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ABSTRACT
Muscle RING-finger protein 1 (MuRF1, gene name: TRIM63) is well known as a critical molecular regulator in skeletal muscle 
atrophy. Despite the identification of several substrates and interaction partners for MuRF1, the precise molecular mechanisms 
by which MuRF1 causes skeletal muscle atrophy remain unclear. To gain further insight into the underlying mechanism of skel-
etal muscle atrophy, we applied targeted biochemical approaches and identified tripartite motif-containing protein 72 (TRIM72) 
as a novel MuRF1-interacting protein. Subsequent analysis using MuRF1 knockout and rescue experiments showed that TRIM72 
protein abundance is dependent on the presence of MuRF1 protein. Furthermore, TRIM72 protein level was increased by dex-
amethasone treatment in C2C12 myotubes, alongside increased MuRF1 protein level. Dexamethasone decreases IRS1/Akt sig-
naling and glucose uptake specifically in wild type myotubes, but not in MuRF1 KO myotubes. Further analysis showed that 
overexpression of TRIM72 impairs IRS1/Akt signaling without the presence of MuRF1, indicating that MuRF1 induces a neg-
ative impact on insulin signaling through a plausible cooperation with TRIM72. Our findings provide novel non-degradative 
molecular roles of MuRF1 that link together skeletal muscle atrophy and impaired insulin sensitivity.

1   |   Introduction

Muscle RING-finger protein 1 (MuRF1; gene name: TRIM63) 
is a muscle-specific E3 ligase highly critical in skeletal muscle 

atrophy [1, 2], but how MuRF1 regulates skeletal muscle mass 
at the molecular level remains poorly understood [1]. MuRF1 
protein increases in several human and rodent models of de-
nervation-, immobilization-, or unweighting-induced skeletal 
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Abbreviations: Akt, protein kinase B; ANOVA, analysis of variance; BSA, bovine serum albumin; Cas9, CRISPR-associated protein; CO2, carbon dioxide; Con, 
control; CRISPR, clustered regularly interspaced short palindromic repeats; Dex, Dexamethasone; DMEM, Dulbecco's modified eagle's medium; DNA, 
deoxyribonucleic acid; FoxO, forkhead box; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GFP, green fluorescent protein; h, hours; IGF-1, insulin like growth 
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muscle atrophy [1–6]. Consistent with this, MuRF1 gene dele-
tion can partially prevent denervation- and dexamethasone-
induced skeletal muscle atrophy in mice [1,2]. Mechanistically, 
MuRF1 was reported to target myofibrillar proteins, such 
as myosin heavy chains (MHC), Myosin Binding Protein-C 
(MyBP-C), Myosin Light Chains 1 (MyLC1), and Myosin Light 
Chains 2 (MyLC2) for ubiquitylation and subsequent degra-
dation via the ubiquitin proteasome system (UPS) to promote 
skeletal muscle atrophy [7, 8]. MuRF1 is widely accepted as a 
biomarker of muscle atrophy, but recent studies suggest that 
it may also regulate a range of other non-degradative cellular 
processes [9–11].

Impaired insulin signaling is known as a key driver of mus-
cle protein degradation [12], primarily through reduced Akt 
activity, which leads to decreased FOXO phosphorylation, 
thereby increasing the protein abundance of the E3 ubiquitin 
ligase MuRF1 [13, 14]. However, the molecular links between 
insulin signaling and MuRF1-dependent muscle atrophy re-
main unclear. A recent study led by Labeit et al. [15] suggested 
that MuRF1 overexpression negatively regulates glucose me-
tabolism in diabetic mice by impairing PI3K/Akt signaling. 
Their study showed that MuRF1 knockout (KO) mice exhibit 
an increased Akt phosphorylation at Ser473 in skeletal mus-
cle [15]. Interestingly, a treatment of MyoMed-205 stabilizes 
the serum glucose in the diabetic mice [15]. Similarly, MuRF1 
knockout mice revealed that MuRF1 negatively regulates in-
sulin sensitivity [16]. These findings may point to a possible 
mechanistic link between MuRF1 and insulin signaling, rais-
ing the possibility that MuRF1 may play a role in insulin resis-
tance and subsequent muscle wasting [17].

Besides MuRF1, several E3 ligases have been shown to reg-
ulate the IRS1/Akt signaling pathway. For example, Cbl-b 
(Casitas B-lineage lymphoma proto-oncogene-b), another 
RING-type E3 ligase, catalyzes the ubiquitylation of the 
IRS1 protein and promotes its degradation in glucocorticoid-
induced atrophy [18]. Blocking the interaction between Cbl-b 
and the IRS1 protein using phosphopentapeptide DGpYMP 
prevents glucocorticoid-induced atrophy [19]. SCF-Fbxo40 is 
also another E3 ligase that ubiquitylates and degrades IRS1 
upon IGF-1 stimulation [20]. In a previous study, SCF-Fbxo40 
was found to be overexpressed in denervation-induced at-
rophy [21], whereas SCF-Fbxo40 knockdown in mice using 
siRNA (small-interfering RNA) results in a thicker myotube 
diameter [20]. TRIM72 (tripartite motif-containing protein 
72), another muscle-specific RING-type E3 ligase, ubiquityl-
ates and promotes the degradation of IRS1 in cells [22, 23]. 
In contrast, TRIM72 knockdown in mice activates Akt and 
promotes myogenesis [23, 24]. However, these findings are 
contradicted by Philouze and colleagues, who reported that 
TRIM72 is not a critical regulator of insulin signaling in their 
in  vitro and in  vivo experimental models [25]. This discrep-
ancy may be explained by differences in experimental design, 
as TRIM72's negative effects on insulin signaling appear to be 
specific to models of severe diabetes [26]. Supporting this no-
tion, Wu et al. [27] demonstrated that high-glucose and insulin 
levels, mimicking the diabetic milieu, stimulate the secretion 
of TRIM72 from muscle tissue. While MuRF1, TRIM72, and 
Cbl-b E3 ligases have RING domains that facilitate ubiquitin 
transfer, MuRF1 and TRIM72 also have B-box and coiled-coil 

domains that mediate protein–protein interactions [28]. 
Consistently, MuRF1's B-box2 domain has been shown to 
interact with muscle-type creatine kinase [11] and titin [29] 
in skeletal muscle. Surprisingly, a recent study demonstrated 
that inhibiting MuRF1 reduced both MuRF1 and TRIM72 lev-
els in obese ZSF1 rats [30], indicating a possible functional 
interaction between these two E3 ligases.

