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Mutations in CEP78 Cause Cone-Rod Dystrophy
and Hearing Loss Associated with Primary-Cilia Defects

Konstantinos Nikopoulos,1,12 Pietro Farinelli,1,12 Basilio Giangreco,2 Chrysanthi Tsika,3

Beryl Royer-Bertrand,1,4 Martial K. Mbefo,5 Nicola Bedoni,1 Ulrika Kjellström,6 Ikram El Zaoui,1

Silvio Alessandro Di Gioia,1 Sara Balzano,1 Katarina Cisarova,1 Andrea Messina,7 Sarah Decembrini,5

Sotiris Plainis,3 Styliani V. Blazaki,3 Muhammad Imran Khan,8 Shazia Micheal,8 Karsten Boldt,9

Marius Ueffing,9 Alexandre P. Moulin,10 Frans P.M. Cremers,8,11 Ronald Roepman,8 Yvan Arsenijevic,5

Miltiadis K. Tsilimbaris,3 Sten Andréasson,6 and Carlo Rivolta1,*

Cone-rod degeneration (CRD) belongs to the disease spectrum of retinal degenerations, a group of hereditary disorders characterized by

an extreme clinical and genetic heterogeneity. It mainly differentiates from other retinal dystrophies, and in particular from the more

frequent disease retinitis pigmentosa, because cone photoreceptors degenerate at a higher rate than rod photoreceptors, causing severe

deficiency of central vision. After exome analysis of a cohort of individuals with CRD, we identified biallelic mutations in the orphan

gene CEP78 in three subjects from two families: one fromGreece and another from Sweden. The Greek subject, from the island of Crete,

was homozygous for the c.499þ1G>T (IVS3þ1G>T) mutation in intron 3. The Swedish subjects, two siblings, were compound hetero-

zygotes for the nearby mutation c.499þ5G>A (IVS3þ5G>A) and for the frameshift-causing variant c.633delC (p.Trp212Glyfs*18). In

addition to CRD, these three individuals had hearing loss or hearing deficit. Immunostaining highlighted the presence of CEP78 in

the inner segments of retinal photoreceptors, predominantly of cones, and at the base of the primary cilium of fibroblasts. Interaction

studies also showed that CEP78 binds to FAM161A, another ciliary protein associated with retinal degeneration. Finally, analysis of skin

fibroblasts derived from affected individuals revealed abnormal ciliary morphology, as compared to that of control cells. Altogether, our

data strongly suggest thatmutations inCEP78 cause a previously undescribed clinical entity of a ciliary nature characterized by blindness

and deafness but clearly distinct from Usher syndrome, a condition for which visual impairment is due to retinitis pigmentosa.
Cone-rod degeneration (CRD [MIM: 120970]) represents

an extremely rare class of hereditary diseases that affect

the light-sensing neurons of the retina, the cone and rod

photoreceptors.1 Cones are involved in daytime vision,

providing the brain with color information and central,

precise visual input. Conversely, rods are active in very

dim light conditions, are more abundant in the retinal pe-

riphery, and produce achromatic information, typical for

instance of the visual stimulation provided by a landscape

on a moonless night. Individuals with CRD experience

initial loss of visual acuity (central vision) and aberrant

color vision as a result of the prominent loss of cones,

whereas rod functions remain relatively preserved.2 As

the disease progresses, both cone and rod functions deteri-

orate and central vision is severely impaired or lost, but

peripheral islands of the retina might retain some residual

activity.3 On the basis of these clinical parameters, CRD

can be distinguished from retinitis pigmentosa (RP [MIM:

26800], also called rod-cone degeneration), the most com-

mon form of hereditary retinal degeneration. In retinitis

pigmentosa, rods are more severely affected than cones;
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initial symptoms include night blindness due to loss of

rod function, and central vision (cone function) is often

preserved until the very late stages of the disease.4 CRD is

almost invariantly inherited as a Mendelian trait, predom-

inantly according to a recessive pattern of transmission,

and is characterized by an elevated genetic and allelic het-

erogeneity.5 Although as many as 33 CRD-associated genes

have been identified to date (RetNet; see Web Resources),

they are found to be mutated in only ~25% of clinical

cases, implying that a substantial percentage of affected

people might carry mutations in yet-to-be-identified

genes.6

According to this rationale, we performed whole-exome

sequencing (WES) in 34 unrelated individuals with

CRD (29 from Greece and five from Sweden). Genomic

DNA was extracted from peripheral blood leukocytes

according to standard procedures, and then exomic li-

braries (SureSelect V5 kit, Agilent) were sequenced on an

Illumina HiSeq 2000. Raw sequence files were assessed,

trimmed, and finally mapped back to the human genome

reference sequence (build hg19); DNA variants were called
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Figure 1. CEP78 Mutations
Pedigrees and electropherograms of the identified DNA changes.
Asterisks indicate the site of mutations. Abbreviations are as fol-
lows: Mx, mutant alleles; wt, wild-type allele.
and scored according to a specific in silico pipeline,

described previously.7 Aggregate data analysis and variant

filtering procedures (Tables S1 and S2 in the Supple-

mental Data available online) revealed biallelic mutations

in two probands, one from Greece and another from Swe-

den, in CEP78 (centrosomal protein 78, composed of 16

exons for its longest coding isoform [GenBank: NM_

001098802.1]). Both had classical signs and symptoms of

CRD, clearly distinct from retinitis pigmentosa, as detailed

below. Written informed consent was obtained from all in-

dividuals enrolled in this study, and approval for research

on human subjects was obtained from the institutional re-

view boards of all participating Institutions.

The Greek subject (KN10, individual II-1 on the left pedi-

gree in Figure 1) was a 59-year-old male from the island of

Crete and the eldest of two siblings of a non-consanguin-

eous family. His sister was unaffected, and the family re-

ported no history of retinal degeneration. Clinical history

indicated hemarelopia since early adulthood (18–20 years

of age); the condition progressed to severe central vision

loss at the age of 35–40 years and evolved into severe visual

impairment, nystagmus, and photophobia. Dyschroma-

topsia was also reported. Fundus examination at first visit

showed normal color and normal vessels but a small atro-

phic foveal area with subjacent ring-like glistening in one

eye and bull’s-eye maculopathy in the other eye. A few

atrophic lesions were present in the inferior periphery in

one eye (Figure 2). The 30� static automated perimetry re-

vealed a diffuse suppression of the visual field in both

eyes and a relative conservation of the peripapillary and su-

perior periphery. Full-field electroretinography (ERG)

showed flat cone responses but still some residual rod-
The American
mediated signals in the left eye. This person also com-

plained about minor hearing problems, and his audiogram

exhibited relatively mild deficit; nonetheless, such deficit

was clearly distinct and more severe than natural age-

related hearing loss (presbycusis)9 (Figure 2). KN10 carried

a homozygous substitution in the first invariant base of

intron 3 splice donor site c.499þ1G>T (IVS3þ1G>T)

(Figure 1). This variant was located within a very small

stretch of homozygosity that was not statistically signifi-

cant for autozygosity, possibly indicating a mutational

founder effect of geographic origin (not shown). The

only relative who could be tested was his paternal uncle

(individual I-1, left pedigree), who carried this DNA change

heterozygously (Figure 1).

