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ABSTRACT
CARM1 (coactivator associated arginine methyltransferase 1) has recently emerged as a powerful 
regulator of skeletal muscle biology. However, the molecular mechanisms by which the methyltrans-
ferase remodels muscle remain to be fully understood. In this study, carm1 skeletal muscle-specific 
knockout (mKO) mice exhibited lower muscle mass with dysregulated macroautophagic/autophagic 
and atrophic signaling, including depressed AMP-activated protein kinase (AMPK) site-specific phos-
phorylation of ULK1 (unc-51 like autophagy activating kinase 1; Ser555) and FOXO3 (forkhead box 
O3; Ser588), as well as MTOR (mechanistic target of rapamycin kinase)-induced inhibition of ULK1 
(Ser757), along with AKT/protein kinase B site-specific suppression of FOXO1 (Ser256) and FOXO3 
(Ser253). In addition to lower mitophagy and autophagy flux in skeletal muscle, carm1 mKO led to 
increased mitochondrial PRKN/parkin accumulation, which suggests that CARM1 is required for basal 
mitochondrial turnover and autophagic clearance. carm1 deletion also elicited PPARGC1A (PPARG 
coactivator 1 alpha) activity and a slower, more oxidative muscle phenotype. As such, these carm1 
mKO-evoked adaptations disrupted mitophagy and autophagy induction during food deprivation 
and collectively served to mitigate fasting-induced muscle atrophy. Furthermore, at the threshold of 
muscle atrophy during food deprivation experiments in humans, skeletal muscle CARM1 activity 
decreased similarly to our observations in mice, and was accompanied by site-specific activation of 
ULK1 (Ser757), highlighting the translational impact of the methyltransferase in human skeletal 
muscle. Taken together, our results indicate that CARM1 governs mitophagic, autophagic, and 
atrophic processes fundamental to the maintenance and remodeling of muscle mass. Targeting 
the enzyme may provide new therapeutic approaches for mitigating skeletal muscle atrophy.
Abbreviation: ADMA: asymmetric dimethylarginine; AKT/protein kinase B: AKT serine/threonine kinase; 
AMPK: AMP-activated protein kinase; ATG: autophagy related; BECN1: beclin 1; BNIP3: BCL2 interacting 
protein 3; CARM1: coactivator associated arginine methyltransferase 1; Col: colchicine; CSA: cross-sec-
tional area; CTNS: cystinosin, lysosomal cystine transporter; EDL: extensor digitorum longus; FBXO32/ 
MAFbx: F-box protein 32; FOXO: forkhead box O; GAST: gastrocnemius; H2O2: hydrogen peroxide; IMF: 
intermyofibrillar; LAMP1: lysosomal associated membrane protein 1; MAP1LC3B: microtubule associated 
protein 1 light chain 3 beta; mKO: skeletal muscle-specific knockout; MMA: monomethylarginine; MTOR: 
mechanistic target of rapamycin kinase; MYH: myosin heavy chain; NFE2L2/NRF2: NFE2 like bZIP tran-
scription factor 2; OXPHOS: oxidative phosphorylation; PABPC1/PABP1: poly(A) binding protein cytoplas-
mic 1; PPARGC1A/PGC-1α: PPARG coactivator 1 alpha; PRKN/parkin: parkin RBR E3 ubiquitin protein 
ligase; PRMT: protein arginine methyltransferase; Sal: saline; SDMA: symmetric dimethylarginine; SIRT1: 
sirtuin 1; SKP2: S-phase kinase associated protein 2; SMARCC1/BAF155: SWI/SNF related, matrix asso-
ciated, actin dependent regulator of chromatin subfamily c member 1; SOL: soleus; SQSTM1/p62: 
sequestosome 1; SS: subsarcolemmal; TA: tibialis anterior; TFAM: transcription factor A, mitochondrial; 
TFEB: transcription factor EB; TOMM20: translocase of outer mitochondrial membrane 20; TRIM63/MuRF1: 
tripartite motif containing 63; ULK1: unc-51 like autophagy activating kinase 1; VPS11: VPS11 core subunit 
of CORVET and HOPS complexes; WT: wild-type.
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Introduction

CARM1 (coactivator associated arginine methyltransferase 1), a 
member of the PRMT (protein arginine methyltransferase) 

enzyme family, catalyzes the transfer of methyl groups to argi-
nine residues on target proteins, thereby controlling the stability, 
localization, and/or activity of marked substrates [1–4]. As such,
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via arginine methylation CARM1 regulates diverse cellular pro-
cesses such as signal transduction, DNA repair, transcriptional 
control, mRNA splicing, and cell cycle progression, among 
others. In fact, the occurrence of this post-translational modifi-
cation is comparable to that of the essential and much more 
studied threonine/serine phosphorylation and lysine ubiquitina-
tion [5,6], which indicates that arginine methylation is a major 
mark that deserves further awareness and understanding. Given 
its importance, it is not surprising that CARM1 is ubiquitously 
expressed and whole-body genetic deletion of this methyltrans-
ferase results in perinatal lethality [7]. Thus, since CARM1 is 
required for survival, targeted approaches are needed when 
studying the enzyme.

Recent work from our laboratory [6,8–16] and others [17– 
23], demonstrate that CARM1 is emerging as a particularly 
important enzyme for the maintenance and remodeling of 
skeletal muscle biology. For example, the methyltransferase 
impacts skeletal muscle fiber type composition, mitochondrial 
morphology, and neuromuscular junction stability, and skele-
tal muscle-specific carm1 deletion alters transcriptomic and 
arginine methylproteomic signatures, including changes 
related to muscle atrophy genes [6]. CARM1 influences the 
expression and function of the master neuromuscular pheno-
typic modifier AMPK (AMP-activated protein kinase) and its 
downstream signaling network to influence muscle mass and 
the progression of neurogenic disuse-evoked muscle atrophy 
[15]. CARM1 likely regulates skeletal muscle homeostasis and 
plasticity, at least in part, by influencing the autophagy-lyso-
some system [15,21]. For instance, transient knockdown of 
Carm1 attenuates the expression of Atg (autophagy related) 
genes such as Atg13 and Atg14, following neurogenic muscle 
disuse [21]. Skeletal muscle-specific deletion of Carm1 also 
curtails phosphorylation of AMPK targets such as ULK1 (unc- 
51 like autophagy activating kinase 1) in response to denerva-
tion, which occurs coincident with blunted progression of 
muscle atrophy [15]. However, the role of CARM1 in regulat-
ing autophagy-lysosome biology in skeletal muscle remains to 
be fully understood. It is interesting to note here that Shin and 
colleagues previously demonstrated that CARM1 is at the 
nexus of a signaling cascade that governs macroautophagy/ 
autophagy [24,25] and it is tempting to speculate that this is 
also the case in skeletal muscle, a tissue that is essential for 
respiration, metabolism, and mobility. Therefore, in the cur-
rent study, we sought to elucidate the molecular mechanisms 
whereby CARM1 contributes to autophagic processes in ske-
letal muscle in vivo. We hypothesized that muscle-specific 
deletion of Carm1 would hinder autophagic flux during per-
iods of prolonged food deprivation and result in attenuated 
fasting-induced loss of muscle mass.

Results

Skeletal muscle-specific deletion of carm1 attenuates 
progression of fasting-induced atrophy.

We previously generated carm1 mKO (skeletal muscle-speci-
fic knockout) mice to investigate the function of CARM1 
during neurogenic muscle disuse [15]. Similar to a transient 
knockdown approach [21], knockout of Carm1 in muscle 

blunted denervation-induced muscle wasting [15]. Since the 
impact of CARM1 on muscle wasting during food deprivation 
remains unclear, we sought to employ mKO animals to study 
the role of CARM1 during fasting-induced muscle atrophy. 
We selected food deprivation as an atrophy model since the 
autophagy-lysosome and ubiquitin-proteasome systems are 
rapidly and robustly activated [26]. Prolonged fasting also 
elicits dramatic changes to the mitochondrial network [27]. 
Immunoblot analysis confirmed deletion of Carm1 in skeletal 
muscle (Figure 1A). Compared to fed conditions, CARM1 
protein and mRNA expression levels were similar in the TA 
(tibialis anterior) and EDL (extensor digitorum longus) mus-
cles, respectively, following 24 and 48 h of food deprivation 
(Figure 1A,B and Figure S1A). Carm1 transcript levels were 
significantly elevated by 2-fold after 24 h of fasting in the SOL 
(soleus) muscle (Figure S1B).

Body mass was 5% lower (p < 0.05) in mKO versus wild- 
type (WT) mice under fed conditions (Figure 1C). Food 
deprivation induced a significant ~ 10% and ~ 20% decrease 
in body mass after 24 and 48 h, respectively, in both genotypes 
relative to their respective fed littermates. The relative decline 
in body mass between fed and 48 h fasted conditions trended 
lower in mKO versus WT animals (p = 0.06). When compared 
to WT fed animals, TA muscle mass was significantly reduced 
by ~ 15% in WT mice after 48 h of fasting (Figure 1D). No 
significant changes in TA muscle mass were detected in mKO 
animals under fed versus fasting conditions. Relative to the 
WT fed group, quadricep (QUAD) and gastrocnemius 
(GAST) muscle mass decreased by 20% (p < 0.05) in WT 
animals after 48 h of food deprivation. GAST muscle mass 
was also significantly lower by 20% in mKO versus WT mice 
under fed settings. Moreover, QUAD and GAST muscle mass 
did not differ between fed and fasted mKO animals. EDL and 
SOL muscle mass significantly decreased in both genotypes 
after fasting (Figure S1C, D). Relative to the WT fed group, 
food deprivation elicited a ~ 30% decrease (p < 0.05) in EDL 
cross-sectional area (CSA) after 48 h, which was not observed 
in the absence of CARM1 (Figure 1E,F). There was a signifi-
cant decrease in SOL myofiber CSA in both groups after 
fasting (Figure S1E, F).

We recently uncovered a distinct muscle atrophy gene 
signature in mKO mice compared to WT animals under fed 
conditions [6]. Here, of the 277 downregulated genes in mKO 
versus WT muscle, 161 were correlated with biosets of skeletal 
muscle atrophy. From the 206 upregulated genes in mKO 
versus WT mice, 98 were correlated with muscle atrophy. In 
the current study, we sought to compare global transcriptional 
changes in mKO versus WT mice in response to 48 h of 
fasting using RNA-seq analysis of TA muscles. We found 
881 and 639 commonly downregulated and upregulated 
genes, respectively, in both genotypes after 48 h of fasting 
(Figure 1G). In response to food deprivation, there were 545 
and 636 uniquely downregulated and upregulated genes, 
respectively, in WT versus mKO mice. Compared to WT 
mice, there were 894 and 1,393 uniquely downregulated and 
upregulated genes, respectively, in mKO animals after fasting. 
We next carried out principal component (PC) analysis of 
transcript abundances. Sample coordinates on the first two 
PCs revealed a transition from fed to fast phases, with
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Figure 1. Fasting-induced atrophy in carm1 mKO (skeletal muscle-specific knockout) mice. (A) Representative western blots of CARM1 protein content (normal and 
long exposures) in the TA (tibialis anterior) muscle from WT (wild-type) and mKO mice under fed and fast (24 and 48 h) conditions, as well as a representative 
Ponceau stain, below. Molecular masses (kDa) are shown at right of blots. (B) graphical summary of CARM1 protein expression in TA muscle of WT animals. Data are 
expressed as protein content relative to fed (n = 14). (C) body mass of WT and mKO animals in response to fasting (n = 11–21). (D) TA, quadricep (QUAD), and 
gastrocnemius (GAST) muscle mass from WT and mKO mice in fed and fast conditions. Muscle weight data are expressed relative to WT fed (n = 11–21). (E) 
Representative images of hematoxylin and eosin (H&E)-stained EDL muscle cross sections from WT and mKO mice in fed and fast cohorts. Scale bar: 50 μm. (F) 
graphical summary of the average myofiber cross-sectional area (CSA) of EDL muscles from WT and mKO mice in response to fasting. Data are expressed as CSA 
relative to the WT fed (n = 8–9). Data are means ± SEM. Two-way ANOVA; $ p < 0.05 interaction effect of genotype and fasting; ¢ p < 0.05 main effect of genotype; ‡ 
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moderate genotype-based clustering (Figure 1H). Notably, 
several upregulated Gene Ontology (GO) biological processes, 
including positive regulation of macroautophagy 
(GO:0016239), regulation of muscle hypertrophy 
(GO:0014743), and positive regulation of protein localization 
to nucleus (GO:1900182) were uniquely overrepresented in 
mKO versus WT mice in response to 48 h of fasting (Figure 1I 
and data not shown).

