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Y chromosome microdeletions and mutations in spermatogenesis-
associated genes have been frequently linked to oligozoospermia 
and azoospermia.2 Similarly, genetic abnormalities can affect sperm 
motility and morphology, contributing to asthenozoospermia and 
teratozoospermia.2 Despite these insights, the genetic basis of male 
infertility remains incompletely understood, underscoring the need 
for further research to identify additional genetic factors involved in 
these conditions. Meiosis is a specialized cell division process that 
produces gametes by halving the chromosome number, ensuring 
gametes possess the correct chromosomal complement required for 
reproduction. Helicase for meiosis 1 (HFM1) plays a crucial role 
in meiosis, as it is essential for crossover formation and complete 
synapsis of homologous chromosomes.15–18 Structurally, the HFM1 
gene consists of 39 exons and is located on human chromosome 1p22.19 
According to the Human Protein Atlas database, HFM1 exhibits 
tissue-enhanced expression in the human testis and pituitary gland. 
Alterations in the HFM1 gene have been linked to male infertility, 
particularly in cases of non-obstructive azoospermia and severe 
oligozoospermia.16,20–24 However, the outcomes of intracytoplasmic 

INTRODUCTION
Infertility is defined as the inability of a couple to conceive after at 
least 1 year of regular, unprotected sexual activity.1 This condition is 
a major concern in reproductive health, affecting millions of couples 
globally. Notably, male factors contribute to 50% of all infertility 
cases, with 20%–30% attributed solely to male infertility.1 Among 
the various causes of male infertility, issues related to sperm count, 
motility, and morphology are particularly significant. Oligozoospermia, 
characterized by a low sperm count, and azoospermia, in which 
no sperms are present in the ejaculate, are prevalent conditions 
that substantially decrease the likelihood of natural conception.2 
Additionally, asthenozoospermia, characterized by reduced 
sperm motility, and teratozoospermia, involving abnormal sperm 
morphology, also contribute to impaired fertility.3–5

Genetic factors are increasingly recognized as key contributors to 
abnormal spermatogenesis.2,6–14 A growing body of evidence suggests 
that specific gene mutations or chromosomal abnormalities can 
disrupt various stages of spermatogenesis, leading to reduced sperm 
count, impaired motility, and abnormal morphology. For example, 
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sperm injection (ICSI) in patients with HFM1-related male infertility 
remain poorly documented.

In this study, we identified novel biallelic HFM1 variants in a 
Chinese patient with severe oligozoospermia using whole-exome 
sequencing (WES). We evaluated the pathogenicity of these variants 
by comparing HFM1 expression in the patient’s sperm cells to that in a 
healthy control using real-time quantitative polymerase chain reaction 
(RT-qPCR) and western blot analysis. Furthermore, we documented 
the ICSI outcome for this patient with HFM1 variants. Our findings 
provide clinical evidence supporting the use of assisted reproductive 
techniques (ART) to manage HFM1-related male infertility.

PARTICIPANTS AND METHODS
Ethical statement
The Ethics Committee of the Human Sperm Bank of Fudan University 
(Shanghai, China) approved this study (Approval No. 2019-05). 
Written informed consent was obtained from all participants prior 
to participation.

Participants
A 34-year-old Chinese male with severe oligozoospermia was enrolled 
at the Obstetrics and Gynecology Hospital (Shanghai, China). The 
couple had been attempting to conceive for over a year without success. 
Physical examination revealed normal secondary sexual characteristics, 
with bilateral testicular volumes estimated at approximately 12 ml each. 
Hormonal analysis showed generally normal levels of sex hormones, 
including follicle-stimulating hormone (FSH; 7.60 mIU ml−1; reference 
range: 1.27–19.26 mIU ml−1), luteinizing hormone (LH; 6.63 mIU 
ml−1; reference range: 1.24–8.62 mIU ml−1), prolactin (PRL; 198.10 
mIU l−1; reference range: 55.97–278.36 mIU l−1), testosterone (T; 
8.15 nmol l−1; reference range: 6.07–27.1 nmol l−1), and estradiol (E2; 
180.00 pmol l−1; reference range: <73.40–172.49 pmol l−1) which was 
slightly elevated above the reference range. Chromosomal karyotyping 
confirmed a 46,XY male. Additionally, tests for azoospermia factor 
(AZF) microdeletions, including AZFa, AZFb, and AZFc, detected no 
abnormalities on the Y chromosome.

