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Abstract

Small molecule pharmacological inhibition of dominant human genetic disease is a feasible 

treatment that does not rely on the development of individual, patient-specific gene therapy 

vectors. However, the consequences of protein inhibition as a clinical therapeutic are not well-

studied. In advance of human therapeutic trials for CAPN5 vitreoretinopathy, genetic inactivation 

can be used to infer the effect of protein inhibition in vivo. We created a photoreceptor-specific 

knockout (KO) mouse for Capn5 and compared the retinal phenotype to both wild-type and an 

existing Capn5 KO mouse model. In humans, CAPN5 loss-of-function (LOF) gene variants were 

ascertained in large exome databases from 60,706 unrelated subjects without severe disease 

phenotypes. Ocular examination of the retina of Capn5 KO mice by histology and 

electroretinography showed no significant abnormalities. In humans, there were 22 LOF CAPN5 
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variants located throughout the gene and in all major protein domains. Structural modeling of 

coding variants showed these LOF variants were nearby known disease-causing variants within the 

proteolytic core and in regions of high homology between human CAPN5 and 150 homologs, yet 

the LOF of CAPN5 was tolerated as opposed to gain-of-function disease-causing variants. These 

results indicate that localized inhibition of CAPN5 is a viable strategy for hyperactivating disease 

alleles.
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1 | INTRODUCTION

Human gene therapy has gained success for cases of the autosomal recessive disease. These 

validated gene therapies, such as the first-ever RPE65 gene therapy clinical trial, supplement 

diseased genes with wild-type (WT) copy (Pennesi et al., 2018; Russell et al., 2017). 

However, even the most successful gene supplementation therapy cannot address dominant 

mutations. To cure gain-of-function (GOF) disease mutations caused by autosomal dominant 

genes, the ultimate strategy is to correct the genomic DNA, which is now achievable through 

the CRISPR/Cas9 system. However, concerns have arisen about the low efficiency and 

safety of this strategy due to numerous off-target effects after delivery (Cho, Schaefer, 

Bassuk, Tsang, & Mahajan, 2018; Kosicki, Tomberg, & Bradley, 2018). Additionally, each 

patient must be sequenced, and their mutation must be known to be able to receive this 

therapy, and this requires a costly and unique treatment for each individual patient. To 

circumvent the cost and inefficiency of creating individual, patient-specific genetic 

therapies, a treatment option is needed that would impact autosomal dominant disease genes 

regardless of their specific mutations. One possible therapeutic approach for autosomal 

dominant disorders is the use of small molecule pharmacological inhibitors directed toward 

the mutated protein. On the basis of the success of ophthalmic gene therapy clinical trials, 

the ease of access to the eye, and the ability to inject intravitreally without the patient 

undergoing a major surgical procedure, clinical trials related to ophthalmic disease would be 

the ideal test for these small molecule inhibitors.

Previously, we have determined that GOF mutations in CAPN5 cause a rare, dominantly 

inherited neovascular inflammatory vitreoretinopathy (NIV; MIM# 193235; Mahajan et al., 

2012; Cham et al., 2016; Mahajan, Skeie, et al., 2012; Mahajan & Lin, 2013; Randazzo, 

Shanks, Clouston, & MacLaren, 2017). Most patients suffer nonsyndromic vision loss due to 

severe autoinflammatory uveitis, retinal neovascularization, and retinal degeneration. In the 

syndromic form, there is also hearing loss and developmental delay (Velez et al., 2018). 

CAPN5 encodes the calcium-activated cysteine protease calpain-5, found to be ubiquitously 

expressed in the body, including in the eye (Schaefer et al., 2016). All NIV alleles change a 

single amino acid and reduce the calcium concentration required for activation, so the 

protease is hyperactive in disease (Bassuk et al., 2015; Gakhar et al., 2016). The majority of 

NIV alleles (RefSeq NM_004055.4; c.728G > T, р.Arg243Leu; c.731T > C, p.Leu244Pro; 

c.750G > T, p.Lys250Asn; с.799G > A, p.Gly267Ser; c.865C > T, p.Arg289Trp) fall within 
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the proteolytic core (subdomain PC2) of CAPN5. Only one mutation leading to a mild form 

of NIV (c.1126G > A, p.Gly376Ser) has been discovered in another noncatalytic domain of 

CAPN5 (domain III; CBSW; Randazzo et al., 2017).

We have previously modeled the proteolytic core of calpain-5 (both domains PC1 and PC2) 

and found that CAPN5 contains a calcium-sensitive, flexible gating loop that controls access 

to the catalytic groove (Bassuk et al., 2015). CAPN5 remains in its inactive state in the 

absence of calcium, where the two subdomains of the proteolytic core (PC1 and PC2) adopt 

an open conformation and prevent the formation of the catalytic triad (Gakhar et al., 2016). 

However, the structural modeling and small-angle X-ray scattering (SAXS) data highlight 

the complexity of CAPN5 regulation and our need for further understanding of its activation 

mechanism.

To examine the specific allelic mutations leading to autosomal dominant (AD) NIV in 

patients, we made mouse models for the p.Arg243Leu CAPN5 mutation found in the first 

two ADNIV families (Wert et al., 2015; Wert, Skeie, Bassuk, Olivier, Tsang, & Mahajan, 

2014). Mice carrying this CAPN5 GOF allele were used to successfully recapitulate the 

human eye disease. Viral gene transfer of a mutant CAPN5 allele and a transgenic mouse 

expressing mutant human CAPN5 in the retina displayed features of autoinflammatory 

uveitis and retinal degeneration (Wert et al., 2015; Wert, Skeie, et al., 2014). In both model 

systems, expression of mutant CAPN5 was driven by an opsin promoter, and therefore, 

limited to the rod photoreceptor cells. However, the rod expression alone of mutant human 

CAPN5 was able to drive the ADNIV clinical phenotype. Thus, clinical treatments for 

ADNIV patients can benefit from the ability to localize them to the region of the eye, and in 

particular, the retina.

Current treatments for ADNIV patients have focused on controlling specific downstream 

clinical symptoms, but these therapies have not been able to inhibit all aspects of the disease 

phenotype or progression. For instance, local immunosuppression with steroids can treat 

early inflammatory symptoms of ADNIV, but the later fibrotic response and retinal 

degeneration persist in these patients (Mahajan, Tlucek, Folk, & Sobol, 2013; Velez, Bassuk, 

Colgan, Tsang, & Mahajan, 2017). Therefore, treatment of CAPN5-related disease will 

require inhibiting its activity, either by gene therapy or by small molecules (Nelson et al., 

2014; Wang, Zhang, Song, & Gu, 2017). Inhibition of hyperactive CAPN5 should return 

CAPN5 activity to normal levels in a patient, but the concern is whether there would be 

adverse effects to the eye if CAPN5 activity is reduced below normal biological levels 

within the retina. In each case, there is a concern that the total suppression of CAPN5 

activity might suppress other essential functions of CAPN5 in the eye or throughout the 

body.