PRMT content and activity in mKO mice after food 
deprivation

We desired to determine whether knocking out Carm1 in 
muscle evoked changes in other PRMTs in response to fasting. 
We initially performed transcriptomic analyses of all PRMTs 
by RNA sequencing TA muscles from WT and mKO animals 
under fed and 48 h fasted conditions. CARM1 had minor 
effects on global Prmt transcription after fasting (Figure 2A). 
We sought to extend these data with gene expression analyses 
in EDL and SOL muscles, plus protein content in TA muscles 
for PRMT1, PRMT5, PRMT6, and PRMT7 in WT and mKO 
animals following 24 and 48 h of food deprivation. We 
observed a significant decrease in Prmt6 mRNA content in 
both genotypes in the EDL after fasting (Figure 2B). In con-
trast, Prmt1, Prmt5, and Prmt7 transcript levels were similar in 
the EDL muscle between all experimental conditions. There 
was a significant increase in Prmt1 and Prmt5 mRNA content 
in WT and mKO SOL muscles in response to food deprivation 
(Figure S2A). Prmt7 transcript levels were greater (p < 0.05) in 
mKO versus WT SOL muscle. Furthermore, we observed a 
significant increase in PRMT1 protein content in WT and 
mKO TA muscles after fasting (Figure 2C,D). PRMT1 and 
PRMT7 protein levels were greater (p < 0.05) in mKO versus 
WT animals, whereas PRMT6 protein content was lower (p <  
0.05) in mKO versus WT mice. PRMT5 protein expression was 
similar in all experimental conditions.

We next examined markers of global type I and type II 
PRMT activities, such as monomethylarginine (MMA), asym-
metric dimethylarginine (ADMA), and symmetric dimethy-
larginine (SDMA) content [1,2]. We also measured 
asymmetric arginine dimethylation of pan-CARM1-marked 
substrates [28,29], as well as bona fide CARM1 targets 
SMARCC1/BAF155 (SWI/SNF related, matrix associated, 
actin dependent regulator of chromatin, subfamily c, member 
1) me2a (Arg1064) and PABPC1/PABP1 (poly(A) binding 
protein, cytoplasmic 1) me2a (Arg455/Arg460). Relative to 
the WT fed group, carm1 deletion resulted in a significant ~  
45% decrease in CARM1 substrate arginine methylation levels 
under fed and fasted settings (Figure 2C,E). MMA, ADMA, 
and SDMA content were similar between genotypes with food 
deprivation. Food deprivation induced a 40% decrease (p <  
0.05) in SMARCC1 me2a (Arg1064) in WT mice after 48 h 
relative to their WT fed littermates (Figure 2C,F). Compared 

to WT fed mice, SMARCC1 me2a (Arg1064) was significantly 
lower by ~ 70% in fed and fasted mKO animals. Total 
SMARCC1 protein content was similar between all groups. 
Compared to WT animals, SMARCC1 methylation status (i.e., 
the methylated form of the protein relative to its total, 
unmethylated content) was lower (p < 0.05) in mKO mice. 
Relative to WT fed mice, PABPC1 me2a (Arg455/Arg460) 
significantly decreased by ~ 50% in WT animals in response 
to 24 and 48 h of food deprivation (Figure 2C,G). PABPC1 
me2a (Arg455/Arg460) was also lower (p < 0.05) by ~ 65% in 
fed and fasted mKO muscle versus fed WT mice. Similar 
levels of PABPC1 me2a (Arg455/Arg460) in mKO animals 
between fed and fasted muscle were observed. There was a 
significant decrease in total PABPC1 protein content in both 
genotypes after fasting. Compared to the WT fed group, 
PABPC1 methylation status was significantly lower by 60% 
in mKO mice during fed and fasted conditions.

The impact of carm1 mKO on metabolic signaling during 
fasting-induced muscle wasting

Previous work has shown that carm1 deletion in muscle 
affects the expression and/or activity of molecules involved 
in metabolic signaling during neurogenic muscle disuse 
[15]. We wished to determine whether CARM1 was impor-
tant for metabolic signaling in response to food depriva-
tion. As such, we first assessed the transcript levels of 
important mitochondrial genes such as Sirt1 (sirtuin 1), 
Ppargc1a/Pgc-1α (PPARG coactivator 1 alpha), Tfam (tran-
scription factor A, mitochondrial), Cox4 (cytochrome c 
oxidase subunit 4), and Nfe2l2/Nrf2 (NFE2 like bZIP tran-
scription factor 2) in EDL and SOL muscles from fed and 
fasted WT and mKO mice. Sirt1, Ppargc1a, Tfam, Cox4, 
and Nfe2l2 mRNA content was greater in mKO versus WT 
EDL muscle during fed and fasted conditions (Figure S3A). 
Nfe2l2 transcript levels were elevated (p < 0.05) in both 
genotypes with fasting in the EDL. Furthermore, Sirt1, 
Ppargc1a, Tfam, Cox4, and Nfe2l2 mRNA content was sig-
nificantly increased in WT and mKO SOL muscles follow-
ing food deprivation (Figure S3B). We next sought to 
determine whether a known target of Ppargc1a mRNA 
processing activity Ndrg4 (NDRG family member 4) [30], 
was affected by carm1 deletion in muscle. We observed 
elevated (p < 0.05) PPARGC1A activity in mKO versus 
WT mice, as indicated by increased alternative splicing of 
Ndrg4, in EDL and SOL muscle (Figure S3A, B).

We next examined the phosphorylation status of AMPK, as 
well as protein content of PPARGC1A, CS (citrate synthase), 
and proteins indicative of mitochondrial oxidative phosphor-
ylation (OXPHOS) complexes I – V (CI – CV). Compared to 
the WT fed group, phosphorylated (p)-PRKKA/AMPK 
(Thr172) content was significantly greater by 4–5-fold in 
WT animals after 24 and 48 h of food deprivation, whereas

p < 0.05 main effect of fasting; ¶ p < 0.05 versus WT fed; # p < 0.05 versus mKO fed. (G) venn diagram representation of the number of significantly down- and 
upregulated genes in the TA muscle from WT and mKO mice based on RNA-seq following 48 h fast (n = 3). (H) Principal component (PC) analysis of transcript 
abundances in WT and mKO mice under fed and fast conditions (n = 3). (I) bubble plot of top 25 uniquely overrepresented gene ontology (GO) biological processes 
upregulated in mKO versus WT mice following 48 h fast (n = 3). 
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Figure 2. PRMT (protein arginine methyltransferase) content and activity in mKO animals following fasting-evoked muscle wasting. (A) heatmap of PRMT family 
members in TA muscle of WT and mKO mice after fasting. Data are expressed relative to WT fed (n = 3). (B) PRMT1, PRMT5, PRMT6, and PRMT7 mRNA expression in 
EDL muscles from WT and mKO mice during fed and fast conditions. Data are expressed as mRNA content relative to WT fed muscle (n = 9–13). (C) typical western 
blots of PRMT1, PRMT5, PRMT6, PRMT7, monomethylarginine (MMA), asymmetric dimethylarginine (ADMA), asymmetric arginine dimethylated CARM1 substrates, 
symmetric dimethylarginine (SDMA), asymmetrically dimethylated SMARCC1/BAF155 (SWI/SNF related, matrix associated, actin dependent regulator of chromatin, 
subfamily c, member 1) me2a (Arg1064), total SMARCC1, asymmetrically dimethylated PABPC1/PABP1 (poly(A) binding protein, cytoplasmic 1) me2a (Arg455/ 
Arg460), and total PABPC1 in TA muscles from WT and mKO animals in fed and fast cohorts, accompanied by a typical Ponceau stain. Molecular masses (kDa) are 
shown at the right of blots. (D-G) graphical summaries of PRMT1, PRMT5, PRMT6, PRMT7, MMA, ADMA, CARM1 substrate, SDMA, SMARCC1 me2a (Arg1064), 
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p-PRKAA (Thr172) was similar between fed and fasted con-
ditions in mKO mice (Figure 3A,B). Total AMPK was greater 
(p < 0.05) in mKO versus WT muscle during fed and fasted 
conditions. Relative to the WT fed group, AMPK phosphor-
ylation status was significantly greater by ~ 6-fold in WT 
animals following 24 and 48 h of food deprivation, whereas 
AMPK phosphorylation status did not change between fed 
and fasted conditions in mKO mice. After 48 h of food depri-
vation, PPARGC1A protein expression was significantly 
greater by ~ 2-fold in mKO mice compared to the fed mKO 
group (Figure 3A,C). CS protein content was significantly 
increased in both genotypes after fasting, whereas total 
OXPHOS expression was similar between conditions.

We sought to investigate the fiber type composition of WT 
and mKO EDL muscles in response to food deprivation 
(Figure 3D,E). Under fed and fasted conditions, MYH (myo-
sin heavy chain) type IIA was greater in mKO versus WT 
mice, whereas MYH type IIB was lower in mKO versus WT 
animals. MYH type I and MYH type IIX were similar in all 
experimental conditions. To gain further insight into the 
effects of carm1 deficiency on mitochondria structure, we 
next conducted transmission electron microscopy analysis 
(Figure 3F,G). Mitochondria size was similar in all experi-
mental conditions, regardless of SS (subsarcolemmal) or IMF 
(intermyofibrillar) location (Figure S3C). In the SS region, 
mitochondria per unit area decreased by 50% in WT animals 
after 48 h of fasting (p = 0.06), whereas mitochondria per unit 
area was similar between fed and fasted conditions in mKO 
mice. Furthermore, an interaction (p = 0.08) between geno-
type and fasting was observed in the IMF section (Figure 
S3D). A solid trend toward an interaction between genotype 
and fasting emerged for IMF (p = 0.07) and total (p = 0.09) 
mitochondria density (Figure 3F,H).

Given the impact of CARM1 on metabolic signaling, we 
performed analyses of SDH (succinate dehydrogenase) con-
tent, along with mitochondrial respiration and hydrogen per-
oxide (H2O2) emission. After 48 h of food deprivation, SDH 
staining intensity was significantly greater by 1.2-fold in mKO 
animals compared to the fed mKO group (Figure 3I,J). When 
normalized to muscle fiber bundle weight, complex I (CI)- 
supported state III respiration and CI + II-supported state III 
respiration, was greater in mKO versus WT mice under fed 
and fasted conditions (Figure 3K,L). CI-supported state III 
H2O2 emission was elevated in WT and mKO animals after 
48 h of fasting (Figure S3E).

Mitophagy in mKO animals following food deprivation.

To determine mitophagy flux, WT and mKO mice were 
treated with saline or colchicine under fed and fasted condi-
tions. Mitochondria were then isolated from QUAD muscles, 
followed by western blotting of LC3 (microtubule-associated 
protein 1A/1B-light chain 3)-II and SQSTM1/p62 (sequesto-
some 1). We observed main effects (p < 0.05) of genotype and 

fasting for LC3-II and SQSTM1 flux (Figure 4A–C). 
Transmission electron microscopy was used to assess the 
accumulation of abnormal mitochondria (Figure 4D) in WT 
and mKO animals under saline or colchicine-treated condi-
tions in both fed and fasted muscle. Abnormal mitochondria 
were defined as organelles with disrupted membranes, loss of 
cristae, and vacuolization [31]. Colchicine increased the total 
number of abnormal mitochondria in both genotypes under 
fasted settings (Figure 4D,E).

We next examined the mitophagy protein PRKN/parkin 
(parkin RBR E3 ubiquitin protein ligase) in mitochondria 
isolated from QUAD muscles of WT and mKO animals 
following fasting. An interaction (p < 0.05) between genotype 
and fasting on mitochondrial PRKN content was detected 
(Figure 4F,G). To complement this analysis, EDL myofiber 
cross-sections were stained for PRKN and TOMM20 (translo-
case of outer mitochondrial membrane 20) in WT and mKO 
mice during food deprivation (Figure 4H). Relative to the WT 
fed group, fasting induced a significant 1.8-fold increase in 
PRKN puncta following 24 and 48 h in WT mice (Figure 4I). 
In contrast, the number of PRKN puncta was similar between 
fed and fasted mKO animals.

