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Abstract

Background Muscle atrophy, leading to muscular dysfunction and weakness, is an adverse outcome of sustained pe-
riod of glucocorticoids usage. However, the molecular mechanism underlying this detrimental condition is currently
unclear. Pyruvate dehydrogenase kinase 4 (PDK4), a central regulator of cellular energy metabolism, is highly
expressed in skeletal muscle and has been implicated in the pathogenesis of several diseases. The current study was
designed to investigated and delineate the role of PDK4 in the context of muscle atrophy, which could be identified
as a potential therapeutic avenue to protect against dexamethasone-induced muscle wasting.
Methods The dexamethasone-induced muscle atrophy in C2C12 myotubes was evaluated at the molecular level by
expression of key genes and proteins involved in myogenesis, using immunoblotting and qPCR analyses. Muscle dys-
function was studied in vivo in wild-type and PDK4 knockout mice treated with dexamethasone (25 mg/kg body
weight, i.p., 10 days). Body weight, grip strength, muscle weight and muscle histology were assessed. The expression
of myogenesis markers were analysed using qPCR, immunoblotting and immunoprecipitation. The study was extended
to in vitro human skeletal muscle atrophy analysis.
Results Knockdown of PDK4 was found to prevent glucocorticoid-induced muscle atrophy and dysfunction in C2C12
myotubes, which was indicated by induction of myogenin (0.3271 ± 0.102 vs 2.163 ± 0.192, ****P < 0.0001) and my-
osin heavy chain (0.3901 ± 0.047 vs. 0.7222 ± 0.082, **P< 0.01) protein levels and reduction of muscle atrophy F-box
(10.77 ± 2.674 vs. 1.518 ± 0.172, **P< 0.01) expression. In dexamethasone-induced muscle atrophy model, mice with
genetic ablation of PDK4 revealed increased muscle strength (162.1 ± 22.75 vs. 200.1 ± 37.09 g, ***P < 0.001) and
muscle fibres (54.20 ± 11.85% vs. 84.07 ± 28.41%, ****P < 0.0001). To explore the mechanism, we performed
coimmunoprecipitation and liquid chromatography-mass spectrometry analysis and found that myogenin is novel sub-
strate of PDK4. PDK4 phosphorylates myogenin at S43/T57 amino acid residues, which facilitates the recruitment of
muscle atrophy F-box to myogenin and leads to its subsequent ubiquitination and degradation. Finally, overexpression
of non-phosphorylatable myogenin mutant using intramuscular injection prevented dexamethasone-induced muscle at-
rophy and preserved muscle fibres.
Conclusions We have demonstrated that PDK4 mediates dexamethasone-induced skeletal muscle atrophy. Mechanis-
tically, PDK4 phosphorylates and degrades myogenin via recruitment of E3 ubiquitin ligase, muscle atrophy F-box. Res-
cue of muscle regeneration by genetic ablation of PDK4 or overexpression of non-phosphorylatable myogenin mutant
indicates PDK4 as an amenable therapeutic target in muscle atrophy.
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Introduction

Muscle atrophy, the wasting or loss of muscle tissue, is a
debilitating consequence of aging and malnutrition, as well
as several diseases including diabetes, obesity, cancer ca-
chexia and long-term corticosteroid therapy.1–3 Glucocorti-
coids (GCs) are the most prescribed drugs used as an
anti-inflammatory and immunosuppressive agent.4 However,
it exhibits a wide range of dose-limiting side effects such as
muscle atrophy, osteoporosis, hyperglycaemia, insulin resis-
tance, abnormal fat deposition and hypertension.4

GC-induced loss of muscle mass causes atrophy of type II
muscle fibres and elicit muscle wasting by increasing the rate
of protein catabolism and decreasing the rate of protein
anabolism.5

The catabolic action of GC mainly leads to myofibrillar pro-
tein degradation, which depends on ubiquitin–proteasome
system (UPS) and autophagy.3 GCs have been demonstrated
to promote the induction of gene expression of several genes
involved in the UPS.3 Muscle-specific E3-ubiquitin-ligases
muscle ring finger1 (MuRF1)/Trim63 and muscle atrophy-F-
box MAFbx/Atrogin-1 are two such genes regulated by GC
and regarded as the key markers of muscle atrophy.3,6 To fur-
ther underline the importance of the UPS system in the con-
text of GC therapy-induced muscle atrophy, several previous
studies have demonstrated that inhibition of either of
these two muscle-specific E3-ligases, Atrogin-1/MAFbx or
MuRF1/Trim63, protects against muscle atrophy following
starvation, GC therapy and cardiac-cachexia.7,8 On the other
hand, myogenin (MYOG), a muscle-specific basic-helix–loop–
helix (bHLH) transcription factor, has been implicated in the
coordination of skeletal muscle development and repair.9

Mice lacking Myog lacks mature secondary skeletal muscle fi-
bres throughout the body, leading to severe defects in skele-
tal muscle development and suffering from perinatal
lethality.9

Among the four pyruvate dehydrogenase kinase isoforms
(PDK1-4) that regulate the mitochondrial pyruvate dehydro-
genase (PDH) activity via phosphorylation, PDK4 is expressed
at a higher level in the heart and muscle.10 PDK4 has the
highest basal activity among the PDKs and has been demon-
strated to be dramatically elevated during starvation and in
the skeletal muscle of insulin resistance patients as well as
in several pathological conditions related to muscle atrophy
such as cancer, sepsis and amyotrophic lateral sclerosis.11,12

Genetic ablation or pharmacological inhibition of Pdk4 has

shown beneficial effects in statin-induced myopathies in mice
and in in vitro cancer cachexia model.2,13 However, the exact
involvement of PDK4 in the context of muscle atrophy re-
mains unclear.

Here, we tested the hypothesis that upregulation of
PDK4 during pathological conditions is a principal driving
factor of muscle atrophy. Based on this concept, we inves-
tigated the mechanism underlying PDK4-driven muscle
atrophy and explored the possibility of targeting PDK4 to
reverse muscle loss and induce muscle regeneration in a
mouse model of GC-induced muscle atrophy, paving way
for a potential therapeutic option for this debilitating
condition.

