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Introduction: Autosomal dominant polycystic kidney disease (ADPKD) is a well-described condition in

which approximately 80% of all cases have a genetic explanation; and among sporadic cases without a

family history, the genetic bases remain unclear in approximately 30% of cases. This study aimed to

identify genes associated with polycystic kidney disease (PKD) in patients with sporadic cystic kidney

disease in which a clear genetic change was not identified in established genes.

Methods: A next-generation sequencing panel analyzed known genes related to kidney cysts in 118

sporadic cases, followed by whole-genome sequencing (WGS) on 47 unrelated individuals without iden-

tified candidate variants. Immunohistology examination was then conducted on both human kidney tissue

and kidneys from CFAP47�/Y mice.

Results: Three male patients were found to have rare missense variants in the X-linked gene cilia and

flagella-associated protein 47 (CFAP47), none of whom had a family history of the condition. CFAP47 was

expressed in primary cilia of human kidney tubules, and knockout (KO) mice exhibited vacuolation of

tubular cells and tubular dilation, providing evidence that CFAP47 is a causative gene involved in cyst

formation.

Conclusion: This discovery of CFAP47 as a newly identified gene associated with PKD, displaying X-linked

inheritance, emphasizes the need for further cases to understand the role of CFAP47 in PKD.
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A
DPKD is an autosomal dominant kidney disorder
marked by distinctive imaging features and is

associated with mutations primarily in 2 genes, PKD1
and PKD2. Typically manifesting in adulthood, the
disease is characterized by advancing cyst formation
and declining kidney function. Although genetic
diagnostic rates vary among studies and centers, PKD1
mutations are found in about 85% to 90% of patients
with ADPKD, and PKD2 mutations in about 10% to
15%.1 One study identified the responsible mutation in
81% of patients diagnosed with clinically typical
Kidney International Reports (2024) 9, 3580–3591
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ADPKD2; and when ADPKD was studied in a large
unselected cohort, only 77% of patients diagnosed
with ADPKD in their medical records were identified
with variants associated with the disease.3 In a large
ADPKD cohort studied in Taiwan, pathogenic variants
in PKD1 or PKD2 were detected in only 69% of fam-
ilies, 7% of which were due to variants in genes other
than PKD1 and PKD2.4 Collectively, these observations
suggest that a subset of cases are not explained by
mutations in PKD1 and PKD2.

Recent advances in genetic analysis technology have
led to the identification of several new genes associated
with ADPKD, including GANAB,5 IFT140,6 ALG5,7

ALG9, DNAJB11, and HNF1B, collectively explaining
approximately 7% cases of ADPKD.8,9 In order to
identify additional genes associated with this condition
we conducted WGS on 47 unrelated patients exhibiting
solitary multiple kidney cysts, where no responsible
mutation was identified through a panel-based genetic
screen for cystic kidney disease. We identified puta-
tively pathogenic variants in the gene, CFAP47,
encoding cilia and flagella-associated protein 47 (MIM:
301057), suggesting that it is a responsible gene un-
derlying cystic kidney disease.
METHODS
Patients and Ethics Statement

This research received approval from the Institu-
tional Review Board of Tokyo Medical and Dental
University (approval number #G2000-081 and
#M2019-324) and was conducted in accordance with
the Declaration of Helsinki. All participants in the
study provided written informed consent and agreed
to the utilization of their DNA and kidney tissues in
research aimed at identifying genetic risk variants for
kidney function. In addition, all participants con-
sented to the publication of their genetic and medical
data in academic journals, provided that the data
were anonymized. The patient identifications (PT or
K numbers) mentioned within the text are shared
exclusively within the research group and are un-
known to anyone else.

This is a multicenter cohort study. From 2014 to
2020, patients with sporadic PKD were recruited from
27 Japanese institutions, including Tokyo Medical and
Dental University. PKD was defined as having more
than 5 cysts in each kidney on both sides, as detected
by computed tomography or magnetic resonance im-
aging (MRI). In assessing family history, the presence
or absence of cystic kidney disease in the parents and
siblings was carefully determined based on their
medical history, including previous illnesses and hos-
pital visits. Adults aged $20 years were included in
Kidney International Reports (2024) 9, 3580–3591
the study. Clinical data were gathered from medical
records. The estimated glomerular filtration rate was
calculated using the Japanese glomerular filtration rate
equation.10 Total kidney volume was calculated from
computed tomography or MRI based on the volume of
a modified ellipse for each kidney using the formula:
volume ¼ p / 6 � length � width � depth.11

