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Introduction: Severe oligoasthenospermia (SOA) is a prevalent cause of male
infertility. However, the underlying causes of most SOA cases remain unclear due
to the complexity of germ cell development and the significant genetic
heterogeneity associated with male infertility. Therefore, in this study, we
aimed to elucidate the genetic etiology of two cases of male infertility
resulting from SOA and clarify the novel clinical phenotype associated with a
heterozygous mutation at the c.346-1G>A site of the SOHLH1 gene.

Methods and results: Through whole-exome sequencing, we found that patients
with SOA carried heterozygous mutations at the c.346-1G>A site. This variant is
classified as pathogenic based on disease database records and literature reports.
Notably, our study demonstrated that patients with heterozygous mutations at
the ¢.346-1G>A site exhibited severely reduced sperm counts, significantly
impaired sperm motility, and pronounced morphological deformities. One
patient  underwent assisted reproductive treatment through an
intracytoplasmic sperm injection and achieved a favorable outcome, resulting
in a successful pregnancy.

Discussion: In conclusion, our study provides the first evidence that the
heterozygous mutation at the ¢.346-1G>A site of SOHLH1 is associated with
SOA, and elucidates the new clinical phenotype associated with this mutation.

male infertility, SOA, SOHLH1 gene, novel clinical phenotype, intracytoplasmic
sperm injection

Introduction

Globally, approximately 15% of couples experience infertility, with male factors
contributing to approximately 50% of cases (Krausz and Riera-Escamilla, 2018). Male
infertility is primarily attributed to spermatogenesis disorders, a complex process involving
spermatogonial mitosis, spermatocyte meiosis, and transformation of sperm cells into
tadpole-shaped sperm. Any abnormalities in these stages can result in male infertility (Neto
et al, 2016). Clinical manifestations of spermatogenesis disorders include azoospermia,
oligozoospermia, teratozoospermia, and asthenozoospermia, with the most severe cases
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being azoospermia and severe oligoasthenospermia (SOA), which
affect approximately 1% of the global male population (Agarwal
et al,, 2015). SOA is characterized by an ejaculate sperm content
of <5 million/mL (Cooper et al., 2010), reduced sperm motility,
forward motility rate <32%, and a percentage of normal
morphological sperm lower than 4% of the reference value.
Factors that contribute to SOA primarily involve environmental
and genetic factors. Studies indicate that approximately 50% of
patients with SOA exhibit some form of genetic abnormality, which
can range from variations in chromosome structure or quantity,
such as Y chromosome microdeletions, sex chromosome
abnormalities (47, XXY), and single gene mutations (Liu et al,
2019; Schlegel et al., 2021; Dohle et al., 2005; Capalbo et al., 2021).
However, owing to the intricate and precise process of germ cell
development, coupled with the extensive genetic heterogeneity of
male infertility, only a small percentage of male patients with
infertility receive a definitive genetic diagnosis. Consequently,
despite this, the molecular underpinnings of SOA remain poorly
understood, with the cause remaining unidentified in approximately
72% of cases (Cooper et al., 2010; Choi et al., 2008). Therefore, in this
study, we used whole-exome sequencing to investigate the genetic
factors associated with SOA. We identified a heterozygous mutation
(c.346-1G>A) in the SOHLHI gene in two patients with SOA.
Notably, these findings suggest a reevaluation of the impact of
the ¢.346-1G>A mutation in the SOHLHI gene on male
patients with this
phenotypes that can manifest as azoospermia, normal sperm

infertility, as mutation exhibit diverse
counts, or severe sperm malformations.

SOHLHI, a germ cell-specific transcription factor, is essential
for sperm and egg development. The protein encoded by SOHLH1,
which belongs to the basic helix-loop-helix (bHLH) family of
transcription factors, contains a helix-loop-helix domain that
binds to DNA and facilitates the
spermatogenesis (Ballow et al, 2006). In spermatogonial stem

