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Myofibril breakdown is a fundamental cause of muscle wasting and inevitable sequel of aging and disease. We demonstrated 
that myofibril loss requires depolymerization of the desmin cytoskeleton, which is activated by phosphorylation. Here, we 
developed a mass spectrometry–based kinase-trap assay and identified glycogen synthase kinase 3-β (GSK3-β) as responsible 
for desmin phosphorylation. GSK3-β inhibition in mice prevented desmin phosphorylation and depolymerization and blocked 
atrophy upon fasting or denervation. Desmin was phosphorylated by GSK3-β 3 d after denervation, but depolymerized 
only 4 d later when cytosolic Ca2+ levels rose. Mass spectrometry analysis identified GSK3-β and the Ca2+-specific protease, 
calpain-1, bound to desmin and catalyzing its disassembly. Consistently, calpain-1 down-regulation prevented loss of 
phosphorylated desmin and blocked atrophy. Thus, phosphorylation of desmin filaments by GSK3-β is a key molecular 
event required for calpain-1–mediated depolymerization, and the subsequent myofibril destruction. Consequently, GSK3-β 
represents a novel drug target to prevent myofibril breakdown and atrophy.

GSK3-β promotes calpain-1–mediated desmin filament 
depolymerization and myofibril loss in atrophy
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Introduction
Muscle wasting is a debilitating response to denervation, disuse, 
aging, fasting, and various diseases including motor-neuron dis-
eases (e.g., amyotrophic lateral sclerosis), cancer cachexia, and 
renal and cardiac failure (Jackman and Kandarian, 2004; Cohen 
et al., 2015). This loss of mass results largely from the accelerated 
degradation of the contractile myofibrils, primarily by the ubiq-
uitin-proteasome pathway (Solomon and Goldberg, 1996). Their 
destruction accounts for the reduction in muscle strength and 
increased disability that reduce quality of life and contribute to 
mortality. Two ubiquitin ligases, muscle RING finger 1 (MuRF1) 
and atrogin-1/MAFbx, are induced in all types of atrophy by fork-
head box O (FoxO) transcription factors, and their induction is 
required to cause wasting (Bodine et al., 2001; Gomes et al., 2001; 
Sandri et al., 2004). Although much attention has been given to 
the signaling pathways that promote atrophy, the precise mech-
anism of myofibril disassembly and the critical specific steps 
that promote its destruction remain largely unknown. We have 
shown that myofibril breakdown during atrophy is an ordered 
process requiring the initial depolymerization of the desmin cy-
toskeleton (Volodin et al., 2017).

Desmin intermediate filaments are important for mainte-
nance of muscle architecture and function (Chou et al., 2009; 
Dechat et al., 2009; Mendez et al., 2010), because they link adja-
cent myofibrils laterally and to the muscle membrane, mitochon-
dria, and nucleus (Lazarides and Hubbard, 1976; Lazarides, 1978). 

Mutations in desmin or its deficiency result in disorganized my-
ofibrils (Milner et al., 1996) and cardiomyopathies (Mavroidis et 
al., 2008), indicating that intact desmin filaments are important 
for myofibril integrity. Desmin consists of a central α-helical rod 
domain flanked by non–α-helical amino-terminal head and car-
boxy-terminal tail domains (Geisler and Weber, 1982). The head 
domain is important for desmin filament stability and polym-
erization (Kaufmann et al., 1985), and phosphorylation within 
this domain promotes desmin disassembly (Inagaki et al., 1987). 
We and others have shown, that during atrophy induced by de-
nervation or fasting, phosphorylation of desmin on three serine 
residues within the head domain promotes its ubiquitination 
by Trim32, disassembly, and degradation (Cohen et al., 2012; 
Volodin et al., 2017). Because loss of desmin filaments and the 
attached myofibrils is activated by desmin phosphorylation, in-
hibition of the critical kinase responsible for this phosphoryla-
tion is likely to be of major therapeutic benefit to prevent atrophy 
in various catabolic states. The present studies were undertaken 
to identify the kinase responsible for desmin phosphorylation 
during atrophy in vivo.

These studies have identified glycogen synthase kinase 3-β 
(GSK3-β) as the kinase promoting desmin filament phosphory-
lation and subsequent loss during atrophy. This enzyme and its 
close homologue GSK3-α are ubiquitously expressed serine/thre-
onine kinases, which were originally identified for their key role 

© 2018 Aweida et al. This article is distributed under the terms of an Attribution–Noncommercial–Share Alike–No Mirror Sites license for the first six months after the 
publication date (see http://​www​.rupress​.org/​terms/​). After six months it is available under a Creative Commons License (Attribution–Noncommercial–Share Alike 4.0 
International license, as described at https://​creativecommons​.org/​licenses/​by​-nc​-sa/​4​.0/​).

Faculty of Biology, Technion Institute of Technology, Haifa, Israel.

Correspondence to Shenhav Cohen: shenhavc@​technion​.ac​.il. 

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/217/10/3698/1611666/jcb_201802018.pdf by guest on 08 February 2026

http://crossmark.crossref.org/dialog/?doi=10.1083/jcb.201802018&domain=pdf
http://orcid.org/0000-0001-6812-8631
http://orcid.org/0000-0001-8307-466X
http://www.rupress.org/terms/
https://creativecommons.org/licenses/by-nc-sa/4.0/
mailto:shenhavc@technion.ac.il


Journal of Cell Biology
https://doi.org/10.1083/jcb.201802018

Aweida et al. 
GSK3-β and calpain-1 promote desmin loss and atrophy

3699

in regulating insulin-stimulated glycogen synthesis (Frame and 
Cohen, 2001; Doble and Woodgett, 2003; Jope and Johnson, 2004). 
In addition to this role, GSK3 also regulates gene transcription, 
protein synthesis, and cytoskeletal organization (Woodgett, 1994; 
Doble and Woodgett, 2003; Albrecht et al., 2015). In mammalian 
cells, these two isoforms are encoded by two separate genes and 
show no functional redundancy, as GSK3-β null mutation in mice 
is lethal (Hoeflich et al., 2000). By promoting protein phosphory-
lation that often leads to degradation, GSK3-β regulates signaling 
pathways (e.g., Wnt and Hedgehog) that control development, 
cell survival, and tissue homeostasis (Quélo et al., 2004; Viatour 
et al., 2004; Boucher et al., 2006). One of its bona fide substrates 
is β-catenin, a component of adhesion complexes and the main 
effector of Wnt signaling (Valenta et al., 2012), whose phosphor-
ylation by GSK-3β promotes degradation via the proteasome 
(Stamos and Weis, 2013). We show here that GSK-3β is of prime 
importance in regulating muscle size because it phosphorylates 
desmin filaments and promotes their loss, which triggers myo-
fibril destruction and atrophy. A similar role for GSK-3β in the 
phosphorylation and dissociation of desmin filaments has been 
recently suggested in failing hearts of mongrel dogs (Agnetti et 
al., 2014). In normal muscle, this enzyme is inhibited via phos-
phorylation by PI3K–Akt–FoxO signaling; however, during fast-
ing and in disease states, when IGF-I and insulin levels are low, 
PI3K–Akt–FoxO signaling decreases, and GSK-3β is activated and 
catalyzes protein phosphorylation. Although phosphorylation of 
desmin filaments increases rapidly after denervation of mouse 
muscle, their dissociation occurs only several days later (Volodin 
et al., 2017). Thus, depolymerization of phosphorylated desmin 
filaments probably requires the activation of additional factors, 
such as calpain-1, as demonstrated here.

Calpain-1 is a member of the Ca2+-activated cysteine prote-
ases (calpains), which play important roles in cell motility, cell 
proliferation, and apoptosis (Goll et al., 2003). Prior studies in 
vitro and on cultured cardiomyocytes have suggested a role for 
calpains in cytoskeletal rearrangement by promoting the cleav-
age of desmin and vimentin (Nelson and Traub, 1983; Galvez et 
al., 2007). Other investigations have suggested that calpains are 
activated during atrophy, and cleave myofibrillar proteins before 
their degradation by the ubiquitin proteasome system (Tidball 
and Spencer, 2002; Wei et al., 2005; Smith et al., 2008; McClung 
et al., 2009; Hudson et al., 2012). Here, we have uncovered a crit-
ical role for calpain-1 in the depolymerization and subsequent 
degradation of desmin filaments during atrophy induced by de-
nervation or fasting. Their loss follows a specific sequence and 
involves an initial phosphorylation by GSK-3β and subsequent 
cleavage by calpain-1, which is a prerequisite for myofibril de-
struction and atrophy.

