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Abstract

Ophthalmic neurodegenerative diseases encompass a wide array of molecular pathologies unified
by calpain dysregulation. Calpains are calcium-dependent proteases that perpetuate cellular death
and inflammation when hyperactivated. Calpain inhibition trials in other organs have faced
pharmacological challenges, but the eye offers many advantages for the development and testing
of targeted molecular therapeutics, including small-molecules, peptides, engineered proteins, drug
implants, and gene-based therapies. This review highlights structural mechanisms underlying
calpain activation, distinct cellular expression patterns, and /in vivo models that link calpain
hyperactivity to human retinal and developmental disease. Optimizing therapeutic approaches for
calpain-mediated eye diseases can help accelerate clinically feasible strategies for treating calpain
dysregulation in other diseased tissues.

Keywords
Calpain; retina; blindness; calcium dysregulation; therapeutics

Advances in molecular therapeutics for the eye

The human eye is at the frontier for testing novel molecular therapeutics. It is an immune
privileged site, protected by the blood-retina-barrier (BRB), and advanced surgical
techniques allow for highly precise therapeutic delivery that can target not just tissues but
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specific cells. The cellular components of the eye are easily and non-invasively monitored by
well-established live imaging tools. Functional and physiological assessment modalities can
track disease progression and treatment responses longitudinally, allowing for robust clinical
trial design. The pharmacokinetic challenges of systemic drug delivery are greatly simplified
in the eye because of its compartmentation. Following intraocular delivery, molecular
therapeutics generally remain within the eye, reducing systemic toxicity. The small volume
of the eye significantly reduces manufacturing requirements, which can otherwise be cost
prohibitive in systemic delivery. Additionally, many ocular diseases exhibit some degree of
symmetry such that the untreated fellow eye can serve as an internal control. These features,
in combination with advancements in drug formulation, have paved the way for numerous
state-of-the-art treatment methods for ophthalmic disorders, especially for retinal diseases.

Retinal diseases have become attractive targets for gene-based therapeutics, such as gene
supplementation, clustered regularly interspaced short palindromic repeats (CRISPR) gene
editing, and antisense oligonucleotide-based therapies. For example, voretigene neparvovec
(AAV2.hRPEG65v2; i.e., Luxturna) became the first FDA-approved gene therapy medication
for the treatment of Leber congenital amaurosis (LCA; Figure 1) [1]. In acquired diseases
like macular degeneration, gene therapy is being used to express therapeutic proteins. Other
acquired eye diseases (e.g., diabetic retinopathy and ocular inflammatory disorders) have
benefited from the therapeutic injection of monoclonal antibodies (mAbs), engineered
protein inhibitors, or peptides targeting various cytokines (e.g., vascular endothelial

growth factor [VEGF], complement, and interleukin-6), facilitating direct administration

of high local drug concentrations while minimizing systemic dissemination (Figure 1).[2].
Further, development of sustained release intraocular implants (e.g., fluocinolone acetonide
[Retisert™, Bausch & Lomb, Rochester, NY] and bimatoprost [Durysta™, Allergan, Irvine,
CA] implants for non-infectious posterior uveitis and glaucoma, respectively) have allowed
for continuous dosing of medications while simultaneously reducing the risks associated
with repeated intraocular injections (Figure 1) [3,4].

Calpains are a broad class of proteases amenable to molecular therapies and they are
involved in a wide range of eye diseases. Previous clinical trials for calpain-related disorders
have utilized systemic small-molecule inhibitors with limited success [5]. In light of the
recent advances in ophthalmic molecular therapy, reconsideration of calpain inhibition
strategies is warranted.

Calpains are implicated in a wide range of human diseases

Calpains (CAPNs) are a family of calcium-dependent non-lysosomal cysteine proteases
(see Glossary) that mediate a range of physiological processes [6]. Aberrant elevation

in intracellular calcium concentrations (e.g., by cellular stress or pathologic conditions)
can result in the dysregulation of calpain-mediated proteolysis, triggering calpain
overactivation [7]. Calpain hyperactivity is associated with ophthalmic diseases [8],
neurodegenerative disorders (e.g., Alzheimer disease) [9], cardiovascular diseases [10-12],
muscular dystrophies [13,14], gastropathies [15-17], pulmonary fibrosis [18], diabetes
[19,20], and cancer [21-24]. In addition, inherited genetic defects can render calpains
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hypersensitive to physiological calcium levels resulting in aggravated inflammation and cell
death.

Disruptions in calcium homeostasis in the eye result in calpain overactivation leading

to prolonged proteolysis, necroptosis, apoptosis, and irreversible retinal damage [25].
Mounting evidence in human patients implicates calpain overactivity in a variety of retinal
neurodegenerative diseases, including neovascular inflammatory vitreoretinopathy (N1V)
[8], retinitis pigmentosa (RP), diabetic retinopathy (DR) [26], uveitis (i.e., intraocular
inflammation) [8,27-29], glaucoma [30-37], and cataractogenesis [38,39]. However, the
clinical utility of systemic calpain inhibitors, which have been aimed at treating fibrotic
and neurological disorders, may be limited by their lack of target specificity [40]. Notably,
two orally administered small molecule calpain inhibitors have reached Phase 1 clinical
trials: one which evaluated the safety and pharmacokinetics of a peptidomimetic drug (i.e.,
ABT-957) for Alzheimer’s disease (NCT02220738) | [41] and another for an inhibitor (i.e.,
BLD-2660) to treat coronavirus disease-19 (COVID-19; NCT04334460) I [42].

In vivo models simulating diverse ocular diseases also confirm the link between calpains
and disease progression such that calpain inhibition showed promise in attenuating damage
and preserving vision [39,43-51]. Nevertheless, concern remains regarding off-target effects.
Even with intraocular drug delivery, calpain inhibitors may need to be highly specific to
avoid off-target inhibition of other proteases (e.g., cathepsins) [52-56]. Prior to clinical
application, fine-tuning strategies to selectively target pathologic calpain activity while
sparing normal calpain activity in healthy cells is possible. New insights into the structural
variation and tissue-specific expression between calpains, for example, can be used to
optimize therapeutic development.

Ocular calpains: distribution, classification, structure, and calcium-

activation mechanisms

Calpain classification

Evolutionary gene duplication events have generated 15 mammalian genes that encode a
conserved calpain-like protease core domain [57]. There are nine classical calpains, five
non-classical calpains, and one demi-calpain classified based on domain topology (Figure
2A). The nomenclature for calpain domains highlights each domain’s structure-function
relationship [57,58]. The signature feature of a calpain is the protease core (PC) domain,
which is formed by two subdomains, PC1 and PC2 [59,60].

