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Chemical Dimerization of Fibroblast Growth Factor Receptor-1
Induces Myoblast Proliferation, Increases Intracardiac Graft
Size, and Reduces Ventricular Dilation in Infarcted Hearts
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ABSTRACT

The ability to control proliferation of grafted cells in the heart and consequent graft size could dramatically
improve the efficacy of cell therapies for cardiac repair. To achieve targeted graft cell proliferation, we cre-
ated a chimeric receptor (F36Vfgfr-1) composed of a modified FK506-binding protein (F36V) fused with the
cytoplasmic domain of the fibroblast growth factor receptor-1 (FGFR-1). We retrovirally transduced mouse
C2C12 and MM 14 skeletal myoblasts with this construct and treated them with AP20187, a dimeric F36V li-
gand (‘“‘dimerizer”), in vitro and in vivo to induce receptor dimerization. Dimerizer treatment in vitro acti-
vated the mitogen-activated protein kinase pathway and induced proliferation in myoblasts expressing
F36Vfgfr-1 comparable with the effects of basic FGF. Wild-type myoblasts did not respond to dimerizer. Sub-
cutaneous grafts composed of myoblasts expressing F36Vfgfr-1 showed a dose-dependent increase in DNA
synthesis with dimerizer treatment. When myoblasts expressing F36Vfgfr-1 were injected into infarcted hearts
of nude mice, dimerizer treatment resulted in a dose-dependent increase in graft size, from 20 *= 3 to 42.9 *
4.3% of the left ventricle. Blinded echocardiographic analysis demonstrated that larger graft size was asso-
ciated with a dose-dependent reduction in ventricular dilation after myocardial infarction, although animals
with the largest grafts showed an increased incidence of ventricular tachycardia. Thus, selective proliferation
of genetically modified graft cells can be induced with a systemically administered synthetic molecule in vitro
or in vivo. Control of intramyocardial graft size by this approach may allow optimization of cell-based ther-
apy to obtain desired cardiac function postinfarction.

INTRODUCTION cells injected, the fraction of cells that is retained, the extent of
cell death after grafting, and the proliferation of viable cells.
Strategies to increase initial cell number, increase cell reten-

CELL GRAFTS FOR CARDIAC REPAIR must replace a substantial
tion, or prevent cell death show promise (Suzuki et al., 2000;

portion of the infarcted myocardium if they are to be max-

imally therapeutic. A positive correlation between the number
of injected cells and the magnitude of cardiac functional im-
provement has been shown, indicating that larger grafts have a
greater impact on left ventricular function (Pouzet et al., 2001;
Tambara et al., 2003). In most applications, intracardiac cell
grafts are small (Li ef al., 1996) and show considerable graft-
to-graft variability. Graft size is determined by the number of

Zhang et al., 2001; Mangi et al., 2003; Yau et al., 2004), but
these strategies can, at best, increase graft size linearly. Aug-
mentation of graft cell proliferation promises exponential graft
expansion. Furthermore, controlled graft cell proliferation
postimplantation could allow adjustment of graft size based on
initial engraftment success. It also would allow concurrent vas-
cular and extracellular matrix remodeling, which could support
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the success of the graft. For these reasons, our group is devel-
oping systems to control graft cell proliferation (Whitney et al.,
2001).

Skeletal muscle satellite cells, or myoblasts, represent an ex-
cellent candidate cell type for developing a system to enhance
the proliferation of intracardiac graft cells. Myoblasts have been
extensively studied in cardiac repair, are the subject of ongo-
ing clinical trials, and have basal proliferative ability (Koh er
al., 1993; Murry et al., 1996, 2005). Myoblast proliferation is
stimulated by basic fibroblast growth factor (bFGF, FGF-2),
which also prevents their differentiation into myotubes (Tem-
pleton and Hauschka, 1992; Milasincic et al., 1996). Direct ad-
ministration of bFGF to intramyocardial grafts, however, might
also stimulate host tissue fibroblasts and cause undesirable fi-
brosis (Boilly et al., 2000; Whitney et al., 2001). We therefore
developed a system to target selective expansion of genetically
modified myoblasts without stimulating endogenous host cells
(Whitney et al.,2001). A chimeric, drug-responsive growth fac-
tor receptor (F36Vfgfr-1) (Whitney et al., 2001), which con-
tains a modified FK506-binding protein (F36V) (Clackson et
al., 1998) and the cytoplasmic domain of the fibroblast growth
factor receptor-1 (FGFR-1), was created. We showed that chem-
ical dimerization of FGFR-1 mimicked FGF signaling pathways
in skeletal myoblasts, including activation of the mitogen-acti-
vated protein (MAP) kinase pathway and stimulation of prolif-
eration, and that this effect was reversible on ligand withdrawal
(Whitney et al., 2001).

In the present study, we apply the F36Vfgfr-1 strategy to the
in vivo control of intracardiac graft size in infarcted mouse
hearts. We first test whether chemical dimerization of
F36Vfgfr-1 in C2C12 skeletal myoblasts stimulates cell prolif-
eration via the MAP kinase signaling pathway in vitro. We then
show that systemic delivery of dimerizer to mice with subcu-
taneous or intracardiac grafts of F36Vfgfr-1 myoblasts results
in targeted stimulation of graft cell proliferation in vivo, in-
creased graft size, and a dose-dependent reduction in ventricu-
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lar dilation after myocardial infarction. Selective graft cell
expansion using this system may allow fine-tuning of intra-
myocardial graft size posttransplantation to attenuate left ven-
tricular dilation and improve cardiac function.

MATERIALS AND METHODS

F36Vfgfr-1 plasmid construction
and retrovirus production

Molecular cloning of the chimeric receptor, F36Vfgfr-1, was
described in detail previously (Whitney et al., 2001). Briefly,
F36Vfgfr-1 (Fig. 1A) is composed of a c-Src myristoylation do-
main, the modified FK506-binding protein (FKBP) domain
(F36V), the cytoplasmic domain of rat FGFR-1, and a hemag-
glutinin epitope tag (HA.11). This construct was ligated into a
bicistronic expression vector containing an internal ribosome
entry sequence (IRES) preceded by the enhanced green fluo-
rescent protein (EGFP) reporter gene. Expression of the fusion
gene and EGFP was driven by the murine stem cell virus long
terminal repeat (MSCV LTR). PA317 amphotropic retroviral
packaging cells stably expressing the F36Vfgfr-1 construct
were generated and purified with a BD FACSAria cell-sorting
system (BD Biosciences, San Jose, CA) based on EGFP ex-
pression. Purified PA317 cells were expanded in culture and
supernatants were collected for myoblast transduction.

