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Abstract Protein kinase Cepsilon (PKCe) exerts a well-

known cardio-protective activity in ischemia–reperfusion

injury and plays a pivotal role in stem cell proliferation and

differentiation. Although many studies have been per-

formed on physiological and morphological effects of

PKCe mis-expression in cardiomyocytes, molecular infor-

mation on the role of PKCe on early cardiac gene expres-

sion are still lacking. We addressed the molecular role of

PKCe in cardiac cells using mouse cardiomyocytes and rat

bone marrow mesenchymal stem cells. We show that PKCe
is modulated in cardiac differentiation producing an

opposite regulation of the cardiac genes NK2 transcription

factor related, locus 5 (nkx2.5) and GATA binding protein

4 (gata4) both in vivo and in vitro. Phospho-extracellular

regulated mitogen-activated protein kinase 1/2 (p-ERK1/2)

levels increase in PKCe over-expressing cells, while pkce
siRNAs produce a decrease in p-ERK1/2. Indeed, phar-

macological inhibition of ERK1/2 rescues the expression

levels of both nkx2.5 and gata4, suggesting that a rein-

forced (mitogen-activated protein kinase) MAPK signaling

is at the basis of the observed inhibition of cardiac gene

expression in the PKCe over-expressing hearts. We dem-

onstrate that PKCe is critical for cardiac cell early gene

expression evidencing that this protein is a regulator that

has to be fine tuned in precursor cardiac cells.
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Introduction

The protein kinase C (PKC) family, composed by 12 dif-

ferent isoforms, plays a pivotal role in many biological

contexts as cell differentiation, proliferation and survival.

Several cellular functions have shown to be dependent on

PKCe expression levels in different models (Ivaska et al.

2005; Saurin et al. 2008).

In the hematopoietic field, the role of PKCe has been

demonstrated in the regulation of erythropoiesis and

megakaryocytopoiesis (Mirandola et al. 2006; Gobbi et al.

2007; Redig and Platanias 2007). More recently, PKCe has

been found implicated in colorectal cancer cell differenti-

ation (Gobbi et al. 2012). PKCe has been demonstrated to
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be relevant for cardio-protection as well as in ischemia–

reperfusion injury (Meyer et al. 2009; Budas et al. 2010).

Transgenic mice over-expressing a constitutively active

PKCe show increased anterior and posterior cardiac wall

thickness that determines concentric hypertrophy (Takeishi

et al. 2000) and slowly develop dilated cardiomyopathy

with age (Goldspink et al. 2004). The same results were

obtained also with a PKCe-specific activator (Mochly-

Rosen et al. 2000), confirming the negative effects of a

permanently active PKCe in cardiac cells.

In the pkce null mice, there is an up-regulation of the

PKCd isoform and activation of p38 mitogen-activated

protein kinase (MAPK) and c-jun N-term kinase (JNK) that

leads to interstitial fibrosis and impaired diastolic function

after transverse aortic constriction (TAC) (Klein et al.

2005). All these results suggest that PKCe normal expres-

sion is required for cardiac morphology and function.

Although the effects of PKCe over-expression have been

analyzed both from the physiological and morphological

points of view (Takeishi et al. 2000; Goldspink et al. 2004),

molecular studies of its consequences on early cardiac

marker gene expression are still lacking.

The potential of progenitor stem cells to differentiate into

cardiac muscle has been studied by many groups, and dif-

ferent types of stem cells have been identified (rev. in

Joggerst and Hatzopoulos 2009), namely bone marrow

hematopoietic stem cells (BMHSCs), bone marrow mes-

enchymal stem cells (BMMSCs), cardiac stem cells and

embryonic stem cells. Bone marrow has represented a

preferred source of stem cells in the recent years, due to the

co-existence of three classes of progenitor cells in this

anatomical district: hematopoietic, mesenchymal and

endothelial. While hematopoietic c-Kit negative cells and

endothelial progenitors do not express cardiac markers once

transplanted in infarcted hearts, c-Kit positive progenitors

and mesenchymal cells show cardiac differentiation both in

vitro and in vivo (Wakitani et al. 1995; Gussoni et al. 1999;

Orlic et al. 2003; Huang et al. 2010; Gao et al. 2010). The

first report on cardiac potential of BMMSCs induced by

5-azacytidine (5-AZ) from Caplan’s group in 1995 (Waki-

tani et al.). In vivo transplantation of BMMSCs evidenced

their capability to differentiate into cardiac-like cells and to

form intercalated disks with host cardiomyocytes, although

with low efficiency (Huang et al. 2010).

