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Abstract
Purpose To evaluate the unknown genetic causes of teratozoospermia, and determine the pathogenicity of candidate variants.
Methods A primary infertile patient and his family members were recruited in the West China Second University Hospital 
of Sichuan University. Whole-exome sequencing was performed to identify causative genes in a man with teratozoospermia. 
Immunofluorescence staining and western blotting were applied to assess the pathogenicity of the identified variant. Intra-
cytoplasmic sperm injection (ICSI) was used to assist fertilization for the patient with teratozoospermia.
Results We performed whole-exome sequencing (WES) and detected a novel homozygous frameshift mutation of 
c.335_336del [p.E112Vfs*3] in DNAJB13 on a primary infertile male patient. Intriguingly, we identified abnormal sperm 
morphology in this patient, with recurrent respiratory infections and chronic cough. Furthermore, we confirmed that this 
mutation resulted in negative effects on DNAJB13 expression in the spermatozoa of the affected individual, causing ultras-
tructural defects in his sperm. Remarkably, our staining revealed that DNAJB13 was expressed in the cytoplasm of primary 
germ cells and in the flagella of spermatids during spermiogenesis in humans and mice. Finally, we are the first group to 
report a favorable prognosis using ICSI for a patient carrying this DNAJB13 mutation.
Conclusion Our study revealed a novel homozygous frameshift mutation of c.335_336del [p.E112Vfs*3] in DNAJB13 
involved in teratozoospermia phenotype. Our study greatly expands the spectrum of limited DNAJB13 mutations, and is 
expected to provide a better understanding of genetic counseling diagnoses and subsequent treatment of male infertility.
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Introduction

Infertility has become one of three major factors affecting 
human health, involving 10–15% of global couples [1]. Tera-
tozoospermia is one of the primary causes of male infertility 

and is characterized by decreased sperm motility and obvi-
ous morphological abnormalities [2]. Several gene muta-
tions have thus far been detected in different types of terato-
zoospermia. For example, biallelic mutations in SUN5 cause 
severely acephalic spermatozoa (AS) [3]; and dysfunction 
of DNAH1 [4] and CFAP family members [5–8] has been 
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identified to be responsible for human multiple morphologi-
cal abnormalities of the sperm flagella (MMAF). Addition-
ally, mutations in AURKC [9] and DPY19L2 [10] account 
for most cases of macrozoospermia and globozoospermia, 
respectively. These findings indicate that teratozoospermia 
exhibits high genetic heterogeneity and multiple phenotypes.

As chaperones of HSP70, the heat shock protein 40 
(HSP40) family members participate in many biologi-
cal processes that include protein folding and oligomeric 
protein complex assembly [11]. DNAJB13 is a member 
of the HSP40 co-chaperone family that is located on the 
radial spokes of the axoneme in sperm flagella and other 
flagellar structures [12]. In various germ cells of adult mice, 
DNAJB13 is localized in the cytoplasm of spermatids from 
steps 2 to 3 onwards, with the strongest expression at steps 
9–10, and in the spermatid flagellum [12–14]. In mature 
spermatozoa, DNAJB13 is localized along the entire length 
of the sperm flagellum. This expression pattern indicates that 
DNAJB13 plays a key role in the formation of sperm flagella 
[15]. However, research studies on DNAJB13 in humans 
are limited; and only Khouri et al. identified two different 
homozygous loss-of-function mutations in DNAJB13 in 
three unrelated infertility patients with primary ciliary dys-
kinesia (PCD) [16]. Thus, more clinical research is urgently 
needed.

In the present study, we identified a novel homozygous 
frameshift mutation in DNAJB13 in a primary infertile 
male patient. Through Papanicolaou staining and clinical 
examination, we confirmed that this patient presents typical 
teratozoospermia and is characterized with PCD syndrome; 
and the detailed phenotype was demonstrated by electron 
microscopy. Furthermore, we uncovered no typical signs 
of DNAJB13 expression using western blotting analysis 
in vitro and immunofluorescence staining of the patient’s 
sperm. We also correlated a favorable prognosis using intra-
cytoplasmic sperm injection (ICSI) with the patient carrying 
the DNAJB13 mutation. Our work, therefore, shows that the 
novel homozygous mutation in DNAJB13 we observed led 
to inadequate morphological development and caused male 
primary infertility.

Materials and methods

Study participants

The primary infertile patient with teratozoospermia and his 
family members were enrolled at the West China Second 
University Hospital of Sichuan University, and a total of 
200 men with normal fertility were recruited as the con-
trol group. This study was approved by the Ethical Review 
Board of West China Second University Hospital, Sichuan 

University. Informed consent was obtained from each study 
participant.

Genetic studies

We performed WES using patient DNA as previously 
described [17]. Targeted testing of the potentially patho-
genic variants in the patient’s parents and normal controls 
was performed by Sanger sequencing. The primers used in 
PCR analysis were as follows: F, 5′-GCT GGG TGT TAC ACA 
GGA CA-3′; and R, 5′- AGT CCT CCC ACC CAG GTA AG-3′.

Western immunoblotting analysis

Proteins were extracted from cultured cells using a universal 
protein-extraction lysis buffer (Bioteke) containing a pro-
tease inhibitor cocktail (Roche). Denatured proteins were 
separated on 10% SDS-polyacrylamide gels and transferred 
onto a polyvinylidene difluoride (PVDF) membrane (Milli-
pore) for immunoblot analysis. The primary antibodies used 
were anti-DNAJB13 (1:500, Proteintech) and anti-GAPDH 
(1:1000, Abcam).

Immunofluorescence staining

Sperm and testicular tissues of the patient, normal control, 
and mouse sperm cells were fixed in 4% paraformaldehyde 
and then subjected to immunofluorescence staining as 
described in our previous study [17]. The primary antibodies 
used were anti-DNAJB13 (1:50, Proteintech) and α-tubulin 
(1:100, Abcam).

Electron microscopy and concentrated Papanicolaou 
staining

The appearance of spermatozoa was obtained by concen-
trated Papanicolaou staining and scanning electron micros-
copy (SEM), and ultrastructural assessments of flagellar 
cross-sections were performed with transmission electron 
microscopy (TEM). We executed Papanicolaou staining, 
SEM, and TEM as we described previously.

Minigene assay

A functional splicing reporter minigene assay was used 
to assess the impact of variants on splicing. A genomic 
segment encompassing intron 3, exon 4, intron 4, exon 5, 
and intron 5 of the DNAJB13 gene was PCR-amplified 
from patient genomic DNA as well as the normal control 
and was cloned into the minigene vector pSPL3. After 
transient transfection into cultured cells, the splicing pat-
terns of the transcripts generated from the wild-type and 
variant constructs were compared by RT-PCR analysis 
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and sequencing. The primers for genomic amplification 
were as follows: F, 5′ TTA TGG GGT ACG GGA TCA CCA 
GAA TTC GCA TGT CTG GGT CTC TGGAT3′; and R, 5′ 
CGG GAT CAC CAG ATA TCT GGG ATC CAT CCC ATC 
TCA CCC ACT CTG3′. The primers for RT-PCR were as 
follows: SD6 (F), 5′ TCT GAG TCA CCT GGA CAA CC 3′; 
and SA (R), 5′ ATC TCA GTG GTA TTT GTG AGC 3′.

Results

Presentation of a primary infertile patient 
with teratozoospermia phenotype

The affected patient had been diagnosed with primary 
infertility for 2 years. Semen analysis was performed in 
triplicate and suggested that this patient had a normal 
sperm concentration and total sperm number, but dimin-
ished sperm motility and defective sperm morphology 
(Table 1). Papanicolaou staining revealed a typical tera-
tozoospermia phenotype that was characterized by coiled, 
short, and/or irregular flagella and an abnormal head 
(Fig. 1a). Using SEM, we further observed the aberrant 
sperm morphology in detail (Fig. 1b). When we assessed 
sperm ultrastructure, TEM revealed that sperm from the 
patient possessed aberrant heads—including round-heads, 
tapered-heads, and pyriform heads—as well as anoma-
lies of the flagella. For example, the central microtubules 
(CPs) were missing in the midpiece; the outer dense fib-
ers (ODFs) and double-microtubule doublets (DMTs) 
were irregularly arranged in the principal piece, and the 
normal “9+2” structure was disorganized in the end piece 
(Fig. 1c). Furthermore, the patient’s spermatozoa showed 
an abnormal ratio of head length to width and featured 
irregular shapes (Fig. 1d). In summary, these data sug-
gested this patient was diagnosed with teratozoospermia.