The number of substrates that MuRF1 targets for ubiquityla-
tion is currently unclear, making it difficult to understand how 
MuRF1 overexpression causes muscle atrophy. A recent study 
led by Baehr et al. [2] suggests that MuRF1 could induce mus-
cle atrophy via previously unexplored non-degradative mech-
anisms. In their study, MuRF1 overexpression in mice was 
sufficient to cause atrophy, but the majority of its ubiquitylated 
target proteins do not undergo degradation [2]. Further analysis 
by Baehr et al. [2] showed that MuRF2, MuRF3, and TRIM25 
E3 protein abundances were positively correlated with MuRF1 
overexpression [2], demonstrating that MuRF1 may coordinate 
with other E3 ligases to regulate skeletal muscle mass. This 
highlights the need to explore MuRF1's non-canonical roles and 
its interactors.

This study examined the molecular function of MuRF1 and 
its interplay with TRIM72 in skeletal muscle myotubes. To 
model insulin resistance and atrophy that replicate features 
of advanced diabetes, we employed dexamethasone treatment, 
a well-established method validated in rodents and C2C12 
cell lines [31–33]. We identified TRIM72 as a novel interact-
ing partner of MuRF1 and validated their association in liv-
ing cells. Skeletal muscle myotubes lacking MuRF1 showed 
a significant reduction in TRIM72 protein, while the MuRF1 
rescue experiment restored TRIM72 protein abundance. To 
examine the functional significance of this interaction, we 
compared wild-type and MuRF1 knockout myotubes under a 
dexamethasone (Dex) treatment. Dex treatment upregulated 
both MuRF1 and TRIM72, concomitant with impaired IRS1/
Akt signaling and diminished glucose uptake, effects that 
were absent in MuRF1-deficient cells. These findings estab-
lish TRIM72 as a critical effector of MuRF1's role in muscle 
atrophy and insulin resistance, providing new mechanistic 
insights into the interplay between proteolytic and metabolic 
pathways in skeletal muscle.

2   |   Materials and Methods

2.1   |   Antibodies and Reagents

The following antibodies were applied for western blot anal-
ysis: Anti-MuRF1 (Santa Cruz SC-398608; 1:1000), Anti-
TRIM72 (Antib​odies.​com A84884; 1:8000), Anti-phospho 
Akt (Ser473) (Cell Signaling Technology 4060; 1:1000), Anti-
phospho-Akt (T308) (Cell Signaling Technology 2965; 1:1000), 
Anti-phospho-P70 S6K1 (T389) (Cell Signaling Technology 
9234; 1:1000), Anti-GAPDH (Cell Signaling Technology 
5174; 1:1000), Anti-IRS1 (Cell Signaling Technology 3407; 
1:1000), Anti-GFP (Chromotek 3H9-100; 1:2000), Anti-FLAG 
M2 (Sigma-Aldrich F1804; 1:1000), Anti-Vinculin (Abcam 
ab73412; 1:1000), Anti-Myosin (fast) (Sigma M4276; 1:1000), 
Anti-PAX7 antibody (ThermoFisher; PA1-117, 1:1000), and 
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Anti-Myosin (Slow) (Sigma M8421; 1:1000). The follow-
ing secondary HRP-linked antibodies were applied: Anti-
goat (Cell Signaling Technology 7077; 1:10000), Anti-mouse 
(Cell Signaling Technology 7076; 1:10000), Anti-rabbit (Cell 
Signaling Technology 7074; 1:10000), and Anti-rat (Cell 
Signaling Technology 7077; 1:5000) antibodies. The re-
agents for cell culture that were used include: High-glucose 
GlutaMAX Dulbecco's Modified Eagle Medium with 1 mM of 
sodium pyruvate (Thermo Fisher Scientific, Loughborough, 
UK, 31966021); Cytiva hyclone foetal bovine serum 
(Fisher Scientific, South America, 10 309 133); Penicillin–
Streptomycin (10 000 Units/mL–μg/mL); Horse serum (Sigma-
Aldrich, Cambridgeshire, UK, H1270); DPBS (Sigma, 14 190); 
polybrene infection reagent (Merck life scientific UK, TR-
1003); and 0.05% phenol red Trypsin–EDTA (Fisher Scientific, 
25 300 062); Polyethylenimine (PEI) solution (Sigma, 408 727); 
Puromycin (Sigma-Aldrich, P8833); GAG/POL and VSV-G 
plasmids purchased from Clonetech (Saint-Germain-en-Laye, 
France). Chemicals/compounds such as Dexamethasone 
(Sigma-Aldrich D4902) and Insulin solution human (Sigma-
Aldrich, Poole, UK; I9278) were used.

2.2   |   Cell Lines and Culture

L6 rat and C2C12 mouse skeletal muscle myoblasts were pur-
chased from the American Type Culture Collection (ATCC, 
Manassas, VA, USA). GFP-MuRF1 knocked-in (KI) and MuRF1 
knockout (KO) C2C12 cell lines were developed using the 
CRISPR/Cas9 system as described previously [34].

