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This study investigated the possibility of achieving angiogenesis by using gene-modified cells
as a vector.

Although gene therapy for peripheral circulation disorders has been studied intensively, the
plasmid or viral vectors have been associated with several disadvantages, including unreliable
transfection and uncontrollable gene expression.

Human hepatocyte growth factor (hHGF) and thymidine kinase (TK} expression plasmids
were serially transfected into NIH3T3 cells, and permanent transfectants were selected
(NIH3T3 + hHGF + TK). Unilateral hindlimb ischemia was surgically induced in BALB/c
nude mice, and cells wese transplanted into the thigh muscles. All effects were assessed at four
weeks.

The messenger ribonucleic acid expression and protein production of hHGF were confirmed.
Assay of growth inhibition by ganciclovir revealed that the 50% (median} inhibitory con-
centration of NIH3T3 + hHGF + TK was 1,000 times lower than that of NIH3T3 +
hHGF. The NIH3T3 + hHGF + TK group had a higher laser Doppler bloed perfusion
index, higher microvessel density, wider microvessel diameter, and lower rate of hindlimb
necrosis, as compared with the plasmid- and adenovirus-mediated hHGF transfection groups
or the NIH3T3 group. The newly developed microvessels were accompanied by smooth
muscle cells, as well as endothelial cells, indicating that they were on the arteriolar or venular
level. Laser Doppler monitoring shawed that the rate of blood perfusion could be controlled
by oral administration of ganciclovir. The transplanted cells: completely disappeared in
response to ganciclovir administration for four wecks.

Gene-modified cell transplantation therapy induced strong angiogenesis and collateral vesscl
formation that could be controlled externally with ganciclovir.  {J Am Coll Cardiel 2004;43:

1915-22) © 2004 by the American College of Cardiology Foundation

Growth factors isolated recently, including vascular endo-
thelial cell growth factor, fibroblast growth factor, angio-
poietin, and hepatocyte growth factor (HGF), have been
found to induce strong angiogenesis (1-5). A number of
studies have reported induction of angiogenesis and collat-
eral vessel formation by gene therapy with these factors in
both animal experiments and clinical trials. Plasmid or viral
vectors have been used in these therapies (2,6,7}, but the
adenovirus vector entails some serious problems, such as
allergic reactions or difficulty with repeated treatment,
despite sufficiently high transfection efficiency. Moreover,
although plasmid vectors have recently been used in clinical
settings, have not been associated with allergic reactions,
and could be used repeatedly, their transfection efficiency

From the *Instirute for Advanced Cardiac Therapeutics, tCardiopulmonary Divi-
sion, Department of Medicine, Keio University School of Medicine, Tokyo; $Divi-
sion of Molecular Regenerative Medicine, Course of Advanced Medicine, Osaka
University Graduate School of Medicine, Osaka; and the §Cognitive and Molecular
Research Instinste of Brain Discase, Kurume University School of Medicine,
Fukuoka, Japan. This study was supported in part by research grants from the
Ministry of Educarion, Science and Culrure, Japan, and by Health Science Research
Grants for Advanced Medical Technology from the Ministry of Welfare, Japan.

Manuscript received June 28, 2003; revised manuscript received December 10,
2003, accepted January 5, 2004.

has been low and has varied with the tissues injected or the
patient. These gene delivery methods have the common-
drawbacks of not being able to choose the target cells and to.
selectively eliminate the transfected cells once they acquire
the character of abnormal growth. Thus, new methods that
would provide ideal gene delivery systems have long been
awaited.

Regeneration therapy has recently been performed in
many tissues and-organs. Various types of cells regenerate
from embryonic or adult stem cells, and these cells would be
transplanted into patients. Rapid and sufficient establish-
ment of angiogenesis and collateral vessel formation to
promote the survival and function of the transplanted cells
are especially important in terms of blood supply. We
investigated regeneration of cardiomyocytes from adult stem
cells and concluded that blood vessel formation into trans-
planted cells is crucial to their survivat (8). Because angio-
genic gene therapy with plasmid vectors has been insuffi-
cient to induce the rapid and powerful angiogenesis required
for transplantation of the regenerated cells, 2 new method
has been needed to address this problem.

In the present study, NIH3T3 cells were permanently
transfected with a novel angiogenic human HGF (hHGF)
and thymidine kinase (TK) of herpes simplex gene and then
used as a gene therapy vector. Their effect on blood flow,
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Abbreviations and Acronyms
DMEM = Dulbecco’s modified Eagle’s medium
EGFP = enhanced green fluorescent protein
ELISA = enzyme-linked immunosorbent assay
hHGF = human hepatocyte growth factor
IC., = 50% {median) inhibitery concentration
LDPI = laser Doppler perfusion image
RT-PCR = reverse transcription-pelymerase chain

reaction

SMA = smooth muscle actin
TK = thymidine kinase
vWF = von Willebrand factor

angiogenesis, and collateral formation was investigated in 2
murine ischemic hindlimb model {9-11). In this paper, we
report that gene-modified cells expressing hHGF and TK
induced strong angiogenesis and collateral vessel formation,
and that they were easily controlled externally with ganci-
clovir.

METHODS

Cell culture. The NIH3T3 cells were cultured in Dulbec-
co’s modified Eagle’s mediom (DMEM), supplemented
with 10% fetal bovine serum and penicillin (100 pg/ml),
streptomycin (250 ng/ml), and amphotericin B (85 pg/ml).
Stable transfection of hHHGF and TK genes. The com-
plementary deoxyribonucleic acid (cDNA) of the hRHGF
and TK genes was inserted into the pUC-SRe and pGK
expression vector plasmids, respectively (10-13). pPUR and
pcDNA3.1/Hygro(+) are selection plasmids that confer
puromycin resistance and hygromycin resistance, respec-
tively. After co-transfection of pUC-SRa/hHGF and
pPUR into the NTH3T3 cells, using the Effectene Reagent
(QIAGEN GmbH, Hilden, Germany), the puromycin-
nonresistant cells were removed with puromycin (3 pg/mi),
and the hHGF-producing cells were clonally selected
(NTH3T3 + hHGF). pGK/TK and pcDNA3.1/Hygro(+)
plasmids were then similarly co-transfected into the
NIH3T3 + hHGF cells; the hygromycin-nonresistant cells
were removed with hygromycin (200 pg/ml); and both
hHGF- and TK-producing cells were clonally selected
(NIH3T3 + hHGF + TK).

Reverse transcription-polymerase chain reaction (RT-
PCR). Expression of hHGF messenger ribonucleic acid
was analyzed by RT-PCR using the primers that specifically
detect human but not mouse HGF, as previously described
(14).

Enzyme-linked immunosorbent assay (ELISA)} for
hHGF. Production of hHGF was determined by ELISA
with anti-human~specific HGF monoclonal antibodies (In-
stitute of Immunology, Tokyo, Japan) (6,15,16).
Ad.CA-hHGF. The adenoviral vector plasmid pAd.CA-
hHGF, which is composed of a cytomegalovirus immediate
early enhancer, a modified chicken beta-actin promoter, and
hHGF cDNA, was constructed by the in vitro ligation
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method (17). The pAd.CA-hHGF plasmid was partially
cut with Pzel and then transfected into 293 cells, followed
by culture with 0.5% overlaid agarose-o-minimal essential
medium (MEM) containing 5% horse serum for 10 to 15
days. Viral plaques, which had been confirmed by restriction
enzyme analysis and ELISA for hHGF, were propagated in
293 cells, purified by CsCl, gradient ultracentrifugation
twice, and desalted with a desalting column (18). Viral
particles were calculated by means of optical density at 260
nm.

Murine model of hindlimb ischemia, All animal experi-
ments were approved by the Animal Care and Use Com-
mittee of Keio University. After anesthetizing male
BALB/c nude mice (eight weeks) with diethyl ether, the
fernoral artery was gently isolated, and the proximal portion
was ligated with 7-0 silk Lgatures (19,20).
Transplantation of continuously hHGF-producing
INIH3T3 cells. The hindlimb ischemic mice {n = 192)
were randomly classified into five groups. The control
groups received 0.2 ml saline only (n = 14), 500 pg
pUC-SRa/hHGF plasmids in 0.2 ml saline (n = 10), 107
particles Ad.CA-hHGF in 0.2 m! phosphate-buffered sa-
line (n = 10), or NIH3T3 in 0.2 ml DMEM (n = 14). The
experimental group received NIH3T3 + hHGF + TK in
0.2 m! DMEM (n = 144). All injections were given via a
27-gauge needle (21). The numbers of cells transplanted
ranged from 10* to 107. They were injected into two
different sites in the ischemic thigh (adductor) skeletal
muscles on postoperative day 1. The direction of injection
was parallel to the muscle fibers. Angiogenesis and collateral
vessel formation were assessed at four weeks.

