& frontiers

@ Check for updates

OPEN ACCESS

EDITED BY
Wensheng Li,
Shanghai Aier Eye Hospital, China

REVIEWED BY
Alina Dumitrescu,

The University of lowa, United States
Subit Barua,

West Virginia University, United States
Xunlun Sheng,

Ningxia Hui Autonomous Region People's
Hospital, China

Mara Marongiu,

National Research Council (CNR), Italy

*CORRESPONDENCE
Bo Lei
bolei99@126.com

RECEIVED 05 June 2023
ACCEPTED 25 September 2023
PUBLISHED 12 October 2023

CITATION
Yang S, Li Y, Yang L, Guo Q, You Y and

Lei B (2023) Pathogenicity and functional
analysis of CFAP410 mutations causing
cone-rod dystrophy with macular staphyloma.
Front. Med. 10:1216427.

doi: 10.3389/fmed.2023.1216427

COPYRIGHT

© 2023 Yang, Li, Yang, Guo, You and Lei. This is
an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiers in Medicine

Frontiers in Medicine

TYPE Original Research
PUBLISHED 12 October 2023
pol 10.3389/fmed.2023.1216427

Pathogenicity and functional
analysis of CFAP410 mutations
causing cone-rod dystrophy with
macular staphyloma

Shaoqing Yang?, Ya Li?, Lin Yang?, Qingge Guo?, Ya You? and
Bo Lei'2*

'Henan University People’s Hospital, Henan Provincial People’s Hospital, Zhengzhou, China, 2Henan Branch
of National Clinical Research Center for Ocular Diseases, Henan Eye Institute/Henan Eye Hospital, People’s
Hospital of Zhengzhou University, Henan Provincial People’s Hospital, Zhengzhou, China

Background: Cone-rod dystrophy (CORD) caused by pathogenic variantsin CFAP410
is a very rare disease. The mechanisms by which the variants caused the disease
remained largely unknown. CFAP410 pathogenic variants were identified in a cone-
rod dystrophy with macular staphyloma patient. We explored the pathogenicity and
performed functional analysis of two compound heterozygous mutations.

Methods: A 6-year-old boy complained decreased vision for 1 year, underwent
ocular examinations together with systemic X-ray check. Blood sample was taken
for targeted next generation sequencing (Tg-NGS). Pathogenicity of identified
variants was determined by ACMG guideline. Mutated plasmids were constructed
and transferred to HEK293T cells. Cell cycle, protein stability, and protein
ubiquitination level was measured.

Results: The best-corrected visual acuity of proband was 0.20 bilaterally. Fundus
showed macular staphyloma and uneven granular pigment disorder in the periphery
of the retina. SS-OCT showed thinning and atrophy of the outer retina, residual
ellipsoid zone (EZ) in the fovea. Scotopic and photopic ERG responses severe
reduced. Two heterozygous missense pathogenic variants, c.319T>C (p.Tyr107His)
and ¢.347C>T (p.Proll6Leu) in exon 4 of the CFAP410, were found and were
pathogenic by the ACMG guideline. In vitro, pathogenic variants affect cell cycle.
Immunofluorescence and western blotting showed that the mutant proteins
decreased expression levels protein stability. Meanwhile, co-IP data suggested that
ubiquitination level was altered in cells transferred with the mutated plasmids.

Conclusion: Compound heterozygous pathogenic variants ¢.319T>C and
c.347C>T in CFAP410 caused CORD with macular staphyloma. The pathogenic
mechanisms may be associated with alternations of protein stability and
degradation through the ubiquitin-proteasome pathway.
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1. Introduction

The cone-rod dystrophies (CORDs) are subgroups of inherited retinal diseases (IRDs) and
can be inherited through AR, AD, or XL (1). The prevalence is about 1/20,000-100,000 (1, 2).
Victims of CORDs suffer from progressive vision loss, photophobia, and color vision
abnormalities in childhood or early adulthood (3). CORDs are characterized by both cone and
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rod photoreceptor abnormality, which can be distinguished from cone
dystrophy by involvement of rod dysfunction (2). CORDs are known
to be either isolated or part of a systemic disease. So far at least 22
genes have been reported to be associated with isolated CORDs (4).

