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Summary
Multiple morphological abnormalities of the sperm flagella (MMAF) is a severe form of asthenoteratozoospermia. Although recent

studies have revealed several MMAF-associated genes and demonstrated MMAF to be a genetically heterogeneous disease, at least

one-third of the cases are still not well understood for their etiology. Here, we identified bi-allelic loss-of-function variants in CFAP58

by using whole-exome sequencing in five (5.6%) unrelated individuals from a cohort of 90 MMAF-affected Chinese men. Each of the

men harboring bi-allelicCFAP58 variants presented typicalMMAF phenotypes. Transmission electronmicroscopy demonstrated striking

flagellar defects with axonemal and mitochondrial sheath malformations. CFAP58 is predominantly expressed in the testis and encodes

a cilia- and flagella-associated protein. Immunofluorescence assays showed that CFAP58 localized at the entire flagella of control sperm

and predominantly concentrated in the mid-piece. Immunoblotting and immunofluorescence assays showed that the abundances of

axoneme ultrastructure markers SPAG6 and SPEF2 and a mitochondrial sheath protein, HSP60, were significantly reduced in the sper-

matozoa from men harboring bi-allelic CFAP58 variants. We generated Cfap58-knockout mice via CRISPR/Cas9 technology. The male

mice were infertile and presented with severe flagellar defects, consistent with the sperm phenotypes in MMAF-affected men. Overall,

our findings in humans andmice strongly suggest that CFAP58 plays a vital role in sperm flagellogenesis and demonstrate that bi-allelic

loss-of-function variants in CFAP58 can cause axoneme and peri-axonememalformations leading tomale infertility. This study provides

crucial insights for understanding and counseling of MMAF-associated asthenoteratozoospermia.
Introduction

Infertility, affecting tens of millions of people around the

world, has become a major human health concern. Male

infertility accounts for approximately half of infertile cou-

ples and can bring about severe physiological and psycho-

logical consequences.1 Asthenoteratozoospermia, one of

the main causes of male infertility (~19% of infertile

men2,3), refers to the lack or decrease of motile sperm in

the ejaculation.

Multiple morphological abnormalities of the sperm

flagella (MMAF) is a subtype of asthenoteratozoospermia

and is characterized by abnormal flagellar phenotypes

(e.g., absent, short, coiled, bent flagellar, and/or irregular

caliber) and severe impairment of sperm motility. In the
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first report ofMMAF,4 bi-allelicDNAH1 (MIM: 603332) var-

iants were identified as the genetic cause. Now, eighteen

genes are known to be associated with MMAF via different

pathogenic mechanisms. For example, bi-allelic variants in

CFAP43 (MIM: 617558), CFAP44 (MIM: 617559), CFAP65

(MIM: 614270), CFAP251 (MIM: 618146), DNAH1, and

DNAH17 (MIM: 610063) can cause structural defects of

the axoneme.4–11 Furthermore, bi-allelic variants in FSIP2

(MIM: 618153) are associated with a complete disorganiza-

tion of the fibrous sheath, which in turn may lead to de-

fects in the axoneme.12,13 Additionally, bi-allelic variants

in CFAP69 (MIM: 617949), TTC21A (MIM: 618429), and

TTC29 (MIM: 618735) can impair the molecular motor-

driven intra-manchette transport (IMT) and intra-flagellar

transport (IFT) process during assembly of the cilia and
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flagella, leading to failed microtubule assembly and severe

defects in the axoneme.14–18 Moreover, bi-allelic variants

in DZIP1 (MIM: 608671) can cause severe flagella defects

due to abnormal centriole assembly.19 However, only

60% of the MMAF-affected individuals have been geneti-

cally explained, and additional flagellogenesis-associated

gene variants could be involved in MMAF.

In this study, we conducted whole-exome sequencing

(WES) and genetic analyses in a cohort of 90 MMAF-

affected Chinese men. Interestingly, bi-allelic loss-of-func-

tion (LoF) variants of CFAP58 were found in five unrelated

individuals, three of whom were from consanguineous

families and the other two of whom were simplex individ-

uals. Men harboring bi-allelic CFAP58 variants present

typical MMAF phenotypes, and transmission electron mi-

croscopy (TEM) demonstrated striking flagellar ultrastruc-

ture defects, including absence of central and/or peripheral

microtubules, and malformations of the mitochondrial

sheath. In addition, Cfap58-knockout (KO) male mice

also showed typical MMAF characteristics, including

severely decreased sperm motility and abnormal flagellar

morphology. These findings strongly suggested that bi-

allelic LoF variants of CFAP58 can induce asthenoterato-

zoospermia and male infertility in humans and mice.
Material and Methods

Subjects and Clinical Investigation
A total of 90 MMAF-affected Chinese men were enrolled from the

First Affiliated Hospital of Anhui Medical University and the First

Affiliated Hospital of Nanjing Medical University in China. All 90

men had primary infertility for more than one year. Subjects with

obvious primary ciliary dyskinesia related symptoms, such as

bronchitis, sinusitis, otitis media, or pneumonia, were excluded.

All individuals had normal somatic karyotypes (46, XY) with no

Y chromosome microdeletions. Peripheral whole blood samples

from these men were collected for subsequent genetic analysis.

This studywas approved by the ethics committees of the First Affil-

iated Hospital of Anhui Medical University and the First Affiliated

Hospital of NanjingMedical University. Informed consent was ob-

tained from all of the subjects and their family members, as well as

from the fertile control male subjects.

