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Impaired flagellar development and impaired motility of sperm is a cause of infertility in males. Several
genes, including those of the AKAP, CCDC, CFAP, and DNAH families, among others, are involved in the
‘‘multiple morphological abnormalities of the flagella” (MMAF) phenotype; these are the most common
causes of male infertility. The Cilia-and flagella-associated protein (CFAP) family includes six members
reported to cause MMAF phenotypes: CFAP43, CFAP44, CFAP69, CFAP65, CFAP70, and CFAP251. Here, we
found that cilia-and flagella-associated protein 61 (Cfap61) is highly expressed specifically in murine
testes and show that the Cfap61-knockout male mice demonstrate MMAF phenotype, including sperm
with short, coiled, and irregular flagella. Deletion of Cfap61 resulted in severe morphological and behavior
abnormalities in sperm, reduced total sperm counts, impaired sperm motility, and led to male infertility.
Notably, absence of Cfap61 impaired sperm flagella ultrastructural abnormalities on account of numerous
distortions in multiple flagellum components. Immunostaining experiments in wild-type mice and
healthy adult humans indicated that Cfap61 is initially localized at the neck of sperm, where it potentially
functions in flagellum formation, and is later localized to the midpiece of the sperm. Thus, our study pro-
vides compelling evidence that dysregulation of Cfap61 affects sperm flagellum development and induces
male infertility in mice. Further investigations of the CFAP61 gene in humans alongside clinical evidence
showing MMAF phenotype in humans should contribute to our understanding of developmental pro-
cesses underlying sperm flagellum formation and the pathogenic mechanisms that cause male infertility.

� 2020 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

Male infertility remains a widespread issue that is a major prob-
lem for human health, affecting an estimated 15% of couples [1,2].
Male infertility is categorized as lowered counts of sperm
(oligospermia), reduced motility of sperm (azthenozoospermia),
or high proportion of defective spermatozoa with disrupted mor-
phology (teratozoospermia), as well as combinations of these mul-
tiple defects. Sperm motility and sperm morphology are essential
factors that predict oocyte fertilization and overall pregnancy rate,
and defects in these factors contribute to male infertility. While
there are many known factors involved in male infertility, an esti-
mated 60% of multiple morphological abnormalities of the sperm
flagellum (MMAF) cases are of genetic origin [3–6]. Therefore, a
substantial research investment has been undertaken seeking to
identify and characterize any genes responsible for male infertility.

MMAF is a term that collectively describes the severest sperm
defects—including spermatozoa that are short, coiled, absent,
and/or irregular flagella [7,8]; MMAF was first proposed in the sci-
entific literature in 2014 firmly defined sperm phenotype MMAF
patients [7]. MMAF cases are often accompanied by ultrastructure
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abnormalities of axonemes and lack of outer dense fiber or fibrous
sheath detected by transmission electron microscopy (TEM) [7,9–
11]. Furthermore, short tails and dysplasia of fibrous sheath
(DFS) are also associated with and characterize MMAF [9,11].
Detailed studies of these flagella abnormalities associated with dif-
ferent genes are not possible in humans. Therefore, different
mutant mouse models have been developed to study the genetic
and molecular causes of sperm developmental defects, yielding
deep understanding regarding spermatogenesis [12]. Previous
studies in human and mutant mouse models have investigated
and identified several genes associated with flagella abnormalities
including AKAP3, AKAP4, AK7, CCDC39, DNAH1, CFAP43, CFAP44,
CFAP69, CFAP65, CFAP70, CFAP251, SPATA6, TEKT4, TSSK4, ODF2,
ROPN1, FSIP2, R2D2, TTC21A and QRICH2 [3,4,7,13–27]. However,
the etiology of several genetic factors responsible for MMAF is still
elusive as genetic mutation accounts for 60% of MMAF defects, mir-
roring the strong genetic heterogeneity which can occur with
MMAF [3]. In the present study we demonstrate that the Cfap61
knockout mouse model represents characteristic MMAFmanifesta-
tions including, short, coiled, irregular, and absent flagella, result-
ing in male infertility in mice. This study also provides
compelling evidence that dysregulation of Cfap61 can affect sperm
flagellum development and stability.
2. Materials and methods