Firstly, the sense and antisense sgRNA constructs for A (tCT-
GATTCCTGATGGAAACGCTA, GCTGATCTGCCCCATCTG  
CCTtG); sense and antisense sgRNA constructs for B (tCT-
GGAGAAGCAGCTGATCTGCC, tGAGATGTTTACCAAG-
CCTGTcG), which target the N-terminal GFP knock-in to 
the MuRF1 locus, and the Nter GFP donor (pMK-RQ vector, 
DU60520) were generated via the CRISPR vector designing 
tool (http://​tools.​genom​e-​engin​eering.​org). The generated 
oligonucleotides identified were annealed to their respective 
complements with the cloning tag “a”, “g” as was shown in the 
following: Nter KI as A (TAGCGTTTCCATCAGGAATCAGa, 
CaAGGCAGATGGGGCAGATCAGC) and Nter KI as B 
(GGCAGATCAGCTGCTTCTCCAAGa, CgACAGGCTTGGT  
AAACATCTCa) to generate dsDNA inserts with compatible 
overhangs to the BbsI restriction site of pBabeD-puro and pX335-
Cas9-D10A vectors. The antisense sgRNA was cloned onto 
pX335-spCas9-D10A (Addgene, 42335) and the sense sgRNA 
cloned onto the pBabeD-puro (puromycin selectable plasmid 
P U6). C2C12 myoblasts cells of 60%–70% confluency were 
co-transfected with 1 μg CRISPR plasmids and 3 μg of the flu-
orescent GFP tag donor plasmid using polyethylenimine (PEI) 
transfection reagent. After 48 h co-transfection, the transfected 
C2C12 mouse skeletal muscle cell was selected using 2 μg/mL 
puromycin. The selected pool of clones was subsequently single-
cell sorted and collected into 96 well plates using the ARIA fu-
sion sorter (BD Biosciences, Berkshire, UK). This was carried 
out by a specialist at the University of Birmingham's flow cytom-
etry center (Institute of Biomedical Research). Positive clones 
for GFP-MuRF1 KI and MuRF1 KO C2C12 were validated by 
immunoblotting.

L6 stably expressing GFP-MuRF1 and GFP empty were gener-
ated using a retrovirus encoding human MuRF1 protein fused 
with a GFP tag at the N-terminus or a retrovirus encoding a GFP 
empty, respectively. Briefly, cDNA plasmids for a human MuRF1 
protein fused with a GFP tag at the N-terminus or a GFP empty 
were cloned into a pBABED.puro vectors, respectively. The con-
struct was co-transfected into HEK293 FT cells with GAG/POL 
and VSV-G expression plasmids (Clonetech, Saint-Germain-en-
Laye, France) for retrovirus production using polyethylenimine 
(PEI) transfection reagent in accordance with the manufactur-
er's instructions. Virus was harvested 48 h after transfection and 
applied to L6 skeletal muscle myoblasts in the presence of 10 μg/
mL polybrene (Sigma-Aldrich, Cambridgeshire, UK). After 48 h 
of infection, the infected L6 rat skeletal muscle cell was selected 
using 2 μg/mL puromycin. Positive GFP-MuRF1 and GFP were 
cultured for further expansion and cryopreserved after being 
validated by western blotting. All myoblast cells were cultured 
and grown in high-glucose Dulbecco's modified eagle medium 
(DMEM) supplemented with 10% (v/v) fetal bovine serum and 
1% (v/v) Penicillin–Streptomycin (10 000 units/mL–μg/mL). 
At about 90% confluency, skeletal muscle myoblasts were dif-
ferentiated into myotubes for at least 5 days using high-glucose 
DMEM supplemented with 2% (v/v) horse serum (HS) and 1% 
(v/v) penicillin–streptomycin (10 000 units/mL-μg/mL). To 
maintain cells or myotubes' viability, the medium was changed 
every 2 days until cells were fully differentiated. The description 
of drug treatment on myotubes was discussed in the respective 
figure legends.

2.3   |   Transient Transfection of Mammalian 
Cell Lines

Transient transfections were performed using Polyethylenimine 
(PEI) transfection reagent. Specifically, maintained culture cells 
or myotubes were transfected with the required plasmid DNA in 
a 1:2.5 ratio (μL/μg) of PEI to the plasmid. Briefly, PEI and plas-
mid DNA were firstly mixed individually in a separate eppen-
dorf tubes containing 500 μL DMEM devoid of serum for 5 min 
at room temperature. After 5 min of incubation, the PEI/DNA 
mixture was combined into one and was further incubated for 
20 min before being added dropwise onto the cells or myotubes. 
After overnight incubation, fresh media were replaced to wash 
out PEI remnants after transfection. At 48 h post transfection, 
cells were lysed and harvested for analysis.

2.4   |   Cell Lysis

At the end of experiments, cells or myotubes prewashed with 
ice-cold DPBS were lysed and collected in cold sucrose lysis 
buffer containing 250 mM of sucrose, 10 mM of sodium β-
glycerolphosphate, 50 mM of Tris-base (pH 7.5), 5 mM of sodium 
pyrophosphate, 50 mM of sodium fluoride, 1 mM of EDTA, 
1 mM of benzamidine, 1 mM of EGTA, 1 mM of sodium ortho-
vanadate, 1% of Triton X-100, 1× complete Mini EDTA-free 
protease inhibitor cocktail, and 100 mM of 2-chloroacetamide. 
Lysates were pelleted for 15 min at 4°C at 13 000 rpm, and the 
supernatant was collected and stored at −80°C for analysis. 
Protein extracts were quantified with Bradford's assay using 
BSA as protein standards.
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2.5   |   Sample Preparation

Protein lysates were prepared using 1× LDS sample buffer 
(NuPAGE, Invitrogen, NP0008). Samples were left overnight in 
1.5% of 2-mercaptoethanol to denature at room temperature be-
fore analysis.

