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Abstract

Introduction—Satellite cells are muscle resident stem cells and are responsible for muscle 

regeneration. In this study we investigate the involvement of PKCε during muscle stem cell 

differentiation in vitro and in vivo. Here, we describe the identification of a previously 

unrecognized role for the PKCε – HMGA1 signaling axis in myoblast differentiation and 

regeneration processes.

Methods—PKCε expression was modulated in the C2C12 cell line and primary murine satellite 

cells in vitro, as well as in an in vivo model of muscle regeneration. Immunohistochemistry and 

immunofluorescence, RT-PCR and shRNA silencing techniques were used to determine the role of 

PKCε and HMGA1 in myogenic differentiation.

Results—PKCε expression increases and subsequently re-localizes to the nucleus during skeletal 

muscle cell differentiation. In the nucleus, PKCε blocks Hmga1 expression to promote Myogenin 

and Mrf4 accumulation and myoblast formation. Following in vivo muscle injury, PKCε 
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accumulates in regenerating, centrally-nucleated myofibers. Pharmacological inhibition of PKCε 
impairs the expression of two crucial markers of muscle differentiation, namely MyoD and 

Myogenin, during injury induced muscle regeneration.

Conclusion—This work identifies the PKCε – HMGA1 signaling axis as a positive regulator of 

skeletal muscle differentiation.
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Introduction

Adult skeletal muscle homeostasis as well as myofiber repair are maintained by a small 

subset of muscle stem/progenitor cells called Myosatellites or Satellite Cells (SCs). SCs 

reside between the sarcolemma and the basal membrane of skeletal muscle fibers and are 

able to give rise to additional SCs or differentiate into mature skeletal muscle cells to form 

new fibers [1, 2]. The members of the MyoD family (Myod, Myf5, Myogenin and Mrf4) are 

basic helix–loop–helix (bHLH) transcription factors that are critical molecular mediators of 

skeletal muscle differentiation [3]. Myod and Myf5 are considered promote the early stages 

of differentiation regulating skeletal muscle cell commitment, proliferation and cell cycle 

withdrawal of SCs [4], whereas Myogenin and Mrf4 mediate the processes of late muscle 

cell differentiation, promoting the formation and the final maturation of myotubes [5, 6].

High mobility group (HMG) proteins are non-histone chromatin associated proteins that 

indirectly modulate the transcription of their targets by altering higher order chromatin 

structure. HMGA1 is expressed in embryonic and undifferentiated cells, but is largely absent 

in adult organs [7]. HMGA1 down-regulation in C2C12 cell line is required to initiate the 

skeletal muscle differentiation program allowing the expression of the MyoD family 

myogenic factors [8]. However, little is known about the regulatory mechanisms that 

influence HMGA1 expression during myogenic differentiation.

The ε isoform of the PKC family (PKCε) is a serine-threonine kinase that is expressed in a 

wide variety of tissues including the hematopoietic system, intestine, brain, skin, liver, 

adipose tissue, kidney as well as cardiac and skeletal muscle. In many of these, PKCε 
regulates tissue homeostasis by regulating cell death and differentiation [9-14]. It is known 

that the θ isoform of the PKC family promotes the fusion of myoblasts and regulates the 

expression of caveolin-3 and β1D integrin [15]. Of note, it has also been demonstrated that 

PKCε expression increases during insulin-induced myogenic differentiation of the C2C12 

cells [16].

In this study we investigated the functional role of PKCε in skeletal muscle cell 

differentiation as well as a potential role of PKCε as an upstream suppressor of Hmga1. We 

found that inhibition of PKCε prevents myogenic differentiation of C2C12 and primary SCs, 

whereas its overexpression accelerates cell differentiation. In vivo, PKCε inhibition results 

in impaired muscle regeneration and reduced expression of Myogenin and Mrf4. 

Mechanistically, we show that PKCε down-regulates Hmga1 expression, which 

Di Marcantonio et al. Page 2

Exp Cell Res. Author manuscript; available in PMC 2016 November 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



consequently leads to the increase expression of myogenic differentiation genes. Finally, we 

demonstrate PKCε inhibition obstructs the process of injury-induced muscle regeneration in 
vivo.

Materials and methods

Mice

The experimental procedures were conducted according to the “Guide for the Care and Use 

of Laboratory Animals” (Directive 2010/63/EU of the European Parliament).

All the procedures described in this study were also approved by the Local Animal Research 

Ethics Committee of Ferrara (C.E.A.S.A) and Parma.

