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ABSTRACT 

Myogenesis is a highly coordinated multi-step process that begins with the commitment 

of progenitor cells, known as myoblasts, to proliferate and subsequently differentiate to 

form multi-nucleated myotubes. The process of myogenesis is controlled by several 

myogenic transcription factors that act as terminal effectors of signaling cascades, 

producing appropriate developmental stage-specific transcripts. For example, MyoD is 

expressed during the early stage of myogenesis, while myogenin and muscle creatine 

kinase (MCK) are expressed during the early and late stages of differentiation 

respectively. 

AMP-activated protein kinase (AMPK) plays a key role as a master regulator of 

cellular energy homeostasis and it exists as heterotrimeric complexes, comprising of the 

catalytic α subunit and regulatory β and γ subunits. Previous studies have shown that 

lack of AMPKα2 in skeletal muscle results in lower exercise tolerance and voluntary 

activity. On the other hand, lack of AMPKα1 is associated with reduced satellite cell 

activation and impaired muscle regeneration, suggesting an isoform-specific role of 

AMPK in myogenesis. However, the link between AMPK and myogenesis still remains 

elusive. Thus, using C2C12 murine myoblast cells lines, I elucidated the isoform-specific 

roles of AMPK during myogenesis. 

Lentiviruses expressing both EGFP and shRNA for AMPKα1, AMPKα2 and both 

α1- and α2 isoforms (PanAMPK) were infected into intact C2C12 myoblasts to generate 

stable cell lines. The infected myoblasts were subjected to fluorescence-activated cell 
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sorting (FACS) to isolate EGFP positive cells that were used for subsequent cultures. 

shRNAs for AMPKα1 and α2 decreased mRNA abundance of AMPKα1 and α2, 

respectively, and shRNA for PanAMPK (AMPKα1 plus AMPKα2) decreased both of 

AMPKα1 and α2. Expression profiles indicated that while AMPKα1 mRNA and protein 

expressions remained constant, those of AMPKα2 increased during 6 days of 

differentiation. I examined the cell proliferation rate of the FACS-sorted myoblasts. 

Selective knockdown of AMPKα1 as well as PanAMPK, but not AMPKα2, resulted in a 

dramatic reduction of cell proliferation rate, suggesting that AMPKα1 is necessary for 

cell proliferation of C2C12 myoblasts. 

I next studied the effects of isoform-specific depletion of AMPKα1 and α2 on 

differentiation. At 6 days of differentiation, shAMPKα2 as well as shPanAMPK myotubes 

were significantly thinner, while shAMPKα1 myotubes were thicker than that of the 

control. Knockdown of AMPKα1 and PanAMPK significantly decreased the peak 

expression of myogenin at 72hrs of differentiation. Contrarily, AMPKα2 knockdown 

resulted in a dramatic reduction in the mRNA expressions of MCK and genes involved in 

mitochondrial biogenesis including peroxisome proliferator-activated receptor gamma 

coactivator 1-alpha (PGC-1α). I examined the staining of C2C12 myotubes at 6 days of 

differentiation with tetramethylrhodamine methyl ester (TMRM), which is a cell-

permeant, fluorescent dye that is readily sequestered by active mitochondria. AMPKα2 

knockdown reduced TMRM staining in C2C12 cells. These data suggest that AMPKα1 is 

essential during early-stage differentiation, while AMPKα2 is critical for muscle 

maturation during the late stage of differentiation. AMPKα1 and α2 reciprocally regulate 
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the width of C2C12 myotubes during the late stage of differentiation. 

In addition to the effects of AMPK on gene expressions, AMPK stimulates fatty 

acid oxidation and autophagy by phosphorylating acetyl-CoA carboxylase (ACC) and 

Unc51-like autophagy activating kinase 1 (ULK1), respectively. The results showed that 

AMPKα1 is the major contributor towards phosphorylation of ACC and ULK1 in C2C12 

myotubes.  

My findings indicate that AMPKα1 and α2 have distinct roles in myogenic 

differentiation in C2C12 cells. AMPKα1 is predominantly localised in the cytoplasm while 

AMPKα2 is present in both nucleus and the cytoplasm. Moreover, a putative nuclear 

localisation sequence (NLS) has been identified in AMPKα2 but not α1. I discovered that 

a portion of endogenous AMPKα2 is localised in the nucleus during the late stage of 

differentiation. To examine the role of AMPKα2 translocation into the nucleus during 

myogenic differentiation, I overexpressed WT-AMPKα2 and its NLS-mutated form (ΔNLS-

AMPKα2) in shAMPKα2 C2C12 cells. AMPK activation by ACIAR (5-Aminoimidazole-4-

carboxamide ribonucleotide) or energy deprivation condition (addition of 2-deoxy-D-

glucose into low glucose medium) increased the translocation of AMPKα2 in WT-

AMPKα2 but not ΔNLS-AMPKα2 myoblasts. I found that WT-AMPKα2 overexpression 

increased the mRNA abundance of MCK and PGC-1α in shAMPKα2 cells. I also found that 

while ΔNLS-AMPKα2 overexpression increased the amount of MCK mRNA to a similar 

extent with that of WT-AMPKα2, it did not increase PGC-1α mRNA expression. The width 

of shAMPKα2 myotubes was recovered in WT-AMPKα2-expressing cells and partially 

rescued in ΔNLS-AMPKα2-expressing cells. These results suggest that PGC-1α mRNA 
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expression, but not MCK expression, could be regulated by AMPKα2 nuclear 

translocation.  

Taken together, my results indicate that AMPKα1 and α2 have distinct roles in 

myogenic differentiation, with AMPKα1 being necessary during the early stage, while 

AMPKα2 and its changing subcellular localisation being indispensable during the late 

stage of differentiation. 
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INTRODUCTION 

Myogenesis is the formation of muscular tissue, during which progenitor cells, known as 

myoblasts, undergo terminal differentiation and fuse into long, multi-nucleated 

myotubes. This process, also known as skeletal muscle differentiation, is highly 

coordinated, occurring in multi-stages in which mononucleated myoblasts first withdraw 

from the cell cycle in response to extracellular cues, and differentiate into multi-

nucleated myotubes that subsequently mature into muscle fibres. The fusion process is 

characterised by the alignment of myoblast and myotube membranes and this occurs in 

two stages; primary fusion is defined by myoblast to myoblast fusion, resulting in the 

formation of nascent myotubes, while secondary fusion results in nuclear accumulation 

and the growth of the myotube Abmayr and Pavlath (2012); Hindi et al. (2013). During 

this whole myogenic process, specific marker proteins are expressed at different stages; 

Paired-box protein (Pax7) maintains a population of quiescent satellite cells, and 

myoblast determination protein (MyoD), an early differentiation marker, determines the 

differentiation potential of an activated myoblast and acts in concert with myogenin, a 

middle stage differentiation marker [Knight and Kothary (2011); Bentzinger et al. (2012);  

Hindi et al. (2013).  Muscle creatine kinase (MCK), which is essential for the regulation 

of energy metabolism in skeletal muscle, is also designated as a late stage differentiation 

marker Chamberlain et al. (1985); Johnson et al. (1989)]  

Adenosine monophosphate-activated protein kinase (AMPK) is an evolutionarily 

conserved serine/threonine kinase that functions as a sensor to monitor cellular energy 

status in response to stresses that consume ATP supplies. It exists as heterotrimeric 
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complexes, comprising of the catalytic α subunit and regulatory β and γ subunits. In 

mammals, there are two genes encoding the AMPK α subunit (α1 and α2), two β genes 

(β1 and β2) and three γ subunit genes (γ1, γ2 and γ3) Stapleton et al. (1996); Thornton 

et al. (1998); Cheung et al. (2000); Hardie (2011) . These seven subunit isoforms could 

potentially give rise to as many as 12 heterotrimeric combinations; however, in human 

skeletal muscle, AMPK activity can be accounted for by just three combinations α1β2γ1, 

α2β2γ1 and α2β2γ3 Mihaylova and Shaw (2011); Mounier et al. (2015); Ross et al. 

(2016).  

AMPK is activated in response to stresses that deplete cellular adenosine 

triphosphate (ATP) supplies. These stressors include low glucose, hypoxia, ischemia, as 

well as exercise. AMPK can also be pharmacologically activated by 5-Aminoimidazole-4-

carboxamide ribonucleotide (AICAR), a cell-permeable precursor to ZMP (AICAR 

monophosphate), which mimics adenosine monophosphate (AMP). Increased 

concentrations of AMP and adenosine diphosphate (ADP) will result in their binding to 

the γ regulatory subunit of AMPK, leading to a conformational change that promotes 

AMPK phosphorylation and also protects AMPK from dephosphorylation to ensure it 

remains activated [Hardie (2011); Mihaylova and Shaw (2011); Gowans et al. (2013)]. 