For comparison, spermatozoa from a healthy donor recruited 
from the Human Sperm Bank of Fudan University was used as control 
sample.

Semen analysis and sperm morphology assessment
Fresh semen samples from the patient were collected through 
masturbation after 2–7 days of sexual abstinence, following the 
5th edition of the World Health Organization (WHO) guidelines.25 
Semen analyses were conducted three times using separate samples, 
and sperm morphology was assessed from a sample obtained after 
a 5-day abstinence period. Sperm concentration, total sperm count, 
and progressive motility rate (PR%) were measured using computer-
aided sperm analysis (CASA; SCA® System, Hamilton Thorne Inc., 
Barcelona, Spain) after liquefaction. Makler® 0.01 mm deep semen 
counting chamber (68052-01; Sefi Medical Instruments, Haifa, Israel) 
was used under a phase-contrast microscope to count sperm at low 
concentrations (2 × 106 ml−1). Sperm morphology was evaluated 
through hematoxylin and eosin (H&E) staining, with at least 200 
spermatozoa examined to calculate the percentage of morphologically 
abnormal sperm.

WES and bioinformatics analysis
Genomic DNA was extracted from the patient’s peripheral blood using a 
Magnetic Blood Genomic DNA Kit (DP329; Tiangen Biotech Co., Ltd., 
Beijing, China) according to the manufacturer’s protocol. Whole-exome 

capture was conducted with a TargetSeq One Enrichment Kit V2 Plus 
(iGeneTech, Beijing, China), and WES was performed on the Illumina 
NovaSeq 6000 system (Illumina, San Diego, CA, USA). Fastp was used 
to filter raw reads and remove low-quality sequences.26 The cleaned reads 
were aligned to the human reference genome (GRCh37/hg19) using the 
Burrows–Wheeler Aligner (BWA).27 Single-nucleotide variants (SNVs) 
and insertion/deletion mutations (InDels) were identified using the 
Genome Analysis Toolkit (GATK),28 and the Ensembl Variant Effect 
Predictor (VEP) was employed for variant annotation.29

Variants were filtered based on allele frequencies obtained from 
public databases, including the Genome Aggregation Database 
(gnomAD) and the 1000 Genomes Project, excluding variants with 
an allele frequency above 1%. We prioritized rare variants with 
potential pathogenic effect, including loss-of-function (LoF) mutations 
(nonsense, frameshift, canonical splice site, and start-loss variants) 
and missense variants predicted to be deleterious by in silico tools. 
Additionally, variants in X-linked genes and biallelic mutations were 
selected for further analysis.

Sanger sequencing
Blood samples were collected from the patient and his parents, 
and genomic DNA was extracted from all samples. Potential 
variants in the HFM1 gene were amplified using primers listed 
in Supplementary Table 1. The presence of these variants was 
subsequently confirmed in each sample through Sanger sequencing.

RT-qPCR
For RT-qPCR, total RNA was extracted from human spermatozoa using 
a Allprep DNA/RNA/Protein Mini Kit (QIAGEN, Hilden, Germany). 
Approximately 500 ng of RNA was used for complementary DNA 
(cDNA) synthesis with the Hiscript II Q RT SuperMix for RT-qPCR 
(Vazyme, Nanjing, China). The primers were designed and validated 
using the PrimerBank tool (https://pga.mgh.harvard.edu/primerbank/
index.html) provided by Harvard University. For HFM1 (PrimerBank 
ID: 130484566c1), the forward primer for cDNA amplification was 
located at positions 545–567 of transcript NM_001017975, and 
the reverse primer was located at positions 686–706 of transcript 
NM_001017975. For glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH; PrimerBank ID: 378404907c1), the forward primer was 
located at positions 108–128 of transcript NM_001256799, and 
the reverse primer was located at positions 282–304 of transcript 
NM_001256799. RT-qPCR was performed on a CFX Connect™ 
Real-Time PCR Detection System using the AceQ qPCR SYBR Green 
Master Mix (Vazyme). Each assay was conducted in triplicate for each 
sample, with the human GAPDH gene as an internal control. Data 
analysis was performed using the 2−ΔΔCt method. The RT-qPCR primers 
used are detailed in Supplementary Table 2.

Electron microscopy analysis
For transmission electron microscopy (TEM), semen samples were 
fixed in 2.5% glutaraldehyde. Following fixation, the samples were 
rinsed three times with 0.1 mol l−1 phosphate buffer (PB, containing 
dibasic sodium phosphate [Na2HPO4], sodium dihydrogen phosphate 
[NaH2PO4], and sodium chloride [NaCl], pH 7.4) and post-fixed in 
1% osmium tetroxide in 0.1 mol l-1 PB for 1–1.5 h at 4°C. The samples 
were then subjected to a stepwise dehydration process using ethanol 
at increasing concentrations (50%, 70%, 90%, and 100%), followed 
by 100% acetone. After dehydration, the samples were embedded in 
Epon 812 resin (90529-77-4; SPI, West Chester, PA, USA) and allowed 
to polymerize overnight at 37°C. They were subsequently placed in a 
thermostat at 37°C, 45°C, and 65°C for 12 h each. Ultrathin sections 
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(70 nm thick) were obtained using an ultramicrotome, stained with 4% 
uranyl acetate and lead citrate, and examined with a TEM (TECNAI-10; 
Philips, Eindhoven, the Netherlands) operating at an accelerating 
voltage of 80 kV. Images were captured for analysis.

Western blot analysis
Proteins from human spermatozoa were extracted using a Allprep 
DNA/RNA/Protein Mini Kit (QIAGEN). The extracted proteins 
were mixed with 5× Protein Loading Dye (C508320-0001; Sangon 
Biotech, Shanghai, China) in a 4:1 volume ratio and heated at 95°C 
for 10–15 min. The lysates were separated via 10% sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) at a constant 
voltage of 120 V for 90 min. Proteins were then transferred onto a 
polyvinylidene difluoride (PVDF) membrane (Millipore, Billerica, 
MA, USA) at a constant current of 300 mA for 60 min.

For western blotting, membranes were blocked with 5% non-fat 
milk in Tris-buffered saline containing 0.1% Tween-20 (TBST) for 
1 h at room temperature. They were then incubated overnight at 4°C 
with primary antibodies: anti-HFM1 (PA5-83278, diluted 1:1000; 
Invitrogen, Carlsbad, CA, USA) or horseradish peroxidase (HRP)-
conjugated β-actin (HRP-60008, diluted 1:3000; Proteintech, Chicago, 
IL, USA). After three washes with TBST, membranes were incubated 
with an HRP-conjugated anti-rabbit IgG secondary antibody (BF03008, 
diluted 1:3000; Biodragon, Suzhou, China) for 1 h at room temperature. 
Following another three TBST washes, immunoreactive protein bands 
were visualized using the Chemistar™ High-Sig ECL Western Blotting 
Substrate (Tanon, Shanghai, China) and imaged with a Tanon 5200 
imaging system. β-actin served as the internal control.

Statistical analyses
Data in this study underwent comparisons utilizing two-tailed unpaired 
Student’s t-test, and P < 0.05 was considered statistically significant.

RESULTS
Phenotype of sperm
H&E staining was used to assess sperm morphology. Compared 
to sperm from a control individual, the patient’s sperm displayed 
significant morphological abnormalities in both the head and flagellum 
(Figure 1). Statistical analysis revealed higher rates of head defects, such 
as vacuolated heads and small acrosomes, as well as tail defects, including 
absent, short, and coiled flagella, in the patient’s sperm cells (Table 1).

Further ultrastructural analysis was performed using TEM. 
Figure 2 shows that the core axoneme microtubule structure in 

sperm flagella from a healthy individual displayed the typical “9 + 2” 
arrangement, with nine peripheral microtubule doublets surrounding 
a central pair. In contrast, cross-sectional views of the patient’s sperm 
flagella revealed the absence of central microtubules and disruption in 
the organization of the peripheral microtubule doublets. Additionally, 
the patient’s sperm heads exhibited marked abnormalities compared 
to those of the control (Figure 2).