Cardiotoxin injury and immunohistochemistry

Acute injury was induced by intramuscular injection of Cardiotoxin (10 μM) in the tibialis 

muscle of CD1 adult mice [17]. In the case of PKCε –active peptides treatment, εV1-2 or 

ψεRACK (100 nM) were injected together with cardiotoxin. To study the regenerative 

process, mice were euthanized for histological analysis 3 and 7 days after injury. Muscle 

samples were fixed with 4% paraformaldehyde and embedded in paraffin. Sections (4 μm) 

were blocked with goat serum and incubated with primary anti PKCε antibody (Novus 

Biological NBP1-30126). Detection was performed using Vectastain elite ABC kit (Vector 

Laboratories) and nuclei were counterstained with haematoxylin [18].

Cell cultures

Mouse myoblast C2C12 cell line and primary SC were cultured in Dulbecco’s modified 

Eagle’s medium (DMEM) supplemented with heat-inactivated 10% fetal bovine serum 

(FBS), 2mM glutamine and 1% antibiotics (Growth Medium, GM). Cells were maintained 

in a humidified 5% CO2 atmosphere at 37°C. When the cell cultures reached 80% 

confluence, GM was substituted with DMEM supplemented with 2% horse serum 

(Differentiation Medium, DM) to induce myogenic differentiation. Each experiment was 

performed in triplicate.

Satellite cells isolation

SCs were isolated from hindlimb muscles of 2 days old CD1 mice. Briefly, muscles were 

incubated with collagenase/dispase solution (Roche, Basel, Switzerland) 4 times for 15 

minutes at 37°C in agitation. Cell suspension was filtered with 40 μm nylon cell strainer and 

processed with Feeder Removal Microbeads (Miltenyi Biotec, Bergisch Gladbach, 

Germany). This immunomagnetic separation kit allows depletion of mouse fibroblasts from 

muscle digestion and ensures higher levels of SC purity than the “pre-plating SC isolation” 

method [17]. The SC obtained were seeded at a density of 1.25 × 105/cm2 in collagen-coated 

culture dishes and grown in fibroblast-conditioned GM medium (fcGM). fcGM was 

obtained diluting (1:1 ratio) the filtered supernatant of primary cultures of mouse fibroblasts 

with fresh GM medium.
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RNA extraction and quantitative RT-PCR

Total RNA was extracted using the RNeasy mini kit (Qiagen) according to the 

manufacturer’s instructions. 1 μg of total RNA was reverse transcribed using ImProm-II™ 

Reverse Transcription System (Promega, Fitchburg, WI) in a final volume of 20 μl. 

Quantitative real-time PCR assay of mouse differentiation myogenic markers was performed 

using Syber Green method.

Myod primers: fw 5’-TTC TTC ACC ACA CCT CTG ACA -3’ rev 5’-GCC GTG AGA 

GTC GTC TTA ACT T -3’ Mrf4 (Myf6) primers: fw 5’ –GAG ATT CTG CGG AGT GCC 

AT -3’ rev 5’- TTC TTG CTT GGG TTT GTA GC-3’ Myogenin primers: fw 5’- ATC CAG 

TAC ATT GAG CGC CT-3’ rev 5’-GCA AAT GAT CTC CTG GGT TG -3’ Myf5 primers: 
fw 5’- TGA GGG AAC AGG TGG AGA AC -3’ rev 5’ – AGC TGG ACA CGG AGC TTT 

TA -3’ Pkcε (prkce) primers: fw 5’- ATG TGT GCA ATG GGC GCA AG -3’ rev 5’- CGA 

GAG ATC GAT GAT CAC GT -3’ Hmga1 primers: fw 5’-CAA GCA GCC TCC GGT 

GAG -3’ rev 5’- TGT GGT GAC TTT CCG GGT CTT G -3’

Mouse beta-glucoronidase (Gusb), known to be a good internal control to study mRNA 

expression in muscular derived cell lines [19] was used to normalize all results. Gusb 
primers: fw 5’ – CCG CTG AGA GTA ATC GGA AAC – 3’ rev 5’- TCT CGC AAA ATA 

AAG GCC G -3’

Polymerase chain reactions were made by StepOne Real-Time PCR System (Applied 

Biosystems) and GoTaq ® qPCR Master Mix (Promega). For each well, the 20 μl reaction 

medium contained: 10 μl of 2X GoTaq ® qPCR Master Mix (with SYBR Green), 100 nM 

each forward and reverse primer, 7.6 μl of RNase-free water and 2 μl cDNA template 1:5. 

