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X Ali S. Sharif,1,2 X Dongmei Yu,1 Stuart Loertscher,1 Richard Austin,1 X Kevin Nguyen,1 X Pranav D. Mathur,1,2

Anna M. Clark,1 Junhuang Zou,1 Ekaterina S. Lobanova,4 X Vadim Y. Arshavsky,4 and X Jun Yang1,2,3

1Department of Ophthalmology and Visual Sciences, Moran Eye Center, 2Department of Neurobiology and Anatomy, 3Department of Surgery, Division of
Otolaryngology, University of Utah, Salt Lake City, Utah 84132, and 4Albert Eye Research Institute, Duke University, Durham, North Carolina 27710

C8ORF37 is a causative gene for three different clinical forms of incurable retinal degeneration. However, the completely unknown
function of C8ORF37 limits our understanding of the pathogenicity of C8ORF37 mutations. Here, we performed a comprehensive phe-
notypic characterization of a C8orf37 KO mouse line, generated using CRISPR/Cas9 technology. Both C8orf37 KO male and female mice
exhibited progressive and simultaneous degeneration of rod and cone photoreceptors but no non-ocular phenotypes. The major ultra-
structural feature of C8orf37 KO photoreceptors was massive disorganization of the outer segment (OS) membrane discs starting from the
onset of disc morphogenesis during development. At the molecular level, the amounts of multiple OS-specific membrane proteins,
including proteins involved in membrane disc organization, were reduced, although these proteins were targeted normally to the OS.
Considering the distribution of C8ORF37 throughout the photoreceptor cell body, the normal structure of the KO photoreceptor con-
necting cilium, and the absence of defects in other ciliary organs of the KO mice, our findings do not support the previous notion that
C8ORF37 was a ciliary protein. Because C8ORF37 is absent in the photoreceptor OS, C8ORF37 may participate in the secretory pathway of
OS membrane proteins in the photoreceptor cell body and thus maintain the homeostasis of these proteins. This study established a valid
animal model for future therapeutic studies of C8ORF37-associated retinal degeneration. This study also shed new light on the role of
C8ORF37 in photoreceptors and on the pathogenic mechanism underlying retinal degeneration caused by C8ORF37 mutations.

Key words: cone–rod dystrophy; outer segment disc; photoreceptor; retinal degeneration; retinitis pigmentosa

Introduction
Inherited retinal degeneration is a group of heterogeneous dis-
eases affecting primarily photoreceptors. To date, �250 genes

have been identified as causal factors in inherited retinal degen-
eration. However, little is known about the function of a signifi-
cant number of these genes and this knowledge gap hinders the
development of effective treatments. C8ORF37, named for its
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Significance Statement

Inherited retinal degeneration is a group of incurable conditions with poorly understood underlying molecular mechanisms. We
investigated C8ORF37, a causative gene for three retinal degenerative conditions: retinitis pigmentosa, cone–rod dystrophy, and
Bardet–Biedl syndrome. C8ORF37 encodes a protein with no known functional domains and thus its biological function is
unpredictable. We knocked out the C8ORF37 ortholog in mice, which resulted in a retinal phenotype similar to that observed in
patients. We further demonstrated that C8ORF37 is required for photoreceptor outer segment disc formation and alignment, a
process that is critical for photoreceptor function and survival. This study advances our understanding of the pathogenesis of
retinal degeneration and establishes a valuable mouse model for future therapeutic development.
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position on human chromosome 8, is a causative gene for auto-
somal recessive retinitis pigmentosa (RP), cone–rod dystrophy
(CRD), and Bardet–Biedl syndrome (BBS) (Estrada-Cuzcano et
al., 2012; van Huet et al., 2013; Jinda et al., 2014; Lazar et al., 2014;
Ravesh et al., 2015; Heon et al., 2016; Katagiri et al., 2016; Khan et
al., 2016; Rahner et al., 2016). RP is the most common inherited
retinal degenerative disease (Hartong et al., 2006). Blindness in
RP patients results initially from a loss of rod photoreceptors
followed by loss of cones. BBS is a syndromic form of RP and is
characterized by childhood-onset rod-cone dystrophy, polydac-
tyly, obesity, mental retardation, renal dysfunction, and hypo-
genitalism (Hartong et al., 2006; Zaghloul and Katsanis, 2009).
These phenotypes are due to defects in the primary cilium in
various organs. Therefore, BBS is also classified as a ciliopathy.
Finally, CRD is characterized by cone-mediated vision impairment
followed by rod degeneration or simultaneous degeneration of
cones and rods (Thiadens et al., 2012). Currently, no genotype–
phenotype correlation has been observed in C8ORF37-deficient
patients.

The function of the C8ORF37 protein is unknown and cannot
be predicted from sequence analysis because it contains no known
functional domains or motifs and does not belong to any known
protein family. The human C8ORF37 protein has 207 aa. Two-
thirds of its C-terminal sequence is highly conserved from mam-
mals to unicellular flagellates and oomycetes (Estrada-Cuzcano et
al., 2012). As in humans, knock-down of the C8ORF37 ortholog in
zebrafish leads to impaired vision (Heon et al., 2016). This evo-
lutionary conservation in sequence and phenotype suggests a
functional significance of C8ORF37 in a broad range of species.
In hTERT-RPE1 cells, C8ORF37 was localized at the base of the
primary cilium and in the cytoplasm and, in mouse photorecep-
tors, C8ORF37 was found to be enriched at the base of the con-
necting cilium and along the ciliary rootlet (Estrada-Cuzcano et
al., 2012). Furthermore, c8orf37 knock-down in zebrafish causes
a reduction in the Kupffer’s vesicle, a ciliated organ responsible
for left–right body asymmetry establishment during develop-
ment, and slows retrograde melanosome transport in melano-
phores (Heon et al., 2016). These phenotypes, combined with the
potential localization of C8ORF37 at the ciliary apparatus and its
association with BBS, suggest that C8ORF37 might contribute to
the function of the primary cilium.

In the retina, the photoreceptor outer segment (OS) is a large
specialized primary cilium that harbors phototransduction ma-
chinery on tightly stacked membrane discs. The integrity of this
organelle and the tight disc alignment are crucial for photorecep-
tor function and survival (Ding et al., 2004; Zhang et al., 2009;
Pearring et al., 2013). OS proteins are synthesized in the photo-
receptor inner segment (IS) and transported to their destination
during OS morphogenesis and subsequent renewal (Young, 1967).
However, the mechanisms underlying the synthesis, sorting, and
transport of OS proteins in the IS remain poorly understood
(Pearring et al., 2013). In this report, we knocked out the mouse
ortholog of C8ORF37 (C8orf37, aka 2610301B20Rik), which pro-
duced a retinal phenotype similar to that seen in C8ORF37-deficient
patients, but no other BBS phenotypes. We demonstrated that
C8ORF37 is distributed throughout photoreceptors except the

OS and is required for maintaining normal amounts of OS mem-
brane proteins and normal OS disc alignment. Our results suggest
that C8ORF37 may function through its involvement in membrane
protein turnover, but not transport.

Materials and Methods
Animals. C8orf37 KO mice were generated using the CRISPR/Cas9
approach at the Transgenic and Gene Targeting Mouse Core and the
Mutation Generation and Detection Core, University of Utah. Small
guide RNA sites targeting exon 1 and exon 5 of C8orf37 and compatible
with the U6 promoter (see Fig. 1A) were identified using ZiFit Targeter
(version 4.2) (Sander et al., 2007, 2010; Hwang et al., 2013; Mali et al.,
2013), with potential off targets analyzed using CasOT (http://casot.cbi.
pku.edu.cn/; Xiao et al., 2014). Pairs of oligonucleotides corresponding
to the chosen small guide RNA sites (Table 1) were synthesized, an-
nealed, and cloned into the pX330-U6-Chimeric_BB-CBh-hSpCas9
vector, a gift from Feng Zhang (Addgene plasmid #42230), according to
the protocol detailed in Cong et al. (2013). Both CRISPR/Cas9 plasmids
targeting exon 1 and exon 5 were simultaneously injected into F1 mouse
embryos (CBA/C57BL6, confirmed to be free of Crb1 rd8 allele) at a con-
centration of 5, 25, or 50 ng/�l. F0 founder mice were screened by
high-resolution melting analysis (HRMA; LightScanner instrument,
Biofire Diagnostics) using the primers listed in Table 1. Three F0 founder
mice carrying deletions in exon 1, exon 5, and between exons 1 and 5
were crossed with C57BL/6 mice (The Jackson Laboratory) to achieve
germline transmission. C8orf37 ex1/ex1, C8orf37 ex5/ex5, and C8orf37 del/del

mouse lines were established. The exact mutations in their genomes were
revealed by sequencing of the PCR products containing the mutations.
The three C8orf37 mutant mouse lines were then maintained and exam-
ined according to the protocol approved by the Institutional Animal Care
and Use Committee at the University of Utah. Routine genotyping was per-
formed by PCR of genomic DNA (all mutant lines) followed by DNA
sequencing (C8orf37 ex1/ex1 and C8orf37 ex5/ex5 only; See Table 1 for
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Table 1. DNA primer information

