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Among posttranslational modifications, directed proteolytic processes have

the strongest impact on protein integrity. They are executed by a variety of

cellular machineries and lead to a wide range of molecular consequences.

Compared to other forms of proteolytic enzymes, the class of calcium-

activated calpains is considered as modulator proteases due to their limited

proteolytic activity, which changes the structure and function of their

target substrates. In the context of neurodegeneration and - in particular -

polyglutamine disorders, proteolytic events have been linked to modulatory

effects on the molecular pathogenesis by generating harmful breakdown

products of disease proteins. These findings led to the formulation of the toxic

fragment hypothesis, and calpains appeared to be one of the key players and

auspicious therapeutic targets in Huntington disease and Machado Joseph

disease. This review provides a current survey of the role of calpains in

proteolytic processes found in polyglutamine disorders. Together with insights

into general concepts behind toxic fragments and findings in polyglutamine

disorders, this work aims to inspire researchers to broaden and deepen

the knowledge in this field, which will help to evaluate calpain-mediated

proteolysis as a unifying and therapeutically targetable posttranslational

mechanism in neurodegeneration.

KEYWORDS

posttranslational modifications (PTMs), proteolytic cleavage, calpains, toxic
fragments, Huntington disease (HD), spinocerebellar ataxia (SCA), dentatorubral-
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Introduction

One of the most impactful posttranslational modifications (PTMs) is proteolytic
fragmentation, a process in which proteases cleave and trim their target proteins, thereby
directly affecting the structural integrity of the substrate. These changes, which range
from removal of single amino acids up to ablation of entire domains, may have major
consequences on the function, localization, interactome, and stability of the affected
protein, including the availability of sequences for further PTMs. In comparison to
other modifications such as phosphorylation, lipidation, or ubiquitination, proteolytic
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fragmentation is an irreversible process, strongly determining
the fate of its substrate. The field of research, which deals with
the entirety of these proteolytic processes, both in physiological
and pathological contexts is termed degradomics (Rogers and
Overall, 2013; Klein et al., 2018). In a more pathological
context, proteolytic fragmentation can lead to the generation
of detrimental protein species, which might harm affected cells
and organs and culminate in medical conditions, as highlighted
by the secretase-based processing of amyloid precursor protein
(APP) in Alzheimer’s disease (AD; Selkoe and Hardy, 2016). In a
further context of neurodegeneration, proteolytic fragmentation
of disease proteins in polyglutamine (polyQ) disorders has
been identified as pivotal modulators of their molecular
pathology (Wellington and Hayden, 1997). Multiple proteases
were associated with polyQ protein fragmentation, including
apoptosis-associated caspases, lysosomal cathepsins, as well as
matrix metalloproteinases. Calpains, a class of calcium-activated
proteolytic enzymes, emerged as one of the key players in polyQ
disorders (Weber et al., 2014; Matos et al., 2017). Here, we
provide a comprehensive overview of the current knowledge
on the involvement of calpains in this group of rare and
yet incurable diseases, emphasizing the relevance of further
investigations for improving our understanding of calpain-
mediated cleavage and, thereby, uncovering new therapeutic
avenues for neurodegeneration.

Calpains

Calpains are a family of calcium-dependent, intracellular
cysteine proteases implicated in the maintenance of cellular
homeostasis and a variety of physiological processes (Ono and
Sorimachi, 2012). Their initial discovery can be traced back
to the early 1960s when the first calcium-activated neutral
proteinase was extracted from rat brain (Guroff, 1964). Several
years later, this class of proteases was collectively renamed
calpains - combining “cal” as an abbreviation for calcium
and reference to the calcium-binding protein calmodulin, with
“pain” in a nod to structurally similar cysteine proteases like
papain (Murachi et al., 1980). Calpains and their respective
homologs are an evolutionarily distinct group of proteases and
are found in nearly all unicellular and multicellular eukaryotes,
including animals, fungi, and plants, as well as in some bacteria
but not archaea (Goll et al., 2003; Sorimachi et al., 2011;
Ono and Sorimachi, 2012). The highest diversity of calpain
homologs can be found in animals, with the largest number
of 15 different enzymes present in mammals, and thus also in
the human genome. This circumstance has enabled researchers
to investigate the physiological and pathophysiological roles of
human calpains in classical rodent models such as mice and
rats, being the foundation of a vast number of significant studies
in the field (Goll et al., 2003; Sorimachi et al., 2011; Ono and
Sorimachi, 2012).

Calpains are primarily characterized by their highly
conserved calpain-like cysteine protease domain (CysPc), which
can be divided into the two core domains PC1 and PC2.
Both core units bind one calcium ion each, leading to their
conformational rearrangements and activation of the catalytic
triad composed of cysteine, histidine, and asparagine residues
(Arthur et al., 1995; Moldoveanu et al., 2002). Most calpains
feature one central calpain-type β-sandwich (CBSW) domain
with calcium-binding properties, followed by an additional
C-terminal domain (Tompa et al., 2001; Ono et al., 2016). Based
on their structural and domain-wise composition, the known
15 members of the calpain family in humans can be grouped into
classical (calpain-1, -2, -3, -8, -9, 11–14) or non-classical calpains
(calpain-5, -6, -7, -10, -15, -16; Table 1; Sorimachi et al., 2011;
Ono and Sorimachi, 2012). Classical calpains share common
structural features, comprising - aside from the aforementioned
CysPc domain - a C-terminal penta-EF-hand (PEF) domain with
five identical calcium-binding EF-hand motifs, of which four
bind calcium ions (Figure 1A, Table 1; Blanchard et al., 1997;
Lin et al., 1997). The fifth EF-hand motif is essential for the
so-called conventional calpains, calpain-1 and calpain-2, to form
inactive stable heterodimers with the regulatory calpain small
subunit 1 (CSS1, earlier known as calpain-4). CSS1 is composed
of an N-terminal glycine-rich region (GR) and a C-terminal PEF
domain which, corresponding to the PEF domain in the large
catalytic subunits, also binds four calcium ions and facilitates
the interaction with conventional calpains (Figure 1B). It has
been reported that, as a part of the calcium-dependent calpain
activation process, CSS1 may dissociate from the large subunits.
However, other studies suggested that CSS1 remains in the
dimer when activated (Ravulapalli et al., 2009; Sorimachi et al.,
2011; Ono and Sorimachi, 2012). Interestingly, knockout of
CSS1 resulted in destabilization and activity loss of calpain-1 and
calpain-2, and was found to result in embryonic lethality (Arthur
et al., 2000; Zimmerman et al., 2000). Although all classical
calpains are characterized by their C-terminal PEF domain, the
function of CSS1 and interaction with other calpains remain
unclear (Ono and Sorimachi, 2012). Moreover, the existence
of a second small regulatory subunit (CSS2) is known, but its
functions are even less understood (Schád et al., 2002; Ma et al.,
2004). Unlike classical calpains, non-classical calpains appear in
various structural compositions, and lack or have a replacement
for typical domains like the PEF domain (Figure 1C, Table 1;
Sorimachi et al., 2011; Ono and Sorimachi, 2012; Ono et al.,
2016; Nian and Ma, 2021; Spinozzi et al., 2021).

