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CAPNG in disease: An emerging therapeutic target (Review)
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Abstract. As a member of the calpain protein family,
calpain6 (CAPNO) is highly expressed mainly in the placenta
and embryos. It plays a number of important roles in cellular
processes, such as the stabilization of microtubules, the main-
tenance of cell stability, the control of cell movement and the
inhibition of apoptosis. In recent years, various studies have
found that CAPNG is one of the contributing factors associated
with the tumorigenesis of uterine tumors and osteosarcoma,
and that CAPNG6 participates in the development of tumors by
promoting cell proliferation and angiogenesis, and by inhibiting
apoptosis, which is mainly regulated by the phosphatidylino-
sitol 3 kinase (PI3K)/protein kinase B (Akt) pathway. Due to
its abnormal cellular expression, CAPN6 has also been found

Correspondence to: Professor Xihong Li, Department of
Emergency Medicine, West China Second University Hospital,
Sichuan University, No. 20, Section 3, Renmin South Road,
Chengdu, Sichuan 610041, P.R. China

E-mail: lixihonghxey@163.com

*Contributed equally

Abbreviations: CAPN6, calpain6; PI3K, phosphatidylinositol 3
kinase; AKT, protein kinase B; CysPc, calpain-like cysteine protease
sequence motif defined in the conserved domain database at the
National Center for Biotechnology Information (cd00044); PC,
protease core; PCI, protease core domain 1; PC2, protease core
domain 2; C2, conserved domain 2 originally defined for protein
kinase C; CBSW, calpain-type B-sandwich; PEF, penta-EF-hand
(E, E-helix; F, F-helix); GEF-HI, officially known as ARHGEF2;
LGMD2A, limb girdle muscular dystrophy type 2A; UtLMs, uterine
leiomyomas; Racl, Rac Family Small GTPasel; PAK1, p21-activated
kinasel; VEGF, vascular endothelial growth factor; bFGF,
basic fibroblast growth factor; HUVECs, human umbilical vein
endothelial cells; BrdU, 5-bromodeoxyuridine; EDN-1, endothelin-1;
NF-kB, nuclear factor-k-gene binding; ERKI1/2, extracellular
regulated protein kinase 1/2; CSC, cancer stem cells; miRNA/miRs,
microRNAs; HNSCC, head and neck squamous cell carcinoma;
HI, hypoxia-ischemia; WMI, white matter injury; EJC, exon
junction complex; LDL, low-density lipoprotein; YWHAE, tyrosine
3-monooxygenase/tryptophan 5-monooxygenase activation protein,
epsilon polypeptide

Key words: calpain6, cell proliferation, apoptosis, therapeutic target

to be associated with a number of diseases, such as white
matter damage and muscular dystrophy. Therefore, CAPN6
may be a novel therapeutic target for these diseases. In the
present review, the role of CAPNG in disease and its possible
use as a target in various therapies are discussed.
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1. Overview of CAPNG6

Discovery. Calpain is a Ca**-dependent cysteine protease (1).
There have been 16 calpain genes identified to date (2).
In 1997, Dear et al discovered 2 new calpain genes in verte-
brates, one of these being calpain6 (CAPN6) (3), which is also
known as CANPX and calpamodulin (4). CAPNG6 is located
on chromosome Xq23 (5). The mRNA expression of CAPN6
has been identified to be high in the placental chorionic plate,
particularly during embryogenesis with a stronger expression
signaling the somite, the mandibular tissue of the first branchial
arch, developing skeletal muscle, the myocardium, epithelial
cells bordering the fourth ventricle, bronchial epithelial cells,
the tips of lung buds, the sacs of the lungs and kidney (3,6,7).
However, CAPNG6 expression is significantly downregulated
after birth (6).