Laser Doppler blood perfusion analysis. The blood per-
fusion rate in the ischemic (left leg) and normal (right leg)
hindlimb was measured with a laser Doppler perfusion image
(LDPI) system (Moor Instruments}), as described previously
(20,22).

Histopathology. Frozen sections (4 um) were cut from
tissue specimens (23). Immunohistochemical staining for
hHGF, endothelial cells, and alpha-smooth muscle actin
(SMA) was carried out with anti-human HGF (R&D
Systems Inc., Minneapolis, Minnesota), anti-human von
Willebrand factor (vWF)/horseradish peroxidase (HRP),
and anti-human SMA/HRP (Dakocytomation, Kyoto, Ja-
pan), respectively. Sections for staining and counterstaining
were incubated with 3,3'-diaminobenzidine tetrahydrochlo-
ride and Mayer’s hematoxylin solution, respectively. Elastica
van Gieson staining was carried out by the standard
method. Paraffin sections (3 pmm) were cut from tissue
specimens, and hematoxylin-eosin staining was carried out
by the standard method.

Assay of growth inhibition by ganciclovir in vitro. After
seeding cells on six-well plates (10° cells/well) and culturing
for 24 h, they were exposed to ganciclovir in concentrations
ranging from 0 to 107 g/ml for 72 h (24,25).
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Figure 1. {(A) Expression of human hepatocyte growth factor (hRHGF)
messenger ribonucleic acid in the hRHGF-transfected NTH3T3 cells. The

rimer set of reverse transcription-polymerase chain reaction specifically
detects hRHGF but not mouse HGF. pUC-SRo/hHGF plasmid and mouse
liver were used as a positive and negative control, respectively. M = the
@®X174-Haelll digest. {B) Production of hHGF protein. This ELISA
system specifically detects only hHGF because of the lack of cross-
reactivity by the antibodies. Data are expressed as hHHGF concentrations
adjusted for cell number. Both NTH3T3 + hHGF and NIH3T3 + hHGF
+ thymidine kinase (TK) groups expressed hHGF messenger ribonucleic
acid and produced hHGF protein (n = 5).

Detection of ganciclovir-induced apoptosis with annexin
V. Annexin V is an early apoptotic marker. The NIH3T3
+ hHGF + TK group was exposed to 1077 g/ml ganci-
clovir for 48 h, and the apoptotic cells were detected with an
annexin V-enhanced green fluorescent protein (EGFP)
apoptosis detection kit {(Medical & Biological Labs Co.
Ltd., Nagaya, Japan) (26).

Regulation of transplanted cell growth with ganciclovir
in vivo. We investigated the dose-response relationship of
growth inhibition by §ancidovir by transplanting NIH3T3
+ hHGF + TK (107 cells) and administering ganciclovir
two weeks later. The transplanted mice received different
doses (0, 1, 10, 50, or 80 mg/kg per day) of ganciclovir orally
once a day for four weeks.

Statistical analysis. The data were processed using Stat-
View J-4.5 software. Results are reported as the mean value
+ SE. Comparisons of values among all groups were
performed by one-way analysis of variance. The Scheffe’s
test was used to determine the level of significance. The
probability level accepted for significance was p < 0.05.
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Figure 2. (A) Influence of hHGF and/or TK genes on cell growth in vitro.
The growth rate of the hHGF-transfected NIH3T3 cells was slighdy
higher than that of the nontransfected cells, but TK had no effect on cell
growth. (circles = NIH3T3; diamonds = NIH3T3 + hHGF; squares =
NIH3T3 + BHGF + TK) (n = 3). (B) Growth-inhibitory effect of
ganciclovir. The ICs, of ganciclovir for the NIH3T3 + hHGF + TK
group (solid bars) was ~1,000 times lower than that for the NIH3T3 +
hHGF group (open bars) {(n = 5). (C) Apoptotic cells stained with
annexin V-EGFP at the cell membrane after exposure to ganciclovir.
Abbreviations as in Figure 1,

RESULTS

Permanently hHGF-transfected NIH3T3 cells produced
hHGF protein. The NIH3T3 + hHGF cells were ob-
tained after two weeks of exposure to puromycin, and
NIH3T3 + hHGF + TK cells were obtained after two
more weeks of exposure to hygromycin. We confirmed that
both the NIH3T3 + hHGF and NIH3T3 + hHGF + TK
groups expressed hHGF mRNA and then produced hHGF
protein at a rate of 17.3 = 1.4 and 19.1 * 2.0 pg/10° cells
per 24 h, respectively (Fig. 1).

Ganciclovir-inhibited cell growth and induced apoptotic
cell death. It is well known that HGF regulates cell
growth. To determine whether transfection of hHGF af-
fects the growth of NIH3T3 cells, we counted the numbers
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Figure 3. Frequency of necrosis in the ischemic hindlimbs. Severe hind-
limb necrosis was significantly reduced in the NIH3T3 + hHGF + TK
group, Open areas = negative necrosis; lined areas = neerosis on toes;
solid areas = necrosis on foot. Abbreviatiens as in Figure 1.

~ of cells in vitro (Fig. 2A). The growth rate of the hHGF-
transfected NIH3T3 cells seemed to increase slightly, but
the increase was not significant on day 3. Transfection of
the TK gene had no effect on their growth mate.

Next, we investigated the growth-inhibitory effect of
ganciclovir on these cells (Fig. 2B). The ICs, of ganciclovir
for the NIH3T3 + hHGF + TK group was ~1,000 times
lower than that for the NIH3T3 + hHGF group. These
findings confirmed that the TK plasmid genes had been
effectively transfected, and that hardly any of the cells that
expressed the TK gene survived exposure to ganciclovir at a
concentration of 10™¢ g/ml, which did not affect the control
cells,

Enhanced green fluorescent protein fluorescence was

detected at the membranes of NIH3T3 + hHGF + TK
cells after ganciclovir exposure (Fig. 2C), indicating that cell
death was attributable to apoptosis.
Human HGF-producing cell therapy augmented angio-
genesis and collateral vessel formation. To evaluate
whether transplantation of hRHGF-producing cells improves
the perfusion of ischemic hindlimbs, we first determined the
rate of necrosis of the ischemic hindlimb. Necrosis was rated
on a three-grade scale. The rate of necrosis of the foot and
toes in the saline group was 35.7% and 42.9%, respectively.
The rates in the pUC-SRa/hHGF group were 20% and
40%, respectively, and in the Ad.CA-hHGF group 10% and
40%, respectively. These therapeutic approaches were effec-
tive in comparison with the saline group, but they were not
sufficient to fully prevent the necrosis. To further ameliorate
limb necrosis, we examined angiogenic gene-modified cell
transplantation therapy. The NIH3T3 (107 cells) group had
rates of 14.3% and 35.7%, respectively, suggesting that the
vector cell transplantation itself might improve perfusion of
the ischemic limb to some extent. In contrast, the rates in
the NIH3T3 + hHGF + TK (107 cells) group were 5.8%
and 14.5%, respectively (Fig. 3). The rate of necrosis was
surprisingly reduced in the NIH3T3 + hHGF + TK
group, indicating that transplantation of hHGF-producing
cells might be one of the most effective methods of
improving limb ischemia.
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Figure 4. (A, pancls a to d) Immunchistochemical staining for von
Willebrand factor in the triceps muscle of the left calf revealed the presence
of numerous vessels. Vessels were larger and more numerous in the
NIH3T3 + kHGF + TK group (pancls ¢ and d} than in the saline (panel
a) and NIH3T3 groups (panel b). Scale bars = 100 pum. (B) The number
of vessels was determined by observation of 20 random fields from 10 mice
(2 fields per mouse; *p < 0.01). (C) Distribution of the minimum
diameters of the von Willebrand factor-positive vessels (n = 25; *p <
0.0001). Abbreviations as in Figure 1.

Vessel density and size. Immunostaining clearly revealed
the presence of numerous vessels in the NIH3T3 + hHGF
+ TK group (Fig. 4A, panel c) and 2 lower number of
vessels in the saline (Fig. 4A, panel a) and NIH3T3 (Fig.
4A, panel b) groups. Quantitative analysis revealed that the
vessel density in the ischemic region was significantly higher
(Fig. 4B), and the minimum diameter of the vWF-positive
vessels was significantly greater (Figs. 44, panel d, and 4C)
in the NIH3T3 + hHGF + TK group.