Results from studies examining knockout (KO) mouse models of Capn5 have been debated. 

One study of a previous Capn5 KO mouse did not show any phenotype, with the exception 

of an increase in runts that passed away within 3–8 weeks after birth (Franz, Winckler, 

Boehm, & Dear, 2004). However, a comprehensive physiological examination was not 

performed, and the eye was not specifically examined. In a second study, embryonic 

lethality in homozygotes was observed by E3.5 after the mating of heterozygous mice 
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(Jackson Laboratory: 005784; Mouse Genome Informatics [MGI]: 3604529). In this model, 

the KO of Capn5 displayed no eye abnormalities on a physical and histological exam. 

However, these KOs contained a reporter for β-galactosidase expression, and no lacZ was 

detectable in the eye of the mouse, so Capn5 may not have been completely knocked out in 

this model.

To better understand the implications of CAPN5 loss-of-function (LOF), specifically in the 

eye, we created a rod photoreceptor-specific KO model of Capn5 and examined both 

heterozygous and homozygous KO mice from this line for any ocular abnormalities. We 

then validated the lack of adverse effects on visual function by examining the locations of 

human CAPN5 LOF variants on the gene and protein structure. We found that the loss of 

Capn5 within the photoreceptors of the eye does not cause detectable adverse clinical 

outcomes, and therefore inhibition of CAPN5 in the rod photoreceptor cells, even if it falls 

below normal, biological activity levels, is an efficacious strategy for future human clinical 

trials.

2 | MATERIALS AND METHODS

The study protocol was HIPAA (Health Insurance Portability and Accountability Act) 

compliant and adhered to the tenets of the Declaration of Helsinki. All animal experiments 

were performed in accordance with the ARVO Statement for the Use of Animals in 

Ophthalmic and Visual Research and were all approved by the Animal Care and Use 

Committee at Columbia University and Stanford University. All mouse experiments were 

run with a sample size of N ≥ 4 mice, with both eyes examined per mouse.

2.1 | Gene and protein databases

All data from gene and protein databases presented in the manuscript were released publicly 

for the benefit of the wider biomedical community. Web resources used include the Exome 

Aggregation Consortium (ExAC) Browser (Beta; http://exac.broadinstitute.org), EsPript 3.0 

(http://espript.ibcp.fr/ESPript/ESPript/), the NCBI Protein Database (https://

www.ncbi.nlm.nih.gov/protein/), Online Mendelian Inheritance in Man (OMIM; https://

www.omim.org), the Protein Database (PDB; https://www.rcsb.org/) and the University of 

California Santa Cruz (UCSC) Genome Browser (https://genome.ucsc.edu). Briefly, 

ENSG00000149260 was used for CAPN5 in the Exome Aggregation Consortium (ExAC) 

database. The Human Feb. 2009 (GRCh37/hg19) Assembly for chromosome 11:76777979–

76837201 in the UCSC genome browser was used for CAPN5 and related analyses. RefSeq 

NM_004055.4 was used for CAPN5. Alignments were created by BLAST searches for 

CAPN5 in different species and then sequence alignments were performed using ClustalW 

(Thompson, Higgins, & Gibson, 1994). Sequence alignments were visualized using ESPript 

3.0 (Robert & Gouet, 2018).

2.2 | Structural modeling of full-length human CAPN5

Homology models of CAPN5’s protease core (PC1—PC2) were generated using 

MODELLER 9.14 (Eswar et al., 2006) with CAPN9 as a template as previously described 

and further refined by conformational sampling based on our previously published SAXS 
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data (Gakhar et al., 2016). Homology models of CAPN5’s calpain β-sandwich domain 

(CBSW; DIII) were generated using CAPN2 as a template (PDB: 1KFU, 32% identity, 95% 

sequence coverage). Homology models of the CAPN5 C2 domain (DIV) were generated 

using the structure of the Munc13–1 C2 domain (PDB: 2CJT, 30% identity, 59% sequence 

coverage). Models of the individual domains were assembled using ab initio domain 

assembly in MODELLER to generate a model of the full-length CAPN5 structure. PyMOL 

generated all structural figures (The PyMOL Molecular Graphics System, Version 1.8; 

Schrödinger, LLC).

2.3 | ConSurf analysis

The structural model and sequence for human CAPN5 were used as input for analysis in the 

ConSurf server (Ashkenazy et al., 2016). Briefly, a position-iterated BLAST search (PSI-

BLAST) against the UNIREF90 database (3 iterations) yielded 462 homologous sequences 

from vertebrates and invertebrates (378 unique sequences). The 150 closest homologous 

sequences to the query sequence with the lowest E-value (minimum sequence identity of 

35%; E-value < 0.0001) were used for further analysis. These sequences underwent multiple 

sequence alignment using MAFFT (Katoh, Misawa, Kuma, & Miyata, 2002) and 

conservation scores were calculated using the Bayesian method option in ConSurf. The 

ConSurf scores were mapped onto the B-value column of the human CAPN5 structural 

model and visualized using PyMOL (The PyMOL Molecular Graphics System, Version 1.8; 

Schrödinger, LLC).

2.3.1 | Knockout mouse databases—Previous KO mouse phenotype data were 

retrieved from publicly available databases. Web resources used include the European 

Mutant Mouse Archive (EMMA; https://www.infrafrontier.eu/infrafrontier-research-

infrastructure/international-collaborations-and-projects/european-mouse), the International 

Mouse Phenotyping Consortium (IMPC; http://www.mousephenotype.org/), The Jackson 

Laboratory (https://www.jax.org), the Knockout Mouse Project (KOMP; https://

www.komp.org/), the Mary Lyon Centre (MRC) Harwell (https://www.har.mrc.ac.uk), and 

Mouse Genome Informatics (MGI; http://www.informatics.jax.org/).

2.4 | Generation of mutant mouse lines

Capn5tm1a(EUCOMM)Hmgu mice were obtained through the EMMA and the MRC Harwell 

(Oxfordshire, UK). Briefly, the targeted knockout Capn5tm1a(EUCOMM)Hmgu mice had an 

L1L2_Bact_P cassette inserted at position 98136457 of Chromosome 7 upstream of the 

critical exon 4 for Capn5, determined from Build GRCm38. The L1L2_Bact_P cassette is 

composed of an FRT site followed by lacZ sequence and a loxP site. This first loxP site is 

followed by neomycin under the control of the human beta-actin promoter, SV40 polyA, a 

second FRT site, and a second loxP site. A third loxP site is inserted downstream of Capn5 
exon 4 at position 98135489 so that exon 4 is flanked by loxP sites.

The Pde6g-creERT2 mice were created as previously described (Koch et al., 2015, 2017). 

