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Biallelic Mutations in CFAP43 and CFAP44
Cause Male Infertility with Multiple Morphological
Abnormalities of the Sperm Flagella

Shuyan Tang,!'2314 Xiong Wang,+>14 Weiyu Li, 12314 Xiaoyu Yang,®!4 Zheng Li,7.8.14 Wangjie Liu,!
Caihua Li,° Zijue Zhu,”/8 Lingxiang Wang,' Jiaxiong Wang,'® Ling Zhang,!.23 Xiaoling Sun,!!

Erlei Zhi,”8 Hongyan Wang,!23 Hong Li,'° Li Jin,'2 Yang Luo,'? Jian Wang,'3 Shenmin Yang,'0*
and Feng Zhang!.23*

Sperm motility is vital to human reproduction. Malformations of sperm flagella can cause male infertility. Men with multiple morpho-
logical abnormalities of the flagella (MMAF) have abnormal spermatozoa with absent, short, coiled, bent, and/or irregular-caliber
flagella, which impair sperm motility. The known human MMAF-associated genes, such as DNAH1, only account for fewer than 45%
of affected individuals. Pathogenic mechanisms in the genetically unexplained MMAF remain to be elucidated. Here, we conducted ge-
netic analyses by using whole-exome sequencing and genome-wide comparative genomic hybridization microarrays in a multi-center
cohort of 30 Han Chinese men affected by MMAEF. Among them, 12 subjects could not be genetically explained by any known MMAF-
associated genes. Intriguingly, we identified compound-heterozygous mutations in CFAP43 in three subjects and a homozygous frame-
shift mutation in CFAP44 in one subject. All of these recessive mutations were parentally inherited from heterozygous carriers but were
absent in 984 individuals from three Han Chinese control populations. CFAP43 and CFAP44, encoding two cilia- and flagella-associated
proteins (CFAPs), are specifically or preferentially expressed in the testis. Using CRISPR/Cas9 technology, we generated two knockout
models each deficient in mouse ortholog Cfap43 or Cfap44. Notably, both Cfap43- and Cfap44-deficient male mice presented with
MMAF phenotypes, whereas the corresponding female mice were fertile. Our experimental observations on human subjects and animal
models strongly suggest that biallelic mutations in either CFAP43 or CFAP44 can cause sperm flagellar abnormalities and impair sperm
motility. Further investigations on other CFAP-encoding genes in more genetically unexplained MMAF-affected individuals could un-
cover novel mechanisms underlying sperm flagellar formation.

Introduction

Male infertility is one of the major issues of human
health." Abnormalities in sperm flagellar morphology
can impair sperm motility and function.” Individuals
with multiple morphological abnormalities of the flagella
(MMAF) mostly present with a combination of sperm
flagellar malformations, which include absent, short,
coiled, bent, and/or irregular-caliber flagella and can be as-
sessed by light microscopy.”* Furthermore, unassembled
sperm fibrous sheaths and a lack of central microtubules
and/or dynein arms have been observed by transmission
electron microscopy.** Men with MMAF have been previ-
ously reported as having dysplasia of fibrous sheath (DFS)
and short tails.”® The term MMAF was proposed in 2014
to provide a clear definition of the phenotypes in the

not been reported yet but was previously estimated to be
higher than that of primary ciliary dyskinesia (PCD
[MIM: 244400]; 1 per 10,000-20,000 births).°® As a result
of severe flagellar abnormalities, MMAF impairs sperm
motility and even leads to total immotility. No success of
spontaneous pregnancy or conventional in vitro fertiliza-
tion has been previously reported for MMAF, but individ-
uals with MMAF have had a good prognosis after intracyto-
plasmic sperm injection.’

Previous studies on genetic mutants in model organisms
have revealed genetic contributions to flagellar motility de-
fects.”'*'* So far, mutations in only three genes, AKAP4
(MIM: 300185), CCDC39 (MIM: 613798), and DNAHI1
(MIM: 603332), have been formally identified to cause
MMAF in humans.”*'*'® Among them, biallelic DNAH1
mutations in MMAF have been recurrently identified

affected individuals.® The incidence of MMAF or DFS has across studies and account for 28%-44% of MMAF
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cases.>'”''® However, the genetic causes or molecular
mechanisms in the other half of MMAF cases are still un-
clear, indicating the genetic heterogeneity of MMAF.

