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Abstract. Cardiac stem cells (CSCs) are the most promising 
and effective candidates for the therapy of cardiac regen-
erative diseases; however, they have marked limitations. For 
instance, the implantation of CSCs is hampered by factors 
such as their sustainability and long‑term durability. Gene 
modification appears to be the most effective method of 
optimizing CSCs and gene therapy trials have demonstrated 
that efficient gene transfer is key to achieving therapeutic 
efficacy. However, the transduction ability of adenovirus (Ad) 
is limited. Previous studies have reported that low expression 
of coxsackie and adenovirus receptor (CAR) in target cells 
decreases the transduction efficiency. A promising method 
for improving Ad‑mediated gene transfer is to increase CAR 
expression in target cells. The present study investigated the 
effect of the Raf‑mitogen‑associated protein kinase (MAPK) 
kinase (MEK)‑extracellular signal‑associated protein kinase 
(ERK) signaling pathway on the expression of CAR on CSCs, 
as this pathway decreases cell‑cell adhesion via cell surface 
molecules. The results demonstrated that interference with the 
Raf‑MEK‑ERK signaling pathway by knockdown of ERK1/2 
upregulated the expression of CAR. The entry of the Ad 
into the cells was increased following inhibition of ERK1/2. 
Moreover, following knockdown of CAR, the entry of Ad into 
cells was decreased. However, knockdown of c‑Jun N‑terminal 
kinase and p38 as other components of the MAPK pathway 
did not affect CAR expression. Therefore, CAR expression 
in CSCs may be mediated via the Raf‑MEK‑ERK signaling 

pathway. Upregulation of CAR by knockdown of ERK1/2 may 
significantly improve Ad‑mediated genetic modification of 
CSCs in the treatment of cardiovascular diseases.

Introduction

The efficacy of cardiac stem cell (CSC) transplantation 
for cardiomyoplasty is limited due to poor survival of the 
implanted cells in ischemic hearts (1,2). Furthermore, strate-
gies aiming to improve the efficiency of CSC transplantation 
have shown little success.

Genetically modified or re‑constructed adenoviral vectors 
have been widely used to optimize CSCs for cellular cardio-
myoplasty in the treatment of cardiovascular disease (3‑7). 
McCormick (8) reported that improved adenoviruses effec-
tively deliver therapeutic genes or drugs into target cells. 
Recombinant adenoviral vectors have been constructed, which 
have shown promising effects in clinical and pre‑clinical 
studies (9). Furthermore, the efficiency of gene therapy was 
found to mainly be based on the binding ability of the internal-
ized adenovirus and its target.

The coxsackie and adenovirus receptor (CAR) is a trans-
membrane protein with a molecular weight of 46‑kDa. CAR 
interacts with tight junction protein complexes in normal 
human cells (10). It has also been shown to enhance the viral 
attachment capability by interacting with the adenovirus 
fiber‑knob protein in cells (11). The loss or decrease in expres-
sion of CAR may significantly decrease viral infectivity, 
however, this decrease in viral infectivity may be rescued by 
ectopic expression of CAR protein (12). It has therefore been 
suggested that the amount and location of CAR expression may 
determine viral infectivity. Internalization of adenoviruses in 
cells is primarily mediated by binding of the virus penton base 
to αvβ3‑ and αvβ5‑integrins (13). Studies have also indicated 
that decreased expression of CAR is observed in highly malig-
nant tumors (14‑16). Molecular cues and signaling pathways 
modulating CAR expression in CSCs have remained elusive. 
While certain studies have investigated the application of CAR 
in adenoviral vector‑mediated expression for the regeneration 
of transplanted CSCs, the potential molecular mechanisms 
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of the regulation of CAR expression remain to be fully eluci-
dated. The expression of tight junction proteins is mediated 
by triggering the oncogenic signaling pathway, for instance, 
by triggering the Ras‑activated extracellular signal‑regulated 
kinase (ERK) signaling pathway in cells  (16,17). The 
Raf‑mitogen‑activated protein kinase (MAPK) kinase (MEK) 
‑ERK signaling pathway may serve a central role in regulating 
CAR and viral uptake, by which adenoviral vector therapy 
may be optimized (18,19). The present study demonstrated 
that vector‑mediated inhibition of the Raf‑MEK‑ERK pathway 
enhanced CAR expression in mouse CSCs, therefore providing 
potential targets for improving adenovirus‑based treatments. 
The results indicated that knockdown of ERK1/2 expression 
led to an upregulation of CAR on the CSC surface, which may 
be associated with increased adenoviral uptake into cells.