2.1. Generation of Cfap61 knockout mice via CRISPR/Cas9 gene editing
system

The mouse Cfap61 gene (Transcript: ENSMUSG00000037143) is
71.28 kb and located on chromosome 2, containing thirty-one
exons, with an ATG start codon in exon 2 and a TGA stop codon
in exon 17. Selecting exon 3 to exon 5 as the target site,
Cfap61 knockout mice was created using a CRISPR/Cas9 mediated
genome editing system from Cyagen Biosciences. The gRNA and
Cas9 mRNA were co-injected into fertilized eggs of C57BL/6 mice,
to generate a targeted line with a 4227 bp base deletion,
ATATCCCGAGTACCACCTCAGTCTTAGCAAAGGACAGTTG-del-4227
bp-TGGAATGGGGACCACAATTTGTTCTGAAATCCTAAAGCTA. The
founder animals were identified by DNA sequence analysis. Inter-
cross heterozygous targeted mice were created to generate normal
offspring. Using PCR amplification of genomic DNA that extracted
from mouse tails, all mice’s genotypes were distinguished.
For Cfap61 knockout mice, the specific primers were Forward:
5-CCTCGGTGGTTTCTCCTATAAGTTC-3 and Reverse: 5-AGGGTAGT
GTTGTGCCTGTGA-3, yielding a 549 bp fragment. Similarly,
Forward: 5-GCAGGACTGTGTTCAAGGCGGTG-3 and Reverse:
5-AGGTAGTGATTTGTGCCTGTGAC-3 were performed for Cfap61
wild-type mice, yielding a 406 bp fragment. All mice used in this
study were approved by the Shandong University Animal Ethics
Committee of the School of Medicine. All animal care protocols
and experiments were reviewed and approved by the Animal Use
Committee of the School of Medicine, Shandong University. All
applicable institutional and/or national guidelines for the care
and use of animals were followed.
2.2. Real-time PCR

In the RT-PCR experiments, total RNA was isolated from cfap61
wild-type or knockout adult mice testes to analyze the expression
of Cfap61 mRNAs in various tissues and to verify the knockout effi-
ciency. cDNAs were synthesized using the Prime Script RT reagent
Kit with gDNA Eraser (Takara) and TB Green Premix Ex Taq
(Takara). All RT-PCR reactions were performed using a same proto-
col that start with an initial denaturation at 94 �C for 10 min, then
followed by 30 cycles of denaturation at 94 �C for 30 s, annealing at
60 �C for 30 s, and extension at 72 �C for 45 s and a final extension
at 72 �C for 7 min using a T100 Thermal Cycler (Bio-Rad). The
specific forward and reverse primers were as followed: Cfap61
primer 1 Forward: 5-CTGTTTGGGAGG CTCAACAT-3 and
Reverse: 5-TCCGGATGATTTCTTTGAGG-3; Cfap61 primer 2
Forward: 5-CTGTTTGGGAGGCTCAACAT-3 and Reverse: 5-CACCA
CAGCATGATGGTCTT-3; Cfap61 primer 3 Forward: 5-TTTGACC
AAGTGGGGAACAT-3 and Reverse: 5-TCGGCCAAGAAGTATTCAC
C-3; b-Actin was amplified as a housekeeping gene with the pri-
mers b-actin Forward: 5-CATTGCTGACAGGATGCAGAAGG-3 and
b-actin Reverse: 5-TGCTGGAAGGTGGACAGTGAGG-3.

2.3. Tissue collection and histological analysis

All the Cfap61 wildtype and knockout mice at least three mice
for each genotype were killed by cervical dislocation. The testes
and caudal epididymides were surgically and immediately dis-
sected. Immediately all samples were fixed in 4% (mass/vol)
paraformaldehyde (Solarbio, P1110) for up to 24 h, 4 �C, removed
into 70% (vol/vol) ethanol and embedded in paraffin, finally sec-
tioned at 5 mm and mounted on glass slides for staining. In order
to analyze the histological, the sections of testes and caudal epi-
didymides were stained routinely with hematoxylin and eosin
(H&E) and PAS staining. For the histological examination, the
stages of seminiferous epithelium cycle and spermatid develop-
ment were determined as previously study described [28].

2.4. Human sperm collection

After 2–7 days of sexual abstinence, all human subjects col-
lected semen samples by masturbation. After liquefaction for
30 min at 37 �C, the semen samples were diluted in 1 mL sperm
rinse. According to the World Health Organization (WHO) guideli-
nes, semen volume, sperm concentration and motility were evalu-
ated [29]. All semen analysis were replicated three times. In this
study, all experiments referring to human subjects were accorded
to the ethical standards of national research committee and the
1966 Helsinki declaration.

2.5. Mouse sperm collection

All the Cfap61 wildtype and knockout mice at least three mice
for each genotype were killed by cervical dislocation. The caudal
epididymides were surgically and immediately dissected. With
shred the epididymides with tweezers, the semen samples were
freed in 1 mL sperm rinse(10101, Vitrolife) or PBS for 30 min at
37 �C, under a 5% CO2 atmosphere for morphological analysis an
IF experiments.

2.6. Morphological analysis of the sperm

According to the WHO guidelines, more than 200 spermatozoa
from Cfap61 wildtype and knockout mice at least three mice for
each genotype were performed sperm morphological analysis
[29]. 10 lL sperm sample was prepared and mounted on lass
slides, then staining by Papanicolaou staining (PS). For semen
counting, the sperm sample was diluted at a ratio of 1:500 and
transferred to a hemocytometer for counting. The semen analysis
was replicated at least three times.

