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A plasmid encoding reporter genes and cardiac specific
gene promoters was used in a previous study to isolate
cardiomyocytes from ES cells or embryonic carcinoma cells
(EC cell) [21]. Klug et al. {8] transfected a fusion gene
containing the a-myosin heavy chain {(«-MHC) promoter
and aminoglycoside phosphotransferase (NeoR) into pluri-
potent ES cells, then differentiated these cells in vitro prior
to G418 selection. They reported high purification (>99%)
and a survival peried in the recipient heart of at least 7
weeks following transplantation. Zweigerdt et al. [22] and
Zandstra et al. [23] reported a lab-scale protocol to generate
cultures of highly enrich cardiomyocyte from ES cells
transfected with a a-MHC-NeoR containing plasmid, and
suggest its application to a larger-scale process for the
supply of stem cell based cardiomyocytes, Muller et al. [9]
isolated a subpopulation of ventricular-like cardiomyocytes
from ES cells by transfecting the EGFFP gene under the
control of the MLC-2v promoter and cytomegalovirus
enhancer. Moore et al. [24] reported that EC cell
(P19Cl6)-derived cardiomyocytes could be isolated using
an EGFP reporter under the control of 250 bp of the MLC-
2v promoter. They enzymatically digested embryoid bodies,
then isolated a population of cardiomyocytes (37% pure)
using Percoll gradient centrifugation and FACS analysis.
Kolossov et al. [25] reported the use of EGFP under the
control of the cardiac o-actin promoter to isolate ES cell-
derived cardiomyocytes. The present study confirmed the
efficiency of this strategy for the isolation and purification
of cardiomyocytes from bone-marrow-derived stem cells.

Reinecke and Murry [26] and Zhang et al. [27] high-
lighted the importance of a quantitative analysis of grafted
cardiomyocytes, since a large number of fetal or neonatal
cardiomyocytes often display apoptosis within several days
of transplantation. They reported that only a small percent-
age of cardiomyocytes survive in the cryoinjured recipient
heart, and that heat shock or adenoviral transfer of
constitutive active Akt genes could increase their survival.
In comparison, the present study reports a slightly higher
survival rate for bone marrow-derived cardiomyocytes. One
possible reason is the difference in the experimental models
as the present study used a mouse uninjured model and not a
rat cryoinjured heart model. Another reason is the small size
of our not fully differentiated transplanted cells compared
with fetal or neonatal cardiomyocytes. A small size may
allow transplanted cells to go deep into the recipient heart
without mechanical injury.

Recently, Takeda et al. [28] reported that the life span of
human bone marrow mesenchymal stem cells could be
prolonged by infecting the cells with the retrovirus encoding
oncogene bmi-1, human papilloma virus E6 and E7, and
human telomerase reverse transcriptase over 150 population
doublings, and that these cells could be induced to differ-
entiate into cardiomyocyte using 5-azacytidine and co-
culture with the rat cardiomyocytes. Although this proce-
dure is not suitable for clinical application at the present
stage, the findings provide valuable information on the use
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of human bone marrow stem cells for the regeneration of
cardiomyocytes.

In summary, the present study provides a new model for
tissue engineering. Further studies are required to improve
cardiomyocyte differentiation and to increase the efficiency
of the transplantation procedure,
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Abstract: Heart transplantation is the ultimate treatment option for severe
cardiac failure, but is available only for a very small fraction of cases due to a
serious donor shortage. Increasing attention has become focused upon a novel
therapeutic approach, regenerative medicine, to break the present impasse.
Attempts to regenerate cardiomyocytes have been made by using pluripotent
embryonic stem cells or marrow-derived mesenchymal stem cells (adult stem
cells). Cardiomyocytes can be regenerated from embryonic stem cells as well as
from adult stem cells, but the regenerated cells differ in characteristics depending
onh the source stem cells. These two groups of stem cells differ with respect to
proliferative potency, pluripotency, method of induction of differentiation into
cardiomyocytes, rejection reactions, and tumaorigenic potential. Further studies to
ascertain which type of stem cell will be more useful and safer for this purpose
remain to be carried out. Studies in laboratory animals have reportedly demon-
strated improvement of cardiac function through regenerated cardiomyocyte trans-
plantation into the heart, encouraging the hope that a new treatment modality has
been found for severe heart failure.

Key words: Embryonic stem cell; Adult stem cell; Cardiomyocyte;

Regenerative medicine

Introduction

In Japan, cases of heart disease have consis-
tently been increasing with the aging of the
population and the Westernization of the diet.
A wide variety of pharmacotherapies has been
developed for the treatment of intractable
severe heart disease, with proven efficacy, how-
ever, heart transplantation is the sole radical

treatment option. There is still no increase in
brain-dead donors and heart transplantation is
a treatment available only for a very few cases.

To break the present impasse, therefore, a
method to treat intractable cardiac failure by
regenerating and transplanting cardiomyocytes
is being sought. Studies of heart muscle cell
regeneration have been making a steady
progress, though at the level of laboratory ani-

This article is a revised English version of a paper originally published in
the Journal of the Japan Medical Association (Vol. 129, No. 3, 2003, pages 365-368).
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Table 1

Comparison of ES Cells and Adult Stem Cells as Materials for Régenerative Cardiomyocytes

ES Cells

Adult Stem Cells

Post-fertilization early-stage embryo

Marrow stromal cell

Sparse among bone marrow cells, and method of
cell establishment is yet to be established.

Proliferate to some extent but the number of
divisions is unknown.

- Origin (inner cell mass of blastocyst)

Cell isolation Method of cell establishment is already
technique, ete. established, and is relatively easily performed.
Proliferative At present, cells are considered to infinitely
potency proliferate.

Differentiate into any type of cell in vivo.

The cells differentiate into early developmental
Pluripotency stage cells in vitro, but it is thought to be difficult

for them to differentiate into cells that appear late
in the fetal stage.

Recognized to be able to differentiate into
mesodermal cells such as osteoblasts, chondroblasts
and adipocytes, but reportedly undergo
differentiation into netve cells {ectoblast-derived)
and cells of the liver (entoblast-derived) as well.

Differentiation into
cardiomyocytes

Differentiate relatively easily, but a method to
have ES cells specifically differentiate into
cardiomyocytes has not been established.

Demonstrated to differentiate into cardiomyocytes,
but a method to have the cells specifically

differentiate into cardiomyocytes has not been
established.

Rejection reactions | Occur

No rejection reactions if the cells are autologous.

Tumeorigenic
potential

There is potential risk of teratomas after
transplantation if undifferentiated cells remain.

No

mal experiments, and will lead to development
of research with human cells and their clinical
application.

Stem cells currently used for regenerative
medical therapy for the myocardium are
broadly divided into two groups: embryonic
stem cells (ES cells) obtained from early stage
embryos post in vitro fertilization and marrow
adult stem cells obtained from the bone mar-
row of adults. Whether one type is superior
to the other for cardiomyocyte regeneration
remains to be seen. Characteristics of the two
types of stem cells are summarized in Table 1.
This article outlines the current status and
future prospects of regenerative medicine for
the myocardium.

Differentiation from ES Cells to
Cardiomyocytes

Figure 1 illustrates the outline of cardio-
myocyte regeneration using ES cells. ES cells
are those cells constituting the inner cell mass,
destined to form the fetus, from an early
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embryo having reached the stage of blastocyst.
These cells are known to differentiate into any
type of cell in vivo and have been shown to
differentiate in vitro into a variety of organic
cells such as cardiomyocytes, skeletal muscle
cells, vascular endothelial cells, smooth muscle
cells, neurons, and hepatocytes. However, most
types of cells that appear late in the fetal stage
have not been demonstrated from ES cells
in vitro.

It is generally recognized that various cell
growth factors, cytokines, and cell adhesion
factors are required for ES cell differentiation
into those various cells. Recent studies have
clarified a cascade operating for selective dif-
ferentiation of ES cells into motor neurons,
however, the cascade for ES cell differentiation
into cardiomyocytes has not been fully eluci-
dated to date.

A method to have ES cells form a cell mass
(embryoid) has been introduced as a general
means of inducing ES cell differentiation into
cells capable of differentiation. The frequency
with which differentiation from the embryoid

JMAJ, July 2004—Vol. 47, No. 7 329



K. FUKUDA

Fertilization

Morula

/‘V.

/ro |

Nuclear transplantation
intc egg cell

/ Enucleation

Collection of somatic cells

$ ®  Cell transplantation
Adult body

Inner cell mass
of blastocyst

Established ES cells

Ovary

Germ cell Testis

Liver
Pancreas

Thyroid

Myocardium,
Skeletal muscle
Bone, cartilage
Fat, ligament
Tendon

Entoderm

Mesaderm

Epithelial celt
Neuron
Pigment cell

Ectoderm

Blood, visceral organs

Skeletal muscles, myocardium

Fig. 1 Myocardial regeneration from ES cells

to cardiomyocytes is regarded as being about
7-8% at best. Humoral factors known to
induce ES cell differentiation specifically into
cardiomyocytes include bone morphogenetic
protein-2 (BMP-2) and Wnt 11, which facilitate
the differentiation, and Wnt 3 and Wnt 8, which
act as inhibitors. Possible involvement of vari-
ous other factors is presumed; the process
seems to be quite intricate. Selective differen-
tiation of ES cells into cardiomyocytes may
become feasible from analysis of the pathways
of the differentiation process.

Adult Stem Cell Differentiation into
Cardiomyocytes

Bone marrow has been universally recog-
nized to be the site of hematopoiesis with the

330 IMAJ, July 2004—Vol. 47, No. 7
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predominance of hematopoietic stem cells. In
fact, more than 99% of marrow cells take part
in the production and development of blood
cells. It was discovered recently that, among
bone marrow cells, there are cells termed stro-
mal cells that essentially do not represent
blood cells but secrete cytokines and growth
factors to support cells of the hematopoietic
system. The presence of pluripotent stem cells
capable of differentiating into various types
of cells among the marrow stromal cells has
become recognized. These marrow stromal
cells with pluripotent capacity are referred to
as mesenchymal stem cells on account of their
ability to differentiate into such mesenchymal
cells as osteoblasts, chondroblasts,
adipocytes.

In view of the mesenchymal stem cells being

and
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able to differentiate into mesoblast-derived
organs, we wondered if they could differentiate
to become cardiomyocytes as well, which are
also of mesodermal origin. Our studies demon-
strated that cardiomyocytes that beat regularly
by themselves can be obtained from mesenchy-
mal stem cells. Figure 2 shows an outline of the
process. Mesenchymal stem cells have recently
been reported to undergo differentiation into
nerve cells (ectoblast-derived) and cells of the
liver (entoblast-derived) as well, and are now
termed adult stem cells.

Characteristics of Regenerated
Cardiomyocytes

Cardiomyocytes derived from bone marrow
show expression of fetal ventricular muscle
type genes soon after their differentiation
from adult stem cells, and thereafter gradually
express adult type genes.” Expression of genes
for atrial natriuretic polypeptide and cerebral
natriuretic polypeptide that are considered
cardiomyocyte-specific have also been demon-
strated. The cells proved to self-beat, and those
differentiated from murine adult stem cells
showed 120-250beats/min. The cardiomyo-
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cytes exhibited the sinus node pattern of action
potentials early after their differentiation from
adult stem cells, and the pattern gradually
changed to the ventricular muscle cell type.