Materials and methods

Cell lines and CSC isolation and culture. In the present study, 
human endometrial cancer cells from the ishikawa (ISK) cell 
line were donated by the Second Affiliated Hospital of Harbin 
Medical University (Harbin, China). CSCs were isolated from 
the extracted hearts of Balb/c mice (18‑25 g) using a method 
previously published by Beltrami et al (20), Liu et al (21,22) 
and Wang et al (23). All Balb/c mice were purchased from 
the Department of Laboratory Animal Science of the Second 
Affiliated Hospital of Harbin Medical University (Harbin, 
China). In brief, heparin (5,000 IU/kg) was intraperitoneally 
injected into the mice 20 min prior to the experiments. All 
mice were subsequently sacrificed by cervical dislocation. 
The heart was excised and the aorta was rapidly cannulated. 
Subsequently, the cannulated hearts were mounted and 
observed using a Langendorff perfusion system (Hugo Sachs 
Elektronik‑Harvard Apparatus GmbH, March, Germany) 
with constant flow. The perfusion pressure of the hearts was 
observed and monitored. In order to remove the blood from the 
mouse hearts, they were treated and perfused with Ca2+‑free 
Tyrode's solution (BSS‑350; Boston BioProducts, Ashland, 
MA, USA) for 5‑10  min. Subsequently, the hearts were 
digested with collagenase (0.5 mg/ml; Sigma‑Aldrich; Merck 
Millipore, Darmstadt, Germany) and trypsin (0.5  mg/ml; 
Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) 
for 30  min at 37˚C. The heart tissue was subsequently 
extracted and cleaved, and the cell suspension was filtered 
with a prepared Steriflip instrument (SCNY00100‑1EA; EMD 
Millipore, Billerica, MA, USA). The obtained suspension was 
treated with fluorescein isothiocyanate (FITC)‑labeled rat 
anti‑mouse CD117/c‑kit polyclonal antibody (1:100, catalog 
no. 553354, BD Biosciences, Franklin Lakes, NJ, USA) and 
the suspension was separated using MACS anti‑FITC micro-
beads (Miltenyi Biotech, Bergisch Gladbach, Germany). Small 
round cells, containing most of the c‑kit+ sub‑population, were 
harvested. The small round cells were cultured in HyClone 
Dulbecco's Modified Eagle's medium (DMEM)/F12 (Thermo 
Fisher Scientific, Inc.) supplemented with 10 ng/ml bovine 
fibroblast growth factor (PeproTech, Rocky Hill, NJ, USA), 
10% fetal bovine serum (FBS, Hyclone; GE Healthcare 
Life Sciences, Logan, UT, USA), epidermal growth factor 
(PeproTech), 10 ng/ml insulin growth factor (PeproTech) and 
10 ng/ml leukemia inhibitory factor (Sigma‑Aldrich; Merck 

Millipore) for 3‑5 days at 37˚C. The cells were subjected to 
subsequent examinations or experiments whenever they were 
recovered. The experimental animal and cell experimental 
processes and protocols of the present study were approved by 
the Ethics Committee of Harbin Medical University (Harbin, 
China).