In this study, we recruited 30 Han Chinese men with
MMAF from multiple centers in China. We conducted
whole-exome sequencing (WES) to identify point muta-
tions and indels potentially responsible for human
MMAEF. Because some copy-number variations (CNVs,
including deletions and duplications) cannot be readily de-
tected by WES,'??" we also employed high-density oligo-
nucleotide-based comparative genomic hybridization
(CGH) microarrays for genome-wide CNV analysis in the
MMAF cases that cannot be resolved by point and indel
mutations alone. Remarkably, biallelic mutations in
CFAP43 (also known as WDR96) and CFAP44 (WDR52)
were identified in 4 of 12 (33%) genetically unexplained
MMAF-affected individuals in this study. CFAP43 and
CFAP44, encoding cilia- and flagella-associated proteins
(CFAPs), are specifically or preferentially expressed in
the testis. We also generated two knockout models for
mouse orthologs Cfap43 and Cfap44. Both mouse
models mimicked the human MMAF phenotypes. Notably,
we observed a homozygous nonsense mutation in another
CFAP-encoding gene, CFAP65 (CCDC108 [MIM: 614270]),
in one subject from a consanguineous family. All together,
our findings strongly suggest that both CFAP43 and
CFAP44 are associated with MMAF and that their biallelic
mutations can impair sperm motility and cause male
infertility.

Material and Methods

Study Participants

30 Han Chinese men with MMAF were enrolled at multiple cen-
ters in China, including Suzhou Hospital (affiliated with Nanjing
Medical University), Yantai Yuhuangding Hospital (affiliated
with Qingdao University), the First Affiliated Hospital of Nanjing
Medical University, Shanghai General Hospital, and Jinghua Hos-
pital of Shenyang Eastern Medical Group. Parental consanguinity
was self-reported by three individuals (POO1, PO14, and PO19).
Parental DNA samples were available for 9 of 30 MMAF-affected
subjects. The parenthood of these nine trios was confirmed by
the EX20 kit (AGCU ScienTech Incorporation). This work was
approved by the institutional review boards of the School of Life
Sciences at Fudan University, Suzhou Hospital, and the other
participating institutions. Informed consent was obtained from
each subject.

Semen Analysis and Sperm Morphological Study

Semen samples of human subjects were collected by masturbation
after 2-7 days of sexual abstinence and examined after liquefac-
tion for 30 min at 37°C. Semen volume and sperm concentration
and motility were evaluated according to the World Health Orga-
nization (WHO) guidelines. The semen analysis was replicated at
least twice. Semen samples of the mouse models were collected
from the epididymis, diluted in 1 mL sperm rinse (10101, Vitro-
life), and examined after incubation for 30 min at 37°C. Semen
was analyzed with a computer-assisted analysis system (Cyto-S,

VideoTesT). At least four 8-week-old male C57BL/6 mice were stud-
ied for each of three groups: wild-type, Cfap43-deficient, and
Cfap44-deficient mice.

Sperm morphology was analyzed on slides after staining by a
modified Papanicolaou method. At least 200 spermatozoa were
examined. The percentages of morphologically normal and
abnormal spermatozoa were evaluated according to the WHO
guidelines. The morphological abnormalities of sperm flagella
were classified into five categories: (1) absent, (2) short, (3) coiled
flagella, (4) angulation, and (5) irregular caliber.” Irregular caliber
was defined as big meshes occupying the space of the tail struc-
tures. One spermatozoon was classified in only one morphological
category according to its major flagellar abnormality.*

WES and Data Processing

WES was performed on all 30 subjects with MMAE. Genomic DNAs
were extracted from peripheral-blood samples of the subjects and
their available parents with the DNeasy Blood and Tissue Kit
(QIAGEN). The Agilent SureSelect*” Human All Exon Kit was
employed to enrich the human exome. Next-generation
sequencing was conducted with the Illumina HiSeq X-TEN plat-
form at CloudHealth Genomics.

Reads were aligned to the human genome reference assembly
(UCSC Genome Browser hgl9) with the Burrows-Wheeler
Aligner.”! We employed Picard software to remove PCR duplicates
and evaluate the quality of variants by attaining effective reads,
effective base, average coverage depth, and 90x-120x coverage
ratio. Single-nucleotide variants (SNVs) and indels were called
and analyzed by the Genome Analysis Toolkit.>”> The SNVs with
read depths less than 4x were filtered out. Then we used
ANNOVAR for functional annotation with OMIM, Gene
Ontology, KEGG Pathway, SIFT, PolyPhen-2, MutationTaster, and
the Exome Aggregation Consortium (ExAC) Browser.”*° The
candidate pathogenic mutations and their parental origins were
verified by Sanger sequencing.