meiosis process of
cells, SOHLH1 modulates expression of downstream genes by
binding to specific DNA sequences (E-box sites) (Tuck et al,
2015). Furthermore, in conjunction with the bHLH transcription
factor SOHLH2, SOHLHI regulates spermatogonial stem cell
differentiation by controlling the Kit signaling pathway.
SOHLHI and SOHLH2 can form heterodimers and act on gene
promoters, either together or individually, to finely tune
spermatogenesis. Studies in mouse models have demonstrated
that knockout of SOHLHI leads to abnormal differentiation of
spermatogonia in male mice, resulting in male infertility (Li
et al, 2019; Anderson et al., 2008). In previous studies, Choi
et al. and Nakamura et al. identified a heterozygous mutation
(c.346-1G>A) in SOHLHI1 in patients with non-obstructive
azoospermia, suggesting a link between heterozygous mutations
in this gene and the condition (Choi et al., 2010; Nakamura
et al., 2017). Another recent study by Liu et al. demonstrated
that the ¢.346-1G>A heterozygous mutation in SOHLHI can lead
to sperm abnormalities without affecting the sperm count. However,
homozygous mutations result in a significant decrease in germ cells
and sperm abnormalities (Liu et al, 2022). In this study, we
established a new genotype-phenotype association, indicating that
the SOHLH1 ¢.346-1G>A heterozygous mutation is implicated in
patients with SOA.
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Materials and methods
Study participants and ethics approval

First, a comprehensive andrological examination was conducted
on patients with SOA, including semen analysis, medical history
review, physical examination, hormone analysis, karyotype analysis,
and Y chromosome microdeletion screening (AZFa region: sY82,
sY84, sY86, sY88, sY1064, and sY1065; AZFb region: sY105, sY121,
sY127, sY134, sY153, and sY1192; and AZFc region: sY254 and
sY255). Sperm phenotypic abnormalities (severe oligozoospermia,
asthenozoospermia, and sperm abnormalities) were diagnosed at
least three times, and endocrine abnormalities (hypogonadism,
diabetes, and hypothyroidism) and cryptorchidism were absent
(Table 1). A two-step analysis was conducted, with the first stage
involving whole-exome sequencing of patients with SOA to identify
pathogenic factors. In the second stage, patients with heterozygous
SOHLH mutations received intracytoplasmic sperm injections
(ICSI) to assess their prognosis. This study was approved by the
Reproductive Medicine Ethics Committee of Zhongshan Boai
Hospital,and the ethical approval number is KY-2020-012-14.

Semen analysis

For semen analysis, patients were instructed to abstain from sex
for 3-7 days. Semen was collected via masturbation in a sterile, dry,
disposable plastic specimen cup and placed in a 37°C incubator.
Once the specimen was completely liquefied, the analysis was
completed within 1 h. Following the guidelines outlined in the
fifth edition of the ‘World Health Organization Laboratory Manual
for the Testing and Processing of Human Semen,” the appearance,
volume, viscosity, liquefaction time, and pH value of the semen were
measured after liquefaction (Cooper et al., 2010). Following this, a
3 pL mixed semen sample was analyzed for total sperm count,
concentration, and total motility rate using a computer-assisted
sperm analysis system (SAS) and SASII version 2.3 software on a
disposable sperm counting board. This analysis included progressive
motility (PR), (NP), and
morphology. For the latter, a 5 pL completely liquefied semen

non-progressive motility sperm
specimen was dropped on a glass slide, and a semen smear was
created using thinning technology. After air-drying and fixing,
modified Pap detect
morphology. The stained sperm were then analyzed under a light

staining was performed to sperm
microscope, and over 200 sperm per sample were counted and
analyzed to calculate the percentage of sperm with normal

morphology.

Detection of the pathogenic mutation and
mutation analysis of the family

Genomic DNA from patients and their parents was extracted
from peripheral blood samples using the Qiagen QIAamp DNA
Blood Maxi kit (Qiagen, Hilden, Germany) following the
manufacturer’s instructions. The DNA quantity and purity were
assessed using a Qubit” 3.0 Fluorometer (Thermo Fisher Scientific,
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TABLE 1 Semen analysis of the spermatozoa.