Identification of novel biallelic HFM1 variants
WES was conducted to identify mutations associated with the patient’s 
severe oligozoospermia. The analysis identified biallelic variants in the 
HFM1 gene: a C-to-T substitution at position 803 (c.803C>T), causing a 

Figure 1: Sperm morphology analysis using H&E staining. H&E staining 
of spermatozoa from the patient displayed significant morphological 
abnormalities in both the head and flagellum compared with the normal 
spermatozoa from a healthy control. Scale bars = 5 µm. H&E: hematoxylin 
and eosin.

Figure 2: Transmission electron microscopy (TEM) of sperm flagella and 
heads. (a) Representative TEM image of the sperm flagellum end piece 
from a healthy male and the patient. The normal sperm showed the typical 
“9 + 2” microtubule arrangement (nine peripheral microtubule doublets 
and a pair of central microtubules), whereas the sperm from the patient 
showed the absence of central microtubules and disorganized peripheral 
microtubule doublets. Scale bars = 200 nm. CP: central pair apparatus (blue 
arrows); DMT: doublet microtubule (purple arrows). (b) Representative TEM 
image of the sperm head from a healthy male and the patient. The normal 
sperm showed normal nuclear shape and acrosome structure; whereas the 
sperm head from the patient showed clear abnormalities, including altered 
nuclear shape and abnormal acrosome structures. Scale bars = 1 µm. 
N: nucleus; AC: acrosome (red arrows).

b

a

Table  1: Semen characteristics and sperm morphology in the patient 
with HFM1 variants

Characteristic Patient Reference

Semen parameter (mean±s.d.)

Semen volume (ml) 1.6±0.6 1.5a

Sperm concentration (×106 ml−1) 4.5±1.9 15.0a

Total sperm count (×106 per ejaculation) 6.5±2.2 39.0a

Progressive motility (%) 18.9±6.8 32.0a

Sperm morphology (%)

Absent flagella 7.0 5.0b

Short flagella 21.0 1.0b

Coiled flagella 50.5 17.0b

Angulation 2.5 13.0b

Pyriform 4.0 1.0c

Vacuolated 29.5 12.5c

Small acrosome 23.5 7.5c

aReference criteria according to the 5th edition of the WHO guidelines.25 bReference criteria 
according to the distribution range of morphologically normal spermatozoa observed in 
926 fertile individuals.37 cAnalyzed from more than 200 sperm cells from a healthy male 
donor recruited from the Human Sperm Bank of Fudan University. s.d.: standard deviation; 
WHO: World Health Organization; HFM1: helicase for meiosis 1
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proline-to-leucine change at position 268 (p.Pro268Leu), and a second 
C-to-T substitution at position 2011 (c.2011C>T), introducing an early 
stop codon at position 671 (p.Arg671*). Sanger sequencing of DNA 
samples from the patient and his parents confirmed the presence of 
these variants. The c.803C>T variant was inherited from the father, 
while the c.2011C>T variant was inherited from the mother, following 
an autosomal recessive inheritance pattern (Figure 3). This finding 
underscores the genetic basis of the patient’s infertility.

Interpretation of novel HFM1 variants
The analysis identified two compound heterozygous deleterious variants 
in the HFM1 gene in a Chinese male with severe oligozoospermia: 
p.Pro268Leu and p.Arg671*. The p.Arg671* variant is a stop-gain 
mutation, expected to result in early termination of protein synthesis. 
This truncation likely leads to the loss of crucial functional domains 
of the HFM1 protein, as multiple LoF variants downstream of this 
site have been reported in male infertility patients,16,23 highlighting 
the importance of the protein segment beyond this point. The allele 
frequency of p.Arg671* is extremely low in the human population 
(0.000057 in East Asians in gnomAD, 0 in all individuals in the 1000 
Genomes Project, and 0.000004 in all individuals in gnomAD), with 
no homozygous occurrences reported, suggesting a strong association 
with its deleterious effect.