Array-Based CGH

For the MMAF-affected subjects who could not be explained by
indel or point mutations alone, we conducted CNV analysis by
using Agilent high-density oligonucleotide-based CGH micro-
arrays. Some experimental details of the array-based CGH
(aCGH) assay have been previously described.’*?*' The test
DNA of each subject and the human male reference DNA
(Promega) were fragmented by both Alul and Rsal digestion.
DNA was labeled with the Agilent SureTag DNA Labeling Kit.
Different fluorescence dyes were used for DNA labeling of each
test DNA (Cy5-dUTP) and the reference DNA (Cy3-dUTP). Each
labeled test DNA was hybridized together with the labeled refer-
ence DNA onto Agilent 1x 1M human CGH microarrays. DNA
processing, microarray handling, and data processing were
conducted according to the Agilent oligonucleotide CGH proto-
col (version 6.0). The genomic CNVs were analyzed with Agilent
Genomic Workbench software. For CNV verification, long-range
PCR was conducted to amplify CNV breakpoints with TaKaRa LA
Taq polymerase, and the product was analyzed by Sanger
sequencing.®’

Generation of Gene-Deficient Models in Mouse
Orthologs Cfap43 and Cfap44

The frameshift mutations were generated in mouse Cfap43 and
Cfap44 with CRISPR/Cas9 technology.*”** The guide RNAs were
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designed against exon 22 of Cfap43 and exon 15 of Cfap44 in
accordance with the positions of pathogenic mutations in individ-
uals POO3 and P002, respectively. The Cas9 and single-guide RNA
(sgRNA) pX458 plasmid was obtained from Addgene (plasmid
48138). The sgRNAs were synthesized, annealed, and ligated to
the pX458 plasmid, which was digested with Bbsl. The pX458
plasmid harboring corresponding sgRNA was transfected into em-
bryonic stem cells with Lipofectamine 3000 Reagent according to
the manufacturer’s instructions. 24 hr after transfection, the cells
expressing EGFP were separated with flow cytometry and plated
on dishes. Single colonies were picked and expanded for genotyp-
ing. C57BL/6 female mice were superovulated and mated with
wild-type C57BL/6 male mice. Blastocysts were collected and in-
jected with embryonic stem cells carrying genetic modifications.
After a short in vitro culture, the injected blastocysts were trans-
ferred into pseudopregnant female mice. The frameshift muta-
tions in Cfap43 and Cfap44 were identified in founder mice and
their offspring by PCR and Sanger sequencing. This study was car-
ried out in accordance with the recommendation of the Guide for
the Care and Use of Laboratory Animals of the National Institutes
of Health.

Quantitative RT-PCR

Total RNAs were extracted from mouse testis with the Rneasy MiNi
Kit (QIAGEN) and treated with 5 U RNase-free DNAase I (TaKaRa)
at 25°C for 10 min. Approximately 0.3 pg total RNAs were
converted into cDNAs with SuperScript III reverse transcriptase
(Invitrogen) and oligo (dT) primers (TaKaRa). The cDNAs were
individually diluted 10-fold to be used as templates for the subse-
quent real-time fluorescence quantitative PCR with AceQ qPCR
SYBR Green Master Mix (Vazyme). Mouse Gapdh was used as an in-
ternal control. Cfap43 and Cfap44 mRNA expression was quanti-
fied according to the 2724¢t method.

Histological Analysis of Mouse Tissues

Fresh mouse testicular and epididymal tissues were fixed in
Bouin’s solution and 4% paraformaldehyde, respectively, for
over 24 hr, embedded in paraffin, and sectioned at 4 pm intervals
for the generation of tissue slides. After deparaffinization, slides
were stained with hematoxylin and eosin via standard methods
for visualization of structures.

Electron Microscopy Evaluation

For scanning electron microscopy (SEM) assay, the sperm speci-
mens were immersed in 2.5% glutaraldehyde for 4 hr at 4°C,
rinsed in 0.1 mol/L phosphate buffer for 30 min, and post-fixed
in 1% osmic acid for 1 hr at 4°C. After being rinsed thoroughly
in the same buffer for 30 min, the specimens were progressively
dehydrated with an ethanol and isoamyl acetate gradient and
dried by a CO,; critical-point dryer (Eiko HCP-2, Hitachi). After-
ward, the specimens were mounted on aluminum stubs, sputter-
coated by an ionic sprayer meter (Eiko E-1020, Hitachi), and
analyzed by SEM (Stereoscan 260) under an accelerating voltage
of 20 kV.

For transmission electron microscopy (TEM), the sperm cells
were fixed routinely. After being embedded in Epon 812, ultrathin
sections were stained with uranyl acetate and lead citrate and
observed and photographed by TEM (TECNAI-10, Philips) with
an accelerating voltage of 80 kV. For quantification of axonemal
anomalies by TEM, at least 50 flagella with cross sections and
several longitudinal sections were counted.

Mouse testicular tissues were fixed, embedded, and stained in
the same manner as the sperm cells and were observed by TEM
(HT 7700, Hitachi) with an accelerating voltage of 120 kV.
Given that spermatogenesis was impaired in both Cfap43- and
Cfap44-deficient male mice, quantitative assessment of sperm
flagella was not available.