The cycling conditions were: 95°C for 20s followed by 40 cycles of 95°C for 3s and 60°C 

for 30s. Real-Time RT-PCR products were confirmed by the analysis of melting curves.

Immunofluorescence

Immunofluorescence was performed as previously described [20]. Briefly, cells were grown 

in 48 wells dishes containing a cover slide. At the indicated time points, cells were washed 

in PBS and fixed with 4% paraformaldehyde in PBS for 10 minutes at room temperature and 

stored in PBS at 4°C. Samples were permeabilized 3 times with 1% BSA, 0.2% Triton 

X-100 in PBS for 5 minutes at room temperature. Then, cells were incubated in 10% goat 

serum in PBS for 1 hour at room temperature to saturate non-specific binding sites. Samples 

were incubated for 1.5 hours with primary antibody diluted 1:200 in 1% goat serum in PBS. 

PKCε and myosin were detected by anti-PKCε rabbit serum (Novus Biologicals, Littleton, 

CO NBP1-30126) and anti-Myosin Heavy Chain (MHC) monoclonal antibody (clone 

MF-20; Developmental Study Hybridoma Bank), respectively. Cells were washed in PBS 

and then incubated with secondary antibody (Alexa Fluor 488 Donkey anti-mouse IgG and 

Alexa Fluor 594 anti-rabbit Donkey IgG) 1:1000 for 1 hour at room temperature. Nuclei 

were counterstained with DAPI; fluorescence was observed with a Nikon Eclipse 80i 

(Tokyo, Japan) fluorescent microscope (Nikon Plan). Images were acquired by Nikon 

Camera DS-JMC and analysed by Nis element F2.30 (Nikon, Japan). Myogenic 

differentiation levels were analyzed by fusion index (number of nuclei in the myotubes/total 
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number of nuclei). For each sample at least 500 nuclei were counted and reported values are 

means of 3 independent experiments ± standard deviation. Fusion index analysis is reported 

as percentage (0% = no detectable fusion event among MYOSIN+ cell). *p<0,05 Anova-

Dunnett test vs control cells.

Cellular fractions separation and Western Blot analysis

5×106 cells were treated with NE-PER Nuclear and Cytoplasmic Extraction Reagents 

(Pierce), used according to manifacturer’s protocol. For Western Blot analysis, samples were 

resuspended in lysis buffer (50 mM Tris-HCl, pH 7.4; 1% NP-40; 0.25% sodium 

deoxycholate; 150 mM NaCl; 1 mM EDTA; 1 mM phenylmethylsulfonyl fluoride; 1 mM 

Na3VO4; 1 mM NaF) and 30 μg of total proteins were loaded on 10% SDS-polyacrylamide 

gels. Nitrocellulose membranes were incubated with the specific primary antibody (dilutions 

and buffers were as indicated by manufacturer) anti-PKCε (Merck Millipore, Darmstadt, 

Germany 06-991), anti-HSP70 (Sigma-Aldrich, St. Louis, MO, H5147), anti- α-tubulin 

(Sigma-Aldrich, St. Louis, MO), anti-insulin receptor β chain (IRβ, (Cell Signaling, 

Danvers, MA, #3025), anti-Myogenin (Santa Cruz, Dallas, TE sc-12732), anti-myoD (Santa 

Cruz sc-32758), anti GAPDH (Merk Millipore MAB374) anti-HMGA1 (Abcam, 

Cambridge, UK ab4078), then washed and incubated with 1:5000 peroxidase-conjugated 

anti-rabbit or with 1:2000 peroxidase conjugated anti-mouse IgG (Pierce). Signals were 

revealed by ECL Supersignal West Pico Chemiluminescent Substrate detection system 

(Pierce).

