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The association between mutations in ubiquitin-
specific protease 26 (USP26) and male infertility: a
systematic review and meta-analysis

Qin-Yu Li"*, Yu-Cong Zhang>", Chao Wei', Zhuo Liu', Guo-Da Song', Bing-Liang Chen', Man Liu’,
Ji-Hong Liu', Li-Cheng Wu', Xia-Ming Liu'

During recent decades, the association between mutations in ubiquitin-specific protease 26 (USP26) and male infertility remains
doubtful. We conducted this meta-analysis to evaluate the association between mutations in USP26 and male infertility according
to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020 guidelines. It was registered in the
International Prospective Register of Systematic Reviews (PROSPERO; CRD42021225251). PubMed, Web of Science, and Scopus
were systematically searched for comparative clinical studies, which were written in English and provided eligible data. Studies
were included when they compared USP26 mutations in azoospermic, oligozoospermic, and asthenozoospermic patients with
controls with normal sperm parameter values or whose partners had experienced spontaneous pregnancy. Pooled odds ratio (OR)
with 95% confidence interval (Cl) was calculated with random effect models. Overall, twelve studies with 3927 infertility patients
and 4648 healthy controls were included. The association between overall USP26 mutations and infertility was not significant
(OR = 1.60, 95% CI: 0.51-5.01). For specific mutations, the pooled ORs were 1.65 (95% Cl: 1.02-2.69) for cluster mutation
(including 370-371insACA, 494T>C, and 1423C>T), 1.80 (95% CI: 0.35-9.15) for ¢.576G>A, 1.43 (95% Cl: 0.79-2.56)
for c.1090C>T, and 3.59 (95% Cl: 2.30-5.59) for c.1737G>A. Our results suggest that several mutations (cluster mutation,
¢.1737G>A) may play roles in male infertility, while others (c.576G>A and c.1090C>T) do not show notable associations with

male infertility. More high-quality clinical researches are needed for validation.
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INTRODUCTION

Infertility is characterized as the failure to obtain a pregnancy after
undergoing regular and unprotected sexual behavior for 1 year. About
8%-12% of reproductive-aged couples are affected all over the world.!
Furthermore, the existing body of researches suggests that 20%-30%
of infertility cases result solely from males, and 50% of infertility
cases are associated with male infertility.? In the last few years, a high
prevalence of genetic causes for spermatogenic impairment has been
reported.’ Therefore, there has been increasing attention to the genetic
landscape of the patients. This landscape consists of a small number
of altered genes (gene mutations) in a high percentage of cases and a
much larger number of genes which are altered infrequently.* Owing
to the complexity of spermatogenesis, semen composition, and
testicular histological diversity, the gene landscape of male infertility
is very complicated. Actually, more than 2000 genes are involved in
spermatogenesis.” Genetic abnormalities are responsible for about
25% of azoospermic cases, and the number of genetic abnormalities
that are identified in the semen composition and etiological categories
is steadily growing.”> Genetic screening is associated with diagnosis,

genetic counseling, and clinical decision-making.® However, even with
a huge development of detecting techniques, the etiology of infertility
in numerous patients remains unknown. The identification of novel
genetic factors in idiopathic infertility, which refers to infertility
without a clear-cut cause identified,’ is crucial for the treatment of
these patients.

Male infertility mainly results from spermatogenic defects, to
which X chromosomal dosage is closely connected.” Since only
one X chromosome exists in males, there is no normal allele that
can compensate for loss-of-function mutations in single-copy X
chromosomal genes. Therefore, X-linked genes are thought to play
vital roles in male spermatogenic failure. Furthermore, with the
development of next-generation sequencing (NGS), increasingly, novel
genes have been discovered to be associated with male infertility, such
as bromodomain and WD repeat domain containing 1 (BRWDI),
DNA methyltransferase 1 (DNMT1), DNA methyltransferase 3 beta
(DNMTS3B), ring finger protein 17 (RNF17), ubiquitin protein ligase
E3 component n-recognin 2 (UBR2), ubiquitin-specific peptidase
1 (USP1), and ubiquitin-specific peptidase 26 (USP26).° However,
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definite evidence is still lacking for a gene-disease relationship of these
genes.” USP26 is one of the genes, which is assumed to be relevant
to male infertility. The USP26 gene, located at Xq26.2, presents as a
single exon on the X chromosome and encodes a protein containing
913 amino acids. It is a member of a large family of de-ubiquitinating
enzymes and is exclusively expressed in the testis.!” Ubiquitination
is an important biological process that is involved in the stability
and degradation of cellular proteins." The addition of ubiquitin to
substrate proteins can enhance the degradation of target proteins.'
Conversely, the removal of ubiquitin from substrate proteins (also
called de-ubiquitination) can prevent these proteins from being
degraded.'? The balance between ubiquitination and de-ubiquitination
is crucial for biological activity, including the completion of
spermatogenesis.’** The USP26 gene was first reported in 2001."
Owing to the importance of the de-ubiquitinating enzymes in male
infertility, more and more attention has been paid to the association
between USP26 and male infertility.

