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Abstract

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.
Following exome analysis of a cohort of patients with CRD, we identified biallelic mutations
in the orphan gene CEP78 in three patients from two families: one from Greece and another
from Sweden. The Greek patient was homozygous for the IVS3+1G>T (c.499+1G>T)
mutation in intron 3, likely as a consequence of a mutational founder effect in the island of
Crete. The Swedish patients, two siblings, were compound heterozygotes for the nearby
mutation [VS3+5G>A (c.499+5G>A) and for the frameshift-causing variant c.633delC;
p.Trp212GlyfsTerl8. In addition to CRD, all patients had hearing loss or borderline hearing
deficit. Immunostaining revealed 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 patients revealed abnormal ciliary morphology, compared to control cells. Altogether,
our data strongly suggest that mutations in CEP78 cause a novel clinical entity of ciliary
nature, characterized by blindness and deafness but clearly distinct from Usher syndrome, a

condition for which visual impairment is due to retinitis pigmentosa.
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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.” 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 retinal periphery, and produce achromatic information,
typical for instance of the visual stimulation provided by a landscape in a moonless night.
Patients with CRD typically experience initial loss of visual acuity (central vision) and
aberrant color vision, due to the prominent loss of cones, while rod functions remain
relatively preserved.” As the disease progresses, both cone and rod functions deteriorate,
central vision is severely impaired or lost, while peripheral islands of the retina may retain
some residual activity.> Based on these clinical parameters, CRD can be distinguished from
retinitis pigmentosa (also called rod-cone degeneration), the most common form of
hereditary retinal degeneration. In retinitis pigmentosa rods are more severely affected
than cones, initial symptoms include night blindness (nyctalopia), and central vision is often
preserved until the very late stages of the disease.” CRD is almost invariantly inherited as a
Mendelian trait, predominantly according to a recessive pattern of transmission, and is
characterized by an elevated genetic and allelic heterogeneity.” Although as many as 33
CRD-associated genes have been identified to date (https://sph.uth.edu/Retnet/), they are
found to be mutated in only ~25% of clinical cases, implying that a substantial percentage of
patients may carry mutations in genes yet to be identified.®

Following this rationale, we performed Whole-Exome Sequencing (WES) in 34
unrelated patients with CRD (29 from Greece and 5 from Sweden). Upon signature of a
consent form, genomic DNA was extracted from peripheral blood leukocytes following

standard procedures, and then exomic libraries (SureSelect V5 kit, Agilent) were sequenced
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on an lllumina HiSeq2000. Raw sequence files were assessed, trimmed, and finally mapped
back to the human genome reference sequence (build hg19); DNA variants were called and
scored according to a specific in silico pipeline, described before.” Aggregate data analysis
and variant filtering procedures (Table S1) identified biallelic mutations in two index
patients, one from Greece and another from Sweden, in CEP78 (centrosomal protein of 78
kDa gene, composed of 16 exons for its longest coding isoform, NM_001098802.1). Both
patients had classical signs and symptoms of CRD, clearly distinct from retinitis pigmentosa,
as detailed below.

The Greek patient (KN10) was a 59 year-old male from the island of Crete, the eldest
of two siblings of a non-consanguineous family. His sister was unaffected, and the family
reported no history of retinal degeneration (Figure 1). Clinical history indicated hemarelopia
since early adulthood (18-20 years of age) that progressed to severe central vision loss, at
the age of 35-40 years, and evolved into severe visual impairment, nystagmus and
photophobia. Dyschromatopsia was also reported. Fundus examination showed since the
first visit normal color and normal vessels but a small atrophic 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 degrees static
automated perimetry revealed a diffuse suppression of the visual field in both eyes with a
relative conservation of the peripapillary and superior periphery. Full-field
electroretinography (ERG) showed flat cone responses but still some residual rod-mediated
signals in the left eye. The patient also complained 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)8 (Figure 2). KN10 carried a

homozygous substitution in the first invariant base of intron 3 splice donor site IVS3+1G>T
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(c.499+1G>T) (Figure 1). This variant was comprised within a very small stretch of
homozygosity that was not statistically significant for autozygosity, possibly indicating a
mutational founder effect of geographic origin (not shown). The only relative that could be
tested was his paternal uncle, who carried this DNA change heterozygously (Figure 1).