2.7. Sperm motility assessment using casa

The sperm samples from Cfap61 wildtype and knockout mice at
least three mice for each genotype were performed sperm motility
assessment analysis using an Olympus B�51 microscope
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(Olympus, Tokyo, Japan) through a 20� phase objective. Every
10 lL sperm sample was taken and placed into 80 mm deep glass
cell chambers (Hamilton Thorne, 80 mm 2X-CEl), and taken cap-
tures via a CCD camera. Via the Animal Motility system (Hamilton
Thorne, Beverly, MA, USA), more than 200 spermatozoa were per-
formed by computer-associated semen analysis, including the total
motility, average path velocity, straight-line velocity, and linear
velocity. The semen analysis was replicated at least five times.
2.8. Transmission electron microscopy analysis

The testes and caudal epididymides from Cfap61 wildtype and
knockout mice at least three mice for each genotype were dis-
sected after euthanasia. Immediately all samples were pre-fixed
in 2.5% (vol/vol) glutaraldehyde, then washed in 0.1 mol/L cacody-
late buffer overnight. Cutting into pieces of approximately 1 mm3,
the samples were immersed in 1% OsO4 for 1 h at 4 �C, dehydrated
through a graded acetone series, and embedded in resin (Low Vis-
cosity Embedding Media Spurr’s Kit, EMS, 14300) for staining. After
cutting on an ultramicrotome, ultrathin sections were doubled-
stained with uranyl acetate and lead citrate, then taken pictures
and analyzed by a JEM-1400 transmission electron microscope.
2.9. Scanning electron microscopy (SEM)

The caudal epididymides from Cfap61 wildtype and knockout
mice at least three mice for each genotype were surgically and
immediately dissected. With shred the epididymides with tweez-
ers, the semen samples were fixed on coverslips using 2.5% glu-
taraldehyde, and post-fixed in osmium tetroxide. Washing with
distilled water three times, the spermatozoa samples were dehy-
drated through cold 50%, 70%, 95%, and 100% ethanol sequentially,
dried at critical point using Tousimis Autosamdri-810 Critical Point
Dryer, and mounted onto specimen stubs. Then sputter-coated
with palladium, coverslips were viewed with a FEI Quanta ESEM
200 SEM.
2.10. Antibodies

The antibodies used in immunofluorescence staining are as
follows: anti-acetylated-a-tubulin antibody (T7451, 1: 1000,
Sigma-Aldrich), anti-FITC (ZF-0311, 1: 200, Zhong Shan Jin Qiao),
anti-FITC (ZF-0312, 1: 200, Zhong Shan Jin Qiao), anti- TRITC
(ZF-0313, 1: 200, Zhong Shan Jin Qiao), and anti-CFAP61
(ab171156, 1: 200, Abcam).
2.11. Immunofluorescence in single spermatozoa

The sperm sample from the epididymides of mice and humans
subjects were prepared and spread on glass slides, air-dried, and
stored at �80 �C for further immunofluorescence experiments. Per-
forming a fixation in 4% PFA for 5 min at room temperature, the
sperm glass slides were washed using 1 � PBS for at least three
times. Then slides were blocked using 5% BSA for 30 min at room
temperature. After blocked using 5% BSA for 30 min at room tem-
perature, the slides were incubated with primary antibodies at 4 �C
overnight, washed using 1 � PBS for at least three times, and fur-
ther incubated with the secondary antibodies for 60 min at room
temperature. After a totally washing the secondary antibodies with
1 � PBS for at least three times, the slides were stained the nuclei
using 40, 6-diamidino-2-phenylindole (DAPI,1:200), added the
coverslips, and finally taken images via an LSM 780/710 micro-
scope (Zeiss).
2.12. Immunofluorescence in testes

All the Cfap61 wildtype and knockout mice at least three mice
for each genotype were killed by cervical dislocation. The testes
and caudal epididymides were surgically and immediately dis-
sected. Immediately embedded in an optimum cutting tempera-
ture compound (OCT; Tissue-Tek, 4583, 1:1), all samples were
sectioned at 5 mm, mounted on glass slides, and stored at �80 �C
for further immunofluorescence experiments. Performing a fixa-
tion in 4% PFA for 15 min at room temperature, the sperm glass
slides were washed using 1 � PBS for at least three times. Then
slides were blocked using 5% BSA for 30 min at room temperature.
After blocked using 5% BSA for 30 min at room temperature, the
slides were incubated with primary antibodies at 4 �C overnight,
washed using 1 � PBS for at least three times, and further incu-
bated with the secondary antibodies for 60 min at room tempera-
ture. After washing the secondary antibodies with 1 � PBS for at
least three times, the slides were stained the nuclei using 40, 6-
diamidino-2-phenylindole (DAPI, 1:200), added the coverslips,
and finally taken images via an LSM 780/710 microscope (Zeiss).

2.13. Immunofluorescence in squashing tubules

All the Cfap61 wildtype and knockout mice at least three mice
for each genotype were killed by cervical dislocation. The testes
were surgically and immediately dissected, removed the testicular
tunica albuginea, washed in a Petri dish containing 1 � PBS, and
then fixed in a new Petri dish using 4% PFA for 5 min at room tem-
perature. Adding 50 lL fixation solution, the poly-L-lysine coated
glass slides were added the 20 lm long seminiferous tubule seg-
ments, applied on coverslips, and pressured hardly. Immediately
flash frozen in liquid N2 for 15 s or until the liquid ceased to bub-
ble, the slides were stored at �80 �C for further immunofluores-
cence experiments [30]. Removing the coverslips, the slides were
washed with PBS and blocked with 5% bovine serum albumin
(Amresco, AP0027). The primary antibody was added to the sec-
tions and incubated at 4 �C overnight, followed by incubation with
the secondary antibody. The nuclei were stained with DAPI. The IF
images were taken immediately using an LSM 780/710 microscope
(Zeiss) or SP8 microscope (Leica).

2.14. Statistical analysis

Presented as the mean ± SEM, the statistical significance of the
differences between the mean values for the different genotypes
were measured by the Student’s t-test with a paired, 2-tailed dis-
tribution. The P values < 0.05 (*), 0.01 (**), or 0.001 (***) were con-
sidered significant.
3. Results

3.1. Cfap61 is specifically expressed in testes

Via the Mouse ENCODE project and NCBI (https://www.ncbi.
nlm.nih.gov/gene/78774), we analyzed the RNA profiling data
and found that Cfap61mRNA transcripts are expressed at very high
levels in testes, with only baseline levels detected in other mouse
organs. We further found in an RT-PCR analysis of multiple organs
from adult mice that Cfap61 expressed abundantly in the testis but
is not apparently expressed other organs (Fig. 1a). Corresponding
to the period of condensing and spermatid flagellum formation
during spermiogenesis, this analyses revealed that Cfap61 is ini-
tially expressed from the 25th day after delivery, and expressed
continuously thereafter an adult mice. With no distinctive features
predicted for its N-terminal region, the result from the PSIPRED
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Fig. 1. The generation of Cfap61 knockout mice. (a) Using RT-PCR, Cfap61 is specifically expressed in adult testis but no expression was present in other organs, including
heart, liver, spleen, kidney, intestine, muscle, fat, thymus, brain, lung, epididymides, or ovary; (b) Using b-actin as an expression control, Cfap61 was expressed starting at
postnatal day 25; (c) The Cfap61 knockout strategy in mice; (d) Testes of Cfap61+/+ and Cfap61-/- mice; (e, f) RT-PCR of mRNA isolated from Cfap61+/+ and Cfap61-/- male mice
testes indicated the presence of a truncated transcript in Cfap61-/- male mice testes using the cfap61 primer 2 which located exon 2 to exon 6 and cfap61 primer 3 which
located exon 5 to exon 6. Sequences for primers used are listed in method. Results are representative of three independent experiments; (g) Testicular weights of Cfap61+/+

and Cfap61-/- male mice (n = 3 independent experiments); (h) Body weights of Cfap61+/+ and Cfap61-/- male mice (n = 3 independent experiments); (i) Quantification ratio of
testis weight/body weight in Cfap61+/+ and Cfap61-/- male mice (n = 3 independent experiments).
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database (http://bioinf.cs.ucl.ac.uk/psipred/) predicted that Cfap61
encodes a 1230 amino acid protein, and its C-terminal region com-
prised 8 predicted a-helices.

3.2. Generation of Cfap61 mutant mice

The 71.28 kb testis-specific Cfap61 gene is located on chromo-
some 2, containing an ATG start codon in exon 2 and a TGA stop
codon in exon 17. To test for potential Cfap61 functions in the
testes based on reported associations between genes related to
cilia and flagella proteins and male MMAF phenotype in vivo,
Cfap61 knockout mice was created using a CRISPR/Cas9 mediated
genome editing system from Cyagen Biosciences, selecting exon
3 to exon 5 as the target sites (Fig. 1c). The founder animals were
genotyped via DNA sequencing and this confirmed the success of
our planned genome edit: the total size of the Cfap61 locus in
Cfap61+/+ male mice is 582 bp while the size of the locus in Cfap61-/-

male mice was only 159 bp (Fig. 1e). Further, no mRNA was
detected by RT-PCR in Cfap61 knockout testes (Fig. 1f). Inter-
crossing of heterozygous genome-edited mice yielded healthy off-
spring at the expected Mendelian ratios.