In recent years, over 20 mutations in the USP26 have been
reported to be associated with male infertility.' Several mutations are
mentioned frequently, such as the cluster mutation (370-371insACA,
494T>C, and 1423C>T in the same allele, causing the amino acid
changes including T123-124ins, L165S, and H475Y), c.576G>A,""
¢.1090C>T,*? and ¢.1737G>A.? The cluster mutation is presumed to be
concerned with Sertoli cell-only syndrome.” Several research papers
describe a remarkable relationship between the USP26 mutations
and male infertility,'”!>*»** while others do not identify a significant
association between them.?**2* Whether specific single-nucleotide
polymorphisms, such as ¢.576G>A, play a crucial role in male infertility
remains unknown.

Although two meta-analytic studies on this issue have been
performed, the conclusions from them are different. Xia et al.’
reported an association of USP26 mutations with male infertility,
while the result reported by Zhang et al.** did not support a significant
association between USP26 mutations and male infertility. Moreover,
an increasing number of single-nucleotide polymorphisms of USP26
have recently been found. Therefore, our study included more records
and investigated some of the new single-nucleotide polymorphisms
(SNPs) of USP26 to clarify the association between USP26 mutations
and male infertility.

MATERIALS AND METHODS

This work was conducted in accordance with the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020
guidelines. According to PRISMA 2020 guidelines, as shown in
Supplementary Table 1, the populations were adult males, the
exposures were patients with azoospermia, oligozoospermia, or
asthenozoospermia, the comparators were individuals with normal
fertility or normal spermatogenic function, and the outcomes were the
results of the assessment of mutations of USP26. It was also registered
in the International Prospective Register of Systematic Reviews
(PROSPERO; CRD42021225251).

Search strategy

Studies published before March 2021 were identified from PubMed,
Scopus, and Web of Science. No retrieval limitation was applied.
The searching strategy was (“infertility” OR “azoospermia”
OR “oligozoospermia” OR “oligoasthenozoospermia” OR
“asthenozoospermia”) AND (“USP26” OR “ubiquitin-specific protease
26”). Furthermore, the reference lists of the included studies and related
reviews and reports were also screened.
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Inclusion and exclusion criteria

The inclusion criteria were as follows: (1) clinical studies reported the
association between USP26 mutations and male infertility; (2) both
the number of patients and controls, and the number of patients and
controls with USP26 polymorphisms can be extracted according to
reported data; (3) the studies were published in English; (4) the studies
included patients which were azoospermia, oligozoospermia, and/or
asthenozoospermia; and (5) the studies included controls with normal
sperm parameter values or had experienced a partner’s spontaneous
pregnancy.

The exclusion criteria were as follows: (1) the article was a review,
comment or abstract; or (2) when there were multiple publications
from the same study group, the study that reported most complete
and recent results was included.

Data extraction and quality assessment

Two authors (QYL and YCZ) extracted the following information
from each study independently: name of first author, publication
year, country, age, description of cases (infertility and subgroups),
description of control, the sample size, the number of patients
and controls, the number of patients and controls with USP26
polymorphisms, genotyping method, and the result of genotyping
method (the mutations of USP26). In the end, the accuracy of the data
extraction was checked again.

Quality assessment was independently conducted by two
investigators (XML and LCW) according to the National Institutes
of Health (NIH) Quality Assessment tool for case-control
studies (https://www.nhlbi.nih.gov/health-topics/study-quality-
assessment-tools). The NIH’s scales consist of twelve parameters
of quality (Supplementary Table 2). We scored these items and
classified the included studies as “good”, “no”, or “others (CD: cannot
determine, NA: not applicable, and NR: not reported)” according
to the scales.