Animal Experiments

All animal studies were carried out in accordance with
the recommendations of the US National Institutes of
Health’s Guide for the Care and Use of Laboratory
Animals and the guidelines for animal research of
Tokyo Medical and Dental University. The study was
approved by the animal ethics committee at the School
of Life Sciences of Fudan University and the Animal
Care and Use Committee of Tokyo Medical and Dental
University (approval number: A2023-109A). The in-
vestigators took all necessary measures to minimize the
pain and suffering of the animals throughout the
study. All mice were maintained under standard
lightning conditions (12/12 h light/dark cycle).
CFAP47-KO MICE (CFAP47�/Y) carrying frameshift
mutation12 generated by CRISPR-CAS9 technology
were kindly provided by Feng Zhang laboratory in
Fudan University, Shanghai, China. The strain back-
ground is C57BL/6. Adult mice (aged 40 weeks or older)
were used in this study.

Detailed methods of the following items are presented
in the Supplementary Methods and Supplementary
References.

Genetic Analysis, Immunofluorescence Studies

of Human Kidney, Histological Examination of

Mouse Kidney, and Statistical Analysis

The gene lists analyzed by targeted sequencing and
targeted long-read sequencing (T-LRS) are shown in
Supplementary Tables S1 and S2, respectively.

RESULTS
Patient Enrollment and Comprehensive Genetic

Analysis

Between 2014 and 2020, we enrolled patients with
sporadic PKD from 27 multicenter sites who lacked a
positive family history for PKD. A total of 118 in-
dividuals were subjected to gene panel screening,
encompassing 69 genes (version 1) or 92 genes
(version 2) associated with the genetic causes of
cystic kidney diseases (Figure 1). The detailed panel
screening results of this cohort were reported in
Fujimaru T. et al.13,14 Among the 118 cases, 69
(58.5%) had identified causative or candidate path-
ogenic variants. All cases involved mutations in
either PKD1 or PKD2, with only 3 exceptions
3581



Figure 1. Summary of genetic analysis for a cohort of 118 cases with sporadic PKD. Targeted next generation sequencing panel analysis
covering cystic kidney disease-related genes was followed by targeted long-read sequencing (T-LRS) and whole-genome sequencing (WGS).
This approach identified CFAP47 mutations in 3 cases, constituting 2.5% of the total cohort. #The proportion within the 49 unsolved cases. PKD,
polycystic kidney disease.
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(NPHP4, PKHD1, and OFD1). The 49 cases (42%) that
remained unresolved after primary screening with
targeted next generation sequencing panels were
divided into 3 categories based on the type of vari-
ants detected. Briefly, the group in which only a
3582
mono-allelic variant of possible pathological signifi-
cance in a recessive genetic disease was detected was
subdivided into category 1 (previously reported
pathological mutations) and category 2 (pathogenic or
likely-pathogenic based on the American College of
Kidney International Reports (2024) 9, 3580–3591



Figure 2. Family tree and MRI of polycystic kidneys. Family trees, genetic mutations, and abdominal MRI images of K570 (case 1), K698 (case 2),
and K1216 (case 3) are shown in Panels A, B, and C, respectively. MRI, magnetic resonance imaging.