Small interfering RNA (siRNA) silencing. Gene silencing by 
siRNA involves a small double‑stranded RNA that degrades 
target mRNA. The siRNA duplex was synthesized at Shanghai 
GenePharma Co., Ltd (Shanghai, China). To detect the regula-
tory roles of MAPKs in mediating CAR expression, additional 
CSCs were transfected with 100 pmol siRNA against; c‑Jun 
N‑terminal kinase (JNK), forward, 5'‑UCA​AGG​AAU​AGU​
GUG​UGC​AGC​UUA​U‑3', and reverse 5'‑CAG​CCC​AGT​
AAT​ATA​GTA​GTA‑3'; p38 forward, 5'‑GGA​CCU​CCU​UAU​
AGA​CGA​AUU‑3' and reverse, 5'‑GGA​CCU​CCU​UAU​AGA​
CGA​AUU‑3'; ERK1/2 forward, 5'‑GAC​CGG​AUG​UUA​ACC​
UUU​AUU‑3' and reverse, 5'‑GAC​CGG​AUG​UUA​ACC​UUU​
AUU‑3'; CAR forward, 5'‑GAC​GCA​UCU​AUA​AAU​GUG​
AUU‑3' and reverse, 5'‑GAC​GCA​UCU​AUA​AAU​GUG​AUU‑3', 
using Lipofectamine® RNAiMAX (Invitrogen; Thermo Fisher 
Scientific, Inc.) for 48 h. In the control group, cells were treated 
with either a transfection reagent (vehicle) or a non‑targeting 
siRNA (siRNA‑NC), forward, 5'‑UUC​UCC​GAA​CGU​GUC​
ACG‑3' and reverse, 5'‑ACG​UGA​CAC​GUU​CGG​AGA​ATT‑3' 
(Shanghai GenePharma Co., Ltd.).

In vitro adenoviral vector transduction. Recombinant adeno-
virus‑green fluorescence protein (Ad‑GFP) was purchased 
from Shanghai GenePharma Co., Ltd. Ad transductions were 
performed in six‑well plates, with cells seeded at 2‑5x105/well 
48 h previously. Virus particles (109/well) were diluted in 
serum‑free DMEM/F12 (1 ml/well; Thermo Fisher Scientific, 
Inc.) and then incubated at 37˚C with the cells for 90 min. 
Subsequently, the viral suspension was replaced with complete 
culture medium (containing FBS). Following 72 h transduc-
tion, cells were washed with phosphate‑buffered saline (PBS) 
and subjected to flow cytometric and fluorescence microscopic 
analysis.

Immunofluorescence. The cells were incubated with 4% (v/v) 
formaldehyde for 15 min at room temperature. Subsequently, 
the cells were washed three times with PBS for 5 min each 
and blocked with 10% bovine serum albumin (HyClone; GE 
Healthcare Life Sciences). The cells were then incubated with 
rabbit anti‑CAR antibody (1:100 dilution; cat. no. H‑300; Santa 
Cruz Biotechnology, Inc., Dallas, TX, USA) for 1 h at 37˚C. 
The cells were washed again three times with PBS (5 min each) 
and treated with Alexa Fluor 555‑labeled goat anti‑rabbit anti-
body (1:1,000 dilution; cat. no., A‑21428, Invitrogen; Thermo 
Fisher Scientific, Inc.) at 37˚C in the dark for 1 h. Subsequent 
to washing with PBS, the nuclei were counter‑stained with 
the 4', 6‑diamidino‑2‑phenylindole (Sigma‑Aldrich; Merck 
Millipore). Finally, the cells were observed and examined under 
a fluorescence microscope (DMI4000B; Leica Microsystems, 
Wetzlar, Germany).