Statistical analyses

For each USP26 mutation reported in the included study, we
estimated the odds ratio (OR) and the 95% confidence interval
(CI), by retrieving the number of cases and controls. To obtain
conservative results, the random-effects model was employed for
pooled analysis. The Chi-square test and inconsistency index (I?)
were applied to evaluate the heterogeneity. Subgroup analyses
were performed according to different case types (azoospermia,
oligozoospermia, and unselected cases). Unselected cases are
those in which the detailed numbers of patients with azoospermia
or oligozoospermia were not reported in the included article,
while the study reported the total number of patients with
azoospermia or oligozoospermia instead. All statistical
analyses were executed by using Review Manager 5.3 (Cochrane
Collaboration, Oxford, UK), and P < 0.05 was considered to
be statistically significant. Funnel plots were applied for the
assessment of publication bias. In addition, a sensitivity analysis
was performed by excluding the lowest-weighted or lowest-
scored studies.

RESULTS

Characteristics of the included studies

The search and screening process is shown in Figure 1. Studies
included in our analysis were published between March 2005 and
December 2016. A total of 12 studies®'”2>* with 3927 infertility
patients and 4648 healthy controls were included in this meta-
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analysis. The characteristics of the included studies are summarized
in Table 1. Patients were from six countries including the USA,
Belgium, France, China, Israel, and Iran, which mainly contained
Caucasian and Asian. According to the NIH’s scales, all included
studies were of high quality (Table 2).

The association between overall mutations of USP26 and male
infertility

Six studies®**-*»* containing 2943 patients and 2478 controls were
involved in the analysis of the association between the overall
mutations of USP26 and male infertility. The pooled OR was 1.60 (95%
CI: 0.51-5.01, P = 0.42; Figure 2). However, heterogeneity among
these studies was significant (P < 0.01; Supplementary Figure 1).

The associations between cluster mutation of USP26 and male
infertility

Ten studies'’?® containing 1637 patients and 4052 controls
were involved in the analysis of the cluster mutation of USP26.
The cluster mutation of USP26 included the mutations of
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— — 7 — =
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Figure 1: Flow diagram of the included study in this meta-analysis.

370-371insACA, 494T>C, and 1423C>T. The pooled OR for overall
results was 1.65 (95% CI: 1.02-2.69, P = 0.04), which indicated
that the cluster mutation of USP26 was associated with overall
male infertility (Figure 3a). In subgroup analysis, the pooled
ORs were 1.97 (95% CI: 0.96-4.04, P = 0.06) for azoospermia,
0.88 (95% CI: 0.24-3.25, P = 0.85) for oligozoospermia, and 3.00
(95% CI: 0.35-25.61, P = 0.32) for unselected cases (Figure 3a).
Although the results of the subgroup analysis did not show a
significant association between cluster mutation of USP26 and
male infertility, the overall results showed a statistical significance
which revealed a potential association between them (Figure 3a).
Moreover, the funnel plot suggested that the publication bias was
limited (P = 0.45; Supplementary Figure 2).

The associations between c.576G>A and male infertility

Five studies'’"?! containing 781 patients and 772 controls were
involved in the analysis of the ¢.576G>A mutation of USP26. The
pooled OR was 1.01 (95% CI: 0.45-2.24, P = 0.98; Figure 3b).
For the subgroup, the pooled ORs were 1.21 (95% CI: 0.40-3.63,
P = 0.73) for azoospermia, 0.40 (95% CI: 0.11-1.46, P = 0.17) for
oligozoospermia, 1.80 (95% CI: 0.35-9.15, P = 0.48) for unselected
cases (Figure 3b). Neither overall nor subgroup analysis showed
an obvious association between ¢.576G>A and male infertility. The
funnel plot suggested that the publication bias may exist (P < 0.01;
Supplementary Figure 3).

The association between c.1090C>T and male infertility

Five studies'®*'-**?¢ containing 828 patients and 532 controls were
involved in the analysis of the ¢.1090C>T mutation of USP26. The
pooled OR was 1.43 (95% CI: 0.79-2.56, P = 0.24; Figure 4a). For
the subgroup analysis, the pooled ORs were 2.61 (95% CI: 0.73-9.36,
P = 0.14) for azoospermia, and 1.21 (95% CI: 0.63-2.34, P = 0.57)
for unselected cases (Figure 4a). The results indicated that the
¢.1090C>T was not significantly associated with male infertility. The
funnel plot suggested that the publication bias was limited (P = 0.81;
Supplementary Figure 4).