2.6   |   GFP Pull Down

20 μL of GFP-trap agarose or IgG bead slurry prewashed 
with an ice-cold DPBS was then washed twice with ice-cold 
sucrose lysis buffer before being incubated with 2 mg lysates 
overnight on a rotating wheel at 4°C. Beads were then pel-
leted by centrifugation at 3500 rpm for 1 min at 4°C. After 
being pelleted (washing) three times with sucrose lysis buf-
fer, the co-immunoprecipitated proteins were eluted with 2× 
NuPAGE LDS sample buffer. Samples were left overnight in 
1.5% of 2-mercaptoethanol to denature at room temperature 
before analysis.

2.7   |   Western Blotting

Aliquots from the prepared samples were loaded and run on 
10% Bis/Tris gels (ThermoFisher Scientific, Leicestershire, UK) 
in 1× MOPS buffer (ThermoFisher Scientific, Leicestershire, 
UK) for approximately 75 min at 140 V. Proteins from the 
gel were transferred to 0.2 μM PVDF (polyvinylidene fluo-
ride) membranes (Millipore, Hertfordshire, UK) in 1× trans-
fer buffer containing 20 mM Tris base, 150 mM glycine, and 
20% methanol for 1 h at 100 V and 4°C. The membranes were 
blocked for 1 h in 5% (w/v) dried skimmed milk diluted with 
TBS-T (Tris-buffered saline Tween 20): 20 mM of Tris base, 
PH, 137 mM of sodium chloride, and 0.1% of Tween-20. To 
wash off the residual milk solution, membranes were washed 
three times for 10 min each in TBS-T prior to incubation in 
primary antibodies prepared in 3% of BSA diluted with TBST. 
Membranes were incubated in primary antibody on a rocker 
at 4°C overnight. Membranes were washed three times for 
10 min each in TBST before incubating in horseradish peroxi-
dase conjugated secondary antibodies for 1 h at room tempera-
ture. After membranes were washed three times for 10 min 
each in TBST, antibody binding detection was performed 
using enhanced chemiluminescence (ECL) horseradish per-
oxidase substrate detection kit (Millipore, Hertfordshire, UK). 
G: BOX Chemi-XR5 (Syngene, Cambridgeshire, UK) was used 
to acquire images.

2.8   |   Glucose Uptake Measurements

Glucose uptake was measured using “Promega Glucose Uptake 
Glo assay” as described elsewhere [35]. Briefly, 20 000 cells were 
seeded into each well of a 96-well plate. At 90% confluence, 
differentiation was initiated by replacing growth media with 
100 μL DMEM supplemented with 2% horse serum. C2C12 WT 
and MuRF1 KO myotubes pre-treated with 1 μM of dexametha-
sone (Dex) or 0.1% ethanol (vehicle control) for 24 h were serum-
starved overnight before the assay. After overnight serum 
starvation, wells were washed with 100 μL DPBS and myotubes 

were incubated with or without 1 μM insulin for 1 h in a 5% CO2, 
95% air incubator at 37°C. After the incubation, myotubes were 
washed with 100 μL DPBS. Next, 1 mM 2DG in DPBS was added 
to each well (including myotube-free wells as blank control) for 
30 min at 25°C. After which, stop buffer was added to each well 
to lyse the myotubes, which were then transferred to a 384-well 
plate and neutralized with Neutralization Buffer. Following a 
brief shake at 500 rpm, 20 μL of detecting reagent was applied to 
all wells and kept in the dark for 1 h at 25°C. Luminescence was 
assessed using a BMG Labtech FLUOstar Omega microplate 
reader (Aylesbury, UK). Control wells (2DG: without myotubes) 
provided the assay background and were subtracted from all 
conditions. Values for glucose uptake are total 2DG accumu-
lation per well, corrected for background (wells without cells), 
and expressed as fold-change relative to non-insulin-stimulated 
controls within each genotype/treatment group.

2.9   |   Data Analysis

ImageJ/Fiji (National Institutes of Health, USA) was used for 
protein band quantification. The proteins of interest were nor-
malized in relation to the experimental controls.

2.10   |   Statistical Analysis

GraphPad Prism Software version 9 (San Diego, California, 
USA) was used to run all the statistical analyses. One-way anal-
ysis of variance was used for multiple group comparisons. For 
time course and dose response experiments, one-way analysis 
of variance was performed before Dunnett's multiple compari-
sons post hoc test analysis. Two-way analysis of variance of gen-
otype (WT vs. KO) and treatment (Con vs. DEX) was performed 
before Tukey's multiple comparisons post hoc test analysis. All 
presented data are mean ± SD. Statistical significance was set at 
p < 0.05. The number of biological replicates and independent 
experiments performed is described in the figure legends.

3   |   Results

3.1   |   Identification of TRIM72 as a Novel 
MuRF1-Interacting Protein

The convergence of TRIM72 and MuRF1, on the negative reg-
ulation of insulin signaling and the finding that MuRF1 inhi-
bition decreases TRIM72 prompted us to firstly investigate the 
interactions between these two proteins. To investigate this, 
we first generated L6 skeletal muscle cell lines that stably ex-
press GFP-MuRF1 or GFP alone, as a control. The generated 
cells were differentiated into myotubes. Protein lysates were 
prepared and subjected to GFP pulldown, followed by im-
munoblotting for TRIM72. Our results showed that TRIM72 
co-immunoprecipitated with MuRF1, confirming a direct in-
teraction between these two proteins in cell (Figure 1A, upper 
panel).