Briefly, cre is expressed in the photoreceptor cells of the retina and able to provide near-

complete recombination 2 weeks after tamoxifen delivery (Koch et al., 2015, 2017). We 

have previously published a cross between the Pde6g::creERT2 transgenic mouse to the 
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ROSAnT–nG reporter mouse line (Koch et al., 2017) where ROSAnT–nG mice contain a 

fluorescent allele that expresses nuclear-localized red fluorescence (tdTomato) in all cells, 

except those exposed to Cre recombinase; the latter cells express nuclear-localized enhanced 

green fluorescent protein. In ROSAnT–nG × Pde6g::CreERT2 mice, red and green nuclei 

were uniformly distributed over the entire photoreceptor cell body-containing outer nuclear 

layer (ONL). Only red nuclei were found in the inner nuclear layer (INL), which does not 

contain photoreceptor cell bodies. The Capn5tm1a(EUCOMM)Hmgu mice were crossed with the 

Pde6g-creERT2 mice to create homozygous and heterozygous creERT2-expressing Capn5 
knockout mice. Transgenic mice were identified by analyzing genomic DNA isolated from 

ear punches. Tissue was homogenized and digested extensively with proteinase K. The 

Pde6g-creERT2 mice were genotyped as previously described (Koch et al., 2015, 2017). 

Polymerase chain reaction (PCR) primers for the Capn5tm1a(EUCOMM)Hmgu mice were 

designed based on the MRC Harwell Tm1a genotyping protocol to provide a WT band of 

221 bp and a mutant band of 130 bp. Capn5–5arm-WTF: 5′ 
GGATGAGGAACCATGAGAGGG 3′; Capn5-Crit-WTR: 5′ 
CTCTTGTCTCCCTCCCCACCTAAG 3′; 5mut-R1: 5′ 
GAACTTCGGAATAGGAACTTCG 3′. PCR amplification was performed as follows: 1 

cycle at 95°C for 1 min; 30 cycles at 95°C for 10 s, 60°C for 10 s, and 72°C for 1s; and 1 

cycle at 72°C for 30 s.

2.5 | Tamoxifen injection

Tamoxifen (100 mg/ml in ethanol; Sigma-Aldrich T5648) was thoroughly mixed at 42°C, 

diluted with corn oil to a final concentration of 10 mg/ml, and then injected intraperitoneally 

at a concentration of 100 μg/g body weight on three consecutive days (1 injection/day), 

beginning at Day 12. Mice were analyzed at least 2 weeks post tamoxifen injection.

2.6 | Histochemical analyses

Histochemical analyses were performed as previously described (Wert Skeie, et al., 2014; 

Wert et al., 2015, 2016). Briefly, whole mouse eyes were enucleated at approximately 1 

month of age and fixed in 2% paraformaldehyde for 30 min. Eyes then underwent a sucrose 

gradient (5%, 10%, 15%, 20%, and 30% sucrose in phosphate-buffered saline) followed by 

immersion in the optimal cutting temperature (OCT) buffer for cryopreservation. Eyes were 

frozen in OCT buffer at −80°C. Once frozen, OCT blocks containing the eyes were 

sectioned on a cryostat at the 10-micron thickness and placed onto slides for staining.

2.7 | Immunofluorescence

Immunofluorescence was performed as previously described (Wert Skeie, et al., 2014; Wert 

et al., 2015, 2016). Rabbit anti-CAPN5 (1:250, GTX108347; GeneTex) and Goat anti-rabbit 

Alexa Fluor 488 (1:1,000, ab150077; Abcam) were used for immunostaining. Sections were 

mounted with coverslips using mounting media containing 4′, 6-diamidino-2-phenylindole 

(DAPI; Fluoromount-G with DAPI; Thermo Fisher Scientific) to stain the nuclei of the 

retina. Sections were then imaged using a fluorescence microscope (Zeiss, Oberkochen, 

Germany) with 405 and 488-nm excitation and images were analyzed with Zen imaging 

software (Zeiss).
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2.8 | Quantitative PCR (qPCR)

Mouse retinas were dissected as previously described (Wert, Davis, Sancho-Pelluz, Nishina, 

& Tsang, 2013; Wert Skeie, et al., 2014). Genomic DNA was extracted using a proteinase K 

digestion followed by isopropanol precipitation, a 75% ethanol wash, and resuspension in 

Tris-ethylenediaminetetraacetic acid buffer. Twenty-five nanograms of genomic DNA per 

sample were used for qPCR analysis to measure the presence of Capn5. To correct for 

sample-to-sample variations in qPCR efficiency and errors in sample quantification the 

amplification of Gapdh was used as an invariant endogenous control. Primers for Capn5: 5′ 
CCTTGGTGTTCTGAGCCCTTAGC 3′ and 5′ TGGTGAGCCTCACGTGTCACTC 3′ 
Primers for Gapdh: 5′ AGGTCGGTGTGAACGGATTTG 3′ and 5′ 
TGTAGACCATGTAGTTGAGGTCA 3′. All 4 samples were run in technical triplicates in a 

384-well plate with Fast SYBR Green Master Mix (Life Technologies) using the 

QuantStudio 7 Flex Real-Time PCR System (Applied Biosystems). Experiments were 

replicated on a different day and new plate to ensure reproducibility of results. Relative 

quantification ratios were calculated and determined by R = 2−ΔΔCt. For all experimental 

samples, relative quantification was measured in comparison with WT control mouse DNA 

samples from two different mouse genetic inbred backgrounds. Error bars represent the 

standard deviations of the technical triplicates.

2.9 | Immunoblot

Retinas were collected from adult mice, lysed in M-PER (Mammalian Protein Extraction 

Reagent; Thermo Fisher Scientific) containing cOmplete™ Protease Inhibitor Cocktail and 

sonicated. Protein concentrations were measured using the bicinchoninic acid (BCA) protein 

assay (Thermo Fisher Scientific). Proteins were separated by SDS-PAGE (4–15%; Bio-Rad), 

and transferred to nitrocellulose (Bio-Rad). After blocking, membranes were incubated in 

anti-Calpain-5 antibody (1:100, ab38943, Abcam) 3 hr at room temperature, washed, and 

then incubated in goat anti-rabbit immunoglobulin G–horseradish peroxidase (IgG–HRP) 

secondary antibody (1:2,000, sc-2004; Santa Cruz Biotechnology) for 1 hr at room 

temperature. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) loading control was 

detected using rabbit anti-GAPDH antibody (1:2,000, ab9485; Abcam) and goat anti-rabbit 

IgG–HRP secondary antibody (1:2,000, sc-2004; Santa Cruz Biotechnology). As for size 

standard, PageRuler Plus Prestained Protein Ladder (Thermo Fisher Scientific) was used. 

Membranes were visualized by chemiluminescence detection (Millipore), using BioMax 

film (Kodak).

2.10 | Electroretinography (ERG)

At 4–6 weeks of age, mice were dark-adapted overnight, manipulations were conducted 

under dim red light illumination, and recordings were made using Espion ERG Diagnosys 

equipment (Diagnosys LLL, Littleton, MA), as previously described (Wert et al., 2013, 

2015; Wert, Sancho-Pelluz, et al., 2014; Wert, Skeie, et al., 2014). Mice were first 

anesthetized by IP injection of 0.1 ml/10 g body weight of anesthetic solution (1 ml of 100 

mg/ml ketamine and 0.1 ml of 20 mg/ml xylazine in 8.9 ml of phosphate-buffered saline). 