Table 1. Clinical characteristics of the 3 patients

Patient ID Age, yr Sex Hypertension PLD
eGFR, ml/min
per 1.73 m2 TKV, ml

PT570 (Case 1) 74 Male þ � 53.5 587

PT698 (Case 2) 80 Male þ � 21.8 698

PT1216 (Case 3) 58 Male þ � 20.2 720

eGFR, estimated glomerular filtration rate; PLD, polycystic liver disease; TKV, total
kidney volume.
The term “sex” is used to refer specifically to biological and physiological differences.
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Medical Genetics and Genomics criteria15). The group
with no candidate variants or likely-benign variants
was categorized as category 3. The clinical informa-
tion on the 49 cases unresolved in the primary
screening is presented in Supplementary Table S3.
For categories 1 and 2, T-LRS on the Oxford Nano-
pore platform was employed to identify variants in
the contralateral allele.16 In 2 cases (PT1049 and
PT1192), an initially undetected deletion variant in
NPHP1 was identified, ultimately contributing to the
diagnosis (Supplementary Table S4). WGS was per-
formed on 47 cases, including 8 that remained un-
resolved after T-LRS analysis and 39 category 3 cases.
T-LRS analysis and WGS were performed in collab-
oration with the University of Washington Center for
Rare Disease Research. Details regarding the analysis
procedures, cutoff values used in various filtering
steps, and other specifics are described in the
Methods section and Supplementary Information.
The details of the pathogenic variants detected are
presented in Supplementary Table S4, including 2
cases with PKD1 pathogenic variants and 1 with a
PKD2 pathogenic variants, both of which were
deletion variants. While the 3 IFT140 mutations had
been identified during the primary panel screening
phase, there was no consensus at that time that mono-
allelic variants in IFT140 were a cause of PKD.6 These
3 cases were redefined as having PKD due to the
pathogenic variant in IFT140.
Kidney International Reports (2024) 9, 3580–3591
In addition to evaluating known genes, we sought to
discover responsible genes for PKD using WGS. As the
cohort involved simplex cases, candidate variants were
filtered assuming either autosomal recessive (homozy-
gous or compound heterozygous variants) or X-chro-
mosome inheritance. This identified a rare hemizygous
missense variant in CFAP47, an X-linked gene, in 3
male subjects (Figures 1 and 2). The clinical course of
these 3 patients is outlined below, and key clinical
findings are summarized in Table 1. The pedigree and
abdominal MRI images are presented in Figure 2.
Case Presentation

All 3 individuals were Japanese men with no family
history of PKD or chronic kidney disease. The mean age
� SD at diagnosis for the 3 patients was 70.7 � 11.4
years, and kidney function in terms of estimated
glomerular filtration rate averaged 31.8 � 18.8 ml/min
per 1.73 m2. The mean volume of both kidneys was
668.3 � 71.3 ml, only mildly enlarged compared to the
3583
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normal volume of 404 ml in males.17 All patients pre-
sented with no liver cysts, and all of them were un-
dergoing treatment for hypertension. A summary of
each case is provided in the next section.

Case 1 (PT570)

A 74-year-old man, under treatment with angio-
tensin-2-receptor blockers for hypertension, main-
tained a regular blood pressure around 130/80
mm Hg. He presented with bilateral kidney cysts and
mild proteinuria [urine total protein-to-creatinine
ratio (UPCR): w0.8 g/g Cr]. Throughout the disease
course, urine occult blood remained consistently
negative. Magnetic resonance angiography of the
head revealed no cerebral aneurysm, and hepatic
cysts were absent (Figure 2a). Kidney function had
remained stable for several years, with serum creat-
inine ranging from 1.05 to 1.15 mg/dl. Although the
patient’s father passed away at the age of 62 due to
cerebral hemorrhage, no kidney disease was detected.
Furthermore, the eldest son and daughter showed no
signs of kidney cysts.

Case 2 (PT698)

An 80-year-old man with a history of urinary tract
stone disease, benign prostatic hyperplasia, and aortic
stenosis. He was prescribed angiotensin-2-receptor
blockers and calcium channel blockers for hyperten-
sion, maintaining a blood pressure of 125/75 mm Hg.
There was no family history of kidney disease,
including cystic kidney disease. His family doctor
reported kidney dysfunction, noting a decreased
estimated glomerular filtration rate of 50.4 ml/min per
1.73 m2 and UPCR of 0.5 g/g Cr at the age of 72 years.
At the age of 80 years, his kidney function deterio-
rated further to blood urea nitrogen 28 mg/dl, creat-
inine 2.31 mg/dl, estimated glomerular filtration rate
22.1 ml/min per 1.73 m2, and UPCR 1.5 g/g Cr. UPCR
increased to about 1 g/g Cr, but urinary occult blood
remained negative. Abdominal MRI revealed multiple
cysts in both kidneys, with no hepatic cysts
(Figure 2b). Echocardiography indicated no left ven-
tricular contractility issues, only mild aortic stenosis.
Table 2. Profile of the candidate variants in the 3
Patient ID Genea Variant Zygosity gnom