10.3389/fgene.2025.1531697

Parameters Patient A Patient B Control (range)

Sperm concentration (Million/ML) 3.1 0.8 >15
Total sperm count (Million/one time) 9.8 53 >39
Total sperm motility 33 0 240
Progressive moeilsty (PR) (%) 0 0 >32
Non-pcogressive motility (NP) (%) 33 0 —
Immotility (IM) (%) 96.7 100 —

Percentage of normal sperm 0 0 >4.0%
Sperm count of normal morphology (Normal.) 0 0 —
Number of defective sperm in the head (Head.) 38 70 —
Number of defective sperm in the neck and midsection (Midpiece) 12 34 —
Number of tail defective sperm (Tail.) 8 40 —

MA, United States) and agarose gel electrophoresis to ensure high-
quality DNA for further analysis.

Whole-exome sequencing was performed according to the
manufacturer’s instructions for library construction and
enrichment. Initially, the patient’s DNA was fragmented, and
a library was prepared. Subsequently, DNA from the target gene
exons and adjacent spliced regions was captured and enriched
using the Roche KAPA HyperExome chip. Finally, variant
detection was performed using the MGISEQ-2000 sequencing
platform. The quality control criteria for sequencing data
included an average target

region >180X and a proportion of sites with an average depth

sequencing depth of the

of the target region >20X exceeding 95%.

Sequencing fragments were aligned to the UCSC hgl9 human
reference  genome  (GRch37:  https://www.ncbinlm.nih.gov/
assembly/GCF_000001405.13/), using BWA for quality control
and adapter trimming. Variant sites were identified using GATK
HaplotypeCaller, and ANNOVAR (2016Feb01 version) was used for
annotation to identify SNV and Indel mutations across the patient’s
entire exome. Mutations with allele population frequencies >5%
were filtered using databases, such as the 1000 Genomes Project
Population Database (http://browser. 1000genomes.org), dbSNP
and ExAC (http://exac.
broadinstitute.org/). The harmful effects of these mutations were

(http://www.ncbinlm.nih.gov/snp),

predicted using various online prediction software packages
(MutationTaster, SIFT, Polyphen-2, and NNSPLICE). Therefore,
relevant literature reports from ClinVar (https://www.ncbi.nlm.nih.
gov/clinvar/), the human gene mutation database (HGMD") (http://
www.hgmd.org), and PubMed were searched to determine the
nature of the mutation. The pathogenicity of the mutation was
comprehensively assessed based on the pathogenic variant grading
guidelines established by the American College of Medical Genetics
and Genomics in 2015 (Richards et al., 2015).

Subsequently, the candidate pathogenic loci of the patients and
their parents were confirmed using Sanger sequencing. Primers for
Sanger sequencing were designed using Oligo 6.0 (http://www.oligo.
net/downloads.html), and F: 5'- TGTGTGGGGAATGAAACTGT
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-3' and R:5'- CCTGCGGAGGCCAAGCCGGG -3 were used to
amplify the ¢.346-1G>A site of SOHLHI1 gene.

Patients with SOHLH heterozygous
mutations underwent assisted reproductive
therapy with ICSI

Patient A received ICSI treatment using a long luteal phase
stimulation protocol. Notably, 1.0 mg of a gonadotropin-releasing
hormone an agonist (Difelin, Ipsen) was administered on the 20th
day of the menstrual cycle. After 14 days of adjustment, when
luteinizing hormone, follicle-stimulating hormone (FSH), estradiol,
and progesterone levels met the standard criteria, daily injections of
225 TU gonadotropin (recombinant human FSH, Merck Serono,
Switzerland) were initiated. On the 14th day of ovarian stimulation,
when at least two follicles reached >18 mm in diameter, patients
received a single injection of Human Chorionic Gonadotropin
(HCG, Merck Serrano, Switzerland) 250 pg to promote the final
maturation of follicles and ovulation. Egg retrieval was performed
36 h after HCG injection through a transvaginal ultrasound-guided
extraction. On the day of egg retrieval, the male partner provided sperm
samples through masturbation. Samples were optimized using density
gradient centrifugation and the upstream method before
receiving the ICSI.

Notably, all metaphase IT (MII) oocytes were subjected to ICSI for
fertilization. Early embryo development was monitored at specific time
intervals and evaluated based on the early embryo scoring criteria
established by Puissant et al. (1987). D3 embryos were transferred to the
blastocyst culture medium (Cook or G2 PLUS, Vitrolife, Sweden) and
cultured until days 5 or 6. The embryos were subsequently frozen after
assessment using blastocyst scoring standards (Gardner et al., 2000).
Endometrial preparation involved hormone replacement therapy, and
the highest-rated blastocysts were thawed and transferred to the uterus.
Blood samples were tested for HCG levels 14 days post-transfer, and
intrauterine pregnancy was confirmed using a B-ultrasound 4 weeks
post-transfer.
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whereas his father did not carry this
with total sperm counts of 9.8 million

immotile.

