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Non-obstructive azoospermia (NOA) affects 10% of infertile men worldwide, and

genetic studies revealed that there are plenty of monogenic mutations that

responsible for a part of idiopathic NOA cases. Testis-expressed gene 11 (TEX11)

is an X-linked meiosis-specific gene, many pathogenic variants in TEX11 have

been detected in NOA patients, and the deficiency of this gene can cause

abnormal meiotic recombination and chromosomal synapsis. However, many

NOA-affected cases caused by TEX11 mutation remain largely unknown. This

study reported three novel TEX11mutations (exon 5, c.313C>T: p.R105*), (exon 7,

c.427A>C: p.K143Q) and (exon 29, c.2575G>A: p.G859R). Mutations were

screened using whole-exome sequencing (WES) and further verified by

amplifying and sequencing the specific exon. Histological analysis of testicular

biopsy specimens revealed a thicker basement membrane of the seminiferous

tubules and poorly developed spermatocytes, and no post-meiotic round

spermatids or mature spermatozoa were observed in the seminiferous tubules

of patients with TEX11 mutation.

Conclusion: This study presents three novel variants of TEX11 as potential

infertility alleles that have not been previously reported. It expanded the variant

spectrum of patients with NOA, which also emphasizes the necessity of this gene

screening for the clinical auxiliary diagnosis of patients with azoospermia.

KEYWORDS

azoospermia, TEX11 mutation, meiosis, infertility, WES
Abbreviations: FISH, Fluorescent in situ hybridization; PCR, Polymerase chain reaction; WES, Whole-

exome sequencing; TEX11, Testis-expressed gene 11.
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Introduction

Infertility affects approximately 15% of couples worldwide,

males accounts for half to infertility (1). Non-obstructive

azoospermia (NOA) is defined by absence of spermatozoa in the

seminal fluid, and 80% of male infertility with NOA were thought to

be idiopathic (2–4). Genetic testing is an important tool in the

diagnosis of severe male infertility due of the high prevalence of

genetic abnormalities in these patients (5). Numerous attempts have

been made to link the gene mutations and azoospermia, the genetic

basis of NOA is still unknown in the majority of infertile men. New

technological advances for genetic diagnosis has enabled a

substantial increase in our understanding about the etiology of

male infertility. Research in the mutations involved in male

infertility will help us to identify potential molecular targets for

contraception, it can also improve genetic counseling for infertility

patients seeking for effective treatments in humans.

Meiosis is a specialized cell division program, homologous

chromosomes undergo pairing, synapsis, recombination, and

faithful segregation in the process (6). Defects in meiosis is one of

the important etiologies of infertility and birth defects in humans

(6). Although numerous genes involved in meiosis have been

specifically identified in the regulation of fertility (7–11), efforts to

discover single-gene mutations that contribute to human

spermatogenic failure have been mostly unavailing. As an X-

chromosome encoded meiosis-specific protein, TEX11 was

reported to be present in late-pachytene spermatocytes and in

round and elongated spermatids (4), and the high expression of

TEX11 in spermatogonia and spermatocytes indicates a critical role

of TEX11 in the early stage of germ cell development. Extensive

classic experiments using mice models have contributed

significantly to how we understand the role of TEX11 in

chromosomal synapsis and meiotic recombination (12, 13).

TEX11 was proved to be an important component of meiotic

nodules needed for recombination, and in TEX11 mutant mice,

spermatogenesis is impaired due to delayed repair of double-strand

breaks (DSB) and decreased crossover formation in spermatocytes

(14). More specifically, TEX11 may provide a physical link between

chromosomal synapsis and meiotic recombination by interacting

with SYCP2 in vivo, which is an indispensable component of the

synaptonemal complex lateral elements, and defects in TEX11

caused apoptosis of spermatocytes at the pachytene stage and

male infertility (6).