Results
Kinase-trap assay identifies GSK3-β as responsible for desmin 
filament phosphorylation during atrophy
To identify the critical kinase phosphorylating desmin filaments, 
we developed a mass spectrometry–based kinase-trap assay and 
studied mouse tibialis anterior (TA) muscles 3 d after denerva-
tion, when desmin phosphorylation increases (Volodin et al., 

2017). Homogenates from innervated and denervated muscles 
were incubated with a nonhydrolyzable ATP analogue, AMP-PNP, 
which is resistant to enzymes cleaving between β- and γ-phos-
phorus atoms. Because kinases catalyze protein phosphorylation 
by cleaving between these two atoms in ATP and transferring the 
γ-phosphoryl group of ATP to hydroxyl group on a substrate pro-
tein (Adams, 2001; Taylor and Kornev, 2011), in the presence of 
AMP-PNP, the kinases phosphorylating desmin filaments will 
bind desmin but fail to phosphorylate it, which should greatly 
facilitate their identification by mass spectrometry (Fig.  1 A). 
To isolate those kinases, we separated by centrifugation the in-
soluble pellets (containing desmin filaments and myofibrillar 
proteins) after incubation of muscle homogenates with AMP-
PNP, and analyzed by mass spectrometry (Fig. 1 A and Table 1). 
Of 23 kinases that were identified, 14 were found to be at least 
threefold more abundant in the 3-d-denervated muscle than in 
the innervated control (Table 1). Among these kinases are ones 
that have been previously reported to phosphorylate desmin in 
vitro, including PKC, PKA, Ca2+/calmodulin kinase II, and GSK3-β 
(Geisler and Weber, 1988; Inagaki et al., 1996; Huang et al., 2002; 
Agnetti et al., 2014), exemplifying the validity of our approach 
and the specificity of these physiological interactions. GSK3-β 
was deemed the most intriguing candidate as the kinase promot-
ing desmin filament phosphorylation and loss during atrophy 
because it is the only kinase in our dataset that promotes protein 
phosphorylation that often leads to degradation (Quélo et al., 
2004; Viatour et al., 2004; Gumbiner, 2005; Boucher et al., 2006). 
This kinase is primarily activated by the fall in PI3K-Akt signaling 
in many types of systemic atrophy, and also during the disuse 
atrophy induced by denervation as shown here (see below).

GSK3-β promotes atrophy by catalyzing desmin filament loss
To confirm biochemically that GSK3-β binds desmin filaments in 
denervated muscle, as suggested by our mass spectrometry anal-
ysis (Table 1), we analyzed soluble and insoluble fractions of mus-
cle homogenates after incubation with AMP-PNP by SDS-PAGE 
and immunoblotting (Fig. 1 B). In innervated muscles, GSK3-β 
bound the insoluble pellet, but most of this enzyme was present 
in the soluble fraction (Fig. 1 B). However, 3 d after denervation, 
when phosphorylation of desmin filaments is rapid (Volodin et 
al., 2017), the association of GSK3-β with the insoluble pellet in-
creased while its levels in the cytosol decreased (Fig. 1 B).

To determine whether desmin is a substrate for GSK3-β during 
atrophy in vivo, we suppressed GSK3-β function by the electropo-
ration of a dominant negative GSK3-β (GSK3-β-DN) into mouse 
TA, and induced atrophy by denervation or fasting. In parallel 
muscles, we down-regulated the ubiquitin ligase Trim32 by the 
transfection of specific shRNA (shTrim32) to cause accumula-
tion of phosphorylated desmin filaments and compared them to 
GSK3-β-DN–expressing muscles, where desmin filaments should 
accumulate in their nonphosphorylated form (Fig. 1, C and D). 
Desmin filaments were purified from transfected muscles by 
treating the insoluble pellet with 0.6 M KCl for 10 min to extract 
myofibrillar proteins (Cohen et al., 2012; Volodin et al., 2017). 
Immunoblotting with anti–phospho-serine showed increased 
phosphorylation of desmin filaments 3 d after denervation com-
pared with control (Fig. 1 C), which was similar to the denervated 
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Figure 1. GSK3-β promotes atrophy by catalyzing desmin filament phosphorylation and loss. (A) A scheme for kinase-trap assay. (B) GSK3-β binds the 
myofibrillar pellet 3 d after denervation. Soluble and insoluble fractions from control and 3-d-denervated TA muscles were incubated with AMP-PNP and ana-
lyzed by SDS-PAGE and immunoblotting. (C and D) During atrophy, inhibition of GSK3-β markedly reduces desmin phosphorylation. Desmin filaments isolated 
from atrophying muscles expressing GSK3-β-DN, shTrim32, or shLacz were analyzed by immunoblotting. Right: Densitometric measurement of presented blots. 
n = 3. *, P < 0.05 vs. control; #, P < 0.05 vs. shLacz in atrophy; §, P < 0.05 vs. shTrim32 in atrophy. (E) GSK3-β phosphorylates desmin filaments in vitro. Pellets 
from denervated (3 d) muscles expressing GSK3-β-DN were subjected to in vitro phosphorylation reaction by recombinant GSK3-β. (F) Inhibition of GSK3-β with 
specific inhibitor prevents desmin phosphorylation and loss during fasting. TA muscles from fasted mice injected with GSK3-β inhibitor (L803mts) or vehicle 
were analyzed by immunoblotting. Right: Densitometric measurement of presented blots. n = 3 for DMSO. n = 4 for GSK3-β inhibitor. *, P < 0.05. (G) During 
fasting, GSK3-β inhibition with a dominant negative prevents myofibril destruction. Equal fractions (0.1%) of myofibrils from GSK3-β-DN– or shLacz-expressing 
muscles from fed or fasted mice were analyzed by SDS-PAGE and Coomassie blue staining. (H) GSK3-β inhibition markedly reduces fiber atrophy during fasting. 
Measurements of cross-sectional areas of 500 fibers expressing GSK3-β (black bars) versus 500 nontransfected fibers (open bars) in the same muscle. n = 5 
mice. (I) Inhibition of GSK3-β blocks the loss of muscle mass during fasting. Mean weights of electroporated muscles are plotted as percentage of fed control. 
n = 3. *, P < 0.05 vs. shLacz in atrophy.
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muscles expressing shTrim32. At this time desmin filaments are 
intact, even though their phosphorylation increased (Fig.  1  C; 
Volodin et al., 2017). However, inhibition of GSK3-β by the elec-
troporation of GSK3-β-DN blocked this increase in phosphoryla-
tion, indicating that after denervation, this kinase is responsible 
for desmin filament phosphorylation.

To learn whether GSK3-β serves a similar role in other types 
of atrophy, we inhibited this kinase in mouse muscles during 
fasting and analyzed the effects on desmin filament phosphor-
ylation. Phosphorylated desmin filaments were reduced during 
fasting compared with fed control, but not when Trim32 was 
down-regulated with shRNA (Fig. 1 D); instead, desmin accumu-
lated as insoluble phosphorylated filaments (Fig. 1 D). Strikingly, 
inhibition of GSK3-β with GSK3-β-DN also blocked this loss of 
desmin filaments upon fasting, but desmin filaments accumu-
lated as nonphosphorylated species (Fig. 1 D). It is noteworthy 
that in normal muscles expressing GSK3-β-DN for 4 d, desmin 
filament phosphorylation did not decrease (Fig. S1 A).

To determine if desmin is a direct substrate for GSK3-β, we 
purified desmin filaments from 3-d-denervated muscles ex-
pressing GSK3-β-DN and assayed their susceptibility to phos-
phorylation by recombinant GSK3-β (Fig. 1 E). Purified GSK3-β 
phosphorylated desmin filaments in vitro but not when the di-
valent cation chelating agent, EGTA, was added (Fig. 1 E, lanes 2 
and 4). Under the same conditions, a nonrelevant kinase, GCN2, 
failed to phosphorylate desmin filaments (Fig. S2). Consistently, 
inhibition of GSK3-β by the injection of mice with a GSK3-β spe-
cific inhibitor (L803-mts; Plotkin et al., 2003) blocked desmin 
loss upon fasting, and desmin accumulated in the soluble fraction 
and as insoluble nonphosphorylated filaments (Fig. 1 F). Thus, 

during atrophy induced by denervation or fasting, GSK3-β is the 
primary kinase phosphorylating desmin filaments.

