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Abstract

Oxidative stress plays an important role in skeletal muscle atrophy during cancer cachexia, 

and more glycolytic muscles are preferentially affected. Sequestosome1/SQSTM1 (i.e., p62), 

particularly when phosphorylated at Ser 349 (Ser 351 in mice), competitively binds to the 

Kelch-like ECH-associated protein 1 (Keap1) activating Nuclear factor erythroid 2-related factor 

2 (Nrf2). Nrf2 then stimulates transcription of antioxidant/electrophile responsive elements in 

target genes. However, a potential role for p62 in the protection of muscle wasting in cachexia 

remains to be determined. Here, using the well-established cachexia-inducing model of Lewis 

Lung Carcinoma (LLC) in mice we demonstrate higher expression of antioxidant proteins (i.e., 

NQO1, HO-1, GSTM1, CuZnSOD, MnSOD, and EcSOD) in the more oxidative and cachexia 

resistant soleus muscle than in the more glycolytic and cachexia prone extensor digitorum 

longus muscle. This was accompanied by higher p62 (total and phosphorylated) and nuclear 

Nrf2 levels in the soleus, which were paralleled by higher expression of proteins known to 

either phosphorylate or promote p62 phosphorylation (i.e., NBR1, CK1, PKCδ, and TAK1). 

Muscle-specific p62 gain-of-function (i.e., in p62 mTg mice) activated Nrf2 nuclear translocation 

and increased the expression of multiple antioxidant proteins (i.e., CuZnSOD, MnSOD, EcSOD, 

NQO1 and GSTM1) in glycolytic muscles. Interestingly, skeletal muscle Nrf2 haplodeficiency 

blunted the increases of most of these proteins (i.e., CuZnSOD, EcSOD, and NQO1) suggesting 

that muscle p62 stimulates antioxidant protein expression also via additional, yet to be determined 

mechanisms. Of note, p62 gain-of-function mitigated glycolytic muscle wasting in LLC affected 
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mice. Collectively, our findings identify skeletal muscle p62 as a potential therapeutic target for 

cancer cachexia.

Graphical Abstract:

Cancer cachexia increases oxidative stress and induces skeletal muscle atrophy, particularly 

in glycolytic muscles. Here, using a Lewis Lung Carcinoma-induced cachexia model, we 

demonstrated that the p62-Nrf2 pathway is more active in oxidative muscles when compared 

to glycolytic muscles. Mice with enhanced p62 expression in muscle have increased intra- 

and extracellular antioxidant proteins expression, and this induction were partially inhibited by 

Nrf2 haplodeficiency. Furthermore, p62 overexpression suppressed oxidative stress and alleviated 

glycolytic muscle atrophy in cancer cachexia.
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Introduction

Cancer cachexia is characterized by a significant reduction in body weight predominantly 

resulting from severe loss of skeletal muscle. Cachexia occurs in up to 80% of cancer 

patients and directly contributes to up to 30% of cancer-related deaths (1, 2). Oxidative 

stress, which is caused by excessive production of reactive oxygen species and/or declined 

antioxidant defense plays an important role in muscle atrophy during cancer cachexia, 

particularly in muscle predominantly containing glycolytic fibers (3, 4). However, molecular 
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mechanisms regulating the expression of antioxidant proteins that may protect against 

muscle wasting in the context of cancer cachexia remain to be determined.

Although multiple molecular pathways regulate antioxidant protein expression in response 

to cellular stress, a major signal is mediated by the Kelch-like ECH-associated protein 

1 (Keap1)-nuclear factor erythroid 2-related factor 2 (Nrf2) pathway (5, 6). Under non-

stressed conditions, Nrf2 nuclear translocation is limited due to its physical interaction 

with Keap1 in the cytoplasm, which also leads to rapid Nrf2 degradation by the 

ubiquitin-proteasome system (7, 8). In contrast, different types of cellular stress cause 

Nrf2 to dissociate from Keap1, translocate to the nucleus, form heterodimers with 

small musculoaponeurotic fibrosarcoma proteins, and bind to the antioxidant/electrophile 

responsive element (ARE/EpRE) - a cis-acting element in the promoter region of target 

genes (9, 10). Nrf2 regulates the expression of a set of cytoprotective antioxidant genes, such 

as NAD(P)H-quinone oxidoreductase 1 (NQO1), heme oxygenase 1 (HO-1), glutathione 

S-transferase (GST), and superoxide dismutase (SOD) in skeletal muscle (6, 11, 12), 

suggesting that Nrf2 activation is important for a robust antioxidant defense system and 

may be beneficial in cancer cachexia.

Sequestosome1/SQSTM1 (p62) plays an important role in the regulation of Nrf2 activation 

and antioxidant expression (13). In fact, in hepatocellular carcinoma cells, phosphorylation 

of p62 at Ser349 (Ser351 in mice) increases its affinity for Keap1, competing away Nrf2 

for Keap1 binding, which then leads to Nrf2 nuclear translocation, Nrf2 ARE binding, and 

stimulation of antioxidant gene transcription (14, 15). However, the following remains to be 

determined: 1) whether p62 regulates antioxidant protein expression in skeletal muscle; 2) if 

so, whether Nrf2 activation by p62 is essential for enhancement of antioxidants in skeletal 

muscle; and 3) whether enhanced p62 expression protects against muscle wasting in cancer 

cachexia.

Here, using muscle-specific gene deletion and overexpression in mice, we report that p62 

gain-of-function leads to higher expression of several antioxidant genes in skeletal muscles 

largely via Nrf2 activation. We also reveal that increased p62 expression alleviates muscle 

atrophy in Lewis Lung Carcinoma (LLC)-induced cancer cachexia.

Materials and Methods

Animals

C57BL/6J mice were obtained from Japan SLC (Shizuoka, Japan) and were studied at 8 

weeks old. p62 muscle-specific overexpression (p62 mTg) mice were generated with p62 

cDNA placed downstream of muscle creatine kinase (MCK) promoter (16–18). From the 8 

lines of p62 mTg mice obtained, we selected two lines showing graded expression of p62 

and designated them low (line L) and high expression (line H). Mice with muscle-specific 

p62 overexpression and skeletal muscle-specific Nrf2 haplodeficiency (p62 mTg/Nrf2 

skmHET) were generated by crossing line H of p62 mTg mice with a myosin light chain 

1 fast promoter (Mlc1f)-Cre/Nrf2f/f (Nrf2 skmKO) mice. Nrf2 skmKO mice were generated 

by crossing mice bearing a floxed Nrf2 allele (Nrf2f/f) with transgenic mice expressing 

Cre under the control of a Mlc1f (19–22). Mlc1f-Cre mice and Nrf2 floxed mice were 
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generously provided by Dr. Steven J. Burden (New York University, New York, NY, USA) 

and Dr. Jinbo Pi (China Medical University, Shenyang, China), respectively. Mlc1f-Cre and 

MCK activity have been detected in both glycolytic and oxidative muscles (16, 19, 22). p62 

mTg and p62 mTg/Nrf2 skmHET mice were studied at 8 wks of age. The results in p62 

mTg mice were compared with age-matched wild-type (WT) littermate mice, and results in 

p62 mTg/Nrf2 skmHET mice were compared with age-matched Nrf2f/+, Mlc1f-Cre/Nrf2f/+, 

and p62 mTg/Nrf2f/+ mice. The animals were provided access to food and drinking water 

ad libitum. After animals were euthanized, blood, muscles (tonic oxidative soleus, mixed 

fiber type plantaris, tibialis anterior and gastrocnemius, and phasic glycolytic white vastus 

lateralis and extensor digitorum longus), and spleen were harvested for analysis. In addition, 

heart, liver, lung, and kidney were harvested to confirm appropriate gene targeting in all 

models. All of the experimental procedures were carried out with the approval from the 

Ethical Committee of Nagoya City University (H26M-71 and H30M-40).