Primer name Primer sequence

CRISPR/Cas9 plasmid construction
C8-E1-S1-F CACCGCGTCTGTTCAAGATGGCGA
C8-E1-S1-R AAACTCGCCATCTTGAACAGACGC
C8-E5-S10-F CACCGCTCACTATCCGGAAATCAC
C8-E5-S10-R AAACGTGATTTCCGGATAGTGAGC

HRMA analysis and genotyping for C8orf37 ex1/ex1

and C8orf37 ex5/ex5

FWD1.1-Exon1 GTTGCCGTGGAAACCACCGGCC
RVS1.1-Exon1 CCAGCCTCAAGGGGTCGAGTCTGC
FWD5.1-Exon5 TCTCTCTGAGCAGAGCATGTGA
RVS5.1-Exon5 GGCGAAACTCTTCAGAAACATACC

Genotyping for C8orf37 del/del

FWRDEX1 GCTCCCGGGCGCGTCGGTTTC
FWRDEX5 GCCCTACCTGGCTTAGAACTCAC
RVSEX5 CAAGGAGGTTCCCGAGCAAACATC

C8orf37 cDNA cloning
FWRD ATGGCGAAGGACCTGGA
RVSs TCAGTGTTTACCACACACCCA

qRT-PCR
FWD-rhodopsin GGCGGAACCATGGCAGTTCTCC
RVS-rhodopsin CCACCAGGGACCACAGGGC
FWD-S-opsin CCCTCGGGGGCTTCCTCTTCTG
RVS-S-opsin GGGTGGGATGGACACCCCG
FWD-M-opsin GGACTTGTGCTGGCAGCCACC
RVS-M-opsin GACGATTCCCACAGTGGCCAGC
GC1FWD GGGCTCACGATGCGGTGC
GC1RVS GCACAAAGGAGGGCTCCTCGG
PRPH2FWD CAACGGCTTCCGGGACTGG
PRPH2RVS GACGAGAAGTGTGACGACGCCC
GAPDH_F CCAGGAGCGAGACCCCACTA
GAPDH_R TGGTCATGAGCCCTTCCACA
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primer information). Female Long–Evans rats (P50 –P60) were pur-
chased from Charles River Laboratories and handled according to the
protocol approved by the Institutional Animal Care and Use Committee
at Duke University. For terminal experiments, mice or rats were eutha-
nized by CO2 inhalation, consistent with the recommendations of the
Panel on Euthanasia of the American Veterinary Medical Association.

Antibodies. Full-length C8orf37 cDNA (NM_026005) was cloned from
mouse retinas by RT-PCR into pET28 (Millipore) and pGEX4t-1 (GE
Healthcare Life Sciences) vectors for fusion with His and GST tags,
respectively (see Table 1 for primer sequences). These two C8orf37 con-
structs were transformed into BL21-CodonPlus (DE3)-RIPL cells
(Agilent Technologies) to generate recombinant proteins. His-tagged
C8ORF37 protein was purified from the inclusion body after IPTG in-
duction using Ni-NTA agarose (Qiagen) in the presence of 6 M urea or
guanidine. The purified His-C8ORF37 protein was used as an antigen
to immunize three rabbits and a chicken (Cocalico Biologicals). GST-
tagged C8ORF37 protein was purified from the soluble fraction of cell
lysates using GST•Bind resin (Millipore). The His-C8ORF37 and GST-
C8ORF37 proteins were immobilized separately to agarose beads using
AminoLink Plus Immobilization kit (Pierce Biotechnology). The immo-
bilized His-C8ORF37 was used to affinity purify the sera obtained from
one rabbit and one chicken and the immobilized GST-C8ORF37 was
used to affinity purify the sera from two rabbits. The specificity of the
C8ORF37 antibodies was verified by immunoblot analysis using C8orf37
KO retinas as a negative control.

Mouse monoclonal antibody against rhodopsin (1D4, RRID:AB_2315272);
chicken antibodies against S- and M-opsins, rootletin, and PRPH2; and
sheep antibody against phosducin (PDC) were described previously (Liu
et al., 2004; Sokolov et al., 2004; Yang et al., 2005). Mouse monoclonal
antibodies against GC1 (GC 2H6), PRPH2 (Per 5H2), CNGA1 (PMC
1D1), and GARP2 (GARP 4B1) were gifts from Robert Molday (Univer-
sity of British Columbia). Mouse monoclonal antibody against GC1
(1S4) and rabbit antibodies against GC2 (L-670), GCAP1 (UW14 and
UW101), GCAP2 (UW50), and arrestin were gifts from Wolfgang Baehr
(University of Utah) and Krzysztof Palczewski (Case Western Reserve
University). Rabbit antibodies against PRPH2, PCDH21, and CNGB1
were gifts from Andrew Goldberg (Oakland University), Amir Rattner
(Johns Hopkins University), and Steven Pittler (University of Alabama),
respectively. Chicken antibody against RP1 was a gift from Qin Liu (Har-
vard Medical School). Mouse monoclonal antibodies against acetylated
�-tubulin (6-11B-1), �-tubulin (D66, RRID:AB_477556), �-tubulin
(GTU-88, RRID:AB_532292), and FLAG (M2, RRID:AB_439685) were
purchased from Sigma-Aldrich. Goat antibody against ABCA4 (M-18,
RRID:AB_2220287) and rabbit antibody against rod transducin � sub-
unit (K-20, RRID:AB_2294749) were from Santa Cruz Biotechnology. Rat
monoclonal antibody against prominin 1 (13A4) and rabbit antibody
against rod PDE6 (MOE) were from Affymetrix and CytoSignal, respec-
tively. Rhodamine-labeled peanut agglutinin (RRID:AB_2336642),
chicken antibody against M-opsin (PA1-9517, RRID:AB_1077349), and
rabbit antibody against S-opsin (NBP1-P20194, RRID:AB_1642989)
were from Vector Laboratories, Thermo Fisher Scientific, and Novus
Biologicals, respectively. Alexa Fluor-conjugated secondary antibodies
and Hoechst dye 33342 were obtained from Invitrogen. Horseradish
peroxidase-conjugated secondary antibodies were purchased from Jack-
son ImmunoResearch Laboratories.

qRT-PCR. Retinal total RNA was purified from C8orf37 �/del and
C8orf37 del/del mice using the SurePrep RNA purification kit (Fisher Sci-
entific) and subjected to RT using the ThermoScript RT-PCR system
(Invitrogen). qRT-PCR analyses for rhodopsin, M-opsin, S-opsin, GC1,
PRPH2, and GAPDH were performed from the above RT reactions using
SYBR Premix Ex Taq kit (TakaRa) and the CFX Connect real-time PCR
machine (Bio-Rad) according to the manufacturers’ instructions. Primer
sequence information is listed in Table 1. The thermal cycle was set at
95°C for 2 min followed by 45 cycles of 95°C for 10 s and 55°C for 30 s. Cq
values were determined using the single threshold mode of CFX Manager
software. The expression levels of rhodopsin, M-opsin, S-opsin, GC1,
and PRPH2 mRNAs were first normalized by that of GAPDH using the
formula E Cq sample � Cq GAPDH, where E is the efficiency of primer and
probe set and equals 2 and Cq sample is the Cq of rhodopsin, M-opsin,

S-opsin, GC1, or PRPH2. The expression levels of rhodopsin, M-opsin,
S-opsin, GC1, and PRPH2 were further normalized by the mean of
C8orf37 �/del group before statistical analysis.