Semen Parameters and Sperm Morphological Analysis
Fresh semen samples from MMAF-affected men and male control

subjects were collected and examined in the source laboratories

during routine biological examination of the individuals in accor-

dance with the World Health Organization (WHO) guidelines (5th

Edition).20 Semen samples from men harboring bi-allelic CFAP58

variants (subjects A050 IV-1, A064 II-1, N010 IV-1, and N015 II-

1) were collected via masturbation after 3–7 days of sexual absti-

nence and evaluated after liquefaction for 30 min at 37�C. Ana-
lyses of semen volume, sperm concentration, and motility were

carried out and replicated in the source hospitals during routine

examination. Sperm morphology was analyzed by hematoxylin

and eosin (H&E) staining and scanning electron microscopy

(SEM) assays. For each subject, we examined at least 200 sperma-

tozoa to evaluate the percentages of morphologically abnormal

spermatozoa.
2 The American Journal of Human Genetics 107, 1–13, September 3,
The semen samples of adult male mice were obtained from the

cauda epididymis and diluted for 15 min at 37�C with 1 mL solu-

tion of capacitation. The parameters of semen were further

analyzed by a computer-assisted analysis system. At least three

male C57BL/6J mice that were 8 weeks of age were analyzed in

each group.

WES, Bioinformatic Analysis, and Sanger Sequencing
Genomic DNA was extracted from whole peripheral blood for

WES. The human exome was enriched by the SureSelect XT Hu-

man All Exon Kit (Agilent) and then sequenced with the Illumina

HiSeq X-TEN platform. The original data were mapped to the hu-

man genome assembly GRCh37/hg19 by the Burrows-Wheeler

Aligner (BWA) software.21 We employed the Picard software to re-

move PCR duplicates and evaluate the quality of variants by at-

taining effective reads, effective base, average coverage depth,

and 90–1203 coverage ratio. Details on themethods used for anal-

ysis were described previously.19 CFAP58 variants identified by

WES were further validated by Sanger sequencing. PCR primers

and protocols used for each CFAP58 variant are listed in Table S1.

Scanning and Transmission Electron Microscopy
For SEM and TEM, spermatozoa were prepared in accordance with

the protocol described previously.17 For SEM, the samples were

subsequently dehydrated in a series of ethanol dilutions at

increasing concentrations and dried with hexamethyldisilazane

(HMDS). Samples were then air-dried, added dropwise to the spec-

imen stubs, sputter coated, and examined via field emission SEM

(Nova Nano 450, Thermo Fisher). For TEM, the samples were sub-

sequently fixed with 1% osmium tetroxide and dehydrated with

graded ethanol (50%, 70%, 90%, and 100%) and 100% acetone.

After they were infiltrated with acetone and SPI-Chem resin and

embedded with Epon 812, the samples were sliced by ultra-micro-

tome and stained by uranyl acetate and lead citrate. Cryo-electron

microscopy (TecnaiG2 Spirit 120 kV) was used for observation and

photography.

Reverse Transcription PCR and Quantitative Real-Time

PCR
Total RNA of adult mouse tissues was extracted with the TRIzol Re-

agent (Invitrogen) and converted into cDNAs via the PrimeScript

RT Reagent Kit (Takara). The obtained cDNAs were used for subse-

quent real-time fluorescence quantitative PCR analysis with the

LightCycler 480 SYBR Green I Master (Roche). mRNA expression

was quantified according to the 2�DDCt method. Gapdh was used

as an internal control. PCR primers are presented in Table S2.

Immunoblotting
Human sperm and mouse testis samples were homogenized in

200 mL radioimmunoprecipitation assay (RIPA) buffer (Beyotime)

via an ultrasonic homogenizer and then heated at 100�C for

15 min. The lysates were separated on 10% polyacrylamide gel

by SDS-PAGE and transferred to PVDF (polyvinylidene fluoride)

membrane. Then the membrane was sealed for 1 h at 25�C with

5% milk diluted with TBST (TBS-0.1% Tween-20). Anti-CFAP58

antibody (PA5-57714, Invitrogen or PA5-65174, Invitrogen),

anti-HSP60 antibody (ab13532, Abcam), and anti-SPEF2 antibody

(HPA040343, Sigma) were diluted in TBST at 1:1,000 and incu-

bated with the membranes at 4�C overnight. Enhanced chemilu-

minescence (ECL) (BL520A, Biosharp) was used for visualization.

The reference protein b-tubulin was used as a loading control.
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Immunofluorescence Assays
We preprocessed spermatozoa samples by following previously

published procedures19 and incubated them overnight at 4�C
with the following primary antibodies: rabbit polyclonal anti-

CFAP58 (PA5-65174, Invitrogen, 1:100), rabbit polyclonal anti-

SPAG6 (HPA038440, Sigma, 1:100), rabbit polyclonal anti-SPEF2

(HPA040343, Sigma, 1:100), mouse polyclonal anti-HSP60

(ab13532, Abcam, 1:100), mouse monoclonal anti-acetylated

alpha-tubulin (T6793, Sigma, 1:500), and rabbit anti-acetylated

alpha-tubulin (mAb#5335, Cell Signaling Technology, 1:500).

Washes were performed with phosphate buffer saline (PBS) fol-

lowed by 1 h of incubation at 25�Cwith highly cross-adsorbed sec-

ondary antibodies at a dilution of 1:500. The antibodies employed

in this analysis were as follows: anti-rabbit-Alexa Fluor-594 for

anti-CFAP58, anti-SPAG6, and anti-SPEF2 and anti-mouse-Alexa

Fluor-488 for anti-HSP60 and anti-acetylated alpha-tubulin. Im-

ages were captured with an LSM 800 confocal microscope (Carl

Zeiss AG).