Catecholamin «, receptor (cardiac hyper-
trophic effect) and 3, and S3; receptors (positive
chronotropic and positive inotropic effects)
play important roles in the muscle cells of the
heart. In regenerated cardiomyocytes of bone
marrow origin, a, receptor switched to myocar-
dial type (mainly B4 and Bis receptors) as the
differentiation proceeded into heart muscle
cells, and simultaneously, 8; and B, receptors
that had not existed early in the course of dif-
ferentiation became expressed.? Stimulation of
these catecholamine receptors led to activation
of subreceptor signaling to produce cardiac
hypertrophy, increases in heart rate and in-
creases in myocardial contractile force.

The above findings indicate that the regener-
ated cardiomyocytes are endowed with practi-
cally normal characteristics of cardiomyocytes.

Treatment of Cardiac Failure by Cell
Transplantation

Cardiomyocyte transplantation has been
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extensively investigated since the mid-1990s at
the level of animal experiments. Cells har-
vested in primary cultures of heart muscle cells
obtained from the fetus or the neonate were
transplanted into the heart of sexually mature
animals, and the transplantation was shown to
improve post-infarction cardiac function. Clini-
cal experience with the transplantation of fetal
midbrain obtained through artificial termina-
tion of pregnancy into patients with Parkinson’s
disease has yielded some gratifying therapeutic
results. The amount of cell transplants required
is apparently greater in the case of cardiomyo-
cyte transplantation, so that it is not practical to
use aborted fetuses as the source.

Regenerated cardiomyocytes derived from
ES cells, when transplanted, reportedly proved
to electrically bound to recipient myocardium
and contract synchronously with surrounding
cells, thus fueling hopes for the use of regener-
ated cardiomyocytes. Our experience with
regenerated cardiomyocyte transplantation
into the hearts of adult patients showed long-
term engraftment with gratifying outcomes.
However, there have been reports demonstrat-
ing that the number of cardiomyocytes taken as
compared to that of cardiomyocytes trans-
planted diminished due to cellular necrosis
during the course of engraftment. Further
study is needed, including assessments of trans-
plantation methods.

Problems Associated with Myocardial
Regeneration and Future Prospects

To bring regenerative cardiomyocyte trans-

332  JMAJ, July 2004=Vol. 47, No. 7
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plantation to realization requires securing
regenerated cardiomyocytes and supplying
those cells safely and at moderate expense.
When adult stem cells and ES cells are com-
pared, this author’s view is that the latter will
come into use earlier in the future. Supply of
regenerated cardiomyocytes derived from ES
cells will become a reality within several years.
Major problems are rejection reactions and
method of transplantation. To avoid rejection,
it is essential to transplant the nucleus of a
somatic cell into an egg cell, as shown in Fig. 1.
The nuclear transplantation eventually has a
close bearing upon the matter of human clon-
ing, therefore it is important to hold nation-
wide discussion of this ethical problem.
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Nonhematopoietic mesenchymal stem cells can be mobilized and differentiate
into cardiomyocytes after myocardial infarction

Hiroshi Kawada, Jun Fujita, Kentaro Kinjo, Yurmi Matsuzaki, Mitsuyo Tsuma, Hiroko Miyatake, Yukar Muguruma, Kosuke Tsuboi,
Yuiji ltabashi, Yasuo Ikeda, Satoshi Ogawa, Hideyuki Okano, Tomomitsu Hotta, Kiyoshi Ando, and Keiichi Fukuda

Bone marrow {BM) cells are reported to
contribute to the process of regeneration
following myocardial infarction. However,
the responsible BM cells have not been
fully identifled. Here, we used 2 indepen-
dent clonal studles to determine the ori-
gin of bone marrow (BM)—derived cardio-
myocytes. First, we transplanted single
CD34- c-kit*Sca-1* Hineage- side popula-
tion (CD34-KSL-SP) cells or whole BM
cells from mice ublquitously expressing
enhanced green fluorescent proteln
{EGFP) into lethally Irradiated mice, in-
duced myoecardial infarction {(MI), and

treated the animals with granulocyte
colony-stimulating factor (G-CSF} to mo-
bilize stem cells to the damaged myocar-
dium. At 8 weeks after MI, from 100 speci-
mens we counted only 3 EGFP* actnin*
cefls in myocardium of CD34- KSL-SP
cells In mice that received transplants,
but more than 5000 EGFP+ actinin* celis
in whole BM cell in mice that received
transpiants, suggesting that most of
EGFP* actinin* cells were derived from
nonhematopoietic BM celis. Next, ¢lonally
purified nonhematopoietic mesenchymal
stem cells (MSCs), cardiomyogenic (CMG)

cells, that expressed EGFP In the cardio-
myocyte-specific manner were trans-
planted directly into BM of lethally Irradi-
ated mice, M! was induced, and they were
treated with G-CSF. EGFP* actinin* cells
were observed in the ischemic myocar-
dium, Indicating that CMG cells had been
mebilized and differentiated into cardio-
myccytes. Together, these results sug-
gest that the origin of the vast majority of
BM-derlved cardiomyocytes is MSCs.
(Blood. 2004;104:3581-3587)

© 2004 by The American Society of Hematology

Introduction

Recent studies have suggested that bone marrow (BM) cells can
contribute to regeneration processes in vatious tissues. 2 Cardi-
omyocytes derived from BM cells have been observed after
myocardial infarction (MI),># and BM-derived cells mobilized
by cytokines were capable of regenerating the myocardial
tissue, leading to an improvement in survival and cardiac
function after ML5 BM contains both hematopoietic and nonhe-
matopoietic cells, and the origin of the BM cells with the ability
to repair damaged myocardial tissue remains unknown. The
identification of specific cell types involved in myocardial repair
is a crucial step toward the development of effective stem
cell-based therapies for M1,

The most likely candidates for the BM-detived stem cells with
the ability to regenerate myocardial tissue are hematopoietic stem
cells (HSCs)*5 and nonhematopoietic mesenchymal stem celis
(MSCs).51° Alvarez-Dolado et al recently demonstrated that BM-
derived cardiomyocytes sporadically detected in noninfarcted mice
were exclusively generated by fusion with donor CD45* cells,
possibly hematopoietic cells," suggesting that the so-called phenom-
enon of HSC “piasticity” might result from the fusion of HSCs with
cells residing in the target tissue. Two recent studies reported that

HSCs are unable to differentiate into cardiomyocytes in vivo even
after MI1>1* MSCs also are candidates for the regeneration of
cardiomyocytes in vivo; we previously reported that BM-derived
MSCs could differentiate into spontaneousty beating cardiomyo-
cytes in vitro,*® and other groups have repaired the myocardinm

_using MSC wransplantation in vivo.%10

The aim of this study is to determine the precise origin of the
BM cells mobilized by cytokines to repair infarcted myocardium.
We transplanted genetically marked single HSCs or clonal MSCs
into lethally imadiated recipient mice, induced MI, treated the mice
with granulocyte colony-stimulating factor (G-CSF), and analyzed
the cardiac tissues. Our results suggest that MSCs are the predomi-
nant source of regenerated cardiomyocytes.

Materials and methods

Mice

C57BL/6 (B6) mice and C3H/He (C3H) mice were purchased at 6 to 8
weeks of age from Japan CLEA (Tokyo, Japan). B6 transgenic mice that
ubiquitously expressed enhanced green fluorescent protein (EGFP) under
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the control of the CAG promoter™ were used as the BM donor in the
transplantation studies using B6 mice. All the transgenic EGFP mice used in
this study were heterozygous for the transgene.

Isolation of CD34-¢-kit*Sca-1+ lineage~ SP celis
{CD34-KSL-5P celis)

The isolation: of the CD34™c-kit*Sca-1+ lineage™ SP cells was previously
described.!® Briefly, BM cells suspended at 1 X 106 cells/mL in HBSS+
{calciunt- and magnesium-frec Hanks balanced salt solution supplemented
with 2% fetal calf serum {FCS], 10 mM HEPES [V-2-hydroxyethylpipera-
zine-N'-2-cthanesulfonic acid), 100 U/mL penicillin, and 100 w/mL
streptomycin) were incubated with 5 mg/mL Hoechst 33342 (Sigma
Aldrich, St Louis, MO) for 60 minutes at 37°C. After washing. the cells
were resuspended in ice cold HBSS+ at a cell density of 107 cells/mL and
then stained for 30 minutes on ice with various monoclonal antibodies,
including biotinylated CD34, aliophycocyanin (APC)—<onjugated c-kit,
phycoerytirin (PE)}-conjugated Sca-1, and PE-Cy5~-conjugated lineage
markers {Gr-1, Mac-1, B220, CD3. TER119). The biotinylated antibodies
were visualized using PharRed (APC-Cy7)-conjugated streptavidin, All of
these reagents were purchased from BD PharMingen (San Diego, CA). Cell
sorting was perforimed using a triple laser MoFio (Cytomation, CO) using
‘Summit software. Hoechst 33342 was excited at 350 nm, and the
fuorescence emission was detected using 405/BP30 and S70/BP20 optical
filters against Hoechst blue and Hoechst red, respectively, and a 555-nm
long-pass dichroic mirror (Omega Optical, Brattleboro, VT) to separate the
emission wavelengths. Both Hoechst blus and red fluorescence were shown
on a lincar scale. After collecting 10° events, the side population (SP) was
defined as described previously, and additional pates were defined as
positive for Sca-1 and c-kit and nepative for CD34 and lincage markers
acconding o the isotype control fluorescence intensity. Populations of
CD347KSL-SP cxlls with 99% purity were routinely prepared using this
method. Single CD34~KSL-SP cells derived from transgenic EGFP mice
were sorted directly into separate wells of a 96-well plate containing 100
1L HBSS + using a CyClonc automated cell deposition unit.

HSC transplantation

Single CD34-KSL-SP cells or § X 10¢ whole BM cells from transgenic
EGFP mice were injected intravenously into the retro-orbital plexus of
ctherized recipient B6 mice that had been lethally irradiated with a dose of
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10.5 Gy (Figure 1A). For radioprotection, the single CD34~KSL-SP cells
were transplanted along with 2 X 105 whole BM cells as radioprotective
cells from B6 mice that did not carry the CAG-EGFP transgene. Three
months after BM transplantation, peripheral blood samples were collected
from the recipient mice, and the erythrocytes in the samples were depleted
using Ficoll-Pague. Dual-laser flucrescence-activated cell-sorter scanner
(FACS) analysis was performed using a FACS Calibur (Becton Dickinson,
San Jose, CA). Donor BM—-derived cells were determined by the fluorescent
intensity of the EGFF, compared with wild-type cells, and mice engrafted
with more than 50% of the EGFP* cells were used for the experiments.