Reducing GSK3-β function during atrophy blocked desmin 
phosphorylation and depolymerization, which should attenuate 
myofibril loss and fiber atrophy (Cohen et al., 2012; Volodin et al., 
2017). Consistently, analysis of isolated myofibrils by SDS-PAGE 
and Coomassie staining indicated that during fasting their con-
tent decreased below levels in control muscles from fed animals, 
but not when GSK3-β was inhibited with GSK3-β-DN (Fig. 1 G). 
Furthermore, the mean cross-sectional area of 500 fibers ex-
pressing GSK3-β-DN was much greater than that of 500 adjacent 
nontransfected fibers in the same atrophying muscle (Fig. 1 H), 
indicating that in fibers where GSK3-β was inhibited atrophy 
was attenuated. Finally, the reduction in mean TA weights caused 
by fasting (by 22%) was completely blocked in muscles electro-
porated with GSK3-β-DN (Fig. 1 I). These effects were specific 
to atrophy because inhibition of GSK3-β in normal muscle for 
4 d had no effect on myofibril content or muscle weight (Fig. S1, 
B and C). Thus, GSK3-β catalyzes desmin filament phosphory-
lation and depolymerization, which triggers myofibril destruc-
tion and atrophy.

GSK3-β is activated at an early phase during atrophy when 
PI3K–Akt–FoxO signaling is low
We next determined the time course of GSK3-β activation at dif-
ferent times after denervation. Analysis of the soluble fraction 
of denervated muscles showed that by 3 d after denervation, 
protein levels as well as phosphorylation of PI3K, Akt, FoxO3, 
and GSK3-β were lower than in innervated control muscles 
(Fig. 2 A), as has also been demonstrated previously (Tang et al., 

Table 1. Kinases that bound the insoluble fraction of 3-d-denervated mouse TA muscle

Name Gene No. of peptides No. of unique 
peptides

Fold change (denervated/
innervated)

Cyclin dependent kinase 5 CDK5 52 1 Not found in innervated

Src family tyrosine kinase LYN 51 1 4.56

Mitogen-activated protein kinase 12 MAPK12 10 11 3.75

Protein kinase C θ PRK​CQ 7 9 3.15

cAMP-dependent protein kinase type II-α regulatory 
subunit

PRK​AR2A 6 17 Not found in innervated

Calcium/calmodulin-dependent protein kinase type II 
subunit α

CAMK2A 6 3 4.73

MAP kinase-activated protein kinase 2 MAP​KAPK2 6 5 Not found in innervated

Pyruvate dehydrogenase (acetyl-transferring) kinase PDK4 5 7 6.27

Glycogen synthase kinase-3 β GSK3B 4 2 Not found in innervated

Integrin-linked protein kinase ILK 3 12 Not found in innervated

N-acetylgalactosamine kinase GALK2 3 4 Not found in innervated

Casein kinase II CSNK2A 1 3 3.4

Dephospho-CoA kinase domain-containing protein DCA​KD 2 4 4.84

Serine/threonine-protein kinase RIO3 RIOK3 1 2 Not found in innervated

Protein kinases were purified together with the insoluble fraction of TA muscle 3 d after denervation using a kinase-trap assay and identified by  
mass spectrometry.
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2014). These findings indicate decreased PI3K-Akt signaling and 
activation of GSK3-β when phosphorylation of desmin filaments 
is rapid (Fig. 1 C). The reduction in the total amount of GSK3-β 
in the soluble fraction of 3-d-denervated muscles is consistent 
with the increased association of this kinase with desmin fila-
ments (Fig. 1 B). Interestingly, the levels of phosphorylated PI3K, 
Akt, FoxO3, and GSK3-β increased at 7 d after denervation and 
remained high for at least seven more days (Fig.  2  A), which 
correlates with the time course of sensitivity to insulin by de-
nervated muscle (Davis and Karl, 1988). This increased PI3K-Akt 
activity, and the resulting inhibition of GSK3-β, is consistent 
with this kinase playing a role in desmin phosphorylation early 
after denervation.

Surprisingly, GSK3-β seemed to contribute to this fall in PI3K-
Akt activity at 3d after denervation, because GSK3-β inhibition 
with GSK3-β-DN enhanced PI3K-Akt signaling, inhibited FoxO, 
and reduced the expression of the atrophy-related gene Atrogin1 
(Fig. 2, B and D). MuRF1 seemed to show a similar reduction in 
expression in the GSK3-β-DN–transfected denervated muscles, 
but this trend did not reach statistical significance (P = 0.05). A 
similar role for GSK3-β in the inhibition of PI3K-Akt signaling 
has been previously demonstrated in cultured Th17 cells (Gulen 
et al., 2012). To further clarify this role of GSK3-β, we studied the 
rapid atrophy induced by fasting. Normally, during fasting, FoxO 
is activated (dephosphorylated) by the fall in insulin-PI3K-Akt 
signaling, and stimulates atrogenes expression (Fig.  2, C and 
D). However, GSK3-β inhibition by GSK3-β-DN resulted in a 
marked increase in FoxO phosphorylation and decreased MuRF1 
and atrogin-1 expression during fasting (Fig. 2, C and D). Con-
sistently, previous studies demonstrated a role for GSK3-β in 
promoting atrophy via the induction of atrogenes (Verhees et 
al., 2011). Interestingly, GSK3-β inhibition did not cause an in-
crease in Akt phosphorylation, suggesting that during fasting, 
GSK3-β stimulates FoxO transcriptional activity by other mech-
anisms (not through inhibition of Akt activity), as proposed be-
fore (Huo et al., 2014). Although inhibition of GSK3-β in normal 
muscle for 4 d caused an increase in Akt phosphorylation, it 
had no effect on FoxO activity, atrogene expression, or rates of 
protein synthesis (Fig. S1, D–F). Thus, GSK3-β triggers the FoxO- 
mediated expression of the atrogene program, partly by eliciting 
a reduction in PI3K-Akt-FoxO signaling at an early phase in var-
ious types of atrophy.

In addition to regulating protein degradation, GSK3-β limits 
cell size also by reducing rates of protein synthesis (Rommel et 
al., 2001; Hardt et al., 2004). During fasting, GSK3-β inhibition 
in TA muscles enhanced protein synthesis because puromycin 
incorporation into newly translated proteins was higher than 
in shLacz-expressing muscles (Fig.  2  E). In contrast, GSK3-β 
inhibition had no effect on protein synthesis rates in 3-d- 
denervated muscle (Fig. S3). Thus, the inhibition of atrogene 
expression during fasting together with the maintenance of 
normal PI3K–Akt-mTOR signaling and enhanced protein syn-
thesis can account for the dramatic blockage of muscle wasting 
observed above (Fig. 1, G–I). The accumulation of desmin fila-
ments and myofibrillar proteins by GSK3-β inhibition during at-
rophy resulted primarily from reduced degradation (rather than 

increased synthesis) because under these conditions desmin and 
myofibrillar actin were not induced (Fig. S4).

Calpain-1 down-regulation attenuates atrophy upon 
denervation or fasting
Although phosphorylation of desmin filaments by GSK3-β 
and subsequent ubiquitination increased rapidly at 3 d after 
denervation, this cytoskeletal network slowly depolymerized, 
and loss of phosphorylated desmin filaments was evident only 
between 7 and 10 d after nerve sectioning (Volodin et al., 2017). 
Thus, the loss of desmin filaments during atrophy appears to 
require an additional signal, presumably a proteolytic cleav-
age that will enhance their dissociation. We searched our mass 
spectrometry data (Fig. 1) for enzymes that promote proteoly-
sis and bound the phosphorylated insoluble pellet, and found 
three members of the Ca2+-dependent cysteine proteases, cal-
pain-1 catalytic and small subunits, calpain-2 and calpain-3 
(Table  2). Because calpain-1 is activated in various types of 
atrophy (McClung et al., 2009; Macqueen et al., 2010), binds 
the Z-bands where desmin filaments are aligned (Goll et al., 
1991; Raynaud et al., 2005), and promotes proteolysis in skele-
tal and cardiac muscle (Geesink et al., 2006; Galvez et al., 2007; 
Kemp et al., 2013) and desmin loss in ischemic heart (Blunt et 
al., 2007), we hypothesized that this enzyme also catalyzes the 
depolymerization of phosphorylated desmin filaments during 
atrophy. To test this idea, we first determined the time course 
of calpain activation in muscles atrophying because of food 
deprivation or denervation using the calpain-specific fluoro-
genic substrate N-succinyl-Leu-Tyr-7-amido-4-methylcouma-
rin (SLY-AMC; Fig. 3, A–C). Samples not containing CaCl2 were 
used to verify a specific SLY-AMC cleavage by cellular calpains. 
Analysis of equal amounts of insoluble filaments from control 
and atrophying muscles showed that calpain activity increased 
already by the first day of food deprivation (Fig. 3 A). 14 d after 
denervation, there was no increase in calpain activity (Fig. 3 B) 
but rather at an earlier phase after denervation (7 d; Fig. 3 C), 
just when depolymerization of desmin filaments is accelerated 
(Volodin et al., 2017).