Case Control Odds ratio Odds ratio
Study or subgroup Events Total Events Total Weight M-H, random, 95% CI M-H, random, 95% CI
Azoospermia
Asadpor et al.?* 2013 25 166 3 60 14.5% 3.3710.98, 11.60]  *
Li et al.t 2015 9 1514 2 1418 13.3% 4.23[0.91, 19.63] T
Luddi et al.?' 2016 64 78 35 72 16.3% 4.83[2.31,10.13] L
Ma et al2® 2016 8 776 4 709 14.7% 1.84[0.55, 6.12] -1 *
Paduch et al.? 2005 20 188 0 17  8.4% 4.26 [0.25, 73.49] >
Shi et al.?* 2011 44 60 86 101 16.2% 0.48[0.22, 1.06] L
Subtotal (95% Cl) 2782 2377 83.4% 2.29[0.88, 5.95] i
Total events 170 130
Heterogeneity: Tau?= 0.97; Chi? = 19.85, df = 5 (P < 0.01); #=75%
Test for overall effect: Z=1.70 (P = 0.09)
Oligozoospermia
Shi et al.% 2011 9 161 86 101 16.6% 0.22[0.12,0.42] ———
Subtotal (95% Cl) 161 101 16.6% 0.22[0.12, 0.42] ’
Total events 90 86
Heterogeneity: not applicable
Test for overall effect: Z=4.69 (P < 0.01)

Total (95% Cl) 2943 2478 100.0%

Total events 260 216
Heterogeneity: Tau? = 1.95; Chi?=51.81, df =6 (P < 0.01); P=88%

Test for overall effect: Z=0.80 (P = 0.42)
Test for subgroup differencs: Chi2= 16.05, df = 1 (P < 0.01); = 93.8%

1.60[0.51,5.01]

0.02 0.1 1 10 50
Favours [control] Favours [infertility]

Figure 2: Forest plot of the association between overall mutations of ubiquitin-specific protease 26 (USP26) and male infertility. Cl: confidence interval;