PT570 CFAP47 c.2609G>A; p.(Arg870Gln) hemi. 0.000

PT698 CFAP47 c.1547T>G; p.(Phe516Cys) hemi. 0.0000

PT1216 CFAP47 c.17G>A; p.(Gly6Asp) hemi. 0.000

PKHD1 c.6840G>A : p.(Trp2280*) het. N

ACMG, American College of Medical Genetics and Genomics; hemi., hemizygous; het., hetero
aNCBI accession in CFAP47 and PKHD1 are NM_001304548.2 and NM_138694.4, respectively.
bGenome Aggregation Database, v4.0 or v2.1.1.36
cCombined Annotation-Dependent Depletion phred score.37
dREVEL score.38

3584
Case 3 (PT1216)

A 58-year-old man with hypertension, prescribed
angiotensin-2-receptor blocker and calcium channel
blockers to maintain a stable blood pressure around
130/80 mm Hg. He is also taking warfarin for persis-
tent atrial fibrillation and has a history of bilateral
kidney stones. Urine analysis revealed mild protein-
uria with a UPCR of approximately 0.6 g/g Cr and mild
urine occult blood (2þ in qualitative analysis).
Abdominal MRI displayed bilateral multiple kidney
cysts but no liver cysts (Figure 2c). His father passed
away from lung cancer, with no kidney cysts noted.
His mother did not have any documented kidney
disease. His older brother passed away shortly after
birth, and the cause remains unknown. No kidney
cysts were observed in the 2 sons. Echocardiography
revealed no left ventricular contractility problems and
no apparent valvular disease.
Interpretation of the Pathogenicity of CFAP47

Variants

CFAP47 encodes cilia and flagella associated protein 47,
a protein that plays a role in the formation and function
of cilia and flagella.12,18 Given the association between
genes underlying cystic kidney disease and genes
encoding cilia-related proteins,19 we considered
CFAP47 as a high-priority candidate gene.

We identified 3 rare missense variants in CFAP47
(NM_001304548.2): c.2609G>A; p.(Arg870Gln),
c.1547T>G; p.(Phe516Cys), c.17G>A; p.(Gly6Asp) in
cases 1 to 3, respectively (Table 2). The affected in-
dividuals were all males with hemizygous X-chro-
mosome mutations, exhibiting an allele frequency
of <0.0005 in gnomAD. In silico pathogenicity pre-
diction scores, CADD and REVEL, generally favored
the damaging variant.

Application of the American College of Medical
Genetics and Genomics criteria15 classified all 3 variants
as variants of unknown significance (VUS), and there
was no record of any of these variants in ClinVar.20 In
case 3 (PT1216), a heterozygous nonsense mutation
(PKHD1 [NM_138694.4]: c.6840G>A: p.[Trp2280*]),21

previously reported as a disease-causing mutation in
ADb CADDc REVELd ACMG criteria Reports

3823 19.2 0.106 VUS none

06981 23.8 0.346 VUS none

3047 18.9 0.025 VUS none

/A 37.0 N/A Pathogenic Hou et al. 201821

zygous; N/A, not available; VUS, variant of unknown significance.

Kidney International Reports (2024) 9, 3580–3591
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PKHD1, the gene associated with autosomal recessive
PKD (ARPKD), was identified. We used T-LRS to
exclude a second pathogenic variant in the contralat-
eral allele. This variant is also interpreted as pathogenic
(PVS1, PM2, PP3, and PP5) by the American College of
Medical Genetics and Genomics criteria and is consid-
ered to have pathological significance. However, given
that it is a mono-allelic variant and ARPKD is an
autosomal recessive disease, the extent to which the
phenotype is affected, if at all, is unclear.