, respectively,

1

According to the routine semen analysis results (Table 1), the

mutation. In Patient B’s family, samples could not be obtained for
verification because the patient’s father had passed, and his mother

did not carry the mutation.
and 5.3 million per specimen. The total sperm motility, progressive

Patient A were 3.3%, 0%, 3.3%, and 96.7%, respectively.

However, Patient B exhibited a total motility of 0%, indicating
staining method was used to assess sperm morphology, revealing

sperm concentrations for Patients A and B were 3.1 x 10° mL™" and
motility, non-progressive motility, and immotile sperm rates in
that Patients A and B had sperm with abnormal morphology. These
semen analysis results suggested that the ¢.346-1G>A heterozygous

Clinical phenotypes of patients

inherited from his mother,
that all sperm were

0.8 x 10° mL~

AG TG CCACATTTCCTTGGAGGAAGCAAGAATCTGAAATTTAAGTAAACATGTAAAACAAAGA ACAGC
04

IGV software was used to visualize the patient’'s WES results. Figure (A) represents the WES result of patient A. Figure (B) represents the WES result of

patient B. The red arrow represents the SOHLH1 c.346-1G>A site.
WES was employed to investigate the genetic etiology of the two

patients. A total of 17,223.46 Mb of data was generated, achieving a

FIGURE 1

target area coverage of 99.99% and an average sequencing depth of

249.87X. Following data filtering and analysis, no pathogenic variants
1G>A mutation was confirmed using IGV visualization software

(Figure 1). According to the HGMD disease database and
literature reports (Choi et al, 2010; Nakamura et al, 2017; Liu
et al,, 2022), the ¢.346-1G>A variant of SOHLHI is pathogenic.
We performed Sanger sequencing of samples from patients with
SOA and their parents to determine the distribution of this

¢.346-1G>A in the SOHLHI1 gene. The presence of SOHLHI c.346-
mutation (Figure 2). The results indicated that in Patient A’s
family, the ¢.346-1G>A heterozygous mutation in SOHLHI1 was

mutation of SOHLH1 in patients with SOA
associated with SOA were identified, except for the splicing mutation

Identified heterozygous ¢.346-1G>A
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wt/wt
3
11
Pl
¢.346-1G>A/wt
FIGURE 2

TTTCAGATTCTTG

1:2
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|
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I:3 l

Family pedigrees and Sanger sequencing results of patient A and patient B. Figure (A) represents the family pedigree of patient A. Figure (B)
represents Sanger sequencing results of patient A's family, the mutation (c.346-1G>A) was observed in I:1 and Il:1 but not in |:2. Figure (C) represents the
family pedigree of patient B. Figure (D) represents Sanger sequencing results of patient B's family, the mutation (c.346-1G>A) was observed in 11:3 but not
inl:1. Asquare represents males and a circle represents females. The black filled symbol represents the affected individual and the arrow points to the
proband. The slash represents that no sample was collected. The wt represents wildtype. In the Sanger sequencing diagram, the red arrow points to the

mutant position and the black arrow points to the reference position.

TABLE 2 Summary of the clinical features of two patients.

Parameters Patient A Patient B Control (range)
Size of both testicles (mL) 16 20 15-25
Human follicle stimulating hormone (FSH) (mIU/ml) 5.44 1.6 1.27-19.3
Human luteinizing hormone (LH) (mIU/ml) 33 217 1.24-8.62
Prolactin (PRL) (ng/ml) 9.23 17.59 2.6-13.1
Testosterone(T) (ng/ml) 5.71 2.92 1.75-7.81
estradiol (E2) (g/ml) 18.34 3532 15-38.95
Ychromosome microdeletion screening Normal Normal —
Chromosome karyotype 46,XY 46,XY —

mutation in SOHLH1 may be responsible for the severe reduction in
sperm count, decreased sperm motility, and sperm deformities
observed. Furthermore, sex hormone test results indicated that
Patient A’s hormone levels were within the normal range,
whereas Patient B’s prolactin level was elevated, which may be a
physiological response. However, the Y chromosome microdeletion
and karyotype analyses for Patients A and B returned normal
results (Table 2).