Structure. Based on the differences in the C-terminal domains
of members within the calpain protein family, calpain is divided
into 2 groups, classic (typical) and non-classic (atypical) (8).
Classic calpains, such as CAPN1,2,3,8,9,11, 12,13 and 14
comprise a large subunit (80 kDa) with catalytic activity and a
small subunit (28 kDa) with regulatory activity (2,4,8). The large
subunit contains 4 domains, namely I, II, IIT and IV. Located on
the N-terminus, domain I is the region where autolysis occurs
when the large subunit is activated by Ca2*, a prerequisite for
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the hydrolysis of calpain. Domain II is the key site for hydro-
Iytic activity with a conserved calpain-like cysteine protease
sequence motif defined in the conserved domain database at
the National Center for Biotechnology Information (cd00044;
CysPc) catalytic region, which consists of 2 protease core (PC)
domains (PC1 and PC2). Related to the conserved domain 2
originally defined for protein kinase C (C2), domain III is
the calpain-type p-sandwich (CBSW) domain that plays
a regulatory role by undergoing conformational changes
during calcium-binding. Domain IV at the C-terminus with
a penta-EF-hand (PEF) is the calcium-binding site (2,9,10).
Moreover, the small subunit contains 2 domains, namely
V and VI. The glycine-rich domain V is a hydrophobic region
where calpain binds to cell membranes or membrane proteins.
Similar to domain IV, the PEF-containing domain VI is the
calmodulin binding region (11).

Non-classic calpains, such as CAPNS, 6,7, 10, 13, 15 and 16
have a different motif that replaces the IV domain (4).
Although most residues of CAPNG6 are highly conserved
among members of the calpain family, it lacks a C-terminal
calmodulin-like domain, and it contains a CBSW domain
instead of a PEF domain at the catalytic subunit (7,12). Due
to the lack of a key active site that contains catalytic cysteine
residues for proteolytic activity, it is believed that the CAPN6
protein may employ different sites for proteolysis. Since the
entire coding region exhibits a significant homology with
TRA-3 that is involved in the sex determination of nematodes,
the C-terminal structure of CAPNG is defined as a forked
C2 domain (also known as domain T) (3,5,13-15), rather than
domain IV (summarized in Fig. 1).

Physiological function. Classic calpain is a highly conserved
protease widely expressed in a number of tissues that partici-
pates in various physiological and pathological processes of
the cell, including cell proliferation, apoptosis, cell migration
and invasion, cytoskeleton remodeling, signal transduction,
etc. (4,16-18).

To date, there are only a few studies available that address
the physiological functions of CAPNG6 protein, even though
CAPNG has a unique structure which may confer a different
functional and regulatory mechanism from that of members of
the classic calpain (7,12,19-21). During cytokinesis, CAPNG is
co-localized to the microtubule structure, including the central
spindle and intermediates. As a microtubule-stabilizing
protein, the domain III of CAPN6 binds to microtubules to
induce stabilization through a non-proteolytic activity (7).
Conversely, the inhibition of CAPNG6 destroys the cytoskel-
etal tissues and the absorption capacity of cells, which then
lowers the microtubule stability, the levels of acetylation and
b3-integrin subunit proteins in osteoclasts, further damages
the factors that regulate osteoclast cytoskeleton function, and
ultimately causes cytoskeleton remodeling (19).

Rac Family Small GTPasel (RaclGTPase) and vimentin
are the key factors for cell movement (22). CAPNG6 inhibits
the activity of RaclGTPase through the interaction with Rho
guanine nucleotide exchange factor GEF-H1 (officially known
as ARHGEF2) in order to control lamellipodial formation and
cell movement (20). The crosstalk between microtubules and
actin as the main cytoskeletal components is essential for cell
migration, diffusion and cytokinesis. Changes in microtubule
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stability have an impact on microtubule-actin interactions and
cell movement (23). Therefore, the inactivation of CAPN6 not
only causes the instability of microtubules, the loss of acety-
lated pB-tubulin, and the reorganization of actin, it also leads
to the formation of lamellipodium, laminar pseudofoot and
laminar folds, which affect the actin tissues, and ultimately
promotes cell movement and diffusion (7,20).

The activity of microtubule cytoskeleton and small
GTPases are the key regulators of muscle cell differentiation
and skeletal muscle development (24,25). CAPNG6 regulates
microtubule dynamics and actin reorganization by affecting
the activity of RaclGTPase. CAPNG is highly expressed in
embryonic muscle. The knockout of CAPN6 gene in mice can
promote the differentiation of the muscle cells into myotubes.
CAPN6 mRNA and CAPNG6 protein can be detected in the
regenerated skeletal muscle of adult mice. Compared with
that of CAPN6"““"* mice, the regenerated skeletal muscle of
CAPNG6"*“?1acZ mice has more nuclei per muscle fiber and a
larger cross-sectional area (21). Therefore, CAPN6 deficiency
can promote skeletal muscle differentiation during skeletal
muscle development and regeneration.