The Swedish index patient (2716s15), now deceased, was last examined at 69 years
of age. He was born from unaffected parents and was the first child of a kindred of two. His
sister (2702r34), examined at age 65, also had retinal degeneration. Both had visual
problems since childhood, including loss of color sensitivity and central vision. Both also
reported hearing deficit since younger ages, and both had hearing aids. Audiogram of the
living patient 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 revealed degenerative changes for both siblings in the
macular region and some spicular pigment in the mid-periphery but less changes in the
periphery (Figure 2). Progressive deterioration of the visual field was reported and
documented to expand from the center to the periphery. At last examinations, they both
retained some residual vision at the periphery of the visual field, especially in dim light
conditions. Similar to the Greek patient, full-field ERG of both individuals highlighted almost
no residual cone activity, but revealed still 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.Trp212GlyfsTer18) in exon 5 and an intronic
base substitution (IVS3+5G>A; ¢.499+5G>A) in the vicinity of the donor site for intron 3, just

4 nucleotides away from the mutation identified in the Greek patient. Genetic examination
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of the index patient’s son revealed 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 open reading frame of CEP78 in a cohort of 99
unrelated CRD patients 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 database, including the 1000 Genomes Project, the Exome Variant
Server (EVS, http://evs.gs.washington.edu/EVS) and the Exome Aggregation Consortium
(EXAC, http://exac.broadinstitute.org), which reports sequencing data from more than
61,000 unrelated individuals. In addition, in silico assessment of the c.499+1G>T and
c.499+5G>A mutations using two distinct web-based platforms, NNSPLICE 0.9° and Human
Splicing Finder,™ predicted for both variants the abolishment of the donor splicing site for
intron 3.

To analyze the functional consequences of the three identified mutations, we
obtained fresh blood samples and skin biopsies from the Greek index patient and the living
Swedish patient, and performed the following experiments. We first retrotranscribed total
RNA from immortalized lymphoblasts (GoScript™ Reverse Transcriptase, Promega) and then,
following saturating RT-PCR of the region spanning all mutations (primers: 5’-
TTTTGCAGAAGTCGTGTTCCT-3" and 5'-TTCAAGGGCCTCTAGCAAAG-3’), we cloned the
amplified products in E. coli (Zero Blunt® PCR Cloning Kits, Invitrogen) and performed colony
PCRs and capillary electrophoresis on 96 clones (48 clones per patient). Representative
samples were Sanger sequenced and relative amounts of splicing events were assessed and
quantified. The IVS3+1G>T mutation resulted invariantly in the in-frame skipping of exon 3,

leading to the production of an aberrant isoform, never reported in genomic databases, for
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which exons 2 and 4 were joined together (Figure 1). This event neither altered the open
reading frame of CEP78, nor led to the formation of a premature termination codon.
Therefore, it was predicted not to trigger nonsense-mediated mRNA decay (NMD)™ but
conversely result in the production of a shorter protein, possible less stable than the wild-
type form, lacking the first of five leucine-rich repeat domains (Figure 1). The same exon
skipping occurrence was observed for the other, nearby mutation IVS3+5G>A that was
present in the Swedish patients. 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 probably due to the action of NMD. Western blot analysis in
fibroblasts’” extracts (A301-799A-T, Bethyl Laboratories and A2066, Sigma, for beta actin)
revealed the presence of a CEP78 protein form having reduced amounts and a comparable
molecular weight with respect to controls in the Greek patient, and in no detectable band in
the Swedish patient, in agreement with the mRNA findings described above (Figure 3). More
specifically, the homozygous IVS3+1G>T mutation likely resulted in proteins lacking the
small internal portion corresponding to exon 3 on the DNA sequence and therefore having a
minimal difference in molecular weight with respect to the wild-type form. Interestingly,
reduced quantities indicated that such mutant protein was indeed less stable than its wild-
type counterpart. Concerning the Swedish patient, it is likely that the 633delC allele resulted
in no protein at all, as predicted in silico and following mRNA analysis, whereas the
IVS3+5G>A allele produced the same form detected in the Greek patient but at non-
detectable amounts in standard conditions, due to both putative protein instability and
heterozygosity for the mutation. Overexposed films showed in fact a faint band
corresponding to CEP78, indicating that the protein was present in trace amounts (not