Cell transfection

PKCε expression levels were up-regulated in C2C12 cells by the transfection of 3 μg of 

murine GFP-PKCε plasmid and of GFP-K522M mutated PKCε control plasmid (kindly 

provided by Prof. Peter Parker, Cancer Research Institute, UK) [21] using the Superfect 

Transfection reagent (Qiagen, Hilden, Germany). Hmga1 silencing was obtained by 

transfection of 100 nM specific siRNAs or control siRNA (Ambion, Austin, TX). The 

siRNAs from Ambion are identified by the following catalog numers: ID S67596 and ID 

S67598. In addition, PKCε activity was pharmacologically modulated by the εV1-2 

(CEAVSLKPT) and ψεRACK (CHDAPIGYD) peptides, conjugated to TAT47-57 

(CYGRKKRRQRRR) by a cysteine disulfide bound [22]. Briefly, εV1-2 is a specific PKCε 
inhibitor designed from the C2 region of PKCε protein that acts as a binding competitor 

between PKCε and its anchoring protein εRACK. Instead, ψεRACK is a PKCε allosteric 

activator derived from the C2 region sequence, implicated in auto inhibitory intramolecular 

interactions. Peptides are high specific for PKCε and they don’t interact with other PKC 

isozymes [23]. Peptides regulate both the enzymatic function and the localization of PKCε 
through the subcellular compartments. C2C12 cells and SC were incubated with DM and 

treated with 1μM of peptides every 24 hours for 48 or 72 hours.

Short hairpin RNA (shRNA) cell infection

In some experiments we also used shRNA gene silencing to obtain a complete shut-down of 

PKCε expression. In this case we used a pLKO.1 lentiviral vector encoding shRNA against 

mouse PKCε (Open-Biosystem, Thermo Scientific,Waltham, MA). As control 

(shRNACTRL), we used the MISSION pLKO.1-puro Non- Target shRNA Control Plasmid, 
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containing a shRNA insert that does not target any known genes from any species (Sigma-

Aldrich, St. Louis, MO). The shRNA expressing viruses were produced in 293TL cells 

according to standard protocols. Mouse proliferating C2C12 cell line was infected with Pkcε 
shRNA or CTRL shRNA and then cultured in the presence of puromycin (2 μg/ml) to select 

infected, puromycin-resistant cells.

Statistical analysis

Data sets were examined by analysis of variance (ANOVA) for comparisons between 

multiple groups and Dunnett’s test for comparing a control group to all other groups (when 

necessary). A P value of less than 0.05 was considered statistically significant.

RESULTS

PKCε expression, activation and localization during C2C12 and primary satellite cell 
differentiation

To evaluate PKCε expression during myotube formation in vitro and ex vivo, C2C12 and SC 

cells, respectively, were cultured in low serum medium for one week. Quantitative real time 

PCR analyses at several time points during the differentiation process confirmed that the 

expression of the early myogenic differentiation markers (Myod and Myf5), progressively 

decreased during the differentiation of C2C12 and primary SCs. As previously described 

[24], the transcription factors of the middle and late phases of skeletal muscle differentiation, 

Myogenin and Mrf4 accumulated during myofibers formation (Figure S1 A-B). Both Pkcε 
mRNA and PKCε protein levels progressively increased as proliferating myoblasts 

transitioned into myotube formation (Figure 1 A-D).

Immunofluorescence microscopy was then applied to evaluate the subcellular localization of 

PKCε protein during the differentiation of C2C12 cell cultures. In undifferentiated C2C12 

cells, PKCε levels were low with prevalent peri-nuclear staining (Figure 1E). During the 

first 24 hours of skeletal muscle differentiation, PKCε is preferentially localized inside the 

nucleus (arrow heads, middle panels of Figure 1E). PKCε then increases in both in the 

nucleus and cytoplasm at 72 hours (Figure 1E). The expression of the late muscle cell 

differentiation marker myosin was not detected in undifferentiated C2C12 cells, but 

progressively accumulated in the cytoplasm of forming myotubes (Figure 1E).

Consistent with the results obtained by immunofluorescence, cell fractionation of C2C12 

cells revealed that the nuclear content of PKCε protein significantly increases 3 days after 

the induction of cell differentiation (Figure 1F-G). Interestingly, while PKCε is upregulated 

and activated (increase of phospho-PKCε levels), HMGA1 expression is concomitantly 

down-regulated (Figure 1F-G).

PKCε stimulates in vitro C2C12 and satellite cells differentiation via Myogenin and Mrf4 
modulation

Given these data, we subsequently investigated how the induction of PKCε expression 

correlates with changes in the expression of myogenic genes during terminal muscle 

differentiation. To determine whether PKCε influences the expression of the myogenic 
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transcription factors (Myod, Myf5, Myogenin and Mrf4), C2C12 cells were engineered to 

express either a wild type mouse PKCε-GFP fusion protein (PKCε-GFP) or a kinase-

inactive fusion protein carrying a point mutation in the catalytic core of the enzyme 

(PKCεm-GFP). Transfection efficiency of both plasmids was comparable (40±3% for 

PKCε-GFP and 43±5% PKCεm-GFP; supplementary figure 2). Expression of PKCε-GFP, 

but not inactive PKCεm-GFP, significantly increased Mrf4 and Myogenin mRNA levels but 

didn’t significantly impact MyoD and Myf5 expression (Figure 2B). Similarly, C2C12 cells 

(Figure 2C) and primary SC cultures (Figure 2D) treated with ψεRACK PKCε activator 

showed increased Mrf4 and Myogenin mRNA expression levels, whereas the εV1-2 PKCε 
inhibitor yielded the opposite effect.

