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Abstract

Background: Non-obstructive azoospermia (NOA) is the most severe type of male infertility, affecting 1% of men
worldwide. Most of its etiologies remain idiopathic. Although genetic studies have identified dozens of NOA genes,
monogenic mutations can also account for a small proportion of idiopathic NOA cases. Hence, this genetic study was
conducted to explore the causes of monogenic variants of NOA in a cohort of Chinese patients.

Methods: Following the screening using chromosomal karyotyping, Y chromosome microdeletion analyses, and sex
hormone assessments, subsequent whole-exome sequencing analysis was performed in 55 unrelated idiopathic NOA
patients with male infertility to explore potential deleterious variants associated with spermatogenesis. We also per-
formed Sanger sequencing to demonstrate the variants. Testicular biopsy or microsurgical testicular sperm extraction
was also performed to confirm the diagnosis of NOA and identify spermatozoa. Hematoxylin and eosin staining was
performed to assess the histopathology of spermatogenesis.

Results: Abnormal testicular pathological phenotypes included Sertoli cell-only syndrome, maturation arrest,
and hypospermatogenesis. Using bioinformatics analysis, we detected novel variants in two recessive genes,
FANCA (NM_000135, c.3263C>T, c.1729C>G) and SYCET (NM_001143763, c.689_690del); one X-linked gene, TEXT1
(NM_031276, c466A > G, c.559_560del); and two dominant genes, DMRTT (NM_021951, c425C>T, c.340G > A) and
PLK4 (NM_001190799, c.2785A > G), in eight patients, which corresponded to 14.55% (8/55) of the patients.

Conclusion: This study presented some novel variants of known pathogenic genes for NOA. Further, it expanded the
variant spectrum of NOA patients, which might advance clinical genetic counseling in the future.
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[SCOS], maturation arrest [MA], and hypospermatogen-
esis), is the most severe form of male infertility [1, 2]. The
developed micro-dissection testicular sperm extraction
and intracytoplasmic sperm injection can help a small
number of NOA patients to obtain their biological off-
spring. In contrast, this pathogenic genetic risk might
also be transmitted to the next male generations who
confront infertility.

With the development of next-generation sequencing
technologies, genetic factor disruptions play an impor-
tant role in the formation of NOA cases. Recent studies
identified putative pathogenic variants in approximately
38 candidate genes using whole-exome sequencing
(WES) or whole-genome sequencing [2]. For example,
pathogenic variants in MEIOB have been detected in
NOA patients from both consanguineous and non-con-
sanguineous families [3, 4]. Because of its indispensable
role in homologous recombination in meiosis I, MEIOB
can also affect female patients with primary ovarian
insufficiency [5]. Despite great advances in the genetic
findings of NOA, the pathogenic genetic mechanism of
a large proportion of patients is still unknown. Moreover,
some candidate genes exhibited weak genetic evidence
because of the lack of recurrent studies carrying patho-
genic variants in the same genes. Large cohort WES of
NOA patients was necessary to perform genotype—phe-
notype analysis.

In this study, we aimed to expand the variant spectrum
of known candidate genes of NOA. The 55 NOA patients
with testicular pathological phenotypes of SCOS, MA,
and hypospermatogenesis were sequenced using WES.
We detected putative pathogenic variants in five candi-
date genes with matched inheritance patterns, including
FANCA, SYCE1, TEX11, DMRT1I, and PLK4.

Methods

Sample collection

A total of 55 patients with NOA and infertility were
recruited from the First Affiliated Hospital of Anhui
Medical University. The couples did not achieve a clini-
cal pregnancy during more than 12 months of unpro-
tected intercourse. Idiopathic NOA was diagnosed by
careful medical history, physical examination, laboratory
examination, imaging, and testicular biopsy. All patients
excluded other risk factors of infertility/NOA, including
chromosomal abnormalities, Y chromosome microdele-
tion, cryptorchidism, radiotherapy and chemotherapy,
viral or bacterial orchitis, epididymitis, epididymo-orchi-
tis, undescended testis and hypogonadism as well as
sexually transmitted infections [6, 7]. We collected
whole-peripheral blood samples from patients and per-
formed WES as described in our previous study [8]. This
research was approved by the Ethics Committee of the
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First Affiliated Hospital of Anhui Medical University, and
all patients agreed to participate and signed the informed
consent form.

Semen analysis

Based on the World Health Organization guidelines (5th
edition), semen sample was collected and examined.
Semen samples were collected following 3-7 days of
abstinence and evaluated after liquefaction for 30 min at
37 °C. Centrifugation was performed at 3000 g to detect
sperm by microscopic examination of semen when no
sperm were found by routine test [9]. To confirm the
clinical diagnosis, we detected sperm at three different
times with an interval of more than 2 weeks.

Genetic risk factors identification by using WES and Sanger
sequencing

The whole-exome was sequenced using the Illumina
HiSeq platform. The original FASTQ data were mapped
to the human genome using BWA software, and SAM-
tools and GATK were used to call genetic variants. We
annotated variants into the allele frequency database
(1000G, EXACO03_EAS, gnomAD_exome_EAS), del-
eterious prediction tools (SIFT, PolyPhen-2, Mutation
Taster, and CADD), and Human Gene Mutation Data-
base (HGMD) using ANNOVAR [10] and dbNSFP
[11]. Common variants with allele frequency of>0.05
were excluded. We focused on loss-of-function (includ-
ing splicing (<2 bp), stopgain, stoploss, and frameshift
indels) and deleterious missense variants. The variant
that was predicted to be deleterious by more than three
of four software, including SIFT, PolyPhen-2, Mutation
Taster, and CADD (score >20), were defined as a deleteri-
ous variant. Moreover, variants defined as deleterious in
HGMD were included in the analysis. Sanger sequencing
was performed to validate the inheritance pattern of the
putative pathogenic variants.

Hematoxylin and eosin (H&E) staining of testicular tissue
We performed H&E staining to detect the detailed his-
topathology of the testis in NOA patients. Testicular tis-
sue was fixed with Bouin solution for more than 24 h.
Next, gradient alcohol (75%, 85%, 90%, 95%, and 100%)
was used to dehydrate the fixed testicular tissue, embed-
ded in paraffin, and sectioned into 3-pm-thick sections.
Then, H&E staining was performed to stain the nucleus
and cytoplasm.

Results

Bi-allelic pathogenic variants of two recessive genes
FANCA and SYCE1 in three NOA patients

NOA16 was diagnosed with infertility for 2 years with
non-contraceptive intercourse. We found no sperm
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in recurrent semen analysis of NOA16, and physical (FSH) (Table 1). We performed a testicular biopsy
examination showed typical development of secondary and subsequent H&E staining of NOA16 and found
sexual characteristics, normal epididymis, vas deferens, a testicular pathological phenotype of SCOS (Fig. 1).
and testicular size. Hormone tests revealed an abnor- NOAI16 was carrying homozygous missense variants in
mally increased level of follicle-stimulating hormone FANCA (NM_000135: ¢.3263C>T; p.S1088F) with allele

Table 1 Deleterious variants detected in patients with non-obstructive azoospermia and related clinical phenotypes

Individual NOA16 NOA50 NOA51 NOA22 NOA25 NOA42 NOA39 NOA49

Gene FANCA FANCA SYCET DMRT1 DMRT1 PLK4 TEX11 TEXT1

Inheritance pat- AR AR AR AD AD AD X-linked X-linked

tern

RefSeq accession  NM_000135 NM_000135 NM_001143763 NM_021951 NM_021951 NM_001190799 NM_031276 NM_031276

number

Age 27 27 31 27 31 29 32 25

Secondary sexual  Normal Normal Normal Normal Normal Normal Normal Normal

characteristics

testicu- 8/8 8/8 15/15 10/10 10/10 12/12 12/12 10/10

lar volume(Left/

Right, ml)

Somatic karyo- 46,XY 46,XY 46,XY 46,XY 46,XY 46,XY 46,XY 46,XY

type

Y Chromosome No No No No No No No No

microdeletions

Follicle-stimu- 23.87 24.74 3.85 16.32 26.54 29.24 8.44 402

lating hormone

(1u/L)

Luteinizing hor-  6.10 9.38 041 6.44 11.35 7.05 6.33 533

mone (IU/L)

Testosterone 14.03 9.64 31.14 17.95 7.07 10.75 10.75 13.34

(nmol/L)

Estradiol (pmol/L) NA 90 372 241 23 73 97 132

Prolactin (ng/ml)  NA 8.26 14.6 11.88 10.37 8.11 8.92 10.24

Testis histology SCOS ND MA SCOS SCOS SCOS Hypospermato- ~ MA

genesis

Hom/Het Hom Het/ Het Hom Het Het Het Hemi Hemi

¢DNA mutation €3263C>T  ¢3263C>T/ €.689_690del c425C>T  c340G>A  c2785A>G C466A>G ¢559_560del
c.1729C>G

Mutation type Missence Missence/ Mis- Frameshift Missense Missense Missense Missense Frameshift
sense

