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Abstract 48 

C8ORF37 is a causative gene for three different clinical forms of incurable retinal degeneration. 49 

However, the completely unknown function of C8ORF37 limits our understanding of the 50 

pathogenicity of C8ORF37 mutations. Here, we performed a comprehensive phenotypic 51 

characterization of a C8orf37 knockout mouse line, generated using CRISPR/Cas9 technology. 52 

Both C8orf37 knockout male and female mice exhibited progressive and simultaneous 53 

degeneration of rod and cone photoreceptors but no non-ocular phenotypes. The major 54 

ultrastructural feature of C8orf37 knockout photoreceptors was massive disorganization of the 55 

outer segment (OS) membrane discs, starting from the onset of disc morphogenesis during 56 

development. At the molecular level, the amounts of multiple OS-specific membrane proteins, 57 

including proteins involved in membrane disc organization, were reduced, although these 58 

proteins were targeted normally to the OS. Considering the distribution of C8ORF37 throughout 59 

the photoreceptor cell body, the normal structure of the knockout photoreceptor connecting 60 

cilium and the absence of defects in other ciliary organs of the knockout mice, our findings do 61 

not support the previous notion that C8ORF37 was a ciliary protein.  Since C8ORF37 is absent 62 

in the photoreceptor OS, C8ORF37 may participate in the secretory pathway of OS membrane 63 

proteins in the photoreceptor cell body and thus maintain the homeostasis of these proteins. 64 

Taken together, this study established a valid animal model for future therapeutic studies of 65 

C8ORF37-associated retinal degeneration. This study also shed new light on the role of 66 

C8ORF37 in photoreceptors and on the pathogenic mechanism underlying retinal degeneration 67 

caused by C8ORF37 mutations.   68 
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Significance Statement 69 

Inherited retinal degeneration is a group of incurable conditions with poorly understood 70 

underlying molecular mechanisms. We investigated C8ORF37, a causative gene for three retinal 71 

degenerative conditions: retinitis pigmentosa, cone-rod dystrophy and Bardet-Biedl syndrome. 72 

C8ORF37 encodes a protein with no known functional domains, and thus its biological function 73 

is unpredictable. We knocked out the C8ORF37 ortholog in mice, which resulted in a retinal 74 

phenotype similar to that observed in patients. We further demonstrated that C8ORF37 is 75 

required for photoreceptor outer segment disc formation and alignment, a process that is critical 76 

for photoreceptor function and survival. This study advances our understanding of the 77 

pathogenesis of retinal degeneration and establishes a valuable mouse model for future 78 

therapeutic development.   79 
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Introduction 80 

Inherited retinal degeneration is a group of heterogeneous diseases affecting primarily 81 

photoreceptors. To date, more than 250 genes have been identified as causal factors in inherited 82 

retinal degeneration. However, little is known about the function of a significant number of these 83 

genes, and this knowledge gap hinders the development of effective treatments. C8ORF37, 84 

named for its position on human chromosome 8, is a causative gene for autosomal recessive 85 

retinitis pigmentosa (RP), cone-rod dystrophy (CRD) and Bardet-Biedl syndrome (BBS) 86 

(Estrada-Cuzcano et al., 2011; van Huet et al., 2013; Jinda et al., 2014; Katagiri et al., 2014; 87 

Lazar et al., 2015; Ravesh et al., 2015; Heon et al., 2016; Khan et al., 2016; Rahner et al., 2016). 88 

RP is the most common inherited retinal degenerative disease (Hartong et al., 2006). Blindness 89 

in RP patients results initially from a loss of rod photoreceptors followed by loss of cones. BBS 90 

is a syndromic form of RP and is characterized by childhood-onset rod-cone dystrophy, 91 

polydactyly, obesity, mental retardation, renal dysfunction and hypogenitalism (Hartong et al., 92 

2006; Zaghloul and Katsanis, 2009). These phenotypes are due to defects in the primary cilium 93 

in various organs. Thus, BBS is also classified as a ciliopathy. Finally, CRD is characterized by 94 

cone-mediated vision impairment followed by rod degeneration, or simultaneous degeneration of 95 

cones and rods (Thiadens et al., 2012). Currently, no genotype-phenotype correlation has been 96 

observed in C8ORF37-deficient patients. 97 

The function of the C8ORF37 protein is unknown and cannot be predicted from sequence 98 

analysis, because it contains no known functional domains or motifs and does not belong to any 99 

known protein family. The human C8ORF37 protein has 207 amino acids. Two thirds of its C-100 

terminal sequence is highly conserved from mammals to unicellular flagellates and oomycetes 101 

(Estrada-Cuzcano et al., 2011). As in humans, knockdown of the C8ORF37 ortholog in zebrafish 102 
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leads to impaired vision (Heon et al., 2016). This evolutionary conservation in sequence and 103 

phenotype suggests a functional significance of C8ORF37 in a broad range of species. In 104 

hTERT-RPE1 cells, C8ORF37 was localized at the base of the primary cilium and in the 105 

cytoplasm, and in mouse photoreceptors, C8ORF37 was found to be enriched at the base of the 106 

connecting cilium and along the ciliary rootlet (Estrada-Cuzcano et al., 2011). Furthermore, 107 

c8orf37 knockdown in zebrafish causes a reduction in the Kupffer’s vesicle, a ciliated organ 108 

responsible for left-right body asymmetry establishment during development, and slows 109 

retrograde melanosome transport in melanophores (Heon et al., 2016). These phenotypes, 110 

combined with the potential localization of C8ORF37 at the ciliary apparatus and its association 111 

with BBS, suggest that C8ORF37 might contribute to the function of the primary cilium. 112 

In the retina, the photoreceptor outer segment (OS) is a large specialized primary cilium that 113 

harbors phototransduction machinery on tightly stacked membrane discs. The integrity of this 114 

organelle and the tight disc alignment are crucial for photoreceptor function and survival (Ding 115 

et al., 2004; Zhang et al., 2009; Pearring et al., 2013b). OS proteins are synthesized in the 116 

photoreceptor inner segment (IS) and transported to their destination during OS morphogenesis 117 

and subsequent renewal (Young, 1967). However, the mechanisms underlying the synthesis, 118 

sorting and transport of OS proteins in the IS remain poorly understood (Pearring et al., 2013b). 119 

In this report, we knocked out the mouse ortholog of C8ORF37 (C8orf37, aka 2610301B20Rik), 120 

which produced a retinal phenotype similar to that seen in C8ORF37-deficient patients, but no 121 

other BBS phenotypes. We demonstrated that C8ORF37 is distributed throughout photoreceptors, 122 

except the OS, and is required for maintaining normal amounts of OS membrane proteins and 123 

normal OS disc alignment. Our results suggest that C8ORF37 may function through its 124 

involvement in membrane protein turnover, but not transport.  125 
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 126 

Materials and Methods 127 

Animals 128 

C8orf37 knockout mice were generated using the CRISPR/Cas9 approach at the Transgenic 129 

and Gene Targeting Mouse Core and the Mutation Generation and Detection Core, University of 130 

Utah. Small guide RNA sites targeting exon 1 and exon 5 of C8orf37 and compatible with the 131 

U6 promoter (Fig. 1A) were identified using ZiFit Targeter (Version 4.2, 132 

http://zifit.partners.org/ZiFiT/) (Sander et al., 2007; Sander et al., 2010; Hwang et al., 2013; Mali 133 

et al., 2013), with potential off targets analyzed using CasOT (http://eendb.zfgenetics.org/casot/) 134 

(Xiao et al., 2014). Pairs of oligonucleotides corresponding to the chosen small guide RNA sites 135 

(Table 1) were synthesized, annealed and cloned into the pX330-U6-Chimeric_BB-CBh-136 

hSpCas9 vector, a gift from Feng Zhang (Addgene plasmid # 42230), according to the protocol 137 

detailed in Le Cong et al (Cong et al., 2013).  Both CRISPR/Cas9 plasmids targeting exon 1 and 138 

exon 5 were simultaneously injected into F1 mouse embryos (CBA/C57BL6, confirmed to be 139 

free of Crb1rd8 allele) at a concentration of 5, 25 or 50 ng/μl. F0 founder mice were screened by 140 

high-resolution melting analysis (HRMA) (LightScanner® instrument, Biofire Diagnostics, Salt 141 

Lake City, UT) using the primers listed in Table 1. Three F0 founder mice carrying deletions in 142 

exon 1, exon 5 and between exons 1 and 5 were crossed with C57BL6 mice (Jackson Laboratory, 143 

Bar Harbor, ME) to achieve germline transmission. C8orf37ex1/ex1, C8orf37ex5/ex5 and 144 

C8orf37del/del mouse lines were established. The exact mutations in their genomes were revealed 145 

by sequencing of the polymerase chain reaction (PCR) products containing the mutations. The 146 

three C8orf37 mutant mouse lines were then maintained and examined according to the protocol 147 

approved by the Institutional Animal Care and Use Committee (IACUC) at the University of 148 
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Utah. Routine genotyping was carried out by PCR of genomic DNA (all mutant lines) followed 149 

by DNA sequencing (C8orf37ex1/ex1 and C8orf37ex5/ex5 only) (See Table 1 for primer information). 150 

