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Patients with severe asthenoteratospermia carrying SPAG6
or RSPH3 mutations have a positive pregnancy outcome following
intracytoplasmic sperm injection
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Abstract
Purpose To investigate the relation between mutations in ciliopathy-related SPAG6 and RSPH3 and male infertility with severe
asthenoteratospermia characterized by multiple flagellar malformations and reveal the intracytoplasmic sperm injection (ICSI)
outcomes of those primary ciliary dyskinesia (PCD) patients.
Methods Whole-exome sequencing was applied to identify the pathogenic genes for the five PCD patients. The ICSI outcomes
of those patients were compared with eight DNAH1-mutated patients and 215 oligo-asthenospermia (OAT) patients.
Results We identified, for the first time, the compound heterozygous SPAG6 mutations (c.143_145del: p.48_49del,
c.585delA: p.Lys196Serfs*6) in a sporadic PCD patient. Further, a novel homozygous nonsynonymous RSPH3
mutation (c.C799T: p.Arg267Cys) was identified in another PCD patient with consanguineous parents. The patho-
genicity of these mutations in the assembly of sperm flagella was confirmed by flagellar ultrastructure analysis,
immunofluorescence, and quantitative real-time PCR. All five patients underwent six ICSI cycles. The fertilization
rate, blastocyst development rate, and clinical pregnancy rate were 69.3%, 50.0%, and 66.7%, respectively. Four of
the five couples, including the subjects carrying mutations in SPAG6 or RSPH3, got healthy children born after ICSI.
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Additionally, the ICSI outcomes of the five PCD couples were statistically comparable with those of the eight
DNAH1-mutated couples and the 215 OAT couples.
Conclusions Mutations in ciliopathy-related SPAG6 and RSPH3 cause severe asthenoteratospermia characterized by multiple
flagellar malformations, resulting in sterility. ICSI is an optimal management with a positive pregnancy outcome.

Keywords Male infertility . SPAG6 . RSPH3 . PCD . Asthenoteratospermia . ICSI

Introduction

Primary ciliary dyskinesia (PCD [MIM: 244400]) comprises a
rare and genetically heterogeneous recessive disorder with an
incidence of 1:15,000–30,000 [1]. This congenital syndrome
is characterized by structural and functional defects of respi-
ratory cilia and spermatozoal flagella that leads to bronchiec-
tasis, chronic sinusitis, recurrent respiratory infections, situs
inversus, and male infertility [2, 3]. Several genes, involved in
the biogenesis of axoneme, have been reported to be associ-
ated with PCD, accounting for approximately 70% of affected
individuals [4, 5]. Defects in SPAG6 (MIM: 605730) and
RSPH3 (MIM: 615876) were demonstrated to be the recurrent
genetic causes of PCD in human or knockout mouse models
[6, 7]. Both genes, encoding the axonemal radial spokes-stalk
protein or central microtubules protein, are abundantly
expressed in respiratory and testicular tissues. Nevertheless,
the phenotype of PCD-associated male infertility caused by
the defects of these two ciliopathy-related genes has been
scarcely described.

In our study, five unrelated Chinese male infertile
PCD patients with severe asthenoteratospermia were

recruited. Four of them were born from consanguineous
parents. Whole-exome sequencing (WES) was employed
to identify the single-nucleotide variants (SNVs) and
small insertions or deletions (indels) that may potential-
ly be responsible for PCD. Additionally, we sought to
report the ICSI outcome of the five PCD patients.
Mutation screening for the identified pathogenic genes
in the patients’ partners has to be done before ICSI to
avoid the inheritance to their offspring. Further, the
ICSI outcomes were compared with eight DNAH1-mu-
tated patients with multiple morphological abnormalities
of the sperm flagella (MMAF) and a group of 215
oligo-asthenospermia (OAT) patients, respectively.