Generation of the Cfap58-KO Mouse Model
The generation of a KO mouse model harboring the frameshift

variant in Cfap58 (NCBI: NM_001163267.1) was performed with

CRISPR-Cas9 technology.17,19 Two single-guide RNAs (sgRNAs)

were designed for Cfap58 exon 10 (Table S3). A frameshift variant

in Cfap58 was identified by Sanger sequencing in the founder

mouse and its offspring (the primer information is provided in Ta-

ble S4). All experiments involving mice were performed according

to the US National Institutes of Health’s Guide for the Care and

Use of Laboratory Animals. This study was approved by the animal

ethics committee of Anhui Medical University. Adult mice (aged

8 weeks or older) were selected for subsequent experiments.

Mouse Tissue Histology
Fresh mouse testes were fixed with modified Davidson’s solution

(50% diluted water, 30% formaldehyde, 15% ethanol, and 5%

glacial acetic acid) for more than 48 h. After fixation, the tissue

was dehydrated in gradient ethanol (70% ethanol for 24 h, 80%

ethanol for 2 h, 90% ethanol for 2 h, and 100% ethanol for 1 h).

Then the tissues were placed in xylene for 1 h and finally

embedded in paraffin wax and sectioned to ~4 mm. For H&E stain-

ing, sections were deparaffinized in xylene at 65�C overnight.

Then the slides were stained, dehydrated, and mounted.

Mating Test
Fertility was investigated in wild-type (WT) and Cfap58-KO adult

male mice. At least three male mice that were 8–12 weeks of age

were analyzed in each group. Each male mouse and two WT

C57BL/6J females (8–12 weeks of age) were caged. Vaginal plugs

were checked every morning. Once a vaginal plug was identified,

the male mouse was allowed to rest for 2 days before another

two females were placed in the cage. After mating, the female

mice were separated and fed in a single cage and the pregnancy re-

sults and number of pups were recorded.
Results

Identification of Bi-allelic LoF Variants of CFAP58 in Men

with MMAF

According to our established protocol, WES and bio-

informatic analysis were performed in a cohort of 90
The Ame
MMAF-affected men.17 We identified five unrelated indi-

viduals with bi-allelic LoF variants in CFAP58 (NCBI:

NM_001008723.2), accounting for 5.6% (5/90) of the

cohort (Figure 1A). CFAP58 (cilia- and flagella-associated

protein 58) encodes a predicted 872-amino-acid protein

that comprises two coiled-coil (CC) domains (Figure 1B).

According to the EMBL-EBI Expression Atlas and the

NCBI and GTEx databases, CFAP58 is preferentially ex-

pressed in human testis. Quantitative real-time PCR anal-

ysis in adult mouse tissues also revealed that Cfap58

mRNA was predominantly expressed in the testis

(Figure S1).

In two consanguineous families (A050 and N011) and

one non-consanguineous family (N015), homozygous

CFAP58 stop-gain variants c.2092C>T (p.Arg698*),

c.1696C>T (p.Gln566*), and c.2274C>A (p.Tyr758*)

were identified in probands A050 IV-1, N011 IV-1, and

N015 II-1, respectively. These variants were inherited

from their heterozygous parental carriers (Figure 1A) but

are very rare in the general human population (Table 1).

Each CFAP58 stop-gain variant introduces a premature

stop codon and thus is expected to produce either no pro-

tein or truncated non-functional proteins.

We also identified an additional subject, A064 II-1,

harboring compound heterozygous variants of CFAP58

(c. 2092C>T [p. Arg698*], c.1429del [p.lle477*]). Sanger

sequencing confirmed that these two variants were also in-

herited from the subject’s heterozygous parental carriers.

Notably, public genome data from the 1000 Genomes Proj-

ect database and gnomAD indicated that these two trun-

cating variants were found at very low allele frequencies

(ranging from 0 to 6.5 3 10�5) in the general population.

Furthermore, a homozygous frameshift variant in

CFAP58 (c.2052del [p.His685Thrfs*7]) was identified in

proband IV-1 from consanguineous family N010

(Figure 1A). This frameshift variant is absent in the 1000

Genomes Project database and gnomAD (Table 1). Each

of the five aforementioned truncating variants are located

at the CC domains of CFAP58 and are thus expected to

damage the CC domains (Figure 1B).

Asthenoteratozoospermia Phenotypes in Men

Harboring Bi-allelic CFAP58 Variants

Based on WHO guidelines, sperm concentrations were

either normal or slightly decreased in five men harboring

bi-allelicCFAP58 variants. However, the progressivemotility

rates in four of these five affected individuals dramatically

decreased to zero, and the remaining affected individual

had a progressive motility rate of only 2.1% (Table 2). The

morphology of the sperm cells was assessed with H&E

staining. Compared with the long and smooth flagella

in the normal spermatozoa from a fertile male control

individual, the spermatozoa from men harboring bi-allelic

CFAP58 variants displayed obvious MMAF phenotypes,

including short, coiled, absent, and irregular-caliber

flagella (Figure 2A and Figure S2). More than 94% of the

spermatozoa frommen harboring bi-allelic CFAP58 variants
rican Journal of Human Genetics 107, 1–13, September 3, 2020 3



Figure 1. Identification of Bi-allelic CFAP58 Variants in MMAF-affected Men
(A) Pedigree analysis of the five families affected by bi-allelic CFAP58 variants that were identified by WES. Black filled squares indicate
infertile men in these families. Sanger sequencing results are shown under the pedigrees. The mutated positions are indicated by red
arrows and boxes.
(B) Schematic representation of the domains of CFAP58 protein product. The positions of the novel or rare CFAP58 variants identified in
this study are indicated by black dotted lines. Sequence alignment shows conservation of the mutated residues among different species.
Orange squares stand for the typical protein-folding motif called coiled-coil (CC) domains according to the NCBI browser.