df: degrees of freedom; M-H: Mantel-Haenszel.
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Case Control Odds ratio Odds ratio
Study or subgroup Events Total Events Total Weight M-H, random, 95% CI M-H, random, 95% CI
Azoospermia
Asadpor et al.? 2013 4 166 1 60 4.8% 1.46 [0.16, 13.30]
Christensen et al.'® 2008 0 48 0 96 Not estimable
Luddi et al.?' 2016 0 78 0 72 Not estimable
Paduch et al22 2005 4 188 0 17 27% 0.85[0.04, 16.52]
Ravel et al.?* 2006 4 40 75 1334 21.1% 1.87 [0.65, 5.38] T
Shi et al.? 2011 5 60 5 101 14.4% 1.75[0.48, 6.30] -1
Stouffs et a7 2005 8 143 0 152 29% 19.13[1.09, 334.60] - >
Subtotal (95% CI) 723 1832 45.9% 1.97 [0.96, 4.04] -
Total events 25 81
Heterogeneity: Tau? = 0.00; Chi?= 3.21, df = 4 (P = 0.52); 2= 0%
Test for overall effect: Z=1.85 (P = 0.06)
Oligozoospermia
Christensen et al.'® 2008 0 48 0 9 Not estimable
Ravel et al.? 2006 1 59 75 1334  6.0% 0.29[0.04, 2.12] —
Shi et al2 2011 14 161 5 101 21.3% 1.83[0.64, 5.24] ——
Stouffs et al.* 2006 0 146 1 202 23% 0.46[0.02,11.33]
Subtotal (95% Cl) 414 1733 29.6% 0.88 [0.24, 3.25] e
Total events 15 81
Heterogeneity: Tau? = 0.49; Chi?= 3.03, df = 2 (P = 0.22); P=34%
Test for overall effect: Z=0.19 (P = 0.85)
Unselected case
Lee et al."® 2008 6 200 0 200 28% 13.40[0.75, 239.49] T
Ribarski et al.%2009 9 300 6 287 21.6% 1.45[0.51,4.12] T
Subtotal (95% ClI) 500 487 24.5% 3.00 [0.35, 25.61] e —
Total events 15 6
Heterogeneity: Tau? = 1.49; Chi?= 2.22, df = 1 (P = 0.14); 2= 55%
Test for overall effect: Z=1.00 (P =0.32)
Total (95% Cl) 1637 4052 100.0% 1.65[1.02, 2.69] o
Total events 55 168
Heterogeneity: Tau? = 0.00; Chi?= 8.83, df = 9 (P = 0.45); P= 0% 0.01 0.1 1 10 100
Test for overall effect: Z = 2.02 (P = 0.04) Favours [control]  Favours [infertility]
Test for subgroup differencs: Chi2= 1.40, df = 2 (P = 0.50); = 0%
Case Control QOdds ratio Qdds ratio
Study or subgroup Events Total Events Total Weight M-H, random, 95% CI M-H, random, 95% CI
Azoospermia
Christensen et al.® 2008 23 48 51 96 12.6% 0.81[0.41,1.62] T
Luddi et al.?' 2016 47 78 17 72 126% 4.91[2.42, 9.96] e
Shi et al20 2011 39 60 79 101 12.6% 0.52[0.25, 1.05] —_—
Stouffs et al.'” 2005 21 42 5 10 9.9% 1.00 [0.25, 3.97] R
Subtotal (95% Cl) 228 279 47.6% 1.21[0.40, 3.63] i
Total events 130 152
Heterogeneity: Tau? = 1.05; Chi?= 21.86, df = 3 (P < 0.01); P= 86%
Test for overall effect: Z=0.34 (P =0.73)
Oligozoospermia
Christensen et al.'® 2008 45 96 51 96 13.0% 0.78 [0.44, 1.37] —
Shi et al.? 2011 69 161 79 101 13.0% 0.21[0.12,0.37] —
Subtotal (95% Cl) 257 197 26.1% 0.40[0.11, 1.46] —~el——
Total events 144 130
Heterogeneity: Tau? = 0.78; Chi?= 10.37, df = 1 (P < 0.01); = 90%
Test for overall effect: Z=1.38 (P=0.17)
Unselected case
Christensen et al.® 2008 45 96 51 96 13.0% 0.78 [0.44, 1.37] —
Lee et al.*® 2008 80 200 28 200 13.3% 4.10 [2.51, 6.68] —_—
Subtotal (95% Cl) 296 296 26.3% 1.80 [0.35, 9.15] e
Total events 125 79
Heterogeneity: Tau? = 1.31; Chi2= 18.88, df = 1 (P < 0.01); = 95%
Test for overall effect: Z=0.71 (P = 0.48)
Total (95% Cl) 781 772 100.0% 1.01[0.45, 2.24]
Total events 369 361
Heterogeneity: Tau? = 1.19; Chi2= 85.65, df = 7 (P < 0.01); 2= 92% ) ' ) ' )
Test for overall effect: Z=0.02 (P = 0.98) 0.01 0.1 1 10 100

Favours [control]  Favours [infertility]

Figure 3: Forest plots of the association between variants of ubiquitin-specific protease 26 (USP26) and (a) male infertility and (b) cluster mutation of USP26
(c.576G>A). Cl: confidence interval; df: degrees of freedom; M-H: Mantel-Haenszel.

The association between c.1737G>A and male infertility

Five studies'?'-**?¢ containing 932 patients and 636 controls were
involved in the analysis of the ¢.1737G>A mutation of USP26. The
pooled OR was 3.59 (95% CI: 2.30-5.59, P < 0.01; Figure 4b). For the
subgroup, the pooled ORs were 2.31 (95% CI: 0.64-8.34, P = 0.20) for
azoospermia and 3.52 (95% CI: 1.71-7.24, P < 0.01) for unselected cases
(Figure 4b). Although the results of azoospermia did not indicate the
association between ¢.1737G>A and male infertility, the unselected
case and overall cases showed a statistical significance, which revealed
a potential relationship between them. The funnel plot suggested that
the publication bias was limited (P = 0.56; Supplementary Figure 5).
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Publication bias and sensitivity analysis

Publication bias was assessed by the funnel plot. As shown in
Supplementary Figure 2-5, the publication bias was limited in our
study. In sensitivity analyses, all the outcomes remained consistent with
the previous outcomes, suggesting that no individual study significantly
affected the pooled OR of the association between mutations in USP26
and male infertility (Supplementary Figure 6 and 7).