Herein, we report, for the first time, the compound
heterozygous mutations in SPAG6 in an infertile PCD
patient with severe asthenoteratospermia. Meanwhile,
one novel homozygous nonsynonymous mutation in
RSPH3 was identified in another infertile PCD patient.
We verified the pathogenicity of these novel mutations
in the assembly of sperm flagella. Moreover, we show
the outcomes of ICSI for those infertile PCD patients,

Table 1 Spermatozoal parameters and morphology of the PCD patients

P1 P2 P3 P4 P5

Sample 1 Sample 2 Sample 1 Sample 2 Sample 1 Sample 2 Sample 1 Sample 2 Sample 1 Sample 2

Semen parameters

Sperm volume (ml) 2.2 3.1 4.3 3.1 3.3 2.4 1.8 3.7 2.7 2.0

Sperm concentration (106/ml) 22.7 19.9 17.3 20.4 30.7 20.1 6.9 18.9 17.7 30.1

Progress motility (%) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Motility (%) 0.0 0.0 1.6 0.5 0.0 0.5 0.8 1.0 1.5 1.8

Sperm morphology

Abnormal head (%) 72.5 52.0 39.0 47.5 59.5

Short flagella (%) 62.0 38.5 58.5 46.5 52.5

Coiled flagella (%) 28.0 51.5 33.5 43.5 36.0

Absent flagella (%) 4.5 3.5 4.5 2.0 4.5

Bent flagella (%) 5.0 1.5 0.5 3.5 1.0

Irregular caliber (%) 0.5 1.0 0 1.0 2.0

Normal flagella (%) 0.0 4.0 3.0 3.5 4.0

Normal spermatozoa (%) 0.0 1.5 1.0 2.0 2.5

The normal value of the semen parameters were according to WHO (2010) Manual criteria

PCD, primary ciliary dyskinesia
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which are comparable with the MMAF and OAT
patients.

Material and methods

Patients and controls

Five Chinese PCD patients with severe asthenospermia
were recruited when they consulted for primary infertil-
ity in the Reproductive Medicine Center at the First
Affiliated Hospital of Anhui Medical University, be-
tween April 2016 and January 2018. The patients were
unrelated and four of them had consanguineous parents
(first cousins). All patients suffered from chronic sinus-
itis and recurrent respiratory tract infections since child-
hood. Computed tomography (CT) scan confirmed bron-
chiectasis and excluded situs inversus in them (Fig. S1).
Testicular volume, sex hormone levels, and somatic kar-
yotype were normal in all patients and Y chromosome
microdeletions were not identified in any of them. The

ICSI outcomes of eight DNAH1-mutated MMAF pa-
tients and 215 OAT patients were retrospectively
reviewed. The DNAH1 mutations identified by WES
are presented in Figure S2. Control samples were ob-
tained from fertile anonymous donors with normal sper-
matogenesis. This research was approved by the ethical
committee of The First Affiliated Hospital of Anhui
Medical University. All PCD patients and their siblings
and parents accepted to participate in this study and
signed informed consent.

Sperm analysis

According to the World Health Organization (WHO) criteria,
sperm parameters and morphology were evaluated by the
computer-aided semen analysis system and H&E staining.
Referring toMMAF, the malformations of sperm flagella were
sorted into five categories: short, coiled, absent, bent, and
irregular caliber flagella. One morphological category was
identified depending on the predominant abnormality of the
flagellum.

Fig. 1 Morphological defects of the sperm flagella resulting in SPAG6
and RSPH3 mutations. (A and A′) Normal morphology of spermatozoa
from a healthy control man. (B–E) and (J–M) Scanning electron
microscopy images and (F–I) and (N–Q) H&E staining images showed

the multiple abnormalities of the sperm flagella from SPAG6-mutated
proband and RSPH3-mutated proband, respectively, including (B, F, J,
and O) short, (C, E, I, K, L,M, P, and Q) coiled, (D, H, and L) absent, and
(G and N) bent. Scale bars represent 5 μm
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Fig. 2 Transmission electron microscopy of the sperm flagella from the
patients with mutations in SPAG6 and RSPH3. (a) Cross-sectional ultra-
structure images clearly displayed (A and A′) the normal anoneme with a
typical “9 + 2” microtubule structure from a healthy control man. The
central pair of microtubules (CP) were surrounded by the nine peripheral
doublet microtubules and the microtubules were connected by radial
spokes (RSs). (B, C, and b) 59.3% cross-sectional ultrastructures of fla-
gella from SPAG6-mutated patient (P3) presented a “9 + 1” microtubule
structure lacking one of the CP. (D, E, and b). The other 29.6% cross-