Classical calpains (CAPNI-3, 8, 9, and 11-14) function as a large catalytic subunit (80

kDa) and heterodimerize with the small regulatory subunit (28 kDa; encoded by CAPNS1
and CAPNS2). The large subunit is comprised of PC1 and PC2 followed by a calpain-beta-
sandwich (CBSW) domain and a penta-EF hand domain (PEF[L]; Figure 2A) [61-63]. The
small subunit contains two domains: a glycine-rich region and a PEF small (PEF[S]) domain
[5,6,64], the latter of which has been proposed to constrain the protease core in the absence

L https://clinicaltrials.gov/ct2/show/NCT02220738
1. https://clinicaltrials.gov/ct2/show/NCT04334460
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of calcium to prevent spurious proteolytic activation. Classical calpain activation involves

a two-step unique structural mechanism regulated by multiple steps which are impaired in
calpain pathologies [61]. For CAPN1 and 2, binding of Ca2* to the PEF-hand domains leads
to disruption of the interactions between the small and large subunit [60]. Ca2* then binds

to PC1 and PC2 on their cognate sites leading to formation of the catalytic triad. While

this mechanism has been extensively characterized in CAPN1, 2, and 5 [55,60,61], several
calcium binding residues are not conserved in the CAPN10 and —15 PC domains, suggesting
that these non-classical calpains may be active in the absence of calcium [60,65]. The EF
hands also interact with the endogenous calpain inhibitor, calpastatin (encoded by the CAST
gene) [5,60]. Calpastatin’s specificity is determined by the simultaneous binding of its three
subdomains to both subunits of heterodimeric calpains. Nevertheless, the crystal structure

of the calpain-calpastatin complex has guided rational design of peptidomimetic inhibitors
targeting the active site [66,67].

CAPNS5, 6, 7, 10 and 15 are considered non-classical because they do not have PEF
domains, making them refractory to calpastatin inhibition [58]. Non-classical calpains
display a highly modular domain organization and their specific functions can be attributed
to their unique non-catalytic domains (Figure 2A) [59,63,68]. For example, CAPN5’s C2
domain is involved in membrane association and regulation of autoproteolytic processing
[68]. Additionally, CAPNS5 has been shown to exhibit non-proteolytic functions, such as
facilitating hepatitis C virus (HCV) entry into liver cells through binding interactions

with Casitas B-lineage lymphoma proto-oncogene B (CBLB) and CD81 [69]. Although

all calpains possess the PC domain, several lack critical residues required to form the
catalytic triad (i.e., CAPNG6 and —15) or modules known to regulate proteolytic activity (e.g.,
anchor helix, PEF-hand, etc.; Figure 2A) [55]. This structural diversity suggests that the
non-classical calpains have regulatory roles beyond proteolysis. In line with this reasoning,
the non-catalytic CAPNG6 has been shown to play a role in cytoskeletal stabilization and
organization via its CBSW domain [70]. CAPN15 contains five N-terminal zinc fingers,
suggesting that it may bind RNA or mediate protein-protein interactions (e.g., polyubiquitin;
Figure 2A) [65,71,72]. These differences could be exploited in the development of isoform-
specific inhibitors.

Primary sequence analysis has helped to characterize the evolutionary diversity of calpain
domains and has been performed extensively. However, sequence-based predictions often
miss key functional differences between protein structures [73-75]. Instead, a structure-
based, comparative analysis pipeline (i.e., 3DPhyloFold) can point to functional similarities
that can and have been used to identify small-molecule protease inhibitors and identify
potential drug off-targeting [55,76]. 3DPhyloFold performs pairwise structural comparisons,
which are independent from sequence analyses, and calculates structural dissimilarity
matrices (SDM) based on the root mean square deviation (RMSD) between protein alpha
carbon (Ca) atoms. Structure-based phylogenetic trees are then generated from these
matrices using the UPGMA (Unweighted Pair Group Method with Arithmetic Mean)
method and allow for direct structural comparisons between calpain family members (Figure
2B-F) [77]. 3DPhyloFold was previously utilized to examine the functional diversity among
20 calpain PC domain structures [55,76]. For instance, CAPN5-PC contain three elongated
flexible loops (termed PC1L1, PC2L1, and PC2L2, respectively) and, consistent with
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previous sequence-based analysis and homology modeling, clusters close to CAPN9-PC
[78]. Further, the presence of a NIV disease-causing mutation (p.G267S) in the CAPN5
PC2L2 loop suggested a role in the allosteric regulation of CAPN5’s activity. This analysis
was limited to the comparison of only the PC domain and by the lack of available structures
for many other calpain isoforms [55]. Since then, AlphaFold models for CAPN1-15 allow
for more comprehensive structure-based comparative analyses (Figure 2 and Figure S1) [79].

The structural phylogenetic tree for the calpain-beta-sandwich (CBSW) domain
demonstrated the largest degree of separation among calpain family members with an
average Ca RMSD of 2.71 A (Figure 2D), making this domain an attractive target for
allosteric inhibition and drug specificity. Analysis of the PEF(L) domain demonstrated less
variation among calpains (average Ca RMSD of 1.02) compared to the CBSW domain,
highlighting its conserved role in classical calpain regulation (Figure 2E). To assess the
suitability of these domains for targeted drug development, high-resolution structures of
full-length calpains could experimentally confirm each calpain domain structure and their
respective conformational states (i.e., Ca2*- and inhibitor-bound).

Ocular calpains identified by genomic and proteomic studies

The eye has a combination of anatomical features that make it ideally suited as a target organ
for the study of many calpain-related diseases. It is a unique sensory organ with complex
anatomy and physiology. It can be anatomically divided into two main components: the
anterior and posterior segments (Figure 1). The anterior segment occupies approximately
one-third of the eye and is comprised of tissues anterior to the vitreous: the cornea, aqueous
humor, iris, ciliary body, and lens. The posterior segment is comprised of the vitreous
humor, sclera, choroid, retinal pigment epithelium (RPE), retina, and optic nerve.

Bulk RNA-sequencing (RNA-seq) has revealed that calpain expression is similar between
human and murine retinas [28]. CAPNI, 2, 3, 5, and 7are most abundantly expressed

in both species [80], while mouse retinas also express CAPN6and 10. Subsequently,
single-cell RNA sequencing (scRNA-seq) experiments of human eyes were consistent
with bulk RNA-seq results, enabling localization of specific calpains to various retinal cell
types (Figure 2G) [81,82]. Further, these cell type clusters were determined by previously
established cell-type specific markers. The complex expression patterns of calpains are
typified by CAPN3, which expresses twelve distinct splicing variants depending on tissue
type, developmental stage, and species. These include Lp82, Cn94, and Rt88, which were
first identified in the lens, cornea, and retina, respectively [83]. Such data highlight that cell
type determines the precise transcription and splicing patterns of ocular calpains.

