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Abstract

Objective: Progenitor cell-based cardiomyocyte regeneration holds great promise of repairing an
injured heart. Although cardiomyogenic differentiation has been reported for a variety of pro-
genitor cell types, the biological factors that regulate effective cardiomyogenesis remain largely
undefined. Primary cardiomyogenic progenitors (CPs) have a limited life span in culture, hampering
the CPs’ in vitro and in vivo studies. The objective of this study is to investigate if primary CPs
isolated from fetal mouse heart can be reversibly immortalized with SV40 large T and maintain
long-term cell proliferation without compromising cardiomyogenic differentiation potential.

Methods: Primary cardiomyocytes were isolated from mouse E|5.5 fetal heart, and immortalized
retrovirally with the expression of SV40 large T antigen flanked with loxP sites. Expression of
cardiomyogenic markers were determined by quantitative RT-PCR and immunofluorescence
staining. The immortalization phenotype was reversed by using an adenovirus-mediated expres-
sion of the Cre reconbinase. Cardiomyogenic differentiation induced by retinoids or dexame-
thasone was assessed by an a-myosin heavy chain (MyHC) promoter-driven reporter.

Results: We demonstrate that the CPs derived from mouse EI5.5 fetal heart can be efficiently
immortalized by SV40 T antigen. The conditionally immortalized CPs (iCP15 clones) exhibit an
increased proliferative activity and are able to maintain long-term proliferation, which can be
reversed by Cre recombinase. The iCPI5 cells express cardiomyogenic markers and retain dif-
ferentiation potential as they can undergo terminal differentiate into cardiomyctes under appro-
priate differentiation conditions although the iCP15 clones represent a large repertoire of CPs at
various differentiation stages. The removal of SV40 large T increases the iCPs’ differentiation
potential. Thus, the iCPs not only maintain long-term cell proliferative activity but also retain
cardiomyogenic differentiation potential.

Conclusions: Our results suggest that the reported reversible SV40 T antigen-mediated im-
mortalization represents an efficient approach for establishing long-term culture of primary car-
diomyogenic progenitors for basic and translational research.

Key words: Cardiomyogenic progenitors, cardiomyogenic differentiation, cardiomyogenesis, car-
diovascular disorders, heart progenitor cells, immortalization
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INTRODUCTION

The use of artificial heart device and/or cardiac
transplantation is currently the treatment of choice for
end-stage heart failure. It is however hampered by a
severe shortage of donor organs and by the danger of
organ rejection. A progenitor cell-based therapy may
hold promise in improving the clinical management
of many cardiomyogenic disorders, such as heart
failure and acute myocardial infarction (MI) [1, 2].
However, stem cell therapy approach is currently
limited by the availability of transplantable cardio-
myocyte progenitors (CPs). Transplantation of
non-cardiomyogenic progenitors, such as skeletal
muscle myoblasts and smooth muscle cells, has been
proposed as an alternative therapy [2-5], which is
however complicated by the fact that transplanted
cells may have abnormal electrical coupling and may
cause either conduction blocks or arrhythmias in vivo
[2]. Other cell types/sources have also been studied to
date, including bone marrow (BM)-derived mononu-
clear cells, hematopoietic stem cells (HSCs), and
mesenchymal stem cells (MSCs), embryonic stem cells
and endothelial progenitor cells [2, 6-9], some of
which have shown cardiac regeneration potential in
animal MI models. Although most of the clinical
studies using BM-derived cells exhibit no significant
side effects, stem cell-induced improvements in car-
diac function remain modest [2, 10].

Effective myocardial regeneration has at least
two prerequisites: the progenitor cells with cardio-
myogenic potential and the biological approaches to
the control of efficient cardiomyogenic differentiation.
Thus, it is essential to maintain a long-term culture of
the isolated cardiomyogenic progenitors in vitro in
order to dissect the signaling pathways and/or
growth factors that regulate cardiomyogenic differ-
entiation. Thus, the urgent needs for -effective
cell-based cardiac regeneration are at least two-fold.
The first is to identify and effectively expand progen-
itors with cardiomyogenic potential. The second is to
identify factors that can promote effective cardiomy-
ogenesis of these progenitor cells. Recent studies in-
dicate that populations of cardiac progenitor cells
may reside in the heart itself [2, 11, 12]. In fact, human
cardiomyocyte progenitors (hCPs) have been isolated
from fetal hearts [13]. These cells express the stem cell
markers stem cell antigen-1 (Sca-1)-like protein and
islet-1 (Isl-1), and the early cardiac transcription fac-
tors GATA-4 and Nkx2.5. These cells are capable of
differentiating into spontaneously beating cells, when
stimulated with the DNA methyltransferase inhibitor
5-azacytidine [13]. When the hCPs were transplanted
into infarcted mouse myocardium differentiated into
both cardiomyocytes and vascular cells, and that