DISCUSSION

In recent years, the outcomes of the analysis of the relationship between
USP26 variants and male infertility have been controversial.?**
Therefore, a meta-analysis including larger samples and updated
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Case Control Odds ratio Odds ratio

Study or subgroup Events Total Events Total Weight M-H, random, 95% CI M-H, random, 95% CI
Azoospermia

Asadpor et al.** 2013 2 166 0 60 37% 1.84 [0.09, 38.85]

Luddi et al.?' 2016 7 78 2 72 13.3% 3.45[0.69, 17.19] —__

Paduch et al.2 2005 7 188 0 17 41% 1.45[0.08, 26.40]

Subtotal (95% CI) 432 149  21.0% 2.61[0.73, 9.36] —l—

Total events 16 2

Heterogeneity: Tau? = 0.00; Chi?= 0.33, df = 2 (P = 0.85); = 0%
Test for overall effect: Z=1.47 (P=0.14)

Unselected case

Christensen et al."® 2008 7 96 7 96 29.0% 1.00 [0.34, 2.97] —_—
Ribarski et al.? 2009 14 300 10 287 50.0% 1.36 [0.59, 3.10] —_—
Subtotal (95% CI) 396 383 79.0% 1.21[0.63, 2.34] -
Total events 21 17
Heterogeneity: Tau? = 0.00; Chi?= 0.19, df = 1 (P = 0.66); #= 0%
Test for overall effect: Z = 0.57 (P = 0.57)
Total (95% CI) 828 532 100.0% 1.43[0.79, 2.56]
Total events 37 19
Heterogeneity: Tau? = 0.00; Chi2= 1.62, df = 4 (P = 0.81); 2= 0% k t + i
o _ 0.01 0.1 1 10 100
Test for overall effect: Z=1.19 (P =0.24) Favours [control] Favours [infertiity]
Test for subgroup differencs: Chi?=1.10, df = 1 (P = 0.29); P= 8.9%
Case Control Odds ratio Odds ratio
Study or subgroup Events Total Events Total Weight M-H, random, 95% CI M-H, random, 95% ClI
Azoospermia
Asadpor et al= 2013 3 166 0 60 22% 2.59[0.13, 50.89]
Luddi et al.?' 2016 7 78 2 72 76% 3.45[0.69, 17.19] T
Paduch et al.?? 2005 2 188 0 17 21% 0.47[0.02, 10.16]
Subtotal (95% Cl) 432 149 11.9% 2.31[0.64, 8.34] —~all—
Total events 12 2
Heterogeneity: Tau? = 0.00; Chi?=1.29, df =2 (P = 0.52); P= 0%
Test for overall effect: Z=1.28 (P =0.20)
Unselected case
Lee et al."® 2008 80 200 28 200 82.0% 4.10 [2.51, 6.68] —.—
Ribarski ef al.® 2009 3 300 2 287 6.1% 1.44[0.24, 8.68] _
Subtotal (95% ClI) 500 487 88.1% 3.52[1.71,7.24] e
Total events 83 30
Heterogeneity: Tau? = 0.10; Chi2=1.21, df =1 (P =0.27); P=17%
Test for overall effect: Z=3.43 (P < 0.01)
Total (95% Cl) 932 636 100.0% 3.59[2.30, 5.59] <o
Total events 95 32
Heterogeneity: Tau? = 0.00; Chi?= 3.00, df = 4 (P = 0.56); P= 0% o (',1 0' 4 ! 1'0 1'00

Test for overall effect: Z=5.65 (P < 0.01)
Test for subgroup differencs: Chi?= 0.32, df = 1 (P = 0.57); P= 0%

Figure 4: Forest plots of the association between variants of ubiquitin-specific

Cl: confidence interval; df: degrees of freedom; M—H: Mantel-Haenszel.