Basic Examination of the Effects of CFAP47 on

Kidney Phenotype

Considering the numerous uncertainties in the molec-
ular biology of CFAP47, including its kidney localiza-
tion, and the interpretation of VUS on a candidate gene,
we chose to conduct a basic experimental validation to
confirm whether CFAP47 is indeed the causative gene.
Our investigation confirmed the expression of CFAP47
in human kidney tubular cilia through double staining
with antibodies to CFAP47 and acetylated alpha-
tubulin, a marker of primary cilia (Figure 3a). Inci-
dentally, immunohistochemistry for CFAP47 was also
attempted in mouse kidneys; however, despite using
multiple antibodies and employing various techniques,
it proved unattainable. Subsequently, we examined the
kidney phenotype of CFAP47-KO mice (CFAP47�/Y).
This mouse model, previously reported by Chunyu Liu
and Feng Zhang et al. as a pathological model of human
asthenoteratozoospermia,12 served as the basis for our
collaborative study analysis. As illustrated in Figure 3b
and c, the kidneys of 40-week-old KO mice were
slightly but significantly larger than those of wild-type
(WT) (CFAP47þ/Y) mice, although no gross macro-
morphological cyst formation was evident. Histologi-
cal examination using hematoxylin and eosin staining
revealed scattered areas with sparing hematoxylin and
eosin staining in the kidneys of the KO mice, particu-
larly in the subcortical and corticomedullary borders
(Figure 3d, left). Similar changes were consistently
observed in all 3 individual KO mice. At higher
magnification, vacuolation of tubular cells was evident
in KO mice, along with the fusion of some vacuoles,
displaying tubular dilatation-like features (Figure 3d,
right). Vacuolation of tubular epithelial cells was not
observed in WT mice. The vacuolation and tubular
dilatation were considered to contribute to the mild
enlargement of the kidney volume. This suggests that
the loss of CFAP47 function induces cyst-like changes
in kidney tubules.

To further investigate the location of vacuolation
within tubular segments, we performed differential
staining on kidney tissues from KO mice, using anti-
AQP1 for proximal tubules and anti-NCC for distal
Kidney International Reports (2024) 9, 3580–3591
tubules (Figure 4a). The results revealed that vacuola-
tion occurred exclusively in the proximal tubules.
Subsequently, to examine the effect of the CFAP47
mutation on polycystin (PC) 1 or 2 behavior, we stained
cilia in kidney tissues of KO and WT mice using a-
acetylated tubulin (Figure 4b). Results showed signifi-
cantly shorter cilia in KO mice compared to WT
(Figure 4c, P ¼ 0.004). Cilia shortening can impair
PC1’s and PC2’s mechanosensory functions, resulting
in dysregulated cell proliferation and fluid secretion,
which contribute to cyst development.22 This suggests
that the CFAP47 mutation may affect PC1 or PC2
behavior.

Estimated Prevalence of PKD Associated With

CFAP47 Mutation

Recent advancements have enabled the estimation of
genetic prevalence using publicly available minor allele
frequency (MAF) data. Using the genetic prevalence
estimator (GeniE, https://genie.broadinstitute.org), we
assessed the genetic prevalence of loss-of-function
variants in CFAP47, including missense and nonsense
mutations. We used gnomAD v4.1.0 for the MAF
database. Estimating the genetic prevalence of X-linked
inheritance using MAF data poses practical challenges,
as discussed later. Consequently, we conducted the
analysis assuming a recessive inheritance mode. The
estimated global genetic prevalence was determined to
be 1 in 7,401,904. The prevalence of ADPKD in the
Japanese population is reported to be approximately 1
in 730 to 1471 individuals at most,23 which is compa-
rable to the prevalence of 1 in 1075 individuals re-
ported in a US population sequencing study.24

Although we have calculated the genetic prevalence
using gnomAD, it is important to note that genetic
prevalence correlates with, but is not equivalent to,
disease prevalence.25 Using our cohort data, we esti-
mated the prevalence of CFAP47. Assuming ADPKD
affects approximately 1 in 1000 individuals (100 per
100,000), with 15% being sporadic cases, we calcu-
lated: 100 � 0.15 (sporadic cases) � 0.025 (CFAP47
patients)/100,000 ¼ 0.375 per 100,000. This equates to
approximately 1 in 267,000 individuals.

DISCUSSION
A comprehensive panel screening of causative genes for
cystic kidney disease was conducted on a cohort of 118
patients with sporadic cases of cystic kidney disease
and no familial history. WGS was performed on 47
patients who did not exhibit an identified responsible
variant. Rare hemizygous missense variants in CFAP47
were identified in 3 men within this subgroup. Basic
verification, guided by histological evaluation,
confirmed the localization of CFAP47 to the primary
3585
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Figure 3. Evaluation of CFAP47 expression sites in human kidney tubules and kidney morphology of CFAP47�/Y mice. (a) Human kidney normal
tubules coimmunostained with acetylated alpha-tubulin antibody (red) and CFAP47 antibody (green); (b) CFAP47þ/Y AND CFAP47�/Y mouse
kidney macro-morphology images; (c) kidney volume comparison using the ellipsoid formula: (length � width � [p/6])2 (d) Low and high
magnification images with hematoxylin and eosin stain.