Body temperature was maintained at 37°C using a heating pad. Mouse pupils were dilated 

by topical administration of 2.5% phenylephrine hydrochloride and 1% tropicamide. 
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Electrodes were placed on the corneas, and gonioscopic prism solution (Alcon) applied to 

each eye. ERG responses were recorded simultaneously from both eyes using an Espion 

Visual Electrophysiological System (Diagnosys). Rod and mixed rod–cone responses were 

recorded from dark-adapted mice using pulses of 0.001 and 3 cd·s/m2 (white 6,500K), 

respectively. Then, mice were light-adapted for photopic responses for at least 10 min in the 

Ganzfeld dome. Recordings were carried out under rod-suppressing continuous background 

illumination of 30cd/m2 (white 6,500K), Cone responses were recorded using pulses of 30 

cd·s/m2 (xenon).

2.11 | Statistical analyses

Differences in experimental groups were determined by one-way analysis of variance 

followed by Tukey’s post-hoc multiple comparison’s test. A p < .05 were considered 

significant.

3 | RESULTS

3.1 | Clinical phenotypes of Capn5 knockout mice

Based on previous Capn5 KO mice (MGI ID:4436604 and 3604529), it has been debated 

whether the loss of Capn5 on both alleles could lead to an embryonic or early postnatal 

lethality. We mined the current data on Capn5 in the IMPC, KOMP, EUCOMM (European 

Conditional Mouse Mutagenesis Program), and MGI databases (Blake et al., 2017; 

Dickinson et al., 2016). We found phenotyping for one specific Capn5 KO mouse model: 

Capn5tm1a(EUCOMM)Hmgu. In these mice, Capn5 gene function was disrupted by a sequence 

insertion called the tm1a allele (Figure 1a); mice homozygous for the tm1a allele have a 

LOF of the Capn5 gene.

Information on the Capn5 KO mice is available on the IMPC database online 

(www.mousephenotype.org). Both male and female homozygotes for the tm1a disrupted 

Capn5 allele showed a significantly increased acoustic startle reflex and prepulse inhibition 

(PPI; p < .0001; Figure 1b), which is a reduced threshold and/or more severe reflex response 

to stimuli, most often auditory stimulation (Blake et al., 2017). PPI reflects the ability of the 

mouse to integrate and inhibit sensory information, and the failure to do so has been shown 

in a variety of human neurological disorders, such as Huntington’s disease and autism 

(Cadenhead, Carasso, Swerdlow, Geyer, & Braff, 1999; Ouagazzal, Grottick, Moreau, & 

Higgins, 2001; Ouagazzal, Jenck, & Moreau, 2001; Swerdlow, Braff, & Geyer, 1999). This 

correlates with human ADNIV patients, as recently we have shown that one GOF mutation, 

p.Arg289Trp causes a syndromic form of NIV with the presentation of hearing loss and 

developmental delay (Velez, et al., 2018). In the knockout mice, this startle reflex was 

slightly more significant in males (112 of 3,080; 3.64%) compared to females (97 of 3,070; 

3.16%), although it did affect both genders (Blake et al., 2017). With the exception of the 

increased startle magnitude, other neurological symptoms were not found to be significantly 

altered in the Capn5 KO mice (Figure 1c,d).

Additionally, both male and female homozygotes for the tm1a disrupted Capn5 allele 

showed a significant increase in body weight (p < .0001; Figure 1e; Blake et al., 2017). 
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Previously, CAPN5 gene variants in humans were shown to be associated with diastolic 

blood pressure and cholesterol levels, suggesting a role in cardiovascular disease and 

metabolic syndrome (Hohl-Abrahao & Creutzfeldt, 1991). CAPN5 has also been linked to 

obesity through interaction with peroxisome proliferator-activated receptor delta (Saez et al., 

2008). Although the auditory system (similar to symptomatic ADNIV human patients with 

the p.Arg289Trp mutation) and body weight (a possible role for CAPN5 in metabolic 

syndrome and obesity) were significantly altered in these KO mice, examination of the eye 

showed no significant differences in the mice homozygous for the tm1a allele in Capn5 
(Figure 1f; Blake et al., 2017). However, only the anterior eye was examined for these mice, 

and thorough phenotyping of the retina was not included in the parameters tested. We have 

shown that Capn5 is expressed in the retina, including the photoreceptor cells and synapses, 

and rod-specific expression of GOF CAPN5 mutations were enough to lead to ADNIV in a 

transgenic mouse model (Schaefer et al., 2016; Wert Skeie, et al., 2014; Wert et al., 2015). 

Therefore, it is important to examine the effect of CAPN5 LOF within the rod photoreceptor 

cells of the retina.

3.2 | Posterior eye health in tm1a Capn5 knockout mice and photoreceptor-specific 
Capn5 knockout mice

We obtained and examined Capn5tm1a(EUCOMM)Hmgu KO mice for retinal abnormalities and 

visual function. As it is possible that the Capn5 gene could skip over the lacZ cassette in this 

tm1a allele, and lead to the restoration of gene function, we examined the Capn5 KO mice 

for CAPN5 protein at 2.5 months of age. Using an antibody known to recognize CAPN5 

protein within the inner retinal cell layers, we found that the Capn5 KO mice had similar 

CAPN5 protein expression within the inner retina as a WT mouse (Figure 2a). Therefore, to 

specifically ablate CAPN5 in the photoreceptor cells, where GOF leads to the NIV disease 

phenotype, we crossed the Capn5 KO mice to our previously published Pde6g-creERT2 
mouse line, with cre expressed in the rod photoreceptor cells of the retina and able to 

provide near-complete recombination 2 weeks after tamoxifen delivery (Figure 2b; Koch et 

al., 2015, 2017). The delivery of tamoxifen removes the critical exon 4 in the retinal cells 

and knocks out the gene function (Figure 2c).

To test for the loss of Capn5 in the retinas from both the tm1a allelic mice and mice 

receiving tamoxifen to remove Capn5 in the rod photoreceptor cells, we dissected retinas at 

postnatal Day 42 (P42) from both the Capn5 KO mice and Capn5 KO + tamoxifen mice and 

collected genomic DNA. We additionally extracted retinas from two separate WT control 

mice from both an agouti genetic background and C57BL/6J genetic background, as these 

are the two background variations that are found in the Capn5 KO mice after cross-breeding. 

We then analyzed the retinal genomic DNA by qPCR for the relative expression of Capn5 as 

normalized to Gapdh (Figure 2d). We found that compared to one of the WT retinas (from 

the C57BL/6J genetic background), the Capn5 KO mice had a significant decrease in Capn5 
(p = .0049). However, some Capn5 expression was still detectable within the retina. In 

contrast, the Capn5 KO + tamoxifen mice displayed a significant decrease in Capn5 
expression in comparison to both WT samples (p = .0104 and p = .0014, respectively), at 

levels barely detectable by qPCR analysis.
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We next examined the retinas for CAPN5 protein using western blot analysis in 2-month-old 

mice. Two weeks after tamoxifen injection, Capn5 KO mice had 50.63% of CAPN5 protein 

compared to a WT control (Figure 2e). This suggested that CAPN5 is lost from the rod 

photoreceptor cells after tamoxifen injection, but still present within the inner retinal cell 

layers. Additionally, the eyes were cross-sectioned and stained with DAPI (Figure 2f–g). 

There was no detectable shortening of retinal cell layers, specifically the outer nuclear layer 

(ONL) containing the photoreceptors, between Capn5 KO mice (Figure 2f, white arrows) 

and Capn5 KO +tamoxifen mice (Figure 2g, white arrows).

Although the histological phenotype appeared normal, it was possible that mice at this time 

have a reduction in their visual response. For instance, during early stages of retinal disease, 

before human ADNIV patients suffer widespread photoreceptor degeneration, they show a 

loss of the scotopic and photopic electroretinogram (ERG) response, indicating inner retina 

signaling defects. To test whether this phenotype was present in our Capn5 KO mice, ERG 

testing was performed at 6 weeks of age. Additionally, all mice undergoing live imaging via 

ERG underwent fundus examinations, and no abnormalities were visible using fundoscopy 

(data not shown). C57BL6/J WT mice (blue), heterozygous Capn5 mice (green), Capn5 KO 

mice (black), and Capn5 KO + tamoxifen mice (purple) showed no differences in the 

recordings from the dark-adapted 3.0 maximal scotopic ERGs, dim-light scotopic ERGs for 

rod photoreceptor function, or photopic ERGs for cone photoreceptor function (Figure 3a). 

Quantification of the cohort of mice for each setting showed similar visual readouts between 

all four groups (Figure 3b–e). However, there was a significant increase in the a-wave 

maximal scotopic response for the Capn5 KO + tamoxifen mice (purple) compared to both 

the WT mice (blue; p = .0062) and Capn5 KO mice (black; p = .0115), but not the 

heterozygous Capn5 mice (green; Figure 3b). There were no significant differences between 

all four groups in the b-wave maximal scotopic response (p = .8056; Figure 3c).

As the a-wave maximal scotopic response reflects the photoreceptor signaling, the rod- and 

cone-specific ERG recordings were analyzed. Although the a-wave maximal scotopic 

response detected a significant increase in the Capn5 KO + tamoxifen mice (purple), there 

were no significant differences found in the cone-specific photopic response for these mice 

(p = .1179; Figure 3e). There were also no significant differences found in the mice for the 

rod-specific dim-light response (p = .4045; Figure 3d). The Capn5 KO mice, both before and 

after tamoxifen injection, displayed only a mild increase in the maximal a-wave ERG 

recording, indicating a possible increase in visual response from the photoreceptor cells, and 

no detectable abnormalities or losses in retinal signaling responses. As the reduction in ERG 

is the earliest detectable phenotype in human patients, this suggests that targeted delivery of 

a CAPN5 inhibitor to the photoreceptors will not likely lead to adverse effects on visual 

function. However, it should be noted that ADNIV is a complex human disease that mimics 

various common blinding disorders, such as uveitis, retinitis pigmentosa, and diabetic 

vitreoretinopathy, and the effects of the LOF of CAPN5 in humans may not be fully 

translatable from a KO mouse model system.
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3.3 | Nonpathogenic CAPN5 gene variants in humans

Therefore, we interrogated human databases for LOF variants in CAPN5. Previously, we 

mapped gene variants for CAPN5 from healthy individuals from 1000 Genomes and the 

Exome Variant Server (EVS; Schaefer et al., 2008). We found that most nonpathogenic 

CAPN5 gene variants were located outside of the protease core of CAPN5. As GOF 

mutations in CAPN5 lead to the NIV disease phenotype, we hypothesized that gene variants 

within the protease core were more likely to be pathogenic in comparison to variants that fall 

in the other domains. Recently, data from the Exome Aggregation Consortium (ExAC) has 

become publicly available (Lek et al., 2016). 1000 Genomes and EVS take into account data 

from 9,007 individuals, a smaller data set that exists in the ExAC browser, which provides 

gene variants from 60,706 unrelated individuals sequenced in various population genetic and 

disease-specific studies, that do not present with severe clinical disease phenotypes. We 

interrogated the ExAC browser for human CAPN5 (ENSG00000149260; GRCh37/hg19; 

chr11:76777979–76837201). We found 880 variants, 22 of which were considered LOF 

variants for CAPN5 (Table 1). The LOF variants lead to alterations in splice acceptor and 

donor sites, frameshift mutations, or early insertion of stop codons within the protein, all of 

which cause early termination of the protein during translation. All but three of the 22 LOF 

mutations were found on the canonical transcript (ENST00000278559), with three occurring 

on noncanonical transcripts for CAPN5, including one person with homozygous LOF of 

CAPN5. Additionally, 14 of the 22 LOF variants were considered rare (allele frequency, 

<0.001 and not a singleton), but the pLi score for all 22 LOF variants was equal to zero, 

suggesting tolerance for these LOF variants within human CAPN5 and a decreased 

likelihood that these variants would be casual for clinical disease. Furthermore, the ExAC 

browser calculated a constraint metric z-score of −0.62 and −0.18 for synonymous and 

missense mutations, respectively, suggestive that these are tolerated within CAPN5. None of 

the GOF ADNIV mutations were found within the ExAC data set.

3.4 | Gene structure modeling of LOF splice-site and coding variants

We mapped the positions along chromosome 11 for each of the splice-site and coding 

variants found on the canonical transcript from the ExAC data set (Figure 4a). LOF 

mutations were found throughout the coding exons of CAPN5 (exons 2–13), with the 

exception of exons 3, 5, 9, and 11. Missense mutations were also noted throughout the 

coding exons of CAPN5. Many mutations fell within exon 6, the same site where severe 

GOF mutations for ADNIV are located, and this exon encodes a part of the protease core of 

CAPN5. This suggests that the protease core may not harbor pathogenic mutations in 

comparison to the other domains, as we previously hypothesized, and analysis of the 

location of these tolerated gene variants on the protein structure of CAPN5 is needed.

3.5 | Structural modeling of LOF coding variants

Human CAPN5 is a nonclassical calpain family member, containing a protease core 

(domains PC1 and PC2), calpain β-sandwich domain (CBSW; domain III) and C2 domain 

(domain IV; Figure 4b). Published GOF mutations found in ADNIV-affected patients are 

located within the protease core of the protein, in domain PC2 (for the exception of one 

mutation causing a mild ADNIV phenotype, located within the noncatalytic CBSW 
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domain). The CAPN5 LOF variants were found to affect amino acids within the protease 

core, CBSW domain, and C2 domain of the protein (red; Figure 4b). Interestingly, using the 

ExAC database, we found that gene variants also fell within the proteolytic core, near the 

sites of known ADNIV-causing GOF mutations (blue; Figure 4b).