Vessel maturation. Maturation of the vessels was investi-
gated by staining three consecutive frozen sections of
ischemic skeletal muscle. Amazingly, most of the vessels in
the NIH3T3 + hHGF + TK group were vWEF/a-SMA-
double positive (Figs. 5A, panels a and b, and 5B). How-
ever, there was no increase in elastic fiber-positive cells, as
compared with the saline and NIH3T3 groups (Figs. 5A,
panel ¢, and 5B). These findings showed that NIH3T3 +
hHGF + TK cell transplantation strongly induced angio-
genesis not only at the capillary level but also at the
microvessel (arteriole) level, and it caused angiogenesis at
the large blood vessel level.
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Figure 5. (A, panels a to ¢) Three consecutive frozen sections of NIH3T3
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+ hHGF + TK transplanted muscle. (panel a) Immunchistochemical staining

for vWF and (panel b} a-smoath muscle actin (SMA) and (panel c) clastica van Gieson staining, Scale bars = 100 pm. (B) Maturation of vessels was
compared by using three consecutive frozen seetions. Most of the von Willebrand factor (vWF)-positive vessels in NIH3T3 + hHGF + TK transplanted
mice also stained with a-SMA (n = 20; *p < 0.05, 1p < 0.001, $p < 0.01). Abbreviations zs in Figure 1.

Laser Doppler blood perfusion. The LDPI analysis was
performed to study subcutaneous blood perfusion. Represen-
tative images are shown in Figure 6A, and quantitative analysis
of blood perfusion is shown in Figure 6B. No blood perfusion
was observed in the hindlimb immediately after femoral artery
ligation (Fig. 6A, panel a). Perfusion of the proximal part of
the thigh had recovered at four weeks in the saline and
NIH3T3 groups, but perfusion distal to the heel joint had
markedly decreased (Fig. 6A, panels b and ¢). In the NIH3T3
+ hHGF + TK (10* cells) group, perfusion of the ischemic
limb almost recovered to the control (nonischemic) level, but
perfusion distal to the heel was slightly decreased compared
with the control level (Fig. 6A, panel d). In the NIH3T3 +
hHGF + TK (107 cells} group, perfusion of the ischemic limb
was 118.1% (ie, much greater than that in the control
hindlimb) (Figs. 6A and 6B, panel ¢). To adjust the recovery of
blood perfusion in the ischemic limb to the appropriate level,
we transplanted NIH3T3 + hHGF + TK (107 cells), mon-
itored the LDPI level, and began giving ganciclovir when
blood perfusion reached the control level (two weeks). This
method enabled us to adjust the blood perfusion rate in the
ischemic limb to the same level as in the control limb (Figs. 6A
and 6B, panel f). _

When the NIH3T3 + hHGF + TK cells were trans-
planted into the normal nonischemic limb, the blood
perfusion increased more than that in the control limb. Up

to six weeks-after transplantation, no evidence of angiosar-
coma or hypervascular tumor was observed in the trans-
planted limb or other parts of the body (data not shown).
In vivo production of HGF protein. Immunohistochemical
staining demonstrated the production of hHGF protein in
transplanted NIH3T3 + hHGF + TK cells, but not in
transplanted NIH3T3 cells (Fig. 7A).

Cell regulation with ganciclovir and TK. Figure 7B
shows a quantitative analysis of the inhibitory effect of
ganciclovir on blood perfusion. At a concentration of 50
mg/kg/day of ganciclovir, the blood perfusion was- adjusted
in the ischemic limb to the same level as in the control limb,
and no significant side effects were produced: Histologic
examination revealed the natural history of the transplanted
cells (Fig. 7C, panels a to c). The transplanted cells formed
a mass between the skeletal muscles, which gradually
increased in size but did not infiltrate into the skeletal
muscle. Two weeks after transplantation of the NIH3T3 +
hHGF + TK cells, we began giving ganciclovir orally every
day for two to four weeks and then examined tissue samples
(Fig. 7C, panels d to f). The NIH3T3 + hHGF + TK cells
gradually underwent apoptosis, and by four weeks, no
transplanted cells could be detected. The surrounding mus-
cle cells and the generated vessels were unaffected by
ganciclovir,
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Figure 6. (A) Representative laser Doppler perfusion images. (B) Quantitative analysis of the rate of blood perfusion of the ischemic/nonischemic Emb.
Panel a = Control mouse on postoperative day 1; panels b to £ = four weeks after treatment (panel b = saline injecdon; panel ¢ = NIH3T3

transplantation [107 cells]; panel d = NIH3T3 + hHGF + TK transplantation [10° cells); panel e = NIH3T3 + hHGF + TK transplantation [107 cells];
panel f = beginning two weeks after transplantation of NTH3T3 + hHGF + TK:(107 cells), ganciclovir (50 mg/kg/day) was administered orally for four
weeks. Oral ganciclovir administration adjusted the blood perfusion rate of the ischemic limb to the same level as that of the nonischemic limb (eight

mice/group). *p < 0.01, Tp < 0.001 vs. saline, $p < 0.05, Tp < 0.01 versus NIH3T3. Abbreviations as in Figure 1.

DISCUSSION

In this study, we assessed angiogenic gene-modified cell
transplantation therapy with fibroblasts permanently trans-
fected with hHGF and TK genes in a murine hindlimb
ischemia model. This therapy had the following merits: 1) it
induced angiogenesis and collateral vessel formation more
effectively than with plasmid and viral vectors. 2) The
combination of TK and ganciclovir allowed the angiogen-
esis to be adjusted by monitoring LDPIL. 3) This therapy
could be stopped at any time desired for any reason. 4)
There was no possibility of the hHGF gene being expressed
in nontarget organs or nontarget cells as a result of leakage
or dispersion of the vectors. If the plasmid vector was
integrated into the genome and neoplastic transformation
occurred, it would be difficult to control cell growth. 5) The
angiogenic effect can be easily predicted, because the trans-

fection efficiency of the gene is always 100%. 6) The cell
vector will be much more effective in patients who require
rapid angiogenesis, because plasmid or viral vectors require
a week for maximal expression, and the duration of maximal
expression is short.

Angiogenic gene-modified cell transplantation therapy
has several drawbacks. One is that once the cells are
transplanted into patients, their growth cannot be con-
trolled. To solve this problem, we double-transfected the
cells with the TK gene, and the results confirmed that
permanently transfected cells could be killed with ganciclo-
vir after the establishment of angiogenesis and collateral
vessel formation. The finding that the ICg; of ganciclovir
for the TK-transfected cells was 1,000 times lower than that
in the nontransfected cells indicated that this system might
be capable of being used in elinical settings.
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Figure 7. (A) Immunchistochemical staining: for hRHGF in transplanted NIH3T3 cells (panel ) and NIH3T3 + hHGF + TK cells (panel b) in the
skeletal muscle. Scale bars = 50 um. (B) The NIH3T3 + hHGF + TK {107) cells were transplanted, and two weeks later, various concentrations of
ganciclovir were administered for another four weeks. (C) Hematoxylin-eosin saining. (Panels a to <) The natural history of the transplanted NIH3T3
+ hHGF + TK (107) cells is shown. (Panels d to f) Beginning two weeks after transplantation, ganciclovir (50 mg/kg/day) was administered orally for
two to four weeks. The cells had complerely disappeared after four weeks of ganciclovir treatment. Arrows indicate the microvessels. Scale bars = 100 pm.

Abbreviations as in Figure 1.

We used NIH3T3, a fibroblast line derived from fetal
NIH/Swiss mice, for the following reasons: 1) the transfec-
tion efficiency of the plasmid is high; and 2) their growth
rate is relatively high in vitro, making it easy to expand the
cells. However, their growth rate in vivo is not as high as
that of carcinoma cell lines, probably because NIH3T3 cells
have a mechanism of growth inhibition by cell-cell contact.
To apply this method in clinical medicine, the selection of
a human cell line will be requried. Considering the time and
cost for preparation of the cells, an autograft might require
a long time and be expensive. It took at least two months to
prepare the hHGF- and TK~-double-transfected cells, and
a number of additional experiments were needed to confirm
their effectiveness and safety. We think that allograft cells
should be used to prepare gene-modified cells. In view of
the time, cost, effectiveness, and safety of the cells, allografts
would be much better than autografts.