3.3. Knockout of Cfap61 in testes showing MMAF phenotype

Spermmotility and spermmorphology are essential factors that
predict oocyte fertilization and overall pregnancy rate, and defects
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in these factors contribute to infertility. We initially examined the
testis structure of adult male mice at the gross and then histolog-
ical levels to identify potential phenotypic changes that result from
Cfap61 knockout. There were no significant differences in testis size
(Fig. 1d), testis weight (Fig. 1g), mouse body weight (Fig. 1h), or the
ratio of testes mass weight to mouse body mass (Fig. 1i) between
Cfap61-/- and Cfap61+/+ male mice. However, histological examina-
tion of testes sections by hematoxylin-eosin staining revealed an
obvious difference in the testis-bound sperm in seminiferous
tubules of Cfap61-/- mice: unlike the well-defined flagellum of
wildtype (WT) sperm, the sperm in the Cfap61-/- testes had no obvi-
ous flagella structure (Fig. 2a, asterisk). This observation clearly
suggests that Cfap61 functions in flagellum formation. Subsequent
immunofluorescence (IF) analysis with an antibody against the
flagellum protein tubulin confirmed the defects in flagellum for-
mation resulting from Cfap61-/- male mice, specifically showing
serious defects at all sperm flagellum in Cfap61-/- male mice com-
paring with Cfap61+/+ male mice. (Fig. 2b, asterisk).

We next quantified sperm numbers present in the caudal epi-
didymides by hematoxylin-eosin staining and found that Cfap61-/-

mice produced significantly fewer spermatozoa than WT mice
(Fig. 2c, d). To observe the sperm morphological characteristics,
Fig. 2. Knockout of Cfap61 results in MMAF. (a) Hematoxylin-eosin staining of testes
Hematoxylin-eosin staining of the caudal epididymides; (d) The sperm counts in the
independent experiments). Data are presented as means ± SEM; (e) PS of the spermatoz
single spermatozoa analysis by PS was performed and the results
indicated that Cfap61-/- sperm exhibit MMAF phenotype of short,
coiled, irregular, or absent flagella in Cfap61 knockout mice com-
pared to WT mice (Fig. 2e). Interestingly, from the golgi apparatus
period (from step1to step3) to the capping period (step 4 to step 8)
during spermiogenesis, the golgi and acrosome morphology in
Cfap61-/- spermatids did not obviously differ from Cfap61+/+ sper-
matids. However, during acrosomal migration (step 9 to step 13)
and the chromatin condensation period (step14 to step16), we
noticed major morphological differences between the seminiferous
tubules of Cfap6+/+ vs. Cfap61-/- mice. Unlike the well-defined flag-
ellum and head of Cfap6+/+ sperm, the sperm in the Cfap61-/- testis
showed irregular head shapes, with especially thin head shapes
between step 11 and 16 (Fig. 3a). Taken together, these results
indicate that Cfap61 deficiency causes MMAF phenotype in male
mice.

3.4. Absence of Cfap61 causes sperm behavioral abnormalities and
produces spermatozoa with low motility that cause male infertility

By microscopic analysis, we next examined the effect of Cfap61
deletion on semen behavioral characteristics. No sperm with
in testes sections; (b) IF of anti-a-tubulin (red) antibodies in testes sections; (c)
caudal epididymides were detected in Cfap61+/+ and Cfap61-/- male mice (n = 3
oa.
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normal flagella was observed in Cfap61-/- mice, a significant differ-
ence from Cfap61+/+ mice (Fig. 3b). Comparing to Cfap61+/+ mice, we
found a significantly decreased sperm motility rate in Cfap61-/-

mice using computer-assisted semen analysis system, which indi-
cating there was a severely damage of sperm motility in Cfap61
knockout mice (Fig. 3c). The percentage of motile spermatozoa of
Cfap61+/+ mice was 82.13 ± 4.388% (P < 0.01), no motile spermato-
zoa of the Cfap61-/- mice was found. Similarly, the progressive sper-
matozoa of the Cfap61+/+ mice was 15.56 ± 1.804% (P < 0.01), but no
progressive spermatozoa was found in the Cfap61-/- mice (Fig. 3d).
No spermatozoa of the Cfap61-/- mice was motile, whereas the per-
centage of motile spermatozoa in the Cfap61+/+ mice was 82.13 ± 4.
388% (P < 0.01). For assessing spermatozoa motility, average path
velocity, straight-line velocity, and curvilinear velocity were three
important parameters. We observed significant differences in
sperm Cfap61-/- mice average path velocity (Fig. 3e), straight-line
velocity (Fig. 3f), and curvilinear velocity (Fig. 3g) compared to
WT mice (P < 0.01). Revealing severe damage in sperm motility
of Cfap61-/- mice, our data indicated that Cfap61 is important for
maintaining normal sperm motility, which may referred to flagel-
lum formation or stability.

