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Bi-allelic Truncating Mutations in CEP78,
Encoding Centrosomal Protein 78, Cause
Cone-Rod Degeneration with Sensorineural Hearing Loss

Prasanthi Namburi,1 Rinki Ratnapriya,2 Samer Khateb,1 Csilla H. Lazar,2,3 Yael Kinarty,1,4

Alexey Obolensky,1 Inbar Erdinest,1 Devorah Marks-Ohana,1 Eran Pras,5,6 Tamar Ben-Yosef,7

Hadas Newman,6,8 Menachem Gross,9 Anand Swaroop,2,10 Eyal Banin,1,10,* and Dror Sharon1,10,*

Inherited retinal diseases (IRDs) are a diverse group of genetically and clinically heterogeneous retinal abnormalities. The present study

was designed to identify genetic defects in individuals with an uncommon combination of autosomal recessive progressive cone-rod

degeneration accompanied by sensorineural hearing loss (arCRD-SNHL). Homozygosity mapping followed by whole-exome

sequencing (WES) and founder mutation screening revealed two truncating rare variants (c.893-1G>A and c.534delT) in CEP78,

which encodes centrosomal protein 78, in six individuals of Jewish ancestry with CRD and SNHL. RT-PCR analysis of CEP78 in blood

leukocytes of affected individuals revealed that the c.893-1G>A mutation causes exon 7 skipping leading to deletion of 65bp,

predicted to result in a frameshift and therefore a truncated protein (p.Asp298Valfs*17). RT-PCR analysis of 17 human tissues

demonstrated ubiquitous expression of different CEP78 transcripts. RNA-seq analysis revealed three transcripts in the human retina

and relatively higher expression in S-cone-like photoreceptors of Nrl-knockout retina compared to rods. Immunohistochemistry

studies in the human retina showed intense labeling of cone inner segments compared to rods. CEP78 was reported previously

to interact with c-nap1, encoded by CEP250 that we reported earlier to cause atypical Usher syndrome. We conclude that

truncating mutations in CEP78 result in a phenotype involving both the visual and auditory systems but different from typical Usher

syndrome.
Inherited retinal diseases (IRDs) are a broad and growing

group of heterogeneous neurodegenerative disorders1,2

that can be either stationary or show progression with

age primarily due to photoreceptor degeneration. IRD phe-

notypes are clinically distinguished by the onset of rod and

cone involvement. The most common inherited retinal

degeneration, retinitis pigmentosa (RP, MIM 268000) is

characterized by a rod > cone pattern of dysfunction,

accompanied by early impairment of night vision and pro-

gressive constriction of the visual fields, often leading to

marked visual loss.3 Cone-rod degeneration (CRD) is char-

acterized by a cone> rod pattern, often exhibitingmacular

involvement and accompanied by loss of visual acuity,

impairment of color vision, photophobia, and nystagmus

in many cases.4 The age of onset in CRD is variable, but

most individuals demonstrate disease phenotype in the

first two decades of life. Globally, RP is estimated to affect

approximately 1 in about 3,500 individuals,5–8 and we

recently reported a higher prevalence of nonsyndromic

RP in the vicinity of Jerusalem (~1:2,200).9 The prevalence

of CRD is much lower estimated as 1 in 40,000.4 Both

phenotypes are genetically heterogeneous (RetNet), with

defects identified in pathways primarily involved in photo-
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receptor function including phototransduction, transcrip-

tion and splicing, and intracellular trafficking.10 As the

photoreceptor outer segment is a modified cilium, muta-

tions in genes associated with cilia biogenesis and trans-

port cause pleiotropic ciliopathies with high penetrance

of photoreceptor degeneration.11–14

About 10%–20% of individuals with RP suffer from

Usher syndrome (USH) in which rod, followed by cone,

degeneration is accompanied by sensorineural hearing

loss (SNHL) and varying degrees of vestibular system

involvement.2,15–17 USH is a heterogeneous condition,

both at the genetic and clinical levels, with mutations in

at least 12 genes (see the databases RetNet and USHbases),

historically classified into 3 main clinical sub-types. In

recent years, a growing number of families with ‘‘atypical

USH’’ were reported, but in all cases the symptoms related

to rod photoreceptor involvement preceded cone degener-

ation.18–21 The association of SNHLwith CRDhas not been

previously reported.