Genotyping

Mouse DNA was isolated following a phenol-chloroform–based DNA extraction protocol 

and used for PCR with primers for the Mlc1f-Cre allele, the loxP-flanked Nrf2 allele, and 

MCK-p62 allele (22). Reactions consisted of 1 minute of initial denaturation at 94°C, 

35 cycles of denaturation (98°C for 5 seconds), annealing (55°C for 5 seconds), and 

extension (72°C for 10 seconds), and a final 3min extension at 72°C. PCR products were 

resolved through electrophoresis on a 2% agarose gel containing AtlasSight DNA Stain 

(BioAtlas, Tartu, Estonia), followed by image acquisition with an ImageQuant LAS 500 (GE 

Healthcare, Chicago, IL, USA). Mice with a genotype of MCK+ was considered p62mTg, 

and mice with a genotype of MCK− was considered WT littermates for p62 mTg. Mice 

with a genotype of Mlc1f-Cre;Nrf2f/f was considered Nrf2 skmKO. Mice with a genotype of 

MCK; Mlc1f-Cre;Nrf2f/+ was considered p62 mTg/Nrf2 skmHET mice. Mouse genotypes 

were confirmed by western blot or semiquantitative RT-PCR analysis.

LLC cells growth and tumor implantation

Lewis Lung Carcinoma (LLC) cells (JCRB Cell Bank, JCRB1348) were cultured in 175 

cm2 culture flasks in RPMI 1640 containing, 300 μg glutamine, 25 mmol HEPES, 10% fetal 

bovine serum, 100 IU/ml penicillin, and 100 μg/ml streptomycin (culture medium). These 

cells were trypsinized, counted, and diluted in culture medium for implantation. LCC cells 

(1×107) suspended in 200 μL of sterile PBS were implanted subcutaneously to the hind flank 

of mice at 8 weeks of age as previously described (23–25). For sham control, age matched 

male WT, p62 mTg and WT littermates for p62 mTg were injected with 200 μL of sterile 

PBS. Mice were harvested 4 weeks after LLC or PBS injection.

Treadmill running test

Mice were acclimated to treadmill running for 3 days (~13.4 m/min, 10 min). On the 

fourth day, animals were tested on the treadmill starting with a speed of 13.4 m/min and 

5% incline. The speed was increased by 2.7m/min every 30 min until reaching a speed of 

26.8m/min. A paper towel located at the end of the treadmill was used to encourage the 

animals to run, and the test was terminated when a mouse stopped responding to continuous 

tail brushing for 20 s (22).
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Grip strength test

A grip strength test was performed at the end of the intervention using a grip strength meter 

(GPM-101B; Melquest, Toyama, Japan) according to the manufacturer’s instructions. Each 

mouse was tested using 10 trials with 10 second-intervals. The mean value of the 2 highest 

readings normalized by body weight (excluding tumor weight) was used for statistical 

analysis (22).

Hematoxylin and Eosin (HE) staining

Tibialis anterior muscles were harvested and frozen in liquid nitrogen-cooled isopentane. 

Cross sections (8 μm) of the tibialis anterior muscle were stained with eosin Y 

working solution (Sigma-Aldrich, St. Louis, MO, USA), rinsed with distilled water, and 

counterstained with Mayer’s hematoxylin (Muto Pure Chemicals, Tokyo, Japan). Sections 

were rinsed again with distilled water, dehydrated in ethanol, and mounted on slides with 

mounting medium as described above. Images were acquired with a DS-Fi1 digital camera 

(Nikon, Tokyo, Japan) coupled to a BX43 optical microscope (Olympus, Tokyo, Japan)(22).

Muscle fiber size

Muscle fiber size was assessed by immunofluorescence of myosin heavy chain (MyHC) I, 

IIa and MyHCIIb, as described previously (26). Fresh frozen tibialis anterior muscle sections 

(8 μm) were incubated with primary antibodies for MyHCI (BA-F8, RRID:AB_10572253; 

DSHB, Iowa City, USA), MyHCIIa (SC-71, RRID:AB_2147165; DSHB), and MyHCIIb 

(BF-F3, RRID:AB_2266724; DSHB) overnight at 4°C, then incubated with fluorescent 

dye-conjugated secondary antibodies for goat anti-mouse IgG Alexa Fluor 405 (ab175660; 

Abcam, Cambridge, United Kingdom) and goat anti-mouse IgM Alexa Fluor 488 

(ab150121; Abcam) for 1 hour at room temperature. Sections were then mounted with 

Vectashield mounting medium (Vector Laboratories, Burlingame, CA), and images were 

captured using an ECLIPS Ti-S fluorescent microscope (Nikon, Tokyo, Japan). Non-stained 

fibers were analyzed as MyHCIId/x. Muscle fiber-size was determined with ImageJ software 

through examination of more than 100 fibers/sample.

Western blots

Whole muscles were homogenized on ice in sample lysis buffer containing protease 

and phosphatase inhibitors using a glass-on-glass homogenizer as previously described 

(27). Tissue debris were discarded after centrifugation at 12,000 g for 3 minutes. 

Protein concentrations were determined using the DC protein assay (Bio-Rad, Hercules, 

CA, USA). Muscle lysates (40 μg) were separated by PAGE and transferred overnight 

at 4°C to PVDF membranes for Western blotting. Ponceau S stain was used 

to verify appropriate loading and transfer of proteins to membranes. Immunoblot 

analysis was performed with the following primary antibodies: Atrogin-1/MAFbx 

(sc166806, RRID:AB_2246982; Santa Cruz Biotechnology, Santa Cruz, CA, USA), 

MuRF1 (SC398608, RRID:AB_2819249; Santa Cruz Biotechnology), CuZnSOD (ab16831, 

RRID:AB_302535; Abcam), MnSOD (ab13534, RRID:AB_2191667; Abcam), EcSOD 

(AF4817, RRID:AB_2270682; R&D Systems, Minneapolis, MN, USA), NQO1 (NB100–

1005, RRID:AB_10002672; Novus Biologicals, Centennial, CO, USA), HO-1 (ADI-
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OSA-111, RRID:AB_10618556; Enzo Life Science, Farmingdale, NY, USA), GSTM1 

(sc517262, RRID:N/A; Santa Cruz Biotechnology), Nrf2 (SC722, RRID:AB_2108502; 

Santa Cruz Biotechnology and16396–1-AP, RRID:AB_2782956; Proteintech, Rosemont, 

IL, USA), Keap1 (10503–2-AP, RRID:AB_2132625; Proteintech), phosphorylated-p62 

Ser351 (PM074, RRID:N/A; MBL Life Science, Nagoya, Japan), phosphorylated-p62 

Ser403 (D343–3, RRID:N/A; MBL Life Science), p62 (p0067, RRID:AB_1841064; 