We further investigated the impact of carm1 mKO on 
genes that regulate mitophagy. In particular, we assessed 
Prkn and Bnip3 (BCL2 interacting protein 3) transcript levels 
in EDL and SOL muscles from fed and fasted WT and mKO 
mice. Prkn and Bnip3 mRNA content was significantly ele-
vated in both genotypes in EDL and SOL muscles (Figure 4J 
and Figure S4A). When compared to the WT fed group, 
PRKN protein content increased by 2-fold (p < 0.05) in WT 
animals after 24 h of food deprivation (Figure 4K,L). PRKN 
protein expression was also significantly greater by 1.7-fold in 
mKO versus WT muscle under fed conditions. Similar PRKN 
protein levels between fed and fasted mKO mice were 
observed. BNIP3 protein expression significantly increased 
by 2.5-fold in WT muscle following 48 h of food deprivation 
compared to their fed WT littermates. BNIP3 protein content 
was greater by 3-fold (p < 0.05) in mKO muscle after 48 h of 
fasting relative to the fed mKO animals. The relative increase 
in BNIP3 protein expression between fed and 48 h fasted 
groups trended larger in mKO versus WT mice (p = 0.08).

Autophagy in mKO mice in response to fasting

Previous studies have shown that CARM1 regulates the auto-
phagic process in non-muscle cells in response to nutrient 
deprivation [24]. Here, we sought to determine whether 
CARM1 governs myofiber autophagy. To this end, we admi-
nistered saline or colchicine to WT and mKO mice under fed 
and fasted conditions to evaluate autophagosome turnover in 
whole TA muscle (Figure 5A). We noted significant main 
effects of genotype and fasting on LC3-II and SQSTM1 flux 
(Figure 5A–C). Transmission electron microscopy was

SMARCC1, SMARCC1 methylation status (i.e., the methylated form of the protein relative to the total amount of the protein), PABPC1 me2a (Arg455/Arg460), PABPC1, 
and PABPC1 methylation status in WT and mKO mice after fasting. Data are expressed as protein content relative to WT fed (n = 8–15). Data are means ± SEM. Two- 
way ANOVA; $ p < 0.05 interaction effect of genotype and fasting; ¢ p < 0.05 main effect of genotype; ‡ p < 0.05 main effect of fasting; ¶ p < 0.05 versus WT fed. 

1252 D. W. STOUTH ET AL.



Figure 3. CARM1 regulates metabolic signaling during fasting-induced muscle atrophy. (A) Representative western blots of phosphorylated AMP-activated protein 
kinase (p-PRKAA/AMPK [Thr172]), total AMPK, PPARGC1A/PGC-1α (PPARG coactivator 1 alpha), CS (citrate synthase), and proteins indicative of mitochondrial OXPHOS 
(oxidative phosphorylation) complexes I – V (CI – CV) in WT and mKO TA muscles following fasting, accompanied by a typical Ponceau stain. Molecular masses (kDa) 
are shown at the right of blots. (B-C) graphical summaries of p-PRKAA/AMPK (Thr172), AMPK, AMPK phosphorylation status, PPARGC1A, CS, and total OXPHOS 
protein expression in WT and mKO TA muscles in response to fasting. Data are expressed as protein content relative to WT fed (n = 8–21). (D) Representative 
immunofluorescence images of MYH (myosin heavy chain) type I (blue), IIA (green), IIX (red), and IIB (black) in EDL muscles of WT and mKO mice after fasting. (E) 
graphical summaries of EDL myofiber MYH composition in both genotypes following food deprivation. (F) typical transmission electron micrographs of mitochondria 
and myonuclei (*) within the SS (subsarcolemmal) and IMF (intermyofibrillar) regions of TA muscle in WT and mKO mice under fed and 48 h fast conditions. Scale bar: 
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employed to evaluate the accumulation of autophagic vacuoles 
(Figure 5D) in WT and mKO mice under saline or colchicine- 
treated conditions in both fed and fasted muscle. Colchicine 
increased the total number of autophagic vacuoles in WT and 
mKO animals during food deprivation (Figure 5D,E).

We identified upregulated autophagy genes from our RNA- 
seq analysis that were uniquely overrepresented in mKO versus 
WT muscle in response to 48 h of fasting. For example, the 
enrichment of Ulk1, Smcr8, Wipi1, Tbk1, Wdr45, Supt5, 
Ambra1, Pip4k2c, Optn, and Epm2a were unique to carm1 
mKO TA muscle during food deprivation (Figure 5F). We also 
investigated autophagy-related and lysosomal genes previously 
demonstrated to be transcriptionally regulated by CARM1 in 
non-muscle cells [24]. Map1lc3b, Atg12, Atg14, Vps11, and Ctns 
transcript levels were significantly elevated in both genotypes 
after fasting (Figure S5A, B). To further understand the role of 
CARM1 in regulating myofiber autophagy, we also probed for 
autophagy-related Becn1 (beclin 1), Gabarapl1, and lysosomal 
Ctsl mRNA content in EDL and SOL muscles. Compared to WT 
mice, Becn1 mRNA expression in the EDL was significantly 
greater in mKO animals under fed and fasted settings. 
Gabarapl1 and Ctsl transcript levels were elevated (p < 0.05) in 
both genotypes following food deprivation (Figure S5A, B).

We continued to evaluate the autophagy-lysosome pathway 
by assessing the phosphorylation status of ATG16L1, MTOR 
(mechanistic target of rapamycin kinase), ULK1, as well as the 
protein expression of TFEB (transcription factor EB), SKP2 
(S-phase kinase associated protein 2), BECN1, LAMP1 (lyso-
somal associated membrane protein 1), LAMP2, and CTSD 
(cathepsin D). p-ATG16L1 (Ser278) was significantly lower in 
mKO versus WT animals under fed and fasted conditions 
(Figure 5G,H). Total ATG16L1 protein content was similar 
between genotypes with food deprivation. Relative to the WT 
fed group, ATG16L1 phosphorylation status was significantly 
greater by ~ 2-fold in WT animals following 24 h of food 
deprivation, whereas ATG16L1 phosphorylation status did 
not change between fed and fasted conditions in mKO mice. 
Moreover, qualitative analyses suggest that the relative 
increase in p-ATG16L1 (Ser278) puncta between fed and 24  
h fasted conditions was lower in mKO versus WT animals 
(Figure 5I). Compared to WT animals, p-MTOR (Ser2448) 
and total MTOR was greater in mKO mice under fed and 
fasted settings (Figure 5G,J). Furthermore, MTOR phosphor-
ylation status was similar between genotypes with food depri-
vation. Relative to the WT fed group, food deprivation evoked 
a significant 1.5-fold increase in p-ULK1 (Ser555) after 48 h in 
WT mice (Figure 5G,K). In contrast, similar p-ULK1 (Ser555) 
levels were detected between fed and fasted mKO animals. p- 
ULK1 (Ser757) levels were larger (p < 0.05) in mKO versus 
WT mice under fed and fasted settings. Total ULK1 protein 
content was significantly greater in both genotypes after fast-
ing. Furthermore, TFEB protein expression was similar 

between all groups (Figure 5G,L). When compared to the 
WT fed group, SKP2 protein content was significantly 
reduced by ~ 40% in fed and fasted mKO muscle. BECN1, 
LAMP1, and LAMP2 protein expression levels were greater 
(p < 0.05) in mKO versus WT animals under fed and fasted 
conditions. CTSD protein content was also significantly 
increased in both genotypes after fasting (data not shown).

The effects of CARM1 on muscle atrophy signaling during 
food deprivation

To probe the effect of carm1 mKO on the muscle atrophy 
program during fasting, we screened pathways that are impor-
tant for muscle wasting using RNA-seq analysis of TA mus-
cles. Reactome pathway analysis of our RNA-sequencing 
results revealed upregulated pathways related to AKT/protein 
kinase B (AKT serine/threonine kinase) signaling that were 
uniquely overrepresented in mKO mice compared to WT 
animals in response to food deprivation (Figure 6A). 
Noteworthy reactome pathways influenced by carm1 mKO 
included AKT phosphorylates targets in the cytosol (R- 
MMU-198323), regulation of FOXO (forkhead box O) tran-
scriptional activity by acetylation (R-MMU-9617629), AKT- 
mediated inactivation of FOXO1A (R-MMU-211163), and 
AKT phosphorylates targets in the nucleus (R-MMU- 
198693). The enrichment of Akt1, Akt2, Akt3, Foxo1, and 
Foxo3 genes were unique to carm1 mKO compared to WT 
muscle in response to 48 h of fasting (Figure 6B).

We desired to further investigate the upstream signaling 
molecule AKT and its downstream targets FOXO1 and 
FOXO3. Compared to WT animals, p-AKT (Ser473) and total 
AKT were greater (p < 0.05) in mKO mice under fed and fasted 
settings (Figure 6C,D). Relative to the WT fed group, p-FOXO1 
(Ser256) content was significantly reduced by 50% in WT 
animals after 48 h of food deprivation (Figure 6C,E). In con-
trast, p-FOXO1 (Ser256) did not change between fed and fasted 
conditions in mKO mice. FOXO1 phosphorylation status was  
~ 60% lower (p < 0.05) in WT and mKO animals following 48 h 
of fasting versus their respective fed littermates. Compared to 
the WT fed group, food deprivation evoked a significant 40% 
decrease in p-FOXO3 (Ser253) in WT muscle following 24 and 
48 h (Figure 6C,F). In contrast, levels of p-FOXO3 (Ser253) in 
mKO animals were similar between fed and fasted muscle. 
Moreover, we analyzed the phosphorylation status of AMPK 
downstream targets FOXO3 (Ser413) and FOXO3 (Ser588) 
[32], as CARM1 and AMPK coregulate autophagic and 
atrophic signaling [15,24,33,34]. Relative to the WT fed 
group, carm1 deletion resulted in a significant 1.6-fold increase 
in p-FOXO3 (Ser413) levels under fed and fasted conditions. p- 
FOXO3 (Ser588) levels were lower (p < 0.05) in mKO versus 
WT mice during fed and fasted settings.

1 μm (n = 4). (G) Representative image from WT muscle of normal mitochondrial ultrastructure with intact membranes and clearly defined cristae (white arrow). Scale 
bar: 200 nm. (H) Transmission electron micrographs were analyzed for mitochondrial density (μm2 x # per μm2 x 100) within the SS and IMF areas of the muscle. (I) 
Representative images of succinate dehydrogenase (SDH)-stained EDL muscle cross-sections from WT and mKO mice after food deprivation. Scale bar: 50 μm (n = 5– 
6). (J) graphical summary of SDH staining intensity in both genotypes following fasting. (K-L) complex I-supported state III respiration and complex I + II-supported 
state III respiration in WT and mKO TA muscle under fed and 48 h fast conditions (n = 11–14). Data are means ± SEM. Two-way ANOVA; $ p < 0.05 interaction effect of 
genotype and fasting; ¢ p < 0.05 main effect of genotype; ‡ p < 0.05 main effect of fasting; ¶ p < 0.05 versus WT fed; # p < 0.05 versus mKO Fed. 
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Figure 4. Mitophagy in mKO mice during fasting-evoked muscle atrophy. (A) Representative western blots of MAP1LC3/LC3 (microtubule associated protein 1 light 
chain 3)-I, LC3-II, SQSTM1, TOMM20 (translocase of outer mitochondrial membrane 20), histone H3 (normal and long exposures), and GAPDH (glyceraldehyde-3- 
phosphate dehydrogenase; normal and long exposures) in mitochondria isolated from QUAD muscles of WT and mKO mice treated with Sal (saline) or Col 
(colchicine) under fed and 48 h fast conditions. Blots are accompanied by a typical Ponceau stain. Molecular masses (kDa) are shown at the right of blots. (B-C) 
graphical summaries of mitochondrial LC3-II and SQSTM1 flux in WT and mKO animals under fed and 48 h fast conditions. Data are expressed as protein content 
relative to WT fed (n = 12–14). (D) Representative image from mKO muscle of abnormal mitochondrial ultrastructure (black arrow) with disrupted membranes, loss of 
cristae, and vacuolization. (E) graphical summary of total number of abnormal mitochondria in WT and mKO mice treated with Sal or Col under fed and 48 h fast 
conditions. (F) Representative western blots of PRKN/parkin (parkin RBR E3 ubiquitin protein ligase), TOMM20, histone H3 (normal and long exposures), and GAPDH 
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We complemented these data by assessing Akt, Foxo1, 
Foxo3, Trim63/MuRF1 (tripartite motif containing 63) and 
Fbxo32/MAFbx (F-box protein 32) transcript levels in EDL 
muscles. We observed elevated (p < 0.05) Akt, Foxo1, Foxo3, 
Trim63, and Fbxo32 mRNA content after fasting in WT and 
mKO animals (Figure S6A). Following 48 h of food depriva-
tion, Akt mRNA expression was significantly increased by ~ 3- 
fold in mKO mice compared to the fed mKO group. Foxo1 
and Foxo3 mRNA content was greater (p < 0.05) in mKO 
versus WT animals. TRIM63, FBXO32, and ubiquitin protein 
content was also significantly elevated after fasting (Figure 
S6B, C). For instance, TRIM63 protein expression was higher 
(p < 0.05) by ~ 4-fold in both genotypes after 24 and 48 h of 
food deprivation compared to their respective fed control 
group. Compared to the WT fed group, FBXO32 protein 
expression was significantly increased by 1.8-fold in WT ani-
mals following 24 and 48 h of fasting, whereas FBXO32 pro-
tein content was similar between fed and fasted conditions in 
mKO mice.