results is needed. Our analysis involved 3927 patients and 4648
controls from 12 studies. From the result of our analysis, the
mutations of USP26 did not lead to the occurrence of male infertility
inevitably. Only some specific mutations play important roles in the
male infertility, such as cluster mutation and ¢.1737G>A. In fact, in
the previous study, only one out of nineteen mutations results in the
disappearance of the enzyme activity.” As for the c.576G>A, it might
play a crucial role in male infertility, including asthenozoospermia
and oligoasthenozoospermia,® though this polymorphism is a
synonymous mutation which does not change the amino acid
sequence.”! However, SNPs can influence the gene function through
modifying the stability of mRNA.*' Nevertheless, our results did not
show a significant association between mutation of ¢.576G>A and
male infertility, which may be due to we did not conduct the analysis
on cases of asthenozoospermia or oligoasthenozoospermia. For the
¢.1090C>T, our results did not support the association between male
infertility and this mutation. This is also consistent with the previous
meta-analysis by Zhang et al.?®

Spermatogenesis is an extremely complicated process. Several cell
types, hormones, paracrine factors, genes, and epigenetic regulators are
involved in the differentiation of spermatogonia into spermatozoa.*”
Such an intricate process requires the precise expression of functional

Favours [control] Favours [infertility]

protease 26 (USP26) and male infertility: (a) c.1090C>T, (b) c.1737G>A.

enzymes. Therefore, the balance of ubiquitination and de-ubiquitination
plays a critical role in spermatogonia.”> De-ubiquitinating enzymes
are responsible for regulating ubiquitin-dependent processes, which
is important for protein stability and activity.'’> USP26 belongs to a
de-ubiquitinating enzyme family. In a previous study, mutations of
USP26 were found to affect spermatogenesis and hormone secretion
and cause male subfertility.”> As for the mechanism, androgen
receptor (AR) pathway is considered to be involved in the association
between USP26 and male infertility. Androgens such as testosterone
are steroid hormones that are essential for normal male reproductive
development and function. The AR signaling in the testis is essential
for spermatogenesis.** Substrates of USP26 include AR, MDM2 proto-
oncogene (MDM2), SMAD family member 7 (SMAD?7), and protein
regulator of cytokinesis 1 (PRC1).>* Because USP26 can prevent
the degradation of AR, the downregulation of USP26 may affect
spermatogenesis.*

However, the role of USP26 in male infertility remains doubtful
because USP26-knockout mice are reported to be fertile.’® Nevertheless,
the function of USP26 might be different between humans and mice.
A frameshift mutation in the USP26 gene in a patient is reported to
result in severe oligozoospermia,” which indicates a crucial role of
USP26 in humans.
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Table 2: The quality assessment of studies by using the National Institutes of Health’s scales

Criteria 1 Criteria 2 Criteria 3 Criteria 4 Criteria 5 Criteria 6 Criteria 7 Criteria 8 Criteria 9 Criteria 10 Criteria 11 Criteria 12

Reference

Paduch et al.?2 2005 Yes Yes No Yes Yes
Stouffs et al.'” 2005 Yes Yes No Yes Yes
Ravel et al.?* 2006 Yes Yes No Yes Yes
Stouffs et al.?®> 2006 Yes Yes No Yes Yes
Lee et al.l® 2008 Yes Yes No Yes Yes
Christensen et al.'® 2008 Yes Yes No Yes Yes
Ribarski et al.?® 2009 Yes Yes No Yes Yes
Shi et al.?° 2011 Yes Yes No Yes Yes
Asadpor et al.?® 2013 Yes Yes No Yes Yes
Li et al.® 2015 Yes Yes No Yes Yes
Luddi et al.?* 2016 Yes Yes No Yes Yes
Ma et al.?° 2016 Yes Yes No Yes Yes

Yes NA No Yes Yes Yes Yes
Yes NA No Yes Yes Yes Yes
Yes NA No Yes Yes Yes Yes
Yes NA No Yes Yes Yes Yes
Yes NA No Yes Yes Yes Yes
Yes NA No Yes Yes Yes Yes
Yes NA No Yes Yes Yes Yes
Yes NA No Yes Yes Yes Yes
Yes NA No Yes Yes Yes Yes
Yes NA No Yes Yes Yes Yes
Yes NA No Yes Yes Yes Yes
Yes NA No Yes Yes Yes Yes