The expression of calpain family members ranges from
wide distributions to very limited expression patterns. Whereas
calpain-1, -2, -5, -7, -10, 13–16, and CSS1/2 are expressed
ubiquitously (Sorimachi et al., 2011; Ono and Sorimachi,
2012), the remaining calpains are restricted to a tissue-specific
expression (Table 1). For instance, calpain-3 or calpain-12
are solely expressed in skeletal muscle or hair follicle cells,
respectively (Sorimachi et al., 1989; Dear et al., 2000).
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TABLE 1 Protein structure and expression preference of calpain system-related genes and associated clinical conditions.

Gene (Protein) Structural composition Expression preference Linked clinical conditions References*

Classical calpains
CAPN1 (calpain-1) ubiquitous SPG76c , cerebellar ataxiac Gan-Or et al. (2016) and

Wang et al. (2016)
CAPN2 (calpain-2) ubiquitous, except erythrocytes embryonic lethalitye Takano et al. (2011)
CAPN3 (calpain-3) skeletal muscle LGMDR1c , LGMDD4c Richard et al. (1995) and

Vissing et al. (2016)
CAPN8 (calpain-8) gastrointestinal tract Gastric ulcere Hata et al. (2010)
CAPN9 (calpain-9) CysPC (PC1, PC2); CBSW, PEF gastrointestinal tract Gastric ulcere Hata et al. (2010)
CAPN11 (calpain-11) testis n/a n/a
CAPN12 (calpain-12) hair follicle Congenital ichthyosisa Bochner et al. (2017)
CAPN13 (calpain-13) ubiquitous n/a n/a
CAPN14 (calpain-14) ubiquitous Eosinophilic oesophagitiss Kottyan et al. (2014)

Non-classical calpains
CAPN5 (calpain-5) ubiquitous ADNIVc Mahajan et al. (2012)
CAPN6 (calpain-6) MIT; CysPC (PC1, PC2); CBSW;

CBSW/C2
embryonic muscles, placenta n/a n/a

CAPN7 (calpain-7) ubiquitous n/a n/a
CAPN10 (calpain-10) ubiquitous Type 2 diabetes mellituss Horikawa et al. (2000)

CAPN15 (calpain-15) Zn, CysPC (PC1, PC2); SOH ubiquitous OGINc Zha et al. (2020)

CAPN16 (calpain-16) PC1; IQ ubiquitous n/a n/a

Other members of the
calpain system
CAPNS1 (CSS1) GR; PEF ubiquitous embryonic lethalitye Arthur et al. (2000) and

Zimmerman et al. (2000)

CAPNS2 (CSS2) PEF ubiquitous n/a n/a

CAST (CAST) ID1; ID2; ID3; ID4 ubiquitous PLACKc Lin et al. (2015)

Summary of calpain system-related genes, structural composition and expression preference of encoded proteins, as well as clinical conditions linked to mutations and
variants of these genes. Information on genes, structural composition, and expression were retrieved from Sorimachi et al. (2011), Ono and Sorimachi (2012), Sorimachi and
Ono (2012), and Ono et al. (2016). Additional information from the OMIMr database. ADNIV, autosomal dominant neovascular inflammatory vitreoretinopathy; CBSW,
calpain-type β-sandwich; C2, C2 domain; C2L, C2-like domain; CSS1/2, calpain small subunit 1 or 2; CysPC, calpain-like cysteine protease domain; GR, glycine-rich region;
ID, inhibitory domain; IQ, calmoduling-interacting motif; LGMDD4, autosomal dominant limb-girdle muscular dystrophy 4; LGMDR1, autosomal recessive limb-girdle
muscular dystrophy 1; MIT, microtubule interacting and transport motif; n/a, not available; OGIN, oculogastrointestinal neurodevelopmental syndrome; PC, protease
core domain; PEF, penta-EF-hand domain; PLACK, peeling skin with leukonychia, acral punctate keratoses, cheilitis, and knuckle pads; SPG76, spastic paraplegia 76;
SOH, SOL-homology domain; Zn, Zinc finger motif. *Only references reporting on disease-causing or susceptibility associations. aassociation; ccausation; ecausation, only
experimental; ssusceptibility.

The calpain system does not only include various calpain
enzymes and their regulatory subunit but also calpastatin
(CAST), the only endogenous and ubiquitously expressed
inhibitor of classical calpains (Ono and Sorimachi, 2012).
CAST features four repetitive inhibitor domains with distinct
specificities, by which it can bind, amongst others, to the
proteolytic CysPc and PEF domains, looping out and around the
catalytically active cysteine residue, eventually inhibiting calpain
activation (Figure 1D; Hanna et al., 2008; Moldoveanu et al.,
2008).

Calpains are referred to as modulator proteases, as they
do not randomly cleave and degrade proteins but perform
a limited proteolysis on their substrates. More specifically,
they remove distinct motifs and domains from their target
proteins, thereby modulating their structure, function, and
activity (Sorimachi et al., 2011; Ono et al., 2016). They
participate in a variety of vital cellular processes, including
cell cycle and proliferation, apoptosis, cell motility, signal
transduction pathways (Goll et al., 2003), neurogenesis (Baudry

et al., 2021), and synaptic plasticity (Baudry and Bi, 2016).
Based on their wide spectrum of cellular functions, disruption,
and dysregulation of calpains are associated with various
diseases (Ono et al., 2016). Noteworthy, calpainopathies are
specified as disorders explicitly caused by mutations in calpain
genes. This family of disorders includes forms of limb-girdle
muscular dystrophy and autosomal dominant neovascular
inflammatory vitreoretinopathy (ADNIV), which are caused by
mutations in calpain-3 and calpain-5, respectively (Gallardo
et al., 2011; Mahajan et al., 2012; Vissing et al., 2016). For a
comprehensive overview of diseases caused by, or linked to,
mutations and variants in calpain system-related genes, see
Table 1. Moreover, dysregulations of the intracellular calpain
system are associated with neurodegenerative disorders, like
AD, Parkinson’s disease (PD), amyotrophic lateral sclerosis
(ALS), and polyglutamine (polyQ) disorders. Furthermore,
calpains were shown to be implicated in other diseases, such
as cancer, cardiovascular and ischemic disorders, and diabetes
(Ono et al., 2016).
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FIGURE 1

Domain composition of the members of the intracellular calpain system. Based on their domain composition, calpains are divided into two main
groups. (A) Classical calpains, including the conventional calpains calpain-1 and calpain-2, are characterized by a proteolytically active CysPc
domain harboring two core domains PC1 and PC2. In addition, classical calpains comprise a calpain-type β-sandwich (CBSW) domain and a
C-terminal calcium-binding penta-EF-hand (PEF) domain, through which they form inactive stable heterodimers with the regulatory calpain
small subunit 1 (CSS1). Individual EF-hand motifs within the PEF domain are illustrated by light purple- and blue-shaded ovals. Interaction with
CSS1 via the fifth EF-hand motif is highlighted by dashed lines. Binding of calcium ions (Ca2+) in their respective numbers along the protein
structure is indicated by cyan-colored circles. (B) The CSS1 consists of a glycine-rich region (GR) and a PEF domain through which interaction
with conventional calpains occurs. (C) Non-classical calpains come in a variety of structural and domain compositions. Aside from sharing the
CysPc domain as a common trait, most of them comprise a CBSW domain and, for example, a C-terminal C2 domain. (D) Endogenous calpain
inhibitor calpastatin (CAST) contains four repetitive inhibitory domains (ID) that bind to CysPc and PEF domains in calpains, thereby inhibiting
their proteolytic function.