The homology of amino acid sequences in human and mouse

indicates the similarity of function in spermatogenesis. Recently, X-

linked TEX11 mutations have been identified in azoospermic men

(3, 4). Yatsenko et al. identified six different TEX11 mutations,

including a deletion mutation of 79 amino acids within the meiosis-

specific sporulation domain SPO22, three splicing mutations and

two missense mutations, theses mutations were occurred in 2.4% of

men with azoospermia and 15% of azoospermia patients with

meiotic arrest (4). Yang et al. reported 18 singleton variants in

azoospermic men, which included a frameshift mutation, five

missense mutations, two silent mutations and the remaining 10

were intronic mutations in TEX11. Specifically, the incidence of
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mutation in men with spermatogenic failure is higher than in

controls (7.3% vs 1.7%) (3). Moreover, another recent study of

TEX11 mutations in patient with NOA, they identified seven

potential pathogenic mutations, and 1.5% of the 479 patients with

NOA carried TEX11 mutations (15). Given the high incidence of

TEX11 mutations, this gene could be a significant candidate for the

clinical evaluation of azoospermia.

In the present study, we reported three novel TEX11 mutations

in the patients with severe non-obstructive azoospermia and

analyzed the genetic causes by WES. In addition, we summarized

the mutations of TEX11 related to male infertility.
Methods and results

Subjects

Pedigrees of the three families were recruited from the

Reproductive Medicine Center of the Maternal and Child Care

Hospital of Xiamen. Proband semen analysis was performed

according to the guidelines of the World Health Organization

2010 guidelines for patients, who were diagnosed with NOA and

confirmed using testicular fine needle aspiration.
Ethical approval

All procedures involving human participants were performed in

accordance with the ethical standards of the Ethics Committee of

the Maternal and Child Care Hospital of Xiamen. Written informed

consents were obtained from all participants.
Karyotype and AZF deletion analysis

Karyotype analysis was carried out as described previously,

peripheral blood lymphocytes (PBL) were collected to confirm the

chromosomal status and cytogenetic chromosomal karyotype. PBL

were treated with 20 mg/mL colcemid for 1 h to stay at metaphase.

G-banding of metaphase chromosomes was performed by Giemsa

staining. A total of 20-100 metaphase cells were counted and

described by the G-banding method according to the

international system for chromosome nomenclature. According to

the result of karyotype analysis, the karyotype of all patients was

normal (46, XY), and no gonadal mosaicism was observed. PCR was

used to detect Y chromosome microdeletions in azoospermia factor

regions (AZFa, b, and c). Genomic DNA (gDNA) was isolated from

peripheral blood lymphocytes using a QIAamp Blood Mini Kit

(Qiagen, Hilden, Germany). The gDNA was amplified using

markers (sY84, sY127, sY255, sY86, sY134, and sY254) to detect

AZF microdeletions, SRY gene was used as internal quantity

control, the primers used for PCR were listed in Supplementary

Table 1, and no microdeletions were detected at AZF loci in either

patient. Moreover, the endocrine hormone levels of patients were

normal (Table 1).
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Whole-exome sequencing

Genomic DNA samples from the three families were extracted

from peripheral blood using a QIAamp DNA Blood Midi Kit

(Qiagen, Hilden, Germany). WES was performed by Beijing

Genome Institute at Shenzhen in the HiSeq2000 sequencing

platform (Illumina, San Diego, CA, USA) as described elsewhere

(16). Sequencing data were analyzed using Genome Analysis

Toolkit Best Practices. (https://software.broadinstitute.org/gatk/

best-practices/). Here, we sequenced the whole exome of

azoospermia patients with meiotic arrest and found three novel

TEX11 mutations. (exon 29, c.2575G>A) in patient 1, 2 (P1, 2) and
Frontiers in Endocrinology 03
(exon 7, c.427A>C) in patient 4 (P4) were missense mutation, and

(exon 5, c.313C>T) in patient 3 (P3) was nonsense mutation. Single

nucleotide variation of c.427A>C was occurred in 0.0106% of

humans according to GnomAD database, and the clinical

significance was thought to be benign. And the other two

missense mutations were not determined up to now. PCR and

Sanger sequencing were used to validate the mutations detected by

WES. Primer sequences used for detection of these mutations are

shown in Supplementary Table 2. In this study, we identified three

novel mutations, c.313C>T, c.427A>C and c.2575G>A (Figure 1),

all of which were inherited from their mother (Figure 2), and no

pathogenic biallelic or other mutations were found. This suggests
FIGURE 1

Analysis of the TEX11 variants, the red box indicates the mutation site. Family 1 shows the pedigrees of two brothers (P1, P2) with azoospermia and
the inherited TEX11 missense mutation locate in exon 29, c.G2575A; Family 2 shows the pedigrees of P3 inherited TEX11 nonsense mutation locate
in exon5, c. C313T; Family 3 shows the pedigrees of P4 inherited TEX11 missense mutation locate in exon7, c.A427C.
TABLE 1 The clinicopathological variables of four infertile patients.

Infertility-related examination of affected individuals

Study participants P1 P2 P3 P4

Age at last visit (y) 26 24 32 31

Infertility duration (y) 2.5 1.5 3.5 3

Height at last visit (cm) 170 168 171 166

Weight at last visit (kg) 74 72 76 70

Testicular volume (mL) 10 10 12 10

Hormone levels

FSH (IU/L) 5.02 6.31 6.12 5.60

LH (IU/L) 5.64 5.23 5.84 5.21

T (ng/mL) 4.06 4.28 5.06 4.68

PRL(ng/mL) 12.15 11.85 13.15 9.15

Genetic investigation
Karyotype

46, XY 46, XY 46, XY 46, XY

Y-chromosome
microdeletion

No No No No
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that mutations in TEX11 carried by the proband may underlie

their infertility.
Histological analysis

To characterize the nature of azoospermia patients, histological

examination and TEX11 staining in testicular biopsy were

performed. For histology, testicular tissues were obtained by

testicular fine needle aspiration from the patient and immediately

fixed in Bouin fixative at 4°C overnight, dehydrated in graded

ethanol, embedded in paraffin, and cut into 4-mm-thick sections. To

examine testicular histology, the sections were deparaffinized in

xylene, rehydrated in graded ethanol, and stained with hematoxylin

and eosin (H&E), stained sections were examined microscopically.

Spermatogenesis was scored according to Johnsen’s scoring system.

As for the tubule structure, pathological examination of the patient

showed a thicker basement membrane of the seminiferous tubules

and poorly developed spermatocytes, no post-meiotic round

spermatids or mature spermatozoa. Immunohistochemical

staining of TEX11 indicated positive staining spermatogonia,

spermatocytes, round spermatids, and mature spermatozoa in the

seminiferous tubules of normal testis; TEX11 was detected in

spermatogonia and spermatocytes, and absence of staining in

post-meiotic round spermatids or mature spermatozoa of mutant

seminiferous tubules for the impaired meiosis process in the

testicular biopsies (Figure 3).
Discussion and conclusion

Infertility affects a great number of couples worldwide, and male

infertility accounts for nearly half of reproductive health problem.

The majority of causes of non-obstructive azoospermia in humans

are deemed to be idiopathic, and genetic defects are postulated to be

the underlying causes. Spermatogenesis is a complex and

continuous process controlled by thousands of genes, and any

change in the expression or function of these genes may impair

the process of spermatogenesis and lead to male infertility (17, 18).

It has been reported that genetic variations are probably associated

with idiopathic male infertility (19), and identification of stage-

specific genes and investigation of novel mutations involved in
Frontiers in Endocrinology 04
spermatogenesis are crucial for uncovering the mechanism of male

infertility. Sex chromosomes play a key role in germ cell

development in men. An increasing number of genes located on

the X chromosome have been found to be involved in meiosis. In

addition, many X-derived retrogenes such as Utp14b (20), Pgk2

(21), Cetn1 (22), Rpl10l (23), and Cstf2t (24) have been confirmed to

initiate transcription during male meiosis, and alterations of meiotic

proteins results in failure of gametogenesis, which lead to partial or

complete sterility. To date, a large amount of singletons had been

identified in patients with azoospermia, including exonic missense

mutations, exonic frameshift mutations, and intronic mutations.

As an X-linked testis-specific gene, TEX11 expression is present

in late-pachytene spermatocytes and in round and elongated

spermatids (4), nevertheless, TEX11 staining can be seen in

spermatogonia, spermatocytes and post-meiotic sperm in the

seminiferous tubules in our study. The difference may arise from

the antibody specificity and the different mutation site of TEX11.