To investigate the fertility of Cfap61male and female knockout
mice, we bred not only adult knockout male mice but also female
mice with wildtype male and female mice for the period of
3 months. Observing normal mounting behaviors, the Cfap61
knockout male mice were found to produce copulatory plugs, but
produced no pups after mating to adult female mice whereas
knockout females generated offspring after mating with similarly
aged WT males (Fig. 3h–i). Thus, deletion of Cfap61 causes severe
sperm morphological defects and results in male infertility,
whereas the knockout females had normal fertility.

3.5. Loss of Cfap61 causes sperm flagellum ultrastructure
abnormalities

In order to observe the sperm flagellum defects in Cfap61
knockout mice in detail, we examined the ultrastructure of the
spermatozoa using TEM analysis. The results revealed the compo-
nents of the spermatozoa flagellum and successively showed
sperm native architecture which included the mitochondrial
sheath and the outer dense fibers of the midpiece, the fibrous
sheath of the principal piece, and the axonemal microtubule struc-
ture in Cfap61+/+ mice sperm flagellum (Fig. 4a, b). All the flagellum
components were disordered within the cytoplasm in sections of
Cfap61-/- mice sperm flagellum (Fig. 4c, d). Cross sections in the
Cfap61-/- mice sperm flagellum showed hypertrophy and hyper-
plasia of mitochondria, disarrangement and hyperplasia of outer
dense fibers, and absence of the fibrous sheath, compared to
Cfap61+/+ mice sperm flagellum (Fig. 4c, d). The central pair struc-
ture was absent or disrupted, and various peri-axonemal micro-
tubule components were also distorted in Cfap61-/- mice (Fig. 4c,
d), while an obvious doublet microtubule and central pair structure
(9 + 2) in the proper position was observed in WT mice (Fig. 4a, b).
In addition, double microtubule doublets split with each other
(Fig. 4d, asterisk).

Collecting sperm from the cauda epididymides, we examined
the Cfap61 knockout mouse sperm flagella using SEM. The sperma-
tozoa derived from WT mice showed a hook-shaped head, normal
elongated flagellum including distinct midpiece, principal piece,
and end piece (Fig. 4e). Presented MMAF phenotype, all Cfap61-/-

mice-derived sperm were found short and coiled flagella (Fig. 4f,
g) and a thin head or no head compared to WT mice sperm
(Fig. 4h, i). The above observed sperm flagellum morphology
defects especially the abnormal ultrastructure indicated that
Cfap61 is important for maintaining flagellum formation or
stability.
3.6. Cfap61 is located at all sperm flagellum in mice and is essential for
flagella development during spermiogenesis

In order to determine when and how the Cfap61 protein works
during sperm development in precursor cells, we performed peri-
odic acid-Schiff (PAS) staining and IF analysis. Via PAS staining,
all the seminiferous epithelium components could be detected in
Cfap61-/- mice similarly to Cfap61+/+ mice testes (Fig. S1 online).
IF analysis showed that, during spermatogenesis process in the
Cfap61+/+ mice, Cfap61 can first be found from step 12 to step 13
spermatids, subsequently the entire protein started to move
toward the spermatid tail around step 13 to step 14 (Fig. 5a).
Finally Cfap61 was expressed very strongly at the midpiece of
the flagellum, and lightly throughout the whole sperm flagellum,
similarly with tubulin location around step15 to step 16 (Fig. 5c),
suggesting Cfap61 an axonemal pattern [28]. Compared to
Cfap61+/+ mice, there was no Cfap61 staining detected in Cfap61-/-

mice the flagellum (Fig. 5b). Only presenting during spermatid
elongation period, the manchette structure was surrounded the
elongating spermatid like a transient skirt [31]. Corresponding to
the acrosome expansion period, the manchette and nuclear ring
were observed to move toward the sperm flagella tail around step
13 to step 14 during spermatid elongation [31]. Observing sperma-
tozoa of Cfap61-/- mice had abnormal heads and MMAF phenotype
of sperm flagella (Fig. 2d, 3a), the manchette formation and
removal were checked using immunofluorescence including a-
tubulin and Cfap61 antibodies (Fig. 5b). According to the colocal-
ization and the similar moving track between Cfap61 and man-
chette, these data indicated that Cfap61 may not be directly
involved in manchette formation but may participate in spermatid
flagellum formation during spermiogenesis. As an essential factor
for male fertility, the intact acrosome and nuclear were examined
during different steps of spermatids using PAS staining in Cfap61-
deficient and wildtype mice testes sections, observing a normal
morphology from step1 to step10 in Figs. 3a and S1 (online). From
the histological examination of testis sections by hematoxylin-
eosin staining, IF analysis with a-tubulin, and PAS staining, we
noticed an obvious difference in seminiferous tubules of Cfap61-/-

mice: unlike the well-defined flagella and head of Cfap61+/+ sperm,
the sperm in the Cfap61-/- testes had no obvious flagella structures
(Fig. 2b, e) and showed irregular head shapes (Fig. 3a).