Regenerative medicine has recently been the subject of

investigations in many fields, and a number of regenerative
cells have been established. The authors have reported that
regenerative cardiomyocytes can be generated from marrow
mesenchymal stem cells, and transplantation of the regen-
erated cells will be examined in various organs. One of the
reasons why we are considering angiogenic gene-modified
cell transplantation therapy is the need for a rapid blood
supply to the transplanted cells. To achieve that goal, we can
co-transplant target organs with these gene-modified cells
in combination with the regenerated cells. Once the blood
supply has become established, the angiogenic cells are no
longer needed, and they can be eliminated by ganciclovir.
Bone marrow mononuclear cells have recently been used
to induce angiogenesis as a means of treating arteriosclerosis
obliterans (27). Although bone marrow mononuclear cells
contain endothelial cells, the population of endothelial
progenitor cells is <1%. The effectiveness of this therapy
may be explained not only by the presence of endothelial
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progenitor cells but also by the fact that bone marrow
mononuclear cells produce various cytokines and angiogenic
growth factors. The advantage of angiogenic therapy with
bone marrow mononuclear cell autografts is that the cells do
not undergo immunorejection. The drawback of this ther-
apy is that the cells may contain a variety of types of cells,
such as osteogenic or chondrogenic stem cells, or induce
inflammation by secreting cytokines. Using angiogenic
gene-modified cells avoids the problem of transplanting
different types of cells; however, the efficiency and safety of
this procedure needs to be fully investigated before clinical
application can become 2 reality.
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Efficient Cardiomyogenic Differentiation of Embryonic
Stem Cell by Fibroblast Growth Factor 2
and Bone Morphogenetic Protein 2

Takao Kawai, MD*; Tomoyuki Takahashi, PhD; Masayasu Esaki, MD*; Hiroaki Ushikoshi, MD*;
Satoshi Nagano, MD¥; Hisayoshi Fujiwara, MD*; Ken-ichiro Kosai, MDTt

Background Despite the pluripotency of embryonic stem (ES} cells, the specific control of their cardiomyo-
genic differentiation remains difficult. The aim of the present study was to investigate whether growth factors
may efficiently enhance the in vitro cardiac differentiation of ES cells.

Methods and Results - Recombinant growth factors at various concentrations or their inhibitors were added
according to various schedules during the cardiomyogenic differentiation of ES cells. Cardiomyogenic differen-
tiation was assessed by mRNA and protein expressions of several cardiomyocyte-specific genes. Basic fibroblast
growth factor-2 (FGF-2) and/or bone morphogenetic protein-2 (BMP-2) efficiently enhanced the cardiomyogenic
differentiation, but only when they were added at the optimal concentration (1.0ng/ml in FGF-2 and 0.2ng/ml in
BMP-2; relatively lower than expected in both cases) for the first 3 days. Inhibition of FGF-2 and/or BMP-2
drastically suppressed the cardiomyogenic differentiation.

Conclusion FGF-2 and BMP-2 play a crucial role in early cardiomyogenesis. The achievement of efficient
cardiac differentiation using both growth factors may facilitate ES cell-derived cell therapy for heart diseases as

well as contribute to developmental studies of the heart.

(Circ J 2004; 68: 691-702)
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great potential for facilitating ES cell therapy for

some heart diseases, as well as for elucidating the
developmental mechanisms of the heart!:? Because of the
lack of proliferative and regenerative activity of differenti-
ated cardiomyocytes after birth, many heart diseases, such
as myocardial infarction and cardiomyopathy, are irre-
versible and incurable by current treatments. One of the
experimentally promising strategies is transplantation of
cardiomyocytes; recent animal studies have shown that
transplantation of fetal or neonatal cardiomyocytes not
only results in successful integration into the recipient heart
but also apparently improves heart disorders!~6 However,
the clinical application of such cell transplantation therapy
is completely hampered by the lack of an available source
of human cardiomyocytes. In this regard, ES cell-derived
cardiomyocytes are a potential candidate for the donor
cells. On the other hand, it is still difficult to control and
induce the specific differentiation of ES cells solely towards
cardiomyocytes, although random differentiation of ES
cells leads to the appearance of cells that possess features

The pluripotency of embryonic stem (ES) cells has
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of cardiomyocytes to some degree?

Certain growth factors can induce specific types of cells
from ES cells®® For example, interleukin (IL)-3 directs ES
cells to become macrophages, mast cells or neutrophils; 19
IL-6, retinoic acid and transforming growth factor (TGF)-
31 respectively induced erythroid differentiation, neuronal
formation and myogenesis of ES cells!!-13 To date, how-
ever, there has been no report that growth factors efficiently
and specifically induced mouse ES cells to become cardio-
myocytes except for one recent report, which investigated
TGF-8 and bone morphogenetic protein (BMP)-2 only, not
fibroblast growth factor (FGF)-2!4 Developmental studies
using knockout mice or chicken embryos have demon-
strated that certain growth factors, especially TGF-8!%
activin!®¢ FGF-21718 and BMP-219-2 may each play a role
in heart development. In the present study, we initially
screened these 4 growth factors, and, based on the results,
focussed particularly on and carefully explored the effects
of FGF-2 and BMP-2 on the cardiomyogenic differentia-
tion of ES cells. Thus we elucidated several roles of FGF-2
and BMP-2 in cardiac development, and for the first time
established a system of efficient cardiomyogenic differenti-
ation of ES cells using FGF-2 and BMP-2.

Methods

Cell Cultures

Murine R1 ES cells were grown in an undifferentiated
state on mitomycin C-treated mouse embryonic fibroblasts
with high glucose Dulbecco’s Modified Eagle's Medium
(DMEM} with 20% fetal calf serum (FCS), 1004mol/L
2-mercaptoethanol (2-ME), 1umol/L sodium pyruvate,
0.1mol/L nonessential amino acids and 10%unit/ml leuke-
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Table 1 PCR Primers

KAWAI T et al.

Annealing

Sense Antisense temperature (°C) Reference

Nkx2.5 5'-CAGTGGAGCTGGACAAAGCC-3 5-TAGCGACGGTTCTGGAACCA-3' 58 29
GATA4 5°.CTGTCATCTCACTATGGGCA-¥ 5 -CCAAGTCCGAGCAGGAATTT-3' 38 29
MEF2C 5'-AGCAAGAATACGATGCCATC-3' ¥-GAAGGGGTGGTGGTACGGTC-3' 58 29
aMHC 5"-GGAAGAGTGAGCGGCCATCAAGG-3 $-CTGCTGGAGGTTATTCCTCG-3 38 29
FGFR-1 5-GCTGACTCTGGCCTCTACGCT-3 5" -CAGGATCTGGACATACGGCAA-3" 62 i7
FGFR-2 5.CTCCTTCAGTITAGTTGAGGATACCA-3' 5 -GAAGATCCAAGTTTCACTGTC TACCG-Y 60 17
FGFR-3 5'-GAAGAATGGCAAAGAATTCCGAG-3 5.CCTCTAGCTCCTTGTCGGTGG-3 60 17
FGFR-4 5-GAACTCTCTGGGTAGCATTCGCT-Y 5-TGTCTGITGTCITGAGGAC TTGTACG-3' 58 17
BMPR-IA “TCGTCGTTGTATTACAGGAG-3’ - TTACATCCTGGGATTCAACC-3' 58 30
BMPR-IB “GCTTTGGACTCATCCTCTGG-3' 5-CACTGGGCAGTAGGCTAACG-3' 54 30
ActR-T 5"-AGATGACGTGTAAGACCCCG-3’ 5-ATACTTCTCCATAGCGGCCC-3' 56 30
BMPR-I 5-GGTAGATAGGAGGGAACGGC-3' 5-CACTGCCATTGTTGTTGACC-¥ 56 30
HPRT 5-CCTGCTGGATTACATTAAAGCACTG-3' 5'-AAGGGCATATCCAACAACAA-¥ 58

MEF2C, myocyte enhancer factor 2C; 0MHC, amyosin heavy chain; FGFR, fibroblast growth factor receptor; BMPR, bone morphogenetic protein receptor;

ActR-1, activin receptor-I; HPRT, hypoxantine-phosphoribosyl-transferase.
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mia inhibitory factor (LIF)24-26 To initiate the differentia-
tion, 106ES cells were cultured with DMEM containing
10% FCS and 100z:mol/L 2-ME, but no LIF, in 10cm low-
attachment Petri dishes to generate embryoid bodies (EBs).
After 3 days in suspension, the EBs were transferred into
gelatin-coated 12-well tissue culture dishes at a density of
10-20EBs per 3.5¢m?, and cultured for an additional 7 or
14 days. Recombinant growth factors at various concentra-
tions or their inhibitors were added to the cultore media
according to different schedules, as described in the Results
section. The recombinant growth factors (FGF-2, BMP-2,
TGF-A and activin A) and their inhibitors (anti-FGF-2 anti-
body, BMPR-IB/Fc chimera?’ Noggin/Fc chimera!%?8 anti-
TGF-B antibody and anti-platelet-derived growth factor
(PDGF) antibody) were all purchased from R&D systems
(Minneapolis, MN, USA}.