TEX11 mutations have been identified in many patients with

azoospermia (25). Yu et al. reported a deletion mutation in exon

3 in infertile patients with meiotic arrest, representing a 2.5%

incidence (26). Yatsenko et al. identified three splicing mutations

and two missense mutations in infertile men (4); Yang et al. verified

one frameshift mutation of TEX11 in two brothers with

azoospermia, and heterozygous mutations were also found in his

mother (6). Clinic-pathological variables of infertile patients with

TEX11 mutation in the published literatures and our study are

shown in Table 2. The high frequency of TEX11 mutations in men

with azoospermia suggests a critical role in human spermatogenesis,

and deficiency in TEX11 causes meiotic arrest and male infertility.

The abundance of TEX11mutations may be a great help in auxiliary

analysis of male infertility, however, it also increases the difficulty of

identifying causal mutations for male infertility.

TEX11 was reported to be an X-linked meiosis-specific gene,

and contain a meiosis-specific sporulation (SPO22) domain (175-

402AA) and repetitive tetratricopeptide repeat (TPR) domains

(402-436AA and 441-471AA) (Figure 4A), which are commonly

observed in scaffold proteins and exhibit a wide range of molecular

recognition modes (28, 29). Extensive studies revealed that TEX11

plays an essential role in meiotic recombination, the repair of DNA

double-strand breaks, meiotic crossover and chromosomal synapsis

(6, 14, 30). Mutations in SPO22/ZIP4, which are the homologues of

TEX11 in budding yeast and Arabidopsis, led to defects in meiosis
FIGURE 2

Family pedigree of the proband affected by NOA with a TEX11 mutation. The gray symbols indicate the patient’s mother who is the homozygous
carrier of the TEX11 mutation, and the dotted-circle symbols indicate the patient’s mother who is the heterozygous carrier of the TEX11 mutation.
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FIGURE 3

Analysis of testis biopsy samples from family 1 (P1, P2) and normal control. Primary spermatocytes and round spermatids were observed in the
normal seminiferous tubules of the testis. Histologic sections showing a thicker basement membrane of the seminiferous tubules and poorly
developed spermatocytes, no post-meiotic round spermatids or mature spermatozoa were observed in the seminiferous tubules of patient 1 and
patient 2, in contrast with the normal testicular histology. Black asterisk denotes spermatogonia, white asterisk denotes spermatocytes, and
arrowhead denotes round spermatids. Scale bar = 100 mm.
TABLE 2 Mutations of TEX11 reported for azoospermia patients in published literature and our data.

Position Nucleotide change Protein/RNA change Testicular sperm Patients (n) Reference

Exon 6 405C>T Silent mutation, A135spl db Few sperm 1 (4)

Exon 7 466A>G Missense mutation, M156V No sperm 1 (4)

Exon 9-11 607del237bp 203del79aa Few sperm 2 (4)

Intron 10 748+1G>Ac L249spl db No sperm 1 (4)

Intron 21 1793+1G>Cc R597spl db No sperm 1 (4)

Exon 24 2047G>A Missense mutation, A683T Few sperm 1 (4)

Exon 6 349T>A Missense mutation, W117R No sperm 1 (3)

Exon 6 405C>T Silent mutation No sperm 1 (3)

Exon 7 424G>A Missense mutation, V142I No sperm 1 (3)

Exon 7 515A>G Missense mutation, Q172R No sperm 1 (3)

Exon 10 731C>T Missense mutation, T244I No sperm 1 (3)

(Continued)
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(31, 32). Therefore, the function of TEX11 in meiosis is highly

conserved from budding yeast to humans. Moreover, TPRs is

composed of helix-turn-helix repeats that typically appear in

tandem and pack with each other to form super-helical structures

with various curvatures. In brief, TPRs are protein-protein

interaction modules that can provide docking surfaces for other
Frontiers in Endocrinology 06
molecules (4). What’s more, some TPR proteins orchestrate

different activities by integrating signals from multiple interacting

partners (33). TEX11 was reported to contain repetitive TPR

domains, which may provide docking surfaces for SYCP2 to form

synaptonemal complex, and involved in chromosomal synapsis and

crossover formation in meiosis. In the present study, we identified
TABLE 2 Continued

Position Nucleotide change Protein/RNA change Testicular sperm Patients (n) Reference