We performed computer-based structural modeling to gain additional insight into the regions 

of CAPN5 affected by these LOF mutations. A model of the full-length CAPN5 protein was 

generated using a domain assembly approach. The structure of the protease core domain was 

modeled off the crystal structure for CAPN9 (PDB: 1ZIV; Davis et al., 2007) as previously 

described (Bassuk et al., 2015; Gakhar et al., 2016; Velez et al., 2018). The structure of 

CAPN5’s CBSW domain (DIII) was modeled in the MODELLER 9.14 (Eswar et al., 2006) 

program using the crystal structure of human CAPN2 (Strobl et al., 2000) as a template 

(PDB: 1KFU, 32% identity, 95% sequence coverage). A total of five models were generated, 

which superimposed well within each group with major variations in the C-terminal region 

and minor variations in the loop regions (data not shown). The models had a root-mean-

square standard deviation (RMSD) of 0.13–0.21 Å for 74 α carbon (Cα) atoms. A BLAST 

search for CAPN5’s C2 domain (DIV) against the PDB returned structures of the Munc13–1 

C2 domain as a top hit, with a sequence identity of 30% and coverage of 59% (PDB: 2CJT). 

Other close matches included C2 domains from the E3 ubiquitin ligase NEDD4 (PDB: 

3BY7, 28% identity, 99% coverage) and NEDD4-like protein (PDB: 2NSQ, 24% identity, 

99% coverage). Homology models of the CAPN5 C2 domain were generated using the 

structure of the Munc13–1 C2 domain (PDB: 2CJT). The models had an RMSD of 0.41–

0.66 Å for 74 Cα atoms. Models of the individual domains were then assembled using ab 

initio domain assembly in MODELLER to generate a model of the full-length CAPN5 

structure (Figure 4c; Velez, Tsang, Tsai, et al., 2017). Using this model, we were able to 

better visualize the location of LOF coding variants on CAPN5’s domains (Figure 4d).

3.6 | Human variants fall in regions of high conservation across vertebrate species

It was possible that the gene variants within the protease core of CAPN5 were located at 

specific regions that were not highly conserved across species, in opposition to the 

conserved sites for the known GOF mutations leading to the clinical presentation of ADNIV. 

To further examine the conservation of these variants in CAPN5, amino acid sequences for 

each of the CAPN5 domains were aligned to specific vertebrates: rhesus, mouse, rat, rabbit, 

cow, cat, dog, chicken and frog CAPN5 protein sequences (Figures 5a and S1). Each of the 

tolerated LOF variants was found in highly conserved regions of CAPN5 in each of the 

domains, including the protease core (purple font; Figures 5a and S1). The sites of these 

variants were also nearby the highly conserved amino acids that are altered in ADNIV 

disease-causing mutations within DIII (blue font; Figure 5a). Missense mutations were also 

found within highly conserved regions of the protease core and other domains, including 

nearby sites to those of ADNIV disease-causing mutations (data not shown).

We next performed conservation analysis using our structural model of CAPN5 as an input 

into the ConSurf server. Briefly, a PSI-BLAST search against the UNIREF90 database 

returned 378 unique homologous sequences from vertebrates and invertebrates (35% 

minimum sequence identity). The 150 closest homologs were further analyzed by ConSurf 
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to produce conservation scores that were then mapped onto our structural model of CAPN5 

(Figures 5b and S2). Variants with the highest conservation (magenta) were located within 

the protease core domain of CAPN5 (Figure 5b), in comparison to the variants found in 

other domains that were not as highly conserved (cyan) between the 150 sequences analyzed 

(Figure S2). Conservation scores were plotted for each of the LOF variants within the 

protease core (PC2) from the 150 analyzed homologous sequences (negative indicates 

conserved, positive indicates variable amino acid positions; Figure 5c).

To specifically examine conservation among vertebrates, and exclude invertebrate species, 

we utilized the 100 vertebrate base-wise conservation by PhyloP (phyloP100way) data for 

all 22 LOF variants listed in Table 1. Positive phyloP scores represent sites that are predicted 

to be conserved (magenta), and negative phyloP scores represent fast-evolving, 

nonconserved sites (cyan; Cooper et al., 2005; Kent et al., 2002). With the exception of one 

variant, the remaining 21 LOF gene variants showed positive phyloP scores, suggesting 

conservation across 100 vertebrate species within all domains of CAPN5 (Figure 5d). Thus, 

the LOF variants are found within highly conserved regions of CAPN5, and our original 

hypothesis, that the protease core and highly conserved regions were more likely to harbor 

disease-causing variants, was not accurate. Genetic mutations that lead to the loss of CAPN5 

activity appear to be well-tolerated in both mice and humans in comparison to gene variants 

that lead to a gain in CAPN5 activity, which causes adverse disease effects such as NIV.

4 | DISCUSSION

Success in gene therapy for the autosomal recessive disease, specifically the RPE65 Leber 

Congenital Amaurosis clinical trials in the eye, has shown that gene therapy is an ideal 

treatment option for patients (Pennesi et al., 2018; Russell et al., 2017). However, the 

delivery of a healthy gene allele is not feasible to treat patients with the autosomal dominant 

disease. Genetic editing with CRISPR/Cas9 is a new approach being studied as a therapeutic 

for dominant genetic mutations, but there have recently been safety concerns with the 

potential off-target cutting of DNA after delivery (Cho et al., 2018; Kosicki et al., 2018). 

Additionally, it is not possible to generate cost-effective therapeutic vectors for each 

individual patient mutation. Ideally, localized delivery of a small molecule inhibitor for the 

mutant gene would provide therapeutic effects for patients with a variety of mutations within 

alleles of that gene.

As molecular therapy has become feasible within the eye, it is crucial to understand what 

may occur in LOF conditions for a targeted gene. In cases of autosomal dominant 

inheritance patterns, as occurs for ADNIV caused by CAPN5 mutations, future genetic 

editing approaches may knock out one or both alleles of the gene, and inhibitors will reduce 

the protein’s function within the eye, each of which could lead to unwanted adverse side 

effects to the treated patient. For instance, another Mendelian disease, limb-girdle muscular 

dystrophy type 2A (MIM# 253600), is caused by the LOF of CAPN3, another member of 

the calpain family (Jia et al., 2001).