TRANSLATIONAL RESEARCH T Mori et al.: CFAP47:A Causative Gene for X-linked PKD
cilia of human kidney tubular epithelial cells. Notably,
tubular epithelial cells in CFAP47-KO mice exhibited
evidence of vacuolation and tubular dilation. These
findings suggest that CFAP47 serves as a causative gene
for X-linked cystic kidney disease.

The genetic background analysis of sporadic PKD in
our cohort has been previously reported.13,14 As pre-
sented in Figure 1, among the unsolved cases, the 47
individuals constituted 39.8% of the total 118 cases,
and the 3 individuals carrying the CFAP47 pathogenic
variants accounted for approximately 2.5% of the
entire cohort. As a result, diagnostic variants were
identified in 71 cases (61%) in the cohort.

The global genetic and disease prevalence of PKD
with CFAP47 mutation show a discrepancy. As noted
on the GeniE website (https://genie.broadinstitute.org),
3586
predicting the prevalence of X-linked inherited dis-
eases using MAF databases is generally complex and
difficult to evaluate accurately. One reason for this is
that the genetic prevalence of X-linked inheritance may
be underestimated. This is likely due to a combination
of the following factors: (i) failure to account for the
one-third de novo mutation rate of X-linked diseases
and (ii) female carriers of X-linked rare diseases often
have milder symptoms, making them less likely to
participate in studies included in gnomAD or meet
recruitment criteria. This leads to fewer symptomatic
carriers and a lower observed allele frequency of
pathogenic variants in gnomAD. Including more bio-
banks may help address the second issue. However,
much work is still needed to improve the quality of
genetic prevalence estimates for X-linked diseases.
Kidney International Reports (2024) 9, 3580–3591
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Figure 4. Evaluation of vacuolated cell localization, and primary cilia length in CFAP47�/Y mice. (a) Paraffin sections of Cfap47�/Y mouse kidneys
were stained using an enzyme antibody method with proximal tubule marker (AQP1) and distal tubule marker (NCC [SLC12A3]). (b) Fluorescent
immunostaining was performed using acetylated alpha-tubulin antibody (red) to detect primary cilia in the proximal tubules of kidneys from
CFAP47þ/Y AND CFAP47�/Y mice. Arrowheads indicate primary cilia. (c) The length of primary cilia stained in (b) was compared between
CFAP47þ/Y and CFAP47�/Y and presented as a box plot. DCT, distal convoluted tubule; PT, proximal tubule.
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ARPKD has an estimated prevalence of 1 in 10,000 to
40,000 individuals.23,26 PKD caused by CFAP47 muta-
tions is believed to be even rarer than ARPKD. How-
ever, this estimate is based on a small-scale cohort
study and may not accurately reflect true epidemio-
logical data.

X-linked cystic kidney disease has previously
been associated with oral-facial-digital syndrome
type 1 (OFD1), characterized by malformations in
the face, oral cavity, and digits. In addition, the
clinical phenotype often involves mental retardation
and kidney functional impairment.27 In contrast, the
3 patients with CFAP47 mutations in this study
exhibited no facial deformities or mental retardation
Kidney International Reports (2024) 9, 3580–3591
and lacked extra-renal manifestations. The patient is
elderly, and because both parents have already
passed away, it is challenging to conduct familial
analysis. However, if the mutation is not de novo,
the mother of the proband is likely to be an obligate
carrier of the same mutation. In females with X-
linked inheritance, the pathogenic impact of the
gene mutation is further influenced by X chromo-
some inactivation, leading to diverse phenotypic
expressions. In the 3 cases of this study, the
mothers did not exhibit clear symptoms of kidney
cysts or kidney failure, which is consistent with the
variability in the manifestation of X-linked inheri-
tance in females.
3587
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The pathological significance interpretation of the
detected mutations based on the American College of
Medical Genetics and Genomics criteria was all clas-
sified as VUS. In addition, due to the incomplete
supporting evidence from in silico pathogenicity
prediction scores, observations of the kidneys in
CFAP47-KO mice were conducted. There is ongoing
discussion regarding the interpretation of VUS,28

especially in cases of low-penetrance and recessive
disease-associated variants, or when the associated
phenotypes only partially overlap with the originally
reported disease phenotypes.29 In fact, reconsidera-
tion attempts of VUS classification have shown that
some were not interpretable as benign.30 The variants
identified in cases 1 and 3 do not necessarily exhibit
ultra-rare MAFs in gnomAD (0.00038 and 0.00030,
respectively). However, given the mild expression
phenotype, it is possible that these variants may not
have been recognized as chronic kidney disease or
PKD until old age.