Culture, transduction, and purification
of F36Vfgfr-1 myoblasts

Murine MM14 skeletal myoblasts stably expressing the
F36Vfgfr-1 chimeric receptor were generated by retroviral
transduction, purified by flow cytometry based on EGFP ex-
pression, and expanded in growth medium (Ham’s F10 medium
[Invitrogen, Carlsbad, CA], 15% horse serum [MP Biomedicals,
Irvine, CA], bFGF [6 ng/ml; kindly donated by Scios, Moun-
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FIG. 1.

Schematics of signaling control system and experimental design. (A) The chimeric F36Vfgfr-1 receptor is composed

of an F36V drug-binding domain fused to the cytoplasmic domain of the FGFR-1 receptor. Dimerizer binding to the F36V do-
main results in dimerization and receptor frans-phosphorylation (right) similar to bFGF-induced activation of FGFR-1 (left). Also
shown are the HA.11 epitope tag and the c-Src myristoylation domain of the chimeric receptor. (B) Intracardiac grafting exper-
iment design. Osmotic pumps delivering dimerizer or vehicle only were implanted subcutaneously into the backs of nude mice.
On day 0, the coronary artery was ligated and C2C12 myoblasts transfected with the chimeric F36Vfgfr-1 receptor were injected
into the infarcted zone. Echocardiography was performed on day 2 and day 24. Animals were killed on day 6 or 24 for histol-

ogy and morphometric analysis.
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tain View, CA], penicillin G [100 units/ml], streptomycin [100
pg/ml], and amphotericin B [0.25 wg/ml] [Invitrogen]) on
gelatin-coated plates (Whitney er al., 2001). Murine C2C12
skeletal myoblasts (a gift from S. Hauschka, Department of Bio-
chemistry, University of Washington, Seattle, WA) were cul-
tured in C2C12 growth medium (Dulbecco’s modified Eagle’s
medium [DMEM; Invitrogen], 20% fetal bovine serum [FBS;
HyClone, Logan, UT], 2 mM L-glutamine [Invitrogen], peni-
cillin G [100 units/ml], streptomycin [100 pg/ml], and ampho-
tericin B [0.25 pg/ml] [Invitrogen GIBCO, Grand Island, NY])
on 0.67% gelatin-coated tissue culture dishes. C2C12 cells were
plated into gelatin-coated 6-well plates, transduced by incuba-
tion with PA317 F36Vfgfr-1 retroviral supernatant supple-
mented with 20% FBS and Polybrene (8 ug/ml; Sigma, St.
Louis, MO), and centrifuged for 30 min at 2500 rpm (1180 X
g). Retroviral supernatant was removed and replaced with fresh
growth medium. Stably transduced C2C12 F36Vfgfr-1 cells
were isolated by flow cytometry based on EGFP expression and
expanded in C2C12 growth medium.

Proliferation assays

C2C12 F36Vfgfr-1 or C2C12 wild-type cells were cultured in
C2C12 growth medium and then replated at a density of 10,000
cells per well into gelatin-coated 24-well plates. After replating,
cells were incubated in basal medium containing DMEM, 0.5%
FBS, 2 mM L-glutamine, penicillin G (100 units/ml), streptomycin
(100 pg/ml), and amphotericin B (0.25 ug/ml) and various treat-
ments. To test the effect of dimerizer (AP20187; donated by
ARIAD Pharmaceuticals, Cambridge, MA) on C2C12 wild-type
and C2C12 F36Vfgfr-1 cells, cells were treated with bFGF (6
ng/ml), received no treatment, or were treated with 100 nM dimer-
izer for 48 hr. The medium was then removed and replaced with
400 ul of DMEM and 40 ul of 3-(4,5-dimethythiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT, 5 mg/ml; Sigma) per well.
After 4 hr of incubation, the cells were lysed with 550 ul of ly-
sis buffer (10% sodium dodecyl sulfate [SDS], 0.1 M HCI). Rel-
ative MTT conversion levels in the samples were measured by
spectrophotometry (A = 570 nm). We noticed that basal prolifer-
ation rates differed between the parental C2C12 cells and the
F36Vfgfr-1-expressing cells (basal proliferation was ~25% lower
in F36Vfgfr-1-expressing cells). To correct for this, absorbance
levels were normalized to the mean absorbance of FGF-treated
control wells for each respective cell type in order to clearly test
the effect of dimerizer (relative to bFGF) on each cell type.

In a second study, C2C12 F36Vfgfr-1 cells were treated in
basal medium containing 0, 1, 10, or 100 nM dimerizer with or
without 10 uM U0126 (Promega, Madison, WI), an MEK
(MAPK/ERK kinase) inhibitor, to study the dose dependence
of dimerizer and to test whether proliferation stimulated by
dimerizer was activated via the MAP kinase signaling pathway.
After 48 hr, the medium in each well was removed and replaced
with 500 ul of basal medium containing 10% (v/v) Alamar Blue
(Invitrogen Biosource, Camarillo, CA). After 4 hr of incuba-
tion, 100 ul of solution from each well was placed into a 96-
well plate and a microplate reader (Safire?; Tecan Group,
Maennedorf, Switzerland) was used to measure fluorescence in-
tensity (excitation A = 530 nm, emission A = 590 nm). Rela-
tive fluorescence was normalized to the mean fluorescence of
100 nM AP20187-treated wells. Statistical significance (p <
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0.05) for all proliferation studies was determined by two-tailed
Student ¢ test, assuming unequal variance.

Western blotting

C2C12 F36Vfgfr-1 and C2C12 wild-type cells were cultured
in growth medium in 150-mm gelatin-coated plates. Cells were
serum starved (DMEM, 0.2% bovine serum albumin [BSA; MP
Biomedicals], 2 mM rL-glutamine [Invitrogen], penicillin G [100
units/ml], streptomycin [100 wg/ml], and amphotericin B [0.25
pg/ml] [Invitrogen GIBCO]) overnight and then incubated for
15 min with bFGF (6 ng/ml), 100 nM dimerizer, or left un-
treated. In a separate experiment, cells were incubated for 15
min with 0, 1, 10, or 100 nM dimerizer with or without a 15
M concentration of the MEK inhibitor U0126. Plates were
washed twice with ice-cold phosphate-buffered saline (PBS; In-
vitrogen) before lysis in sample buffer (50 mM Tris-HCL, 1%
SDS, 10% glycerol) containing phosphatase inhibitors (1 mM
sodium fluoride, 1 mM sodium pyrophosphate, and 1 mM so-
dium orthovanadate) and complete EDTA-free protease inhib-
itor cocktail (1X; Roche Applied Science, Indianapolis, IN).
Lysed cells were homogenized by passage through a 22-gauge
needle 10 times to shear genomic DNA. Cell lysate protein con-
centration was assayed with a Micro BCA kit (Pierce Biotech-
nology, Rockford, IL) for assurance of equal loading. Protein
lysates (25 ug/lane) were loaded into a 10% polyacrylamide
gel, separated by SDS—polyacrylamide gel electrophoresis, and
transferred to an Immobilon-FL polyvinylidene difluoride
(PVDF) transfer membrane (Millipore, Bedford, MA). The
membrane was blocked with blocking buffer (20 mM Tris-HCl,
500 mM NaCl, 0.05% Tween 20, and 5% Carnation nonfat dry
milk) for 1 hr at room temperature and incubated with a poly-
clonal antibody against phosphorylated extracellular signal-reg-
ulated kinase (ERK)-1/2 (1:1000; Cell Signaling Technology,
Danvers, MA) overnight at 4°C. Identical blots were prepared
and incubated with an antibody against total ERK-1/2 (pan-
ERK, diluted 1:1000; Chemicon International/Millipore,
Temecula, CA) overnight at 4°C. The membranes were rinsed
in TBS-T (20 mM Tris-HCI [pH 7.8], 300 mM NaCl, 0.1%
Tween 20) and incubated with secondary antibody (horserad-
ish peroxidase-conjugated goat anti-rabbit, diluted 1:7500 for
phosphorylated ERK-1/2 and 1:50,000 for pan-ERK-1/2; Jack-
son ImmunoResearch Laboratories, West Grove, PA) for 1 hr
at room temperature before development with a chemilumi-
nescent reagent (SuperSignal West Dura; Pierce Biotechnol-
ogy) and exposure to Hyperfilm ECL film (GE Healthcare Life
Sciences, Piscataway, NJ).

In vivo subcutaneous ectopic graft model

All animal procedures described were reviewed and ap-
proved by the University of Washington (Seattle, WA) Institu-
tional Animal Care and Use Committee and performed in ac-
cordance with federal guidelines for the care and use of
laboratory animals. Implantable osmotic pumps (model 1007
D; Alzet, Cupertino, CA) were filled with dimerizer dissolved
in PEG 400 (Sigma) at concentrations yielding elution rates of
0, 9.6, or 24 mg/kg/day. Pumps were incubated at 37°C in ster-
ile PBS for 6 hr to initiate pump elution (pumps elute 0.5 wl/hr
over the course of 7 days). Pumps then were implanted subcu-
taneously into the backs of male nude mice (Charles River Lab-
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oratories, Wilmington, MA) under ether anesthesia (n = 2 mice
per dimerizer dose). The next day, MM14 F36Vfgfr-1 cells
were injected subcutaneously to form ectopic muscle grafts
(n = 3 or 4 grafts per mouse; 5 X 10° cells per graft). Six days
after subcutaneous cell transplantation, mice were injected in-
traperitoneally with 0.2 ml of bromodeoxyuridine (BrdU, 10
mg/ml; Roche Applied Science) 1 hr before sacrifice. Ectopic
grafts were harvested, fixed in methyl Carnoy’s solution (60%
methanol, 30% chloroform, 10% glacial acetic acid), embed-
ded in paraffin, and sectioned for histological evaluation. Graft
sections were double-stained for desmin expression and BrdU
incorporation. Sections were quenched for 30 min in methanol
with 0.3% hydrogen peroxide (MeOH-H,0,), blocked with
1.5% normal horse serum, and incubated for 1 hr in undiluted
horseradish peroxidase (HRP)-conjugated mouse anti-desmin
primary antibody (Dako, Carpinteria, CA). Desmin staining was
visualized with diaminobenzidine substrate (DAB; Vector Lab-
oratories, Burlingame, CA) resulting in brown cytoplasmic
staining. Sections were quenched a second time in MeOH-H,0,
for 30 min and rinsed in water. BrdU antigen retrieval was per-
formed by incubation in 1.5 N HCI for 15 min at 37°C followed
by two washes in 0.1 M borax buffer (pH 8.5) and two washes
in PBS for neutralization. Sections were then incubated with
HRP-conjugated anti-BrdU antibody (1:25, Roche Applied Sci-
ence) overnight at 4°C. Nuclear incorporation of BrdU was vi-
sualized with Vector VIP substrate (Vector Laboratories) to
give a dark blue nuclear stain. Sections were counterstained
with methyl green and coverslipped with Permount (Fisher Sci-
entific, Hampton, NH). For each graft, 1000 desmin-positive
nuclei accumulated from 8 separate fields of view were counted.
The number of BrdU-labeled nuclei in these desmin-positive
cells was recorded to determine the percentage of graft cells in
S phase. A two-tailed unequal variance Student ¢ test was per-
formed to determine whether the difference in the percentage
of BrdU-positive cells in untreated compared with dimerizer-
treated grafts was significant.