Phosphorylation of threonine 172 in the activation loop of AMPK is required for AMPK 

activation, and it has been established that several upstream kinases, such as Liver 

Kinase B1 (LKB1) and calcium/calmodulin-dependent protein kinase kinase 2 (CAMKK2), 

directly mediate this event; these upstream kinases are termed as AMPK-activating 

protein kinases (AMPKK) [Hardie (2011); Mihaylova and Shaw (2011)].    
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Upon activation, AMPK increases cellular energy levels by inhibiting anabolic 

energy consuming pathways, such as fatty acid synthesis, protein synthesis, glycogen 

synthesis etc., and stimulating energy producing catabolic pathways, such as fatty acid 

oxidation, glucose transport, glycolysis etc. [Hardie (2011); Mihaylova and Shaw (2011); 

Hardie et al. (2012)]. Muscle contraction during exercise is the main method carried out 

by the body that can provide the conditions necessary for AMPK activation. Under such 

conditions, AMP and ADP levels are rapidly increased, leading to AMPK activation and 

the phosphorylation of target proteins that regulate cell polarity, fatty acid oxidation, 

mitochondrial biogenesis, as well as autophagy [Hawley et al. (2006); Sriwijitkamol et al. 

(2007); Egan and Zierath (2013); Lantier et al. (2014)].  

AMPKα2 isoform is highly expressed in skeletal muscle, with reports stating that 

α2-, but not α1-containing complexes, contribute to the activation of AMPK in muscle 

during contraction [Vavvas et al. (1997)]. AMPKα2 knockdown mice have been reported 

to decrease voluntary activity, and muscle-specific transgenic mice expressing an 

inactive AMPKα2D157A mutant (AMPK-dominant negative) showed a significantly lower 

exercise tolerance [(Mu et al. (2001); Fujii et al. (2007)]. On the other hand, AMPKα1 

knock-out (KO) but not AMPKα2 KO has been associated with reduced satellite cell 

activation and impaired muscle regeneration [Fu et al. (2013a); Fu et al. (2016)]. These 

results suggest that there is an isoform-specific role of AMPK in muscle function and 

myogenesis. To date, however, the link between AMPK and myogenesis still remains 

poorly defined. 
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Hence, using C2C12 cells, the objective of my study is to elucidate the isoform-

specific role of AMPK during myogenesis. C2C12 are murine myoblast cells, which are a 

subclone of C2 myoblasts, originally obtained from the thigh muscle of C3H mice after a 

crush injury, and they spontaneously differentiate under low serum conditions Yaffe and 

Saxel (1977); Blau et al. (1983); Cheng et al. (2014) . I found that selective knockdown 

of AMPKα1, as well as double knockdown of AMPKα1 and AMPKα2 i.e. PanAMPK, 

resulted in a dramatic reduction of cell proliferation rate, suggesting that AMPKα1 is 

necessary for cell proliferation of C2C12 myoblasts. In contrast, selective knockdown of 

AMPKα2, as well as PanAMPK, resulted in a dramatic reduction in MCK gene, as well as 

some of the genes involved in the modulation of mitochondrial biogenesis. Overall, my 

results indicate that AMPK plays an important role in myogenic differentiation, with 

AMPKα1 being necessary during the early stages, while AMPKα2 is indispensable during 

the late stages of differentiation.   
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METHODS 

Cell culture  

Myoblasts 

The mouse myoblast C2C12 cell line was obtained from the American Type Culture 

Collection (ATCC, Manassas, VA). Cells were cultured in Dulbecco’s modified Eagle’s 

medium (DMEM) containing glucose at 4500mg/L (Sigma-Aldrich, St. Louis, MO) and 

were supplemented with 10% heat-inactivated foetal bovine serum (FBS) (Life 

Technologies, Carlsbad, CA).  

Myotubes 

When C2C12 cells reached 70-80% confluence, they were first rinsed briefly with 

phosphate-buffered saline (PBS) [137mM NaCl, 10mM Na2HPO4, 2.7mM KCl and 

1.76mM KH2PO4, pH 7.4)] and then induced to differentiate in DMEM containing glucose 

at 4500mg/L, supplemented with 2% horse serum (HS) (Life Technologies), for 6 days.   

Lentivirus transduction 

Short hairpin RNAs (shRNAs) coding the respective sequences for mouse AMPKα1 and 

AMPKα2 (shPanAMPK), mouse AMPKα1 (shAMPKα1), and mouse AMPKα2 (shAMPKα2), 

under the control of the mouse U6 gene promoter, were inserted into pFUGW (kindly 

provided by P. Osten, Cold Spring Harbor Laboratory). The shRNA target sequences were 

as follows: PanAMPK, 5’-gatgtcagatggtgaattt-3’; AMPKα1, 5’-gtacttaaacccttcagta-3’; 

AMPKα2, 5’-gaagcgagcgactatcaaa-3’.  
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Lentiviruses were transduced by co-transfection of Lenti-X 293T human embryonic 

kidney (HEK) cells (Takara, Shiga, Japan) with vectors encoding the shRNA sequence of 

interest, the HIV-1 packaging vector Δ8.9 (pΔ8.9) and the gene for the envelope 

glycoprotein of vesicular stomatitis virus (pVSV-G), using Polyethylenimine (Polysciences, 

Warrington, PA). Virus particles in culture supernatants were collected by centrifugation 

at 2,000g x g for 5min. 

C2C12 myoblasts were seeded in 6-well plates and cultured until 70% confluence, 

after which 2/3 of the existing medium from each well was replaced by the lentivirus 

supernatant. The myoblasts were infected for 16hrs and replated onto 100mm tissue 

culture (TC) dishes where they were cultured for another 24-48hrs. The infected 

myoblasts were then harvested and re-suspended in ice cold PBS containing 5% FBS and 

2µg/ml propidium iodide (PI). The myoblasts were subjected to fluorescence activated 

cell sorting (FACS) using Cell Sorter SH800 (Sony Corporation, Tokyo, Japan), during 

which green fluorescence protein (GFP)-positive myoblasts were isolated. The sorted 

GFP-positive myoblasts were then cultured, after which the expressions for AMPKα1 and 

AMPKα2 were confirmed by Western blot and real time quantitative PCR (RT-qPCR). 

Following confirmation, the GFP-positive cells expressing the respective shRNAs for 

AMPK(s), henceforth termed as shPanAMPK, shAMPKα1 and shAMPKα2 myoblasts (or 

myotubes), were used for subsequent assays.  

All recombinant DNA experiments including production of viral vectors were 

approved by the relevant committee of the National Institute for Physiological Sciences, 

and were performed under biosafety level 2 containment for lentivirus.  
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Mutagenesis: construction of Flag-tagged NLS-mutated AMPKα2 (ΔNLS-AMPKα2) and 

overexpression of wild type (WT-AMPKα2) and ΔNLS-AMPKα2 

Mutagenesis for ΔNLS-AMPKα2 was performed by PCR with Thermococcus 

kodakaraensis plus (KOD+) DNA polymerase (Toyobo, Osaka, Japan) to generate two 

fragments i.e. Fragment A and Fragment B, using a cDNA for Flag-tagged (NH2-terminal) 

mouse wild-type (WT) AMPKα2 as a template. Fragment A contains ATG and FLAG 

sequences, while Fragment B contains the site-directed mutation in the NLS sequence (-

K-K-I-R-  -K-A-I-R).  

The mutagenesis primers for these fragments were as follows:  

Fragment A Forward, 5’-CGGGATCCGTCGACACCATGGATTACAAGGACGATGACGACAAG 

GCTGAGAAGCAGAAGCCGACG-3’; Fragment A Reverse (ΔNLS position), 5’-

GGATGTAAAACACACCCCCTCGGATCGCCTTGAAGAGCGTAGGCACGTGCTC-3’; Fragment B 

Forward (ΔNLS position), 5’-GAGCACGTGCCTACGCTCTTCAAGGCGATCCGAGGGGGTGTG 

TTTTACATCC-3’; Fragment B Reverse, 5’-GGAATTCGATAATCAACGAGCTAAAGCAGTGA 

TAAGACTGGCGCAC-3’.  