The other variant, p.Pro268Leu, is a missense mutation. Several 
in silico tools, including SIFT, PolyPhen-2, MutationTaster, CADD_phred, 
scSNV-ADA, and scSNV-RF, predict this variant to be deleterious. It also 
has a very low allele frequency in the human population (0 in East Asians 
in gnomAD, 0.000200 in all individuals in the 1000 Genomes Project, 
and 0.000045 in all individuals in gnomAD), with no homozygous cases 
reported. The consensus across various predictive algorithms and its 
low population frequency further supports its potential pathogenicity.

These results suggest that the p.Arg671* and p.Pro268Leu variants 
contribute to the patient’s infertility phenotype. The premature 
termination caused by p.Arg671* and the deleterious missense change 
in p.Pro268Leu likely impair critical functions of the HFM1 protein, 
disrupting spermatogenesis and leading to the clinical presentation of 
severe oligozoospermia.

Effects of identified variants on HFM1 expression
RT-qPCR analysis revealed a significant reduction (P = 0.0007) in 
HFM1 mRNA levels in the spermatozoa of the patient compared 

to those of a healthy control (Figure 4a). This decrease in HFM1 
expression suggests that the identified variants, p.Pro268Leu and 
p.Arg671*, negatively affect the transcription or stability of the HFM1 
mRNA, potentially contributing to the patient’s infertility phenotype. 
Furthermore, immunoblotting assay demonstrated a marked reduction 
in HFM1 protein levels in the patient’s sperm cells, with only a faint 
band detected compared to the healthy control (Figure 4b). These 
results collectively highlight the substantially reduced HFM1 
expression in spermatozoa from a man harboring HFM1 variants, 
emphasizing the functional impact of these genetic alterations.

Outcome of ICSI
We present a summary of the clinical results from ICSI procedures, 
using spermatozoa from the patient with oligozoospermia and 
HFM1 variants (Table 2). The patient’s female partner, 35 years old, 
had normal ovarian function and a normal chromosome karyotype. 
They underwent two ICSI cycles, with 10 oocytes injected, of which 
7 achieved normal fertilization, resulting in a fertilization rate of 
70.0%. Six transferable embryos were formed, yielding a transferable 
embryo rate of 85.7%. Three embryo transfer cycles were performed, 
with a total of 4 embryos transferred, leading to an implantation rate 
of 25.0%. A clinical pregnancy was achieved, resulting in one live 
birth, corresponding to a pregnancy and live birth rate per transfer 

Figure 3: Identification of novel biallelic HFM1 variants in a severe 
oligozoospermia patient. Sanger sequencing results validated two heterozygous 
variants in the HFM1 gene: M1 = NM_001017975:c.803C>T (p.Pro268Leu) 
and M2 = NM_001017975:c.2011C>T (p.Arg671*). The c.803C>T variant 
was inherited from the father, and the c.2011C>T variant was inherited 
from the mother. This supports an autosomal recessive inheritance pattern. 
HFM1: helicase for meiosis 1; M1: mutation 1; M2: mutation 2; WT: wild type.

Figure 4: Impact of the identified HFM1 variants on gene expression. (a) RT-qPCR 
analysis revealed a significant reduction in HFM1 mRNA levels in the 
spermatozoa of the patient compared to those of a healthy control. (b) Western 
blot analysis demonstrated reduced HFM1 protein levels in the spermatozoa of 
the patient compared to those of a healthy control. This further confirms the 
impact of the identified variants on HFM1 expression. HFM1: helicase for meiosis 
1; RT-qPCR: real-time quantitative polymerase chain reaction.

ba

Table  2: Clinical outcomes of ICSI using spermatozoa from the patient 
with HFM1 variants

Clinical characteristic Value

Male age (year) 34

Female age (year) 35

ICSI cycles (n) 2

Injected oocytes (n) 10

2PN zygotes (n) 7

Normal fertilization rate (%) 70.0

Transferable embryos (n) 6

Transferable embryo rate (%) 85.7

Embryo transfer cycles (n) 3

Transferred embryos (n) 4

Implantation rate (%) 25.0

Clinical pregnancy (n) 1

Clinical pregnancy rate per transfer cycle (%) 33.3

Live birth (n) 1

Live birth rate per transfer cycle (%) 33.3

ICSI: intracytoplasmic sperm injection; 2PN: 2 pronuclear; HFM1: helicase for meiosis 1
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cycle of 33.3%. These results demonstrate that despite the presence of 
deleterious HFM1 variants, successful fertilization, transferable embryo 
formation, and live birth can be achieved through ICSI treatment. Our 
results highlight the potential of ART to overcome genetic infertility 
challenges in patients with HFM1 deficiency.