In addition, studies have demonstrated that in uterine leio-
myoma, cervical cancer, osteosarcoma and liver cancer cells,
an increased level of CAPNG6 expression can promote cancer
cell proliferation and inhibit cell apoptosis (12,26-28). In white
matter damage, a decreased level of CAPN6 expression can
promote oligodendrocyte precursor cell apoptosis (29).

Overall, CAPNG plays a role in maintaining cell stability,
in controlling cell movement and diffusion, and in inhibiting
skeletal muscle differentiation and growth. CAPNG6 also plays
an anti-apoptotic role.

2. CAPNG in disease: An introduction

Due to the abnormal protein expression levels, members of the
calpain protein family have been found to be associated with
the development of a number of diseases, such as Alzheimer's
disease, gastric cancer, muscular dystrophy, diabetes, athero-
sclerosis, psoriasis, etc. (30-35). These are common diseases
with a high incidence rate and a significant impact on society.
Based on the different mechanisms involved in the patho-
genesis of diseases, calpain-related diseases can be classified
into 3 categories as follows: Diseases caused or aggravated by
calpain activity, diseases caused by pathogenic microorgan-
isms which use the host and/or their own calpain, and infection
and survival caused by calpain gene defects (36). Calpain
has been demonstrated as an effective therapeutic target for
a number of diseases (37). Treatment strategies include the
inhibition of calpain, such as a-ketoamide inhibitor A-705253
(also known as BSF 419961 and CAL 9961) in treating
Alzheimer's disease; and the activation of calpain (direct or
replacement), such as the restoration or compensation of the
loss of CAPN3 function in improving limb-girdle muscular
dystrophy type 2A (LGMD2A) (36,38,39). As a target of
disease treatment, the use of calpain is very challenging as
classic calpains are expressed in almost all cells. However,
non-classic calpains are mainly expressed in specific tissues
and organs, exhibiting their unique potential. In recent years,
with an improved knowledge of physiological functions
of CAPNG6, a number of diseases have been identified to be
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Figure 1. Domain structure of CAPN1 and CAPN6. CAPN1 comprise a large subunit (80 kDa) and a small subunit (28 kDa). The large subunit contains four
domains, namely I, I, IIT and IV, domain IV at the C-terminus with a PEF. The small subunit contains two domains, namely V and VI. The main difference in
the structure of CAPNG is that it has a domain T at the C-terminus, which contains a CBSW domain instead of a PEF domain at the catalytic subunit. CAPN
calpain; PEF, penta-EF-hand (E: E-helix; F: F-helix); CBSW, calpain-type B-sandwich.

specifically linked to CAPNG6 (Table I), including tumors,
neurological diseases, vascular diseases, muscle diseases and
skin diseases (21,28,40-47). Among all the CAPNG6-associated
diseases, tumors have gained the most research attention.

3. CAPNG in tumors

Uterine tumors. Uterine leiomyomas (UtLMs) are the most
common benign tumor of the female reproductive system.
Overexpressed CAPN6 in UtLMs interacts with other abnor-
mally expressed factors, such as neuron navigator 2 (NAV2),
kinesin family member 5C (KIF5C), doublecortin (DCX), etc.,
which may lead to the pathological transformation of the
normal myometrium through related biochemical path-
ways (26,48). It has recently been found that, whilst CAPN6
may regulate proliferation and apoptosis in UtLM through
the Racl/p21-activated kinase 1 (PAK1) signaling pathway,
the downregulation of CAPNG6 inhibits cell proliferation and
promotes cell apoptosis in UtLM (49). Therefore, the overex-
pression of CAPN6 promotes the occurrence and development
of UtLM.

CAPNG6 has been found to be overexpressed in the
tissues of other malignant tumors of the uterus, such as
leiomyosarcoma, endometrial stromal sarcoma and cervical
cancer (12,40,50-52). As previously demonstrated, there is a
modest association between the intensity of CAPN6 expression
and tumor subtype, but not tumor stage or survival rate (50).