Both fragments were combined by denaturing at 94⁰C and cooled slowly to 30⁰C 

to allow them to anneal at the ΔNLS primer positions. KOD+ DNA polymerase (Toyobo) 

was then added to the PCR reaction to fill in the gaps. The PCR reaction was heated up 

slowly to 72⁰C, preceding the addition of Fragment A Forward and Fragment B Reverse 

flanking primers for amplification. Mutation was confirmed by DNA sequencing using the 

Applied Biosystems 3130xl Genetic Analyser (Thermo Fisher Scientific, Rockford, IL).  
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WT-AMPKα2 and ΔNLS-AMPKα2 DNA inserts were ligated into pFU/W lentiviral 

vector and then transformed into Stbl3 competent cells (Life Technologies). Following 

DNA purification, the overexpression plasmids were co-transfected with pΔ8.9 and 

pVSV-G plasmids into Lenti-X 293T cells in order to transduce lentiviruses expressing WT-

AMPKα2 and ΔNLS-AMPKα2. These lentiviruses were used to infect C2C12 control and 

shAMPKα2 myoblasts for 16hrs, after which they were replated onto 100mm TC dishes 

where they were cultured until 70-80% confluence before differentiation was induced 

for 6 days. 

Growth curve assay 

C2C12 myoblasts from the four different cell lines i.e. control, shPanAMPK, shAMPKα1 

and shAMPKα2 were seeded in 12-well plates at a density of 1 X 104 and then cultured 

up to 72hrs. During the 72hr period, the cells were trypsinised, collected and counted 

using a haemocytometer, at 24-hr intervals. Assay was performed in triplicates.  

Transfection and stimulation with AMPK activator and energy deprivation condition 

Transient transfection of pCAGGS vector expressing Flag-tagged WT-AMPKα2 or Flag-

tagged ΔNLS-AMPKα2 (2 μg per well respectively) into C2C12 myoblasts cultured in 6-

well plates was performed with Lipofectamine 2000 Reagent (Life Technologies) in Opti-

MEM (Life Technologies) for 4 hrs, after which the media was replaced with DMEM 

supplemented with 10% FBS. Transfected myoblasts were stimulated with 0.5mM of  5-

Aminoimidazole-4-carboxamide ribonucleotide (AICAR) (Toronto Research Chemicals, 

Toronto, ON) and DMEM containing glucose at 1000mg/L (Sigma-Aldrich), supplemented 
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with 21.3mM of 2-deoxy-D-glucose (2DG) (Sigma-Aldrich). Following the respective 

stimulations, the myoblasts were subjected to immunofluorescence staining.   

Immunofluorescence staining 

C2C12 myoblasts, as well as myotubes, were grown on cover slips and then fixed with 

4% paraformaldehyde for 20min at room temperature. The myoblasts/myotubes were 

then permeabilised with cold acetone on ice for 20min and treated with 2% bovine 

serum albumin and 5% foetal bovine serum in phosphate-buffered saline for 1hr. The 

myoblasts/myotubes were subsequently incubated with rabbit polyclonal antibodies for 

AMPKα2 and FLAG overnight at 4⁰C, and Alexa Fluor 488-labelled goat antibodies for 

rabbit immunoglobulin G (IgG) (Cat. A11008, 1:500; Life Technologies). Nuclei were 

visualised by mounting slides with 4', 6-diamidino-2-phenylindole (DAPI) Fluoromount-

G (Southern Biotech, Birmingham, AL). Fluorescence of Alexa Fluor 488 and DAPI were 

observed under fluorescence microscope (DMI4000B; Leica Microsystems, Warzlar, 

Germany). All primary antibodies used for immunofluorescence staining are listed in 

Table II. 

Measurement of myotube diameter 

The myotube diameters of control, shPanAMPK, shAMPKα1 and shAMPKα2 cell lines 

were determined after 6 days of differentiation, using a fluorescence microscope 

(DMI4000B; Leica Microsystems) under phase contrast, 200X magnification. Each group 

was cultured in 100mm TC dishes and an image was captured for seven independent 

fields. Selection criteria for a differentiated myotube was adhered, in that it must contain 



14 | P a g e  
 

at least three nuclei in a single alignment and that it should have a length of more than 

three myoblasts. Three short-axis measurements were taken along the length of a given 

myotube diameter and the average was calculated. A total of 50 myotubes were 

measured from each 100mm TC dish. Three independent experiments were performed.   

Nuclear localisation of AMPKα2 

C2C12 myoblasts were transfected with Flag-tagged WT-AMPKα2 or Flag-tagged ΔNLS-

AMPKα2 plasmids and subsequently subjected to AICAR (Toronto Research Chemicals) 

and low glucose-2DG stimulations, and followed by immunofluorescence staining with 

FLAG polyclonal antibody (refer to Table 2), Alexa Fluor 488 (Life Technologies) and DAPI 

(Southern Biotech). Cells with at least 50% overlap between FLAG and DAPI fluorescence 

were counted as having nuclear translocation, whereas cells with no overlap between 

FLAG and DAPI fluorescence were counted as negative nuclear translocation. A total of 

500 transfected cells from six independent fields were counted for each group.  

Tetramethylrhodamine methyl ester (TMRM) staining 

C2C12 myotubes that were differentiated for 6 days, were subjected to TMRM staining. 

20nM TMRM was added to the myotubes cultured in differentiation medium and then 

incubated at 37⁰C for 30min, after which they were washed once with PBS. The 

myotubes were then overlaid with PBS for live-cell imaging under fluorescence 

microscope (DMI4000B; Leica Microsystems). Exposure time was performed manually to 

ensure that the fluorescence intensity is uniform for control, shPanAMPK, shAMPKα1 

and shAMPKα2 cell lines. TMRM and EGFP images were analysed in ImageJ software 
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(National Institutes of Health, Bethesda, MD) to determine the level of fluorescence in a 

fixed region of interest (ROI) [Gavet and Pines (2010); McCloy et al. (2014)]. A total of 20 

independent ROIs were selected from each TMRM and EGFP image. 

RNA extraction, RT-PCR and quantitative PCR 

Total RNA was extracted from both C2C12 myoblasts and myotubes with Trizol Reagent 

(Life Technologies). 500ng of the purified RNA were subjected to reverse transcription 

(RT) with avian myeloblastosis virus (AMV) reverse transcriptase and an oligo (dT) primer 

(Takara). FLAG-tagged AMPKα2 transcripts (Flag-tagged WT-AMPKα2 and Flag-tagged 

ΔNLS-AMPKα2) were detected by PCR with ExTaq (Takara) and Veriti 96-well Thermal 

Cycler (Life Technologies). RT-qPCR was performed using the StepOne Real-Time PCR 

system (Life Technologies) with 1 µl of 1:5 dilution of the resulting cDNA and SYBR Premix 

Ex Taq II (Tli RNaseH Plus) (Takara). All reactions were analysed in duplicates. Data were 

normalised to the signal obtained using primers that amplify the 36B4 transcripts, based 

on comparative CT method for relative quantitation of gene expression. All primer 

sequences are listed in Table I. 

Protein extraction and Western blotting 

C2C12 myoblasts cultured for 48hr, as well as C2C12 myotubes differentiated for 6 days, 

were harvested and lysed in buffer containing 20mM Tris (pH 7.4), 5mM EDTA (pH 8.0), 

10mM sodium pyrophosphate, 1% Triton X-100, with protease and phosphatase 

inhibitor cocktails (Sigma-Aldrich and Calbiochem, San Diego, CA, respectively). Protein 

concentrations of cell lysates were determined by bicinchoninic acid (BCA) assay (Pierce, 
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Thermo Fisher Scientific). Cell lysates were subjected to SDS-polyacrylamide gel 

electrophoresis, and the separated proteins were transferred onto a polyvinylidene 

difluoride membrane. After blocking in Tris-buffered saline [(50mM Tris-HCl (pH7.5), 

150mM NaCl and 0.1% Tween 20)] containing 5% skim milk for 2hr at room temperature, 

the membranes were probed with specific primary antibodies. Immunoreactive protein 

bands were detected with goat anti-rabbit horseradish peroxidase-conjugated 

secondary antibody (Santa Cruz Biotechnology, Santa Cruz, CA) and enhanced 

chemiluminescence reagents (GE Healthcare, Buckinghamshire, United Kingdom). 

Protein bands were captured on ImageQuant LAS 1000 mini (GE Healthcare) and 

processed using ImageJ software (National Institutes of Health).  All primary antibodies 

used for Western blotting are listed in Table II. β- actin was used as a loading control 

since its expression was comparatively similar throughout the stages in myogenesis (see 

RESULTS).  

