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SUMMARY

To understand the heart failure, it 1s important to elucidate the mechanism of
the development of cardiac hypertrophy. Hemodynamic overload, namely
mechanical stress, is a major cause for cardiac hypertrophy. To dissect the
signaling pathways from mechanical stress to cardiac hypertrophy, we developed ‘
the in vitro device by which mechanical stress can be imposed on cardiac
myocytes of neonatal rats cultured in the serum-free condition. Passive stretch of
cardiac myocytes cultured on silicone membranes induced various hypertrophic
responses such as activation of phosphorylation cascades of many protein kinases,
expression of specific genes and an increase in protein synthesis. During this
process, secretion and production of vasoactive peptides such as angiotensin II and
endothelin-1, are increased and they played critical roles in the induction of these
hypertrophic responses. Recently candidates for the “mechanoreceptor” which
receive mechanical stress and convert it into intracellular biochemical signals have
been demonstrated. To treat heart failure, gene therapy and cell transplantation
are hopeful strategies. To enable these novel treatments, it is important to
understand how normal cardiac myocytes are differentiated. We have isolated a
key gene which plays a critical role in cardiac development. A cardiac homeobox-
containing gene Csx is ekpressed in the heart and the heart progenitor cells from
the very early developmental stage, and targeted disruption of the murine Csx
results in embryonic lethality due to the abnormal looping morphogenesis of the
primary heart tube. With a cardiac zinc finger protein GATA4, Csx induces
cardiomyocyte differentiation of teratocarcinoma cells as well as upregulation of -
cardiac genes. Mutations of human Csx cause various congenital heart diseases
including atrial septal defect, ventricular septal defect, tricuspid valve abnormali-
ties and atrioventricular block. '
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I . Molecular mechanism of cardiac hypertrophy

It is important to understand how cardiac
hypertrophy is formed, not only because it
shows diastolic dysfunction and often leads
to congestive heart failure but also because it
is an independent risk factor for many car-
diac diseases such as ischemic heart disease,
arrhythmia and sudden death[1].

1. MECHANICAL STRESS INDUCES CAR-

DIAC HYPERTROPHY

A growing body of evidence has suggested
that humoral factors in the circulating blood
may have a marginal effects on the develop-
ment of cardiac hypertrophy in response to
hemodynamic overload and that mechanical
stress induces cardiac ‘hypertrophy via in-
creasing the local production of humoral
factors. How is the mechanical stress per-
ceived by a cardiomyocyte as a stimulus?
With the use of Langendorf preparation, it
has been shown that stretch of the ventricu-
lar wall as a consequence of increased aortic
pressure is the mechanical parameter most
closely related to an increase in protein
synthesis[8]. This observation has been con-
firmed by the experiments of cardiocytes
media.

cultured in vitro with serum-free

When cardiocytes cultured on deformable
silicone membranes were stretched, an In-
crease in protein synthesis was observed[2].
Stretching cardiocytes also induced expression
of specific genes, such as immediate early
response genes (IEG) and fetal type genes[3,
4, for a review see ref. 5, 6]. These observa-
tions suggest that mechanical stress (hemody-
namic overload) induces cardiac hypertrophy

by stretching cardiomyocytes.

2. NEUROHUMORAL FACTORS MEDIATE
MECHANICAL STRESS-INDUCED CARDIAC
HYPERTROPHY

Protein kinase cascade of phosphorylation
was also activated by mechanical stress on
cardiac myocytes and this event 1is very
similar to that observed when growth factors
and cytokines are added to many cell types.

It was thus conceivable that cardiac myocytes

and non-cardiomyocytes such as fibroblasts,

endothelial cells and smooth muscle cells
secrete some hypertrophy-promoting factors
following stretch and that they induce car-
diac hypertrophy by autocrine or paracrine
mechanism [7].

(1) Angiotensin II

A growing body of evidence has indicated
that the local renin-angiotensin system plays
a critical role in the development of cardiac
hypertrophy[for a review see ref. 8]. All
components of the renin-angiotensin system
such as angiotensinogen, renin and angiotensin
converting enzyme (ACE) have been identified
at both the mRNA and protein levels in the
heart. AngIl stimulates protein synthesis in
cultured cardiomyocytes[8]. Increases in
angiotensinogen and ACE mRNAs have been
reported in hypertrophied left ventricle of
rats[9]. Subpressor doses of ACE inhibitors
can prevent or cause regression of cardiac
hypertrophy with no change in systemic
systolic blood pressure[10]. An increase in
left ventricular mass which was produced by
abdominal aortic constriction, without sig-
nificant increase in plasma renin activity,
was completely prevented with an ACE in-
hibitor without any change in afterload[11].
These results strongly suggest that the local
renin-angiotensin system but not the circulat-
ing one may play a critical role in pressure
overload-induced cardiac hypertrophy.