Due to the lack of antibodies that are appropriate for MuRF1 
immunoprecipitation, MuRF1 N-terminal GFP knock-in (GFP-
MuRF1) C2C12 muscle cells were generated using CRISPR/Cas9 
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technology to test the interaction between MuRF1 and TRIM72 
under endogenous conditions and in a different muscle cell line. 
The way the KI system is set up via CRISPR/Cas9-mediated in-
sertion of a GFP tag at the N-terminus of the endogenous MuRF1 
locus makes it likely that total GFP-MuRF1 levels are similar 
to WT levels, which means that TRIM72 abundance remains 
the same as MuRF1 (Figure S1). Again, GFP pulldown showed 
that TRIM72 co-immunoprecipitated with GFP-MuRF1, but not 
with IgG (Figure 1B). These results demonstrated that MuRF1 
and TRIM72 physically interact also in C2C12 skeletal muscle 
cells. To further confirm the interaction between MuRF1 and 
TRIM72 in another cell type, we transiently co-transfected Flag-
TRIM72 either with GFP-MuRF1 or GFP-empty in HEK293 
cells. The GFP pulldown products were immunoblotted with 
the Flag-tagged HRP-conjugated antibody for TRIM72. The 
results showed that TRIM72 was pulled down together with 
GFP-MuRF1, and its interaction was notably reduced in the 
GFP-alone control, although with some variability between 
samples (Figure  1C, upper panel). These results showed that 
MuRF1 interacts with TRIM72 in different cell types when one 
or both are overexpressed, explaining why MuRF1 inhibition re-
duces TRIM72 protein levels in a previous study [30].

3.2   |   TRIM72 Protein Abundance Is Dependent on 
the Presence of MuRF1 Protein in C2C12

We next examined whether TRIM72 constitutes a functional 
interaction partner or represents a substrate of MuRF1 pro-
tein. We used CRISPR/Cas9 technology to generate a MuRF1 
knockout (KO) in the C2C12 skeletal muscle cell line. Myoblasts 

of wild-type (WT) or two different clones of MuRF1 KO C2C12 
were differentiated into myotubes. As expected, MuRF1 protein 
content was not detected in MuRF1 KO cells, indicating the 
successful knockout of MuRF1 (Figure 2A). Notably, TRIM72 
protein levels were significantly reduced in MuRF1 KO myo-
tubes, compared to WT (Figure 2A,B). Despite the inter-clonal 
variation, both clones consistently showed TRIM72 reduction 
vs. WT (p < 0.0001; Figure  2B). The difference between Clone 
1 and Clone 2 likely reflects inherent clonal variability, which 
is common in CRISPR-Cas9-generated cell lines due to sto-
chastic genomic or epigenetic heterogeneity [36]. For the ben-
efit of reproducibility, Clone 1 was chosen for the subsequent 
experiments. We next examined if a transient reintroduction of 
MuRF1 could restore TRIM72 protein abundance. TRIM72 pro-
tein was partially restored when Flag-MuRF1 was transiently 
overexpressed in the MuRF1 KO cells (Figure 2C,D). It is known 
from previous studies that these two proteins increase during 
the differentiation [24, 37]. Thus, the restoration of TRIM72 pro-
tein when MuRF1 was added in MuRF1 KO myotubes led us to 
compare their functional relationship during the differentiation 
time course (Figure 2E,F). The data showed that TRIM72 pro-
tein abundance is associated with MuRF1 upregulation along 
the differentiation time course, but MuRF1 protein increases 
first and then TRIM72 protein (Figure  2E,F). Taken together, 
our results suggest that the abundance of TRIM72 protein is 
MuRF1 protein upregulation dependent in skeletal muscle cells, 
demonstrating the contextual functional relationship between 
TRIM72 and MuRF1 proteins. Previous studies demonstrated 
that TRIM72 is a known negative regulator of IRS1/Akt signal-
ing [22, 38]. We therefore further explored the roles of MuRF1 
and TRIM72 in IRS1/Akt signaling.

FIGURE 1    |    MuRF1 interacts with TRIM72 in skeletal muscle cells. (A) Verification of MuRF1 interaction with endogenous TRIM72 in L6 myo-
tubes that stably expressed GFP-MuRF1. Total lysates (1 mg) from L6 myotubes that stably expressed GFP-MuRF1 or GFP-empty were subjected to 
GFP pulldown using GFP-Trap agarose beads. The pulldown products were immunoblotted with the indicated antibodies. To confirm protein abun-
dance and loading control, total lysates (lower panel) were immunoblotted with the indicated antibodies. Immunoblots were representative of three 
independent experiments. (B) Verification of endogenous MuRF1 interaction with endogenous TRIM72 in GFP-MuRF1 knock-in C2C12 myotubes. 
Total lysates (1 mg) from GFP-MuRF1 knock-in C2C12 myotubes were subjected to GFP pulldown using GFP-Trap agarose beads or beads bound 
with IgG (as a control). The pulldown products and immunoprecipitates were immunoblotted with the indicated antibodies. To confirm protein 
abundance and loading control, total lysates (lower panel) were immunoblotted with the indicated antibodies. Immunoblots were representative of 
three independent experiments. (C) Verification of MuRF1 and TRIM72 interaction in HEK293 cells. HEK293 cells were transiently co-transfected 
with FLAG-TRIM72 and either with GFP-MuRF1 or GFP-empty (as a control) for 48 h. Total lysates (0.5 mg) were subjected to pulldown using GFP-
Trap agarose beads. The pulldown products were immunoblotted with the indicated antibodies. To confirm exogenous protein abundance, total 
lysates (lower panel) were immunoblotted with the indicated antibodies. Immunoblots were representative of one experiment.
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3.3   |   Dexamethasone Increases TRIM72 
and MuRF1 Protein Abundances While Decreasing 
IRS1/Akt Signaling in C2C12 Myotubes

Here we aim to determine the functional relationship between 
TRIM72 and MuRF1 in relation to insulin signaling impair-
ment using dexamethasone treatment, a well-established 
method validated in rodents and C2C12 cell lines [31–33, 
35]. MuRF1 protein content is known to be increased in 

dexamethasone (Dex) treated C2C12 myotubes [39]. We next 
examined whether TRIM72 protein is similarly upregulated 
in dexamethasone treated C2C12 myotubes. As expected, Dex 
treatment increased MuRF1 and also TRIM72 protein abun-
dance (Figure 3B,C). Pearson's correlation coefficient analysis 
from the Dex dose–response treatment data (Figure 3D) shows 
a positive correlation between TRIM72 and MuRF1 protein 
abundance (r = 0.698, p < 0.0001). Previous studies showed 
that overexpression of TRIM72 reduces IRS1 protein levels in 