Immunoprecipitation 

Cell lysates (200µg) prepared from above were incubated with Buffer A [20mM Tris-HCl 

(pH7.4), 1mM EDTA (pH 8.0), 50mM NaCl, 10mM sodium pyrophosphate, 250mM 

sucrose, protease and phosphatase inhibitor cocktails (Sigma-Aldrich and Calbiochem 

respectively)], AMPKα1 or AMPKα2 antibodies (in-house produced) and Protein A/G 

Sepharose mix (GE Healthcare) at 4⁰C overnight. The resulting Protein A/G Sepharose 

beads were separated by centrifugation, washed twice with Buffer A and twice more 

with cold PBS, after which they were subjected to Western blotting.       
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Statistical analysis 

Data are presented as means ± s.e.m. Statistical comparisons among multiple groups 

were performed by analysis of variance (ANOVA) followed by Tukey-Kramer’s post hoc 

test. Statistical analysis between two groups were performed by unpaired or paired 

Student’s t test (two-tailed). A P value of <0.05 was considered statistically significant. 

Comparisons of mean diameter, as well as AMPKα2 mRNA amounts in shAMPKα2-

expressing myotubes overexpressed with WT-AMPKα2 and ΔNLS-AMPKα2, were 

performed after logarithmic conversion.  
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RESULTS 

Knockdown of AMPKα1 delays cell proliferation rate 

Figures 1A-D show the results of FACS for EGFP-positive control, shPanAMPK, shAMPKα1, 

and shAMPKα2 myoblasts, respectively. More than 95% of the sorted myoblasts were 

positive for EGFP. The number of these myoblasts at each time point during culture 

revealed that shPanAMPK and shAMPKα1 myoblasts had a significantly slower 

proliferation rate, compared with that of EGFP-positive control myoblasts (Figure 1E and 

F). In contrast, the proliferation of shAMPKα2 myoblasts was similar to the control 

myoblasts at all time points (Figure 1F, yellow line). These results suggest that AMPKα1 

is necessary for cell proliferation in C2C12 myoblasts.  

 

AMPKα1 protein expression remains constant while that of AMPKα2 increases during 

differentiation 

I examined AMPKα1 and α2 mRNA abundance in control, shPanAMPK, shAMPKα1 and 

shAMPKα2 myoblasts and myotubes (Figure 2A and B). Cells collected were myoblasts 

at 24hr, and myotubes at 24hr, 72hr and 6 days after replacement with differentiation 

medium. AMPKα1 was highly expressed in 24hr myoblasts; and its expression was 

slightly decreased in myotubes at 24hr, 72hr and 6 days (Figure 2A). mRNA abundance 

of AMPKα1 was significantly decreased in shPanAMPK and shAMPKα1 cell lines, while 

its expression in shAMPKα2 cell line was similar to that of control. Contrary to the 

expression of AMPKα1, AMPKα2 mRNA abundance was significantly higher in myotubes 
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than that in myoblasts (Figure 2B). In myotubes, the amount of AMPKα2 mRNA was 

significantly decreased in shPanAMPK and shAMPKα2 myotubes. shAMPKα1 myotubes 

slightly decreased the amount of AMPKα2 mRNA at 24hr, but not at 72hr or 6 days. The 

expression of AMPKα2 mRNA in myoblasts was not affected by shPanAMPK, shAMPKα1 

or shAMPKα2, suggesting a very low expression of AMPKα2 in myoblasts.  

I also examined the protein expressions of total AMPK, AMPKα1 and AMPKα2 in 

control, shPanAMPK, shAMPKα1 and shAMPKα2 myotubes (Figure 2C). AMPKα1 protein 

content in both control and shAMPKα2 myotubes remained constant throughout the 6 

days of differentiation, while that of shPanAMPK and shAMPKα1 was almost diminished. 

In contrast, AMPKα2 protein content increased progressively during the 6 days of 

differentiation. AMPKα2 protein contents of shPanAMPK and shAMPKα2 myotubes were 

selectively inhibited at all time points. The protein expression, attributed by the changes 

in both AMPKα1 and AMPKα2 expressions, could be reflected in the immunoblot for 

total AMPKα. Protein expression of total AMPKα appears to be mainly reflected by the 

protein amount of AMPKα1. β- actin was comparatively similar throughout the stages in 

myogenesis. These results suggest that AMPKα1 protein expression remains constant 

while that of AMPKα2 increases during differentiation.   
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AMPKα1 and α2 reciprocally regulate the width of C2C12 myotubes 

AMPK activation during conditions of energetic stress is thought to act as a negative 

regulator of protein synthesis and may therefore modulate skeletal muscle mass and 

hypertrophy [Bolster et al. (2002); Nader et al. (2002)]. I wondered if inhibiting AMPKα 

activity would have any profound effect on the phenotypes of differentiated myotubes. 

I captured images of control, shPanAMPK, shAMPKα1 and shAMPKα2 myotubes after 6 

days of differentiation. Control myotubes were properly arranged, representing singly 

aligned nuclei. In contrast, shPanAMPK and shAMPKα2 myotubes were relatively thin, 

while shAMPKα1 myotubes appeared to be thicker than of control myotubes (Figure 3A).  

I measured the width of individual myotubes for the aforementioned cell lines 

after 6 days of differentiation. Figure 3B shows a representative measurement of the 

width of individual myotubes. Three short-axis measurements were taken along the 

length of a given myotube diameter and the average was calculated. A total of 50 

myotubes were measured from each 100mm TC dish, and three independent 

experiments were performed. Selection criteria was adhered, in that it must contain at 

least three nuclei in a single alignment and that it should have a length of more than 

three myoblasts. Figure 3C (Histogram) and Figure 3D (cumulative number of cells versus 

cell diameter) revealed that the width of both shPanAMPK and shAMPKα2 myotubes 

was shifted leftward compared with the control, while that of shAMPKα1 myotubes was 

shifted rightward. Mean width (µm) of each group was as follows: Control, 103.0 ± 2.3; 

shPanAMPK, 72.8 ± 1.6 (P <0.05 vs control), shAMPKα1, 140.8 ± 4.3 (P <0.05 vs control); 

shAMPKα2, 83.3 ± 2.2 (P <0.05 vs control). The width (µm) at 50% cumulative cell 
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numbers was also as follows: Control, 98.3; shPanAMPK, 72.0, shAMPKα1, 131.2; 

shAMPKα2, 78.6. Thus, AMPKα1 knockdown increased but AMPKα2 knockdown 

decreased the width of C2C12 myotubes.  

 

AMPKα1 is important during the early stage while AMPKα2 is necessary during the 

late stage of myogenesis 

I assessed the mRNA expression of myogenic markers in control myoblasts and myotubes. 

MyoD, Myogenin and MCK are designated as early, middle and late stage differentiation 

markers, respectively (Figure 4A) Chamberlain et al. (1985); Johnson et al. (1989); Knight 

and Kothary (2011); Bentzinger et al. (2012); Hindi et al. (2013). Figure 4B showed that 

the mRNA abundance for MyoD remained constant throughout myogenesis, while 

myogenin was expressed in myotubes but not myoblasts, reaching its peak at 72hr and 

then declined by the 6th day of differentiation (Figure 4C). MCK mRNA was also expressed 

solely in myotubes, reaching its peak at 6 days (Figure 4D). 

 I examined whether the mRNA abundance of these myogenic markers would also 

be affected by shPanAMPK, shAMPKα1 and shAMPKα2. MyoD mRNA abundance in 24hr 

myotubes was not significantly different among the cell lines compared with control 

myotubes (Figure 4E). Myogenin mRNA at 72hr was supressed by both shPanAMPK and 

shAMPKα1, while shAMPKα2 did not suppress the mRNA amount significantly (Figure 

4F). Thus, AMPKα1 mostly regulates myogenin expression. In contrast, MCK mRNA 

expression at 6 days of differentiation was significantly decreased in both shPanAMPK 
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and shAMPKα2 myotubes, but not shAMPKα1 myotubes (Figure 4G). These results 

suggest that while AMPKα1 is important during the early stage of myogenesis (the 

expression of myogenin as well as cell proliferation of myoblasts), AMPKα2 is necessary 

for muscle maturation during the late stage of differentiation.  

 

Knockdown of AMPKα2 down-regulated mRNA expressions of genes involved in 

mitochondrial biogenesis and caused a reduction in TMRM staining 

AMPK stimulates mitochondrial biogenesis through a PGC-1α –dependent transcription. 