Calpains bound the insoluble pellet containing desmin al-
ready at 3 d after denervation (Table  2) but their activity in-
creased only 4 d later (Fig. 3 C). This delayed response to muscle 
denervation may result from changes in free cellular Ca2+ lev-
els, which are required for calpain activation. To test this idea, 
we modified a previously published protocol (Sato et al., 1988) 
to measure intracellular Ca2+ levels in mouse muscles using the 
fluorescent indicator calcium green-1-AM. Once metabolized by 
cellular esterases, this indicator binds free Ca2+ and generates a 
fluorescence signal. Thin strips of control and atrophying mus-
cles were incubated in vitro in the presence or absence of calcium 
green-1-AM, washed, and then excited at 488 nm. Fluorescent 
imaging of these muscles clearly showed increased cellular 
Ca2+ levels during fasting compared with fed controls (Fig. 3 D). 
Furthermore, the fluorescent signal was low in innervated and 
3-d-denervated muscles (Fig. 3 E), but peaked at 7 d after dener-
vation, as reported (Cea et al., 2013), just when calpain activity is 
maximal (Fig. 3 C) and desmin depolymerizes.
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Calpain-1 is necessary for the loss of phosphorylated desmin 
filaments and atrophy
To test whether calpain-1 is essential for desmin loss and atrophy, 
we suppressed its expression with a specific shRNA (shCAPN1), 
which efficiently reduced calpain-1 protein levels (but not the 

levels of its related family member calpain-2) in the cytosol 
below levels in denervated and innervated muscles (Fig. 4 A). In 
these muscles, fiber atrophy was markedly attenuated on dener-
vation (14 d) or fasting (2 d) because the cross-sectional area of 
nontransfected atrophying fibers was smaller than those fibers 

Figure 2. GSK3-β is activated at an early phase during atrophy when PI3K–Akt–FoxO signaling is low. (A) Time course of PI3K-Akt activation after muscle 
denervation. Right: Densitometric measurement of presented blots. n = 3. *, P < 0.05 vs. innervated; #, P < 0.05 vs. 3-d-denervated muscles. (B and C) Inhibition 
of GSK3-β with GSK3-β-DN activates FoxO3 on denervation (B) or fasting (C). Transfected muscles were analyzed by immunoblotting. Bottom: Densitometric 
measurement of presented blots. n = 3 for shLacz. n = 4 for GSK3-β-DN. *, P < 0.05 vs. control; #, P < 0.05 vs. GSK3-β-DN. (D) GSK3-β inhibition reduces MuRF1 
and Atrogin1 expression during atrophy. RT-PCR of mRNA preparations from atrophying and control muscles expressing shLacz or GSK3-β-DN using primers 
for MuRF1 and Atrogin1. Data are plotted as the mean fold change relative to control ± SEM. n = 5. *, P < 0.05 vs. control. #, P < 0.05 vs. GSK3-β-DN. (E) During 
fasting, inhibition of GSK3-β increases rates of protein synthesis. Mice were injected with puromycin, and soluble fractions of electroporated muscles were 
analyzed by immunoblotting. Right: Densitometric measurement of the presented blot. n = 4. *, P < 0.05 vs. shLacz.
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expressing shCAPN1 (Fig. 4, B and C). A reduction in fiber at-
rophy upon shCAPN1 expression has been also observed at 7 d 
after denervation (Fig. 4 D), when Ca2+ levels rise (Fig. 3 E) and 

calpain activity is maximal (Fig. 3 C). This reduction in fiber at-
rophy during fasting or at 14 d after denervation resulted largely 
from inhibition of myofibril destruction, whose content in the 
atrophying muscles expressing shCAPN1 no longer differed sig-
nificantly from that in control muscles (Fig. 4, E and F).

To determine if desmin is a direct substrate for calpain-1, we iso-
lated desmin filaments from normal TA and analyzed their cleavage 
by recombinant calpain-1. Increasing concentrations of calpain-1 
facilitated cleavage of desmin filaments, as demonstrated by the 
reduction in full-length desmin and the appearance of desmin 
fragments (Fig. 5 A). Desmin fragments also accumulate in atro-
phying muscle in vivo and are probably formed by the incomplete 
degradation of desmin monomers by calpain-1, other proteases (e.g., 
caspases), or the proteasome (Chen et al., 2003; Cohen et al., 2012).

To learn whether desmin filaments are substrates for calpain-1 
in vivo, we analyzed the effects of calpain-1 down-regulation on 

Table  2. Calpains bind the insoluble fraction of 3-d-denervated TA 
mouse muscle

Name Gene No. of unique peptides

Calpain 1 catalytic subunit CAPN1 24

Calpain small subunit 1 CAP​NS1 3

Calpain 2 CAPN2 18

Calpain 3 CAPN3 7

Calpains were purified together with the insoluble fraction of TA muscle 3 d 
after denervation and identified by mass spectrometry.

Figure 3. During atrophy, calpain activity increases when cellular Ca2+ levels rise. (A–C) Calpain activity was measured in the insoluble fraction of nor-
mal and atrophying muscles during fasting (A) or after denervation (B and C) using the fluorogenic substrate SLY-AMC. n = 3. *, P < 0.05 vs. control. (D and E) 
Cellular Ca2+ levels were measured in strips of control and atrophying muscles using calcium green-1-AM. n = 3. Top, transmitted light; bottom, fluorescence 
(480 nm). Scale bar: 70 µm.
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the content of desmin filaments during atrophy. At 7 d after de-
nervation, before any significant loss of desmin can be observed 
(Volodin et al., 2017), phosphorylated desmin filaments accumu-
lated similarly in shLacz or shCAPN1 expressing muscles (Fig. 5 B). 
However, in the muscles denervated for 14 d, the content of phos-
phorylated desmin filaments decreased below levels in contralat-
eral innervated limbs, but not when calpain-1 was down-regulated 
with shRNA (Fig. 5 C). Calpain-1 down-regulation also completely 

blocked the loss of phosphorylated desmin filaments during fast-
ing (Fig. 5 D). Thus, calpain-1 is essential for loss of desmin fila-
ments, the resulting myofibril destruction, and atrophy.

During atrophy, phosphorylation by GSK3-β is essential for 
desmin filament depolymerization by calpain-1
These observations make it likely that phosphorylation of 
desmin filaments by GSK3-β during atrophy increases their 

Figure 4. Calpain-1 down-regulation blocks myofibril loss and atrophy. TA muscles were electroporated with shCAPN1 or shLacz, and atrophy was induced 
by fasting (2 d) or denervation (7 or 14 d). (A) shRNA-mediated knockdown of calpain-1 in TA muscles from fasted mice. Soluble extracts were analyzed by 
immunoblotting. (B–D) Calpain-1 down-regulation reduces atrophy upon denervation (B and D) or fasting (C). Measurements of cross-sectional areas of 500 
fibers transfected with shCAPN1 (and expressing GFP, green bars) versus 500 nontransfected fibers (black bars) in the same muscle. n = 3 mice. Scale bar:  
20 µm. (E and F) Calpain-1 down-regulation blocks myofibril loss upon fasting (E) or denervation (F). The mean content of myofibrils per electroporated muscle 
is presented as percentage of control. n = 4. *, P < 0.05 vs. control; #, P < 0.05 vs. shCAPN1.
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Figure 5. Desmin filament phosphorylation is essential for depolymerization by calpain-1. (A) Desmin is a direct substrate of calpain-1. In vitro cleavage 
of desmin filaments by recombinant calpain-1. Right: Densitometric measurement of presented blots. Full-length desmin and desmin fragments (F) are depicted 
as a fraction of the total amount of desmin. (B) Down-regulation of calpain-1 7 d after denervation does not affect desmin integrity. Desmin filaments were 
analyzed by immunoblotting. Right: Densitometric measurement of presented blots. n = 3. *, P < 0.05 vs. innervated control. (C and D) Down-regulation of 
calpain-1 prevents loss of phosphorylated desmin upon denervation (C) or fasting (D). Desmin filaments were analyzed by immunoblotting. Right: Densito-
metric measurement of presented blots. n = 3. *, P < 0.05 vs. control; #, P < 0.05 vs. shLacz in atrophy. Black line indicates the removal of an intervening lane 
for presentation purposes. (E) GSK3-β-mediated desmin filament phosphorylation precedes depolymerization by calpain-1. Insoluble fractions of muscles 
expressing shCAPN1, GSK3-β-DN, or shLacz were analyzed by immunoblotting. (F–H) Insoluble fractions from transfected muscles were incubated with puri-
fied calpain-1 for the indicated times. Protein cleavage was detected by immunoblotting. In densitometric measurement of presented blots, full-length desmin 
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susceptibility to cleavage by calpain-1. To determine if calpain-1 
functions after GSK3-β in the turnover of desmin filaments, 
we compared the effects of calpain-1 down-regulation (with 
shCAPN1) and GSK3-β inhibition (with GSK3-β-DN) on the total 
amount of phosphorylated desmin filaments during fasting. As 
shown (Fig. 5 D; Cohen et al., 2012), phosphorylated desmin fila-
ments were lost during fasting (Fig. 5 E), but not when calpain-1 
was down-regulated; instead, desmin accumulated as insoluble 
phosphorylated and ubiquitinated species (Fig. 5 E, lanes 5 and 
6). However, inhibition of GSK3-β with GSK3-β-DN prevented 
phosphorylation, ubiquitination, and depolymerization of de-
smin filaments, which now accumulated as nonphosphorylated 
and nonubiquitinated species (Fig.  5  E, lanes 7 and 8). Thus, 
during atrophy, phosphorylation of desmin filaments by GSK3-β 
precedes their ubiquitination (e.g., by Trim32) and depolymer-
ization by calpain-1.