In the present study, we used a combination of homo-

zygosity mapping, whole-exome sequencing (WES), and

founder mutation screening to identify the genetic cause

of disease in families with the rare combination of CRD
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Figure 1. CEP78 Genomic Arrangement
and Mutation Identification
(A) Pedigree of families with CEP78 muta-
tion. Filled symbols designate affected in-
dividuals. Red arrows represent index
case. Family number is depicted above
each family tree and individual number
below each symbol. The CEP78 genotype
of recruited individuals is depicted
below the individual number: M1, c.893-
1G>A; M2, c.534delT; þ, wild-type
allele. Genomic DNA was isolated using
Maxwell� 16 Blood DNA Purification Kit
(Promega).
(B) The chromosomal region harboring
CEP78 at chromosome 9.
(C) Schematic representation of three
different transcripts of CEP78 and the
location of the identified mutations (pink
dashed line). Black rectangles represent
constitutive exons and red represent an
alternatively-spliced exon.
(D) Exome sequence alignment of the
c.893-1G>A mutation region in MOL0679
III:1. WES analysis was performed using
Nextera Rapid Capture Expanded Exome
kit on a HiSeq2500 platform (Illumina).
Mapping to the human reference sequence
(hg19, GRCH37) was performed using
BWA, variantswere called usingGATKpipe-
line, and annotation of variants was done
with ANNOVAR. Only a representative set
of reads is depicted.
(E) Chromatograms of a homozygous wild-
type (top), a heterozygous unaffected fam-
ily member (middle), and a homozygous
affected individual (bottom).
and SNHL inherited in an autosomal recessive (AR) mode.

The tenets of the Declaration of Helsinki were followed,

the study was approved by the Institutional Review Board

(IRB), and prior to donation of a blood sample, informed

consent was obtained from all participants. In our cohort

of over 1,500 Israeli and Palestinian families with IRDs,

six affected individuals from five families (Figure 1A)

shared the same ethnicity (Jews of Iranian, Iraqi, or

Afghani origin) and presented with a unique combination

of CRD and SNHL. While some variability was present in

the clinical manifestations between subjects (detailed

case reports are provided in the Supplemental Note), a

characteristic phenotype could be identified. All affected

individuals presented with similar cone-dominated symp-

toms with a variable age of onset (ranging from 10 to 35

years) including photophobia, low visual acuity, impaired

color vision, and visual field defects accompanied by

SNHL, which also had a variable onset (ranging from 10

to 45 years). Electroretinographic (ERG) testing correlated

with the visual symptoms, showing progressive loss of

cone, followed by rod, photoreceptor function, in some
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cases accompanied by a reduced b/a

wave ratio in the dark-adapted state

(Table 1). Electrooculography (EOG)
testing was performed in four affected individuals, and