hCP-treated animals displayed less deterioration of
cardiac function in the long term compared to control
mice [14]. Nonetheless, the stem cell-based myocardi-
al regeneration is still an inefficient process with var-
ied outcomes. Regardless of the source of the CPs, one
of the major limitations is the limited life span of the
isolated progenitor cells. It is critical to investigate the
molecular events that regulate heart development if
stem cells are to become an effective source of car-
diomyocytes and the progenitors can be used for
studying cardiac physiology and eventually devel-
oping cell-based therapies for heart repair. Thus, po-
tential efficient isolation and long-term maintenance
of cardiomyogenic progenitor cells are essential to the
realization of stem cell therapy in myocardial disor-
ders.

Here, we investigate if mouse CPs derived from
fetal hearts can be conditionally immortalized with
SV40 large T antigen and maintain long-term cell
proliferation without compromising cardiomyogenic
differentiation potential. Using the system which ex-
presses SV40 large T antigen flanked with loxP sites,
we demonstrate that mouse CPs derived from E15.5
fetal heart can be efficiently immortalized by SV40
large T antigen. The conditionally immortalized CPs
(iCP15 clones) exhibit an enhanced proliferative ac-
tivity and maintain long-term cell proliferation, which
can be reversed by Cre recombinase. The iCP15 cells
express most cardiomyogenic markers and retain
differentiation potential as they can undergo terminal
differentiate into cardiomyctes under appropriate
differentiation conditions. The iCP15 clones represent
a large repertoire of CPs at various differentiation
stages. The removal of SV40 large T increases the dif-
ferentiation potential of iCPs. Thus, the conditionally
immortalized iCPs not only maintain long-term cell
proliferation but also retain cardiomyogenic differen-
tiation potential. Future studies should investigate the
in vivo behavior of these iCP15 cells in a mouse model
of infarcted heart. Our results suggest that the re-
versible immortalization strategy using SV40 large T
antigen may be an efficient approach to establishing
long-term cell culture of primary CPs for basic and
translational research.

MATERIALS AND METHODS

Cell culture and chemicals

HEK-293 cells were obtained from the ATCC
(Manassas, VA), and maintained in complete Dul-
becco's modified Eagle's medium (DMEM) as de-
scribed [15-19]. Mouse embryonic carcinoma line P19
was also obtained from ATCC and used as a reference
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line. Unless otherwise indicated, all chemicals were
purchased from Sigma-Aldrich or Fisher Scientific.

Establishment of reversibly immortalized car-
diomyogenic progenitors from mouse fetal
heart

All animal work was conducted according to
relevant national and international guidelines. The
animal welfare, use, and care were carried out ac-
cording to the guidelines and procedures that were
specifically approved for this study by the Institu-
tional Animal Care and Use Committee. E15.5 em-
bryonic heart tissues were dissected out and rinsed
with ice-cold PBS. Heart tissues were minced and
digested with trypsin-EDTA in a 37°C CO; incubator
with occasional agitations for 10 to 20min, followed
by inactivating trypsin with complete DMEM con-
taining 10% fetal bovine serum (FBS). The dissociated
cells were washed with complete DMEM twice and
seeded in 10-cm cell culture dishes. At 16h after plat-
ing, cells were infected with packaged retrovirus su-
pernatant containing SSR #69 vector [20]. The infected
cells were selected with hygromycin (0.3 mg/ml) for
5d and seeded into 96-well plates with serial dilutions
in the presence of hygromycin. Clones grown from
single cells were chosen and scaled up for further
characterization. The immortalized cardiomyogenic
progenitor clones are designated as iCP15 lines.