PGC-1α is a co-transcriptional regulation factor that induces mitochondrial biogenesis by 

activating nuclear respiratory factor 2 (NRF2), mitochondrial transcription factor A 

(Tfam) and mitochondrial transcription factor B2 (TFB2M) [Irrcher et al. (2008); Ventura-

Clapier et al. (2008)]. To examine the individual contributions of AMPKα1 and AMPKα2 

towards mitochondrial biogenesis, I performed RT-qPCR on control, shPanAMPK, 

shAMPKα1 and shAMPKα2 myotubes at 6 days of differentiation. I found that 

knockdown of AMPKα2 but not AMPKα1 led to the down-regulation of PGC-1α and 

TFB2M mRNA amounts (Figure 5A and B). AMPKα2 knockdown also tended to decrease 

Tfam and NRF2 mRNA abundance (Figure 5C and 5D). shPanAMPK showed a reduction 

in those mRNA amounts, but the effects were not statistically significant.  

TMRM is a cell-permeant, fluorescent dye that is readily sequestered by active 

mitochondria. shPanAMPK and shAMPKα2 myotubes demonstrated a subdued TMRM 

staining compared with control and shAMPKα1 myotubes at 6 days of differentiation 
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(Figure 5E and F). This outcome, along with the RT-qPCR results, suggest that lack of 

AMPKα2 could inhibit mitochondrial biogenesis.         

 

AMPKα1 is the major contributor towards phosphorylation of ACC and ULK1 

In addition to the gene expression, activation of AMPK induces the phosphorylation 

(pACC) of acetyl Co-A carboxylase (ACC) (serine 79 for ACC1 and serine 212 for ACC2) 

and promotes fatty acid oxidation and ATP production in the mitochondria [Fullerton et 

al. (2013)]. AMPK also regulates autophagy, which is initiated by phosphorylating the 

autophagy-initiating kinase ULK1 on serine 555 (pULK1) [Bach et al. (2011); Alers et al. 

(2012)]. I examined the individual contributions of AMPKα subunits towards ACC and 

ULK1 phosphorylation at 6 days of differentiation (Figure 6A). Control and shAMPKα2 

myotubes showed a high level of AMPK phosphorylation (pAMPK). In contrast, there was 

a lesser extent of pAMPK in both shAMPKα1 and shPanAMPK myotubes. shAMPKα1 and 

shAMPKα2 myotubes also reciprocally increased AMPKα1 and α2 protein content. These 

results suggest that while AMPKα1 is the major contributor towards pAMPK, the 

activities of AMPKα1 and α2 are increased in compensation for the absence of either 

subunit. Analysis of pAMPKα1 and α2 by specific immunoprecipitation showed that both 

AMPKα1 and α2 are phosphorylated at 6 days of differentiation (Figure 6B and C). 

 Next, I examined pACC and pULK1 in those cell lines at 6 days of differentiation 

(Figure 6D and E). Control and shAMPKα2 myotubes showed a high level of pACC and 

pULK1. In contrast, shAMPKα1 and shPanAMPK myotubes had a much lesser extent of 
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pACC and pULK1. These results suggest that AMPKα1 could be the major contributor 

towards the activity of ACC and ULK1 in C2C12 myotubes. However, I also observed that 

shAMPKα2 and shPanAMPK myotubes change the total amount of ACC and ULK1 

respectively, compared with control and shAMPKα1. Thus, AMPKα2 may regulate the 

protein expression of ACC and ULK1 in C2C12 myotubes.  

 

 AMPKα2 translocates to the nucleus upon activation 

Previous studies have shown that AMPKα1 and AMPKα2 have different subcellular 

locations; in skeletal muscle, AMPKα2 appears to be more enriched in the nucleus, while  

AMPKα1 is mostly localised to the cytoplasm [Salt et al. (1998); McGee et al. (2003); Ross 

et al. (2016)]. Furthermore, a putative nuclear localisation sequence (NLS) was identified 

in AMPKα2, but not in AMPKα1 [Suzuki et al. (2007)]. Hence, I examined whether 

AMPKα2 localises in the nucleus during myogenesis. Immunofluorescence analysis of 

endogenous AMPKα2 in C2C12 control cells revealed that AMPKα2 expression gradually 

increased during differentiation, with an increased AMPKα2 in the nucleus (Figure 7A).  

 I next investigated whether AMPKα2 would translocate to the nucleus upon 

activation, dependent on the nuclear localisation signal, as previously reported [Suzuki 

et al. (2007)]. I generated a FLAG-tagged WT-AMPKα2 and FLAG-tagged ΔNLS-AMPKα2 

construct, which had a point mutation in its nuclear localisation signal (Figure 7B), and 

transiently transfected those constructs into C2C12 control myoblasts. In the control 

without stimulant, FLAG expression remained in the cytoplasm in both WT-AMPKα2 and 
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ΔNLS-AMPKα2 transfected myoblasts. However, both AICAR and low glucose plus 2DG 

stimulations increased nuclear localisation of WT-AMPKα2 but not its ΔNLS-AMPKα2 

mutant (Figure 7C). I quantified the number of cells containing FLAG protein that had 

localised in the nucleus. Although about 95% of cells had WT-AMPKα2 localised in the 

cytoplasm without stimulation, about 40% and 50% had a partly translocated AMPKα2 

upon stimulation with AICAR and low glucose plus 2DG, respectively (Figure 7D and E). 

In contrast, cells transfected with ΔNLS-AMPKα2 remained in the cytoplasm upon 

stimulation by either (Figure 7D and E).  

 

Expression of WT-AMPKα2 but not ΔNLS-AMPKα2 increases the width of shAMPKα2 

cells 

I explored the role of AMPKα2 nuclear translocation during myogenic differentiation in 

control and shAMPKα2 cells that had been overexpressed with WT-AMPKα2 and ΔNLS- 

AMPKα2 plasmids, and subsequently differentiated for 6 days. There was no apparent 

phenotypic difference among the control myotubes overexpressed with empty, WT-

AMPKα2 and ΔNLS-AMPKα2 vectors (Figure 8A). However, shAMPKα2 myotubes 

overexpressed with WT-AMPKα2 recovered the width of shAMPKα2 myotubes (Figure 

8B). In contrast, overexpressing its ΔNLS mutant resulted in an intermediary phenotype, 

with the presence of thin and thick myotubes (Figure 8B).  

Overexpression of WT-AMPKα2 and its ΔNLS mutant had no apparent effect on 

AMPKα1 mRNA (Figure 8C) as well as protein expression (Figure 8E) in either the control 
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or shAMPKα2 myotubes, while shAMPKα2 myotubes tended to decrease AMPKα1 

mRNA abundance (Figure 8C). In contrast, shAMPKα2 myotubes significantly decreased 

total AMPKα2 mRNA abundance (Figure 8D), as shown in Figure 2B. While expression of 

WT-AMPKα2 and its ΔNLS mutant did not change the total AMPKα2 mRNA abundance 

(endogenous plus mutated AMPKα2) in the control myotubes (Figure 8D), 

overexpression of WT-AMPKα2 and its ΔNLS mutant increased the mRNA (Figure 8D) as 

well as protein (Figure 8E) amount of AMPKα2 in shAMPKα2 myotubes. Protein 

expression of total AMPKα2 did not differ between myotubes overexpressed with WT-

AMPKα2 and ΔNLS-AMPKα2 in either control or shAMPKα2 myotubes (Figure 8E).  

Expression of WT-AMPKα2 and ΔNLS-AMPKα2 was confirmed with the increased FLAG 

mRNA expression in the control and shAMPKα2 myotubes (Figure 8F). It was not known 

why overexpression of WT-AMPKα2 and ΔNLS-AMPKα2 did not alter the AMPKα2 mRNA 

expression in control myotubes, although its protein expression was increased (Figure 

8D and E). 