shown).
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To gain insights into the relationship between vision and CEP78, we analyzed its
expression in a panel of human tissues of cadaveric origin (Human Total RNA Master Panel
Il, Takara). Despite the levels of CEP78 transcripts in retina was higher than in many other
tissues and organs, retinal CEP78 mRNA did not display the highest value of expression
(Figure 4). A time course experiment on eyes of developing and postnatal mice revealed
high expression at embryonic stages, followed by a progressive decrease at perinatal stages,
and by a plateau at adulthood (Figure 4). This pattern recalls the expression of other genes
involved in retinal degenerations and in early biogenesis and homeostasis of the centriole,
notably: CEP76, CEP110, CEP164, RAB8A, BBS4, and RPGR.* Although we could not obtain
primary data on CEP78 expression in human cochlea, we assessed its RNAseq values from
the only comprehensive transcriptome repository currently available for the inner ear™
CEP78 displayed a FPKM (fragments per kilobase of exon per million reads mapped) value of
4.53, as an average obtained from three human cochleae, indicating moderate expression in
this structure. Interestingly, the amount of CEP78 transcripts appeared to be higher than
that of most genes already known to be associated with hereditary deafness (40 out of 70,
or 57%), assessed in the same organs and in the same conditions (Table S2).

Little is known about the function of CEP78. Identified as a component of the

1415 CEP78 is composed of 5 leucine-

centrosome by two independent proteomic screenings,
rich repeats located at the N-terminal half of the protein, as well as a coiled-coil domain at
the C-terminus (Figure 1). An important study using Planaria as main experimental model
revealed that miRNA-based knocking-down of CEP78 results in defective primary cilia
assembly in flatworms and human RPE1 cells.* Intriguingly, CEP78 was also found over 5-

fold upregulated by noise stress in rat cochlea.'” The function and impact of CEP78 in human

physiology, however, remain largely elusive. Its reported centrosomal localization prompted
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us to investigate a possible role for CEP78 in relationship to the connecting cilium of
photoreceptors. Immunofluorescence of human retinal sections with anti-CEP78 antibody
(IHC-00364-T, Bethyl Laboratories) and anti-cone arrestin (SC-54355, Santa Cruz) revealed
that CEP78 is present in dot-shaped foci in the inner segments, likely at the base of the
retinal photoreceptors primary cilium, predominantly of cones (Figure 5, 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, indicating that CEP78
was expressed at the protein level in these patients, as predicted (Figure 5). No specific
differences concerning CEP78 subcellular localization were observed in cells from patients
vs. cells from controls.

Localization at the base of the connecting cilium is a characteristic that is shared by
other proteins associated with retinal degeneration, and in particular by FAM161A, the

1820 Tandem-affinity

deficiency of which causes the RP28 form of retinitis pigmentosa.
purification analysis performed with full-length FAM161A showed indeed positive
interaction with CEP78,%* and co-immunoprecipitation with an anti-CEP78 antibody (A301-
800A, Bethyl Laboratories, epitope between residues 639 and 689) using HEK293T cells
transfected with full-length FLAG-FAM161A revealed direct binding between these two
ciliary proteins (Figure 5).

Based on these findings, we speculated that CRD due to mutations in CEP78 could be
a consequence of hindered ciliary function, similarly to many other retinal degenerations.?
To test this hypothesis, we analyzed the morphology of cilia in fibroblasts derived from

patients and four controls following serum starvation. Unsupervised counting of at least 82

events per sample (207 events in patients and 430 in controls) revealed that induced cilia in
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patient-derived fibroblasts were significantly longer than in controls (Figure 6, Figure S2), a
phenomenon that has been previously associated with impaired function of this organelle.
For instance, mutations in murine homologues of BBS4, ICK and TSC1, linked with
ciliopathies such as Barted-Biedl syndrome, endocrine-cerebro-osteodysplasia and tuberous
sclerosis, respectively, display kidney cells with elongated primary cilia. %

