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CAPN3: A muscle-specific calpain with an important
role in the pathogenesis of diseases (Review)
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Abstract. Calpains are a family of Ca**-dependent cysteine
proteases that participate in various cellular processes. Calpain 3
(CAPN3) is a classical calpain with unique N-terminus and
insertion sequence 1 and 2 domains that confer characteristics
such as rapid autolysis, Ca**-independent activation and Na*
activation of the protease. CAPN3 is the only muscle-specific
calpain that has important roles in the promotion of calcium
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release from skeletal muscle fibers, calcium uptake of sarco-
plasmic reticulum, muscle formation and muscle remodeling.
Studies have indicated that recessive mutations in CAPN3
cause limb-girdle muscular dystrophy (MD) type 2A and other
types of MD; eosinophilic myositis, melanoma and epilepsy
are also closely related to CAPN3. In the present review, the
characteristics of CAPN3, its biological functions and roles in
the pathogenesis of a number of disorders are discussed.
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1. Overview of CAPN3

Discovery. In 1989, Sorimachi et al (1) discovered a molecular
clone named p94 that encodes a novel calcium-dependent
protease comprising 821 amino acid residues with a rela-
tive molecular mass of 94 kDa. In 2013, p94 was renamed
calpain 3 (CAPN3) (2), or calcium-activated neutral protease,
by the American Association of Experimental Biology.
In humans, CAPN3 is located in the chromosomal region
15q15.1-g21.1 (3). Mainly expressed specifically in skeletal
muscle (1), the mRNA of CAPN3 has also been detected in
the early embryonic heart, but it will gradually disappear from
the ventricular area, and finally, only the transcript of CAPN3
is present (4,5). In addition, CAPN3 is also expressed in the
cytoplasm and nucleus of neuron-like PC12 cells, as well as in
rat astrocytes and in the brain of Microcebus (6,7).

Structure.So far, the calpain family has 16 members, including
classic calpains and non-classical calpains (summarized in
Fig. 1). As a classic calpain, CAPN3 exhibits a large subunit
containing four domains (I-IV). Domain I is distinctly
different from the other domains. Domain II is a conserved
cysteine protease domain comprising protease core domain 1
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(PC1) and PC2 that confer protease activity. Domain III,
also known as the calpain-type [-sandwich domain (CBSW
or C2L), is responsible for protein structural changes upon
CAPN3 activation. Domain IV, or the penta-EF-hand (E,
E-helix; F, F-helix) (PEF) domain, mainly participates in
calcium ion binding and CAPN3 homodimerization. The
sequences of domain IT and IV in CAPN3 are homologous
with those in other calpains (1).

In particular, CAPN3 contains three additional insertion
sequences, namely the N-terminus (NS), insertion sequence 1
(IS1) of PC2 and IS2 between CBSW/C2L and PEF (L) (8).1S1,
which interrupts the protease core, must be cleaved in order to
be activated for substrate binding (9). The PEF domain is where
four Ca®* bind at positions 1, 2, 3 and 5 of EF-hand to promote
CAPN3 homodimerization. In calpain, EF5 is used to form
dimers independently of Ca?* (10,11). In CAPN3, the addition
of a CBSW domain at the NS enhances its trimer-forming
properties. Therefore, CAPN3 actually forms a homotrimer.
Although PEF domain deletion has been observed to abolish
trimer formation, insertion of the CAPN3-specific sequences
NS, IS1 and IS2 had no impact (12). Small subunits are not
present in CAPN3 (1) (summarized in Fig. 1).

Various splice variants. There are numerous different splice
variants of CAPN3 (summarized in Fig. 2), such as Lp82
that is expressed in the cytoplasm of the lens, cortex and
nuclear fibers of rodents (lack of exons 6, 15 and 16) (13,14),
Lp85 (Lp82+IS3) that is expressed in the lens (15), Rt88
(Lp82+IS1) that is expressed in the retina and numerous
other isoenzymes (with deleted exons 6, 15 and 16) that are
expressed in the embryonic muscles (16,17). The cDNAs of
CAPNB3 variants are highly conserved and the differences
in their expression patterns may be related to the function
of each variant in specific tissues or different species (18).
The IS1, IS2 and NS sequences that are either inserted or
deleted in CAPN3 variants endow CAPN3 with numerous
characteristics that are different from those of the original
CAPN3.

2. CAPN3 activation and inhibition

Platform element for inhibition of autolytic degradation
(PLEIAD), also known as SUMO-interacting motif-containing
protein 1/chromosome 5 open reading frame 25, is a
multi-SUMO protein that is mainly located in the cytoplasm
and occasionally in the sarcomere I zone. Studies have indi-
cated that PLEIAD is a novel CAPN3 binding protein. The
C-terminal N2A titin of PLEIAD, which is highly conserved
in vertebrates, is able to inhibit the activity of CAPN3. The
N-terminus of PLEIAD is able to bind to co-transcription
factor C-terminal binding protein 1 (CTBPI) and CTBP1
is proteolyzed and functionally modified in COS7 cells
expressing CAPN3. Other than CAPN3 inhibition, PLEIAD
also has a role in CAPN3 substrate recruitment. Hence,
PLEIAD is a novel CAPN3 regulator (19).