Protein alteration  p.S1088F p.S1088F/ p.F230fs p.A142V pV114M p.M929V p.M156V p.M187fs
p.P577A

1KGP 0.0218 0.0218/0 0 0 0 0 0

EXAC_EAS 0.0235 0.0235/0 0 0 0 0 0.0039

gnomAD_EAS 0.0265 0.0265/0 0.0001 0 0 0 0.0034

SIFT D D/D NA T D D T NA

PolyPhen-2 p P/ D NA D D P B NA

MutationTaster N N/ D NA D D D N NA

CADD 218 218/ 239 NA 22.2 33 239 222 NA

HGMD NA NA/ NA NA NA NA NA D NA

Validation in Yes Yes/ Yes Yes Yes Yes Yes Yes Yes

patient

Mother/Father Het/Het ND/ ND ND/Het ND ND ND Het/WT ND

genotype

AR autosomal recessive, AD autosomal dominant, 7KGP 1000 Genomes Project, ExAc_EAS the data of East Asian in Exome Aggregation Consortium, gnomAD_EAS the
data of East Asian in the Genome Aggregation Database, D Damaging, T Tolerant, P Possibly Damaging, B Benign, N Polymorphism, ND Not Detect, SCOS Sertoli cell
only syndrome, MA maturation arrest
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Fig. 1 Variants of FANCA in NOA16 and NOAS50. A The families affected by the variants in FANCA. The red dotted lines indicate mutated positions in
the Sanger sequencing results. B Testicular histopathology of NOA16. C The mutated positions of FANCA are conserved among species (red arrows).
And the dotted lines indicate the positions of the FANCA variant in the FANCA protein. M, mutation; WT, wild type

frequency <0.05, in three databases (Table 1). In addition,
three of the four tools (SIFT, PolyPhen-2, MutationTaster,
CADD) predicted that this missense mutation was del-
eterious. Sanger sequencing confirmed that the parents
were heterozygous carriers. Additionally, another patient,
NOAS50, exhibited potential compound heterozygous
FANCA. One heterozygous variant was consistent with

that in NOA16, and the other variant (NM_000135:
¢.1729C > G; p.P577A) was extremely rare (0, 0, 0) in the
three allele frequency databases (Table 1). Four tools
generally predicted that this variant was deleterious. The
sex hormones of NOA50 also showed an abnormally
increased level of FSH (Table 1). Unfortunately, we were
unable to perform a testicular biopsy and validate these
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two variants based on Sanger sequencing due to the disa-
greement of NOAS5O0.

NOAS51 was found to carry a homozygous frameshift
variants in SYCElI (NM_001143763, ¢.689_690del;
p-F230fs) with extremely rare allele frequencies (0, O,
0.0001) in three databases (Table 1). The levels of hor-
mones in NOA51 were within the normal range (Table 1).
We performed a testicular biopsy with the agreement of
NOAS51 and found the phenotype of MA (Fig. 2). Sanger
sequencing confirmed the homozygous and heterozygous
carriers in NOA51 and his biological father.

Heterozygous variants of dominant gene DMRT1 and PLK4
in three NOA patients

We found two NOA patients carrying heterozygous
variants in DMRT1 and related amino acids in the func-
tional domain. NOA22 carries NM_021951:¢.425C>T;
p-A142V, which was extremely rare (0, 0, 0) in the three
allele frequency databases (Table 1). Three of the four
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tools generally predicted that this variant was deleterious.
Sanger sequencing was performed to validate the hete-
rozygous state. The sex hormones of NOA22 also showed
abnormally increased FSH value (Table 1). Based on the
agreement of NOA22, we performed a testicular biopsy
and found only Sertoli cells (Fig. 3). The other patient,
NOA25 carrying NM_021951: ¢.340G > A; p.V114M, also
exhibited extremely rare (0, 0, 0) in the three allele fre-
quency databases (Table 1). Four general tools predicted
that this variant would be deleterious. Sanger sequencing
was performed to validate the heterozygous state. Abnor-
mal hormones, including increased FSH levels, were
found in NOA25 (Table 1). Based on the agreement of
NOA25, we performed a testicular biopsy and found that
NOA25 exhibited the pathological phenotype of SCOS
(Fig. 3). In addition, after an exhaustive understanding of
microsurgical testicular sperm extraction, NOA25 con-
sented to undergo the procedure. This patient succeeded
in achieving pregnancy using microsurgical testicular
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Fig. 2 The variant of SYCET in NOA51. A The family affected by the variant in SYCET. The red dotted line indicates the mutated position in the
Sanger sequencing. B Testicular histopathology. C The mutated position of SYCET is conserved among species (red arrows). And the dotted line
indicates the position of the SYCET variant in SYCE1 protein. M, mutation; WT, wild type
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Fig. 3 Variants of DMRTT in NOA22 and NOA25. A The families affected by the variants in DMRT1. The red arrows indicate mutated positions in
the Sanger sequencing results. B Testicular histopathology. C The mutated positions of DMRTT are conserved among species (red arrows). And the
dotted line indicates the position of DMRTT variants in DMRT1 protein. M, mutation; WT, wild type