In recent years a significant, yet expanding number of diverse and degenerative
single-gene disorders, have been recognized to fall under the same pathogenesis group
featuring aberrant primary cilia function. These diseases, collectively called ciliopathies,
form a genetically heterogeneous spectrum of disorders affecting various tissues and organs

.. . . . . 22,2
comprising for instance kidney, cochlea, brain, and retina. 26

Classical examples of
ciliopathies involving retina and other tissues are Usher syndrome (blindness and deafness)
and Bardet-Biedl syndrome (blindness and multi-organ defects) for both of which vision loss
is due to recessive retinitis pigmentosa.?’ In addition, syndromic ciliopathies such as Senior—
Loken syndrome, Joubert and/or Jeune syndrome may occasionally be accompanied by
retinal dystrophy and in particular retinitis pigmentosa and/or Leber Congenital

2831 Another multi-organ ciliopathy is Alstrém syndrome,®? caused by null

Amaurosis.
mutations in the gene ALMSI1. This disease is characterized by cone-rod degeneration,
dilated cardiomyopathy, obesity, type 2 diabetes, and short stature, which can be

3233 Most cases

accompanied by hepatosteatosis and defects in lungs, kidney, and bladder.
also display progressive sensorineural hearing loss.>* Of interest, mutations in ALMS1 have
recently been suggested as causative of non-syndromic CRD.*

In this study, we show that mutations in CEP78 result in cone-rod degeneration

associated with hearing loss, another hallmark of ciliopathy, but no other syndromic

features. Interestingly, the two Swedish patients had declared hearing loss while the Greek
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patient had borderline hearing impairment. An intriguing possibility involves the presence of
a genotype/phenotype correlation between CEP78 alleles and hearing (but not vision), as it

3337 Taken together, our data

is the case for instance for mutations in USH2A and ALMS1.
indicate that mutations in CEP78 define a newly-recognized ciliopathy, distinct from Usher

and Alstrom syndrome, affecting both the visual and the hearing systems.
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Legends to Figures

Figure 1. CEP78 mutations. (A) Pedigrees and electropherograms of the DNA changes
identified. Asterisks indicate the site of mutations. Mx, mutant alleles; wt, wild-type allele.
(B) Schematic structure of the CEP78 gene and protein and effects of mutations. (B) The
longest CEP78 coding isoform is composed of 16 exons (white boxes), resulting in a 78 kDa
protein (grey bar) bearing 5 leucine-rich repeat domains (LRRx, red boxes) and one coiled
coil domain (CC, green box). Mutations M1 and M2 lead to transcripts lacking exon 3 and,
since there is no shift of the reading frame, likely to a CEP78 protein form lacking the first
leucine-rich repeat domain. Conversely, M3 alleles result in aberrant transcripts bearing a
shift of the reading frame (fs, blue box) that are susceptible to be inactivated by nonsense-

mMRNA decay (NMD).

Figure 2. Clinical features of patients. (A) Patient 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 frequencies compared to the normal range
for gender and age, indicated by the shaded area.®® (B) Patient 2702r34. Fundus
examination 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. OD, right eye; OS, left eye; RE, right ear; LE, left ear.

Figure 3. Western blot analysis of endogenous CEP78 in fibroblasts from patients.

Numbers on the left refer to molecular size markers. Control, human fibroblasts from a
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control individual; HEK293T, Human Embryonic Kidney 293 cells, containing SV40 Large T-

antigen, as a control for specificity of the anti-CEP78 antibody.

Figure 4. CEP78 mRNA expression in various human tissues and organs and in the
developing murine eye. Data are from Real-Time PCR relative expression analysis by using

GUSB and HPRT1 as normalizing genes for panel A and B, respectively.

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 photoreceptor are highlighted by a dotted line. Scale bar: 10 um. (B). Co-
immunoprecipitation of endogenous CEP78 and FLAG-tagged FAM161A, in HEK293T cells.
FLAG-SOX4 is a negative control. IP:x, protein targeted by the antibody used in
immunoprecipitation; WB:x, protein or peptide targeted by the antibody used in western
blots. (C) Staining of CEP78 (red) and acetylated tubulin (green) in fibroblasts from a control
individual and patients KN10 and 2702r34. CEP78 localizes at the centrioles and at the base
of the induced primary cilium. Scale bars: 5 um and 1 um for regular and magnification

panels, respectively.