Construction of a-myosin heavy chain (MyHC)
promoter-driven Gaussia luciferase
(MyHC-GLuc) reporter

A 5.5kb genomic DNA fragment upstream exon
4 of the mouse a-myosin heavy chain (MyHC) gene
was PCR amplified from the a-5.5 vector [21], and
subcloned into the BamH 1/Xho 1 sites of our home-
made retroviral reporter vector pBGLuc to drive the
expression of secreted Gaussia luciferase, resulting in
pMyHC-GLuc. The reporter vector was used for
transient transfection, as well as for making stable
lines via retroviral infection. Cloning and construction
details are available upon request.

Construction of adenoviral vector expressing
Cre recombinase

Recombinant adenovirus expressing the Cre re-
combinase was generated using the AdEasy technol-
ogy as described as previously described [22-27]. An
analogous adenovirus expressing only RFP (AdRFP)
was used as a control [25-27]. Details about the vector
construction are available upon request.

Isolation of RNA from fetal and postnatal
heart tissues and cultured cells

For isolating RNA from tissues, CD1 mouse fetal

heart tissues at E13.5 and E18.5, postnatal days 1, 3, 7,
and 14, and adult heart (12 weeks) tissues were har-
vested and crashed in liquid nitrogen. Total RNA was
isolated using the TRIZOL Reagents (Invitrogen,
Carlsbad, CA) according to the manufacturer’s in-
structions. For isolating RNA from cultured cells,
subconfluent cells were seeded in 75cm? flasks in a
medium supplemented with 1% FBS with or without
adenovirus infection. Total RNA was isolated using
TRIZOL Reagents.

Reverse transcription, quantitative real-time
PCR (qPCR), and semi-quantitative RT-PCR
(sqPCR) analyses

Reverse transcriptase-PCR was carried out as
described [28-30]. Briefly, 10ugs of total RNA were
used to generate cDNA templates by reverse tran-
scription with hexamer and M-MuLV reverse tran-
scriptase (New England Biolabs, Ipswich, MA). The
first strand cDNA products were further diluted 5- to
10-fold and used as PCR templates. The PCR primers
were 18-20mers, designed by using the Primer3 pro-
gram, http://primer3.wimit.edu/, to amplify the
3’-end (approximately 120-150 bps) of the gene of in-
terest (Additional file 1: Table S1).

The qPCR was carried out as described [26, 31,
32]. SYBR Green-based qPCR analysis was carried out
using the Opticon DNA Engine (Bio-Rad Laborato-
ries, Hercules, CA). Serially diluted pUC19 was used
as a standard. Duplicate reactions were carried out for
each sample. All samples were normalized by en-
dogenous level of GAPDH. Semi-quantitative
RT-PCR reaction was carried out by using a touch-
down protocol. PCR products were resolved on 1.5%
agarose gels. All samples were normalized by en-
dogenous level of GAPDH.

Transfection and Gaussia luciferase reporter
assay

Exponentially growing cells were seeded in
25cm? cell culture flasks and transfected with 2pg per
flask of pMyHC-GLuc using Lipofectamine (Invitro-
gen). At 16h, the transfected cells were replated to
24-well plates and treated with all-trans retinoic acid
(RA, final concentration=1uM; from 0.5mM stock
prepared in DMSO) or DMSO. Gaussia luciferase
possesses a natural secretory signal and upon expres-
sion is secreted into the cell medium. At the indicated
time points medium from the treated cells was col-
lected for Gaussia luciferase assays using the Gaussia
Luciferase Assay Kit (New England Biolabs) as de-
scribed [28-30]. Each assay condition was performed
in triplicate. Reporter activity was expressed as mean
+S.D.
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Immunofluorescence staining

Immunofluorescence staining was carried out as
described [26, 31, 32]. Briefly, cells were treated with
Dexamethasone (Dex, final concentration at 1uM;
from 0.5mM stock prepared in DMSO) or DMSO for
7-11 days, and fixed with methanol at 4°C for 15min
and washed with PBS. The fixed cells were permea-
bilized with 1% NP-40 and blocked with 10% BSA,
followed by incubation with a cardiac Troponin T
(cInT), ISL-1, or c-kit antibody (Santa Cruz Biotech-
nology) for 1h. After being washed, cells were incu-
bated with DyLight 488 or DyLight 594-labeled sec-
ondary antibodies (Jackson ImmunoResearch Labor-
atories, West Grove, PA) for 30min. The presence of
proteins of interest was examined under a fluores-
cence microscope. Stains without the primary anti-
body, or with control IgG, were used as negative
controls.