Calmodulin (CaM), a known calcium signal transducer,
is able to bind CAPN3 at two sites located in the C2L
domain to activate CAPN3 autolysis. CaM may also promote
CAPN3-mediated cleavage of substrate titin in vivo. Therefore,
CaM is the first positive regulator of CAPN3 autolysis (20,21).

3. Features of CAPN3

Autolysis. Since CAPN3 contains specific sequences NS, IS1
and IS2 that are not present in other calpains or proteases,
CAPN3 exhibits unique characteristics. For instance, the
complete autolysis of CAPN3 is rapid and is independent of
Ca?* activation (22). CAPN3 is so far the only intracellular
enzyme that relies on Na* activation.

The half-life of CAPN3 in vitro is <10 min and its fast autol-
ysis rate is attributed to the presence of IS1 and IS2 (23). Under
normal physiological conditions, CAPN3 undergoes intramo-
lecular dissolution, producing a nick with its IS1 sequence. As
autolysis continues, CAPN3 begins to hydrolyze exogenous
substrates. The IS1 sequence then forms numerous small frag-
ments and the remaining part constitutes the two achiral Ca**
binding sites in the active center (24,25). Subsequent proteol-
ysis of IS2 eventually inactivates CAPN3 (26). In the presence
of IS1, the autolysis of CAPN3 is unable to be prevented even
by calpain inhibitors. Binding between N2A connectin frag-
ment and CAPN3 has been observed to inhibit IS2 proteolysis
and subsequent dissociation of CAPN3 fragments (27).

Compared with other classical calpains, due to the pres-
ence of the PC2, CBSW and PEF domains, the required Ca*
concentration for CAPN3 autolysis is only 0.1 mM with a
normal physiological Na* concentration in cells. The required
Ca* concentration for CAPN3 activation is lower than that for
other classical calpains (28,29).

In addition, CAPN3 may be activated by Na* in vitro at a
required Na* concentration of 100 mM. Calcium binding site 1
(CBS-1) in PC1 is the binding site for Na*. In the absence of
IS1 and IS2, CAPN3 loses its Na* dependency (30). Therefore,
the dependence of CAPN3 to Na* requires synergy between
CBS-1, IS1 and IS2.

Regain of activity after inactivation. The rapid and continuous
autolysis nature and the instability feature of CAPN3 allow
CAPN3 to regulate its own activity (summarized in Fig. 3).
Studies have indicated that intramolecular complementation
(iMOC) between the two autolytic fragments of CAPN3
(N and C terminus) enables CAPN3 to regain the activity
of the active core protease domain (31). Under appropriate
conditions, the use of autolyzed fragments containing CAPN3
wild-type amino acid sequence through iMOC has been
indicated to enable two different CAPN3 mutant molecules to
amend each other, so that part of the CAPN3 mutant activity
is restored (31,32).

4. Physiological function

Calpainis a ‘regulatory protease’ that requires Ca** for function
in cells. It processes substrates through limited and specific
proteolysis to facilitate Ca** signal transduction and regulate
various protein functions in cells (33). CAPN3 is the only
muscle-specific member of the calpain family. It is expressed
in the myofibril, cytoplasm and triad components of skeletal
muscle (34). In resting human skeletal muscle, most (87%)
CAPN3 is expressed in myofibrils and only a small propor-
tion (<10%) exists in an autolyzed state (35). The biological
function of CAPN3 is closely related to its location in the cell.
Nuclear localized CAPN3 is related to cell survival (7,36),
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Figure 1. Structure of the human calpains. The calpains presented in red are predominantly expressed in specific tissues or organs, while those in black are
more widely expressed. The major difference in the structure of CAPN3 is that it contains three additional insertion sequences, namely NS at the N-terminus,
IS1 of PC2 and IS2 between CBSW/C2L and PEF (L). Small subunits are not present in CAPN3. CAPN3, calpain 3; GR, Gly-rich domain; MIT, micro-
tubule-interacting and transport motif; Zn, zinc-finger motif; SOH, small optic lobes product homology domain; 1Q, calmodulin-interacting motif; NS,
N-terminus; IS1, insertion sequence 1; PC1, protease core domain 1; PEF, penta-EF-hand (E, E-helix; F, F-helix); CBSW/C2L, calpain-type (-sandwich.

while CAPN3 localized in the cytoplasm may be related to the
control of cell motility or skeletal plasticity (37,38). CAPN3
has both proteolytic and non-proteolytic functions.

CAPN3 promotes calcium release of skeletal muscle fibers
and calcium uptake of sarcoplasmic reticulum. The triad is
the structural component of the muscle responsible for calcium
transport and excitation-contraction coupling. Aldolase is also
present as one of the components in muscles rich in triads.
Glycolytic enzyme aldolase A (AldoA) is the binding partner
of CAPN3. CAPN3 is able to degrade AldoA, but AldoA is
not the body substrate of CAPN3. Aldolase and CAPN3 are
able to interact with ryanodine receptor (RyR) to form the
main calcium release channel. Compared with the wild-type,
the levels of AldoA and RyR associated with the triplet in
CAPN3-deficient muscle are decreased; hence, CAPN3
helps maintain the integrity of the triplet in skeletal muscle,
which then promotes the release of calcium from muscle
fibers (39,40).