Initially, CFAP410 was studied as a causative gene for Alzheimer’s
disease (5) and was later found to be associated with retinal ciliopathy
(6) or syndromic ciliopathy. Some pathogenic variants in CFAP410
caused isolated retinal disorders with or without macular staphyloma,
such as RP, CORD (6-20) (Figure 1). Pathogenic variant have also
been reported in patients with syndromic retinal degeneration such
as AXSMD (9, 21-23), JATD (24) (Figure 1). The CEAP410 gene (Cilia
and Flagella Associated Protein 410, previously known as C21orf2),
encodes a cilia-associated protein, it has been found in the base of the
connecting cilium in the mouse photoreceptors (16, 25). Previous
studies have demonstrated that loss of CFAP410 in mammalian cells
impaired the cilia formation and/or maintenance (26). CFAP410 was
found to belong to the same complex with NEK1 and SPATA7. These
proteins interact with each other in lysates of bovine retina (19). The
detailed role of this protein in the production of cilia and mechanisms,
however, has not been clearly investigated. In addition, this protein
plays a key role in the repairment of DNA damage (27), and in
regulation of cell morphology and cytoskeletal organization (28).

In this study, the phenotype of early-onset CORD with macular
staphyloma in one individual from a non-inbred Chinese family was
documented. The proband had two pathogenic variants (c.319T>C,
Tyr107His; ¢.347C>T, p.Prol16Leu) in CFAP410 gene. After getting
the genetic test results, we did check the patient carefully based on the
pathogenic variants. No other systemic abnormalities were noticed.
Although heterozygous missense variants were reported in patient
with axial spondylometaphyseal dysplasia (AXSMD), function of
these CFAP410 pathogenic variants was less documented. After
confirming the pathogenicity of P116L and Y107H in this family,
we tested the hypothesis that the variants affected protein instability
and increased degradation of the functional protein.

2. Materials and methods
2.1. Subject and clinical evaluation
This study complied with the Helsinki declaration and was approved

by the Ethics Committee of Henan Provincial Eye Hospital for the
publication of clinical information, family history and blood extraction

10.3389/fmed.2023.1216427

for genetic testing [HNEECKY-2019(15)] with the consent of all subjects.
Detailed ophthalmic examination including best corrected visual acuity
(BCVA), fundus photography, swept source optical coherence
tomography (SS-OCT, VG200D SVision Imaging, Henan, China), and
full-field electroretinography (ERG, ROLAND CONSULT, Brandenburg,
Germany) with skin electrodes. To exclude the possibility that multi-
organ was affected, skeletal survey and chest x-ray were then examined.
Other members of the family line also underwent BCVA, SS-OCT, and
other ocular examinations.

2.2. Targeted next-generation sequencing

Genomic DNA of subjects was extracted from peripheral blood.
Targeted next-generation sequencing (Tg-NGS) of DNA using a custom-
designed panel (PS400) which contains 376 known genes involved in
inherited retinal diseases, including the exons and adjacent intron regions
(50bp) and known intron mutation (29). The captured DNA was
sequenced using a high-throughput sequencer (Illumina) after elution,
amplification, and purification. Sequencing data were aligned with the
human genome reference (UCSC hgl9) using TGex (LifeMap Science,
Alameda, United States), Efficient Genosome Intepration System, EGIS
(SierraVast Bio-Medical, Shanghai, China), and XY Gene Ranger 2.0
software (Seekgene, Shanghai, China) and genetic variants were identified.
Quality parameters such as coverage of target regions and average
sequencing depth were collected. The average sequencing depth of the
target region for retinal genetic disease-associated gene detection is
200X. Sanger sequencing and family segregation analysis were used to
verify suspected disease-associated gene variants in available
family members.

2.3. In silico analysis

SIFT, Polyphen2, LRT, Mutation Taster, CADD, and others were used
to predict the pathogenicity of the mutation and gnomAD, EXAC, 1,000
genomes was used to determine allele frequencies of the variants in East
Asian populations (30). Clustal Omega and WebLogo were employed for
sequence comparison between different species. AphalFold was used to
be predicted tertiary structure of protein. Predicting and analyzing
changes in the structure and function of mutant proteins were performed
by using the PyMoL and HOPE online software. CFAP410 mutant protein
stability prediction with the online tool I-Mutant v2.0 and MUpro (31).