Figure 6. Analysis of ciliary lengths. Fibroblasts from patients display significantly longer

primary cilia than those from four unaffected controls, suggesting impaired functionality.
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Patient KN10 2716515
Number of exonic and splicing variants 22,956 22,299
Number of non-synonymous variants 11,347 11,012
Number of rare variants (<1%) 663 527
Number of rare variants after quality control (QC) 335 212
Number of genes with homozygous variants 7 3
Number of genes with 2 heterozygous variants 15 6

Genes in common

CEP78 and TTN

Table S1. Overview of exonic and splicing variants observed in the two patients, following
sequential filtering procedures. Values refer to number of variants unless specified
otherwise. Rare (<1%): Variant frequency = 1% or less in public databases — EXAC, ESP, and
Wellderly, 1KG (from Complete Genomics). QC: Rare variants after quality control, i.e. after
removal of (1) WES data of poor quality, with less than 15 reads per nucleotide and
genotype quality less than 50, (2) variants present in control WES processed by the same
pipeline (to remove any technical errors), and (3) variants carried by healthy homozygous

individuals in public database (e.g. EXAC). The gene TTN appears frequently as a false

positive finding in WES studies.
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gene_id gene_nam¢Coch 1 Coch 2 Coch 3 Average

ENSGO0000( POU4F3 0 0 0 0
ENSG0000( MYO3A 0.000635 0.004849 0.022596 0.00936
ENSGO000(SLC17A8  0.000389 0.000547 0.032021 0.010986
ENSGO0000(LOXHD1 0.025365 0.060565 0.0066 0.030843
ENSG0000(GIPC3 0.024089 0.076229 0.039106 0.046475
ENSGO000( TMIE 0 0.06341 0.146477 0.069962
ENSGO000(PTPRQ 0.006097 0.112682 0.099155 0.072645
ENSGO0000( CABP2 0.040399 0.173213 0.056216 0.089943

ENSGO000( OTOF 0.057953 0.003852 0.223894 0.095233
ENSGOO00O(STRC 0.12565 0.132264 0.119115 0.125676
ENSGOO0O(SLC26A5  0.129152 0.092504 0.255584  0.15908
ENSGOOOO(TPRN 0.094411 0.104095 0.326162 0.174889

ENSGOOOO(METTL12  0.564632 0.064836 4.28E-32 0.209823
ENSGO000( P2RX2 0.154111 0.470321 0.119013 0.247815

ENSGO000(OTOA 0.00562 0.127403 0.668946 0.267323
ENSG0000(TMC1 0.264026 0.366298 0.209721 0.280015
ENSGOO0OO(ILDR1 0.221374 0.105951 0.538851 0.288725
ENSGO000( GRXCR1 0.012123 0.461481 0.436519 0.303374
ENSGOO0O(BSND 0.152115 0.492989 0.344713 0.329939
ENSGOO0O(KCNQ4 0.095 0.904738 0.154929 0.384889
ENSGOOOO(ESPN 0.194628 0.853735 0.111057 0.386473
ENSGO000( MYO7A 0.52261 0.257552 0.428576 0.402913
ENSGO000(DCDC2 1.67294 0.284403 0.334591 0.763978

ENSGO000(PCDH15 0.253788 1.64893 0.788694 0.897137
ENSGO00O(CEACAM1€ 0.013226 0.570029 2.18102 0.921425
ENSGOOOO(METTL15 1.24601 0.662215 1.06318 0.990468
ENSGO000( GPSM?2 0.283602 1.17825 1.86853 1.110127
ENSGO000(MYO15A 1.31241 1.0893 1.4237 1.275137
ENSGO000( CLDN14 0.123397 0.915213 2.79064 1.276417
ENSGO000(SLC26A4 1.17451 1.33071 1.34425 1.283157
ENSGOOOO(TECTA 2.24775 1.5015 0.631862 1.460371
ENSGO0000(CIB2 2.28468 0.808458 1.45781 1.516983
ENSGO00O( METTL4 1.32381 1.23014 2.15561 1.569853
ENSGO00O(TMPRSS3 21716  1.13005 2.42714 1.909597
ENSGOOOO(MARVELD2 1.52109 2.19185 2.07644 1.929793
ENSGOOO0O(PTPRN2 1.97559 1.41402 2.79015 2.05992