Female Long-Evans rats (P50-P60) were purchased from Charles River Laboratories 151 

(Wilmington, MA) and handled according to the protocol approved by the IACUC at Duke 152 

University. For terminal experiments, mice or rats were euthanized by CO2 inhalation, consistent 153 

with the recommendations of the Panel on Euthanasia of the American Veterinary Medical 154 

Association. 155 

 156 

Antibodies 157 

Full-length C8orf37 cDNA (NM_026005) was cloned from mouse retinas by reverse 158 

transcription (RT)-PCR into pET28 (EMD Millipore, Billerica, MA) and pGEX4t-1 (GE 159 

Healthcare Life Sciences, Pittsburgh, PA) vectors for fusion with His and GST tags, respectively 160 

(See Table 1 for primer sequences). These two C8orf37 constructs were transformed into BL21-161 

CodonPlus (DE3)-RIPL cells (Agilent Technologies, Santa Clara, CA) to generate recombinant 162 

proteins. His-tagged C8ORF37 protein was purified from the inclusion body after IPTG 163 

induction using Ni-NTA agarose (Qiagen, Valencia, CA) in the presence of 6 M urea or 164 

guanidine. The purified His-C8ORF37 protein was used as an antigen to immunize three rabbits 165 

and a chicken (Cocalico Biologicals, Stevens, PA). GST-tagged C8ORF37 protein was purified 166 

from the soluble fraction of cell lysates using GST•Bind™ resin (EMD Millipore, Billerica, MA). 167 

The His-C8ORF37 and GST-C8ORF37 proteins were immobilized separately to agarose beads 168 

using AminoLink™ Plus Immobilization kit (Pierce Biotechnology, Rockford, IL). The 169 

immobilized His-C8ORF37 was used to affinity-purify the sera obtained from one rabbit and one 170 

chicken, and the immobilized GST-C8ORF37 was used to affinity-purify the sera from two 171 
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rabbits. The specificity of the C8ORF37 antibodies was verified by immunoblot analysis using 172 

C8orf37 knockout retinas as a negative control.  173 

Mouse monoclonal antibody against rhodopsin (1D4, RRID: AB_2315272), chicken 174 

antibodies against S- and M-opsins, rootletin and PRPH2, and sheep antibody against PDC were 175 

described previously (Liu et al., 2004; Sokolov et al., 2004; Yang et al., 2005). Mouse 176 

monoclonal antibodies against GC1 (GC 2H6), PRPH2 (Per 5H2), CNGA1 (PMC 1D1) and 177 

GARP2 (GARP 4B1) were gifts from Robert Molday (University of British Columbia). Mouse 178 

monoclonal antibody against GC1 (1S4) and rabbit antibodies against GC2 (L-670), GCAP1 179 

(UW14 and UW101), GCAP2 (UW50) and arrestin were gifts from Wolfgang Baehr (University 180 

of Utah) and Krzysztof Palczewski (Case Western Reserve University). Rabbit antibodies against 181 

PRPH2, PCDH21 and CNGB1 were gifts from Andrew Goldberg (Oakland University), Amir 182 

Rattner (Johns Hopkins University) and Steven Pittler (University of Alabama), respectively. 183 

Chicken antibody against RP1 was a gift from Qin Liu (Harvard Medical School). Mouse 184 

monoclonal antibodies against acetylated α-tubulin (6-11B-1), β-tubulin (D66, RRID: 185 

AB_477556), γ-tubulin (GTU-88, RRID: AB_532292) and FLAG (M2, RRID: AB_439685) 186 

were purchased from Sigma-Aldrich (St. Louis, MO). Goat antibody against ABCA4 (M-18, 187 

RRID: AB_2220287) and rabbit antibody against rod transducin α subunit (K-20, RRID: 188 

AB_2294749) were from Santa Cruz Biotechnology (Dallas, TX). Rat monoclonal antibody 189 

against prominin 1 (13A4) and rabbit antibody against rod PDE6 (MOE) were from Affymetrix 190 

eBioscience (San Diego, CA) and CytoSignal (Irvine, CA), respectively. Rhodamine labeled 191 

peanut agglutinin (RRID: AB_2336642), chicken antibody against M-opsin (PA1-9517, RRID: 192 

AB_1077349) and rabbit antibody against S-opsin (NBP1-20194, RRID: AB_1642989) were 193 

from Vector Laboratories (Burlingame, CA), Thermo Fisher Scientific (Rockford, IL) and Novus 194 
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Biologicals (Littleton, CO), respectively. Alexa fluorochrome-conjugated secondary antibodies 195 

and Hoechst dye 33342 were obtained from Invitrogen (Carlsbad, CA). Horseradish peroxidase-196 

conjugated secondary antibodies were purchased from Jackson ImmunoResearch Laboratories, 197 

Inc. (AffiniPure, West Grove, PA).  198 

 199 

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) 200 

Retinal total RNA was purified from C8orf37+/del and C8orf37del/del mice using Fisher 201 

BioReagents™ SurePrep™ RNA purification kit (Fisher Scientific, Pittsburgh, PA) and 202 

subjected to RT using ThermoScript™ RT-PCR system (Invitrogen, Carlsbad, CA). Quantitative 203 

PCR analyses for rhodopsin, M-opsin, S-opsin, GC1, PRPH2 and GAPDH were performed from 204 

the above RT reactions using SYBR® Premix Ex Taq™ kit (TakaRa, Mountain View, CA) and 205 

Bio-Rad CFX Connect™ real-time PCR machine (Hercules, CA) according to the manufacturers’ 206 

instructions. Primer sequence information is listed in Table 1. The thermal cycle was set at 95°C 207 

for 2 minutes followed by 45 cycles of 95°C for 10 seconds and 55°C for 30 seconds. Cq values 208 

were determined using Single Threshold mode of CFX Manager™ software. The expression 209 

levels of rhodopsin, M-opsin, S-opsin, GC1 and PRPH2 mRNAs were first normalized by that of 210 

GAPDH using the formula of , where E stands for the efficiency of primer 211 

and probe set and equals to 2; Cq sample stands for Cq of rhodopsin, M-opsin, S-opsin, GC1 or 212 

PRPH2. The expression levels of rhodopsin, M-opsin, S-opsin, GC1 and PRPH2 were further 213 

normalized by the mean of C8orf37+/del group before statistical analysis.  214 

 215 

Cell Culture, Transfection, Immunostaining and Immunoblot Analyses 216 
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IMCD3 cells (RRID: CVCL_0429) were cultured according to the ATCC protocol and 217 

transfected by Lipofectamine® 2000 Transfection Reagent (Invitrogen, Carlsbad, CA). GFP-218 

tagged C8ORF37 DNA construct was made by inserting mouse C8ORF37 full-length cDNA 219 

(NM_026005) into pEGFP-C1 plasmid (Clontech Laboratories, Inc, Mountain View, CA). 220 

Retinal in vivo transfection (Matsuda and Cepko, 2004) and immunostaining of cultured cells 221 

and mouse retinal sections (Wang et al., 2012) were conducted as described previously. To 222 

quantify S/M-opsin mislocalization in the retina, immunostaining using mixed chicken S- and 223 

M-opsin antibodies (Yang et al., 2005) was conducted. Cone photoreceptors with S/M-opsin 224 

immunostaining signals mislocalized in the IS, ONL or synaptic terminus were counted in a 225 

region of retinal cross-sections, which was 211-μm wide and ~900 μm away from the optical 226 

nerve head. The total number of cone photoreceptors in the same region was estimated by the 227 

number of cone OS with S/M-opsin signals. These two numbers were used to calculate the 228 

percentage of cone photoreceptors with mislocalized opsins.  229 

Serial tangential sectioning of rat retinas at 20 μm and immunoblot analysis of proteins in the 230 

serial sections were performed according to the procedure reported previously (Lobanova et al., 231 

2008). Other immunoblot analyses were carried out using our previous procedure (Wang et al., 232 

2012), except that protein samples were incubated at 37° for 30 min instead of boiling for 10 min. 233 

Immunoblotting of S/M-opsins was conducted using a mixture of chicken S- and M-opsin 234 

antibodies (Yang et al., 2005), commercial chicken M-opsin antibody, or commercial rabbit S-235 

opsin antibody. The intensity of immunoblot signals was quantified by ImageJ using the Gels 236 

feature under the Analyze menu. The intensity of the bands of interest was normalized by the 237 

intensity of loading control bands (e.g., γ-tubulin) in the same lanes on the same blots, except for 238 
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the analysis of protein expression during postnatal development, which was compared with γ-239 

tubulin protein expression in the same set of samples. 240 

 241 

Electroretinography (ERG) and Spectral Domain Optical Coherence Tomography (SD-242 