Please cite this article in press as: He et al., Bi-allelic Loss-of-function Variants in CFAP58 Cause Flagellar Axoneme and Mitochondrial Sheath
Defects and Asthenoteratozoosperm..., The American Journal of Human Genetics (2020), https://doi.org/10.1016/j.ajhg.2020.07.010
displayed abnormal flagella in which the major flagellar ab-

normalities were coiled and short flagella (Table 2).

To investigate the pathogenicity of the identified CFAP58

LoF variants, we examined the localization and abundance

of CFAP58 in sperm cells from a control individual andmen

harboring bi-allelic CFAP58 variants by using a commercial

antibody against CFAP58. By immunofluorescence staining,

we found that CFAP58 localized at the entire flagella in the

fertile control individual and strongly concentrated at the

mid-piece (Figure 2B). However, CFAP58 staining was

almost absent in the sperm flagella of subjects A050 IV-1,

A064 II-1, and N015 II-1 (Figure 2B). Immunoblotting anal-

ysis was performed with the spermatozoa from men

harboring bi-allelic CFAP58 variants (except subject N011

IV-1, whose semen was not sufficient). We found that
4 The American Journal of Human Genetics 107, 1–13, September 3,
CFAP58 was almost absent in the samples of men harboring

bi-allelic CFAP58 variants (Figure 2C), which could be

caused by the nonsense-mediated mRNA decay triggered

by premature translation termination. These experimental

results reveal that CFAP58 deficiency due to bi-allelic

LoF variants of CFAP58 can cause MMAF-related

asthenoteratozoospermia.

CFAP58 Deficiency Associated with Axoneme and

Mitochondrial Sheath Malformations

Axoneme, the core of motile cilia and flagella, is a highly

evolutionarily conserved ‘‘9 þ 2’’ structure, which consists

of nine doublets of microtubules (DMTs) circularly ar-

ranged around a central pair of microtubules (CP). In addi-

tion, the sperm flagellum harbors specific peri-axonemal
2020



Table 1. Bi-allelic Variants of CFAP58 Identified in MMAF-Affected Subjects

Subjects

CFAP58 Variants

Affected Allele

Allele Frequency in Population

cDNA Mutation Protein Alteration Mutation Type 1KGP gnomAD

A050 IV-1 c.2092C>T p.Arg698* stop-gain homozygous 0 0.000065

A064 II-1 c.1429del p.lle477* frameshift heterozygous 0 0.000021

c.2092C>T p.Arg698* stop-gain heterozygous 0 0.000065

N010 IV-1 c.2052del p.His685Thrfs*7 frameshift homozygous 0 0

N011 IV-1 c.1696C>T p.Gln566* stop-gain homozygous 0 0.0000020

N015 II-1 c.2274C>A p.Tyr758* stop-gain homozygous 0 0

NCBI accession number of CFAP58 is NM_001008723.2. Abbreviations are as follows: 1KGP, 1000 Genomes Project; gnomAD, the Genome Aggregation Data-
base.
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structures, including a helical mitochondrial sheath in the

mid-piece, a fibrous sheath in the principal piece, and

outer dense fibers (ODFs) in the mid-piece and the prox-

imal part of the principal piece (Figure 3A). We performed

TEM analysis to investigate the sperm flagellar ultrastruc-

ture of men harboring bi-allelic CFAP58 variants, and

cross-sections of the sperm flagella revealed various

axonemal malformations, including absence of CP (‘‘9 þ
0’’ or ‘‘9 þ 1’’), absence of DMTs, and the complicated

disorganization of the ‘‘9 þ 2’’ structure (Figure 3A). We

observed 118, 101, 79, and 100 cross-sections from a con-

trol individual and three affected subjects, A050 IV-1, A064

II-1, and N015 II-1, respectively. Cross-section quantifica-

tion indicated that more than 90% of the axonemal

cross-sections were abnormal in men harboring bi-allelic

CFAP58 variants, which was much higher than that of

the control individual. The main defective types were

absence of CP (12.9%, 57.0%, and 76.0% for subjects

A050 IV-1, A064 II-1, and N015 II-1, respectively) and

absence of DMTs (41.6%, 24.1%, and 9.0% for subjects

A050 IV-1, A064 II-1, and N015 II-1, respectively). The re-

sidual fraction of defects presented with complicated

axonemal disorganization of CP, DMTs, nexin, dynein

arms, mitochondrial sheath, and/or ODFs (Figure 3B). In

addition, we found that the number of ODFs was almost

doubled in some of the flagellar mid-piece from subjects

A050 IV-1 and A064 II-1 (Figure 3A). Intriguingly, immu-

nofluorescence analysis also revealed an increased staining

of ODF2 at the shortened and coiled flagella in the sperma-

tozoa of men harboring bi-allelic CFAP58 variants

(Figure S3), which might indicate the important role of

CFAP58 in ODF protein transportation.

To further investigate the ultrastructural defects evi-

denced by TEM, SPAG6, a marker of the central pair

microtubules, was examined in the sperm from a control

individual and men harboring bi-allelic CFAP58 variants.

Immunofluorescence assay revealed that SPAG6 was

located at the entire flagellum in the control sperm, which

is consistent with the localization of CFAP58 (Figure 3C).