Western blot analysis. The cells were lysed following hyper-
trophy induction using buffer radioimmunopreciptation assay 
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buffer (Abcam, Cambridge, MA, USA) by adding a protein 
inhibitor cocktail (Roche Diagnostics, Indianapolis, IN, USA) 
to recover the extract. To separate proteins, samples were 
denatured at 97.5˚C for >2 min. A total of 20 µg of protein was 
resolved by SDS‑PAGE at 12.5% and transferred onto polyvi-
nylidene difluoride membranes (EMD Millipore), which were 
then blocked with 5% non‑fat milk in Tris‑buffered saline 
containing Tween 20 (TBST) for 1 h at room temperature. 
Mouse anti‑phosphorylated (p)‑JNK (1:1,000; CST#9255), 
anti‑p‑p38 (1:1,000; CST#9216), anti‑p‑ERK1/2 (1:1,000; 
CST#9106), anti‑total (t)‑JNK (1:1,000; CST#3708), anti‑t‑p38 
(1:1,000; CST#9217) and anti‑t‑ERK1/2 (1:1,000; CST#4696) 
were all purchased from Cell Signaling Technology, Inc. 
(Danvers, MA, USA). Rabbit anti‑β‑actin (1:200; PR‑0255) 
was purchased from Zhongshan Goldenbridge Biotechnology 
Co. Ltd, Beijing, China and mouse anti‑CAR monoclonal 
antibody (1:200; sc‑373791) was purchased from Santa Cruz 
Biotechnology, Inc. The membranes were incubated with 
the above antibodies overnight at 4˚C. Subsequently, the 
membranes were incubated with horseradish peroxidase  
(HRP)‑conjugated Affinipure goat anti‑rabbit immunoglobulin 
(Ig) G (H+L) polyclonal antibody (1:2,000; ab6721, Abcam) 
and HRP‑conjugated rabbit anti‑mouse IgG (H+L)‑labeled 
polyclonal antibody (HRP; 1:2,000; ab6728, Abcam) at 37˚C 
1 h and washed with TBST solution. Bands were then visual-
ized by enhanced chemiluminescence (ECL) detection using 
BeyoECL Plus (Beyotime Institute of Biotechnology, Inc., 
Haimen, China). Images of the gels were captured on X‑ray 
film, following which the bands were stripped with 5 ml 
stripping buffer (CoWin Biotech, Beijing, China) at room 
temperature for 15 min and hybridized with β‑actin (1:200; 
TA890010, OriGene Technologies, Inc., Beijing, China) at 
room temperature for 15 min for normalization. Protein bands 
were quantified by densitometry using the Tanon Gel Imaging 
System (Shanghai Tanon Co. Ltd., Shanghai, China).

Quantitative reverse transcription quantitative polymerase 
chain reaction (RT‑qPCR). Total RNA was isolated from the 
cells subjected to the different experimental conditions with 
TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.), according 
to the manufacturer's instructions. Following pretreatment 
with RNase‑free DNase I, 2‑µg miRNA was subjected to 
the protocols of the miScript Reverse Transcription kit and 
the miScript SYBR Green PCR kit (Qiagen Benelux B.V, 
Venlo, the Netherlands). RNA was converted into cDNA by 
reverse transcription with the Transcriptor First Strand cDNA 
Synthesis kit (Invitrogen; Thermo Fisher Scientific, Inc.) 
qPCR was performed using a FastStart Universal SYBR Green 
Master Mix (ROX) (Roche Applied Science, Mannheim, 
Germany) in a 10 µl reaction volume on an ABI 7900 Genome 
Analyzer System (5 µl SYBR green Mix, 200 µM forward and 
reverse primers, 1 µl cDNA template) The primer sequences 
are presented in Table I. The PCR reaction conditions were 
initial denaturation at 94˚C for 5 min; degeneration at 94˚C 
for 15 sec, annealing at 55˚C for 30 sec and 72˚C for 30 sec, 
for a total of 35 cycles; followed by extension at 72˚C for 
5 min. Gene amplification was confirmed after calculating the 
melting temperatures (Tm) for the products from the melting 
peak curve (2dF/dT vs. temperature). All amplicons were 
collected and 10 ml of each reaction was confirmed by 1.5% 

agarose gel electrophoresis and sequencing. A cross‑point vs. 
logarithmic concentration standard curve was generated using 
serial dilutions of one of the cDNA samples or known concen-
trations of plasmid DNA. Negative controls were included, 
using cDNAs synthesized in the same manner as described 
above, but without reverse transcriptase. Each cDNA sample 
was run in triplicate. Relative mRNA expression levels were 
calculated using the ‑2ΔΔCq method (24) based on the threshold 
cycle (Cq) values and were normalized to the internal control 
of GAPDH. The primers (GenePharma Co., Ltd.) utilized in 
the present study are listed in Table I.

Flow cytometric analysis. The Ad suspension was transfected 
for 24 h and cells were subsequently cultured for 48 h and 
harvested. Then cells were re‑suspended at a density of 
1x106 cells in 500 µl binding buffer. A total of 10,000 events 
were collected and the proportion of GFP cells was analyzed 
with a FACSCalibur flow cytometer (BD Biosciences).