The Na*-Ca”* exchanger isoform 3 (NCX3) is also
expressed in the triad of skeletal muscle. A number of studies
have indicated that NCX3 is associated with the increased
Ca?* content in the sarcoplasmic reticulum. CAPN3 is able to
increase the activity of NCX3, but only the NCX3-AC variant,
which is mainly expressed in the skeletal muscle, is sensitive to
calpain. Increased intracellular levels of Ca** ([Ca?!]i) or [Na'li

significantly increase cellular Ca** uptake through the reverse
mode of NCX3 ingestion. Exercise causes excitation-contrac-
tion uncoupling, NCX3 increases the uptake of Ca** and
supplements Ca** in the sarcoplasmic reticulum (41).

CAPN3 promotes muscle formation and muscle remodeling.
CAPN3 mRNA is expressed at high levels in muscles (42).
CAPNS3 is distributed in the amorphous plaques of myoblasts,
the area close to the myotube nucleus, the adhesion plaques
and stress fibrous structures of myotubes and the filaments of
fibroblasts (43). CAPN3 is located in the Z line and N2 line
regions of the sarcomere by binding to its chaperone protein
titin (33). The most characteristic function of CAPN3 is that
it is located in the sarcomere. CAPN3 is an important protein
required for muscle formation and a prerequisite for main-
taining normal muscle function (42).

Muscle formation. CAPN3 is mostly inactive in muscles. It
may be activated by autolysis in the active site to destroy the
cytoskeleton of actin. By lysing several endogenous proteins,
the sarcomere and sarcomere components are lysed; this may
enhance the adaptability of muscle cells to external and/or
internal stimuli. Titin and filamin C, substrates of CAPN3,
are co-localized in multiple locations within the cytoskeleton
structure in the body (38). Therefore, CAPN3 is a muscle cyto-
skeleton regulator.
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Figure 2. Representative CAPN3 isoforms generated by alternative splicing of CAPN3. Lp82, lack of exons 6, 15 and 16; Lp85, Lp82+IS3; Rt88, Lp82+IS1.1S3,

insertion sequence 3; CAPN3, calpain 3; PEF, penta-EF-hand (E, E-helix; F, F-helix); NS, N-terminus; IS1, insertion sequence 1; PC1, protease core domain 1;
C2L, calpain-type B-sandwich.
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Figure 3. Regulation of CAPN3 activity. (1) Translated FL-CAPN3 (FL-CAPN3) is activated by physiological Na*/Ca?* and CaM; (2) FL-CAPN3 undergoes
intramolecular dissolution and the IS1 sequence produces a nick (but not dissociated), which is nFL-CAPN3; (3) N31K and C58K are dissociated from each
other; () N31K and C58K were recombined into active CAPN3 (iMOC-CAPN3) by iMOCTI, and its location and function were completely different from
FL/nFL-CAPN3; (5) N31K /C58K and full-length CAPN3 reorganization by iMOC2-N/C to restore partial activity; (6) The IS2 and other sites in nFL-CAPN3
undergo further autolysis and the recombined iMOC-CAPN3 enters the next round of autolysis, and will eventually be inactivated; (7) PLEIAD is able to
bind to FL-CAPN3 and inhibit CAPN3 activity through its C-terminus. FL-CAPN3, full-length calpain 3; nFL-CAPN3, nick full-length CAPN3; PEF,
penta-EF-hand (E, E-helix; F, F-helix); NS, N-terminus; ISI, insertion sequence 1; PC1, protease core domain 1; CBSW, calpain-type B-sandwich; iMOC,
intramolecular complementation; PLEIAD, platform element for inhibition of autolytic degradation; CaM, calmodulin.

As a scaffold protein, CAPN3 may have a role during order to eliminate the interaction between FLNC and - and
the early stages of myogenesis. Muscle-specific filamin C  y-glycans, while the FLNC-sarcoglycan interaction may have
(FLNC) is a candidate substrate of CAPN3. The C-terminus  a regulatory effect on CAPN-mediated myoblast fusion (44).
of FLNC binds to the cytoplasmic domain of 8- and y-glycans. ~ M-cadherin has a role in the fusion of myoblasts. CAPN3
CAPN3 cleaves the C-terminus of FLNC in living cells in  is able to cut M-cadherin and pB-catenin. In the absence of
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CAPN3, M-cadherin and (-catenin accumulate abnormally
on the myometrial membrane, while myoblasts and myotubes
continue to fuse, which may inhibit muscle differentiation
steps, such as integrin complex body rearrangement and sarco-
mere assembly, inhibiting the formation of sarcomere (45).
Therefore, down-regulation of CAPN3 leads to a decrease
in the number of muscle cells and in the size of myotubes
formed (43).

Muscle remodeling. During the development of myoblasts into
fully differentiated myotubes in vitro, a number of ‘reserve
cells’ are maintained. These reserve cells are closely related to
satellite cells responsible for muscle regeneration. The level of
endogenous CAPN3 mRNA expressed in the reserve cells is
higher than that of proliferating myoblasts. CAPN3 is able to
decrease the transcriptional activity of MyoD, a key myogenic
regulator, through proteolysis in a manner that is independent
of the ubiquitin-proteasome degradation pathway, participate
in the establishment of the reserve cell bank and promote the
renewal of satellite cell compartments (46). The expression of
CAPN3 mRNA after muscle injury (denervation-devascular-
ization) is related to the muscle wet weight ratio. CAPN3 is
upregulated from day 7 to 14 in order to promote satellite cell
renewal by inhibiting cell differentiation. CAPN3 is decreased
significantly from day 14 to 28 in order to promote myoblast
differentiation in L6 cells and enhance the recovery function.
Isoforms lacking exon 6 dominate the early regeneration
process (47,48).