A homozygous frameshift mutation in DNAJB13 
identified in the teratozoospermia patient

We detected in our patient by WES a homozygous frameshift 
mutation of c.335_336del (p. E112Vfs*3) in DNAJB13 that 
was not yet recorded in the public databases that included 
1000 Genomes, ExAC database, and dbSNP. To confirm 
the inherited pattern of this variant in this patient, we fur-
ther performed Sanger sequencing in his family (Fig. 2a). 
The unaffected father and mother both carried the heterozy-
gous mutation of c.335_336del (Fig. 2a), suggesting that 
this homozygous mutation of DNAJB13 was inherited as 
an autosomal recessive pattern, which is consistent with 
previous studies. Moreover, we did not detect this muta-
tion in 200 normal controls, supporting the pathogenicity 
of this mutation. Given that dysfunction of DNAJB13 is 
related to PCD, we inquired our patient and he complained 
of having symptoms of chronic coughing and recurrent res-
piratory infections, without situs inversus (Supplementary 
Fig. S1). Based on all evidence, we hypothesized that the 
novel homozygous mutation of DNAJB13 was responsible 
for the primary infertile phenotype in this patient.

The negative effect of the homozygous frameshift 
mutation of c.335_336del on DNAJB13 expression

To further understand the harmful influence of this muta-
tion in DNAJB13 on its expression, we used an immuno-
fluorescence assay on the patient’s sperm as well as on the 
normal control. In the normal control group, DNAJB13 
was primarily distributed in the head and flagellum of the 
sperm; however, bare signs of DNAJB13 were detected in 
the patient (Fig. 2b). Given that this mutation was likely 
to be located in a splice site, we carried out a minigene 
splicing assay. Our results showed this mutation did not 
disrupt the splicing process (Supplementary Fig. S2). In 
order to confirm the potential deleterious influence of 
the mutation in DNAJB13, we constructed expression 

Table 1  Semen analysis of 
teratozoospermia patient

Semen parameters Patient Normal control Normosper-
mic param-
eters

Sperm volume (mL) 2.97±0.93 5.96±0.49 ≥1.5
Sperm concentration (million/mL) 50.83±11.29 98.00±4.72 ≥15
Motility sperm (%) 5.33±1.76 67.33±6.69 ≥40
Vitality (%) 24.26±4.42 71.33±4.05 ≥58
Absent flagella (%) 25.66±3.05 3.33±2.52 -
Short flagella (%) 26.33±5.51 5.67±2.08 -
Coiled flagella (%) 19.00±4.00 5.33±3.51 -
Bent flagella (%) 16.67±5.35 7.00±1.00 -
Flagella of irregular caliber 11.33±1.53 6.33±1.53 -
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vectors for WT-DNAJB13 (His-tagged wild-type human 
DNAJB13) and mutated DNAJB13 (His-tagged human 
mutant DNAJB13 with c.335_336del), and then transiently 
transfected them into 293T cells. Compared with WT-
DNAJB13 expression, the truncated protein was detected 
in mutated-DNAJB13 expression vectors using western 
immunoblotting analysis; and this revealed that the muta-
tion caused premature termination (p. E112Vfs*3), similar 
to the immunofluorescence results of the patient’s sperm 
(Fig. 2c). Through three-dimensional protein-structure 
analysis, we predicted that this mutation may result in a 
complete deletion of the β-pleated sheet, which disrupts 
protein integrity and further loses function (Fig.  2d). 
These results strongly suggested that this mutation exerted 
a negative effect on DNAJB13 expression, and that it dis-
rupted sperm flagellar development—ultimately leading 
to teratozoospermia.

Exploration of the expression pattern of DNAJB13 
in the human and mouse testis

To further explore the roles of DNAJB13 in male repro-
duction, we investigated the expression and location of 
DNAJB13 in human and mouse testis. Mouse testicular 
sections were used for immunofluorescence and showed 
that DNAJB13 was predominantly expressed in the nucleus 
and cytoplasm of the spermatogonia, round spermatids, 
and elongating spermatids, and in the flagella of sperma-
tozoa (Fig. 3a). In addition, we evaluated the expression 
of DNAJB13 in human testis, showing that DNAJB13 was 
distributed in the nucleus and cytoplasm of spermatogonia 
and round spermatids (Fig. 3b). Moreover, staining results 
revealed that DNAJB13 was detectable in the head and fla-
gellum of various germ cell types, especially those from 
steps Sc and Sd elongated spermatids (Fig. 3c). DNAJB13 

Fig. 1  The teratozoospermia phenotype of the patient. a Concentrated 
Papanicolaou staining of normal sperm and sperm from the patient. 
The majority of the sperm from the patient manifested anomalous 
morphology. b Detailed defects in sperm flagella were observed in 

the patient by SEM (scale bars, 5 μm). c, d TEM analyses of sperm 
from the patient and normal control. Ultrastructural abnormalities of 
the head and flagellum observed in the patient sperm compared to the 
normal control using TEM (scale bars, 100 nm)
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is therefore a gene that contributes a crucial role for sperm 
development and is thus involved in male fertility.