Calpains and the toxic fragment
hypothesis

Aberrant proteolytic processing of disease proteins
by proteases is a phenomenon observed in several
neurodegenerative disorders. About three decades ago,
disease-associated proteolysis was described for the first time in
AD (Esch et al., 1990; Selkoe, 1994; de Strooper and Annaert,
2000). Here, altered cleavage of APP by secretases results in
amyloid beta peptides that form highly insoluble amyloid
plaques and have neurotoxic properties (Esler and Wolfe,
2001; LaFerla et al., 2007; Selkoe and Hardy, 2016). Some
years later, the so-called toxic fragment hypothesis extended
the concept to polyQ disorders by postulating that polyQ
stretch-containing fragments of disease proteins are more
toxic than their full-length forms (Wellington and Hayden,
1997). Also, in synucleinopathies such as certain forms of
Parkinson’s disease (PD) or, for instance, in SOD1- or TDP-
43-linked ALS, disease protein cleavage was identified as a

disease-modifying factor (Wright and Vissel, 2016; Bluhm
et al., 2021; Chhangani et al., 2021). While protein-degrading
machineries, such as autophagy and ubiquitin-proteasome
system, lead to a full disintegration of proteins to amino acids
or peptides, multiple classes of proteolytic enzymes, including
caspases, cathepsins, matrix metalloproteinases, secretases,
and calpains were associated with the production of disease
protein fragments in polyQ disorders (Weber et al., 2014;
Matos et al., 2017). Due to the still incomplete picture of
their degree of involvement in disease protein cleavage, and
thus in the molecular pathogenesis, a reasonable ranking
of these proteases’ disease-modifying significance in the
context of polyQ disorders is unattainable. However, it is
noteworthy that calpains, due to their particular function
as modulator proteases, were found to act upstream of
proteolytic processes, controlling degradational mechanisms
such as autophagy, and regulating caspase activation under
apoptotic or degenerative conditions (Yousefi et al., 2006;
Gafni et al., 2009; Smith and Schnellmann, 2012; Sorimachi
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and Ono, 2012; Weber et al., 2019a). Based on these
considerations, calpains emerge as important modulators
of disease protein toxicity, thus representing excellent targets
for therapeutic intervention (Weber et al., 2014; Matos et al.,
2017).

Calpains in polyglutamine diseases

Polyglutamine diseases

Among the large group of inherited neurodegenerative
conditions, the clinically and phenotypically heterogeneous class
of polyQ disorders is defined by a common type of causative
mutation, the expansion of an exonic CAG repeat motif in the
affected gene. The CAG base triplet codes for the amino acid
glutamine and is translated into an elongated polyQ stretch
in the disease protein. So far, the family of polyQ disorders
comprises nine rare conditions, namely the spinocerebellar
ataxias 1 (SCA1), 2 (SCA2), 3 (SCA3; also known and hereinafter
referred to as Machado-Joseph disease, MJD), 6 (SCA6), 7
(SCA7), and 17 (SCA17) as well as Huntington disease (HD),
dentatorubral-pallidoluysian atrophy (DRPLA) and spinal and
bulbar muscular atrophy (SBMA). The inheritance of these
diseases is autosomal dominant, except for SBMA which follows
an X-linked recessive pattern (Paulson et al., 2017; Stoyas and la
Spada, 2018).

The clinical manifestation of the mutation depends on
disease-specific thresholds of the highly polymorphic CAG
repeat/polyQ lengths, with most diseases featuring a defined
intermediate expansion range linked to reduced penetrance.
Above that range, the disease shows full manifestation,
with both age at onset (AAO) and symptomatic severity
negatively correlating with expansion length. Due to an
instability of the CAG repeat during meiosis, polyQ disorders
are furthermore characterized by the genetic phenomenon
of anticipation, leading to longer expansions and increased
severity in the next generation (McMurray, 2010). Interestingly,
the observed discrepancy in AAO cannot be explained by
the CAG repeat length alone, suggesting additional genetic
modifiers and environmental influences as major contributing
factors (Chen et al., 2018). As their name implies, SCAs
are primarily characterized by the occurrence of ataxic
symptoms, triggered by the degeneration of the cerebellum and
brainstem, whereas HD shows symptoms such as hyperkinetic
movements (chorea) and neuropsychological manifestations,
caused by damage in the striatum and cerebral cortex.
DRPLA features ataxia, epilepsy, and intellectual deterioration
based on atrophy of the cerebellum and brainstem, and
SBMA is defined by a motoneuron loss-dependent muscle
weakness and wasting. All polyQ disorders are highly impairing,
life-shortening, and - at the present moment - incurable
(Paulson et al., 2017; Stoyas and la Spada, 2018). These

pathophysiological and neuropathological differences between
polyQ disorders can be largely attributed to the diversity in
affected genes and proteins they encode. The giant huntingtin
protein (HTT) involved in HD was shown to serve as a
scaffold protein for a large number of interacting partners,
employing it in multiple pathways and mechanisms such
as autophagy, cell division, endocytosis, vesicle trafficking,
and transcriptional regulation. The SCA1 protein ataxin-1 is
involved in transcriptional repression, a function it shares
with the DRPLA protein atrophin-1. Ataxin-2 (Atx2), the
disease protein of SCA2, which has been also linked to ALS
and PD, regulates RNA metabolism and mRNA translation,
whereas MJD protein ataxin-3 (Atx3) is a deubiquitinase, which
trims ubiquitin chains on various target proteins, thereby
influencing their stability and function. The calcium voltage-
gated channel subunit α1A (CACNA1A) acts as a calcium
channel, located in the cell membrane. Besides its causative
role in SCA6, non-polyQ mutations in its gene were associated
with episodic ataxia type 2 and familial hemiplegic migraine.
The SCA7 protein ataxin-7 (Atx7) is a scaffolding component
of the multifunctional Spt-Ada-Gcn5 acetyltransferase (SAGA)
complex. TATA box-binding protein (TBP) of SCA17 is a general
transcription factor, a function shared with the sex hormone-
dependent androgen receptor (AR) in SBMA (Orr, 2012;
Lieberman et al., 2019; Johnson et al., 2022). PolyQ expansions
within these proteins were demonstrated to interfere with their
physiological role in a gain-of-function or loss-of-function
modality, further explaining the phenotypic distinctness of
polyQ disorders.