AngIl induces activation of protein kinases
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including ERKs and expression of immediate
early response genes such as c¢-fos and c-jun
genes as well as an increase in protein synthe-
sis in neonatal rat cardiocytes through Ang
II type 1 receptor (ATI1)[12,13]. Activation
of ERKs and up-regulation of c-fos gene
expression . by Ang I are blocked by PKC
inhibitors, and Ang I actually "increases
production of inositol phosphates and acti-
vates PKC[12,13]. These signals elicited by
AngIl in cardiac myocytes are very similar
to those evoked by mechanical stress. The
involvement of Ang Il in the stretch-induced
hypertrophic responses was examined using

ATl-specific inhibitors. ATI1 antagonists -

partially but significantly suppressed all

- stretch-induced hypertrophic responses such as

an increase in amino acid incorporation, the
induction of c¢-fos gene expression and the
activation of ERKs[14,15]. It was reported
that AngIl is stored in secretory granules in
neonatal ventricular myocytes and that me-
chanical stretch causes a release of AngII
from cultured cardiocytes[14]. Although it
remains to be determined how stretch induces
release of Angll from the éecretory granules
in cardiac myocytes, these results suggest
that Angll is responsible at least in part for
hypertrophic responses evoked by mechanical
stress on cardiac myocytes.

Intracellular signaling pathways evoked by

Angl are different among cell types. Ang Il

markedly activated ERKs in cardiac myocytes.
Although AngI activates Fyn, a Src family
tyrosine kinase and Ras[16], inhibition of
these molecules had no effects on AngIl-indu
ced ERK activation. Instead, down-regulation
of PKC or a PKC inhibitor calphostin C
abolished AngII-induced ERK activation[17].
Angll also activated Raf-1 kinase and MEK,
and the activation of these kinases are also
suppressed by inhibition of PKC. Since PKC
has been reported to directly activate Raf-1

kinase, Ang I activates ERKs possibly
through PKC, Raf-1 and MEK. Signaling
pathways from ATl to ERKs are divergent
among cell types. In smooth muscle cells,
pertussis toxin had no effects but phospholipase
C [PLC], Ca* and Src family are critical for
Ang I -induced activation of ERKs. Angll
activates ERKs possibly through Gg-PLCg-
Ca’™ -Ca** -dependent tyrosine kinase Pyk2
and Src-Shc-Grb2-Sos-Ras---ERKs[17]. Cardiac
fibroblasts produce and secret extracellular
matrix proteins such as collagen and
fibronectin in response to AngIl, which in-
duces fibrosis of the heart. In cardiac
fibroblasts, Ang I activates ERKs through
pertussis toxin sensitive G protein, possibly
Gi protein. bg subunit of Gi activates Src
and then ERKs through Shc-Grb2-Sos-
Ras[18]. It remains to be determined why
signaling pathways are so divergent among
cell types.

(2) Endothelin-1 (ET-1)

ET-1 has been reported to be a strong
inducer of cardiac hypertrophy[19]. Stretch-
induced activation of ERKs are also sup-
pressed by typeA ET-1 (ETA) receptor
antagonist[20], suggesting that ET-1 is also
involved in mechanical stress-induced hyper-
trophic responses. Since ET-1-induced activa-
tion of ERKs is also inhibited by down-
regulation of PKC, ET-1 activates ERKs
possibly through the pathway same as Ang
II. Recently it was reported that AngIl does
not have direct potent hypertrophy-promoting
effects on cardiac myocytes and that AngIl
may evoke hypertrophic responses in cardiac
myocytes by inducing ET-1 secretion from
cardiac fibroblasts[21]. Cross-talk among
different cell types and among many mole-
cules might be important not only for main-
taining its highly differentiated phenotype
but also for inducing cardiac hypertrophy.
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The beneficial effects of ET-1 receptor antag-
onists on myocardial infarction highlighted
the importance of ET-1 on cardiovascular
remodeling [22]. Recently the importance of
Gq protein in the development of pressure
hypertrophy was
mice[23].
Class-specific inhibition of Gg-mediated sig-