OCT) 243 

ERG tests were performed using a UTAS-E3000 instrument (LKC Technologies, 244 

Gaithersburg, MD) as described previously (Zou et al., 2011). After dark adaptation overnight, 245 

mice were anesthetized by intraperitoneal injection of ketamine and xylazine (0.1 mg and 0.01 246 

mg per g body weight, respectively), and pupils were dilated with 1% tropicamide. Full-field 247 

scotopic retinal electrical responses were recorded in the dark upon a series of white light stimuli 248 

at increasing intensities. Full-field photopic retinal electrical responses were subsequently 249 

recorded after light adaptation at 33.25 cd/m2 for 10 minutes. The a-wave amplitude of scotopic 250 

ERGs was measured from the baseline to the peak of the cornea-negative wave, while the b-251 

wave amplitude of scotopic and photopic ERGs was measured from the peak of the cornea-252 

negative wave to the peak of the major cornea-positive wave. The implicit times of a- and b-253 

waves were measured from the onset of the light stimulus to the peaks of a- and b-waves, 254 

respectively. 255 

SD-OCT images were acquired from anesthetized mice using a Spectralis® HRA + OCT 256 

instrument (Heidelberg Engineering, Carlsbad, CA), with super luminescence diode light at an 257 

average wavelength of 870 nm. Cross-sectional two-dimensional B-scans of 1536 A-scans (5.3 258 

mm) were captured with a rate of 40 kHz and a scan depth of 1.9 mm at the high-resolution 259 

mode. Measurement of retinal thickness was conducted using the analysis tool of Heidelberg Eye 260 

Explorer software platform (version 6.0.12.0). 261 
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 262 

Histology, Transmission (TEM) and Scanning (SEM) Electron Microscopy  263 

Mouse eye cups, with the anterior segments and lens removed, were fixed overnight in 1% 264 

formaldehyde and 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.5). After washing with 265 

0.1 M cacodylate buffer, the eye cups were post-fixed in 2% osmium tetroxide, dehydrated 266 

through a graded alcohol series and embedded in Epon. Half-micron cross-sections were stained 267 

with 1% methylene blue/azure II or 1% toluidine blue. The thicknesses of the OS and ONL 268 

layers were measured along the retinal vertical meridian at three evenly spaced locations on each 269 

side of the optic nerve head. The subsequent procedures for TEM were described previously 270 

(Yang et al., 2002). For SEM, retinas were dissected and fixed in 2.5% glutaraldehyde/PBS 271 

overnight. After washing in PBS buffer, the retinas were post-fixed by alternative incubations in 272 

1% osmium tetroxide (40 min, three times) and 0.3% thiocarbohydrizide (10 min, two times). 273 

The retinas were then dehydrated with a graded alcohol series, critical point dried using 274 

hexamethyldisilazane, and examined using a Hitachi 4800 scanning electron microscope. OS 275 

density was calculated by the number of the OS divided by the retinal tangential width occupied 276 

by the OS. OS thickness was calculated by averaging the diameters measured from the top, 277 

middle and bottom of the same OS. OS uniformity was calculated as the difference between the 278 

smallest and largest diameters of the same OS.  279 

 280 

Experimental Design and Statistical Analyses  281 

All experiments were designed to detect phenotypic differences between C8orf37 282 

homozygous and control (wild-type/heterozygous) groups. Two to four female or male mice 283 

each group were examined for their body weight (Fig. 2A). Two to nine female and male mice 284 
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per group were tested for scotopic and photopic ERG responses (Fig. 3C and D). Four to six 285 

female and male mice per group were analyzed for their retinal histology (Fig. 4B and D). The 286 

photoreceptor morphology was examined in three female and male mice per group by SEM (Fig. 287 

5D). The protein expression levels were compared in four female and male mice each group at 288 

P30 or P49 (Fig. 7). During postnatal development, the protein (Fig. 8C) and mRNA (Fig. 8D) 289 

expressions of OS membrane proteins were examined in three to four and two to five female and 290 

male mice per group, respectively. Finally, four mice each group were examined to analyze the 291 

cone opsin mislocalization (Fig. 10J). The exact animal numbers used in each experiment can be 292 

found in figures and figure legends. All measurements in this study were conducted by an 293 

individual who was blinded to genotype. GraphPad PRISM® version 5 (RRID: SCR_002798) 294 

was used for two-way ANOVA, Bonferroni post-tests and Student’s t-tests. Ordinary two-way 295 

ANOVA was conducted for body weight, ERG and OS membrane protein expression to analyze 296 

genotype effect at multiple time points or light intensities (Fig. 2A, 3D, E and 8C). Repeated 297 

measures two-way ANOVA was conducted for retinal thickness, OS length, ONL thickness and 298 

OS membrane protein mRNA level to analyze genotype effect at multiple retinal positions and 299 

time points (Fig. 4B, D and 8D). Bonferroni post-tests were conducted after two-way ANOVA to 300 

discover at which time points, retinal positions or light intensities the difference between 301 

genotype groups occurred. Student’s t-tests (unpaired and two-tailed) were performed to analyze 302 

photoreceptor OS morphology, OS membrane protein expression and opsin mislocalization 303 

between genotype groups at single time points (Fig. 5D, 7, S/M-opsin in 8C and 10J). A p-value 304 

of <0.05 was considered to indicate a significant difference between the values from different 305 

genotype groups. 306 

 307 
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Results 308 

Generation of C8orf37 Knockout Mice Using CRISPR/Cas9 Technology  309 

We cloned two CRISPR/Cas9 plasmids carrying small guide RNA sequences targeting exon 310 

1 and exon 5 of the mouse C8orf37 gene, respectively (Fig. 1A). To increase mutagenesis 311 

efficiency, these two plasmids were simultaneously injected into 349 F1 zygotes from 312 

CBA/C57BL mice. Among the 71 screened founder mice, 32 exhibited INDEL mutations in 313 

exon 1; 10 showed INDEL mutations in exon 5; and 7 had a deletion of an ~12-kb genomic 314 

DNA fragment between exons 1 and 5. Through crossing with C57BL6 mice, three homozygous 315 

mutant mouse lines were established: C8orf37ex1/ex1, C8orf37ex5/ex5 and C8orf37del/del (Fig. 1B-D). 316 

All of them were free of Crb1rd8 allele. The C8orf37ex1/ex1 mouse carried a 6-bp deletion 317 

including the ATG translation start codon in exon 1; the C8orf37ex5/ex5 mouse had a 10-bp 318 

deletion in exon 5; and the C8orf37del/del mouse was missing a large genomic fragment between 319 

exons 1 and 5, which also included the translation start codon. Immunoblot analysis using both 320 

custom-made rabbit and chicken antibodies demonstrated the absence of C8ORF37 full-length or 321 

truncated proteins in all three C8orf37 mutant retinas (Fig. 1E and not shown), indicating that 322 

C8orf37ex1/ex1, C8orf37ex5/ex5 and C8orf37del/del mice were C8orf37-null. Because nonsense-323 

mediated decay has been previously reported in a patient with a C8ORF37 nonsense mutation 324 

(Heon et al., 2016), it might be the reason for the absence of a C8ORF37 truncated protein 325 

fragment in C8orf37ex5/ex5 mice. Additionally, the C8ORF37 protein level in  C8orf37+/ex5 and 326 

C8orf37+/del retinas was similar to that in C8orf37+/+ retinas (Fig. 1E), which probably explains 327 

the recessive inheritance of C8ORF37-associated diseases (Estrada-Cuzcano et al., 2011; van 328 

Huet et al., 2013; Jinda et al., 2014; Katagiri et al., 2014; Lazar et al., 2015; Ravesh et al., 2015; 329 

Heon et al., 2016; Khan et al., 2016; Rahner et al., 2016). 330 
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C8orf37ex1/ex1, C8orf37ex5/ex5 and C8orf37del/del mice were viable and indistinguishable from 331 

their wild-type littermates in reproductive performance and general health. Specifically, male 332 

and female mice from the three knockout lines showed normal body weights compared with their 333 

heterozygous littermates up to 6 months of age (Fig. 2A). In C8orf37del/del mice, no defects were 334 

observed in forelimb and hindlimb digit numbers (Fig. 2B, n = ~70 mice, at various ages), 335 

kidney morphology and weight (Fig. 2C, n = 9 mice, at P28-P60) or left-right body asymmetry 336 

(n = 23 mice, at P0-P4). Therefore, the three C8orf37 knockout mouse lines did not appear to 337 

have the non-ocular phenotypes that are manifested in BBS patients. 338 

 339 

Abnormal Retinal Function of C8orf37 Knockout Mice  340 

To assess the retinal function of C8orf37ex1/ex1, C8orf37ex5/ex5 and C8orf37del/del mice, we 341 

performed electroretinography (ERG). At 5 weeks of age, the scotopic and photopic ERG 342 

responses of C8orf37+/ex1, C8orf37+/ex5 and C8orf37+/del mice were similar to those of C8orf37+/+ 343 

mice (Fig. 3C, upper row), consistent with the normal expression level of C8ORF37 protein in 344 

these heterozygous mutant mice (Fig. 1E). Therefore, in our following experiments, we 345 

compared the phenotypes of C8orf37-null mice with their corresponding heterozygous 346 

littermates.  In all three C8orf37-null mice at 5 weeks of age, the amplitudes of scotopic ERG a- 347 

and b-waves (Fig. 3A and C) and the amplitude of the photopic ERG b-wave (Fig. 3B and C) 348 

were reduced by ~60% (F6,148 = 54.41, p < 0.0001, two-way ANOVA), 45% (F6,148 = 22.35, p < 349 