The expression of CAPNG in cervical cancer is regulated
by the phosphatidylinositol 3 kinase (PI3K)/protein kinase B
(Akt) pathway (12), which plays an important role in a
number of cellular processes, and promotes tumor growth and

survival (53). The PI3K/Akt pathway inhibits the proteasome
degradation of CAPNG6 protein through glycogen synthase
kinase (GSK)-3f, increases the stability of CAPNG6 protein,
upregulates CAPN6 mRNA expression, and uses transcrip-
tion factors, such as activator protein 1 (AP1), forkhead
box D3 (FoxD3) and organic cation transporter 1 (Oct-1) to
stimulate the activity of the CAPN6 promoter (12). A main
prerequisite for tumor formation and progression is to prevent
apoptosis, and promote cell proliferation and angiogenesis.
Cisplatin is used to induce cervical cancer cell apoptosis by
activating the caspase-3 pathway (54). A previous study using
cervical cancer cells (HeLa cells) transfected with CAPN6
cDNA (Calpain 6) or CAPNG6 siRNA (siCalpain 6) demon-
strated that CAPNG antagonized cisplatin-mediated apoptosis
by inhibiting caspase-3 activity (51). Consistently, another
CAPNG6 knockdown study using HeLa cells demonstrated an
upregulation of caspase-3 and a downregulation of Bcl-2 (12),
indicating that CAPNG6 induced resistance to apoptosis. HeLa
cells with a downregulated CAPNG6 expression grow at a more
rapid rate than their parental cells, with a reduced S phase
and cell-specific cyclin (cyclin D1) expression, suggesting that
CAPNG6 can promote the proliferation of cancer cells (12).
Vascular endothelial growth factor (VEGF) and basic fibro-
blast growth factor (bFGF) promote endothelial cell migration,
proliferation and angiogenesis, and activate calcium signal
regulation in endothelial cells (55-57). Since the secretion of
VEGEF and bFGF is related to cervical cancer (58), a study
using human umbilical vein endothelial cells (HUVECS)
demonstrated that CAPN6 overexpression enhanced the
VEGF-induced invasiveness of endothelial cells, and the tissue
formation of endothelial cell network, indicating that calpain 6
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Table I. CAPNG6 expression and active pathways in tissues in different diseases.
Disease Effect Active pathway* Refs.
Tumors
Uterine tumors
Uterine leiomyomas Overexpression Rac1/PAK1/CAPN6 (26,49)
Uterine sarcoma Overexpression - (40,50,52)
Cervical cancer Overexpression PI3K/AKT/CAPN6 (12,51)
Osteosarcoma Overexpression  EDN-1/ERK1/2, PI3K/AKT, NF-«B/CAPN6  (27,41,60,61)
Liver cancer Overexpression PI3K/AKT/CAPNG6 (12,28,70)
Head and neck squamous cell carcinoma  Low expression - (42)
Neurological diseases
White matter injury Low expression miR-142-3p/miR-466b-5p/CAPN6 (29)
Prion diseases Overexpression - 43)
Vascular diseases
Atherosclerosis Overexpression CWC22/EJC/Racl (46,78-80)
Target organ damage in hypertension Low expression - (44)
Type 2 diabetic nephropathy Overexpression - (45)
Muscular diseases
Muscular dystrophy Overexpression - 21
Muscular atrophy Overexpression - (21)
Skin diseases
Atopic dermatitis - Key factors related to YWHAE “47)

*Not all diseases involved have clear active pathways. CAPN6, calpain6; EDN-1, endothelin-1; NF-kB, nuclear factor-k-gene binding; ERK1/2,

extracellular regulated protein kinase 1/2; AKT, protein kinase B.

promotes HUVEC invasion, migration and angiogenesis.
Since calpain 6 is a Ca**-dependent cysteine protease, it is
considered that the intracellular calcium signals induced by
VEGEF or bFGF can possibly activate CAPNG6 (51). A recent
study found that the binding between the domain III of CAPN6
and the C-terminus of VEGFA, produced a unique interaction
that leads to the secretion of VEGF, which in turn increases
and promotes angiogenesis (59). Although it is generally
accepted that CAPNG6 plays a role in promoting the occurrence
and development of cervical cancer, CAPNG is not associ-
ated with cancer cell migration and epithelial-mesenchymal
transition (12).

Osteosarcoma. Osteosarcoma is one of the most common
primary malignant bone tumors. Metastasis and recur-
rence are important factors leading to a poor prognosis.
Chemoresistance is the main cause of the poor treatment
efficacy and disease recurrence in patients with osteosarcoma.

