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Abstract

Purpose Multiple morphological abnormalities of the sperm flagella (MMAF) are a severe form of sperm defect causing
male infertility. Previous studies identified the variants in the CFAP69 gene as a MM AF-associated factor, but few cases have
been reported. This study was performed to identify additional variants in CFAP69 and describe the semen characteristics
and outcomes of assisted reproductive technology (ART) in CFAP69-affected couples.

Methods Genetic testing with next-generation sequencing (NGS) panel of 22 MMAF-associated genes and Sanger
sequencing was performed in a cohort of 35 infertile males with MMAF to identify pathogenic variants. Morphological,
ultrastructural, and immunostaining analyses were performed to investigate the characteristics of probands’ spermatozoa.
ART with intracytoplasmic sperm injection (ICSI) was carried out for the affected couples to get their own progenies.
Results We identified a novel frameshift variant in CFAP69 (c.2061dup, p. Pro688Thrfs*5) from a MMAF-affected infertile
male with low sperm motility and malformed morphology of sperm. Furthermore, transmission electron microscopy
and immunofluorescence staining revealed that the variant induced the aberrant ultrastructure and reduction of CFAP69
expression in the proband’s spermatozoa. Moreover, the partner of the proband birthed a healthy girl through ICSI.
Conclusions This study expanded the variant spectrum of CFAP69 and described the good outcome of ART treatment with
ICSI, which is beneficial to the molecular diagnosis, genetic counseling, and treatment of infertile males with MMAF in
the future.
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Introduction in the world [1]. Male factors in infertility are mainly

reflected as the low sperm count, absence of spermatozoa,

Infertility is a reproductive disorder caused by a variety of
factors and has become a global medical and social problem
that affects about 10-15% of couples of childbearing age
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reduced sperm motility, and abnormal sperm morphology,
which account for approximately 50% of infertile couples
[2]. Based on the results of routine semen analysis,
infertile males are diagnosed as having azoospermia,
oligospermia, asthenospermia, and teratospermia, or a
combination of these factors, such as oligoasthenospermia,
asthenoteratozoospermia, and oligoasthenoteratozoospermia
[3, 4]. Interestingly, multiple morphological abnormalities
of the sperm flagella (MMAF) is an idiopathic
asthenoteratozoospermia with severely impaired motility
and morphology, characterized by compound abnormalities
of the sperm flagella, including absent, short, coiled, bent,
and irregular caliber [5, 6].

Genetic variants are the main causative factors of
MMAF, and the currently identified more than 20 genes are
responsible for approximately 60-75% of MM AF-affected

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10815-023-02873-1&domain=pdf
http://orcid.org/0000-0003-1559-5038

2176

Journal of Assisted Reproduction and Genetics (2023) 40:2175-2184

cases [6-8]. Among them, the cilia- and flagella-associated
gene CFAPG69 (alternatively termed C7ORF63, MIM
617949) is mapped to chromosome 7q21.13 and contains
23 exons, while the encoded cilia- and flagella-associated
protein 69 (CFAP69) contains 941 amino acids [9]. CFAP69
is an evolutionarily conserved protein that regulates
olfactory transduction kinetics and is also required for
flagella assembly and stability in sperm cells [10]. The
experimental evidence from C. reinhardtii suggested that
FAP69 (the orthologue of CFAPG9 in C. reinhardtii) is
involved in the C1b projection of central pair microtubules
in flagella [11, 12]. Dong et al. reported that CFAP69 is
highly expressed in the human testis and mainly localized to
the midpiece of the human sperm flagellum [13].

Animal model studies in mice demonstrated that the male
Cfap69-knockout mice were sterile and showed profound
flagellum morphology defects [13]. Biallelic variants of
CFAP69 have been related to approximately 2.5 to 5.7% of
studied human MMAF cohorts [13, 14]. However, only four
variants in CFAP69 were identified in four MMAF subjects,
and no following outcomes of assisted reproductive tech-
nology (ART) with intracytoplasmic sperm injection (ICSI)
were described [13, 14]. Furthermore, it should be noted
that the genotype—phenotype correlation in the absence of
clinical cases is difficult to characterize. Whether there are
other variants in CFAP69 related to MMAF and the ICSI
outcomes of CFAP69-affected patients needs to be further
explored in larger studies.

In this study, we recruited 35 infertile Chinese males suf-
fering from MMATF at the Center for Reproductive Medi-
cine, Women and Children’s Hospital of Chongqing Medical
University (Chongqing, China). Genetic testing with next-
generation sequencing (NGS) panel of 22 MMAF-associ-
ated genes found a homozygous loss-of-function variant in
CFAP69 in a non-consanguineous family. The semen char-
acteristics of CFAP69-affected proband, including sperm
concentration, sperm morphology, and sperm motility, were
described and compared to the previously reported cases.
Moreover, the CFAP69-affected couples have got a healthy
girl following ART with ICSI. These findings extend the
variant spectrum of CFAP69 and can hopefully promote
the genetic counseling of infertile males with MMAF in the
future.