Reverse Transcriptase-Polymerase Chain Reaction
(RT-PCR)

Total RNA was extracted from differentiated ES cells on
days 347 and 3+14 using a Sepazol RNA 1 super kit

-
L)
“
-~
L]
]

Figl., Optimization of the semi-quantita-
tive RT-PCR assay. Serially diluted plasmid
DNA containing Nkx2.5 ¢cDNA (0.08, 0.15,
0.31, 0.63, 1.25 and 2.5pg DNA in lanes 1,
2, 3,4, 5 and 6, respectively) was used for
control samples for semi-quantitative RT-
PCR of Nkx2.5, Total RNA extracted from
adult mouse heart was serially diluted (1.3,
2.5,5,10,20 and 40ng RNA in lanes 1, 2, 3,
4, 5 and 6, respectively), reverse-transcribed
and vsed for control samples for semi-quanti-
tative RT-PCR of GATA4, MEF2C, aMHC
and HPRT. PCR was carried out for 30, 34,
38 and 42 cycles using each of the primer
sets shown in Table 1. The amplified cDNA
was electrophoresed onto 2% agarose gel
containing ethidium bromide.

(NACALAI TESQUE, Inc, Kyoto, Japan) according to the
manufacturer's protocol. For semi-quantitative RT-PCR
analysis, 1utg of total RNA was reverse-transcribed using
SuperScript Il reverse transcriptase (Invitrogen Corp,
Carlsbad, CA, USA), and then 1/100 of the cDNA was
subjected to PCR amplification by 3042 cycles of 94°C
for 30s, each annealing temperature for 90s and 72°C for
60s using each of the primer sets shown in Table 1i7.28,30
The amplified cDNA was electrophoresed on 2% agarose
gel containing ethidinm bromide and the quantities were
analyzed by densitometry with NIH IMAGE software (the
Research Service Branch of the National Institute of Health,
Bethesda, MD, USA). The most appropriate PCR cycles
for the semi-quantitative analysis for each experiment were
carefully determined by several preliminary experiments;
somewhat less (30-35) or more (38) cycles were suitable
for accurately assessing the inducible or the inhibitory
effects, respectively (Figl). Moreover, Nkx2.5/HPRT or
oMHC/HPRT ratio relative to that of NC (non-treatment
control) was calculated for facilitating comparison of the
relative effects on different conditions in the individual

Circuilation Journal  Vol.68, July 2004
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Fig2. Nkx2.5 mRNA expression in ES cells treated with one of the 4 growth factors, {A) Experimental schedule. ES
cells were cultured in suspension for 3 days to form EBs, and subsequently plated and culred with media containing one
of 4 recombinant growth factors at various concentrations for an additional 7 or 14 days. (B) Expression of Nkx2.5
mRNA was detected by RT-PCR. The Nkx2.5/HPRT mRNA ratio in cach treatment group was standardized by and ex-
pressed as the relative ratio to that of the non-treatment control (NC; ES cells that were cultured without the addition of
recombinant growth factors). PC, positive control (adult mouse heart tissue); NT, RT-PCR with no template;
Nkx2.5/HPRT mRNA ratio in each treatment group was standardized by and expressed as the relative ratio to that of NC.

experiments, as well as standardizing the unavoidable
variability of PCR data and cell conditions in them. The
reproducibility of all the results was confirmed by at least
3 independent experiments.

Immunocytochemistry and Computer-Assisted
Morphometric Analysis

Differentiated ES cells on days 3+7 or 3+14 were fixed
in 4% paraformaldehyde for 45 min and permeabilized with
100% ethanol for 2min. For immunofluorescent staining,
cells were incubated with a primary antibody of anti-a-
actinin (Sigma-Aldrich Inc, St Louis, MO, USA) or anti-
Nkx2.5 (Santa Cruz Biotechnology Inc, Santa Cruz, CA,
USA) at room temperature for 1 h. After washing, cells were
incubated with a secondary antibody of donkey anti-mouse
Alexa 488 or Alexa 568 antibodies (Molecular Probes Inc,
Fugene, OR, USA) at room temperature for 1h.

For quantitative analysis of the percentage of ES cell-
derived cardiomyocytes that express cardiomyocytes-
specific sarcomeric proteins, cells were stained by the
immuno-peroxidase method using a LSAB2 kit (DAKO
CORPORATION, Carpinteria, CA, USA) according to the
marnufacturer's protocol. Briefly, cells were incubated with
a primary monoclonal antibody of MF-20 that recognizes
sarcomeric myosin (Developmental Studies Hybridoma
Bank, University of Iowa, Iowa City, IA, USA)?%3! or anti-
sarcomeric tropomyosin (Sigma-Aldrich Inc) for 1h at
room temperature. After washing, cells were incubated with
a secondary antibody of biotinylated rabbit anti-goat IgG
for 1h at room temperature, and subsequently with strepta-
vidin for 10min and with 3,3’-diaminobenzidine tetrahydro-
chloride for 20min. To accurately quantify the percentage
of positive cells, computer-assisted morphometric analysis
was performed using Adobe Photoshop 7.0 software
(Adobe Systems Inc, San Jose, CA, USA) as follows. More
than 20 fields of immunohistochemically-stained speci-
mens at 2 magnification of X100 (comprising a total >104
cells) were chosen at random and scanned, and then the
positive and negative signals were transferred to digital
images. The percentage of the total area showing positive
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signals was automatically calculated. To quantify the
Nkx2.5-expressing cells, the number of Nkx2.5-positive
nuclei by immunofluorescent staining in the measured area
was counted using computer-assisted morphometric analy-
sis in the same manner. All these analyses were done
strictly as double-blind tests, and the reproducibility of all
the results was confirmed by at least 3 independent experi-
ments.

Statistical Analysis

All data are represented as the meanzstandard devia-
tion. Statistical significance was evaluated using Student’s
t-test for unpaired comparison, and values of p<0.05 were
considered to indicate statistical significance.

Results

Screening of the 4 Growth Factors for Efficient
Cardiomyogenic Differentiation of ES Cells

Accumulating data in developmental studies have sug-
gested that TGF-8, FGF-2, activin, and BMP-2 play partic-
ularly important roles in the development and differentia-
tion of the heart. First, we did an initial screening of the
potential activities of these 4 growth factors to enhance in
vitro cardiomyogenic differentiation of ES cells by deter-
mining the expression levels of Nkx2.5 mRNA. Nkx2.5 is
a mouse homeobox gene, a cardicmyocyte-specific tran-
scriptional factor and one of the earliest genes expressed in
the heart during its development32 Nkx2.5 may regulate
multiple genes essential for heart development and is
expressed in the heart even after birth?3 Our kinetic data
showed that expression of Nkx2.5 mRNA was detected at a
faint level as early as day 340 and was stable between day
3+2 and day 3+14 (data not shown). Therefore, we chose
Nkx2.5 for the initial screening; each of the 4 growth
factors was added to the culture media at diverse concen-
trations between day 3+1 and day 3+14 and the mRNA
levels of Nkx2.5 were examined on day 3+7 and day 3+14
(Fig2A). An apparent increase in Nkx2.5 mRNA expres-
sion was seen on day 3+7 when FGF-2 or BMP-2 was
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Fig3. Effects of various doses of FGF-2 or BMP-2 on in vitro cardiomyogenic differentiation of ES cells. ES cells were
cultured with FGF-2 or BMP-2 at various concentrations on the same schedule as shown in Fig2A. RT-PCR analysis of
cardiomyocyte-specific genes, Nkx2.5, GATA4, MEF2C and aMHC, was performed. The same results were obtained in
3 independent experiments, The Nkx2.5/HPRT, GATA4/HPRT, MEF2C/HPRT or oMHC/HPRT mRNA ratio in each
treatment group was standardized by and expressed as the relative ratio to that of the non-treatment control (NC),

added at a final concentration of 5.0 or 1.0ng/ml, respec-
tively (Fig2B). Unexpectedly, the expression levels of
Nkx2.5 were actually decreased when FGF-2 or BMP-2
was used at concentrations higher than 5.0 or 1.0ng/ml,
respectively. On the other hand, the expression levels of
Nkx2.5 mRNA were not significantly changed by the addi-
tion of TGF-8. Activin enhanced Nkx2.5 expression to
some degrees in comparison to the non-treatment control
{NC), but the changes in the Nkx2.5 expression levels did
not show a dose-related or consistent pattern between day
3+7 and day 3+14.