Proteomic studies also indicated that CAPN1, CAPN2, and CAPNS1 were the most
abundant calpains in the human retina and vitreous [84,85]. However, a shotgun proteomic
approach might not detect calpains expressed at lower levels, thus requiring more
sensitive methods such as western blotting, immunohistochemistry, ELISA, or aptamer-
based detection platforms. Taken together, the broad distribution of calpains reflects their
pathophysiological and biochemical roles in a myriad of ocular diseases.

Trends Mol Med. Author manuscript; available in PMC 2023 August 01.
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Calpains are central mediators of eye pathologies

Calpain-associated human eye diseases are induced by various factors including genetic
mutations, chronic exposure to lifestyle-related factors (e.g., smoking, alcohol, diet,
occupation, or climate), aging, and/or acute injury to the eye (Figure 3A). Regardless of
etiology, many exhibit similar clinical features including ocular cell death, inflammation,
and/or neovascularization. Mechanistically, the major underlying molecular pathology
driving these diseases is calcium dysregulation leading to calpain overactivation. In the
following sections, we will review the extent by which /n vivo models phenocopy human
disease and pathologies, highlight the advantages and limitations of calpain-targeting
therapeutics tested /n vivo, and explore opportunities for future translational research (see
Clinician’s Corner).

Calpains and inherited eye disease

The increasing prevalence of genetic testing (i.e., via whole-exome sequencing [WES],
whole-genome sequencing [WGS], and/or an ocular genetic-screening panel) has linked over
350 genes to hereditary eye diseases, and the number of pathogenic variants continues to
increase [86]. To date, there are two ocular calpainopathies caused by genetic variants

in either CAPN5 (NIV, OMIM #193235) or CAPN15 (developmental eye anomalies,
OMIM #603267). Other genetic diseases in which dysregulation of the calpain-calcium

axis was identified as a key molecular pathology are achromatopsia and retinitis pigmentosa
(RP), both of which exhibit inherited retinal degeneration like CAPN5 vitreoretinopathy.
Transgenic animal models of inherited retinal disease (IRD), including PDE6C, PDE6B,
RHO, and FAM161A mutants, demonstrated increased expression of CAPN1 or 2 as well
as calpain-induced apoptotic and necrotic pathways resulting in photoreceptor death. This
suggests that even when calpain genes are not mutated in IRD, calpains may act as key
mediators of disease (Box 1, Figure S2) [87-91].

CAPNS vitreoretinopathy: dysregulation of cell death, inflammatory and neovascular

pathways

NIV, an autosomal-dominant ocular disease exclusively caused by genetic defects in the
CAPN5 gene [8], leads to CAPNS hyperactivity in the retina resulting in retinal cell death,
inflammation, neovascularization, intraocular fibrosis, and ultimately vision loss (Figure
3B; NIV panel) [92]. Despite its rarity (occurring in approximately one out of every
million people), NIV shares clinical phenotypes with a plethora of more common ocular
diseases (e.g. RP, AMD, and DR) [8] and may provide important mechanistic insights into
pathogenesis of more common eye disease. Expressed in the signal-transducing neuronal
cells of human, mouse, and zebrafish retina [93,94], CAPNS5 is upregulated in response

to photoreceptor degeneration induced by acute light exposure [93]. Importantly, because
normally depolarized photoreceptor cells have high intracellular Ca* concentrations,
hyperactivating CAPN5 mutations can lead to neuroretinal toxicity, retinal inflammation,
and retinal neovascularization [95].

Currently, there are two well-studied /n vivo NIV models (Figure 4A). One model used a
lentivirus engineered to express human (h) CAPN5-p.R243L [28,96] to recapitulate NIV-like

Trends Mol Med. Author manuscript; available in PMC 2023 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vu et al.

Page 7

retinal phenotypes such as photoreceptor degeneration, retinal inflammation, and loss of
b-wave amplitude (detected by electroretinography [ERG]) [96]. However, likely due
to transient expression of the disease-causing CAPN5 mutant, the lentiviral model never
developed the severe neovascularization or intraocular fibrosis characteristic of late-stage
human NIV. In contrast, a transgenic mouse model expressing the ACAPN5-p.R243L
mutant (#7CAPN57243L) recapitulated all of the main features of NIV [28] and serves

as a compelling preclinical model to study NIV pathology (Figure 4A). CAPN5-specific
inhibitors are currently unavailable [97,98], and may need to be developed for in vivo
therapeutic investigation.

CAPN15: developmental eye anomalies

Calpains control developmental pathways in a variety of /n vivo models [93,99,100], yet
their role in human eye development is unknown. Expressed throughout the retina, CAPN15
contains a catalytic PC domain and two non-catalytic domains: the zinc-finger and the
SOLH domain [101] (Figure 2A). Pathogenic human mutations within the SOLH domain
and their genetic relevance to other species collectively suggest the domain plays a key
molecular role unigue to the eye [71]. In 2020, human CAPNI5 mutations were linked

to microphthalmia (i.e., small eyes) and coloboma (i.e., incomplete optic-fissure closure)
which both belong to a spectrum of developmental eye disorders [71]. Three homozygous-
monoallelic variants of CAPNI15and a set of heterozygous-biallelic variants were identified
in five individuals from four independent families, each with either eye anomaly. Two

of the homozygous-monoallelic variants (i.e., p.G969S and p.R1028K) were predicted to
decrease CAPN15 protein expression. This hypothesis was further supported by Capnis
knockout mice which showed developmental eye defects such as anophthalmia (i.e., no
eye), microphthalmia or cataract (Figure 4B) [71]. Although there is strong evidence that
genetic mutations in CAPN15 cause ocular and developmental defects, their molecular
pathology and postnatal function have yet to be elucidated. Future research could utilize
CAPN15-calpainopathic patient stem-cells alongside CAPN15knockout mice. Selective
deletion of various calpain isoforms, like Capn15, has given insight into their physiologic
functions in different tissues. However, few studies have utilized ocular calpain knockout or
knockdown techniques. Interrogation of the International Mouse Phenotyping Consortium
(IMPC) and the Mouse Genome Informatics (MGI) databases revealed phenotyping data for
one specific Capn12 KO mouse model: Capn12m1a(EUCOMM)HMgu 1102,103]. Capni2 gene
function is disrupted in these mice through fmZaallele insertion; mice homozygous for the
tm1aallele have a loss-of-function of the Capni2gene [102,103] (Figure S3).

Non-mendelian ophthalmic diseases of chronic cellular stress

Cataract: sustained calpain overactivation increases crystallin deposition in the lens

Cataracts are caused by progressive lens opacification (i.e., cataractogenesis) and

are a leading cause of reversible blindness worldwide (Figure 3B; Cataract panel).
Mechanistically, in a variety of human and animal cataract models, different calpains are
involved in disease progression through cleavage of proteins like spectrin and vimentin. For
instance, in human lenses, CAPNZ2is the dominant isoform involved [104] while in a genetic
ovine model (i.e., New Zealand Romney sheep with inherited cataract; Figure 5A), broad
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calpain activity contributes to cataractogenesis [47]. Interestingly, in rat (selenite-induced
cataract model) and sheep lenses, overactivation of CAPN1, CAPN2, and the lens-specific
splice variant of CAPN3 (Lp82) resulted in rapid truncation, insolubility, and precipitation
of crystallin proteins leading to cataract formation (Figure 5A). These studies have also
shown that calpain inhibitors delay cataract formation. For instance, in multiple /n vivo
bovine cataract models, topical application of the calpain family inhibitors CAT0059,
CAT811, and SJIA6017 impeded disease [47,105-107]. However, whether CAPN3 is
involved in the pathogenesis of human cataractogenesis merits validation. Specifically, Lp82
is not expressed in humans due to the presence of deleted nucleotides in exon 1 of the
human transcript that produce a stop codon. Therefore, although an Lp82-like cleavage site
was identified in the human a A crystallin sequence, it is unclear if this site is amenable to
cleavage by other proteases in the human lens [108].

Diabetic retinopathy: calpains regulate hyperglycemia-induced inflammation and

apoptosis

Diabetic retinopathy (DR; Figure 3B; DR panel) is a complex, blinding disease

affecting more than 1/100 people worldwide with clinical manifestations including retinal
inflammation, cell death, and neovascularization [109]. Mechanistically, hyperglycemia-
induced oxidative stress leads to dysregulated calcium levels, increased calpain expression
and in calpastatin knockout mice (CAST™"), retinal ganglion cell (RGC) death [7,110]. /n
vivo DR models demonstrated increased retinal CAPN1, CAPN5, and CAPN10 expression
in addition to increased basal intracellular calcium levels (Figure 5B) [7]. Notably,
pharmacologic (calpastatin) or genetic loss of CAPN1 downregulated photoreceptor
expression of oxidoreductase (WW domain-containing oxidoreductase [WWOX]) and pro-
inflammatory markers of diabetes-induced stress such as iNOS and ICAM-1, highlighting
CAPNL1 as an upstream regulator of diabetic inflammatory pathways [7,111,112]. Finally,
treating DR mice with SNJ-1945, a calpain inhibitor, rescued RGC density such that treated
mice were indistinguishable from non-diabetic controls [110].

Additionally, Rt88 (a CAPNS3 splice variant) and CAPN10 both correlate with degeneration
of retinal and photoreceptor cells in a diabetic rodent model (WBN/Kaob rat). However, this
phenotype occurred before the onset of hyperglycemia, so Rt88 and CAPN10 may not be
directly implicated in DR pathogenesis in this model. Instead, they might have roles in
retinopathies independent from hyperglycemia-induced stress [113].

Glaucoma: calpains drive neurodegenerative pathways in retinal ganglion cells

Glaucoma is a heterogeneous group of neurodegenerative disorders that lead to death of
RGCs and their axons which make up the optic nerve (ON; Figure 3B; Glaucoma panel).
It is the second leading cause of blindness globally and clinically manifests as elevated
intraocular pressure (IOP) and ON damage, leading to RGC loss and blindness [114]. Due
to its complex pathogenesis, there are currently no animal models that can recapitulate

the full spectrum of the human glaucoma phenotype, although experimentally induced
animal models phenocopy many of the factors associated with glaucoma pathogenesis (e.g.,
increased intraocular pressure [IOP] and ON degeneration). Nevertheless, ON injury (e.g.,
simple acute ON crush injury) and inducible ocular hypertension models (e.g., intracameral
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silicon oil injections) have become useful methods to study glaucomatous optic neuropathy
in rodents [115]. As such, these models have provided evidence that CAPN1 hyperactivation
is associated with neurodegeneration through three major apoptotic pathways: caspase-7 (an
apoptosis-related peptidase), acid-sensing ion channels (ASIC1) and endoplasmic reticulum
(ER) stress (Figure 4C) [116-118]. In these studies, calpain-mediated cleavage of caspase-7
led to the progressive loss of RGCs, an effect that was rescued in caspase-7 KO mouse
models [116]. In rat models for an investigation of the ASIC1 pathway, CAPN1 activation
triggered the degradation of cytoskeletal proteins like spectrin, and eventually increased
neuronal death [118]. Finally, in rat models of ER-stress-induced apoptosis, ON injury
resulted in a rapid induction of CAPNL1 activity, implicating calpains in glaucoma [117].

Calpain inhibition has been tested as a therapeutic intervention with promising results.

For example, treating ON-crushed eyes with calpain inhibitors significantly protected
against ganglion cell layer loss and axonal-damage-induced cell death, preserved the
functional RGC ERG response, and improved visual function (Figure 4C) [33,35].
Interestingly, although CAPN1 was shown to promote neuroretinal cell death in glaucoma
through multiple apoptosis pathways [116-118], another study reported the opposite.
CAPN1-mediated cleavage of PH domain and leucine rich repeat protein phosphatase 1
(PHLPP1) was demonstrated to promote survival of RGCs in a model of glaucomatous
neurodegeneration through activation of the pro-survival Akt (protein kinase B) pathway
[33]. Conversely, CAPNZ2 activity promoted RGC death through cleavage of striatal-enriched
protein tyrosine phosphatase (STEP) and activation of the pro-death STEP/p38 pathway
following 1OP elevation [33]. These conflicting findings suggest that multiple calpains might
orchestrate the intricacies of apoptosis and suggest a role for selective calpain inhibition in
glaucoma therapy.

Calpain activation has also been implicated in other models of ocular injury caused

by retinal ischemia-reperfusion, retinal detachment, light exposure, and alkylating agents
like A-methyl-Arnitrosourea (MNU) (Figure S4). However, since glaucoma in humans is
typically associated with elevated 10P, the pathogenic mechanisms of ON-injury models
based on physical injuries to the ON are limited. Thus, a recently developed glaucoma
model which induces ocular hypertension with silicone oil [119] is more realistic to test
calpain inhibition.

Macular degeneration: calpain inhibition rescues RPE degeneration

Age-related macular degeneration (AMD), caused by damage to the RPE and the
photoreceptors within the macula, is a primary source of vision loss in elderly populations.
One of the clinical hallmarks of AMD is drusen: protein and lipid aggregates that
accumulate between the RPE and choroid. Notably, retinal explants from monkeys and
humans under hypoxic stress (which models AMD /n vitro) showed calpain activation due
to accumulation of A2E (N-retinyledin-N-retinylethanolamine; a pyridinium bis-retinoid),
a principal component of drusen) [120,121]. Importantly, the degenerating explants were
rescued by application of a generic calpain inhibitor, SNJ-1945, suggesting that calpain
activation is involved in AMD progression (Figure S5A) [122]. Because AMD models do
not fully recapitulate various stages of the human disease, other models of early-onset

Trends Mol Med. Author manuscript; available in PMC 2023 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vu et al. Page 10

macular degeneration like Stargardt’s disease (OMIM #248200) models are sometimes used
by proxy (Figure S5B).

Therapeutic strategies to inhibit calpains in eye disease

Dysregulated calpain activity is implicated in various pathological conditions of the eye,

and a myriad of /n vivo studies has confirmed that calpain inhibitors hold immense
therapeutic potential [7,33,35,123,124]. In most /n vivo studies described in this review,
calpain inhibitors were administered systemically (e.g., orally [35], subcutaneously [124], or
intraperitoneally [7,33,123]). However, systemically administered drugs are prone to toxicity
due to the lack of tissue- and/or calpain isoform-specificity, which may explain why ocular
calpain inhibitors are currently neither in clinical trials nor FDA-approved.

The eye possesses unique advantages as a target organ to test therapeutic calpain inhibition.
It is readily accessible to phenotypic evaluation of therapeutic effects in vivo. It is the only
organ with neural tissue that can be visually inspected noninvasively, making it well suited
for studying neurodegenerative diseases. In clinical practice, drugs are routinely delivered
directly into the vitreous or subretinal space (Figure 1). The eye’s highly compartmentalized
anatomy facilitates direct delivery to the diseased tissue while minimizing systemic
dissemination and the potential for unwanted off-target effects.

While calpains have been largely described as aggravating factors in a number of
pathophysiologic phenomena, the physiological relevance of calpains in the eye remains
elusive. Calpains appear to recognize specific three-dimensional structure of their substrates
(i.e., interdomain linkers and flexible loops) rather than a single specific amino acid
sequence motif like trypsin, for example [125]. Additionally, each calpain species is

fairly specific in terms of its cellular function, which can be attributed to the modular

nature of their non-catalytic domains. Nevertheless, numerous studies have uncovered
putative calpain substrates involved in a wide range of physiologic functions, including
metabolism [126], visual transduction [127], cytoskeletal regulation [128], transcription
[129], and apoptosis [130]. Hence, broad calpain inhibition may disrupt numerous important
physiologic functions in eye. Creation of highly selective calpain inhibitors could be critical
in developing clinically feasible therapies that avoid off-target effects.

Small molecule peptidomimetics, designed to mimic natural protein-peptide interactions, are
attractive calpain inhibitors [131]. High-throughput screening of peptidomimetic candidates
combined with their structural modifications to enhance specificity and stability (e.g.,
replacement of natural/unnatural amino acid side chains, cyclization, and/or non-peptide
small molecules) can identify lead compounds for the drug development pipeline: hit-to-
lead optimization, /n vitrotesting, and /in vivo studies. SNJ-1945 and SJA6017 (Senju
Pharmaceutical Co. Ltd) are orally available, water-soluble, and membrane-permeable
peptidomimetic calpain inhibitors that block the active site of calpains [132]. Calpeptin

and MG-101 are also cell-permeable peptidomimetic inhibitors that target cytosolic
calpains. In SH-SY5Y human neuroblastoma cells, various peptidomimetics (e.g., calpeptin,
MG-101, and leupeptin) can inhibit CAPN1 and CAPNS activity by inhibiting their auto-
proteolysis, which is an auto-activating mechanism [68]. Peptidomimetics in liquid form
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can be administered topically and intravitreally to target the anterior or posterior segment,
respectively. To avoid frequent injections and drug overdose, drug release can be prolonged
by the ever-advancing field of ocular drug formulations — e.g., micro-/nano-particles,
intraocular implants, injectable hydrogels, prodrugs, penetration enhancers. For cell-specific
delivery of calpain inhibitors, peptidomimetics could be conjugated to antibodies (Antibody-
Drug Conjugates; ADCs) or other molecules that recognize specific surface proteins on
target cells [133]. Cell specific therapy can also be achieved using cell-specific promoters in
gene therapy vectors. While gene supplementation is used to treat recessive conditions, other
forms of gene therapy, like RNA interference-mediated gene silencing, have the potential to
treat dominant diseases by modulating calpain expression with superior specificity (Box 2).
An alternate form of gene therapy is stimuli-triggering viral or non-viral vectors, which can
facilitate the delivery of genomic materials to target cells under the disease conditions or the
unigue molecular environment of target tissues.

While peptidomimetics and gene therapy can target calpains directly, metabolite
supplementation can provide an indirect, yet efficient, therapeutic strategy by preemptively
reducing calpain activity through modulation of intracellular calcium levels and oxidative
stress. For example, zinc and taurine were found to ameliorate calpain-related cellular
damage in /in vitro models using immortalized human RPE cells, primary monkey RPE
cells, as well as primary RPE cells isolated from human AMD patients [122,134,135].
Antioxidants are involved in a wide variety of intricate physiological processes, ranging
from enzyme regulation to nuclear regulatory elements, yet the precise underlying molecular
pathways of metabolites supporting calpains are unknown. Thus, more research about the
crosstalk of calpain in antioxidant pathways is needed before metabolite supplementation
can be a viable therapeutic strategy.

Recent advancements in human gene therapy, genome surgery, and protein engineering

in the eye have paved the way for future clinical trials for calpain-related disorders,

both inherited and acquired. The advent of CRISPR-Cas systems for gene editing or
modulation of gene expression could soon enable the correction of both recessive and
dominant disorders. Nevertheless, dominantly inherited diseases, like NIV, may benefit from
alternate strategies like antisense therapy (e.g., oligonucleotides and shRNA), CRISPRI,
mADbs, or inhibitory receptor traps — all modalities that have been applied to eye disease.
Additionally, although calpains are primarily considered intracellular proteins, recent studies
have detected catalytically active calpains in the vitreous and aqueous (unpublished
observations), suggesting that extracellular antibodies may have applications in calpain-
related eye disease. The selectivity of small molecule inhibitors for calpains remains an
issue due to the conserved PC domain structure. However, allosteric inhibition of calpain
activity, through targeting of their unique non-catalytic domains, may be a viable strategy

to achieve selectivity. Molecular therapies targeting the non-catalytic activities of calpains
are also needed. CAPN15 calpainopathy, on the other hand, presents a distinct challenge
since the pathology appears to present in early development. Like other congenital inherited
diseases, family planning by pre-implantation genetic testing and /in vitro fertilization may
be a viable option for this disorder.
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Concluding Remarks

Calcium dysregulation is the underlying molecular mechanism of calpain hyperactivity and
ultimately manifests in a wide variety of ophthalmic pathologies. The unique and diverse
calpain isoforms are well described through genomic, proteomic, and structure-function
studies in human eyes and /n vivo models. Although each isoform’s distribution may slightly
differ among animal species, the general trends are comparable and support the reliability

of /in vivo models to simulate human ocular diseases [80]. Yet, more research is needed

to determine the unique and/or complementary roles of calpain isoforms and whether their
characteristics are variable depending on the specific eye tissue or cell, type of disease and
disease stage (see Outstanding Questions).

New knowledge about calpain’s structure-function relationship can guide protease inhibitor
research. In tandem, the development of peptidomimetics and calpain-targeting gene
therapies holds broad implications to treat leading causes of blindness. In the future,
specificity of small molecule peptidomimetics can be improved by modifying chemical
structures; in addition, gene therapy efforts should focus on characterizing pathogenic
mutations and minimizing immunogenicity. Minimally invasive surgical techniques will
allow specialized drug administration to specific cells in the eye. Finally, given its
immune-privileged attributes, the eye is an ideal test organ for therapeutics with promising
applications in other organs (e.g., the brain, the thyroid, and the heart) that are similarly
impacted by calpain-mediated diseases.
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Glossary

Antisense Oligonucleotide
single-stranded deoxyribonucleotides that are complementary to their mRNA target and
reduce target gene translation by induction of RNase H endonuclease activity
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Apoptosis
the physiological process of programmed cell death (PCD) that is tightly regulated by
proteolytic enzymes including caspases and transcription factors

Blood-Retina-Barrier (BRB)

a partially restrictive physiologic barrier composed of adherens and tight junctions that
regulates the exchange of metabolites, proteins, and waste products between the neural
retina and vascular lumen

Calpainopathy

a diverse group of diseases known to be directly caused by genetic variants in one of

the calpain genes. To date, the only ocular calpainopathies are neovascular inflammatory
vitreoretinopathy (N1V) and developmental eye disorders (like microphthalmia,
anophthalmia, coloboma) which induced by variants in CAPN5and CAPN15, respectively

Cysteine proteases
protein-degrading enzymes that share a catalytic mechanism involving a cysteine
nucleophilic residue. All calpains are cysteine proteases

Domain topology

a visual arrangement of a group of proteins’ structural and/or functional units drawn from
the N terminus to C terminus. It is often used to align protein sequences to highlight
conserved and unique regions

Electroretinography
a diagnostic test involving electrodes used in human and mammalian models to measure the
electrical activity of the retina, specifically the cones and rods, in response to a light stimulus

Immune privilege

refers to tissues (e.g., eye, brain, testes, placenta, etc.) that exhibit a reduced inflammatory
immune response compared to the rest of the body. In particular, the eye limits its
inflammatory immune response to protect vision from edema and tissue changes associated
with inflammation

Necrosis
another mechanism of cell death once believed to be less regulated compared to apoptosis
now known to be modulated by receptor-interacting protein kinases (RIPKSs)

Neovascularization
the growth of local blood vessels, often in response to ischemic conditions, that are prone to
leaking which causes further inflammation

Peptidomimetics
synthetic peptide analogs designed to mimic natural peptide structures/functions for drug
discovery and therapeutic purposes

Phototransduction
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a process that converts light into electrical potential in the rod cells, cone cells and
photosensitive ganglion cells of the retina
Proteomics
the large-scale study of high-density protein datasets to track the expression, interaction, and
modifications of proteins in a given organ or region of interest. Ocular proteomics often
involve the investigation of proteomes within the vitreous or aqueous humor
SCRNA-seq
single-cell RNA sequencing is a high-resolution, genomic technique used to cluster distinct
cell types in a tissue of interest based on their uniqgue mMRNA expression profiles
Transgenic
a genetically modified or engineered organism with DNA from an external organism.
Transgenic animal models are often used to simulate genetic diseases
Vitreous
a clear, gel-like fluid that maintains the eye’s shape and integrity by occupying the space
between the lens and the retina
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Clinician’s Corner

Calpains are a diverse family of calcium-dependent intracellular proteases
that mediate a multitude of physiologic and pathologic processes through
limited proteolysis, whereby they modulate, rather than destroy, their protein
targets.

Calpain-related diseases have a considerable impact on public health.
Calpains are involved in a multitude of neurodegenerative and systemic
diseases where calcium homeostasis is perturbed (e.g., Alzheimer’s,
cardiovascular and cerebral ischemia, diabetes, retinal degeneration, and
malaria). Although some of these disorders are inherited, many are attributed
to environmental and lifestyle factors. In particular, the neural retina is highly
susceptible to aberrant calpain activation due to the high resting intracellular
calcium concentrations in photoreceptors.

Several animal models of ophthalmic disorders related to elevated calpain
activity have been generated (e.g., retinitis pigmentosa, neovascular
inflammatory vitreoretinopathy, and diabetic retinopathy). These model
organisms provide an ideal system to test calpain activity and therapeutic
inhibition due to the ability to deliver drugs locally via intraocular injection.

Despite differences in domain architecture and function among calpains, the
three-dimensional structure of the protease core domain is highly conserved,
making the generation of specific therapeutic inhibitors targeting the active
site challenging. Therefore, a more detailed understanding of the structural
and functional diversity among the non-catalytic domains of calpains may
provide better insight into how to target specific isoforms. Nevertheless,
global calpain inhibition may also allow for broader treatment of calpain-
related diseases in the eye.
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Box 1.
Inherited retinal degenerations and calpain-mediated cell death.