Coronary artery ligation and intracardiac
grafting model

The timeline for these experiments is shown in Fig. 1B. Im-
plantable osmotic pumps eluting dimerizer dissolved in PEG 400
at 0, 9.6, or 24 mg/kg/day were incubated in sterile
saline at 37°C overnight to initiate pump elution. The next day,
these pumps were implanted subcutaneously into the backs of
male nude mice under isoflurane anesthesia. On the day after
pump implantation, myocardial infarction was induced by per-
manent coronary artery ligation, and cell injection was per-
formed as detailed previously by our group (Reinecke er al.,
2002; Virag and Murry, 2003). Briefly, mice were anesthetized
and mechanically ventilated. The chest was opened and the left
anterior descending coronary artery was ligated with an 8-0 su-
ture. C2C12 F36Vfgfr-1 cells were then injected directly into
the infarcted left ventricular free wall, using a 30-gauge needle.
Two injections of 50,000 cells per 3.5 ul of grafting medium
(serum- and antibiotic-free DMEM) were performed to maxi-
mize the dispersion of cells throughout the infarcted region.
Sham-engrafted animals (administered dimerizer at 24
mg/kg/day) received two injections of 3.5 ul of grafting medium
without cells. The chest was then closed aseptically, and animal
recovery from surgery was monitored in a heated chamber.
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Histologic and morphometric analysis of intracardiac
graft size and myocardial fibrosis

Hearts were fixed and sectioned for histological analysis 6
days after cell injection, a time point immediately following the
termination of dimerizer delivery (Fig. 1B). Hearts from ani-
mals killed 24 days after cell injection were also fixed and sec-
tioned (Vibratome, St. Louis, MO) into slices 1 mm thick for
histological analysis of the longer term effects of dimerizer. All
sections were processed and paraffin embedded. Grafts were
identified by immunohistochemistry, using a mouse monoclo-
nal antibody against embryonic skeletal myosin (hybridoma su-
pernatant, diluted 1:100) (F1.652, Developmental Studies Hy-
bridoma Bank, University of lowa, lowa City, IA). Sections
were blocked with 1.5% normal goat serum in PBS and incu-
bated for 1 hr at room temperature with the biotinylated pri-
mary antibody (ARK [Animal Research Kit]; Dako). Sections
were then incubated for 30 min at room temperature with HRP-
conjugated streptavidin (Dako), developed with 3,3’-diamino-
benzidine (DAB; Sigma), and counterstained with hematoxylin
(Sigma). Photographs of heart sections were taken with a light
microscope (Olympus BX41; Olympus America, Melville, NY)
and a SPOT RT digital camera (Diagnostic Instruments, Ster-
ling Heights, MI). The embryonic myosin-positive graft in
every section of each heart was outlined in Photoshop (Adobe,
San Jose, CA). Pixel counts were obtained for the outlined ar-
eas. The left ventricle was then similarly outlined in every sec-
tion, and total pixel counts were determined. All pixel counts
were converted to graft area and left ventricular area measure-
ments, using a micrometer (Olympus America). Graft area was
expressed as a percentage of left ventricular area. Heart sec-
tions were also stained with sirius red and fast green for iden-
tifying collagen fibers (red) and other tissue elements (green).
Sections were rehydrated in a series of ethanol washes, stained
in a solution of 0.1% sirius red (available for Sigma as Direct
Red 80) and 0.1% fast green (Sigma) in 1.3% picric acid
(Sigma), and dehydrated in a series of ethanol washes. The num-
ber of red pixels in every section of each graft was determined
with Photoshop for quantification of total graft collagen. Total
pixel counts from all graft sections were converted to area
(mm?) measurements, using a micrometer. Total graft collagen
was then expressed as a percentage of graft area for a quanti-
tative measurement of graft collagen density. Statistical signif-
icance (p < 0.05) was determined by two-tailed unequal vari-
ance Student ¢ test.

Echocardiography

The effects of intracardiac cell injection and dimerizer treat-
ment on left ventricular remodeling 2 and 24 days after coro-
nary artery ligation were assessed by echocardiography. Mice
were sedated with 1% isoflurane in 99% O, at a flow of 2
liters/min via a small nose cone and placed in a supine position
on a 37°C heating pad. Electrocardiography (ECG) leads were
placed on the paws of the animal to obtain simultaneous ECG
tracings during imaging. Echocardiographic images were then
obtained with a Vivid 7 Dimension system (GE Healthcare) us-
ing a 13-MHz linear array transducer. Parasternal long axis im-
ages were obtained first, followed by short-axis views at the
midpapillary muscle level to acquire M-mode measurements of
the left ventricular end-diastolic dimension (LVEDD) and left
ventricular end-systolic dimension (LVESD). Data were aver-
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aged from three to five cardiac cycles. All measurements were
made in accordance with guidelines approved by the American
Society of Echocardiography (Raleigh, NC) and were deter-
mined by a single echocardiographer, who was blinded to the
treatment arms of the study. Statistical significance (p < 0.05)
was determined by two-tailed Student ¢ test, assuming unequal
variance for comparing different groups at 24 days, and by two-
tailed paired ¢ test for comparing within groups between days
2 and 24. Animals in each group were also binned into “ar-
rhythmia” or “no arrhythmia” binary categories based on ECG
tracings at the time of echocardiography. Statistical significance
(p < 0.05) between proportions of animals exhibiting arrhyth-
mias in each treatment group was determined by Fisher exact
test.
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RESULTS