Western blotting analysis

Western blotting was carried out as described
previously [26, 31-33]. Briefly, iCP15 cells were in-
fected with AdCre or AdGFP for 36h, lysed in
Laemmli sample buffer, and subjected to SDS-PAGE.
After being resolved by electrophoresis, proteins were
transferred onto an Immobilon-P membrane (Milli-
pore) via electroblotting. The membranes were
blocked with SuperBlock DryBlend blocking buffer in
Tris-buffered saline at room temperature for 1h and
probed with SV40 large T antibody for 1h, followed
by 30min-incubation with a secondary antibody con-
jugated with horseradish peroxidase. The presence of
large T protein was detected by using the SuperSignal
West Femto chemiluminescent substrate kit. An-
ti-B-actin was used for a loading control.

Statistical analysis

We used the Microsoft Excel to calculate stand-
ard deviations (SD) and statistically significant dif-
ferences between samples using the two-tailed Stu-
dent ¢ test. A p-value of 0.05 was defined as statistical
significance.

RESULTS

Mouse heart tissues exhibit distinct expression
patterns of cardiomyogenic markers during heart
development. We first examined the endogenous ex-
pression of cardiomyogenic marker genes from early
embryonic stages (as early as at E13.5) to adult (12

week-old) heart tissues. The early cardiomyogenic
marker ISL-1 was highly expressed at E13.5, but rap-
idly decreased to undetectable level at E18.5 and
thereafter, while another early marker c-kit exhibited
high level of expression until postnatal day 14 (Figure
1). Interestingly, the early marker Sca-1 maintained a
rather high expression level in the examined time
points. The expression of immediate early marker
Nkx2.5 was at the highest at E13.5 and gradually de-
creased to a low level in adult heart tissue (Figure 1).
Expression of late and mature cardiomyogenic mark-
ers connexin 43 (Cx43), o-myosin heavy chain
(a-MyHC), cardiac a-actin (Actcl), cardiac troponin T
(cTnT) were readily detected in all stages while their
expression levels increased after birth (Figure 1).
These results indicate that ISL-1, c-kit, Nkx2.5 are re-
liable early cardiomyogenic markers, while a-MyHC,
Actcl and ¢TnT are markers for late and/or mature
cardiomyocytes.