We, therefore, addressed the role of in vivo PKCe over-

expression on nkx2.5 and gata4 transcriptional regulation.

These two genes are early cardiac genes and are considered

crucial for cardiac reprogramming (Mauritz et al. 2008;

Sperling 2011). The first results that we obtained in vivo

suggested a negative role of PKCe on the transcriptional

regulation of these two genes, leading us to subsequently

study the effects in ex vivo rat BMMSCs, highlighting a

novel role for PKCe, mediated by ERK1/2, in cardiomyo-

cyte differentiation.

Materials and methods

Mice

All the experiments, described in this study, regarding the

use of laboratory animals were carried out conforming to

the ‘‘Guide for the Care and Use of Laboratory Animals’’

(Directive 2010/63/EU of the European Parliament). All

the experiments were approved by the Animal Research

Ethics Committee of the University of Pavia.

Cell cultures and labeling

BMMSCs were isolated as previously described (Gao et al.

2010) with some modifications. Wistar rats were eutha-

nized with overdoses (C150 mg/kg) of pentobarbital.

Death was checked before femurs and tibia were asepti-

cally harvested. The adherent muscles and soft tissues were

removed. The proximal and distal ends of the bone were

excised just at the beginning of the marrow cavity. Whole

marrow plugs were obtained by flushing the bone marrow

cavity with a 18-gauge needle connected to a syringe filled

with culture medium composed of low glucose Dulbecco’s

modified eagle’s medium (DMEM, Sigma, Milan, Italy)

supplemented with 10 % fetal bovine serum (Euroclone,

Milan, Italy). Mononuclear cells were collected at the

Percoll interface, rinsed twice in low glucose DMEM and

plated at a density of 2 9 105/cm2 in low glucose DMEM

and incubated at 37 �C in a humidified atmosphere of 95 %

air 5 % CO2. Non-adherent cells were removed after 24 h

and culture media were replaced every 2 or 3 days. When

these primary BMMSCs reached 90 % confluence, they

were trypsinized (trypsin–0.02 % EDTA, Euroclone),

counted and passaged at a density of 6 9 105/cm2 and the

cells of passage 2 were used for study.

Mice cardiomyocytes were isolated as previously

described (De Luca et al. 2000). Briefly, mice were

euthanized by decapitation after carbon dioxide sedation.

Efficacy of the anesthesia was confirmed by the absence of

pedal withdrawal reflex. Then, hearts were removed. Great

vessels and atria were separated from the ventricles of each

heart. Ventricles were minced and digested with collage-

nase type II (108 U/ml, Roche, Italy) and pancreatin

(0.6 mg/ml, Sigma, Italy) until there were no more large

tissue fragments left. Cells from each digestion were col-

lected by centrifugation, resuspended in newborn calf

serum (Gibco, Italy) and loaded on a discontinuous Percoll

(density 1.13 g/ml) (Sigma, Italy) gradient. The band at the
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interface (containing myocytes) was removed and washed

with PBS.

Cardiac differentiation in BMMSCs was induced by

treatment with 10 lM 5-azacytidine (Sigma-Aldrich,

Milan, Italy) for 24 h and then cultured in DMEM low

glucose (Sigma), 2 % horse serum (Euroclone) for up to

30 days. Osteogenic and adipogenic differentiation was

induced with specific media from Stem Cell Technologies

(Vancouver, Canada) following manufacturer’s instruc-

tions and verified by Alizarin red and Oil red Oil staining,

as previously described (Galli et al. 2011). For MEK1/2

inhibition we pre-treated with 10 lM U0126 (Cell Sig-

naling, Boston, USA) for 30 min before cell transfection.

FACS analysis

To assess phenotype of rat BMMSCs, 0.3 9 106 cells for

each experimental point were labeled with FITC anti-

CD34, anti CD-44, anti CD105 and RPE anti-CD45, anti

CD90, anti CD14 (all from BD Pharmigen, Franklin Lakes,

NJ, USA) for 30 min at room temperature. Dilutions were

previously optimized by serial dilution tests. Cells were

analyzed by Beckman Coulter Cytomics FC 500 (Beckman

Coulter, Fullerton, CA, USA) equipped with a CXP anal-

ysis software.