C2C12 F36Vfgfr-1 cells proliferate in response to
dimerizer treatment in vitro

C2C12 wild-type and C2C12 F36Vfgfr-1 cells were cultured
for 48 hr in the presence of bFGF (6 ng/ml), no treatment, or
dimerizer to test the effect of dimerizer on each cell type.
Relative cell numbers were normalized to the mean of FGF-
treated control wells for each respective cell type (Fig. 2A).
Consistent with our previous studies with MM 14 myoblasts,
proliferation in both C2C12 wild-type and C2C12 F36Vfgfr-1
cells was stimulated by bFGF treatment (100 * 9.8 vs. 46 =
5.8% in bFGF-treated and untreated wild-type cells, respec-
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FIG. 2. C2C12 F36Vfgfr-1 cells proliferate and phosphorylate ERK in response to dimerizer treatment. (A) C2C12 F36Vfgfr-
1 and wild-type myoblasts were treated with bFGF (6 ng/ml) or dimerizer for 48 hr. Relative cell number was normalized to
the mean cell number in bFGF-treated wells of each respective cell type. C2C12 F36Vfgfr-1 cells proliferated in response to
both bFGF and dimerizer treatment (*p < 0.01 compared with no treatment). Wild-type cells proliferated in response to bFGF
but not to dimerizer. (B) C2C12 F36Vfgfr-1 cells were treated with 0, 1, 10, or 100 nM dimerizer with or without the MEK
inhibitor U0126 for 48 hr. C2C12 F36Vfgfr-1 cells proliferated in response to dimerizer in a dose-dependent fashion. Dimer-
izer-mediated proliferation was inhibited by U0126 at all dimerizer doses (*p < 0.01). Data shown represent means * stan-
dard error of three wells for each treatment in (A) and (B). (C) C2C12 wild-type and C2C12 F36Vfgfr-1 cells were serum
starved overnight and treated for 15 min with bFGF, received no treatment (NT), or were treated with 100 nM dimerizer
(D). Western blotting was performed to assess ERK-1/2 phosphorylation. ERK phosphorylation was induced in
both C2C12 F36Vfgfr-1 cells and wild-type cells in response to bFGF. ERK was not phosphorylated in cells that received no
treatment. ERK-1/2 was phosphorylated in dimerizer-treated C2C12 F36Vfgfr-1 cells but not in C2C12 wild-type cells. (D)
C2C12 F36Vfgfr-1 cells were serum starved overnight and treated for 15 min with 0, 1, 10, or 100 nM dimerizer with or with-
out the MEK inhibitor U0126. Western blotting was performed to assess ERK-1/2 phosphorylation. C2C12 F36Vfgfr-1 cells
had greater ERK-1/2 phosphorylation after 10 versus 1 nM dimerizer treatment. Levels of ERK-1/2 phosphorylation appeared
to plateau between 10 and 100 nM dimerizer treatment. U0126 administration inhibited ERK-1/2 phosphorylation at all dimer-
izer doses.


http://www.liebertonline.com/action/showImage?doi=10.1089/hum.2006.161&iName=master.img-001.jpg&w=465&h=301

406

tively, and 100 = 6.4 vs. 37 = 3.2%, in bFGF-treated and un-
treated F36Vfgfr-1 cells, respectively; Fig. 2A). When
F36Vfgfr-1 cells were treated with dimerizer, proliferation was
stimulated comparably to bFGF treatment (103 = 7.9% of the
bFGF-stimulated value for 100 nM dimerizer; p < 0.05 for
nontreated vs. dimerizer; p = NS [not significant] for bFGF
vs. dimerizer). In contrast, the C2C12 wild-type cells did not
proliferate in response to 100 nM dimerizer (50 = 5.2% of
bFGF-stimulated value). Thus, chemical dimerization of the
F36Vfgfr-1 receptor induced myoblast proliferation similar to
treatment with bFGF, whereas wild-type myoblasts were un-
responsive to dimerizer treatment.

To test the dose dependence of dimerizer-mediated prolifer-
ation, C2C12 F36Vfgfr-1 cells were also cultured for 48 hr in
the presence of 0, 1, 10, or 100 nM dimerizer (Fig. 2B). Dimer-
izer stimulated C2C12 F36Vfgfr-1 proliferation in a dose-de-
pendent fashion (67 = 1.9, 78 £ 1.8, 92 = 0.9, 100 = 0.7%,
respectively).

C2C12 F36Vfgfr-1 cells activate MAP kinase signaling
in vitro with dimerizer treatment

To determine whether dimerizer and bFGF activated similar
signaling pathways, C2C12 F36Vfgfr-1 and wild-type cells were
stimulated with bFGF, dimerizer, or vehicle, and Western blots
of cell lysates were probed with antibodies recognizing pan
ERK-1/2 (loading control) or the phosphorylated forms of ERK-
1/2 (Fig. 2C). Consistent with our previous studies, both C2C12
F36Vfgfr-1 and wild-type cells had low ERK-1/2 phosphoryla-
tion in the unstimulated state, and both cell populations showed
ERK-1/2 phosphorylation within 15 min of bFGF treatment. The
F36Vfgfr-1 myoblasts showed greater ERK phosphorylation af-
ter bFGF treatment than did wild-type cells, similar to our pre-
vious findings in MM14 myoblasts (Whitney er al., 2001).

Dimerizer treatment induced strong ERK-1/2 phosphorylation
in C2C12 F36Vfgfr-1 cells, whereas no increase was detected
in wild-type cells. Hence, treatment with the dimerizer activated
the MAP kinase pathway in C2C12 cells expressing the chime-
ric receptor comparably to treatment with bFGF.

To test whether increasing dimerizer dosage resulted in in-
creased levels of phosphorylated ERK-1/2, C2C12 F36Vfgfr-1
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cells were treated with 1 to 100 nM dimerizer with or without
the MEK inhibitor U0126 (Fig. 2D). C2C12 F36Vfgfr-1 cells
showed ERK phosphorylation in response to 1 nM dimerizer
treatment, which was further increased with 10 nM dimerizer.
Levels of ERK phosphorylation appeared to plateau between 10
and 100 nM dimerizer treatment. Inhibition of MEK with U0126
attenuated ERK phosphorylation at all dimerizer doses. Simi-
larly, MEK inhibition reduced proliferation of C2C12 F36Vfgfr-
1 cells at all dimerizer doses (Fig. 2B). Thus, dimerization of
F36Vfgfr-1 activates ERK-1/2 in an MEK-dependent manner.