Substrates of CAPN3 are divided into two major functional
categories: Metabolic substrates and myofibrils, including
myosin light chain 1 (MLC1). CAPN3 has a proteolytic effect
on MLCl in vitro (49). Among these substrates, there are three
E3 SUMO ligases belonging to the protein inhibitor of activated
states (PIAS) family. CAPN3 is able to cleave PIAS protein
and negatively regulate the activity of PIAS3 sumoylase. In the
muscle tissue of patients with limb-girdle muscular dystrophy
(MD) type 2A (LGMD2A), SUMO?2 is dysregulated (50).
Therefore, CAPN3, through fast-acting one-way proteolytic
switch, has a significant role in muscle remodeling. CAPN3
also has a role upstream of the ubiquitin-proteasome pathway
by targeting ubiquitination and proteasome degradation.
Increased expression of CAPN3 has been reported to enhance
ubiquitination and promote sarcomere remodeling by cutting
and releasing myofibrillar proteins (51).

In addition, in the triplet, CAPN3 co-localizes with
calmodulin kinase IIf (CaMKIIf). CAPN3 and CaMKIIp
have a role in gene regulation during adaptive endurance exer-
cise. Muscles of CAPN3 knockout mice (C3KO) have been
reported to exhibit decreased triplet integrity and weakened
CaMKIIP signaling. After atrophy induction, it has been indi-
cated that C3KO muscles were unable to activate CaMKIIP
signaling and inducible heat shock protein 70, and that the
expression of cell stress-related genes remained unchanged;
hence the inflammatory response required to promote muscle
recovery was absent. Meanwhile, C3KO muscles have been
indicated to exhibit decreased immune cell infiltration and
decreased expression of myogenic genes (34). In patients with
severe LGMD?2A, recent muscle regeneration determined by
the number of neonatal myosin heavy chain/vimentin-positive
fibers was significantly decreased. Compared with those in
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patients with residual CAPN3, the signs of abnormal regen-
eration of spiral fibers were highly enhanced in patients with
complete CAPN3 deficiency (52). Therefore, during sarcomere
remodeling, CAPN3 is necessary for the muscle regeneration
process.

Promotion of neurodegenerative processes. The IxkBa/nuclear
factor-kB (NF-kB) signaling pathway is related to cell apop-
tosis and it regulates the process of neurodegeneration by
direct alteration of gene expression in neurons. Loss of CAPN3
proteolytic activity has been observed to severely interfere
with the IkBa/NF-xB pathway (53). On the contrary, when
CAPN3 is activated, the IkBa/CAPN3 complex is formed.
Increased levels of calpain-dependent IxBa cleavage products
in the nucleus subsequently stimulate the activation of nuclear
CAPN3-like proteases in neurons and calpain-dependent cell
death. The proteolysis of IkBa, which activates the [kBa/NF-«xB
pathway, promotes neurodegenerative processes (7).

A role in astrocyte plasticity and/or motility. Most astrocytes
in the brains of rats and Microcebus co-express glial fibril-
lary acidic protein (GFAP), which is an ubiquitous target of
calpain in vitro (54). GFAP is necessary for the movement of
astrocytes (55). CAPN3 is located in the cytoplasm of astro-
cytes, where GFAP is closely related to CAPN3. In addition,
cells expressing GFAP and CAPN3 are particularly common
in the sub-ventricular zone (SVZ) and SVZ astrocytes are
actually the progenitor cells of stem cells that produce new
neurons (56). Therefore, CAPN3 may have a role in astrocyte
motility or cytoskeletal plasticity (6).

5. CAPN3 in diseases

Since calpain participates in various physiological processes
in cells, dysregulation of CAPN3 may cause different diseases
(Table I), such as MD, myositis or epilepsy.

Muscular diseases

MD. MD is a group of muscular diseases caused by genetic
factors characterized by progressive muscle weakness and
degeneration of muscles that govern exercise. A common path-
ological feature is muscle atrophy accompanied by hyperplasia
of fibrous tissue and adipose tissue. MD has a high degree of
genetic heterogeneity characterized by autosomal dominant or
recessive inheritance of genes (57). CAPN3 is closely related
to the occurrence of a variety of MD.

LGMD2A. LGMD2A is the most commonly diagnosed type
of LGMD, accounting for 30-40% of all LGMD cases (58).
LGMD2A is caused by a recessive mutation in CAPN3. So far,
>500 mutation sites have been reported. Different pathogenic
CAPN3 mutations include missense mutations, frameshift
mutations, nonsense mutations, deletions/insertions, splice site
mutations and single mutations. Among them, missense muta-
tions that are distributed along the entire CAPN3 gene are
most common (59-64). These mutations have been observed
to weaken CAPN3 proteolytic activity by affecting the protein
inter-domain interactions, decrease CAPN3 autocatalytic
activity by lowering its affinity towards Ca*, cause complete
or partial loss of CAPN3 protein (62,65-67) or result in changes
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A, MD

Disease Protein expression® Gene mutation® (Refs.)
Limb-girdle MD type 2A Normal or low expression Mutation (59-69)
Limb-girdle MD type 2B Low expression Mutation (86,87)
Limb-girdle MD type 2J Low expression - (89,90)
Tibial MD Low expression - (89,90)
Duchenne MD Low expression - o1
Facioscapulohumeral MD Overexpression Mutation (92-94)
Ullrich congenital MD Low expression - 95)
B, Other diseases

Disease Protein expression Gene mutation (Refs.)
Idiopathic eosinophilic myositis - Mutation (96)
Inclusion body myositis Low expression - (97,98)
Rhabdomyolysis syndrome Low expression - (99,100)
Melanoma Overexpression - (101-106)
Epilepsy - Mutation (107,108)
Alzheimer's disease Uncertain - (111)
Diabetes Uncertain - (112,113)
Cardiovascular diseases - Mutation (114,115)
Vitiligo Overexpression - (116)
Age-related cataract Overexpression - 117)

*Not all diseases have clear protein expression changes and gene mutations. MD, muscular dystrophy.

of other characteristics of CAPN3. For instance, D705G and
R448H mutations affect the ability and stability of CAPN3 to
bind titin in vitro (68,69). These mutations have been reported
to cause skeletal muscle Ca®* imbalance (70,71), abnormal
muscle adaptation (72,73), sarcomere disorder (74,75), oxida-
tive damage (23,76), mitochondrial abnormality (42,77) and
impaired muscle regeneration (77,78) (summarized in Fig. 4),
which then lead to inflammation, necrosis, fibrosis, atrophy
and progressive muscle degeneration. All these complications
are the characteristics of LGMD2A.

Dysregulation of Ca?* in the skeletal muscles is a poten-
tial event of MD, including LGMD?2A (71,79,80). As one of
the constituents of the triplet, the absence of CAPN3, which
destroys the triplet integrity, decreases the release of Ca** in
the skeletal muscles. CAPN3 deficiency also leads to degra-
dation and dysfunction of skeletal muscle sarco-endoplasmic
reticulum Ca**-ATPase 1 and 2 proteins, resulting in impaired
Ca?* homeostasis in human myotubes (79) and NCX3 dysfunc-
tion, causing impaired reticular Ca** storage (41).

CAPN3 knockout studies have indicated that Ca**/calmod-
ulin-dependent protein kinase II (Ca-CaMKII)-mediated
signal transduction is impaired (81), which not only decreases
the slow muscle fiber phenotype and the fast muscle fiber
phenotype (82,83), but also lowers the level of p38 MAPK
activation. Eventually, the level of peroxisome proliferator-acti-
vated receptor-y coactivator-lo. (PGCla; a transcriptional

co-regulator that coordinates muscle adaptive response) is
decreased, leading to the decreased levels of transcription
of genes involved in muscle adaptation (40). In addition, the
loss of CAPN3 protease activity has been observed to impair
the upregulation of muscle ankyrin repeat protein 2 and hsp,
causing stress and muscle degeneration in skeletal muscles.
Exercise has been indicated to exacerbate this change (73).
In the end, long-term failure of muscles to adapt and reshape
causes the occurrence of LGMD2A.

In addition, a multi-protein complex comprising CAPN3
and cardiac myotonic repeat protein (CARP) is present in the
N2A region of the sarcomeric protein titin. CAPN3 regulates
CARP subcellular localization by cleaving the N-terminus of
CARP. The higher the activity of CAPN3, the more impor-
tant is the retention of CARP's sarcomere. Overexpression of
CARP decreases the DNA binding activity of NF-«B p65, a
factor that exhibits anti-apoptotic effects. CAPN3 is unable
to decrease the inhibitory effect of CARP on NF-«B, which
may decrease the survival rate of muscle cells (84). In addi-
tion, the activity of anti-apoptotic factor cell FLICE inhibitor
protein (c-FLIP) depends on the NF-xB pathway in normal
muscle cells. CAPN3 is involved in regulating the expression
of c-FLIP. CAPN3-dependent IkBa is expressed after NF-xB
activation (75). In the muscle cells of patients with LGMD2A,
NF-«B is activated under cytokine induction in the absence of
CAPN3, IxBa accumulation prevents nuclear translocation of



{2] SPANDIDOS
&y PUBLICATIONS

Impaired the
opregulation of

INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 48: 203, 2021 7
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Figure 4. Schematic diagram of the pathogenic mechanism of CAPN3 deficiency. CAPN3 deficiency results in reduced levels of RyR1, SERCA, CaMKII and
CARP, decreased NCX3 activity and impaired upregulation of MARP-2 and HSP, causing Ca®* imbalance and compromise Ca-CaMKII and NF-xB down-
stream signaling pathways, which may lead to impaired gene transcription, mitochondrial abnormalities, oxidative damage and altered fiber phenotype. This
eventually leads to abnormal muscle adaptation, myocyte apoptosis and impaired regeneration. Among these mechanisms, there are multiple feedback loops.
Black arrows indicate a decline. CAPN3, calpain 3; RyR, ryanodine receptor; NCX3, Na*-Ca** exchanger isoform 3; SERCA, sarco-endoplasmic reticulum
Ca?-ATPase; Ca-CaMKII, Ca**/calmodulin-dependent protein kinase IT; CARP, cardiac myotonic repeat protein; MARP-2, muscle ankyrin repeat protein 2;
HSP, heat shock protein; PGCla, peroxisome proliferator-activated receptor-y coactlvator-1a; c-FLIP, cell FLICE inhibitor protein.