FIGURE 2    |    TRIM72 abundance is associated with MuRF1 upregulation in C2C12 myotubes. (A) TRIM72 protein levels are reduced in MuRF1 
knockout C2C12 myotubes. Total lysates from WT (wild type) or two different MuRF1 knockout (KO 1 and 2) C2C12 myotubes were analyzed by 
immunoblotting and probed with the indicated antibodies. Immunoblots were representative of four independent experiments. (B) Quantification 
of TRIM72 protein abundance in WT and MuRF1 KO C2C12 myotubes. Quantitative data from (A) were normalized to WT and subjected to one-
way analysis of variance (ANOVA) before Dunnett's multiple comparisons post hoc test analysis. Error bars indicate the mean ± standard deviation 
(n = 4). ****p < 0.0001 compared to WT. (C) Transient overexpression of MuRF1 restored TRIM72 protein abundance in MuRF1 KO myotubes. Total 
lysates of C2C12 myotubes from WT or MuRF1 KO with and without transient transfection of 3xFLAG-MuRF1 for 48 h were analyzed by immuno-
blotting and probed with the indicated antibodies. Immunoblots were representative of four independent experiments. (D) Quantification of TRIM72 
protein abundance in WT and MuRF1 KO with and without transient transfection of 3xFLAG-MuRF1. Quantitative data from (C) were normalized 
to WT and subjected to one-way analysis of variance (ANOVA) before Dunnett's multiple comparisons post hoc test analysis. Error bars indicate the 
mean ± standard deviation (n = 4). ****p < 0.0001 compared to WT. (E) Representative blots of two independent experiments showing MuRF1 and 
TRIM72 protein abundance during differentiation time course for up to 13 days in C2C12 cells. Total lysates from C2C12 cells at the indicated days 
of differentiation were analyzed by immunoblotting and probed with the indicated antibodies. (F) Bar chart analysis of MuRF1 and TRIM72 protein 
abundance during differentiation time course in C2C12 cells. Quantitative data from (E) were normalized to day 0 and presented as a bar chart. n = 2 
in each time point.
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C2C12 myotubes [22]. After showing that MuRF1 and TRIM72 
proteins are both upregulated after Dex treatment, we wanted 
to know whether IRS1 protein level is also reduced by Dex 
treatment. We observed that IRS1 protein level (Figure  3E), 
Akt phosphorylation at Ser 473 (Figure  3F) and Thr 308 
(Figure  3G) were reduced by 1 μM of Dex treatment where 

TRIM72 and MuRF1 protein content increased. Additionally, 
the reduced phosphorylation status in the downstream of 
mTOR, such as p70 S6K1 phosphorylation at Thr 389, further 
supported the decreased Akt activity (Figure 3H). Taken to-
gether, these results show that MuRF1 and TRIM72 proteins 
are both upregulated by Dex treatment with a concomitant 

FIGURE 3    |     Legend on next page.
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reduction of the IRS1/Akt signaling. Based on the effective-
ness of the Dex concentrations (Figure 3A,C), 1 μM Dex was 
chosen for the subsequent experiments.

3.4   |   Dexamethasone-Induced 
Downregulation of Proximal Insulin Signaling 
and Insulin-Stimulated Glucose Uptake Are 
Prevented in MuRF1 KO C2C12 Myotubes

MuRF1 knockout cells were used to further confirm whether 
the TRIM72-mediated downregulation of IRS1/Akt signaling 
is MuRF1 dependent. The results showed that Dex treatment 
reduced IRS1 protein levels and Akt phosphorylation at serine 
473 in WT, but not in MuRF1 KO myotubes (Figure 4A). These 
data confirm that MuRF1 protein is required for the TRIM72-
mediated downregulation of IRS1/Akt signaling in Dex-treated 
C2C12 myotubes. To further confirm that MuRF1 is required for 
Dex-mediated global insulin sensitivity, we measured insulin-
stimulated glucose uptake. Dex treatment significantly reduced 
insulin-stimulated 2-Deoxyglucose (2DG) uptake (Figure  4F) 
from 1.52 to 0.49-fold difference in WT (p = 0.0032), but had no 
effect in MuRF1 KO myotubes (fold difference; 1.55 in con and 
1.35 in DEX, p = 0.7175). These results suggest that MuRF1 is re-
quired for TRIM72-mediated reduction in IRS1/Akt signaling, 
which in turn alters insulin-mediated metabolism, including 
glucose uptake.

3.5   |   Restoration of TRIM72 in C2C12 MuRF1 KO 
Myotubes Decreases Proximal Insulin Signaling

TRIM72 overexpression is known to reduce IRS1 protein lev-
els in C2C12 myotubes [22]. To verify if TRIM72 is an essen-
tial intermediary between MuRF1 and Dex-induced reduction 
in IRS1/Akt signaling, we conducted a rescue experiment by 
transiently transfecting Flag-TRIM72 into MuRF1 KO myo-
blasts. As expected, overexpression of TRIM72 in MuRF1 KO 
significantly reduced IRS1 protein (Figure  5A,B) and phos-
phorylation of its downstream targets, such as Akt at Ser 473 
and p70 S6K1 at Thr 389 (Figure 5). Overall, our data demon-
strated that restoration of TRIM72 in MuRF1 KO is sufficient 
to reduce IRS1 protein and its downstream signaling targets 
by Dex treatment. This observation indicates that TRIM72 is 
sufficient to impair IRS1/Akt signaling, but TRIM72 protein is 
controlled by a MuRF1-dependent manner, highlighting both 
MuRF1 and TRIM72 as key regulators of IRS1/Akt signaling 
in skeletal muscle cells.