the Arden ratio was found to be reduced (Table 1), probably

being secondary to photoreceptor degeneration. Fundu-

scopic findings were characterized by the presence of

prominent retinal atrophy along the major vascular

arcades surrounding the macula that tended to expand at

older ages. In addition, mild macular retinal pigment

epithelium (RPE) changes and subtle peripheral salt and

pepper changes were evident, with no bone-spicule-like

pigmentation (BSP) (Figure 2). Characteristic ring-shaped

atrophy was clearly evident on fundus autofluorescence

(FAF) imaging, manifesting as a hypo-autofluorescent

band along the vascular arcades surrounded by hyper-auto-

fluorescent borders (Figure 2, right panels). In the three

individuals who had visual acuity that permitted perfor-

mance of color vision testing, none of the panels on

the Ishihara 38-plate test were identified, and multiple

errors with non-specific axes were present using the

Farnsworth-Munsell D-15 test. Audiometry tests revealed

bilateral SNHL affecting the middle frequencies, high

frequencies, or both (Figure S1 and Table 1). One of the



Table 1. Clinical Data of Individuals with Bi-allelic CEP78 Mutations

Individual
Number (age
in years)a Genotype

Onset (years)
of Visual
Impairment

Best Corrected
Visual Acuity
(age)a

Refraction
(age)a

Full Field ERG Results

EOG (%)

Hearing Impairment

30Hz Cone Flicker
Amp/IT (age)*

Mixed Cone-Rod
Response (age)*

Rod Response
(age)* Onset (years) Frequencies

MOL0679
III:1 (37)

c.893-1G>A / c.893-1G>A 10 0.08
0.08 (44)

�3.00 ND
ND (44)

a ¼ 172, b ¼ 175
a ¼ 50, b ¼ 43 (44)

110
47 (44)

122 (44) 45 High

MOL0679
III:2 (30)

c.893-1G>A / c.893-1G>A 10 0.15
LP (47)

�0.25 (47) ND ND ND NA 11 Medium and high

MOL0773
II:1 (29)

c.893-1G>A / c.893-1G>A 20 0.08

FC 1 m (43)
FC 1 m (47)

�2.50
�1.25 (48)
(48)

NA
25/42 (33)
15/43 (43)
ND (48)

a ¼ 127, b ¼ 287
a ¼ 91, b ¼ 229 (33)
a ¼ 65, b ¼ 94 (43)
ND (48)

180
75 (33)
ND (43)
ND (48)

135

131 (47)

42 Bilateral flat curve

MOL1310
II:1 (38)

c.534delT / c.534delT 35 0.4 �8.25 NA NA NA NA 36 NA

TB279 II:1 (47) c.534delT / c.534delT 30 0.02 plano ND a ¼ 41, b ¼ 31 4 101 20 Medium and high

TB365 II:1 (38) c.893-1G>A / c.534delT 28 0.12 �2.50 20 (38) a ¼ 134, b ¼ 91 4 98 10 Medium and high

ND, nondetectable; NA, not available; Data represent average between both eyes. Best-corrected visual acuity is given as ratio; when below 0.05, Finger Counting (FC) is provided in meters; LP, light perception; Refraction is
given as mean spherical equivalent of both eyes, in diopters.
Full-field Electroretinography (ERG) results include the following details: Light-adapted (LA) cone flicker amplitude (normal 60– 144 mV) and implicit time (IT, normal 27–33 ms); Dark-adapted (DA) rod response b-wave
amplitude (normal range 200–500 mV); Dark-adapted mixed cone-rod a- and b-wave amplitudes (normal a-wave 90–350 mV, normal b-wave 380–630 mV).
Tel Aviv Sourasky Medical Center ERG normal ranges (applicable to individuals TB279 II:1 and TB365 II:1): LA cone flicker amplitude (65-190 mV) and implicit time (IT, msec, normal 24-30); DA rod response b-wave amplitude
(normal 60-250 mV); Dark-adapted mixed cone-rod a- and b-wave amplitudes (normal a-wave 80–340 mV, normal b-wave 260–600 mV).
aThe age at the first ERG testing is in parenthesis. Clinical tests performed at a different age are marked in parenthesis in the appropriate column.
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Figure 2. Imaging of Individuals with Bi-
allelic CEP78 Variants Ordered by Age
(A–C) TB365 II:1 (38 years).
(D–F) MOL0679 III:1 (44 years), (G–I)
TB279 II:1 (47 years), (J–L) MOL0679 III:2
(47 years), and (M–O) MOL0773 II:1 (48
years). Color fundus photos of the poste-
rior pole (left panels) and Optos wide-
angle images (middle panels) show mild
macular RPE changes, ring of atrophy
along the vascular arcades surrounding
the macula, and subtle peripheral salt
and pepper changes with no BSPs. The
findings are more clearly evident on
fundus auto fluorescence (FAF) imaging
(right panels) showing hypo-autofluores-
cence along the vascular arcades with a
macular hyper-autofluorescent ring.
individuals, MOL0773 II:1, underwent audiometry at 47