Results

Biallelic Mutations in CFAP43 and CFAP44, Encoding
CFAPs
The workflow of our MMAF genetic analysis using WES and
aCGH assays is shown in Figure S1. Because men with
MMAF are infertile, the pathogenic variants responsible
for MMAF cannot be frequent in human populations.
Therefore, we excluded the genetic variants with allele fre-
quencies > 0.01 according to the ExAC Browser and 1000
Genomes Project.?”*> Nonsense, frameshift, and essential
splice-site variants were preferred. In addition, the missense
variants predicted to be potentially deleterious simulta-
neously by SIFT, PoyPhen-2, and MutationTaster were also
kept for further evaluation.”°® Because an autosomal-
recessive inheritance has been assumed for MMAE>* the
genes with two alleles with loss-of-function mutations or
potentially deleterious missense mutations in any MMAF-
affected subject were ascertained. 18 of 30 (60%) MMAF-
affected subjects fit the autosomal-recessive inheritance of
the known human MMAF-associated genes, including
DNAH]1 (17 subjects) and CCDC39 (one subject) (Table S1).

In the remaining subjects with MMAF, we identified
biallelic mutations in CFAP43, CFAP44, or CFAP65 in
five subjects (Tables 1 and S2). Remarkably, these
individuals accounted for 42% (5/12) of those with dis-
ease unexplained by previously known genes associated
with human MMAE. All three genes encode CFAPs and
are specifically or preferentially expressed in the
testis according to data from ENCODE, FANTOM, and
GTEX.I{()—BS

Five CFAP43 mutations were identified in three MMAF-
affected subjects (PO03, P0O28, and P029) (Figure 1 and
Table 1). In subject POO3 (II-1 in family 003 in Figure 1A),
both CFAP43 mutations (GenBank: NM_025145.6) are
nonsense: ¢.2802T>A (p.Cys934*) and c.4132C>T
(p-Arg1378*). Notably, the c.2802T>A was recurrent in un-
related subject P029 (II-1 in family 029 in Figure 1A), in
whom we also identified the second allele with the novel
missense CFAP43 mutation ¢.386C>A (p.Ser129Tyr). This
mutation was located at a conserved position of CFAP43
and was predicted to be potentially deleterious by all three
bioinformatic tools: SIFT, PolyPhen-2, and MutationTaster
(Figure 1 and Table 1).”°?® Another rare and potentially
deleterious missense mutation in CFAP43, c.253C>T
(p.-Arg85Trp), was identified in subject PO28 (II-1 in family
028 in Figure 1A). In addition to this point mutation re-
vealed by WES, we also identified a 3.3-kb heterozygous
deletion within CFAP43 in P028 by using aCGH and
long-range PCR assays (Figures 1A and S2). This deletion
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Table 1.

Biallelic CFAP43 and CFAP44 Mutations Identified in the Subjects with MMAF

Subject

P003 P028 P029 P002
Gene CFAP43 CFAP43 CFAP43 CFAP44
c¢DNA mutation® c.2802T>A ¢.4132C>T ¢.253C>T €.3945_4431del c.386C>A c.2802T>A ¢.2005_2006delAT

(homozygous)
Protein alteration p.Cys934* p.Argl378* p.Arg85Trp p-lle1316Leufs*10 p.Ser129Tyr p.Cys934* p.Met669Valfs*13
Mutation type nonsense  nonsense  missense exonic deletion,  missense nonsense  frameshift
frameshift

Allele frequency in EXAC 0 0 3.3%x10°° 0 0 0 83 x 10°°
Browser
Conservation”
Phastcons 0.579 0.998 0.996 NA 1 0.579 0.644
Phylop 0.017 0.465 4.963 NA 5.249 0.017 3.461
Functional Prediction
SIFT NA NA damaging NA damaging NA NA
PolyPhen-2 NA NA probably damaging NA probably damaging NA NA
MutationTaster NA NA disease causing NA disease causing NA NA

Abbreviation: NA, not available.

The accession numbers for CFAP43 and CFAP44 are GenBank: NM_025145.6 and NM_018338.3, respectively.
PThe Phastcons value is close to 1 when a nucleotide is conserved, and the predicted conserved sites are assigned positive scores by Phylop.

eliminated exons 32-34 and caused a frameshift in CFAP43
(Figure S2 and Table 1).

The homozygous frameshift mutation c¢.2005_2006del AT
(p-Met669Valfs*13) in CFAP44 (GenBank: NM_018338.3)
was identified in subject POO2 (II-1 in Figure 1C) and was
predicted to cause premature translational termination of
CFAP44 (Table 1). All of the aforementioned biallelic muta-

tions in CFAP43 and CFAP44 were confirmed to be in-
herited from the parents carrying heterozygous recessive
mutations (Figure 1).