Cell transfections

PKCe expression levels were down-regulated by transfec-

tion of double-stranded small interfering RNAs (siRNAs)

designed to target sequences corresponding to nucleo-

tides 218–238 (50-AAGATCAAAATCTGCGAGGCC-30)
and 425–446 (50-AAGATCGAGCTGGCTGTCTTTC-30)
(Mirandola et al. 2006; Gobbi et al. 2007). The respective

sense and antisense RNA sequences were synthesized by

Silencer siRNA Construction Kit (Ambion, Austin, TX,

USA). Non-specific siRNA duplexes containing the same

nucleotides, but in irregular (scrambled) sequence (control

siRNA), were used as controls. The GFP–PKCe plasmids

(PKCe and PKCe K522M) were kindly provided by

Professor Peter Parker (Cancer Research UK, London

Research Institute, UK). Transfections were performed

using Superfect Reagent (Qiagen, Valencia, CA, USA)

according to manufacturer’s instructions, with 1 lg of each

plasmid or 100 nM of each siRNA.

RT-PCR

Total RNA was isolated using Trizol reagent (Invitrogen,

Carlsbad, CA, USA) according to manufacturer’s proto-

cols. About 1 lg of RNA was treated with DNase-free

RNase (Fermentas, MD, USA), precipitated with ethanol

and 0.3 M sodium acetate and resuspended in RNase free-

water. Equal quantities of RNA for each sample were retro-

transcribed with malone murine leukemia virus reverse

transcriptase (Promega, Madison, WI, USA) according to

manufacturer’s instructions. 2 ll of 1:5 cDNA dilution

were used to perform real-time PCR with SYBR Premix Ex

Taq (Perfect Real Time) (Takara, Otsu, Japan), 200 nM of

each primer in Smart Cycler II system, using SYBR Premix

Ex Taq standard protocol. In each reaction the number of

cycles was 40. Primer sequences were: rnkx2.5 rt fw:

50-TATGAGCTGGAGCGGCGCTT-30 rnkx2.5 rt rev:

50-TGGAACCAGATCTTGACCTG-30 rgata4 fw: 50-AGG

GTGCTGGGTTTCTTCAA-30, rgata4 rev: 50-GACAGT

GTCTTGAAGCCTCG-30 rpkce rt fw: 50-caagcagaagacca

acagtc-30, rpkce rt rev: 50-cgaactggatggtgcagttg-30, rpgk

rt fw: 50-tgtgggctcagaagtagaga-30, rpgk rt rev: 50-tagctgg

ctcagctttaacc-30. Oligonucleotides sequences for mouse

nkx2.5, gata4, mhc and gapdh were derived from Snyder

et al. (2010).

Immunofluorescence on cells

Anti-myosin heavy chain antibody (MF-20) was from

Developmental Study Hybridoma Bank, while rabbit anti-

CONNEXIN43 (CX43) was from Santa Cruz Biotechnol-

ogy, USA. Cells were fixed with 4 % paraformaldehyde,

permeabilized with 1 % BSA, 0.2 % Triton X-100 and

blocked in 10 % donkey serum. After 2 h of incubation at

room temperature with MF-20 or anti-CX43 diluted 1:200

in 1 % donkey serum, cells were washed and incubated

with Alexa Fluor 546 fluorescent anti-mouse or anti-rabbit

IgG for 1 h at room temperature, washed again and ana-

lyzed by Nikon (Tokyo, Japan) fluorescent microscope. As

controls we used BMMSCs treated as described above

except for the incubation with primary antibody (i.e.,

MF-20 or anti-CX43). These controls were used to set

microscope parameters (gain, exposition time) before any

picture acquisition.

Immunofluorescence on sections

Mouse monoclonal anti-myosin heavy chain antibody

(MF-20) was from Developmental Study Hybridoma Bank,

while rabbit anti-GFP was from Molecular Probes (Life

Technologies, Milan, Italy). Sections were permeabilized

with 1 % BSA, 0.2 % Triton X-100 for 5 min and blocked

in 10 % donkey serum for 1 h. After 2 h of incubation with

MF-20 and GFP diluted 1:200 in 1 % donkey serum, sec-

tions were washed three times with PBS and incubated

with Alexa Fluor 488 Donkey anti-rabbit IgG and Alexa

Fluor 594 Donkey anti-mouse IgG, washed again and

visualized with Nikon (Tokyo, Japan) fluorescent micro-

scope. As controls we used serial cardiac sections treated as

Histochem Cell Biol (2013) 139:35–46 37
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described above but not incubated with primary antibody

(i.e., MF-20 and GFP). These controls were used to set

microscope parameters (gain, exposition time) before any

picture acquisition.