Cell culture, transfection, immunostaining, and immunoblot analyses.
IMCD3 cells (RRID:CVCL_0429) were cultured according to the ATCC
protocol and transfected by Lipofectamine 2000 Transfection Reagent
(Invitrogen). GFP-tagged C8ORF37 DNA construct was made by insert-
ing mouse C8ORF37 full-length cDNA (NM_026005) into pEGFP-C1
plasmid (Clontech Laboratories). Retinal in vivo transfection (Matsuda
and Cepko, 2004) and immunostaining of cultured cells and mouse ret-
inal sections (Wang et al., 2012) were conducted as described previously.
To quantify S/M-opsin mislocalization in the retina, immunostaining
using mixed chicken S- and M-opsin antibodies (Yang et al., 2005) was
conducted. Cone photoreceptors with S/M-opsin immunostaining sig-
nals mislocalized in the IS, outer nuclear layer (ONL), or synaptic termi-
nus were counted in a region of retinal cross-sections, which was 211 �m
wide and �900 �m away from the optical nerve head. The total number
of cone photoreceptors in the same region was estimated by the number
of cone OS with S/M-opsin signals. These two numbers were used to calcu-
late the percentage of cone photoreceptors with mislocalized opsins.

Serial tangential sectioning of rat retinas at 20 �m and immunoblot
analysis of proteins in the serial sections were performed according to the
procedure reported previously (Lobanova et al., 2008). Other immuno-
blot analyses were performed using our previous procedure (Wang et al.,
2012) except that protein samples were incubated at 37° for 30 min
instead of boiling for 10 min. Immunoblotting of S/M-opsins was con-
ducted using a mixture of chicken S- and M-opsin antibodies (Yang et al.,
2005), commercial chicken M-opsin antibody, or commercial rabbit
S-opsin antibody. The intensity of immunoblot signals was quantified by
ImageJ using the “Gels” feature under the “Analyze” menu. The intensity
of the bands of interest was normalized by the intensity of loading control
bands (e.g., �-tubulin) in the same lanes on the same blots except for the
analysis of protein expression during postnatal development, which was
compared with �-tubulin protein expression in the same set of samples.

Electroretinogram (ERG) and spectral domain optical coherence tomography
(SD-OCT). ERG tests were performed using a UTAS-E3000 instrument
(LKC Technologies) as described previously (Zou et al., 2011). After dark
adaptation overnight, mice were anesthetized by intraperitoneal injec-
tion of ketamine and xylazine (0.1 mg and 0.01 mg/g body weight, re-
spectively) and pupils were dilated with 1% tropicamide. Full-field
scotopic retinal electrical responses were recorded in the dark upon a
series of white light stimuli at increasing intensities. Full-field photopic
retinal electrical responses were subsequently recorded after light adap-
tation at 33.25 cd/m 2 for 10 min. The a-wave amplitude of scotopic ERGs
was measured from the baseline to the peak of the cornea-negative wave
and the b-wave amplitude of scotopic and photopic ERGs was measured
from the peak of the cornea-negative wave to the peak of the major
cornea-positive wave. The implicit times of a- and b-waves were mea-
sured from the onset of the light stimulus to the peaks of a- and b-waves,
respectively.

SD-OCT images were acquired from anesthetized mice using a Spec-
tralis HRA � OCT instrument (Heidelberg Engineering), with super
luminescence diode light at an average wavelength of 870 nm. Cross-
sectional two-dimensional B-scans of 1536 A-scans (5.3 mm) were
captured with a rate of 40 kHz and a scan depth of 1.9 mm at the
high-resolution mode. Measurement of retinal thickness was conducted
using the analysis tool of Heidelberg Eye Explorer software platform
(version 6.0.12.0).

Histology, transmission electron microscopy (TEM), and scanning elec-
tron microscopy (SEM). Mouse eye cups, with the anterior segments and
lens removed, were fixed overnight in 1% formaldehyde and 2.5% glu-
taraldehyde in 0.1 M cacodylate buffer, pH 7.5. After washing with 0.1 M

cacodylate buffer, the eye cups were postfixed in 2% osmium tetroxide,
dehydrated through a graded alcohol series, and embedded in Epon.
Half-micron cross-sections were stained with 1% methylene blue/azure
II or 1% toluidine blue. The thicknesses of the OS and ONL layers were
measured along the retinal vertical meridian at three evenly spaced loca-
tions on each side of the optic nerve head. The subsequent procedures for
TEM were described previously (Yang et al., 2002). For SEM, retinas were
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dissected and fixed in 2.5% glutaraldehyde/PBS overnight. After washing
in PBS buffer, the retinas were postfixed by alternative incubations in 1%
osmium tetroxide (40 min, 3�) and 0.3% thiocarbohydrizide (10 min,
2�). The retinas were then dehydrated with a graded alcohol series,
critical point dried using hexamethyldisilazane, and examined using a
Hitachi 4800 SEM. OS density was calculated by the number of the OS
divided by the retinal tangential width occupied by the OS. OS thickness
was calculated by averaging the diameters measured from the top, mid-
dle, and bottom of the same OS. OS uniformity was calculated as the
difference between the smallest and largest diameters of the same OS.

Experimental design and statistical analyses. All experiments were de-
signed to detect phenotypic differences between C8orf37 homozygous
and control (wild-type/heterozygous) groups. Two to four female or
male mice each group were examined for their body weight (see Fig. 2A).
Two to nine female and male mice per group were tested for scotopic and
photopic ERG responses (see Fig. 3C,D). Four to six female and male
mice per group were analyzed for their retinal histology (see Fig. 4 B, D).
The photoreceptor morphology was examined in three female and male
mice per group by SEM (see Fig. 5D). Protein expression levels were
compared in four female and male mice each group at P30 or P49 (see
Fig. 7). During postnatal development, the protein (see Fig. 8C) and
mRNA (see Fig. 8D) expressions of OS membrane proteins were exam-
ined in three to four and two to five female and male mice per group,
respectively. Finally, four mice each group were examined to analyze the
cone opsin mislocalization (see Fig. 10J ). The exact animal numbers used
in each experiment can be found in figures and figure legends. All mea-
surements in this study were conducted by an individual who was
blinded to genotype. GraphPad PRISM version 5 (RRID:SCR_002798)
was used for two-way ANOVA, Bonferroni post tests and Student’s t
tests. Ordinary two-way ANOVA was conducted for body weight, ERG,
and OS membrane protein expression to analyze genotype effect at mul-
tiple time points or light intensities (see Figs. 2A, 3C,D, 8C). Repeated-
measures two-way ANOVA was conducted for retinal thickness, OS
length, ONL thickness, and OS membrane protein mRNA level to ana-
lyze genotype effect at multiple retinal positions and time points (see
Figs. 4 B, D, 8D). Bonferroni post-tests were conducted after two-way
ANOVA to discover at which time points, retinal positions or light in-
tensities the difference between genotype groups occurred. Student’s
t-tests (unpaired and two-tailed) were performed to analyze photorecep-
tor OS morphology, OS membrane protein expression and opsin mislo-
calization between genotype groups at single time points (see Figs. 5D, 7;
S/M-opsin in Figs. 8C, 10J ). p � 0.05 was considered to indicate a signif-
icant difference between the values from different genotype groups.

Results
Generation of C8orf37 KO mice using CRISPR/Cas9
technology
We cloned two CRISPR/Cas9 plasmids carrying small guide RNA
sequences targeting exon 1 and exon 5 of the mouse C8orf37 gene,
respectively (Fig. 1A). To increase mutagenesis efficiency, these
two plasmids were injected simultaneously into 349 F1 zygotes
from CBA/C57BL mice. Among the 71 screened founder mice, 32
exhibited INDEL mutations in exon 1; 10 showed INDEL muta-
tions in exon 5; and 7 had a deletion of an �12-kb genomic DNA
fragment between exons 1 and 5. Through crossing with C57BL/6
mice, three homozygous mutant mouse lines were established:
C8orf37 ex1/ex1, C8orf37 ex5/ex5, and C8orf37 del/del (Fig. 1B–D). All
of them were free of Crb1 rd8 allele. The C8orf37 ex1/ex1 mouse
carried a 6 bp deletion including the ATG translation start codon
in exon 1; the C8orf37 ex5/ex5 mouse had a 10 bp deletion in exon
5; and the C8orf37 del/del mouse was missing a large genomic frag-
ment between exons 1 and 5, which also included the translation
start codon. Immunoblot analysis using both custom-made rabbit
and chicken antibodies demonstrated the absence of C8ORF37 full-
length or truncated proteins in all three C8orf37 mutant retinas
(Fig. 1E and data not shown), indicating that C8orf37 ex1/ex1,
C8orf37 ex5/ex5, and C8orf37 del/del mice were C8orf37-null. Be-

cause nonsense-mediated decay has been reported previously in a
patient with a C8ORF37 nonsense mutation (Heon et al., 2016), it
might be the reason for the absence of a C8ORF37 truncated
protein fragment in C8orf37ex5/ex5 mice. In addition, the C8ORF37
protein level in C8orf37�/ex5 and C8orf37�/del retinas was similar to
that in C8orf37�/� retinas (Fig. 1E), which probably explains the
recessive inheritance of C8ORF37-associated diseases (Estrada-
Cuzcano et al., 2012; van Huet et al., 2013; Jinda et al., 2014; Lazar et
al., 2014; Ravesh et al., 2015; Heon et al., 2016; Katagiri et al., 2016;
Khan et al., 2016; Rahner et al., 2016).