Fusion index analysis was performed on C2C12 cells treated with the εV1-2 PKCε inhibitor 

or ψε RACK activator to assess the extent by which PKCε inhibition impacts differentiation 

(Figure 2E-M). C2C12 cells exposed to the εV1-2 PKCε inhibitor showed a significant 

decrease in fusion index (20±15% vs 50±10% of TAT treated cells, p<0.05 Anova-Dunnett 

test vs TAT treated cells), while cells treated with the ψε RACK activator showed a 

significant increase in fusion index (85±12% vs 50±10% in TAT treated cells, p<0.05). 

These results, in combination with those of gene expression modulation experiments [16], 

reinforce a critical non-redundant role of nuclear PKCε in myogenic differentiation.

Hmga1 is down-modulated by PKCε during C2C12 cell differentiation

Consistent with previous studies, we observed a progressive decrease of Hmga1 expression 

(Figure 3A) in terminally differentiating C2C12 cell cultures [8]. Therefore, a potential 

relationship was investigated between PKCε and HMGA1 in proliferating C2C12 cells over-

expressing PKCε. Expression of PKCε-GFP, but not of the inactive mutated PKCεm-GFP 

correlated with decreased expression of Hmga1 mRNA and protein as well as an 

accumulation of Myogenin in undifferentiated cells (Figure 3B-D). HMGA1 

immunoprecipitation studies revealed that, although at low levels, endogenous PKCε form a 

complex with HMGA1. Furthermore, by overexpressing recombinant PKCε we observed 

the catalytically active form, but not the kinase dead version, co-precipitates with HMGA1, 

suggesting that kinase activity of PKCε is required for this interaction (Figure 3E).

To examine how combined inhibition of Pkcε and Hmga1 affect Mrf4 and Myog gene 

expression during cell differentiation, C2C12 were transfected with Pkcε-targeting shRNA, 

Hmga1-specific siRNA or both. Reducing Hmga1 expression results in a significant increase 

of Myogenin and Mrf4 steady-state mRNA levels, whereas Pkcε inhibition significantly 

reduces Myogenin and Mrf4 expression (Figure 4A). Blocking Pkcε expression significantly 

impairs myotube formation (Figure 4E-G), determining a significant reduction of fusion 

index (10±3% vs 43±10% of shCTRL/siCTRL treated cells, p<0.05 Anova-Dunnett test vs 
shCTRL/siCTRL treated cells). Inhibition of Hmga1 expression leads to an increase in 

myotube formation (Figure 4H-J) and consequently of fusion index (62±8% vs 43±10% of 

shCTRL/siCTRL treated cells, p<0.05 Anova-Dunnett test vs shCTRL/siCTRL treated 

cells). Combined inhibition of Pkcε and Hmga1 expression significantly increases the 

expression of muscular differentiation markers (Figure 4A), the number of myotubes (Figure 

4K-M) and fusion index (85±7% vs 43±10% of shCTRL/siCTRL treated cells, p<0.05 
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Anova-Dunnett test vs shCTRL/siCTRL treated cells), indicating that Hmga1 is a down-

stream target of PKCε in the regulation of muscle cell differentiation program.

In vivo induction of Pkcε during muscle regeneration

To extend these initial observations, the impact of modulating Pkcε expression skeletal 

muscle repair and regeneration in vivo was assessed. To induce muscle injury and stimulate 

repair mechanisms, Cardiotoxin (CTX) was injected into mouse tibialis muscles. Western 

blot analyses of bulk muscle tissue revealed that PKCε sharply increases at day 3 post-CTX 

injection and continues to increase for at least 7 days following injury (Figure 5A and 5B). 