Material and methods

Animal models

All mouse experiments were approved by the Animal Care
and Use Committee of Daegu-Gyeongbuk Innovation Medi-
cal Foundation (DGMIF-20111601-00). Gastrocnemius ante-
rior (GA) and tibialis anterior (TA) muscle tissues were
harvested from male 12-weeks-old ob/ob, 18-weeks-old
CRH-Tg C57BL/6J mice and 6-weeks-old BALB/c mice (cancer
cachexia model) under fed-condition. Dexamethasone (DEX)-
induced muscle atrophy models were developed as de-
scribed previously.3 Briefly, 8-week-old male wild-type (WT)
and Pdk4�/� C57BL/6J mice were randomly allocated to four
groups (n = 8 in each group). Control mice were adminis-
trated with PEG-solution (10 mL/kg body weight, 30% in
0.9% saline); DEX-group was administered with DEX
(25 mg/kg dissolved in PEG 400 solution), intraperitoneally,
every other day for 10 days. Mouse body weight was re-
corded daily, and the grip-strength was recorded three times
using the grip-strength test-meter (Jeung Do Bio and Plant
Co. Ltd, Seoul, South Korea). Twenty-four hours after the last
intraperitoneal injection, mice were sacrificed. GA, TA, ex-
tensor digitorum longus (EDL) and soleus (SOL) muscles
were isolated for further analyses. For adenoviral infection,
mice were anaesthetized using isoflurane and GFP or
MYOGAA adenoviruses (3 × 1011 p.f.u) were injected intra-
muscularly in GA muscle for 2 days. In the cancer cachexia
model, CT-26 cells (3 × 106 cells per mouse) were subcutane-
ously injected into the left flanks of male BALB/c mice as de-

2 I.S. Sinam et al.

Journal of Cachexia, Sarcopenia and Muscle 2022
DOI: 10.1002/jcsm.13100

 1353921906009, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jcsm

.13100 by U
lsan N

ational Institute O
f, W

iley O
nline L

ibrary on [06/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

mailto:jeonjh@knu.ac.kr
mailto:leei@knu.ac.kr


scribed in a previous study.14 Detailed mice information is
listed in Table S1.

Human tissue

Human skeletal (gluteus-maximus) muscle was collected from
the remnant muscle tissues during receiving hip replacement
surgery after approval from the Kyungpook National Univer-
sity Hospital (IRB No. KNUH 2020-11-028-001). All patients
who underwent hip replacement surgery were classified ac-
cording to steroid administration. Control muscle biopsy sam-
ples were from patients who did not use steroids but needed
surgery for other reasons. Detailed patients’ information is
listed in Table S2.

Cell culture and differentiation

Primary human normal and type-2-diabetic skeletal myo-
blast (SKM-D-F/SKB-F-SL; ZenBio), were maintained in skele-
tal muscle cell growth medium (#SKM-M; ZenBio) and dif-
ferentiated into myotubes with differentiation medium
(#SKM-D; ZenBio). C2C12 myoblasts, AD293Tcell line (ATCC).
C2C12 myoblast stably expressing PDK4-FLAG and VXY con-
trol were maintained in DMEM high glucose media
(#LM001-05; Welgene). Colon cancer (CT-26) cells were
maintained in RPMI-1640 media (#SH30027.01; HyClone)
supplemented with 10% foetal bovine serum (#SH30084.03;
HyClone) and antibiotic-antimycotic (#15240-062; Gibco).
C2C12 myoblast were differentiated into myotubes with
DMEM containing 2% horse serum (Gibco) for 6 days.
For in vitro cancer cachexia-induced muscle atrophy
model, the C2C12 myotubes were exposed to conditioned
medium (CM). CM is defined as 1:1 ratio of media
collected from confluent CT-26 culture and C2C12 mainte-
nance media.

Plasmid and adenoviral constructs

C-terminus HA-tagged MYOGS43A and MYOGT57A mutants
were constructed from human MYOG cDNA construct
(Addgene #78341) by replacing serine/threonine with ala-
nine using the Site-Directed Mutagenesis Kit (210518-5;
Agilent Technologies). PDK4-FLAG plasmid was provided
by Dr Robert A. Harris (Indiana University, USA). The
AdEasy system was used to generate adenoviruses.15

pcDNA3 and mock adenovirus served as a control for
transient transfections and adenovirus transductions,
respectively.

Cell culture transfection, adenovirus transduction,
treatment condition and siRNA

On the third day of differentiation, cells were transfected with
siRNA using RNAi Max reagent (#13778150; ThermoFisher
Scientific) or transduced with adenovirus for 48 h. Then the
cells were exposed to DEX for 24 h. For overexpression, cells
were transfected with plasmid DNA using Lipofectamine
2000 (11668019; ThermoFisher Scientific). Predesigned
siRNAs targeting mouse Mafbx (#67731), siControl (#SN-
1002) were from Bioneer (South Korea).

Coimmunoprecipitation and immunoblotting

Co-immunoprecipitation and immunoblotting were per-
formed as described previously.11 Mouse monoclonal pierce
anti-HA agarose (#26181, Cell Signaling Technology), protein
A/G-plus-agarose (#SC2003; Santa Cruz Biotechnology) and
mouse anti-FLAG M2-agarose (#A2220; Sigma) beads used
for co-immunoprecipitation. Proteins were analysed with
their corresponding specific antibodies. Antibody information
is listed in the Table S1.

Immunofluorescence imaging

After differentiation for 6 days, cells were fixed in 4% para-
formaldehyde (PFA) for 30 min, permeabilized (0.2% Triton
X, 0.1M glycine in phosphate-buffered saline) at RT for
15 min and incubated with the indicated primary antibodies
overnight at 4°C. Then, the cells were washed, incubated
with secondary antibodies conjugated with fluorophores
(Alexa-488/568) and mounted using VECTASHIELD mounting
medium containing DAPI (H1200). Myogenin immunofluores-
cent intensity was from at least five images per well of 96-
well-plates randomly selected then fluorescence was quanti-
fied using ImageXpress Micro Confocal and MetaXpress
software (molecular devices). The fusion-index and nuclei
number were calculated as described previously.16 Nuclei
were counted from five images per well of 96-well-plates
using ImageJ. Nuclear number assays were determined by
calculating the percentage of nuclei incorporated into the
MyHC positive myotubes with the indicated number of
nuclei.