Results of ICSl-assisted pregnancy therapy
in patients with SOHLH1 gene ¢.346-
1G >A mutation

Patient A underwent ICSI-assisted reproductive treatment after

providing informed consent. Following a thorough examination, the
basal hormone levels of the patient’s wife were normal (Table 3).
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Under a long stimulation protocol, 14 mature oocytes (MII) were
collected for ICSI fertilization. Of these, 10 oocytes were successfully
fertilized, resulting in the formation of a two-pronuclear zygote.
After embryo culture, 10 embryos were obtained on day 3, six of
which were classified as high-quality embryos (91, 911, 811, 8II, 8II,
8II). Following sequential culture, four blastocysts were formed
(4AA, 4AA, 4AB, and 4BB). Embryos with the highest
morphological score (4AA) were prioritized for transfer to the
uterus. On the 12th day post-transplantation, the blood HCG
value was measured at 204.32 mIU/mL. Furthermore, by the 35th
day post-transplantation, the fetal heartbeat and embryo were visible
on B-ultrasound, with no significant complications observed; this
confirmed a successful pregnancy. This study demonstrates that
patients with severe oligozoospermia, asthenozoospermia, and
teratozoospermia due to the SOHLH1 ¢.346-1G>A heterozygous
mutation can be effectively treated with ICSI-assisted reproductive
techniques, yielding a favorable prognosis.

frontiersin.org


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2025.1531697

Wen et al.

TABLE 3 Clinical features of the patient with ICSI.

Items Patient A

Male age (years) 30
Female age (years) 30
Length of primary infertility history(y) 3
Basal sexual hormone FSH (IU/L) 7.14
LH(IU/L) 4.98
T (nmol/L) 0.42
E2 (pg/mL) 26.5
AMH(ng/mL) 342
Protocol Long
No. of oocytes retrieved 14
No. of mutured oocytes (MII) 14
No. of normal fertilization (2 PN) 10
Fertilization rate (%) 100 (14/14)
Cleavage rate (%)) 71.43 (10/14)
Available D3 embryos 8
Blastocyst formation rate (%) 50.00 (4/8)

Discussion

Spermatogenesis is a fundamental aspect of the male
reproductive system that involves the intricate processes of cell
differentiation and development. Previous studies have
established that SOHLH1 is a germ cell-specific transcription
factor that is critical in the development and differentiation of
germ cells. Barrios et al. and Anderson et al. demonstrated that
SOHLHI regulates the transcription of critical genes, such as Kit,
Neurogenin 3, stimulated by retinoic acid 8, and Synaptonemal
Complex Protein 1/3, during spermatogenesis, thereby influencing
sperm development (Anderson et al.,, 2008; Barrios et al.,, 2012).
Suzuki et al. found that both SOHLH1 and SOHLH2 affect
spermatogonial development by directly regulating anti-glial cell
line-derived neurotrophic factor family receptor a 1 and SRY-box
transcription factor 3 (Suzuki et al., 2012).

In this study, two patients with severe oligozoospermia,
asthenozoospermia, and teratozoospermia were found to carry a
heterozygous SOHLH1 mutation at the ¢.346-1G>A site. Notably,
multiple reports have indicated that certain mutations in the
SOHLHI gene are associated with non-obstructive azoospermia
(NOA). Choi et al. analyzed 96 Korean men with non-
obstructive azoospermia and discovered that twopatients in their
in the

Reverse transcription-

study carried a splice-site mutation (c.346-1G>A)
SOHLHI gene (Choi 2010).
polymerase chain reaction analysis revealed that the transcript

et al,

mutated at this site was shorter than the wild type. Furthermore,
sequence analysis confirmed an in-frame deletion of 18 bp in exon 4,
resulting in truncation of the bHLH domain. In transcription
activity assays, the activity of the mutant protein was less than
half that of the wild-type protein, confirming that the heterozygous
SOHLHI mutation at the c.346-1G>A site is implicated in male