NF-kB, the NF-xB pathway is dysregulated, c-FLIP expres-
sion is downregulated, and finally, cell apoptosis and muscle
shrinking occur (74,75).

CAPN3 deficiency may also weaken the antioxidant defense
mechanism of skeletal muscles in LGMD2A patients [super-
oxide dismutase (SOD)-1 and nuclear factor erythroid-2-related
factor 2, but not SOD-2], as well as increase lipid peroxidation
and protein ubiquitination, causing obvious oxidative damage
and redox imbalance (76).

Muscles of C3KO induced by cardiotoxin have too many
lobulated fibers belonging to the type of oxidative metabolism,
increased connective tissue, insufficient muscle energy and no
increase in mitochondrial content, PGC-1a. and ATP synthase
subunit 9 transcripts, resulting in significant TGF-f3 tran-
scription level increases with microRNA dysregulation, and
the radial growth of muscle fibers is weakened, Akt/mTOR
complex 1 signaling is disturbed, this signal is uncoupled from
protein synthesis, and in C3KO myoblast cultures, myotube
fusion is defective (77), so that healthy sarcomere cannot be
reconstructed. This is the pathogenesis of abnormal muscle
regeneration in patients with LGMD2A.

Although the symptoms of most patients with LGMD2A
are usually uniform, studies have indicated that, compared
with homozygous missense mutations, compound heterozygous
mutations (such as pG222R/pR748Q) have a compensatory
effect and that the presence of ‘molecular complementation’ may
rescue a certain amount of the proteolytic activity of CAPN3,

resulting in an exceptionally benign phenotype (32). Therefore,
the severity and progression of the disease are dependent on
different gene mutations.

LGMD?2B. Mutations in dysferlin (DYSF) are responsible
for LGMD2B. DYSF is absent or minimally expressed
in the muscle tissues of patients (85). DYSF is thought to
have a role in membrane repair. CAPN3 and recombinant
desmoyokin (AHNAK; a protein involved in subsarcolemmal
cytoarchitecture and membrane repair) coexist in the DYSF
protein complex. In skeletal muscle cells with normal CAPN3
expression activity, the expression of AHNAK is decreased;
conversely, in cells without CAPN3 expression, the expression
of ANHAK is increased. Furthermore, cleaved fragments of
AHNAK by CAPN3 lose their affinity for DYSF in skeletal
muscles. Therefore, CAPN3 is a modulator of the DYSF
protein complex in skeletal muscles (86). The expression of
CAPN3 in the skeletal muscles of patients with LGMD?2B is
decreased. Further analysis has indicated missense mutations
in CAPN3 that change the amino acids of CAPN3 into the
amino acids present in CAPNI and CAPN2 (87). Therefore,
CAPN3 is associated with the onset of LGMD2B, but the
specific mechanism exerted by CAPN3 in LGMD?2B requires
further exploration.

LGMD2J and tibial MD (TMD). Titin C-terminal mutations
in the M-band of striated muscles may cause LGMD?2J and
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TMD (88). CAPN3 binds titin at the C-terminus and uses it as
a substrate in vitro. There are several CAPN3 cleavage sites in
the C-terminus of titin. Hydrolysis of titin at the C-terminus by
CAPN3 may have an important role in normal muscles (89).
Titin C-terminal mutations lead to the loss of binding site
for CAPN3 and also to the lack of CAPN3 in muscle (89,90).
Therefore, CAPN3 is involved in the pathogenesis of LGMD2J
and TMD.

Duchenne MD (DMD). DMD is a lethal X-linked muscle
disease caused by defective expression of cytoskeletal protein
dystrophin (Dp)427. Certain retinal neurons express Dp427
and/or the short subtype of dystrophin. Therefore, patients
with DMD may also experience specific visual defects. A
study that analyzed whether the lack of Dp427 affects the late
development of retina in mdx mice (the most in-depth study
of DMD animal models) indicated that, compared with that of
age-matched wild-type mice, the expression of genes E18-P5
and P5 that encode proteins related to retinal development and
synaptogenesis, including CAPN3, is transiently decreased in
mdx mice (91).

Facioscapulohumeral MD (FSHD). FSHD is a muscle disease
related to the loss of heterozygous D4Z4 on chromosome
4q35. In previously reported atypical cases, DNA analysis
of patients indicated that the loss of 4q35 is associated with
heterozygous CAPN3 mutations (92,93). Overexpression of
FSHD region gene 1 (FRG1) may disrupt muscle development
and cause FSHD-like phenotypes. FSHD may also be related
to splicing. FRGI is related to RNA-binding fox-1 homolog 1
(Rbfox1) RNA and may reduce its stability. Rbfox1 is down-
regulated in mice with high FRGI expression and in patients
with FSHD; on the contrary, CAPN3 subtypes lacking exon 6
(CAPN3 E6) were increased. Rbfox1 decreased and CAPN3
E6 overexpression inhibited muscle differentiation. Therefore,
FSHD is caused by FRGI overexpression, decreased Rbfox1
expression and high CAPN3 protein expression through
misplaced splicing (94).