Liquid chromatography–mass spectrometry

For liquid chromatography– tandem mass spectrometry
(LC–MS/MS), Coomassie-stained sodium dodecyl-sulfate
polyacrylamide gel electrophoresis gel of affinity proteins
were de-stained and processed as follows. Briefly, protein
bands were trypsin-digested in-gel. Tryptic digests were
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extracted and separated by online reversed-phase chroma-
tography using Eazy nano LC1200 ultra-high performance
LC followed by electrospray ionization at a flow rate of
300 nL min�1. Samples were eluted in split gradient
followed column wash. The chromatography system was
coupled with an Orbitrap Fusion Lumos mass spectrometer.
The top 50 precursors were fragmented, and spectra
were acquired in CID mode. Obtained spectra were vali-
dated by SEQUEST (Thermo Scientific, San Jose, CA, USA)
interfaced with Mascot algorithm (Mascot 2.4, Matrix
Science).

In vitro kinase assay

MYOG phosphorylation by PDK4 was analysed as described
previously.17 Briefly, PDK4 recombinant protein (provided by
Dr Nam-Ho Jeoung) and human recombinant MYOG protein
(#H00004656-P01; Novus Biological) were mixed in 1X-ki-
nase-buffer (#9802S; Cell Signaling) and incubate 30 min at
30°C in the presence of 500-μM ATP (A2383; Sigma). Samples
were analysed by immunoblotting.

In situ proximity ligation assay

Proximity ligation assays (PLA) in AD293Tcells were per-
formed as described previously.11 Images were captured
using an ImageXpress Micro Confocal (Molecular Devices).

Quantitative real-time PCR

Total RNA was isolated from muscle tissue/cells by using
QIAzol lysis reagent (#79306; Qiagen). A 2 μg of total
RNA was used for cDNA synthesis (#K1622; Thermo
Scientific), and qPCR was performed. Primers are listed in
Table S1.

Measurement of muscle fibre cross-sectional area

Tissues were fixed in 4% PFA overnight and then embedded
into paraffin; 4-μm muscle sections were cut in
cross-section and haematoxylin and eosin staining was per-
formed by standard staining procedures. Using a VS200 im-
age analysis system (Olympus, Tokyo, Japan), a total of 25
microscopic fields were randomly selected from each slide.
The cross-sectional diameter of muscle fibres was measured
using ImageJ (NIH).

Statistical analysis

GraphPad Prism 8 (La Jolla, CA, USA) was used for analysis.
Student’s t-test and one-way or two-way analysis of variance
(ANOVA) was performed with recommended comparison test
from at least three independent experiments. P < 0.05 was
considered statistically significant. Data are presented as
mean ± SEM.

Results

PDK4 expression inversely correlates with MYOG
expression in human and mouse models of muscle
atrophy

Enhanced PDK4 expression is associated with impaired skel-
etal muscle regenerative capacity or muscle loss leading
to multiple diseases.18,19 Therefore, to test whether PDK4
is directly involved in the pathogenesis, we first investi-
gated endogenous PDK4 expression changes in multiple
models of muscle atrophy. PDK4 protein level was higher
in GA and TA muscles from obese mice (ob/ob), corticotro-
phin-releasing hormone transgenic (CRH-Tg) mice and in
isolated type-2-diabetic human myotubes (hT2DM) (Figures
1A and S1A). This was accompanied by a reduction in
MYOG protein level, a key transcriptional regulator of
myogenesis (Figures 1A and S1A). Enhanced PDK4 level
was further evidenced in gluteus-maximus (GM) muscles
isolated from steroid-treated patients. Similarly, we ob-
served a reduction in MYOG level in these tissues when
compared with healthy subjects (Figure 1B). Impaired mus-
cle regeneration was confirmed by histology, as evidenced
by a reduction in fibre diameter in steroid-treated patients’
samples (Figure 1C). Next, analysis of publicly available
transcriptomics dataset (GEO: GSE169571) further demon-
strated that among all the Pdk isoforms only Pdk4 expres-
sion was upregulated in quadriceps from GCs-treated
(dexamethasone) mice (Figure 1D). Interestingly, although
the downstream transcriptional target genes of MYOG,
myomarker (Mymk) and myomixer (Mymx), were reduced
in dexamethasone (DEX)-treated tissue samples, however,
Myog gene expression remained unchanged, suggesting
that the regulation of MYOG is at the posttranscriptional
level.

To further explore the involvement of PDK4 in the mus-
cle regeneration process, we generated a mouse C2C12
stable-cell line overexpressing FLAG-tagged PDK4 (Pdk4oe).
Protein levels of MYOG and MYHC were significantly
decreased in PDK4oe cells as compared to control (VXY)
(Figure 1E). Furthermore, immunofluorescence analysis
showed a reduction in MYOG as well as MYHC intensity
with reduced cell fusion and lessened multinuclear myo-
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tubes formation in the Pdk4oe cells than those in the con-
trol (Figures 1F and S1B,C). Consistent with the publicly
available RNAseq result, there was no significant difference
in Myog mRNA level between Pdk4oe cells and control
(Figure S1A). Together, these data indicate that PDK4 is a
potential driver for reducing MYOG expression levels in
the muscle’s regeneration process of different disease
models.