Materials and methods

Subjects and ethical approval

Thirty-five Chinese males who were diagnosed with primary
infertility with MMAF were recruited from the Center for

Reproductive Medicine, Women and Children’s Hospital of
Chongqing Medical University (Chongqing, China) from
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August 2019 to October 2022. All participants were healthy,
with no previous history of exposure to any toxic substances,
testicular injury, or obstruction. The chromosomal karyotypes
were normal (46, XY), and no deletion was found in the Y
chromosome. Written informed consent was obtained from
every participant before the collection of peripheral blood
and semen samples. This study was approved by the Clinical
Application and Ethics Committee of Human Assisted
Reproductive Technology of the Chongqing Health Center
for Women and Children (2022-RGI-05).

Next-generation sequencing (NGS), sanger
sequencing, and variant analysis

As previously reported [15], the genome DNA was extracted
from peripheral blood samples with a QIAamp® DNA Blood
Midi Kit (69504, QIAGEN, Germany), and subsequently,
the NGS of 22 MMAF-associated genes was performed
according to the flowchart of the variant-filtration pipeline as
shown in Fig. S1. All the identified variants in the CFAP69-
affected male were listed in Table S1. The identified variant
in CFAP69 was validated through Sanger sequencing with
the following primers: forward-5-CCACAGAGTGGGGAA
GAAAT-3' and reverse-5-AGCAAAACAGACTCTTGC
AAAT-3'". The PCR products were sequenced with an ABI
3500 (Thermo Fisher, USA) and analyzed with Chromas
2.6.5 (Technelysium Pvt. Ltd., USA). The gnomAD data-
base (http://gnomadsg.org/), Human Gene Mutation Data-
base (HGMD, http://www.hgmd.cf.ac.uk/ac/index.php), and
VarSome (https://varsome.com/) were referred for novelty
and frequency analysis [16]. The guidelines of the American
College of Medical Genetics and Genomics (ACMG) were
used to annotate the pathogenicity of variants [17]. Name
Checker (https://mutalyzer.nl/name-checker) was used in
normatively naming the mutant CFAP69 protein. Clustal
Omega (http://www.clustal.org/omega/) and ESPript 3.0
(https://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi) were
referred to analyze the amino acid conservation between
different species. Illustrator for Biological Sequences (IBS,
http://ibs.biocuckoo.org/online.php) was used in modeling
the diagram images of the CFAP69 protein.

Semen analysis

The semen analysis was conducted according to the
guidelines of the World Health Organization (WHO)
published in 2010 and 2021 [18, 19]. Briefly, within 1
h of ejaculation into a sterile container after 2—7 days
of abstinence, the semen parameters, including semen
volume, sperm concentration, semen pH, normal
morphology, and sperm motility, were evaluated via a
computer-aided sperm analysis system (Jiangsu Rich
Life Science Instrument Co., Ltd., Nanjing, China).
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Asthenozoospermia is indicated as the reduced sperm
motility (progressive motility < 32%), while teratospermia
means abnormal sperm morphology (normal sperm < 4%).
The co-existence of these two symptoms was collectively
defined as asthenoteratozoospermia. Semen analysis was
conducted four times for the CFAP69-affected individual
in our clinic (Table S2).

Sperm morphology analysis

The modified Papanicolaou staining (Cariad Medical
Technology Co., Ltd., Zhuhai, China) was used to assess
sperm morphology. Shortly, the sperm were smeared onto
a slide, air-dried at room temperature, and then fixed for
3 min with 95% ethanol. Then, the slides were submerged
in hematoxylin for 3 min, acidic ethanol for 5 s, and eosin
and bright green for 3 min, respectively. Washing was
performed between each step, and the prepared slides were
placed onto absorbent paper to thoroughly dry. More than
200 stained sperm were assessed for morphology analysis
with a light microscope according to the WHO guidelines.
The morphology of sperm flagella was divided into
normal, absent, short, coiled, bent, and irregular caliber.
The observation and evaluation were conducted twice.
Reference values (5th centiles and their 95% confidence
intervals) according to the WHO (2010) manual criteria
and the distribution range of normal morphology of
sperm flagella observed in 926 fertile individuals [20].
The statistical approach is according to the previous
classification systems [21].

Immunostaining of human sperm

Following smearing onto the slides, the sperm were fixed
with 4% paraformaldehyde for 6 min, permeabilized
with 0.1% Triton X-100 (X100, Sigma) for 30 min,
and then blocked with 3% BSA for 2 h. After that,
the slides were incubated with antibodies of CFAP69
(1:100, bs-15278R-A647, Bioss), TUBULIN (1:500,
F2168, Sigma), and DNAII (1:100, ab171964, Abcam),
DNALII1 (1:300, HPA028305, Sigma) overnight at 4
°C. The goat anti-rabbit IgG (H+L) cross-adsorbed
secondary antibody (Alexa Fluor™ 555, 1:500,
A-21428, Invitrogen) and goat anti-mouse 1gG (H+L)
cross-adsorbed secondary antibody (Alexa Fluor™
488, 1:1000, A-11001, Invitrogen) were incubated for 2
h at room temperature for the secondary amplification.
Finally, all slides were incubated with 4'-6-diamidino-2-
phenylindole (DAPI, PO131, Beyotime) for 2 h to label
the nuclei and observed under a laser scanning confocal
microscope (TCS SP8, Leica, Germany).