Statistical analysis. Statistical analysis was performed using 
SPSS 18.0 software (SPSS Inc., Chicago, IL, USA). Values are 
expressed as the mean ± standard error. Comparisons between 
the parameters were analyzed using Student's t‑test. P<0.05 
was considered to indicate a statistically significant difference.

Results

Characterization of CAR expression on mCSCs. In a prelimi-
nary study by our group, immunofluorescent microscopic 
analysis only demonstrated small amounts of CAR expres-
sion at the surface of SW480 cells. In the present study, CAR 
protein was also located in the cell cytoplasm, while small 
amounts were located at the cell surface, which may have 
posed a disadvantage regarding Ad uptake in mCSC and ISK 
cells (Fig. 1).

MAPK pathway silencing in mCSCs. In order to further 
explore the influence of the MAPK pathway on CAR expres-
sion in mCSCs, ERK1/2, JNK and P38 were individually 
silenced with siRNA (Fig. 2). Following 48 h transfection, a 
knockdown efficiency of >80% of the targeted proteins was 
observed in the cells transfected with specific siRNAs against 
ERK1/2, JNK and p38 (Fig. 2), which was also sustained for 
up to 72 h (data not shown).

Knockdown of ERK1/2 increases expression of CAR protein 
and its abundance at the surface of mCSCs. Following the 
silencing of ERK1/2 with siRNA, mCSCs exhibited signifi-
cantly increased CAR protein expression, while there was 
no such effect in siRNA‑NC (Fig. 3A). Immunofluorescence 
microscopy was also performed to investigate whether inhi-
bition of Raf‑MEK‑ERK signaling affected not only CAR 
expression but also its sub‑cellular localization. In control cells, 
CAR was only weakly expressed in the cytoplasm and CAR 
expression at the cell surface was low. However, after ERK1/2 
silencing with siRNA‑ERK1/2, this expression pattern clearly 
changed, with CAR being mainly located at the cell surface at 
sites of cell‑cell contact (Fig. 3B). Furthermore, results from 
RT‑qPCR indicated that in mCSCs, CAR mRNA levels were 
significantly increased following the silencing of ERK1/2 with 
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siRNA (Fig. 3C). These results showed that the changes of 
CAR levels are specifically associated with signaling through 
the ERK1/2 pathway.

Furthermore, the present study investigated the effects 
of JNK and p38 silencing on CAR expression. As well as 
ERK1/2, the JNK and p38 pathways are the other two major 
MAPK signal transduction pathways. The results indicated 
that transfection of JNK‑ and P38‑siRNA had no effect 
on CAR protein expression (Fig. 3A). In order to evaluate 
whether the CAR protein changes were caused by changes in 
CAR gene transcription, RT‑qPCR was performed. In mCSCs, 
CAR mRNA levels were unchanged after silencing of JNK or 
p38 with siRNA (Fig. 3C). The above results suggested that 
the ERK1/2 but not the JNK and p38 signaling transduction 
pathways affect CAR expression. However, these effects 
require investigation in other cell types.

ERK1/2 silencing increases Ad uptake in mCSCs, which is 
inhibited by CAR siRNA. As CAR acts as the primary cellular 
binding site for the Ad (19), the present study hypothesized that 
increased CAR expression at the cardiac stem cell surface may 
lead to enhanced viral uptake. In order to verify this hypoth-
esis, CSCs were first infected with a non‑replicating Ad‑GFP 
following treatment with ERK1/2‑, JNK‑ or P38‑siRNA. The 
FACS assay showed significantly increased infectivity of 
CSCs treated with the ERK1/2‑siRNA compared with control 
cells. However, treatment with JNK‑ and P38‑siRNA did not 
affect the infectivity of CSCs (Fig. 4A).

To evaluate whether ERK1/2‑siRNA increases the Ad 
transgene expression in mCSCs, fluorescence microscopy 
was used. The results showed that in the ERK1/2‑siRNA 
transfected mCSCs, GFP expression was markedly increased 
(Fig. 4B).