Myonuclear localization of muscle remodeling proteins 
during fasting-induce atrophy.

We evaluated myonuclear levels of CARM1, PRMT1, PRMT5, 
PRMT6, and PRMT7 in WT and mKO GAST muscle to 
further define their expression during atrophy elicited by 
food deprivation. We also analyzed the nuclear content of 
PPARGC1A, AMPK, FOXO1, FOXO3, and TFEB to more 
comprehensively understand how CARM1 governs myonuc-
lear adaptations to fasting. Compared to fed conditions, 
nuclear CARM1 protein expression was significantly lower 
by ~ 30% in WT muscle after 48 h of food deprivation 
(Figure S6D, E). Nuclear PRMT1 protein content was similar 
between genotypes with food deprivation. Relative to the WT 
fed group, fasting induced a significant 40% decrease in 
nuclear PRMT5 protein expression in WT animals following 
48 h of food deprivation, whereas no changes were detected in 
mKO animals. Compared to WT animals, we noted lower (p  
< 0.05) nuclear PRMT6 protein content in mKO mice. 
PRMT6 levels in myonuclei were significantly lower by ~  
50% in fed and fasted mKO muscle versus fed WT mice. 
Nuclear PRMT6 protein expression decreased by ~ 30% in 
WT mice following 48 h of food deprivation, whereas 
PRMT6 did not change between fed and fasted conditions in 
mKO animals. Interestingly, we did not detect PRMT6 in 
cytosolic fractions, whereas conversely, PRMT7 was excluded 
from myonuclei and found only in the cytosolic compartment 
(data not shown).

Main effects (p < 0.05) of genotype and fasting on nuclear 
PPARGC1A protein expression were observed (Figure S6D, 
F). When compared to the WT fed group, myonuclear p- 
PRKAA/AMPK (Thr172) increased by 5-fold (p < 0.05) in 
WT animals after 48 h of food deprivation. In contrast, 
nuclear p-PRKAA/AMPK (Thr172) did not significantly 
change between fed and fasted mKO mice. Nuclear AMPK 
phosphorylation status increased by 7-fold in WT animals 
following 48 h of food deprivation, whereas no significant 
changes were detected in mKO mice.

Relative to the WT fed group, total nuclear FOXO1 protein 
expression was elevated by 3-fold (p < 0.05) in WT mice 
following 48 h food deprivation (Figure 6G,H). Total 
FOXO1 levels in myonuclei were also significantly increased 
by 2-fold after 24 h in mKO animals versus their fed mKO 
littermates. Compared to the WT fed group, total FOXO3 
levels in myonuclei were significantly greater by 3-fold in 
WT animals following 48 h of food deprivation, whereas 
nuclear FOXO3 content was similar between fed and fasted 
conditions in mKO mice. Nuclear FOXO3 phosphorylation 
status was lower by ~ 65% (p < 0.05) in fed and fasted mKO 
mice versus the fed WT condition. Furthermore, relative to 
WT fed animals, fasting induced a significant ~ 50% reduction 
in FOXO3 phosphorylation status in WT myonuclei after 24 
and 48 h. Nuclear FOXO3 phosphorylation status was similar 
between fed and fasted conditions in mKO mice.

A significant interaction between genotype and fasting for 
nuclear TFEB protein content emerged (Figure 6G,I). To 
complement these data, fed and fasted EDL muscle cross- 
sections from WT and mKO animals were stained for wheat 
germ agglutinin (WGA), 4’,6-diamidino-2-phenylindole dihy-
drochloride (DAPI), and TFEB to assess TFEB myonuclear 
localization (Figure 6J). Compared to the WT fed group, the 
amount of TFEB-positive myonuclei was significantly elevated 
by 1.8-fold in WT muscle after 24 and 48 h of food depriva-
tion (Figure 6K). Contrary to this, TFEB-positive myonuclei 
in mKO mice was similar between fed and fasted conditions.

Effects of fasting on CARM1 activity and autophagy 
signaling in human skeletal muscle

Prolonged food deprivation in humans elicits protein break-
down [35,36], but its impact on CARM1 activity in human 
skeletal muscle remains to be elucidated. To investigate this, 
skeletal muscle biopsies were collected from the vastus later-
alis QUAD muscles of healthy, young men 1 h postprandial 
and again after 48 h of food deprivation. We observed a 
decrease in myofiber CSA in six of nine participants, and 
mean myofiber CSA exhibited a 10% reduction (p = 0.12) in

(normal and long exposures) in mitochondria isolated from QUAD muscles of WT and mKO animals following fasting. Blots are accompanied by a typical Ponceau 
stain and molecular masses (kDa) are shown at the right of blots. (G) graphical summary of western blot data comprising mitochondrial PRKN protein content in WT 
and mKO mice during fed and 48 h fast conditions. Data are expressed as protein content relative to WT fed (n = 10–13). (H) Representative images of EDL muscle 
cross sections stained for PRKN (red; scale bar: 2 μm) and TOMM20 (green; scale bar: 1 μm) with a merged image. (I) graphical summary of PRKN puncta in WT and 
mKO mice following food deprivation assessed by immunofluorescence. Data are expressed as number of PRKN puncta per 1,000 μm2 (n = 3). (J) Prkn, Bnip3 (BCL2 
interacting protein 3) mRNA expression in EDL muscles from WT and mKO mice under fed and fast conditions. Data are expressed as mRNA content relative to WT 
fed (n = 11–13). (K) Representative western blots of PRKN and BNIP3 in WT and mKO TA muscles after fasting, accompanied by a typical Ponceau stain. Molecular 
masses (kDa) are shown at the right of blots. (L) graphical summary of PRKN and BNIP3 protein expression levels in WT and mKO animals during fed and fast 
conditions. Data are expressed as protein content relative to WT fed (n = 11–18). Data are means ± SEM. Two-way ANOVA; $ p < 0.05 interaction effect of genotype 
and fasting; ¢ p < 0.05 main effect of genotype; ‡ p < 0.05 main effect of fasting; § p < 0.05 main effect of Col; ¶ p < 0.05 versus WT fed; # p < 0.05 versus mKO Fed. 
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Figure 5. Skeletal muscle autophagy is dysregulated in mKO animals during atrophy. (A) Representative western blots of LC3-I, LC3-II, and SQSTM1 in TA muscles of 
WT and mKO mice treated with Sal or Col under fed and 48 h fast conditions, accompanied by a typical Ponceau stain. Molecular masses (kDa) are shown at the right 
of blots. (B-C) Graphical summaries of LC3-II and SQSTM1 flux in WT and mKO animals under fed and 48 h fast conditions. Data are expressed as protein content 
relative to WT fed (n = 12–16). (D) Representative image from mKO muscle of double-membrane autophagic vacuole (yellow arrow). Scale bar: 200 nm. (E) Graphical 
summary of total number of autophagic vacuoles in WT and mKO mice treated with Sal or Col under fed and 48 h fast conditions. (F) Heatmap of macroautophagy 
genes in TA muscle with enrichment unique to carm1 mKO after fasting. Data are expressed relative to WT fed (n = 3). (G) typical western blots of phosphorylated 
autophagy-related 16 (p-ATG16L1 [Ser278]), total ATG16L1, phosphorylated (p)-MTOR (mechanistic target of rapamycin kinase; Ser2448), total MTOR, p-ULK1 (unc-51 
like autophagy activating kinase 1; Ser555), p-ULK1 (Ser757), total ULK1, TFEB (transcription factor EB), SKP2 (S-phase kinase associated protein 2), BECN1, LAMP1 
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healthy males following 48 h of fasting (Figure 7A,B), while 
myofiber CSA distribution also skewed smaller (p = 0.16) after 
food deprivation (Figure 7A,C). Previous work demonstrated 
the effect of a 40 h fast on global mRNA expression in human 
QUAD muscle [37]. These authors found that the transcript 
levels of Carm1 and its Prmt family members were similar in 
fed versus fast conditions (Figure 7D). At the protein level, 
CARM1 content was unchanged in human QUAD muscle 
after 48 h of fasting (Figure 7E,F). We next assessed asym-
metric arginine dimethylation of pan-CARM1-marked sub-
strates [28,29], along with SMARCC1 me2a (Arg1064), and 
PABPC1 me2a (Arg455/Arg460). We detected a strong trend 
(p = 0.07) for lower CARM1 substrate methylargine content in 
human skeletal muscle following 48 h of food deprivation 
compared to the fed condition (Figure 7E,G). Relative to fed 
muscle, there was also a 25% decrease in methylated 
SMARCC1 me2a (Arg1064; p = 0.15) and total SMARCC1 
(p = 0.17) protein content after 48 h of fasting (Figure 7E,H). 
Furthermore, food deprivation in healthy humans led to a 
significant 55% decrease in methylated PABPC1 me2a 
(Arg455/Arg460) and reduced (p = 0.12) total PABPC1 pro-
tein content versus the fed condition (Figure 7E,I).

We next sought to examine whether the many tendencies in the 
data strongly suggesting fasting-induced myofiber atrophy and 
CARM1 activity were accompanied by the induction of early 
molecular markers of autophagy signaling. Others have demon-
strated that genes related to the autophagy-lysosome and ubiqui-
tin-proteasome proteolytic systems were upregulated in healthy 
human adults after 40 h of food deprivation [37]. In the current 
study, levels of mitophagy proteins PRKN (p = 0.20) and BNIP3 
(p = 0.14) trended upward in healthy male humans after 48 h of 
fasting (Figure 7E,I,K). We found that compared to muscle from 
participants in the fed condition, 48 h of fasting induced a signifi-
cant ~ 2-fold increase in LC3-II protein (Figure 7E,L). There was 
also a strong trend (p = 0.07) toward greater p-ATG16L1 (Ser278) 
protein content in human skeletal muscle after 48 h of fasting 
relative to the fed condition (Figure 7E,M). We detected a signifi-
cant ~ 40% decrease in p-ULK1 (Ser757) and a 1.4-fold increase (p  
< 0.05) in total ULK1 protein content in fasted muscle compared 
to fed conditions (Figure 7E,N). The ULK1 phosphorylation status 
was significantly lower by 60% in fasted versus fed human muscle.

Discussion

In this study, we confirm that CARM1 is required to maintain 
muscle mass and show that muscle-specific deletion of Carm1 
attenuates the progression of fasting-induced muscle wasting. 
We provide evidence that carm1 mKO remodels skeletal muscle 
toward a slower, more oxidative myogenic program. This was 
supported by increased gene expression of downstream 
PPARGC1A targets Tfam and Nfe2l2, plus greater PPARGC1A 

splicing activity in mKO versus WT animals. Skeletal muscle- 
specific removal of Carm1 also resulted in perturbed mitophagic, 
autophagic, and atrophic signaling downstream of AMPK, 
MTOR, and AKT under fed and fasted settings. Specifically, we 
provide evidence that knockout of Carm1 in muscle led to dysre-
gulated AMPK site-specific activation of ULK1 (Ser555), FOXO3 
(Ser413), and FOXO3 (Ser588), as well as MTOR targeted inhibi-
tion of ULK1 (Ser757), along with AKT site-specific suppression 
of FOXO1 (Ser256) and FOXO3 (Ser253). Moreover, fasting 
altered CARM1 biology within the context of early markers of 
autophagy signaling at threshold of atrophy in human skeletal 
muscle. Collectively, this study supports and extends earlier work 
characterizing CARM1 expression and function in human skeletal 
muscle in vivo, as well as demonstrates that CARM1 is a powerful 
regulator of autophagy [24,33,34,38,39], particularly in skeletal 
muscle [6,15,21,22], along with mitophagic and atrophic processes 
critical for the maintenance and remodeling of muscle mass.