The relationship between vacuolation of tubular
epithelial cells and the development of large cysts
remains unclear; however, vacuolation itself has been
reported to occur due to various factors such as
ischemia, hyperosmolarity, and lipid accumula-
tion.31-33 Although this study cannot completely
negate some of the aforementioned background fac-
tors, the absence of any tissue changes in the litter-
mate WT mice (CFAP47þ/Y) suggests that the
observed alterations are associated with the loss of
CFAP47 function. In general, mouse models of cystic
kidney disease, even with the same genetic back-
ground, exhibit phenotypes that are milder and
progress more slowly than the actual phenotypes
observed in humans. This is particularly true for
recessive forms of the model, adding further
complexity to the interpretation.34 Considering the
presence of partially fused vacuoles and areas dis-
playing dilatation of tubular lumens, it is conceivable
that vacuolation may contribute to the initiation of
cyst formation. Our study of 40-week-old KO mice
revealed vacuolation and fusion in proximal tubule
cells, but no distinct gross cysts. This might be due
to the mice’s relatively young age. Considering that
the patient is approximately 70 years old, gross cysts
might have been observable in older mice, perhaps
those aged 60 to 70 weeks.

In the context of considering the mechanism
underlying cyst formation due to CFAP47 muta-
tions, previously reported minor causative gene
groups of ADPKD and most autosomal dominant
polycystic liver disease proteins are involved in the
folding and transport of proteins in the endo-
plasmic reticulum. Among these proteins, PC1 has
3588
been identified as particularly sensitive to the
reduction in the dosage of these proteins causative
for cystic diseases.5,8,35 For example, GANAB, a
causative gene for ADPKD, encodes the glucosidase
II subunit a, which is necessary for the maturation,
surface expression, and ciliary localization of
ADPKD proteins PC1 and PC2.5 Our study revealed
significantly shorter cilia in the proximal tubules of
CFAP47-KO mouse kidneys. Although we could not
directly assess PC1 and PC2 due to a lack of reli-
able commercial antibodies, this finding suggests
that the CFAP47 mutation may influence PC1 and
PC2 behavior.

The cysts in PT1216 exhibited some morpho-
logical differences compared to the other 2 in-
dividuals, who displayed numerous small cysts,
and more impaired kidney function. In this case,
along with the CFAP47 mutation, a previously re-
ported mutation in PKHD1, responsible for ARPKD,
was identified. The coexistence with CFAP47 mu-
tations may have had some impact on the more
severe phenotype in this case.

Cases 1 and 3 had children, suggesting that their
reproductive abilities were unaffected. Missense mu-
tations reported as causes of asthenoteratozoospermia,
namely S1742G, I2385N, and P2890T, are localized at
the C-terminal end.12 The difference in the localization
of mutations may be associated with differences in
phenotype.

The limitations of this study lies in the selection
of sporadic cases; as mentioned earlier, it is pri-
marily based on medical history rather than
necessarily on the imaging evaluation of all par-
ents. This approach may include cases that do not
strictly qualify as true sporadic cases. Although the
KO mice provide an optimal model for studying the
loss of function in CFAP47, it is important to note
that they do not directly replicate the pathological
effects associated with the specific missense muta-
tions investigated in this study. It should be noted
that the CFAP47 antibody used in this study was
not suitable for staining mouse kidneys due to
sensitivity issues, making detailed histological ex-
aminations in mouse kidneys challenging.

In conclusion, CFAP47 is a newly discovered gene
associated with PKD, demonstrating X-linked inheri-
tance, a trait uncommon in cases of PKD. CFAP47
should be considered as one of the causes of sporadic
cases of PKD. Nevertheless, the pathophysiological
evidence supporting CFAP47 as a cyst-causing gene
remains limited. To strengthen this evidence, more
cases with causative mutations in CFAP47 need to be
documented, and more comprehensive basic studies
should be conducted.
Kidney International Reports (2024) 9, 3580–3591
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