Ullrich congenital MD (UCMD). UCMD is a common MD
caused by abnormality of COL6A2 that leads to a defect in
collagen VI. UCMD is characterized by unequal muscle fiber
size and loss of muscle mass, as well as hyperplasia of connec-
tive tissue and adipose tissue. Studies have indicated that the
expression of CAPN3 mRNA is decreased in patients with
UCMD and that the downregulation of CAPN3 is related to
altered nuclear immunolocalization of NF-kB. The weakening
of CAPN3 and NF-«B signal transduction may cause muscle
cell reduction and mass loss (95), but the exact mechanism
remains to be elucidated.

Other diseases

Idiopathic eosinophilic myositis (IEM). EM is frequently
related to parasitic infections, systemic diseases, drugs or
L-tryptophan intake. When these causes can be excluded,
the pathology is IEM. A study has indicated that CAPN3
is a candidate gene associated with IEM, which has an
autosomal recessive inheritance pattern. Idiopathic patients
have the following characteristics: i) EM in the first decade;
ii) elevated serum creatine phosphokinase levels (isolated or

no corresponding weakness); and iii) increased peripheral
blood eosinophils (96); its pathogenesis is related to mutation
of CAPN3. Further studies that focus on the physiological
functions of CAPN3 in skeletal muscles, particularly analyses
of CAPN3 protein and gene in patients, are required to better
understand IEM.

Inclusion body myositis (IBM). IBM is the most commonly
diagnosed primary myopathy in the elderly (97). Disorders of
calcium homeostasis in cardiomyocytes may exacerbate factors
that mediate IBM muscle degeneration. Immune-mediated
membrane damage and/or abnormal accumulation of proteins
may be the cause of calcium disorders in patients with IBM.
Analysis of muscles in patients with IBM indicated that insuf-
ficient expression of CAPN3 mRNA and protein, which is
conducive to proper calcium homeostasis and increased abun-
dance of two CAPN3 substrates (97,98). The pathogenesis of
IBM remains to be clarified and the role of CAPN3 in IBM
remains to be explored.

Rhabdomyolysis syndrome. Rhabdomyolysis syndrome is
a medical emergency caused by exposure to external trig-
gers and may be related to increased genetic susceptibility.
Previously, two patients have been diagnosed with rhabdomy-
olysis syndrome after consuming wild quail meat. Analysis
has indicated that the expression of CAPN3 protein in these
two patients was decreased and that there was no pathogenic
mutation in the CAPN3 gene (99). Another study suggested
that certain patients with underlying genetic diseases (such
as recurrent episodes, a positive family history and high or
persistently increased CK levels) have clear genetic defects and
that CAPN3 may be related to increased genetic susceptibility
to rhabdomyolysis syndrome (100).

Melanoma. Numerous genes involved in intracellular calcium
and G protein signal transduction are highly expressed in mela-
noma, with CAPN3 being one of the most highly expressed
genes (101).

In the process of induction of irreversible growth arrest and
terminal differentiation, and subsequent apoptosis of mela-
noma cells, the expression of CAPN3 variant 6 is inhibited,
but still maintained at a high level. After apoptotic injury, the
high expression of CAPN3 has no critical role in the regulation
of growth dynamics and/or cell viability. It has been suggested
that the upregulation of CAPN3 may not be a pathogenic
factor, but is related to the development of melanoma (102).
Both hMp78 and hMp84 are established new splice variants of
CAPN3. They are localized in the cytoplasm and in nucleoli.
Compared with that in benign melanoma cells, the expression
of these variants is downregulated in malignant melanoma
cells. In A375 and HT-144 cells, hMp78 and hMp84 are over-
expressed. In A375 cells, hMp84 exhibits catalytic activity that
induces p53 stability, regulates the expression of certain genes
related to p53 and oxidative stress and increases the produc-
tion of cellular reactive oxygen species, which then leads to
oxidative modification of phospholipids (F2-isoprostaglandin
formation) and DNA damage, and ultimately decreased cell
proliferation ability and cell death. In HT-144 cells, in addi-
tion to pS3 accumulation, the effects of hMp84 are consistent
with those observed in A375 cells. Therefore, it is thought that
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downregulation of CAPN3 may contribute to the progression
of melanoma (103,104).

CAPN3 is also associated with the invasion of melanoma
cells (105). Compared with that of M14C2/C4 cells with a
low-invasive phenotype, the growth rate of highly invasive
M14C2/MK18 cells is more rapid. In M14C2/MK18 cells, the
expression of CAPN3 is downregulated. Inhibition of CAPN3
activity in M14C2/C4 cells significantly increases the inva-
siveness of M14C2/C4 cells, indicating that downregulation of
CAPN3 promotes malignant melanoma invasion (106).

CAPN3 has a vital role in the development and metastasis
of melanoma, but the underlying mechanism and whether the
specific role of CAPN3 is related to tumor cell types require
further clarification.