 

Overexpression of WT-AMPKα2 recovered MCK and PGC-1α expression and the effect 

on PGC-1α expression was dependent on its nuclear localisation signal 

My results indicated that shAMPKα2 knockdown led to a significant reduction in MCK 

and PGC-1α mRNA expressions, underlining the importance of the α2 subunit during the 

late stages of differentiation.  Therefore, I sought to determine whether overexpression 

of WT-AMPKα2 and ΔNLS- AMPKα2 would recover MCK and PGC-1α expressions in 

shAMPKα2 myotubes. I found that overexpression of WT-AMPKα2 increased MCK and 
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PGC-1α mRNA expressions in shAMPKα2 myotubes, compared to those with empty 

vector (Figure 8G and H). I also found that although overexpression of ΔNLS-AMPKα2 

increased the amount of MCK mRNA to a similar extent with that of WT-AMPKα2 (Figure 

8G), it did not increase PGC-1α mRNA expression (Figure 8H). These results suggest that 

PGC-1α mRNA expression, but not MCK expression, could be regulated by AMPKα2 

nuclear translocation.    
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DISCUSSION 

In the present study, I found that AMPKα1 and α2 have distinct roles in myogenic 

differentiation, with AMPKα1 being necessary during the early stage, while AMPKα2 and 

its changing subcellular localisation being indispensable during the late stage of 

differentiation. My results indicate that selective knockdown of AMPKα1 resulted in a 

dramatic reduction of cell proliferation. Knockdown of AMPKα1 also decreased 

myogenin gene expression and phosphorylation of ACC and ULK1. In contrast, 

knockdown of AMPKα2 resulted in a dramatic reduction in MCK gene expression, a late 

stage marker of muscle differentiation, as well as some of the genes involved in 

mitochondrial biogenesis such as PGC-1α. Nuclear translocation of AMPKα2 was 

necessary for PGC-1α mRNA expression, while MCK expression was independent of the 

translocation. These results suggest that AMPKα1 and α2 have crucial roles during 

myogenesis of C2C12 cells through multiple downstream signalling pathways. 

 I have shown that reduced AMPKα1 expression dramatically attenuated cell 

proliferation in C2C12 myoblasts, highlighting the necessity of the α1 subunit in 

promoting cell growth of myoblasts. This is consistent with a previous report showing 

that lack of AMPKα1 reduces proliferation and myogenic capacity of satellite cells during 

muscle regeneration [Fu et al. (2016)]. Recent studies also revealed that knockdown of 

AMPKα1 but not AMPKα2 reduced myogenin expression and myogenic differentiation 

of C2C12 cells through histone deacetylase 5 (HDAC5) phosphorylation [Fu et al. (2013a); 

Fu et al. (2013b)]. Moreover, AMPKα1 has been reported to directly control hepatocyte 

proliferation by regulating cyclin A2 expression, which is tightly synchronised with the 
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progression of the cell cycle [Merlen et al. (2014)]. Thus, AMPKα1 could behave as an 

important effector in controlling cell proliferation.  

 AMPK is well known to increase fatty acid oxidation through inhibition of ACC by 

direct phosphorylation of Ser79 (in ACC1), consequently inhibiting malonyl-CoA 

production, thereby allowing carnitine palmitoyltransferase (CPT1) to promote long- 

chain acyl-CoA entry into mitochondria in order to undergo β-oxidation and produce ATP 

[Winder et al. (1997); Towler and Hardie (2007)]. AMPK is also known to trigger 

autophagy by directly phosphorylating ULK1 [Egan et al. (2011); Kim et al. (2011)]. I 

evaluated the individual contributions of AMPKα isoforms towards phosphorylation of 

ACC and ULK1. I found that phosphorylation of ACC (Ser79) and ULK1 (Ser555) was 

severely reduced in shAMPKα1 myotubes, underlining AMPKα1 as the major contributor 

towards promoting fatty acid oxidation and autophagy in C2C12 cells.  

 A recent study revealed that upon glucose starvation, activated AMPK 

phosphorylates glyceraldehyde 3-phosphate dehydrogenase (GAPDH) at Ser122 in the 

cytoplasm, promoting translocation of GAPDH into the nucleus where it directly interacts 

with and activates Sirt1, thereby initiating autophagy via translocation of Atg8 (LC-3 in 

mammals) from nucleus to cytoplasm [Chang et al. (2015)]. AMPK also stimulates 

autophagy by inhibiting mammalian target of rapamycin (mTOR) activity via 

phosphorylation of tuberous sclerosis 2 (TSC2) [Mihaylova and Shaw (2011)]. Inhibition 

of mTOR activity by AMPK appears to be mediated by AMPKα1 in some cell lines 

[Mounier et al. (2009); Lee et al. (2010a); Lee et al. (2010b)]. However, it is not known 

whether cell proliferation and phosphorylation of ACC and ULK1 in C2C12 cells are 
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regulated by AMPKα1 specifically or simply due to the high expression of AMPKα1 

compared with AMPKα2. Exercise and leptin have been shown to preferentially activate 

AMPKα2 but not AMPKα1 in skeletal muscle in vivo, stimulating phosphorylation of ACC 

and fatty acid oxidation in the tissue [Minokoshi et al. (2002); Viollet et al. (2009)]. 

Further experiments are necessary to clarify whether AMPKα1 and α2 are dispensable 

for cell proliferation, fatty acid oxidation and autophagy in C2C12 cells.  

 In the present study, I found that shAMPKα1 resulted in a significant increase in 

the width of myotubes. In contrast, shPanAMPK and shAMPKα2 myotubes decreased 

the width compared with the control. These results suggest that AMPKα1 and α2 

reciprocally regulate cell diameter of C2C12 myotubes. Given that shPanAMPK and 

shAMPKα2 myotubes are similarly thinner than that of control, the hypertrophic action 

of shAMPKα1 might be due to a compensatory increase in AMPKα2 expression (Figure 

6A). In support of my finding, a previous study showed that AMPKα1 KO primary cultured 

myotubes exhibited larger cell size compared with control cells [Mounier et al. (2009)]. 

An age-related elevation in AMPK phosphorylation is strongly correlated with the 

attenuated hypertrophic response observed with age in overloaded fast-twitch muscle 

[Thomson and Gordon (2005)]. On the other hand, AMPKα2 has been shown to be the 

most prevalent isoform in skeletal muscle in maximal exercise capacity and its loss lowers 

exercise tolerance, as well as decreases voluntary activity in mice [Fujii et al. (2007)]. 

Hence, my results suggest that AMPKα1 and α2 regulate muscle volume in reciprocal 

manners: AMPKα2 increases the width of C2C12 cells while AMPKα1 inhibits it.  
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 The effect of AMPKα2 may partly be associated with the stimulatory effects on 

the gene expressions involved in mitochondrial biogenesis and energy homeostasis, 

including PGC-1α and MCK. My important finding is that AMPKα2 knockdown 

significantly affected the differentiation potential in C2C12 myotubes towards the later 

stage, resulting in a drastic decline in MCK mRNA expression and some of the genes 

involved in mitochondrial biogenesis such as PGC-1α. My data showed a time-dependent 

expression of AMPKα2, with its protein levels increasing progressively during the late 

stages of differentiation. Knockdown of AMPKα2 not only led to the down-regulation of 

PGC-1α and TFB2M, but also a subdued TMRM staining compared with control 

myotubes. Forced expression of WT-AMPKα2 was able to rescue the decline in MCK and 

PGC-1α expression in shAMPKα2 myotubes. I also found that nuclear translocation of 

AMPKα2 is necessary for PGC-1α but not MCK gene expression in C2C12 myotubes.  

 Activation of AMPK has been shown to increase mitochondrial biogenesis in 

skeletal muscle through PGC-1α [Zong et al. (2002); Rohas et al. (2007); Fulco and 

Sartorelli (2008)]. In humans, acute bout of exercise enhances the nuclear localisation of 

AMPKα2 [McGee et al. (2003)] and PGC-1α gene expression in muscle [Vissing et al. 

(2008)]. Muscle-specific deletion of either AMPK or PGC-1α leads to a reduction in 

mitochondrial biogenesis and exercise intolerance [Zong et al. (2002); Reznick and 

Shulman (2006); Fulco and Sartorelli (2008)]. While the mechanisms underlying AMPK 

dependent mitochondrial biogenesis have yet to be fully elucidated, it can be postulated 

that they might rely on the ability of nuclear AMPKα2 complexes to directly 
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phosphorylate transcriptional factors and/or co-regulators, to stimulate gene expression 

of PGC-1α.  

 Recent study showed that activated AMPK stimulates some gene transcriptions 

through phosphorylation of histone H2B on Ser36. Mouse embryonic fibroblasts (MEFs) 

expressing a mutant H2BS36A blunted the induction of stress-related genes upregulated 

by AMPK, including p21 and cpt1c [Bungard et al. (2010)]. It is also reported that exercise 

stimulates the phosphorylation of class IIa histone deacetylases (HDACs) and leads to 

nuclear export, thereby removing their transcriptional repressive function [McGee et al. 