In affected individual PO19 (II-1 in Figure S3A) from a
consanguineous family, we identified the homozygous
nonsense mutation ¢.5341G>T (p.Glul781*) in CFAP65
(GenBank: NM_194302.3). Furthermore, CNV analysis

Table 2. Semen Characteristics and Sperm Morphology in the Subjects Carrying Biallelic Mutations in CFAP43 and CFAP44

Subject

P003 P028 P029 P002
Gene CFAP43 CFAP43 CFAP43 CFAP44
Semen Parameters
Semen volume (mL) 2.2-3.8 1.5-2.5 2.5-4.0 2.4-3.8
Sperm concentration (10%/mL) 16.1-39.4 5.0-10.0 12.2-18.9 5.6-12.5
Motility (%) 0 2 1 0
Progressive motility (%) 0 0 0 0
Sperm Morphology
Normal flagella (%) 20.5 3.0 7.5 0.5
Absent flagella (%) 8.0 11.0 18.5 42.5
Short flagella (%) 52.0 36.5 31.5 40.5
Coiled flagella (%) 9.5 39.0 25.0 5.0
Angulation (%) 8.0 3.5 8.5 4.0
Irregular caliber (%) 2.0 7.0 9.0 7.5

The American Journal of Human Genetics 100, 854-864, June 1, 2017 857



Family 003 / CFAP43 Family 028 / CFAP43 Family 029 / CFAP43

M1= c.2802T>A(p.Cys934*) M3= c.253C>T(p.Arg85Trp) M1= c.2802T>A(p.Cys934*)
GCAGAGTGACTTAAAGTAC TTTTTCTGACTGGAAGCTA GCAGAGTGACTTAAAGTAC
M1 M3 M1
| \
GCAGAGTGTCTTAAAGTAC TTTTTCTGACCGGAAGCTA GCAGAGTGTCTTAAAGTAC
WT WT WT [
[ |
M2= c.4132C>T(p.Arg1378*) M4= c.3945_4431del(p.lle1316Leufs*10) M5= c.386C>A(p.Ser129Tyr)
ATGACAAGATGAGCAAAA TCACTTGACACATTTCCTT GCTAGTTACTACTCTCTCC
M2 M4 \ M5
ATGACAAGACGAGCAAAA TCACTTGAGCTCAGGAGTT GCTAGTTACTCCTCTCTCC
wT \ WT / wT
! 1 O !
1 2 1 2 1 2
M1/WT M2/WT M3/WT M4/WT M1/WT MS5/WT
1I P003 II P028 II P029
1 1 1
M1/M2 M3/M4 M1/M5
B .
Family 002 / CFAP44
M6=c.2005_2006del(p.Met669fs*13)
c.253C>T c.386C>A c.2802T>A c.4132C>T TCAAAGACCTGCATARAAT]
(p- Arg85Trp) (p. Ser129Tyr) (p- Cys934%) (p. Arg1378*)
v v v v M6
SEEELEIEIED BEPIEIEIT RmEIEEREY PRIREEIG W
e B e T L e e
S P gt L~ ia RSO S 3G A E- b it S 8-y semn st TACTACEKE L SCm E sAm E mlw £ MR K CATR SRE T OMT 8
Mouse P K- F ‘R R D= S £ A P S Y A AR |00 | A LB R E BB K 5OE R ERE T Ehm C TCAAAGACATGTGCATAAA
SEERLIIRIEA BELIEVOAL TmRELEra. PRERIAG
o R R B AT B RS RR AN ATHIE TTOTAG RN RAR-E EE N s A o an
WT A
7 CFAP43 | -
O i B A A e [ 1 O e e [ S A4 e (RS O

) 1 2
M6/WT M6/WT

II . P002

[ I I I I I | [ I | I I I I I I T 1
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1665 1

M6/M6

mem= WD40 domain

Figure 1. Biallelic Mutations in CFAP43 and CFAP44 Identified in Subjects with MMAF

(A) Biallelic CFAP43 mutations (M1-M5) were identified in three subjects with MMAF (P0O03, P028, and P029). M1 was recurrent in un-
related individuals POO3 and P029. The parental origins of all CFAP43 mutations are shown.

(B) The positions of four point mutations in CFAP43 (M1-M3 and M35) are shown. The affected amino acid residues are conserved across
species.

(C) The homozygous frameshift mutation in CFAP44 (M6) was identified in one subject with MMAF (P002). Both of his parents carried
the heterozygous mutation.

All CFAP43 and CFAP44 mutations were verified by Sanger sequencing. Red arrows indicate the positions of point mutations, and red
rectangles indicate the shifted sequences after deletion start points. Abbreviation: WT, wide-type.
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Figure 2.

Sperm Morphology in the Subjects Carrying Biallelic
Mutations in CFAP43 or CFAP44

(A) Light microscopy shows a spermatozoon with normal
morphology from a healthy man.

(B-D) Most spermatozoa of the subjects with biallelic CFAP43 mu-
tations (B, P003; C, P028; D, P029) presented with morphological
abnormalities of the sperm flagella, such as short and coiled
flagella, flagella of irregular caliber, and other malformations diag-
nosed as MMAF.

(E) In individual PO02, who carries homozygous frameshift muta-
tions in CFAP44, most spermatozoa had short or absent flagella.
(F) SEM shows a spermatozoon with a normal flagellum.