To investigate whether phosphorylation by GSK3-β is re-
quired for cleavage by calpain-1, we first determined if calpain-1 
preferentially catalyzes the loss of phosphorylated desmin fila-
ments during atrophy. For this purpose, we isolated the insolu-
ble pellet from muscles lacking calpain-1 from fasted mice, and 
measured cleavage of desmin and myofibrillar actin over time 
by recombinant calpain-1 (Fig. 5 F). Calpain-1 efficiently and 
preferentially cleaved desmin filaments, but not myofibrillar 
actin, which remained intact in these samples (Fig. 5 F). Fur-
thermore, desmin filaments in atrophying muscles express-
ing shCAPN1, which contained more phosphorylated species 
than in GSK3-β-DN–expressing muscles, were cleaved more 
efficiently by recombinant calpain-1 as indicated by the faster 
turnover of full-length desmin and rate of appearance of de-
smin fragments (Fig. 5 G). Finally, desmin filaments isolated 
from atrophying muscles expressing shCAPN1 and pretreated 
with the alkaline protein phosphatase calf intestinal (CIP) were 
significantly less sensitive for cleavage by calpain-1 (Fig. 5 H), 
indicating that phosphorylation of desmin filaments enhances 
their recognition and cleavage by this protease. Thus, during 
atrophy, phosphorylation of desmin filaments facilitates their 
depolymerization by calpain-1.

Interestingly, calpain-1 is also required for normal turnover 
of desmin filaments, because in muscles from calpain-1 null mice 
(Seinfeld et al., 2016) desmin accumulated as insoluble phos-
phorylated filaments (Fig. 5 I). Despite these changes, the total 
amount of myofibrillar actin, which is stabilized by desmin at 
the Z-bands (Conover et al., 2009), was similar in muscles from 
calpain-1 null and WT mice, indicating that the rapid loss of my-
ofibrillar actin during atrophy requires an additional signal be-
yond desmin disassembly, presumably the atrophy-induced loss 
of myofibril stabilizing components (Cohen et al., 2009) and in-
duction of p97/VCP (Volodin et al., 2017).

Discussion
We have uncovered the mechanism promoting desmin filament 
disassembly, which causes myofibril destruction during atrophy, 
and involves the protein kinase GSK3-β and the Ca2+-specific pro-
tease calpain-1 (Fig. 6). As shown here, on denervation or fast-
ing, solubilization of the desmin cytoskeleton follows a specific 
sequence involving phosphorylation by GSK3-β, ubiquitination, 
and calpain-1–dependent depolymerization (Fig. 6). Previously, 
we and others demonstrated that this ubiquitination is depen-
dent on the ubiquitin ligase Trim32 (Cohen et al., 2012; Volodin 
et al., 2017). Thus, these studies together with the prior ones em-
phasize a common mechanism that stimulates proteolysis via the 
proteasome during atrophy throughout an ordered and tightly 
regulated process.

The role of desmin filaments in tissue architecture has been 
extensively studied (Lazarides and Hubbard, 1976; Lazarides, 
1978; Milner et al., 1996), but the fate of this cytoskeletal network 
during atrophy and the influence of its depolymerization on pro-
tein degradation have been generally overlooked. We and others 
previously showed that during atrophy induced by denervation 
or fasting, disassembly and loss of phosphorylated desmin fila-
ments triggers myofibril destruction (Cohen et al., 2012; Volodin 
et al., 2017), and the present studies demonstrate that GSK3-β 
and calpain-1 are critical in promoting this loss. Reducing GSK3-β 
function by either a dominant-negative or a specific inhibitor 
prevented desmin phosphorylation, ubiquitination, and depo-
lymerization, and markedly reduced myofibril loss and atrophy 
(Figs. 1 and 5 E). Similarly, down-regulation of calpain-1 blocked 
desmin loss, myofibril breakdown, and atrophy (Figs. 4 and 5), 
and caused accumulation of phosphorylated desmin filaments as 
ubiquitinated species (Fig. 5 E). Because calpain-1 does not har-
bor a bona fide ubiquitin binding domain, the ubiquitination of 
desmin filaments (perhaps within the rod domain as suggested; 
Ye et al., 2014) probably triggers conformational changes that ex-
pose calpain-1 cleavage sites on desmin and facilitate depolymer-
ization. A similar role for ubiquitination in promoting cleavage 
by calpains has been proposed (Sagar et al., 2007; Watkins et al., 
2012). This cleavage by calpain-1 probably releases ubiquitinated 
desmin from the insoluble filaments to the cytosol, where it is 
presumably more susceptible to the proteasome. Alternatively, 
solubilization of ubiquitinated desmin filaments may require ad-
ditional factors such as the p97–VCP ATPase complex (Rabinovich 
et al., 2002; Volodin et al., 2017), which extracts ubiquitinated 
proteins from larger structures (e.g., the ER membrane in the 
ERAD pathway) before proteasomal degradation.

These studies demonstrate that phosphorylated desmin fil-
aments, which accumulated in atrophying muscles expressing 
shCAPN1, were cleaved more rapidly by recombinant calpain-1 
than those filaments isolated from GSK3-β-DN–expressing  
 

and desmin fragments (F) are depicted as a fraction of the total amount of desmin. (F) Desmin filaments from muscles expressing shCAPN1 from fasted mice 
are selectively cleaved by calpain-1. (G) Phosphorylation of desmin filaments facilitates cleavage by calpain-1. Cleavage of desmin filaments from atrophying 
muscles expressing GSK3-β-DN or shCAPN1 was analyzed in parallel. (H) Desmin filaments from muscles expressing shCAPN1 during fasting were treated with 
CIP (lanes 6–10) or left untreated (lanes 1–5) and then subjected to cleavage by recombinant calpain-1. (I) In muscles from calpain-1 null mice, desmin filaments 
accumulate. Insoluble and soluble fractions of muscles from WT and calpain-1 knockout mice were analyzed by immunoblotting.
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muscles, where desmin accumulated as nonphosphorylated 
filaments (Fig. 5 G). This cleavage of desmin filaments was se-
lective, because myofibrillar actin in those fractions remained 
intact (Fig. 5 F; Goll et al., 1991). Thus, the increased phosphor-
ylation of desmin filaments during atrophy enhances their 
differential disassembly by calpain-1. In fact, the strongest ev-
idence for the importance of desmin phosphorylation was our 
finding that phosphatase treatment markedly reduced desmin 
cleavage by purified calpain-1 (Fig. 5 H). Consistently, previous 
studies demonstrated that calpain-1 acts preferentially on phos-
phorylated substrates to promote their degradation (Shen et al., 
2001). Clearly, phosphorylation of desmin filaments enhances 
their recognition by this enzyme during atrophy. However, sub-
strate phosphorylation cannot be a prerequisite for cleavage by 
calpain-1 because in some cases phosphorylation rather protects 
from cleavage by this enzyme (Raynaud et al., 2006). Phosphor-
ylation of desmin filaments by GSK3-β is also required for ubiq-
uitination by Trim32 (Cohen et al., 2012; Volodin et al., 2017), 
which we show here precedes disassembly by calpain-1.