Western blot

About 1 9 106 cardiomyocytes or BMMSCs were resus-

pended 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 homogenized. Twenty micro-

grams of each protein sample were loaded on a 10 % SDS

gel and blotted onto nitrocellulose. Blotted filters were

blocked and incubated with primary antibodies according

to manufacturer’s instructions. Anti-Phospho-ERK1/2

(Cell Signaling, USA), anti-b-ACTIN (Sigma, Italy) and

anti-TUBULIN (Sigma, Italy) were diluted 1:1,000; anti-

NKX2.5 (abCam, UK) anti-GATA4 (abCam, UK) and anti-

CONNEXIN43 (CX43) (sc-9059) were diluted 1:100.

After three washes, filters were incubated for 1.5 h at room

temperature with peroxidase-conjugated secondary anti-

bodies diluted 1:5,000. Bands were revealed with ECL

SuperSignal West pico Chemiluminescent Substrate

Detection System (Thermo Scientific, Rockford, IL,

USA).

In vivo PKCe over-expression

CD1 outbred mice (3 weeks old) were maintained using

standard protocols recognized from University of Pavia and

animals were treated according to the EU guidelines. Mice

were warmed with a warm box for few minutes to induce

vein dilation, anesthetized (pentobarbital 50 mg/kg IP) and

kept warmed during all the experiment. The adequacy of

anesthesia was determined by the loss of a pedal with-

drawal reflex. Forty micrograms of plasmid were diluted in

glucose solution (5 %) together with in vivo-jetpei reagent

(Polyplus Transfection, Illkirch, France) and injected in the

lateral tail vein following the Institutional Animal Care and

Use Committee (IACUC) protocol. Final injected volume

was 200 ll. 0.9 % NaCl solution (200 ll) was injected as

control. DNA and reagents have been prepared following

these steps:

1. 40 lg of DNA (resuspended in water for injections)

have been diluted into 50 ll of 10 % glucose (supplied

by the company); sterile water has been added to reach

100 ll, then vortexed gently and spin down,

2. 6.4 ll of in vivo-jetPEI� have been diluted into 50 ll

of 10 % glucose (supplied by the company); sterile

water has been added to reach 100 ll, then vortexed

gently and spin down,

3. the diluted in vivo-jetPEI� has been added to the

diluted DNA at once, vortexed briefly, spin down and

incubated for 15 min at room temperature,

4. complexes equilibrated at room temperature have then

been injected.

In the hours following injections, mice were monitored

and then returned to standard housing. After 36 h, mice

were sedated with carbon dioxide and euthanized with

cervical dislocation. Hearts were removed and processed to

obtain cardiomyocytes as described in ‘‘Cell cultures and

labeling’’. RNA and protein extraction were performed on

the cardiomyocytes at the interface of the Percoll gradient.

Transfection efficiency was calculated by counting the

average number of GFP-positive cells relative to the total

number of cardiomyocytes in four microscopic fields for

each sample (Supplementary Fig. 1). For each plasmid or

control, 2 mice were used and each experiment was repe-

ated three times.

Statistical analysis

Three independent experiments were performed for each

assay and statistically analyzed using ANOVA test.

Statistical significance was set at p \ 0.05.

Results

In vivo over-expression of PKCe down-regulates nkx2.5

and gata4 gene expression

To study the effect of PKCe over-expression in vivo, we

injected in the tail vein of CD1 mice the plasmid carrying

the wt isoform (pkce) or the plasmid carrying a mutated

isoform in its catalytic site (pkce K522M). After 72 h, we

performed another injection. Pkce expression (by qRT-

PCR) was analyzed on cardiomyocyte fraction of control

and transfected hearts after 24 h.

A significant increase in pkce mRNA was observed in

the cardiomyocytes of transfected animals (Fig. 1a). We

therefore decided to analyze the expression of nkx2.5 and

gata4. These two genes were significantly down-regulated

when wt PKCe was over-expressed (Fig. 1b), suggesting a

negative effect of PKCe over-expression on nkx2.5 and

gata4. Interestingly, myosin heavy chain (mhc) mRNA did

not seem to be affected by over-expression of PKCe.
Transfection was evaluated in cardiomyocytes in vivo by

double immunofluorescence for GFP and myosin heavy

chain (Fig. 2). Notably, we found GFP expression in the

vessels and cardiomyocytes surrounding vessels. This is

probably due to the technique of injection. A quantitative

analysis of GFP-positive cells and pictures of GFP cells

38 Histochem Cell Biol (2013) 139:35–46
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just after Percoll gradient are reported in Supplementary

Fig. 1.

We next looked for possible PKCe-related mechanisms

of cardiac genes regulation. Starting from the notion that:

(i) PKCe stimulates cell proliferation through ERK1/2

(Basu and Sivaprasad 2007) and, (ii) ERK1/2 has a nega-

tive effect on calcium channel expression in cardiomyo-

cytes through nkx2.5 (Marni et al. 2009), we decided to

focus on ERKs as candidate molecular intermediates

between PKCe and nkx2.5/gata4. Western blot analysis

showed an increase of phospho-ERK1/2 in PKCe over-

expressing cells (pkce) (Fig. 1c, d), suggesting that a

reinforced MAPK signaling could be at the basis of the

observed inhibition of early cardiac gene expression in the

PKCe over-expressing hearts.

PKCe expression is modulated during cardiac

differentiation of BMMSCs

Following the results obtained in vivo, we moved to ana-

lyze pkce expression in adult BMMSCs induced with

5-azacytidine. In fact, BMMSCs represent also a useful

tool for in vitro cardiac trans-differentiation, providing

an inducible (5-azacytidine) system, thus permitting to

observe early phenomena in cardiac differentiation.

We performed a time course of pkce, nkx2.5 and

gata4 mRNAs by real-time RT-PCR in 5-AZ-treated

BMMSCs (Fig. 3a). Interestingly, while pkce was maxi-

mal at day 2 (2d) and minimal at day 7 (7d) (arrow

heads), we found expression kinetics opposite to that of

pkce, i.e., maximal at 7d and minimal at 2d for the two

cardiac transcription factors. PKCe protein kinetic was

confirmed by Western blot (Fig. 3b) and relative densi-

tometric analysis (Fig. 3c).

On the other side, we characterized BMMSCs both

phenotypically and functionally. They were positive for

CD44 (90 ± 3 %), CD90 (87 ± 2.7 %) and CD105

(92 ± 1 %) and negative for CD34, CD45, CD14 (not

shown), a phenotypic profile characteristic of rat BMMSCs

(Gao et al. 2010).

To assay their general differentiation potential, we first

tested BMMSCs for osteogenic and adipogenic

Fig. 1 In vivo analysis of nkx2.5 and gata4 expression in hearts

transfected with pkce or pkce K522M. a qRT-PCR for pkce in

cardiomyocytes of mice injected with pkce or pkce K522M compared

with 0.9 % NaCl injected mice (ctrl). *p = 0.01. b qRT-PCR for

nkx2.5 (empty bar), gata4 (black bar) and myosin heavy chain (gray
bar) in the same samples as in a. In all qRT-PCR, housekeeping

gapdh was used as reference gene. **p = 0.04. c Western blot for

phospho-ERK-1/2; GAPDH for loading control. d Quantitative

analysis of the bands in c expressed as arbitrary units respect to the

intensity of the corresponding bands of control after normalization

with the GAPDH of the same sample
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Fig. 2 In vivo analysis of PKCe over-expression by anti-GFP

immunolocalization. a–d Immunofluorescence on sections of hearts

injected with plasmid encoding wt PKCe–GFP. a Hoechst staining;

b GFP immunofluorescence; c myosin heavy chain immunofluores-

cence; d merge of a, b and c. e–h Immunofluorescence on sections of

hearts injected with plasmid encoding K522M PKCe–GFP; e Hoechst

staining; f GFP immunofluorescence; g myosin heavy chain immu-

nofluorescence; h merge of e, f and g. Scale bar in h is the same for

all the panels and corresponds to 30 lm

40 Histochem Cell Biol (2013) 139:35–46
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differentiation under appropriate culture conditions. Oste-

ogenic potential was demonstrated with Alizarin Red S that

forms red precipitates on calcium crystals formed by

osteocytes (Fig. 4a). Adipogenic differentiation was indeed

shown by the formation of Oil Red Oil stained lipid vac-

uoles (Fig. 4b). Specific in vitro cardiac potential of this

mesenchymal population was confirmed by anti-myosin

heavy chain (Fig. 4c–h) antibody immunofluorescence

staining 30 days after the addition of 5-AZ. We also per-

formed immunofluorescence (Fig. 4i–k) and Western blot

analysis (Fig. 4l) for Connexin43 expression to be con-

vinced of the cardiogenic read-out of BMMSCs.

PKCe has a negative role in nkx2.5 and gata4

expression

To test the role of PKCe in nkx2.5 and gata4 regulation, we

both down-regulated and up-regulated PKCe expression by

transfecting BMMSCs 2 days after 5-AZ treatment with

siRNAs and plasmids carrying either the wt isoform of

PKCe (pkce) or a mutated isoform in its catalytic site (pkce
K522M). We chose this time because the PKCe level was

maximum. Relative PKCe over-expression and silencing

were evaluated by qRT-PCR and normalized on not

transfected 5-AZ-treated cells (Fig. 5a, 3d ctrl). We also

observed a tenfold higher expression for both plasmids

while pkce siRNAs generated a 50 % decrease of pkce
mRNA.

Over-expression of PKCe produced a significant

decrease of both nkx2.5 and gata4 mRNAs (Fig. 5b,

arrowhead) and protein (Fig. 6a); on the contrary,

BMMSCs over-expressing the mutated PKCe form

(Fig. 5b, black ball), showed an increase in the expression

of the two genes, suggesting a negative role for PKCe in

their regulation. The down-regulation of PKCe expression

by pkce siRNAs (Fig. 5b, asterisk), produced similar

effects as those obtained with pkce K522M. In Fig. 6b, a

quantitative analysis of NKX2.5 and GATA4 Western blot

band intensities are reported. Finally, both mRNA and

protein patterns of the two cardiac marker genes were

similar, thus definitively showing a negative effect of PKCe
over-expression on these genes. The same experiments

repeated 7 days after 5-AZ treatment did not produce any

effect on nkx2.5 and gata4 transcription; instead, in these

conditions, we observed a strong cell death (data not

shown).

PKCe effects on nkx2.5 and gata4 are mediated

by ERKs signaling

On the basis of preliminary data obtained in vivo, sug-

gesting ERKs as candidate molecular intermediates

between PKCe and nkx2.5/gata4, we studied in deeper

detail the MAPKinase signaling axis in the BMMSCs

model system. Western blot analysis showed an increase of

phospho-ERK1/2 in PKCe over-expressing cells (Fig. 7a,

b, lane 2), while transfection with pkce siRNAs produced a

decrease of phospho-ERK1/2 (Fig. 7a, b, lane 4), sug-

gesting that a reinforced MAPK signaling could be at the

basis of the observed inhibition of cardiac gene expression

in the PKCe over-expressing hearts. Functionally, treat-

ment of BMMSCs over-expressing PKCe with the MEK1/2

inhibitor U0126 rescued the expression levels of both

nkx2.5 and gata4 (Fig. 7c). Moreover, treatment with

Fig. 3 Quantitative analysis of pkce mRNA during cardiac differen-

tiation of rBMMSCs. a qRT-PCR of pkce, nkx2.5 and gata4 mRNA

1 day (1d), 2 days (2d), 3 days (3d), 7 days (7d), 8 days (8d) after

treatment with 5-AZ and expressed as fold increase respect to control

(untreated cells, ctrl). Housekeeping phosphoglycerate kinase 1 (pgk)

gene was used as reference. Arrowheads highlight samples 2d and 7d

(*p = 0.01, **p = 0.009, black ball p = 0.01). b Western blot for

PKCe at 1 day (1d), 2 days (2d) and 7 days (7d) after treatment with

5-AZ, ctrl corresponds to the untreated sample. GAPDH was used as

loading control. c Quantitative analysis of band intensities for PKCe
expressed as arbitrary units with respect to control (ctrl) after

normalization with the GAPDH of the same sample
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U0126 significantly increased the expression of nkx2.5 and

gata4 confirming a role for ERK1/2 in the inhibition of

cardiac differentiation. Efficacy of U0126 treatment is

shown in Supplementary Fig. 2.

Discussion

Although it is well known that, during development, car-

diac differentiation is induced by FGFs and BMPs

42 Histochem Cell Biol (2013) 139:35–46
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signaling pathways (Lincoln et al. 2006; Lopez-Sanchez

et al. 2002), there is still a paucity of information regarding

the driving mechanisms of cardiomyogenesis (Adam

Young et al. 2011). In particular, the signal transduction

pathways involved in the activation of cardiac transcription

factors like NKX2.5, GATA4, TBX5 (Bruneau et al. 2001;

Snyder et al. 2010) are only partially known.

On the other side, although the importance of PKCe in

cardio-protection is well established, its role on cardiac cell

differentiation has not yet been unraveled. In this per-

spective, we decided to study the role of PKCe on early

cardiac gene expression using both in vivo and in vitro

models.