years showing bilateral SNHL with a flat curve, involving

all hearing frequencies (Figure S1C). Importantly, none of

the affected individuals reported significant abnormalities

of the vestibular system (detailed in Supplemental Note).

Aiming to identify the cause of disease in family

MOL0679, in which the parents are distantly related, we

performed homozygosity mapping on genomic DNA sam-

ple of the index case (III:2; Figure S2). Two large homozy-

gous regions passed the analysis criteria: a very large region

of 65.6 Mb on chromosome 9 (ranging from 19.8 to 85.4

Mb in reference sequence hg19) flanked by SNP markers

rs1857437 and rs728695, and a smaller region of 34 Mb

on chromosome 19 (15.3 to 49.1 Mb) flanked by markers

rs2366267 and rs1073653. These regions harbor 628 and

744 genes, respectively, but do not harbor any known

IRD-associated gene. We therefore performedWES analysis

on the DNA sample of MOL0679 III:1 that revealed 30,379

sequence variants. Because compound heterozygous

mutations can be identified in consanguineous families,

we initially inspected a set of all 226 known IRD-associated
780 The American Journal of Human Genetics 99, 777–784, September 1, 2016
genes22 and did not identify any

putative pathogenic disease-causing

mutations. Analysis of known poly-

morphic markers in the two above-

mentioned homozygous regions

showed that the two siblings shared

only a single large homozygous re-

gion on chromosome 9 (spanning

16 Mb, ranging from 69.4 to 85.4

Mb [Figure 1B], flanked by SNP

markers rs369854466 and rs728695).

We then performed detailed analysis

of this homozygous region and iden-

tified 15 homozygous variants (Table

S1), three of which were rare variants

(minor allele frequency [MAF] <

0.005) that are predicted to affect

the amino-acid sequence of the corre-
sponding gene. Two of the variants were missense that

are predicted to be benign by the online prediction tools

(PolyPhen 2, SIFT, and MutationTaster). The remaining

single variant was a homozygous transition (c.893-1G>A,

Figure 1D) in the acceptor site of exon 7 of CEP78 (Gen-

bank: NM_032171.1 [Figures 1C and 1D]) with coverage

of 43X that was verified by Sanger sequencing (Figure 1E)

and co-segregated with the phenotype in the family.

Exon 7 includes 65 nucleotides and skipping of this

exon is expected to result in a frameshift mutation

(c.893_957del; p.Asp298Valfs*17). The sequence variant

was not found in public databases (including the Exome

Aggregation Consortium [ExAC] Server [Cambridge, MA,

03/2016]) and in an in-house database of 408 Israeli

exomes.

Aiming to study whether c.893-1G>A is a recurrent

mutation, we screened the index cases of the four remain-

ing families that had a similar phenotype (MOL0773,

MOL1310, TB279, and TB365, Figure 1A) for this muta-

tion. Two index cases harbored the rare variant:

MOL0773 II:1 was homozygous and TB365 II:1 was



Figure 3. CEP78 RNA Expression Analysis
(A) The effect of the c.893-1G>Amutation
on CEP78 mRNA splicing in blood leuko-
cytes. RT-PCR analysis was performed on
cDNA samples of a homozygous individ-
ual (MOL0773 II:1, lane 1) and a WT indi-
vidual (lane 2). Lane 3 includes a negative
control. M represents a 0.1–10 kb DNA
ladder (100, 300, and 500 bp bands are
indicated). The schematic drawing on the
left represents the amplicons of the WT
and mutant alleles as verified by direct
Sanger sequencing. Total RNA was isolated
using the QIAamp RNA Blood Mini Kit
(QIAGEN) and RT-PCR was performed us-
ing Verso cDNA Kit (Thermo Scientific).
(B) RNaseq data extracted from 11 post-
mortem human retinal samples. The
FPKM (fragments per kilobase of transcript
per million mapped fragments) of the
three identified CEP78 transcripts is de-
picted. RNA was isolated with TRIzol LS
and assessed using Bioanalyzer RNA 6000
Pico assay (Agilent Technologies). Strand-
specific libraries were constructed with
20–100 ng of total RNA using TruSeq
RNA Sample Prep Kit-v2 (Illumina). Reads
were aligned to the Ensembl v73 transcrip-
tome annotation using Bowtie2 and tran-
script quantitation was performed with
eXpress.
(C) Expression level of CEP78 versus
PGM1 (MIM 171900) in different human
tissues (Clontech; cat #636643, lot No.
8101369A) using two sets of primers

located in exons 6 through 9 and exons 14 through 16 and designed to amplify all three transcripts. Lane 1, bone marrow; 2, brain
(whole); 3, fetal brain; 4, fetal liver; 5, heart; 6, kidney; 7, liver; 8, lung; 9, placenta; 10, prostate; 11, spleen; 12, thymus; 13, uterus;
14, small intestine; 15, spinal cord; 16, stomach; 17, retina; 18, negative control; and M, 0.1–10 kb DNA ladder.
(D) Expression of Cep78 and Pgk1 in the mouse retina (at the age of E14 [lane 1], P0 [lane 2], and P30 [lane 3]) and inner ear at P30
(lane 4). Negative controls are shown in lanes 5.
(E) RNA-seq analysis of Cep78 in flow-sorted photoreceptors isolated fromWT retina (blue) versus the cone-enriched Nrl-KO retina (red).
GFP-positive cells were isolated from Nrlp-GFP or Nrlp-GFP;Nrl-KO mice retina at different postnatal stages of development by fluores-
cence-activated cell sorting (FACS).30
heterozygous. Sequencing analysis of the remaining exons

in TB365 II:1 revealed an additional variant: a heterozy-

gous deletion of thymidine in exon 4 (c.534delT), which

is expected to cause a frameshift (p.Lys179Argfs*10).

The two remaining index cases, MOL1310 II:1 and

TB279 II:1, were found to be homozygous for c.534delT.

In addition, we sequenced both exons 4 and 7, as well as

flanking intronic sequences in 249 Eastern Jewish index

cases with IRDs, but none of them carried either mutation

or additional possible CEP78 disease-causing mutation.

Because both variants have been identified in individuals

with a shared origin, we used a set of 21 SNPmarkers flank-

ing CEP78 to study whether c.893-1G>A and c.534delT are

founder mutations (Table S2). Haplotype analysis revealed

a shared and distinct haplotype for each mutation,

covering homozygous regions of 6.3 and 11.3 Mb respec-

tively, indicating that indeed, as expected, these are

founder mutations in Jews originated from Iraq, Iran,

and Afghanistan.

To study the effect of the c.893-1G>A mutation on

splicing, we employed RT-PCR using RNA from blood leu-
The American
kocytes to amplify a fragment of CEP78 mRNA. The

primers we used are located in exons 6 and 9 (Table S3)

and produced an expected 290 bp fragment in controls

(Figure 3A) and a shorter 225 bp fragment in individuals

who are homozygous for the mutation (Figure 3A, lane

1). Sanger sequencing of the mutant band revealed skip-

ping of exon 7 leading to deletion of 65 nucleotides

(Figure 3A, left panel). RT-PCR analysis of all available

affected individuals and familymembers did not reveal sig-

nificant differences in the abundance of the WT and the

two mutant alleles (Figure S3), indicating that in leuko-

cytes, short mutant CEP78 proteins that are likely to result

in no protein function, are expected to be produced.