As shown here, activation of GSK3-β is a critical early step for 
desmin filament destruction, and as suggested before (Evenson 
et al., 2005; Verhees et al., 2011), for overall protein degradation 
during atrophy. GSK3-β activity is inhibited primarily through 
phosphorylation by the insulin-PI3K-Akt pathway (Cross et al., 
1995) and is activated in atrophy during fasting and in many sys-
temic human diseases by inhibition of this pathway. Here, we 
demonstrate that several days after denervation, GSK3-β renders 
its own activation by eliciting a negative feedback loop on PI3K-
Akt-FoxO pathway (Fig. 2, B and C). This fall in insulin signaling 
correlates with the reduced insulin sensitivity and glucose me-
tabolism 3 d after denervation (Davis and Karl, 1988). GSK3-β may 
also be activated by changes in cellular localization, phosphoryla-
tion on Tyr216, or phosphorylation of its substrates (Meijer et al., 
2004). Furthermore, previous studies have indicated that GSK3-β 
acts on its substrates only after they have been phosphorylated by 
another kinase. Consistently, the inhibition of this enzyme during 
atrophy resulted in the accumulation of desmin filaments that 

were phosphorylated to some extent (Fig. 1, C and D). The priming 
phosphorylation of GSK3-β substrates is required to generate a 
GSK3-β consensus sequence SX3or4S, with the carboxy-terminal 
serine phosphorylated (Cole and Sutherland, 2008). Interestingly, 
desmin head domain harbors a potential GSK3-β consensus se-
quence, S28PLSS32, where phosphorylation of desmin filaments 
(on serines 28, 32, and 68) occurs during fasting (Cohen et al., 
2012). Several kinases that may catalyze the priming phosphor-
ylation of GSK3-β’s substrates, including PKC, CDK5, PKA, and 
CK2 (Meijer et al., 2004), were identified by our kinase-trap assay 
bound to the insoluble pellet of denervated muscle, together with 
GSK3-β (Table 1). It is unclear if any of these kinases is activated 
in muscle during atrophy and phosphorylates desmin filaments 
or the myofibrils. Among these enzymes, PKC is most likely to 
serve as the priming kinase because desmin phosphorylation by 
PKC is linked to disarray of myofibrils in cardiomyocytes (Huang 
et al., 2002), and activation of PKC in muscle induces proteoly-
sis (Wyke and Tisdale, 2006). In any case, GSK3-β clearly plays a 
primary and critical role in the overall proteolysis during atrophy 
because its inhibition is sufficient to prevent desmin loss, myo-
fibril breakdown, and atrophy (Fig. 1). In addition to this role in 
promoting protein breakdown, GSK3-β seems to inhibit protein 
synthesis during fasting (Fig. 2 E), but not after denervation (Fig. 
S3), perhaps by reducing the function of the translation initiation 
factor eIF2B (Hardt et al., 2004). However, the beneficial effects 
of GSK3-β inhibition on desmin filaments, myofibrillar proteins, 
and atrophy during fasting seem to result primarily from reduced 
protein degradation, because under these conditions desmin and 
myofibrillar actin were not induced (Fig. S4).

After denervation, phosphorylation of desmin filaments by 
GSK3-β increased rapidly (Fig. 1 C), but the depolymerization of 
this cytoskeletal network occurred only 4–7 d later (Volodin et 
al., 2017). As shown here, this dissociation of desmin filaments 
requires calpain-1, which seems to be activated only 7 d after de-
nervation when cytosolic Ca2+ levels rise (Fig. 3, C–E), and just 
before significant loss of desmin filaments or myofibrils can 
be seen (Volodin et al., 2017). In denervated muscle, Ca2+ is less 

Figure 6. Proposed mechanism for desmin 
filament loss during atrophy. Phosphorylation 
of desmin filaments by GSK3-β precedes and 
promotes ubiquitination by Trim32 and depo-
lymerization by calpain-1, ultimately leading to 
myofibril loss and atrophy. Thus, phosphoryla-
tion by GSK3-β is a critical early step for desmin 
filament destruction and overall protein degrada-
tion during atrophy. Consequently, GSK3-β and 
calpain-1 may represent new therapeutic targets 
to reduce myofibril breakdown and muscle wast-
ing during aging or disease.
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efficiently pumped out of the cytosol (Finol et al., 1981; Zorzato 
et al., 1989; Cea et al., 2013), and the resulting rise in intracellular 
Ca2+ concentration activates Ca2+-dependent enzymes including 
calpains. 7 d after denervation, the increase in calpain activity 
probably reflects calpain-1 function because reducing its expres-
sion with shCAPN1 was sufficient to block atrophy (Fig. 4). At this 
time, desmin filaments and myofibrils are intact, and calpain-1 
promotes fiber atrophy (Fig. 4 D) most likely by catalyzing the 
loss of cytosolic proteins. However, the accumulative beneficial 
effects of calpain-1 down-regulation on overall proteolysis and 
atrophy can be observed clearly only at a later phase (at 14 d), 
when both the initial loss of desmin filaments and the resulting 
myofibril destruction are blocked (Figs. 4 F and 5 C). The gradual 
reduction in muscle mass observed before this time point (7 d) 
may result from degradation of soluble proteins and organelles 
(e.g., mitochondria), degradation of “easily releasable” myofi-
brils—a small fraction of myofibrillar proteins that are easily 
released upon homogenization and seem to comprise the outer 
layers of the myofibrils (Etlinger et al., 1975), and slow degra-
dation of small regulatory proteins that stabilize the myofibril, 
which are lost sooner than myofibrillar myosin and actin, and 
by rigorous analysis a reduction in their content is evident only 
at 10 d (Cohen et al., 2009). Early changes in protein synthesis 
rates (Goldspink, 1976; Davis and Karl, 1988), for example by the 
fall in PI3K-Akt signaling 3 d after denervation (Fig. 2, A and B), 
may also contribute to the slow and gradual reduction in protein 
content at this time point, until desmin and myofibril breakdown 
is accelerated at a later phase. Possibly, this gradual reduction in 
protein content occurs until sufficient amount of desmin is phos-
phorylated and degraded, and facilitates the subsequent myofi-
bril destruction. In fact, we recently showed that there are early 
and late phases during the atrophy process involving an initial 
loss of desmin filaments and a later loss of myofibrils, which also 
requires the induction of genes that promote proteolysis by PAX4 
(Volodin et al., 2017). Thus, our findings argue strongly that de-
smin depolymerization is an early critical step for overall protein 
degradation during atrophy.

It remains to be determined if by promoting the loss of desmin 
filaments, calpain-1 also compromises the integrity of Z-bands, 
which should loosen the highly ordered structure of the thin fil-
aments and the associated thick filaments (Cohen et al., 2009). 
Consistently, previous studies in vitro indicated that the princi-
pal component of Z-bands, α-actinin, can be released from puri-
fied myofibrils by calpain-1 or by increasing Ca2+ concentration 
(Condeelis and Vahey, 1982; Goll et al., 1991). In knockout mice 
lacking calpain-1, phosphorylated desmin filaments accumu-
lated in the insoluble pellet, although their levels decreased in 
the cytosol (Fig. 5 I), suggesting a role for calpain-1 also in the 
normal turnover of desmin filaments. The sequence of events 
leading to desmin filament depolymerization in normal muscle, 
and the nature of the subsequent steps, which probably lead to 
the slower turnover of myofibrils, are important questions for 
future research.

Together, our studies implicate phosphorylation by GSK3-β 
as an initial key step in the selective depolymerization of desmin 
filaments by calpain-1, and the resulting loss of myofibrils, which 
is the defining feature of atrophy. Because GSK3-β and calpain-1 

are key regulators of this process, their inhibition should be 
of major therapeutic promise for the treatment of numerous 
wasting conditions, ranging from prolonged bed rest to cancer- 
associated cachexia, by blocking protein breakdown and/or pro-
moting protein synthesis and growth.

Materials and methods
Animal work
All animal experiments were consistent with Israel Council on 
Animal Experiments guidelines and the Institutional Regulations 
of Animal Care and Use. Specialized personnel provided mice 
care in the institutional animal facility. Muscle denervation was 
performed by sectioning the sciatic nerve on one limb; the con-
tralateral leg served as a control. Muscles were dissected 3, 7, 10, 
or 14 d after denervation, and electroporation was performed on 
the day of denervation. In fasting (2 d) experiments, food was 
removed from cages on the fifth day after electroporation.