0.0001, two-way ANOVA) and 35% (F6,114 = 20.85, p < 0.0001, two-way ANOVA), 350 

respectively, at various light intensities. At 12 weeks of age, the amplitudes of scotopic ERG a- 351 

and b-waves and the amplitude of the photopic ERG b-wave were further reduced by ~75% 352 

(F5,98 = 61.61, p < 0.0001, two-way ANOVA), 55% (F5,98 = 46.66, p <0.0001, two-way ANOVA) 353 
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and 50% (F5,74 = 14.58, p < 0.0001, two-way ANOVA), respectively (Fig. 3C, middle row). At 354 

the same age, the implicit time of the scotopic ERG a-wave became prolonged at 1.38 and 2.38 355 

lg cds/m2 (F5,98 = 8.95, p < 0.0001, two-way ANOVA), while the implicit times of scotopic and 356 

photopic ERG b-waves were generally normal (Fig. 3C, lower row). These findings 357 

demonstrated that both rods and cones are affected by the knockout of C8orf37. The similar 358 

changes in ERG responses in the three knockout lines suggest that the ERG phenotype is caused 359 

specifically by the loss of C8orf37 but not by any random off-target mutations, which is a 360 

general concern when using CRISPR/Cas9 genome engineering technology.  361 

Since the genotyping procedure was simpler for C8orf37del/del mice than for C8orf37ex1/ex1 and 362 

C8orf37ex5/ex5 mice, we next only focused on phenotypic characterization of C8orf37del/del mice. 363 

C8orf37del/del mice exhibited reduced scotopic and photopic ERG responses as early as 3 weeks 364 

of age, the earliest time point at which reliable ERG responses can be recorded (F1,38 = 160.9, p 365 

< 0.0001 for scotopic a-wave; F1,38 = 58.48, p < 0.0001 for scotopic b-wave; F1,33 = 48.19, p 366 

<0.0001 for photopic b-wave, two-way ANOVA, Fig. 3D). In addition, the reduction of scotopic 367 

ERG a-wave and photopic ERG b-wave amplitudes was progressive up to 26 weeks of age, the 368 

latest time point examined (Fig. 3D). The prolongation of scotopic ERG responses appeared to 369 

be relatively stationary from 12-26 weeks of age (F1,40 = 22.12, p < 0.0001 for scotopic a-wave 370 

at 1.38 lg cds/m2, two-way ANOVA) and the prolongation of photopic ERG responses emerged 371 

at 26 weeks of age (F1,34 = 11.33, p = 0.0019 for photopic b-wave at 1.38 lg cds/m2, two-way 372 

ANOVA). Therefore, the dysfunction of rods and cones occurred simultaneously and was 373 

progressive in C8orf37 knockout mice. 374 

 375 

Retinal Degeneration in C8orf37 Knockout Mice 376 
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To investigate whether C8orf37 knockout led to retinal degeneration, which is characterized 377 

by photoreceptor cell loss, we conducted non-invasive spectral domain optical coherence 378 

tomography (SD-OCT) and histological analysis of retinal plastic sections. SD-OCT analysis 379 

showed that 2-month-old C8orf37del/del mice lost the photoreceptor IS/OS junction line (Fig. 4A), 380 

which is an indicator of retinal abnormality (Mitamura et al., 2012) and has been previously 381 

observed in patients carrying C8ORF37 mutations (Katagiri et al., 2014; Heon et al., 2016). In 382 

C8orf37del/del mice at the same age, the outer nuclear layer (ONL) containing photoreceptor 383 

nuclei appeared to be slightly thinner (Fig. 4A), indicating a small loss of photoreceptors. Further 384 

examination of 6-month-old C8orf37del/del mice revealed that, in addition to the loss of the IS/OS 385 

line, the ONL thickness was significantly reduced (Fig. 4A), leading to decreased thickness of 386 

the entire retina compared with C8orf37+/del mice (F1,80 = 74.42, p < 0.0001 for horizontal 387 

meridian; F1, 80 = 128.3, p < 0.0001 for vertical meridian, two-way ANOVA with repeated 388 

measures, Fig. 4B). Therefore, retinas of C8orf37del/del mice undergo progressive photoreceptor 389 

cell loss. 390 

Histological examination of retinal cross-sections showed that the various retinal layers of 391 

C8orf37del/del mice were grossly normal at postnatal days 13 and 16 (P13 and P16) (Fig. 4C). At 392 

P49, the photoreceptor OS length and ONL thickness at the mid-peripheral retina were reduced 393 

by 29% and 17%, respectively (F1,64 = 18.66, p = 0.0025 for OS length; F1,56 =10.69, p = 0.0137 394 

for ONL thickness, two-way ANOVA with repeated measures, Fig. 4C and D). At P208, further 395 

ONL thinning and OS shortening were observed in C8orf37del/del mice (Fig. 4C and D). At the 396 

mid-peripheral retina, ONL was reduced by ~60% (F1,80 = 157.4, p < 0.0001, two-way ANOVA 397 

with repeated measures), whereas the OS was too short and distorted to be reliably measured. 398 

Together with the ERG data, SD-OCT and histological analyses demonstrated that C8orf37del/del 399 
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mice exhibit a retinal degenerative phenotype similar to that seen in patients carrying mutations 400 

in the C8ORF37 gene (van Huet et al., 2013; Katagiri et al., 2014; Heon et al., 2016). 401 

 402 

Disorganization of Photoreceptor OS Discs in C8orf37 Knockout Mice  403 

To examine the morphology and ultrastructure of C8orf37del/del photoreceptors, we performed 404 

scanning (SEM) and transmission (TEM) electron microscopy. SEM performed at P10 revealed 405 

that the developing rudimentary OS had an abnormal shape (Fig. 5A). The OS was generally 406 

swollen and also constricted at random spots. Further examination at P30 revealed that the 407 

C8orf37del/del OS was ~30% wider than the C8orf37+/del OS (t67 = 7.78, p < 0.0001, unpaired and 408 

two-tailed t-test, Fig. 5B and D). Likely reflecting the increase in the average OS diameter, the 409 

OS density in C8orf37del/del mice was ~20% less than that in C8orf37+/del mice (t67 = 12, p < 410 

0.0001, unpaired and two-tailed t-test, Fig. 5B and D). The C8orf37del/del OS also displayed a 411 

larger variation in diameter than the C8orf37+/del OS (t67 = 4.42, p < 0.0001, unpaired and two-412 

tailed t-test, Fig. 5B and D). 413 

TEM examination from P13 to P60 revealed massive disorganization of membrane discs 414 

inside the C8orf37del/del OS (Fig. 6A and not shown). While discs in the C8orf37+/del OS were 415 

organized in a single stack perpendicular to the long OS axis (Fig. 6B), the C8orf37del/del OS 416 

contained additional disc stacks parallel to the long axis (Fig. 6A, C, F and G) and abnormal 417 

membranous whirls (Fig. 6D). The vertically aligned disc membranes appeared to overgrow 418 

from the horizontally aligned discs at random places along the entire OS (Fig. 6A and F), and no 419 

plasma membrane was observed between the vertical and horizontal disc membrane clusters (Fig. 420 

6G), indicating that the vertical and horizontal membrane structures coexist in the same 421 

C8orf37del/del OS. The prevalence of OS with vertical disc membranes and membranous whirls 422 
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varied from region to region with an average of about 50% of total OS at P25. When the OS had 423 

no vertical disc membranes or membranous whirls, the OS usually had a crooked shape with its 424 

membrane discs having uneven diameters (Fig. 6A). This observation explained the abnormal 425 

C8orf37del/del OS shape we observed by SEM (Fig. 5). Occasionally, abnormal vesicular clusters 426 

were found at the IS/OS junction of C8orf37del/del photoreceptors (Fig. 6E). Other subcellular 427 

structures and compartments of C8orf37del/del photoreceptor cells, including the connecting 428 

cilium (Figs. 5C and 6H), basal body (Fig. 6H), ciliary rootlet (Fig. 6H) and synaptic terminus 429 

(Fig. 6I), displayed no obvious ultrastructural defects.  430 

 431 

Reduction of Photoreceptor OS Membrane Proteins in C8orf37 Knockout Mice 432 

To characterize the defects in C8orf37del/del photoreceptors at the molecular level, we 433 

examined photoreceptor protein expression by semi-quantitative immunoblot analysis. At P30, 434 

the amount of OS membrane proteins, including rhodopsin, cone opsins (S/M-opsins), guanylate 435 

cyclase 1 (GC1), peripherin 2/RDS (PRPH2), cyclic nucleotide gated channel α1- and β1-436 

subunits (CNGA1 and CNGB1) and ATP- binding cassette sub-family A member 4 (ABCA4), 437 

was reduced by 30-70% compared to control C8orf37+/del littermates (unpaired and two-tailed t-438 

test, Fig. 7A-C). The content of non-membrane proteins associated with GC1 and CNGB1 was 439 

also reduced in C8orf37del/del photoreceptors, including guanylate cyclase-activating protein 1 & 440 