CEP78 includes 17 coding exons in the human genome

spanning a genomic region of 31 Kb. To study the expres-

sion of CEP78 in the human retina, we analyzed RNA-seq

data of 11 individuals and identified three different pro-

tein-coding transcripts (Figures 1C and 3B). Analysis of

retinal transcripts deposited in public databases show

that exon 15 is an alternatively-spliced exon. In addition,

we show here using RNA-seq analysis that transcripts
Journal of Human Genetics 99, 777–784, September 1, 2016 781



Figure 4. CEP78 Immunolocalization in
the Human Retina
(A and B) Low-magnification images (20X)
of control retina showing DAPI staining
(B) and double staining (A) with the
antibodies anti-CEP78 (HPA048846 from
Sigma at a final concentration of 1:200)
in green and anti-S-opsin (AB5407 from
Chemicon International, Temecula; at a
final concentration of 1:75) in red. The
secondary antibodies were DyLight 488
donkey anti-rabbit and rhodamine red-X-
conjugated donkey anti-goat IgG respec-
tively (both in 1:250 dilution from Jackson
Immuno Research Laboratories).
(C) Higher magnification of the photore-
ceptor-RPE region. Note dense staining
of the cone inner segment and the base
of the rod inner segment (original magni-
fication 40X with digital zoom). GCL, gan-
glion cell layer; IPL, inner plexiform layer;
INL, inner nuclear layer; OPL, outer plexi-
form layer; ONL, outer nuclear layer; IS, in-
ner segments of photoreceptors; OS, outer
segments of photoreceptors; RPE, retinal
pigment epithelium layer.
including exon 17 (CEP78-001 and 003) are also expressed

in the human retina (Figure 3B). All three transcripts show

a similar level of expression with CEP78-003 the less com-

mon one (Figure 3B). Subsequent semiquantitative anal-

ysis of the distribution of CEP78 transcripts in various hu-

man tissues revealed a ubiquitous and variable expression

pattern (Figure 3C, upper two panels, and Figures S4A

and S4B). In addition, the analysis revealed similar expres-

sion levels of transcripts including and lacking exon 15 in

most studied tissues (Figure 3C, middle panel, and Figures

S4B and S4D) with a relatively high expression level in the

thymus. To study Cep78 expression in the mouse retina,

we used RT-PCR (followed by verification with Sanger

sequencing) at different age points (embryonic day 14

[E14], postnatal day 0 [P0], and postnatal day 30 [P30])

in the WT mouse retina (Figures 3D, S4E, and Table S3).

Cep78 expression was evident at all time points with

more intense amplification at P30 (Figures 3D and S4E).

In addition, RT-PCR analysis of the inner ear shows

robust amplification of Cep78, which is similar to that

obtained in the retina (Figure S4E). To gain more insight

on the expression level in specific retinal cells, we used

RNA-seq to analyze the expression levels in flow-sorted

photoreceptors of wild-type versus the Nrl-KO retina in

mice (Figure 3E).23 We observed a higher Cep78 expression

level in cones.

In all studied affected individuals, we observed a retinal

phenotype showing initial and more pronounced cone

dysfunction, which is followed and accompanied by less

prominent rod involvement. This is reflected both in

the symptoms experienced by the affected individuals

(including decreased visual acuity, increased sensitivity
782 The American Journal of Human Genetics 99, 777–784, Septemb
to light and impaired color vision), in the funduscopic

findings described above that mainly involve the poste-

rior pole, and further substantiated by the ERG results

that show a cone more than rod pattern of injury.

Aiming to study the immunolocalization of CEP78 in

the human retina, we performed immunohistochemistry

studies with an anti-CEP78 antibody in sections of

normal human (Figure 4) and mouse (Figure S5) retinas.