Enhanced in vivo myoblast proliferation in response
to dimerizer in a subcutaneous graft model

We established a subcutaneous grafting model to determine
whether myoblast proliferation could be controlled in a simple
in vivo model and to establish dosing regimens for dimerizer
treatment. MM14 F36Vfgfr-1 cells were injected subcuta-
neously into the backs of nude mice receiving dimerizer at 0,
9.6, or 24 mg/kg/day, and mice were killed 6 days posten-
graftment. Mice were injected intraperitoneally with BrdU 1 hr
before sacrifice. The number of desmin and BrdU double-pos-
itive cells was determined as a percentage of the total number
of desmin-positive cells (Fig. 3). In the absence of dimerizer,
4.0 = 0.6% of myoblasts were synthesizing DNA at the time
of sacrifice. Myoblast proliferation appeared to be enhanced in
animals receiving dimerizer at 9.6 mg/kg/day (7.1 = 1.1%), but
this trend did not reach statistical significance. Proliferation was
significantly enhanced in animals receiving dimerizer at 24
mg/kg/day (9.7 £ 1.0%, p < 0.05) compared with those re-
ceiving no treatment. Proliferation of MM 14 F36Vfgfr-1 myo-
blasts grafted subcutaneously in vivo was therefore enhanced
in a dose-dependent manner with dimerizer treatment.

Increased intracardiac graft size in animals treated
with dimerizer

We initially sought to control intracardiac graft size in in-
farcted mouse hearts using MM14 F36Vfgfr-1 skeletal myo-
blasts and dimerizer. Poor MM 14 skeletal myoblast survival in
the ischemic environment of infarcted mouse hearts precluded
the use of this cell type in our model system (unpublished data).
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FIG. 3. MMI14 F36Vfgfr-1 myoblasts proliferate in response to dimerizer in subcutaneous ectopic graft implantation model.
Representative subcutaneous MM 14 F36Vfgfr-1 graft sections from mice receiving no dimerizer (0 mg/kg/day) (A) and dimer-
izer at 24 mg/kg/day (B) are shown (desmin immunostaining, brown; BrdU nuclear immunostaining, dark blue/purple; X40 ob-
jective). MM 14 F36Vfgfr-1 myoblasts proliferated in response to dimerizer in a dose-dependent manner (C). Data represent
means * standard error from each of 6-11 sections from n = 5 (0 and 24 mg/kg/day) or n = 3 (9.6 mg/kg/day) subcutaneous

grafts (*p < 0.05 for O- vs. 24-mg/kg/day dose).
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C2C12 F36Vfgfr-1 cells were therefore injected into infarcted
hearts of nude mice receiving dimerizer at 0, 9.6, or 24 mg/kg/
day delivered over a 7-day period via osmotic pumps. Mice were
killed 6 or 24 days after cell injection and graft cells were iden-
tified by immunohistochemical staining for embryonic skeletal
myosin (Fig. 4). Representative histological sections from mice
killed at 6 and 24 days are shown in Fig. 4. At 6 days after cell
injection, intracardiac grafts appeared to be larger in mice re-
ceiving vehicle (5.0 = 1.1% of the left ventricle) than in those
receiving dimerizer (3.2 = 1.0%), but this trend was not sig-
nificant (p > 0.05, n = 5 and 7 per group, respectively). At 24
days after cell injection, intracardiac graft size in animals re-
ceiving vehicle was 20 = 2.7% of the left ventricle (n = 11).
Animals receiving dimerizer at 9.6 mg/kg/day (n = 2) or 24
mg/kg/day (n = 7) had grafts that were significantly larger than
those in animals receiving vehicle only (40.4 * 6.8 and 42.9 =
4.3%, respectively; p < 0.01; approximately 2-fold increase
over vehicle-treated animals). Grafts were not significantly
different in size (p > 0.05) between animals treated with dimer-
izer at 9.6 or 24 mg/kg/day, although small group size in the
low-dose dimerizer group limits statistical power. Embryonic
myosin-positive grafts were composed of well-differentiated,
multinucleated myotubes with clearly identifiable sarcomeres in
all animals killed 24 days after cell injection (Fig. 4G). In sum-
mary, animals treated with dimerizer hosted significantly larger
intracardiac cell grafts 24 days after cell injection.

Improved graft-host apposition in animals treated
with dimerizer

Collagen content and organization of C2C12 cell grafts in
infarcted nude mouse hearts were assessed by sirius red and
fast green staining (Fig. 5). Total collagen in grafts was simi-
lar between animals receiving vehicle only and dimerizer treat-
ment (19.5 *+ 2.7 vs. 21.9 = 3.8 mm?2, respectively; p > 0.05).
Percentage of collagen in the graft area, an index of graft col-
lagen density, tended to be reduced in animals receiving dimer-
izer compared with vehicle only (12.6 = 2.9 vs. 18.7 £ 2.6%,
respectively; p > 0.05). Qualitatively, grafts in vehicle-treated
animals were surrounded and infiltrated by bundles of densely
packed collagen fibers, and this fibrous tissue formed a barrier
between grafts and host myocardium. In contrast, dimerizer-
treated animals had small, less densely packed collagen fibers
within and around the grafts, and there was considerably re-
duced fibrosis at the graft-host interface. Hence, total infarct
collagen content was similar between animals receiving vehi-
cle and dimerizer, but this collagen tended to be more diffuse
and was distributed throughout the interstitial space in the larger
grafts of animals treated with dimerizer.