sperm extraction and intracytoplasmic sperm injection. We also found that NOA42 carries a missense variant in
Unfortunately, we were unable to validate these variants  the dominant PLK4 gene (NM_001190799, c.2785A > G;
based on Sanger sequencing because of the disagreement  p.M929V) (Table 1). All allele frequencies in the three
of the offering DNA sample of parents. databases were zero. Four tools generally predicted that
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this variant was deleterious. Sanger sequencing validated
the heterozygous state of c.2785A > G. An abnormal hor-
mone of the increased FSH value was found in NOA42
(Table 1). We performed testicular biopsy with the agree-
ment of NOA22, and only found Sertoli cells (Fig. 4).
However, we were unable to validate these variants based
on Sanger sequencing because of the disagreement for
DNA sample collection of parents.

Hemizygous variants of TEX11 in two NOA patients

TEXI11 is a well-known X-linked NOA pathogenic
gene. This study identified two novel putatively patho-
genic hemizygous variants in two patients with rela-
tively different phenotypes (Table 1). NOA39 carries a
missense variant (NM_031276:c.466A >G; p.M156V)
with an allele frequency of<0.01, which is inher-
ited from his mother. The HGMD database defines
this variant as being deleterious. In NOA39, the hor-
mone levels were as follows: FSH 8.44 IU/L, LH
6.33 IU/L, T 10.75 nmol/L, estradiol 97 pmol/L, and
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prolactin 8.92 ng/ml. NOA39 showed hypospermato-
genesis based on a testicular biopsy test (Fig. 5). The
other patient, NOA49, carried a frameshift deletion
NM_031276:¢c.559_560del, p.M187fs with zero allele
frequency. The frameshift variant was a functional loss,
resulting in severe structural and functional impair-
ment of the TEX11 protein. In NOA49, the hormone
levels were as follows: FSH 4.02 IU/L, LH 5.33 IU/L,
T 13.34 nmol/L, estradiol 132 pmol/L, and prolactin
10.24 ng/ml. The phenotype of NOA49 was different
from that of NOA39 and exhibited MA (Fig. 5). Sanger
sequencing validated these two variants in patients.
However, we cannot validate the inheritance pattern
because of the disagreement of the offering DNA sam-
ple of parents.

Discussion

Genetic factors contribute significantly to NOA patients, and
high-throughput sequencing has provided unprecedented
opportunities to decode risk genes or variants. Genetic
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Fig. 4 The variant of PLK4 in NOA42. A The family affected by the variant in PLK4. The red arrow indicates the mutated position in the Sanger
sequencing results. B Testicular histopathology. C The mutated position of PLK4 is conserved among species (red arrows). And the dotted line
indicates the position of PLK4 variant in PLK4 protein. S_TKC, Serine/Threonine protein kinases, catalytic domain; M, mutation; WT, wild type
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Fig. 5 Variants of TEXT7 in NOA39 and NOA49. A The families affected by the variants in TEXT1.The red dotted line indicates mutated positions in
the Sanger sequencing results. B Testicular histopathology. C The mutated positions of TEXTT are conserved among species (red arrows). And the
dotted lines indicate the positions of TEXT1 variants in TEX11 protein. M, mutation; WT, wild type

studies identified several dozens of genes in patients with  genes DMRT1, PLK4. We summarized variants in previous
NOA. Still, the monogenic variants can also account for a  studies and present study of these genes in Supplementary
small proportion of idiopathic NOA cases, and the genetic  table 1.

mechanism in most of the patients was unknown. We per- FANCA is involved in interstrand cross-link repair or
formed WES of 55 NOA patients to explore the genetic  a cell cycle checkpoint. The bi-allelic variants in FANCA
mechanism and advance the genetic spectrum for clinical  contribute to a large proportion of Fanconi anemia, an
diagnosis. We detected variants in five previously reported  autosomal recessive disease characterized by progres-
NOA genes in eight patients, including two recessive genes,  sive bone marrow failure [12, 13]. Recent studies found
FANCA, SYCEI, 1 X-linked gene TEX11, and two dominant ~FANCA variants in patients with premature ovarian



Tang et al. Reproductive Biology and Endocrinology (2022) 20:63

insufficiency (POI) [14] and NOA [15]. Kraus et al. first
reported bi-allelic variants in two patients with SCOS;
however, this result might not be used for clinical diag-
nosis without recurrent studies. Our study detected
pathogenic FANCA variants in two additional patients
with NOA, which increased the clinical evidence.