The inhibition of CAPN5 to treat patients is promising, as CAPN5 closely resembles its 

Caenorhabditis elegans homolog, Tra-3, and the reduction of Tra-3 in C. elegans has been 
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shown to rescue inflammatory neuronal degeneration (Syntichaki, Xu, Driscoll, & 

Tavernarakis, 2002). Additionally, SNJ-1945, a small molecule inhibitor of calpains, rescued 

neuronal cell death in a model of traumatic brain injury as well as rescuing experimental 

autoimmune encephalitis (Bains et al., 2013; Trager et al., 2014). Inhibitors have also shown 

rescue effects for a variety of other common blinding disorders, such as retinitis pigmentosa 

(Ozaki et al., 2012, 2013), optic neuritis (Das et al., 2013; Smith et al., 2011), light-induced 

retinal toxicity (Imai, Shimazawa, Nakanishi, Tsuruma, & Hara, 2010; Kanan, Moiseyev, 

Agarwal, Ma, & Al-Ubaidi, 2007), retinal hypoxia (Hoang, Smith, & Senger, 2011; 

Shimazawa et al., 2010), retinal angiogenesis (Ma, Tochigi, Shearer, & Azuma, 2009) and 

diabetic retinopathy (Shanab et al., 2012). However, the specific inhibition of CAPN5, 

particularly in the eye, has not been thoroughly studied. Efforts have been made to develop 

CAPN5-specific inhibitors, but there are currently no CAPN5-specific inhibitors available.

The genetic LOF of CAPN5 is of particular importance as it is classified as a “nonclassical” 

calpain and lacks many of the calcium regulations that are found in other members of the 

calpain family. For all calpains, the calcium residues within the catalytic domain provide for 

a layer of calcium dependence. Furthermore, calpains in higher vertebrates have evolved a 

second regulatory layer by acquiring a calmodulin-like C-terminal domain (Bains et al., 

2013). CAPN5, however, is more similar to Tra-3, and lacks this additional regulatory 

domain. Furthermore, CAPN5 is unable to form heterodimers with the regulatory subunit 

CAPNS1, and thus may rely more heavily on the calcium-binding within the protease core 

domain to control catalytic activity and could be more sensitive to alterations in expression 

levels (Campbell & Davies, 2012; Sorimachi, Ishiura, & Suzuki, 1997).

Instead of a reduction in CAPN5 via pharmacological inhibition, we examined mice for a 

full genetic inactivation of Capn5, using a knockout (KO) mouse model of Capn5 and 

examining these mice for any retinal-specific clinical symptoms. As we found that residual 

Capn5 was present in the retinas of these mice, we crossed these mice to a photoreceptor-

specific creERT2 mouse line to get full rod photoreceptor-specific loss of Capn5. Although 

no therapeutic approach will achieve 100% inhibition, these genetic mouse models can give 

us an idea if there are comorbidities with a significant reduction of enzyme activity, 

particularly within the disease-causing rod photoreceptor cells. We used both these mouse 

lines, including heterozygous mice, to examine the retinal phenotype. We found that the 

clinical and histological phenotype of the Capn5 knockout and conditional photoreceptor 

KO mice is normal in all mice examined in this study. It is possible that the loss of CAPN5 

could cause a slow degeneration phenotype that was not detected during the duration of our 

study. Another possible reason for this normal phenotype is that other calpains may 

compensate for the loss of CAPN5. In the retina, for example, there are eight other calpains 

expressed, which share homology with calpain-5 in the catalytic core (Schaefer et al., 2016; 

Suzuki, Hata, Kawabata, & Sorimachi, 2004). Additionally, it is possible that CAPN5 

secreted from the inner retinal cells may compensate for the loss of CAPN5 within the 

photoreceptor cells, and CAPN5 inhibitors may need to be specifically localized to the 

photoreceptor cells for clinical therapeutics in human patients.

We did discern that the Capn5 KO mice had an increase in breeding difficulties in 

comparison to WT controls. We found that some breeding pairs were unable to give birth to 
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pups, or if they did, the pups that were born had an increase in runted littermates who did 

not survive to weaning age. However, other breeding pairs from this same genetic 

background were able to conceive at a similar rate and litter size to WT controls. The 

breeding difficulties were quite variable in this line, and the strong breeding pairs were used 

to maintain the colony and provide the mice for our analysis. We have not found any 

mention of fertility loss in human patients with mutations within CAPN5, however, there is a 

possible link to polycystic ovary syndrome in females (González et al., 2006).

To validate the Capn5 KO mouse model, we examined human databases for gene variants 

within CAPN5. Previously, we mined the 1000 Genomes and Exome Variant Server 

databases to estimate pathogenicity of CAPN5 variants and predicted that <2% of CAPN5 
gene variants are damaging alleles. Using this data-mining approach, we found that most 

variants mapped to regions outside of the proteolytic core and hypothesized that mutations 

within the proteolytic core are particularly damaging (Schaefer et al., 2008). Here, we find 

that LOF and missense mutations in CAPN5 can fall within the proteolytic core and be 

tolerated, suggesting that the early termination of CAPN5 may not lead to a disease 

phenotype, and only mutations that lead to GOF alterations in CAPN5 enzymatic activity 

allow for an ADNIV clinical phenotype. In this current study, the increased ethnicities and 

individuals represented in the ExAC browser provide a more descriptive picture to determine 

the feasibility of future gene therapy approaches for ADNIV patients. By increasing our 

data-mining approaches from 9,007 to 60,706 individuals, we have an expansive view of the 

various gene variants found within CAPN5 in the general population, without leading to 

severe clinical phenotypes.

Overall, the results from this study indicate that there are no major adverse clinical outcomes 

involved with photoreceptor-specific genetic inactivation of CAPN5, and therefore targeted 

suppression of CAPN5 is unlikely to lead to adverse outcomes in the eye. There may be a 

causal link to hearing loss, obesity, and fertility issues with systemic inhibition of CAPN5. 

However, the localized suppression of CAPN5 directly to the photoreceptor cells of the 

retina is a viable strategy and supports therapeutic inhibition trials.
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Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Loss of Capn5 may lead to hearing loss and increased body weight. We mined the current 

data on Capn5 in the International Mouse Phenotyping Consortium (IMPC), Knockout 

Mouse Project (KOMP), EUCOMM (European Conditional Mouse Mutagenesis Program), 

and Mouse Genome Informatics (MGI) databases (Blake et al., 2017; Dickinson et al., 

2016). (a) The Capn5tm1a(EUCOMM)Hmgu mice contain the tm1a targeting construct, 

consisting of a cassette containing the lacZ sequence flanked by an Frt and loxP site. This 

targeting construct was inserted into position 98136457 of chromosome 7, before exon 4 of 
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the Capn5 allele. The targeted tm1a allele contains neomycin resistance (NeoR) followed by 

a loxP site driven by the human beta-actin promoter, followed by Simian Virus 40 (SV40), 

polyadenylation signal (pA), a second Frt site, and a second loxP site. Additionally, after the 

critical exon, exon 4 of Capn5, a third loxP site was inserted. 3′-HA, 3′ homology arm; 5′-

HA, 5′ homology arm. (b) Both male and female homozygotes for the tm1a disrupted 

Capn5 allele showed a significantly increased acoustic startle reflex and prepulse inhibition 