Antibodies, constructs, and materials
Plasmids encoding shRNA against Calpain-1, Trim32, and shLacz 
were cloned into pcDNA 6.2GW/EmGFP-miR vector using Invit-
rogen’s BLO​CK-iT RNAi expression vector kit (Cohen et al., 2012, 
2014). Plasmid encoding HA-tagged GSK3-β-DN (K85A cata-
lytically dead mutant; catalog number 14755) and GST-tagged 
GSK3-β encoding plasmid for bacterial expression (catalog 
number 15898) were a gift from J. Woodgett (Lunenfeld-Tanen-
baum Research Institute Mount Sinai Hospital, Toronto, On-
tario), GST-tagged GCN2 (GCN2-KD1-pGEX4T-1; catalog number 
21876) was a gift from D. Ron (New York University School of 
Medicine, New York, NY; Harding et al., 2000), and all were 
purchased from Addgene. A plasmid encoding 6His-Calpain-1 
was a gift from S. Hata (Tokyo Metropolitan Institute of Medi-
cal Science, Tokyo, Japan; Hata et al., 2012). Desmin antibodies 
were obtained from Abcam (ab8592, rabbit; images presented 
in Figs. 1 and S2), and from Developmental Studies Hybrid-
oma Bank under the auspices of the National Institute of Child 
Health and Human Development (University of Iowa, Iowa City, 
IA): clone D3 (mouse) was deposited by D.A. Fischman (Cornell 
University Medical College, New York, NY; used in Fig. 5). An-
ti-puromycin antibody (MABE343, mouse) was from Millipore. 
Anti-actin (A2066, rabbit), β-catenin (AV14001, rabbit), GST 
(G7781, rabbit), and GAP​DH (G8795, mouse) were from Sig-
ma-Aldrich; anti-GSK3α/β (5676S, rabbit), phospho-GSK3α/β 
(8566, rabbit), phospho-PI3K (4228, rabbit), phospho-AKT 
(9275, rabbit), AKT (9272, rabbit), phospho-FoxO (9464, rabbit), 
calpain-1 (2556, rabbit), and calpain-2 (2539, rabbit) were from 
Cell Signaling; and anti–phospho-threonine/serine (PP2551, 
rabbit) was from ECM Biosciences. GSK3-β peptide inhibitor 
L803-mts (361546) was purchased from Calbiochem, and each 
mouse was injected i.p. with 400 nmol (0.3 mg per ∼27–30-g 
mouse) twice on the first and then on the second day of fasting. 
Calcium green-1-AM was purchased from Thermo Fisher Sci-
entific (C3011MP). The calpain specific substrate SLY-AMC was 
purchased from Sigma-Aldrich (S1153). Muscles from Calpain-1 
knockout mice were provided by M. Baudry (Western Univer-
sity of Health Sciences, Pomona, CA).
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In vivo transfection
In vivo electroporation experiments were performed in adult 
CD-1 male mice (∼27–30 g). Plasmid DNA (20 µg) was injected 
into adult mouse TA muscles, and a mild electric pulse was ap-
plied using two electrodes (12 V, five pulses, 200-ms intervals). 
For fiber size analysis, muscle cross sections were fixed in 4% PFA 
and incubated in blocking solution (50 mg/ml BSA/TBS-T) for 
20 min at room temperature, and fiber membrane was stained 
with a 1:50 dilution of laminin antibody (L9393, rabbit; Sigma- 
Aldrich) and a 1:1,000 dilution of Alexa Fluor 568–conjugated 
secondary antibody (A-11011, goat; Thermo Fisher Scientific), 
both antibodies diluted in blocking solution. Cross-sectional 
areas of at least 500 transfected (expressing GFP) and adjacent 
500 nontransfected fibers in the same muscle section (10 µm) 
were measured using Imaris (Bitplane) software (n = 6 mice). 
Images were collected using a Nikon Ni-U upright fluorescence 
microscope with Plan Fluor 20× 0.5-NA objective lens and a 
Hamamatsu C8484-03 cooled CCD camera, at room temperature.

Fractionation of muscle tissue
Muscles were homogenized in lysis buffer (20 mM Tris, pH 7.2, 
5 mM EGTA, 100 mM KCl, 1% Triton X-100, 1 mM PMSF, 10 mM 
sodium pyrophosphate, 3 mM benzamidine, 10 µg/ml leupeptin, 
10 µg/ml aprotinin, 50 mM NaF, and 2 mM sodium orthovana-
date) and incubated for 1 h at 4°C. After centrifugation at 6,000 g 
for 20 min at 4°C, the supernatant (i.e., soluble fraction) was 
stored at −80°C. The insoluble pellet was washed once with ho-
mogenization buffer and twice with suspension buffer (20 mM 
Tris, pH 7.2, 100 mM KCl, 1 mM DTT, and 1 mM PMSF), and after 
a final centrifugation at 6,000 g for 10 min at 4°C, the insoluble 
pellet (i.e., insoluble fraction containing myofibrils and desmin 
filaments) was resuspended in storage buffer (20 mM Tris, pH 
7.2, 100 mM KCl, 1 mM DTT, and 20% glycerol) and kept at −80°C.

To isolate desmin filaments, the insoluble muscle pellet (40 
µg) was resuspended in ice-cold extraction buffer (0.6 M KCl, 
1% Triton X-100, 2 mM EDTA, 2 mM PMSF, 1× PBS, 10 µg/ml le-
upeptin, 3 mM benzamidine, 10 µg/ml aprotinin, 50 mM NaF, 
2 mM sodium orthovanadate, and 10 mM sodium pyrophosphate) 
for 10 min on ice. After centrifugation at 6,000 g for 10 min at 
4°C, the pellet was resuspended in 20 µl of 20 mM Tris, pH 7.5, 
supplemented with protein loading dye and DTT (50 mM), and 
15 µl was analyzed by SDS-PAGE and immunoblotting.

Protein analysis
To determine the total content of myofibrils (Fig. 4, E and F), the 
protein concentration of insoluble myofibrillar pellet was deter-
mined using Bradford reagent and multiplied by the total volume 
of this fraction per muscle. To determine the effect of GSK3-β 
inhibition on myofibrillar components (Figs. 1 G and S1 B), equal 
amounts (2.5 µg) of isolated myofibrils were analyzed by SDS-
PAGE and Coomassie blue staining. For immunoblotting, soluble 
(25 µg) or myofibrillar (2.5 µg) fractions were resolved by SDS-
PAGE, transferred onto PVDF membranes, and immunoblotted 
with specific primary antibodies and secondary antibodies con-
jugated to HRP. Chemiluminescence signal was detected using 
ChemiDoc Imaging System (Bio-Rad).

Calpain activity assay
Calpain activity (Fig. 3, A–C) in 150 µg myofibrillar fraction was 
measured as the Ca2+-dependent cleavage of 125 µM SLY-AMC, a 
calpain specific substrate, in reaction buffer (20 mM Tris-HCl, 
pH 7.5, 5 mM CaCl2, and 1 mM DTT). After an incubation in the 
dark at 37°C for 3 h at 1,400 rpm, an endpoint fluorescence sig-
nal was measured using SpectraMax M5 plate reader (Molecular 
Devices). Data are expressed as relative fluorescent unit per mil-
ligram muscle protein.

Measurement of cellular Ca2+ levels in mouse skeletal muscle
To measure cellular free Ca2+ levels, we modified the previously 
published protocol (Sato et al., 1988). Gastrocnemius muscles 
were cut into thin strips of 2-mm width and 7-mm length using 
a razor blade and placed in 24-well plate containing PSS solu-
tion (136.9 mM NaCl, 5.4 mM KCl, 1 mM MgCl2, 20 mM Hepes, 
0.01 mM EDTA, and 5.5 mM d-glucose, pH 7.4), which was equil-
ibrated with 100% O2 for 15 min at RT. After incubation for 1 h at 
RT, muscles were transferred to PSS working solution (PSS solu-
tion supplemented with 1.5 mM CaCl2, 0.5% Cremophor [C5135; 
Sigma-Aldrich] to increase dye solubility, and 10  µM calcium 
green-1-AM), and incubated at RT for 20 min. In control wells, 
muscles were incubated in PSS solution and 0.5% Cremophor 
without calcium green-1-AM. After incubation, muscles were 
washed in PSS solution and visualized under a Nikon Ni-U up-
right fluorescent microscope (excitation: 488 nm).

In vitro cleavage assay by calpain-1
Muscle pellets (30 µg) isolated from normal and atrophying mus-
cles expressing shlacz, shCAPN1, or GSK3-β-DN (Fig. 5), were 
incubated with 6 µg purified 6His-Calpain-1 in reaction buffer 
(100 mM Hepes, 10 mM DTT, and 5 mM CaCl2) at 30°C for the 
indicated time points (total reaction volume 50  µl). Negative 
control samples also contained 50 mM EGTA. Desmin cleavage 
by calpain-1 was determined by SDS-PAGE and immunoblotting 
using desmin and phospho-serine antibodies.