C8orf37 ex1/ex1, C8orf37 ex5/ex5, and C8orf37 del/del mice were vi-
able and indistinguishable from their wild-type littermates in re-
productive performance and general health. Specifically, male
and female mice from the three KO lines showed normal body
weights compared with their heterozygous littermates up to 6
months of age (Fig. 2A). In C8orf37 del/del mice, no defects were
observed in forelimb and hindlimb digit numbers (Fig. 2B, n �
�70 mice at various ages), kidney morphology and weight (Fig.
2C, n � 9 mice at P28 –P60), or left–right body asymmetry (n �
23 mice at P0 –P4). Therefore, the three C8orf37 KO mouse lines
did not appear to have the non-ocular phenotypes that are man-
ifested in BBS patients.

Abnormal retinal function of C8orf37 KO mice
To assess the retinal function of C8orf37 ex1/ex1, C8orf37 ex5/ex5,
and C8orf37 del/del mice, we performed ERG. At 5 weeks of age, the
scotopic and photopic ERG responses of C8orf37�/ex1, C8orf37�/ex5,
and C8orf37�/del mice were similar to those of C8orf37�/� mice
(Fig. 3C, top row), consistent with the normal expression level of
C8ORF37 protein in these heterozygous mutant mice (Fig. 1E).
Therefore, in the following experiments, we compared the phe-
notypes of C8orf37-null mice with their corresponding heterozy-
gous littermates. In all three C8orf37-null mice at 5 weeks of age, the
amplitudes of scotopic ERG a- and b-waves (Fig. 3A,C) and the
amplitude of the photopic ERG b-wave (Fig. 3B,C) were reduced by
�60% (F(6,148) � 54.41, p � 0.0001, two-way ANOVA), 45%
(F(6,148) � 22.35, p � 0.0001, two-way ANOVA), and 35% (F(6,114) �
20.85, p � 0.0001, two-way ANOVA), respectively, at various
light intensities. At 12 weeks of age, the amplitudes of scotopic
ERG a- and b-waves and the amplitude of the photopic ERG
b-wave were further reduced by �75% (F(5,98) � 61.61, p �
0.0001, two-way ANOVA), 55% (F(5,98) � 46.66, p � 0.0001,
two-way ANOVA), and 50% (F(5,74) � 14.58, p � 0.0001, two-
way ANOVA), respectively (Fig. 3C, middle row). At the same
age, the implicit time of the scotopic ERG a-wave became pro-
longed at 1.38 and 2.38 lg cds/m 2 (F(5,98) � 8.95, p � 0.0001,
two-way ANOVA), whereas the implicit times of scotopic and
photopic ERG b-waves were generally normal (Fig. 3C, bottom
row). These findings demonstrated that both rods and cones are
affected by the KO of C8orf37. The similar changes in ERG re-
sponses in the three KO lines suggest that the ERG phenotype is
caused specifically by the loss of C8orf37, but not by any random
off-target mutations, which is a general concern when using
CRISPR/Cas9 genome engineering technology.

Because the genotyping procedure was simpler for C8orf37del/del

mice than for C8orf37 ex1/ex1 and C8orf37 ex5/ex5 mice, we next only
focused on phenotypic characterization of C8orf37 del/del mice.
C8orf37 del/del mice exhibited reduced scotopic and photopic ERG
responses as early as 3 weeks of age, the earliest time point at
which reliable ERG responses can be recorded (F(1,38) � 160.9,
p � 0.0001 for scotopic a-wave; F(1,38) � 58.48, p � 0.0001 for
scotopic b-wave; F(1,33) � 48.19, p � 0.0001 for photopic b-wave,
two-way ANOVA; Fig. 3D). In addition, the reduction of scotopic
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ERG a-wave and photopic ERG b-wave amplitudes was progres-
sive up to 26 weeks of age, the latest time point examined (Fig.
3D). The prolongation of scotopic ERG responses appeared to be
relatively stationary from 12–26 weeks of age (F(1,40) � 22.12, p �
0.0001 for scotopic a-wave at 1.38 lg cds/m 2, two-way ANOVA)
and the prolongation of photopic ERG responses emerged at 26
weeks of age (F(1,34) � 11.33, p � 0.0019 for photopic b-wave at
1.38 lg cds/m 2, two-way ANOVA). Therefore, the dysfunction of
rods and cones occurred simultaneously and was progressive in
C8orf37 KO mice.

Retinal degeneration in C8orf37 KO mice
To investigate whether C8orf37 KO led to retinal degeneration,
which is characterized by photoreceptor cell loss, we conducted
noninvasive SD-OCT and histological analysis of retinal plastic
sections. SD-OCT analysis showed that 2-month-old C8orf37del/del

mice lost the photoreceptor IS/OS junction line (Fig. 4A), which
is an indicator of retinal abnormality (Mitamura et al., 2012) and
has been observed previously in patients carrying C8ORF37 mu-

tations (Heon et al., 2016; Katagiri et al., 2016). In C8orf37 del/del

mice at the same age, the ONL containing photoreceptor nuclei
appeared to be slightly thinner (Fig. 4A), indicating a small loss of
photoreceptors. Further examination of 6-month-old C8orf37del/del

mice revealed that, in addition to the loss of the IS/OS line, the
ONL thickness was significantly reduced (Fig. 4A), leading to
decreased thickness of the entire retina compared with C8orf37�/del

mice (F(1,80) � 74.42, p � 0.0001 for horizontal meridian;
F(1,80) � 128.3, p � 0.0001 for vertical meridian, two-way
ANOVA with repeated measures; Fig. 4B). Therefore, retinas of
C8orf37 del/del mice undergo progressive photoreceptor cell loss.

Histological examination of retinal cross-sections showed that
the various retinal layers of C8orf37 del/del mice were grossly nor-
mal at P13 and P16 (Fig. 4C). At P49, the photoreceptor OS
length and ONL thickness at the midperipheral retina were re-
duced by 29% and 17%, respectively (F(1,64) � 18.66, p � 0.0025
for OS length; F(1,56) � 10.69, p � 0.0137 for ONL thickness,
two-way ANOVA with repeated measures; Fig. 4C,D). At P208,
further ONL thinning and OS shortening were observed in

Figure 1. Generation of C8orf37 KO mice. A, Packaging of small guide RNA (sgRNA) and Cas9 in pX330 –U6-Chimeric_BB-CBh-hSpCas9 vector (top). The sequence and target position of sgRNAs
used in this study are shown at the bottom. Rectangles labeled with numerals denote mouse C8orf37 exons. U6, U6 Promoter; CAG, a hybrid of the cytomegalovirus early enhancer element and
chicken �-actin promoter; NLS, nuclear localization signal; and BGHpA, bovine growth hormone polyadenylation signal. B–D, DNA sequencing chromatograms of wild-type and C8orf37 mutant
mice for C8orf37 ex1/ex1 (B), C8orf37 ex5/ex5 (C), and C8orf37 del/del (D) alleles. Deleted regions in these three mutant alleles are highlighted in gray. Translation start codons are underlined in red.
E, Absence of C8ORF37 protein or fragment in C8orf37 ex5/ex5 or C8orf37 del/del retinas and similar expression levels of C8ORF37 protein in C8orf37 �/ex5, C8orf37 �/del, and C8orf37 �/� retinas, as
shown by immunoblot analysis at 1 month of age. �-tubulin was used as a loading control.
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C8orf37 del/del mice (Fig. 4C,D). At the midperipheral retina, ONL
was reduced by �60% (F(1,80) � 157.4, p � 0.0001, two-way
ANOVA with repeated measures), whereas the OS was too short
and distorted to be measured reliably. Together with the ERG data,
SD-OCT and histological analyses demonstrated that C8orf37del/del

mice exhibit a retinal degenerative phenotype similar to that seen in
patients carrying mutations in the C8ORF37 gene (van Huet et al.,
2013; Heon et al., 2016; Katagiri et al., 2016).