Myocardial infarction and mobitization of BM cells

The recipient mice were intubated and anesthetized with 0.5% isofluorane
gas. After left thoracotomy. the left ventricle was exposed and the left
coronary artety was ligated. Twenmty-four hours later, the mice were
subcutaneously injected with 300 pg/kg of recombinant human G-CSE
dissolved in saline solution once a day for 10 consecutive days, Control
mice received a saline solution without G-CSF,

Immunchistologica) studies

Hearts were perfused from the apex with phosphate-buffered saline (PBS)
and perfusion fixed with 4% paraformaldchyde/PBS. They were then
dissected, immersion fixed overnight at 4°C in 4% paraformaldehyde,
embedded in Optimal Cutting Temperature (QCT) Compound (TED
PELLA, Redding, CA), and quickly frozen in liquid nitrogen. Cryostat
sections (6 wm thick) were stained ovemight at 4°C using specific
antibedies. Anti-GFP (MBL, Nagoya, Japan), anti—-actinin (Sigma Al-
drich), anti-sarcemeric myosin (MF20). anti-cardiac troponin I (Santa
Cruz Biotechnology, Santa Cruz, CA), anti-GATA4 (Santa Cruz), and
anti-CD45 (BD Pharmingen, San Diego, CA) were used to identify EGFP*
cells, cardiomyocytes, and hematopoietic cells. The sections were incu-
bated with secondary antibodics conjugated with Alexa 488 or 594
(Molecular Probes, Eugene, OR). Nuclei were stained with TOTO-3
(Molecular Probes). Slides were observed under a confocal Jaser scanning
microscope (LSM 510 META; Carl Zeiss. Jena, Germany). In some
cxperiments, the liver, kidney. brain, skeletal muscle, and spleen of
recipient mice also were analyzed by immunofluorescence photography. To
observe the bone marrow cavity, bone tissue was fixed with 10%
formaldehyde and decalcified in K-CX solution (Falma. Tokyo, Japan) at

Figure 1. G-CSF-induced mobilization ot BM celis In mice recelving
transplants of single CD34-c-kit*Sca-1+ lineage- side populatl
(CD34~KSL-SP) cells or whole BM cells following M2 (A} Experimental
protocol. Single EGFP* CD34-KSL-SP cells and radioprotective EGFP-
BM celts wera transplanted into the recipient mice. (B} The nuctaated csll
counts (NCCs} for paripheral blood samples obtained 24 hours after the
last injection of G-CSF {n = 10} or saline {n = 10) are shown. W indicates
EGFP* cells; B, EGFP- cells. NS indicates not significant; *# < .0001,
Bars indicale the atendard error. (C-F) Panels show represantative results
for immunofiuorescent analysis using ant-GFP amtibedy and TOTQ-3 dya
in the hearts of mice receiving transiplants of w-BM cels or single
CD34-c-kit* Sca-1* linsage- skis population (CD34-KSL-5P) cefls sepa-
rated from the BM of transgenic EGFP mice, The green and blue signals
indicate EGFP and nuclel, respectively. Saline-treated mice [G-CSF[~]
mice) (C) and G-CSF-treated mice (G-CSF (+) mics) (D) In the w-BM
group. G-CSF{-) mice (E) and G-CSF (+) mice (F) in the CD34-KSL-SP
group. Bars indicate 200 um. (G} The controd experdment using C57BL/6J
mice as donors revealed that no green fluorescence was detected in the
whoie heart. Bar indicates 50 um. (H-I} Colmmuncstalning with ant-GFP
and anti~actinin antibodles in the infarcted myocardium of G-CSF(+) mice
transplaried with w-BM (H, I) or single CD34-KSL-SF celis (J). The grean,
red, and biue signals indicate EGFP, actinin, and nuclel, respectively. (H, 1)
in the w-BM group, some of the EGFP™ cells in the infarcted area were
positive also for actinin and showed striation, indicating that they had
differertiated into cardiomyocytes. (1) In cortrast, very few EGFP*
actinin® cells ware seen in the infarcted area In the CD34-KSL-SP group.
Bars indicate S0 wm (H, 1) and 20 um {J).
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4°C for 2 days, Sections (3 pm) were incubated with anti-GFP antibody
overnight at 4°C. A specific signal was visualized as a brown reaction
product of peroxidase substrate 3,3'-diaminobenzidine (Sigma), Samples
were counterstained with hematoxylin and eosin.

Adherent cell culture and immunocytochemistry

Twelve weeks after the transplantation of the single CD34~KSL-5P cells or
w-BM cells from transgenic mice that ubiquitously express EGFEM
peripheral blood samples were coliected from the retro-orbital plexus of the
recipients. If more than 80% of the donor-derived EGFP cells were found
in the peripheral blood, the mice were killed and the BM cells were flushed
from the femurs and tibiag o prepare single-cell suspensions. After most of
the erythrocytes were removed with Ficoll-Paque, 3 X 105 BM mono-
nuclear cells were plated on the fibronectin-coated wells of 96-well plates
(Costar, Cambridge, United Kingdom) and incubated in Dulbecco modified
Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS),
100 W/mL penicillin, and 100 pg/mL streptomycin at 37°C in a fully
humidified atmosphere of 5% CO;. The medium was exchanged every 2 to
3 days. and nonadherent cells were removed. The cultures were terminated
2 weeks after seeding by removal of the culture medium, The samples were
flushed 3 times with PBS and fixed with 4% paraformaldehyde, then stained
with rabbit anti-GFP antibody (1:1000 dilution, Molecular Probes) and
visualized vsing a secondary antibody of Alexa Fluor 488—conjugated goat
antj—rabbit IgG (1:1000 dilution, Molecular Probes). The specimens were
also stained with PE-conjngated rat anti-mouse CD45 (1:1000 dilution;
eBioscience, San Diege, CA) and Hoechst 33342 (Sigma Aldrich). The
adherent cells in each plate were counted under a fluorescent microscope.

Difterentiation cuftures for osteoblasts and adipocytes

To induce osteocyte differentiation, the adherent cells were cultured on
slides in DMEM with 10 mM B-glycerophosphate, 10~7 M dexamethasone,
and 0.2 mM ascorbic acid (all from Sigma Aldrich): the media was changed
every 3 to 4 days, Afier 14 days, ostcoblast diffcrentiation was confirmed
using alkaline phosphatase enzymatic staining. For the alkaline phospha-
tase staining. cells were fixed with methanol at ~20°C for 2 minutes and
then washed in 100 mM Tris [tris(hydroxymethylJamisomethane]-HCI (pH
9.5}, 100 mM NaCl, and 10 mM MgCl, buffer (all from Sigma Aldrich) for
10 minutes. The slides were then stained with fast 5-bromo-4-chloro-3-
indolyl phosphate and nitroblue tetrazolium alkaline phosphatase substrate
(both from Sigma Aldrich) for 10 minues and rinsed in distilled water. To
induce adipocyte differentiation, the adherent cells were cultured with 10%
horse serum or 100 ng/mL insulin and were maintained for 14 days on the
slides, with medium exchanges every 3 to 4 days. After 14 days, we
confirmed the differemtiation of the cells to lipid-laden adipocytes by
staining with oil-red. For the oil-red staining. the cells were fixed with
methanol at —20°C for 2 minutes and then rinsed in 50% alcohol. Slides
were stained in oil-red-O (Sigma Aldrich) for 10 minutes and rinsed in 50%
alcohol, After rinsing in distilled water, slides were counterstained with
Mayer hematoxylin (Sigma Aldrich) for | minuie.

Transductlon of CMG cells

CMG cells derived from C3H mice were cultured in Iscoves modified
Dulbecco medium supplemented with 20% FBS., 100 U/mL penicillin, 100
pg/mL streptomycin, and 85 pg/mL amphotericin B on fibronectin-coated
dishes at 33°C in 5% COy, as previously described.® In the experiments
shown in Figure 2A, the CMG cells were transduced with the recombinant
ecotropic retrovirus murine stem cell virus (MSCV)-EGFP!® at multiplicity
of infection (MOI) 10, and the EGFP* cells were sorted using a FACS
Vantage (Becton Dickinson, Cockeysville, MD), as previously described.)?
In the experiments shown in Figure 3A, an expression vector, pMLC2v-
EGFP, was constructed by cloning a 2.7-kb Hind11l-EcoRI fragment of the
rat MLC-2v promoter region'®!® into the HindIIl-EcoRI site of pEGFP-1
(Clontech, Palo Alto. CA) so that EGFP would be expressed under the
control of the MLC-2v promoter. The MLC2v-EGFP plasmid was then
transfected into the CMG celis by liposomal transfection. After culturing
with 1000 pg/mL of G418 for 4 weeks, permanently transfected single
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Figure 2. Engraftment and muttilinaaga diffarentiation of clonal mesenchymat
stem cells {CMG cells). (A} The experimental protocol for the intra-BM tranaplanta-
tion of CMG cadls transfected with MSCV-EGFP i shown. (B-G) Transplantad CMG
celis were obsarved in the recipients’ BM. CMG cells were recognized as brown cells
by immunohistochemistry. (B) CMG cells differentiated into adipocytes {arrows)
(magnification, X 100). The rectangia in panal B is shown at & higher magnification
{x 200} in panel C. (D} CMG cells also differantiated into ostsocytes {arows).
Undifferentiated CMG calts exhibiing spincielike shapes were also obesrved (amow-
heads} (magnification, x 100). The rectangles in panel D ara shown al higher
magnifications in panels E (% 200) and F (%X 400). (G} Undifferentiated CMG calls in
other part (X 200). (H, 1) CMG cells algo wera found in the liver (H) and kidrey (1) by
immunotiuorescanca photography. Bars indicata 10 urm. The green and blue signals
indicate EGFP and nuclet, respectively.



3584 KAWADAetal .

cell-derived colonies wers cloned and pooled (CMG-ME cells). Forin vitro
differentiation, CMG-ME cells were plated onto fibronectin-coated dishes
and treated with 3 pmol/L of S-azacytidine (Sigma Aldrich) for 24 hours.

Intra-BM transplantation of CMG cells

One-hundred thousand CMG cells transduced with MSCV-GFP or CMG-ME
cells were transplanted into the right tibia of lethally irradiated C3H
micc by intra-BM injection using a previously described method?®
Two-hundred thousand whole BM celis separated from C3H mice also
were injected into the recipient mice to serve as radioprotective cells.
When the mice were killed, the engraftment of the CMG-ME eells and
the CMG cells that were transduced with MSCV-GFP was confirmed by
polymerase chain reaction (PCR) and enzyme immunohistochemistry.
respectively.

PCR analysls

The presence of the transgene was detected by PCR. The following primers
were designed against the EGFP cDNA (5’ primer: 5'-CCAGTTCAGCGT-
GTCCGGCG-3'; 3’ primer: 5'-GGGGTCTTTGCTCAGGGOGG-37). The
PCR conditions have been previously described.!?

Statistics

All values are presented as the mean + SEM. Statistical significance was
evaluated using unpaired Student 7 tests for comparisons between 2 mean
values, Multiple comparisons between more than 3 groups were performed
using an ANOVA. A value of P less than .05 was considered si gnificant.

Results

Single HSC progeny are not a major source of new
cardiomyocytes after cytokine-enhanced post-M| repair

In a previous report, we demonstrated that a single-cell transplanta-
tion analysis using cells that had the strongest dye-efflux activity
(“Tip"-SP cells) with a phenotype of CD34-c-Kit*Sca-1*Lin~
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Figure 3. Mobllization and ditferentiation of mesenchymal stem cells
(CMG cefls) Into cardiomyocytes In vitro and In vivo. (A} The
experimental protocol Is shown. The CMG-ME ceils are CMG cells that
have been parmanentty transfected with & plasmid-encoding EGFP driven
by the myosin Eight chain promoter (PMLC2w-EGFP). (8,C) Cultured
CMG-ME cells were troated with S-azacytidine and Immunoassayed with
ant-GATA4 (red) antibody on the seventh day of cufture. GATA4 was
exprossed in the CMG-ME cells. Some of the CMG-ME cells became
EGFP+* (green). (D,E} At 3 weeks, CMG-ME celis that were positive for
both EGFP and actinin wers observed, indicating that the cells had
differentiated into cardiomyocytes. (F) The engraftment of CMG-ME cells
into the racipients’ BM was confirmed by PCR. Representative rasults
using BM samples collecled from recipient mice {samples 1 and 2} are
shown. Tha transgene was clearly detected In the 2 samples. P indicates
positive control (CMG-ME celis); N, negative control (CMG cells); M,
marker, P:N controls are shown as the percentage with respect to the
positive control. (G,H) The myocardium of infarcted mice that received
transpiants of CMG-ME cells was analyzed using immuncfiucrescent
microscopy. The green, red, end blue signals Indicate EGFP, actinin, and
nuclel, respectively. EGFP* actinin* CMG-ME cella were observed in the
myocardium, indicating that tha CMG-ME cells had been mobilized into the
ischemic myocardium. Actinin end EGFP expression, driven by the
MLC-2v promotar, was detactod, Indicating that the cells had differertiated
inta cardiomyocytes, Bars indicale 10 um,

{CD34-KSL-SP) exhibited nearly complete {~ 96%) level of
hematopoictic engraftment activity.™ To first examine the contribu-
tion of BM-derived HSCs to the regeneration of cardiomyocytes
after MI, we transplanted either whole BM cells (w-BM) or single
CD34-KSL-SP celis from transgenic EGFP mice into irradiated
mice, induced M, treated the mice with G-CSF daily for 10 days to
mobilize the BM cells to the heart, and then examined the hearts
using histologic methods (Figure 1A). Eight weeks after transplan-
tation, the mean percentages of EGFP* cells among the peripheral
blood nucleated cells of the mice transplanted with w-BM and that
of the mice transplanted with single CD34-KSL-SP cells were
87% = 3% (n = 10) and 63% = 10% (n = 10), respectively. The
peripheral blood nucleated cell counts (NCCs), measured 24 hours
after the last injection of G-CSF, were significantly higher in the
G-CSF-treated (G-CSF[+]) mice than in saline-injected (G-
CSF[-]) mice (Figure 1B). No significant difference in the NCC of
G-CSF(+) mice was observed between the w-BM group and the
CD34~KSL-SP group.

A histologic analysis performed 8 weeks after the MI showed a
markedly higher degree of EGFP* cell infiltration into the infarcted
area in G-CSF(+) mice than in G-CSF(—) mice (Figure 1C-F;
Table 1). Among the G-CSF(+) mice, a greater degree of
infiltration was seen in the w-BM group than in the CD34-KSL-SP
group. Nonspecific autofluorescence was distinguished as reported
previously.?! As a control, the same experiment was performed
using wild C57BL/6 mice—derived BM cells as donor cells for BM
transplantation, Figure 1G shows that no green fluorescence was
observed in the infarct area of control mice, thus, G-CSF
treatment-induced augmentation of green fAluorescence was not
due to nonspecific fluorescence. The presence of the EGFP gene
in the infarcted area also was confirmed by PCR analysis (data
not shown).

In the w-BM group, some of the EGFP* cells in the ischemic
area expressed actinin and showed striations, suggesting that they
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Table 1. Quantitative analysis of EGFP* cells In infarcted area

EGFP+ ceils

Mice Totar*
WBMG-CSF(—) = v e o i 8841 CLEALTI T U AT L B e T 4
(n=5) (1473 1757 1515, 2348 1743)
wBMG-CSF(+}, . i SRS | SIS
{n=5
CO3 KELSP GO8F (=)
=5 {0,0,0,0,0)
CO34~ KEL-8P G-CEE 4] i : N
(n=5) (86554, 7005, 9217, 0034, 7869) (0.0,1,0,2)

Whole bone mamow cells (w-BM) or single CD34~ ¢-kit*Sca-1* ineage™ side population (CD34~ KSL-SP) cells from the BM of EGFP mice were transplantad into lathally
irradiated CS7BL/6 mice. Myocardiat infanction (M1} was induced 8 weeks later, Commencing 24 hours after induction of M1, a saline soiution {(-CSF [—1) or G-CSF (G-CSF
[+]) was injacted into the mice for 10 consecutive days. Eight waeks after induction of M1, the mice were sacrificed, and the hearts wera subjacted to Immunohistological
analysis. The number of EGFP* and EGFP* actinin* cells in the infarcted area was scored using 100 specimens per group of mice (20 sampies from the mid-left ventricie par

moysa),
“Total numbers of EGFP* cells in the infarcted area.

were cardiomyocytes (Figure 1H-I; Table 1). Some EGFP* cells
also expressed sarcomeric myosin or cardiac troponin I (data not
shown). Very few EGFP* actinin~ cells were seen in the 2
CD34~-KSL-SP groups (Figure 1J; Table 1), which was consistent
with previous reports.'2!? The marked increase in EGFP* actinin™
cells in the w-BM groups cannot be explained simply by the
superiority of hematopoictic chimerism in the w-BM group
(87% £ 3% vs 63% = 10%) if regenerated cardiomyocytes were
derived from HSCs. Collectively, these results suggest that the
major population of cells mobilized from the BM and active in the
regeneration of cardiomyocytes was nonhematopoietic in origin.

HSCs have little potency to differentiate into a
mesenchymal lineage

Next, we compared the nonhematopoietic BM cell populations of
mice transplanted with single CD34-KSL-SP cells or w-BM cells
from transgenic EGFP mice. We cultured the BM cells from both
groups of mice (n = 5 per group) with a high chimerism (> 80%)
of EGFP* donor cells using fibronectin-coated, 96-well plates,
After 14 days of culture, the adherent cells were stained with
anti-GFP and anti-CD45, and the frequency of donor-derived
nonhematopoietic cells was determined using 3 specimens from
each mouse BM. A significant proportion of the adherent cells from
the BM of the w-BM group was positive for EGFP (EGFP*CD45~
mononuclear cells = 22.38%).

On the other hand, most of the adherent cells from the BM of the
CD34-KSL-SP group were negative for EGFP (EGFP*CD45-
mononuclear cells = 0.8%, P << .001). These adherent cells were
further cultured in either adipocyte- or osteocyte-inducing condi-
tions for another 14 days; 200 adipocytes and 200 osteocytes
among the adherent cells of the CD34-KSL-SP group were
counted, but no EGFP* cells were found (data not shown). These
results suggest that purified HSCs have very little potency to
differentiate into a mesenchymal lineage, while MSCs are feasible
candidates for the source of regenerated cardiomyocytes among
nonhematopoietic BM cells.%19 Based on these results, we focused
on the contribution of MSCs in w-BM in the regeneration of
cardiomyocytes after ML

Clonal MSC progeny contribute to the regeneration of
cardiomyocytes after cytokine-enhanced post-Ml repalr

Unlike HSCc, MSCs are difficult to purify prospectively
according to surface phenotypes. Therefore, to assess the
contribution of BM-derived MSCs to the regeneration of
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cardiomyocytes after MI, we designed a series of experiments
using cardiomyogenic (CMG) celis,® a clonally isolated cell line
of MSCs (Figures 2A and 3A). CMG cells can differentiate into
spontaneously beating cardiomyocytes in vitro after exposure to
5-azacytidine. Since cultured MSCs are known to lose their BM
boming ability,2? we first confirmed that the CMG cells, tagged
by transfection with the MSCV-EGFP retrovirus vector,'¢ could
be engrafted into the recipients’ BM (n = 5) by intra-BM
injection,?® rather than intravenous injection, and differentiate
into multiple lineages in a manner similar to that of authentic
MSCs (Figure 2A). We detected EGFP* cells in the BM, most of
which had differentiated into adipocytes and osteocytes (Figure
2B-F), and we also found a small number of cells residing
among the stromal cells (Figure 2D, F, G). We detected EGFP*
cells in several other organs, although in very low numbers {4, 5,
0, 0, 0, and 0 EGFP* cells per 100 specimens [20 specimens per
mouse] in the liver, kidney, heart, brain, skeletal muscle, and
spleen, respectively) (Figure 2H-I).

To detect cardiomyocytes derived from CMG cells with a
higher sensitivity and specificity, cells transfected with a pMLC2v-
EGFP plasmid encoding EGFP driven by the myosin light chain
promoter (CMG-ME cells) were prepared by selection with G418
and then treated with S-azacytidine. Ten days afier treatment, 6% of
the cells were positive for EGFP and negative for actinin but
expressed GATA4 (Figure 3B-C). After 3 weeks, most of the
EGFP* cells becamne actinin positive and developed a rod-like
appearance (Figure 3D-E); at 4 weeks, they exhibited spontaneous
beating. These findings demonstrate that the CMG-ME cells that
were comumitted to cardiomyocytes could be detected by the
expression of EGFP in this system.

Uncommitted CMG-ME cells then were transplanted directly
into the BM of lethally irradiated C3H/He (C3H) mice, MI was
induced, and the mice were reated with G-CSF (Figure 3A).
Eight weeks after induction of MI, the mice (n = 5) were killed,
and PCR analysis confirmed the engraftment of CMG-ME cells
in the BM of all recipients (Figure 3F), The myocardium of the 5
mice was analyzed using immunofluorescence, and a total of
1034 EGFP* actinin* cells in 100 samples (20 samples per
mouse) were observed. The number of EGFP* actinin* cells
from each group of 20 samples from each mouse was 253, 92,
135, 327, and 227. This result indicated that CMG-ME cells
mobilized from the BM contributed to the regeneration of the
myocardium after MI (Figure 3G-11). The presence of the EGFP
gene in the infarcted area also was confirmed by PCR analysis
(data not shown). Although the number of detected cells was
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lower than that observed in mice transplanted with whole BM,
CMG-derived cardiomyocytes were clearly visible in the isch-
emic myocardium. We did not detect EGFP* cells in any other
organs such as liver, kidney, skeletal muscle, and BM (data not
shown). These results suggested that the myosin light chain
promoter restricted EGFP expression to cardiac tissue.

Discussion

Although BM-derived cells were reported to differentiate into
cardiomyocytes after ML>* the identity of specific celt types
involved has not been determined. There are 2 possibilities: first,
BM-derived HSCs trans-differentiated into cardiomyocytes. Sec-
ond, other cell types, such as MSCs, regenerated cardiomyocytes.
To address this issue, we performed 2 independent clonal analyses
to test which cell types contribute to cardiomyocyte regeneration.
The results suggest that MSCs, but not HSCs, in BM play a major
role in the regeneration of myocardial tissue after ML

Purified HSCs and their progeny rarely contributed to the
regeneration of cardiomyocytes, even with G-CSF treatment after
single-cell transplantation following MI induction. On the other
hand, w-BM transplantation resulted in marked increase of the
donor-derived cardiomyocytes after MI and subsequent treatment
with G-CSF. The results suggest that the repopulation of cardiomy-
ocytes was achieved by nonhematopoietic cells in BM rather than
HSCs and their progeny. In addition, we did not detect any EGFP*
MSCs in the CD34-KSL-SP group, while a precise analysis
indicated that around 90% of the MSCs, assayed as fibroblastic
colony-forming units (CFU-Fs), were derived from donor mice in
the w-BM transplantation model when the recipient mice received
more than 7 Gy of total body irradiation.22 These results led us to
focus on the nonhematopoietic population of MSCs in BM as a
candidate for the donor-derived cardiomyocytes.

While HSCs can be purified prospectively according to their
surface phenotypes, such purification is difficult to achieve for
MSCs. Therefore, we used a cell line of MSCs to clonally identify
the origin of BM-derived cardiomyocytes after MI. CMG cells,
previously established from MSCs in the BM of C3H mice, can
differentiate into spontaneously beating cells with a fetal ventricu-
lar cardiomyocyte phenotype in vitro after exposure to 5-azacyti-
dine.® Since only a small fraction of these cells differentiate into
cardiomyocytes and CMG cells were sporadically found in other
organs after intra-BM injection (Figure 2H-T}, we labeled the CMG
cells to improve specific detection. Although the number of
detected cells was smaller than that observed in mice that received
transplants of whole BM, CMG-derived cardiomyocytes were
clearly detected in the ischemic myocardium; these results are the
first evidence that CMG cells can differentiate into cardiomyocytes
in the cardiac niche without 5-azacytidine treatment. Most of the
CMG cells that were transplanted directly into the BM differenti-
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ated into bone tissue (Figure 2D-E). This is most likely because
insertion of the needle into the BM cavity stimulated osteogen-
esis®; such activity may account for the small number of CMG-
derived cardiomyocytes. Systemic intravenous delivery of CMG
may obviate this loss of CMG cells to osteogenesis and improve
cardiomyocyte differentiation.* However, the intravenous delivery
of cultured MSCs to BM is limited by either a defect in the homing
ability of the cells™ or the entrapment of the cells in the lungs.25 A
limitation of these experiments is that the CMG cell population
isolated in vitro might not be a natural cell lincage. An important
future experiment is to determine whether authentic MSCs purified
from the BM can regenerate cardiomyocytes using the protocol
outlined in Figure 3A.