ENSGO000( CDH23 2.65421 2.50604 1.47115 2.210467
ENSGOO00O(HGF 1.20093 4.00613 1.92118 2.37608
ENSGOOOO( ESRRB 1.27515 3.85601 3.7147  2.94862
ENSGO000( OSBPL2 4.65872 4.52819 4.36676 4.51789
ENSGO000( CEP78 4.50804  2.30044 6.7815 4.529993

ENSGOO0O( METTL3 4.32555 5.5211 4.21988 4.688843
ENSGOO0O( METTL17 6.26857 3.73464 5.09427 5.032493

ENSGOO0O(DFNA5 2.09614 3.53489 9.83763 5.15622
ENSGO000( MYH14 5.2459 5.24015 5.54507 5.343707
ENSGOO00O( DIAPH1 6.75299 6.37873  5.71255 6.281423
ENSGO000( MSRB3 8.75399 49088 7.14766 6.936817
ENSGO000( PRDX2 7.68825 5.19914 8.5183  7.13523

ENSGO0000( CCDC50 5.48502 8.655 8.96887 7.702963



ENSGO000( FAM65B 9.52451 5.83092 7.94286 7.766097

ENSGOO00O( WFS1 13.7706 3.90427 6.26541 7.980093
ENSGO000( PRPS1 6.76141  9.64509 7.9225 8.109667
ENSGOO0O0O( TRIOBP 8.23531 9.62484  8.07235 8.644167
ENSGO000(TJP2 10.16  11.5985 5.61086 9.12312

ENSGOOOO(SERPINB6 9.76828 9.82138 8.69881  9.42949
ENSGO000(POU3F4 14.6888 15.8231 20.3449 16.95227

ENSGO000( MET 19.6721 23.953 8.66128 17.42879
ENSGOO00O( KARS 22.3542  20.2033  24.4067 22.3214
ENSGO000(SIX1 31.1925 21.4469 17.086  23.2418
ENSGO000( MYH9 30.2774  26.0357 16.2673 24.19347
ENSGOOOO(EYA4 30.046 16.2611 31.7525 26.01987
ENSGO000( SMPX 15.8038 10.495 55.7151 27.33797
ENSGO000( MYO6 28.8111 32.6395 35.8846 32.44507
ENSGO000(USH1C 30.8977 21.6356 50.2302  34.2545
ENSGO000(RDX 57.7042  35.1006 32.5633 41.78937
ENSGOO0O0O(EPS8 49.8291 34.1867 44.4353 42.81703
ENSGO000( GJB6 157.935 24.7138 78.0029 86.8839
ENSGOO000(COL11A2 133.261 88.6713 257.319 159.7504
ENSGO000(GJB2 384.907 81.9362 257.936 241.5931
ENSGOO0O(ACTG1 808.74 427.013 462.764 566.1723
ENSGO000(COCH 3679.96 819.586 4595.38 3031.642

Data from: https://www.tgen.org/home/research/research-divisions/neurogenomics
/supplementary-data/inner-ear-transcriptome.aspx#.VzHZXuQkqqw
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Figure S1.Immunostaining of CEP78 in a section of human retina (red dots) reveals its presence in the inner
segment (IS) of photoreceptors, likely at the base of the connecting cilium. OS, outer segments; ONL, outer nuclear
layer. Scale bar: 10 ym.



m)

[0, (e)}
T T

D
T

w
T

Primary cilia length (u

N
T

p-value < 5.5 x 103

Controls

Figure 6

Patients




Control KN10 2702r34

Figure S2: Representative samples of the images used for the analysis of cilia lengths, displayed

in Figure 6. Green, acetylated tubulin, marking the ciliary axoneme; red, ninein, marking the base of the
cilium. Scale bar: 5 um.
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