For phosphatase assay (Fig. 5 H), 30 µg of pellets from muscles 
expressing shCAPN1 during fasting were treated or left untreated 
with 50 U CIP (M0290S; BioLabs) in reaction buffer (50 mM Tris, 
pH 8, 100 mM NaCl, and 10 mM MgCl2) and total reaction vol-
ume of 20 µl. A clear mobility shift in desmin can be observed in 
treated samples (Fig. 5 H, lanes 6–9). After 1-h incubation at 37°C 
and 1,000 rpm, samples were subjected to cleavage by calpain-1 
as described above (total reaction volume 50 µl).

Purification of 6His-calpain-1
6His-tagged calpain-1 was purified from BL21 bacteria (OD 0.6) 
grown with 0.2 mM IPTG at 17°C overnight. After centrifugation 
(4000 g at 4°C for 20 min), the pellet was lysed with lysis buffer 
(50 mM NaH2PO4, 300 mM NaCl, and 10 mM imidazole) and a 
microfluidizer, and centrifuged at 10,000 g at 4°C for 20 min. The 
obtained supernatant was incubated with a nickel column for 1 h 
at 4°C, the column was washed twice with wash buffer (50 mM 
NaH2PO4, 300 mM NaCl, and 20 mM imidazole), and 6His-cal-
pain-1 was eluted with elution buffer (50 mM NaH2PO4, 300 mM 
NaCl, and 250 mM imidazole). After dialysis against 50 mM Tris, 
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pH 7.6, overnight at 4°C, 1 mM DTT and 10% glycerol were added, 
and purified calpain-1 was stored at −80°C.

In vitro phosphorylation assay
Myofibrillar fractions (5 µg) from 3-d-denervated muscles ex-
pressing GSK3-β-DN were incubated with 500 ng GST-GSK3-β or 
GST-GCN2 in reaction buffer (40 mM Tris, pH 7.6, 20 mM MgCl2, 
250 µM DTT, 5 mM EGTA, and 2 mM ATP) for 30 min at 30°C. 
Negative control samples contained 50 mM EGTA or did not con-
tain an enzyme. Desmin phosphorylation was analyzed by SDS-
PAGE and immunoblotting.

Purification of GST-GSK3-β and GST-GCN2
GST-GSK3-β or GST-GCN2 were purified from BL21 bacteria (OD 
0.6) grown with 0.3 mM IPTG at 17°C overnight. After centrifuga-
tion, (4,000 g at 4°C for 20 min), the pellet was lysed with buffer 
A (1× PBS and 1 mM PMSF) and a microfluidizer, and centrifuged 
at 10,000 g at 4°C for 20 min. The obtained supernatant was in-
cubated with glutathione resin (resuspended in 1× PBS) for 1 h 
at 4°C. Then, the resin was washed three times with wash buffer 
(50 mM Tris, pH 7.6, 100 mM NaCl, and 1 mM DTT), and the GST-
tagged enzymes were eluted with elution buffer (50 mM Tris, pH 
8, and 10 mM reduced glutathione). After dialysis against 50 mM 
Tris, pH 7.6, overnight at 4°C, 1 mM DTT and 10% glycerol were 
added, and the purified enzymes were stored at −80°C.

In vivo measurement of protein synthesis rates
5 d after muscle electroporation, mice were deprived of food for 2 
d, and 30 min before euthanasia, the mice were anesthetized and 
injected with puromycin (0.04 µmol/g body weight, i.p.). Exactly 
25 min after injection, mice were sacrificed, and dissected TA 
muscles were snap-frozen in liquid nitrogen. Effects on protein 
synthesis rates were assessed by SDS-PAGE and immunoblotting 
using puromycin antibody.

Kinase-trap assay
To isolate the protein kinases having high affinity to desmin 
filaments, 30 µg of insoluble fraction (6,000  g pellet) and the 
corresponding soluble fractions (100 µg) from innervated and 
3-d-denervated muscles were incubated with 2 mM AMP-PNP 
in reaction buffer (10 mM MgCl2 and 1 mM DTT) for 1 h at 37°C. 
Then, samples were centrifuged at 3,000  g for 5 min at 4°C, 
and the pellet (containing desmin filaments and myofibrillar 
proteins) was washed twice in wash buffer (2 mM ATP, 20 mM 
Tris-HCl, pH 7.6, 20 mM KCl, 5 mM MgCl2, and 1 mM DTT) and 
analyzed by mass spectrometry.

Protein identification by mass spectrometry
For mass spectrometry analysis, protein bands were excised from 
gel, reduced with 3 mM DTT in 100 mM ammonium bicarbon-
ate (ABC; 60°C, 30 min), modified with 10 mM iodoacetamide 
in 100 mM ABC (in the dark, RT, 30 min), and digested in 10% 
acetonitrile and 10 mM ABC with modified trypsin (Promega) 
at a 1:10 enzyme-to-substrate ratio overnight at 37°C. The re-
sulting peptides were desalted using C18 tips (Homemade stage 
tips, Empore), dried, and resuspended in 0.1% formic acid. The 
peptides were then resolved by reverse-phase chromatography 

on 0.075 × 180-mm fused silica capillaries (J&W) packed with 
Reprosil reversed phase material (Dr. Maisch) and eluted with 
linear 60-min gradient of 5–28%, 15-min gradient of 28–95%, 
and 15 min at 95% acetonitrile with 0.1% formic acid in water at 
flow rates of 0.15 µl/min. Mass spectrometry was performed by 
Q Exactive plus mass spectrometer (Thermo Fisher Scientific) in 
positive mode using repetitively full MS scan followed by colli-
sion induced dissociation of the 10 most dominant ions selected 
from the first MS scan.

The mass spectrometry data were analyzed using Proteome 
Discoverer 1.4 software with Sequest (Thermo Fisher Scientific) 
and Mascot (Matrix Science) algorithms against mouse uniprot 
database with mass tolerance of 10 ppm for the precursor masses 
and 0.05 amu for the fragment ions. Minimal peptide length was 
set to six amino acids, and a maximum of two mis-cleavages was 
allowed. Peptide- and protein-level false discovery rates (FDRs) 
were filtered to 1% using the target-decoy strategy. Protein tables 
were filtered to eliminate the identifications from the reverse da-
tabase and from common contaminants. Semiquantitation was 
done by calculating the peak area of each peptide based its ex-
tracted ion currents, and the area of the protein is the average of 
the three most intense peptides from each protein.

Quantitative real-time PCR
Total RNA was isolated from muscle using TRI reagent (T9424; 
Sigma-Aldrich) and served as a template for synthesis of cDNA by 
reverse transcription using qScript cDNA synthesis kit (95047-
025; Quanta Biosciences). Real-time PCR was performed on 
mouse target genes using specific primers (Table S1) and the 
Perfecta SYBR Green qPCR kit (95073-012; Quanta Biosciences) 
according to the manufacturer’s protocol.

Statistical analysis and image acquisition
All data are presented as means ± SEM. The statistical signif-
icance was accessed with the paired Student’s t test. Muscle 
sections were imaged at room temperature with a Nikon Ni-U 
upright fluorescence microscope with Plan Fluor 20× 0.5-NA 
objective lens and a Hamamatsu C8484-03 cooled CCD camera. 
Image acquisition and processing was performed using Imaris 
software (Bitplane). Black-and-white images were processed 
with Adobe Photoshop CS5, version 12.1x64 software.

Online supplemental material
Fig. S1 shows that expression of GSK3-β-DN in normal muscle for 
4 d does not induce muscle growth or protein synthesis and has 
no effect on desmin filament integrity or myofibril content. In 
addition, it includes Western Blot analysis of homogenates from 
GSK3-β-DN–expressing muscles showing increased Akt phos-
phorylation, which did not affect desmin or atrogene expression 
or rates of protein synthesis compared with shLacz control. Fig. 
S2 shows that GCN2 does not phosphorylate desmin filaments 
in vitro. Fig. S3 shows that inhibition of GSK3-β in denervated 
muscle (3 d) does not alter rates of protein synthesis. Fig. S4 in-
cludes RT-PCR analysis showing that inhibition of GSK3-β during 
atrophy does not induce desmin or myofibrillar actin. Table S1 
contains a list of quantitative PCR primers and shRNA oligonu-
cleotides that were used in the present study.
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