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Abstract
Background: Ubiquitin-Specific Peptidase 26 (USP26), located on the X chro-
mosome, encodes a deubiquitinating enzyme expressed mainly in testis, where it 
regulates protein turnover during spermatogenesis and modulates the ubiquitination 
levels of the Androgen Receptor (AR), and as a consequence, affects AR signaling.
Methods: The patient was thoroughly characterized clinically. He was genetically 
tested by chromosome analysis and whole exome sequencing (WES).
Results: The patient was diagnosed with Sertoli cell-only syndrome pattern (SCOS). 
The WES analysis revealed only the variation in USP26: causing p.P469S in a highly 
evolutionary conserved amino acid as the possible cause for SCOS. The literature 
search identified 34 single variations and 14 clusters of variations in USP26 that were 
associated with male infertility. Only one of the 22 variations and of one cluster of 
three mutations tested for ubiquitination activity was found as damaging. Only one 
out of six variations tested for effect on AR function was found as damaging. Thus, 
the association of USP26 with male fertility was questioned.
Conclusions: The finding in our patient and the discussion on the reviewed literature 
support a possible role for USP26 in male fertility.
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1  |   INTRODUCTION

Nonobstructive azoospermia (NOA) accounts for approximately 
60% of men with azoospermia. NOA is histologically character-
ized by the absence of sperm due to either a Sertoli cell-only syn-
drome pattern, maturation arrest, hypospermatogenesis or mixed 
patterns (Hamada, Esteves, & Agarwal, 2013).

USP26 (MIM: 300,309) encodes a deubiquitinating 
enzyme which plays an important role in the regulation 
of protein turnover during spermatogenesis (Amerik & 
Hochstrasser, 2004) and modulates the ubiquitination levels 
of the androgen receptor (Dirac & Bernards, 2010) which 
is essential for male sexual differentiation and maturation, 
maintenance of spermatogenesis (Collins & Chang, 2002). 
It is expressed during sperm development in Leydig and 
Sertoli cells (Wosnitzer et al., 2014) and thus appears to be 
a good candidate for causing male infertility. However, very 
recently it was reported that USP26 is not essential for mouse 
gametogenesis and infertility (Felipe-Medina et al., 2019). 
In addition, several papers reported a lack of association be-
tween USP26 genetic polymorphisms and male infertility 
(Christensen, Griffin, & Carrell, 2008; Luddi et al., 2016; 
Ravel et al., 2006; Ribarski et al., 2009; Shi et al., 2011; 
Stouffs, Lissens, Tournaye, Steirteghem, & Liebaers, 2006; 
Zhang et al., 2015). Supporting the observation in mice, was 
a report on a normozoospermic man carrying a nonsense mu-
tation in USP26 (c.882 C > A) that generated a premature 
STOP codon which would truncate the protein and eliminate 
the catalytic Cys domain (Luddi et al., 2016).

In this study we present a NOA patient with a novel mis-
sense mutation in USP26 identified by whole exome sequenc-
ing (WES), review the controversial information regarding 
the role of variations in USP26 in male infertility, and discuss 
the contribution of the finding in our patient in supporting a 
possible role for USP26 in male fertility.

2  |   MATERIAL AND METHODS

2.1  |  Ethical approval and consent to 
participate

The study was approved by the Soroka Medical Center insti-
tutional review board, and the participant had signed a writ-
ten informed consent prior to participation.

2.1.1  |  Patient

A detailed history as well as standardized physical, clini-
cal, and laboratory examinations were carried out to record 
details of the lifestyle, occupation, family history, aside 
from physical examination and hormone level assessment. 

Chromosome analysis and Y microdelitions were carried 
out. Multiple semen analyses (1-month interval) were ac-
cording to World Health Organization (WHO) guidelines. 
Azoospermia was diagnosed when the absence of sperm 
was observed after centrifugation at 3,000g for 15 min and 
screening at a magnification of X400 magnification.

2.1.2  |  Genetic analysis

Genomic DNA (gDNA) was extracted from white blood 
cells by standard procedures. WES analysis was carried 
at Theragene, and SureSelect XTHuman All Exon V6 kit 
was used for library preparation. The target size was 58Mb 
and the coverage uniformity at X10 coverage was ≥90%. 
Results were analyzed using QIAGEN’s Ingenuity® Variant 
Analysis™ software (www.qiagen.com/ingen​uity, QIAGEN 
Redwood City). The variant identified in the USP26 was as-
certained by PCR of the genomic region using primers and 
Sanger sequencing of the PCR product,

PCR amplification of exon 1 of the USP26 gene 
(NM__031907.1) was performed using the for-
ward: TGTTGCACTCCATTGCTTGT and reverse: 
GTGCACTCCAACGGAAGTCT (annealing temperature 
62°C) primers. Direct sequencing of the PCR products 
was performed after cleaning the products using ExoSap 
(ThermoScientific) on an ABI PRISM 3,100 DNA Analyzer 
with the BigDye Terminator v.1.1 cycle sequencing kit 
(Applied Biosystems, Carlsbad, California, USA) according 
to the manufacturer's protocol.