The Swedish proband (2716s15, individual II-2 on the

right pedigree in Figure 1), now deceased, was last exam-

ined at 69 years of age. He was born from unaffected

parents andwas the first child of a kindred of two. His sister

(2702r34, individual II-3, right pedigree), examined at age

65, also had retinal degeneration. Both had visual prob-

lems, including loss of color sensitivity and central vision,

since childhood. Both also reported a hearing deficit since

they were young, and both had hearing aids. Audiogram

of the living Swedish subject at age 66 years revealed

substantial sensorineural hearing loss, which did not

seem to progress substantially over the following 11 years

(Figure 2). Hospital records containing information on

the hearing status of her deceased brother were destroyed

upon his death. Fundus examination showed degenerative

changes for both siblings in the macular region and some

spicular pigment in the mid-periphery but fewer changes

in the periphery (Figure 2). Progressive deterioration of

the visual field was reported and documented as ex-

panding from the center to the periphery. At last exami-

nations, both siblings retained some residual vision at

the periphery of the visual field, especially in dim-light

conditions. Similar to the situation for the Greek subject,

full-field ERG of both individuals highlighted almost no

residual cone activity but still revealed some rod-mediated

responses, even at these late ages. These siblings were

compound heterozygotes for two CEP78 mutations: a

frameshift-causing single-nucleotide deletion (c.633delC;

p.Trp212Glyfs*18) in exon 5 and an intronic base substi-

tution (c.499þ5G>A; IVS3þ5G>A) in the vicinity of the

donor site for intron 3, just four nucleotides away from

the mutation identified in the Greek subject. Genetic

examination of the proband’s son (individual III-1, right

pedigree) uncovered the presence of this latter mutation

in heterozygosis, confirming the biallelic nature of the

changes detected in his father and his aunt (Figure 1).

Sanger sequencing of the entire reading frame of CEP78

in a cohort of 99 unrelated CRD-affected individuals of

Swedish, Swiss, Dutch, and Pakistani ethnic background

failed to identify any additional causative variants. The

three mutations present in our two families were not

detected in the genome of an internal control cohort

of 350 unrelated individuals or in any other public
Journal of Human Genetics 99, 770–776, September 1, 2016 771
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Figure 2. Clinical Features of the
Analyzed Subjects
(A) Individual KN10. Fundus pictures (at
age 53 years) reveal macular coalescent
hypochromatic lesions in the right eye
and minor macular changes in the left
eye. Pure tone audiograms at age 57 years
(black lines) and 59 years (red lines) show
mild hearing impairment at higher fre-
quencies compared to the normal range
for gender and age, indicated by the
shaded area.8

(B) Individual 2702r34. Fundus examina-
tion at age 65 years highlights attenuated
vessels and degenerative changes in the
posterior pole. Audiograms at age 66 years
(black lines) and 77 years (red lines) show
clear hearing loss at most frequencies.
Abbreviations are as follows: OD, right
eye; OS, left eye; RE, right ear; and LE,
left ear.
database, including the 1000 Genomes Project, the

Exome Variant Server (EVS), and the Exome Aggregation

Consortium (ExAC) Browser, which reports sequencing

data from more than 61,000 unrelated individuals. In

addition, in silico assessment of the c.499þ1G>T and

c.499þ5G>A mutations via two distinct web-based plat-

forms, NNSPLICE 0.910 and Human Splicing Finder,11 pre-

dicted for both variants the abolishment of the donor

splicing site for intron 3.

To analyze the functional consequences of the three mu-

tations, we obtained fresh blood samples and skin biopsies

from the Greek proband and the living Swedish subject

and performed the following experiments. We first retro-

transcribed total RNA from immortalized lymphoblasts

(GoScript Reverse Transcriptase, Promega). Then, after per-

forming saturating RT-PCR of the region spanning all mu-

tations (primers: 50-TTTTGCAGAAGTCGTGTTCCT-30 and
50-TTCAAGGGCCTCTAGCAAAG-30), we cloned the ampli-

fied products in E. coli (Zero Blunt PCR Cloning Kits,

Invitrogen) and performed colony PCRs and capillary elec-

trophoresis on 96 clones (48 clones per affected individ-

ual). Representative samples were Sanger sequenced, and

relative numbers of splicing events were assessed and

quantified. The c.499þ1G>T mutation resulted invari-

antly in the skipping of exon 3, leading to the production

of an aberrant isoform, never reported in genomic data-

bases, for which exons 2 and 4 were joined together.

This event ablated 24 codons and altered the reading

frame of CEP78, leading to the formation of a premature

termination codon at nucleotides 16–18 of exon 4. There-

fore, this non-canonical transcript was predicted to trigger

nonsense-mediated mRNA decay (NMD)12 and result in no

viable mRNA. The same exon-skipping occurrence was

observed for the other, nearby mutation, c.499þ5G>A,

that was present in the Swedish subjects. Finally, the

frameshift mutation c.633delC resulted in reduced

mRNA amounts, as deduced by the low number of E. coli

colonies carrying this cDNA clone (4 out of 48), again,
772 The American Journal of Human Genetics 99, 770–776, Septemb
probably as a result of the action of NMD. Immunoblot

analysis in fibroblasts’ extracts (antibodies: A301-799A,

Bethyl Laboratories, epitope between residues 550 and

600 and A2066, Sigma, for beta actin) revealed the pres-

ence of CEP78 in very reduced amounts in the Greek sub-

ject and the absence of any detectable band in the Swedish

subject, in agreement with the mRNA findings described

above (Figure 3). More specifically, the homozygous

c.499þ1G>T mutation probably resulted in a few canoni-

cal mRNA forms not detected by our cloning experiments,

in turn producing small amounts of CEP78. Concerning

the Swedish subject, it is likely that both the c.633delC

and the c.499þ5G>A alleles produced mostly non-viable

mRNA and minimal quantities of wild-type mRNA and

protein. In fact, overexposed films showed a faint band

corresponding to CEP78, indicating that the protein was

present in trace amounts (not shown).

To gain insights into the relationship between vision

andCEP78, we analyzed its expression in a panel of human

tissues of cadaveric origin (Human Total RNAMaster Panel

II, Takara, primers 50-GTTTCCCATTAATCAAAACACG-30

and 50-TCAACTTCAGAGGATGAAGGACT-30 for CEP78

and 50-AGAGTGGTGCTGAGGATTGG-30 and 50-CCCTC
ATGCTCTAGCGTGTC-30 for the housekeeping gene

GUSB). Although the number of CEP78 transcripts in the

retina was higher than in many other tissues and organs,

retinal CEP78 mRNA did not display the highest expres-

sion level (Figure 4). A time-course experiment on eyes of

developing and postnatal mice (primers 50-CTTCAGA

AAGTGTCCAGGAAGC-30 and 50-GATCACTCTCTCCTCC

TTCAGC-30 for Cep78 and 50-CCTAAGATGAGCGCAAGTT

GAA-30 and 50-CCACAGGACTAGAACACCTGCTAA-30 for
the housekeeping gene Hprt1) revealed high expression at

embryonic stages, followed by a progressive decrease at

perinatal stages and by a plateau at adulthood (Figure 4).

This pattern is reminiscent of the expression of other

genes involved in retinal degenerations and in early

biogenesis and homeostasis of the centriole, notably
er 1, 2016
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Figure 3. Immunoblot Analysis of Endogenous CEP78 in Fibro-
blasts from Affected Individuals
Numbers on the left refer to molecular-size markers. Control indi-
cates human fibroblasts from a control individual; HEK293T indi-
cates HEK293 cells containing SV40 large T antigen as a control for
specificity of the anti-CEP78 antibody.
CEP76, CEP110, CEP164 (MIM: 614848), RAB8A (MIM:

165040), BBS4 (MIM: 600374), and RPGR (MIM:

312610).13 Although we could not obtain primary data

on CEP78 expression in human cochlea, we assessed its

RNaseq values from the only comprehensive transcrip-

tome repository currently available for the inner ear.14

CEP78 displayed a FPKM (fragments per kilobase of exon

per million reads mapped) value of 4.53 (average from

three human cochleae), indicating moderate expression

in this structure. Importantly, this FPKM value for CEP78

appeared to be higher than that of most genes already

known to be associated with hereditary deafness (40 out

of 70, or 57%), as assessed in the same organs and in the

same conditions (Table S3).

Little is known about the function of CEP78. Identified

as a component of the centrosome by two independent

proteomic screenings,15,16 CEP78 is composed of five

leucine-rich repeats located at the N-terminal half of the

protein, as well as a coiled-coil domain at the C terminus.

An important study using Planaria as the main experi-

mental model revealed that miRNA-based knockdown of
0

2

4

6

8

10

12

Bo
ne

 m
ar

ro
w

Br
ai

n

Ce
re

be
llu

m

Co
lo

n

He
ar

t

Ki
dn

ey

Li
ve

r

L u
n g

M
us

cl
e

Pl
a c

en
t a

Pr
o s

ta
t e

Re
na

Sm
a l

l i
nt

e s
ne

Sp
in

al
 c

or
d

S p
le

en

S t
om

a c
h

C
E

P
78

 e
xp

re
ss

io
n 

(a
rb

itr
ay

 u
ni

ts
, r

el
at

iv
e 

to
 re

tin
a)

A

Figure 4. CEP78 mRNA Expression in Various Human Tissues and O
Data are from real-time PCR relative expression analysis, for which
respectively.
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CEP78 resulted in defective primary cilia assembly in flat-

worms and human RPE1 cells.17 Intriguingly, CEP78 was

also found upregulated more than 5-fold by noise stress

in rat cochlea.18 The function and impact of CEP78 in hu-

man physiology, however, remain largely elusive.

The reportedcentrosomal localizationofCEP78prompted

us to investigate a possible role in relationship to the photo-

receptor primary cilium. Immunofluorescence of human

retinal sections with anti-CEP78 antibody (IHC-00364,

Bethyl Laboratories, epitope between residues 550 and 600)

and anti-cone arrestin (SC-54355, Santa Cruz) showed that

CEP78 is present in dot-shaped foci in the inner segments,

probably at the base of the primary cilium in retinal photo-

receptors, predominantly cones (Figure 5 and Figure S1).

This observation was confirmed when CEP78 was labeled

together with acetylated tubulin, staining the primary

cilium of human skin fibroblasts (Figure 5). Interestingly,

positive staining was observed in fibroblasts from KN10

and 2702r34 as well, confirming that CEP78 was in fact

expressed at the protein level in these individuals, as inferred

(Figure 5). The mild differences between these experiments

and the protein-expression observations might be due to

different sensitivities of the two analytical tools and the use

of distinct antibodies (A301-799A for immunoblot and

IHC-00364for immunofluorescence).Nospecificdifferences

concerning CEP78 subcellular localization were observed in

cells from affected individuals versus cells from controls.

Presence at the base of the connecting cilium is a charac-

teristic that is shared by other proteins associated with

retinal degeneration, and in particular by FAM161A, the

deficiency of which causes the RP28 form of retinitis pig-

mentosa (MIM: 606068).19–21 Indeed, tandem-affinity pu-

rification analysis performed with full-length FAM161A

showed a positive interaction with CEP78,22 and co-immu-

noprecipitation with an anti-CEP78 antibody (A301-800A,

Bethyl Laboratories, epitope between residues 639 and
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Figure 5. CEP78 in Human Cells and Its
Interaction with FAM161A
(A) Immunostaining of CEP78 (red dots)
and of cone arrestin (green) in a section
of human retina. Margins of a cone photo-
receptor are highlighted by a dotted line.
The scale bar represents 10 mm.
(B). Co-immunoprecipitation of endoge-
nous CEP78 and FLAG-tagged FAM161A
in HEK293Tcells. FLAG-SOX4 is a negative
control. Abbreviations are as follows: IP:x,
protein targeted by the antibody used in
immunoprecipitation; and WB:x, protein
or peptide targeted by the antibody used
in immunoblots. The single and double as-
terisks indicate the expected molecular
sizes for CEP78 (78 kDa) and the FLAG-
FAM161A construct (90 kDa), respectively.
(C) Staining of CEP78 (red) and acetylated
tubulin (green) in fibroblasts from a
control individual, KN10, and 2702r34.
CEP78 localizes at the centrioles and at
the base of the induced primary cilium.
The scale bars represent 5 and 1 mm for reg-
ular and magnification panels,
respectively.
689) in HEK293T cells transfected with full-length FLAG-

FAM161A revealed direct binding between these two

ciliary proteins (Figure 5).