Reduced postinfarct ventricular dilation in animals
treated with dimerizer

Postinfarct remodeling was assessed by M-mode echocar-
diography at the level of the midpapillary muscle (Fig. 6). In-
terestingly, at 2 days postinfarction all of the cell-treated groups
showed a modest attenuation in left ventricular dilation com-
pared with the sham-injected group (p < 0.05), although there
was no effect of dimerizer treatment at this time. The left ven-
tricular chamber dilated significantly between days 2 and 24 in
infarcted, sham-engrafted mice (LVEDD, 4.2 = 0.1 vs. 5.3 =
0.3 mm [p <0.05]; LVESD, 3.4 £0.1 vs. 49 £04 mm
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FIG. 4. Dimerizer treatment enhances long-term graft size.
Transfected C2C12 F36Vfgfr-1 cells were injected into in-
farcted hearts of nude mice receiving dimerizer at 0, 9.6, or 24
mg/kg/day via osmotic pumps. Mice were killed 6 or 24 days
after cell injection. Representative sections from hearts of ani-
mals killed on day 6 receiving vehicle (A) or dimerizer at 24
mg/kg/day (B) (embryonic skeletal myosin immunostaining,
brown). Representative sections of hearts from animals killed
at 24 days receiving vehicle only (C) or dimerizer at 24
mg/kg/day (D). Animals receiving dimerizer tended to have
smaller cell grafts by 6 days after cell injection (E) and had sig-
nificantly (*p < 0.01) larger grafts at 24 days after cell injec-
tion (F). Note that the graft in (D) is adhered to a portion of
the chest wall containing a rib (dark purple object). Graft cells
at 24 days were well differentiated and contained sarcomeres
(G). Scale bars: (A-D) 500 um; (G) 10 pwm.
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FIG. 5. Improved graft-host interface and reduced graft collagen density. Myocardial collagen content in the infarcted hearts
of nude mice receiving C2C12 F36Vfgfr-1 cells and dimerizer was assessed by sirius red (collagen fibers) and fast green (other
tissue elements) staining. Collagen was more densely packed in and around grafts of animals receiving vehicle only (A) com-
pared with grafts of animals receiving dimerizer at 24 mg/kg/day (B). Graft—host apposition also appeared to be improved in an-
imals receiving dimerizer. Total graft collagen content was similar between animals that received vehicle compared with those
receiving dimerizer (C). Collagen content expressed as a percentage of graft area tended to be reduced in animals receiving dimer-
izer (D), but this reduction was not statistically significant (p > 0.05). Scale bars: 500 wm.
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FIG. 6. Reduced postinfarct ventricular dilation in C2C12 F36Vfgfr-1-engrafted animals receiving dimerizer. Myocardial func-
tion was assessed by echocardiography 2 and 24 days after coronary artery ligation and intracardiac injection of C2C12 F36Vfgfr-
1 cells. Left ventricular end diastolic dimension (LVEDD) and left ventricular end systolic dimension (LVESD) were measured
from short axis M-mode images at the level of the midpapillary muscle in a blinded fashion. Between days 2 and 24 postinfarc-
tion, left ventricular dimensions increased significantly in mice receiving no cells and also in mice that received cells and vehi-
cle only (p < 0.05). In contrast, ventricular dilation was attenuated in animals receiving cells and dimerizer at 9.6 mg/kg/day
(n = 2). Chamber dimension decreased significantly between days 2 and 24 in mice receiving both cells and dimerizer at 24
mg/kg/day (p < 0.01) (A). Representative M-mode images from mice receiving sham injections (infarct without cell transplan-
tation) (B) or C2C12 F36Vfgfr-1 cell injections and vehicle (C) or dimerizer at 24 mg/kg/day (D). (E and F) Expansion of heart
rhythm strips from animals shown in (C) and (D), respectively. Note marked left ventricular dilation and anterior wall akinesis
due to myocardial infarction in (B), the thickened noncontractile anterior wall region corresponding to a large cell graft in (D),
and arrhythmias (irregularly timed contractions) in (F).
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[p < 0.01]). Chamber dilation, albeit attenuated, was also ob-
served in mice that received cells and vehicle only between 2
and 24 days (LVEDD, 3.7 = 0.1 vs. 4.5 = 0.3 mm [p < 0.05];
LVESD, 2.7 = 0.1 vs. 3.7 £ 0.3 mm [p < 0.01]). In contrast to
sham or cell-engrafted plus vehicle mice, the left ventricles did
not dilate significantly between days 2 and 24 in animals re-
ceiving C2C12 F36Vfgfr-1 cells and dimerizer at 9.6 mg/kg/day
(LVEDD, 3.8 = 0.2 vs. 3.7 = 0.5 mm; LVESD, 3.0 = 0.2 vs.
3.3 £ 0.5 mm). Reduction in left ventricular dilation was most
impressively observed between days 2 and 24 in mice receiving
both cells and dimerizer at 24 mg/kg/day (LVEDD, 3.9 = 0.1
vs. 3.1 = 0.1 mm [p <0.01]; LVESD, 3.0 £ 0.2 vs. 2.5 £ 0.2
mm [p < 0.01]). The grafts in dimerizer-treated mice were read-
ily visualized by two-dimensional analysis, and it was clear that
they were noncontractile. Furthermore, in the high-dose dimer-
izer group, all animals except one (six of seven) had arrhyth-
mias composed of premature ventricular contractions or runs of
ventricular tachycardia. One of 11 animals that received a myo-
blast graft but no dimerizer had similar arrhythmias. Interest-
ingly, this animal had the largest graft in the control group. The
difference in proportion of animals exhibiting arrhythmias in ve-
hicle versus dimerizer (24 mg/kg/day)-treated animals was sta-
tistically significant. Hence, echocardiography demonstrated
that chemical dimerization of the FGF receptor in graft cells in
vivo was associated with dose-dependent reductions in left ven-
tricular dilation, accompanied by increased arrhythmias, after
myocardial infarction.

DISCUSSION

In the present study, mouse skeletal myoblasts engineered to
express the F36Vfgfr-1 chimeric receptor were treated with a
synthetic molecule that induces receptor dimerization in vitro
and in vivo. C2C12 F36Vfgfr-1 cells activated the MAP kinase
pathway and proliferated in response to dimerizer similar to
treatment with bFGF. Furthermore, C2C12 F36Vfgfr-1 graft
cells withdrew from the cell cycle and differentiated in vitro
(data not shown) and in vivo after dimerizer withdrawal, indi-
cating that the signaling pathway is reversible. Dimerizer ad-
ministration stimulated the proliferation of subcutaneous ec-
topic MM14 F36Vfgfr-1 graft cells in a dose-dependent
manner. Administration of dimerizer augmented intracardiac
C2C12 F36Vfgfr-1 graft size in infarcted hearts of nude mice.
Echocardiography demonstrated that dose-dependent increases
in myoblast graft size with dimerizer treatment were associated
with corresponding dose-dependent reductions in ventricular di-
lation after myocardial infarction.