Disorganization of photoreceptor OS discs in C8orf37 KO
mice
To examine the morphology and ultrastructure of C8orf37 del/del

photoreceptors, we performed SEM and TEM. SEM at P10 re-
vealed that the developing rudimentary OS had an abnormal
shape (Fig. 5A). The OS was generally swollen and also con-
stricted at random spots. Further examination at P30 revealed
that the C8orf37 del/del OS was �30% wider than the C8orf37�/del

OS (t67 � 7.78, p � 0.0001, unpaired and two-tailed t test; Fig.
5B,D). Likely reflecting the increase in the average OS diameter,
the OS density in C8orf37 del/del mice was �20% less than that in
C8orf37�/del mice (t67 � 12, p � 0.0001, unpaired and two-tailed
t test; Fig. 5B,D). The C8orf37 del/del OS also displayed a larger
variation in diameter than the C8orf37�/del OS (t67 � 4.42, p �
0.0001, unpaired and two-tailed t test; Fig. 5B,D).

TEM examination from P13 to P60 revealed massive disorga-
nization of membrane discs inside the C8orf37 del/del OS (Fig. 6A
and data not shown). Although discs in the C8orf37�/del OS were
organized in a single stack perpendicular to the long OS axis (Fig.
6B), the C8orf37 del/del OS contained additional disc stacks parallel
to the long axis (Fig. 6A,D,F,G) and abnormal membranous
whirls (Fig. 6D). The vertically aligned disc membranes appeared
to overgrow from the horizontally aligned discs at random places
along the entire OS (Fig. 6A,F) and no plasma membrane was
observed between the vertical and horizontal disc membrane
clusters (Fig. 6G), indicating that the vertical and horizontal

membrane structures coexist in the same C8orf37 del/del OS. The
prevalence of OS with vertical disc membranes and membranous
whirls varied from region to region, with an average of �50% of
total OS at P25. When the OS had no vertical disc membranes or
membranous whirls, the OS usually had a crooked shape with its
membrane discs having uneven diameters (Fig. 6A). This obser-
vation explained the abnormal C8orf37 del/del OS shape that we
observed by SEM (Fig. 5). Occasionally, abnormal vesicular clus-
ters were found at the IS/OS junction of C8orf37 del/del photore-
ceptors (Fig. 6E). Other subcellular structures and compartments
of C8orf37del/del photoreceptor cells, including the connecting cil-
ium (Figs. 5C, 6H), basal body (Fig. 6H), ciliary rootlet (Fig. 6H),
and synaptic terminus (Fig. 6I), displayed no obvious ultrastruc-
tural defects.

Reduction of photoreceptor OS membrane proteins in
C8orf37 KO mice
To characterize the defects in C8orf37 del/del photoreceptors at the
molecular level, we examined photoreceptor protein expression
by semi-quantitative immunoblot analysis. At P30, the amount
of OS membrane proteins, including rhodopsin, cone opsins
(S/M-opsins), guanylate cyclase 1 (GC1), peripherin 2/RDS (PRPH2),
cyclic nucleotide gated channel �1- and �1-subunits (CNGA1
and CNGB1), and ATP-binding cassette subfamily A member 4
(ABCA4), was reduced by 30 –70% compared with control
C8orf37�/del littermates (unpaired and two-tailed t test; Fig. 7A–
C). The content of non-membrane proteins associated with GC1
and CNGB1 was also reduced in C8orf37 del/del photoreceptors,
including guanylate cyclase-activating protein 1 and 2 (GCAP1
and GCAP2) and glutamic acid-rich protein 2 (GARP2) (un-
paired and two-tailed t test; Fig. 7A–C).

In contrast, three OS membrane proteins, guanylate cyclase 2
(GC2), protocadherin-21 (PCDH21), and CNGB3, were not
affected by the loss of C8orf37. The expression of membrane-
associated transducin �-subunit (GNAT1), cytoplasmic protein

Figure 2. Normal body weight, digit number, and kidney morphology in C8orf37 KO mice. A, Body weight of female (left) and male (right) C8orf37 ex1/ex1, C8orf37 ex5/ex5, and C8orf37 del/del mice
is comparable to that of their heterozygous littermates up to 26 weeks of age. Data are shown as mean 	 SEM as well as individual data points. B, No polydactyly was observed in �70 C8orf37 del/del

mice or �50 C8orf37 �/del mice. C, Left, Kidney weight appears to be normal in male and female C8orf37 del/del mice at 4 –5 weeks of age. Data are shown as individual data points. Right, the
morphology of right kidney appears normal in male (M) and female (F) C8orf37 del/del mice.
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Figure 3. C8orf37 KO mice have reduced scotopic and photopic ERG responses. A, Representative scotopic ERG responses at various light intensities from 5-week-old C8orf37 �/del and
C8orf37 del/del littermates. B, Representative photopic ERG responses at various light intensities from 5-week-old C8orf37 �/del and C8orf37 del/del littermates. C, Reduced scotopic ERG a-wave
amplitudes, b-wave amplitudes, and photopic ERG b-wave amplitudes of 5-week-old (top row) and 12-week-old (middle row) C8orf37 ex1/ex1, C8orf37 ex5/ex5, and C8orf37 del/del mice compared with
their heterozygous and wild-type littermates. Bottom row, C8orf37 ex1/ex1, C8orf37 ex5/ex5, and C8orf37 del/del mice at 12 weeks of age have prolonged scotopic a-wave implicit times at the light
intensities of 1.38 and 1.88 lg cds/m 2, whereas their scotopic and photopic b-wave implicit times are normal. D, Changes in scotopic ERG a-wave amplitudes, b-wave amplitudes and photopic ERG
b-wave amplitudes at 1.88 lg cds/m 2 in C8orf37 �/del and C8orf37 del/del littermates from 3–26 weeks of age. Legends for each genotype are shown on top right. Data are presented as mean 	 SEM.
*p � 0.05 and **p � 0.01. Mutant mice were compared with their respective heterozygous littermates. Numbers in the parentheses are numbers of animals tested at each light intensity or age
point. Color of the numbers and asterisks matches the color of genotypes.
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Figure 4. C8orf37 del/del mice show progressive retinal degeneration. A, Representative SD-OCT images of C8orf37 �/del and C8orf37 del/del retinas at 2 and 6 months of age. The top panel is a
wide-field SD-OCT image of a C8orf37 �/del retina at 2 months of age. The center of the retinal image is the optic nerve head (ONH). The OCT images of C8orf37 �/del and C8orf37 del/del retinas that
are enlarged below were taken from their wide-field images at the region similar to that labeled by the magenta rectangle. Red arrows point to the OS and IS junction line. Green lines mark the ONL
thickness. OPL, Outer plexiform layer; INL, inner nuclear layer; OLM, outer limiting membrane. B, Quantification of retinal thickness along the vertical (left) and horizontal (right) meridians from
C8orf37 �/del and C8orf37 del/del retinal SD-OCT images at 6 months of age. C, Photoreceptor ONL and OS layers appear normal under light microscopy during postnatal development and become
thinner with age in C8orf37 del/del mice. Retinal sections were stained with methylene blue and azure II at P13 and P16 and were stained with toluidine blue at P49 and P208. RPE, Retinal pigment
epithelium; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bars, 10 �m. D, Quantification of OS length and ONL thicknesses at P49 (left and middle) and ONL thickness at P208 (right) along
the vertical meridian in C8orf37 �/del and C8orf37 del/del retinas. Data are presented as mean 	 SEM. n, Number of animals analyzed; *p � 0.05; **p � 0.01.
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arrestin, and cytoskeletal protein �-tubulin also remained nor-
mal in C8orf37 del/del photoreceptors compared with C8orf37�/del

photoreceptors (Fig. 7A–C). Consistent with the normal struc-
ture of the photoreceptor ciliary apparatus (Figs. 6H, 5C), the
expression levels of the axoneme-binding protein RP1 and basal
body protein �-tubulin were normal in C8orf37 del/del photore-
ceptors (Fig. 7A–C).