On the basis of these findings, we speculated that CRD

due to mutations in CEP78 could be a consequence of

hindered ciliary function, similar to what occurs in many

other retinal degenerations.23 To test this hypothesis, we

analyzed the morphology of primary cilia in fibroblasts

derived from KN10 and 2702r34, with respect to four con-

trols, after serum starvation. Unsupervised counting of at

least 82 events per sample (207 events in affected individ-

uals and 430 in controls) revealed that induced cilia in

fibroblasts from KN10 and 2702r34 were significantly

longer than those from control cells (Figure 6 and

Figure S2), a phenomenon that has been previously associ-

ated with impaired function of this organelle. For instance,

mutations in murine orthologs of BBS4, ICK, and TSC1,

linked with ciliopathies such as Bardet-Biedl syndrome,

endocrine-cerebro-osteodysplasia, and tuberous sclerosis,

respectively, display kidney cells with elongated primary

cilia.24–26
774 The American Journal of Human Genetics 99, 770–776, September 1, 2016
In recent years, a significant num-

ber of hereditary conditions have

been recognized to be the conse-

quence of abnormalities of the

cellular cilium. These diseases, collec-

tively called ciliopathies, form a

genetically heterogeneous spectrum

of disorders affecting various tissues

and organs, for instance kidney, co-

chlea, brain, and retina.23,27 Classical

examples of ciliopathies involving

retina and other tissues are Usher
syndrome (MIM: 276900, blindness and deafness) and

Bardet-Biedl syndrome (BBS [MIM: 209900], blindness

and multi-organ defects) for both of which vision loss is

due to retinitis pigmentosa.28 In addition, syndromic cilio-

pathies such as Senior–Løken syndrome (SLS [MIM:

266900]), Joubert syndrome (JBTS [MIM: 213300]), and

Jeune syndrome (JATD [MIM: 616300]) can occasionally

be accompanied by retinal dystrophy and, in particular,

retinitis pigmentosa and/or Leber congenital amaurosis

(LCA [MIM: 204000]).29–32 Another multi-organ ciliopathy

is Alström syndrome (ALMS [MIM: 203800]),33 caused by

null mutations in the gene ALMS1 (MIM: 606844). This

disease is characterized by cone-rod degeneration, dilated

cardiomyopathy, obesity, type 2 diabetes, and short stat-

ure, which can be accompanied by hepatosteatosis and de-

fects in the lungs, kidney, and bladder.33,34 Most cases also

display progressive sensorineural hearing loss.35 Of inter-

est, mutations in ALMS1 have recently been suggested as

being causative of non-syndromic CRD.36

In this study, we show that mutations in CEP78 result

in cone-rod degeneration associated with hearing loss,
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Fibroblasts from affected subjects display significantly longer pri-
mary cilia than those from four unaffected controls, suggesting
impaired functionality.
another hallmark of ciliopathy, but no other syndromic

features. Interestingly, the two Swedish affected indi-

viduals had declared hearing loss, and the Greek subject

had borderline hearing impairment. An intriguing possi-

bility involves the presence of a genotype-phenotype

correlation between CEP78 alleles and hearing (but not

vision), as it is the case for instance for mutations in

USH2A and ALMS1.36–38 Taken together, our data indicate

that genetic defects in CEP78 define a newly recognized

ciliopathy, distinct from Usher and Alström syndromes,

affecting both the visual and the hearing systems.
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