Relatively Low Concentrations of FGF-2 or BMP-2
Effectively Enhanced the Cardiomyogenic
Differentiation of ES Cells

Based on the results from the initial screening experi-
ment, we decided to focus on FGF-2 and BMP-2 in the
present study; in particular, further investigation of FGF-2
was thought to be important because of the lack of previous
reports, as well as the striking increases in Nkx2.5 mRNA

on day 3+14 in the initial screening {(Fig2). To determine
the optimal concentration of FGF-2 or BMP-2 for efficient
cardiomyogenic differentiation, a lower concentration of
FGF-2 or BMP-2 was added according to the same sched-
ule, and the expression levels of Nkx2.5, GATA4, MEF2C
and aMHC mRNA were explored by RT-PCR analysis
(Fig3). GATAA4 is expressed in the adult vertebrate heart,
as well as in yolk sac endoderm and cells involved in heart
formation?® The murine MEF2C is expressed in heart
precursor cells before formation of the linear heart tube3s
oMHC is one of the representative sarcomeric proteins and
thus is expressed in mature and differentiated cardiomyo-
cytes?s In fact, expression of GMHC mRNA was detected
in ES cells at a faint level as early as day 3+5 and stable
between day 3+8 and day 3+14 (data not shown). Thus,
Nkx2.5, GATA4, MEF2C and cMHC mRNA were suitable
markers for cardiomyogenic differentiation at various
stages.

Significant increases in the expression of Nkx2.5 were
seen on day 347 and day 3+14 when FGF-2 was added at

Cireulation Journal Vol 68, July 2004
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Figd. Effects of various doses of FGF-2 or BMP-2 an the expression levels of FGFRs and BMPRs in ES eells.
Experimental schedule was the same as shwn in Fig2A. RT-PCR analyses of FGFRs (FGFR-1, FGFR-2, FGFR-3 and
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BMPR/HPRT mRNA rafio were performed in the same way as shown in Fig 3. The same results were obtairied in 3 inde-

pendent experiments.

a final concentration of 1.0-5.0ng/ml. The expression of
aMHC on day 3+7 and of MEF2C on day 3+7 and day
3+14 was apparently increased by the addition of FGF-2
within this range (0.2-20ng/ml); the most striking increase
was seen in the case of 1.0ng/ml FGF-2. The expression of
GATAA4 was slightly increased on day 3+14 by additions of
FGF-2 at a lower concentration (0.2-1.0ng/ml) despite a
slight decrease on day 3+7. On the other hand, the most
striking increase in the expression of Nkx2.5 on day 3+7
and day 3+14 and of aMHC on day 3+7 was seen only when
BMP-2 was added at a final concentration of 0.2 ng/ml. The
expression of MEF2C slightly increased on day 3+7 and
day 3+14 after the addition of BMP-2 at the concentration
of 0.2ng/ml. Interestingly, the expression of GATA4 was
remarkably inhibited on day 3+7 by the addition of BMP-2
in a dose-dependent manner, although the expression
normalized or slightly increased at lower concentrations
(0.04-1.0ng/m?). Thus, the optimal concentrations of FGF-
2 and BMP-2 are 1.0 and 0.2 ng/ml, respectively; both of
which are relatively low (ie, lower than expected from
previous developmental studies) and the effective range of
each growth factor for cardiomyogenic differentiation is
thus also relatively narrow,

On the other hand, the expression of aMHC on day 3+14
did not in appearance show positive findings for inducible
effects in comparison with the NC. It should be noted that
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all the PCR data, including those shown in Fig3, represent
the ratio relative to the NC in each experiment, and that the
actual expression level of ¢MHC in the NC was higher on
day 3+14 than on day 3+7 (Fig3). In fact, some clusters of
ES cells in all groups, including the NC, demonstrated a
contraction between day 3+5 and day 3+14, and the num-
ber of contracting clusters of ES cells was increasing later
and most prominently around day 3+10. Its number on day
3+7 was somewhat increased when the optimal concentra-
tion of FGF-2 or BMP-2 was added; however, there was no
apparent difference in this number among all groups on day
3+14, and the number of contracting clusters of ES cells
was somewhat decreased on day 3+14 in some cases {data
not shown). Hypothetically, certain inhibitory molecules
against later cardiomyogenic differentiation might be endo-
genously expressed in a negative feed-back manner under
such maturated conditions; in fact, ES cells even in the NC
were fully grown in a confluent condition on day 3+14.
Up-regulation of Nkx2.5 on day 3+14 as well as day 3+7
further suggests that both growth factors may play a more
important role in early cardiomyogenic differentiation than
later.

It is known that the major FGF receptor (FGFR) in the
heart is FGFR-1, whereas the biological roles of other
FGFRs (ie, FGFR-2, FGFR-3 and FGFR-4) in the heart
remain unknown!?.37 The expression of FGFR-1 decreased
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Fig5. Effects of the combination of FGF-2 and BMP-2 on in vitro cardiomyogenic differentiation of ES cells. (A) Ex-
perimental schedules. ES cells were cultured with FGF-2 (1.0ng/mt) and BMP-2 (0.2 ng/ml) following different schedules.
Black and white arrows represent the addition of FGF-2 and BMP-2, respectively, (B) RT-PCR analysis of Nkx2.5 and
OoMHC was done and the Nkx2.5/HPRT or MHC/HPRT mRNA ratio was calculated in the same way as shown in Fig3.

on both day 3+7 and day 3+14 after addition of FGF-2 at
higher concentrations, whereas those of FGFR-3 and
FGFR-4 were remarkably increased on day 3+14 after
addition of FGF-2 at lower concentrations (Fig4). On the
other hand, 3 structurally related type I receptors, BMP
receptor (BMPR) I (BMPR-IA, BMPR-IB) and activin
receptor I (ActR-1) and 1 type I receptor, BMPR-II, have
been identified as the specific receptors for BMP. However,
the overall role of these BMPRs in the cardiac development
remains unknown except for the fact that all BMPRs are
expressed in cultured neonatal rat cardiomyocytes® Addi-
tion of BMP-2 at lower (certain) or higher concentrations
showed a general tendency to increase or decrease the
expressions of BMPRs on day 3+7 and day 3+14, respec-
tively (Fig4). Thus, the addition of FGF-2 or BMP-2 at
higher concentrations may lead to down-regulation of their
receptors, implying a possible relationship with their
reduced effects for cardiomyogenic differentiation.

Combination of FGF-2 and BMP-2 on Diverse Schedules
FGE-2 and BMP-2 may coordinate their functions in
cardiomyogenic differentiation during the development of
the heart. To investigate whether the combination of FGF-2
and BMP-2 might further enhance the in vitro cardiomyo-
genic differentiation of ES cells, we added both FGF-2 and
BMP-2 on diverse schedules, at the optimal concentrations
{1.0ng/ml in FGF-2 and 0.2ng/ml in BMP-2) determined

by the previous experiment (Fig5A). In comparison to
FGF-2 or BMP-2 alone, further increases in Nkx2.5 and
o¢MHC mRNA expression on day 3+7 and day 3+14 were
seen in all groups with the combination of both growth
factors (Fig5B). There were no significant differences or
specific patterns in the Nkx2.5 or aMHC mRNA levels on
day 3+14 among the combination groups {lanes 4-7 in
Fig5B) except for the finding of a smaller increase in
Nkx2.5 in the case of the addition of both growth factors on
each of the 14 days (lane 4 in Fig 5B). The degree of further
up-regulation of Nkx2.5 on day 3+7 and day 3+14 and of
a¢MHC on day 3+7 (ie, the ratio of the mRNA levels in
these combination groups (except lane 4 in Fig 5B) relative
to those in the group having FGF-2 or BMP-2 alone) was
roughly 1.5-2-fold. Thus, FGF-2 and BMP-2 may indepen-
dently and additively up-regulate both transcription of
Nkx2.5 and cardiomyogenic differentiation, although the
timing of the addition of FGF-2 and/or BMP-2 after the
formation of EBs was not the definitive factor for their
effectiveness.