PDK4 depletion prevents glucocorticoids-induced
muscle atrophy

Upon establishing a positive correlation between PDK4 ex-
pression and muscle atrophy in vivo, we next sought to utilize
an in vitro GC-induced model20 by challenging cells with syn-
thetic GC (DEX), to investigate the contribution of PDK4 to-
wards the development of muscle atrophy. As reported

Figure 1 PDK4 is upregulated in human and mouse models of muscle atrophy. (A) Immunoblot analysis of indicated proteins in gastrocnemius an-
terior (GA) muscles from obese, corticotrophin releasing hormone (CRH)-Tg mice, and Type 2 diabetes (T2D) human myotube. (Right) Quantification
represents the levels of the indicated protein normalized to HSP90. (B) Immunoblot analysis of indicated proteins in human gluteus maximus muscles
(GM) from a normal subject and steroid patients. (Right) Quantification represents the levels of the indicated protein normalized to ACTB. (C) Rep-
resentative image of haematoxylin and eosin staining of myofibre cross section isolated from human gluteus maximus (hGM) muscles. A microscope
with a ×20 objective was used to capture the images. (Right) the cross-sectional diameter of human gluteus maximus (GM) muscles. (D) (GSE169571)
RNA sequencing analysis of quadriceps muscles from saline and dexamethasone (DEX) treated mouse. (E) Immunoblot analysis of indicated proteins
in VXY and FLAG-tagged PDK4 overexpressing C2C12 myotubes stable cells. (Right) Quantification represents the levels of the indicated protein nor-
malized to HSP90. (F) Representative image of MYOG immunofluorescence in VXY and PDK4-flag expressing C2C12 myotubes stable cells. (Right)
Quantification represents the levels of the MYOG + ve cell (Mean ± SEM). (C, F) Scale bar 50 μM. (A, D and E) n = 3. (F) n = 4; number of image
capture sites 20 from each group. (B, C) n = 6 human per group. **P < 0.01; ***P < 0.001; ****P < 0.0001. Unpaired t-test was used for all
analyses.
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previously,19,21 PDK4 protein level were induced upon
DEX-stimulation in a dose-dependent manner (Figure 2A). In
line with our earlier observation (Figure 1), protein levels of
myogenesis markers, MYOG and MYHC, were downregulated
whereas the muscle specific E3-ubiquitin ligases MAFbx/
ATROGIN-1 and TRIM63/MURF-1 levels were upregulated
upon DEX-stimulation (Figure 2A).

Next, to determine whether PDK4 inhibition could reverse
DEX-induced muscle atrophy phenotype, we used
adenovirus-mediated targeted knockdown PDK4 (shPdk4)
and chose optimal DEX-stimulatory dose (100 μM) to mimic
muscle atrophy in C2C12 myotubes. PDK4 knockdown was
confirmed at protein level (Figure 2C). However, neither
DEX-treatment nor PDK4 knockdown led to any change in
the protein level of the other PDK-isoforms (Figure S2A), sug-
gesting that the effect of DEX on muscle atrophy might be
solely a PDK4-dependent phenomenon. DEX-stimulation re-
sulted in an increase in PDK4 level in mock virus-infected
(shControl) cells but not in shPdk4-infected cells. Conversely,
DEX-triggered reduction in MYOG and MYHC protein levels
were reversed in PDK4 depleted cells (Figure 2C) whereas
no difference in MYOD expression was observed upon PDK4
depletion (Figure S2A). Consequently, reduction in mRNA
levels of key MYOG downstream transcriptional targets
Mymk, Mymx and MyHC was reversed in PDK4 depleted cells
(Figure 2B). However, there was no significant change at the
mRNA level of MYOG upon DEX-stimulation, suggesting that
PDK4-induced downregulation of MYOG occurs at the post-
transcriptional level. Additionally, immunofluorescence stain-
ing demonstrated that DEX-triggered reduction in MYOG and
MYHC staining, as well as reduction in cell fusion and multi-
nucleated myotubes formation, was reversed upon knock-
down of PDK4 (Figure 2D–F). We further observed that al-
though both MAFbx and MURF-1 protein levels were
upregulated upon DEX-stimulation, only MAFbx level was af-
fected upon PDK4-depletion. Additionally, PDK4 knockdown
had no effect on the expression of E3-ubiquitin ligases
Fbxo-30 and TRIM3222 (Figure S2B). Thus, we hypothesized
that PDK4 depletion in the DEX-induced muscle atrophy
model might stabilize MYOG protein. Stabilization of MYOG,
in turn, induces its downstream transcriptional targets that
contribute towards the muscle regeneration process.

PDK4 is a glucocorticoid-sensing kinase targeting
MYOG for ubiquitin-dependent degradation

Next, we sought to determine whether PDK4-dependent
downregulation of MYOG involves the UPS-mediated
degradation. To that end, we transiently overexpressed
FLAG-tagged PDK4 (PDK4-FLAG) and HA-tagged MYOG (HA-
MYOG) in the absence or presence of a 26S proteasomal in-
hibitor (MG132) in AD293T cells. Immunoblot analysis re-
vealed a reduction in MYOG level upon co-expression with

PDK4, which was reversed upon MG132 co-treatment (Figure
3A). Earlier, we have observed that PDK4 depletion led to en-
hanced MYOG expression even under basal conditions
(Figure 2C). These observations indicated that PDK4-induced
MYOG degradation might involve the UPS. To examine MYOG
ubiquitination in the absence or presence of PDK4, we used
ubiquitin motif detecting antibody and performed immuno-
precipitation with MYOG in the presence of MG132. A ladder
of high molecular weight ubiquitinated MYOG products were
detected in cells co-transfected with PDK4, confirming that
MYOG is targeted for degradation in the presence of PDK4
(Figure 3B).

A previous report indicated that MYOG is ubiquitinated by
MAFbx, which belongs to the SCF-complex.23 Therefore, we
investigated whether PDK4-induced MYOG ubiquitination by
recruitment of MAFbx. AD293Tcells were transiently
transfected with PDK4, MYOG and MAFbx, an E3-ubiquitin-
ligase and a key component of the SCF-complex.
Co-immunoprecipitation (co-IP) assays demonstrated that
MYOG interacts with MAFbx, and this interaction was en-
hanced upon PDK4 expression and PDK4 overexpression re-
sulted in MG132-sensitive reduction of MYOG. (Figures 3C
and S3A). However, PDK4 overexpression did not promote in-
teraction between MYOG and another well-known muscle
specific E3-ubiquitin ligase, MuRF-1 (Figure S3B), suggesting
that PDK4-induced degradation of MYOG is MAFbx depen-
dent. To ascertain this observation in the context of muscle
atrophy, we stimulated C2C12 myotubes with DEX following
the siRNA-mediated knockdown of MAFbx. Immunoblot anal-
ysis revealed that DEX-induced downregulation of MYOG was
reversed upon knockdown of MAFbx, without affecting the
PDK4 protein level (Figure 3D). Together, these results indi-
cate that PDK4 promotes MAFbx recruitment to catalyse
muscle atrophy induced MYOG degradation.