Histo-pathological analysis showed that the up-regulation of PKCε expression is most 

prominent in the fibers located at the site of injury, including the new regenerating fibers 

(centrally-nucleated fibers) (Figure 5C). Mouse tibialis muscles were then injected with 

CTX in combination with the PKCε inhibitor peptide (εV1-2), the PKCε activator peptide 

(ψεRACK) or control. Administration of εV1-2 inhibitor significantly inhibits CTX-

induced PKCε phosphorylation (Figure 5D) and leads to a significant decrease in the levels 

of Myogenin and MyoD (Figure 5D and 5E). The non-redundant role of PKCε on muscle 

regeneration in vivo was also observed by morphological analysis of peptide treated tibialis 

muscles (supplementary figure 3).

DISCUSSION

During muscle development, myoblasts fuse together to form muscle fibers. Once the 

muscle is built, postnatal muscle growth and regeneration is maintained by the subset of 

muscle stem/progenitor cells called satellite cells (SC). Recent studies have raised the 

possibility that PKC family members play a crucial role in muscle differentiation [15, 16]. In 

the context of myogenic differentiation of C2C12 cell line and SC primary cells, our present 

data show that PKCε, belonging to the novel group of the serine-threonine kinase C family, 

is activated and up-regulated during muscle stem cell differentiation. Interestingly, the active 

form of PKCε, phosphorylated on Serine 729, increases during differentiation and is 

preferentially located in the nucleus (Figure 2). Previous studies have shown that the nuclear 

translocation of PKCε occurs through F-Actin as a possible transporter of phospho-PKCε 
[25]. Our data seem to be different from what Gaboardi et al. previously described. In their 

article, using an insulin- induced model of C2C12, they demonstrated that PKCε is mostly 

localized in cytoplasm, nearby the Golgi membrane. The discrepancy with our data can be 

explained in part by the use of different protocols and reagents.

In the nucleus, PKCε is able to mediate the phosphorylation of many targets and alter their 

activation, subcellular localization or degradation [26, 27]. We have observed that Hmga1 is 

a possible target of nuclear PKCε in muscle cell differentiation. HMGA proteins are non-

histone architectural elements of chromatin that dynamically modulate DNA-linked 

processes. These proteins are expressed in embryonic stem cells and in proliferating cells but 

are not detectable in fully differentiated cells [28]. Li et al. demonstrated that Hmga2 is 

important for myoblast proliferation and early myogenesis [29]. Also the Hmga1 isoform is 

known to be involved in muscle differentiation. Notably, Brocher et al. [8] have shown that 

Hmga1 down-regulation during the early phases of myogenesis is important for inducing the 
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expression of myogenic markers, MyoD and Myogenin. Less is known about the signaling 

pathway that is involved in Hmga1 regulation during myogenesis. Here, for the first time, we 

show that PKCε alters Hmga1 expression during in vitro and ex vivo skeletal muscle 

differentiation. Specifically, we have found that siRNA-mediated inhibition of Hmga1 leads 

to increased expression of Myogenin and Mrf4 mRNA. We have also observed that the 

levels of nuclear PKCε expression increase in the nucleus upon differentiation and that 

inhibition of PKCε diminishes Myogenin and Mrf4 expression as well as myotube 

formation. Of note, the inhibition of muscle cell differentiation generated by shRNA Pkcε 
silencing could be completely abrogated by the simultaneous inhibition of Hmga1 
expression. As skeletal muscle cell differentiation needs Hmga1 shut down to progress, we 

suggest that the nuclear translocation of activated PKCε is critical for Hmga1 inhibition and 

SC differentiation.

Our data together with Gogoi et al. observations [30] demonstrate that HMGA1, 

phosphorylated by PKCε, may reside longer in the heterochromatin preferentially 

interacting with positively charged histones.

Since PKCε promotes myogenic differentiation in vitro and ex vivo, which is a crucial phase 

of skeletal muscle regeneration, we studied the involvement of this kinase in a model of 

CTX - induced muscle repair in mice. We found that PKCε is up-regulated 7 days after 

injury, preferentially localizing at regenerating centrally-nucleated fibers. To pursue a better 

understanding of the PKCε involvement in muscle regeneration, we injected (intra-

muscular) CTX- treated animals with a specific PKCε inhibitor peptide (εV1-2) to block 

PKCε activation and translocation. The consistent decrease of both Myogenin and Myod 

expression upon PKCε inhibition supports that PKCε contributes to the muscle regeneration 

process in vivo. The PKCε activator peptide, ψεRACK, did not enhance PKCε 
phosphorylation or the expression of either Myod or Myogenin induced by CTX. We infer 

that this observation is likely due to PKCε activation reaching a plateau level in the injured 

muscle.