Despite its relative heterogeneity in symptoms and affected
brain areas, and its diversity in the nature of their disease
proteins, polyQ disorders also share common features in
their pathomechanisms and disease-modifying pathways. These
unifying characteristics include the formation of intracellular
inclusion bodies - a histological feature of all polyQ diseases
- as well as dysregulation in protein clearance mechanisms,
nuclear import, gene expression, mitochondrial function, or
solute homeostasis, which in consequence trigger neuronal
disturbances and eventually cellular demise (Weber et al.,
2014; Lieberman et al., 2019; Bunting et al., 2022). Many of
these perturbations are modulated by various disease protein-
targeting PTMs including phosphorylation, SUMOylation,
ubiquitination, as well as proteolytic fragmentation (Matos et al.,
2017; Johnson et al., 2022). The latter type of modification
represents an important source of deleterious and aggregation-
prone fragments, subsumed under the term toxic fragments,
and calpains - together with caspases - appear to be the key
players in the proteolysis of many polyQ proteins. Intriguingly,
calpains were reported to be pathologically overactivated in
polyQ diseases, a circumstance that might be directly linked to
the known disbalance of the calcium signaling homeostasis in
neurodegenerative disorders (Bezprozvanny, 2009; Weber et al.,
2014; Matos et al., 2017).
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Calpains in Huntington disease

Proteolytic cleavage as a posttranslational modification of
HTT or, more generally, the occurrence of truncated forms
of the mutant protein is considered a crucial mediator of
polyQ toxicity in the molecular pathogenesis of HD (Wellington
and Hayden, 1997; Ehrnhoefer et al., 2011). Different studies
demonstrated that N-terminal fragments of HTT containing
the polyglutamine expansion were present in the brains of HD
patients as well as mouse and cell models (DiFiglia et al., 1997;
Tanaka et al., 2006; Schilling et al., 2007; Landles et al., 2010).
Importantly, overexpression of such N-terminal HTT fragments
in rodent models of HD was sufficient to manifest a progressive
disease phenotype (Mangiarini et al., 1996; Davies et al., 1997).
Moreover, truncated forms of HTT were reported to translocate
into the nucleus, accumulate and form intranuclear aggregates,
which eventually induce apoptotic stress and cell death (Hackam
et al., 1998; Martindale et al., 1998; Zhou et al., 2003; Landles
et al., 2010). Intriguingly, also HTT fragments lacking the
polyQ stretch were found to cause cellular dysregulations,
e.g., endoplasmic reticulum stress and autophagic perturbations
(Martin et al., 2014; El-Daher et al., 2015).

Early reports indicated that cleavage by caspases,
especially caspase-6, was a relevant molecular modifier of
HD pathogenesis, and inhibiting HTT caspase-dependent
cleavage ameliorated multiple disease hallmarks in cell and
animal models (Wellington et al., 1998, 2000, 2002; Graham
et al., 2006). An alternative non-proteolytic source for truncated
HTT was found in a mis-splicing event, which was shown to
release a short, toxic, and aggregation-prone exon 1 fragment of
the polyQ-expanded protein (Sathasivam et al., 2013).

Just after demonstrating that caspases are involved in HD
pathogenesis, researchers focused on evaluating the potential
contribution of calpains to the disease pathways. In primary
studies, wild-type, as well as mutant HTT, were shown to be
substrates of calpain-dependent proteolysis (Gafni and Ellerby,
2002; Goffredo et al., 2002; Gafni et al., 2004). Moreover, caspase
cleavage-derived N-terminal fragments of HTT appeared to
undergo further calpain-mediated proteolysis (Kim et al., 2001).
Importantly, analysis of post-mortem brains of HD patients
and mouse models detected elevated levels of calpain-1, -5, -7,
and -10. Along with a strong calpain activation, an increased
and altered fragmentation pattern of polyQ-expanded HTT
was observed in the brains of HD patients (Gafni and Ellerby,
2002; Gafni et al., 2004). Moreover, in an RNA-silencing-based
approach, calpain-10 - together with other proteases - was
found specifically accountable for the formation of two short
N-terminal HTT fragments (Ratovitski et al., 2011). Calpain
overactivation at baseline was detected in various HD cell and
rodent models, when investigating known calpain substrate
proteins such as α-spectrin and p35 (Gafni et al., 2004; Cowan
et al., 2008; Paoletti et al., 2008; Clemens et al., 2015; Weber
et al., 2016, 2018). This overactivation was also associated

with a compromised N-methyl-D-aspartate (NMDA) receptor
signaling and excitotoxic effects in HD mice (Cowan et al., 2008;
Gladding et al., 2012, 2014).

Mutating identified calpain cleavage sites at amino acid
positions T467 and S534 (positions based on UniProt
reference isoform; identifier: P42858; Figure 2A) protected
polyQ-expanded HTT from calpain-mediated fragmentation,
consequently lowering levels of N-terminal fragments, and
reducing HTT aggregation and cytotoxicity (Gafni et al.,
2004). Interestingly, mimicking the phosphorylation of S534 by
substitution to aspartic acid could strongly lower the cleavage of
HTT and reduce the polyQ-mediated toxicity, highlighting the
vital crosstalk between different PTMs (Schilling et al., 2006).

Based on the observed calpain overactivation in HD, many
studies focused on the potentially protective effects of targeting
calpain activity as a therapeutic approach. Overexpression of
CAST lowered calpain activation, calpain-dependent HTT
fragmentation and aggregation, whereas CAST depletion was
associated with calpain overactivation as well as enhanced
calpain-mediated HTT cleavage and aggregation in cellulo
(Weber et al., 2018). Furthermore, in HD knock-in mice, genetic
CAST ablation worsened molecular and neuropathological
features by further triggering calpain activity, inducing
polyQ-expanded HTT cleavage, and increasing fragmentation
of additional neuronal substrate proteins (Weber et al.,
2018). In line with these findings, calpain knockdown and
CAST overexpression in vivo showed beneficial effects on
mutant HTT aggregation, polyQ toxicity, and HD-related
behavior in HTT fragment models, where fragmentation
of the disease protein played a subordinate role. These
beneficial effects were explained by a calpain inhibition-
dependent stimulation of autophagic pathways (Menzies
et al., 2015). Interestingly, olesoxime, a neuroprotective
cholesterol-like drug candidate which binds the voltage-
dependent anion channels (VDACs) and the translocator
protein (TSPO) on the outer mitochondrial membrane,
was reported to ameliorate disease-related abnormalities in
HD rodent models by lowering calpain activity (Clemens
et al., 2015; Weber et al., 2016). In these studies, treatment
with olesoxime attenuated calpain overactivation, which was
accompanied by reduced fragmentation, aggregation, and
nuclear accumulation of polyQ-expanded HTT. Importantly,
olesoxime administration led to an improvement of the
cognitive and psychiatric phenotype as well as reduced
brain atrophy in the HD rat model (Clemens et al., 2015).
Although the precise mode of action of the molecule remains
unknown, it was hypothesized that olesoxime might act
beneficially on the mitochondria-endoplasmic calcium coupling
in neurons (Weber et al., 2019b). Recently, another small-
molecule compound termed CHIR99021, a known glycogen
synthase kinase 3 (GSK3) inhibitor, was demonstrated to
inhibit calpain overactivation by suppressing proteasomal
degradation of CAST in cell and animal models of HD.
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FIGURE 2

Calpain cleavage sites in huntingtin protein (HTT), ataxin-3 (Atx3), and TATA box-binding protein (TBP). (A) HTT (UniProt-ID: P42858) features,
aside from its N-terminal polyQ tract, five HEAT repeats, three of the latter being localized within the first 500 amino acids. Moreover, HTT
contains a C-terminal nuclear export signal (NES) between amino acid positions I2395-L2404. The best characterized calpain cleavage sites are
at amino acids K15, T467, and S534. (B) Atx3 (UniProt-ID: P54252-2) consists of an N-terminal proteolytic Josephin domain (JD) carrying two
nuclear export signals (NES) between amino acid positions I77-Y99 and E141–E158, and two to three ubiquitin interaction motifs (UIMs). Two
UIMs are located N-terminally of the polyQ stretch, while the last isoform-dependent UIM is located at the C-terminus of the protein. A nuclear
localization signal (NLS) between amino acid positions G273-E286 is located between UIM2 and the polyQ stretch. The best characterized
calpain cleavage sites were mapped to amino acids D208 and S256. (C) The location of calpain cleavage sites in TBP (UniProt-ID: P20226-1) is
predicted to be C-terminal to its polyQ tract and N-terminal to its core DNA-binding domain, around amino acid position A110. However, the
exact cleavage site remains unclear.