Electronic microscopy evaluation

Scanning electronic microscopy (SEM) and transmission
electronic microscopy (TEM) were used to investigate the
human sperm flagellar ultrastructure as previously described
[15]. The sperm collected from normal subjects and the
CFAPG69-affected male were fixed with 2.5% phosphate-
buffered glutaraldehyde at 4 °C overnight. For SEM, the pre-
pared samples were sputter coated by an ionic sprayer meter
(ACE200; Leica, Germany) and imaged by the SEM (Nova
NanoSEM 450, FEI, USA) at an accelerating voltage of 5
kV. As for TEM, the samples were dehydrated with graded
alcohol and embedded in Epon 812 (SPI, USA). Ultrathin
(70 nm) sections were stained with lead citrate and uranyl
acetate and then observed with the TEM (TECNAI-10,
Philips, Netherlands) at an accelerating voltage of 80 kV.

Ovarian stimulation and assisted reproductive
technology

The wife of the CFAP69-affected male was 36 years old, with
a height of 153 cm, a weight of 44.6 kg, a BMI of 19.05 kg/
m?, and an AMH of 1.2 ng/mL. The ovarian stimulation was
conducted based on the ovarian reserve of the female partner, as
previously reported [22]. E2 pretreatment (Estradiol Valerate,
2 mg/day, Bayer Vital GmbH) was carried out from the middle
luteal phase of the previous menstrual cycle to the second day
of the next menstruation. On the third day of menstruation, the
hormonal level of the female was FSH 2.89 mIU/mL, LH 1.6
mlU/mL, E2 145 pg/mL, and P 0.3 ng/mL, and two sinus fol-
licles were seen in both ovaries. After 10 days of stimulation
with Gonal-F (300 [U/day, Merck Serono S.p.A., Italy), the
hormonal level of the female was FSH 19.54 mIU/mL, LH
3.61 mIU/mL, E2 2239 pg/mL, and P 0.8 ng/mL on the trig-
ger day. Ten follicles were punctured from both ovaries, and
the retrieved oocytes were fertilized through intracytoplasmic
sperm injection (ICSI) and cultured in a time-lapse monitoring
system (Embryoscope Plus, Vitrolife, Sweden) to minimize
the embryos’ exposure to sub-optimal conditions as previously
reported [23]. G1 medium (Vitrolife, Sweden) was used from
day 1 to day 3 and G2 medium (Vitrolife, Sweden) for blas-
tocyst formation was used from day 3 to day 5. The embryos
were evaluated according to the ESHRE consensus [24] and the
previously reported criteria [25]. Routine prenatal examination
and follow-up were conducted until the birth of the fetus.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
8.0 (GraphPad Software, San Diego, USA). Statistical
comparison of mutant individual to the control group was
performed via Student’s t-test; p values lower than 0.05 were
regarded as significant.
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Results

Identification of a loss-of-function variant in CFAP69
from males with MMAF

Among the cohort of 35 MMAF-affected males analyzed by
NGS in this study, a homozygous loss-of-function variant in
CFAP69 was identified in a non-consanguineous family LO15
(Fig. 1a). The proband LO15-II-3 was 36 years old and suffered
from primary infertility for 9 years due to severe asthenospermia
(progressive motility < 5%). Pedigree analysis of the family
manifested an autosomal recessive inheritance pattern, which
is consistent with the previous studies [13, 14]. The variant in
CFAP69 (ENST00000389297, ¢.2061dup) was located in exon
18 and induced the frameshift and premature termination of the
CFAP69 protein (p.Pro688Thrfs*5) (Fig. 1b). This variant was

absent from the available human population databases, such as
the gnomAD and EXAC, and in silico analysis with PolyPhen-2
and Mutation Taster deduced the deleterious effect of this
variant on the function of CFAP69 (Fig. 1c). Moreover, this
loss-of-function variant is novel and has not been previously
reported in patients with MMAF.

To date, only four variants in CFAP69 were related to
four MMAF patients in the literatures (including c.763C>T,
p-GIn255%; ¢.860+1G>A; c.647G>A, p.Trp216*; and
c.1069_1070insAC, p.Leu357Hisfs*11) [13, 14]. We
reviewed the previously reported variants and the identified
variant in CFAP69 in this study and analyzed them with
a protein diagram (Fig. 1d and Table 1). These five vari-
ants are mainly of the loss-of-function subtype, including
frameshift (2), nonsense (2), and splice-site loss (1), and are
localized along the full length of the CFAP69 protein with
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Fig. 1 Identification of a CFAP69 variant in the man with MMAF.
a Pedigree of the family affected by the homozygous CFAP69 vari-
ant. The CFAPG69-affected proband is indicated by a black square
and an arrow. The “=" sign indicates infertility. b Sanger sequenc-
ing of the wild-type and variant allele of CFAP69 demonstrated
that the duplication of adenine at 2061 induced the transition of Pro
(CCT) to Thr (ACC). The red arrow shows the variant position. ¢
Detailed description of the genetic variant of CFAP69 identified in