Given a highly sequence identity over 90% in most mammals
such as pig, cow, mouse, and human, the phylogenic tree showed
that Cfap61 is evolutionarily conserved in mammals (Fig. 5e). We
next collected sperm from heathy human individuals and exam-
ined the localization of CFAP61 by IF. Different with the very
strongly location at the midpiece of the flagellum, and lightly
throughout the whole sperm flagellum in WT adult mice, the
CFAP61 protein could be recognized in human sperm flagellum
with a strong accumulation signal at the midpiece as well as
throughout the flagellum, and also noted that co-localizes with
tubulin, also suggesting axonemal pattern for CFAP61 (Fig. 5d).
All above results indicated that Cfap61 protein evaluated conserva-
tively in mammals. According to these findings, we concluded that
the process of spermatogenesis (Fig. S1 online), acrosome develop-
ment, and nuclear condensation were nominally intact (Fig. 3a).
However, during the last phase of spermiogenesis, Cfap61 appears
to be required especially in spermatid elongation, shaping of the
sperm head, and development of the sperm flagellum.
4. Discussion

The multiple morphological abnormalities of the sperm flagella
(MMAF) phenotype is understood as major cause infertility in
males. MMAF—known as the severest phenotype for sperm mor-



Fig. 3. The defects of the Cfap61-/- mouse spermatozoa in acrosome morphology and behavior. (a) The PAS and hematoxylin staining was performed in Cfap61+/+ and Cfap61-/-

mice. During step 1 to step 10 of acrosome development, acrosome morphology was normal in Cfap61-/- mice. In the head shaping period during step 11 to step 18, sperm of
Cfap61-/- mice had an abnormal, club-shaped sperm head morphology while Cfap61+/+ mice had normal, hook shaped heads; (b–d) The percentage of normal flagella (b),
motile spermatozoa (c), and progressive spermatozoa (d) in the Cfap61+/+ and Cfap61-/- male mice (n = 3 independent experiments). There were significant differences
(P < 0.01); (e–g) The average path velocity (e), straight-line velocity (f), and curvilinear velocity (g) of the spermatozoa in the Cfap61+/+ and Cfap61-/- male mice. (n = 3
independent experiments). There were significant differences (P < 0.01); (h) The average litter size of Cfap61+/+ and Cfap61-/- female mice in 3 months. (n = 5 independent
experiments). KO females were completely fertile; (i) The average litter size of Cfap61+/+ and Cfap61-/- male mice in 3 months. (n = 3 independent experiments). KO males were
completely sterile.
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Fig. 4. Ablation of Cfap61 effects the normal male sperm flagellum ultrastructure in mice. (a–b) The ultrastructure of a testes cross sections by TEM in a normal spermatozoon
from Cfap61+/+ male mice. Scale bar: 500 nm. (c, d) Lacking the central pair of microtubules, most spermatozoa from Cfap61-/- male mice presents disordered peripheral
microtubules and hyperplasia of fibrous sheaths. Scale bar: 800 nm. (e) Sperm from wild-type mice with normal morphology. (f–i) Sperms from Cfap61-/- male mice show
severe flagella and head morphology defects. These abnormalities include a variety of defects, such as short flagellum (f) and angulated flagellum (g). The morphology of
spermatozoa head presents mildly to severely defects, such as thin and irregulated head (h), or no head (i).
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phological defects and characterized by sperm flagella which are
short, coiled, irregular, or even absent—has been associated with
a variety of genes in humans and in mice (e.g., AKAP3, AKAP4,
AK7, CCDC39, DNAH1, CFAP43, CFAP44, CFAP69, CFAP65, CFAP70,
CFAP251, SPATA6, TE KT4, TSSK4, ODF2, ROPN1, FSIP2, TTC21A, and
QRICH2) [3,7,13-25,27,32,33]. The increasingly large number of
such genes emphasizes the extensive genetic heterogeneity of
MMAF, strongly suggest that more genes remain to be identified
for MMAF. Functional characterization of these genes will yield
insights about the pathogenic mechanisms underlying MMAF phe-
notype observed in about fertility in humans and mice.