Notably, CHIR99021 treatment reduced various mitochondrial,
neuropathological, and disease-associated hallmarks in HD
knock-in mice (Hu et al., 2021). However, this study omitted to
investigate the consequences of CHIR99021 administration on
HTT fragmentation.

On the other side, calpain-mediated cleavage was also
reported to have positive effects on the turnover rate of mutant
HTT. In an HD cell model, N-terminal HTT fragments of a
calpain-independent origin were shown to be further degraded
by calpains, and calpain inhibition led to an accumulation of
these breakdown products, accompanied by elevated mutant
HTT aggregate formation (Ratovitski et al., 2007). Furthermore,
Happ1, an intrabody that binds the proline-rich region of the
N-terminus of HTT was shown to enhance the degradation of
an exon 1 construct of poly Q-expanded HTT in a calpain-
dependent fashion and involving cleavage at K15 (Figure 2A).
Reciprocally, another intrabody, which binds to this calpain
cleavage site, prevented clearance of the mutant HTT constructs
(Southwell et al., 2011).

Aside from its directly linked effects on HTT cleavage
and aggregation, treatment with direct or indirect inhibitors of

calpain activity or overexpression of CAST proved effective for
ameliorating further pathological hallmarks in a multitude of
HD cell and animal models. For instance, the administration
of calpain inhibitor I/ALLN to medium-sized spiny neurons
(MSNs) isolated from HD mice balanced the loss rate
of surface NMDA receptors and reduced NMDA-induced
apoptosis (Cowan et al., 2008). CAST overexpression as well as
CX295 treatments rescued NF-κB-p65 levels in HD cells, thereby
lowering oxidative stress and cell degeneration (Reijonen et al.,
2010). Likewise, administration of PRE084, a sigma-1 receptor
agonist, elevated CAST levels and exerted neuroprotective effects
via NF-κB-p65 signaling in the same cell model (Hyrskyluoto
et al., 2013).

Calpains in Machado-Joseph disease

Concurrent with the research history of HD, studies
investigated the role of proteolytic cleavage and the validity
of the toxic fragment hypothesis in the pathological context
of MJD. Similar to findings in HD models, early findings in
MJD saw correlations between the expression of truncated,
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polyQ stretch-containing forms of the disease protein Atx3
and increased toxicity, which was accompanied by nuclear
mislocalization and aggregation in vitro and in vivo (Ikeda
et al., 1996; Paulson et al., 1997; Goti et al., 2004; Haacke
et al., 2006). Fragments of polyQ-expanded Atx3 were detected
in the brains of MJD mice and patients and associated with
the disease progression (Goti et al., 2004). A subsequent study
could narrow down the cleavage site presumably responsible for
the observed fragments, but without identifying a responsible
protease (Colomer Gould et al., 2007).

Caspases were the first suspects regarding Atx3 cleavage,
and some works demonstrated that caspase-dependent
fragmentation was indeed occurring in vitro and in cell models,
however, without detecting reported breakdown products in
MJD patient brains (Wellington et al., 1998; Berke et al., 2004).
Further supportive data for the involvement of caspases was
obtained from a Drosophila model of MJD, where caspase
cleavage site-resistant Atx3 protected against the polyQ-
induced eye degeneration but without effects on disease protein
aggregation (Jung et al., 2009).

Primary reports on the involvement of calpains in the
fragmentation of polyQ-expanded Atx3 were based on the
analysis of proteolytic events observed in neuroblastoma cells.
Stimulation of cell lysates with calcium or treatment of cells
with a calcium ionophore induced fragmentation of Atx3,
which was abolished by the administration of calpain inhibitors,
whereas blocking caspases and other proteases did not prevent
Atx3 cleavage. CAST overexpression, on the other hand, lowered
polyQ-expanded Atx3 cleavage, and aggregation (Haacke et al.,
2007). In addition, this study delivered the first information on
calpain-specific cleavage sites in the Atx3, which were precisely
mapped to two main amino positions at D208 and S256 in
a later study (positions based on UniProt reference isoform;
identifier: P54252-2; Figure 2B; Haacke et al., 2007; Weber et al.,
2017). Fragments derived from calpain cleavage at the identified
sites showed strongly increased aggregation propensities and
cytotoxicity in cell models of MJD and were found to occur
in patient-derived fibroblasts, induced pluripotent stem cells,
induced cortical neurons (iCNs), and - most importantly - post-
mortem MJD patient brain (Weber et al., 2017). Interestingly,
N-terminal fragments of Atx3 lacking the polyQ stretch were
shown to induce an MJD-like phenotype in mice and led to
mitochondrial perturbations in cell models, pointing toward
their participation in the molecular pathogenesis (Hübener et al.,
2011; Harmuth et al., 2018).

Based on these findings, several studies targeted the
mapped calpain cleavage sites in Atx3 to render the polyQ-
expanded protein calpain cleavage-resistant and evaluate the
consequences of these modifications on disease hallmarks. For
instance, mutating three amino acids around the cleavage sites
D208 and S256 to tryptophan residues efficiently abolished
cleavage by calpains (Weber et al., 2017). In an antisense
oligonucleotide-based exon skipping approach in MJD patient-

derived fibroblasts, the removal of two exons of Atx3 ablated
the main recognition sites for calpains and caspases of
Atx3 and blocked the formation of potentially toxic polyQ-
containing fragments. However, due to the exon removal-
induced loss of two functionally important ubiquitin interacting
motifs in Atx3, as well as low exon skipping efficiencies, this
strategy was deemed non-viable as a therapeutic approach
(Toonen et al., 2016). In a lentiviral MJD mouse model,
deletion of larger amino acid stretches on adjacent calpain
cleavage sites within Atx3 reduced disease protein cleavage
and aggregation, and retained its cytoplasmic localization
(Simões et al., 2022).