3  |   RESULTS

3.1  |  Clinical findings

The patient presented the primary infertility that had lasted for 
longer than 19 years. His medical history was unremarkable. 
His BMI was 32.3. Karyotype: 46, XY, no Y chromosome mi-
crodeletion were identified. Hormonal profile: FSH: 19.1 mIU/
ml; LH: 4.9 mIU/ml; Testosterone: 6.6 ng/ml; Prolactin 12 ng/
ml. Testicular volume right ~14 ml, left 11 ~ ml. Among mul-
tiple ejaculated semen samples, the volume was in the normal 
range between 1.4 and 2.2 ml with no sperm. No sperm was 
found in his testicular sperm extraction and his histopathologi-
cal diagnosis was Sertoli cell only (Figure 1a).

3.1.1  |  Identification of the Mutation

Since the patient's parents are family-related, we as-
sumed homozygosity by descent of a recessive mutation 
as the likely cause of the disorder; we analyzed the exome 

http://www.qiagen.com/ingenuity
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sequence of the patient for homozygous mutations. Thirty 
five homozygous variations with allele frequencies of less 
than 1% in the public databases (gnomad, ExAc browser, 
1,000 Genomes and dbSNP) were identified. Following 
bioinformatics predictions and analysis of prevalence in 
the Bedouin population (Online Resources tables 1  +  2), 
we found a most likely candidate variation in chromosome 
X:132,160,844, c.1405C  >  T (NM_031907.1)(GRCh37/ 
hg19), in coding exon 1 of the Ubiquitin-Specific Peptidase 
26 (USP26) gene, causing p.P469S. The bioinformatic 
prediction of this variation is : CADD score: 20.3 (CADD 
above 15 is predicted damaging), polyphen 2: probably 
damaging, and the sift score is: tolerated. The exome result 
of this variation was ascertained by PCR of the genomic 

region and Sanger sequencing of the PCR product. The 
mutation is in the USP domain (Figure 1b), with complete 
conservation in mammals (Figure 1c). According to the 3D 
structure of USP21 in complex with suicide-substrate Ub 
moiety that forms a covalent bond between its C terminus 
and the catalytic cysteine of the enzyme (PDB: 3MTN), the 
proline at position 469 resides in the midst of a hydropho-
bic core preceding a surface loop. The change of proline, 
which confers stability to the conformation of the hydro-
phobic core, into serine which enables flexibility of the 
structure, may destabilize the loop.

The variation was not present in our collection of Bedouin 
exomes from 69 individuals (30 female, 39 male). Thus its 
prevalence in the Bedouin population is less than 1/99.

F I G U R E  1   (a) Histopathological section from a biopsy of the left testis of the patient. Hematoxylin eosin staining of formalin-fixed paraffin 
embedded sections show seminiferous tubules (STs) with Sertoli cell only. (b) The positions of the variations on USP26 reported to associate with 
male infertility. Schematic presentation of the catalytic domain (USP domain), the five binding motifs of USP26 protein to AR according to (Dirac & 
Bernards, 2010) are the numbered gray boxes, the residues of the catalytic triad are shown in black and the residues forming the zinc-binding motif in 
the Fingers subdomain are displayed in hatched bars according to ( Ye, Scheel, Hofmann, & Komander, 2009). The mutations reported not to affect 
enzymatic activity are marked by $ and ¶ according to (Zhang et al., 2015) and (Liu et al., 2018) respectively and the mutations reported not to affect 
AR signaling are marked by ¥ according to (Ma et al., 2016). The mutation R344W affects AR function according to (Ma et al., 2016), mutation Q156H 
affects enzymatic activity according to (Liu et al., 2018) and variations V154I, S600F, and synonymous S131S, Q750Q, and P757P were not tested. Our 
newly identified mutation is marked by star. (c) Evolutionary conservation in the region of the USP domain containing the mutation

http://www.rcsb.org/pdb/search/structidSearch.do?structureId=3MTN
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3.1.2  |  Review of the mutations 
in the USP26 associated with male 
infertility and the prevalence of the mutations 
in the gnomAd database