sectional ultrastructures from the patient presented a “9 + 0” microtubule
structure lacking the CP. The classified ultrastructural defects accounted
for 3.7% in the control sample respectively. (F–H and c) 65.4% cross-
sectional ultrastructures of flagella from RSPH3-mutated patient (P2)
presented a “9 + 2” microtubule structure lacking variable RSs. (I and c)
The other 19.2% cross-sectional ultrastructures from the patient presented
a “9 + 0” microtubule structure lacking the CP and variable RSs. The
classified ultrastructural defects accounted for 3.8% and 1.9% in the con-
trol sample, respectively. Scale bars of A: 200 nm
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Electron microscopy

The prepared sperm cells were immersed in 2% glutaralde-
hyde, fixed with 1% osmium tetroxide, and embedded in a
resin mixture. Then, the cut sections were stained and the
ultrastructural defects of sperm flagella were confirmed by
scanning and transmission electron microscopy (S/TEM,
TECNAI-10, 80 kV, Philips, Holland).

Genetic analysis and Sanger sequencing

WES and bioinformatic analysis were conducted according to
our previously described protocols [8]. Sanger sequencing
was used to verify the identified mutations and their parental
origins. The exons and intron boundaries of SPAG6 or RSPH3
in the probands’ respective partner were also screened by di-
rect Sanger sequencing. PCR primers are listed in Table S1.

Quantitative real-time PCR experiments

Quantitative real-time PCR (q-PCR) experiments were carried
out as described in our previous study [9]. Total RNA was
extracted from the purified sperm using TRIzol reagent
(Invitrogen, USA). The primers used in q-PCR analyses were
listed in Table S2.

Immunofluorescence staining

Protein visualization by immunofluorescence (IF) was carried
out as described in our previous study [9]. The primary anti-
bodies used were as follows: rabbit polyclonal anti-SPAG6
antibody 1:100 (Sigma, life science, USA), rabbit polyclonal
anti-RSPH3 antibody 1:100 (Proteintech Group, USA),
mouse monoclonal anti-tubulin, acetylated antibody 1:500
(Sigma, life science, USA). The secondary antibodies used
were as follows: Donkey anti-rabbit IgG H&L 1:500 (Alexa
Fluor 488) (ab150073), Donkey anti-mouse IgG H&L 1:500
(Alexa Fluor 594) (ab150108), and Hoechst dye (Thermo
Scientific, USA). Slides were observed in a LSM800 confocal
microscope (Carl Zeiss, Germany).

Assisted reproductive procedures

Multiple follicular growth was induced by a long protocol of
controlled ovarian stimulation between September 2016 and
May 2018. The processes were conducted according to our
previous description [10]. Sperm samples were processed by
discontinuous density gradient centrifugation. Subsequently,
metaphase II stage oocytes and motile sperm were selected for
ICSI using a micromanipulator system (Olympus, Japan). For
samples with total immotile sperm, sperm viability was
assessed using the ICSI pipette to test the elasticity of the
sperm tail [11]. Eighteen to 19 h later, the fertilized oocytes Ta
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were assessed and cultured in cleavage medium (Cook, USA)
in an incubator with an environment of 37 °C, 5% O2, 6%
CO2, and 89% N2 until day 3 after fertilization. Then, the
evaluated embryos were transferred to blastocyst medium
(Cook, USA) and incubated to day 5 or day 6. According to
the scoring system, all good-quality blastocysts were cryopre-
served by vitrification. Two months later, 1–2 embryos were
thawed and transferred for each couple. Serum β-HCG levels
of the patients’ partners were tested 2 weeks later, and
transvaginal ultrasound was performed for the partners with
elevated β-HCG levels 4 weeks after embryo transfer to as-
sess intrauterine clinical pregnancy.

Statistical analyses

The χ2 test was employed to compare proportions between
two groups, such as fertilization rate, blastocyst development
rate, implantation rate, and clinical pregnancy rate. Student’s t
test was used to compare the means between two groups. p-
values ≤ 0.05 were identified as statistically significant differ-
ence. Statistical analyses were conducted using SPSS
(Windows version 16.0, IBM-SPSS, USA).

Results

Semen analysis under light microscopy

The spermatozoal parameters were summarized in Table 1.
Total spermatozoa’s motility ranged from 0 to 1.8%. There
were no progressive motile spermatozoa in all patients and
the spermatozoa were completely immotile in P1. The abnor-
mal morphology of spermatozoa varied from 97.5 to 100%, in
which flagellar abnormalities accounted for the main propor-
tion. The five classified flagella abnormalities could account
for 96–100%. Notably, short and coiled flagella represented
the predominant phenotypes which were observed (Fig. 1).

Electron microscopy analysis

Over 50 cross-sectional flagellar ultrastructures were investi-
gated by TEM for each PCD patient and normal control. The

main axonemal and peri-axonemal structure defects of P1, P4,
and P5 were summarized in Table S3. We found variable
absence of RSs (65.4%) and the absence of CP apparatus
(19.2%) in P2 and variable absence of central microtubules
(88.9%) in P3 (Fig. 2). SEM showed multiple malformations
of the two patients’ flagella, containing short, coiled, absent,
and bent. (Fig. 1).

Novel mutations in SPAG6 and RSPH3were identified
by WES

In consideration of the autosomal recessive inheritance pattern
and rare incidence of PCD, we focused on the homozygous or
potential compound heterozygous variants and filtered out the
common variants according to the 1000 Genomes Project,
Exome Aggregation Consortium (ExAC) Browser, and
Genome Aggregation Database (gnomAD) after WES.
Further, the genes with restrictive or high expression in the
lung and testis were screened out and predicted by SIFT,
PolyPhen-2, and MutationTaster. Intriguingly, we found that
P3 carried the novel compound heterozygous mutations in
SPAG6 (Table 2). According to the previously mentioned da-
tabases, the non-frameshift mutation c.143_145del
(p.48_49del) and the frameshift mutation c.585delA
(p.Lys196Serfs*6) are either absent or infrequent, which is
consistent with the prevalence of PCD. In addition, one novel
homozygous nonsynonymous mutat ion c.C799T
(p.Arg267Cys) in RSPH3 was identified in P2. This infre-
quent mutation is predicted to be highly deleterious by all
three bioinformatic tools. Sanger sequencing verified these
mutations and their parental origins, and the localization of
these novel mutations was ascertained (Fig. 3).

Lower expression levels of SPAG6 protein and mRNA
in SPAG6-mutant spermatozoa

Reverse transcription q-PCR showed that SPAG6 mRNA ex-
pression level in spermatozoa from P3 was significantly lower
than that from the normal control (p < 0.001, Fig. 4a); howev-
er, the mRNA was not completely decayed. IF staining with
anti-SPAG6 (red) and anti-acetylated tubulin (green) antibod-
ies revealed that SPAG6 protein was located in the entire fla-
gella of control sperm, but the protein immunostaining was
extremely weak and discontinuous in P3’s sperm flagella (Fig.
4c). Both results were matched together and verified the path-
ogenicity of this novel compound heterozygous mutations.