To further test the hypothesis that the Ad uptake is improved 
by upregulation of CAR, mCSCs were transfected with 
CAR siRNA. Western blot analysis revealed that after 48 h 
transfection, siRNA‑CAR had a >80% knockdown efficiency 
(Fig. 5A), which was sustained for up to 72 h (data not shown). 
Following treatment with CAR siRNA, the infectivity of CSCs 
by Ad‑GFP was decreased and remained at low levels when 
ERK1/2 siRNA was co‑transfected (Fig. 5B). These results 
indicated that decreases in CAR expression at the cardiac 
stem cell surface inhibited viral uptake and that the presence 
of CAR is required for Ad uptake, which may be increased via 
inhibition of the ERK1/2 pathway, rather than being affected 
by the other two branches of the MAPK pathway.

Discussion

The present study aimed to explore the effects of ERK1/2 
signaling on CAR expression in mCSCs as a potential target 
for Ad‑based therapies. The main findings obtained were the 
following: i) CAR protein is located in the cell cytoplasm, 
while a small portion of the protein is located at the surface 
of mCSCs and ISK cells; ii) knockdown of ERK1/2 increases 
the expression of CAR protein in mCSCs but not JNK and 
P38; iii) silencing of ERK1/2 leads to upregulation of CAR 
protein at the cell surface in mCSCs, while silencing of JNK 
and P38 does not; and iv) ERK1/2 siRNA increases Ad uptake 
in mCSCs, which is abrogated by co‑transfection with CAR 

siRNA. Overall, the results showed that in mCSCs, inhibi-
tion of ERK1/2 phosphorylation with siRNA led to elevated 
CAR expression, which increased Ad uptake. However, other 
branches of the MAPK pathway (JNK and P38) had no effect 
on CAR expression and Ad uptake in mCSCs.

In a number of cases, the low expression of CAR in target 
cells limits the efficacy of gene therapy approaches. A previous 
study demonstrated that the CAR receptor acts as the key 
factor for sufficient viral uptake (25). In normal cells, CAR is 
an adhesion molecule that interacts with the adherens and tight 
junction proteins (10). Loss of CAR on the cell surface signifi-
cantly decreases viral infectivity, which may be reversed by 
the ectopic CAR expression. The present study focused on the 
regulatory mechanisms of CAR expression at the molecular 
level in order to explore how it modulates viral infectivity.

Firstly, CAR expression in mCSCs and the ISK cell line 
was detected by immunofluorescence. The findings were 
consistent with those of a previous study, showing that CAR 
protein is located in the cell cytoplasm while a small amount 
is present at the cell surface, which poses a disadvantage 
regarding Ad uptake (18).

The Raf‑MEK‑ERK signaling pathway downregulates 
cell‑cell adhesion complexes. For instance, tight‑ and adherens 
junctions (17) and CAR act as cell adhesion molecules, which 
also participate in the formation of the apical junction complex 
and the tight junction (10,26‑28). In the present study, it was 
therefore hypothesized that the Raf‑MEK‑ERK signaling 
pathway contributes to the downregulation of CAR in cardiac 

Table I. Primers for polymerase chain reaction.

Gene 	 Primer sequences

CAR	 F: 5'‑GCATCACTACACCCGAACAGA‑3';
	 R: 5'‑CAAGAACGGTCAGCAGGAAT‑3';
GAPDH	 F: 5'‑GGCACAGTCAAGGCTGAGAATG‑3';
	 R: 5'‑ATGGTGGTGAAG ACG CCA GTA‑3';

CAR, coxsackie and adenovirus receptor; F, forward; R, reverse. 
  