Mouse cardiomyogenic progenitor (CP15.5) cells
derived from mouse E15.5 heart tissues can be effec-
tively immortalized with SV40 large T antigen. To
establish stable cardiomyogenic progenitors for in
vitro studies of cardiomyogenesis, we isolated and
cultured fetal cardiomyocytes from mouse E15.5 heart
tissues (Figure 2A). The isolated cells adopted car-
diomyocyte morphology and were able to form clones
and maintain rhythmatic beating in culture (Addi-
tional file 2: Video-S1). To establish stable clones, the
cells were infected with the packaged retroviral vector
SSR #69, which expresses SV40 large T flanked with
LoxP sites (Figure 2B) [20]. The infected cells were
selected in hygromycin. Single clones were isolated
via serial clonal dilution of the initially infected cells.
The drug-resistant stable clones, designated as the
immortalized cardiomyogenic progenitor (iCP15)
sublines, exhibited cardiomyocyte-like morphology
(Figure 2C). More than 100 iCP15 clones were ob-
tained. Many of the stable clones were shown to
maintain rhythmatic beating during hygromycin se-
lection although individual sublines did not exhibit
the rhythmatic beating phenotype under the standard
culture condition (Additional file 3: Video-S2). We
also confirmed that the immortalized iPC cells were
absent of hematopoietic progenitor markers, such as
CD34 and CD45 (data not shown). Nonetheless, these
results demonstrate that cardiomyogenic progenitors
from mouse fetal hearts can be efficiently isolated and
immortalized with SV40 large T antigen.
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Figure |. Endogenous expression of cardiomyogenic markers during different stages of heart development. Total RNA was isolated from heart tissues as indicated
and subjected to reverse transcriptase-PCR, followed by semi-quantitative RT-PCR analysis using gene-specific primers. All samples were normalized with GAPDH
expression. PCR results were confirmed in at least three batches of independent experiments. Representative results are shown.
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Figure 2. Isolation and immortalization of primary cardiomyogenic progenitor (CP15.5) cells derived from mouse E15.5 heart tissues. (A) Morphology of the isolated
primary cardiomyogenic progenitors in cell culture. Representative cell clusters are shown. The primary culture cells were shown to maintain rhythmatic beating in
culture (Additional file 2: Video-S1). (B) Schematic representation of the retroviral vector SSR#69 expressing SV40 large T, which is flanked with LoxP sites, for
reversible immortalization, described in [20]. (C) Establishment of immortalized CP15.5 (iCP15) cells. Cardiomyogenic cells were isolated from mouse EI5.5 fetal
heart tissues, followed by infected with packaged retroviral vector SSR#69. The infected cells were selected in hyrogromycin. Single clones were isolated via serial
clonal dilution of the initially infected cells. Morphology of a representative drug-resistant stable is shown at different time points of selection. Some of the stable
clones were shown to maintain rhythmatic beating during hyrogromycin selection (Additional file 3: Video-S2).
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The iCP15 clones represent a large repertoire of
cardiomyogenic progenitors at various differentiation
stages. We sought to characterize the iCP15 clones by
examining the expression of stem cell and cardiomy-
ogenic markers. Among more than 100 clones ob-
tained, 20 iCP15 clones were chosen for initial char-
acterization. When generic stem cell markers were
assessed, 15 of the 20 clones and 18 of the 20 clones
expressed high levels of Oct3/4 and Nanog, respec-
tively, while only 4 of the 20 clones expressed a high
level of Sox2 (Figure 3A). It is noteworthy that 5
clones expressed very low levels of Oct3/4 and Sox2,
while clones iCP15-13 and iCP15-17 had low expres-
sion levels of all three stem cell markers (Figure 3A;
Additional file 1: Figure S1A), suggesting these sub-
lines may not represent early cardiomyogenic pro-
genitor cells.

When most of the iCP15 clones expressed rela-
tively high levels of Sca-1 and c-kit, only 5 clones,
including iCP15-54, iCP15-9, iCP15-10, iCP15-13 and
iCP15-18, expressed the early cardiomyogenic marker
ISL-1 (Figure 3B; and Additional file 1: Figure S1B).
All clones and 11 of the 20 clones expressed the im-
mediately early cardiomyogenic markers Hand2 and
Sca-1, respectively (Figure 3C), while less than

one-third clones expressed the early cardiomyogenic
transcription factor Nkx2.5 (Figure 3C; and Addi-
tional file 1: Figure S1C). However, most iCP15 clones
expressed the cardiomyocyte-specific markers cardiac
o-actin (Actcl) and a-myosin heavy chain (a-MyHC)
(Figure 3D). Eight of the 20 clones were shown to
express the late marker atrial natriuretic factor (ANF)
(Figure 3D; and Additional file 1: Figure S1D). In
addition, the expression of cardiomyogenic markers
GATA4 and cardiac troponin T (cTnT) were detecta-
ble in most iCP15 clones while Tbx5 was shown to
express in about half of the 20 clones (Additional file 1:
Figure S1D). The expression of the cardiomyogenic
markers was compared to that of the mouse embry-
onic carcinoma line P19 (Additional file 1: Figure
S1D). The semi-quantitative PCR results were further
confirmed by immunofluorescence staining of the
seven representative iCP15 clones using ISL-1 and
c-kit antibodies (Additional file 1: Figure S2). Taken
the above data together, our results suggest that,
among the 20 characterized iCP15 clones, iCP15-5A,
iCP15-9, iCP15-10, and iCP15-18 may represent po-
tential cardiomyogenic progenitor cells.
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Figure 3. Characterization of iCP|5 clones. Total RNA was isolated from 20 chosen iCPI5 clones and subjected to reverse transcriptase reactions. The cDNA
products were used as templates for sqPCR analysis of marker expression, including the common stem cell markers Oct3/4, Nanog, and Sox2 (A), the early
cardiomyogenic progenitor markers, ISL-1, Scal and c-kit (B), the immediate early cardiomyogenic progenitor markers Nkx2.5, Tbx5, and Hand2 (C), and the late
cardiomyogenic markers, cardiac a-actin (Actcl), a.-myosin heavy chain (a-MyHC), and Atrial natriuretic factor (ANF) (D). All samples were normalized for their
GAPDH expression. All sqPCR reactions were repeated at least in three independent experiments. Representative results are shown.
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Retinoic acid can effectively induce cardiomyo-
genic differentiation of the iCP15 clones. We next
tested if the iCP15 clones were able to undergo car-
diomyogenic differentiation upon retinoic acid stim-
ulation. Retinoid signaling is known to regulate car-
diomyogenesis [34-36]. We constructed a Gaussia lu-
ciferase reporter driven by the mouse a-MyHC pro-
moter (aka, MyHC-GLuc reporter) to monitor the
differentiation status (Figure 4A). Eight representa-
tive iCP15 sublines were transfected with the reporter
and treated with all-trans retinoic acid. We found that
6 of the 8 iCP15 lines exhibited significantly elevated
fold of induction by retinoic acid, suggesting that
these lines may be able to undergo cardiomyogenic
differentiation (Figure 4B). All but 6 of the analyzed