The analysis revealed immunolocalization of CEP78 in

many retinal cell types (Figure 4A compared to DAPI

staining in Figure 4B). A similar immunolabeling retinal

pattern was reported previously for FAM161A.24 Intense

staining of cone photoreceptor inner segments can be

observed, while only weak labeling of the base of rod

inner segments is evident (Figure 4C). These results are

in-line with the observed retinal phenotype in which

the cones are more affected than rods. IHC in the mouse

retina (Figure S5) also revealed immunolocalization in

various retinal cell-types including photoreceptor inner

segments.

CEP78 orthologs can be found in mammals, amphib-

ians, aves, fish, and insects. To gain insight into protein re-

gions that are preserved along evolution, we performed a

sliding window analysis calculating the mean amino-acid

identity at a 30 amino-acid interval, comparing the human

protein sequence to selected orthologs (Figure S6A). CEP78

contains a leucine-rich repeat (LRR) region, which is

composed of 20–29 residue sequence motifs that are pre-

sent in many proteins that participate in protein-protein

interactions and have different functions and cellular loca-

tions. A limited level of amino-acid identity was found

in the C terminus, while three regions show a relatively
er 1, 2016



high degree of preservation in all studied species: amino

acids 178–287, which cover most of the LRR region, a

sharp peak at amino acids 409–413, and a region between

amino acids 511 and 566 (Figure S6A). Phylogeny analysis

revealed, as expected, closely related sequences among

mammalians and clear orthologous sequences in other

species (Figure S6B). To compare the level of amino-acid

preservation between CEP78 and 69 other IRD proteins

(14 USH-related proteins and 55 arRP-related proteins

listed in Table S4), we calculated the amino-acid identity

levels between each human protein sequence and its or-

thologs in eight species (Figure S6C). The analysis indicates

that CEP78 (red circle in Figure S6C) has an average level of

preservation in most species along evolution.

Centrosomal protein 78kDa (CEP78) was previously

shown to be localized to the human centrosome,25 which

is the major microtubule-organizing center of animal cells

and through its influence on the cytoskeleton is involved

in cell shape, polarity, and motility. The mother centriole

determines the position of the flagella and cilia and be-

comes the basal body of these organelles.26 The centro-

some has also a crucial function in cell division because

it determines the poles of the mitotic spindle that segre-

gates duplicated chromosomes during cell division.

CEP78 was reported previously to interact with another

centrosomal protein, C-Nap1, encoded by CEP250 (MIM

609689).27 Interestingly, we reported previously that a

null CEP250 mutation causes atypical USH, characterized

by early-onset SNHL, and a relatively mild RP pheno-

type.21 Based on its cellular localization and interacting

proteins, CEP78 is considered a ciliary protein.28 Depletion

of human CEP78 affects primary cilium assembly in RPE1

cells and decreased the proportion of ciliated cells up to

2-fold.29

Unlike all cases of retinal degeneration associated with

SNHL (e.g., Usher syndrome) that were thus far reported,

in which the retinal phenotype was typical RP, the individ-

uals we describe here manifest ocular findings that are

compatible with cone-rod degeneration. In line with the

retinal phenotype, our immunohistochemistry analysis

in the human retina shows more pronounced expression

of CEP78 in cones.

In summary, our results show that bi-allelic null variants

in CEP78 cause a syndrome that is characterized by CRD

with SNHL, with relatively late onset of both ocular and

hearing impairment. The funduscopic findings are charac-

teristic, showing atrophy along the major vascular arcades

that are best visualized using FAF imaging. To the best of

our knowledge, this combined retinal and auditory pheno-

type has not been previously reported. The phenotype we

describe here does not fall within the standard classifica-

tion of Usher syndrome, and it should be noted that a

relatively large number of affected individuals have been

reported to suffer from ‘‘atypical’’ Usher syndrome with

both retinal and hearing features that do not fit the three

established Usher subtypes.18–21 The results presented

here further expand the spectrum of syndromes involving
The American
the auditory and visual systems that are due to defects in

ciliary and/or centrosomal proteins.
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