On the contrary, SPAG6 was almost absent in the short

or coiled flagella of men harboring bi-allelic CFAP58

variants (subjects A050 IV-1, A064 II-1, and N015 II-1)
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(Figure 3C). In addition, we also examined the localization

and abundance of SPEF2, a protein required for sperm

flagellar assembly.23,24 Compared with the obvious stain-

ing in the spermatozoa from a control individual, SPEF2

was almost absent or dramatically decreased in the sperm

flagella of men harboring bi-allelic CFAP58 variants

(Figure 3D). The deficiencies of SPAG6 and SPEF2 in

CFAP58-affected flagella strongly suggested the defects of

CP and DMTs in the spermatozoa from men harboring

bi-allelic CFAP58 variants.

To confirm the universality of SPAG6 and SPEF2 decay in

the CFAP58-deficient sperm, we also performed immuno-

blotting with 20 3 106 spermatozoa from men harboring

bi-allelic CFAP58 variants. Both SPAG6 and SPEF2 were ab-

sent in the sample of subject A064 II-1 and obviously

decreased in those of subjects A050 IV-1, N010 IV-1, and

N015 II-1 (Figure 3E). These findings indicated that the ab-

sences of CP and DMTs in the cross-sections under TEM

were universal defects of the sperm from men harboring

bi-allelic CFAP58 variants.

Intriguingly, longitudinal sections of the flagella

observed by TEM further revealed mitochondrial sheath

malformations. When compared to the regularly arranged

mitochondrial sheath in the control individual, the sperm

of subject A050 IV-1 showed the completely disorganized

mid-piece with a misshapen mitochondrial sheath, fibrous

sheath, and ODFs (Figure 4A). Notably, the sperm of sub-

ject N015 II-1 displayed an abnormal flagellar assembly

with a shortened mitochondrial sheath (Figure 4A). To

further investigate the severity of mitochondrial sheath

malformation inmen harboring bi-allelic CFAP58 variants,

we conducted immunofluorescence and immunoblotting

assays for HSP60, a mitochondrial chaperonin. Immuno-

fluorescence assays with the spermatozoa from a control

individual showed that HSP60 localized at the mid-piece

of flagellum, which can visualize the mitochondrial sheath

well (Figure 4Bi). In contrast, HSP60 was absent or signifi-

cantly decreased in the sperm cells of men harboring bi-

allelic CFAP58 variants (subjects A050 IV-1, A064 II-1,

and N015 II-1) (Figures 4Bii, 4Biii, and 4Biv). Immunoblot-

ting also indicated that HSP60 was significantly decreased

in the spermatozoa from men harboring bi-allelic CFAP58
rican Journal of Human Genetics 107, 1–13, September 3, 2020 5



Table 2. Semen Routine Parameters and Sperm Morphology of Men Harboring Bi-allelic CFAP58 Variants

Subjects A050 IV-1 A064 II-1 N010 IV-1 N011 IV-1 N015 II-1 Reference Values

Semen Parameters

Semen volume (mL) 2.5 5.3 3.0 3.2 6.1 >1.5

Concentration (106/mL) 38.6 10.7a 10.0a 8.5a 20.0 >15.0

Motility (%) 3.9a 1.6a 6.4a 2.1a 0a >40.0

Progressive motility (%) 0a 0a 0a 2.1a 0a >32.0

Sperm Morphology

Normal flagella (%) 6.1a 0a 6.0a 2.0a 0a >23.0

Absent flagella (%) 13.3a 9.7a 3.0 6.0a 11.0a <5.0

Short flagella (%) 37.9a 67.7a 83.0a 85.0a 86.0a <1.0

Coiled flagella (%) 42.2a 22.6a 5.0 3.0 1.0 <17.0

Angulation (%) 0.5 0 2.0 4.0 2.0 <13.0

Irregular caliber (%) 0 0 1.0 0 0 <2.0

Lower and upper reference limits according to the World Health Organization standards20 and the distribution ranges of morphologically abnormal spermatozoa
observed in fertile individuals.22 At least 200 spermatozoa were observed for morphology analysis.
aAbnormal values.
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variants (Figure 4C). These findings strongly support the

idea that mitochondrial sheath malformations were uni-

versal defects in the sperm cells of men harboring bi-allelic

CFAP58 variants.

Phenotypical Characterization of Cfap58-KO Male Mice

To further assess the impact of CFAP58 on mouse sper-

matogenesis and flagellogenesis, we generated Cfap58-KO

mice by using CRISPR-Cas9 technology. A Cfap58 frame-

shift variant (a 13-bp deletion plus a 3-bp insertion at the

end of deletion) in exon 10 (Figure S4A), which was pre-

dicted to induce a premature translational termination

(p.Asp497Lysfs*16), was generated (Figure S4B). Immuno-

blotting indicated that CFAP58 (indicated by a red arrow

in the figure) was nearly absent in the testis of Cfap58-

KO male mice when compared with WT male mice

(Figure 5D). Our experiments revealed that Cfap58-KO

male mice were completely infertile (Figure 5A). We also

compared testis weights and sizes between WT and

Cfap58-KO male mice, but no significant differences were

found (Figures 5B and 5C).

Semen characteristics and sperm morphology were

investigated with the sperm collected from the cauda

epididymis of WT and Cfap58-KO male mice. Compared

withWTmale mice, sperm concentration was significantly

decreased and motility rate was as low as zero in Cfap58-

KOmale mice (Figures 5E and 5F). Morphology analysis re-

vealed that CFAP58-deficient spermatozoa were abnormal

and mainly had short (50.7 5 1.5%, n ¼ 3) and coiled

flagella (39.0 5 3.7%, n ¼ 3) (Figure 5G and Table 3).

Immunofluorescence assays were performed with the

sperm cells from WT and Cfap58-KO male mice. Consis-

tent with the findings in human sperm cells, CFAP58 local-

ized at the entire flagella and predominantly concentrated

in themid-piece inWTmale mice (Figure 5Hi). In contrast,
6 The American Journal of Human Genetics 107, 1–13, September 3,
CFAP58 was nearly absent in the sperm cells of Cfap58-KO

male mice (Figures 5Hii and 5Hiii). These findings further

suggested that Cfap58 nonsense-mediated mRNA decay

induced premature translational termination, which sub-

sequently caused defective flagellogenesis in mice. Finally,

H&E staining was performed on the testis of WT and

Cfap58-KO male mice. In seminiferous tubules (stages VII

and VIII), no obvious differences in spermatogonia, sper-

matocyte, and/or round spermatid were observed between

WT and Cfap58-KO male mice, whereas elongating sper-

matids with smooth flagella were almost absent in

Cfap58-KO male mice (Figure S5). Overall, the sperm phe-

notypes of Cfap58-KO male mice further indicated that

CFAP58 deficiency caused severe sperm abnormalities

and male infertility.
Discussion

As mentioned above, we identified bi-allelic truncating var-

iants of CFAP58 in five (5.6%) unrelated individuals from a

cohort of 90 MMAF-affected men. The WES results revealed

no other pathogenic variants of previously known MMAF-

related genes in these men harboring bi-allelic CFAP58 var-

iants. Notably, each of these CFAP58 variants was absent or

observed at very low allele frequencies in human popula-

tions, which fits the autosomal recessive inheritance of dele-

terious CFAP58 variants in MMAF. Further experiments,

including immunoblotting and immunofluorescence stain-

ing, showed that CFAP58 was absent in the spermatozoa

from men harboring bi-allelic CFAP58 variants. Therefore,

the MMAF phenotypes in these cases are likely to be ex-

plained by bi-allelic LoF variants in CFAP58.

CFAP58, also named coiled-coil domain-containing

147 (CCDC147), is an evolutionarily conserved protein
2020



Figure 2. Morphology and CFAP58 Defi-
ciency of the Spermatozoa from the Con-
trol Individuals and Men Harboring Bi-
allelic CFAP58 Variants
(A) The morphology of the spermatozoa
from a fertile control individual (i) and sub-
ject A064 II-1 under light microscopy.
Multiple images were taken, and typical fea-
tures of abnormal spermatozoa are exem-
plified, such as coiled, absent, and short
flagella (ii–iv). Scale bars: 5 mm.
(B) Immunofluorescence staining of
CFAP58 in the spermatozoa from a control
individual and three men harboring bi-
allelic CFAP58 variants. Anti-CFAP58 (red)
and anti-a-tubulin (green) antibodies were
used. The nuclei of spermatozoa were
Hoechst labeled (blue). In the control indi-
vidual, CFAP58 localized along the entire
sperm flagella and concentrated on the
mid-piece of the flagella (i). However, the
CFAP58 signal is absent from the sperm
flagella of men harboring bi-allelic CFAP58
variants (ii–iv). Scale bars: 10 mm.
(C) CFAP58 abundances were analyzed by
immunoblotting in the sperm from two
control individuals and fourmen harboring
bi-allelic CFAP58 variants. b-tubulin was
used as a loading control. CFAP58 was ab-
sent in the sperm samples of subjects
A064 II-1, A050 IV-1, N010 VI-1, and
N015 II-1.
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with CC domains (Figure 1B). CC domains are built by

two or more alpha-helices that wind around each other

to form a supercoil.25 Although the structure is rather sim-

ple, the CC domains represent a highly versatile protein-

folding motif. CC domains can provide mechanical sta-

bility to cells, and they are also involved in movement

processes. Furthermore, they can also be involved in

signal-transducing events or act as a molecular recogni-

tion system. Therefore, the high versatility of the CC

protein folding motif explains its widespread existence

in nature.26

Previous studies also indicate that CC domain-contain-

ing proteins can play important roles in cilia- and flagella-

associated functions. For example, the testis-enriched

CCDC42 performs essential functions in connecting the

sperm flagella and sperm head. Ccdc42-KO male mice

display sperm flagellar defects and are sterile.27,28 Further-

more, the testis-enriched CCDC172 is involved in

the structural linkage between the ODF and mito-

chondria in the mid-piece of the sperm flagella in rat

spermatozoa.29 Moreover, the deficiencies of other CC

domain-containing proteins, such as CCDC103 and

CCDC65, that are widely present in multiple tissues and

organs lead to the occurrence of primary ciliary dyski-

nesia.30,31 In this study, each MMAF-associated trun-

cating variant in CFAP58 affects the CC domains of

CFAP58 (Figure 1B). Immunoblotting and immunofluo-

rescence assays consistently revealed the significant

reduction of CFAP58 abundances in the spermatozoa of

men harboring bi-allelic CFAP58 variants. Therefore, it
The Ame
is speculated that deficiency of the CC domains con-

tained in CFAP58 might be the cause of the flagellar de-

fects in the MMAF-affected men.