Firstly, data obtained in vivo pointed at a negative role

of PKCe over-expression on cardiac gene regulation. Of

note, the wt isoform of PKCe determined a significant

decrease in nkx2.5 and gata4 expression in hearts together

with an increase of phospho-ERK1/2, suggesting that PKCe
imbalance could act as a key event of early cardiac gene

expression. Interestingly, a late differentiation marker gene

like myosin heavy chain did not seem to be affected by

PKCe over-expression. One hypothesis could be that PKCe
acts in different manner on early and late cardiac genes. In

fact, in PKCe over-expressing mice, there is hypertrophy

and higher content of myosin respect to wt.

We recapitulated in vitro cardiac cell differentiation

using 5-AZ-treated BMMSCs cultures. We found that pkce
transcription has a kinetic of expression with a peak at day

Fig. 5 Effect of PKCe over-expression and silencing on nkx2.5 and

gata4 gene expression in rBMMSCs. a qRT-PCR for pkce in cells

treated with 5-AZ and transfected with pkce (3d pkce), pkce K522M

(3d pkce K522M), pkce siRNAs (3d pkce siRNAs) and ctrl siRNAs (3d
ctrl siRNAs); pkce indicates cells transfected with the plasmid

containing wt isoform of murine PKCe, while pkce K522M refers

to cells transfected with mutated isoform of murine PKCe. *p = 0.01,

**p = 0.03, b nkx2.5 (empty bar) and gata4 (black bar) qRT-PCR in

rBMMSCs treated with 5-AZ (3d ctrl), transfected with PKCe (3d
pkce) or PKCe K522M (3d pkce K522M), or pkce siRNAs (3d pkce
siRNAs), or control siRNAs (3d ctrl siRNA). All transfections were

performed 2 days after treatment with 5-AZ and cells were processed

after 24 h. Arrowhead p = 0.01, black ball p = 0.04, *p = 0.035

Fig. 6 Effect of PKCe over-expression and silencing on nkx2.5 and

gata4 protein in rBMMSCs. a Western blot for NKX2.5 GATA4 and

TUBULIN as housekeeping in in rBMMSCs treated with 5-AZ (3d
ctrl), transfected with PKCe (3d pkce) or PKCe K522M (3d pkce
K522M), or pkce siRNAs (3d pkce siRNAs), or control siRNAs (3d
ctrl siRNA). b Quantitative analysis of band intensities for NKX2.5

and GATA4 expressed as arbitrary units with respect to control (3d
ctrl) after normalization with the TUBULIN of the same sample

Fig. 4 BMMSCs differentiation analysis. a Alizarin red staining of

BMMSCs cultured in osteogenic inductive medium. Arrowhead
indicates red calcium deposits. b Oil Red Oil staining of BMMSCs

cultured in adipogenic inductive medium. Arrowhead indicates lipid

vacuoles. c–e Myosin immunofluorescence in control cells. f–h
Myosin immunofluorescence in 5-AZ-treated cells. c, f Dapi count-

erstaining of nuclei. d, g Anti-myosin immunolocalization. e merge of

c and d. h Merge of f and g. i–k Connexin43 immunofluorescence in

5-AZ-treated cells. i Dapi counterstaining of nuclei. j Anti-CONN-

EXIN43 (CX43) immunolocalization. k Merge of i and j. Scale bar
for c–h is reported in h and corresponds to 50 lm, for a and

b corresponds to 30 lm. Scale bar for i–k is reported in k and

corresponds to 20 lm. l Western blot analysis with anti-CONNEX-

IN43 (CX43) antibody on untreated cells (ctrl), 2 days (2d), 7 days

(7d) and 22 days (22d) after 5-AZ treatment

b
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2 and a minimum at day 7. Notably, cardiac transcription

factors nkx2.5 and gata4 show opposite kinetics with

respect to pkce, suggesting a negative regulatory role for

PKCe on the transcription of these genes.

While over-expression of PKCe in cardiac-induced

BMMSCs produced a strong decrease of nkx2.5 and gata4

levels, the opposite experiments, designed to knock-out

PKCe expression by specific siRNAs induced a significant

increase of both nkx2.5 and gata4 expression, confirming a

negative role of PKCe on these genes. Transfection with a

plasmid encoding the K522M mutated isoform of PKCe
determined a significant increase in nkx2.5 and gata4

mRNA expression. Although dominant negative effects of

this mutated isoform have not been described so far, it must

be said that other phosphorylation sites in the same region

of PKCe are known to generate dominant negative effects

when mutated (Garcia-Paramio et al. 1998; Moschella et al.