Exon 16 1258Ins (TT) Frameshift mutation,
1258GATG!TTGGTA

No sperm 1 (3)

Exon 26 2243T>C Missense mutation, V748A No sperm 1 (3)

Exon 27 2319T>C Silent mutation No sperm 1 (3)

Intron 3 -17T>Cc Intronic alteration No sperm 1 (3)

Intron 5 -48G>Ac Intronic alteration No sperm 1 (3)

Intron 10 +42C>Ac Intronic alteration No sperm 1 (3)

Intron 12 -28T>Cc Intronic alteration No sperm 1 (3)

Intron 15 -64G>Ac Intronic alteration No sperm 1 (3)

Intron 21 -1G>Ac Intronic alteration No sperm 1 (3)

Intron 22 -37A>Gc Intronic alteration No sperm 1 (3)

Intron 24 +119G>Ac Intronic alteration No sperm 1 (3)

Intron 27 -55A>Cc Intronic alteration No sperm 1 (3)

Intron 28 -44A>Gc Intronic alteration No sperm 1 (3)

Exon 29 2568G>T Missense mutation, W856C No sperm 2 (25)

Exon 3 151_154del D51 frame-shift mutation No sperm 1 (26)

Intron 21 1796 + 2T > G Splicing mutation, 599K spl d No sperm 2 (15)

Intron 16 1426-1C > T Splicing mutation, 476A spl d No sperm 6 (15)

Exon 30 2613G > T Missense mutation, W871C No sperm 2 (15)

Exon 12 1051G > T Nonsense mutation, E351* No sperm 1 (15)

Exon 16 1254dupA Frameshift mutation,
N418K fs*10

No sperm 1 (15)

Exon 5 298delG Frameshift mutation, V85L fs*5 No sperm 1 (15)

Exon 12 857delA Frameshift mutation
K286R fs*5

No sperm 1 (15)

Exon 26 2240C>A Missense mutation
p.S747X

No sperm 1 (27)

Exon 16 1337G>T Missense mutation
p.R446M

No sperm 1 (27)

Exon 16 1246C>T Missense mutation
p.Q416X

No sperm 1 (27)

Exon 5 313C>T Nonsense mutation, R105*
p.R105*

No sperm 1 This study

Exon 7 427A>C Missense mutation, K143Q
K143Q

No sperm 1 This study

Exon 29 2575G>A Missense mutation, G859R
G859R

No sperm 2 This study
f

aTEX11 mutations were mapped to isoform 2 (GenBank accession number, NM_031276); bThe term spl d represents the splicing donor sit; c+1 refers to the first base of a given intron, and -1
denotes the last base. TEX11: testis expressed 11; del: deletion; bp: base pair; Ins: insertion.
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three novel TEX11 mutations in patients and their mother. The

TEX11 p.R105* mutation displayed in our current study resulted in

spermatogenic failure for loss of SPO22 and TPR domains; the

other two missense mutations (p.G859R and p.K143Q) identified in

our report were neither in SPO22 nor TPR domains; however, the

Gly859 residue was found to be highly conserved across several

species (Figure 4B) and histological analysis of testis biopsy

obtained from the patient with Gly859 missense mutation showed

meiotic arrest and no post-meiotic germ cells were observed in the

seminiferous tubules. The testicular histology of two brothers

carrying p.G859R mutation suggested that this mutation caused

meiotic arrest. The mutations of p.G859R and p.K143Q are not in

the known functional domains of TEX11, and how it affects meiosis

is unclear. What is known is that TEX11 forms distinct foci on

homologous chromosomes that synapse with each other, therefore

these mutations may affect the tertiary structure, disrupting its

function or stability. Further study will be necessary to clarify the

molecular determinants that control TEX11 function and the

connection between function domain and function.

In conclusion, the current report presents three pathogenic

mutations in TEX11 gene in four patients which are possibly

associated with male infertility. All patients presented with

azoospermia at reproductive age without any other manifestations.

This study provides novel TEX11 mutations in infertile men with

meiotic arrest, which not only helps to ascertain the exact genetic
Frontiers in Endocrinology 07
cause in each patient but also facilitates the counseling of family

members about their reproductive health. While we presented TEX11

mutations in infertile men, causality of these variants has not been

definitively proven.
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