The present study provides further evidence that CARM1 is 
required to maintain muscle mass under fed conditions. 
Consistent with our recent work [6,15], we demonstrate that 
muscle-specific knockout of Carm1 leads to aberrant autophagic 
processes and elevated muscle atrophy. This aligns with the unique 
muscle atrophy gene signature observed in mKO versus WT mice 
during fed settings [6], and the abundance of evidence suggesting 
that autophagy is required to maintain muscle mass [40]. We now 
present evidence that carm1 mKO mitigates both fasting- and 
denervation-induced skeletal muscle wasting [15,21] despite the 
complementary, but in some respects disparate molecular signa-
tures of these atrophy-inducing stimuli [41,42]. It remains unclear 
whether this is due to a protective effect of carm1 deletion, or 
possibly to mKO muscles already reaching maximal atrophy, or a 
combination of both. Future experiments should employ an indu-
cible carm1 mKO model [43], and/or pharmacological inhibition 
of CARM1 [16,44], to control for any compensatory or confound-
ing adaptations that may have occurred perinatally or during 
maturation in mKO animals. The impact of overexpressing and/ 
or pharmacologically activating CARM1 in skeletal muscle should 
also be investigated under basal and atrophying conditions to 
elucidate this further. Notably, although muscles atrophied to a 
similar extent during conditions of neurogenic muscle disuse and 
fasting, we observed in PRMT content and methyltransferase 
activity, including CARM1, a general upregulation with denerva-
tion [15] but largely no effects in response to fasting except for 
specific reductions in CARM1 function revealed by decreased 
SMARCC1 me2a (Arg1064) and PABPC1 me2a (Arg455/ 
Arg460) levels. These findings indicate that the impact of 
CARM1, as well as that of other PRMTs, on atrophy-evoked 
remodeling is at least in part dependent on the mode of skeletal 
muscle wasting.

It was previously shown that AMPK-dependent stabiliza-
tion of CARM1 upregulates autophagy [24], and that CARM1

(lysosomal associated membrane protein 1), and LAMP2 in WT and mKO TA muscles after food deprivation, accompanied by a Ponceau stain. Molecular masses (kDa) 
are shown at the right of blots. (H) Graphical summaries of p-ATG16L1 (Ser278), ATG16L1, ATG16L1 phosphorylation status. (I) Representative images of EDL muscle 
cross sections stained for laminin (aqua), DAPI (4’,6-diamidino-2-phenylindole dihydrochloride; blue), and p-ATG16L1 (Ser278; red). White arrows indicate p-ATG16L1 
(Ser278) puncta. Scale bar of merged image: 25 μm (n = 3). (J-L) Graphical summaries of p-MTOR (Ser2448), MTOR, MTOR phosphorylation status, p-ULK1 (Ser555), p- 
ULK1 (Ser757), ULK1, ULK1 phosphorylation statuses, TFEB, SKP2, BECN1, LAMP1, and LAMP2 protein expression in WT and mKO animals following fasting. Data are 
expressed as protein content relative to WT fed (n = 9–18). Data are means ± SEM. Two-way ANOVA; $ p < 0.05 interaction effect of genotype and fasting; ¢ p < 0.05 
main effect of genotype; ‡ p < 0.05 main effect of fasting; § p < 0.05 main effect of Col; ¶ p < 0.05 versus WT fed. 
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Figure 6. Altered atrophic signaling and myonuclear localization of catabolic proteins in mKO animals after fasting. (A) uniquely overrepresented upregulated 
reactome pathways in mKO versus WT mice following 48 h fast (n = 3). (B) heatmap of Akt1, Akt2, Akt3, Foxo1, and Foxo3 genes in TA muscle of WT and mKO mice 
after fasting. Data are expressed relative to WT fed (n = 3). (C) Representative western blots of p-AKT (Ser473), total AKT, p-FOXO1 (forkhead box O1; Ser256), total 
FOXO1, p-FOXO3 (Ser253), p-FOXO3 (Ser413), p-FOXO3 (Ser588), and total FOXO3 in WT and mKO TA muscles after food deprivation, accompanied by a typical 
Ponceau stain. Molecular masses (kDa) are shown at the right of blots. (D-F) graphical summaries of p-AKT (Ser473), AKT, AKT phosphorylation status, p-FOXO1 
(Ser256), FOXO1, FOXO1 phosphorylation status, p-FOXO3 (Ser253), p-FOXO3 (Ser413), p-FOXO3 (Ser588), FOXO3, and FOXO3 phosphorylation statuses in WT and 
mKO animals in response to fasting. Data are expressed as protein content relative to WT fed (n = 10–18). (G) Representative western blots of total FOXO1, p-FOXO3 
(Ser588), total FOXO3, TFEB, histone H3 (normal and long exposures), and GAPDH (normal and long exposures) in myonuclei isolated from WT and mKO GAST 
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reciprocally modulates AMPK and its downstream signaling 
network in skeletal muscle [15]. Importantly, AMPK activa-
tion promotes muscle wasting and the loss of AMPK in 
muscle protects against the removal of mitochondria tagged 
for autophagic degradation [45,46]. We found that AMPK 
phosphorylation status was significantly greater in WT mice 
after food deprivation, whereas no changes were observed 
between fed and fasted conditions in mKO animals. The 
attenuation of fasting-induced atrophy in faster, more glyco-
lytic muscles of mKO mice was likely due, at least in part, to 
lower AMPK activation, along with higher expression and 
activity of the transcriptional coactivator PPARGC1A in 
mKO mice. A high level of PPARGC1A enhances mitochon-
drial function and preserves mitochondrial mass by minimiz-
ing targeting of the organelle for degradation in response to 
denervation- and fasting-induced atrophy [47]. Consistent 
with this, carm1 mKO led to increased gene expression of 
downstream PPARGC1A targets Tfam and Nfe2l2, along with 
greater PPARGC1A splicing activity. Accordingly, mitochon-
drial content was maintained in mKO mice in response to 
food deprivation and carm1 mKO resulted in a shift toward 
slower MYH isoform expression, increased SDH activity, and 
greater oxidative capacity in fast-twitch muscle. Thus, we 
postulate that carm1 mKO mitigates the progression of fast-
ing-induced atrophy by evoking a shift toward a slower, more 
oxidative myogenic program, which is more resistant to atro-
phy-inducing stimuli during fasting, disuse, and disease con-
ditions [48].

Knocking out Carm1 in skeletal muscle inhibited mito-
phagy and autophagy flux under basal conditions. 
Although mitophagy and autophagy flux increased in 
mKO mice in response to food deprivation, levels of 
mitophagy protein PRKN in mitochondria did not change 
in mKO animals during fasting. PRKN puncta, which tag 
mitochondria for degradation, were elevated in WT ani-
mals as early as 24 h after food deprivation, whereas simi-
lar accumulations of PRKN were detected between fed and 
fasted conditions in mKO mice. carm1 mKO also resulted 
in aberrant buildup of total PRKN and BNIP3 protein 
content in whole muscle after fasting. Despite these dis-
parate mitophagic adaptations in mKO mice in response 
to food deprivation, it remains unclear whether the 
observed changes in response to fasting are a direct 
impact of carm1 loss, or secondary to changes occurring 
in the animals across a lifetime without the enzyme. It is 
tempting to attribute the distinct mitophagic adaptations 
to altered processes downstream of AMPK and overex-
pression of PPARGC1A in mKO muscle determined in 
this work. When considering this possibility, it should be 
noted that AMPK deletion delays PRKN activation [49]. 
Mitochondrial fragmentation is also required for proper 

mitochondrial turnover to occur, and PPARGC1A strongly 
promotes organelle fusion [50]. Future examinations of 
mitophagy and mitochondrial dynamics will assist in 
uncovering the role of CARM1-AMPK-PPARGC1A signal-
ing in the regulation of skeletal muscle mass.

A main finding of the current study is that loss of carm1 
alters the autophagy-lysosome system in skeletal muscle dur-
ing fasting-evoked muscle atrophy. Following food depriva-
tion, carm1 mKO resulted in reduced phosphorylation of 
ATG16L1 (Ser278), which serves as a surrogate for ULK1 
activity and directly corresponds to autophagy induction 
[51]. Consistent with this, we observed lower levels of 
AMPK-mediated ULK1 (Ser555) phosphorylation, a canonical 
marker of autophagic activation [31,40], in mKO versus WT 
muscle after fasting. Our data suggest that muscle-specific 
deletion of Carm1 may hinder autophagy flux in response to 
food deprivation, evidenced by lower ATG16L1 (Ser278) 
phosphorylation levels during 24 h-fasted conditions. In addi-
tion to the macroautophagy genes with enrichment unique to 
carm1 mKO after fasting, the upregulation of BECN1, 
LAMP1, and LAMP2 in mKO versus WT muscle during 
food deprivation further implies that muscle-specific deletion 
of Carm1 leads to dysregulated autophagosome processing 
and defective lysosomal clearance. These results support the 
assertion that carm1 mKO modulates fasting-induced muscle 
atrophy through autophagy inhibition.

Since hyperactivation of MTOR (Ser2448) is sufficient to block 
autophagy and mitigate muscle wasting in response to fasting 
[35,52], in part through marking of ULK1 (Ser757) [31], it is 
reasonable to speculate that sustained phosphorylation of MTOR 
(Ser2448) and ULK1 (Ser757) in mKO muscle at baseline and 
during food deprivation played a key role in attenuating protein 
breakdown. Moreover, CARM1 interacts with TFEB in myonu-
clei, and the absence of the methyltransferase influences nuclear 
TFEB protein levels during fasting-induced muscle atrophy. Since 
MTOR fosters TFEB nuclear export [53], we reason that hyper-
phosphorylation of MTOR (Ser2448) in mKO mice contributes to 
impeded TFEB nuclear entry during food deprivation. Despite the 
relatively lower TFEB myonuclear localization in mKO animals, 
mRNA levels of TFEB-dependent autophagy and lysosomal genes 
were similarly induced in WT and mKO mice with fasting, which 
suggests enhanced TFEB transcriptional activity and/or compen-
satory mechanisms involving TFEB family members, such as 
TFE3 [54–56]. Interestingly, myonuclear TFEB content was ele-
vated in WT animals 24 h following food deprivation, which likely 
facilitated AMPK-dependent TFEB transcriptional activity [57]. 
Furthermore, our transcriptomic analyses uncovered muscle 
hypertrophy (GO:0014743) as a biological process that was regu-
lated by carm1 mKO in response to food deprivation. We reason 
that augmented phosphorylation of AKT (Ser473) and down-
stream MTOR (Ser2448) in mKO muscle resulted from heigh-

muscles following food deprivation, accompanied by a typical Ponceau stain. Molecular masses (kDa) are shown at the right of blots. (H-I) graphical summaries of 
myonuclear FOXO1, p-FOXO3 (Ser588), FOXO3, FOXO3 phosphorylation status, and TFEB protein content in WT and mKO mice after fasting. Data are expressed as 
nuclear protein content relative to WT fed (n = 12–15). (J) Representative images of EDL muscle cross sections stained for wheat germ agglutinin (WGA; green), DAPI 
(blue), and TFEB (red). Scale bar of merged image: 50 μm. Higher magnifications are inset with TFEB-positive myonuclei (white arrows). Scale bar of inset: 10 μm. (K) 
graphical summary of nuclear TFEB content in WT and mKO animals following food deprivation. Data are expressed as TFEB-positive myonuclei relative to WT fed (n  
= 6). Data are means ± SEM. Two-way ANOVA; $ p < 0.05 interaction effect of genotype and fasting; ¢ p < 0.05 main effect of genotype; ‡ p < 0.05 main effect of 
fasting; ¶ p < 0.05 versus WT fed; # p < 0.05 versus mKO Fed. 
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Figure 7. The impact of fasting on human skeletal muscle fiber size, CARM1 biology, and atrophy- and autophagy-related signaling. (A) Representative images of 
H&E-stained vastus lateralis QUAD muscle cross sections from healthy male participants collected 1 h postprandial (fed) and following 48 h of fasting (fast). Scale bar: 
50 μm. (B) graphical summary of the average myofiber CSA of QUAD muscles from adult humans in response to fasting. Data are expressed as CSA relative to fed (n  
= 9). (C) distribution of CSA (μm2) in QUAD of fed (solid line) and fast (dashed line) human myofibers (n = 9). (D) heatmap visualizing the average mRNA expression of 
PRMT family members in QUAD muscle of adult humans during fed and 40 h fast conditions. Microarray data extracted from GSE28016 (n = 7). (E) Representative 
western blots of CARM1, asymmetric arginine dimethylated CARM1 substrates, SMARCC1 me2a (Arg1064), total SMARCC1, PABPC1 me2a (Arg455/Arg460), total 
PABPC1, PRKN, BNIP3, LC3-I, LC3-II, p-ATG16L1 (Ser278), total ATG16L1, p-ULK1 (Ser757), and total ULK1 in QUAD muscles from healthy humans in response to 48 h 
of fasting, accompanied by a typical Ponceau stain. Molecular masses (kDa) are shown at the right of blots. (F-N) graphical summaries of CARM1, CARM1 substrate, 
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tened sensitivity to insulin/insulin-like growth factor 1 signaling 
and led to preserved MPS (muscle protein synthesis) [58] during 
fasting. Altogether, these data suggest that carm1 mKO curtails 
fasting-induced muscle wasting via alterations in autophagy-lyso-
somal machinery and MPS signaling pathways in addition to the 
transcriptional and post-translational events established here. 
Further work is necessary to confirm this possibility and to identify 
the key players.