2007).

It is note worthy that the same transfection experiments

done at day 7 after 5-AZ treatment did not show any of the

described effects, instead killing the cells, likely due to the

irreversible addressing to differentiation.

Both in PKCe over-expressing cells and in PKCe
silenced cells, Tbx5 expression was not affected (data not

shown) suggesting that this gene could be regulated by

other pathways not involving PKCe.
Current notion is that PKCe induces ventricular hyper-

trophy through stimulation of cell proliferation (Duquesnes

et al. 2011), in fact PKCe mainly regulates proliferation

(through ERK1/2 pathway) or apoptosis (through indirect

caspase activation) (Basu and Sivaprasad 2007). Since

ERK1/2 has a negative role on nkx2.5 expression in

cardiomyocytes (Marni et al. 2009), we wondered if PKCe
could also act on differentiation option of the cells. Thus,

we chose ERK1/2 as reasonable molecular intermediates

between gata4 and nkx2.5 and PKCe. First, in vivo results

suggested that phospho-ERK1/2 levels increased when

PKCe was over-expressed. In vitro experiments evidenced

that phospho-ERK1/2 was increased when PKCe was over-

expressed and decreased when PKCe was silenced. In

control and in PKCe over-expressing cells treated with

U0126 (that completely abolished ERK1/2 phosphoryla-

tion), we observed a significant increase of nkx2.5 and

gata4, confirming the negative role of phospho-ERK1/2 in

cardiac differentiation. These results may appear in con-

trast with others (Fukuda 2003; Kim et al. 2007; Qian et al.

2012), which, however, used different cellular models (ES

cells) and/or explored completely different time frames. On

another side, our results are in line with those obtained in

vivo in mouse embryos where inhibition of FGF/ERK

signaling is necessary and sufficient for cardiac differen-

tiation of anterior heart field progenitors (Tirosh-Finkel

et al. 2010).

Proteomic analysis has shown that PKCe is associated

with at least 36 proteins including p38 MAPKs, ERKs,

JNKs, AKT (Duquesnes et al. 2011). While ERKs seem to

have a role also in differentiation, the others have been

demonstrated to act in cardio-protection through regulation

of apoptosis and stress resistance. Interestingly, in pkce null

mice (Klein et al. 2005), p38 MAPKs, JNKs and AKT

activation seem not to be affected in the heart, while ERKs

activation was attenuated. We think that these findings can

strongly support our results.

Fig. 7 Phospho-ERK1/2 in BMMSCs over-expressing PKCe.
a p-ERK1/2 Western blot in control cells (3d ctrl, lane 1), PKCe
over-expressing cells (3d pkce, lane 2), mutated PKCe over-express-

ing cells (3d pkce K522M, lane 3), pkce silenced cells (3d pkce
siRNAs, lane 4) and cells transfected with control siRNAs (3d ctrl
siRNAs, lane 5). b-ACTIN was used for normalization. b densitomet-

ric analysis of p-ERK1/2 bands expressed as arbitrary units with

respect to control (3d ctrl) after normalization with the b-ACTIN of

the same sample. c nkx 2.5 (empty bar) and gata4 (black bar)

expression levels (qRT-PCR) in controls (3d ctrl), controls treated

with U0126 (3d ctrl ? U0126), pkce transfected (3d pkce), pkce
transfected and treated with U0126 (pkce ? U0126), pkce K522M

transfected (pkce K522M) and pkce transfected and treated with

U0126 (pkce K522M ? U0126). *p = 0.05, **p = 0.01, ***p =

0.03, black ball p = 0.02, arrowhead p = 0.04

44 Histochem Cell Biol (2013) 139:35–46

123



As others, we used BMMSCs exclusively for in vitro

experiments, since it is known that their cardiac differen-

tiation efficiency is very low in vivo (Chong et al. 2011).

However, they represent a good model for in vitro exper-

iments (Orlic et al. 2003; Huang et al. 2010), as they share

common properties with pericardial mesenchymal cells,

probably originating from a common progenitor that lost its

in vivo cardiac potential upon localization in the bone

marrow.

Finally, we here evidenced that highly controlled levels

of PKCe are important for early cardiac genes paralleling

the notion that PKCe likely plays a role in the differenti-

ation fate of most mesoderm-derived stem cells.
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