(G-I) SEM shows that most spermatozoa of the subjects with bial-
lelic CFAP43 mutations (G, P003; H, P028; I, P029) presented with
absent, short, or coiled flagella and other MMAF phenotypes.

(J) The spermatozoa in CFAP44-deficient subject P0O02 were
abnormal. One of the major abnormalities was short flagella.
The results of SEM were consistent with those of light
microscopy.

using a high-density CGH microarray did not identify any
obvious deletion in CFAP65 (Figure S3C), suggesting that
nonsense mutation ¢.5341G>T is preferentially a homozy-
gous mutation rather than hemizygous. However, the
parental DNA samples of PO19 were not available for anal-
ysis of mutation origins. Therefore, this CFAP65 mutation
was not included in our subsequent functional studies for
MMAE.

To accurately assess the allele frequency of these
candidate pathogenic mutations in CFAP43, CFAP44,
and CFAP65, we investigated three control populations
of Han Chinese ancestry: (1) 201 fertile Han Chinese
men as a healthy control group, (2) 575 Han Chinese
individuals (335 males and 240 females) as the first pop-
ulation control group, and (3) 208 Han Chinese individ-

uals from the 1000 Genomes Project (phase 3) as the
second population control group. Notably, none of the
candidate pathogenic variants in CFAP43, CFAP44, and
CFAP65 were identified in any of the three control pop-
ulations (totaling 984 individuals with 1,968 alleles).
Our observations suggest that the identified CFAP43,
CFAP44, and CFAP65 mutations in our MMAF-affected
subjects are rare (allele frequency < 0.001 in the Han
Chinese).

We also studied the publically available genetic data of
more than 100,000 individuals from the ExXAC Browser
and its newly released Genome Aggregation Database
(gnomAD). No homozygous loss-of-function (nonsense,
frameshift, or essential splice-site) mutations in CFAP43,
CFAP44, or CFAP65 (canonical transcripts were used)
were identified in gnomAD (Table S3). These observations
suggest that the homozygous loss-of-function mutations
in these genes are pathogenic.

MMATF Phenotypes in Subjects with Biallelic Mutations
in CFAP43 or CFAP44

The detailed MMAF phenotypes in three subjects with
CFAP43 mutations (P003, P028, and P029) and one with
a CFAP44 homozygous mutation (P0O02) were ascertained
through semen analysis and light and electron micro-
scopy. All four subjects were shown to have severe to
complete asthenospermia according to semen characteris-
tics. No spermatozoa with progressive motility could be
observed in any of the subjects (Table 2).

The morphological abnormalities of sperm flagella were
first assessed by light microscopy, which identified
severely distorted sperm flagella, including absent, short,
coiled, bent, and irregular-caliber flagella (Figures 2B-
2E). The affected spermatozoa with abnormal flagella ac-
counted for 79.5%-99.5% of the spermatozoa analyzed
in these individuals carrying biallelic mutations in
CFAP43 or CFAP44 (Table 2), and short, coiled, and absent
flagella were the most frequently observed. SEM was also
used for studying sperm morphology, the results of which
were consistent with those of light microscopy (Figures
2G-2)).

TEM observations on the above specimen further re-
vealed that the spermatozoa from these four subjects pre-
sented with disorganization in fibrous sheaths and other
axonemal and periaxonemal structures (Figures 3B and
3C). Cross sections showed hypertrophy and hyperplasia
of fibrous sheaths. The central microtubules were absent
(9+0) in most flagella, and various cytoskeletal compo-
nents were distorted as well.

Cfap43- and Cfap44-Deficient Mouse Models Show
MMAF Phenotypes

Frameshift mutations in mouse orthologs Cfap43 and
Cfap44 were induced by CRISPR/Cas9 technology. For
Cfap43, two frameshift mutations were generated: a 2-bp
deletion and a 27-bp deletion plus a 10-bp insertion at
the deletion interval (Figure S4). For Cfap44, a frameshift
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Figure 3. Sperm Ultrastructures in MMAF-Affected Individuals with Mutations in CFAP43 and CFAP44

(A) The ultrastructure of a cross section in a normal spermatozoon from a healthy man. The typical “9+2” microtubule structure (nine
peripheral microtubule doublets paired with nine outer dense fibers and the central pair of microtubules) is shown.

(B and C) In CFAP43-deficient (B) and CFAP44-deficient (C) subjects, most spermatozoa lacked the central pair of microtubules and had
hyperplasia of fibrous sheaths.* (B) Two axonemes in one section were probably due to a folded flagellum. The flagellum showed a “9+0”
arrangement of microtubules and lacked the central pair of microtubules. (C) The cross section shows a thickened fibrous sheath and an
absent central pair of microtubules. The outer dense fibers and peripheral microtubule are regularly arranged.