It has been demonstrated that CAPNG6 is expressed in
human osteosarcoma tissue, metastatic bone and lung, and the
majority of recurrent tumors at high levels (41). The CAPN6
level in the primary tumor is found to be negatively associated
with the chemotherapeutic response. Compared with original
U20S sensitive cells, cells with a resistant U20S osteosarcoma
origin have been shown to express higher CAPNG6 levels (27).

The inhibition of CAPN6 expression in osteosarcoma cells
can reduce the incorporation of 5-bromodeoxyuridine (BrdU)
into DNA, reduce cell proliferation, increase spontaneous

apoptosis, rescue the apoptotic response of resistant cells, and
increase the sensitivity to cytotoxic drugs. Therefore, CAPN6
promotes osteosarcoma cell proliferation, survival and growth,
and provides protection by increasing the chemical resistance
of cells (27). CAPNG6 is a downstream molecule of endo-
thelin-1 (EDN-1) signaling during embryonic development (7).
EDN-1 can induce the continuous activation of the nuclear
factor-x-gene binding (NF-«B), extracellular regulated protein
kinase 2 (ERK1/2) and AKT pathways, and can promote the
expression of CAPNG in osteosarcoma (60,61). Tumor cyto-
chemical resistance is associated with the activation of the
NF-«B, Ras/MAPK and PI3K/AKT pathways (62,63), further
demonstrating the association between CAPNG6 expression
and osteosarcoma cell chemical resistance. In addition, in
liposarcoma, it has been found that the higher the tumor
grade, the higher the CAPNG expression (64), indicating that
the expression of CAPNG is associated with the malignancy
of sarcoma.

Syndecan-2 is a key regulator of cell death, and has the
function of promoting apoptosis. Since there is a decreased
level of expressed syndecan-2 in osteosarcoma tissue, it
is inferred that the abnormal expression or induction of
syndecan-2 in osteosarcoma is associated with the imbalanced
apoptosis of tumor cells (65). The overexpression of syndecan-2
in osteosarcoma cells can enhance the apoptotic response to
cytotoxic drugs, restore the sensitivity of drug-resistant osteo-
sarcoma cells to chemotherapeutic drugs, decrease the levels
of CAPNG in the tumor cells and ultimately inhibit tumor
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Figure 2. In osteosarcoma, CAPNG6 involves related signal pathways. CAPNG is a downstream molecule of EDN-1 signaling. EDN-1 can induce the continuous
activation of NF-kB, ERK1/2 and AKT pathways, and promote the expression of CAPNG6 in osteosarcoma. Syndecan-2 is a key regulator of cell death.
Overexpression of syndecan-2 in osteosarcoma cells can decrease the levels of CAPNG in the tumor cells, and can alter EDN-1 signaling. PI3K/AKT and
NF-«B are new pathways controlled during their pro-apoptotic process. In cells with syndecan-2 overexpression, steady-state activation of ERK1/2 and AKT
is low. Therefore, syndecan-2 can inhibit EDN-1 signal transduction, and down-regulate CAPNG6 expression through ERK1/2, PI3K/AKT and NF«B pathways
to exert its function to promote apoptosis. CAPN6, calpain6; EDN-1, endothelin-1; NF-«kB, nuclear factor-k-gene binding; ERK1/2, extracellular regulated

protein kinase 1/2; AKT, protein kinase B.

growth; thus, a decrease in CAPNG expression contributes to
syndecan-2-induced apoptosis (41,66). EDN-1 is overexpressed
in osteosarcoma to promote the invasion, metastasis and
survival of bone cancer cells, and to resist cisplatin-induced
apoptosis through EDN, receptor (67). Syndecan-2 can alter
EDN-1 signaling. The PI3K/AKT and NF-«B pathways are
controlled during the pro-apoptotic process. In cells with
syndecan-2 overexpression, the steady-state activation of
ERK1/2 and AKT is low (60,61). Therefore, syndecan-2 can
inhibit EDN-1 signal transduction, and can downregulate
CAPNG6 expression through the ERK1/2, PI3K/AKT and
NF-«kB pathways to exert its function to promote apoptosis
(summarized in Fig. 2).

