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Abstract

Background Asthenoteratospermia with multiple morphological abnormalities in the sperm flagella (MMAF) is a significant
cause of male infertility. WDR19 is a core component in the IFT-A complex and has a critical role in intraflagellar transport.
However, the role of WDR19 mutations in male infertility has yet to be examined.

Methods and results We performed whole exome sequencing (WES) for 65 asthenoteratospermia individuals and identified a
proband who carried a homozygous WDR19 (c.A3811G, p.K1271E) mutation from a consanguineous family. Systematic examina-
tions, including CT scanning and retinal imaging, excluded previous ciliopathic syndromes in the proband. Moreover, semen analysis
of this patient showed that the progressive rate decreased to zero, and the sperm flagella showed multiple morphological abnormalities.
Scanning and transmission electron microscopy assays indicated that the ultrastructure of sperm flagella in the patient was completely
destroyed, while immunofluorescence revealed that WDR19 was absent from the sperm neck and flagella. Moreover, IFT140 and
IFTS8S, predicted to interact with WDR19 directly, were mis-allocated in the WDR9-mutated sperm. Notably, the MMAF subject
harboring WDR19 variant and his partner successfully achieved clinical pregnancy through intracytoplasmic sperm injection (ICSI).

Conclusions We identified WDR19 as a novel pathogenic gene for male infertility caused by asthenoteratospermia in the absence of
other ciliopathic phenotypes, and that patients carrying WDR/9 variant can have favorable pregnancy outcomes following ICSI.
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Introduction

Asthenoteratospermia is characterized by a marked decrease
in sperm motility and multiple morphological abnormalities of
the flagella (MMAF), and is one of primary causes of male
infertility. Previous genetic studies on sperm flagellar defor-
mity have shown that functional deficiencies in flagella-
related genes are the main cause of asthenoteratospermia with
MMAF in humans and mice [1].

Intraflagellar transport (IFT) is required for proper flagellar
development and maintenance and, thus, plays an important
role in spermatogenesis and male fertility [2, 3]. WD repeat-
containing protein 19 (WDR19), also known as [FT 144 (MIM
608151), is a core component in the intraflagellar transport
complex A (IFT-A). The function of WDR19 in cilia was first
described in Caenorhabditis elegans to be critical in maintain-
ing structural and functional integrity in the IFT machinery
[4]. A series of subsequent studies confirmed that mutations in
WDR19 are involved in various ciliopathies, including
Sensenbrenner syndrome, Jeune syndrome, Caroli syndrome,
nephronophthisis (NHPH), and autosomal recessive retinitis
pigmentosa (arRP). However, to date, the relationship be-
tween WDR19 and male infertility has not been examined.
Moreover, the impacts that WDR/9 mutations have on the
ultrastructures of flagella and cilia, as well as their associated
mechanisms, remain unknown.

In this study, we performed whole exome sequencing
(WES) for 65 Han Chinese men affected by
asthenoteratospermia, and identified a novel homozygous mu-
tation in WDR19 in one patient. Furthermore, systematic clin-
ical examinations and functional studies were performed to
investigate the impacts of different WDR/9 mutations and
explore their pathogenesis. Intracytoplasmic sperm injection
(ICSI) was used to aid in fertilization and pregnancy in the
WDR [9-mutated patient.

Materials and methods
Subjects and clinical investigation

A total of 65 patients diagnosed with severe
asthenoteratospermia characterized by multiple flagella
malformations, including absent, short, bent, coiled, and/or
irregular sperm tails, were enrolled from the First Affiliated
Hospital of Anhui Medical University in China. None of the
patients had obvious primary ciliary dyskinesia-related symp-
toms, such as bronchitis, sinusitis, otitis media, or pneumonia.
All individuals had normal somatic karyotypes (46, XY), with
no Y chromosome microdeletions. Peripheral whole blood
samples from the patients were collected for subsequent ge-
netic analysis.
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Semen characteristics and sperm morphological
analysis

Fresh semen from the patients and normal male controls was
collected and examined in accordance with the WHO guide-
lines (5th edition) [5]. Sperm morphology was analyzed using
hematoxylin and eosin (H&E) staining.