MilliporeSigma, Burlington, MA, USA), NBR1 (sc130380, RRID:AB_2149402; Santa 

Cruz Biotechnology), CK1 (2655, RRID:AB_2283593; Cell Signaling Technology, 

Danvers, MA, USA), PKCδ (2058, RRID:AB_10694655; Cell Signaling Technology), 

TAK1 (4505, RRID:AB_490858; Cell Signaling Technology), MyHCI (BA-F8, 

RRID:AB_10572253; DSHB), MyHCIIa (SC-71, RRID:AB_2147165; DSHB), MyHCIIb 

(BF-F3, RRID:AB_2266724; DSHB), PGC-1α (AB3242, RRID:AB_2268462; Millipore, 

Darmstadt, Germany), COX IV (4844, RRID:AB_2085427; Cell Signaling Technology), 

Cytochrome C (4272, RRID:AB_2090454; Cell signaling Technology), LC3 (4108, 

RRID:AB_2137703; Cell signaling Technology), Atg6/Beclin1 (3738, RRID:AB_490837; 

Cell Signaling Technology), Atg7 (2631, RRID:AB_2227783; Cell Signaling Technology), 

Lamin B1 (9087, RRID:AB_10896336; Cell Signaling Technology), and αβ tubulin (2148, 

RRID: AB_2288042; Cell Signaling Technology). Immunoblot images were captured by 

ImageQuant LAS 500 (GE Healthcare, Chicago, IL, USA) and quantified with ImageJ 

software (National Institutes of Health, Bethesda, MD, USA).

Oxidative stress analysis

To assess oxidative stress in skeletal muscle, whole soleus and white vastus lateralis muscles 

were homogenized on ice in sample lysis buffer containing 50 mM Tris-HCl (pH 6.8), 1% 

sodium dodecyl sulfate (SDS), 10% glycerol, 20 mM dithiothreitol, and 0.01% bromophenol 

blue, supplemented with protease inhibitor. Cell debris were discarded after centrifugation 

at 12,000 g for 3 minutes. and subsequently assayed for protein concentration using the DC 

protein assay (Bio-Rad). Muscle lysates (40 μg) were separated by PAGE and transferred 

overnight at 4°C to PVDF membranes for Western blotting. Malondialdehyde (MDA) 

(MMD-030n, RRID:AB_605072; JaICA, Shizuoka, Japan) was normalized to Ponceau S 

as described for Western blots.　

Isolation of nuclear and cytoplasmic fractions

Nuclear and cytoplasmic fractions were isolated from the red (oxidative) portion of the 

gastrocnemius, the white (glycolytic) portion of the gastrocnemius, and the predominant 

glycolytic extensor digitorum longus muscles to establish Nrf2 nuclear translocation (22). 

Fractionations were performed using NE-PER™ Nuclear and Cytoplasmic Extraction 

Reagents (Thermo Scientific). Essentially, gastrocnemius muscles were carefully separated 

into red and white portions. Isolated red and white portion of gastrocnemius and whole 

extensor digitorum longus muscle were gently glass-on-glass homogenized in CER I buffer 

on ice. Homogenized samples were transferred to microtubes and incubated for 10 minutes 

on ice before CER II buffer was added. Samples were then vortexed vigorously for 5 

seconds and centrifuged at 16,000 g for 5 minutes at 4°C. Supernatants containing the 

cytoplasmic fraction were transferred to prechilled microtubes. NER buffer was added to the 

nuclear pellets and incubated for 40 minutes on ice, after which samples were centrifuged 
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at 16,000 g for 10 minutes at 4°C. The resulting supernatant was analyzed as the nuclear 

fraction.

Immunoprecipitation

A portion of the white (glycolytic) portion of gastrocnemius was homogenized on ice in 

sample lysis buffer containing 20 mM Tris-HCl (pH 8.0), 137mM NaCl, 10% glycerol, 

1% Triton X-100, and 2 mM EDTA, and supplemented with protease and phosphatase 

inhibitors. Tissue lysates (300 μg of protein) were incubated in an orbital shaker for 1 hour 

at room temprature with protein A-agarose bead suspention (50 ul; sc-2001, Santa Cruz). 

Subsequently, supernatants were transferred to a fresh microtube and then incubated with 

p62 antibody (p0067, MilliporeSigma) and protein A-agarose bead suspention (50 ul) in an 

orbital shaker at 4°C overnight. After the overnight incubation, samples were centrifuged at 

1000 rpm for 1 minute and the supernatant was discarded. The immunoprecipitated beads 

were then washed with sample lysis buffer 3 times and then washed in sample lysis buffer. 

Next, the immunoprecipitate was resuspended in 20 μl of sample lysis buffer, boiled for 3 

minutes and loaded into an SDS-PAGE gel.

Real-time PCR

To assess Nrf2 mRNA expression in Nrf2 skmKO and p62 mTg/Nrf2 skmHET 

mice, total RNA was isolated from the plantaris muscle, heart, liver, kidney, and 

lung and reverse transcription was performed using the same protocol described 

for semiquantitative RT-PCR. Nrf2 and GAPDH mRNAs were quantified using the 

AriaMx Real Time PCR System (Agilent, Santa Clara, CA, USA) and SYBR Premix 

Ex taq II (Takara Bio, Shiga, Japan). All samples were run in duplicate. The 

following PCR primers were used: Nrf2: 5’-CGAGATATACGCAGGAGAGGTAAGA-3’ 

and 5’-GCTCGACAATGTTCTCCAGCTT-3’; and GAPDH: 5’-

CCACATCGCTCAGACACCAT-3’ and 5’-ACCAAATCCGTTGACTCCGA-3’. Results 

were normalized by GAPDH mRNA and presented as fold change in relation to WT mice 

(28).

Assessment of autophagy flux

Colchicine (0.4 mg/kg in sterile dH2O), a microtubule polymerization inhibitor used to 

block fusion of the lysosome to the autophagosome, or vehicle (proportional volume of 

sterile dH2O) was administered intraperitoneally at 48 and 24 hours prior to tissue harvest as 

previously described (29–31)

Succinate dehydrogenase (SDH) staining

Tibialis anterior muscles were harvested and frozen in liquid nitrogen-cooled isopentane. 

Cross sections (8 μm) of the tibialis anterior muscle were stained a solution containing 

nitro blue tetrazolium (0.5 mg/mL) (FUJIFILM Wako Pure Chemical Co., Ltd., Osaka, 

Japan), sodium succinate (50 mM), and phosphate buffer (50 mM) for 30 min at 37 

°C. Sections were rinsed with distilled water and mounted on slides with glycerol-based 

mounting medium. Images were acquired with a DS-Fi1 digital camera (Nikon) coupled to a 

BX43 optical microscope (Olympus) (32).
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Statistical analysis

Data are presented as mean ± standard error (SE). Normality was tested using the Shapiro-

Wilk test, and student’s t-test, One-way ANOVA, Two-way ANOVA, and Chi-square test 

were used for statistical analyses as appropriate. The One-way and Two-way ANOVA were 

followed by a Tukey’s multiple comparisons test, as applicable. If the distribution of the 

data was not normal, Mann-Whitney test, Kruskal-Wallis test, or Friedman’s test were used 

instead of student’s t-test, One-way ANOVA, and Two-way ANOVA. Values of p<0.05 were 

considered statistically significant and sample sizes are indicated in figure legends.

Results

Fast glycolytic muscles are more prone to oxidative stress and atrophy during cancer 
cachexia

Herein we used the well-established LLC implantation model to study cancer cachexia 

(Figure 1A) (23–25). LLC-induced cancer cachexia led to larger body and spleen weights 

primarily due to tumor growth (Figure 1B, C). Even though these were accompanied by 

atrophy of the glycolytic extensor digitorum longus (EDL), the mixed fiber-type tibialis 

anterior (TA) and gastrocnemius (GA), and the more oxidative soleus (SO) muscles (Figure 

1D), more profound losses in mass occurred in the EDL, TA, and GA muscles in comparison 

to the SO muscle (−16.2%, −15.4%, and −13.5%, respectively, vs. −7.9%) (Figure 1E). 

Accordingly, grip strength was decreased by 42% with cancer cachexia (Figure 1F). Further 

examination of the TA muscle from LLC-implanted mice demonstrated no signs of necrosis, 

degeneration/regeneration, and infiltration of immune cells (Figure 1G). We were unable 

to obtain sufficient numbers of MyHCI fibers for a rigorous analysis in the TA muscle. 

However, MyHCIIa, MyHCIIb, and MyHCIId/x fibers displayed marked atrophy (Figure 

1H–J). Under non-stressed conditions, oxidative muscles have larger basal expression of 

the Atrogin-1/MAFbx and MuRF1 proteins because these are likely required to sustain 

their increased protein turnover rates (33). Therefore, examining their induction by cancer 

cachexia across muscle types rather than their absolute expression can provide a better 

assessment of their contribution to the atrophy taking place. The expression of Atrogin-1/

MAFbx and MuRF1 proteins were significantly higher during cancer cachexia in the 

glycolytic EDL muscle, while only MuRF1 was significantly higher in the more oxidative 

SO muscle (Figure 1K, L). Further, the magnitude of increase in Atrogin-1/MAFbx and 

MuRF1 proteins was disproportionate between these muscles, being ~170% in the EDL 

vs. ~70% for Atrogin-1/MAFbx and MuRF1 in the SO muscle (Figure 1M). Oxidative 

stress in skeletal muscle was assessed via MDA levels, a widely accepted marker of lipid 

peroxidation in this tissue (16, 34, 35). MDA assessment, however, requires a specific 

preparation of samples. Because the small EDL muscle was used for protein and mRNA 

analyses, we used another predominantly glycolytic, fast-twitch muscle (i.e., the white 

vastus lateralis) (16, 22, 36–38) as representative of overall oxidative stress in glycolytic 

muscles. Assessment of MDA-modified proteins demonstrated higher oxidative stress in the 

glycolytic white vastus lateralis (WV) muscle, but not in the SO muscle, during cancer 

cachexia (Figure 1N, O).
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Altogether, these results extend previous findings indicating that glycolytic muscles are 

preferentially affected during LLC-induced cancer cachexia exhibiting oxidative stress, 

larger increases in the expression of E3 ubiquitin ligases and accentuated atrophy in 

comparison to the more oxidative SO muscle.

p62-Nrf2 pathway is less active in glycolytic versus oxidative muscles

Next, we interrogated the p62-Nrf2 pathway of antioxidant gene regulation in muscles 

with different fiber type composition (Figure 2A). Not surprisingly, the expression of 

several antioxidant proteins, such as MnSOD, EcSOD, NQO1, HO-1, and GSTM1 were 

significantly higher in the SO vs. the EDL muscle (Figure 2B, C). Nrf2 dissociation from 

Keap1 and its translocation to the nucleus are major signaling events in the p62-Nrf2 

pathway regulating the expression of these antioxidant proteins. We then examined Nrf2, 

Keap1, and nuclear and cytoplasmic levels of Nrf2 proteins in these muscles. The purity of 

each fraction was confirmed by assessing Lamin B1, as a nuclear marker, and αβ-tubulin, 

as a cytoplasmic marker (Supplemental Figure S1A). Nrf2 and Keap1 were more abundant 

in the SO vs. the EDL muscle (~4-fold and ~1.5-fold, respectively) (Figure 2D, E). Nuclear 

levels of Nrf2 were ~1.6-fold higher, while cytoplasmic levels of Nrf2 were ~2.0-fold lower 

in the oxidative red portion vs. the glycolytic white portion of the GA muscle (Figure 2F, G). 

Next, we examined p62 levels in SO and EDL muscles. Both total and phosphorylated (Ser 

351) p62 were significantly higher in the SO than in the EDL muscles (~1.6-fold and ~1.2-

fold, respectively) (Figure 2H, I) and these were accompanied by higher interaction between 

p62 and Keap1 in the SO muscle (Figure 2J, Supplemental Figure S2A, B). Interestingly, 

the expression of total and phosphorylated (Ser351) p62 were significantly higher during 

cancer cachexia in the SO muscle, but not in the EDL muscle (Supplemental Figure S3A, 

B). Since increased NBR1, CK1, PKCδ, and TAK1 have been shown to either promote 

phosphorylation or directly phosphorylate p62 at Ser351 (39–42), we next measured the 

expression of these proteins and observed that all of those were significantly higher in the 

SO vs. the EDL muscles (Figure 2K, L).

Enhanced skeletal muscle-specific p62 expression activates Nrf2 and increases 
antioxidant protein expression

To determine whether p62 is sufficient to activate Nrf2 and increase levels of 

antioxidant proteins in skeletal muscle, we generated transgenic mice with muscle-specific 

overexpression of p62 under the control of the MCK promoter (p62 mTg). We obtained 

several lines of p62mTg mice and selected two lines showing either low [line L] or high 

[line H] overexpression of p62 to perform subsequent studies (Figure 3A, B, Supplemental 

Figure S4A, B). Total and phosphorylated (Ser351) p62 levels were significantly higher 

in glycolytic WV muscles of p62 mTg mice in both lines L (~3.2-fold and ~1.7-fold, 

respectively) and H (~41.8-fold and ~15.4-fold, respectively) vs. WT littermates (Figure 3C, 

D, Supplemental Figure S4C, D). Of note, the increases seen in total and phosphorylated 

p62 in muscles of line L are near physiological levels as those are similar to what was 

previously reported in muscles from mice undergoing exercise training (22). Nrf2 protein 

expression was not affected in both mouse lines, whereas Keap1 protein expression was 

increased only in line H of p62 mTg mice (Figure 3F, G, Supplemental Figure S4F, 

G). Importantly, p62 binding to Keap1 (Figure 3E, Supplemental Figure S4E), nuclear 

Yamada et al. Page 9

FASEB J. Author manuscript; available in PMC 2024 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Nrf2 protein (Figure 3H, I, Supplemental Figure S4H, I), and antioxidant proteins (i.e., 

CuZnSOD, MnSOD, EcSOD, and NQO1) (Figure 3J and K, Supplemental Figure S4J, K) 

were all higher in the glycolytic WV muscles of both p62 mTg lines when compared to WT 

mice. We expected some of these changes to also occur in oxidative muscles, and because 

all changes were more dramatic in the H line of p62 mTg mice, we then examined whether 

enhanced p62 levels affected Nrf2 regulation and antioxidant protein in the oxidative SO 

muscle of the L line of of p62 mTg mice. Again, total and phosphorylated (Ser351) p62 

levels were significantly higher in p62 mTg mice than in WT mice (Supplemental Figure 

S7A, B). Total Nrf2 protein expression was also not affected by p62 overexpression in the 

SO, but Keap1 protein expression was significantly higher in p62 mTg mice vs. WT mice 

(Supplemental Figure S7C, D). Interestingly, a less prominent change in antioxidant proteins 

was observed in the SO muscle of p62 mTg mice, where only NQO1 protein expression was 

increased (Supplemental Figure S7E, F). Collectively, these observations indicate a broader 

impact of p62 overexpression on antioxidant proteins in glycolytic muscles. To gain further 

insight into whether these outcomes were directly dependent on p62, or resulting from 

other adaptations in glycolytic muscle, we then examined the expression of MyHC isoforms 

(MyHCI, IIa, and IIb), mitochondrial proteins (cytochrome oxidase IV and cytochrome 

c), and PGC-1α. These were unaltered in glycolytic muscles of lines L or H of p62 

mTg when compared to their WT littermates, except cytochrome c and PGC-1α in line 

H (Supplemental Figure S5A, B, S6A, B). Staining for SDH activity also did not show 

significant differences between p62mTg in line L and WT mice (Supplemental Figure 

S5C). The enhanced expression of p62 could in theory have stimulated autophagy based 

on increased levels of p62 (Ser405) phosphorylation and elevated LC3II/I ratio observed in 

lines L and H of p62 mTg, and increased levels of Beclin1 in line H (Supplemental Figure 

S5D, E, S6D, F). We, therefore, assessed autophagy flux via colchicine administration, an 

inhibitor of microtubule-mediated delivery of autophagosomes to lysosomes, and observed 

a lower LC3-II accumulation and LC3-II/I ratio in line L and H of p62 mTg mice when 

compared to WT mice (Supplemental Figure S5F, G, S6E, F). These results indicate that p62 

overexpression decreases autophagy flux. However, a potential p62-independent mechanism 

leading to Nrf2 activation when autophagy is impaired is very unlikely. Altogether these 

results indicate that the higher Nrf2 activation and antioxidant protein expression observed 

in glycolytic muscles of p62 mTg mice were likely a direct effect of enhanced p62 levels, 

rather than secondary outcomes altering key molecular pathways in skeletal muscles.

Near physiological increases in p62 expression do not affect muscle mass and function

To begin determining the functional impact of muscle p62 overexpression, we measured 

body weight, muscle weight, muscle fiber size, muscle endurance capacity (i.e., treadmill 

running test), and grip strength in line L and H of p62 mTg mice. Body weight, muscle 

weight (i.e., oxidative SO, mixed fiber-type TA and GA, and glycolytic EDL muscle), 

muscle endurance capacity, MyHCIIa, MyHCIIb, and MyHCIId/x muscle fiber size, and 

grip strength were not significantly different between line L of p62 mTg and WT mice 

(Figure 4A–D). The very small number of MyHCI fibers in the TA muscle hindered a 

rigorous comparison between genotypes. However, since the SO muscle weight was not 

different between these mice, very likely MyHCI fiber size was also not affected in line 

L of p62 mTg mice. Importantly, however, in line H of p62 mTg mice, body weight 
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was 4.4% lower than in WT mice (Supplemental Figure S8A). TA, GA, and EDL muscle 

weights were also significantly smaller in line H of p62 mTg mice than in WT mice 

(−7.5%, −9.6%, and −8.2%, respectively) (Supplemental Figure S8B). H&E staining in 

TA muscle demonstrated no signs of necrosis, degeneration/regeneration, and infiltration of 

immune cells in either the L or the H line of p62 mTg (Figure 4E, Supplemental Figure 

S8E). However, MyHCIIa, MyHCIIb, and MyHCIId/x fiber sizes were smaller in line H 

(Supplemental Figure S8F–H). As described for line L, we were unable to robustly assess 

the size of MyHCI fibers in the TA muscle but those were likely also not affected in 

line H of p62 mTg since because SO muscle weight was unaltered (Supplemental Figure 

S8B). Consistent with smaller MyHCII fiber sizes, running capacity was not significantly 

different, but grip strength was significantly lower in line H of p62 mTg mice than in WT 

mice (−13.0%) (Supplemental Figure S8C, D). Collectively, these results indicate that near 

physiological increases in muscle p62 do not negatively affect muscle morphology, size and 

function, whereas large p62 overexpression can be detrimental decreasing muscle mass and 

strength.

p62-mediated stimulation of antioxidant protein expression in muscle is partially 
dependent on Nrf2

To test the role of Nrf2 in the p62-mediated stimulation of antioxidant protein expression, 

we took advantage of p62 mTg mice with high p62 expression (H line) and generated mice 

with muscle-specific p62 overexpression and skeletal muscle-specific Nrf2 deficiency (p62 

mTg/Nrf2 skmHET) (Figure 5A, Supplemental Figure S9A, B, and S10A). The rationale for 

using the H line was that determining changes in p62-Nrf2 signaling would be easier when 

p62 levels are substantially increased. As expected, p62 mRNA was increased substantially 

in the plantaris muscle of p62 mTg/Nrf2 skmHET mice when compared to Nrf2f/+ mice 

(Figure 5B). p62 mRNA was also higher, but not as dramatically, in the heart of p62 mTg/

Nrf2 skmHET mice in comparison to Nrf2f/+ mice (Figure 5B). Nrf2 mRNA and protein 

levels were significantly lower only in skeletal muscle of Nrf2 skmHET and p62 mTg/Nrf2 

skmHET mice in comparison to Nrf2f/+ mice (Figure 5B, C). Total and phosphorylated 

(Ser351) p62 protein levels were not affected by Nrf2 deficiency (i.e., in p62 mTg/Nrf2 

skmHET vs. p62 mTg/Nrf2f/+ mice; Figure 5D, E). Several antioxidant proteins (i.e., 

CuZnSOD, MnSOD, EcSOD, NQO1, and GSTM1) were higher in muscles of p62 mTg/

Nrf2f/+ vs. Nrf2f/+ mice. Muscle Nrf2 deficiency (i.e., in p62 mTg/Nrf2 skmHET) completed 

prevented the increase in EcSOD, blunted increases in CuZnSOD and NQO1 proteins but 

did not affect the increase in MnSOD when compared to p62 mTg/Nrf2f/+ mice (Figure 

5D, E). Even though these results support a strong role for Nrf2 activation in p62-mediated 

increases of EcSOD, CuZnSOD,and NQO1 expression in muscle, these also indicate that 

additional unknown mechanisms downstream of p62 stimulate the expression of CuZnSOD 

and NQO1. Of note, p62-mediated induction of MnSOD appears to be independent of Nrf2.

p62 overexpression alleviates glycolytic muscle atrophy in cancer cachexia

Lastly, we examined whether near physiological increases in p62, as seen in line L of p62 

mTg, would provide protection against muscle atrophy in LLC-induced cancer cachexia 

(Figure 6A). Cancer cachexia increased body weight and spleen weight in both p62 mTg 

and WT mice (Figure 6B, C). However, overexpression of skeletal muscle p62 significantly 
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blunted the decreases in mass of the mixed-fiber TA and GA muscles and of the glycolytic 

EDL muscle during cancer cachexia (Figure 6D, E). A significant protection in the SO 

muscle of p62 mTg mice was not observed likely because the magnitude of cancer cachexia-

induced atrophy in this muscle is small and, therefore, a larger number of animals would 

likely be required to precisely address this question. Cachexia-induced muscle weakness, as 

indicated by grip strength, was blunted in p62 mTg mice (i.e., −30% vs. −51% in WT mice) 

(Figure 6F). The mixed-fiber TA muscle of LLC-implanted mice demonstrated no signs of 

necrosis, degeneration/regeneration, and infiltration of immune cells in both p62mTg and 

WT mice (Figure 6G). MyHCIIa, MyHCIIb, and MyHCIId/x fiber size distribution was 

preserved in p62 mTg mice (Figure 6H, I). Minimum Feret’s diameter of MyHCIIb and 

MyHCIId/x was also preserved in p62 mTg mice (Figure 6H, J). This observed protection 

of muscle mass and strength was accompanied by lower cancer cachexia-induced oxidative 

stress, as indicated by decreased MDA levels (Figure 6K, L). These results indicate that 

enhanced p62 expression in skeletal muscle is sufficient to increase antioxidant protein 

expression and suppress oxidative stress in glycolytic/fast twitch muscle fibers during LLC-

induced cachexia, thereby preserving muscle mass and strength.

Discussion

Skeletal muscle atrophy resulting from cancer cachexia is associated with increased 

treatment-related toxicity (43) and decreased quality of life (44) and survival (45). 

Despite the multifaceted nature of cancer cachexia, oxidative stress has been shown to 

be a chief contributor to muscle wasting in that context (46). However, the mechanisms 

involved remain incompletely understood. The current study extends previous observations 

(3, 4) denoting that oxidative muscles (i.e., containing large proportions of MyHCI 

fibers) are more resistant to oxidative stress and atrophy during cancer cachexia than 

glycolytic muscles (i.e., composed primarily of MyHCIIa, MyHCIId/x, and MyHCIIb 

fibers). Although antioxidant protein expression is modulated by different mechanisms, 

in the present study we focused on p62, which is a protein involved in multiple cellular 

functions including signal transduction as well as degradation of proteins and organelles 

(47, 48). p62 function has been found to be modulated by multiple phosphorylation 

events. Phosphorylation of p62 at Ser403 (Ser405 in mice) enhances its adaptor role 

in ubiquitinated protein degradation, while phosphorylation at Ser349 (Ser 351 in mice) 

increases its affinity for Keap1 causing Nrf2 dissociation and nuclear translocation (13). 

Of note, in hepatocellular carcinoma cells, p62 is constitutively phosphorylated at Ser351 

causing continuous activation of Nrf2 to prevent oxidative stress (14). Here, we observed 

that oxidative muscles have higher levels of p62 (total and Ser 351 phosphorylated) and p62 

binding activity to Keap1 when compared to glycolytic muscles. These are accompanied by 

larger expression of proteins known to promote Ser 351 phosphorylation of p62 (i.e., NBR1, 

CK1, PKCδ, and TAK1) in oxidative muscles. These initial observations suggested for the 

first time that the enhanced antioxidant defense in oxidative vs. glycolytic muscles was at 

least partially due to a more active p62-Nrf2 pathway.

To address this question more directly, we first generated two muscle-specific lines with low 

and high levels of p62 overexpression (lines L and H, respectively). These were then used 

to determine if Nrf2 is required for p62-mediated modulation of antioxidant proteins and if 
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p62 could protect against cancer cachexia in muscle. We demonstrated with these p62 mTg 

mice that enhanced p62 in skeletal muscle leads to higher levels of phosphorylated p62, 

nuclear Nrf2 protein, and antioxidant protein expression. As expected, these outcomes were 

generally more prominent in line H vs. line L of p62 mTg.

As previously described and reiterated by our current data, Nrf2 levels and antioxidant 

protein expression are regulated in parallel with slow contractile proteins, mitochondria 

content, and PGC-1α expression (22, 49). However, these were unaltered in p62 mTg 

(both L and H lines) in comparison to WT littermates indicating that Nrf2 activation and 

higher antioxidant protein expression were direct outcomes of p62 overexpression in skeletal 

muscle.

Since p62 serves as an autophagy adaptor that accumulates when the process is deficient 

(50), we also examined this process in p62 mTg mice. Our results demonstrated that 

autophagy flux was actually lower in both L and H lines of p62 mTg mice when compared 

with WT mice. Interestingly, these observations indicate that a forced increase in p62 can 

also impair autophagy in muscle. The mechanisms involved remain to be determined, but 

because robust impairments in autophagy lead to muscle atrophy and weakness (50), the 

observed autophagy deficiency may have contributed to the smaller muscles seen in the H 

line of p62 mTg mice. In addition, p62 participates in the regulation of several pathways 

affecting not only antioxidant proteins and autophagy but also ubiquitin, inflammatory 

response, mTOR and ERK signaling (13). All of these might have been more prominently 

affected in the H line of p62 mTg impacting muscle homeostasis.

Next, to test the role of Nrf2 in p62-mediated regulation of antioxidant protein expression in 

muscle, we studied p62 mTg (line H) mice with skeletal muscle Nrf2 haplodeficiency (Nrf2 

skmHET). Nrf2 deficiency did not alter total or phosphorylated levels of p62. However, Nrf2 

was found to be required for p62-mediated induction of EcSOD, partially required for the 

induction of CuZnSOD,and NQO1, and dispensable for the induction of MnSOD. Future 

studies are still required to determine the p62-dependent, Nrf2-independent mechanisms of 

regulation of antioxidant protein expression in muscle.

To test the therapeutic potential of p62, we investigated whether enhanced p62 (near 

physiological levels) could limit muscle atrophy and weakness caused by cancer cachexia. 

After implanting LLC in line L of p62 mTg mice we observed that the losses of 

muscle strength, muscle weight, and muscle fiber size were all significantly decreased in 

comparison to WT mice. Importantly, although MDA levels were similar between p62 mTg 

and WT mice at baseline, which may be due to different rates of MDA turnover, MDA 

was also significantly diminished in parallel to higher expression of antioxidant proteins 

in p62 mTg during cancer cachexia. These results strongly indicate that near physiological 

increases in p62 (i.e., ~3-fold) can be protective against cancer cachexia by enhancing 

several muscle antioxidant proteins and decreasing oxidative stress in more glycolytic 

muscles.

Increased muscle contractile activity, as observed with regular exercise, prevents oxidative 

stress-induced muscle atrophy, at least partially, by improving the antioxidant defense 
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system (49, 51–53). We have previously reported that regular exercise increases antioxidant 

proteins, nuclear Nrf2 protein, and Nrf2 DNA-binding activity in association with increased 

p62 phosphorylation (Ser351) in mouse muscle (22) thereby demonstrating an effective 

strategy to stimulate the p62-Nrf2 pathway. However, future studies examining if the 

beneficial effects of exercise in cancer cachexia are dependent on the p62-Nrf2 pathway 

are still required.