Overall, this study provides the first evidence for a role of the PKCε-HMGA1 axis in 

skeletal muscle differentiation and regeneration.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. PKCε expression and localization during C2C12 and primary SC differentiation
Panel A and B: PCR Real Time analysis of Pkcε mRNA during C2C12 (panel A) and SC 

cultures (panel B) differentiation, respectively. Results are representative of three 

independent experiments; values are reported as fold increase of control cell cultures (0 

days) ± standard deviation. *p<0.05 Anova-Dunnett test (vs undifferentiated cells). Panel C: 
Western Blot analysis of PKCε protein expression levels during C2C12 cell differentiation; 

HSP70 was used as housekeeping protein. Panel D: Densitometry analysis of PKCε protein 

levels. HSP70 was used for normalization. Panel E: Immunofluorescence analysis: blue 

signal from nuclei obtained by DAPI staining in control (ctrl), in 24 hours (24h) 

differentiated- and in 72 hours (72h) differentiated cells; PKCε staining red; MYOSIN 

staining green colour. Arrow heads indicate cells with strong PKCε nuclear staining. Scale 

bar corresponds to 10 μm. Panel F: Western blot analysis of nuclear (n) and cytoplasmic (c) 

extracts from undifferentiated (Ctrl) and 72h differentiated C2C12 cells (72h); membranes 

were probed with anti-PKCε, anti phospho-PKCε (pPKCε), anti-HMGA1, anti-Myogenin 

and anti-HSP70 antibodies. Anti-Insulin Receptor (IR) antibody was used to exclude nuclear 

contamination by the cytoplasmic fraction. Panel G: Densitometry analysis of the PKCε 
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expression levels. The values, normalized with respect to HSP70, are the mean of three 

independent experiments ± standard deviations (n=3). *p<0.05 Anova-Dunnett test (vs 
control cells).
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Figure 2. PKCε promotes myogenic differentiation through Myogenin and Mrf4 mRNA 
expression
Panel A: Quantitative Real Time-PCR for Pkcε mRNA expression in C2C12 cell cultures 

transfected with wild type Pkcε(PKCε-GFP) or mutated Pkcε (PKCεm-GFP) compared 

with not transfected cells (-). Panel B: Quantitative Real Time-PCR for MyoD, Myf5, Mrf4 
and Myogenin mRNAs (myog) in C2C12 cells transfected with wild type Pkcε (PKCε-GFP) 

or mutated Pkcε (PKCεm-GFP). Panel C-D: Quantitative Real Time-PCR for Mrf4 and 

Myogenin mRNAs (MYOG) in C2C12 (panel C) and SC cultures (Panel D) treated with 1 

μM of PKCε specific activator and inhibitor peptides (ψεRACK and εV1-2, respectively). 

Housekeeping Gusb was used as reference gene. Values are reported as means of 3 

independent experiments ± standard deviation. *p<0.05 Anova-Dunnett test vs untreated 
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cells. Panels E-M: MYOSIN and Hoechst staining of 48h differentiated C2C12 cultures 

treated with peptides. (E) Hoechst staining of TAT treated cells; (F) Myosin (MHC) 

immunofluorescence of TAT treated cells, (G) merge of panels E-F. (H) Hoechst staining of 

εV1-2 treated cells; (I) Myosin (MHC) immunofluorescence of εV1-2 treated cells; (J) 

merge of panels H-I. (K) Hoechst staining of ψεRACK treated C2C12 , (L) Myosin (MHC) 

immunofluorescence of ψεRACK treated cells; (M) merge of panels K-L. Arrow heads 

indicate myotubes. Scale bar in M (100 μm) is the same for all the panels.
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Figure 3. HMGA1 is a target of PKCε during C2C12 cell differentiation
Panel A Western blot analysis of HMGA1 during C2C12 myogenic differentiation for 4 

days. HSP70 was used for normalization. Panels B-C: Western blot analysis of PKCε, 

Myogenin, HMGA1, and HSP70 in undifferentiated C2C12 cell cultures treated with (+) 

vectors expressing wild type Pkcε (PKCε-GFP) or mutated Pkcε (PKCεm-GFP). A 

representative experiment of three replicates is shown. Panel C: Densitometry analysis of 

HMGA1 and Myogenin (Myog) protein expression in C2C12 cells transfected with wild type 

or mutated Pkcε. Values are means of 3 independent experiments ± standard deviation. 