Consistent with findings in HD, calpains were not only
responsible for the fragmentation of the disease protein but
exhibited also an overactivation in respective disease models.
A direct link between neuronal specificity of MJD and calpain-
mediated cleavage was gained from analyzing the effects of
neurotransmitter-induced excitation of MJD patient-derived
iCNs. Here, treatment with L-glutamate led to an excitation-
dependent calcium influx and, thereby, calpain-dependent
cleavage and aggregation of polyQ-expanded Atx3 in iCNs
(Koch et al., 2011). Further analysis of MJD patient-derived
fibroblasts and MJD animal models delivered additional proof of
a pathological calpain overactivation, which caused subsequent
proteolytic perturbations in neuronal substrate proteins and
might be linked to a described dysregulation of calcium
homeostasis by polyQ-expanded Atx3 (Chen et al., 2008; Simões
et al., 2012; Weber et al., 2020). Moreover, triggering calpain
activation in MJD mice by genetically depleting CAST led to a
worsening of the disease-associated molecular and behavioral
characteristics, whereas CAST overexpression in a further
study ameliorated pathological hallmarks including polyQ-
expanded Atx3 cleavage, mislocalization, and aggregation, and
neuronal loss (Simões et al., 2012; Hübener et al., 2013).
Interestingly, MJD mice harboring a knockout of calpain-1
showed a partially improved phenotype regarding reduced
Atx3 cleavage, lowered fragmentation of synaptic proteins,
as well as increased body weight and survival, but featured
worsened motor symptoms (Weber et al., 2020). These
mixed consequences might be explained by the vital role of
calpains in neuroprotection and neuronal plasticity and suggest
calpain-2 as a more suitable target for therapeutic intervention
(Baudry and Bi, 2016).

Aside from genetic strategies targeting cleavage sites
in Atx3 or the cleavage-executing calpain system, different
studies focused on more clinically translatable approaches
using calpain inhibitors. Treatment of MJD patient-derived
iCNs with ALLN or calpeptin after excitotoxic L-glutamate
stimulation reduced polyQ-expanded Atx3, while caspase-
specific inhibitors failed to do so (Koch et al., 2011).
Administration of BDA-410, an inhibitor with a relatively
higher selectivity for calpain-1 over calpain-2, lowered polyQ-
expanded Atx3 cleavage and aggregation, and alleviated
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neuronal loss and motor symptoms in MJD mice (Li et al.,
2007; Simões et al., 2014). Interestingly, two treatment
studies using calpain inhibitor calpeptin and BLD-2736, a
novel inhibitor of calpain-1, -2, and -9, in MJD zebrafish,
did not primarily link the observed beneficial effects on
Atx3 aggregation and motor phenotype with a reduced
fragmentation of Atx3, but with its higher turnover via the
autophagic system (Watchon et al., 2017; Robinson et al.,
2021), which is known to be modulated by calpain activity
(Weber et al., 2019a).

Calpains in spinocerebellar ataxia type 17 and
other polyglutamine disorders

The presence of fragments or protease-dependent cleavage
of disease proteins was shown to modulate the pathogenesis
of SCA1, SCA2, SCA6, SCA7, DRPLA, and SBMA (Weber
et al., 2014; Matos et al., 2017). Some studies demonstrated
connections to disease protein fragmentation by caspases, e.g.,
the role of caspase-7-mediated cleavage of Atx7 in SCA7
(Wellington et al., 1998; Young et al., 2007). However, unlike for
HD and MJD, the importance of calpains and calpain-mediated
disease protein cleavage has been investigated to a lesser extent
in the remaining polyQ diseases, leaving many questions - in this
context - unanswered.

In the case of SCA17, earlier attempts to associate
caspases with the cleavage of the disease protein TBP were
inconclusive, despite unequivocal reports on the involvement
of truncated forms of polyQ-expanded TBP in the molecular
pathology of SCA17 (Wellington et al., 1998; Friedman
et al., 2008). In a recent study, new light was shed on
TBP fragmentation, detecting calpains as players in the
pathogenesis of SCA17 (Weber et al., 2022). In SCA17 cell
and rat models, TBP was processed by the overactivated
calpain system into prominent C-terminal fragments.
Interestingly, in contrast to TBP’s nuclear presence, these
arising C-terminal breakdown products were mislocalized to
the cytoplasm, suggesting potential negative repercussions
on the protein function as a general transcription factor.
Importantly, inhibition of calpains by overexpression of CAST
or calpain inhibitor administration in SCA17 cells reduced
TBP fragmentation, decreased its aggregation, and rescued
cell viability impairments, indicating the toxic potential
of TBP fragments (Weber et al., 2022). Despite these first
significant findings, various aspects of the involvement of
calpains in SCA17 remained elusive. Although TBP was
suggested to be proteolyzed by calpains C-terminally of
the polyQ stretch around amino acid position A110, the
exact cleavage site is unclarified (position based on UniProt
reference isoform; identifier: P20226-1; Figure 2C; Weber
et al., 2022). Moreover, the exact pathological role of calpain
cleavage-derived TBP fragments and potential therapeutic

interventions on fragmentation and calpain activation by
genetic or pharmacologic approaches in vivo still have to
be examined.

The SCA6 disease protein CACNA1A was found to be
cleaved by an unknown protease into a C-terminal fragment,
which exhibited increased toxicity and resistance to further
proteolysis in cell models (Kubodera et al., 2003). Moreover,
this fragment was detected in the post-mortem brains of
SCA6 patients and associated with the cytoplasmic aggregation
of the disease protein (Ishiguro et al., 2010). Another study,
however, showed that shorter, presumably calpain cleavage-
independent C-terminal CACNA1A fragments translocate into
the nucleus and, thereby, mediate polyglutamine-dependent
cytotoxicity (Kordasiewicz et al., 2006). On the other hand, one
must consider that any pathological alterations of CACNA1A’s
function may affect the cellular calcium homeostasis and
consequently induce calpain activation.

Fragments of atrophin-1 (ATN1), the disease protein of
DRPLA, were found in cell models, as well as mouse and
patient brain, and associated with its polyQ-dependent toxicity.
Caspases appeared as primary executors of the underlying
proteolytic origin (Miyashita et al., 1997; Ellerby et al., 1999;
Schilling et al., 1999). However, two other studies showed that
pathologically relevant fragments of ATN1 can also arise in a
caspase-independent process (Nucifora et al., 2003; Suzuki et al.,
2010). Thus, and despite some opposing indications, calpains
cannot be ruled out as potentially responsible proteases in the
fragmentation of ATN1 in DRPLA.

While there is evidence for implications of truncated
forms of the androgen receptor (AR) in the molecular
pathogenesis of SBMA, and caspases have been reported
to cleave the disease protein, information on participation
of calpains in the disease is scarce (Butler et al., 1998;
Kobayashi et al., 1998; Merry et al., 1998; Wellington et al.,
1998). However, in an SBMA-independent context, calpain-
mediated cleavage of AR was shown to occur in prostate
cancer cells rendering the receptor androgen-independent
or leading to its elimination (Libertini et al., 2007; Yang
et al., 2008). Thus, an involvement of calpains in the
cleavage of polyQ-expanded AR is very likely and demands
further scrutiny.