Criteria 1: was the research question or objective in this paper clearly stated and appropriate? Criteria 2: was the study population clearly specified and defined? Criteria 3: did the
authors include a sample size justification? Criteria 4: were controls selected or recruited from the same or similar population that gave rise to the cases (including the same timeframe)?
Criteria 5: were the definitions, inclusion and exclusion criteria, algorithms, or processes used to identify or select cases and controls valid, reliable, and implemented consistently across
all study participants? Criteria 6: were the cases clearly defined and differentiated from controls? Criteria 7: if less than 100% of eligible cases and/or controls were selected for the
study, were the cases and/or controls randomly selected from those eligible? Criteria 8: was there use of concurrent controls? Criteria 9: were the investigators able to confirm that the
exposure/risk occurred before the development of the condition or event that defined a participant as a case? Criteria 10: were the measures of exposure/risk clearly defined, valid, reliable,
and implemented consistently (including the same time period) across all study participants? Criteria 11: were the assessors of exposure/risk blinded to the case or control status of
participants? Criteria 12: were key potential confounding variables measured and adjusted statistically in the analyses? If matching was used, did the investigators account for matching

during study analysis? NA: not applicable

Interestingly, the defects in fertility caused by USP26 mutations
in an animal study were found to be dependent on the genetic
background.*® A mutation was introduced into the USP26 gene in mice,
and the USP26-mutant males backcrossed to a DBA/2 background are
found to be sterile with atrophic testes. Xia et al.”” also find that the
association between USP26 mutation and male infertility is significant
only in Asian, but not in Euramerican populations. Therefore, further
studies should pay more attention to the genetic background of patients
and enroll individuals with similar as possible genetic backgrounds.
In addition, studies on the relationships between different mutation
variants of USP26 are also needed for a better understanding of male
infertility. Although the expression level of USP26 in different tissues
has been explored,” comparison of the expression levels of USP26
in azoospermia patients and healthy individuals is also needed to be
further investigated.

The main limitation of our study is that the definitions of case
and control were different in the included study. Patients in some
studies were azoospermic while others were oligozoospermic, and the
definitions of control also varied from different studies. Only one study
reported the data on oligoasthenozoospermic and asthenozoospermic
patients,” so we did not analyze these patients. Furthermore, in
some studies such as those reported by Stouffs et al.'” and Shi et al.?
individuals with normal sperm parameter values were defined as
controls. However, known fertile men with at least 2 children were
enrolled as control group in the study by Ribarski et al.* As mentioned
in the introduction, several studies described a significant association
between the mutations and male infertility, while others reported
negative outcome. Since researchers are willing to report the positive
outcome, more negative outcome may not be reported, suggesting
potential publication bias. In addition, the sample sizes of some
included studies were limited. We only searched PubMed, Scopus, and
Web of Science; some articles in other databases satisfied our criteria
may not be included. Although we tried to contact with study authors
to identify additional studies, some authors did not reply. In addition,
some later studies after March 2021 may not be included. Furthermore,
the factors that could influence the male infertility, such as age, were
different in cases of each included study. Therefore, more high-quality
clinical researches are needed for further validation.

Asian Journal of Andrology @

CONCLUSION

Our results suggest that several variants (cluster mutation and
c.1737G>A) of USP26 may play roles in male infertility. More
high-quality clinical research is needed for further validation.
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Supplementary Figure 6: Sensitivity analysis of the association between overall mutations of USP26 and male infertility. USP26: ubiquitin-specific protease 26.
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Supplementary Figure 7: Sensitivity analysis of the association between variants of USP26 and male infertility. (a) Cluster mutation of USP26, (h) c.576G>A,
(c) ¢.1090C>T, (d) c.1737G>A. USP26: ubiquitin-specific protease 26.



Supplementary Table 1: PECOS table

Participants Adult male

Exposure Individuals which were azoospermia or
oligozoospermia

Comparisons Individuals which are tested of normal sperm

parameters or spontaneous pregnancy occurred
Outcomes Results of the assessment of mutations of usp26
Study Case-control study
design

PECOS: P: Participants, E: Exposure, C: Comparisons, O: Outcome, S: Study design

Supplementary Table 2: The parameters in National Institutes of
Health’s scales

(1) Research question

(2) Study population

(3) Sample size justification

(4) Groups recruited from the same population
(5) Inclusion and exclusion criteria

(6) Case and control definitions

(7) Random selection of study participants

(8) Concurrent controls

(9) Exposure assessed prior to outcome measurement
(10) Exposure measures and assessment

(11) Blinding of exposure assessors

(12) Statistical analysis.