RSPH3 protein was absent and the mRNA was
decayed in RSPH3-mutant spermatozoa

Compared with the control sample, the relative RSPH3
mRNA expression level was approximately zero in P2’s sper-
matozoa (p < 0.001, Fig. 4b), consistent with the absent

�Fig. 3 Mutations in SPAG6 and RSPH3 were identified in Chinese men
with PCD-associated asthenoteratospermia. (a and b) Pedigrees of the two
families with mutations in SPAG6 or RSPH3. The compound heterozy-
gous mutations in SPAG6 (c.143_145del: p.48_49del, c.585delA:
p.Lys196Serfs*6) were identified in a sporadic PCD patient and one
novel homozygous nonsynonymous mutation in RSPH3 (c.C799T:
p.Arg267Cys) was identified in another patient with consanguineous par-
ents. Sanger sequencing verified the mutations and their parental origins.
(c and d) A schematic representation of SPAG6 and RSPH3 protein and
the mutations identified in this study. The orange boxes indicate
armadillo-type repeats domains of SPAG6 and the green box indicates
the radial spoke 3 domain of RSPH3. WT, wild-type
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RSPH3 protein in the patient’s sperm flagella (Fig. 4d). These
observations confirmed that this homozygous loss-of-function

mutation caused the disappearance ofmRNA transcribed from
RSPH3, resulting in impaired flagella.

Fig. 4 mRNA expression and protein levels of SPAG6 and RSPH3 in the
spermatozoa from P3, P2, and a healthy control man. (a) Quantitative
real-time PCR (q-PCR) showed that SPAG6 mRNA expression level in
spermatozoa from P3 were significantly lower than that from the normal
control ***p < 0.001 (Student’s t test). (b) q-PCR showed that RSPH3
mRNA expression level was approximately zero in P2’s spermatozoa,
significantly lower than that from the normal control ***p < 0.001
(Student’s t test). (c) Immunofluorescence (IF) staining with anti-

SPAG6 (red) and anti-acetylated tubulin (green) antibodies revealed that
SPAG6 protein was located in the entire flagella of control sperm, but the
protein immunostaining was extremely weak and discontinuous in P3’s
sperm flagella. (d) IF staining with anti-RSPH3 (red) and anti-acetylated
tubulin (green) antibodies revealed that RSPH3 protein was located in the
entire flagella of control sperm; however, the protein was absent from
P2’s sperm flagella. Scale bars represent 10 μm
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ICSI outcomes of PCD patients and the control groups

The ICSI outcomes of PCD, MMAF, and OAT patients are
summarized in Table 3, and the results of each PCD patient are
presented in Table S4. For the couples carrying mutations in
SPAG6 (P3) and RSPH3 (P2), they both underwent one ICSI
cycle and got pregnant after one frozen-thawed embryo trans-
fer (FET) cycle. P1, P4, and P5 with no identified pathogenic
gene mutation underwent four ICSI-FET cycles. P1
underwent two ICSI cycles, but pregnancy was not achieved
after two cycles of FET. P4 had two gestational sacs with
viable twins at the 30th day after one ICSI-FET cycle, but
one of the fetuses stopped developing at the 40th day. P5 got
singleton pregnancy after one ICSI-FET cycle. In total, the
five PCD couples underwent six ICSI cycles and six FET
cycles. Four couples got pregnant and each gave birth to a
healthy child. In addition, we compared the ICSI results of
the PCD patients with eightDNAH1-mutated MMAF patients
and 215 OAT patients, respectively. There were no significant
differences between PCD group and the other two groups in
terms of fertilization rate, embryos development rate (eight
cells and blastocyst), implantation rate, and pregnancy rate.

Discussion

Axoneme, a highly conserved microtubule-based organelle, is
described as the central cytoskeletal structure shared by both
motile cilium and sperm flagellum. This core component

contains a central pair of microtubules (CP) and nine periph-
eral doublet microtubules (DMTs), circumferentially sur-
rounding the CP apparatus. The microtubules are connected
by radial spokes (RSs), outer and inner dynein arms, nexin
links, and many other components [12]. To date, mutations in
multiple genes, encoding axonemal proteins, have been dem-
onstrated to cause organizational disorder of cilia and flagella,
leading to PCD and male infertility [5]. Our study demonstrat-
ed that novel mutations in ciliopathy-related SPAG6 and
RSPH3 cause infertility with severe asthenoteratospermia that
can be managed by ICSI with a positive pregnancy outcome.