Although several MMAF-related genes have been re-

ported, the pathogenesis of MMAF is not yet fully under-

stood. Sperm flagellum is mainly composed of the

axoneme (a microtubule-based structure). The axoneme

consists of nine DMTs, each of which has type-A and

type-B microtubules, surrounding a pair of central micro-

tubule (‘‘9 þ 2’’ mode).32,33 In mammals, sperm flagella

also have peri-axonemal structures, which refers to peri-

axial structures of the axoneme, including the fiber

sheath, mitochondrial sheath, and ODFs. Peri-axoneme

is necessary for structural cohesion, energy regulation,

and cell signaling.34 According to the structure of the

peri-axoneme, the sperm flagella can be divided into

three main sections: the mid-piece, principal piece, and

terminal piece. The mid-piece consists of the mitochon-

drial sheath and ODFs. The principal piece is composed

of the axoneme, ODFs, and fiber sheath. The terminal

piece is only composed of the axoneme without sur-

rounding structures.34,35 According to the previous

studies, any defects involving the axoneme, peri-

axoneme, protein transport, or centriole assembly might

lead to malformations of the sperm flagella and subse-

quently result in MMAF.36

In this study, TEM revealed serious ultrastructure de-

fects in both the axoneme and peri-axoneme in men

harboring bi-allelic CFAP58 variants. These affected indi-

viduals presented with axonemal malformations in more
rican Journal of Human Genetics 107, 1–13, September 3, 2020 7



Figure 3. CFAP58 Deficiency Associated with Sperm Axonemal Malformations
(A) TEM analyses of sperm cells from a control individual andmen harboring bi-allelic CFAP58 variants. Cross-sections of the mid-piece,
principal piece, and end-piece of the sperm flagella in a control man show the typical axnoneme and peri-axnoneme structure. The ax-
noneme is mainly composed of ‘‘9 þ 2’’ structure, including nine pairs of peripheral doublet microtubules (DMT; blue arrows) and the
central pair ofmicrotubules (CP; red arrows). The peri-axnoneme structure includes the fiber sheath, nine outer dense fibers (ODFs; green

(legend continued on next page)
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Figure 4. CFAP58 Deficiency Associated
withMitochondrial SheathMalformations
in the Sperm Flagellum
(A) The longitudinal sections of sperm
flagellar mid-piece of a control individual
and men harboring bi-allelic CFAP58 vari-
ants. The normal sperm had a symmetrical
mid-piece with smooth axoneme sur-
rounding with a regularly arranged mito-
chondrial sheath (i). In contrast, CFAP58-
deficient sperm showed a seriously disorga-
nized mitochondrial sheath (ii and iii).
Black arrows mark the mitochondrial
sheath. Scale bars: 2 mm.
(B) HSP60 localization in the sperm from a
control individual and men harboring bi-
allelic CFAP58 variants. HSP60 (green)
localized at the flagellar mid-piece in
which the mitochondrial sheath can be
visualized well (i). However, HSP60 was ab-
sent or significantly decreased in the sperm
from men harboring bi-allelic CFAP58 var-
iants (ii, iii, and iv for subjects A050 IV-1,
A064 II-1, and N015 II-1). The nuclei of
sperm were Hoechst labeled (blue). Anti-
a-tubulin (red) marked the sperm flagella.
Scale bars: 10 mm.

(C) Immunoblotting analysis was performed with the sperm cells from a control individual and men harboring bi-allelic CFAP58 vari-
ants. The abundances of HSP60 were significantly decreased in men harboring bi-allelic CFAP58 variants when compared with those of
the control individual.
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than 90% of cross-sections of the axonemes, and the

main defect types were absences of CP and DMTs.

SPAG6, a component of the central pair complex, is

crucial for the integrity of structure and function of the

axon.37,38 SPEF2 is also widely recognized as an essential

component of cilia and flagella.23,24,39 In our study,

both SPAG6 and SPEF2 dramatically decreased or were

almost absent in the sperm from men harboring bi-allelic

CFAP58 variants, indicating that the absence of CP and

DMTs were universal defects for CFAP58-associated

MMAF.

In addition, there are interrelations between the

axoneme and peri-axonemal structures and within peri-

axonemal structures. In the mid-piece, there is an elec-

tron-dense matrix called the sub-mitochondrial reticu-

lum between the ODF and mitochondrial sheath within

peri-axonemal structures. Moreover, peri-axoneme struc-

tures attached to doublet microtubules of the axoneme

through axoneme-ODF linkage.40,41 Recently, it has
arrows), and a helical mitochondrial sheath (MS; yellow arrows) (i, v
various types of flagellar defects, including absence of CP (iii, iv, xi
vii, and viii), and defective MS (iii and iv). Scale bars: 200 nm.
(B) Quantification of different categories of flagellar ultrastructural de
trol individual and men harboring bi-allelic CFAP58 variants (subject
respectively. Cross-sectional defects were classified into four categorie
normal axoneme. Absences of CP and DMT were the major defect c
cross-sectional defects in subjects A050 IV-1, A064 II-1, and N015 II-
(C and D) SPAG6 and SPEF2 immunofluorescence staining of human
along the sperm ñagella in the control sperm. However, both SPAG6 a
allelic CFAP58 variants (subjects A050 IV-1, A064 II-1, and N015 II-
a-tubulin (green) marked the sperm flagella. Scale bars: 10 mm.
(E) Immunoblotting assays of SPEF2 and SPAG6 abundances. When c
SPEF2 and SPAG6 decreased in the sperm from men harboring bi-alle