20 iCP15 clones were shown to elevate MyHC-GLuc
A MyHC-GLuc Reporter

reporter activity upon RA stimulation (Figure 4C
panel a). Furthermore, we analyzed the expression
pattern of cardiomyogenic markers in the iCP15
clones upon RA stimulation. The expression of stem
cell markers (e.g., Oct3/4 and Nanog) and early car-
diomyogenic markers, such as ISL-1, Sca-1 and
Nkx2.5, was weakly detected in most clones as com-
pared with that of the control group, while the ex-
pression of late markers (e.g., Actcl and ANF) in-
creased significantly in 4 of the 20 clones (Figure 4C
panel b). These results indicate that most of the tested
iCP15 clones are responsive to RA-induced cardio-
myogenic differentiation, and that at least four of the
20 clones (i.e., iCP15-5A, 9, 10, and 18) may undergo
terminal cardiomyogenic differentiation.
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Figure 4. Characterization of the differentiation potential of iCP15 clones. (A) Construction of the MyHC-GLuc reporter. A 5.5kb o-myosin heavy chain pro-
moter-driven Gaussia luciferase reporter (MyHC-GLuc) is schematically shown. The promoter region also contains the first three exons (white boxes). (B) Retinoic
acid induction of MyHC-GLuc reporter activity in iCP15 clones. Cells of the selected eight iCP15 clones were transfected with pMyHC-GLuc in T-25 flasks for 16-20h,
replated in 12-well plates and treated with all-trans retinoic acid (1 tM) or DMSO. Culture media were collected at the indicated time points for GLuc assay (NEB).
Each assay condition was carried out in triplicate. Relative GLuc activity was expressed as mean £ SD. Fold of changes was calculated by dividing the RA-treated group
with DMSO control group for each clone/time point. “*’ denotes the fold changes over control were statistically significant (p < 0.001). The dotted line represents
no changes in GLuc activity between RA and control groups. (C The RA-induced differential potential and cardiomyogenic marker expression of the 20 iCP15 clones.
(a) RA-induced MyHC-GLuc activities (fold of changes) among the 20 clones were divided into 4 categories (scale bar was shown on top left). (b) RA-induced
expression levels of selected cardiomyogenic markers ware determined by sqPCR similar to that in Figure 3 and classified into 4 groups based on densitometry
analysis using Image] software (scale bar was shown on top right).
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We further tested the effect of another broad
range differentiation agent Dexamethasone (Dex) on
the differentiation potential of the selected iCP15
clones. Upon Dex stimulation, the expression of early
marker ISL-1 decreased in 3 of the 4 selected lines,
while the expression of later markers ANF, cTnT, and
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o-MyHC increased significantly (Figure 5A). The
Dex-induced cTnT expression in the four iCP15 lines
was further confirmed by immunofluorescence
staining (Figure 5B). These results strongly suggest
that the iCP15 clones may be able to undergo terminal
cardiomyogenic differentiation upon Dex stimulation.
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Figure 5. Cardiomyogenic differentiation potential of iCP15 clones. (A) Expression of cardiomyogenic markers upon in iCP15 cells Dex induced differentiation. The
four representative iCPI5 clones were treatment with Dex (ItM) or DMSO for 7 or || days. Total RNA was isolated and subjected to qPCR to determine ISL-1,