SYCE1 is a protein component of the synaptone-
mal complex during meiosis. Bi-allelic variants in
SYCE1 were also detected in patients with POI [16,
17] and NOA [18, 19], suggesting an indispensable
role for SYCEl in meiosis and germ cell develop-
ment. The previously identified two splicing variants
(NM_001143763: ¢.197-2A > G, ¢.375-2A> Q) [18, 19]
result in a truncated product of amino acids in the
structural core of SYCE1 (amino acids position: 25-79),
which bind to the N-terminus of SIX60S1 and form a
synaptonemal complex [20]. The variant in our study
resulted in a frameshift at position 230 that locates
in the second interface to bind with the downstream
sequence within SIX60S1 1-262, which is similar
to NM_001143763: ¢.613C>T that was identified in
patients with POI [17, 20].

DMRT1 is a transcription factor that plays a role in
male sex determination and differentiation by control-
ling testis development and male germ cell proliferation
[21]. The abnormal testicular pathological phenotypes of
patients carrying DMRT1 variants are heterogeneous and
characterized by SCOS, MA, spermatogonial arrest, and
spermatocyte arrest [22, 23]. We found two patients with
SCOS carrying two heterozygous missense mutations
located in the functional domain (DNA-binding domain
and double-sex/mab3-related transcription factor 1).
Our study might increase the clinical evidence of DMRT1
from moderate from a previous study to strong [24].

PLK4 is a regulator of centriole biogenesis and
plays an important role in cell division [25, 26]. A
previous study found that homozygous loss-of-func-
tion variants in PLK4 contribute to the formation of
microcephaly and chorioretinopathy [26]. However,
Harris et al. found that heterozygous variants in PLK4
resulted in hypogonadism and germ cell loss in mice
[27]. Miyamoto et al. first reported a heterozygous
frameshift variant located in serine/threonine protein
kinases, the catalytic domain of PLK4 in a patient with
SCOS [28]. We found a heterozygous missense variant
located in the polo-box domain of PLK4 in a patient
with SCOS, and the mechanism of this variant should
be further validated by functional assays. Moreover,
although we provided recurrent variants, the clinical
evidence of PLK4 for NOA is limited, and more path-
ogenic variants are required to research clinical sig-
nificance [29, 30].
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TEX1I1 is an X-linked testis-specific gene involved in
meiotic recombination and chromosomal synapsis and
is defined as a strong clinical evidence gene for NOA
[31-34]. Most of the testicular phenotypes of patients
carrying the TEXII variants were MA. Our study
found one frameshift TEX11 variant in patients with
the MA phenotype. Another patient carrying the mis-
sense TEX11I variant exhibited the phenotype of hypo-
spermatogenesis. This variant was already detected in
patients with MA in a previous study, which suggested
phenotypic heterogeneity [33].

We detected putative pathogenic variants in five
candidate genes with matched inheritance patterns,
including FANCA, SYCEI1, TEX11, DMRTI, and PLK4
in eight patients, which corresponded to 14.55% (8/55)
of the patients. No candidate pathogenic genes were
found in the other 47 patients with iNOA. Some pos-
sible reasons may account for this result. First, some
nongenetic etiologies may also lead to spermatogenic
failure in these patients. Second, only WES was per-
formed in this present study, copy number variations
and structural variations in some genes involved in
spermatogenesis can also cause NOA, whereas they
were not performed in our study. Third, some regula-
tory elements in noncoding and intergenic regions may
affect expressions of some NOA-related genes. The
pathogenic variants located in these regions may lead
to formation of NOA.

There are two limitations to this study. First,
we only obtained the DNA information of these
patients with NOA and used bioinformatics tools
to predict the deleterious missense variants. Fur-
ther experiments on functional level is necessary
to assess the pathogenicity of the variants. Second,
although they matched the genotype and phenotype
of these genes, we could not validate all inherited
models due to unavailable DNA samples from the
parents of the patients.

Conclusions

Taken together, we performed WES analysis of 55 NOA
patients and detected novel pathogenic variants in five
known NOA candidate genes in 14.55% of patients with
NOA. Our results widened the genetic spectrum and pro-
vide the opportunity for more accurate genetic diagnos-
tics of NOA.
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