Whether disease protein fragmentation must have negative
consequences is still debated, with studies challenging - or
at least softening - this concept. Contradictory results were
found for the SCA2 disease protein Atx2. Here, truncated
forms of Atx2 containing the polyglutamine stretch showed
high aggregation propensity, and their polyQ flanking
regions were crucial for the aggregation process (Nozaki
et al., 2001). However, in another study, N-terminally
truncated Atx2 fragments did not form aggregates and
were less cytotoxic than the full-length protein (Ng et al.,
2007). Still, responsible proteases for this process remain to
be discovered.
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FIGURE 3

The toxic fragments hypothesis in the molecular pathogenesis of polyQ disorders. Overview of known molecular and cellular repercussions in
the context of the pathomechanism of Huntington disease (HD), Machado-Joseph disease (MJD), and spinocerebellar ataxia type 17 (SCA17),
with a potential (yet unconfirmed) general validity for all polyQ disorders and beyond. (1) PolyQ disorders are caused by mutations that result in
a pathologically elongated polyQ tract (highlighted in pink) in the respective disease protein, such as HTT, Atx3 or TBP. (2) Due to a pathology-
related dysregulation of the cellular calcium homeostasis, calpains become overactivated, and (3) engage in cleaving mutant proteins. (4) This
process results in the formation of toxic disease protein fragments containing the polyQ stretch. (5) Breakdown products can translocate to the
cell nucleus, (6) and accumulate, forming intranuclear inclusions which sequester important nuclear components. (7) This process may interfere
with transcription, leading to disturbed gene expression. In addition, disease protein fragments can cause (8) mitochondrial dysfunction and
stress, leading to further calcium disbalance and calpain activation. Disease protein fragments can, furthermore, (9) impair protein clearance
mechanisms, including autophagy and proteasomal degradation, (10) triggering the formation of cytoplasmic aggregates and inclusion bodies.
(11) Finally, pathologically overactivated calpains may contribute to excessive cleavage of other cellular proteins with negative effects on cell
function and viability.

Conclusion

Over the past three decades, a great number of studies
corroborated proteolytic fragmentation of disease proteins
as highly relevant PTMs, with significant consequences on
the molecular mechanisms of neurodegeneration. Based
on the findings in HD, MJD, and SCA17 described in
this review, the contribution of calpains as the executor of
disease protein cleavage within the general mechanisms
of polyQ disorders is highly conceivable. A large variety
of molecular repercussions may be triggered by the
overactivation of calpains and calpain-mediated fragmentation
of disease proteins, with detrimental consequences for
affected cells as summarized in Figure 3. However, as
knowledge of the contribution of calpains in other polyQ
diseases - namely SCA1, SCA2, SCA6, SCA7, DRPLA,

and SMBA - is fragmentary, additional research efforts
are demanded to fully confirm calpain cleavage as a
unifying mechanism.

A first step and fast way to gauge whether yet experimentally
unverified polyQ proteins might represent calpain substrates
is utilizing well-established computational approaches. Tools
such as Calpacchopper or GPS-CCD can offer a first
insight into the potential proteolytic likelihood and give
further information on expected fragment sizes and their
composition (DuVerle et al., 2011; Liu et al., 2011; duVerle and
Mamitsuka, 2019). The potential involvement of calpains and
their pathological activation in underreported polyQ disorders
appear, furthermore, very likely, as the intracellular calcium
homeostasis - a pivotal factor of their functionality - was shown
to be dysregulated in many SCAs (Bezprozvanny, 2009; Kasumu
et al., 2012).
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TABLE 2 Overview of preclinical studies targeting the calpain system in polyQ diseases.

Compound/Treatment Model Application Outcome

Huntington disease
CalpA RNAig,d

Menzies et al. (2015)
Drosophila overexpressing 46Q or
120Q HTT exon 1 fragment

crossbreeding with CalpA RNAi fly
lines/ 3, 15, 35 dpe

• reduced HTT aggregation
• rescue of neurodegeneration in fly eye

CASTg,d

Menzies et al. (2015)
N171-82Q mice overexpressing HTT
exon 1 fragment

crossbreeding with transgenic mice
overexpressing CAST/ up to
19 months of age

• reduced mutant HTT
• reduced HTT aggregation
• delayed onset of tremors
• improved motor function
•enhanced locomotor activity
• extended life span

CAST g,d

Weber et al. (2018)
HEK 293T cells overexpressing 128Q
full-length HTT

vector-based overexpression/ for 72 h • reduced calpain activity
• reduced HTT cleavage
• reduced HTT aggregation

CI I/ALLNp,d

Cowan et al. (2008)
MSNs derived from YAC72 or
YAC128 mice overexpressing 72Q or
128Q full-length human HTT

1 µM/ for 24 h • normalized loss rate of surface NMDARs to
wild-type level
• reduced cell death of MSNs treated with NMDA

CI III/MDL 28170p,d

Weber et al. (2018)
HEK 293T cells overexpressing 128Q
full-length HTT

10 µM/ for 2 h • reduced calpain activity
• reduced HTT cleavage

CX295p,d

Reijonen et al. (2010)
PC6.3 cells overexpressing
EGFP-HTT exon 1 39/53/120Q or
full-length HTT 75Q

20 µM/ for 48 h • restored NF-κB-p65 levels
• restored antioxidant levels
• reduced oxidative stress
• decreased cell degeneration

CHIR99021p,i

Hu et al. (2021)
HdhQ111 knock-in cells expressing
111Q full-length HTT

3 µM/ for 48 h • enhanced mitochondrial function
• enhanced cell viability
• reduced calpain activity
• restored CAST levels

HD patient-derived neuronal cells and
fibroblasts

1 µM/ for 96–120 h

R6/2 mice overexpressing 100-150Q
N-terminal HTT fragment

i.p. injection, 10 µg/g/ 5 days/week
starting from 6 weeks until 12 weeks
of age

• reduced calpain activity
• restored CAST levels
• reduced HTT aggregation
• attenuated motor deficits
• enhanced locomotor activity improved survival

YAC128 mice overexpressing 128Q
full-length human HTT

i.p. injection, 10 µg/g/ once every
other day starting from 9 months until
12 months of age

Olesoximep,i

Clemens et al. (2015)
BACHD rats overexpressing 97Q
full-length HTT

orally via food, ad libitum, 600 µg/g/
for 12 months starting at 5 weeks of
age

• reduced calpain activity
• reduced HTT fragments
• reduced aggregation and nuclear accumulation of

mutant HTT
• improved mitochondrial function
• amelioration of brain atrophy
• improvement of cognitive and psychiatric signs

Olesoximep,i

Weber et al. (2016)
HdhQ111 knock-in mice expressing
111Q full-length HTT

orally via food, ad libitum, 600 µg/g/
for 3 months starting prenatally

• reduced calpain activity
• reduced HTT fragments

PRE084p,i

Hyrskyluoto et al. (2013)
PC6.3 cells overexpressing
EGFP-HTT exon 1 120Q or
full-length HTT 75Q

300 nM PRE084/ for 24 h, 48 h • restored CAST levels
• restored NF-κB-p65 levels and signaling
• neuroprotective effects

Machado-Joseph disease
BDA-410p,d

Simões et al. (2014)
LV mouse model overexpressing 72Q
full-length human Atx3

daily oral gavage, 30 µg/g/ for
4–13 weeks

• reduced Atx3 cleavage
• reduced Atx3 aggregation
• reduced cytotoxicity
• alleviated neurodegeneration
• improved motor coordination

BLD-2736p,d

Robinson et al. (2021)
MJD zebrafish overexpressing Atx3
84Q in neurons

150, 225, and 300 nM/ for 5 days
(1 dpf - 6 dpf) or for 2 days (4 dpf -
6 dpf)

• reduced Atx3 cleavage
• reduced levels of soluble and aggregated Atx3
• increased autophagic flux
• improved motor phenotype