BMP-2 and FGF-2 Play Important Roles in the Early
Cardiomyogenic Differentiation of ES Cells

Recent developmental studies have shown that both
BMP-2 and FGF-2 play an important role in early heart
development, especially in the induction of the mesoderm
component at the time of the formation of the 3 germ

Cireulation Journal Vol 68, July 2004



FGF-2 and BMP-2 for Cardiomyogenic Differentiation of ES Cells

A !il ? 377 3414 Days
-+ 4 4
L.ne EBs R FCR
1
2w
B Day 3+7
EBMP-2 EGE-2 |FGE-2BMP-2
1 ]2 11t]2]1]2 NG NT PC
Nkx2.5

GATAL~»

MEF2C

10

WL SHPRT mRNA twtlo
{ralative ta NC)
WMo N RS @

(reiative 30 NC}
-

| Nkx2.5

697
Day 3+14
B8MP-2 | FGF-2 |For-2BMP2{
1 2 |1 }121]1}2 .

kx2.5HPRT mRNA ratlo
{relative o NC)

(relniive to NC}
e Py

MEFICHPRT mANA ratio QATAAHPRT mRKA rstio N

| B
| B

[ ﬂm#m.:

aMHCIHPRT mRNA tetlo
[retetive e WC}

Fig6. Efficacy of FGF-2 and BMP-2 for early cardiomyogenic differentiation. (A) Experimental schedules, In vitro dif-
ferentiation was initiated by the formation of EBs without LIF in the same way as already shown, and FGF-2 (1.0ng/mi)
andfor BMP-2 (0.2ng/m}) were added to the culture media cither during the whole 17 days (lane 1) or during only the first
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Lanes 1 and 2 correspond to those shown in Fig6A.

layers. In the present experimental schedule, this stage may
have corresponded to the first 3 days, when the EBs were
being formed., To explore the roles of both growth factors
in early cardiomyogenic differentiation, FGF-2 and/or
BMP-2 were added either on each of the 17 days, or only
on the first 3 days, and the efficiency of the cardiomyogen-
ic differentiation. was compared between these 2 schedules
(Fig6A). Interestingly, the expression levels of Nkx2.5,
GATA4, MEF2C and aMHC on both day 3+7 and day
3+14 were significantly higher after the addition of either
or both growth factors in the group with the 3-day schedule
than in the group with the 17-day. schedule (Fig6B). The
best outcomes in all the parameters (ie, expression levels of
Nkx2.5, GATA4, MEF2C and oMHC mRNA on day 3+7
and day 3+14) were obtained by the addition of both

Circtilation_Journal  Vol.68, July 2004

growth factors with the 3-day schedule. Interestingly, the
effects of FGF-2 for up-regulation of aMHC were some-
what more prominent than those of BMP-2 in the case of-
this experimental protocol with the 3-day schedule; this
finding was not apparent in the previous experimental
schedules (ie, addition of the growth factors only after the
formation of EBs), as shown in.Figs1-3. The. drastic
increases in Nkx2.5, GATA4, MEF2C and oMHC mRNA
in the group with the 3-day schedule of either FGF-2 or both-
growth factors clearly indicates that BMP-2 and FGF-2 are
cruciat in the early stage of cardiomyogenic differentiation
of ES cells, but not throughout all the stages. It should be
noted that the addition of BMP-2 at later stages in addition
to the early stage may actually exhibit an inhibitory effect
for the cardiomyogenic differentiation.
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Fig9. Inhibition of FGF-2 and BMP-2 attenuated in vitro cardiomyogenic differentiation of ES cells. (A) Experimental
schedule. In vitro differentiation was initiated by the formation of EBs without LIF in the same way as already shown.
Fither anti-FGF-2 antibody (2.5xg/m}; lane 1), BMPR-1B/Fc (1.0z2g/ml; lane 2), Noggin/Fc chimera (0.1/:g/ml; lane 3),
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3+14 days. (B) RT-PCR analysis of Nkx2.5, GATA4, MEF2C and oMHC, and the calculation of the Nkx2.5/HPRT,
GATA4/HPRT, MEF2C/HPRT or 6MHC/HPRT; mRNA ratio were performed in the same:way as shown in Figs3 and 3.

Quantifying ES Cell-Derived Cardiomyocytes by
Immunocytochemistry.

To confirm the cardiomyogenic differentiation of ES
cells, ES cell clusters were immunocytochemically stained
with anti-actinin, one of the representative cardiomyocyte-
specific sarcomeric proteins, together with anti-Nkx2.5
antibodies (Fig 7). Contracting clusters of ES cells on day
3+7 were specifically stained with both antibodies, sug-
gesting that the majority of the contracting ES cells pos-
- sessed the features of cardiomyocytes. Addition of growth
factors at the optimal concentrations (1.0ng/ml in FGF-2
and 0.2ng/ml in BMP-2) on the optimal schedule (ie, dur-
ing the first 3 days only; (Fig6A)), increased the number of
ES cells that expressed both of the cardiomyocyte-specific
proteins, in accordance with the previous results of the
mRNA levels by RT-PCR (Fig 6B).
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Moreover, we quantified the percentage of ES cell-de-
rived cardiomyocytes by computer-assisted morphometric
analyses of Nkx2.5-, sarcomeric myosin- or tropomyosin-:
positive cells (Fig 8). The results showed that each of FGF-
2 alone, BMP-2 alone, and the combination treatment with
both growth factors significantly enhanced the cardiomyo-
genic differentiation, and FGF-2 had a somewhat more
prominent effect on the cardiomyogenic differentiation
than BMP-2, in accordance with the previous results of-
mRNA levels (Fig 6B). The best result was obtained when:
both FGF-2 and BMP-2 were added; finally, sarcomeric
myosin-positive cells made up approximately 35% of all
ES cells and 1.5-fold as many as in the NC (approximately
20% positive cells).
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Inhibition of FGF-2 and/or BMP-2 Attenuated the
Cardiomyogenic Differentiation

The formation of EBs without LIF in the culture media
induces the cardiomyogenic differentiation of ES cells to
some degree, even when nothing is added, and this is so far
the only available procedure to prime this event. A hypo-
thesis is that FGF-2 and/or BMP-2 may be endogenously
secreted from ES cells and these endogenous factors may
prime the event and/or regulate the cardiomyogenic differ-
entiation of ES cells, To explore this hypothesis, the func-
tions of endogenous FGF-2 and/or BMP-2 were inhibited
by the addition of anti-FGF-2 antibody, BMPR-1B/Fc
chimera, and/or Noggin/Fc chimera for each of the 17 days,
including the first 3 days (Fig 9A). In addition, anti-TGF-8
or anti-PDGF antibody was used in the same way as an ex-
perimental control because it has been already shown that
TGF-f and PDGF play important roles in the cardiomyo-
genic differentiation of ES cells!43¢

Expression levels of Nkx2.5 on day 3+7 and day 3+14,
MEF2C on day 3+14 and aMHC on day 3+7 were drasti-
cally inhibited by the addition of either of these inhibitors
(Fig9B). On the other hand, inhibition of the expression of
GATA4 was relatively weak on day 3+7 or day 3+14 after
the addition of any of inhibitors. Addition of non-specific
antibodies, such as anti-mouse IgG, in the place of these
inhibitors gave the same results as for the NC (data not
shown). These results provided strong verification of our
hypothesis; that endogenous FGF-2 and BMP-2 natively
secreted from ES cells may play essential reles in the in
vitro cardiomyogenic differentiation of ES cells. In addi-
tion, the expression of adMHC on day 3+14 was apparently
but somewhat weakly inhibited by such inhibitors. Accord-
ingly, the number of contracting clusters of ES cells was
apparently decreased on day 347 and day 3+14, but small
numbers of them were still observed on day 3+14. Thus,
FGF-2 and BMP-2 may be more predominantly involved in
up-regulation of Nkx2.5 and early cardiomyogenic differ-
entiation than in later cardiomyogenic differentiation and
maturation.

Discussion

This is the first study to successfully enhance the in vitro
cardiomyogenic differentiation of ES cells using FGF-2
and BMP-2. The present results concerning FGF-2 are
especially important and useful because there has not been
a previous report of the role of FGF-2 in the cardiomyo-
genic differentiation of ES cells nor of its stronger efficacy
than BMP-2. In addition, the effect of FGF-2 is likely to be
additive to and independent of that of BMP-2. Thus, the
present study provides important information for the eluci-
dation of cardiac development and differentiation relating
to FGF-2 and BMP-2, as well as for the development of
transplantation therapy using ES cell-derived cardiomyo-
cytes.