SPAG6, a predominantly expressed gene in the lung and
testis, encodes sperm-associated antigen 6 protein (SPAG6),
an axonemal protein orthologous to C. reinhardtii PF16 [13].
Pf16-mutated C. reinhardtii showed flagellar paralysis due to
the defects of central microtubule C1, where the PF16 local-
ized in [14]. Spag6-deficient mice suffered from hydrocepha-
lus and infertility due to the impaired motility of ependymal
cilia and sperm flagella [6]. These observations strongly sup-
port the importance of SPAG6 in the assembly of cilium and
flagellum. Elucidation of the mechanisms is as follows: as
SPAG6 is incorporated into the central apparatus, it is unam-
biguously important in stabilizing the axoneme; furthermore,
the eight armadillo-type repeats (ARM), a key structural fea-
ture of SPAG6, are proposed to perform structural or regula-
tory functions by interacting with the other CP proteins [13,
15, 16]. Remarkably, SPAG6 bindings with SPAG16 and
SPAG17, another component of CP, presumably regulate the
function of axoneme [17, 18]. Intriguingly, for the first time,

Table 3 Clinical outcomes of ICSI among PCD, MMAF, and OAT patients

Group A Group B Group C pa pb

PCD MMAF (DNAH1 mutated) OAT

No. of patients 5 8 215 / /

Mean male age (years) 28.0 ± 3.0 30.0 ± 4.2 29.5 ± 4.0 0.374 0.396

Mean female age (years) 28.6 ± 3.4 27.9 ± 3.4 28.1 ± 3.7 0.712 0.772

No. of ICSI cycles 6 10 219 / /

No. of oocytes injected 75 115 2692 / /

Fertilization rate (%) 52/75 (69.3) 78/115 (67.8) 2115/2692 (78.6) 0.827 0.056

Cleavage rate (%) 50/52 (96.2) 75/78 (96.2) 2071/2115 (97.9) > 0.999 0.700

Eight cells embryo development rate (%) 33/52 (63.5) 50/78 (64.1) 1376/2115 (65.1) 0.941 0.811

Blastocyst development rate (%) 26/52 (50.0) 41/78 (52.6) 1128/2115 (53.3) 0.774 0.634

No. of frozen-thawed embryos transfer cycles 6 13 213 / /

Mean number of embryos transferred 1.7 ± 0.5 (10) 1.6 ± 0.5 (21) 1.6 ± 0.5 (336) 0.841 0.686

Implantation rate (%) 5/10 (50.0) 8/21 (38.1) 166/336 (49.4) 0.811 > 0.999

Clinical pregnancy rate (%) per embryos transfer cycle 4/6 (66.7) 7/13 (53.8) 122/213(57.3) 0.979 0.968

Miscarriage rate (%) 0 0 24/122 (19.7) / /

a Group A compared with group B
bGroup A compared with group C

/, not been compared

MMAF, multiple morphological abnormalities of the sperm flagella; OAT, oligo-asthenospermia
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the compound heterozygous mutations in SPAG6
(c.143_145del: p.48_49del, c.585delA: p.Lys196Serfs*6)
were identified in a PCD proband (P3) that resulted in infer-
tility due to the severe asthenoteratospermia with multiple
malformations of the flagella. Human SPAG6 (O75602) also
comprises the highly conserved ARM domains [19]. Because
these bi-allelic mutations were located at the first and fourth
ARM domain, respectively, they were potentially deleterious
at the protein level. Regarding the size and position of the
heterozygous non-frameshift mutation c.143_145del, the var-
iant p.48_49del might cause moderately adverse effects on
SPAG6 synthesis. This inference was confirmed by q-PCR
and IF analyses. Despite the mRNA expression levels of
SPAG6 in spermatozoa from P3 were significantly lower than
that of the normal control, the SPAG6 mRNA was not
completely decayed, keeping with the extremely weak and
discontinuous SPAG6 immunostaining in the P3’s sperm fla-
gellum. Investigation of the abnormal flagella revealed the
variable absence of central microtubules which further con-
firmed the pathogenicity of these compound heterozygous
mutations in the assembly of sperm flagella.