This study was approved by the Ethics Committee of the
First Affiliated Hospital of Anhui Medical University. Written
consent was obtained from the patients and their family mem-
bers, as well as the fertile control male subjects.

WES and bioinformatic analysis

Genomic DNA was extracted from whole peripheral blood for
WES. Details on the methods used for analysis were described
previously [6]. A pipeline illustration can be found in online
supplementary figure 1.

Immunofluorescence assays

Sperm cells were preproccessed following previously pub-
lished procedures [6] and incubated overnight at 4 °C with
the following primary antibodies: rabbit polyclonal anti-
WDR19 (13647-1-AP, proteintech, 1:100), anti-IFT140
(17460-1-AP, proteintech, 1:500), anti-IFT88 (13967-1-AP,
proteintech, 1:100), anti-SPAG6 (bs-12291R, Bioss, 1:200),
and anti-acetylated alpha-tubulin (5335S, CST, 1:500).
Washes were performed using phosphate buffer saline
(PBS), followed by 1-h incubation at 25 °C with highly
cross-adsorbed secondary antibodies at a dilution of 1:500.
The antibodies employed in this analysis were as follows:
anti-rabbit-Alexa Fluor-594 anti-WDR19, anti-IFT140, anti-
IFT88, and anti-mouse-Alexa Fluor-488 for anti-acetylated
alpha-tubulin. Images were captured with a confocal micro-
scope (Zeiss LSM 710).

Reverse transcription PCR and real-time quantitative
PCR

Total RNA (1 pg) of sperm was extracted using the RNeasy
Mini Kit (QIAGEN) and converted into cDNAs using
SuperScript III Reverse Transcriptase (Invitrogen) and oligo
(dT) primers (TaKaRa). The obtained cDNAs were used in
subsequent real-time fluorescence quantitative PCR analysis
with transcript-specific primers (online supplementary table
1). ACTIN was used as an internal control. The expression
of mRNA was quantified according to the 2-DDCt method.

Scanning and transmission electron microscopy

For scanning electron microscopy (SEM) and transmission
electron microscopy (TEM), spermatozoa were prepared in
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accordance with the protocol described previously. [6]
Specifically, for SEM, the samples were subsequently
dehydrated in a series of ethanol dilutions at increasing con-
centrations and dried with hexamethyldisilazane (HMDS).
Samples were then air-dried, added dropwise to the specimen
stubs, sputter coated, and examined via field emission scan-
ning electron microscopy (Nova nano 450, Thermo Fisher).

Clinical and laboratory examinations

CT scanning was used to examine the patient’s bones, liver,
and kidneys. Panoramic photography was used to examine the
patient’s teeth. Photographs of the retina were used to observe
the fundus, macula, and fundus arterioles. Liver and kidney
function testing was also performed.

Assisted reproductive procedures

The partner of the proband was treated with standard control
ovarian stimulation by a long protocol of gonadotrophin ad-
ministration. After oocyte collection, ICSI was conducted as
previously described [7]. The fertilization rate was assessed
18-19 h after ICSI. The embryos were cultured in cleavage
medium and then blastocyst medium (Cook Medical, USA)
and incubated to day 5 or day 6. Two viable embryos were
transferred into the female partner’s uterus in a fresh cycle.
Clinical pregnancy was confirmed by detection of a fetal
heartbeat 5 weeks after embryo transfer.