Cancer stem cells (CSC) have been shown to promote the
development of malignancies. Oct4, Nanog and Sox2 are stem
cell transcription factors that can be upregulated by hypoxia in
osteosarcoma. Hypoxia can also activate NF-xB and increase
the expression of EDN-1 receptors, thereby promoting the
EDN-1/NF-kB pathway to induce increased mRNA and
protein levels of CAPNG, resulting in a marked decrease in
the silencing of Oct4, Nanog or Sox2 (68). In a previous study,
in an osteosarcoma mouse model, it was found that cells
expressing CAPNG had unique tumor initiation and metastasis
capabilities; CAPN6 knockdown inhibited hypoxia, promoted
autophagy, prevented aging, induced cancer stem cell popula-
tion depletion and blocked mouse tumor development (64).
CAPNG expression also recognizes CSCs. The metastatic
potential of bone tumors is dependent on CSCs that express
CAPNG6, and CSCs communicate with other tumor cells
through exosomes to regulate the cell migratory capacity (69).

Liver cancer. Consistent with that in cervical cancer, the
enhanced expression of CAPNG6 in liver cancer (70), which is
regulated by the PI3K/AKT signaling pathway, plays a role in
promoting cancer cell proliferation and inhibiting apoptosis, but
not necessarily tumor metastasis (12). MicroRNAs (miRNAs or
miRs) play a key role in post-transcriptional gene regulation (71),
and an miRNA imbalance may lead to the inactivation of liver
cancer suppressor genes and the activation of oncogenes, mainly
by inhibiting the expression of its target genes (72). miR-449a
expression is decreased in liver cancer (27). In a previous
study, luciferase assay confirmed that CAPN6 and POU2F1
are the target genes of miR-449a (29). The downregulation of
CAPNG6 or POU2F1 increases the levels of Bax, decreases the
levels of Bcl-2, promotes G1 phase arrest, and inhibits cancer
cell proliferation and induces apoptosis, thereby preventing the
occurrence and development of liver cancer (28).

Head and neck squamous cell carcinoma (HNSCC).
Xiang et al examined CAPNG6 expression in HNSCC, including
tongue cancer, laryngeal cancer and nasal cancer (42). The
results of their study demonstrated that the expression of
CAPNG6 in HNSCC tissues was significantly decreased, which
was in complete contrast to the observations of other tumor
studies, as mentioned above. CAPNG6 expression also varies
between different tumor stages of HNSCC, and it differs
significantly between different T stages, although there is no
significant difference between different N stages and different
tumor grades. In addition, the expression of CAPN6 and the
survival rate of patients with HNSCC exhibit a positive asso-
ciation (42). However, it is not clear whether the expression
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of CAPNG is directly linked to the occurrence of HNSCC, or
whether HNSCC tumor growth or metastasis leads to CAPN6
downregulation.

These studies have provided new knowledge for the
further understanding of the pathogenesis of these tumors.
CAPNG6 may be used as a biomarker, and in the diagnosis,
prevention and management of these tumors. Most impor-
tantly, CAPN6 may be an ideal specific therapeutic target.
For uterine tumors, osteosarcoma and liver cancer that can
be caused or aggravated by CAPNG6 activity, the inhibition of
CAPNG6 may be an effective treatment strategy, particularly
for chemoresistant and recurring tumors. Therefore, CAPN6
can be inhibited to produce targeted drugs (including targeted
cell drugs and targeted vascular drugs) or tumor stem cells to
block the initiation, proliferation or metastasis of tumor cells,
to promote the occurrence of apoptosis or autophagy, and to
achieve the purpose of treatment. The combination of CAPN6
targeting with anticancer drug cisplatin may also produce a
synergistic effect. However, it is worth noting that studies have
found the pros and cons of calpain inhibition, depending on
the stage of tumor progression (73), and that CAPNG6 inhibition
has an opposite effect in HNSCC. Therefore, further system-
atic studies are warranted to determine whether CAPNG6 exerts
differential effects in different stages of the same tumor, and
different cell types of tumors, as well as to determine whether
CAPNG targeting is beneficial for the treatment of tumors.