MYOG is a novel substrate of PDK4

To validate MYOG as a potential substrate of PDK4, we per-
formed a co-IP assay in C2C12 myotubes stably overexpress-
ing PDK4 and in AD293Tcells by overexpressing PDK4 and
MYOG in the absence or presence of MG132. We observed
that MYOG physically interacted with PDK4 (Figures 4A and
S4A), and this interaction was further validated by PLA
(Figure 4B). In vitro kinase assay revealed that MYOG was
directly phosphorylated by recombinant PDK4 (Figure 4C),
suggesting that MYOG is a novel phosphorylation substrate
for PDK4. Using LC–MS/MS analysis, we identified two pre-
dicted candidate PDK4 phosphorylation sites, Ser43 and
Thr57 in human MYOG (Figure S4B,C), which lie in the tran-
scriptional activation domain (TAD) of MYOG.24 We used
phosphomotif antibody (p-S/T) directed against the phos-
phorylated serine and threonine residues to determine
whether they recognize MYOG phosphorylated at Ser43 or

6 I.S. Sinam et al.
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Figure 2 Knockdown of PDK4 prevents glucocorticoids-induced muscle atrophy in vitro. (A) Immunoblot analysis of indicated protein in C2C12 myo-
tubes after being treated with dexamethasone (DEX) for 24 h with different concentrations of 0, 10, 50 and 100 μM. (Right) Quantification represents
the levels of the indicated protein normalized to HSP90. (B) qPCR analysis of indicated genes in C2C12 myotubes transfected with shPdk4 or shControl
and treated with or without dexamethasone (DEX) (100 μM) for 24 h. (C) Immunoblot analysis of indicated proteins in C2C12 myotubes transfected
with shPdk4 or shControl and treated with or without dexamethasone (DEX) (100 μM) for 24 h. (Right) Quantification represents the levels of the in-
dicated protein normalized to HSP90. (D, E) Representative image of MYOG and MYHC immunofluorescence of C2C12 myotubes transfected with
shPdk4 or shControl and treated with or without dexamethasone (DEX) (100 μM) for 24 h. (Below) Quantification represents the levels of the
MYOG + ve cell and (Below) fusion index. (F) The distribution of nuclei per myotubes were calculated at Day 6 differentiation. Yellow arrowheads num-
ber of nuclei in one myotube. Mean ± SEM. (D and E) Scale bar 50 μM. (A–C) n = 3. (D, E) n = 4; number of image capture sites 20 from each group.
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Dunnett’s multiple comparisons test was used for the analysed panel (A). *P < 0.05;
**P < 0.01; ***P < 0.001; ****P < 0.0001. Tukey’s multiple comparisons test was used for the analysed panels (B–F). ROI, region of interest. Red
* = nonspecific band.
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Thr57 in AD293Tcells. HA-tagged variants of MYOG cDNAs
were transiently transfected, and co-expression with PDK4
increased MYOG phosphorylation. Non-phosphorylatable
MYOGS43A, MYOGT57A, or double mutation (MYOGAA)
abolished the interaction with the phosphomotif antibody
(Figure 4D). Additionally, all these non-phosphorylatable
mutants stabilized MYOG protein even in the presence of
PDK4 (Figure 4D). Cycloheximide (CHX) chase analysis of
MYOG degradation in AD293Tcells co-transfected with PDK4
further demonstrated the enhanced protein stability of the
MYOGAA mutant (Figures 4E and S4D). Next, to determine
whether non-phosphorylatable MYOG mutant prevented
UPS-mediated MYOG degradation, C2C12 myotubes were
transduced with adenovirus overexpressing MYOGAA mutant
(Ad-MYOGAA) or mock virus (Ad-Mock). Treatment of the
cells with DEX increased MYOG phosphorylation and ubiquiti-
nation as well as enhanced interaction between MYOG
and MAFbx and all these effects were attenuated in the
MYOGAA-overexpressing cells (Figures 4F and S4E,F). Taken
together, we have shown that MYOG protein stability is regu-
lated by PDK4-induced phosphorylation and recruitment of
E3-ligase MAFbx and that conditions that exacerbate muscle

atrophy exaggerate PDK4-induced MYOG phosphorylation
and degradation.

Ectopic overexpression of non-phosphorylatable
MYOG mutant protects against
glucocorticoid-induced muscle atrophy

To understand the mechanistic significance of our findings,
we initially investigated the effect of phospho-mutant
MYOG in cultured human myotubes by overexpressing
Ad-GFP or Ad-MYOGAA. DEX-stimulation enhanced PDK4 ex-
pression; however, only myotubes exposed to Ad-GFP
showed a marked reduction in MYHC. This reduction was re-
versed in Ad-MYOGAA transduced myotubes, even upon
DEX-stimulation (Figure 5A). To our surprise, we observed
that MAFbx expression was reduced in the MYOG mutant
overexpressing myotubes, indicative of a hitherto unknown
negative-feedback-loop where stabilization of MYOG protein
potentially leads to a redundancy in the requirement of its
E3-ubiquitin-ligase and thus a decrease in its expression. Im-
munofluorescence analysis further revealed enhanced MYHC

Figure 3 PDK4 mediates MYOG proteasomal degradation by ubiquitination. (A) Immunoblot analysis of indicated proteins in AD293T cells transfected
with indicated constructs. After 48 h, cells were treated with or without MG132 10 μM for 6 h. (Right) Quantification represents the levels of the in-
dicated protein normalized to HSP90. (B) C2C12 myotubes were transfected with the indicated Adenovirus (Ad-Pdk4-flag) and (Ad-GFP) in the presence
of MG132 10 μM for 6 h. Co-immunoprecipitation (co-IP) using MYOG antibody and immunoblot analysis of indicated proteins. (Right) Quantification
represents the levels of the poly-ub MYOG protein. (C) AD293T cells were transfected with indicated constructs; after 48 h, cells were treated with or
without MG132 10 μM for 6 h. Co-immunoprecipitation (co-IP) using HA antibody and immunoblot analysis of indicated proteins. (D) Immunoblot
analysis of indicated proteins in C2C12 myotubes transfected with control or Mafbx siRNA in the presence or absence of dexamethasone (DEX)
100 μM for 24 h. (Right) Quantification represents the levels of the indicated protein normalized to HSP90. Mean ± SEM. (A, D) n = 3. *P < 0.05;
**P < 0.01; ***P < 0.001; ****P < 0.0001. Tukey’s multiple comparisons test was used for the analysed panel (A) and unpaired t-test was used
for the analysed panel (B). Red * = nonspecific band.
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staining in Ad-MYOGAA transduction myotubes, increased cell
fusion and multinucleated myotubes formation compared
with Ad-GFP myotubes upon DEX-stimulation (Figure 5B,C),
suggesting that phospho-mutant MYOG can protect against
the development of GCs-induced muscle atrophy in isolated
human myotubes.

Next, to examine the function of PDK4 dependent MYOG
degradation in vivo, we ectopically overexpressed Ad-GFP or

Ad-MYOGAA in the mouse model of DEX-induced muscle
atrophy.3 Mice were administered DEX (25 mg/kg; i.p.) every
other day for 10 days, adenoviruses were injected twice (on
Day 4 and Day 5 from the first DEX injection) to the GA mus-
cle. The knock-in efficiency was confirmed at the level of both
mRNA and protein of MYOG (Figures 5D and S4A). Mice
transduced with Ad-MYOGAA showed enhanced MYOG and
MYHC protein levels even in the presence of DEX and re-

Figure 4 Identification of MYOG as a novel substrate of PDK4. (A) AD293T cells were transfected with indicated constructs. After 48 h, cells were
treated with or without MG132 10 μM for 6 h. Co-immunoprecipitation (co-IP) using HA antibody and immunoblot analysis of indicated proteins.
(B) AD293T cells were transfected with indicated constructs and performed in situ proximity ligation assay (PLA). (C) In vitro kinase assay. Using recom-
binant GST-MYOG and PDK4 protein in the presence of ATP and the phosphorylation was detected by indicated antibody. (D) AD293T cells were
transfected with indicated constructs for 48 h. Co-immunoprecipitation (co-IP) using HA antibody and immunoblot analysis of indicated proteins.
(E) AD293T cells were transfected with indicated constructs. After 48 h, transfected cells were treated with cycloheximide (CHX) 100 μM and incubated
cells for indicated time before harvest. Immunoblot analysis of indicated proteins. (Below) Quantification represents the levels of the indicated protein
normalized to HSP90. (F) C2C12 myotubes were infected with adenovirus expressing MYOG (AdMYOG) and mutant MYOGᴬᴬ (AdMYOGᴬᴬ) in the pres-
ence or absence of dexamethasone (DEX) (100 μM) for 24 h, treated MG132 10 μM for 6 h. Co-immunoprecipitation (co-IP) using HA antibody and
immunoblot analysis of indicated proteins. (Below) Quantification represents the levels of the poly-ub MYOG protein. Mean ± SEM. (B) Scale bar
50 μM. (E) n = 3. *P< 0.05; **P< 0.01; ***P< 0.001; ****P < 0.0001. Unpaired t-test was used for the analysed panels (E, F). ROI, region of interest.
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duced level of MAFbx (Figure 5D). Consequently, analysis of
the downstream transcriptional program that is known to
be initiated by MYOG demonstrated that the mRNA levels

of MyHC, Mymk and Mymx were induced in the GA muscle
of Ad-MYOGAA mice, compared with the Ad-GFP cohorts
(Figure S4A). Additionally, in comparison with the Ad-GFP-

Figure 5 Ectopic overexpression of MYOG mutant protects against glucocorticoids-induced muscle atrophy in human myotube and mice. (A) Immu-
noblots analysis of indicated proteins in human myotubes infected with adenovirus expressing mutant MYOGᴬᴬ (Ad MYOGᴬᴬ) or GFP (AdGFP). Myo-
tubes were culture for 24 h in the presence or absence of dexamethasone (DEX) 100 μM. (Below) Quantification represents the levels of the
indicated protein normalized to HSP90. (B) Representative image of MYHC immunofluorescence in human myotubes infected with adenovirus express-
ing mutant MYOGᴬᴬ (Ad MYOGᴬᴬ) or GFP (AdGFP) in the presence or absence of dexamethasone (DEX) 100 μM for 24 h. (Below) Quantification rep-
resents the levels of fusion index and the distribution of nuclei per myotube were calculated at Day 6 differentiation. (C) The distribution of nuclei per
myotubes were calculated at Day 6 differentiation. Yellow arrowheads indicate the number of nuclei in one myotube. (D) Immunoblots analysis of
indicated proteins in gastrocnemius anterior (GA) muscle. (Right) Quantification represents the levels of the indicated protein normalized to HSP90.
(E) The ratio of the weight of gastrocnemius anterior (GA) to total body weight. (F) Representative image of haematoxylin and eosin staining of
myofibre cross section from AdGFP or AdMYOGᴬᴬ injected in gastrocnemius anterior muscles from dexamethasone (DEX)-treated mice. A microscope
with a ×20 objective was used to capture the images. (Right) the cross-sectional diameter of gastrocnemius anterior (GA) muscle. Mean ± SEM. (B)
Scale bar 50 μM. (F) n = 5 for each group. (A, E) n = 3. (B, C) n = 4; number of image capture sites 20 from each group. *P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001. Unpaired t-test was used for analyzed for panel (E–F). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Tukey’s
multiple comparisons test was used for analysed panels (A–C). ROI = region of interest.
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transduced mice, Ad-MYOGAA transduced mice were less
prone to loss of GA muscle upon DEX challenge, as observed
from the higher muscle weight in these mice (Figure 5E).
Histochemical analysis of the GA muscle further revealed
the protective effect of Ad-MYOGAA against DEX-induced
muscle atrophy as observed from the markedly larger
cross-sectional diameter of muscle fibre when compared
with Ad-GFP cohorts (Figure 5F). Collectively, these results
confirm that overexpression of non-phosphorylatable
MYOG mutant can rescue DEX-induced muscle atrophy.