(2009)]. A previous study also revealed that AMPK stimulates phosphorylation of cAMP 

response element-binding protein (CREB) at the same site as cAMP-dependent protein 

kinase (PKA) in cultured cells [Thomson et al. (2008)]. Another study demonstrated that 

pharmacological activation of AMPK stimulates PGC-1α gene expression through the 

GATA/Ebox binding site in the promoter region [Irrcher et al. (2008)]. Further 

experiments are necessary to explore how AMPKα2 regulates PGC-1α and MCK gene 

expression and mitochondrial function.  

 Previous studies on isoform composition of AMPK complexes in human skeletal 

muscle revealed that only 3 of the 12 theoretically possible heterotrimeric combinations 

i.e. α1β2γ1, α2β2γ1 and α2β2γ3 account for AMPK activity in that tissue Birk and 

Wojtaszewski (2006); Mounier et al. (2015); Ross et al. (2016).  In a preliminary study 

(data not shown), I found that β1 and γ2 mRNA are highly expressed in C2C12 myoblasts, 

suggesting that α1/ β1/ γ2 combination is essential for the onset of myogenesis. By 

contrast, β2, γ1 and γ3 mRNA are almost undetectable in C2C12 myoblasts but are highly 
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expressed in matured myotubes, a pattern that is similar to α2 expression in my present 

study, as well as in other in vivo studies [Mahlapuu et al. (2004); Wojtaszewski et al. 

(2005); Birk and Wojtaszewski (2006)]. This suggests that heterotrimeric assembly of α2 

with β2 and γ1/ γ3 isoforms, is crucial during the late stages of myogenic differentiation. 

However, further investigation is necessary to ascertain the changing expression profile 

of AMPK subunit isoforms in differentiating C2C12 cells. It would also be interesting to 

determine the functional significance of different AMPK isoform combination in relation 

with their subcellular localisation during myogenesis.  

 To reiterate, my data demonstrate that AMPKα1 is necessary for the 

phosphorylation of ACC and ULK1; this, in turn, could mediate the upregulation of fatty 

acid oxidation and autophagy respectively (Figure 9). In addition, AMPKα1 is also 

important for promoting cell proliferation in C2C12 myoblasts. On the other hand, 

AMPKα2 is essential for the up-regulation of MCK and PGC-1α expressions. In parallel, 

while nuclear localisation of AMPKα2 is necessary for up-regulating PGC-1α expression, 

this is not necessary for MCK gene expression. Those effects of AMPKα2 may be 

associated with the width of C2C12 myotubes. Overall, my current findings point to 

multiple roles of AMPK during myogenesis; α1 isoform being critical during cell 

proliferation and the initial stage of myogenesis, while α2 isoform and its subcellular 

localisation being indispensable for the progression to mature myotubes.  
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Table I: Primer sequences for Real-Time quantitative PCR and standard PCR analyses 

 

Target Sequence (51  31) 

AMPKα1 F: AGAGGGCCGCAATAAAAGAT 

R: TGTTGTACAGGCAGCTGAGG 

AMPKα2 F: ACAGCGCCATGCATATTCCTC 

R: ATGTCACACGCTTTGCTCTG 

MyoD1* F: CCACTCCGGGACATAGACTTG 

R: AAAAGCGCAGGTCTGGTGAG 

Myogenin F: GGTGTGTAAGAGGAAGTCTGTG 

R: TAGGCGCTCAATGTACTGGAT 

Muscle Creatine Kinase F: CTGACCCCTGACCTCTACAAT 

R: CATGGCGGTCCTGGATGAT 

Ppargc1a* F: TATGGAGTGACATAGAGTGTGCT 

R: CCACTTCAATCCACCCAGAAAG 

TFAM F: CCAAAAAGACCTCGTTCAGC 

R: CTTCAGCCATCTGCTCTTCC 

NRF-2 F: CCGCTACACCGACTAGGATT 

R: ACCTTCATCACCAACCCAAG 

TFB2M F: TCCACATTTGGAGCCCTTAC 

R: ACACCTGCTGACCAAGGAAC 

36B4 F: GGCCCTGCACTCTCGCTTTC 

R: TGCCAGGACGCGCTTGT 

GAPDH  (PCR) F: AACTTTGGCATTGTGGAAGG 

R: ACACATTGGGGGTAGGAACA 

FLAG  (PCR) F: GATTACAAGGACGATGACGACAAG 

R: ATTTAGTACAGGCAGCTGAGGA 

 

* Primer sequences were obtained from Harvard PrimerBank [Wang and Seed (2003); 

Spandidos et al. (2008); Spandidos et al. (2010)].   
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Table II: List of Primary Antibodies used for Western Blotting (WB) and 

Immunofluorescence (IF) Analyses 

 

Antigen Catalogue 
Number 

Product Company Dilution Factor 

AMPKα 2532 Cell Signaling 
Technology, Danvers, 

MA 

1:1000 (WB) 

Phospho-AMPKα 
(Thr172) 

2535 Cell Signaling 
Technology, Danvers, 

MA 

1:2000 (WB) 

Acetyl-CoA Carboxylase  3676 Cell Signaling 
Technology, Danvers, 

MA 

1:1000 (WB) 

Phospho-Acetyl-CoA 
Carboxylase (Ser79) 

3661 Cell Signaling 
Technology, Danvers, 

MA 

1:1000 (WB) 

Β- Actin  4967 Cell Signaling 
Technology, Danvers, 

MA 

1:1000 (WB) 

α-Tubulin 2144 Cell Signaling 
Technology, Danvers, 

MA 

1:1000 (WB) 

Phospho-ULK1 (Ser555) 5869 Cell Signaling 
Technology, Danvers, 

MA 

1:1000 (WB) 

ATG1/ULK1 A7481 Sigma-Aldrich, 
St. Louis, MO 

1:1000 (WB) 

FLAG F7425 Sigma-Aldrich, 
St. Louis, MO 

1:750 (IF) 

AMPKα1  Ab32047 Abcam, 
Cambridge, UK 

1:1000 

AMPKα2 Ab3760 Abcam, 
Cambridge, UK 

1:1000 (WB) 
1:750 (IF) 

AMPKα1 
 

 In-house produced  

AMPKα2 
 

 In-house produced  
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FIGURE LEGENDS 

Figure 1 | Effect of AMPKα isoforms on C2C12 myoblast proliferation 

(A to D) FACS analysis of control, shPanAMPK, shAMPKα1 and shAMPKα2 myoblasts 

after infection with their respective lentivirus vectors. Myoblast population from the 

individual cell lines was selected from a backscatter (BSC) vs forward scatter (FSC) density 

plot (left panel), after which the appropriate gating was performed on the selected 

population by generating a bivariate histogram (middle panel). Bottom right quadrant 

(Q4) of the histogram represents EGFP-positive cells that were isolated and used for 

subsequent cultures. Right panel shows representative images of the EGFP-sorted 

myoblasts. Scale bar = 200 µm.  (E) Representative phase-contrast images of control, 

shPanAMPK, shAMPKα1 and shAMPKα2 myoblasts taken at different time points (24hr, 

48hr and 72hr). Scale bar = 100 µm.   (F) Growth curve assay of control, shPanAMPK, 

shAMPKα1 and shAMPKα2 myoblasts that were cultured for 72hr, during which cells 

were collected and counted at 24hr intervals. Data are shown as means ± s.e.m. (n=3) 

*P < 0.05 versus control, †P < 0.05 versus shAMPKα2, ‡ P < 0.05 versus shPanAMPK.   

Figure 2 | Changes in α1- and α2-AMPK mRNA and protein expressions during 

myogenic differentiation 

(A, B) RT-qPCR analysis of α1- and α2- AMPK mRNA abundance in 24hr myoblasts, 24hr-, 

72hr- and 6days myotubes of control, shPanAMPK, shAMPKα1 and shAMPKα2 C2C12 

cell lines.  Data are shown as means ± s.e.m. (n=3) *P < 0.05 versus control, †P < 0.05 

versus corresponding values to 24hr myoblasts. (C) Immunoblot analysis of AMPKα1, 
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AMPKα2, total AMPKα and β-actin contents in 24hr-, 72hr- and 6days myotubes of 

control, shPanAMPK, shAMPKα1 and shAMPKα2 C2C12 cell lines.  

Figure 3 | Phenotypic effects of AMPKα on myogenic differentiation 

(A) Representative images of EGFP-expressing control, shPanAMPK, shAMPKα1 and 

shAMPKα2 myotubes captured under fluorescence microscope, 6 days after inducing 

differentiation. Scale bar = 200 µm. (B) Representative image of how the diameters for 

individual myotubes were measured in one field. Three short-axis measurements were 

taken along the length of a selected myotube and the average was calculated.  Insert 

diagram depicts the selection criteria of myotubes for measuring of individual diameters. 