At P49, semiquantitative immunoblot analysis of a subset of
photoreceptor proteins examined at P30 yielded similar results,
although GC1 and CNGB1reduction had a p-value in the range
between 0.05 and 0.1 due to their highly variable signals in the
heterozygous group (unpaired and two-tailed t test; Fig. 7D–F).
The content of GC2 was reduced in addition to the OS membrane
proteins reduced at P30. The extent of OS membrane protein
reduction varied between 34% and 82%, with GC1 and PRPH2
being significantly reduced from P30 (unpaired and two-tailed t
test; Fig. 7G). Again, the OS membrane-associated proteins,
phosphodiesterase 6 �/�-subunits (PDE6�/�), and GNAT1 had
normal or close to normal expression levels (Fig. 7D–F).

Of the proteins with expression levels that were affected by
loss of C8orf37, rhodopsin is the main building component of the
OS membrane (Heitzmann, 1972; Robinson et al., 1972; Filipek
et al., 2003) and its protein level is positively proportional to the

OS volume (Price et al., 2012). The �29% reduction in rhodop-
sin in P30 C8orf37 del/del retinas (Fig. 7B,C) would be expected to
be associated with a reduction in the OS volume at this age.
Indeed, we saw an �29% thinning of the OS layer in our histo-
logical analysis at P49 (Fig. 4D). However, the reduction of sev-
eral OS proteins in C8orf37 del/del retinas was �29% at P30 and
P49, particularly those proteins involved in OS disc formation:
PRPH2, CNGB1, and GARP2 (Molday, 1998; Wrigley et al., 2000;
Poetsch et al., 2001; Pearring et al., 2013). Taken together, these
data show that the expression of multiple OS membrane proteins
is reduced as a result of the C8orf37 KO and that the extent of this
reduction is variable among different proteins.

Membrane protein reduction starts before the OS disc
morphogenesis in C8orf37 KO mice
C8ORF37 was found to be expressed in the mouse retina as early
as P0 (Fig. 8A), suggesting that C8ORF37 may play a role during
mouse photoreceptor postnatal development. During this pro-
cess, the formation of the connecting cilium takes place at P3–P6,
followed by disc formation and OS extension at P8 –P21 (De
Robertis, 1956; Caley et al., 1972). Immunoblot analysis demon-
strated that the reduction in rhodopsin expression in C8orf37del/del

retinas began at P5, the normal onset time point for rhodopsin

Figure 5. C8orf37 del/del mice have an abnormal photoreceptor OS shape. A, SEM images showing an abnormal OS shape in C8orf37 del/del photoreceptors at P10 compared with littermate
C8orf37 �/del photoreceptors. B, SEM images showing swollen OS with uneven diameters in C8orf37 del/del photoreceptors at P30. C, SEM views of the connecting cilium (arrows) in C8orf37 �/del and
C8orf37 del/del photoreceptors at P30. Black and white asterisks mark the OS and IS, respectively. Scale bars, 1 �m. D, Box-and-whisker plots of the OS density (top), diameter (middle), and uniformity
(bottom) in C8orf37 �/del and C8orf37 del/del mice at P30. The upper and lower edges of the boxes represent the 25 th and 75 th percentiles, respectively, whereas the line in the boxes is the median.
The top and bottom of the vertical lines mark the highest and lowest values, respectively. The numbers in the parentheses are the numbers of retinal regions or OS (before the comma) and the
numbers of animals (after the comma) measured in the assay. **p � 0.01.
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expression (F(1,14) � 106.6, p � 0.001, two-way ANOVA, com-
pared with �-tubulin expression in C8orf37 del/del retinas; Fig.
8A,C). GC1, PRPH2, and S/M-opsins were expressed at much
lower levels than rhodopsin during development. The onset of
GC1 and S/M-opsin reduction in C8orf37 del/del retinas was at P12
(F(1,16) � 42.27, p � 0.0001, two-way ANOVA) and P16 (not
significant, two-way ANOVA; but t7 � 2.797, p � 0.0266 at P16,
unpaired and two-tailed t test), respectively, during the active OS

extension period, wheras PRPH2 reduction occurred later than
P16 (Fig. 8B,C). Therefore, the reduction in rhodopsin expres-
sion in C8orf37 del/del retinas begins the earliest and before the disc
formation. This observation suggests that the reduction in rho-
dopsin content found in C8orf37 del/del retinas at later time points
(e.g., P30 in Fig. 7) is likely to be a cause of the observed OS short-
ening rather than its consequence.

To investigate whether the reduction of OS membrane pro-

Figure 6. The C8orf37 del/del OS has disorganized membrane discs. A, Massive disorganization of OS membrane discs in C8orf37 del/del mice. B, Membrane discs are stacked tightly and horizontally
in the control C8orf37 �/del OS. C, Membrane discs are wide and sometimes extend vertically (arrows) in the C8orf37 del/del OS. D, Membrane whirl (arrow) is shown in the C8orf37 del/del OS layer. E, An
abnormal multivesicular body-like structure (arrow) is occasionally present between the IS and OS layers in the C8orf37 del/del retina. F, Vertical membrane discs grow from the edge of horizontal
membrane discs (arrows) in the C8orf37 del/del OS. G, No plasma membrane is present between the horizontal and vertical membrane discs (arrow) in the C8orf37 del/del OS. H, C8orf37 del/del

photoreceptors have a normal appearance of their connecting cilium (red arrow), basal body (yellow arrow), daughter centriole (blue arrow), and ciliary rootlet (green arrow). I, C8orf37 del/del rod
photoreceptors have a normal appearance of their synaptic terminus. Age of the photoreceptors is labeled at the bottom right corner of each image. Scale bars: A–E, 1 �m; F–I, 0.5 �m.
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teins was caused by a lower rate of mRNA transcription, we per-
formed qRT-PCR. After normalization by the mRNA level of
GAPDH, the mRNA levels of rhodopsin, M-opsin, S-opsin, GC1,
and PRPH2 were similar between C8orf37�/del and C8orf37 del/del

retinas at P5 (Fig. 8D). The mRNA levels of GC1 and PRPH2
remained normal in C8orf37 del/del retinas at P27, whereas the
mRNA levels of rhodopsin and S-opsin started to decrease at P15
(F(1,6) � 13.86, p � 0.0098, two-way ANOVA with repeated mea-
sures) and P27 (F(1,24) � 25.38, p � 0.001, two-way ANOVA with
repeated measures), respectively (Fig. 8D). At P27, the reduction
of rhodopsin and S-opsin was 42% and 32%, respectively (Fig.
8D). Because the reduction of rhodopsin, GC1, and S/M-opsin
proteins occurred at P5, P12, and P16, respectively, when their
mRNA levels were normal, we concluded that the OS membrane
protein reduction in C8orf37 del/del retinas was not due to abnor-
mal mRNA transcription and some of these protein reductions
might somehow lead to mRNA reduction.

C8ORF37 is localized throughout the photoreceptors but not
their OS
Immunoblot analysis showed that C8ORF37 protein is expressed
in multiple mouse tissues, including the brain, kidney, lung, spleen,
heart, trachea, and testis (data not shown). In mouse photorecep-
tors, C8ORF37 was reported previously to be enriched at the basal
body and ciliary rootlet by immunofluorescence using a commercial
antibody (Estrada-Cuzcano et al., 2012). Using the same commer-
cial antibody as well as our four different custom-made C8ORF37
antibodies, we could not detect a specific signal for C8ORF37 in
C8orf37�/del photoreceptors, because C8orf37 del/del photorecep-
tors exhibited a similar immunoreactivity pattern, presumably
reflecting antibody nonspecific cross-reactivity (data not shown).
We thus investigated the GFP-tagged and FLAG-tagged C8ORF37
distribution in photoreceptors. To reduce the potential problem
of overexpression, we transfected the tagged C8ORF37 plasmids
individually into C8orf37 del/del photoreceptors by in vivo electro-

Figure 7. Many OS membrane proteins and their associated proteins are reduced in C8orf37 del/del retinas. A, D, Representative immunoblots of proteins expressed in C8orf37 �/del and
C8orf37 del/del retinas at P30 (A) and P49 (D). B–F, Quantification of OS protein expression in C8orf37 �/del and C8orf37 del/del retinas at P30 (B, C) and P49 (E, F ). G, Comparison of OS protein
expression between P30 and P49. The expression of each protein was first normalized by its corresponding loading control, �-tubulin, and then normalized by the mean value of the C8orf37 �/del

group. Data are presented as mean 	 SEM in both the bar chart (B, E) and the table (C, F, G). Four mice were analyzed for each genotype. #p � 0.1; *p � 0.05; **p � 0.01.
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poration at P0. At P21, both GFP-C8ORF37 and FLAG-C8ORF37
proteins were evenly distributed throughout the photoreceptor
cell volume except for the rod and cone OS, which was marked by
rhodopsin/CNGB1 and S/M-opsins, respectively (Fig. 9A,B). In
the IS, immunostaining of the ciliary rootlet using a rootletin
antibody showed that GFP-C8ORF37 was present at the basal
body region on the top of the ciliary rootlet (Fig. 9C). However,
no GFP-C8ORF37 enrichment was observed at the basal body or
ciliary rootlet. Because transfected recombinant proteins gener-
ally show similar subcellular distributions to their endogenous
counterparts as revealed by immunofluorescence (Stadler et al.,
2013) and both GFP-C8ORF37 and FLAG-C8ORF37 displayed a
similar distribution pattern, our result suggests that C8ORF37 is
broadly distributed in photoreceptors and is only restricted from

the OS. Consistently, in serum-starved IMCD3 cells, we observed
transfected GFP-C8ORF37 to be evenly distributed in the cyto-
plasm, but not in the primary cilium (Fig. 9E), an analog of the
photoreceptor OS.

To provide evidence for endogenous C8ORF37 localization in
the photoreceptor, we followed protein distribution in serial
tangential sections through the photoreceptor layer of a flat-
mounted rat retina (Sokolov et al., 2002). The endogenous
C8ORF37 expression profile in the serial sections, determined by
immunoblot analysis, was comparable to that of the photorecep-
tor marker PDC, but not the expression profile of the photore-
ceptor OS marker PRPH2 (Fig. 9D). Together, these results
support the notion that C8ORF37 is localized to the photorecep-

Figure 8. Onset of OS membrane protein reduction during C8orf37 del/del OS morphogenesis. A, Expression of C8ORF37, rhodopsin and S/M-opsin proteins in C8orf37 �/del (�/�) and
C8orf37 del/del (�/�) retinas before OS elongation. The blots labeled with rhodopsin and rhodopsin
 are the same blot, but the signal intensity on the rhodopsin
 blot was significantly enhanced
to show the rhodopsin signals at P5. Lamin B and �-tubulin are loading controls. Immunoblots labeled by the same vertical bars are from the same blots. B, Expression of GC1, PRPH2, and S/M-opsin
proteins in C8orf37 �/del and C8orf37 del/del retinas during OS elongation. �-tubulin is a loading control. C, Ratios of rhodopsin, GC1, S/M-opsin, and PRPH2 protein expression in C8orf37 del/del retinas
to those in C8orf37 �/del retinas during postnatal development. The ratios of these proteins (red) are compared with the ratios of control protein �-tubulin (black) from the same animals. Individual
data points are shown as ratios calculated from C8orf37 del/del and C8orf37 �/del retinas at the same developmental time points on the same immunoblots. Means and SEM are also shown. D, qRT-PCR
results showing the ratios of rhodopsin, M-opsin, S-opsin, GC1, and PRPH2 mRNA levels (normalized by GAPDH mRNA levels) in C8orf37 del/del retinas to those in C8orf37 �/del retinas at P5, P15, and
P27. *p � 0.05; **p � 0.01; cyan asterisks, p-values from Bonferroni post tests between C8orf37 del/del and C8orf37 �/del groups; green asterisk, p-value from Student’s t test between C8orf37 del/del

and C8orf37 �/del groups at a single time point (i.e., P16).
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tor cell body including the basal body, IS, and synaptic terminus,
but not the OS.

Normal targeting of most OS membrane proteins in C8orf37
KO photoreceptors
The data presented so far indicate that the major phenotypic
features of the C8orf37 KO are confined to the photoreceptor OS,
whereas C8ORF37 is localized outside this cellular compartment.
This suggests that C8ORF37 participates in a cellular process that
relates to OS morphogenesis but takes place in the photoreceptor
cell body, where OS proteins are synthesized, sorted, and trans-
ported. Therefore, we investigated whether loss of C8orf37 is
associated with any defects in the cellular localization of OS
membrane proteins.

Immunostaining of C8orf37 del/del retinas at P21 showed that
rhodopsin, CNGA1, PRPH2, CNGB1, and GC1 were normally

localized to the OS (Fig. 10A–E). The same result was obtained for
OS membrane proteins prominin-1 and PCDH21 and the connect-
ing cilium cytoskeletal protein acetylated �-tubulin (Fig. 10F–
H). Therefore, C8ORF37 is not involved, or at least is not critical,
for OS targeting of these membrane and cytoskeletal proteins. Be-
cause PRPH2, GC1, prominin-1, PCDH21, and acetylated �-tubulin
are expressed in both rods and cones (Arikawa et al., 1992; Yang et
al., 1999; Rattner et al., 2001; Zacchigna et al., 2009), the lack of these
proteins’ mislocalization in any C8orf37del/del photoreceptor cells
indicates that C8ORF37 is dispensable for OS targeting of these pro-
teins in both rods and cones.

The only proteins with intracellular localization that was af-
fected in the C8orf37 del/del retinas were S/M-opsins. C8orf37 del/del

retinas consistently displayed a significant number of cones with
S/M-opsins partially mislocalized to the cell body and synaptic
terminus (Fig. 10 I, J). Double staining with peanut agglutinin

Figure 9. C8ORF37 is localized to the cell body but not the OS in photoreceptors. A, B, Transfected GFP-C8ORF37 (green) or FLAG-C8ORF37 (green) is localized to rod (A) and cone (B) photoreceptor
cell bodies in the IS, ONL, and outer plexiform layer (OPL) of C8orf37 del/del retinas at P21. Rhodopsin and CNGB1 (red) are markers for the rod OS and S/M-opsins (red) are markers for the cone OS.
Hoechst 33342 dye (blue) labels the photoreceptor nuclei. C, GFP-C8ORF37 is evenly distributed in the IS and is marked by rootletin (red). Insets, GFP-C8ORF37 is present in the region above the apical
tip of the rootletin signal where the basal body is located (arrows). D, Distribution of C8ORF37 in seven 20 �m serial tangential sections throughout the photoreceptor layer of a flat-mounted rat
retina. Relative contents of C8ORF37, PDC (a photoreceptor marker), and PRPH2 (a photoreceptor OS marker) were analyzed by immunoblotting with corresponding antibodies. A diagram of a
photoreceptor beneath the immunoblotting panels depicts the subcellular origin of each section. Note that portions of OS and IS naturally overlap in sections 2 and 3. N, Nucleus; ST, synaptic
terminus. E, Transfected GFP-C8ORF37 (green) is evenly distributed in the cytoplasm but not the primary cilium, labeled by acetylated �-tubulin (red), in a serum-starved IMCD3 cell. Blue indicates
nuclear staining from Hoechst 33342. Scale bars, 5 �m.
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Figure 10. OS membrane proteins except S/M-opsins are distributed normally in C8orf37 del/del photoreceptors. A–E, Immunostaining demonstrated that rhodopsin (A), CNGA1 (B), PRPH2 (C),
GC1 (D), CNGB1 (E), PCDH21 (F ), prominin-1 (G), and acetylated �-tubulin (H ) are localized normally to the OS or the base of OS in C8orf37 del/del retinas at P21. The red signal in F is from rhodopsin
antibody staining. I, Immunostaining revealed partial mislocalization of S/M-opsins (arrows) in some C8orf37 del/del cones at P21. J, Quantification of cones with mislocalized S/M-opsins in the
retinas of P21 C8orf37 �/del and C8orf37 del/del littermates. Data are presented as mean 	 SEM. Numbers at the bottom of bars are numbers of mice analyzed. *p � 0.05. Blue signal is from Hoechst
33342 labeling the photoreceptor nucleus. CC, Connecting cilium; OPL, outer plexiform layer. Scale bars, 10 �m.
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confirmed that the cells with S/M-opsin mislocalization were
cone photoreceptors (data not shown). Using the number of the
S/M-opsin-stained OS as the total number of cones in the retina,
S/M-opsins were mislocalized in �55% of C8orf37 del/del cones
compared with only �6% of C8orf37�/del cones (t6 � 2.940, p �
0.0259, unpaired and two-tailed t test). Although the mislocaliza-
tion of cone opsins could be secondary to retinal degeneration, it
may suggest that C8ORF37 participates in either cone opsin pro-
cessing in the biosynthetic membranes or transport of cone opsin
to the OS and that C8ORF37 may have a different functional mech-
anism for assisting the processing of opsins in cones than other OS
membrane proteins in rods.