The sperm flagellum is a highly complex thread-like structure
that works as a locomotor device [6]. Normal flagella typically
comprise a ‘‘9 + 2” axonemal arrangement, describing a situation
wherein there are nine peripheral microtubule doublets and two
central microtubules. These are enclosed by so-called outer dense
fibers and fibrous sheaths [9,10,34]. Recalling that MMAF pheno-
type are typified by short, coiled, irregular, or absent flagella, pre-
vious studies have established that MMAF flagella can be
accompanied with ultrastructure abnormalities of axonemes or
can lack outer dense fibers or fibrous sheaths [7,11,14,18]. Previous
studies have reported that many infertile males harbor genetic
polymorphisms for genes encoding cilia and flagella associated
proteins (CFAPs), including CFAP43 (also known as WDR96),
CFAP44 (also known as WDR52), CFAP69, CFAP70, CFAP251, and
CFAP65, thereby associating these genetic loci with MMAF pheno-
type and disarrangement of 9 peripheral microtubule doublets
alongside 2 central microtubules [14,18,21,22,25,27,32]. QRICH2
ablation causes similar phenotype [33]. Mutations in FSIP2, TEKT4,
ODF2, R2D2 and TTC21A are known to cause complete disorganiza-
tion of the fiber sheath and to cause axonemal defects [3,15–
17,35]. In addition to these ultrastructure abnormalities of
axonemes, the ablation of other genes is also known to affect the
stability of other flagella ultrastructure components: SPATA6-
ablation impaired the development of the sperm connecting piece
and thusly disrupted the normally tight head-tail conjunction of
mature sperm, TSSK4 loss of function presented impairment of
the sperm midpiece-principal piece conjunction, and mutation of
ROPN1 caused the principal piece of the murine sperm flagellum
[16,19,20].

Our study shows that Cfap61 is expressed strongly in the
testes of male mice. The Cfap61 knockout mouse model showed
typical MMAF phenotype with short, coiled, irregular, or absent
flagella, and the mice had reduced total sperm count and abnor-
malities in sperm motility. Our study also established that
Cfap61 deficiency results in male infertility in mice. Using TEM,
we found that flagella of Cfap61-/- male mice are disordered at
their fibrous sheaths and lack a central microtubule complex.
In particular, we noted that short flagella showed hypertrophy
and hyperplasia of mitochondria, disarrangement and hyper-
plasia outer dense fibers, and a general dearth of fibrous sheaths.
Moreover, immunostaining experiments in both Cfap61+/+ mice
and in humans indicated that Cfap61 and CFAP61 were initially
expressed in steps 12, 13 spermatids, followed by localization at
the midpiece of the sperm, where these proteins apparently
function in flagellum formation.

As a highly evolutionarily conserved gene, Cfap61 homologs are
present in many eukaryotes including humans, mice, pigs, Tetrahy-
mena thermophilia, and the green algae Chlamydomonas (also
known as FAP61) (Fig. 5e). A previous study of Chlamydomonas
showed that FAP61, FAP91, and FAP251 are components of the flag-
ellum calmodulin and spoke-associated complex (CSC) [36]. A
study of Tetrahymena reported reduced cell swimming and
impaired ciliary waveform upon loss of function for FAP61 or
FP251. The Tetrahymena study also suggested that these CFAP61
orthologs have potential roles in connecting axonemal and peri-
axonemal structures and may connect dynein motors to ciliary
microtubule doublets [26].
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Fig. 5. Cfap61 immunostaining of spermatozoa during spermatogenesis in mouse and human. (a) Sperm cells from round spermatid to step 14 from Cfap61+/+ male mice
stained with anti-Cfap61 (green), DNA was counterstained with DAPI. Scale bars: 2 lm. (b) In the Cfap61+/+ male mice, the Cfap61 immunostaining (green) and a-tubulin
immunostaining (red) are concentrated in the neck of the spermatozoa during steps 12, 13. In the Cfap61-/- male mice, the a-tubulin immunostaining (red) was concentrated
in the neck of the spermatozoa during steps 12, 13, but Cfap61 staining was absent in sperm flagellum. The merged image shows that in sperm from WT male mice, Cfap61
and a-tubulin staining are superimposed. Scale bars: 2 lm. (c) Sperm cells from Cfap61+/+ and Cfap61-/- male mice, stained with anti-Cfap61 (green), DNA was counterstained
with DAPI. Scale bars: 2 lm. (d) In the healthy human sperm, the Cfap61 immunostaining (green) and a-tubulin immunostaining (red) are concentrated in the midpiece of the
sperm flagellum. DNA was counterstained with DAPI. The merged image shows that Cfap61 and a-tubulin staining superimpose. Scale bars: 5 lm. (e) Phylogenetic tree of the
Cfap61 homologous proteins in different mammals species.
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In summary, the MMAF concept was first proposed in 2014,
seeking to establish a clear definition for a constellation of sperm
phenotype in affected patients [7]. The genes that have to date
been associated with MMAF can collectively only account for the
genetic etiology of about 60% of MMAF infertility cases [3]. Our
results show that Cfap61 deficiency leads to atypical and relatively
more severe MMAF phenotype, improving our understanding of
the mechanism underlying sperm flagellum development and head
shape during spermiogenesis, and may help in the development of
improved treatments for gene-affected male infertile individuals.
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