(D) TEM shows the typical “9+2” microtubule structure in a normal testicular spermatozoon from a wild-type male mouse.

(E and F) TEM analysis in Cfap43-deficient (E) and Cfap44-deficient (F) male mice shows a totally disorganized axoneme in a testicular
spermatozoon. The central pair of microtubules are not apparent. The outer dense fibers and peripheral microtubules are misarranged.
Abbreviations: CP, central pair of microtubules (green arrows); MT, peripheral microtubule doublet (white arrows); and ODF, outer dense

fiber (red arrows).

mutation was generated via the deletion of a 14-bp coding
sequence (Figure S5). The levels of Cfap43 or Cfap44 tran-
scripts in the testis were investigated by quantitative PCR
assays. The Cfap43 mRNA level in Cfap43~/~ mice was
reduced to approximately 12% of that in wild-type mice,
whereas the Cfap44 mRNA level in Cfap44~/~ mice was
reduced to approximately 16% of that in wild-type mice
(Figure S6). This suggests nonsense-mediated mRNA
decay triggered by premature translational termination.
No commercial antibody was available for western blot
analysis.

To investigate the fertility of Cfap43- and Cfap44-defi-
cient mice, we bred both male and female knockout
mice with wild-type mice. We found that both Cfap43-
and Cfap44-deficient male mice were infertile, whereas
female mice with corresponding mutants could generate
offspring. No significant difference was observed in
body and testis weights between wild-type and
knockout male mice (Table 3). Semen characteristics of
Cfap43- and Cfap44-deficient male mice were examined,
and severe defects in sperm motility were observed in
both mouse models (Table 3). No normal sperm flagella

were observed in these knockout male mice. The
primary morphological abnormalities in spermatozoa
shown by light microscopy were short, coiled, and ab-
sent flagella (Figure 4 and Table 3). The flagellar ultra-
structures of testicular sperm shown by TEM indicated
a lack of the central pair of microtubules, which is
consistent with the observations in human MMAF-
affected subjects carrying biallelic mutations in
CFAP43 or CFAP44. Furthermore, the nine peripheral
microtubule doublets and outer dense fibers of the sper-
matozoa from knockout mice were scattered disorderly
(Figures 3E and 3F).

We also investigated the epididymal and testicular tis-
sues from the male mice deficient in Cfap43 and Cfap44.
In seminiferous tubules, spermatogonia and spermato-
cytes had normal morphology. However, sperm flagella
were distorted and contained excess cytoplasm in
both Cfap43- and Cfap44-deficient male mice, whereas
spermatozoa from wild-type male mice had normal
elongated flagella (Figure S7). No apparent structural de-
fects were observed in seminiferous tubules (Figure S7).
In addition, cross sections of the cauda epididymides
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Table 3. Characteristics and Sperm Morphology in the Cfap43- and Cfap44-Deficient Male Mice

Wild-Type Male Mice®

Cfap43-Deficient Male Mice”

Cfap44-Deficient Male Mice®

Body weight (g)

24.2 (22.4-25.9)

22.1 (20.5-24.5)

24.7 (21.3-27.0)

Testis Weight

Left (g)
Right (g)

0.093 (0.079-0.108)
0.095 (0.074-0.117)

0.084 (0.078-0.094)
0.089 (0.082-0.101)

0.091 (0.077-0.102)
0.091 (0.072-0.108)

Semen Parameters

Sperm count (10%)P 6.8 (6.7-7.0) 0.2 (0.1-0.4) 0.4 (0.2-0.7)
Motility (%) 76 (72-79) 0 1 (0-2)
Progressive motility (%) 65 (70-71) 0 1 (0-2)
Sperm Morphology

Normal flagella (%) 90.8 (89.0-94.0) 0 0

Absent flagella (%) 1.2 (0.5-2.5) 11.5 (8.0-13.5) 12.0 (8.0-19.5)
Short flagella (%) 1.8 (1.5-2.0) 43.3 (36.0-52.5) 50.4 (47.0-55.0)
Coiled flagella (%) 4.2 (2.0-5.5) 32.0 (30.5-34.5) 25.8 (20.5-33.0)
Angulation (%) 1.7 (1.0-2.5) 6.0 (4.0-8.5) 5.5(3.0-7.0)
Irregular caliber (%) 0.3 (0-0.5) 7.2 (4.5-8.0) 6.3 (5.5-8.0)
Values represent the mean (range).

bPer single epididymis.

in Cfap43- and Cfap44-deficient male mice showed shed- Discussion

ding of residual bodies, abnormal cells, and disorganized
spermatozoa with flagellar malformations (Figure S7).

Figure 4. Sperm Morphology in Cfap43- and Cfap44-Deficient
Male Mice

(A) A spermatozoon with normal morphology from a wild-type
male mouse.