Human MSCs were reported to mobilize into the systemic
circulation as a result of G-CSF treatment.? The present study also
shows that G-CSF treatment induces mobilization of MSCs from
the BM into the systemic circulation leading to engraftment at
peripheral organ sites. Matrix metalloproteinases and elastase,
released mainly from granulocytes, are thought to be the major
mediators of HSC mobilization induced by G-CSF.2? The role of
these factors in mediating the mobilization of MSC is unknown and
provides an important avenue for future research. As G-CSF
treatment following MI is reported to improve cardiac function and
survival® MSC mobilization may provide a new strategy for
regenerative treatment, Furthermore, the data presented here sup-
port the concept that one function of MSC in BM is to contribute to
the repair of injured tissue by being mobilizing to the site of injury
and differentiating according to the niche 25252829

While this study focused on cardiomyocytes derived from BM,
the reported improvement of infarcted tissue by G-CSF cannot be
solely attributed 1o these cells. Most of the donor-derived cells in
the infarcted area were actinin-negative fibroblastic cells and
endothelial cells derived from HSCs. It is possible that these cells
are f-macrophages™® or are generated by fusion.!! The role of these
celts in remodeling is now under investigation. Neovascularization
by endothelial progenitor cells (EPCs) mobilized from BM by
G-CSF is also reported to contribute to an improved outcome.?” In
addition, EPC are reported to transdifferentiate into cardiomyo-
cytes.! Adult cardiac stem cells in the heart® and multipotent
adult progenitor cells* also may be affected by G-CSF, Therefore,
the clinical significance of cardiomyocyte regeneration by BM-
derived cells must take into account the role of different popula-
tions of cells in the regeneration process. The outcome of this
research should be the development of novel cytokine and cell-
based therapies for M1,

Acknowledgments

The authors thank Tadayuki Sato, Hideyuki Matsuzawa, and
Takashi Yahata for their technical assistance.

1. Welseman, IL, Anderson DJ, Gage F. Stem and

progenitor celis: ergins, phenotypes, lingage
commitments, and transdifferentiations, Ann Rey
Cefl Dev Biol. 2001;17:387-403.

. Poulsom R, Alison MR, Forbes S, Wright NA.

Adult stem coll plasticity. J Pathol, 2002;157:441-
456,

. Ordic D, Kejstura J, Chiment! S, et al. Bone mar-

row cells regenerate infarcted myocardium, Na-
ture. 2001;410:701-705,

- Jackson KA, Majka SM, Wang H, et al, Regen-

eration of ischemic cardlac muscle and vascular
endothelium by adult stem cells. J Clin invest.
2001;107:1385-1402,

. Orlic: D, Kajstura J, Ghimenti S, et a1, Mobitized

bone marrow calls repalr the infarcted heart, Im-
proving function and survival. Proc Natl Acad S¢i
U S A 2001;98:10344-10349.

- Makino 8, Fukuda K, Miyoshi S, et al. Candiomyo-

tyles can be generated from marrow stromal
cefls in vitro, J Clin Invast. 1999;103:697-705,

7. Hakuno D, Fukuda K, Makino S, et al. Bone mar-

-645-

row—derived cardiomyocytes (CMG cell) ex-
peassed functionally active adrenergic and mus-
carini¢ receptors. Circutation. 2002;105:380-386.

. Fukuda K. Development of regenerative cardio-

myocytas from mesenchymal stem cells for car-
diovascular lissue engineering, Artit Organs.
2001,25:183-103.

. Toma C, Pittengar MF, Cahill KS, Byme BJ,

Kessler PD. Human mesenchymal stern cells dif-
ferentiate lo a cartiomyocyts phenotype in the
adult murine heart. Circulation. 2002:105:93-98,



BLOOD, 1 DECEMBER 2004 - VOLUME 104, NUMBER 12

10.

1.

12,

13

14.

15.

18,

17.

18.

Tomita S, LI AK, Weisel RD, et al. Autalogous
transplantation of bone marrow celis improves
darmaged heart function. Circutation, 1999:
100(supp! 1):247-256.

Alvarez-Dolado M, Pardal R, Garcia-Verdugo JM,
et al, Fusion of bone-marmow-derived cetis with
Purkinjs neurons, cardiomyocytes andg hapato-
cytes. Nature. 2003;425:068-972,

Murry CE, Sconpaa MH, Reinecke H, et al.
Haematopoietic stem cedls do not transdifferent-
ata Into cardiac myocytes in myocardial farcts.
Natuwre, 2004,420:664-668.

Baisam LB, Wagets AJ, Christansen JL, of al.
Haematepoistic stem cells adopt mature hasma-
topoistic fates in ischaemic myocardium. Nature,
2004:428:660-673.
Kawamoto S, Newa H, Tashiro F, et al. A navel
raportar mousa strain that expresses enhanced
green fluerescent protein upon Cre-medlated re-
combination. FEBS Lett. 2000:470:263-268.
Matsuzald Y, Kinio K, Muliigan RC, Okano H, Un-
expectedly efficiant homing capacity of purified
murine hematopaietic stem colls, immunity. 2004;
20:87-83.

Hawley RG, Lieu FH, Fong AZ, Hawtey TS. Ver-
satile retroviral vectors for potential use in gena
therapy. Gene Ther. 1994;1:136-138,

Okl M. Ando K, Hagihara M, et al. Efficiert lentivi-
ral transduction into human cord biood ca34{+)
cefls and differentiation Into dendritic cells, Exp
Hematol. 2001;29:1216-1217.

O'Brian TX, Lee K., Chien, KR. Positicnal spacifi-
cation of ventricular myosin Hght chain 2 expres-
sion in the primitive murine heart tube. Proc Nat!
Acad SciU S A. 1993;90:5157-5161.

19.

21,

24.

25,

26.

Henderson SA, Spencer M, Sen A, et al. Strue-
ture, organization, and expression of tha rat car-
diac myosin ight chain-2 gene: identification of a
250-base pair fragment which confers cardiac-
specific expression, J Biol Chem. 1989;284:
18142-18148,

- Yahata T, Ando K, Sato T, et al, A highty sensitive

strategy for scid-repopulalting cell assay by direct
Injaction of primitive human hematopoietic cells
into NODYSCID mice bone mamow. Blood. 2003;
101:2905-2813,

Jackson KA, Sniydar DS, Goodelt MA. Skeletal
muscle fiber-specific green autofiuorescance:
polential for stam call engrafiment artifacts. Stem
Cells. 2004;22:180-187.

. Rombouts WG, Ploemacher RE. Primary murine

MSC show highly afficient homing to the bone
marrow but lose homing ability following culture.
Leukamia, 2003;17:160-170.

. Gazit O, Karmish M, Holzman L, Bab 1. Regenar-

ating marrow induces systemic Increase in ostao-
and chondtrogenesis. Endocrinology. 1690;128:
2607-2613.

Liechty KW, MacKenzie TC, Shaaban AF, et al.

Human mesenchymal stem cells engraft and
damonsirate site-specific differsntiation after in

Barbash IM, Chouragui P, Baron J, ot al. Sys-
femic deiivery of bone marrow-derivad masan-
chymal stem celis ta the Infarcted myocardium:
feagibility, cell migration, and body distribution,
Clrculation. 2003;108:363-868.

Kocher AA, Schuster MD, Szaboics M, ot al.
Necvascularization of ischemic myocardum by

~646~

28,

32

ORIGIN OF BONE MARROW-DERIVED CARDIOMYOCYTES 3587

human bone-marrow-derived angioblasts pre-
venis cardiomyocyta apoptosis, reduces remod-
eling and improves cardiac function. Nat Med.
2001,7:430-438.

. LapidctT,Peﬁtl.Cumr\tmdmmofstem

cell mobilization: the roles of chemokines, proleo-
Iytic enzymes, adhesion motacules, Cytokines,
and stromal cells, Exp Hemalol. 2002:30:973
881,

Prockop DJ. Marrow stromal cells as stem cells
for nonhematopoletlc tissues, Science. 1997,276:
71-74,

. Bittira B, Shum-Tim D, Al-Khaldi A, Chiu RCJ.

Mobilization and homing of bone marrow stromal
cells in myocardial infarction, Eur J Cardiothorac
Surg. 2003;24:393-398,

. Zhao Y, Glesna D, Huberman E, A human periph-

aral blood monacyte—derived subset acts as pluri-
potent stem cells. Proc Nati Acad S U SA.
2003;100:2426-2431,

. Badlorit C, Brandes AP, Popp R, et al. Transdiffar-

entiation of blood-dertved human adult endothe-
Eal progenttor celis into hunctionally active cardio-
myocytes. Circulation. 2003;107:1024-1032,
Beltrami AP, Bartucehl L, Tovella D, et al. Aduit
cardiac sterm colis are muttipotant and BuUpport
myocardial regeneration. Cell. 2003:114:763-776.

. Oh H, Bradfute SB, Galtardo TD, et al, Cardias

p«ogenﬂoteelahunad.dtnmdum:l-iming.
Natl Acad Sai U S A. 2003;100:12313-12318.

. Jlang ¥, Jahagirdar BN, Reinhardt RL. el al, Plug-

potency of mesenchymal stem celts derived from
adult mamow. Nature, 2002:419:41-49,



TR JOURNAL OF BIOLOGICAL CHEMISTRY
© 2004 by The American Socisty for Biochemistry and Molecular Biology, Inc.

Vol. 279, No. 48, Issue of November 26, pp. 5042050436, 2004
Printed in U.SA

Down-regulation of p27%?! Promotes Cell Proliferation of
Rat Neonatal Cardiomyocytes Induced by Nuclear Expression of

Cyclin D1 and CDK4

EVIDENCE FOR IMPAIRED Skp2-DEPENDENT DEGRADATION OF p27 IN TERMINAL DIFFERENTIATION*

Received for publication, March 19, 2004, and in revised form, September 3, 2004
Published, JEC Papers in Press, September 13, 2004, DOI 10.1074/bc.M403084200

Mimi Temamori-Adachit§, Kentaro Hayashida}§t, Kiyoshi Nobori}, Chie Omizut,
Eazuhiko Yamadat, Naoya Sakamotol, Takumi Kamura**, Keiichi Fukuda, Satoshi Ogawa?,
Keiichi L. Nakayama**, and Shigetaka Kitajimaf $3

From the tDepartment of Biochemical Genetics, Medical Research Institute and Laboratory of Genome Structure and
Regulation, School of Biomedical Science, the [Department of Gastroenterclogy and Hepatology, Tokyo Medical and Dental
University, 1-6-45 Yushima, Bunkyo-ku, Tokyo, 113-8510, Japan, the WCardiopulmonary Division, Department of Internal
Medicine, Keio University School of Medicine, 35 Shinano-machi, Shinjyuku-ku, Tokyo 160-8582, Japan, and the
**Department of Molecular and Cellular Biology, Medical Institute of Bioregulation, Kyushu University, 3-1-1, Maidashi,

Higashi-ku, Fukuoka 812-8582, Japan

Mammalian cardiomyocytes lose their capacity to pro-
liferate during terminal differentiation. We have previ-
ously reported that the expression of nuclear localiza-
tion signal-tagged cyclin DI (DINLS) and its partner
cyclin-dependent kinase 4 (CDK4) induces proliferation
of rat neonatal cardiomyocytes. Here we show that the
DINLS/CDK4 cells, after their entry into the cell cycle,
accumulated cyclin-dependent kinase inhibitor p27 in
the nuclei and decreased the cyclin-dependent kinase 2
(CDE2) activity, leading to early cell cycle arrest. Bio-
chemical analysis demonstrated that Skp2-dependent
P27 ubiquitylation was remarkably suppressed in car-
diomyocytes, whereas Skp2, a component of Skpl-Cul-
lin-F-box protein ubiquitin ligase, was more actively
ubiquitylated compared with proliferating rat fibro-
blasts, Specific degradation of p27 by co-expressing
Skp2 or p27 small interfering RNA caused an increase of
CDE2 activity and overrode the limited cell cycle. These
data altogether indicate that the impaired Skp2-depend-
ent p27 depgradation is causally related to the loss of
proliferation in ecardiomyocytes. This provides a novel
insight in understanding the molecular mechanism by
which mammalian cardiomyocytes cease to proliferate
during terminal differentiation.