Results

In this study, we identified a homozygous variant in 1 (1.5%)
of 65 human cases in the novel asthenoteratospermia candi-
date gene WDR19 (Fig. 1). The semen volume of the patient
was 1.8 mL, and the sperm concentration was 61.6 x 10%mL.
However, the progressive motility rate was determined to be
zero. Sperm morphology was assessed by H&E staining and
compared with those of fertile individuals [8]. A significant
proportion of the proband’s sperm presented with typical
MMAF features, including coiled (52.0%), short (15.5%), an-
gulation (12.0%), absent flagella (4.5%), and irregular calibre
(2.5%). The remaining 13.5% of the sperm cells were found to
have normal flagella (Fig. 2A-D and Table 1).

Due to the consanguineous status of the family, we postu-
lated that the causative mutation may be a rare homozygous
mutation within the general human population (Fig. 1). Loss-
of-function variants and potentially deleterious missense var-
iants predicted by Sorting Intolerant From Tolerant (SIFT),
PolyPhen-2, and MutationTaster were given preference (on-
line supplementary table 2 and online supplementary figure
1). In addition, the genes expressed in testis were preferential-
ly examined. Interestingly, the proband carried a rare

homozygous WDR19 ¢.A3811G (p.K1271E) missense muta-
tion, which was verified by Sanger sequencing. Both parents
were determined to be heterozygous carriers (Fig. 1A).
However, this WDRI9 missense mutation was absent from
the human population genome data including 1000
Genomes Project, Esp6500s, and Genome Aggregation
Database (online supplementary table 2). Further, the
PolyPhen-2 and MutationTaster tools suggest that the
WDR19 ¢.A3811G mutation is damaging. These findings in-
dicate that the identified homozygous missense mutation in
WDR19 could be pathogenic.

Immunofluorescence staining revealed that within healthy
control sperm, WDRI19 is highly expressed in the sperm
neck and flagella in a punctate pattern along the axoneme.
However, WDR19 was absent from the sperm of the
WDR19-mutated patient (Fig. 20-V). Moreover, q-PCR
showed that the mRNA level of WDR/9 in sperm was sig-
nificantly decreased in the WDR/9-mutated patient when
compared with that of the health control (online supplemen-
tary figure 2). Additionally, IFT140 immunostaining
appeared to be localized in the middle of sperm head and
the flagellum in the control subject, but it was abnormally
accumulated in the top of sperm head and sperm neck from
WDR19-mutated men. Similarly, IFT88 immunostaining
appeared to be localized in the sperm manchette and the
flagellum in the control subject; however, it was abnormally
located in the sperm neck from WDRI/9-mutated men.
SPAG6 is a component of the central apparatus of the
9 +2 axoneme. SPAG6 immunostaining normally localized
along the sperm flagella in the control normal sperm.
However, it was absent in the sperm from WDR/9-mutated
subjects (online supplementary Fig. 3).

Under SEM, WDR19-deficient sperm primarily ap-
peared with short and coiled flagella (Fig. 2K). TEM anal-
ysis was performed on 100 random cross sections of sperm
flagella. The proportion of the following structures in the
WDR19-mutated patient and the normal control was
assessed: (1) the typical 9+2 microtubule arrangement (nine
fused peripheral microtubule pairs with two unfused mi-
crotubules at the center), (i1) 9+0 or 9+1 microtubule ar-
rangement (disappearance or partial disappearance of cen-
tral microtubules), and (iii) complete absence of microtu-
bules. Significant structural differences were noted be-
tween the WDR/9-mutated patient and healthy control
man (P <0.0001) (Fig. 2E, 2F). The typical “9+2” arrange-
ment in normal spermatozoa was observed in the control
man (Fig. 2H-J). However, in the WDR9-mutated patient,
a distinct appearance predominated consisting of a mostly
vacuolar cross-sectional phenotype, damaged axoneme,
and absence of microtubule structures, with only small
amounts of debris-like substances. The remaining sperm
contained 9 peripheral microtubule (PM) doublets, yet
lacked the central pair (CP) of microtubules (9+0
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Fig. 1T Mutations of WDR19 in the patient and previous studies. (A) The
pedigree of the investigated family affected by the variant WDR/19
¢.3811A>G. Sanger sequencing results are shown on the right side of
the pedigree. I through V represent a total of five generations from the
oldest to the youngest. Samples from generations I and II of the family
were not available for genetic analysis. The mutated position is indicated
by red arrows. (B) The mutated position of WDR19 is conserved among

arrangement; Fig. 2L-N). All analyzed cross sections of
sperm flagella from the WDR19-mutated patient were
abnormal.

To determine whether the patient exhibited other systemic
symptoms, we carried out a general examination. CT imaging
revealed no obvious abnormalities within the long bones, pha-
lanxes, ribs, and pelvis. There were also no obvious
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species. (C) Mutations of WDR19 identified in previous studies (gray
box) and this study (red box). The WDR19 protein contains six WD40
repeat domains, three tetratricopeptide (TPR) repeat domains, a
COG5290 domain, and a DZR domain. The WDR19 ¢.A3811G mutation
is specifically occurred in the DZR domain. M, WDR9 mutation; WT,
wild type

abnormalities in the liver, and no intrahepatic bile duct dilata-
tion was observed. No cysts or fibrosis in the liver or kidney
was observed. Photographs of the retina showed normal fun-
dus, macula, and fundus arterioles. Panoramic photography
showed no obvious deformity of the patient’s teeth (online
supplementary figure 4). Lastly, laboratory blood analysis
showed normal liver and kidney function.
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Fig. 2 Sperm morphologies and immunofluorescence assays in the
WDR19-mutated patient. (A) Normal morphology of a spermatozoon
from a healthy control man. Most spermatozoa of the patient presented
with multiple morphological abnormalities, including short (B), coiled
(C), absent flagella (D). (E-N) SEM and TEM analyses were conducted
in the spermatozoa from a control man and the WDR9-mutated patient.
There were significant differences in the number of “9+2” microtubule
structure (P <0.0001; E) and the number of absence of microtubule
structure (P <0.0001; F) in spermatozoa between the patient and a
healthy control. SEM showed long flagella in the control man (G), and
short flagella in the patient (K). TEM showed the typical “9+2”
microtubule structure of a normal spermatozoa (H-J) and a completely

Patient

End piece

HOECHST

destroyed microtubule structure in the patient (L-N). (O-V) WDR19
immunostaining (red) was primarily concentrated at the sperm neck and
flagellum, and appeared in a punctate pattern along the axoneme in the
control man (O—R), while the WDR 19 immunostaining was absent in the
sperm of the WDR/9-mutated patient (S—V). DNA (blue) was
counterstained with Hoechst as a nuclear marker. The anti-acetylated
alpha-tubulin (green) staining uniformly displays the full-length
flagellum in the control, whereas the sperm flagellar morphologies are
abnormal in the WDR9-mutated patient. Scale bars: 10 um. CP, central
pair of microtubules; PM, peripheral microtubule doublets; SEM,
scanning electron microscopy; TEM, transmission electron microscopy
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Table1  Semen characteristics and sperm morphologies in the WDR19- Discussion
mutated patient
Patient Reference limits* WDR19 encodes a large protein, IFT144, composed of 1342
amino acids. Data from the NCBI database showed that the
Semen parameter protein contained six WD40 repeats, three TPR repeats, one
Semen volume (mL) 1.8 >15 COG5290, and one double zinc ribbon (DZR) domain
Sperm concentration (10%mL) 61.6 >15.0 (https://www.ncbi.nlm.nih.gov/protein/). Sequence analysis
Motility (%) 0.0 >40.0 has revealed that the WDRI9 gene is conserved from
Progressive motility (%) 0.0 >32.0 Caenorhabditis elegans to humans. In Caenorhabditis
Sperm morphology elegans and mice, mutated forms of IFT144 cause a slight
Absent flagella (%) 4.5 <5.0 reduction in the number of cilia and simultaneously cause
Short flagella (%) 155 <1.0 shortening of the cilia and accumulation of many IFT
Coiled flagella (%) 52.0 <17.0 particles along the axons [4]. Additionally, deficiency of
Angulation (%) 12.0 <13.0 DYF-2 (orthologue of human WDR19) selectively affects
Trregular calibre (%) 25 <20 the assembly and motility of IFT components, and leads to
Normal flagella (%) 13.5 >23.0 defects in axoneme structure and chemosensation in nema-

*Reference limits according to the WHO standards and the distribution
range of morphologically normal spermatozoa observed in 926 fertile
individuals [5, 8]

Since the sperm motility rate was determined to be zero,
ICSI was performed in the proband and his wife. Eleven oo-
cytes were retrieved at metaphase II and 8 were fertilized by
ICSI with the patient’s own sperm. Gardner blastocyst grading
system was used to evaluate blastocyst quality. Embryos with
grades exceeding 3BB were considered high quality. In this
case, two good quality blastocysts (5BB, 3BB) (Fig. 3) were
obtained and used in a frozen embryo transfer. The couple
achieved a single successful clinical pregnancy. The results
suggest that patient harboring WDR19 mutation has a good
prognosis using ICSI.

Fig. 3 ICSI outcome of WDR19-
mutated patient. Eleven
metaphase II oocytes were
retrieved from the wife of the
WDR19-mutated patient and 8 of
them were fertilized with the
WDR19-deficient sperm by ICSI.
Fertilized oocytes were cultured
6 days after ICSI. Fortunately,
they obtained 2 good quality
blastocysts (5BB, 3BB), which
were transferred in a frozen cycle
and resulted in successful
pregnancy. White arrows indicate
the pronuclei. Scale bar: 40 um

Oocyte 1

Oocyte 2
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todes [4]. In previous studies, defects in various IFT-A and
IFT-B components were shown to cause damage to the devel-
opment of flagella in humans and mice, and lead to
asthenospermia-induced infertility [9, 10].

Further, previous studies identified human individuals car-
rying WDR 19 mutations, including missense, insertions, dele-
tions, frame shifts, and splicing alterations. These WDR19
mutations resulted in a broad range of symptoms, including
arRP, NHPH, Sensenbrenner syndrome, Jeune syndrome, and
Caroli syndrome, which involved multiple cilia-related organs
and tissues, including the retina, kidneys, liver, and bone
(Table 2). Hence, the phenotypes associated with WDR19 mu-
tations are diverse with a broad phenotypic and severity spec-
trum in various ciliopathies. However, WDR 9 mutation had
not been previously examined in the context of male
infertility.

In this study, we identified a novel homozygous mutation
of WDR19 in an individual resulting from a consanguineous

Day 3




1437

J Assist Reprod Genet (2020) 37:1431-1439

Jqe[TeAR Jou ‘YA GuowSid SHIUNAI (Jy ‘QWOIPUAS
UNS[ ‘DUNI ‘QWIOIPUAS IOUUDIQUISUDS “oUUIGUISUIS DUWIOIPUAS T[o1e) ‘yjo.v) sistpydouorydou g N 2dA) apim (744 “snoSAzowoy ‘wopy snoSAzo1ey ‘f2f sno3Azordoy punoduwod ‘7ap)