@ Springer

I
WNGISINMD TKIP LFTSFQEEQK
FGINIMD TKRPLETSFQEEQK
FGIMIMD TKRPLFTSFQEEQK
WNIGISINMD TKI(P LFTSFQEEQK
INGININD TK ';LFTSFQEEQK
the infertile males with MMAF. The transcript used in this study was
ENST00000389297. ND—not found. d Overview of the CFAP69
variants. The red font represents the novel variant identified in this
study, and the black font represents the previously reported variants.
The blue square stands for an armadillo-type fold as predicted by the
InterPro server. The altered amino acid (Pro688) is highly conserved
among different species
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Table 1 Variants of CFAP69 identified in infertile males with MMAF
Gene Transcript cDNA change Protein change  Effect Number of  Origin Allelic status ~ References
patients
1 CFAP69  ENSTO00000389297 c.763C>T p.GIn255* Nonsense 1/78 Iranian Homozygous  Dong et al.
2018 [13]
2 CFAP69  ENST00000389297 ¢.860+1G>A Splice-site 1/78 Tunisian Homozygous  Dong et al.
loss 2018 [13]
3 CFAP69  ENST00000389297 c.647G>A p.Trp216* Nonsense 1/35 Han Chinese =~ Homozygous  Heetal.
2019 [14]
4 CFAP69  ENST00000389297 ¢.1069_1070insAC p.Leu357H- Frameshift 1/35 Han Chinese Homozygous  Heetal.
isfs*11 2019 [14]
5 CFAP69  ENST00000389297 ¢.2061dup p.Pro- Frameshift 1/35 Han Chinese =~ Homozygous  This study
688Thrfs*5

Table 2 Semen characteristics and sperm morphology of the CFAP69-affected males identified in this study and the previous literatures

Individual This study Dong et al. 2018 [13] He et al. 2019 [14] Reference Value®
Control LO015 proband CFAP69_1 CFAP69_2  A001 proband A006 proband
Age (years) 29 36 42 51 N/A N/A -
cDNA change - ¢.2061dup c.860+1G>A ¢.763C>T  ¢.1069_1070insAC c.647G>A -
Protein change - p-Pro688Thrfs*5 p-GIn255%* p-Leu357Hisfs*11  p.Trp216* -
Allelic status - Homozygous Homozygous Homozygous Homozygous Homozygous -
Semen parameters
Semen volume (mL) 3.4 +04 25+03 5 4 3.0 42 1.5 (1.4-1.7)
Sperm concentration  27.7 + 6.7 29.8 +7.4 6 110.7 24.2 15 (12-16)
(10%mL)
Total sperm count 953 +25.7 74.0+24.7 20 24 332.1 101.6 39 (33-46)
(10%ejaculate)
Sperm motility (%) 68395 5338 1 10 4.5 0.7 40 (38-42)
Progressive motility ~ 63.0 + 12.8 1.0+ 1.2 N/A N/A 0.8 04 32 (31-34)
(%)
Immobility (%) 31.7+95 948 +3.8" 99 90 95.5 99.3 -
Normal sperm mor- 613 +7.1 3.0+ 1.0" 1 12 3 5.0 4 (3-4)
phology (%)
Morphology of sperm flagella
Normal flagella (%)  81.0+0.6 30.1 +0.8™ 18 56 14 2.0 -
Absent flagella (%) 29+01 10.6+02" 1 12 13 10.0 5 (4-6)
Short flagella (%) 18402 220+07" 79 13 28 475 1(0-2)
Coiled flagella (%) 64+08 205+05" 1 35 32.5 17 (15-19)
Bent flagella (%) 51+13  6.1+1.1™ 0 7.5 55 13 (11-15)
Irregular-caliber (%) 2.8 +02 9.9 +0.3™ 1 25 2.5 2 (1-3)
Morphology of sperm head
Tapered head (%) 25+1.8 1324077 20 1 18.0 7.5 3 (2-4)
Thin head (%) 32412  52+02% 14 37 N/A N/A 14 (12-16)
Abnormal acrosomal 9.1+ 1.8  37.5+0.5™ 64 70 29.5 28.5 60 (57-63)

region (%)

For the LO15 proband, four independent experiments were performed. Data are presented as means + SD. *p < 0.05, **p < 0.01, ***p < 0.001,
ns—not significant; Student’s ¢-test. For the previous reported four cases, the data were obtained from the literatures [13, 14]. N/A—mnot avail-
able. *Reference values (5th centiles and their 95% confidence intervals) were according to the WHO (2010) manual criteria and the distribution
range of normal morphology of sperm flagella observed in 926 fertile individuals [20]. The statistical approach is according to the previous clas-

sification systems [21]
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highly evolutionary conservation. These findings demon-
strated that the loss-of-function variants in CFAP69 were
one of the key genetic factors for MMAF.

Semen analysis of the CFAP69-affected male

All the physical characteristics and semen parameters of the
CFAPG69-affected proband are shown in Table 2 and Table
S2. According to the confidence intervals published by the
World Health Organization in 2010 and 2021 [18, 19], the
semen volume, sperm concentration, and total sperm count
of the LO15-1II-3 proband were all normal. However, sperm
motility, especially progressive motility, was extremely low
(sperm motility: 1-9%; progressive motility: 0-3%). These
characteristics are all consistent with the previously reported
CFAPG69-affected probands [13, 14], except for those two
subjects described by Dong et al. who had oligozoospermia
along with asthenozoospermia [13].