4. CAPNG6 in neurological diseases

White matter injury (WMI). Studies have found that
hypoxia-ischemia (HI) can lead to reduced myelin sheath, the
death of oligodendrocyte precursor cells and the dysplasia
of oligodendrocytes, and can alter the expression of specific
mature miRNAs in demyelinating and oligodendrocyte
precursor cells, ultimately resulting in WMI (29,71,74). The
co-expression network of miRNAs/mRNAs indicates that
miR-142-3p, miR-466b-5p and miR-146a-5p have differentially
expressed targets. CAPNG is the target gene of miR-142-3p
and miR-466b-5p. The abundance of CAPN6 mRNAs in
HI is significantly decreased. Therefore, it is considered that
miR-142-3p and miR-466b-5p may promote the apoptosis of
oligodendrocyte precursor cells by inhibiting CAPNG6, and that
miR-142-3p/miR-466b-5p/CAPN6 pathway may be involved
in the pathogenesis of WMI (29).

Prion diseases. Prion diseases are a group of lethal neuro-
degenerative disorders; however, the molecular mechanisms
responsible for these diseases are poorly understood. Other
members of the calpain family are associated with prion
diseases and several other neurodegenerative diseases (75).
Calpain-mediated proteolytic cleavage by prion protein (PrP5)
may be an important event in prion reproduction (76). CAPN6
is overexpressed in the medulla oblongata, spinal cord, cere-
bellar cortex and several other areas of prion disease-affected
brain tissues. CAPNG is involved in the pathogenesis of prion
diseases (43).

CAPNG participates in different pathogenesis of WMI
and prion diseases; thus, the corresponding targeted treatment
strategies vary. The decreased activity of CAPN6 in WMI
the promotes the development of disease. Hence, treatment
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strategies should consider activating or replacing CAPNG6, as
no calpain activator has been developed to date, at least to the
best of our knowledge. The only treatment option available is
calpain replacement or gene therapy (36). However, to the best
of our knowledge, to date, there is no research available on the
overexpression of CAPNG in the treatment of diseases in live
animals; thus, it is difficult to assess whether gene therapy will
bring other effects. In prion diseases, it is speculated that prion
proteins can reproduce and survive to promote disease by medi-
ating CAPNG6. Therefore, inhibiting CAPN6 to ameliorate the
invasion and growth of the infecting virus may be a novel treat-
ment strategy. For the inhibition of calpain in the treatment of
neurodegenerative diseases, mature drugs are already available,
such as the aforementioned a-ketoamide inhibitor, A-705253.
There are also drugs that have been tested on animals, such
as Gabadul for the treatment of Parkinson's disease and Lewy
body dementia (36,77). Hence, therapeutic strategies with the
inhibition of CAPN6 may be worthy of investigation.

5. CAPNG in vascular diseases

Degenerative vascular diseases. In degenerative vascular
diseases, the dysfunction of the calpain system has a promi-
nent effect, since the increased activity of calpain can induce
diseases (78). As a non-proteolytic calpain, CAPNG6 disrupts
the CWC22/exon junction complex (EJC) system in macro-
phages to affect CWC22/EJC/Racl signal transduction, and
enhances the cell phagocytosis of natural low-density lipopro-
tein (LDL), causing the cytosolic DL cholesterol deposition in
cells, thereby attenuating the clearance of dead cell corpses,
and eventually promoting the progression of degenerative
vascular diseases, such as atherosclerosis (46,78-80).

Hypertensive heart disease. Damage to target organs is the
most harmful effect caused by hypertension. Experiments have
established a model of target organ damage in hypertension. It
has been found that in the heart tissue of Dahl salt-sensitive
rats with high salt (4% NaCl), CAPN6 and CAPN9 are down-
regulated by >50%, and that endogenous calpain inhibitor
calpastatin is upregulated by 225%. However, the specific role
of CAPNG in hypertension target organ damage is unknown,
as CAPNG lacks key amino acids in the catalytic triad and may
not have proteolytic activity (44).

Diabetic nephropathy. Diabetic nephropathy is one of the
comorbidities of diabetic systemic microangiopathies. Due to
the higher expression levels, CAPNG is one of the 50 functional
genes that may be responsible for the occurrence of type 2
diabetes (45).