4   |   Discussion

In our study, we discovered TRIM72 as a novel MuRF1 ef-
fector protein in skeletal muscle cells. Our findings demon-
strated that MuRF1 regulates TRIM72 protein abundance, 
enabling TRIM72 to downregulate IRS1/Akt signaling and 
impair insulin-stimulated glucose uptake under dexametha-
sone treatment in skeletal muscle cells. MuRF1 KO myotubes 
further confirm the requirement of MuRF1 for the detri-
mental effects of TRIM72 under dexamethasone treatment 
though TRIM72 itself is sufficient to impair IRS1/Akt signal-
ing. These results suggest that MuRF1 may regulate muscle 
mass by acting as a negative regulator of anabolic pathways. 
Thus, this study provides new evidence that MuRF1 can influ-
ence skeletal muscle homeostasis through a non-degradative 
pathway, highlighting the need for additional exploration of 
MuRF1's molecular roles.

It is interesting to note that TRIM72 protein abundance was 
reduced in MuRF1 knockout myotubes (KO) but was restored 
when MuRF1 was added (Figure 2). This MuRF1 loss- and gain-
of-function experiments strongly suggest that TRIM72 is not a 
substrate for MuRF1-mediated degradation but rather a partner 
whose abundance is regulated by MuRF1. Consistently, differ-
entiating C2C12 cells start to show the upregulation of MuRF1 
proteins before TRIM72 proteins over a 13-day period of dif-
ferentiation (Figure  2). This data further supports the result 
from MuRF1 knockout and rescue experiments indicating that 
TRIM72 protein abundance is dependent on MuRF1 protein. 
The significant reduction of TRIM72 in MuRF1 KO myotubes 
and its restoration upon MuRF1 reintroduction (Figure 2A–D) 
strongly suggests a regulatory relationship beyond mere correla-
tion. In agreement with this, TRIM72 was downregulated in tib-
ialis anterior (TA) muscle after MuRF1 inhibitor (MyoMed 205) 
was administered to obese ZSF1 rats in a previous study [30]. 
This finding supports our hypothesis that MuRF1 interacts with 
and modulates TRIM72.

Here we showed that MuRF1 and TRIM72 proteins are both up-
regulated after Dex treatment. In a common model of skeletal 
muscle atrophy, dexamethasone (Dex) treatment is well known 
to cause atrophy in part through increasing MuRF1 levels 
[7, 10, 18, 39, 40]. For the first time, we showed Dex treatment 
upregulates TRIM72 protein abundance (Figure  3B). The up-
regulation of TRIM72 protein in Dex-treated C2C12 myotubes 
corresponded with a dramatic decrease in IRS1 protein levels, 
corroborating previous findings that TRIM72 facilitates IRS1 
degradation [22]. Several studies have reported that TRIM72 

FIGURE 3    |    Dexamethasone increases TRIM72 and MuRF1 protein abundance while decreasing proximal insulin signaling in C2C12 myo-
tubes. Total lysates from C2C12 myotubes treated with 0.1% ethanol as controls (con) or with indicated concentrations of dexamethasone (Dex) for 
24 h were analyzed by immunoblotting and probed with the indicated antibodies. (A) Representative blots showing the effect of dexamethasone on 
TRIM72, MuRF1 proteins, and proximal insulin signaling in C2C12 myotubes. Immunoblots were representative of four independent experiments. 
(B, C, E–H) Quantitative data of TRIM72, MuRF1, and IRS1 protein abundances and proximal insulin signaling, including Akt and p70 S6K1 phos-
phorylation status. Quantitative data were normalized to control (con) and subjected to one-way analysis of variance (ANOVA) before Dunnett's 
multiple comparisons post hoc test analysis. Error bars indicate the mean ± standard deviation (n = 4 independent experiments). Statistical analysis 
was considered significant at *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, compared with control. (D) Scatter plot comparing the TRIM72 protein 
abundance and MuRF1 protein abundance in C2C12 myotubes treated with dexamethasone. Each data point represents data from n = 4 independent 
experiments across 6 treatment groups (total n = 24), with color indicating dexamethasone treatment concentration (μM).
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ubiquitylates and degrades IRS1 [22–24] via the 26S proteasome, 
leading to impaired IRS1 signaling (Figure 3). Likewise, MuRF1 
knockout mice revealed that MuRF1 can negatively regulate in-
sulin sensitivity [16], underscoring the shared function of these 
E3 ligases in inhibiting insulin signaling to promote muscle atro-
phy. This is consistent with a previous study that IRS1 deficiency 
promotes muscle atrophy both in vivo and in vitro [41, 42]. Thus, 

our data provide a potential mechanistic link between muscle 
wasting and insulin resistance in skeletal muscle.

A reduction in IRS-1 levels is considered a major contributor to 
the development of catabolic diseases including diabetes [43]. 
Previous studies with MuRF1 knockout mice revealed that 
MuRF1 can negatively regulate insulin sensitivity [16], raising 