The morphology of the sperm was assessed with
Papanicolaou staining and SEM. Sperm morphology analysis
with Papanicolaou staining reflected the severe abnormalities
of the sperm flagella of the proband, including absent (10.6%),
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Fig.2 Morphology of normal and CFAPG69-affected spermatozoa.
a The Papanicolaou staining of the normal control and CFAP69-
affected spermatozoa. (i) Normal morphology of the sperm from
a healthy control male. (ii—vii) Most sperm obtained from the LO15
proband displayed typical MMAF phenotypes, including absent,
short, coiled, bent, and irregular-caliber flagella. Scale bars, 5 pm. b
Frequencies of flagellar with different morphologies from the fertile
control and proband. *p < 0.05, **p < 0.01, *** p <0.001, ns—not
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short (21.5%), coiled (20%), bent (5.9%), and irregular caliber
(10.1%), that are typical characteristics of MMAF (Fig. 2a,
b). The results of SEM also showed similar morphological
abnormalities in the flagella of the CFAP69-affected individual
(Fig. 2c¢). In addition, a high rate of head malformations, in
particular tapered heads and an abnormal acrosomal region,
were also observed, which is consistent with another four
cases reported (Table 2). The statistical data demonstrated the
high heterogeneity in sperm morphology between different
probands harboring biallelic variants in CFAP69 and that the
probands had various proportions of spermatozoa with normal
flagella (Fig. 2d).

CFAP69 variant is associated with spermatozoa
axonemal malformations

To investigate the effect of the CFAP69 variant on
the ultrastructure of sperm flagella, we performed
immunostaining with antibodies of CFAP69, TUBULIN,
DNAII, and DNALII for the spermatozoa from control
subjects and the CFAP69-affected male. The results showed
that CFAP69 was co-localized along the spermatozoa
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significant; Student’s r-test. ¢ SEM analysis of the sperm obtained
from control subjects and the LO15 proband. (i) Normal morphology
of the sperm from a healthy control male. (ii—vii) Malformed flagella,
such as short, absent, bent, coiled, and irregular flagella, were often
observed in the LO15 proband. Scale bars, 5 pm. d Quantification
of different categories of flagellar morphologies, including normal,
absent, short, coiled, bent, and irregular-caliber, in the five CFAP69-
affected probands
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Fig.3 Localization of CFAP69
and sperm ultrastructure in
normal and CFAP69-affected
spermatozoa. a—¢ Immunostain-
ing in human spermatozoa

from control subjects and LO15
proband. Sperm cells from a
fertile control individual and the
LO15 proband were stained with
anti-CFAP69 (red), anti-DNAI1
(red), anti-DNALI1 (red), and
anti-TUBULIN (green) antibod-
ies. The nucleus was counter-
stained with DAPI. Scale bars,
4 pm. d Transmission electron
micrographs of testicular sperm
from the control subject (i, iv,
vii, X, xiii) and LO15 proband

2 MERGE CFAP69

Control

L015 proband

(=9

=a

MERGE DNAI1

Control
Control

L015 proband
L015 proband

xv). (i-vi) Longitudinal sections
of the sperm of control subjects
and LO15 proband. N, nucleus;
M, mitochondria. Scale bar, 1
pm. (vii-xv) Cross-sections of
the sperm flagella in the control
subjects and LO15 proband.
ODF, outer dense fibers; MT,
microtubule doublets; CP, cen-
tral pair. Scale bars, 200 nm

Control

L015 proband

flagella with microtubule protein TUBULIN, especially in
the midpiece in normal samples (Fig. 3a). For the abnormally
morphological sperm flagella obtained from the LO15
proband, the expression of CFAP69 was downregulated and
even absent from the flagella, while the reduced expression
of TUBULIN also showed the abnormal morphologies of
sperm flagella. DNAII and DNALII1, which function as
structural components of the outer dynein arm and inner
dynein arm in the ciliary axoneme respectively, are localized
along the smooth flagella in normal samples (Fig. 3b, c).
The CFAP69 deficiency in the LO15 proband also reduced
the expression of these two pivotal proteins, implying the
probable destruction of ultrastructure in sperm flagella.
Herein, TEM was conducted to explore the sperm flagellar
ultrastructure in the CFAP69-affected male. The normal sperm
had a symmetrical midpiece with a smooth axoneme surrounded
by regularly arranged mitochondria (Fig. 3d). Structurally, the

axoneme usually consists of a “9+2” microtubule structure
containing nine peripheral microtubule doublets (MT) paired with
nine outer dense fibers (ODF) and the central pair (CP) in the
midpiece and principal piece, while the ODF is absent from the
endpiece. In contrast, CFAP69-affected sperm displayed as a large
cytoplasmic bag in the longitudinal section and presented with
disorganized axonemal and peri-axonemal components, such as
the absence of CP and the disorder of MT and ODF arrangement.
These findings demonstrate that CFAP69 plays an important role
in the assembly and maintenance of sperm flagella.

Clinical outcome of the CFAP69-affected couple
The CFAP69-affected couples have accepted ART treatment
with ICSI in our clinic (Fig. 4a). Briefly, the female partner

of the LO15 proband was consecutively treated with an
antagonist for ovarian stimulation, and 10 mature oocytes at
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Fig.4 The outcome of ART with ICSI for the CFAP69-affected cou-
ple. a Statistical data of the oocyte collection, early embryonic devel-
opment, and the clinical outcome from the CFAP69-affected couple.

metaphase II stage were retrieved through the laparoscopic
ovarian puncture method. Following ICSI, eight oocytes got
fertilized, six zygotes developed into transferable embryos,
and three blastocysts formed at day 5 (Fig. 4b). The rate of
fertilization was 80%, and the rate of blastocyst formation
was 50%, respectively. After the frozen-thawed embryo
transfer, the female partner of LO15 proband got pregnant
and gave birth to a full-term healthy girl.