In order to verify the genotype–phenotype correlation of 
mutations in USP26, we reviewed the literature by a thor-
ough search in PubMed. We found 10 papers that reported 
mutations associated with male infertility (Asadpor et al., 
2013; Christensen et al., 2008; Lee et al., 2008; Luddi et al., 
2016; Ma et al., 2016; Paduch, Mielnik, & Schlegel, 2005; 
Ribarski et al., 2009; Shi et al., 2011; Stouffs, Lissens, 
Tournaye, Steirteghem, & Liebaers, 2005; Zhang et al., 
2007). Additionally, we aimed to find the frequency of the 
reported mutations in various populations in order to sug-
gest the possibility of further screening for mutations in 
this gene for patients. and thus assessed the prevalence of 
the reported mutations in the specific populations in the 
gnomAD database. In total we report 34 mutations/vari-
ations appearing individually including our present muta-
tion and 14 clusters of mutations/variations. The results 
are presented in Figure 1b and Table 1. Zhang et al. 2015 
demonstrated, by enzymatic and meta-analyses of the lit-
erature, that five reported mutations are not causative for 
male infertility either individually or in a cluster which was 
associated to infertility by a literature meta-analysis (Xia 
et al., 2014). This cluster was later to be reported as a poly-
morphism among sub-Saharan African and North African 
populations (Ravel et al., 2006). Dirac & Bernards reported 
that the regulatory function of USP26 on AR signaling de-
pends on its deubiquinating activity, but none of the four 
USP26 mutations associated with fertility affected AR 
signaling (Dirac & Bernards, 2010). Another study verify-
ing deubiquitinating activity of USP26 toward AR of six 
variations found in Han Chinese, demonstrated that only 
one variation, R344W, significantly reduced this activity 
(Ma et al., 2016). Finally, Liu et al., tested the effect of 19 
variations associated with male infertility on the enzymatic 
activity of ubiquitination, only Q156H caused abrogation 
of the activity. Unexpectedly, even the nonsense mutations 
E174ter and E189ter had no effect on the enzyme activity 
when the variation was included in the entire coding re-
gion, only termination of transcription at these sites could 
abrogate the activity. They reasoned that an initiation me-
thionine is present after the stop codons in both cases that 
could start the translation and production of active enzymes 
(Liu et al., 2018).

4  |   DISCUSSION

We have identified a novel mutation in USP26 which fur-
ther expands the spectrum of mutations seen in azoospermic 

patients and may support the possible role of USP26 in male 
fertility.

Mutated USP26 appears to be a good candidate for caus-
ing male infertility considering its unique expression pattern 
in spermatogonia (Wosnitzer et al., 2014), Sertoli and Leydig 
cells (Asadpor et al., 2013; Paduch et al., 2005) and for its 
role in the ubiquitination of AR (Dirac & Bernards, 2010; Ma 
et al., 2016). However, its role in male fertility was debated 
because two mouse models lacking the gene were recently re-
ported to be fertile (Felipe-Medina et al., 2019). This contra-
diction for the role of USP26 can be argued by claiming that 
the functional relevance of this protein could differ between 
mice and men, showing a critical role in human that does not 
recapitulate in the mouse.

Additional arguments against the role of USP26 in male 
fertility were that mutations initially reported affecting a high 
percentage of patients (Paduch et al., 2005; Stouffs et al., 
2005) were later reported as polymorphisms appearing also 
in normo-spermic males (Ravel et al., 2006) and most of 
the mutations associated with male infertility did not affect 
the enzymatic activity (Liu et al., 2018; Zhang et al., 2015). 
Probably, the most compelling argument against the role of 
USP26 is the finding of Luddi et al. who reported a normo-zo-
ospermic man carrying a nonsense mutation in USP26 (c.882 
C > A) that generates a premature STOP codon which would 
eliminate the whole catalytic domain (Luddi et al., 2016). We 
argue that this finding can be explained by the study of Liu 
et al. which demonstrated that only termination of transcrip-
tion abrogates enzymatic activity (Liu et al., 2018).

We conclude that USP26 has a role in male fertility. This 
is based first on the literature demonstrating that some muta-
tions identified in infertile males affect the enzymatic activity 
and the deubiquitinating activity of USP26 to AR. The sec-
ond support for this conclusion is our finding of a single mu-
tation in the WES analysis in a highly evolutionary conserved 
amino acid residue in the catalytic domain that is predicted to 
affect the stability of the catalytic domain structure.
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