Selected myotubes should be of a length that is more than that of three myoblasts. Also, 

they should contain more than three nuclei in a single alignment. (C) Frequency 

histogram showing the distribution of myotube size for control, shPanAMPK, shAMPKα1 

and shAMPKα2 myotubes 6 days after inducing myogenic differentiation. Data are 

shown as means ± s.e.m. (n=3). Insert images are representative (magnified) images of 

control, shPanAMPK, shAMPKα1 and shAMPKα2 myotubes, depicting the differences in 

myotube diameter size among the cell lines after 6 days of differentiation. (D) 

Cumulative frequency curve showing the number of cells versus cell diameter.  

Figure 4 | Expression of myogenic markers during differentiation of control, 

shPanAMPK, shAMPKα1 and shAMPKα2 cell lines 

(A) Illustration depicting skeletal muscle differentiation process in C2C12 cells. MyoD, 

Myogenin and MCK are expressed during the early, middle and late stage of myogenic 
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differentiation respectively.  (B to D) RT-qPCR analysis of MyoD1, myogenin and muscle 

creatine kinase mRNA abundance in 24hr myoblasts, 24hr-, 72hr- and 6days myotubes 

of control C2C12 cell line. *P < 0.05 versus 24hr myoblasts, †P < 0.05 versus 

corresponding values to 72hr myotubes. (E to G) RT-qPCR analysis of MyoD1, myogenin 

and muscle creatine kinase mRNA abundance in control, shPanAMPK, shAMPKα1 and 

shAMPKα2 C2C12 cell lines for 24hr myotubes, 72hr myotubes and 6days myotubes 

respectively. *P < 0.05 versus control. All data are shown as means ± s.e.m. (n=3). 

Figure 5 | Effects of AMPKα2 knockdown on mitochondrial biogenesis 

(A to D) RT-qPCR analysis of PGC-1α, TFB2M, Tfam and NRF-2 mRNA abundance in 

control, shPanAMPK, shAMPKα1 and shAMPKα2 myotubes, after 6 days of 

differentiation. Data are shown as means ± s.e.m. (n=3) *P < 0.05 versus control. (E) 

Tetramethylrhodamine methyl ester (TMRM) staining of control, shPanAMPK, 

shAMPKα1 and shAMPKα2 myotubes, after 6 days of differentiation. Scale bar = 200 µm. 

(F) Graphs show quantification of TMRM and EGFP fluorescence intensities from 20 

independent regions of interest (ROI) in the respective TMRM and EGFP images. Data 

are shown as means ± s.e.m. (n=20) *P < 0.05 versus control.    

Figure 6 | Individual contributions of AMPKα1 and AMPKα2 towards AMPK activity, as 

well as ACC and ULK1 phosphorylation 

(A) Immunoblot analysis of AMPK phosphorylation on Thr172, total AMPKα, AMPKα1, 

AMPKα2 and β-actin protein contents in control, shPanAMPK, shAMPKα1 and 

shAMPKα2 myotubes after 6 days of differentiation.  (B and C) Immunoblot analysis of 



50 | P a g e  
 

AMPKα1- and AMPKα2-specific phosphorylation on Thr172.  Cell lysates of control and 

shPanAMPK myotubes after 6 days of differentiation were immune-precipitated with 

specific antibody for AMPKα1- and AMPKα2 and subjected to the immunoblot analysis. 

(D and E) Immunoblot analysis of the phosphorylation of ACC on Ser79 and ULK1 on 

Ser555 in control, shPanAMPK, shAMPKα1 and shAMPKα2 myotubes after 6 days of 

differentiation.   

Figure 7 | Immunofluorescence staining of endogenous AMPKα2 during myogenesis, 

as well as the effects of AMPK activators on nuclear localisation in WT-AMPKα2- and 

ΔNLS-AMPKα2- transfected C2C12 myoblasts 

(A) Immunofluorescence staining of endogenous AMPKα2 labelled in green (Alexa Fluor 

488), as well as nuclear staining with DAPI, in 24hr myoblasts, 24hr-, 72hr- and 6days 

myotubes of C2C12 intact cell line. White arrows indicate co-localisation between 

AMPKα2 and DAPI fluorescence. Scale bar = 200 µm. (B) Schematic diagram depicting 

amino acid sequences of putative nuclear localisation signal (NLS) present in the α2 

subunit of AMPK, but not in α1. Site-directed mutagenesis was performed on the NLS 

sequence (K224A) to generate ΔNLS-AMPKα2. (C) C2C12 myoblasts transiently 

expressing FLAG-α2 (WT and ΔNLS) were incubated in the absence (control) or presence 

of AICAR and low glucose plus 2DG (LG-2DG) for 1hr and then subjected to 

immunofluorescence staining with anti-FLAG and DAPI. Scale bar = 200 µm. (D and E) 

The numbers of cells, in which FLAG-α2 was detected in the cytoplasm or in both the 

cytoplasm and nucleus after treatment with AICAR and LG-2DG. A total of 500 

transfected cells from six independent fields were counted for each group. Data are 
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shown as means ± s.e.m. (n=6) *P < 0.05 versus cytoplasm, †P < 0.05 versus (-) AICAR 

(for Figure D), †P < 0.05 versus (-) LG-2DG (for Figure E). 

Figure 8 | Effects of overexpressing WT-AMPKα2 and ΔNLS-AMPKα2 on differentiation 

in control and shAMPKα2 myotubes 

(A and B) Representative images of EGFP-expressing control and shAMPKα2 myotubes 

that were infected with lentiviral vectors expressing WT-AMPKα2 and ΔNLS-AMPKα2, 

after which they were induced to differentiate for 6 days. Scale bar = 200 µm. (C and D) 

RT-qPCR analysis of α1- and α2-AMPK mRNA abundance in control and shAMPKα2 

myotubes expressing WT-AMPKα2 and ΔNLS-AMPKα2, after 6 days of differentiation. 

Data are shown as means ± s.e.m. (n=5). (E) Immunoblot analysis of AMPKα1, AMPKα2 

and β-actin in control and shAMPKα2 myotubes expressing WT-AMPKα2 and ΔNLS-

AMPKα2, after 6 days of differentiation. (F) PCR analysis for FLAG and GAPDH contents 

in control and shAMPKα2 myotubes expressing WT-AMPKα2 and ΔNLS-AMPKα2, after 6 

days of differentiation. (G and H) RT-qPCR analysis of muscle creatine kinase and PGC-

1α mRNA abundance in control and shAMPKα2 myotubes expressing WT-AMPKα2 and 

ΔNLS-AMPKα2, after 6 days of differentiation. Data are shown as means ± s.e.m. (n=8) 

*P < 0.05 versus shAMPKα2-Empty.  

Figure 9 | Hypothesis model depicting the possible roles of AMPKα1 and AMPKα2 in 

C2C12 myotubes 

AMPKα1 is necessary for the phosphorylation of ACC and ULK1; this, in turn, could 

mediate the upregulation of fatty acid oxidation and autophagy respectively. On the 
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other hand, AMPKα2 is essential for the up-regulation of muscle creatine kinase 

expression but is independent on its nuclear localisation signal. In parallel, while 

AMPKα2 is also necessary for up-regulating PGC-1α expression and possibly 

mitochondrial biogenesis, this effect relies upon its nuclear localisation signal. Those 

effects of AMPKα2 may be associated with the width of C2C12 myotubes.   
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Figure 1 (continued)
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Figure 2
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Figure 3

A

B

1
2

3

4

5

     56  |  P a g e



Fr
eq

ue
nc

y 
(%

)

Diameter of Myotubes (μm)

Control  ----------  103.0 ± 2.3

shPanAMPK  ----    72.8 ± 1.6

shAMPKα1  -----   140.8 ± 4.3

shAMPKα2  -----     83.3 ± 2.2

Control shPanAMPK shAMPKα1 shAMPKα2

Figure 3 (continued)

C

D

0

20

40

60

80

100

0 25 50 75 100 125 150 175 200 225

0

25

50

75

100

125

150

0 25 50 75 100 125 150 175 200 225

Diameter of Myotubes (μm)

Cu
m

ul
ati

ve
 N

um
be

r o
f C

el
ls

   Mean Width

*

*

*
* P <0.05 vs Control

     57  |  P a g e



Figure 4 
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Figure 4 (continued)
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Figure 5
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Figure 5 (continued)
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Figure 6
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Figure 7
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Figure 7 (continued)
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Figure 8
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Figure 8 (continued)
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Figure 9
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