Discussion

In the present study, we described an additional family with
MMAF harboring a biallelic variant in CFAP69. The genetic
screening with a panel of 22 MMAF-associated genes identified
the homozygous state of ¢.2061dup in CFAP69 in the LO15
proband. Pedigree analysis, Sanger sequencing, and in silico
analysis further confirmed the pathogenicity of the variant
in a recessive pattern. The results of Papanicolaou staining,
SEM, immunofluorescence, and TEM showed abnormalities
of sperm flagella and severe disorganization of the axoneme
in CFAP69-affected male compared to normal control subject.
We also found that the patient with the CFAP69 variant who
received ICSI had a good prognosis of fertility.

Over the review, there are some similarities in all five
MMAF patients with CFAP69 variants: (1) patients pre-
sent typical MMAF manifestation, such as immotility and
five major types of flagellar malformation. And according
to the statistics of abnormal morphology of sperm flagella
in patients, the most common abnormal types were short
(21.5%, 79%, 13%, 28%, and 47.5%, respectively) and
coiled flagella (20%, 1%, 7%, 35%, and 32.5%, respec-
tively). (2) TEM results showed abnormal spermatozoa
with an atypical “94+0” microtubule structure, a normal

@ Springer

b Images of in vitro early embryonic development from the CFAP69-
affected couple. ICSI, intracytoplasmic sperm injection; MII, meta-
phase II; PN, pronucleus; FET, frozen-thawed embryo transfer

arrangement of peripheral microtubules, and a lack of the
central pair of microtubules. (3) Despite the main defects
in sperm flagella, we observed that the LO15 proband,
like the previously reported cases [13, 14], had obvious
head morphological abnormalities. Small acrosome or
tapered heads were the main abnormal types. Based on the
above results, CFAP69 could also be important for sperm
head shaping during spermiogenesis. But how CFAP69
is involved in sperm head shaping and whether CFAP69
is required for a process common to head and flagellum
development or in distinct processes is not clear. More
patients and animal models with variants in MMAF-asso-
ciated genes should be investigated for their association
with head shaping and flagella development.

Interestingly, the sperm concentrations were discrepant
between cases. Dong et al. [13] reported a very low sperm
concentration in CFAP69-affected males, whereas the sperm
concentration is normal in the cases He et al. [14] reported and
the LO15 proband in our study. It suggested that phenotypic
variance was present between cases. It is well known that many
factors can affect sperm concentration, such as endocrine
factors, environmental factors, and infection. We suspect that
these factors may be responsible for the phenomenon. This
reminds us that we cannot use oligospermia as one of the
reference criteria for CFAP69-related MMAF.

In view of the abnormal morphology and low motil-
ity of sperm in patients with MMAF, the ICSI technique
is now widely used for assisted reproduction for MMAF
patients. However, none of the previous literatures reported
the reproductive outcomes of MMAF patients with CFAP69
variants. In our study, the CFAP69-affected couple achieved
a positive pregnancy outcome following ICSI, which is
hopeful to predict the ICSI outcomes for MMAF patients
with CFAP69 variants in the future. This also suggests that
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it is worthwhile for researchers and clinicians to apply ICSI
for CFAP69-affected patients. Notably, the genetic screen-
ing of the wives of male patients carrying CFAP69 variants
should also be considered before the couple asks for ICSI to
reduce the risk of hereditary diseases in offspring. A limita-
tion of this study is the low number of variants identified
in CFAP69 and the small number of CFAP69-mutant cases
available. Additional CFAP69 variants and cases are needed
to better characterize the genetic etiology of the MMAF
phenotype and improve the management of MMAF patients
with CFAP69 variants.

Conclusion

In summary, our study identified a novel pathogenic variant
in CFAP69 related to MMAF. Our results indicate a good
ICSI prognosis for the patient carrying the CFAP69 variant.
This study extended the mutant spectrum of the CFAP69
gene and could facilitate researchers and clinicians to
understand the genetic etiology of MMAF better, thus
improving the counseling of infertile males with MMAF
in the future.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s10815-023-02873-1.

Acknowledgements We thank Li Wang and Dandan Song in the Center
of Cryo-Electron Microscopy (CCEM), Zhejiang University, for their
technical support.

Author contribution Tingting Lin, Guoning Huang, and Xiangrong
Tang conceived and designed the study and drafted the manuscript.
Jing Ma, Shunhua Long, Xiangrong Tang, and Ling Wan carried out
the genetic studies and the immunoassays. Haibing Yu provided the
clinical samples. Xinglin Wang conducted the ART cycle. Tingting
Lin, Guoning Huang, and Jigao Yang critically commented on and
edited the manuscript. All authors read and approved the final version
of the manuscript.

Funding This work was supported by the Chongqing medical scientific
research project (joint project of Chongqing Health Commission and
Science and Technology Bureau, 2023MSXMO008) and Open Project
Fund from the National Health Commission Key Laboratory of Male
Reproductive Health/National Research Institute for Family Planning
(2022GJPO101).

Data availability All data generated or analyzed during this study are
included in this published article and its supplementary information files.

Declarations

Ethics approval This study was approved by the Clinical Application
and Ethics Committee of Human Assisted Reproductive Technology
of Chongqging Health Center for Women and Children (2022-RGI-05).