Favorable prognosis with ICSI in a patient carrying 
a mutation in DNAJB13

An ICSI cycle was attempted for this couple, and we 
received signed informed consent from them to implement 
the procedure. The basal hormonal data of the patient’s wife 
were normal (Table 2), and consequently, 11 oocytes were 
aspirated using follicular puncture; seven of these were in 
metaphase II. The ejaculated spermatozoa from the patient 
were then injected into the six oocytes for an ICSI cycle, 
and achieved 80% fertilization (Table 2); six of the seven 
embryos generated reached cleavage stages. All of the 
embryos developed to available D3 embryos, including one 
at 7 II, one at 8 II, two at 4BB, and two at 4BC. One 4BB 
embryo was then chosen for transplantation which resulted 
in the patient’s wife becoming pregnant (Table 2). With this 

study, we demonstrated that male sterility associated with 
a DNAJB13 mutation could be treated using ICSI, and that 
dysfunction in DNAJB13 did not hamper embryonic devel-
opment, in accordance with a previous report.

Discussion

Abnormal sperm morphology is an important risk factor 
that contributes to male infertility; however, its patho-
genesis remains unclear. In our study, we analyzed a pri-
mary infertile male affected by teratozoospermia, and our 
genetic studies revealed a novel homozygous frameshift 
mutation in the DNAJB13 of the proband. This loss-of-
function mutation disrupted DNAJB13 expression and 
resulted in defective spermiogenesis. In addition, we could 
reverse male infertility associated with the DNAJB13 
mutation using ICSI. Thus, our findings strongly supported 
our hypothesis that this novel homozygous frameshift 

Fig. 2  Genetic findings in the patient with teratozoospermia. a A 
DNAJB13 frameshift mutation was identified in a consanguineous 
family. Pedigree structure of the family, with the proband indicated 
by a black arrow. The mutation in c.335_336del was confirmed by 
Sanger sequencing of the family. The mutation position is indi-
cated by arrow. b Results of immunofluorescence staining obtained 
from the sperm of the patient showed barely perceptible expres-

sion of DNAJB13 relative to the normal control (scale bars, 5 μm; 
red, α-tubulin; green, DNAJB13; blue, DAPI). c The DNAJB13 
mutant plasmid or WT plasmid was transfected into 293T cells. 
Western blotting results showed the truncated protein of DNAJB13 
was detectable in the mutant plasmid. d Structural illustration of the 
frameshift mutation in DNAJB13
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mutation in DNAJB13 was the direct genetic cause of 
the patient’s infertility. Idiopathic infertility is an excit-
ing research area in reproductive medicine. DNAJB13, a 
spermatogenesis-related gene, has attracted the increased 
attention of researchers, and its role in cilia and flagella 
has been widely confirmed [12–16]. In 2004, researchers 
first identified the novel gene Dnajb13 of the HSP40 fam-
ily [18] as highly expressed in mouse testicular tissues, and 
that it manifests high sequence identity between human 

and mouse. Several studies have revealed that DNAJB13 
is localized to the cytoplasm of sperm cells and the tail of 
mature sperm using western immunoblotting and immuno-
histochemical analyses, and immunoelectron microscopy 
was used to further localize DNAJB13 as positioned in 
the middle piece of the fibrous sheath of the flagellum of 
mature sperm [13, 15]. Asami et al. knocked out Dnajb13 
in mice through CRISPR/Cas9 technology, and as a result, 
all of the homozygous mice died of hydrocephalus 4 weeks 