ANF, cTnT and a-MyHC expression. The fold of expression was calculated by dividing Dex-treatment group with DMSO group. The dotted line indicates fold change
equaling to | (or no expression changes). (B) Immunofluorescence staining of Dex-induced cTnT expression in iCP15 cells. The four iCPI5 clones were treated with
Dex or DMSO for 5 days and stained with anti-cTnT antibody or control IgG, followed by staining with DyLight 488-labeled secondary antibody. Representative

results are shown.
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The removal of SV40 large T leads to a decreased
proliferative activity of the iCP15 cells. We tested the
effect of Cre recombinase-mediated removal of SV40
large T on the proliferation and differentiation poten-
tial of iCP15 lines. To efficiently deliver Cre recom-
binase into iCP15 cells, we used the previously con-
structed adenoviral Cre vector to transduce iCP15-5A
and iCP15-9 cells [28-30]. Western blotting analysis
confirmed that there was a significantly decrease in
SV40 large T expression in both lines (Figure 6A). The
Cre-mediated removal of SV40 large T resulted in an
increase in MyHC-GLuc reporter activity (p<0.05)
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(Figure 6B), suggesting that the removal of SV40 large
T may enhance cardiomyogenic differentiation. We
further analyzed the proliferative activity of four se-
lected clones upon SV40 large T removal and found
that cell proliferation rate significantly decreased in
the cells infected with Ad-Cre (Figure 6C). These re-
sults are consistent with a notation that the immor-
talization of the iCP15 cells can be reversed by intro-
duction of Cre recombinase; and the removal of SV40
large T may promote differentiation while inhibit cell
proliferation.
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Figure 6. Characterization of iCP15 clones upon the removal of SV40 large T. (A) Efficient removal of SV40 T by Cre recombinase. iCPI5 cells were infected with
AdCre (+ lanes) or AdGFP (- lanes). Total cell lysate was subjected to Western blotting with an anti-large T antibody. Anti-f3-actin blotting was used as a loading
control. (B) Removal of large T increases differential potential of iCP15-9 cells. MyHC-GLuc tagged iCP15-9 cells were infected with AdCre (+ lanes) or AdGFP (-
lanes) and stimulated with Dex (1M, + lanes) or DMSO (- lanes). GLuc activity was measured at the indicated time points. (C) Removal of large T decreases
differential potential of iCP15 cells. Four iCPI5 clones were plated at subconfluence and infected with AdCre or AdRFP. Viable cells were counted at the indicated

time points.

DISCUSSION

In this study, we investigate if mouse CPs de-
rived from fetal hearts can be reversibly immortalized
with SV40 large T antigen and maintain long-term cell
proliferation without compromising cardiomyogenic
differentiation potential. Using the system which ex-

presses SV40 large T antigen flanked with LoxP sites,
we demonstrate that mouse CPs derived from E15.5
fetal heart can be efficiently immortalized by SV40
large T antigen. The iCP15 cells exhibit an enhanced
proliferative activity and maintain long-term cell pro-
liferation, which can be reversed by Cre recombinase.
In addition, the iCP15 cells express most cardiomyo-
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genic markers and retain differentiation potential as
they can undergo terminal differentiate into cardio-
myctes under appropriate differentiation conditions.
Nonetheless, the removal of SV40 large T increases the
differentiation potential of iCPs.

Traditionally, two major approaches have been
used to immortalize primary cells, including the serial
passages of primary cells until they overcome their
growth-crisis stage and the transformation of primary
cells by overexpression of one or more oncogenes. The
serial passage has been used to establish the Balb/3T3
cell line [37]. However, most of these established cell
lines were hypotetraploid [37]. Furthermore, it is un-
clear if these transformed cells retain multi-lineage
differentiation potential. Numerous studies have been
recently carried out to induce the pluripotency of fi-
broblasts and cardiomyogenic progenitors through
reprogramming stem cell differentiation capability
with a set of defined factors, such as Oct3/4, Sox9,
KIf4, and c-Myc [38-42] or small molecules [43]. Our
results have demonstrated that the reversible immor-
talization strategy using SV40 large T antigen is an
efficient approach to establishing long-term cell cul-
ture of primary CPs for basic and translational re-
search.