Consent to participate Obtained.

Competing interests The authors declare no competing interests.

References

1. Murray CJL, Callender CSKH, Kulikoff XR, Srinivasan V,
Abate D, Abate KH, et al. Population and fertility by age and
sex for 195 countries and territories, 1950-2017: a systematic
analysis for the Global Burden of Disease Study 2017. Lancet.
2018;392(10159):1995-2051. https://doi.org/10.1016/s0140-
6736(18)32278-5.

2. Sharma A, Minhas S, Dhillo WS, Jayasena CN. Male infer-
tility due to testicular disorders. J Clin Endocrinol Metab.
2021;106(2):e442-59. https://doi.org/10.1210/clinem/dgaa781.

3. Agarwal A, Mulgund A, Hamada A, Chyatte MR. A unique view
on male infertility around the globe. Reprod Biol Endocrinol.
2015;13:37. https://doi.org/10.1186/s12958-015-0032-1.

4. Agarwal A, Baskaran S, Parekh N, Cho CL, Henkel R, Vij S, et al.
Male infertility. Lancet. 2021;397(10271):319-33. https://doi.org/
10.1016/S0140-6736(20)32667-2.

5. Wang WL, Tu CF, Tan YQ. Insight on multiple morphological abnor-
malities of sperm flagella in male infertility: what is new? Asian J
Androl. 2020;22(3):236-45. https://doi.org/10.4103/aja.aja_53_19.

6. Toure A, Martinez G, Kherraf ZE, Cazin C, Beurois J, Arnoult C,
et al. The genetic architecture of morphological abnormalities of
the sperm tail. Hum Genet. 2021;140(1):21-42. https://doi.org/
10.1007/s00439-020-02113-x.

7. ZorrillaM, Yatsenko AN. The genetics of infertility: current status
of the field. Curr Genet Med Rep. 2013;1(4) https://doi.org/10.
1007/s40142-013-0027-1.

8. Jiao SY, Yang YH, Chen SR. Molecular genetics of infertility:
loss-of-function mutations in humans and corresponding knock-
out/mutated mice. Hum Reprod Update. 2021;27(1):154-89.
https://doi.org/10.1093/humupd/dmaa034.

9. Stephan AB, Shum EY, Hirsh S, Cygnar KD, Reisert J, Zhao
H. ANO2 is the cilial calcium-activated chloride channel
that may mediate olfactory amplification. Proc Natl Acad Sci.
2009;106(28):11776-81.

10. Talaga AK, Dong FN, Reisert J, Zhao H. Cilia- and flagella-
associated protein 69 regulates olfactory transduction kinetics in
mice. J Neurosci. 2017;37(23):5699-710. https://doi.org/10.1523/
JNEUROSCI.0392-17.2017.

11. Mitchell BF, Pedersen LB, Feely M, Rosenbaum JL, Mitchell DR.
ATP production in Chlamydomonas reinhardtii flagella by glyco-
lytic enzymes. Mol Biol Cell. 2005;16(10):4509-18. https://doi.
org/10.1091/mbc.e05-04-0347.

12. Joachimiak E, Osinka A, Farahat H, Swiderska B, Sitkiewicz E,
Poprzeczko M, et al. Composition and function of the C1b/C1f
region in the ciliary central apparatus. Sci Rep. 2021;11(1):11760.
https://doi.org/10.1038/s41598-021-90996-9.

13. Dong FN, Amiri-Yekta A, Martinez G, Saut A, Tek J, Stouvenel L,
et al. Absence of CFAP69 causes male infertility due to multiple
morphological abnormalities of the flagella in human and mouse.
Am J Hum Genet. 2018;102(4):636—48. https://doi.org/10.1016/j.
ajhg.2018.03.007.

14. He X,Li W, WuH, Lv M, Liu W, Liu C, et al. Novel homozygous
CFAP69 mutations in humans and mice cause severe asthenoter-
atospermia with multiple morphological abnormalities of the
sperm flagella. ] Med Genet. 2019;56(2):96—-103. https://doi.org/
10.1136/jmedgenet-2018-105486.

15. Mal, Long SH, Yu HB, Xiang YZ, Tang XR, LiJX, et al. Patients
with MMAF induced by novel biallelic CFAP43 mutations have
good fertility outcomes after intracytoplasmic sperm injection.
Asian J Androl. 2023; https://doi.org/10.4103/aja2022118.

16. Kopanos C, Tsiolkas V, Kouris A, Chapple CE, Albarca Aguilera
M, Meyer R, et al. VarSome: the human genomic variant search
engine. Bioinformatics. 2019;35(11):1978-80. https://doi.org/10.
1093/bioinformatics/bty897.