Terminal differentiation of highly apecialized cells such as
neural cells, cardiomyocytes, and pancreatic g cells is an im-
portant biological process that ensures their proper mass and
function in higher organism. This process is accompanied with
cell cycle arrest that is a hallmark of terminally differentiated
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cells. However, it is poorly understood how these cells cease to
proliferate or more specifically whether their cell cycle can be
reactivated. Mammalian cardiomyocytes irreversibly withdraw
from the cell cycle soon after birth and lose the cell proliferative
activity (1-4), although it has been shown that the adult heart
contains a small population of cardiac progenitors that retain
the proliferation capacity (5, 6). It is recently demonstrated
that cardiac progenitor cells from embryonic or bone marrow
stem cells are differentiated into functional eardiomyocytes
when grafted in the damaged cardiac tissue (5). In addition to
these, several approaches have been made to reactivate the cell
cycle of terminally differentiated cardiomyocytes. For instance,
adenoviral delivery of E2F allowed these cells to enter the cell
cycle. However, this could not support cell proliferation but
caused apoptotic cell death (7-9). This failure of cell prolifera-
tion may be largely because of our limited knowledge of the
molecular events of cell cycle arrest underlying terminal dif-
ferentiation of cardiomyocytes.

We have recently reported that the nuclear expression of
cyclin D1 (D1NLS)Yeyelin-dependent kinase (CDK) 4 promoted
the proliferation of rat neonatal cardiomyocytes in culture as
well as adult rat heart in situ (10). Furthermore, there ob-
served no induction of apoptotic cell death. This argues that the
nuclear import of cyclin D1 is impaired in adult cardiac cells
and these cells could be allowed to enter the cell cycle once this
step is bypassed. This may illustrate one of the molecular
features of adult cardiomyocytes that cease to grow after ter-
minal differentiation. However, our knowledge is still limited
regarding the molecular mechanism by which the proliferation
of adult cardiomyocytes is suppressed or how it is reactivated.
It is also unknown whether there is a cell cycle barrier other
than the nuclear import of eyclin D1.

Progression of the mammalian cell cycle is regulated with a
combination of positive and negative regulators (11). It is acti-
vated by a family of cyclins and CDKs. During the G, phase,
cyelin D1 and other D-type cyclins accumulate in nuclei and
assemble with their catalytic partners, CDK4 and CDKS. For
example, the cyclin D1-CDK4 complex phosphorylates and in-

! The abbreviations used are: DINLS, nuclear localization signal-
tagged eyclin D1; CDK, cyclin-dependent, kinase; SCF, Skpl/Cul/F-
box; siRNA, small interfering RNA; APC/Ccdhl, anaphase-promoting
complex/cyclosome and its activator Cdh1,
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Fic. 1. CDE2 activity was sup-
preased and p27 accumulsated in car-
diomyocytes after cell cycle entry by
DINLS/CDE4. Rat neonatal cardiomyo-
cytes were infected with a combination of
AdDINLS and AJCDK4 as deacribed un-
der “Experimental Procedures* A, at
each time indicated, cell extracts were im-
munoprecipitated vsing anti-CDEK4 and

 anti-CDK2 antibodies, and assayed for ,

CDK4 and CDK® activity, respectively. In B
B, the cell extract from the DINLS/
CDK4-infected cardiomyocytes or REF52
cells was subjected to Western blot and
assayed for CDK inhibitors, p27 and p21.
C, extracts of the DINLS/CDK4 cardiom-
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activates the retinoblastoma protein (Rb) and sequesters CDK
inhibitors, thereby promoting cell cycle progression through
the G, to S phase. On the other hand, the CDK inhibitors, such
as CIP/KIP family proteins, negatively regulate progression of
the cell cycle by inhibiting the activity of cyclin-CDK com-
plexes. The CIP/KIP family proteins, including p21 and p27,
suppress the activities of cyclin A/CDK2 and cyclin E/CDK?2,
respectively, and mediate the exit from the cell cycle.

The level of p27 increases in quiescent non-proliferating cells
and decreases on entry into the cell eycle and is controlled by
the rate of degradation in both cytoplasm and nuclei. The
degradation of 127 in cytoplasm is associated with the transi-
tion of cells from the G, to G, phase, whereas nuclear degra-
dation occurs during S and G, phases. In the latter, p27 is
phosphorylated at threonine 187 and recruited to the F-box
protein Skp2 of the SCF*2 complex. This is followed by mul-
tiple ubiquitylation and degradation through the 26 S protea-
some, Among this cascade reaction, the recognition of P27 by
Skp2 is specific and plays a central role in p27 degradation.
Therefore, p27 degradation is essential for cells to undergo cell
cycle progression (12-19). In the developing heart, p27 is re-
ported to accumulate as it Joses the cell growth capacity in the
late stage of embryo and after birth (20). Furthermore, mice
deficient for p27 sustained cell growth capacity after birth (21).
These findings may suggest a role of p27 in the terminal dif-
ferentiation of cardiomyocytes.

In the present study, we examined the cell cycle progression
of rat neonatal cardiomyacytes that were forced to enter the cell
cycle by nuclear expression of DINLS and its partner CDK4
(10, It was shown that DINLS/CDK4 cardiac cells ceased to
proliferate after only one or two cell cycles and accumulated the
CDK inhibitor p27 in the nuelei. The in vitro p27 ubiquitylation
was remarkably suppressed in cardiomyocytes, whereas that of
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Skp2 was up-regulated. We further showed that knockdown of
P27 or overexpression of Skp2 specifically degraded p27 and
accelerated proliferation of DINLS/CDK4 cardiomyocytes.

EXPERIMENTAL FROCEDURES

Reagents—Antibodies used in this study were as follow: mouse mone-
clonal anticyclin D1 (Ab-3, Oncogene Science), anti-sarcomeric actin
(M0874, DAKO), anti-proliferating cell nuclear antigen (sc-056), and rab-
bit polyclonal anti-p21 (sc-6246), anti-p27 (sc-528), anti-Skp2 p45 (sc-
T164), anti-CDK4 {8c-260), and anti-CDK2 (sc-163) from Santa Cruz Bio-
technology, Santa Cruz, CA. Other biochemicals used were reagent grade.

Cell Culture—Rat neonatal cardiomyocytes were isolated and cul-
tured as previously described (10, 22), Heart ventricles were jsolated
from 3-day-old postnatal Sprague-Dawley rats, trisected, and then di-
gested 4 times with 1 mg/ml collagenase type II (Worthington) in Ads
buffer {20 mM Hepes-KOH, pH 7.35, 116 mu NaCl, 5.4 mM KCl, 1 mn
Nall,PO,, 0.8 mM MgSQ,, and 5 mx glucose) at 37 *C for 20 min. The
dispersed cells were washed once by Ads buffer and then purified by
centrifugation through a discontinucus Percoll gradient of 1.050, 1.060,
and 1.082 g/ml, respectively, The cardiac cells at the interface between
1.060 and 1.082 g/ml were collected and plated on a 60-mm digh (2-3 x
10° cells) or 25-mm collagen-toated coverslips (2-8 X 10° cells) in
minimum essential medium supplemented with 5% calf serum, 100
units/m! penicillin, and 100 ug/ml streptomyein, Cardiomyocytes were
cultured at 37 °C for 24 h in humidified air with 5% carbon dioxide,
after which the medium was changed to serum-free minimal essential
medium and further incubated for another 24 h. The purity of cardie-
myocytes was determined by immunostaining with anti-sarcomeric ac-
tin antibody and over 85% of cells were positive for sarcomeric actin.
Rat fibroblast REF52 cells were cultured in Dulbeew’s modified Eagle's
medium (Sigma) containing 10% fetal calf serum as reported (10). Uee
of neonatal rats in this gtudy was approved by the Institutional Animal
Care and Use Committea of cur university.

Adenoviruses and Their Gene Trensfer—Adenoviruses for expressing
nuclear localization signal-tagged cyclin D1 (Ad-DINLS), CDK4 (Ad-
CDEd), and Skp2 (Ad-Skp2) were as described (10, 23). Viruses were
propagated in 293 cells, and the virus stocks were prepared as described
(10, 22). Virus titer was determined by an indirect immunofluorescent
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Fi6. 2. p27 accumulated in the nuclei of cardiomyocytes after
cell cycle entry by DINLS/CDE4. Control untreated and DINLS/
CDE4 cells at £8 h post-infection were fized and stained for p27 (green)
and sarcomeric actin (red) with anti-p27 and anti-sarcomeric actin
antibodies, respectively, as described under *Experimental Proce-
dures.” Cell nuclei (white) were also stained with 4',6-diamidino-2-
phenylindole (DAPI).
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Fic. 2. Serum-induced degradation of p27 in cardiomyocytes
was not different from REF52 cells. A, cardiomyocytes and REF52
cells were serum-starved for 48 h and then treated with serum (10%
fetal bovine serum), At each time after adding the serum, cell extract
(20 pg) was mssayed for p27 by Western blot analysis. Lower panels
show the Coomassie Brilliant Blue (CBB) staining as the control for
protein loading. In B, the amount of p27 protein was quantitated by
densitometric measurement and expressed as percent of that at time 0.
Results represent the mean * S.E. three independent experiments.

assay using anti-T2K antibody. Cardiomyocytes were infected at the
indicated multiplicity of infection in eerum-free minimal essential me-
dium for 60 min with brief agitation every 15 min, and then the medium
was replaced with culture medium.

Construction of Adenovirus Vector Encoding p27 SiRNA—Qligonu-
cleotides for expressing stem-loop RNAs that target three different
regions of rat p27 were ligated with human U8 promoter and the
resulting transcription unit of the U6 premoter was subcloned into the
Swal gite of the El-deleted region of cassette cosmid vector pAxcw
(Adenovirus Expression Vector Kit, TaKaRa BIO). Adenoviral vector
was then prepared as in the protocol from Takaka. Oligonucleotide
sequences used were: 6'-CACCGGTAGGAGGTTCTTCTTCAACGTGT-
GCTGTCCGTTGAAGAAGAATCTTCTGCCTTTTT-3' and 5'-GCATAA-
AAAGGCAGAAGATTCTTCTTCAACGCGACAGCACACGTTGAAGAA-
GAACCTCCTACC-3’ (#1) for the p27 amino acid region from 830 to
848, 5-CACCAGTGTAAGTGGAGTTTCGAACGTGTGCTGTCCGTTC-
GAAATTCCACTTGCGCTTTTTT-3' and 5'-GCATAAAAAAGCGCAA-
GTGGAATTTCGAACGGACAGCACACGTTCGAAACTCCACTTACA-
CT-3' (#4) from 532 to 550, or 5'-CACCGTGGGAGTGTTTAATGGGA-
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Fic. 4. Cardiomyocytes showed the impaired Skp2-dependent
degradation of p27. A, total RNA (10 pg) from the control, serum, or
DINLS/CDE4-treated cardiomyocytes and REF52 cells was analyzed for
p27 mBNA by Northern blot analysis as described under “Experimental
Procedures,” B, equal gmounts of cell extract (50 ug of protein) treated as
in A were assayed for the in vitro p27 ubiquitylation activity as described
under "Experimental Procedures.” C, cell extracts (50 ug of protein) from
cells treated as in B were immunoprecipitated with anti-Skp2 antibedy
and the resulting complexes were mssayed for the Skp2 protein (right
panel) and the in vitro p27 ubicquitylation activity (left panel), respectively.
CBB, Coomassie Brilliant Blue; FBS, fetal bovine serum,

ACGTGTGCTGTCCGTTCCCGTTAGACACTCTCACTTTIT-3' and §'-
GCATAAAAAGTGAGAGTGTCTAACGGGAACGGACAGCACACGTT-
CCCATTAAACACTCCCAC-3' (#6) from 372 to 890, respectively.
Adenovirus vector encoding siRNA for hepatitis C viral protein
(siRNA331) was as described (24) and employed as control.

Whole Cell Extract Preparation and Western Blot Aralysis—Car-
diomyocytes (2 % 10° cells) treated as indicated were washed in phos-
phate-buffered galine, resuspended in 50 pl of lysis buffer (50 mM Hepes-
KOH, pH 7.6, 150 mm NaCl, 1% Tween 20, 10 mMm glycerophosphate, 2.5
mM EGTA, 1 mm EDTA, 0.1 mM phenylmethylsulfonyl fluoride, 10 ugfml
each leupeptin and aprotinin, 0.1 mM sodium vanadate, 1 mM NaF, and
10% glycerol), and incubated on ice for 30 min. After centrifugation at
12,000 rpm for 10 min, whole cell extract was obtained. The amount of
protein was measured with the Lowry method using bovine serum alby-
min as standard. Whole cell extracts (nsually 20 pg of protein) were
separated by SDS-PAGE, transferred onto an Immobilon-P membrane
(Millipore}, and subjected to Western blot using the protocol of the ECL kit
(Amersham Bissciences) as described (20).

Immunoprecipitation and Kinase Assays—Whole cell extracts {50 ug
of protein) were immunoprecipitated with anti-CDK4 (0.4 ug) or anti-
CDK2 antibody (0.4 pg) followed by Western blot with the indicated
antibody, and bands were detected using monoclonal anti-rabbit IgG
{y-chain specific) peroxidase-conjugated secondary antibody (Sigma).
To assay CDK4 and CDK2 kinase activity, the immunoprecipitated
complexes were incubated with glutathione S-transferase-Rb and his-
tone H1I, respectively, as substrates as described (10, 22).

RNA Isolation and Northern Blot Analysis—Total RNA was isolated
by the acid-guanidiurn method using Isogen (Nippon Gene, Japan),
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fractionated on a formaldehyde/agarose gel, transferred to a Hybond-N
membrane, and hybridized to random-primed cDNA probes for the
mouse p27 and skp2 genes as described (22), The membrane was ex-
posed and analyzed with & Bas 2500 Bioimage analyzer (Fujifilm Co.,
Tolkyo, Japan), DNA fragments (100 ng) for these cDNAs were radiola-
beled with 60 pGi of [o-**PIdCTP (6000 Ci/mmol, Amersham Bio-
sciences) using a random primer labeling kit from Takara and used aa
probe for RNA preparation and Northern biot analysis.

In Vitro Ubiquitylation Assay—Cells were treated in lysis buffer (20
mM Hepes-KOH, 0.42 m NaC), 1.6 mm MgCl,, 0.2 mu EDTA, 0.6% Nonidet
P40, 0.1 mM phenylmethylsulfonyl fluoride, 10 pg/ml each leupeptin and
aprotinin, angd 25% glycerol) on ice for 30 min, and cell debris was removed
by centrifugation at 15,000 rpm for 20 min. Cell extract (50 ug of protein}
was incubated with subatrates in 15 ul of buffer of 40 mm Hepes-NaOH
(pH 7.8), 60 mM potassium acetate, 2 mM dithiothreitol, 5 mu MgCl,, 0.5
mu EDTA, 10% glyverol, and 1.6 mn ATP containing 50 ng of Ubal, 100
ng of UbeH5A, 3 ug of glutathione S-transferase-ubiquitin. After incubat-
ing at 26 °C for 30 min, reaction products were separated by SDS-PAGE
and smalyzed by Western blot with the indicated antibody. As substrates,
FLAG-p27 or -Skp2 were prepared using 1 pg of pcDNA3Flag-p27 or
pcDNA3Flag-skp2 (23) and 25 pd of rabbit reticulocyts lysata (TwT kit
from Promega) according to its protocol. The in vitro p27 ubiquitylation
activity was also assayed after immunoprecipitation of cell extracts with
0.4 peg of anti-Skp2 antibody.

Immunocytological Study and Cell Cycle Analysis—To examine the
expreasion of p27 in cardiomyocytes, cells grown on glass coverslipa
were fixed in 70% ethanol, double-stained with anti-p27 and anti-
sarcomeric actin antibodies, and visualized using fluorescent tyramide

reagent according to the manufacturer's protocols ('ISA.-directNEL—?_Ol, '

PerkinFlmer Life Sciences, Inc). Confocal images were obtained using
the laser-scanning eonfocal image system (LSM510, Zedss). For cell cycle
analysis, cells were stained with anti-sarcomeric actin and snti-mouse
antibodies conjugated with fluorescein iscthiocyanate (23799, Poly-
sciencen), followed by treatment with jropidium iodide (50 xgfml) and
RNase A (500 pgfml). The DNA content of cells poeitive for sarcomeric
actin was analyzed using a laser scanning cytometer (LSC 101, Olympus).

Statistical Analysis—Quantitative data were expressed as mean +
5.E. Statistical analysis was performed with the Student’s ¢ test.

RESULTS

CDEK2 Activity Was Suppressed and the Cell Cycle Inhibitor
P27 Accumulated in the Nuclei of Cardiomocytes after Cell
Cycle Entry by DINLS/CDE4—We have previously shown that
DINLS/CDE4 expression allowed the cardiomyocytes to enter
the cell cycle (20}, However, the proliferation of these cells was
limited to approximately one or two cycles. To understand the
mechanism by which the cells cease to proliferate, we first
assayed the activity of G, cyclin kinase, CDK4 and CDK2. As
shown in Fig. 14, the CDK4 activity was up-regulated at 24 h
post-infection of DINLS/CDK4, and remained active for at
least 96 h, The CDK2 activity was also activated at 24 h, but
suppressed again at 48 h, whereas the amount of CDK2 was
not significantly affected. We, therefore, examined the expres-
gion of CDK2 inhibiters, p27 and p21. Fig 1B showed that p27
was accumulated in the serum-starved non-proliferating car-
diomyocytes. When these cells were allowed to enter the cell
cycle by DINLS/CDK4, the p27 protein was rapidly degraded
within 24 h. However, it accumulated again at 48 h, at which
time CDK2 was inhibited (Fig. 1A). In REF52 fibroblasta, p27
was also rapidly degraded after entering the cell cycle by
DNNLS/CDKA, but no accumulation was observed for at least
72 h. The expression of p21 was significantly suppressed in
serum-starved cardiomyocytes and REF52 cells, but up-regu-
lated at 48 h after the cell eycle entry. In Fig. 1C, immunopre-
cipitaion of the cardiomyocyte extract was performed using
anti-CDK2 antibody. Results showed that p27 was little asso-
ciated with CDK2 in the serum-starved cells, but the higher
amount of p27 was detected in the CDK2 complex at 48-95 h.
In contrast, appreciable amounts of p21 were not detected in
the CDK2 complex. It was further noted that the expression of
P57 and p53, other cell cyele inhibitors, was not significantly
altered in D1INLS/CDK4 cells of this study (data not shown).
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Fi16. 5. Down-regulation of Ekp2 was inversely correlated to
thie in vitro Bkp2. ubiquitylation activity in cardiomyocytes. A,
cardiomyocytes and REF52 cells were treated with serum (10% FBS) or
DINLS/CDK4 for 48 h, and their cell extracta (20 ug of protein) were
assayed for Skp2 protein by Western blot analysis. B, cardiom:
and REF52 cells were treated as in A, and their total RNA, (10 ug) was
analyzed for Skp2 mRNA by Northern blot. C, eells were treated as in
A in the presence or absence of 20 uM lactacystin, and their cell extracta
were assayed for Skp2 protein by Western blot analysis, Lower panels
show the Coomassie Brilliant Blue (CBB) staining as eontrol for protein
loading. D, cell extracts (60 ug of protein) were assayed for the in vitro
Skp2 ubiquitylation activity as described under “Experimental Proce-
dures.” IB, immunoblot.

Next, the immunecytological study of p27 expression was
performed. As shown in Fig. 2, p27 accumulated significantly
in the nuclei of DINLS/CDXK4 cells, whereas its expression was
little detected in control cells. These data altogether indicated
that the p27 protein was degraded after initiation of cell cycle,
but was accumulated again in the nuclei during cell cycle
progression of cardiomyocytes.

Serum-induced Degradation of p27 in Cardiomyocytes Was
Not Different from REF52 Cells—The protein level of p27 is
predominantly controlled by the rate of degradation through
the proteasome-dependent pathway. This degradation is medi-
ated by the Skp2-independent ubiquitin ligase in the eytoplasm
at Gy to G, transition and by the Skp2-dependent ligase in the
nuclei at § to G, phase, respectively (12, 17-19). In Fig. 34, p27
accumulated when the cardiomyocytes and REF52 cells were
serum-starved. We stimulated these cells with serum and the
degradation of p27 was determined by Western blot analysis.
Results showed that p27 was degraded in both cell types with
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cardicryocytes were infected with a com-
bination of AJDINLS/A4CDK4 and an in-
creasing multiplicity of infection of Ad- C
Skp2. At 48 h post-infection, cell extracts
(20 pg of protein} were prepared and as-
sayed for various cell cycle regulators by
Western blot analysis. B, total RNA (10
pg) was assayed for p27 mRNA as de-
acribed in the Jegend to Fig. 3A. C, car-
diomyocytes were treated as in A in the
presence or absence of 20 uM lactacystin,
ang their extract (20 pg of protein) was
assayed for p27 protein, Proliferating cell D
nuclear antigen (PCNA) was shown as &
loading control. D, DINLS/CDE4 and
DINLS/CDE4/Skp2 cardiomyocytes with
or without 20 um lactacystin treatment
were immunostained for p27 with anti-
p27 antibody. Sarcomeric actin and cell
nuclei were also stained with anti-sarco-
meric actin antibody and 4°,6-diamidino-
2-phenylindole (DAFT), respectively (green,
p27; red, sarcomenic-actin; white, DAPT).

apparently similar kinetics (Fig. 3B). This strongly indicates
that there is no apparent difference of p27 degradation between
the cardiomyocytes and proliferating REF52 cells during their
transition from Gg to G, phase, although cardiac cells are not
aliowed to enter the cell cycle by serum treatment.
Skp2-dependent Degradation of p27 Was Suppressed in Car-
diomyocytes—We next examined the p27 expression of cardio-
myocytes after their entry into the cell cycle by DINLS/CDK4
expression. The p27 mRNA level in cardiomyocytes was com-
parable with that of REF52 cells and unaltered by serum
treatment or expression of DINLS/CDEK4 (Fig. 44). We next
examined p27 degradation by assaying the ir vitro ubiquityla-
tion activity. Fig. 4B showed that the p27 protein was highly
ubiquitylated and migrated as a multiubiquitylated form when
assayed using cell extract from REFE2 cells. In contrast, the
extracts from the control, serum-stimulated or DINLS/CDK4-
infected cardiomyocytes exhibited the lower activity compared
with REF52 cells. We next examined the Skp2-dependent deg-
radation of p27 after immunoprecipitating the Skp2-ligase
complex. As shown in Fig. 4C, lef? panel, cardiomyocytes con-
tained only marginal activity of p27 ubiquitylation, whereas
REF52 cells exhibited significant activity. Under this condi-
tion, the complex from REF52 cells contained the higher
amount of Skp? protein than the cardiomyocytes (Fig. 4C, right
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panel). From these data, it is indicated that cardiemyocytes
have much lower activity of Skp2-dependent p27 degradation
than the growing REF52 cells.