Calpeptinp,d

Haacke et al. (2007)
N2a cells expressing Atx3 71Q 5, 50, 200 µM/ for 2 h or 50 µM/for

72 h
• reduced Atx3 cleavage upon

ionomycin-treatment
• reduced Atx3 aggregation

Calpeptinp,d

Koch et al. (2011)
MJD patient-derived iCNs 20, 200 µM/ for 24 h • reduced Atx3 aggregation after

L-glutamate-induced excitation

Calpeptinp,d

Watchon et al. (2017) and
Robinson et al. (2021)

MJD zebrafish overexpressing Atx3
84Q in neurons

6.25–100 µM/ for 2 days (1 dpf
-2 dpf) or 5 days (1 dpf -6 dpf)

• reduced Atx3 cleavage
• reduced levels of soluble and aggregated Atx3
• increased autophagic flux
• improved motor phenotype

(Continued)
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TABLE 2 (Continued)

Compound/Treatment Model Application Outcome

CAPN1 KDg,d or
Capn1 KOg,d

Weber et al. (2020)

HEK 239T cells expressing 70Q
full-length human Atx3

esiRNA-mediated knockdown/ for
48 h

• reduced calpain activity
• reduced Atx3 fragmentation

YAQ84Q mice overexpressing human
full-length Atx3

crossbreeding with Capn1 KOmice/
up to 18 months of age

• reduced calpain activity
• reduced Atx3 fragmentation
• reduced cleavage of synaptic proteins
• improved body weight
• extended life span

CASTg,d

Haacke et al. (2007)
HEK 293T cells expressing Atx3 71Q vector-based overexpression/ for

24–72 h
• reduced Atx3 cleavage upon

ionomycin-treatment
• reduced Atx3 aggregation

CASTg,d

Simões et al. (2012)
LV mouse model overexpressing 72Q
full-length human Atx3

single injection into striatum of AAV
vectors encoding calpastatin

• reduced Atx3 proteolysis
• reduced Atx3 aggregation
• prevention of nuclear translocation of Atx3
• alleviated neurodegeneration

CI I/ALLNp,d

Koch et al. (2011)
MJD patient-derived iCNs 10, 100 µM/ for 24 h • reduced Atx3 aggregation after

L-glutamate-induced excitation

CI III/MDL 28170p,d

Weber et al. (2017)
MJD patient-derived fibroblasts 10 µM/ for 2 h • reduced calpain activity

• reduced Atx3 fragmentation

Spinocerebellar ataxia type 17
CASTg,d

Weber et al. (2022)
HEK 293T cells overexpressing
64Q/105Q full-length TBP

vector-based overexpression/ for 72 h • reduced calpain activation
• reduced TBP cleavage
• reduced TBP aggregation
• improved cell viability

CI III/MDL 28170p,d

Weber et al. (2022)
HEK 293T and PC12 cells
overexpressing 64Q/105Q full-length
TBP

25 µM/ for 3 h–48 h • reduced calpain activation
• reduced TBP cleavage
• reduced TBP aggregation

Summary of cell-based and in vivo studies, grouped by polyQ disease, and sorted alphabetically. Experimental specifications and study outcomes are listed. The table comprises
both genetic and pharmacologic approaches, acting directly or indirectly on the calpain system. AAV, adeno-associated virus; CalpA, Drosophila calpain-A gene; Capn1, mouse
calpain-1 gene; CAPN1, human calpain-1 gene; CI I, calpain inhibitor I; CI III, calpain inhibitor III; dpe, days post eclosion; dpf, days post fertilization; iCNs, induced cortical
neurons; i.p., intraperitoneal; KD, knockdown; KO, knockout; LV, lentiviral; MSNs, medium-sized spiny neurons; NMDA(R), N-methyl-D-aspartate (receptor); RNAi, RNA
interference; ddirect inhibition; ggenetic; iindirect inhibition; ppharmacologic.

A multitude of pharmacologic treatment approaches for
lowering detrimental calpain activation have been evaluated
in preclinical studies in vitro and in vivo, with pathology-
ameliorating outcomes for polyQ disorders. Novel inhibitors
such as BLD-2736, which work at sub-micromolar ranges,
showed promising effects in MJD zebrafish (Robinson et al.,
2021), and should be further reassessed in additional in vivo
models, and also for other diseases such as HD and SCA17.
A summary of so far tested genetic and direct or indirect
pharmacologic strategies targeting the calpain system can be
found inTable 2. The overall findings are encouraging. However,
the lack of specificity and efficacy of available calpain inhibitors
poses a therapeutic obstacle, despite compounds like ABT-957
and BDL-2660 reaching clinical trials (ClinicalTrials.gov,
NCT02220738 and NCT04334460) for treatment of AD and
COVID-19. In this context, it should not be forgotten that
the activity of calpains serves a physiological purpose in a
functional biological system. Thus, a misdirected therapeutic
interference with this system may lead to unwanted negative
repercussions. This circumstance is highlighted by mutations
in the human CAPN1 gene, which reportedly cause spastic
paraplegia 76 (SPG76) or a form of cerebellar ataxia (Gan-Or
et al., 2016; Wang et al., 2016). Therefore, the development
and availability of highly specific inhibitors which only target

the desired calpain molecule are essential, as suggested for
calpain-2 in the treatment of acute neuronal injury and beyond
(Wang et al., 2018). Alternatively, indirect strategies targeting
dysfunctional calcium homeostasis, impaired mitochondria, or
depletion of CAST levels are auspicious, as demonstrated for
compounds like olesoxime and CHIR99021 in HD (Clemens
et al., 2015; Weber et al., 2016; Hu et al., 2021). These drugs
do not only antagonize overactivated calpains and ameliorate
subsequent detrimental effects but also mitigate their underlying
disturbances caused by polyQ toxicity. A future translation of
these findings to other polyQ disorders and potential clinical
trials is necessary to assess their general applicability. Modifying
calpains and calpain-mediated cleavage with genetic means
has been tested in different experimental set-ups in vitro and
in vivo for HD and SCA3, such as by knocking out specific
calpain isoforms (Menzies et al., 2015; Weber et al., 2020),
overexpressing the endogenous inhibitor CAST (Simões et al.,
2012; Menzies et al., 2015) or removing calpain cleavage sites
(Gafni et al., 2004; Toonen et al., 2016; Weber et al., 2017;
Simões et al., 2022). Although these strategies led to a therapeutic
proof of principle and - in most cases - positive repercussions
on certain pathological parameters, the translation into clinical
approaches appears intricate, as targeting the mutant disease
gene still represents the most direct way.
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The biological function of the wild-type polyQ protein
cleavage by calpains, which act in a modulatory way, remains
largely unclarified. Both HTT and Atx3 undergo calpain-
mediated proteolysis at baseline regardless of their polyQ-
expansion, suggesting a natural function behind this process
(Weber et al., 2017, 2018). Investigating the consequences of
calpain-mediated cleavage on the protein’s and its fragments’
function, intracellular localization, interactome, and stability
might generate a better understanding of both physiological and
pathological mechanisms in the respective disease context.

Only by broadening our perspective and deepening our
insights into the role of posttranslational proteolytic events
mediated by calpains - not only in polyQ disorders but also in
other neurodegenerative diseases - will allow us to understand
and harness the full therapeutic potential of calpains.
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