Inherited retinal degenerations (IRD) encompass a diverse group of ocular diseases,
including achromatopsia (OMIM #216900) and retinitis pigmentosa (RP; OMIM
#268000), characterized by progressive photoreceptor loss. Achromatopsia is clinically
characterized by loss of color vision, which indicates defective cone photoreceptors
[136]. The clinical hallmark of RP is a “‘bone spicule’ pigmentation in the peripheral
retina attributed to failing rod photoreceptors.

Genetic animal models of achromatopsia (i.e., PDEEC; cone cGMP-specific 3°,5’-
cyclic phosphodiesterase subunit alpha) and RP (i.e., PDE6A [rod cGMP-specific
3’,5’-cyclic phosphodiesterase subunit alpha], PDE6B [rod cGMP-specific 3’,5’-cyclic
phosphodiesterase subunit beta], HO [rhodopsin], and FAM161A) revealed that calpain-
calcium axis dysregulation is a major contributor to the underlying pathogenesis of

these diseases [87—89]. In mouse RP models, cone-photoreceptor-function loss has been
phenocopied with mutations within either rod or cone-specific PDE6 genes (Figure
S2A-B). In these models, mice exhibited photoreceptor death induced by apoptotic
(mediated by CAPN1-induced activation of BCL2 Associated X; BAX, an apoptosis
regulator [90,91]) and necrotic pathways (mediated by CAPN1-induced activation of
apoptosis-inducing factor, AIF [90,91])), increased calpain activity, and CAPN1 or

2 expression [87,89,137-140]. In transgenic RHO-mutant RP models (RHO-p.P23H

and RHO-p.S334ter; Figure S2C), increased calcium-mediated calpain activity led to
CAPNZ1-induced activation of BAX- and AlF-dependent cell-death pathways [87,91,141].
Rhodopsin, encoded by RHO, is a G-protein coupled receptor (GPCR) expressed on
rods that drives visual phototransduction. In RAo-mutant RP rats, intravitreal injection

or topical application with Tat-uCL, a mitochondrial CAPN1 inhibitor, led to inhibited
photoreceptor death and decreased nuclear AlF translocation [44,142]. In corroborating
studies, calpain inhibition using calpastatin also reduced apoptotic cell death [91]. These
results strongly suggest calpains’ association with RP and confirm that calpain inhibition
is a viable therapeutic strategy for IRDs.

Unlike the above-described RP models which predominantly studied CAPNL1 activity,
other studies established an important role for CAPN2 over CAPNL1 in photoreceptor
degeneration [143]. Likewise, the FAM161AMIb/MIL knockout RP mouse model (Figure
S4D) revealed that retinal CAPN2 expression peaks at 1 month of age, and the number
of CAPN2-positive cells declines linearly over time [144]. In this model, stressed
photoreceptors showed increased inflammatory cytokines (e.g., TNF and IL-6), reactive
oxygen (ROS), and reactive nitrogen species (RNS) leading to elevated calcium levels
and calpain activation [145]. Notably, in achromatopsia (CpffZ) mice, CAPN2-driven
retinal cell death peaks in early stages of the disease and delays postnatal development
of cones [138], therefore, CAPN2 might be more critical than CAPN1 in driving

early stages of retinal degeneration. This ambiguity in the role of CAPN1 and -2 in
photoreceptor degeneration warrants further investigation.
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Box 2.
Calpains and gene therapy.

In a proof-of-principle study, a CAPN5-specific, short hairpin RNA post-transcriptionally
silenced target gene expression, effectively reduced CAPN5 expression in neuroblastoma
SH-SY5Y cells [97], suggesting that a gene-silencing strategy could target CAPN5
specifically. Notably, the eyes of CAPN5 knock-out mice appear to function normally,

as evaluated by retina-histology and ERG [56], supporting the concept that eliminating
CAPNS5 expression in the eye would pose little risk for off-target effects. To overcome
gene-delivery hurdles (e.g., large molecular size, immense negative charge, and poor
enzymatic stability), genetic material is often delivered by engineered non-viral or

viral vectors. In most disease contexts, the major challenge of implementing gene
therapy is its immunogenicity: viral proteins, transgene products, unmethylated CpG
DNA in plasmid/bacterial DNA and non-viral vector components can stimulate innate
and adaptive immunity which could lead to severe complications in patients [146].

Local toxicity and immune responses caused by non-viral or viral vectors can be
prevented by using biocompatible materials or selecting less immunogenic viral vectors,
respectively. Moreover, the biology of the eye renders it an ideal system for gene

therapy, it is an immune-privileged organ with a naturally immunosuppressive intraocular
microenvironment (such as blood-retina barriers) [147]. Indeed, recent clinical trials are
proving the safety of gene therapy for retinal diseases, one example being Luxturna
(Spark Therapeutics), an FDA-approved treatment of RPE65-associated inherited retinal
dystrophy [148].
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Outstanding Questions

How can apoptotic and necrotic cell death pathways in calpain-mediated
diseases be further delineated in mammalian models to identify other
biomarkers for targeted therapy?

Using /n vitro methods including structure biology and biochemistry, which
domains (PC, CBSW, PEF, and C2) are most sensitive to calcium binding and
more likely to lead to a calpain-mediated disease?

Which of the specific calpain isoforms are disease-causing?

How can small molecule peptidomimetics be developed as calpain inhibitors
for other systemic, calpain-mediated diseases while minimizing off-target
effects in other organs that are not as compartmentalized as the eye?

Because rapid clearance is common challenge for drugs administered via
intraocular injection, how can calpain inhibitors be developed with sustained
delivery in mind?

How can calpain inhibitors be used synergistically with current ocular
treatments such as anti-VEGF and steroid therapy?

Given the role of CAPN15in causing developmental eye disorders, what
implications should be considered and implemented during prenatal genetic
screening for this gene?

Because calpains are involved in many other systemic and neurodegenerative
diseases, how does knowledge gained from ocular calpain therapeutics
improve the treatment for other organs and diseases?
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Highlights

The eye is an attractive model organ to study molecular therapeutic
interventions for neurodegenerative diseases caused by calpain hyperactivity.

Calcium-mediated calpain hyperactivity is a central molecular mediator
of several ocular diseases, leading to cell death, inflammation, and
neovascularization.

Calpainopathies caused by Mendelian defects in CAPN5 and CAPN15
result in eye-specific diseases, including neovascular inflammatory
vitreoretinopathy and ocular developmental anomalies, respectively.

Novel structure-function studies and translational models of eye disease have
shed light on mechanisms underlying calpain hyperactivity.