44328944
c1144-6_159del
P-A125fs"60 C.96+1G>A | p.I35Ffs*10
p-W26R C.96+6T>A
FIGURE 1
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The distribution of identified pathogenic variants in CFAP410 (NM_004928.2). Pathogenic variants associated with isolated CORD or RP were shown in
black and those associated with syndromic retinal degeneration AXSMD or JATD were in blue. The pathogenic variants verified in this study were in red.
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2.4. Cell culture

The HEK293T cells used in this experiment were purchased from
American Type Culture Collection (ATCC, Manassas, VA,
United States). Cells were grown in medium containing DMEM of
high glucose (SH30022.01, HyClone, UT, United States), 10% fetal
bovine serum (35-081-CV, Corning, NY, United States), and 1%
penicillin-streptomycin (32105, Mengbio, Chongqing, China). The
conditions of the incubator are 37°C, 5% CO.,.

2.5. Plasmid and transfection

Sangon Biotech (Shanghai, China) was commissioned to
synthesize CDS of CFAP410 (NM_004928.3) wild-type, CFAP410 c.
319T>C and CFAP410 ¢.347C>T containing a C-terminal Flag and
clone into the vector separately. The constructed vectors were
confirmed by Sanger sequencing (Sangon Biotech). Well-grown cells
with a density of 80% were transfected with EZ Cell Transfection
(Life-iLab, Shanghai, China)
manufacturer’s instructions.

Regent according to the

2.6. Western blotting

Cells were lysed with RIPA (PC101, EpiZyme, Shanghai, China),
supplemented with 1% protease inhibitor cocktail (GRF101,
EpiZyme). Cell lysates were denatured and separated by 12.5%
SDS-PAGE electrophoresis, and transferred to polyvinylidene fluoride
membranes (IPFL00010, Millipore, MA, United States). The
membranes were blocked with 5% skim milk and incubated with
primary antibodies mouse anti-Flag (1:5,000; 2367S, Cell Signaling
Technology, MA, United States) and rabbit anti-pactin (1:5,000; 4970S,
Cell Signaling Technology) at 4°C overnight. After washing with PBS
containing 0.1% Tween-20 (PBST), membranes were incubated with
secondary antibodies at room temperature for 2 h and visualized with
Chemiluminescent detection reagent (WBKLS0500, Millipore).
Image] software (Version 1.52a, NIH) was used to analyze bands.

2.7. Protein stability assay

After 24h cell culture, HEK293T cells transfected with pcDNA3.1,
Flag-CFAP410, Flag-CFAP410 ¢.319T>C, and Flag-CFAP410 ¢.347C>T
were treated with 100pM cycloheximide (CHX, HY-N0901,
MedChemExpress, NJ, United States) or CHX mixed inhibitors of
proteasome (MG132). Cells were scraped at 0, 6, 12, and 18h after CHX/
MG132 exposure using ice-cold PBS. The total protein was extracted for
Western blot. Wild-type and mutant CFAP410 protein levels were
detected using flag antibody. f-actin were the loading control (32).

2.8. Co-immunoprecipitation assay
HEK293T cells were transfected with 12 pg of Flag-CFAP410 WT
plasmid, Y107H and P116L plasmids in 10 cm plates that were 80%

full of cells, and harvested for protein extraction after 24h. Total
protein lysate was extracted by immunoprecipitation buffer (BL509A,
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Biosharp, Guangzhou, China), and the concentration of the protein
was quantified with BCA protein assay kit (P0011, Beyotime,
Shanghai, China). 1,000 pg proteins were mixed with 10 pg anti-Flag
magnetic beads (HY-K0207, MedChemExpress) and shaken at 4°C on
rotor overnight. Beads with absorbed proteins were gathered by
Magnetic Stand (HY-K0200, MedChemExpress) and washed three
times by IP-buffer containing 1% protease inhibitor. The beads added
to 1x loading buffer boiled for 10min and the supernatant was
collected. The analyzed by western blot.

2.9. Cell-cycle analysis

Cells were divided into the following four groups: pcDNA3.1, WT,
Y107H, and P116L. The cells were seeded into six-well tissue culture
plates (4x 10° cells/well). After transfection for 24 h, the cells were
collected and washed with 1xPBS. Added pre-cooled ethanol
(concentration 75%) while vortexing on a turbo shaker and refrigerate
for more than 12h. Cells washed with PBS and then 0.5 mL PI/RNase
Staining Buffer (550,825, BD, NJ, United States) was added and cells
were incubated for 30 min at room temperature. The DNA content was
detected using flow cytometry (Canto plus, BD). The percentage of
cells in the G1 phase, the S phase, and the G2 phase was analyzed.

2.10. Immunofluorescence

Cell crawls were fixed with 4% paraformaldehyde for 30 min at
room temperature, washed with PBS and permeabilized with 0.5%
Triton X-100 (in PBS) for 20 min. Slides were incubated with 5%
bovine serum albumin for 2h at room temperature and then incubated
with anti-mouse IgG-FITC antibodies (1:250; abs20004, Absin,
Shanghai, China) overnight at 4°C. After being washed three times
with PBS, the secondary anti-mouse Alexaflor 594 (1:250; abs20017,
Absin) were applied for 2h at room temperature in the dark. Nuclei
were counterstained with DAPI (F6057, Sigma, MO, STL,
United States). Luorescence microscopy images were obtained by
Zeiss confocal microscope (NLO780, Zeiss, Oberkochen, Germany).

2.11. Statistical analysis

Statistical software GraphPad Prism was used to analyze the
experimental data, and one-way ANOVA was used for multiple
comparisons. p <0.05 was considered statistically significant.

3. Results
3.1. Clinical features

A Chinese family was identified and the pedigree was shown in
Figure 2A. The proband, a 6-year-old boy, was noted to have had
slowly progressive vision loss and narrow visual field in both eyes
since 1year ago. Night blindness was denied by boy’s parents. At
presentation, the best-corrected visual acuity was 0.20
(+0.50/—1.25 x 20) of right eye and 0.20 (+1.00/—2.00 x 170) of left eye.
The proband’s right and left eye axial length were 22.23mm and
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FIGURE 2
Validation and predictive analysis of the pathogenic variants. (A) Pedigree of family. M1: CFAP410 c.319T>C, M2: CFAP410 c.347C >T; (B) Sanger
sequencing results in the family members. Sequencing results showed that pathogenic variant CFAP410 c.347C > T was not detected in the proband’s
father (I-1), but variant ¢.319 T > C was detected, indicating that the variant in the patient came from father; The pathogenic variant CFAP410 c.319T>C
was not detected in the proband's mother (I-2), but ¢.347C >T was detected, indicating the variant in the patient was derived from the mother. The
patient’s older brother only carried the variant CFAP410 ¢.347C >T. (C) Multiple alignments of Tyrl07 and Pro116 in CFAP410 protein among different
species. LRRCT was shown below the alignment (YRxx®xxx®Px®xxLD). “®" represented a hydrophobic residue, “x" represented unfixed amino acid.

22.43mm, respectively. There were no nystagmus or strabismus.  autofluorescence in both eyes showed an enhanced ring-shape
Fundus showed macular staphyloma and uneven granular pigment ~ fluorescence in the posterior pole under a low fluorescence
disorder in the periphery of the retina (Figure 3A). Fundus  background and hyperfluorescence in the peripheral retina. SS-OCT
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FIGURE 3
Clinical characteristics of patients with pathogenic variants in CFAP410. (A) Ophthalmic symptoms of the proband. Fundus photograph showed uneven
granular pigment disorder in the periphery of the retina. Fundus autofluorescence showed markedly hyperautofluorescence in the posterior pole and
in the peripheral retina area in both eyes. (B) SS-OCT showed macular staphyloma, atrophy and thinning of the outer retina, and residual ellipsoid zone
in the fovea of the macula in both eyes. “Long arrows" indicated the residual EZ and “short arrows” indicated the atrophied outer retina. (C) ERG
showed severe reduced rod- and cone-mediated responses.
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displayed thinning and atrophy of the outer retina, missing of ellipsoid
zone (EZ) and interdigitation zone (IZ), with only a small amount of
EZ remained in the fovea. In addition, macular staphyloma was noted
in both eyes (Figure 3B). Full-field ERG revealed severe reduction in
scotopic and photopic ERG responses (Figure 3C). Other examinations
including pupils and anterior segments were normal. The proband
presented no hearing abnormalities. The chest X-ray showed no
significant skeletal abnormalities (Figure 4). The boy’s height and
weight were in normal range. Cardiac ultrasound showed no
significant abnormalities. No other developmental problems
were noticed.

None of remaining family members showed abnormalities
related to body development, stature, or ocular history
(Supplementary Figure 1).

3.2. Genetic analysis revealed two missense
variants in CFAP410

A total of 12 variants in 11 genes were detected in the blood
samples of the proband by Tg-NGS. Except for CFAP410, which
contained two heterozygous missense pathogenic variants, only one
variant was detected in the remaining 10 genes, and the pathogenicity
was unknown. Most of the unrelated variants were excluded
(Supplementary Table 1). Two heterozygous missense pathogenic
variants, ¢.319'T>C (p.Tyr107His) and ¢.347C>T (p.Prol16Leu), in
exon 4 of the CFAP410 located at chr.21-45,752,942 and chr.21-
45,752,970, were considered to be phenotypically related. Sanger
sequencing revealed that the variants segregated in participating
individuals and followed an autosomal recessive heritability pattern
(Figure 2B).

Y107H was the relatively common pathogenic variant reported in
CFAP410, and its pathogenicity has also been verified in vitro.
Functional experiments showed that this variant could lead to

FIGURE 4
X-ray photographs showed no significant abnormalities of skeleton.
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reduction of protein expression and localization of proteins in cells
(16). Recently, homozygous variant Y107H was found in two patients
with RP and ALS (33). Y107C, tyrosine changed into cysteine at
position 107, has been also reported to cause isolated RP or CORD in
homozygous patients (12, 16). According to ACMG guidelines,
CFAP410  ¢319T>C  (p.Tyrl07His)  was
(PS1+PS3+PMI1 +PP1+PP3).

Another missense pathogenic variant, P116L, was also located in

“pathogenic”

the same LRRCT (leucine-rich repeat C-terminal) structural domain
as Y107H and was highly conserved in interspecies amino acid
sequence comparisons (Figure 2C). Mutation of a 100% conserved
residue is usually damaging for the protein. The P116L was predicted
to be harmful by several in silico tools (Supplementary Table 2).
According to ACMG guidelines, this variant was “likely pathogenic”
(PS3+PMI + PP1 + PP3).

3.3. Prediction of protein structure

The exact 3D-structure of CFAP410 was unknown. We predicted
protein model by AlphaFold (34, 35) and the predicted structural
changes of the mutant proteins were shown in Figure 5. To predict
the effects of pathogenic variants on protein structure and function,
we used the online software HOPE. Compared with the wild-type
residue, the mutant residue at position 107 was smaller and more
hydrophilic (Figure 5B). This change might cause loss of hydrophobic
interactions with other molecules on the surface of the protein. The
variant residue at position 116 was bigger, which might lead to
bumps (Figure 5B). LRRCT is critical for the folding of proteins (36),
thus alternations in sizes and properties of amino acid may lead to
changes in stability. Indeed, results obtained from the online tool
I-Mutant v2.0 suggested that the stability of the mutant CFAP410
proteins decreased. However, prediction software MUpro showed
increased stability.

3.4. Two pathogenic variants prolonged G1
phase

Ciliogenesis is closely related to the cell cycle. It was shown that
NEK1, a causative gene of ciliopathy, was required in regulating cell
cycle (37). CFAP410 and NEK1 belonged to the ciliary functional
modules and played a consistent role in ciliogenesis.

Therefore, we verified the effect of mutant proteins on cell cycle.
We constructed wild-type (CFAP410-WT), mutant (CFAP410-P116L
and CFAP410-Y107H) plasmids using pcDNA3.1 as vectors and
transfected them into HEK293T cells. 24 h after transfection with
plasmids into cultured cells. G1 phase were blocked in the cell cycle
in the two pathogenic variant groups when compared with the empty
vector (pcDNA3.1) and wild-type group (Figure 6).

3.5. Two pathogenic variants damaged the
stability of CFAP410 protein

Pathogenic variant located in the LRRCT may affect the stability
of the protein and I-Mutant v2.0 online tool predicted reduction in
the stability of the mutant proteins.
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To determin

e changes in mutant

protein

content,

immunofluorescence experiments were performed. Fluorescence
intensity of the mutants Y107H and P116L transferred cells was
significantly weaker than that of the wild type (Figure 7A). We found
that the mutant proteins were unevenly distributed in the cytoplasm
and some of the proteins were presented in clusters.

10.3389/fmed.2023.1216427

We then performed CHX assay to verify the changes in protein
stability. At 18h after plasmid transfection, HEK293T cells in each
group were treated with 100 pM CHX for 0, 6, 12, and 18 h. Western
blot showed that the half-life of CFAP410 protein carrying the Y107H
variant and P116 L variant was significantly shorter compared with
the wild-type protein, indicating that both pathogenic variants

FIGURE 5

Proline

Tertiary structure prediction of mutant proteins. The main structure of the CFAP410 protein was colored in gray. Leucine-rich repeats was in orange
and LRRCT was in blue. (A) The side chains of the wild-type were colored in blue. (B) The schematic structures of the original and the mutant amino
acids. The backbone was colored in red; The side chain was colored in black. (C) The side chains of the wild-type were colored in red.
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Effect of variants on the cell cycle in mutant transferred HEK293T cells. (A) After 24 h transfection with plasmids of with wild-type, Y107H, and P116L,
cycle distribution was detected. (B) The proportion of cells in different cell cycles in each group was used to make a statistical chart. Error bars indicate

Frontiers in Medicine

frontiersin.org


https://doi.org/10.3389/fmed.2023.1216427
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

Yang et al.

10.3389/fmed.2023.1216427

=3 CFAP410WT
B3 CFAP410Y'0™H
Em CFAP410P"e

O crap410"T
A CFAP410"'°™
~+= crapP410”"®

T T T
6h 12h 18h

& crapa10™"
—* CcFAP410""O™
-+ CcrAP410°"'%

A
DAPI CFAP410-FLAG Merged
5
- - ok
?L g 1.54
E 5] *k
© £
; b 9 1.0
o
g 8
= o
g g 0.5
Q s
g =
P =
o I3
2 0.0-
§ \§ «"@\ Q\\@
Q. 4 Q Q
$ & & &
ol & &
L
O
B
WT Y107H P116L
- 1.5
CHX(h) 0 6 12 18 0 6 12 18 0 6 12 18 E
Flag | |..-- h.——- g
6
g 0.5
B-Actin ---A - - | ———— 3
0. (')
C
WT Y107H P116L _ 15
[
>
CHX+MG132h) o 6 12 18 0 6 12 18 0 6 12 18 s
3 10
Flag ..g |.... ————|
o
§ o
B'ACtln —— . | | — — — — b--- ﬁ
0.0
oh
D
~N
vn?.
3 Y
§&L S8
Q AT Q
s | anti-Flag
Input |:
—_—e— —— — anti-B-Actin
anti-Ubi
IP
% s anti-Flag
FIGURE 7
Pathogenic variant damaged the stability of CFAP410 protein may through the ubiquitination-proteasome pathway. (A) The expression of wild-type,
Y107H and P116L CFAP410 proteins in HEK293T cells. CFAP410 were labeled with anti-Flag (green). DAPI (blue) was used to stain nuclei. The red
arrows marked the clusters of proteins (n = 3, **p <0.01, ***p <0.001). (B) HEK293T cells were transfected with wild-type, Y107H and P116L mutant
plasmids for 18 h, and treated with 100 pM CHX, the expression of CFAP410 protein was detected. (C) CFAP410 protein stability was detected after cells
were treated with 50 pM MG132. (D) 24 h after transfection, wild-type, Y107H, and P116L proteins were enriched by immunoprecipitation, and their
ubiquitination levels were detected.
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impaired the stability of CFAP410 protein (Figure 7B). The ubiquitin-
proteasome system is essential for maintaining protein homeostasis at
the level of protein degradation. We added MG132, a protease
inhibitor, to CHX-treated cells. The results showed a significant
increase in protein stability of the CFAP410 mutants transferred cells
(Figure 7C). Subsequently, we examined the ubiquitination levels of
CFAP410 proteins in HEK293T cells. We found that the ubiquitination
levels of P116L and Y107H proteins were significantly increased
compared to the wild-type CFAP410 proteins (Figure 7D). The data
suggested that the reduced stability of the two mutant proteins might
be associated with the ubiquitin-proteasome pathway.

4. Discussion

Pathogenic variant located in the LRRCT domain may cause retinal
ciliopathy by reducing functional protein through misfolding (16). The
pathogenicity of this important domain in retinal ciliopathy has been
emphasized in a recent report (38). In this study, we identified
compound heterozygous missense pathogenic variants in CFAP410
(NM_004928.2: ¢.319T>C, p.Tyr107His and ¢.347C>T, p.Prol16Leu)
in a Chinese boy diagnosed with CORDs with macular staphyloma. The
two pathogenic variants happened to be located in the LRRCT domain.

Patients suffering from retinal ciliopathy typically present with
early onset of visual symptoms, which was consistent with the
symptoms of the patient in this study. Proband presented with severe
loss of vision at 6 years old. The same heterozygous missense variants
in CFAP410 were previously reported with AXSMD in a Korean
family (23). However, the clinical features of the Korean patients were
different from this boy. Although both patients had ocular
manifestations, retinal dystrophy appeared earlier and was more
severe in our study. Nevertheless, skeletal manifestations were more
pronounced in the Korean patients, including short stature, thoracic
stenosis, upper limb rhizomelic shortening, lacy ilia, and metaphyseal
dysplasia of proximal femur was evident. While, skeletal abnormalities
and short stature were not detected in this Chinese boy. Given the
absence of characteristic skeletal manifestations, diagnosis of AXSMD
was excluded. The different phenotypes presented in this study and
previous reports suggested the intrinsic mechanisms may be complex.

The pathogenicity of Y107H has been demonstrated. Our data
further verified the effects of the two pathogenic variants on the
encoded protein. In addition to the findings that two variants reduced
the function of the proteins, we further showed variants increased
protein degradation via the ubiquitin-proteasome pathway and
affected the cell cycle.

It has been established that CFAP410 is located in the connecting
cilia of mouse and monkey photoreceptors (16, 19). A small-scale
siRNA screen showed that knockdown of CFAP410 impairs cilia
formation through Hedgehog (Hh) signaling in mammalian cells in
vitro (26). The outer segments (OS) of rod and cone photoreceptors
are specialized sensory cilia that have an important role in converting
light signals to neural electrical signals (39-41). Consequently,
abnormal cilia function or structure may cause photoreceptor
degeneration, which in turn leads to retinal dystrophy (42). It has been
shown that pathogenic variants in CFAP410 resulting in reduced
protein expression may have a significant effect on cilia formation or
maintenance in photoreceptor cells (16). Furthermore, primary cilia
are widely distributed in all vertebrate cell, such as the retina, central
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nervous system, liver, kidney, and skeletal system (43). Abnormal
ciliary function may also cause developmental disorders in these
systems. Although the presence of CFAP410 has not been confirmed
in the cilia of other organs, it may affect skeletal development based
on the clinical presentation of some patients with
syndromic ciliopathies.

The cell cycle is a very conservative process in evolution and
includes GO/G1, S, G2, and M phases. Cells remain quiescent during
GO phase, G1 phase for organelle generation to begin transcription
and translation, S phase for DNA replication, G2 phase for DNA
replication to complete in preparation for cell division and cells split
in M phase (44). The processes ciliary growth and absorption are
closely related to the cell cycle, present in G0/G1 phase, reabsorbed
before the onset of mitosis, and reappear after the cell splits (45). In
addition, cell cycle may affect some proteins that regulate
ciliogenesis. For example, CP110 is a protein that negatively regulates
cilia assembly and its protein amount is significantly decreased in
G2/M phase and GO/G1 phase (46). By analyzing the number of
transferred HEK293T cells in different cycle phases, we found that
the G1 phase was blocked in the mutant P116L and Y107H groups
compared to the wild type group. We speculated that subtle changes
in cell cycle progression might have direct or indirect effects on
cilia development.

A relatively stable protein amounts is important for organisms to
maintain cellular morphology and function. Pathogenic variants
causing RD were observed to decrease the amount of protein in cells
in vitro (16). Another pathogenic variants causing ALS may lead to the
accumulation of CFAP410 protein in motor neurons and induce the
growth of neurites (47). In our experiments, immunofluorescence
assays showed that the amount of fluorescence of P116L and Y107H
transferred cells was significantly reduced compared to the wild type.
The protein content of the mutant phenotype became unstable with
the increasing time. Co-IP analysis showed increased degradation of
the mutant protein via the ubiquitin-proteasome pathway. Thus, the
normal function of CFAP410 protein in ciliated cells was affected, the
misfolded proteins may be preferentially degraded by the proteasome,
and the ciliated cells were dysfunctional, affecting growth and

development of different systems.

5. Conclusion

In summary, our results extended the phenotype associated with
CFAP410 variants. CFAP410 pathogenic variants Y107H and P116L
were associated with isolated cone-rod dystrophy with macular
staphyloma. We speculated that decreased stability and increased
degradation of the mutant proteins, as well as the impact on the cell
cycle, might be responsible for the photoreceptor degeneration. Given
the experimental limitations, the exact mechanisms deserve
further investigations.
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