2 (GCAP1 and GCAP2) and glutamic acid-rich protein 2 (GARP2) (unpaired and two-tailed t-441 

test, Fig. 7A-C).  442 

In contrast, three OS membrane proteins, guanylate cyclase 2 (GC2), protocadherin-21 443 

(PCDH21) and CNGB3, were not affected by the loss of C8orf37. The expression of membrane-444 

associated transducin α-subunit (GNAT1), cytoplasmic protein arrestin and cytoskeletal protein 445 
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β-tubulin also remained normal in C8orf37del/del photoreceptors compared with C8orf37+/del 446 

photoreceptors (Fig. 7A-C). Consistent with the normal structure of the photoreceptor ciliary 447 

apparatus (Figs. 6H and 5C), the expression levels of the axoneme-binding protein RP1 and basal 448 

body protein γ-tubulin were normal in C8orf37del/del photoreceptors (Fig. 7A-C).  449 

At P49, semi-quantitative immunoblot analysis of a subset of photoreceptor proteins 450 

examined at P30 yielded similar results, although GC1 and CNGB1reduction had a p value in the 451 

range between 0.05 and 0.1 due to their highly variable signals in the heterozygous group 452 

(unpaired and two-tailed t-test, Fig. 7D-F). The content of GC2 was reduced in addition to the 453 

OS membrane proteins reduced at P30. The extent of OS membrane protein reduction varied 454 

between 34-82%, with GC1 and PRPH2 being significantly reduced from P30 (unpaired and 455 

two-tailed t-test, Fig. 7G). Again, the OS membrane-associated proteins, phosphodiesterase 6 456 

α/β-subunits (PDE6α/β) and GNAT1, had normal or close to normal expression levels (Fig. 7D-457 

F). 458 

Of the proteins whose expression levels were affected by loss of C8orf37, rhodopsin is the 459 

main building component of the OS membrane (Heitzmann, 1972; Robinson et al., 1972; Filipek 460 

et al., 2003), and its protein level is positively proportional to the OS volume (Price et al., 2012). 461 

The ~29% reduction in rhodopsin in P30 C8orf37del/del retinas (Fig. 7B and C) would be expected 462 

to be associated with a reduction in the OS volume at this age. Indeed, we saw an ~29% thinning 463 

of the OS layer in our histological analysis at P49 (Fig. 4D). However, the reduction of several 464 

OS proteins in C8orf37del/del retinas was greater than 29% at P30 and P49, particularly those 465 

proteins involved in OS disc formation: PRPH2, CNGB1 and GARP2 (Molday, 1998; Wrigley et 466 

al., 2000; Poetsch et al., 2001; Pearring et al., 2013a). Taken together, these data show that the 467 
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expression of multiple OS membrane proteins is reduced as a result of the C8orf37 knockout and 468 

that the extent of this reduction is variable among different proteins.  469 

 470 

Membrane Protein Reduction Starts Before the OS Disc Morphogenesis in C8orf37 471 

Knockout Mice 472 

C8ORF37 was found to be expressed in the mouse retina as early as P0 (Fig. 8A), suggesting 473 

that C8ORF37 may play a role during mouse photoreceptor postnatal development. During this 474 

process, the formation of the connecting cilium takes place at P3-P6, followed by disc formation 475 

and OS extension at P8-P21 (De Robertis, 1956; Caley et al., 1972). Immunoblot analysis 476 

demonstrated that the reduction in rhodopsin expression in C8orf37del/del retinas began at P5, the 477 

normal onset time point for rhodopsin expression (F1,14 = 106.6, p < 0.001, two-way ANOVA, 478 

compared with γ-tubulin expression in C8orf37del/del retinas, Fig. 8A and C). GC1, PRPH2 and 479 

S/M-opsins were expressed at much lower levels than rhodopsin during development. The onset 480 

of GC1 and S/M-opsin reduction in C8orf37del/del retinas was at P12 (F1,16 = 42.27, p < 0.0001, 481 

two-way ANOVA) and P16 (not significant, two-way ANOVA; but t7 = 2.797, p = 0.0266 at P16, 482 

unpaired and two-tailed t-test), respectively, during the active OS extension period, while 483 

PRPH2 reduction occurred later than P16 (Fig. 8B and C). Therefore, the reduction in rhodopsin 484 

expression in C8orf37del/del retinas begins the earliest and before the disc formation. This 485 

observation suggests that the reduction in rhodopsin content found in C8orf37del/del retinas at later 486 

time points (e.g., P30 in Fig. 7) is likely to be a cause of the observed OS shortening rather than 487 

its consequence.  488 

To investigate whether the reduction of OS membrane proteins was caused by a lower rate of 489 

mRNA transcription, we performed reverse transcription-quantitative polymerase chain reaction 490 
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(RT-qPCR). After normalization by the mRNA level of glyceraldehyde-3-phosphate 491 

dehydrogenase (GAPDH), the mRNA levels of rhodopsin, M-opsin, S-opsin, GC1 and PRPH2 492 

were similar between C8orf37+/del and C8orf37del/del retinas at P5 (Fig. 8D). The mRNA levels of 493 

GC1 and PRPH2 remained normal in C8orf37del/del retinas at P27, while the mRNA levels of 494 

rhodopsin and S-opsin started to decrease at P15 (F1,6 = 13.86, p = 0.0098, two-way ANOVA 495 

with repeated measures) and P27 (F1,24 = 25.38, p = 0.001, two-way ANOVA with repeated 496 

measures), respectively (Fig. 8D). At P27, the reduction of rhodopsin and S-opsin was 42% and 497 

32%, respectively (Fig. 8D). Because the reduction of rhodopsin, GC1 and S/M-opsin proteins 498 

occurred at P5, P12 and P16, respectively, when their mRNA levels were normal, we concluded 499 

that the OS membrane protein reduction in C8orf37del/del retinas was not due to abnormal mRNA 500 

transcription and some of these protein reductions might somehow lead to mRNA reduction. 501 

 502 

C8ORF37 is Localized Throughout the Photoreceptors but not their OS 503 

Immunoblot analysis showed that C8ORF37 protein is expressed in multiple mouse tissues, 504 

including the brain, kidney, lung, spleen, heart, trachea and testis (not shown). In mouse 505 

photoreceptors, C8ORF37 was previously reported to be enriched at the basal body and ciliary 506 

rootlet by immunofluorescence using a commercial antibody (Estrada-Cuzcano et al., 2011). 507 

Using the same commercial antibody as well as our four different custom-made C8ORF37 508 

antibodies, we could not detect a specific signal for C8ORF37 in C8orf37+/del photoreceptors, 509 

because C8orf37del/del photoreceptors exhibited a similar immunoreactivity pattern, presumably 510 

reflecting antibody non-specific cross-reactivity (not shown). We thus investigated the GFP-511 

tagged and FLAG-tagged C8ORF37 distribution in photoreceptors. To reduce the potential 512 

problem of overexpression, we individually transfected the tagged C8ORF37 plasmids into 513 
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C8orf37del/del photoreceptors by in vivo electroporation at P0. At P21, both GFP-C8ORF37 and 514 

FLAG-C8ORF37 proteins were evenly distributed throughout the photoreceptor cell volume, 515 

except for the rod and cone OS that was marked by rhodopsin/CNGB1 and S/M-opsins, 516 

respectively (Fig. 9A and B). In the IS, immunostaining of the ciliary rootlet using a rootletin 517 

antibody showed that GFP-C8ORF37 was present at the basal body region on the top of the 518 

ciliary rootlet (Fig. 9C). However, no GFP-C8ORF37 enrichment was observed at the basal body 519 

or ciliary rootlet. Since transfected recombinant proteins generally show similar subcellular 520 

distributions to their endogenous counterparts as revealed by immunofluorescence (Stadler et al., 521 

2013), and both GFP-C8ORF37 and FLAG-C8ORF37 displayed a similar distribution pattern, 522 

our result suggests that C8ORF37 is broadly distributed in photoreceptors and is only restricted 523 

from the OS. Consistently, in serum-starved IMCD3 cells, we observed transfected GFP-524 

C8ORF37 to be evenly distributed in the cytoplasm but not in the primary cilium (Fig. 9E), an 525 

analog of the photoreceptor OS.  526 

To provide evidence for endogenous C8ORF37 localization in the photoreceptor, we 527 

followed protein distribution in serial tangential sections through the photoreceptor layer of a 528 

flat-mounted rat retina (Sokolov et al., 2002). The endogenous C8ORF37 expression profile in 529 

the serial sections, determined by immunoblot analysis, was comparable to that of the 530 

photoreceptor marker phosducin (PDC), but not the expression profile of the photoreceptor OS 531 

marker PRPH2 (Fig. 9D). Together, these results support the notion that C8ORF37 is localized 532 

to the photoreceptor cell body including the basal body, IS and synaptic terminus, but not the OS.  533 