<

ON  010°129'8C  dseasip Aoupry onskokjoq uDELIISIV'd  V<DEESED ayis 2011ds w%@_m.o WHD  oewdq osouedef €T
ON  010°129'8T dHdN uDgLIISIV'd  Y<DEESED 9LxSPII61 cusy d VI9PES6™ WHD e, osouedef (44
ON  $60°€89°¢T d¥ pue dHAN LM LM €IXspusy19zyL d vdnpyg,o *H VN uerpeue) Ic
ON  $60°€89°€T d¥ pue dHIN LM LM D60 141D d V<D9TED ®PH VN uerpeue)) 0T
ON  $60°€89°€T ¥ pue JHAN LM LM orgogery-d D<D8gd ¥H VN uerpeue)) 61
ON  $60°€89°€T dd pue dHIN aps do1ds  D<VT-LOYD dsygoren-d V<1020 1°H VN ueIpeUe)) 81
ON  $60°€89°€T ¥ pue JHIN SIHE6vdsy'd  D<DLLYTo SXspudygnoTd Ldnp19'0 ¥H VN UEIpRUER) LT
ON  $60°€89°€T BRI oSOILneTd  D<L6TITO TgorLnoTd D<16T1T? WOH  Q[EWR  UBIPEUER)-UOUSL] 91
SOK $60°€89°€T 4 TgorLnoTd  D<L6TITO JgorLnoTd D<16T1T? woH S[]N  UBIPEUE)-YOUSL] SI
ON  0€L'V0SHT suoneuLojfew d[dnnjA SveepAID'd  D<DEPT™ Sy serAIDd D<DE/Yd WOH  d[ewd, surddiyg vl
ON  9£0°9TL'ST 1ore) pue JHIN uDYLIISIV'd  Y<DEESED u[ngL1181y d V<DEESED WOH  d[ewd UBAIOY €l
ON  9£0°9TL'ST 1joxe) pue JHIN oidgronoTd  D<I €681 u[ng. 1181y d V<DEESED WHD ol UBAIOY 1
ON  9€09TL'ST 1o1e) pue JHIN SAOG6PAID'd  L<DERPT™D uiDgL1181yd V<DEESED 1°HD oeN UBQIOY| I
ON  9£0°9TL'ST 1jore) pue JHIN s&1seinyd  Y<DEOLE™D u[ngL1181vd V<DEESED WHD  oewdq uedsoy  0[°6
ON  9£0°9TL'ST 1joxe) pue JHIN s&1sezinyd  Y<DEOLE™D ungL1181y d V<DEESED ¥HD ol UBAIOY 3
ON  €LT610CT dHdAN +€C0TIALd  ydnpgopgo AIDgpereA d D<LFE0TD WHD  dewd, UBIOION L “9°S
ON  €LT610CT dHdN +€C0TIALd  ydnpgope AIDgperead D<LYE0ID 1¥HO o[eN UBII0IOIA 4
ON  €LT610TT ounaf orgznoyd J<L0T? orgznoyd DJ<10T? WOH  d[ewd, yomq €
ON  €LT610°CT IouuaIquasuag #€01181v'd  I<DLOEE™D TgrLneTd D<L6TIT? WHO SN UBISOMION 4
ON  €LT610°CT ToUURIqUASUSS *€0T18Iv'd  1<DLOEE™ TgorLnoTd J<L6TIT? WHD  Q[ewd] UBISOMION I
Amum3duesuo)) dind sonsouderq g 9Sueyd YN/ /U101 zuonenpN ] 23uByd YNY/UII01g [ uoney  A)so8Az  1opuen Aoy jusned
sorprys snoraald ur suonenu 67 yga Suikires syuoned oy Jo Arewwung g djqel

pringer

Qs



1438

J Assist Reprod Genet (2020) 37:1431-1439

union. This patient only presented with sterility caused by
asthenoteratospermia, without any of the aforementioned
ciliopathy symptoms. Analysis of semen revealed a complete
loss of flagellar motility, while ultrastructural images of sperm
flagella showed complete damage in the flagella. Given that
the patient did not present with PCD-related symptoms and
that biopsies are an invasive procedure, we were unable to
obtain cilia from other tissues to examine its morphology.
Nevertheless, systemic examination revealed no obvious ab-
normalities in the bones, teeth, liver, kidneys, fundus, and
respiratory tract. Therefore, we speculated that at least partial
ciliary function was retained in the patient.