Discussion
C8ORF37 is a protein of unknown function, despite that muta-
tions in C8ORF37 are associated with an array of visual disorders.
The central result obtained in this study is that C8ORF37 KO in
mice results in a major defect in the structural organization of
photoreceptor OS discs, ultimately leading to photoreceptor cell
death. Although this photoreceptor ultrastructural phenotype has
been reported in several other mutant mouse models in which the
mutant proteins are either photoreceptor OS or connecting cilium
proteins (Hawkins et al., 1985; Sanyal et al., 1986; Rattner et al.,
2001; Liu et al., 2003; Zhao et al., 2003; Yang et al., 2008; Zhang et
al., 2009), C8ORF37 is excluded from the photoreceptor OS and
instead is distributed throughout the rest of the cell. The reduc-
tion of OS membrane proteins in the absence of C8ORF37 doc-
umented in our study suggests that C8ORF37 plays a role in the
homeostasis of these proteins while these proteins are synthesized
and processed inside the photoreceptor cell body before reaching
the OS.

Our finding that C8orf37 KO mice have both rod and cone
phenotypes is consistent with clinical findings in patients with
RP or CRD. Among the 22 reported C8ORF37-deficient patients
(Estrada-Cuzcano et al., 2012; van Huet et al., 2013; Jinda et al.,
2014; Lazar et al., 2014; Ravesh et al., 2015; Heon et al., 2016;
Katagiri et al., 2016; Khan et al., 2016; Rahner et al., 2016), eight
were diagnosed as having CRD (Estrada-Cuzcano et al., 2012; van
Huet et al., 2013; Lazar et al., 2014; Rahner et al., 2016), five as
having RP with early maculopathy (Estrada-Cuzcano et al., 2012;
van Huet et al., 2013; Jinda et al., 2014), and two as having either
CRD or RP with early maculopathy (Katagiri et al., 2016). The
macula is the central retina where cones are highly concentrated
in humans. The early maculopathy in C8ORF37-deficient patients
may indicate early onset dysfunction of cones. Therefore, the
majority of C8ORF37-deficient patients showed early symptoms
of both rod and cone degeneration. In addition, in C8orf37 KO
mice, many of the decreased OS membrane proteins are encoded by
known causative genes for inherited retinal degeneration, such as
RHO, PRPH2, CNGB1, GC1, and ABCA4, suggesting that the reti-
nal degenerative mechanisms are, to some extent, shared among
patients carrying mutations in C8ORF37 and other retinal degen-
eration genes.

Conversely, the reason for absence of non-ocular phenotypes
in C8orf37 KO mice is unclear. In humans, C8ORF37 is a rare
causative gene for BBS (Heon et al., 2016). Only two C8ORF37-
deficient patients have been diagnosed with BBS (Heon et al.,
2016; Khan et al., 2016); one carried a benign BBS4 heterozygous
mutation (Heon et al., 2016) and the other carried a mutation
exactly the same as in other four patients with CRD (Estrada-
Cuzcano et al., 2012; Lazar et al., 2014; Khan et al., 2016). There-
fore, it is possible that the non-ocular phenotype of C8ORF37
mutations is modified by other genes or is not fully penetrant.

Alternatively, there may be a species difference for the require-
ment of C8ORF37 in non-ocular tissues, which has been docu-
mented for other BBS-associated mutations (Novas et al., 2015).

A critical observation at the molecular level is that C8orf37 KO
results in a variable reduction in the expression levels of several
proteins known to participate in the process of photoreceptor
disc morphogenesis. For example, at P30, PRPH2, CNGB1, and
GARP2 were present at �50% of the level seen in C8orf37�/del

mice, whereas PCDH21 was not reduced at all. Furthermore,
rhodopsin, the major OS disc building block protein, was reduced by
only �29%. Therefore, a mismatch in the molar ratio exists
among these critical proteins. The fact that such a mismatch can
lead to abnormal photoreceptor morphology has been estab-
lished in several previous studies. For example, OS disc misalign-
ment similar to that observed in our study was documented in
photoreceptors expressing a single copy of the PRPH2 gene
(Hawkins et al., 1985; Chakraborty et al., 2014). Long stacks of
misaligned discs were also found in Cngb1� / � photoreceptors,
where no CNGB1 and GARP2 were expressed (Zhang et al., 2009;
Chakraborty et al., 2016). The larger reduction of PRPH2, CNGB1,
and GARP2 proteins than rhodopsin in C8orf37 KO photorecep-
tors may explain the observed OS disc overgrowth and vertical
alignment.

How could a cytoplasmic protein coordinate the relative expres-
sion levels of multiple OS membrane proteins? A previous study of
c8orf37 knock-down zebrafish suggested a role of C8ORF37 in mela-
nosome transport (Heon et al., 2016). However, our observation
that OS localization of all tested membrane proteins in rods was
unaffected by the C8ORF37 KO argues against its involvement in
motor-mediated protein transport. Because the majority of pro-
teins affected by the loss of C8orf37 are membrane proteins and
the mRNA levels of these membrane proteins are initially normal,
C8ORF37 likely functions in the membrane protein secretory
pathway, from synthesis to sorting. One possibility is that C8ORF37
serves as a part of the molecular chaperone machinery that assists
the final folding stages of multiple proteins affected by the loss of
C8orf37. Alternatively, C8ORF37 may function by preventing
these proteins from entering degradation pathways in the photo-
receptor cell body. The variation in the decreased levels of OS
membrane proteins in the absence of C8ORF37 may be due to the
difference in their individual degradation rates. Sorting out these
and other potential functions of C8ORF37 is an exciting goal of
future investigations.

The earliest phenotype observed in C8orf37 KO photorecep-
tors is the reduction of rhodopsin content at P5. This may suggest
that the observed reduction in the expression levels of PRPH2,
CNGB1, and GARP2 is a consequence of rhodopsin reduction.
However, the previously published phenotype of Rho�/ � mouse
rods argues against this idea. Rho�/ � rods contain �50% of the
normal amount of rhodopsin (Lem et al., 1999; Price et al., 2012;
Chakraborty et al., 2016); however, their PRPH2 content is nor-
mal (Chakraborty et al., 2016), their OS are thinner and shorter,
and their disc alignment is normal (Lem et al., 1999; Liang et al.,
2004; Price et al., 2012; Hollingsworth and Gross, 2013). There-
fore, the difference in the Rho�/ � and C8orf37 KO phenotypes
indicates that the reduction of other OS membrane proteins in
C8orf37 KO photoreceptors does not rely on the reduction of
rhodopsin and is a primary defect as well.

The phenotypes in C8orf37 KO rod and cone photoreceptors
are different. Whereas CNGB1 is reduced in rods, its counterpart
CNGB3 remains normal in cones. Compared with rhodopsin
protein reduction, cone opsin protein reduction occurs at a later
time point but is more severe in adulthood. Furthermore, visual
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pigment mislocalization in cones is not observed in rods. All these
results hint at the existence of differences in the intracellular process-
ing of OS membrane proteins in rod and cone photoreceptors and a
potential difference in their C8ORF37-dependent control.

In summary, the C8orf37 KO mouse generated in our study
provides an accurate representation of the retinal phenotype in
patients and is a valid animal model for future pathophysiological
and therapeutic studies. We demonstrated that C8ORF37 is a pro-
tein expressed throughout the photoreceptor cell body and is
required for maintaining physiological levels of OS membrane pro-
teins. Loss of C8ORF37 leads to misalignment of photoreceptor OS
discs and subsequent retinal degeneration. This degeneration
is progressive and has a sufficient time window for therapeutic
intervention.
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