Genetic ablation of PDK4 enhances MYOG stability
to attenuate glucocorticoid-induced muscle
atrophy

GC-induced muscle atrophy is characterized by the apparent
loss of fast-twitch-type-II glycolytic muscle fibre with reduced
or no impact on type-I fibres.25 GA, TA and EDL are predom-
inantly fast-twitch-type-II glycolytic muscle fibre whereas SOL
is predominantly type-I fibres muscle.26 Therefore, we finally
investigated the effect of systemic PDK4 deletion (Pdk4�/�)
in GC-induced muscle atrophy in various mouse muscle types
(Figure 6A). DEX-stimulation induced PDK4 and MAFbx pro-
tein levels in GA and TA but less so in EDL. No change was ob-
served in SOL. Consequently, MYOG and MYHC protein levels
were reduced in GA and TA upon DEX-stimulation, whereas a
slight reduction was observed in the EDL and no change was
visible in SOL. In congruence with our earlier observations,
this negative effect of DEX-stimulation on myogenesis was re-
versed in Pdk4�/� mice in GA, TA and EDL, but not in SOL
(Figures 6B and S6B). Gene expression analysis further re-
vealed that DEX-stimulation failed to attenuate the myogenic
programme upon ablation of PDK4 in GA, TA and EDL but not
in SOL (Figure S6A).

To further evidence the phenotypic changes associated
with muscle atrophy in the absence or presence of PDK4,
we tracked the bodyweight of these animals throughout the
course of the experimental regime. DEX-stimulation induced
significant weight loss in wild-type cohorts (Pdk4+/+), starting
from Day 4 after the initial stimulation. This effect was mark-
edly attenuated in Pdk4�/� mice stimulated with DEX (Figure
6C). Additionally, we performed a grip strength test, an indi-
cator of muscle strength, in these mice. DEX-stimulation
showed an early reduction of muscle strength, starting from
Day 4, in Pdk4+/+ cohorts but failed to affect muscle strength
in Pdk4�/� mice (Figure 6D). Similarly, PDK4 ablation
protected against DEX-mediated reduction in muscle index,
as observed from the GA, TA and EDL mice (Figures 6E and
S6D). Finally, we compared the size of myofibres in various
mouse muscle types by measuring the cross-sectional area af-
ter histochemical staining (Figures 6F and S6D). The
cross-sectional diameter of GA, TA and EDL muscle fibre in
DEX-stimulated mice were smaller than that from the control

group whereas no change was observed in SOL (Figure 6C,F).
However, Pdk4 deletion prevented the DEX-mediated
reduction of the cross-sectional diameter of GA, TA and
EDL muscle-fibre (Figures 6F and S6D). Furthermore, we
investigated the effect of PDK4 inhibition in cancer
cachexia-induced muscle atrophy. Tumour-bearing mice and
CM-stimulation enhanced PDK4 expression and MAFbx pro-
tein levels in GA and TA whereas MYOG and MYHC were re-
duced (Figure S7A–C). Congruently, this negative effect of
CM-stimulation on myogenesis was reversed upon PDK4
knockdown (Figure S7C). Immunofluorescence staining dem-
onstrated that CM-triggered reduction in MYOG and MYHC
staining, reduction in cell fusion and multinucleated myo-
tubes formation were reversed upon PDK4 knockdown
(Figure S7D–F). These results indicate that PDK4 depletion is
sufficient to attenuate atrophic muscle loss in-vivo and this
effect is mediated by stabilization of the master regulator of
muscle myogenesis, MYOG.

Overall, here we have provided multiple lines of evidence
showing that in GC and cancer cachexia-induced muscle atro-
phy, upregulation of PDK4 triggers MYOG phosphorylation,
leading to its ubiquitination and degradation by MAFbx. Con-
versely, PDK4 deficiency protects against muscle atrophy
in vivo, thereby evoking the possibility of therapeutically
targeting PDK4 as a viable option for muscle atrophy.

Discussion

The anabolic and catabolic processes are finely tuned to
maintain muscle fibre size and skeletal muscle mass in nor-
mal physiology. An excess GC level mainly observed in patho-
logical conditions such as obesity,27 type-2-diabetes (T2D),28

Cushing syndrome29 and long term corticosteroid therapy30

distort this balance, leading to an increase in muscle protein
degradation and a reduction in muscle fibre size which subse-
quently triggers muscle-wasting.31 The catabolic action of GC
that promotes myofibrillar protein degradation was shown to
be induced via activation of the UPS and autophagy.3 How-
ever, the underlying mechanism involved in GC-induced mus-
cle atrophy remained misty. Previously, GCs treatment was
shown to decrease the protein levels of MYOG, a
muscle-specific bHLH transcription factor, which plays a cru-
cial role in skeletal muscle differentiation and development
by regulating the expression of Mymk, Mymx and MyHC,
the key factors involved in muscle differentiation and fusion
process.32 Genetic deletion MYOG causes perinatal lethality
in mice due to compromised skeletal muscle maturation.9,33

Furthermore, a decrease in MYOG expression in high-fat diet
(HFD)-feeding and STZ treatment in mice are associated with
muscle atrophy,16 whereas overexpression of MYOG rescues
muscle dystrophy caused by motor neuron degeneration in
nuclear receptor interaction protein (NRIP) deficient mice,34
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suggesting that downregulation of MYOG promotes muscle
atrophy.