Skp2 Protein Was Down-regulated through Its Accelerated
Degradation in Cardiomyocytes—The data above strongly sug-
gested that the impaired degradation of p27 by Skp2 might
cause p27 accumulation during cell cycle progression of car-
diomyocytes. We, therefore, examined the expression of SkpZ in
cardiomyocytes. As shown in Fig. 5A, Skp2 protein was de-
tected in the serum-starved REF52 cells, and it was induced
after freatment with serum or DINLS/CDK4. In cardiomyo-
cytes, however, Skp2 expression was hardly detected or signif-
icantly suppressed in the serum-starved cardiac cells, and no
significant induction was observed by serum or DINLS/CDK4.
Northern blot analysis revealed that apparently similar
amounts of Skp2 mRNA was expressed in both cell types under
these conditions (Fig. 5B). When these cardiomyocytes were
treated with lactacystin, a proteasome inhibitor, Skp2 protein
was remarkably stabilized (Fig. 5C), indicating that Skp2 pro-
tein was expressed but actively degraded in cardiomyocytes.
Therefore, we further measured the in vitro ubiquitylation
activity of Skp2 protein. Fig. 5D revealed that Skp2 protein
was actively ubiquitylated and migrated as the multiubiquity-
lated products when assayed using extracts from cardiomyo-
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FiG. 7. Specific down-regulation of
P27 by siRNA or Bkp2 abrogated
early suppression of CDE2 activity in
DINLS/CDE4 cells. A, cardiomyocytes
were untrested or infected with a combi-
nation of AJDINLS/AACDE4 and adeno-
virus vectors encoding p27 iRNA 1, 4, 6,
or hepatitis C viral protein {control). At
48 h post-infection, cell extracts (20 ug of
protein) were prepared and assayed for
P27, p21, and cyclin D1 by Western blot
analysis. Sarcomeric actin was shown as B
control for protein loading. B, cells were
infected with a combination of AADINLS/
AdCDK4 and virus vector for control
siRNA or p27 siRNA (#6). At the indicated
time, cell extracts (20 ug) were assayed
for p27 and CDK2 kinase (Histone HI
kinase) activity as deacribed under “Ex-
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cytes, and this activity appeared not to be affected by serum or
DINLS/CDE4 treatment. In contrast, the activity was signifi-
cantly suppressed in growing REF52 cells. This demonstrated
that Skp2 degradation was highly activated in cardiomyoctes,
and this was inversely correlated to the Skp2-dependent p27
degradation (Fig. 4C). From these results, it is indicated that
the Skp?2 protein is actively degraded in cardiemyocytes, pos-
sibly because of their increased Skp?2 ubiquitylation, and this
may in turn lead to the accumulation of the p27 protein.

Querexpression of Skp2 Caused Specific Degradation of
p27—We next examined whether the down-regulation of Skp2
protein is functionally linked to accumulation of p27 in DINLS/
CDEKH cardiomyocytes. For this purpose, the Skp?2 protein was
overexpressed using the adenovirus-mediated gene transfer.
As ghown in Fig. 64, the expression of Skp2 caused the signif-
icant degradation of p27 in DINLS/CDK4 cells. In contrast,
P21, p57, and cyclin D1 and E were only marginally affected.
The p27 mRNA leve! was only slightly induced by Skp2 expres-
sion (Fig. 6B). Furthermore, the decrease of p27 by Skp2 ex-
pression was abrogated by lactacystin treatment (Fig. 6C),
indicating that down-regulation of the p27 protein was specif-
ically mediated by the Skp2-dependent degradation. Immuno-
cytological study revealed that the accumulation of the p27
Protein in the nuclei of DINLS/CDK4 cardiomyocytes was sig-
nificantly suppressed by Skp2 expression, and this suppression
was inhibited by lactacystin treatment (Fig. 6D). These data
altogether indicated that Skp2 enhanced the specific degrada-
tion of p27 in the nuclei of DINLS/CDK4 cardiomyocytes
through a proteasome-dependent pathway.

Douwn-regulation of p27 by siRNA or Skp2 Stimulated the
CDK2 Activity and Overrode the Limited Cell Cycle Progression
of DINLSICDK4 Cardiomyocytes—We further addressed
whether the accumulation of p27 had a causal effect on the
early cell cycle arrest of DINLS/CDK4-infected cardiomyo-
cytes, For this purpose, we employed a loss-of-function ap-
proach by an RNA interference-mediated gene knockdown. As
shown in Fig. 74, three vectors expressing different p27 siR-
NAs specifically caused the knockdown of p27 protein in both
control and DINLS/CDK4 eells, whereas they showed no inhi-
bition of another CDK inhibitor p21. Next, we measured the
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P27 protein and CDK2 activity in DINLS/CDK4 cells express-
ing these siRNAs. Fig. 7B showed that the suppression of
CDK2 activity was totally abrogated when the re-accumulation
of p27 was knocked down by p27 siRNA. By contrast, in cells
expressing control siRNA, p27 was re-accumulated and CDK2
activity was suppressed as in DINLS/CDE{ cells (compare
with Fig. 1). The p27 degradation by Skp2 also prevented the
suppression of CDK2 activity in DINLS/CDK4 cells (Fig. 7C).
These data strongly indicated that p27 played a major role in
suppressing CDK2 activity in DINLS/CDK4 cells.

Based on these results, we next measured cell cycle progres-
sion and proliferation by p27 siRNA or Skp2. Fig. 84 showed
that a higher proportion of the DINLS/CDE4/p27 siRNA or
DINLS/CDK4/Skp2 cells progressed to S/G;M phase much
faster than the DINLS/CDK4 cells. Furthermore, these cells
gtill retained the higher proportion of S/G/M cells at 192 h
post-infection, compared with control DINLS/CDK4 cells.
When the cell number was counted, it was shown that p27
siRNA or Skp2 further promoted the proliferation of DINLS/
CDKA4 cells (Fig. 8B). The apparent doubling time of cell pro-
liferation was 64, 63.6, and 84 h for the DINLS/CDK4/p27
siRNA, DINLS/CDK4/Skp2, and DINLS/CDK4 cells, respec-
tively. By contrast, p27 siRNA or Skp2 expression alone had no
significant effect. Therefore, it is indicated that down-regula-
tion of p27 enhanced further stimulation of CDK2 activity and
subsequent cell cycle progression of DINLS/CDK4 cells.

DISCUSSION

In the present study, we demonstrated that the accumula-
tion of CDK inhibitor p27 was a strong barrier of cell cycle in
terminally differentiated cardiomyocytes, and this was caused,
at least in part, by the impaired Skp2-dependent p27 degrada-
tion in the nuclei of cells,

p27 ie degraded at least in two phases of the cell eycle. When
cells transit from the G, to G, phase in response to growth
stimuli such as serum, p27 is degraded in the cytoplasm by the
Skp2-independent pathway. On the other hand, in proliferat-
ing cells, p27 is degraded in the nuclei during S and G, phase
by a Skp2-dependent pathway (17, 19). The impaired Skp2-de-
pendent nuclear degradation of p27 in cardiomyocytes is sup-
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ported by the following findings, (i) in vitro p27 ubiquitylation
activity of cell extracts or the Skp2 immunocomplex was re-
markably suppressed in cardiomyocytes compared with prolif-
erating REF52 fibroblasts (Fig. 4, B and C); (ii) p27 accumula-
tion was observed in the nuclei of DINLS cells (Fig. 2); (iii) p27
in serum-starved cardiomyocytes and REF52 cells exhibited
apparently similar kinetics of degradation after serum stimu-
lation (Fig. 3), suggesting no apparent difference of the Skp2-
independent degradation between these cells. (iv) Skp2 protein
was actively ubiquitylated in cardiomyocytes compared with
REF52 cells (Fig. 5D). Thus, it is strongly argued that in-
creased Skp2 degradation is one of the mechanisms by which
cardiomycytes accumulated p27 in the nuclei and ceased to
grow early after the forced cell cycle progression by nuclear
¢yclin D1,

Other celi cycle inhibitors, p21 and p57, are also recognized
and degraded by the Skp2-dependent pathway (25, 26). After
cell cycle entry of cardiac cells as well as REF52 cells, p21 was
also up-regulated (Fig. 1B). However, it was not significantly
associated with CDK2 (Fig. 1C). Furthermore, p21 degradation
in Skp2-expressed cells was less than p27, and p57 was neither
induced nor affected significantly by Skp2 expression (Fig. 64).
Thus, we speculate it is unlikely that these inhibitors play a
major role in cell cycle arrest of DINLS cardiomyocytes. Incon-
sistent with this, the knockdawn of p27 using the siRNA ap-
proach promoted the proliferation of DINLS/CDK4 cells, indi-
cating that p27 rather than p21 or p57 played a role in causing
cell cycle arrest. It is interesting to note here that p27 is highly
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accumulated with concomitant reduction of cell growth in
Skp2-deficient cellz (23). In these mice, however, cardiac size or
cell number was not significantly affected. In contrast, p27
knockout mice show the enlarped heart with much higher
proliferative activity (21). These are consistent with our find-
ings that Skp2 and p27 ere reciprocally regulated and the
specific p27 down-regulation by siRNA or Skp2 enhanced the
proliferation of DINLS/CDK4 cells. The role of cyclin kinase
inhibitors p27, p21, or p57 in suppressing cell cycle progression
might depend on the cell type and cellular context. Indeed, it is
reported that the expression of these inhibitors in tissue is not

. uniform (27-29). Thus, more investigation might reveal the

functional implication of these inhibitors in cell cycle arrest of
terminally differentiated cells,

Cyclin E, which is a component of the late G, cyclin kinase
CDXK2 and is also recognized by Skp2 (23, 30), appeared to be
regulated in & biphasic manner, It was up-regulated at low
expression of Skp2, but down-regulated at a higher level of
Skp2 (Fig. 6A). The up-regulation of cyclin E might support cell
cycle progression of DINLS/CDK4/Skp2 cells, whereas its
down-regulation at the higher Skp2 level might cause another
barrier for cell cycle progression. This is also an another issue
of future study,

The heart is developed at the early stage of embryogenesis
during which cardiomyocytes retain the ability to proliferate,
hut they lose the eapacity to proliferate in terminal differenti-
ation. Our present study raises an interesting possibility that
the down-regulation of Skp2 by increased degradation might be