Based on the results from our preliminary studies, we
decided to proceed with the present study using the
approach of an initial extensive screening by semi-quanti-
tative RT-PCR analyses and final verification with immu-
nohistochemical and morphometric analyses. RT-PCR has
the distinct advantage of facilitating analysis of numbers of
samples; this was crucial for the present study that was
investigating many factors and protocols, and experiments
were repeated several times to verify reproducibility. On
the other hand, PCR-based analysis has a semi-quantitative
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nature, even though our experiments were carefully done
with an internal control on the predetermined optimal PCR
conditions and the results were confirmed by repeated
experiments. In this regard, after the optimization by PCR-
based screenings, the immunohistochemical and morpho-
metric analyses finally verified the cardiomyogenic differ-
entiation and accurately quantified the actual percentages
of ES cell-derived cardiomyocytes. On the other hand, this
analysis is time-consuming despite its advantage of accu-
rate quantification and being the most reliable method. In
addition, we also repeated these experiments several times
to confirm reproducibility, and moreover, the double-blind
test was done strictly to omit any subjective factors. Thus,
this type of morphometric analysis is appropriate for the
final verification, but not for extensive screening of multi-
ple factors. On the other hand, some investigators have
generated the ES cells that had stable expression of a
marker gene under the control of each of the following
promoters or transcriptional units of cardiac-specific genes
(ie, cardiac c-actin, aMHC, Nkx2.5 or myosin light chain-
2v)21440-42 and the cardiomyogenic differentiation was
quantified based on the marker-positive cells. We also
generated ES clones that stably expressed a marker gene
under the promoter of Nkx2.5 or tMHC, and compared the
specificity and the reliability of both analyses (data not
shown). As a result, the immunochistochemical and mor-
phometric analyses of Nkx.2.5, eMHC and tropomyosin-
positive cells, as shown in the present report, were able to
detect cardiomyocytes more reliably, correctly and specifi-
cally than the marker gene-based analyses, for the follow-
ing reasons. First, tissue-specific promoters predominantly
but not completely reproduce endogenous expression
patterns; this lesser specificity may lead to false positive
results. Second, the activities of tissue-specific promoters
or transcriptional regulatory elements are often weak; the
much lower sensitivity of this method than immunohisto-
chemistry may also lead to false negative results. Thus, we
carefully chose the strategy and approach for the present
study.

One of the important findings was that optimal con-
centrations of FGF-2 and BMP-2 were indispensable for
achieving efficient in vitro cardiomyogenic differentiation
of ES cells; furthermore, such concentrations (1.0ng/ml in
FGF-2 and 0.2ng/ml in BMP-2) were relatively lower than
expected. Interestingly, dose-dependent effects of FGF-2
and BMP-2 for cardiac differentiation have been observed
in chicken embryos?! The maximal incidence of cardiogen-
ic differentiation of non-precardiac mesoderm explanted
from stage 6 avian embryos occurred at a concentration of
50ng/ml of recombinant FGF-2 and BMP-2 proteins. The
difference in the optimal concentrations of FGF-2 and
BMP-2 between this previous study and our present one
may be largely related to differences in species (mammalian
vs non-mammalian cells) and experimental systems. There
have been no previous studies in mammalian cells, includ-
ing ES cells, that have clearly demonstrated the necessity
of optimal concentrations of any growth factors, including
FGF-2 and BMP-2, for maximal cardiomyogenic differen-
tiation. Thus, the present paper is the first to reveal that
cardiac differentiation may be tightly regulated by the
optimal concentrations of FGF-2 and BMP-2 in mammals,
or even in vitro.

We explored the expression levels of FGFRs and BMPRs
to clarify, at least in part, this mechanism. The biological
roles of individual FGFRs and BMPRs have not yet been
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elucidated, and other types of cells derived from ES cells
were contaminated; both facts may hamper- further inves-
tigation of the detailed mechanisms within this study.
However, down-regulations of all FGFRs and BMFRs;,
including FGFR-1, well-known predominant FGFRJ? and
BMPR-1I, presumably predominant BMPR, were charac-
teristically and remarkably seen in the case of the addition
of FGT-2 or BMP-2 at higher concentrations. In this regard,
one possible explanation of the optimal concentrations of
FGF-2 and BMP-2 needed for the efficient cardiomyogenic

differentiation may be down-regulation of their receptors in -

the case of addition of FGF-2 or. BMP:2 at higher concen-
trations. :

A recent study has shown the positive effect of TGF-8.
and BMP-2 for the cardiomyogenic differentiation of ES
cells!4 but there has not been one for FGF-2. In that previ-

ous study, ES cells were pretreated with - TGF-3 (2.5 ng/ml)-

or BMP:2. (5.0ng/ml) in 3.5% or 7.5% FCS-containing
medium in the presence of LIE for 24 h, and then EBs were
formed in the culture media containing 20% FCS without
LIF. In contrast to those results, TGF-3 (0.5-10ng/ml) did
not induce any apparent up-regulation of Nkx2.5 in the
present study and moreover, our. careful investigations
clearly. indicated that the-optimal concentration-of BMP-2

was 0.2ng/mi, at least in our protocol. Such discrepancies

between the previous- study and the present cne may: be

largely caused by:the different protocols and different.
kinds of ES cells. Especially, they exposed-ES cells to:

TGF-3 only in the undifferentiated state (ie, only before the
formation of EBs) as the pretreatment, and- the concentra-

tions of FCS before and -during- the differentiation- were.

completely different from ours. In addition, it should be

noted that the efficiency of the cardiomyogenic differentia--

tion of the control ES cells in the previous study is likely to
be much- lower than-ours. (<19% in theirs and->20% in

ours). Variance may partjally result from different methods

among studies; there may be both the possibility of under-

estimation because of false-negative cells in the previous. -
studies, as described-earlier, and somewhat overestimation

because of overlapped cells in the present study. However,
a more likely and possible explanation is that the endoge-
nous levels of BMP-2 and TGF-8 may have been originally
higher in our system than in theirs. The fact-of such diversi-
ties resulting from individual ES cell lines and: protocols
implies the necessity for future extensive investigations
using several types of human ES cell lines for the purpose

of development of cell therapy. There has been only one:

previous study which very roughly investigated the effects

of growth factors on the differentiation-of cells derived.

from human ES cells; only 10ng/ml of FGF-2 was used,
and cardiac differentiation was analyzed only by RT-PCR
of cardiac actin? In this regard, it will be interesting and.
important to carefully investigate the optimal concentra-
tions of FGF-2 and BMP-2 for inducing the maximal
cardiomyogenic differentiation of human ES cells based on
the present results. :

Another important finding in the present study was that
exposure to FGF-2 and BMP-2 for the appropriate period
(ie, only during the first 3 days while-EBs were being
formed) led to efficient cardiomyogenic- differentiation:
This period may correspond to the time between embryonic
day 4 (E4) and E6, when the 3 germ layers are being for-
med. A recent study of mice deficient for BMP-Z suggested
that BMP-2 is a critical factor for both extraembryonic and
embryonic development; notably, BMP-2-deficient embryos
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exhibited a defect in cardiac development and died of
cardiac and mesodermal defects between E7.0 and E10.523
In addition, it should be noted in- the present study that
exposure to BMP-2.on the days after-the first-3 actually
diminished the cardiomyogenic differentiation of ES cells.
Similarly, it has been reported that cardiac development in
chicken embryos was efficiently induced by exposure to
BMP-2 or FGF-2 for only 30min?! Taking: these results
together, we consider that FGF-2 and BMP-2 may play
crucial roles in the induction and/or the early stage of in.
vitro cardiomyogenic differentiation of ES- cells; thus,
exposure of ES cells to FGF-2 and BMP-2 for no more than -
the appropriate period may efficiently enhance cardiomyo-
genic differentiation.

When administered: alone, FGF-2 or BMP-2 failed to
induce cardiac development-in chicken embryos; suggest-
ing . that cooperative: effécts of FGFE-2 and- BMP:2. were
necessary for the induction: of cardiac differentiation?!
However, in the present study cardiae differentiation: was
apparently enhanced by the-addition of FGF-2 alone or
BMP-2 alone, although FGF-2 and BMP-2 in combination
revealed the most prominent effectiveness. This inconsis-
tency between: studies. may- be related to differences- in -
species and developmental systems. For example; mice
lacking: FGF-2 demonstrated normal-embryonic develop-
ment in spite. of neuronal defécts. and: delayed- wound.
healing, suggesting a redundancy of FGF signaling in some
tissues by other: FGF family members in these mice$® The
other possibility is that the inconsistency was related-to the
effect of endogenous.FGF-2 and: BMP-2; which may be
secreted from-certain:types of differentiated ES cells, such-
as adjacent endoderm cells. We verified this hypotliesis by
experiments using inhibitors; inhibition of either FGF-2 or-
BMP-2 was in fact sufficient to drastically inhibit transcrip-
tion of Nkx2.5.

In conclusion, FGF-2 and-BMP-2 each play: a crucial-
role in early cardiomyogenic differentiation. The- present :
results, inchuding the successful enhancement-of the in
vitro cadiomyogenic differentiation- of 'ES. cells using’
recombinant FGF-2 and/or BMP-2, may be highly useful-
for developing ES cell-based- therapy. for heart disease in
humans, and for the basic study-of cardiac development.
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