@ Springer


https://doi.org/10.1007/s10815-023-02873-1
https://doi.org/10.1016/s0140-6736(18)32278-5
https://doi.org/10.1016/s0140-6736(18)32278-5
https://doi.org/10.1210/clinem/dgaa781
https://doi.org/10.1186/s12958-015-0032-1
https://doi.org/10.1016/S0140-6736(20)32667-2
https://doi.org/10.1016/S0140-6736(20)32667-2
https://doi.org/10.4103/aja.aja_53_19
https://doi.org/10.1007/s00439-020-02113-x
https://doi.org/10.1007/s00439-020-02113-x
https://doi.org/10.1007/s40142-013-0027-1
https://doi.org/10.1007/s40142-013-0027-1
https://doi.org/10.1093/humupd/dmaa034
https://doi.org/10.1523/JNEUROSCI.0392-17.2017
https://doi.org/10.1523/JNEUROSCI.0392-17.2017
https://doi.org/10.1091/mbc.e05-04-0347
https://doi.org/10.1091/mbc.e05-04-0347
https://doi.org/10.1038/s41598-021-90996-9
https://doi.org/10.1016/j.ajhg.2018.03.007
https://doi.org/10.1016/j.ajhg.2018.03.007
https://doi.org/10.1136/jmedgenet-2018-105486
https://doi.org/10.1136/jmedgenet-2018-105486
https://doi.org/10.4103/aja2022118
https://doi.org/10.1093/bioinformatics/bty897
https://doi.org/10.1093/bioinformatics/bty897

2184

Journal of Assisted Reproduction and Genetics (2023) 40:2175-2184

17.

18.

19.

20.

21.

22.

Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, et al.
Standards and guidelines for the interpretation of sequence variants: a
joint consensus recommendation of the American College of Medical
Genetics and Genomics and the Association for Molecular Pathology.
Genet Med. 2015;17(5):405-24. https://doi.org/10.1038/gim.2015.30.
Cooper TG, Noonan E, von Eckardstein S, Auger J, Baker
HW, Behre HM, et al. World Health Organization reference
values for human semen characteristics. Hum Reprod Update.
2010;16(3):231-45. https://doi.org/10.1093/humupd/dmp048.
Baldi E, Gallagher MT, Krasnyak S, Kirkman-Brown J. Extended
semenexaminations in the sixth edition of the WHO Laboratory
Manual forthe Examination and Processing of Human Semen:
contributing tothe understanding of the function of the male
reproductive system. Fertil Steril. 2022;117(2):252-257. https://
doi.org/10.1016/j.fertnstert.2021.11.034.

Auger J, Jouannet P, Eustache F. Another look at human sperm
morphology. Hum Reprod. 2016;31(1):10-23. https://doi.org/10.
1093/humrep/dev251.

Auger J. Assessing human sperm morphology: top models,
underdogs or biometrics? Asian J Androl. 2010;12(1):36-46.
https://doi.org/10.1038/aja.2009.8.

Pacchiarotti A, Selman H, Valeri C, Napoletano S, Sbracia
M, Antonini G, et al. Ovarian stimulation protocol in IVF: an
up-to-date review of the literature. Curr Pharm Biotechnol.
2016;17(4):303-15. https://doi.org/10.2174/138920101766616
0118103147.

@ Springer

23.

24.

25.

Lin T, Liu W, Han W, Tong K, Xiang Y, Liao H, et al. Genetic
screening and analysis of TUBBS variants in females seeking
ART. Reprod Biomed Online. 2023;46(2):244-54. https://doi.
org/10.1016/j.rbmo.2022.10.008.

Alpha Scientists in Reproductive Medicine and ESHRE Special
Interest Group of Embryology, B. Balaban, D. Brison, G.
Calderon, J. Catt, J. Conaghan, L. Cowan, T. Ebner, D. Gardner,
T. Hardarson, K. Lundin, M. Cristina Magli, D. Mortimer, S.
Mortimer, S. Munne, D. Royere, L. Scott, J. Smitz, A. Thornhill,
J. van Blerkom, E. Van den Abbeel The Istanbul consensus
workshop on embryo assessment: proceedings of an expert
meeting. Hum Reprod. 2011;26(6):1270-1283. https://doi.org/
10.1093/humrep/der037.

Gardner DK, Lane M. Culture and selection of viable blastocysts:
a feasible proposition for human IVF? Hum Reprod Update.
1997;3(4):367-82. https://doi.org/10.1093/humupd/3.4.367.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.


https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1093/humupd/dmp048
https://doi.org/10.1016/j.fertnstert.2021.11.034
https://doi.org/10.1016/j.fertnstert.2021.11.034
https://doi.org/10.1093/humrep/dev251
https://doi.org/10.1093/humrep/dev251
https://doi.org/10.1038/aja.2009.8
https://doi.org/10.2174/1389201017666160118103147
https://doi.org/10.2174/1389201017666160118103147
https://doi.org/10.1016/j.rbmo.2022.10.008
https://doi.org/10.1016/j.rbmo.2022.10.008
https://doi.org/10.1093/humrep/der037
https://doi.org/10.1093/humrep/der037
https://doi.org/10.1093/humupd/3.4.367

	A novel variant in CFAP69 causes asthenoteratozoospermia with treatable ART outcomes and a literature review
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Subjects and ethical approval
	Next-generation sequencing (NGS), sanger sequencing, and variant analysis
	Semen analysis
	Sperm morphology analysis
	Immunostaining of human sperm
	Electronic microscopy evaluation
	Ovarian stimulation and assisted reproductive technology
	Statistical analysis

	Results
	Identification of a loss-of-function variant in CFAP69 from males with MMAF
	Semen analysis of the CFAP69-affected male
	CFAP69 variant is associated with spermatozoa axonemal malformations
	Clinical outcome of the CFAP69-affected couple

	Discussion
	Conclusion
	Anchor 24
	Acknowledgements 
	References