The Ame
been shown that mouse CFAP58 is involved in the elon-

gation of the sperm flagellar mid-piece.42 Here, we

observed that CFAP58 predominantly concentrated in

the mid-piece of the sperm flagella in both humans

and mice. Severe mitochondrial sheath malformations,

such as a shortened or disorganized mitochondrial

sheath, were also found in the sperm cells from CFAP58-

associated subjects. In addition, the abnormal quantities

and mis-arrangements of ODFs in the mid-piece were

also found in the subjects harboring bi-allelic CFAP58

variants (Figures 3Aii and 3Aiii). It has been reported

that mouse CFAP58 has a similar localization and a

tight interaction with ODF2 (one of the major ODF

proteins).43 Our immunofluorescence assays also consis-

tently indicated that ODF2 mainly localized at the mid-

piece and the principal piece of control sperm flagella,

but the immunofluorescence signal was obviously

increased in the spermatozoa of CFAP58-associated

subject A050 IV-1 (Figure S3). Therefore, we speculated
, and ix). Men harboring bi-allelic CFAP58 variants suffered from
, and xii), loss of DMT (vi, viii, and x), abnormal ODF (ii, iii, iv,

fects. Total cross-section numbers for the quantification in the con-
s A050 IV-1, A064 II-1, and N015 II-1) were 118, 101, 79, and 100,
s: absence of CP, absence of DMT, complicated disorganization, and
ategories, which contributed to 54.5%, 81.1%, and 85.0% of the
1, respectively.
sperm. SPAG6 (red in C) and SPEF2 (red in D) normally localized
nd SPEF2 were almost absent in the sperm frommen harboring bi-
1). The nuclei of spermatozoa were Hoechst labeled (blue). Anti-

ompared with that of a control individual, the abundances of both
lic CFAP58 variants. Abundances were normalized with b-tubulin.
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Figure 5. CFAP58 Deficiency Caused Typical MMAF Phenotypes and Infertility in Male Mice
(A) The mean number of the pups per litter was 7.66 5 1.83 in wild-type (WT) male mice, whereas all the four Cfap58-KO (Cfap58‒/‒)
male mice were completely infertile. **p < 0.01.
(B and C) The testis weights (B) and sizes (C) were comparable between Cfap58‒/‒ and WT male mice. NS, not significant.
(D) Immunoblotting showed that CFAP58 (noted with a red arrow) was absent in the testis of Cfap58‒/‒ male mice when compared with
that in WT male mice. The band above CFAP58 was a shallow noise band (noted with a black arrow). b-tubulin was used as a loading
control.
(E) Sperm concentration (3106/mL) of Cfap58‒/‒ malemice was significantly lower than that ofWTmale mice (6.05 2.0 versus 51.335
12.5, respectively; **p ¼ 0.0017). Spermatozoa were collected from mouse cauda epididymis for the analyses of sperm concentration,
motility, and morphology.
(F) Sperm motility rate in WT male mice was 68.3 5 7.6%, whereas the motility dropped to 0 for Cfap58‒/‒ male mice. **p < 0.01.
(G) H&E staining was used to investigate spermmorphology. When compared with normal morphology of the sperm inWTmale mice
(i), the sperm cells from Cfap58‒/‒ mouse cauda epididymis manifested aberrant ñagellar morphologies, including short and coiled
flagella (ii, iii, and iv), which were consistent with the clinical phenotypes in MMAF-affected men.
(H) CFAP58 localization in the spermatozoa from Cfap58‒/‒ andWTmale mice by immunofluorescence staining. CFAP58 (red) localized
at the entire flagella and predominantly concentrated in the mid-piece of normal sperm flagella (i). In contrast, CFAP58 staining was
almost absent in the sperm of Cfap58‒/‒ male mice (ii and iii). Tubulin indicated the flagella (green), and the nuclei of spermatozoa
were Hoechst labeled (blue). Scale bars: 10 mm.
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that CFAP58 could be important for ODF transportation

and that its deficiency might result in an abnormal loca-

tion of ODF2, leading to the disorder of the ODF

structure.

In conclusion, we found five men harboring bi-allelic

LoF variants of CFAP58 in a cohort of 90 MMAF-affected

Chinese men. The functional evidence from CFAP58-
10 The American Journal of Human Genetics 107, 1–13, September 3
associated men and Cfap58-KO male mice strongly sug-

gests that CFAP58 plays a vital role in sperm flagellogene-

sis. CFAP58 deficiency can cause abnormalities in both

axonemes and peri-axonemes and lead to asthenoterato-

zoospermia in humans. This study provides new insights

for understanding and counseling of MMAF-affected

asthenoteratozoospermia.
, 2020



Table 3. Sperm Morphology of the Wild-Type and Cfap58-KO Male Mice

Sperm Morphologya Wild-Type (n ¼ 3) Cfap58-KO (n ¼ 3)

Absent flagella (%) 0.3 5 0.6 7.3 5 1.5*

Short flagella (%) 0.0 5 0.6 50.7 5 1.5**

Coiled flagella (%) 3.0 5 2.7 39.0 5 3.7**

Bent flagella (%) 7.7 5 1.5 1.0 5 1.0**

Irregular caliber (%) 0.0 5 0.0 2.0 5 1.0

Normal flagella (%) 86.0 5 2.7 0.0 5 0.0**

aData represent the means 5 SD. *p < 0.05, **p < 0.01.
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Data and Code Availability

The relevant NCBI accession numbers are as follows:

NM_001008723.2 (for the reference sequence of human

CFAP58), NP_001008723.1 (for the reference sequence of human

CFAP58 protein), and NM_001163267.1 (for the reference

sequence of mouse Cfap58).
Supplemental Data

Supplemental Data can be found online at https://doi.org/10.

1016/j.ajhg.2020.07.010.
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