This unusual disease phenotype resulting from the ob-
served homozygous WDR/9 mutation may be the result of
numerous factors. Firstly, the type and location of the gene
variant may influence factors of the disorders. Karel et al.
reported that weak and strong alleles of WDR19/IFT144 elicit
distinct effects on axoneme structure [11]. In this study, the
WDR 19 mutation occurred near the C-terminus and was iden-
tified as a missense mutation (potentially a hypomorphic mu-
tation), and as such would have only minimal effects on pro-
tein structure and function. To our knowledge, this is the only
WDR 19 mutation occurring in the DZR domain (consists of
two zinc finger structures; Fig. 1), which is the last domain of
WDR19. The clinical and ciliary phenotypes in this patient are
less severe when compared with the phenotypes in patients
with multiple anomaly syndrome. This difference corresponds
to the identification of a milder genetic defect. Secondly,
sperm flagella formation may not be entirely consistent with
cilia formation, which has been observed in mouse models.
Mice with knock-down of various Bbs genes fail to form
sperm flagella yet effectively form primary cilia in other or-
gans [12—14]. Thirdly, the high propensity for genetic modifi-
cation, genetic loading, modifier effects, and oligogenic inher-
itance in ciliopathies, which all refer to the likelihood that
mutations in more than one gene affect phenotype, have also
been proposed as explanations for the clinical variability with-
in ciliopathies and within families suffering from these disor-
ders [15-17].

IFT140 and IFT88 are components of IFT-A complex
and IFT-B complexes, respectively. In silico software
String analysis shows that [FT-140 and IFT88 have direct
interactions with WDR19. In order to investigate the effect
of WDRI19 deficiency on the IFT-A complex and IFT-B
complexes, we carried out immunofluorescence staining
of IFT140 and IFT88 on the sperm from the WDR/9-mu-
tated patient. The results showed that the expression level
or location of IFT140 and IFT88 differed significantly
from the controls, and the expression level or location of
IFT140 in the sperm from the WDR19-mutated patient and
the control men was more significant. This result is con-
sistent with the prediction of the tighter interaction be-
tween IFT140 and WDR19. Hence, the WDR19 mutation
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may lead to the abnormal expression of other IFT partials,
thereby causing eventual damage and disorganization of
microtubule structures in flagella. Furthermore, sperm-
associated antigen 6 (SPAGO) is reported to be important
for structural integrity of the central apparatus in the sperm
tail and for flagellar motility. It is showed that SPAG6 was
approximately absent in the sperm of WDR/9-mutated pa-
tient. This result was consistent with the absence of central
pair of microtubules observed by TEM.

Assisted reproduction techniques (ART), such as IVF and
ICSI, have become important tools for treating infertile cou-
ples [18]. To date, no reported empirical medicinal treatment
could improve the semen parameters for those patients affect-
ed by MMAF-associated asthenoteratospermia; therefore,
ICSI could be the only choice for those couples [19].
However, previous studies have shown that MMAF patients
with different mutations have different prognosis after ICSI.
For example, the patients with DNAH - and SUNS5-associated
MMAF have good clinical outcomes following ICSI [20, 21].
In contrast, a CEP135-associated MMAF subject had a failed
pregnancy [22]. Therefore, comparative studies on ICSI out-
comes between different MMAF-associated genes would be
informative to clinicians before ART treatment recommenda-
tion. Fortunately, in this study, subject with WDR/9 mutation
had a successful clinical pregnancy following ICSI with his
own sperm. Our findings indicate that ICSI can be recom-
mended for WDR19-associated asthenoteratospermia, which
may provide guidance for future treatment of such patients.

Conclusion

In summary, our findings demonstrate that WDR/9 homozy-
gous missense mutation can induce asthenoteratospermia
characterized by reduced sperm motility and multiple sperm
structural malformations. Fortunately, a good pregnancy out-
come could be acquired through ICSI in the WDR /9-mutated
man. Since the incidence of WDR19 deleterious mutation is
very low in the general population, we have not identified
additional patients carrying WDR19 mutations, which is a
primary limitation of this study. However, the detailed molec-
ular contributions of WDR19 to sperm flagellar formation and
intraflagellar transport must be further investigated in future
studies.
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