The large T antigen encoded by simian virus 40
(SV40) plays essential roles in the infection of permis-
sive cells, leading to production of progeny virions,
and in the infection of nonpermissive cells, leading to
malignant transformation [44, 45]. Primary CPs are
nonpermissive for SV40, and infection by wild-type
SV40 leads to immortalization and transformation of a
small percentage of infected cells. The ability of SV40
large T antigen to immortalize CPs is largely de-
pendent on its ability to complex with p53 [46]. Thus,
SV40 T antigen has become one of the most commonly
used gene to immortalize primary mammalian cells.
In this report, we demonstrate that the iCPs are not
tumorigenic at least within 4 weeks of implantation in
athymic nude mice (data not shown). The
Cre-mediated reversal of the immortalization pheno-
types should further enhance the safety profile of this
strategy. Furthermore, it has been well-documented
that SV40 T antigen-transformed cells are in general
not tumorigenic [47-50]. We have recently demon-
strated the efficiency and safety of this strategy by
immortalizing mouse mesenchemal stem cells and
mouse melanoblasts [51, 52]. Nonetheless, it is note-
worthy that the Cre-mediated excision of SV40 T an-
tigen is not footprintless as a significant portion of the
retroviral vector, such as LTRs and packaging signal,
remains integrated in the host genome.

The telomerase (TERT) is another commonly
used gene for immortalization [53]. The telomerase

complex maintains telomere length, which is required
for an unlimited cellular proliferation. Telomerase is
low or absent in normal human somatic cells. Te-
lomerase expression is high in stem cells but reduced
upon differentiation. Restoring telomerase activity in
normal somatic cells can indefinitely prolong cellular
life span, which may be associated with the acquisi-
tion of characteristics typical of cellular transfor-
mation [54]. Ectopic expression of the catalytic subu-
nit of mouse telomerase (MTERT) confers a growth
advantage to primary cells and facilitates their spon-
taneous immortalization by targeting TGFp pathway
[55]. A recent study indicated that ectopic expression
of mouse telomerase catalytic subunit (nTERT) does
not affect embryonic stem (ES) cell proliferation or
differentiation in vitro, but protects ES cells against
cell death during differentiation [56]. Nonetheless, it
is noteworthy that several studies have demonstrated
that TGFp signaling plays an important role in regu-
lating the progenitor state of cardiovascular cells [13,
57, 58]. Thus, while the efficiency and differentiation
potential of TERT-immortalized CPs needs to be
thoroughly investigated, the SV40 T-mediated CP
immortalization may be more advantageous.

While our current study demonstrates that con-
ditionally immortalized iCPs not only maintain
long-term cell proliferation but also retain cardiomy-
ogenic differentiation potential, further studies
should be directed to investigate the in vivo behavior
of these iCP15 cells in a mouse model of infarcted
heart. As cardiomyogenic differentiation is a compli-
cated, well-coordinated and heterogeneous process, it
would be of interest to investigate if the iCP15 cells
can differentiate the cells typical of primary myocar-
dium (early proliferating cardiac cells, pacemaker-like
cells, His-, Purkinje-like cells) and working myocar-
dium (atrial and ventricular) are formed [2, 10] in vi-
vo.

In conclusion, in order to overcome the chal-
lenges in maintaining sufficient CPs for in vitro and in
vivo studies we demonstrate that CPs can be effi-
ciently immortalized by SV40 T antigen. The reversi-
bly immortalized iCP15 cells exhibit high proliferative
activity and maintain long-term cell proliferation,
which can be reversed by Cre recombinase. The iCP15
cells express cardiomyocyte markers and retain car-
diomyogenic potential. The removal of SV40 large T
increases the differentiation potential of iCPs. None-
theless, the reported reversible SV40 T anti-
gen-mediated immortalization represents an efficient
and safe approach for establishing long-term culture
of primary cardiomyogenic progenitors for basic and
translational research.
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Video-S1. Primary cardiomyogenic cells derived from
mouse E15.5 fetal heart (day 3).
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Additional File 3:

Video-S2. Immortalized E15.5 cardiomyogenic cells
under hygromycin selection (day 7).
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