To our knowledge, these results represent the first demon-
stration of controlled graft proliferation in the setting of cell-
based cardiac repair. Interestingly, at day 6 after cell injection,
grafts in animals receiving vehicle tended to be larger than grafts
in dimerizer-treated animals. Skeletal myoblasts undergo sub-
stantial hypertrophy after differentiation, and thus graft size does
not necessarily correlate with cell number before the terminal
differentiation of grafted cells. In our experiments, dimerizer was
administered until 6 days after cell injection. At this time point,
graft cells in vehicle-treated animals likely exited the cell cycle,
differentiated, and grew larger than their more proliferative coun-
terparts that were still exposed to dimerizer on day 6. These re-
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sults agree with previous studies showing that untreated skele-
tal myoblasts proliferate in infarcted hearts for approximately 3
days before they withdraw from the cell cycle and form well-
differentiated skeletal muscle grafts (Murry et al., 1996). By day
24 after cell injection, dimerizer elution would have long since
terminated, and graft cells in dimerizer-treated animals would
have also withdrawn from the cell cycle, fused into myotubes,
and hypertrophied. After differentiation was complete in both
groups, animals that received dimerizer had significantly larger
intracardiac grafts compared with those receiving vehicle only.

Large intracardiac grafts in animals receiving dimerizer were
clearly visible and noncontractile by echocardiography. Despite
the noncontractile nature of the graft, increasing dosages of
dimerizer were associated with dose-dependent reductions in
ventricular dilation after myocardial infarction. This suggests
that systolic force generation is not responsible for graft-in-
duced reduction in postinfarct remodeling. Instead, it is likely
that the grafts prevented infarct wall thinning and thereby nor-
malized wall stress, which in turn prevented ventricular dila-
tion. We noted that ventricular dimensions were significantly
reduced in all animals that received cells (regardless of dimer-
izer treatment) at only 2 days after myocardial infarction. This
suggests that paracrine factors released by graft cells or other
unidentified mechanisms may also have contributed to reduced
ventricular remodeling.

Echocardiography also demonstrated prevalent arrhythmias
(typically ventricular tachycardia or premature ventricular con-
tractions) in all but one animal receiving dimerizer. Dimerizer-
treated animals had significantly larger skeletal myoblast grafts
than their vehicle-treated counterparts, suggesting that animals
with larger grafts were more susceptible to the development of
arrhythmias. Interestingly, the single animal in the vehicle-
treated group exhibiting arrhythmias also had the largest graft
of its group. Increased arrhythmogenesis due to larger graft size
would not be surprising because skeletal myoblasts form ma-
ture skeletal muscle (not cardiomyocytes) after injection into
the heart (Reinecke et al., 2002), do not express gap junctions,
and do not form electromechanical junctions with cardiomy-
ocytes (Reinecke er al., 2002; Hagege et al., 2003; Rubart et
al., 2004). In fact, ventricular tachycardia was observed in pa-
tients in several early clinical trials of skeletal myoblasts for
cardiac repair (Menasche et al., 2001, 2003; Herreros et al.,
2003; Pagani et al., 2003; Smits et al., 2003; Siminiak et al.,
2004; Hagege et al., 2006). In addition, Fernandes et al. re-
ported increased inducibility of ventricular arrhythmias in in-
farcted rat hearts injected with myoblasts compared with those
receiving sham injections or autologous bone marrow mononu-
clear cell injections (Fernandes et al., 2006). On the basis of
this information, we hypothesize that the significantly larger
skeletal muscle grafts in dimerizer-treated animals in our study,
by virtue of their being electrically insulated from the host my-
ocardium, altered impulse propagation and promoted reentrant
pathways. However, enhanced local automaticity cannot be
ruled out with the current data. This model is, to our knowl-
edge, the first animal model to demonstrate predictable spon-
taneous arrhythmias after cell transplantation in the heart, and
as such it may prove useful in determining the pathogenesis and
treatment of these arrhythmias.

Our results suggest that dimerizer-mediated graft cell pro-
liferation controls not only graft size and heart dimensions, but
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also matrix remodeling and fibrosis in postinfarct hearts. Al-
though total graft collagen content was the same between
groups, collagen was less dense and organized in grafts of an-
imals treated with dimerizer. Importantly, graft-host apposition
also appeared to be improved in animals treated with dimer-
izer, suggesting that cell grafts in dimerizer-treated animals
could be better poised to interact with host tissue. Such appo-
sition would be particularly beneficial for graft cells other than
skeletal myoblasts that can electromechanically couple with
host myocardium, such as cardiomyocytes (Rubart ez al., 2003).

Controlling graft cell proliferation should permit a smaller
number of cells to be injected initially and then expanded to a
therapeutically beneficial level in vivo. Our system, which se-
lectively controls the proliferation of genetically modified graft
cells in infarcted hearts with a small molecule, is a step in that
direction. Although promising, much work is yet to be done be-
fore this strategy could be translated to the clinic. The impor-
tance of determining the appropriate dose and duration of
dimerizer administration after cell engraftment is evident, given
that at the highest dosage of dimerizer bulky grafts sometimes
intruded on and distorted heart borders. This is consistent with
previous “overdose” studies that also used ischemia-resistant
skeletal myoblasts as graft cells (Reinecke and Murry, 2000).
Careful dosing studies must be performed to ensure that graft
size can be optimized to attain maximal therapeutic benefit.
Early online monitoring of graft size by an imaging modality
(Cao et al., 2006) or biochemical marker could allow for opti-
mization of dimerizer dosing and delivery based on actual graft
size. This strategy may be applied to other cell types that could
be more suitable for intramyocardial grafting than skeletal myo-
blasts, which, despite their positive effect on left ventricular re-
modeling, might result in arrhythmia generation. Ideal graft cell
populations for cardiac repair, to which this system may be
adapted, would generate new cardiomyocytes and have prolif-
erative capacity. Our group has shown that human embryonic
stem cell-derived cardiomyocytes proliferate in vitro (McDe-
vitt, 2004) and after engraftment into nude rat hearts (Laflamme
et al., 2005). Coupling of human embryonic stem cell-derived
cardiomyocyte transplantation with the dimerizer-mediated in
situ proliferation strategy developed in the present study could
have a powerful impact on cardiac repair after myocardial in-
farction.
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