(B-E) Almost all spermatozoa of Cfap43-deficient (B and C) and
Cfap44-deficient (D and E) male mice had flagellar abnormalities.
These flagella presented with short, coiled, or other distorted shapes,
consistent with the clinical phenotypes in the subjects with MMAE

Previously, only three genes (AKAP4, CCDC39, and
DNAHI1) and their autosomal-recessive inheritance had
been formally identified to cause human MMAE, to which
DNAHI1 was the major genetic contributor.”*'>'® How-
ever, the biallelic DNAH1 mutations identified in previous
studies only accounted for 28%-44% of MMAE*'7'8
These observations suggested the existence of unknown
genes associated with MMAF. In this study, we employed
both WES (for point mutations and indels) and aCGH
assays (for deletions and other CNVs) in MMAF-affected
individuals. Intriguingly, we identified mutations in
CFAP43, CFAP44, and CFAP65 in 5 of 30 (17%) subjects
with MMAF (Tables 1 and S2). The rare, potentially delete-
rious biallelic mutations in other genes in these five sub-
jects are shown in Table S4, but none of these mutant
genes have been associated with sperm flagellar formation
or ciliopathies. Therefore, the MMAF in these subjects is
preferentially explained by the biallelic mutations in
CFAP43, CFAP44, and CFAP6S5.

Biallelic loss-of-function mutations in CFAP43, CFAP44,
or CFAP65 are very rare in human populations. For
example, homozygous loss-of-function mutations in
these three genes are absent from the more than 100,000
individuals from gnomAD (Table S3), suggesting their
pathogenicity.

Only homozygous missense mutations in CFAP43,
CFAP44, and CFAP65 were reported in gnomAD. Among
them, some were predicted to be potentially deleterious
by both SIFT and PolyPhen-2 (Table S3). Interestingly,
four of these homozygous missense mutations were too
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frequent (recurrent in more than ten individuals) to be
considered disease causing in MMAF (Table S3).

Another explanation is that the deleterious mutations
might not necessarily cause diseases in homozygous indi-
viduals. Previously, we identified a common TBX6 hypo-
morphic allele in which homozygosity did not result in
disease in human populations.®' Rather, the compound
inheritance of the hypomorphic allele plus a loss-of-func-
tion mutation led to congenital scoliosis.”' Interestingly,
all five MMAF-affected subjects in Figures 1 and S3 had
at least one loss-of-function mutation in CFAP43,
CFAP44, or CFAP65, which is consistent with compound
inheritance.”’

CFAPs are conserved in many ciliated organisms. The or-
thologs in C. reinhardtii are the flagella-associated proteins
(FAPs), whose expression is strongly induced during
flagellar regeneration.®” The functions of most CFAPs and
FAPs have not been characterized. Only several of these
proteins have been associated with the function of cilia
or flagella in humans. For example, CCDC39 (also known
as FAP59) is required for the assembly of inner dynein
arms and the dynein regulatory complex. Biallelic muta-
tions in CCDC39 have been identified in cases of PCD.
Some subjects with PCD also present with oligoastheno-
spermia and mild defects in sperm flagella.'®

CFAP43 and CFAP44 were originally identified in cen-
trioles of bovine sperm by mass spectrometry, suggest-
ing their involvements in the formation of sperm
flagella.”” Furthermore, CFAP43 was also identified by
proteomic analysis in human spermatozoa.”’ Both
CFAP43 and CFAP44 contain WD repeat domains,
which are highly enriched in the intraflagellar transport
proteins of sperm flagella.*>** This evidence also sup-
ports the involvement of CFAP43 and CFAP44 in verte-
brate spermatogenesis.

A biallelic mutation in CFAP65 was also identified to
cause MMAF in this study (subject PO19; Figure S3 and
Table S5). CFAP65 was previously identified in centrioles
of bovine sperm and in human spermatozoa by proteo-
mic analyses.*”*! CFAP65 contains a MSP (major sperm
protein) domain that is present in sperm-specific pro-
teins, and its mouse ortholog has been reported to be a
putative ciliary protein.** Furthermore, CFAP65 is ex-
pressed specifically in sexually mature male mice but is
absent in juvenile mice.*> Although a knockout mouse
model was not generated for CFAP65 in this study,
evidence from previous studies strongly supports the
roles of CFAP65 in spermatogenesis and flagellar devel-
opment. It has been reported that the Rose-comb muta-
tion in chickens can cause the partial loss of function
of CFAP65 and lead to defective sperm motility in male
homozygotes.**

In summary, our findings based on both human sub-
jects and mouse models strongly suggest that biallelic
mutations in CFAP43 and CFAP44 can cause MMAF and
impair sperm motility. Experimental evidence also
supports the involvement of CFAP65 in human MMAF.

We suggest that other CFAP-encoding genes with un-
characterized functions could be considered candidate
genes for sperm flagellar abnormalities and other related
ciliopathies.*”*%
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Supplemental Data include seven figures and five tables and can be
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