AKT and AMPK modulate muscle protein breakdown via 
the downstream FOXO transcriptional network [58]. For 
instance, AKT-induced phosphorylation of FOXO1 (Ser256) 
and FOXO3 (Ser253) suppresses FOXO-dependent atrogene 
expression by promoting its nuclear exclusion [59,60]. Our 
transcriptomic data suggest that pathways involved in AKT 
signaling, including the regulation of FOXO transcriptional 
activity, are upregulated in mKO mice after fasting. We show 
that phosphorylation of FOXO1 (Ser256) and FOXO3 
(Ser253) decreased in WT mice following food deprivation, 
whereas no changes were detected in mKO animals between 
fed and fasted conditions. Concomitantly, knocking out 
Carm1 in skeletal muscle blunted the accumulation of myo-
nuclear FOXO1 and FOXO3 protein content after food depri-
vation. Since deletion of FOXOs spares muscle loss during 
food deprivation, in part, by preventing the induction of 
atrogenes [41], and CARM1 is required for FOXO3 transcrip-
tional activity during neurogenic muscle disuse [21], it is 
reasonable to posit that carm1 mKO, in part, protects against 
fasting-induced atrophy by inhibiting FOXO-dependent pro-
tein degradation. Unlike AKT, AMPK promotes the transcrip-
tion of atrogenes by phosphorylating FOXO3 (Ser588) and 
FOXO3 (Ser413) [32]. Notably, AMPK phosphorylation at 
both FOXO3 residues upregulates the transcription of 
Trim63 and Fbxo32, independent of FOXO3 subcellular loca-
lization. Consistent with our data and previous work [15], 
knocking out Carm1 in muscle led to decreased phosphoryla-
tion of FOXO3 (Ser588) in the myonuclear compartment. 
Interestingly, phosphorylation of FOXO3 (Ser413) was greater 
in mKO versus WT muscle, possibly to compensate for 
reduced phosphorylation at the FOXO3 (Ser588) site, as inter-
play between AMPK-specific FOXO3 residues has been pre-
viously observed [61]. This aligns with food deprivation 
evoking a similar increase in Trim63 and Fbxo32 atrogene 
mRNA content between genotypes. Future studies should 
focus on investigating the impact of CARM1 on FOXO-spe-
cific atrogenes during atrophy, in order to further our under-
standing of the role of the methyltransferase in muscle protein 
breakdown.

Our results show that fasting influences CARM1 activity 
similarly in human and murine skeletal muscle amid the 
inception and early progression of atrophy and autophagy. 
Although our human results were limited by statistical power, 
as well as by the interrogation of a single sex, muscle, and 
timepoint, we show that methylation of validated CARM1 
targets was reduced following fasting. For instance, 

asymmetric arginine dimethylation of PABPC1 me2a 
(Arg455/Arg460) significantly decreased in both murine and 
human skeletal muscle after 48 h of food deprivation. Thus, 
data from our animal and human studies highlight the trans-
lational relevance of the current findings. Further preclinical 
research is needed to advance our mechanistic understanding 
of CARM1 and to determine whether manipulating its expres-
sion and/or activity is a viable approach for preserving muscle 
mass in clinical settings that evoke atrophy.

In summary, carm1 mKO mice displayed reduced muscle 
mass, as well as aberrant mitophagic, autophagic, and atrophic 
signaling downstream of AMPK, MTOR, and AKT in skeletal 
muscle. The absence of Carm1 also elicited PPARGC1A activity 
and a slower, more oxidative muscle phenotype, which altogether 
served to attenuate fasting-induced muscle wasting. Together with 
recent observations that demonstrate an attenuation of neurogenic 
muscle atrophy in carm1 mKO [15] and knockdown [21] condi-
tions along with reports of CARM1-mediated control of autopha-
gy [24,39], these data indicate that CARM1 is a nexus effector 
molecule remarkably responsive to atrophy- and autophagy-indu-
cing stimuli. Indeed, CARM1 activity decreased similarly in mur-
ine and human skeletal muscle after food deprivation, also 
underscoring the translational impact of the methyltransferase in 
human muscle biology. Further investigation is warranted to 
determine whether CARM1 is a viable therapeutic target for 
combating muscle wasting in alternative pre-clinical and clinical 
settings characterized by dysregulated mitophagic, autophagic, 
and atrophic signaling, such as the sarcopenia of aging, cancer 
cachexia, and neuromuscular disorders.

Materials and methods

Animal model and fasting experiments

WT and mKO mice were housed in the McMaster Animal 
Facilities and all protocols were approved by the Animal 
Research Ethics Board at McMaster University operating 
under the regulations of the Canadian Council for Animal 
Care. CARM1 floxed animals with C57BL6J/129 background 
[7,62] were a kind gift from Dr. Mark Bedford (The University 
of Texas MD Anderson Cancer Centre, Smithville, TX, USA). 
CARM1 homozygous floxed (WT) mice served as a control in 
this study. We employed the Cre/loxP system to generate mKO 
mice as described previously [15]. Briefly, CARM1 floxed ani-
mals were crossed with human ACTA1/α-skeletal actin-Cre 
mice (Jackson Laboratories Strain 006,149) expressing skeletal 
muscle-specific Cre recombinase [43]. Progeny were genotyped 
by obtaining tail clippings for DNA extraction, as well as by 
performing reverse transcription-polymerase chain reaction 
(RT-PCR) and gel electrophoresis protocols. The following pri-
mers were used to verify that WT and mKO mice contained a 
LoxP site for Carm1 between exon 2 and 3: forward (F)- 
AGTTGGTGACCCTTGTGTCC, reverse (R)-AGCTGC 
CAGGACCTCTGATA. The following primers were used to

SMARCC1 me2a (Arg1064), SMARCC1, SMARCC1 methylation status, PABPC1 me2a (Arg455/Arg460), PABPC1, PABPC1 methylation status, PRKN, BNIP3, LC3-I, LC3-II, 
p-ATG16L1 (Ser278), ATG16L1, ATG16L1 phosphorylation status, p-ULK1 (Ser757), ULK1, and ULK1 phosphorylation status in human muscle after fasting. Data are 
expressed as protein content relative to fed (n = 6–7). Data are means ± SEM. Paired t-tests; * p < 0.05 versus fed. 
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detect mKO mice that express Cre recombinase: F- 
GCGGTCTGGCAGTAAAAACTATC, R-GTGAAACAGCAT 
TGCTGTCACTT. WT and mKO animals were studied at 12- 
weeks of age (~25 g body mass; male) and were housed in an 
environmentally controlled room (23°C, 12-h light/12-h dark 
cycle). During fasting experiments, food was removed from mice 
at the beginning of the active light cycle for a total of 24 or 48 h 
prior to sacrifice and tissue collection. Fed, control mice main-
tained ad libitum access to food and were sacrificed at the same 
time as their fasted littermates. Animals (n = 11–21/group) were 
euthanized via cervical dislocation. TA, QUAD, GAST, EDL, 
and SOL muscles were rapidly excised, weighed, frozen in liquid 
nitrogen or mounted in optimal cutting temperature compound 
(OCT; Thermo Fisher Scientific Life Sciences, 23-730-571) then 
frozen in isopentane cooled with liquid nitrogen. All muscles 
were then stored at −80°C for subsequent biochemical analyses.

Fasting studies in healthy human participants

Participants (age = ~22 years; n = 10; male) underwent food 
deprivation. Muscle biopsies were collected from the vastus 
lateralis quadricep 1 h postprandial and following 48 h of 
fasting. The study was approved by the Health Sciences 
Research Ethics Board at Queen’s University and conformed 
to the Declaration of Helsinki. Materials and methods from 
this data set, including participant characteristics and experi-
mental design, have been published previously [63,64].

Autophagy and mitophagy flux calculation. To determine 
the relative degree of autophagosome and mitochondrial turn-
over, WT and mKO mice received intraperitoneal injections 
of colchicine (Col; 0.4 mg/kg/day; Thermo Fisher Scientific 
Life Sciences, AC227125000) or an equal volume of 0.9% 
saline (Sal) every 24 h for two days prior to the day of sacrifice 
(n = 12–16/group). This dosage of Col is sufficient to disrupt 
microtubules and inhibit autophagosome-lysosome fusion for 
autophagic and mitophagy flux calculations [65,66]. Animals 
were randomly assigned to either fed or 48 h fasted groups. 
Western blotting (as described below) of LC3-II and SQSTM1 
was performed in TA whole muscle or QUAD mitochondrial 
fraction samples with all conditions represented on one SDS- 
PAGE gel. LC3-II and SQSTM1 protein content was quanti-
fied using ImageJ and values were corrected for loading via 
Ponceau S solution (Sigma-Aldrich, P7170). Autophagic flux 
was calculated based on the difference in LC3-II or SQSTM1 
levels between Col- and Sal-treated mice (i.e., fed WT Col – 
mean fed WT Sal) as described previously [31,66].

RNA sequencing and analysis. Global transcriptional 
changes in mKO versus WT animals in response to fasting 
was examined using RNA-seq analysis in TA muscles as 
described previously [6]. All work was performed based on 
Illumina Stranded mRNA Prep Reference Guide (April 2021) 
and accepted Standard Operating Procedures (SOPs) in place 
within StemCore Laboratories.

Total RNA was initially purified from powdered frozen 
muscle tissue in TRIzol (Thermo Fisher Scientific Life 
Sciences 15,596,018) using a standard chloroform extraction 
protocol. Quantity and quality of total RNA was then mea-
sured and assessed for library construction. Total RNA 

concentration was measured using 1 μl of sample with the 
Qubit HS RNA assay (Thermo, Q32852) and RNA quality 
was assessed on the Fragment Analyzer Standard Sensitivity 
RNA assay (Agilent). An RNA Quality Number (RQN) above 
8.0 was required for library processing. DNA libraries were 
then prepared using the Illumina Stranded mRNA Prep Kit 
(Illumina 20,040,532) using 25–1000 ng of total RNA. 
Quantification of the libraries were performed using the 
Qubit Double Stranded DNA HS kit (Thermo, Q33230). The 
AATI Fragment Analyzer with the High Sensitivity NGS assay 
(Agilent) was used to verify the size distribution of the tem-
plate library.

The DNA libraries were normalized, pooled, and diluted as 
required to achieve acceptable cluster density on the Illumina 
NextSeq 500 sequencer. The library pool then underwent 1 ×  
75cycles of single-end sequencing with the Illumina NS500 75 
cycle high output kit, providing up to 60 million reads per 
sample.

Whole muscle protein extraction. Tissues were processed as 
described previously [10,15]. For total protein extraction, 
frozen QUAD or TA muscles were pulverized to a fine pow-
der with a mortar and pestle on liquid nitrogen. Muscle 
samples were suspended in RIPA buffer (Sigma-Aldrich, 
R0278), supplemented with cOmplete Mini Protease 
Inhibitor Cocktail (Sigma-Aldrich 05,892,970,001) and 
PhosSTOP Phosphatase Inhibitor Cocktail (Sigma-Aldrich, 
PHOSS-RO). Further homogenization was performed using 
stainless steel lysing beads and TissueLyser (Qiagen, Hilden, 
NRW, Germany) at a frequency of 30 Hz for 5 min. Lysates 
were then mixed by end-over end inversion for 60 min at 4°C 
followed by centrifugation at 14,000 × g for 10 min. The 
supernatants were collected, and protein concentrations were 
determined using the BCA protein assay (Thermo Fisher 
Scientific Life Sciences, PI23225). Samples were then stored 
at −80°C for further analysis.