HSP70 was used for normalization. *p<0.05 Anova-Dunnet test (vs untreated cells).

Panel D: Quantitative Real Time PCR analysis of Hmga1 in C2C12 cell cultures transfected 

with wild type Pkcε (PKCε-GFP) or mutated Pkcε (PKCεm-GFP) compared with not 

transfected cells (-). Panel E:Immunoprecipitation of HMGA1 in not transfected C2C12 cells 

(-), in C2C12 cells overexpressing the with wild form of PKCε-GFP fusion protein or the 

kinase-dead PKCεm-GFP. The immunoprecipitate was blotted with PKCε or HMGA1 

antibodies (upper blots). Input lysates were blotted with PKCε and α-TUBULIN antibodies.

Di Marcantonio et al. Page 16

Exp Cell Res. Author manuscript; available in PMC 2016 November 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. PKCε - HMGA1 axis promotes C2C12 cell differentiation
Panel A: Quantitative Real Time-PCR for Mrf4 mRNA expression (mrf4), Myogenin 
(myog), Pkcε and Hmga1 in C2C12 cell cultures infected with PKCε specific shRNA (shε) 

or control shRNA (shCTRL). After selection with puromycin (2μg/ml), infected cells were 

transfected with Hmga1 specific siRNAs (siHMGA1) or control siRNA (siCTRL) and then 

induced to differentiate for 2 days. Values are means of 3 independent experiments ± 

standard deviation. *p<0,05 by Anova-Dunnett test of Mrf4 and Myogenin expression (vs 
control cell cultures), respectively.

Panels B-M: MYOSIN and Hoechst staining of 48h differentiated C2C12 cultures after 

silencing of Pkcε (panels E-G and K-M) or Hmga1 (panels H-J and K-M). Panels B-D: 

control C2C12 cultures infected with control shRNA and, after puromycin selection, 

transfected with control siRNA (shCTRL siCTRL); (B) Hoechst staining, (C) Myosin 

immunofluorescence, (D) merge of B-C. Panels E-G: C2C12 cultures infected with Pkcε 
shRNA and, after puromycin selection, transfected with control siRNA (shε siCTRL); (E) 

Hoechst staining, (F) Myosin immunofluorescence, (G) merge of E-F. Panels H-J: C2C12 
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cultures infected with control shRNA and, after puromycin selection, transfected with 

Hmga1 siRNA (shCTRL siHMGA1); (H) Hoechst staining; (I) Myosin 

immunofluorescence; (J) merge of panels H-I. Panels K-M: C2C12 cultures infected with 

Pkcε shRNA and, after puromycin selection, transfected with Hmga1 siRNA (shε 
siHMGA1); (K) Hoechst staining; (L) Myosin immunofluorescence; (M) merge of K-L. 

Arrow heads indicate myotubes. Scale bar in M (100 μm) is the same for all the panels.
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Figure 5. PKCε is up-regulated during in vivo skeletal muscle regeneration
Panel A: Western blot analysis of protein extracts from regenerating tibialis muscle at 3 and 

7 days after cardiotoxin induced injury in CD1 adult mice. The blot was incubated with anti-

PKCε, anti-Myogenin and anti-HSP70 antibodies. Panel B: Densitometry analysis of PKCε 
protein levels. Values, normalized by HSP70 expression levels, are mean of 3 independent 

experiments ± standard deviations (n=3). Panel C: Immunohistochemical detection of PKCε 
and haematoxilin/eosin (H/E) staining of serial muscle section of CD1 untreated adult mice 

(control) and treated with CTX (3 and 7 days). Centro-nucleated regenerating fibers 

expressing PKCε are indicated (arrow heads). Scale bar corresponds to 40 μm and it is the 

same for all panels. Panel D: p-PKCε, Myogenin and MYOD western blot analysis of 

protein extracts from regenerating tibialis muscles at 7 days after cardiotoxin (CTX), 

cardiotoxin with εV1-2 (CTX εV1-2) and cardiotoxin with ψεRACK (CTX ψεRACK) 

injection. GAPDH was used as loading control. Panel E: Densitometry analysis of p-PKCε, 

Myogenin and MYOD expression levels. The values, normalized respect to GAPDH, are 

mean of 3 independent experiments ± standard deviations. *p<;0.05 Anova-Dunnett test of 
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PKCε expression vs untreated muscle; # p≤ 0.05 and § p≤0.03 Anova-Dunnett test (vs CTX 

treated muscle).
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