(PPI; p < .0001). Other neurological symptoms were not found to be significantly altered in 

the Capn5 knockout mice, including (c) physical neurological defects and (d) mental 

neurological defects. (e) Both male and female homozygotes for the tm1a disrupted Capn5 
allele showed a significant increase in body weight (p < .0001). (f) No significant differences 

in the anterior eye of the mice homozygous for the tm1a allele in Capn5 was detected
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FIGURE 2. 
Knockout of Capn5 in the mouse photoreceptor cells leads to no detectable adverse clinical 

outcomes. (a) 2.5-month-old mouse eyes from wild-type (WT) and Capn5 KO + tamoxifen 

mice were cross-sectioned from posterior–anterior axis including the optic nerve and stained 

for CAPN5 protein (green). DAPI (blue) highlights the nuclei. DAPI, 4′,6-diamidino-2-

phenylindole; INL, inner nuclear layer; ONL, outer nuclear layer; RGL, retinal ganglion 

cells. (b) The targeting construct for our Pde6g-creERT2 mouse line (Koch et al., 2015, 

2017). One allele of phosphodiesterase 6γ (Pde6g) contains a cassette with creERT2 before 

exon 4, which is activated by delivery of tamoxifen. 3′-HA, 3′ homology arm; 5′-HA, 5′ 
homology arm; EM7, bacteriophage T7 promoter; bGHpA, bovine growth hormone 

polyadenylation signal; NeoR, neomycin resistance; pA, polyadenylation signal; PGK, 

phosphoglycerate kinase promoter; TK, thymidine kinase. (c) The targeted tm1a allele in 

Capn5 KO mice after being crossed with the Pde6g-creERT2 mice and after delivery of 

tamoxifen ensures a loss of the critical Capn5 exon 4. (d) Retinas were dissected at postnatal 

Day 42 (P42) and genomic DNA was extracted. Quantitative polymerase chain reaction 

(qPCR) was performed for Capn5 expression in the Capn5 KO mice and Capn5 KO 

+tamoxifen mice compared to two WT control samples (Far left, 129/SvEV agouti; second 

to the left, C57BL/6J). Samples were run in triplicate, normalized to Gapdh, and error bars 

represent the standard deviation between triplicates. The Capn5 KO retina was significantly 

decreased compared to the C57BL/6J WT sample (p = .0049). The Capn5 KO +tamoxifen 

retina was significantly decreased compared to both WT samples (p = .0104 and p = .0014, 

respectively). (e) Western blot analysis of CAPN5 using 2-month-old retinal lysates from 

WT (left lane) and Capn5 KO +tamoxifen (right lane) mice. GAPDH was used as a loading 

control. P42 mouse eyes from (f). Capn5 KO mice and G. Capn5 KO + tamoxifen mice were 

cross-sectioned from posterior–anterior axis including the optic nerve, stained with DAPI to 

highlight the nuclei, and retinal sections were magnified to examine thickness of retinal cell 

layers. White arrows, thickness of the INL/ONL, same size across both images. N ≥ 4 mice 

for all mouse experimental groups. GAPDH, glyceraldehyde 3-phosphate dehydrogenase; 

INL, inner nuclear layer; KO, knockout; ONL, outer nuclear layer
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FIGURE 3. 
No major electrophysiological changes in vision after the loss of Capn5 in the photoreceptor 

cells. At approximately one month of age, retinal function was analyzed by 

electroretinogram (ERG) for C57BL6/J wild-type mice (WT; blue), Capn5 heterozygous 

mice (Capn5+/−; green), Capn5 knockout (KO) mice (black), and in Capn5 KO + tamoxifen 

mice (purple). (a) Representative traces were shown for the scotopic mixed rod–cone signal 

(left), the scotopic rod-specific signal (middle), and the photopic cone-specific signal (right). 

Quantification of ERG amplitudes for (b) the mixed rod–cone-specific a-wave, (c) the mixed 

rod–cone-specific b-wave, (d) the scotopic rod-specific b-wave, and (e) the photopic cone-

specific b-wave. One-way analysis of variance followed by Tukey’s post-hoc multiple 

comparison’s test was performed to compare each group. p = .0056 for the mixed rod–cone-
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specific a-wave (WT vs. Capn5 KO + tamoxifen, p = .0062; Capn5 KO vs. Capn5 KO + 

tamoxifen, p = .0115); p = .8056 for the mixed rod–cone-specific b-wave; p = .4045 for the 

scotopic rod-specific b-wave; p = .1179 for the photopic cone-specific b-wave. Dots, squares 

or triangles represent individual eyes, black lines represent the group means. Bars display 

the standard error of the mean. N = 8 (WT), 4 (Capn5+/−), 16 (Capn5 KO), and 8 (Capn5 KO 

+ tamoxifen) samples
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FIGURE 4. 
Structural modeling of calpain-5 splice-site variants and coding mutations. (a) Using the 

Exome Aggregation Consortium (ExAC) data set (ENSG00000149260), the location of each 

splice-site (acceptor, orange; donor, blue) and coding (frameshift, green; stop gained, purple) 

loss-of-function (LOF) variant from the canonical transcript for calpain-5 (CAPN5) is 

mapped on chromosome 11. (b) CAPN5 LOF variants (red) and published autosomal 

dominant neovascular vitreoretinopathy (ADNIV) gain-of-function (GOF) variants (blue) 

were mapped along the protein structure of CAPN5. CAPN5 protein structure contains an 

N-terminal tail, the protease core (PC1 and PC2, green), a regulatory calpain β-sandwich 

domain (CBSW; DIII, pink) and a C2 domain (DIV, blue). (c) A model of the full-length 

CAPN5 protein was generated using a domain assembly approach. Models of the individual 

domains were then assembled using ab initio domain assembly in MODELLER to generate 
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a model of the full-length CAPN5 structure. (d) The location of LOF coding variants on 

CAPN5’s domains were mapped to the structural model
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FIGURE 5. 
High conservation of variant sites in CAPN5 between invertebrates and vertebrates. (a) 

Human amino acid sequences from the protease core of CAPN5 (PC2, purple, dashed lines) 

were aligned to nine specific vertebrates: rhesus, mouse, rat, rabbit, cow, cat, dog, chicken, 

and xenopus. CAPN5 loss-of-function (LOF) variants (purple) were found in highly 

conserved regions alongside published autosomal dominant neovascular inflammatory 

vitreoretinopathy (ADNIV)-disease-causing gain-of-function (GOF) variants (blue). (b) 

ConSurf conservation analysis using our structural model of CAPN5 as input and 
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comparison to 150 closest homologs including both invertebrates and vertebrates. ConSurf 

conservation scores were mapped onto our protease core (domain PC2) structural model of 

CAPN5. (c) Conservation scores were plotted for each of the LOF variants within the 

protease core (PC2) from 150 analyzed homologs (negative indicates conserved, positive 

indicates variable amino acid positions). (d) Each of the 22 LOF gene variants for human 

CAPN5 was used as input into the 100 vertebrate base-wise conservation by PhyloP 

(phyloP100way). Variants with high conservation, magenta; variants with low conservation, 

cyan
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