In vascular diseases, the expression and site of action of
CAPNOG differ due to the nature of the disease and the different
organs involved. In degenerative vascular diseases, CAPN6
mainly affects lipid metabolism by participating in the inter-
ference of mRNA splicing in macrophages. It has been found
that the transgenic overexpression of calpastatin and calpain
inhibitors (such as MDL28170 and BDA 410), are effective
in the treatment of degenerative disorders (36). Although
there is no drug that inhibits calpain-6, the development of
atypical calpain inhibitors is promising. In acute cardiovas-
cular diseases, calpain-mediated myocardial proteolysis
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is involved in ischemia-reperfusion and pressure overload
mechanisms that lead to the pathogenesis. Studies performing
animal experiments have indicated that calpain inhibitors can
improve the symptoms of these diseases (81,82). However, it
has also been reported that the inhibition of calpain may lead
to a decrease in endogenous calpain activity, which is unfa-
vorable (83). This is consistent with the decrease in CAPN6
activity and the upregulation of endogenous calpain inhibi-
tors in the hypertensive heart disease model. The inhibition
of calpain can also cause cardiac dysfunction under pressure
overload (82). Therefore, calpain may play multiple roles in
cardiovascular diseases, either in a therapeutically inhibited
or activated manner. As regards diabetic nephropathy, only
the specific biological pathways and sites of action of CAPN6
involved in the pathogenesis are clarified, the treatment
measures need to be further addressed.

6. CAPNG in muscle disorders

Muscular dystrophy and muscle atrophy. With CAPN6
being overexpressed, the developing skeletal muscle is in a
continuous cycle of degeneration and regeneration. CAPN1
is also related to muscle differentiation. CAPN1 overexpres-
sion inhibits muscle cell differentiation (84). During muscle
degeneration, the expression of CAPNI1 decreases, which
then recovers during muscle regeneration. However, CAPN6
deficiency delays the expression of CAPNI in regenerating
skeletal muscles (21). The exact association between CAPN1
and CAPNG6 needs to be clarified.

Muscular dystrophy is a muscle degeneration disease
caused by genetic mutations in slow progressive symmetrical
muscle weakness and atrophy; while muscle atrophy is
muscle reduction and rhabdomyolysis caused by the thinning
or even disappearance of muscle fibers. Studies have found
that CAPNG is one of the genes associated with LGMD2A,
and its expression is up-regulated in the skeletal muscles of
patients (85). As an inhibitor of skeletal muscle differentiation,
CAPNG6 downregulation assists the growth of skeletal muscles
and the induction of pluripotent stem cells to produce skel-
etal muscles in vitro. Therefore, the modification of specific
antibodies or siRNA to offset CAPN6 may regulate the
quality of skeletal muscles, and may improve the conditions
of muscular dystrophy or muscle atrophy. However, the inhibi-
tion of calpain does not necessarily improve muscle function.
The inhibition of calpain through inhibitors or calpastatin
overexpression can lead to the compensatory upregulation of
calpain (86). Therefore, the results of such treatments need to
be analyzed dialectically. Limb-girdle muscular dystrophy
type 2 (LGMD2A) is a recessive genetic disease caused by
CAPN3 mutation and loss of function (85). The inhibition of
CAPNG alone may not be able to treat LGMD2A completely.
A combination of CAPNG6 inhibition with other treatment
methods may be more beneficial.

7. CAPNG in skin diseases

Atopic dermatitis. Atopic dermatitis is a familial hereditary skin
disease. The tyrosine 3-monooxygenase/tryptophan 5-mono-
oxygenase activation protein, epsilon polypeptide (YWHAE)
isoform located in the human keratinocytes is involved in the

INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 46: 1644-1652, 2020

pathogenesis of atopic dermatitis (87). CAPNG is one of the key
factors associated with YWHAE (47). Addressing the causal
association and signal transduction pathways between CAPN6
and YWHAE may facilitate the discovery of novel clinical
treatments for Y WHAE-related atopic dermatitis.

8. Conclusions and future perspectives

Calpain-related diseases are a threat to human health. The
development of therapeutic drugs is the focus of current
research. Although some studies have facilitated the under-
standing of the disease pathogenesis and the application of
calpain in disease treatment, there are several aspects that
require further investigations. For instance, knowledge about
calpains, particularly non-classical calpains with natural
advantages warrant further attention. CAPN6 has great poten-
tial as an emerging therapeutic target, although there are a
number of research areas that require further clarifications,
including the characteristics of CAPNG itself, the molecular
pathways involved in the associated diseases, the identification
of targets, the development of CAPNG6 inhibitors or activators,
and the effective testing of these therapies. However, the future
research direction of CAPNG6 holds promise.
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