Epilepsy. There has been a case report of CAPN3 mutation
in a pediatric case of LGMD with hereditary generalized
epilepsy. It is thought that CAPN3 mutation is related to the
occurrence of hereditary generalized epilepsy (107). Recently,
members of a family were diagnosed with generalized epilepsy
and LGMD phenotypes. It has been determined that patients
with CAPN3 homozygous mutations developed LGMD, while
subjects with CAPN3 heterozygous mutations developed
epilepsy (108). Hence, CAPN3 mutations may have a role in
hereditary generalized epilepsy.

Alzheimer's disease (AD). AD is the most common type
of dementia and its onset and development are related to
specific changes in DNA methylation in affected brain
regions (109,110). Patients with advanced AD frequently lose
the ability to recognize family members. The fusiform gyrus
(FUS) of the brain is important in facial recognition. Studies
have indicated that the expression levels of CAPN3 and other
four characteristic genes are abnormal in FUS and that there
are related changes in the DNA methylome profiles of these
genes (111). Compared with that of currently used clinical
standards, the level of sensitivity of these related methylome
profile changes is higher and may effectively predict the
prognosis of AD.

Diabetes. Obesity is an important factor in the development of
insulin resistance, which is the basis of type 2 diabetes. Studies
have indicated that the expression levels of CAPN3 in skeletal
muscle are positively correlated with carbohydrate oxidation
but negatively correlated with circulating glucose and insulin
concentrations, as well as body fat (112). Another study that
performed fasting (inducing insulin resistance) and refeeding
(reversing insulin) in healthy patients suggested that the
expression of CAPN3 mRNA or protein is unaffected (113).
Further studies are required to explore the association between
CAPN3 and diabetes.

Coronary artery disease (CAD). Lipid homeostasis is closely
related to cardiovascular risk. Although hundreds of loci
associated with blood lipids and related cardiovascular traits
have been identified, there is only a small number of known
genetic links that explore long-term changes in blood lipids.
A genotyping analysis has revealed that there is a variant site
(P=1.2x10%) in CAPN3 that is related to CAD (114). The inte-
gration variation, haplotype and double ploidy of CAPN3 and
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FERM domain containing 5 genes are related to blood lipid
variables (115). Therefore, CAPN3 is associated with blood
lipids and related cardiovascular diseases.

Vitiligo. Vitiligo is a disease that features skin depigmenta-
tion. Its pathogenesis involves factors such as the environment,
genetics and biology of melanocytes. RNA sequencing has
identified CAPN3 as one of the five differentially expressed
genes, with the RNA levels of CAPN3 being significantly
increased (116). Further study of these differentially expressed
genes is required to understand the pathogenesis and disease
progression of vitiligo.

Age-related cataract. Age-related cataracts are related to
degenerative changes that slowly occur in old individuals. In
certain cases, vision is affected by lens opacity. Studies have
suggested that 129a3Cx467 mice are able to form age-related
cataracts, while in the absence of CAPN3, the formation of
cataracts is delayed and the cataract appearance becomes more
diffuse and of the pulverulent type. Analysis has indicated
that CAPN3 is directly involved in the y-crystallin cleavage
pathway; CAPN3 is therefore associated with the formation of
age-related cataracts in a3Cx46™ mice (117). Since age-related
cataract is the leading cause of blindness worldwide, it is
important to better understand its pathogenesis.

6. Conclusions and future perspectives

CAPN3, a member of the calpain family, has certain common
features of calpains, but due to its special structure, it has
complex biological functions, including fast autolysis. To
better understand CAPN3, it is necessary to study the quater-
nary structure, activity and natural substrates of CAPN3,
particularly by using full-length CAPN3 purified protein.

Although certain functions of CAPN3 have been under-
stood, due to its inherent instability, the molecular mechanisms
of its substrate or CAPN3 activation remain elusive. In addi-
tion, iMOC may help regain the activity of the mutant CAPN3,
which in turn helps to partially alleviate LGMD2A caused by
missense mutations in the CAPN3 allele. Therefore, revealing
the physiological significance of iMOC and the molecular
mechanisms of CAPN3 is of great significance.

Existing CAPN3 and disease-related studies have been
helpful in explaining the pathogenesis of associated diseases,
which may facilitate the prediction of disease development
and prognosis, but there is a relatively large number of studies
on LGMD2A and only a small number of studies on other
diseases; its role in numerous diseases remains controversial
and may be further investigated. In terms of treatment, recom-
binant adeno-associated virus (rAAV) that mediates CAPN3
gene transfer and autologous induced pluripotent stem cells
have been used to treat LGMD2A (118,119), both of which
have certain curative effects, but with certain issues, including
the potential immune response caused by the introduction of
rAAV or CAPN3, or the persistence of genes. CAPN3-related
diseases, particularly MD, are genetic-related. The combina-
tion of genetics and biochemical research will help to further
clarify the pathogenic roles of this unusual calpain molecule in
order to provide a basis to facilitate the development of preci-
sion gene and cell therapy in the future.
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In addition, current studies on CAPN3 mainly focus on
skeletal muscle. Although CAPN3 is a skeletal muscle-specific
calpain, is not limited to skeletal muscle due to its diverse
function and damage it causes in humans after mutation,
which requires to be further explored.
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