al, 2015; Hardy et al., 2021). These
results highlight the genetic heterogeneity of SPGF. To our
knowledge, there is limited information about monogenic
prevalence in male infertility, therefore, continued emphasis on
improving the overall knowledge of the prevalence of other key
monogenic causes would greatly advance clinical comprehensive
genetic testing and aid in conclusive clinical diagnosis and treatment
of male infertility.
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SUPPLEMENTARY FIGURE S1

Inheritance pattern of TEX15 g.30843344C>T (found in Case 6). (A)
Heterozygous father. (B) Heterozygous mother. (C) Homozygous proband.
(D) Not present in unaffected brother. Image produced with Integrative
Genomics Viewer (IGV).

SUPPLEMENTARY FIGURE S2

Conservation alignment of TEX15 transcripts across 10 species. From top to
bottom: Homo sapiens (H. Sapiens) = human, Pan troglodytes (P.
troglodytes) = chimpanzee, Gorilla gorilla (G. gorilla) = gorilla, Macaca
mulatta (M. mulatta) = rhesus macaque, Canis lupus familiaris (C. lupus
familiaris) = dog, Felis Catus (F. catus) = cat, Acinonyx jubatus (A. jubatus) =
cheetah, Mus musculus (M. musculus) = mouse, Xenopus tropicalis (X.
tropicalis) = western clawed frog, Danio rerio (D. rerio) = zebrafish. As
specified in the key, orange box = Case 1, light blue box = Case 2, purple
box = Case 3, dark blue box = Case 4, grey box = Case 5, pink box = Case 6,
and yellow box = Case 7. Multiple sequence alignment produced using
Clustal O v1.2.4 (Sievers et al. 2011).

SUPPLEMENTARY FIGURE S3
Structural modelling of the N-terminal domain of TEX15. Structural
prediction of the DUF375 generated by Phyre2.

SUPPLEMENTARY FIGURE S4

In cis compound heterozygous TEX15 variant detected in azoospermic
patient Case 18. Image produced with Integrative Genomics Viewer (IGV).
Shown here, the variants do not appear on alternative reads, indicating they
are likely on the same chromosome, and therefore are likely single
heterozygous.

SUPPLEMENTARY FIGURE S5

Examination of the structural predictions for the C-terminal TEX15 repeats.
(A) Model interpretation statistics generated for the modeling in Figure 3
of the TEX15 domain-containing C-terminus. Left, the predicted LDDT is

a measure of confidence in the model. In this experiment, the query
sequence contained TEX15 residues 1901-2500, indicated on the x-axis as
residues 0-599. Right, the confidence in inter-domain predictions. The
darker the green, the higher the confidence in the relative positions of the
residues. The predicated aligned error shows that the position and
orientation of the modeling of the first two TEX15 repeats relative to the
third is not accurate. (B) Sequence alignment generated by CLUSTAL
Omega (Sievers et al. 2011) indicates there might be two conserved
sequence motifs in the TEX15 repeat. (C,D) Mapping of the position of
putative motifs 1 (C) and 2 (D) on the structure calculated by AlphaFold
(Jumper et al. 2021).

SUPPLEMENTARY TABLE S1

MEI1 variants in Case 2. Dx = Diagnosis (NOA = non-obstructive
azoospermia). NT = nucleotide. AA = amino acid. Computational
predictions from SIFT (S), PolyPhen (P), PhyloP (F), MutationTaster (T),
Omicia (O), CADD (C), and VVP (V) for exonic. D = damaging and N/A=not
applicable. Minor allele frequency (MAF) values from GnomAD v3.1.2.
Interpretation based on ACMG technical standards and guidelines
(LB=likely benign and LP=likely pathogenic).

SUPPLEMENTARY TABLE S2

Monoallelic TEX15 variants observed in men with SPGF. Dx = Diagnosis
(NOA = non-obstructive azoospermia; OS = oligozoospermia; SOS =
Severe Oligozoospermia). NT = nucleotide. AA = amino acid.
Computational predictions from SIFT (S), PolyPhen (P), PhyloP (F),
MutationTaster (T), Omicia (O), CADD (C), and VVP (V) for exonic variants
(B = benign, D = damaging, N/A = not applicable, NF = not found, NI =
notidentified, P = polymorphism, PD = possibly damaging, T = tolerated);
eg., based on corresponding position in canonical transcript
c.4441G>C, p.Glul481Gln). Minor allele frequency (MAF) values from
GnomAD v3.1.2. WES = Whole Exome Sequencing; WGS = Whole
Genome Sequencing. Interpretation based on ACMG technical
standards and guidelines (LB = likely benign, LP = likely pathogenic,
VUS = variant of uncertain significance). *premature stop; **in cis
compound heterozygous.
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Glossary

ACMG
AZF
PARP
CBAVD
Cco
DNA
DSB
GEMINI
GATK
HGMD
HUSH
IDR

KO
KPK
LOF
MAF
NCBI
NOA
0os
OMIM
PIWI
PolyPhen
RNA
SOS
SPGF
SIFT
TASOR
TEX
vus
WES

WGS

American college of medical genetics and genomics
Azoospermia factor

ADP-ribose polymerase

congenital bilateral absence of vas deferens
Cryptozoospermia

deoxyribonucleic acid

double strand break

Genetics of male infertility initiative
Genome analysis toolkit

Human gene mutation database

Human silencing hub

Intrinsically disordered region

knockout

Khyber pakhtunkhwa

loss of function

minor allele frequency

National center for biotechnology information
Non-obstructive azoospermia
Oligozoospermia

Online mendelian inheritance in man
P-Element induced wimpy testis
Polymorphism phenotyping

ribonucleic acid

Severe oligozoospermia

spermatogenic failure

Sorting intolerant from tolerant
Transcription activation suppressor

testis expressed

variant of uncertain significance

Whole exome sequencing

Whole genome sequencing
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