NOA. Subsequently, in 2017, Nakamura et al. analyzed
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25 azoospermia-related genes in 40 Japanese men with NOA and
identified the SOHLHI c¢.346-1G>A mutation in two patients
(Nakamura et al., 2017). In 2022, Liu et al. revised the previous
conclusion that the heterozygous mutation ¢.346-1G>A in
SOHLHI1 was responsible for azoospermia. In the current study,
Liu et al. demonstrated that the homozygous mutation ¢.346-1G>A
in SOHLHI is the genetic cause of human azoospermia, indicating
that defects in spermatogenesis are associated with homozygous
rather than heterozygous mutations. Specifically, patients with the
heterozygous ¢.346-1G>A mutation in SOHLH1 exhibit normal
sperm counts, whereas those with the homozygous mutation show
severely reduced sperm counts (Liu et al., 2022).

In summary, this study revealed that the clinical phenotype of
patients carrying the ¢.346-1G>A heterozygous mutation differs
from the findings of previous studies. Notably, both patients
exhibited
deformities. Patient A had a sperm concentration of 3.1 x

severely reduced sperm count and significant
10° mL™" and sperm motility of 3.3%. However, Patient B
demonstrated an even more severe clinical phenotype, with a
sperm concentration of only 0.8 x 10° mL™" and sperm motility
of 0%. Notably, both patients had 0% normal sperm with sperm
abnormalities primarily characterized by defects in the sperm head.
Additionally, we analyzed the pedigrees of the two patients. The
€.346-1G>A heterozygous mutation in Patient A’s SOHLH1 was
inherited from his mother. In contrast, Patient B’s mother did not
carry this mutation. Consequently, because his father passed away
without a sample being collected, it remains unclear whether the
mutation was inherited from his father or represents a de
novo mutation.

Previous studies have indicated that ICSI yields favorable
outcomes in men with severe infertility attributable to genetic
mutations (Hua et al,, 2023). Additionally, studies have reported
that mutations in male factor-related genes such as phospholipase C
zeta 1, actin-like 7A, and actin-like 9 may contribute to fertilization
failure during ICSI (Sha et al., 2022; Xue et al., 2022). However,
studies on ICSI treatment in patients with SOHLH1 mutations are
lacking. Liu et al. reported two patients with the SOHLH1 c.346-
1G>A heterozygous mutation and one patient with the
SOHLH1 ¢.346-1G>A mutation, all of whom underwent ICSI-
assisted pregnancy, resulting in successful births (Liu et al,
2022). Patient A also underwent ICSI-assisted reproductive
treatment. Following semen processing using the SpermGrad
gradient centrifugation method, the sperm viability rate was 90%,
with a progressive motility rate of 85%, a non-progressive motility
rate of 5%, and an immotile sperm rate of 10%. The embryo
fertilization rate reached 100%, and the blastocyst formation rate
was 50%. Furthermore, the patient’s wife successfully became
pregnant after embryo transfer. Therefore, we demonstrated that
despite severely reduced sperm count and motility and significant
morphological abnormalities associated with the SOHLHI c¢.346-
1G>A heterozygous mutation, patients can still achieve favorable
outcomes following assisted reproductive procedures utilizing ICSI
technology ~ with  normal fertilization and  embryonic
development observed.

This study has some limitations. First, only two patients with a
severe reduction in sperm count, low sperm motility, and
malformations were identified as carrying the SOHLH1 c.346-

1G>A heterozygous mutation, resulting in a small sample size.
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Second, Patient B, who presented with a more severe clinical
phenotype, had not yet undergone ICSI-assisted reproductive
treatment, preventing the evaluation of her prognosis. Finally,
both patients in this study were of Chinese ethnicity, which may
limit the applicability of our findings to other ethnic groups because
the clinical phenotypes associated with the SOHLH1 ¢.346-1G>A
mutation may vary across populations.

In conclusion, this study identified the heterozygous mutation
SOHLHI ¢.346-1G>A in two patients with spermatogenic failure,
associating it with reduced sperm count, impaired motility, and
morphological abnormalities. Intracytoplasmic sperm injection
(ICSI) was successful in one case, highlighting the potential for
genetic counseling and assisted reproductive technologies in
managing male infertility attributed to SOHLH1 mutations.
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