RSPH3 , encoding a RS protein orthologous to
C. reinhardtii RSP3, is also mainly expressed in respiratory
and testicular cells [7]. RS is a T-shaped structure; its horizon-
tal head binds to CP apparatus and the vertical stalk binds to
the A-tubule of DMT. The CP-RS-DMT complex is responsi-
ble for transmitting the mechanochemical signals and regulat-
ing flagellar motility [20]. Mutations in RSPH3 were
demonstrated to cause the defects in almost all RSs and partial
CP apparatus of the airway epithelial cilia in the PCD patients;
however, the study did not elucidate the potentially harmful
effects of those mutations in the proper building of sperm
flagella in the two recruited infertile PCD men [7]. Herein,
we identified a novel homozygous nonsynonymous mutation
in RSPH3 from a sterile PCD patient (P2) with severe
asthenoteratospermia. RSPH3 (Q86UC2) comprises a radial
spoke 3 domain (RS3D), which contains six functional do-
mains that are well conserved in RSP3. These domains are
essential for RS development by interacting with specific pro-
tein partners, such as protein kinase A, RSP11, and RSP23
[21, 22]. The novel mutation (c.C799T: p.Arg267Cys), local-
izing within the RS3D, is predicted to be highly deleterious by
all three bioinformatic tools. Coincidentally, RT-PCR showed
the mutation causing RSPH3 mRNA decay in spermatozoa
from P2 and IF verified the RSPH3 protein was obviously
absent from the abnormal sperm flagella, consisting with the
variable defects of RSs observed in the flagella.

Several live births following ICSI have been reported in
PCD patients [23–26]. The fertilization and clinical preg-
nancy rates varied from 55.0 to 65.0% and from 36.4 to
50.0%, respectively [27]. For the first time, our study
displayed the positive ICSI outcomes of PCD patients car-
rying SPAG6 or RSPH3 mutations, and both patients

obtained their healthy offspring after one FET cycle. To
prevent recessive homozygous mutations or compound
heterozygous mutations inheritance to their offspring, mu-
tation screening for SPAG6 or RSPH3 in their partners
were performed before ICSI. Fortunately, no deleterious
mutations were identified in the partners. Further, two of
the other three non-genotyped PCD patients fathered a
healthy boy after one cycle of ICSI-FET, respectively. As
phenotypes of multiple flagellar malformations in the five
infertile PCD patients were similar to those in the MMAF
patients [28, 29], we compared the ICSI outcomes of the
PCD patients with MMAF patients and also with the OAT
patients recruited in our center. The fertilization rate, em-
bryo development rate (eight cells and blastocyst), implan-
tation rate, and clinical pregnancy rate in the five PCD
couples were statistically comparable with the outcomes
of theeight DNAH1-mutated MMAF couples and the 215
OAT couples in the same time period.

As previously reported, flagellar ultrastructural defects
might cause the impaired centriole function [30] and ele-
vated aneuploidy formation of spermatozoa [31, 32],
resulting in abnormal embryonic development and subse-
quently poor ICSI outcomes. Furthermore, due to the poor
sperm nuclear quality, ICSI outcomes could be significant-
ly decreased in the presence of immotile spermatozoa [33].
In the present study, we found that morphologically normal
and physiologically motile spermatozoa were available
during ICSI in all PCD patients except P1; thus, the possi-
bility that the selected spermatozoa might not carry the
defects impairing the ICSI results cannot be excluded.
Accordingly, the absence of motile spermatozoa as well
as the unidentified ciliopathy gene might cause the poor
ICSI outcomes of P1. Nevertheless, due to the small sam-
ples size, it is difficult to draw any firm conclusions
concerning ICSI results in our study.

Our current investigation revealed the novel pathogenic
mutations in PCD-associated SPAG6 and RSPH3 in male
infertile patients with severe asthenoteratospermia charac-
terized by multiple malformations of the flagella. ICSI is an
optimal management with a positive pregnancy outcome.
For better evaluation of the pathological effects of the
PCD-associated asthenoteratospermia on the outcome of
ICSI, further studies are required to elucidate the precise
molecular mechanisms of the ciliopathy genes in
spermatogenesis.
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