DISCUSSION
This study reports novel biallelic HFM1 variants associated with severe 
oligozoospermia and demonstrates a successful ICSI outcome in a 
patient with HFM1 deficiency, a result not previously documented. 
Our findings expand the understanding of genetic factors contributing 
to male infertility and highlight the effectiveness of ART in managing 
cases with HFM1 deficiency.

HFM1 is essential for the formation of crossovers and the complete 
synapsis of homologous chromosomes during meiosis, processes 
critical for producing viable gametes.15–18 Previous studies have 
linked HFM1 mutations to non-obstructive azoospermia and severe 
oligozoospermia, suggesting that disruptions in this gene impair 
meiotic progression and contribute to infertility.16,20–24 In our study, we 
identified two novel variants: p.Arg671*, a stop-gain mutation likely 
causing the loss of essential functional domains, and p.Pro268Leu, 
a missense mutation predicted to be potentially harmful by various 
in silico tools. The rarity of these variants in the general population, 
coupled with their predicted pathogenicity, highlights their potential 
role in disrupting spermatogenesis. The significant reduction in HFM1 
mRNA levels and the notable decrease in HFM1 protein levels observed 
in the patient’s spermatozoa underscore the deleterious impact of these 
variants. These findings align with the critical role of HFM1 in meiosis, 
where its disruption can severely impair chromosomal synapsis and 
crossover formation, leading to spermatogenic failure and severe 
oligozoospermia.

The clinical success of ICSI in this patient is particularly 
significant. Despite the presence of harmful HFM1 variants, the 
patient achieved a normal fertilization rate, a normal transferable 
embryo rate, and a clinical pregnancy that resulted in a live birth. 
Although data on ART outcomes in patients with HFM1 mutations 
are limited,30,31 our findings suggest that ICSI can be an effective 
treatment even in the presence of substantial genetic impairments 
affecting spermatogenesis. While previous studies have shown 
the success of ICSI in cases of male infertility due to other genetic 
abnormalities,14,32–36 our study provides new evidence of successful 
ICSI outcome in a patient with HFM1-related infertility. This 
underscores the potential of ICSI as a viable treatment for patients 
with similar genetic profiles.

This study not only improves our understanding of the genetic 
factors involved in severe oligozoospermia, but also offers valuable 
evidence supporting the use of ICSI in patients with HFM1-related 
infertility. Identifying patients with specific genetic defects will play a 
crucial role in delivering personalized and effective ART treatments. 
Future research will further elucidate the genetic causes of male 
infertility and enable more precise therapeutic strategies.
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Supplementary Table  1: Primers used for amplification and verification 
of helicase for meiosis 1 mutations

Primer names Primer sequences (5’–3’) Temperature

M1‑F TTGCCAAGAAATACCACTGA 52.5°C

M1‑R GTATTATGGGAACATCAGGAAG

M2‑F ACTTAGCCAGGAGTGGTGTC 56°C

M2‑R CTTCCTGTCAAGCCAGTATG

Supplementary Table  2: Primers used for real‑time quantitative 
polymerase chain reaction assay

Primer names Primer sequences (5’–3’) Temperature Product length

H‑HFM1‑F ATGAATTGGACTCTCACATTGGC 56°C 162 bp

H‑HFM1‑R ACATGCCTTCTCCGATTTCAG

H‑GAPDH‑F GGAGCGAGATCCCTCCAAAAT 60°C 197 bp

H‑GAPDH‑R GGCTGTTGTCATACTTCTCATGG

HFM1: helicase for meiosis 1