Figure 1. Characteristics of CAR expression and inhibition of mitogen‑acti-
vated protein kinase on murine CSCs. Immunofluorescence analysis of 
CAR expression on CSCs and ISK cells. The nuclei were counter‑stained 
with 4',6‑diamidino‑2‑phenylindole (original magnification, x400). ISK, 
ishikawa cells; CSC, cardiac stem cells; CAR, coxsackie and adenovirus 
receptor.
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Figure 3. Effects of mitogen‑activated protein kinase silencing on CAR expression in mCSCs. mCSCs were individually treated with siRNA‑ERK1/2, ‑JNK, 
‑P38 or ‑NC (control) for 48 h. (A) Western blot analysis of CAR protein expression. Representative immunoblots and densitometrically quantified CAR 
protein levels. (B) Effect of ERK1/2 silencing on the subcellular CAR protein distribution observed by immunofluorescence microscopy. DNA was visualized 
by 4',6‑diamidino‑2‑phenylindole staining. (C) CAR mRNA expression determined by reverse‑transcription quantitative polymerase chain reaction with 
normalization to GAPDH. The bar graphs represent the mean values of triplicate measurements ± standard error of the mean. *P<0.05 vs. NC. mCSC, murine 
cardiac stem cell; JNK, c‑Jun N‑terminal kinase; ERK, extracellular signal‑regulated kinase; siRNA, small interfering RNA; CAR, coxsackie and adenovirus 
receptor; NC, negative control.

Figure 2. Cellular protein was collected after individual transfection with non‑targeting, JNK, ERK1/2 or p38 siRNAs for 48 h, followed by detection of 
ERK1/2, JNK and p38 protein expression by western blot analysis. *P<0.05 vs. NC. ISK, ishikawa cells; CSC, cardiac stem cell; JNK, c‑Jun N‑terminal kinase; 
ERK, extracellular signal‑regulated kinase; siRNA, small interfering RNA; NC, negative control.
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Figure 5. Changes in viral uptake and CAR expression after silencing of ERK1/2. mCSCs were treated with siRNA‑CAR alone or siRNA‑CAR with 
siRNA‑ERK1/2 for 48 h. siRNA‑NC‑treated mCSCs were used as a control group. (A) CAR protein expression was detected by immunoblot analysis and 
densitometrically quantified. The bar graphs represent the mean values of triplicate measurements ± standard error of the mean. *P<0.05 vs. NC. (B) The infec-
tivity of a GFP‑expressing, non‑replicating adenovirus at a multiplicity of infection of 10 was evaluated by fluorescence microscopy (scale bar, 100 µm). Under 
the same conditions, the left panel shows transmitted light images and the right panels show fluorescence. ERK, extracellular signal‑regulated kinase; siRNA, 
small interfering RNA; NC, negative control; GFP, green fluorescence protein; CAR, coxsackie and adenovirus receptor; mCSC, murine cardiac stem cell.

Figure 4. Changes in viral uptake following ERK1/2 silencing. The infectivity of a GFP‑expressing, non‑replicating adenovirus at a multiplicity of infection 
of 10 was evaluated after 48 h treatment with siRNA‑ERK1/2 or siRNA‑NC (control group) (A) using fluorescence‑assisted cell sorting analysis. Values are 
expressed as the mean of triplicate measurements ± standard error. *P<0.05 vs. NC. (B) The infectivity was also assessed using fluorescence microscopy (scale 
bar, 200 µm). Under the same conditions, the left panel shows transmitted light images and the right panels show green fluorescence. JNK, c‑Jun N‑terminal 
kinase; ERK, extracellular signal‑regulated kinase; siRNA, small interfering RNA; NC, negative control; GFP, green fluorescence protein. CAR, coxsackie 
and adenovirus receptor; mCSC, murine cardiac stem cell.
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stem cells. To test this hypothesis, CSCs were treated with 
siRNA‑ERK1/2, ‑JNK and ‑p38, and the effects on CAR 
expression and Ad uptake were assessed.

Treatment of CSCs with siRNA‑ERK1/2 led to an increase 
in CAR protein levels at the cell membrane, with marked 
upregulation observed at sites of cell‑cell contact. Relocation 
of CAR at the plasma membrane following the inhibition of 
ERK was sufficient to enhance the uptake of Ad. The afore-
mentioned effects appear to depend on CAR specifically, as 
silencing of CAR significantly reduced Ad uptake, which 
could not be rescued by co‑transfection with ERK1/2‑siRNA. 
Furthermore, the effects of the other branches of the MAPK 
pathway were examined; however, neither the expression of 
CAR nor Ad uptake were affected by the silencing of JNK or 
P38. These results suggest that inhibition of Raf‑MEK‑ERK 
signaling may affect not only the expression of CAR, but also 
its sub‑cellular localization on the membrane to improve the 
uptake of Ad by mCSCs.
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