Fig. 3  The expression of DNAJB13 in human and mouse tissues. a 
Representative images of testicular tubules in a mouse showing that 
DNAJB13 is principally localized to the cytoplasm of round sperm 
cells and the flagella of different stages of spermatids (scale bar, 5 
μm; green, DNAJB13; blue, DAPI). b DNAJB13 was detected in the 

cytoplasm of spermatogonia at different stages and in round sperma-
tids (scale bar, 5 μm; green, DNAJB13; blue, DAPI). c Immunofluo-
rescence staining indicated that DNAJB13 was primarily expressed in 
the cytoplasm of spermatogonia
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after birth [19]. Thus, Dnajb13 is considered to be a lethal 
gene in mice. Intriguingly, spermatozoa collected from 
the chimeric mice harboring homozygous Dnajb13 KO 
embryonic stem cells (ESCs) showed tailless, short-tailed, 
and immotile spermatozoa [19]. Moreover, a DNAJB13 
missense mutation and a splice mutation were screened 
in three PCD patients who presented with an abnormal 
percentage of cilia lacking central microtubules. All find-
ings indicated that DNAJB13 was critical for maintaining 
the integrity of the central complex in motile cilia and 
flagella [16].

Regrettably, the current literature is principally focused 
on animal models and research on DNAJB13 in humans 
is extremely limited. Therefore, it is of paramount impor-
tance to identify additional pathogenic mutations in infer-
tile patients so as to assist in their clinical diagnosis and 
treatment. So far, only Khouri et al. detected two differ-
ent homozygous loss-of-function mutations in DNAJB13 
in three unrelated infertile patients with PCD [16]. This 
study constructs the relationship between DNAJB13 muta-
tions and infertile phenotype in humans. More importantly, 
this report identified DNAJB13 mutations involved in male 
infertility are linked to recessive inheritance. However, 
another study detected a heterozygous mutation c.106T>C 
(p.Ser36Pro) in DNAJB13 in 9 of 92 idiopathic astheno-
zoospermia patients and ICSI can help these patients to 
get offspring successfully [20]. Considering the findings of 
Khouri et al. and our study, as well as the fertile heterozy-
gous Dnajb13 KO mice [19], we believed that the inherent 
pattern associated with DNAJB13 mutations in male infer-
tility is a recessive inheritance. Thus, it is indicated that 

the heterozygous DNAJB13 mutations are not the causa-
tive mutations of the infertile patients.

It is worth mentioning that Kartagener syndrome is a spe-
cific subtype of PCD, accompanied by situs inversus [21]. 
Certain PCD-causing genes displayed phenotype heteroge-
neity, for example, DNAH5 and DNAI1 [22, 23]. Individuals 
carrying pathogenic mutations in DNAH5 or DNAI1 present 
Kartagener syndrome with randomization [22, 23]. How-
ever, our patient is characterized by typical PCD syndrome, 
but no situs inversus. Also, three PCD patients harboring 
DNAJB13 mutations in Khouri’s report did not present situs 
inversus as well [16]. Based on these considerations, no 
existing evidence could demonstrate that loss-of-function 
in DNAJB13 is associated with Kartagener syndrome, and 
more future studies might provide clues of the relationship 
between DNAJB13 mutations and Kartagener syndrome.

In conclusion, our genetic and functional results pro-
vide powerful evidence that the homozygous mutation of 
c.335_336del (p. E112Vfs*3) in the DNAJB13 gene is a 
novel genetic cause of teratozoospermia, and is responsible 
for defective development of the sperm head and motor dis-
turbances of the flagellum. Our study greatly expands the 
spectrum of DNAJB13 mutations in teratozoospermia and 
confirms a favorable clinical prognosis in male infertility 
caused by a DNAJB13 mutation upon using ICSI. The infor-
mation garnered from this study will provide a better under-
standing of genetic counseling diagnoses and the subsequent 
treatment of male infertility caused by teratozoospermia.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10815- 022- 02431-1.

Table 2  Clinical features of the 
patient with ICSI treatment Age (years) 28

Length of primary infertility history (years) 2
BMI 19.2
Basal hormones FSH (IU/L) 5.0

LH (IU/L) 6.0
E2 (pg/mL) 78
PRL (ng/ml) 8.8
Prog (ng/ml) 0.57
Testo (ng/ml) 0.34

Cycle 1 Protocol Long
E2 level on the trigger day (pg/mL) 2688.1
No. of follicles ≥ 14 mm on the trigger day 8
No. of follicles ≥ 18 mm on the trigger day 3
No. of oocytes retrieved 12

ICSI progress Oocytes injected 11
Fertilization rate (%) 80% (6/7)
Cleavage rate (%) 100% (6/6)
Available D3 embryos 6
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