Small-molecule calpain inhibitors, protein, peptide and gene-based therapies
are promising avenues of treatment for calpain-mediated ocular diseases,
especially given the eye’s accessibility to targeted molecular therapy.
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Figure 1. Molecular therapeutics in the human eye.
Cross-sectional anatomical illustration of the human eye. Molecular therapies can be

administered via intravitreal injection (e.g., monoclonal antibodies, small molecule
inhibitors, antisense oligonucleotides, CRISPR-Cas9, etc.), subretinal injection (e.g., gene
therapy, CRISPR-Cas9, etc.), or intraocular drug release implants.
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Figure 2. Expression, domain topology, and structural diversity of calpains.
(A) Calpains are predominantly classified based on their domain topology. The protease

core (PC) domain, made up of two sub-domains, is conserved among all classical and
non-classical calpains. Structure-based phylogenetic tree of human calpain (B) PC1, (C)
PC2, (D) CBSW, (E) PEF(L), and (F) related C2 domains (e.g., SYT1, RIMS2, etc.).

The evolutionary distance was inferred using the UPGMA method. The tree is drawn to
scale, with branch lengths corresponding to the Ca RMSD (A) of the pairwise structural
alignments used to infer the phylogenetic tree. Branches are labeled according to the calpain
paralog structures. Superimposition of corresponding domain structures (from AlphaFold)
were used to construct the phylogenetic tree. (G) Single-cell RNA sequencing (scRNA-seq)
data of the human retina (Menon M et al., 2019) was clustered and normalized by The
Human Protein Atlas (bottom panel). Fourteen distinct clusters were identified in the eye
(including bipolar cells, Miiller glia cells, horizontal cells, rods, and endothelial cells).
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However, retinal ganglion cells (RGCs) were excluded from this clustering. Therefore,
another scRNA-seq dataset of the human retina (Yan W et al., 2020) that included RGC
clusters determined by the Broad Institute’s Single Cell Portal was analyzed (top panel).
The scRNA-seq data are represented as a heatmap and display gene expression based on

the fraction of cells with expression (top panel) or on the fraction of highest expression
determined by maximum norm constraints (bottom panel). Black indicates high expression,
purple indicates mid-level expression, and yellow indicates low or no expression. Genes are
separated based on their identification as classical calpains, non-classical calpains or calpain
regulators.
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Figure 3. Calcium-mediated calpain hyperactivity is the central molecular mediator of ocular
diseases.

(A) Ocular diseases have a wide variety of causes (genetic, lifestyle-related, aging,
and/or acute injury) that share an underlying molecular mechanism: calcium-calpain

axis dysregulation. Increased cellular stress and intracellular calcium levels trigger
calpain hyperactivation, which manifests in the eye as cell death, inflammation, and
neovascularization. (B) Calpain involvement in pathologies affecting different anatomical
regions of the eye (e.g., lens, retina, and optic nerve). Representative clinical images of
these disorders are shown compared to a healthy eye. The top row shows two panels
representing a healthy lens (left) and opacified lens (i.e., cataract; right). The next two
rows demonstrate clinical exam findings (i.e., fundus photography and electroretinography)
of calpain-associated retinal disorders: Top left, fundus photo for a healthy retina with
normal vasculature; top middle, early neovascular inflammatory vitreoretinopathy (NIV)
with vitreous haze and cystoid macular edema; top right, retinitis pigmentosa (RP) with
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characteristic bone-spicule pigment deposits; bottom left, Stargardt’s disease demonstrating
atrophic macular changes and diffuse pisciform flecks; bottom middle, diabetic retinopathy
(DR) demonstrating retinal neovascularization and pre-retinal hemorrhages; bottom right,
electroretinogram of an eye effected by Achromatopsia compared to a healthy eye. Under
photopic conditions, cones are observed to be unresponsive in achromatopsia compared

to the normal activity of healthy eyes. The bottom row shows a healthy optic nerve and
another with glaucoma, which has a larger cup-to-disc ratio indicating optic nerve damage.
The bottom right image shows a fetal MRI demonstrating anophthalmia (i.e., absent eye).
Written informed consent to publish clinical images was obtained from all participants
under a Stanford University IRB approved protocol. The NIV image is republished with
permission from Mahajan, et al. (2012).
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Figure 4. In vivo models and pathology of ocular calpainopathies.
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(B)
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Calpains are involved in a large variety of ocular diseases called calpainopathies that

lead to manifestations in (A) neovascular inflammatory vitreoretinopathy (NIV) and

(B) developmental eye anomalies. CAPN5 mutations cause CAPNS5 hyperactivity either
by calcium independent activation or increasing its sensitivity to intracellular calcium
concentrations. There are two reported mouse models of NIV to model CAPN5 mutations—
a lentiviral model and a transgenic model. NIV models were created based on biochemical
findings of five known NIV mutations in the catalytic PC domains that increase CAPN5
catalytic activity: three mutations (p.R243L, p.L244P, and p.K250N) located on the G1
gating loop of the PC2 subdomain (which may impede the G1-loop’s ability to gate
substrate binding thus making it constantly available for target proteolysis [8,28,29]); a
fourth, p.G267S, on the PC2L2 loop (distantly located from the active site suggesting

the mutation works through allosteric effects [55]) and the fifth, p.R289W, located on
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the G2 gating loop (which disrupts a key conserved calpain structural regulatory motif
—the tryptophan “wedge” leading to calcium-independent calpain hyperactivity[149]). A
transgenic CAPN15knockout model to model developmental eye anomalies resulted in
developmental defects such as anophthalmia and microphthalmia.
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Figure 5. In vivo models of chronic ocular diseases and their calpain-associated pathologies.
Calpains are involved in common chronic ocular diseases: (A) cataract, (B) diabetic

retinopathy, and (C) glaucoma. A congenital cataract model using New Zealand Romney
sheep displayed inherited cataract. Cataracts caused by environmental oxidative stress can
be modeled by selenite injection into rats. In both cataract models, CAPN1, CAPN2, and a
lens-specific splice variant of CAPN3 (Lp82) were increasingly activated, which causes
lens opacification. The diabetic retinopathy mouse model is induced by streptozotocin
(STZ) injection, which severely damages pancreatic beta cells to induce hyperglycemia. It
demonstrated increased activation of CAPN5 and CAPN10 as well as increased expression
of CAPNL. As a result, oxidative stress and apoptotic pathways were activated and led to
retinal ganglion cell (RGC) degeneration. Glaucoma murine models employed optic nerve
injury to induce RGC death by activating CAPN1 and its downstream apoptotic pathways.
A multitude of calpain inhibitors were shown to ameliorate the disease phenotypes in these
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/in vivo models. Additionally, knock-out Lp82 mice and knock-out CAPN1 mice exhibited
decreased disease progression.
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