PDK4, a kinase that regulates mitochondrial pyruvate de-
hydrogenase (PDH) activity is predominantly expressed in
skeletal muscle.35 Its expression is further increased in cancer
cachexia, obesity, T2D and by GC. In this study, we found that
expression PDK4 is induced in the skeletal muscle of obese,
corticotropin-releasing hormone transgenic (CRH-Tg) mice

and the skeletal muscle cells isolated from T2DM-patients
as well as tumour-bearing mice compared with the controls.
We observed that increase in the PDK4 expression was in-
versely correlated with the expression levels of MYOG. In ad-
dition, we found that either overexpression or induction of
PDK4 expression by DEX or CM, decreased MYOG protein
level, whereas shRNA-mediated knockdown of PDK4
prevented DEX and CM-induced degradation of MYOG,

Figure 6 PDK4 ablation prevents muscle loss in glucocorticoids -induced muscle atrophy in mice. (A) Experimental scheme for
dexamethasone-induced muscle atrophy model in WT and Pdk4KO mice. (B) Immunoblots analysis of indicated proteins using gastrocnemius anterior
(GA) muscle. (Right) Quantification represents the levels of the indicated protein normalized to HSP90. (C) Total body weight. (D) Grip strength test. (E)
The ratio of gastrocnemius anterior (GA) muscle weight to body weight. (F) Representative haematoxylin and eosin staining of myofibre cross-section
of Gast. A microscope with a ×20 objective was used to capture the images. (Right) the cross-sectional diameter of gastrocnemius anterior (GA) muscle.
Mean ± SEM. (F) Scale bar 50 μM. (B) n = 3 for each group. (C–F) n = 6 for each group. &P < 0.05; &&P < 0.01; &&&P < 0.001; &&&&P < 0.0001,
Pdk4KO + DEX vs WT + DEX.

#
P < 0.05;

##
P < 0.01;

###
P < 0.001;

####
P < 0.0001, Pdk4KO versus WT + DEX. *P < 0.05; **P < 0.01; ***P < 0.001;

****P < 0.0001,WT versus WT + DEX. (Body weight and grip strength). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Tukey’s multiple com-
parisons test was used for the analysed panels (B, E, and F). ROI, region of interest.
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suggesting that PDK4 plays a crucial role in regulating MYOG
protein stability via a post-translational modification-
dependent mechanism. Previously, calmodulin-dependent
kinase-II (CaMKII) and protein kinase-C (PKC) has been shown
to regulate MYOG transcriptional activity by phosphorylating
at T87 without affecting its stability.36 Here, an in-depth
analysis revealed that PDK4 directly phosphorylates MYOG
at two sites, serine 43 (S43) and threonine 57 (T57). We
found that PDK4-mediated phosphorylation of MYOG at
these sites led to an induction of MYOG ubiquitination and
degradation. In contrast, non-phosphorylatable mutant of
MYOG (A43 and A57) was resistant to ubiquitination
and degradation mediated by DEX-treatment or PDK4
overexpression (Figure 7 ). These results strongly indicate that
PDK4-mediated phosphorylation of MYOG mediates GC and
CM-induced MYOG degradation.

MAFbx/Atrogin-1, E3-ubiquitin ligase responsible for pro-
moting protein degradation during muscle atrophy8,37 was
shown to interact with MYOG to promote its proteasomal
degradation.23 Furthermore, fork-head-box protein O1
(FOXO1), a known transcription factor of PDK4,38,39 was
found to play a role in promoting muscle atrophy via tran-
scriptional regulation of MAFbx to promote protein degrada-

tion during muscle atrophy.8,37 We found that overexpres-
sion or DEX-mediated induction of PDK4 enhanced the
interaction between MYOG and MAFbx but not with the
non-phosphorylatable mutant of MYOG (MYOGAA). Con-
versely, knockdown of MAFbx rescued MYOG degradation
in the presence of DEX, indicating that PDK4-mediated phos-
phorylation of MYOG promotes its ubiquitination process
and proteasomal degradation via recruitment of MAFbx. In
contrast to an earlier study,40 we observed interaction be-
tween MAFbx and MYOG. This apparent contrast can be a
result of different experimental conditions.

Previous studies have highlighted the involvement of PDK4
in promoting muscle atrophy in amyotrophic-lateral-sclerosis
(ALS)12 and in cancer cachexia2 whereas knockdown of PDK4
or pharmacological inhibition of PDK activity with
dichloroacetate (DCA) was shown to prevent muscle atrophy
in those conditions. However, the detailed molecular mecha-
nism remains unknown. Interestingly, we found that knock-
down of PDK4 preserves myotube size and prevent protein
catabolism involved in DEX-induced muscle atrophy in mice
and CM-induced muscle atrophy in vitro. Whereas genetic
ablation of PDK4 or ectopic overexpression of MYOGAA at-
tenuated DEX-induced muscle atrophy, thereby implicating

Figure 7 Proposed model for PDK4-induced muscle atrophy.
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that PDK4 plays an important role in the pathogenesis of
GCs-induced muscle atrophy. Altogether, we identified a
novel mechanism where PDK4 play a critical role in promot-
ing GCs and CM-induced muscle atrophy via modulating
MYOG protein stability. Therefore, the PDK4-MYOG axis rep-
resents a novel therapeutic target to alleviate GCs and
CM-induced muscle atrophy.

There are several limitations in this study. Although PDK4
is inducible under several pathological conditions,11,12 how-
ever, it is intrinsically a short-lived protein. This suggests that
triggers of muscle atrophy might play a role in altering PDK4
protein stability, as observed by us and previous reports.2

Genome-wide association studies on muscle atrophy can
identify potential mutations and/or single nucleotide variants
within the PDK4 gene that can be attributed to play a causal
role in the pathology. Furthermore, reduced muscle building
owing to disruption in ribosome production plays a critical
role in the process of muscle wasting. How PDK4 might regu-
late this process remains elusive and warrants future re-
search. Finally, based on our current findings, therapeutic
targeting of PDK4 can be a prospective route to counter mus-
cle wasting and requires immediate focus.
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