In summary, the present study demonstrates that p62 is a potential target for therapy in 

cancer cachexia as its overexpression alleviates cancer-induced muscle wasting. Further, 

p62-mediated protection leads to increased expression of antioxidant proteins and a robust 

decrease in oxidative stress, which are at least partially dependent on Nrf2 activation in 

muscle.
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Refer to Web version on PubMed Central for supplementary material.
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Nonstandard Abbreviations

p62 sequestosome1/SQSTM1

Keap1 Kelch-like ECH-associated protein 1

Nrf2 Nuclear factor erythroid 2-related factor 2

ARE/EpRE antioxidant/electrophile responsive element

NQO1 NAD(P)H-quinone oxidoreductase 1

HO-1 heme oxygenase 1

GSTM1 glutathione S-transferase M 1

CuZnSOD cupper/zinc superoxide dismutase
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MnSOD manganese superoxide dismutase

EcSOD extracellular superoxide dismutase

NBR1 BRCA1 gene 1

CK1 casein kinase 1

PKCδ protein kinase C δ

TAK1 transforming growth factor-β activated kinase 1

LLC Lewis Lung Carcinoma

MCK muscle creatine kinase

mlc1f myosin light chain 1 fast

mTg muscle-specific overexpression

skmKO muscle-specific knockout

skmHET muscle-specific haplodeficiency

WT wild-type

MyHC myosin heavy chain

PGC-1α peroxisome proliferator-activated receptor γ coactivator-1α

Atrogin-1/MAFbx atrogin-1/muscle atrophy F-box

MuRF1 muscle RING finger 1

COX IV cytochrome c oxidase subunit IV

LC3 microtubule-associated protein 1A/1B-light chain 3

Atg7 autophagy related 7

MDA malondialdehyde

GAPDH glyceraldehyde-3-phosphate dehydrogenase

SO soleus

PL plantaris

GA gastrocnemius

TA tibialis anterior muscles

EDL extensor digitorum longus

WV white vastus lateralis
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Figure 1. 
Cancer cachexia causes larger atrophy and oxidative stress in glycolytic vs. oxidative 

muscles. A) Study design. B) Change of body weight in Lewis lung carcinoma (LLC) 

and PBS injected mice. C) Spleen weight in LLC and PBS injected mice. D) Oxidative 

soleus (SO), mixed fiber type of tibialis anterior (TA) and gastrocnemius (GA), and 

glycolytic extensor digitorum longus muscle (EDL) weight (normalized by tibia length) 

in LLC and PBS injected mice. E) Percent change of SO, TA, GA, and EDL muscle 

weight in LLC and PBS injected mice. F) Grip strength in LLC and PBS injected mice. 
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G) Hematoxylin and Eosin staining of TA muscle cross-sections stained in LLC and PBS 

injected mice. H) Immunofluorescence images of TA muscle cross-sections stained with 

antibodies for MyHCIIa (blue) and MyHCIIb (green) in LLC and PBS injected mice. Non-

stained fibers were analyzed as MyHCIId/x (black). I) Histograms of MyHCIIa, MyHCIIb, 

and MyHCIId/x fiber size distribution in LLC and PBS injected mice according to cross-

sectional area (n=7–8/group). J) Average minimal Feret’s diameter of MyHCIIa, MyHCIIb, 

and MyHCIId/x fiber in LLC and PBS injected mice (n=7–8/group). K) Representative 

immunoblot images of Atrogin-1 and MuRF1 expression in SO and EDL muscle of LLC 

and PBS injected mice. L) Quantification of Atrogin-1 and MuRF1 expression in SO and 

EDL muscles of LLC and PBS injected mice (n=6–8/group). M) Comparison of Atrogin-1 

and MuRF1 expression in SO and EDL muscle of LLC and PBS injected mice (n=8/

group). N) Representative immunoblot images of MDA expression in SO and glycolytic 

white vastus lateralis (WV) muscle of LLC and PBS injected mice. O) Quantification of 

MDA expression in SO and WV muscle of LLC and PBS injected mice (n=6/group). 

Protein expression comparisons were performed after normalization to ponceau. Results are 

represented as means ± SE (n=10–14/group, unless specified otherwise). Scale bar=100 μm. 

Data was analyzed with unpaired t-test (C, D, F, J, M and O), One-way ANOVA followed by 

Tukey’s multiple comparisons test (E), Two-way ANOVA followed by Tukey’s multiple 

comparisons test (B and L), and Chi-square test (I). *P<0.05, **P<0.01, ***P<0.001; 

†P<0.05 in comparison to other groups of the day; §P<0.05 in comparison to Day 0.

Yamada et al. Page 21

FASEB J. Author manuscript; available in PMC 2024 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Glycolytic muscles have lower Nrf2 activity than oxidative muscles in associated with 

lower p62 phosphorylation-inducible protein expression. A) Study design. B) Representative 

immunoblot images of antioxidant protein expression in oxidative soleus (SO) and 

glycolytic extensor digitorum longus muscle (EDL) muscle. C) Quantification of antioxidant 

proteins expression in SO and EDL muscles. D) Representative immunoblot images of 

Keap1 and Nrf2 protein expression in SO and EDL muscles. E) Quantification of Keap1 and 

Nrf2 proteins expression in SO and EDL muscles. F) Representative immunoblot images of 

nuclear and cytoplasmic Nrf2 protein (Nuc Nrf2 and Cyto Nrf2, respectively) in oxidative 
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muscle fiber abundant red portion of gastrocnemius (GA red) and glycolytic muscle 

fiber abundant white portion of gastrocnemius (GA white) muscles. G) Quantification of 

nuclear and cytoplasmic Nrf2 proteins in GA red and GA white muscles (n=6/group). H) 

Representative immunoblot images of phosphorylated p62 at Ser351 (p-p62 Ser351) and 

p62 protein expression in SO and EDL muscle. I) Quantification of p-p62 Ser351 and 

p62 proteins expression in SO and EDL muscles. J) Representative immunoblot images 

of co-immunoprecipitation analysis in the tibialis anterior muscle for Keap1 interaction 

with p62. Normal rabbit IgG and agarose beads alone were used as control. More than 

three independent experiments were conducted. K) Representative immunoblot images of 

NBR1, CK1, PKCδ, and TAK1 protein expression in SO and EDL muscle. L) Quantification 

of NBR1, CK1, PKCδ, and TAK1 proteins expression in SO and EDL muscle. Protein 

expression comparisons were performed after normalization to ponceau. Results are 

represented as means ± SE (n=8/group, unless specified otherwise). Data was analyzed 

with unpaired t-tests. *P<0.05, **P<0.01, ***P<0.001.
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Figure 3. 
Increased p62 expression induces Nrf2 activation and enhances antioxidant protein 

expression in skeletal muscle. A) PCR images of genotyping. B) Representative immunoblot 

denoting p62 protein expression of p62 mTg in line L and wild-type littermate (WT) mice 

in plantaris muscle (SKM), heart, liver, lung, and kidney. C) Representative immunoblot 

images of phosphorylated p62 at Ser351 (p-p62 Ser351) and p62 protein expression in 

glycolytic white vastus lateralis (WV) muscle of p62 mTg and WT mice. D) Quantification 

of p-p62 Ser351 and p62 proteins expression in WV muscle of p62 mTg and WT mice. 
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E) Representative immunoblot images of co-immunoprecipitation analysis in the tibialis 

anterior muscle for Keap1 interaction with p62. Normal rabbit IgG and agarose beads 

alone were used as control. More than three independent experiments were conducted. F) 

Representative immunoblot images of Keap1 and Nrf2 protein expression in WV muscle 

of p62 mTg and WT mice. G) Quantification of Keap1 and Nrf2 proteins expression in 

WV muscle of p62 mTg and WT mice. H) Representative immunoblot images of nuclear 

and cytoplasmic Nrf2 protein (Nuc Nrf2 and Cyto Nrf2, respectively) in white portion 

of gastrocnemius (GA white) muscle of p62 mTg and WT mice. I) Quantification of 

nuclear and cytoplasmic Nrf2 proteins in GA white muscle of p62 mTg and WT mice. 