FIGURE 4    |    MuRF1 KO prevents dexamethasone-induced downregulation of proximal insulin signaling and insulin-stimulated glucose uptake 
in C2C12. (A) Immunoblots from three independent experiments showing IRS1, p-Akt (Ser473), MuRF1, and TRIM72 in WT and MuRF1 KO C2C12 
myotubes treated with and without dexamethasone. Total lysates from WT or MuRF1 KO C2C12 myotubes treated with and without 1 μM dexameth-
asone (Dex) for 24 h were analyzed by immunoblotting before probing with the appropriate antibodies. (B–E) Figures showing quantitative data of 
IRS1 protein abundance (B), Akt Ser473 phosphorylation (C), MuRF1 (D), and TRIM72 (E) protein abundances. Quantitative data from (A) were 
normalized to wild-type control (WT con) and subjected to a two-way ANOVA before Tukey's multiple comparisons post hoc test analysis. Error bars 
indicate the mean ± standard deviation (n = 3). *p < 0.05, **p < 0.01, compared to WT con. nd: Non-detectable. (F) Insulin-stimulated 2-Deoxyglucose 
(2DG) uptake in WT and MuRF1 KO treated with or without dexamethasone. C2C12 WT and MuRF1 KO myotubes pre-treated with or without 1 μM 
dexamethasone for 24 h were serum-starved overnight, stimulated by 1 μM insulin for 1 h before measuring 2DG uptake for 30 min. Results were 
presented as glucose uptake (2DG fold-changes) relative to external controls (without insulin stimulation). Data were analyzed by a two-way ANOVA 
before Tukey's multiple comparisons post hoc test analysis. Error bars indicate the mean ± standard deviation (n = 3 independent experiments). 
**p < 0.01 compared with insulin-stimulated control.
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the possibility that MuRF1 may be responsible for the insulin 
resistance linked to muscle wasting [17]. Our findings show that 
MuRF1 and its interaction partner, TRIM72, negatively affect 
IRS1/Akt signaling after dexamethasone treatment, corrobo-
rating previous studies. In skeletal muscle, TRIM72 functions 
as an autonomous ubiquitin ligase to degrade the IRS1 protein 
as a negative regulator of insulin signaling [22–24]. The re-
stored insulin signaling activity in MuRF1 KO C2C12 myotubes 
(Figure 4A) could be attributed to the marked loss of TRIM72 in 
the MuRF1 KO C2C12 myotubes. Collectively, our findings sup-
port a model wherein the MuRF1-TRIM72 axis acts as a critical 
negative regulator of insulin signaling in muscle wasting.

Glucose metabolism is essential for maintaining organ func-
tion in humans [44]. Dex treatment significantly reduced 
insulin-induced glucose uptake in WT but not MuRF1 KO 
myotubes when compared with controls (Figure 4F). Recently, 
Labeit et  al. [15] examined the effect of MuRF1 on glucose 

metabolism in diabetic mice. They found diabetic mice exhibit 
impaired PI3K/Akt signaling, but MuRF1 KO mice exhibit in-
creased Akt phosphorylation at Ser473 in skeletal muscle [15]. 
Consistently, MuRF1 inhibitor (MyoMed-205) was shown to 
stabilize serum glucose concentration in diabetic mice [15]. Our 
results align with previous studies in rodents [22, 26, 27] indicat-
ing that TRIM72 is sufficient to promote diabetes through IRS1 
downregulation, a finding supported by human data showing 
elevated TRIM72 and blood glucose following oral glucose ad-
ministration [27]. However, a contrasting role of TRIM72 in 
the regulation of diabetes has also been reported [25, 45]. These 
studies showed that neither the injection of recombinant human 
TRIM72 (rhTRIM72) nor the adenoviral transfer of the human 
TRIM72 gene was able to cause changes in blood glucose in ei-
ther diabetic db/db or nondiabetic mice [25, 45]. This discrep-
ancy may be explained by differences in experimental design, 
as TRIM72's negative effects on insulin signaling appear to be 
specific to models of severe diabetes where it exacerbates, rather 

FIGURE 5    |    Restoration of TRIM72 in C2C12 MuRF1 KO myotubes decreases proximal insulin signaling. (A) Immunoblots from four indepen-
dent experiments showing IRS1, p-Akt (Ser473), p70 S6K1 (T389), TRIM72, and MuRF1 in WT and MuRF1 KO C2C12 myotubes. Total lysates of 
C2C12 myotubes from WT or MuRF1 KO with and without transient transfection of FLAG-TRIM72 for 48 h were analyzed by immunoblotting and 
probed with the appropriate antibodies. (B–D) Figures showing quantitative data of IRS1 protein abundance (B), Akt Ser (473) phosphorylation (C), 
and p70 S6K1 (T389) phosphorylation (D). Quantitative data from (A) were normalized to wild-type (WT) and subjected to a one-way ANOVA before 
Dunnett's multiple comparisons post hoc test analysis. Error bars indicating: Mean ± standard deviation (n = 4 independent experiments). *p < 0.05, 
**p < 0.01, compared to Wild Type. ns, Non-significant.
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than initiates, metabolic dysfunction [26]. In the study by Feng 
et al. [26], all the db/db mice had fasting blood glucose greater 
than 10 mmol/L and fed blood glucose greater than 20 mmol/L at 
10 weeks of age. Whereas, in the other mouse studies, the average 
fasting blood glucose was 7 mmol/L and the average fed blood 
glucose was 13.9 mmol/L at 18–32 weeks of age [25, 45]. These 
results suggest the need to study these E3 ligases in context-
specific disease models of diabetes. Using perfused mouse mus-
cle, Wu et  al. [27] showed that high-glucose (25 mmol/L) and 
insulin levels, conditions mimicking obesity and T2D, induce 
TRIM72 protein release by muscle [27]. Notably, a previous 
study by Reddy et  al. [46] demonstrated a co-upregulation of 
MuRF1 and TRIM72 mRNA in a streptozotocin-induced dia-
betic rat muscle, suggesting that their mutual expression can be 
regulated at the gene level in a metabolic disease model. Thus, 
the use of appropriate disease models (highly hyperglycaemic) 
to accurately model the human condition should be considered 
for future study to reveal the full role of targets like MuRF1 and 
TRIM72.

5   |   Conclusion

Our study identifies the MuRF1-TRIM72 axis as a crucial reg-
ulatory mechanism in dexamethasone-induced metabolic dys-
function. Our findings suggest that insulin-stimulated glucose 
uptake in skeletal muscle is impaired by a MuRF1-dependent 
regulation of TRIM72 protein levels. This finding reveals a 
previously unknown function of MuRF1 in non-proteolytic 
metabolic regulation and offers a new perspective on the  
molecular mechanism underlying insulin resistance and mus-
cle atrophy. We propose a mechanistic model wherein the 
upregulation of MuRF1 raises the levels of TRIM72 protein, 
which in turn impairs insulin-stimulated glucose uptake in 
muscle.
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