 534 

Normal Targeting of Most OS Membrane Proteins in C8orf37 Knockout Photoreceptors 535 
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The data presented so far indicate that the major phenotypic features of the C8orf37 knockout 536 

are confined to the photoreceptor OS, while C8ORF37 is localized outside this cellular 537 

compartment. This suggests that C8ORF37 participates in a cellular process which relates to OS 538 

morphogenesis but takes place in the photoreceptor cell body where OS proteins are synthesized, 539 

sorted and transported. We, therefore, examined whether loss of C8orf37 is associated with any 540 

defects in the cellular localization of OS membrane proteins. 541 

Immunostaining of C8orf37del/del retinas at P21 showed that rhodopsin, CNGA1, PRPH2, 542 

CNGB1 and GC1 were normally localized to the OS (Fig. 10A-E). The same result was obtained 543 

for OS membrane proteins prominin-1 and PCDH21 and the connecting cilium cytoskeletal 544 

protein acetylated α-tubulin (Fig. 10F-H). Therefore, C8ORF37 is not involved, or at least is not 545 

critical, for OS targeting of these membrane and cytoskeletal proteins. Since PRPH2, GC1, 546 

prominin-1, PCDH21 and acetylated α-tubulin are expressed in both rods and cones (Arikawa et 547 

al., 1992; Yang et al., 1999; Rattner et al., 2001; Zacchigna et al., 2009), the lack of these 548 

proteins’ mislocalization in any C8orf37del/del photoreceptor cells indicates that C8ORF37 is 549 

dispensable for OS targeting of these proteins in both rods and cones.  550 

The only proteins whose intracellular localization was affected in the C8orf37del/del retinas 551 

were S/M-opsins. C8orf37del/del retinas consistently displayed a significant number of cones with 552 

S/M-opsins partially mislocalized to the cell body and synaptic terminus (Fig. 10I and J). Double 553 

staining with peanut agglutinin confirmed the cells with S/M-opsin mislocalization were cone 554 

photoreceptors (not shown). Using the number of the S/M-opsin-stained OS as the total number 555 

of cones in the retina, S/M-opsins were mislocalized in ~55% of C8orf37del/del cones compared to 556 

only ~6% of C8orf37+/del cones (t6 = 2.940, p = 0.0259, unpaired and two-tailed t-test). Although 557 

the mislocalization of cone opsins could be secondary to retinal degeneration, it may suggest that 558 
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C8ORF37 participates in either cone opsin processing in the biosynthetic membranes or transport 559 

of cone opsin to the OS and that C8ORF37 may have a different functional mechanism for 560 

assisting the processing of opsins in cones than other OS membrane proteins in rods. 561 

 562 

Discussion 563 

C8ORF37 is a protein of unknown function, despite that mutations in C8ORF37 are 564 

associated with an array of visual disorders. The central result obtained in this study is that 565 

C8ORF37 knockout in mice results in a major defect in the structural organization of 566 

photoreceptor OS discs, ultimately leading to photoreceptor cell death. Although this 567 

photoreceptor ultrastructural phenotype has been reported in several other mutant mouse models, 568 

where the mutant proteins are either photoreceptor OS or connecting cilium proteins (Hawkins et 569 

al., 1985; Sanyal et al., 1986; Rattner et al., 2001; Liu et al., 2003; Zhao et al., 2003; Yang et al., 570 

2008; Zhang et al., 2009), C8ORF37 is excluded from the photoreceptor OS and instead is 571 

distributed throughout the rest of the cell. The reduction of OS membrane proteins in the absence 572 

of C8ORF37 documented in our study suggests that C8ORF37 plays a role in the homeostasis of 573 

these proteins while these proteins are synthesized and processed inside the photoreceptor cell 574 

body before reaching the OS.  575 

Our finding that C8orf37 knockout mice have both rod and cone phenotypes is consistent 576 

with clinical findings in patients with RP or CRD. Among the 22 reported C8ORF37-deficient 577 

patients (Estrada-Cuzcano et al., 2011; van Huet et al., 2013; Jinda et al., 2014; Katagiri et al., 578 

2014; Lazar et al., 2015; Ravesh et al., 2015; Heon et al., 2016; Khan et al., 2016; Rahner et al., 579 

2016), eight were diagnosed as having CRD (Estrada-Cuzcano et al., 2011; van Huet et al., 2013; 580 

Lazar et al., 2015; Rahner et al., 2016), five as having RP with early maculopathy (Estrada-581 
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Cuzcano et al., 2011; van Huet et al., 2013; Jinda et al., 2014), and two as having either CRD or 582 

RP with early maculopathy (Katagiri et al., 2014). The macula is the central retina where cones 583 

are highly concentrated in humans. The early maculopathy in C8ORF37-deficient patients may 584 

indicate early onset dysfunction of cones. Therefore, the majority of C8ORF37-deficient patients 585 

showed early symptoms of both rod and cone degeneration. Additionally, in C8orf37 knockout 586 

mice, many of the decreased OS membrane proteins are encoded by known causative genes for 587 

inherited retinal degeneration, such as RHO, PRPH2, CNGB1, GC1 and ABCA4, suggesting that 588 

the retinal degenerative mechanisms are, to some extent, shared among patients carrying 589 

mutations in C8ORF37 and other retinal degeneration genes.  590 

On the other hand, the reason for absence of non-ocular phenotypes in C8orf37 knockout 591 

mice is unclear. In humans, C8ORF37 is a rare causative gene for BBS (Heon et al., 2016); only 592 

two C8ORF37-deficient patients have been diagnosed with BBS (Heon et al., 2016; Khan et al., 593 

2016). One carried a benign BBS4 heterozygous mutation (Heon et al., 2016) and the other 594 

carried a mutation exactly the same as in other four patients with CRD (Estrada-Cuzcano et al., 595 

2011; Lazar et al., 2015; Khan et al., 2016). Therefore, it is possible that the non-ocular 596 

phenotype of C8ORF37 mutations is modified by other genes or is not fully penetrant. 597 

Alternatively, there may be a species difference for the requirement of C8ORF37 in non-ocular 598 

tissues, which has been documented for other BBS-associated mutations (Novas et al., 2015).  599 

A critical observation at the molecular level is that C8orf37 knockout results in a variable 600 

reduction in the expression levels of several proteins known to participate in the process of 601 

photoreceptor disc morphogenesis. For example, at P30, PRPH2, CNGB1 and GARP2 were 602 

present at ~50% of the level seen in C8orf37+/del mice, whereas PCDH21 was not reduced at all. 603 

Furthermore, rhodopsin, the major OS disc building block protein, was reduced by only ~29%. 604 
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Therefore, a mismatch in the molar ratio exists among these critical proteins. The fact that such a 605 

mismatch can lead to abnormal photoreceptor morphology has been established in several 606 

previous studies. For example, OS disc misalignment similar to that observed in our study was 607 

documented in photoreceptors expressing a single copy of the PRPH2 gene (Hawkins et al., 1985; 608 

Chakraborty et al., 2014). Long stacks of misaligned discs were also found in Cngb1-/- 609 

photoreceptors, where no CNGB1 and GARP2 were expressed (Zhang et al., 2009; Chakraborty 610 

et al., 2016). The larger reduction of PRPH2, CNGB1 and GARP2 proteins than rhodopsin in 611 

C8orf37 knockout photoreceptors may explain the observed OS disc overgrowth and vertical 612 

alignment. 613 

How could a cytoplasmic protein coordinate the relative expression levels of multiple OS 614 

membrane proteins? A previous study of c8orf37 knockdown zebrafish suggested a role of 615 

C8ORF37 in melanosome transport (Heon et al., 2016). However, our observation that OS 616 

localization of all tested membrane proteins in rods was unaffected by the C8ORF37 knockout 617 

argues against its involvement in motor-mediated protein transport. Since the majority of 618 

proteins affected by the loss of C8orf37 are membrane proteins and the mRNA levels of these 619 

membrane proteins are initially normal, C8ORF37 likely functions in the membrane protein 620 

secretory pathway, from synthesis to sorting. One possibility is that C8ORF37 serves as a part of 621 

the molecular chaperone machinery that assists the final folding stages of multiple proteins 622 

affected by the loss of C8orf37. Alternatively, C8ORF37 may function by preventing these 623 

proteins from entering degradation pathways in the photoreceptor cell body. The variation in the 624 

decreased levels of OS membrane proteins in the absence of C8ORF37 may be due to the 625 

difference in their individual degradation rates. Sorting out these and other potential functions of 626 

C8ORF37 is an exciting goal of future investigations. 627 
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The earliest phenotype observed in C8orf37 knockout photoreceptors is the reduction of 628 

rhodopsin content at P5. This may suggest that the observed reduction in the expression levels of 629 

PRPH2, CNGB1 and GARP2 is a consequence of rhodopsin reduction. However, the previously 630 

published phenotype of Rho+/- mouse rods argues against this idea. Rho+/- rods contain ~50% of 631 

the normal amount of rhodopsin (Lem et al., 1999; Price et al., 2012; Chakraborty et al., 2016); 632 

however, their PRPH2 content is normal (Chakraborty et al., 2016); their OS are thinner and 633 

shorter; and their disc alignment is normal (Lem et al., 1999; Liang et al., 2004; Price et al., 2012; 634 

Hollingsworth and Gross, 2013). Therefore, the difference in the Rho+/- and C8orf37 knockout 635 

phenotypes indicates that the reduction of other OS membrane proteins in C8orf37 knockout 636 

photoreceptors does not rely on the reduction of rhodopsin and is a primary defect as well. 637 

The phenotypes in C8orf37 knockout rod and cone photoreceptors are different. While 638 

CNGB1 is reduced in rods, its counterpart CNGB3 remains normal in cones. Compared with 639 

rhodopsin protein reduction, cone opsin protein reduction occurs at a later time point but is more 640 

severe in adulthood. Furthermore, visual pigment mislocalization in cones is not observed in rods. 641 

All these results hint at the existence of differences in the intracellular processing of OS 642 

membrane proteins in rod and cone photoreceptors and a potential difference in their C8ORF37-643 

dependent control.  644 

In summary, the C8orf37 knockout mouse generated in our study provides an accurate 645 

representation of the retinal phenotype in patients and is a valid animal model for future 646 

pathophysiological and therapeutic studies. We demonstrated that C8ORF37 is a protein 647 

expressed throughout the photoreceptor cell body and is required for maintaining physiological 648 

levels of OS membrane proteins. Loss of C8ORF37 leads to misalignment of photoreceptor OS 649 
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discs and subsequent retinal degeneration. This degeneration is progressive and has a sufficient 650 

time window for therapeutic intervention. 651 
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 810 

Figure Legends 811 

Figure 1. Generation of C8orf37 knockout mice. (A) Packaging of small guide RNA (sgRNA) 812 

and Cas9 in pX330-U6-Chimeric_BB-CBh-hSpCas9 vector (top). The sequence and target 813 

position of sgRNAs used in this study are shown at the bottom. Rectangles labeled with numerals 814 

denote mouse C8orf37 exons. U6, U6 promoter; CAG, a hybrid of the cytomegalovirus early 815 

enhancer element and chicken beta-actin promoter; NLS, nuclear localization signal; and 816 

BGHpA, bovine growth hormone polyadenylation signal. (B-D) DNA sequencing 817 

chromatograms of wild-type and C8orf37 mutant mice for C8orf37ex1/ex1 (B), C8orf37ex5/ex5 (C) 818 

and C8orf37del/del (D) alleles. Deleted regions in these three mutant alleles are highlighted in gray. 819 

Translation start codons are underlined in red. (E) Absence of  C8ORF37 protein or fragment in 820 

C8orf37ex5/ex5 or C8orf37del/del retinas and similar expression levels of C8ORF37 protein in 821 

C8orf37+/ex5, C8orf37+/del and C8orf37+/+ retinas, as shown by immunoblot analysis at one month 822 

of age. γ-tubulin was used as a loading control. 823 

 824 

Figure 2. Normal body weight, digit number and kidney morphology in C8orf37 knockout mice. 825 

(A) The body weight of female (left) and male (right) C8orf37ex1/ex1, C8orf37ex5/ex5 and 826 

C8orf37del/del mice is comparable to that of their heterozygous littermates up to 26 weeks of age. 827 
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Data are shown as mean ± SEM as well as individual data points. (B) No polydactyly was 828 

observed in ~70 C8orf37del/del mice or ~50 C8orf37+/del mice. (C) Left, kidney weight appears to 829 

be normal in male and female C8orf37del/del mice at 4-5 weeks of age. Data are shown as 830 

individual data points. Right, the morphology of right kidney appears normal in male (M) and 831 

female (F) C8orf37del/del mice.  832 

 833 

Figure 3. C8orf37 knockout mice have reduced scotopic and photopic ERG responses. (A) 834 

Representative scotopic ERG responses at various light intensities from 5-week-old C8orf37+/del 835 

and C8orf37del/del littermates. (B) Representative photopic ERG responses at various light 836 

intensities from 5-week-old C8orf37+/del and C8orf37del/del littermates. (C) Reduced scotopic 837 

ERG a-wave amplitudes, b-wave amplitudes and photopic ERG b-wave amplitudes of 5-week-838 

old (top row) and 12-week-old (middle row) C8orf37ex1/ex1, C8orf37ex5/ex5 and C8orf37del/del mice, 839 

compared with their heterozygous and wild-type littermates. Bottom row, C8orf37ex1/ex1, 840 

C8orf37ex5/ex5 and C8orf37del/del mice at 12 weeks of age have prolonged scotopic a-wave implicit 841 

times at the light intensities of 1.38 and 1.88 lg cds/m2, while their scotopic and photopic b-wave 842 

implicit times are normal. (D) Changes in scotopic ERG a-wave amplitudes, b-wave amplitudes 843 

and photopic ERG b-wave amplitudes at 1.88 lg cds/m2 in C8orf37+/del and C8orf37del/del 844 

littermates from 3 to 26 weeks of age. Legends for each genotype are shown on top right. Data 845 

are presented as mean ± SEM. *, p < 0.05 and **, p < 0.01. Mutant mice were compared with 846 

their respective heterozygous littermates. Numbers in the parentheses are numbers of animals 847 

tested at each light intensity or age point. Color of the numbers and asterisks matches the color of 848 

genotypes.   849 

 850 
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Figure 4. C8orf37del/del mice show progressive retinal degeneration. (A) Representative SD-OCT 851 

images of C8orf37+/del and C8orf37del/del retinas at 2 and 6 months of age. The top panel is a 852 

wide-field SD-OCT image of a C8orf37+/del retina at 2 months of age. The center of the retinal 853 

image is the optic nerve head (ONH). The OCT images of C8orf37+/del and C8orf37del/del retinas 854 

that are enlarged below were taken from their wide-field images at the region similar to that 855 

labeled by the magenta rectangle. Red arrows point to the OS and IS junction line. Green lines 856 

mark the ONL thickness. OPL, outer plexiform layer; INL, inner nuclear layer; OLM, outer 857 

limiting membrane. (B) Quantification of retinal thickness along the vertical (left) and horizontal 858 

(right) meridians from C8orf37+/del and C8orf37del/del retinal SD-OCT images at 6 months of age. 859 

(C) The photoreceptor ONL and OS layers appear normal under light microscopy during 860 

postnatal development and become thinner with age in C8orf37del/del mice. Retinal sections were 861 

stained with methylene blue and azure II at P13 and P16, and were stained with toluidine blue at 862 

P49 and P208. RPE, retinal pigment epithelium; IPL, inner plexiform layer; GCL, ganglion cell 863 

layer; scale bars, 10 μm. (D) Quantification of OS length and ONL thicknesses at P49 (left and 864 

middle) and ONL thickness at P208 (right) along the vertical meridian in C8orf37+/del and 865 

C8orf37del/del retinas. Data are presented as mean ± SEM. n, number of animals analyzed; *, p < 866 

0.05; **, p < 0.01.  867 

 868 

Figure 5. C8orf37del/del mice have an abnormal photoreceptor OS shape. (A) SEM images 869 

showing an abnormal OS shape in C8orf37del/del photoreceptors at P10, compared with littermate 870 

C8orf37+/del photoreceptors. (B) SEM images showing swollen OS with uneven diameters in 871 

C8orf37del/del photoreceptors at P30. (C) SEM views of the connecting cilium (arrows) in 872 

C8orf37+/del and C8orf37del/del photoreceptors at P30. Black and white asterisks mark the OS and 873 
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IS, respectively. Scale bars, 1 μm. (D) Box-and-whisker plots of the OS density (top), diameter 874 

(middle) and uniformity (bottom) in C8orf37+/del and C8orf37del/del mice at P30. The upper and 875 

lower edges of the boxes represent the 25th and 75th percentiles, respectively, while the line in the 876 

boxes is the median. The top and bottom of the vertical lines mark the highest and lowest values, 877 

respectively. The numbers in the parentheses are the numbers of retinal regions or OS (before the 878 

comma) and the numbers of animals (after the comma) measured in the assay. **, p < 0.01.  879 

 880 

Figure 6. The C8orf37del/del OS has disorganized membrane discs. (A) Massive disorganization 881 

of OS membrane discs in C8orf37del/del mice. (B) The membrane discs are stacked tightly and 882 

horizontally in the control C8orf37+/del OS. (C) The membrane discs are wide and sometimes 883 

extend vertically (arrows) in the C8orf37del/del OS. (D) A membrane whirl (arrow) is shown in the 884 

C8orf37del/del OS layer. (E) An abnormal multivesicular body-like structure (arrow) is 885 

occasionally present between the IS and OS layers in the C8orf37del/del retina. (F) Vertical 886 

membrane discs grow from the edge of horizontal membrane discs (arrows) in the C8orf37del/del 887 

OS. (G) No plasma membrane is present between the horizontal and vertical membrane discs 888 