Mitochondria, nuclear and cytosolic isolations. 
Mitochondria, nuclear and cytosolic fractions were isolated 
from QUAD and GAST muscles as described previously 
[10,67]. Briefly, frozen tissue was suspended in STM buffer 
(250 mM sucrose, 50 mM Tris – HCl, pH 7.4, 5 mM MgCl2, 
protease and phosphatase inhibitors) and minced with 
sharp scissors on ice. Samples were then homogenized 
with a micropestle for 2 min. After incubating on ice for 
30 min, samples were vortexed, followed by centrifugation 
at 800 × g for 15 min. The pellet and supernatant were 
separated for isolating nuclear and cytosolic fractions, 
respectively. To isolate the nuclear fraction, the pellet was 
resuspended in STM buffer, vortexed, and then centrifuged 
at 500 × g for 15 min. After repeating the previous centri-
fugation step at 1,000 × g for 15 min, pellet was suspended 
in NET buffer (20 mM HEPES, pH 7.9, 1.5 mM MgCl2, 0.5  
M NaCl, 0.2 mM EDTA, 20% glycerol, 1% Triton X-100 
[Sigma-Aldrich, X100], protease and phosphatase inhibi-
tors), which was then vortexed and placed on ice for 30  
min. Next, samples were sonicated and centrifuged at 9,000 
× g for 30 min to yield the nuclear fraction. To isolate the 
cytosolic fraction, the supernatant set aside earlier also 
underwent a series of centrifugation steps. Mitochondria 
from these steps were further isolated by resuspending the
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pellet in mitochondrial isolation buffer (50 mM Tris HCl, 
pH 6.8, 1 mM EDTA, 0.5% Triton X-100, protease and 
phosphatase inhibitors). Protein concentrations were deter-
mined using the BCA protein assay (Thermo Fisher 
Scientific Life Sciences, PI23225) and fractions were stored 
at −80°C for further analysis.

Western blotting. Proteins extracted from whole muscle, as 
well as mitochondria, nuclear and cytosolic compartments, 
were separated on 10% SDS-PAGE gels or 4–15% precast 
gradient gels (Bio-Rad Laboratories, Inc., 5678085) and sub-
sequently transferred onto nitrocellulose membranes. 
Following transfer, membranes were stained with Ponceau S 
solution (Sigma-Aldrich, P7170) to serve as a loading control 
[10,15,68]. Membranes were then washed with 1 × TBST (20  
mM Tris, 150 mM NaCl, 0.1% Tween 20 [Thermo Fisher 
Scientific Life Sciences, BP337500] detergent) and blocked 
with 5% BSA (BioShop, ALB007)-TBST for 1 h before being 
incubated in a primary antibody overnight at 4°C with gentle 
rocking. The next day, blots were washed with 1 × TBST and 
incubated in the appropriate secondary antibody (1:2,000; Cell 
Signaling Technology, 7074S) conjugated to horseradish per-
oxidase with gentle rocking at room temperature for 1 h. Blots 
were then washed again with 1 × TBST, followed by visualiza-
tion with enhanced chemiluminescence (Bio-Rad 
Laboratories, Inc., 1705060). Blots were developed with long 
and short exposures. Protein density was analyzed by a 
blinded investigator using ImageJ.

We employed antibodies against CARM1 (1:5,000; Bethyl 
Laboratories, A300-421A), PRMT1 (1:1,000; EMD Millipore, 07– 
404), PRMT5 (1:1,000; EMD Millipore, 07–405), PRMT6 (1:1,000; 
Bethyl Laboratories, A300-929A), PRMT7 (1:1,000; Santa Cruz 
Biotechnology, sc -376,077), MMA (1:1,000; Cell Signaling 
Technology, 8015S), ADMA (1:1,000; 13522S; Cell Signaling 
Technology, 13522S), CARM1 substrate (1:1,000; another gift 
from Dr. Mark Bedford, MD Anderson Cancer Center, 
University of Texas), SDMA (1:1,000; Cell Signaling Technology, 
13222S), asymmetrically dimethylated SMARCC1 me2a 
(Arg1064; 1:1,000; Cell Signaling Technology, 94962S), 
SMARCC1 (1:1,000; Cell Signaling Technology, 11956S), asym-
metrically dimethylated PABPC1 (Arg455/Arg460; 1:1,000; Cell 
Signaling Technology, 3505S), and PABPC1 (1:1,000; Cell 
Signaling Technology, 4992S) to assess PRMT expression and 
function.

Antibodies against p-PRKAA/AMPK (Thr172, 1:1,000; Cell 
Signaling Technology, 2535S), AMPK (1:1,000; Cell Signaling 
Technology, 2532S), PPARGC1A/PGC-1α (1:200; EMD 
Millipore, AB3242), CS/citrate synthase (1:1,000; Abcam, 
ab96600), and total OXPHOS (1:1,000; Abcam, ab110413) were 
used to examine metabolic signaling. Antibodies against PRKN/ 
parkin (1:1,000; Cell Signaling Technology, 2132S) and BNIP3 
(1:1,000; Cell Signaling Technology, 3769S) were used to investi-
gate mitophagy. Antibodies against LC3 (1:1,000; Cell Signaling 
Technology, 4108S), SQSTM1/p62 (1:1,000; Sigma-Aldrich, 
P0067), phosphorylated ATG16L1 (Ser278, 1:1,000; Abcam, 
ab195242), ATG16L1 (1:1,000; Abcam, ab188642), phosphory-
lated MTOR (Ser2448; 1:1,000; Cell Signaling Technology, 
2971S), MTOR (1:1,000; Cell Signaling Technology, 2972S), phos-
phorylated ULK1 (Ser555; 1:1,000; Cell Signaling Technology, 

5869S), phosphorylated ULK1 (Ser757; 1:1,000; Cell Signaling 
Technology, 14202S), ULK1 (1:1,000; Cell Signaling Technology, 
8054S), TFEB (1:1,000; Cell Signaling Technology, 4240S), SKP2 
(1:1,000; Cell Signaling Technology, 4313S), BECN1 (1:1,000; Cell 
Signaling Technology, 3738S), LAMP1 (1:1,000; Abcam, 
ab24170), LAMP2 (1:1,000; Abcam, ab13524), and CTSD/cathe-
psin D (1:1,000; Cell Signaling Technology, 2284S) were used to 
evaluate autophagy.

Antibodies against TRIM63 (1:200; R&D Systems, AF5366), 
FBXO32/MAFbx (1:1,000; ECM Biosciences, AP2041), ubiquitin 
(1:500; Cell Signaling Technology, 3933S), phosphorylated AKT 
(Ser473; 1:1,000; Cell Signaling Technology, 9271S), AKT (1:1,000; 
Cell Signaling Technology, 4691S), phosphorylated FOXO1 
(Ser256; 1:1,000; Cell Signaling Technology, 9461S), FOXO1 
(1:1,000; Cell Signaling Technology, 2880S), phosphorylated 
FOXO3 (Ser253; 1:1,000; Cell Signaling Technology, 9466S), phos-
phorylated FOXO3 (Ser413; 1:1,000; Cell Signaling Technology, 
8174S), phosphorylated FOXO3 (Ser588; 1:1,000; a kind gift from 
Dr. Anne Brunet, Department of Genetics, Stanford University 
School of Medicine), and FOXO3 (1:1,000; Cell Signaling 
Technology, 2497S) were employed to analyze the muscle atrophy 
program. We also employed antibodies against TOMM20 
(1:1,000; Santa Cruz Biotechnology, sc -17,764), histone H3 
(1:1,000; Abcam, ab18521), and GAPDH (glyceraldehyde-3-phos-
phate dehydrogenase; 1:1,000; Abcam, ab9483) to serve as markers 
of purity for mitochondrial, nuclear, and cytosolic fractions, 
respectively.

Immunoprecipitation (IP). Previously prepared whole mus-
cle lysate and nuclear fractions from TA and GAST, respec-
tively, were used for IP experiments. The IP procedure was 
carried out as described earlier [10,15,69]. For all IP experi-
ments, 200 μg of protein was precleared with 50 μl of protein 
A agarose suspension (EMD Millipore, IP02) and 1 μg of 
rabbit Immunoglobulin G (IgG; EMD Millipore, 12–370). 
This was followed by end-over-end inversion for 60 min at 
4°C followed by centrifugation at 12,000 × g for 10 min. 
Precleared supernatant was then rotated by end-over-end 
inversion for 2 h at 4°C with anti-CARM1 (1:100; Bethyl 
Laboratories, A300-421A). Next, 50 μl of protein A agarose 
suspension was added and the samples were mixed by end- 
over-end inversion overnight at 4°C. The next day, agarose 
beads were washed five times with 500 μl of 1 × PBS (137 mM 
NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4) and 
centrifuged at 12,000 × g. After suspending each agarose bead 
complex with equal volumes of 2 × SDS sample buffer (50 μl; 
Bio-Rad Laboratories, Inc., 1610737), samples were boiled for 
5 min and centrifuged at 12,000 × g for 1 min. After spinning, 
only the supernatants were saved for SDS-PAGE (6 μl) 
separation.

RNA isolation and quantitative real-time (q) RT-PCR. EDL 
and SOL muscles were used to isolate total RNA and perform 
qRT-PCR as described previously [10,15]. Samples were first 
homogenized in 1 mL of chilled TRIzol reagent (Thermo 
Fisher Scientific Life Sciences 15,596,018) using stainless 
steel lysing beads and TissueLyser (Qiagen, Hilden, NRW, 
Germany) at a frequency of 30 Hz for 5 min. This was fol-
lowed by adding 200 μL of chloroform (Sigma-Aldrich, 
C2432), shaking vigorously for 15 s, and centrifuging at
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12,000 × g for 10 min. The upper aqueous (RNA) phase was 
purified using the Total RNA Omega Bio-Tek kit (VWR 
International, Radnor, PA, USA). RNA concentration and 
purity were determined using the NanoDrop 1000 
Spectrophotometer (Thermo Fisher Scientific Life Sciences, 
Waltham, MA, USA). RNA samples were then reverse-tran-
scribed into cDNA using a high-capacity cDNA reverse tran-
scription kit (Thermo Fisher Scientific Life Sciences 
4,368,814).

All individual qRT-PCRs were run in duplicate 6 μL reac-
tions containing GoTaq qPCR Master Mix (Promega, 
Madison, WI, USA). Data were analyzed using the compara-
tive CT method [70]. ACTB (actin beta) was used as a control 
housekeeping gene for all experiments. This control CT value 
was subtracted from the CT value of the gene of interest [ΔCT  
= CT (target gene) – CT (endogenous control)]. The mean ΔCT value 
from the fed WT group (WT Fed) was then subtracted from 
the ΔCT values of the fed mKO muscle [ΔΔCT = ΔCT (mKO Fed) 
– CT (WT Fed)]. This calculation was then repeated for fasted 
WT and mKO animals. Results are reported as fold changes 
using the ΔΔCT method, calculated as 2−ΔΔCT. The primers 
used in this study are shown in Table S1.

Histological analyses. H&E (hematoxylin and eosin) stain-
ing was performed on QUAD, EDL, and SOL muscle cross- 
sections to determine the CSA (cross-sectional area) of indi-
vidual muscle fibers, as described previously [15]. Muscles 
were first sectioned at 5 μm using a cryostat set at −20°C 
(Thermo Fisher Scientific Life Sciences, Waltham, MA, 
USA). Muscle cross-sections were then stained with hematox-
ylin (Sigma-Aldrich, HHS32) and eosin (Bioshop Canada Inc., 
EOS109), dehydrated with successive 70%, 95%, and 100% 
ethanol exposures, further dried with xylene (Sigma-Aldrich 
534,056) and mounted with Permount (BioWorld 
21,750,009). H&E-stained muscle sections were imaged using 
light microscopy at 20× magnification with Nikon Elements 
Microscopic Imaging Software (Nikon Instruments Inc, 
Melville, NY, USA). The CSA of 150 myofibers across three 
separate regions of interest per muscle were measured (NIS- 
Elements). The investigators performing the image analyses 
were blinded to all samples.