J) Representative immunoblot images of antioxidant proteins expression in WV muscle 

of p62 mTg and WT mice. K) Representative immunoblot images of antioxidant proteins 

expression in WV muscle of p62 mTg and WT mice. Protein expression comparisons were 

performed after normalization to ponceau. Results are represented as means ± SE (n=8/

group, unless specified otherwise). Data was analyzed with Mann-Whitney test for NQO1 

(K) and Nuc Nrf2 (I), and unpaired t-tests for all other variables. *P<0.05, ***P<0.001.
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Figure 4. 
Enhanced muscle-specific p62 expression at physiological level does not affect muscle mass 

and function. A) Body weight in line L of muscle-specific p62 overexpression (p62 mTg) 

and wild-type littermate (WT) mice. B) Oxidative soleus (SO), mixed fiber type of tibialis 

anterior (TA) and gastrocnemius (GA), and glycolytic extensor digitorum longus muscle 

(EDL) weight (normalized by tibia length) in line L of p62mTg and WT mice. C) Running 

capacity in line L of p62 mTg and WT mice. D) Grip strength in line L of p62 mTg and 

WT mice. E) Hematoxylin and Eosin staining of TA muscle cross-sections stained in line 

L of p62 mTg and WT mice. F) Immunofluorescence images of TA muscle cross-sections 

stained with antibodies for MyHCIIa (blue) and MyHCIIb (green) in line L of p62 mTg 

and WT mice. Non-stained fibers were analyzed as MyHCIId/x (black). G) Histograms of 

MyHCIIa, MyHCIIb, and MyHCIId/x fiber size distribution in line L of p62 mTg and WT 

mice according to cross-sectional area (n=6/group). H) Average minimal Feret’s diameter of 

MyHCIIa, MyHCIIb, and MyHCIId/x fiber in line L of p62 mTg and WT mice (n=6/group). 

Results are represented as means ± SE (n=7–8/group, unless specified otherwise). Data was 

analyzed using unpaired t-test.
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Figure 5. 
Antioxidant protein expression of mice with muscle-specific p62 overexpressed muscle-

specific Nrf2 haplodefficiency mice. A) Generation of the muscle-specific p62 

overexpressed muscle-specific Nrf2 haplodefficiency mice (p62 mTg; Nrf2 skmHET). 

Mlc1f-Cre/Nrf2f/f (muscle-specific Nrf2 KO mice; Nrf2 skmKO) were mated to produce 

p62 mTg in line H mice, and then obtained Nrf2f/+, Cre; Nrf2f/+, p62mTg; Nrf2f/+, and 

p62mTg; Nrf2 skmHET. B) p62 and Nrf2 mRNA expression in Nrf2f/+ and p62mTg; Nrf2 

skmHET mice in plantaris muscle (SKM), heart, liver, kidney, and lung (n=2–4/group). C) 

Representative immunoblot images of Nrf2 protein expression in isolated EDL muscle fibers 

of Nrf2f/− and p62mTg; Nrf2 skmHET mice.

D) Representative immunoblot images of phosphorylated p62 at Ser351(p-p62 Ser351), 

p62, CuZnSOD, MnSOD, EcSOD, NQO1, HO-1, and GSTM1 protein expression in WV 

muscle of p62mTg; Nrf2 skmHET and WT mice. E) Quantification of p-p62 Ser351, 

p62, CuZnSOD, MnSOD, EcSOD, NQO1, HO-1, and GSTM1 protein expression in WV 
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muscle of p62mTg; Nrf2 skmHET and WT mice. Protein expression comparisons were 

performed after normalization to ponceau. Results are represented as means ± SE (n=6–

10/group, unless specified otherwise). Data was analyzed using unpaired t-test (B) and 

One-way ANOVA followed by Tukey’s multiple comparisons test (E). *P<0.05, **P<0.01, 

***P<0.001.
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Figure 6. 
p62 overexpression protects glycolytic muscles against cancer cachexia. A) Study design. B) 

Change of body weight in line L of p62 mTg and wild-type littermate (WT) mice injected 

with LLC cells or PBS. C) Spleen weight in line L of p62 mTg and WT mice injected with 

LLC cells or PBS (n=8–9/group). D) Oxidative soleus (SO), mixed fiber type of tibialis 

anterior (TA) and gastrocnemius (GA), and glycolytic extensor digitorum longus muscle 

(EDL) weight (normalized to tibia length) in line L of p62 mTg and WT mice injected with 

LLC cells or PBS. E) Percent change of SO, TA, GA, and EDL muscle weight in line L of 
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p62 mTg and WT mice injected with LLC cells or PBS. F) Grip strength in line L of p62 

mTg and WT mice injected with LLC cells or PBS. G) Hematoxylin and Eosin staining of 

TA muscle cross-sections stained in line L of p62 mTg and WT mice injected with LLC 

cells or PBS. H) Immunofluorescence images of TA muscle cross-sections stained with 

antibodies for MyHCIIa (blue) and MyHCIIb (green) in line L of p62 mTg and WT mice 

injected with LLC cells or PBS. Non-stained fibers were analyzed as MyHCIId/x (black). 

I) Histograms of MyHCIIa, MyHCIIb, and MyHCIId/x fiber size distribution in line L of 

p62 mTg and WT mice injected with LLC cells or PBS according to cross-sectional area 

(n=8/group). J) Average minimal Feret’s diameter of MyHCIIa, MyHCIIb, and MyHCIId/x 

fiber in line L of p62 mTg and WT mice injected with LLC cells or PBS (n=8/group). 

K) Representative immunoblot images of MDA expression in the glycolytic white vastus 

lateralis (WV) muscle of p62 mTg in line L and WT mice injected with LLC cells or 

PBS. L) Quantification of MDA expression in WV muscle of p62 mTg in line L and WT 

mice injected with LLC cells or PBS (n=7–11/group). Protein expression comparisons were 

performed after normalization to ponceau. Results are represented as means ± SE (n=10/

group, unless specified otherwise). Data was analyzed using unpaired t-test (E), Two-way 

ANOVA followed by Tukey’s multiple comparisons test (B, D, F, J, and L), Friedman’s 

test (C), and Chi-square test (I). *P<0.05, **P<0.01, ***P<0.001; †P<0.05 in comparison to 

each control of day 28; §P<0.05 in comparison to each control of day 0.
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