overload-induced cardiac

demonstrated using transgenic
naling was produced in the heart of transgenic
mice by targeted expression of a carboxyl-
terminal peptide of the a subunit of Gq.
When pressure overload was surgically pro-
duced, the transgenic mice developed signifi-
cantly less ventricular hypertrophy than
control mice. Although the prevention of
cardiac hypertrophy was not complete in the
transgenic mice, this study suggests that
Gg-coupled receptors such as AT1, ETA recep-
tor and other seven transmembrane receptors
are important in the development of pressure

overload-induced cardiac hypertrophy.

3. MECHANISMS BY WHICH MECHANI-
CAL STRESS IS CONVERTED INTO
BIOCHEMICAL SIGNALS

(1) Stretch-Sensitive lon Channels

Many cells respond to a variety of environ-
mental stimuli by ion channels in the plasma
membrane. Mechanosensitive ion channels
have been observed with single-channel record-
ings in more than 30 cell types of prokaryo-
tes, plants, fungi and all animals so far
examined [for a review see ref. 24]. The
activation of stretch-sensitive channels has
been proposed as the transduction mechanism
between load and protein synthesis in cardiac
hypertrophy [25]. The stretch-sensitive chan-
nels allow the passage of the major
monovalent physiological cations, Na® and

K*, and the divalent cation, Ca®™. With the

use of a Ca?*-binding fluorescent dye (fluo3)

and the patch clamp technique, mechanically

induced Ca®* influx through stretch channels

was shown to lead to waves of calcium-in-
duced calcium release[26]. Therefore, stretch-
sensitive ion channels are one of good candi-
dates of initial responder for mechanical
stress.

The importance of Ca** in the development
of cardiac hypertrophy was recently highlighted
[27]. Overexpression of constitutively active
mutants of a Ca®' -dependent phosphatase
calcineurin and of its downstream transcrip-
tion factor NFAT3 induced marked cardiac
hypertrophy in transgenic mice and pheny-
lephrine- and Ang II-induced cardiomyocyte
inhibited by
calcineurin inhibitors[27]). These observations

hypertrophy 1in vitro was
suggest that an increase in intracellular Ca’*
levels could induce cardiac hypertrophy by
activating calcineurin. We examined whether
calcineurin is also involved in load-induced
cardiac  hypertrophy. Pressure overload-
induced cardiac hypertrophy was significantly
suppressed by calcineurin inhibitors such as
cyclosporine A and FK506(28,29]. We exam-
ined this possibility using the in vitro stretch
device. When cultured cardiac myocytes were
stretched by 20% for 30 min, brain natriuretic
peptide (BNP) gene was upregulated. The
upregulation of BNP gene was suppressed by
Gadolinium (an inhibitor of stretch-sensitive
ion channels) and attenuated by FK506 (a
calcineurin inhibitor). These results suggest
that Ca’, which

through stretch-sensitive ion channels, plays a

enters cardiomyocytes

critical role in stretch-induced gene expression.

(2) Extracellular Matrix and Cytoskeleton
Many results have suggested that the me-
chanical stress is transduced into the cell from
the sites at which cells attach to extracellular
matrix (ECM)[for a review see ref. 30].
Therefore, transmembrane ECM receptors,
such as the integrin family, are good candi-

dates for mechanoreceptors. A large extra-
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cellular domain of integrin receptor complex
binds various ECM proteins, while a short
cytoplasmic domain has been shown to inter-
act with the cytoskeleton in the cell [for a
review see ref. 31]. Since cytoskeleton proteins
can potentially regulate plasma membrane
proteins such as enzymes, ion. channels and
antiporters, mechanical stress could modulate
these
stimulate second messenger systems through

membrane associated proteins and

the cytoskeleton. Integrins can transmit
signals not only by organizing the
cytoskeleton but also by altering biochemical
properties such as the extent of tyrosine
phosphorylation of a complex of proteins
including ppl25™ [30]. Stretch of cultured
mesangial cells actually enhanced phosphory-
lation of ppl25[32]. We have recently ob-
tained the results indicating that integrin
plays a critical role in stretch-induced
hypertrophic signals (manuscript in prepara-
tion). When outside-in signal of integrin was
inhibited,
p38MAPK was strongly suppressed. