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Abstract

Ciliopathies are a group of genetic dystrophies causing syndromic and non-syndromic retinal 

degeneration. We identified CFAP410 as the causative gene in a patient with childhood-onset 

retinal dystrophy without other systemic symptoms at the age of 20. This 20-year-old man 

presented with cone-rod dystrophy and CFAP410 homozygous in-frame duplication variants 

(c.340_351dup). His clinical features included early subnormal vision, posterior pole staphyloma, 

and short stature. Unlike the previously reported features of retinal ciliopathy, our patient showed 

no obvious retinal pigmentation and only a slight hyper-autofluorescent parafoveal ring at the 16-
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year follow up. This case report aims to characterize the clinical features in a patient with novel, 

homozygous and likely pathogenic in-frame duplication variants in the CFAP410 gene. Ultimately, 

this report will help contribute to the understanding of CFAP410-associated ciliopathies.
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Introduction

Ciliopathies are a group of disorders caused by several different genes that are involved in 

the maintenance of cilia (1-3). Some ciliopathies cause non-syndromic retinal degeneration, 

while others are syndromic, involving retinal degeneration and systemic manifestations 

involving the brain, kidney, liver, bone, ear, and reproductive organs (2-4). Non-syndromic 

ciliopathies with isolated retinal dystrophy include Leber’s congenital amaurosis (LCA) 

and X-linked retinitis pigmentosa (XLRP) (3). Syndromic ciliopathies including Bardet–

Biedl Syndrome (BBS) (5), Joubert Syndrome (JBTS) (3), Jeune Asphyxiating Thoracic 

Dystrophy (JATD) (6), and Usher syndrome type 1 (3) have been identified. Typically, the 

characteristic features of retinal ciliopathy include pigmentary changes within the retina, 

hyper-autofluorescent rings and decreased autofluorescence signals (7). However, patients 

with syndromic ciliopathies usually present with relatively earlier and more severe visual 

deterioration.

The CFAP410 gene, previously known as C21orf2, encodes a ciliary protein localized in 

the primary cilia of photoreceptors. The CFAP410 protein is consequently associated with 

ciliary maintenance, formation, and DNA repair (8,9). Pathogenic variation in the CFAP410 
decreases protein stability and affects cytoplasmic localization of CFAP410 protein, leading 

to photoreceptor dysfunction (9). CFAP410 variants were identified in patients with Jeune 

Asphyxiating Thoracic Dystrophy (JATD) and Axial Spondylometaphyseal Dysplasia (Axial 

SMD) as syndromic ciliopathies (6,10). To further expand the genotypic and clinical 

spectrum of CFAP410-associated disease, we present a long-term follow up assessment 

of a young boy with retinal degeneration, macular staphyloma and short stature due to a 

homozygous in-frame duplication of a critical region of the CFAP410 gene.

Case report

A 20-year-old man, born to healthy, non-consanguineous parents of Han Chinese/Taiwanese 

descent, presented with a history of suboptimal vision beginning at 4 years of age. The 

patient received subsequent ophthalmic examinations over a 16-year interval, and has 

since never reported difficulty seeing at night time. There was no apparent nystagmus 

or strabismus. Anterior segment and pupil examinations were unremarkable. At initial 

presentation, a fundus examination did not show any pigmentary changes. However, retinal 

examination at the age of 20 revealed a tessellated fundus, retinal pigment epithelium 

(RPE) mottling around the vascular arcades, and slightly enlarged disc cupping (Figure 

1a). At age 10, posterior segment examination revealed a faint hyper-autofluorescence at 
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the parafoveal region (white arrowheads) and around the vascular arcades in both eyes 

(Figure 2a). There were no obvious fundus autofluorescence (FAF) abnormalities outside 

the vascular arcades. Throughout our 16- year follow-up, we did not observe any obvious 

bone spicule pigmentation, only a slightly increased FAF (Figure 2b) was observed. At 

age 20, his best corrected visual acuity (BCVA) was 20/32 in both eyes, which remained 

stable since age 10. Cycloplegic refraction was −6.00 diopters (D) in both eyes. Axial length 

was 26.01 mm in the right eye and 26.00 mm in the left eye. Spectral domain optical 

coherence tomography (SD-OCT) revealed decreased thickness in the outer nuclear layer 

and intermittent disruptions of the ellipsoid zone both inside and outside the fovea (Figure 

1b). In addition, mild posterior pole staphyloma was noted in bilateral macular SD-OCT 

imaging (Figure 1b). Full-field electroretinogram (ERG) testing revealed a cone-rod pattern 

of degeneration at age 13, and showed further attenuation of the cone and rod responses 

upon follow-up at age 20 (Figure 3).

Auditory evoked potential (AEP) testing was within normal limits for the patient’s age. 

Electrolytes and renal function tests, including blood urea nitrogen and creatinine, were 

normal. Hepatic and renal anomalies were not detected. No skeletal abnormalities were 

detected in Chest X-ray except for short stature (<mean±2 standard deviations). At 20 

years old, the patient’s body mass index (BMI) was 25 (Body height: 160 cm, body 

weight: 64 kg). Whole exome sequencing (11) identified a homozygous 12 base pairs 

(bp) duplication [c.340_351dup (rs1322189782)] in the CFAP410 gene, which results in 

an in-frame insertion of 4 amino acids (Thr, Leu, Pro and Arg) at position 117 of the 

CFAP410 protein. Sanger sequencing in the patient and both parents confirmed these 

variants in the CFAP410 gene. (Figure 4). This variant is ultra-rare with an overall MAF 

of 0.00005319 in the general population and 0.0007372 amongst East Asians among whom 

it is exclusively found in the gnomAD database (https://gnomad.broadinstitute.org/) (12). 

It is also predicted to be highly pathogenic by 3 out of 5 functional annotation algorithms 

for insertion-deletions including DDGI (95.5% probability), SIFT_indels2 (0.826 confidence 

score) and PROVEAN (score = −13.000).

The variant occurs near the boundary of Exon 4 and Intron 4 situated 22 bp from the 

strong canonical splice donor; however, it has no putative effect on splicing (SpliceAI 

Δ score = 0.03) (Table 1). The CFAP410 protein spans 256 amino acid residues that 

comprises four structural domains—three leucine-rich repeat (LRR) and a downstream 

leucine-rich repeat C-terminal (LRRCT)—that are of profound functional and evolutionary 

importance (Figure 5a). While c.340_351dup does not cause a shift in the reading frame 

during translation, the mutation disrupts a highly conserved consensus sequence in LRRCT, 

YRxxΦxxxΦPxΦxxLD, which consists of intermittently spaced hydrophobic residues (Φ) 

flanked by tyrosine (Y) and aspartic acid (D) at each end (Figure 5b).

The precise function of LRRCT in CFAP410 is currently unknown. However, disease- 

associated missense variants in this domain have been shown to result in decreased 

expression of the mutant protein in HEK293T cells (9). The LRRCT domain in the crystal 

structure of U2A’ spliceosomal protein assumes an α-helix confirmation that covers or 

“caps” the C- terminal opening of the LRR superhelix, shielding its hydrophobic core 

(13). To model the effect of c.340_351dup on this “capping” function, the structures 
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of normal (WT) and mutant (p.T114_R117dup) human CFAP410 were generated using 

the Protein Homology/analogY Recognition Engine, version 2.0 (Phyre2) program. A 

structural region of high confidence (99.9%) spanning the LRR2, LRR3 and LRRCT 

domains across 119 residues (~46% coverage) were obtained and analyzed. In both the 

WT and p. T114_R117dup, LRR2 and LRR3 folded into a helicoidal conformation that is 

consistent with other structural homologues (e.g., U2A’ spliceosomal protein). As expected, 

the LRRCT domain in the WT structure exhibited an α- helical conformation, capping 

the LRR superhelix (Figure 5c). In the mutant structure, however, the duplicated residues 

(p.T114_R117dup) formed a disorganized peptide strand exposing the inner hydrophobic 

core of the LRR superhelix (Figure 5d).

Methods

All variants and their MAFs were compared to the gnomAD dataset (http://

gnomad.broadinstitute.org; accessed May 2021). Possible splicing effects were analyzed 

using SpliceAI (14). Further functional annotation of variants was carried out with 

ANNOVAR using pathogenicity scores of DDIG-in (15), MutPred-InDel (16), CADDv.16 

(17), SIFT_indels2 (18), and PROVEAN (19). As a general guideline, pathogenic 

consequences are predicted for variants with scores >20 for CADDv1.6. The pathogenicity 

threshold for PROVEAN was set at −2.5, which is the maximum separation between 

deleterious (< −2.5) and neutral (> −2.5) for binary classifications. Homologous sequences 

of CFAP410 were queried using the protein BLAST program (https://blast.ncbi.nlm.nih.gov/

Blast.cgi?PROGRAM=blastp&PAGE_TYPE=BlastSearch&L INK_LOC = blasthome). 

Generated multiple sequence alignments were then used identify the LRRCT consensus 

sequence through Consensus Finder (20). Sequence logos were generated with WebLogo3 

(21). The predicted structures of human wild-type and mutant CFAP410 were derived using 

Phyre2v2.0 (22) and corresponding ribbon diagrams were generated using Chimera-1.15 

(23).

Discussion

We reported a 16-year longitudinal assessment of a patient with a homozygous mutation 

in the CFAP410 gene, who presented with features of short stature and retinal ciliopathies, 

including early onset visual decrease without obvious retinal pigmentation. It was identified 

that the CFAP410 mutation could influence not only the ocular phenotype but also the 

systemic phenotype. The primary cilia in both types of photoreceptors (cones and rods) 

play an important role in phototransduction (4,24-26). The abnormalities of ciliary proteins 

can result in retinal dystrophy due to photoreceptor degeneration, which is a common 

disorder in ciliopathies (4). The outer segments of rods and cones are in fact modified cilia 

that contain densely packed membranous discs loaded with opsin (4). Thus, the CFAP410 
gene encodes a ciliary protein localized to the primary cilium of the photoreceptors related 

to syndromic or non-syndromic retinal degeneration. The identified CFAP410 mutations 

decreased protein stability and affected ciliogenesis, which induced degradation of the 

photoreceptors. Systemic manifestations can also occur in any organ, including the eye, ear, 

liver, kidney, bone and brain. Therefore, the mutations in CFAP410 could result in a retinal 

dystrophy with syndromic or non-syndromic manifestations (9). Although mutations in 
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CFAP410 have been reported in patients with both retinal dystrophy and skeletal anomalies 

(8), there were no skeletal anomalies except for short stature (<mean±2 standard deviations) 

observed in our patient.

Patients with retinal ciliopathies usually present with earlier visual symptoms and less 

retinal pigmentation as compared to typical patients with retinitis pigmentosa at a 

similar age. Our patient with the CFAP410 homozygous in-frame duplication variants 

(c.340_351dup) had clinical features similar to a previous report of a CFAP410 mutation 

with early declining vision and posterior pole staphyloma (27). His BCVA remained at 20/32 

in both eyes since he was ten, prognostically milder than other patients with CFAP410 
gene mutations reported in literature (6,8,9,27). Furthermore, our patient presented with no 

obvious retinal pigmentation, which is a common feature in early age ciliopathies. However, 

the FAF imaging in our patient showed no significant changes over our 16-year follow-

up. This finding differs from the unique FAF patterns noted in many retinal ciliopathies, 

including a parafoveal hyper-FAF ring and a speckled pattern of hypo-FAF foci. Moreover, 

there was only a slightly increased FAF parafoveal ring noted at 20 years old. At 13 years 

old, ERG showed severely decreased cone response with 50% reduction in rod responses, 

whereas the ERG at 20 years old showed nearly extinguished cone and rod responses. 

Therefore, the ERG results from our patient indicate that this mutation causes a cone-rod 

dystrophy, whereby the cone cells are affected earlier and more severely than the rod cells. 

Once, again, we present a novel finding in that many retinal ciliopathies will present as a 

rod-cone dystrophy, however, here, the CFAP410 and RPGRIP1 mutations cause cone-rod 

dystrophy in retinal ciliopathies (1,28).

In conclusion, we report a clinical case of recessive mutations in the CFAP410 gene 

(c.340_351dup), with cone-rod dystrophy, posterior pole staphyloma and short stature. 

Although our patient presented features characteristic of a retinal ciliopathy (including no 

obvious retinal pigmentation), there were also some features that differed from the typical 

retinal ciliopathy phenotype, including mild hyper-FAF parafoveal ring without significant 

hypo-AF spots, and a cone-rod pattern of degeneration. Overall, ERG testing and SD-OCT 

imaging revealed significant damage over the 16-year follow-up, which may suggest that 

this duplication variant leads to a degenerative process. In order to further understand the 

implications of this duplication, we will need to continue to closely monitor this patient as 

well as other similar patients.
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Figure 1. 
Fundus photography and spectral domain optical coherence tomography (SD-OCT) of 

patient at the age of 20 (a) Ultrawide-field fundus photographs showed tessellated fundus 

and RPE mottling around vascular arcade, and slight enlarged disc cupping (small boxes) 

in both eyes. There was no obvious pigmentation. (b) Horizontal SD-OCT through macular 

region showed decreased thickness in the outer nuclear layer, ellipsoid zone interruption and 

loss outside the fovea and posterior pole staphyloma in both eyes.
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Figure 2. 
Fundus autofluorescence at age of 10 and 20. (a) Fundus autofluorescence at the age 

of 10 showed faint hyper autofluorescence at parafoveal region (white arrowheads) and 

around the vascular arcades in both eyes. (b) Ultrawide-field fundus autofluorescence 

at the age of 20 showed markedly ring-shaped hyperauto-fluorescence without obvious 

hypoautofluorescence spots in both eyes.
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Figure 3. 
Full-field electroretinogram (ERG). ERG showed severely reduced in cone response with 

50% reduction in rod responses at the age of 13. The ERG at 20 years old showed nearly 

extinguished in both cone and rod responses. (Solid lines represent the average of all 

tracings, and small dashed lines denote values of a single trace. Long dashed lines represent 

eye-blink artifacts.)

Chiu et al. Page 10

Ophthalmic Genet. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Sanger sequencing of the CFAP410 variant in the patient and his non-consanguineous 

parents. There is a homozygous variant, c.340_351dup in CFAP410 gene of the patient 

(highlight in orange background), which causes in-frame p.T114_R117dup. Both parents 

carry heterozygous variant. There is a homozygous variant, c.340_351dup in CFAP410 gene 

of the patient (highlight in orange background), which cause in-frame p.T114_R117dup. 

Both parents carry heterozygous variant.
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Figure 5. 
Analysis of identified CFAP410 mutation. (a) The CFAP410 protein spans 256 amino 

acid residues that comprise known structural domains—3 leucine-rich repeat (LRR) and 

a downstream leucine-rich repeat C-terminal (LRRCT). (b) The mutation disrupts a 

highly conserved consensus sequence in LRRCT, YRxxΦxxxΦPxΦxxLD, consisting of 

intermittently spaced hydrophobic residues (Φ) flanked by tyrosine (Y) and aspartic acid (D) 

at each end. (c) The LRRCT domain in the WT structure exhibited an α-helical confirmation 

capping the LRR superhelix. From the top view, the duplicated residues (p.T114_R117dup) 
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formed a disorganized peptide strand exposing the inner hydrophobic core of the LRR 

superhelix.
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