(arrow) in the C8orf37del/del OS. (H) C8orf37del/del photoreceptors have a normal appearance of 889 

their connecting cilium (red arrow), basal body (yellow arrow), daughter centriole (blue arrow) 890 

and ciliary rootlet (green arrow). (I) C8orf37del/del rod photoreceptors have a normal appearance 891 

of their synaptic terminus. Age of the photoreceptors is labeled at the bottom-right corner of each 892 

image. Scale bars, 1 μm (A-E) and 0.5 μm (F-I). 893 

 894 

Figure 7. Many OS membrane proteins and their associated proteins are reduced in C8orf37del/del 895 

retinas. (A and D) Representative immunoblots of proteins expressed in C8orf37+/del and 896 
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C8orf37del/del retinas at P30 (A) and P49 (D). (B-F) Quantification of OS protein expression in 897 

C8orf37+/del and C8orf37del/del retinas at P30 (B-C) and P49 (E-F). (G) Comparison of OS 898 

protein expression between P30 and P49. The expression of each protein was first normalized by 899 

its corresponding loading control, γ-tubulin, and then normalized by the mean value of the 900 

C8orf37+/del group. Data are presented as mean ± SEM in both the bar chart (B and E) and the 901 

table (C, F and G). Four mice were analyzed for each genotype. #, p < 0.1; *, p < 0.05; and **, p 902 

< 0.01.  903 

 904 

Figure 8. Onset of OS membrane protein reduction during C8orf37del/del OS morphogenesis. (A) 905 

Expression of C8ORF37, rhodopsin and S/M-opsin proteins in C8orf37+/del (+/-) and 906 

C8orf37del/del (-/-) retinas before OS elongation. The blots labeled with rhodopsin and rhodopsin′ 907 

are the same blot, but the signal intensity on the rhodopsin′ blot was significantly enhanced to 908 

show the rhodopsin signals at P5. Lamin B and γ-tubulin are loading controls. Immunoblots 909 

labeled by the same vertical bars are from the same blots. (B) Expression of GC1, PRPH2 and 910 

S/M-opsin proteins in C8orf37+/del and C8orf37del/del retinas during OS elongation. γ-tubulin is a 911 

loading control. (C) Ratios of rhodopsin, GC1, S/M-opsin and PRPH2 protein expression in 912 

C8orf37del/del retinas to those in C8orf37+/del retinas during postnatal development. The ratios of 913 

these proteins (red) are compared with the ratios of control protein γ-tubulin (black) from the 914 

same animals. Individual data points are shown, which are ratios calculated from C8orf37del/del 915 

and C8orf37+/del retinas at the same developmental time points on the same immunoblots. Means 916 

and SEM are also shown. (D) RT-qPCR results showing the ratios of rhodopsin, M-opsin, S-917 

opsin, GC1 and PRPH2 mRNA levels (normalized by GAPDH mRNA levels) in C8orf37del/del 918 

retinas to those in C8orf37+/del retinas at P5, P15 and P27. *, p < 0.05; **, p < 0.01; cyan 919 
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asterisks, p values from Bonferroni post-tests between C8orf37del/del and C8orf37+/del groups; 920 

green asterisk, p value from Student’s t-test between C8orf37del/del and C8orf37+/del groups at a 921 

single time point, i.e. P16. 922 

 923 

Figure 9. C8ORF37 is localized to the cell body but not the OS in photoreceptors. (A-B) 924 

Transfected GFP-C8ORF37 (green) or FLAG-C8ORF37 (green) is localized to rod (A) and cone 925 

(B) photoreceptor cell bodies in the IS, ONL and outer plexiform layer (OPL) of C8orf37del/del 926 

retinas at P21. Rhodopsin and CNGB1 (red) are markers for the rod OS, and S/M-opsins (red) 927 

are markers for the cone OS. Hoechst 33342 dye (blue) labels the photoreceptor nuclei. (C) GFP-928 

C8ORF37 is evenly distributed in the IS, marked by rootletin (red). Insets, GFP-C8ORF37 is 929 

present in the region above the apical tip of the rootletin signal, where the basal body is located 930 

(arrows). (D) The distribution of C8ORF37 in seven 20-μm serial tangential sections throughout 931 

the photoreceptor layer of a flat-mounted rat retina. Relative contents of C8ORF37, phosducin 932 

(PDC, a photoreceptor marker) and PRPH2 (a photoreceptor OS marker) were analyzed by 933 

immunoblotting with corresponding antibodies. A cartoon of a photoreceptor beneath the 934 

immunoblotting panels depicts the subcellular origin of each section. Note that portions of OS 935 

and IS naturally overlap in sections 2 and 3. N, nucleus; ST, synaptic terminus. (E) Transfected 936 

GFP-C8ORF37 (green) is evenly distributed in the cytoplasm but not the primary cilium, labeled 937 

by acetylated α-tubulin (red), in a serum-starved IMCD3 cell. Blue, nuclear staining from 938 

Hoechst 33342. Scale bars, 5 μm. 939 

 940 

Figure 10. OS membrane proteins except S/M-opsins are distributed normally in C8orf37del/del 941 

photoreceptors. (A-E) Immunostaining demonstrated that rhodopsin (A), CNGA1 (B), PRPH2 942 



 

42 
 

(C), GC1 (D), CNGB1 (E), PCDH21 (F), prominin-1 (G) and acetylated α-tubulin (H) are 943 

localized normally to the OS or the base of OS in C8orf37del/del retinas at P21. The red signal in F 944 

is from rhodopsin antibody staining. (I) Immunostaining revealed partial mislocalization of S/M-945 

opsins (arrows) in some C8orf37del/del cones at P21. (J) Quantification of cones with mislocalized 946 

S/M-opsins in the retinas of P21 C8orf37+/del and C8orf37del/del littermates. Data are presented as 947 

mean ± SEM. Numbers in the bottom of bars are numbers of mice analyzed. *, p < 0.05. Blue 948 

signal is from Hoechst 33342 labeling the photoreceptor nucleus. CC, connecting cilium; OPL, 949 

outer plexiform layer; scale bars, 10 μm.   950 
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Table 1: DNA primer information. 951 

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 C8orf37ex1/ex1 and C8orf37ex5/ex5 

FWD1.1-Exon1 GTTGCCGTGGAAACCACCGGCC 

RVS1.1-Exon1 CCAGCCTCAAGGGGTCGAGTCTGC 

FWD5.1-Exon5 TCTCTCTGAGCAGAGCATGTGA 

RVS5.1-Exon5 GGCGAAACTCTTCAGAAACATACC 

Genotyping for C8orf37del/del 

FWRDEX1 GCTCCCGGGCGCGTCGGTTTC 

FWRDEX5 GCCCTACCTGGCTTAGAACTCAC 

RVSEX5 CAAGGAGGTTCCCGAGCAAACATC 

C8orf37 cDNA cloning 

FWRD ATGGCGAAGGACCTGGA 

RVSs TCAGTGTTTACCACACACCCA 

qPCR 

FWD-rhodopsin GGCGGAACCATGGCAGTTCTCC 

RVS-rhodopsin CCACCAGGGACCACAGGGC 
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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 

  952 
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Abbreviations 953 

RP, retinitis pigmentosa; CRD, cone-rod dystrophy; BBS, Bardet-Biedl syndrome; OS, outer 954 

segment; IS, inner segment; ONL, outer nuclear layer; CC, connecting cilium; RPE, retinal 955 

pigment epithelium; OPL, outer plexiform layer; OLM, outer limiting membrane; INL, inner 956 

nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer; GC1 and GC2, guanylate 957 

cyclase 1 and 2; ABCA4, ATP-binding cassette sub-family A member 4; CNGA1, cyclic 958 

nucleotide gated channel α1 subunit; CNGB1, cyclic nucleotide gated channel β1 subunit; 959 

GARP2, glutamic acid-rich protein 2; GCAP1 and GCAP2, guanylate cyclase-activating protein 960 

1 and 2; PRPH2, retinal degeneration slow/peripherin 2; PCDH21, protocadherin-21; RP1, 961 

retinitis pigmentosa 1 protein; GNAT1, transducin α-subunit; PDE6, phosphodiesterase 6; 962 

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; U6, U6 promoter; CAG, a hybrid of the 963 

cytomegalovirus early enhancer element and chicken beta-actin promoter; NLS, nuclear 964 

localization signal; BGHpA, bovine growth hormone polyadenylation signal; CRISPR, clustered 965 

regularly interspaced short palindromic repeats; HRMA, high-resolution melting analysis; RT, 966 

reverse transcription; PCR, polymerase chain reaction; IACUC, institutional animal care and use 967 

committee; RIPL, arginine-isoleucine-proline-leucine; NTA, nitrilotriacetic acid; GST, 968 

glutathione S-transferase; GFP, green fluorescent protein; hTERT-RPE1 cell, human telomerase 969 

reverse transcriptase immortalized retinal pigment epithelial cell line; IMCD3 cell, murine inner 970 

medullary collecting duct cell; ERG, electroretinography; SD-OCT, spectral domain optical 971 

coherence tomography; TEM, transmission electron microscopy; SEM, scanning electron 972 

microscopy; ANOVA, analysis of variance; P, postnatal day; PBS, phosphate buffered saline; 973 

DNA, deoxyribonucleic acid; RNA, ribonucleic acid; INDEL, small insertions and deletions. 974 






