SDH staining of EDL muscle cross-sections was carried out 
as described previously [15]. Briefly, muscles were cryosec-
tioned into 8 μm slices and slides were later incubated in a 
buffer consisting of 0.2 M sodium succinate, 0.2 M phosphate 
buffer, pH 7.4, and nitro blue tetrazolium (Sigma-Aldrich, 
N6876) at 37°C for 1 h. Following the incubation step, muscle 
sections were rinsed with distilled water, exposed to 30%, 
60%, and 90% acetone, and mounted with Permount 
(BioWorld 21,750,009). SDH-stained muscle sections were 
later imaged using light microscopy at 20× magnification 
with Nikon Elements Microscopic Imaging Software (Nikon 
Instruments Inc, Melville, NY, USA). SDH staining intensity 
was assessed by blinded investigators using ImageJ.

Preparation of permeabilized muscle fiber bundles. 
Permeabilization of muscle fibers was conducted as described 
earlier [71,72]. During tissue collection, the proximal half of 
the TA muscle was sectioned and immediately placed in ice- 
cold biopsy preservation solution (BIOPS; 10 mM Ca-EGTA 
solution, 5.77 mM ATP, 6.56 mM MgCl2, 20 mM taurine, 15  

mM phosphocreatine, 20 mM imidazole, 0.5 mM dithiothrei-
tol, and 50 mM MES hydrate, pH 7.1). Once fat and connec-
tive tissue were removed, fine tip forceps were used to divide 
muscle fibers into small muscle bundles (~5 mg) underneath a 
dissection microscope while on a frozen block. The muscle 
bundles were then added to BIOPS solution with saponin (50  
μg/μl) and mixed by end-over end inversion for 30 min at 4° 
C. Bundles were also treated with 2,4-dinitrochlorobenzene 
(CDNB; 35 μM) during permeabilization to deplete glu-
tathione and allow for detectable rates of hydrogen peroxide 
(H2O2) emission. Following permeabilization, samples were 
incubated in buffer Z (105 mM K-MES, 30 mM KCl, 10 mM 
KH2PO4, 5 mM MgCl2, 1 mM EGTA, 5 mg/mL BSA, pH 7.4) 
on a rotor at 4°C for at least 15 min until the respiration and 
H2O2 emission trials commenced.

Mitochondrial respiration and H2O2 emission. High-resolu-
tion measurements of mitochondrial oxygen consumption were 
assessed with the Oxygraph-2k (Oroboros Instruments, 
Innsbruck, Austria) as described previously [12,72]. The cham-
bers were calibrated prior to adding 2 mL of buffer Z, blebbista-
tin (BLEB; 5 μM), and Amplex Red. Following permeabilization 
and washing, muscle bundles were blotted dry, weighed, and 
then placed into instrument chambers. All experiments were 
performed at 37°C with constant stirring at 750 rpm, and at 
oxygen concentrations greater than 250 nmol/mL. For ADP- 
stimulated respiratory kinetics, pyruvate (5 mM) and malate (2  
mM) were added to stimulate complex I, followed by maximal 
ADP (5 mM). In the presence of complex I-specific glutamate (5  
mM), succinate (20 mM) was then added to saturate electron 
entry into complex II. Cytochrome c (10 μM) was added last to 
verify mitochondrial membrane integrity, with all trials indu-
cing < 10% increase in respiration. For analysis, oxygen flux was 
calculated from the derivative of the oxygen concentration in the 
respiratory chamber. Respiration values were then normalized to 
fiber bundle wet weight (pmol/sec/mg), or CS protein content 
determined by western blot in TA muscle sampled from the 
same mouse (pmol/sec/CS arbitrary units), as validated pre-
viously [71]. Mitochondrial H2O2 emission was measured fluor-
ometrically using the O2k-Fluo LED2-Module (Oroboros 
Instruments, Innsbruck, Austria) as described previously [73]. 
Briefly, horseradish peroxidase (1 U/mL), superoxide dismutase 
(5 U/mL), and Amplex Red (10 μM) were added to convert 
superoxide to H2O2. This was accompanied by H2O2-mediated 
conversion of Amplex Red to resorufin. Fluorometric sensor 
calibrations were performed by adding H2O2 titrations (0.1– 
0.4 μM) before each trial. Mitochondrial H2O2 emission values 
were also normalized to fiber bundle wet weight (pmol/sec/mg), 
or CS protein content (pmol/sec/CS arbitrary units).

Transmission electron microscopy (TEM). Fresh TA 
muscle was immediately fixed in 2% (v/v) glutaraldehyde 
in 0.1 mol/L sodium cacodylate buffer pH 7.4 and pro-
cessed as described earlier [74]. Mitochondria were then 
quantified as described previously [72,75]. Representative 
micrographs from ten unique fibers were acquired at 
15,000× magnification. Each micrograph contained a por-
tion of the subsarcolemmal region adjacent to the nucleus, 
with most of the image containing the intermyofibrillar 
area. Blinded quantification of mitochondrial size (mean 
area, μm2), distribution (number per μm2) and density
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(μm2 x number per μm2 x 100) was performed by manu-
ally outlining and counting mitochondria in ImageJ. Total 
number of abnormal mitochondria (i.e., mitochondria 
with disrupted membranes, loss of cristae, and vacuoliza-
tion) and autophagic vacuoles were also assessed at 
15,000× magnification [31].

Immunofluorescence (IF) microscopy. EDL muscles were 
cryosectioned into 8 μm sections and stained for MYH (myo-
sin heavy chain) isoforms as described previously (6). Slides 
were initially blocked with 10% goat serum in PBS for 1 h, 
before being stained with a cocktail consisting of 10% goat 
serum in PBS with MYH type I (1:50; BA-F8), IIA (1:600; SC- 
71), IIX (1:50; 6H1) (Developmental Studies Hybridoma 
Bank, Iowa City, Iowa, USA), and laminin (1:500; Sigma- 
Aldrich, L0663) for 2 h. Muscle samples were then washed 
three times with 1 × PBS for 5 min, and then incubated with a 
secondary antibody cocktail composed of goat-anti-mouse 
Alexa Fluor 350 (1:500 in PBS; Thermo Fisher Scientific Life 
Sciences, A-21140), goat-anti-mouse Alexa Fluor 488 (1:500 
in PBS; Thermo Fisher Scientific Life Sciences, A-21121), 
goat-anti-mouse Alexa Fluor 555 (1:500 in PBS; Thermo 
Fisher Scientific Life Sciences, A-21426), and goat-anti-rat 
Alexa Fluor 647 (1:500 in PBS; Thermo Fisher Scientific Life 
Sciences, A-21247) for 1 h. Following another three washes 
with 1 × PBS, slides were dried and mounted in Prolong Gold 
antifade reagent (Thermo Fisher Scientific Life Sciences, 
P36930). Images were captured at 20× magnification using 
Nikon Elements Microscopic Imaging Software (Nikon 
Instruments Inc, Melville, NY, USA). Blinded quantification 
of MYH composition was performed by manually counting 
MYH type I (blue), IIA (green), IIX (red), and IIB (black) 
muscle fibers.

The immunostaining procedure for PRKN and TOMM20 
was carried out as described earlier [45]. Briefly, EDL muscles 
embedded in OCT were sectioned into 8 μm slices. Muscle 
samples were later incubated in 0.2% Triton X-100 for 30 min, 
5% normal goat serum (Sigma-Aldrich, G9023) for 40 min, and 
then PRKN antibody (1:250; Cell Signaling Technology, 2132S) 
overnight at 4°C. The next day, muscle sections were incubated 
in TOMM20 antibody (1:50; Santa Cruz Biotechnology, sc 
-17,764) for 2 h at room temperature. Slides were then incubated 
in goat-anti-rabbit Alexa Fluor 594 (1:500; Thermo Fisher 
Scientific Life Sciences, A-11037) and goat-anti-mouse Alexa 
Fluor 488 (1:500; Thermo Fisher Scientific Life Sciences, A- 
11029), to visualize PRKN and TOMM20, respectively. 
Samples were subsequently imaged using 60× magnification oil 
immersion lens with Nikon Elements Microscopic Imaging 
Software (Nikon Instruments Inc, Melville, NY, USA). For ana-
lysis, 6 regions of interest (ROI) were created per animal 
throughout the muscle cross-section. Images of interest were 
quantitatively assessed for the number of PRKN puncta by a 
blinded researcher as previously described [45].

The IF procedure for staining p-ATG16L1 (Ser278) puncta 
was performed as described previously [51]. EDL muscle 
samples embedded in OCT were sectioned into 8 μm cross- 
sections. Microscope slides were then washed with 1 × PBS for 
5 min, fixed in 4% PFA for 25 min, followed by another three 
washes with 1 × PBS. Samples were then treated with 3% 
H2O2 (in PBS) for 10 min, washed three times with 1 × 

TBST, blocked with 5% BSA-TBST for 2 h, before being 
stained with p-ATG16L1 (Ser278; 1:300 in TBST; Abcam, 
ab195242) and laminin (1:500 in TBST; Sigma-Aldrich, 
L0663) overnight at 4°C. The next day, sections were washed 
three times with 1 × TBST and incubated with goat-anti- 
rabbit Alexa Fluor 594 (1:500 in TBST; Thermo Fisher 
Scientific Life Sciences, A-11037) and goat-anti-rat Alexa 
Fluor 647 (1:500 in TBST; Thermo Fisher Scientific Life 
Sciences, A-21247) for 1 h at room temperature. The slides 
were then washed three times with 1 × TBST prior to being 
treated with 4’,6-diamidino-2-phenylindole dihydrochloride 
(DAPI; 1:20,000 in 1% BSA in PBS; Sigma-Aldrich, D9542) 
for 5 min to label nuclei. After three more washes with 1 × 
TBST, the slides were dried and mounted in Prolong Gold 
antifade reagent (Thermo Fisher Scientific Life Sciences, 
P36930). Images were captured with 60× magnification oil 
immersion lens using Nikon Elements Microscopic Imaging 
Software (Nikon Instruments Inc, Melville, NY, USA).

Myonuclear TFEB localization was examined with IF 
microscopy as described earlier [76,77]. EDL muscle snap 
frozen in OCT were cryosectioned into 8 μm slices. To avoid 
nonspecific binding, slides were first blocked with 5% BSA for 
1 h. Slides were then incubated overnight at 4°C in a primary 
antibody solution targeting TFEB (1:100; Bethyl Laboratories, 
A303-673A). The following morning, sections were washed 
three times with 1 × PBS for 10 min, exposed to goat-anti- 
rabbit Alexa Fluor 594 (1:500; Thermo Fisher Scientific Life 
Sciences, A-11037) for 2 h at room temperature, followed by 
another three washes with 1 × PBS. Samples were then incu-
bated in a flouorophore-conjugated wheat germ agglutinin 
(WGA) antibody (1:300; Thermo Fisher Scientific Life 
Sciences, W11261) for 10 min and DAPI (1:20,000; Sigma- 
Aldrich, D9542) in 1% BSA in 1 × PBS for 5 min to label 
myonuclei. After the slides were dried, fluorescent mounting 
medium (Agilent Technologies, S3023) was applied to mount 
the slide with a cover slip. Slides were then imaged by con-
focal microscopy at 20× magnification with Nikon Elements 
Microscopic Imaging Software (Nikon Instruments Inc, 
Melville, NY, USA). For each sample, 3–4 ROI were generated 
to represent approximately 40% of the total muscle CSA. 
Myonuclear TFEB localization was then determined as the 
percentage of TFEB-positive myonuclei relative to total myo-
nuclei. An average of ~ 900 myonuclei were counted per sam-
ple per time point. The investigators were blinded to all 
samples prior to commencing IF microscopy analyses.

Statistical analyses. Statistical tests were performed on the 
raw data prior to conversion to the -fold differences that 
appear in graphical summaries. A Student’s t test, one-way 
analysis of variance (ANOVA), two-way ANOVA, and 
Tukey post hoc tests were employed to compare means 
between experimental groups, as appropriate. A one-way 
ANOVA was used to probe CARM1 expression in WT 
muscles under fed and fasted conditions. A two-way 
ANOVA was implemented to assess the interaction between 
genotype and fasting for body weight, muscle weight, myo-
fiber CSA, mRNA and protein content, oxygen and H2O2 
flux, as well as TEM and IF microscopy analyses. Separate 
two-way ANOVAs were applied to WT and mKO mice 
treated with saline or colchicine under fed and fasted
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conditions. Unpaired t-tests between genotypes were carried 
out to compare relative -fold changes that occurred with 
fasting. Statistical analyses were assessed using Prism soft-
ware (GraphPad Software, San Diego, CA, USA). All results 
are expressed as means ± SEM and statistical differences 
were considered significant if p < 0.05.
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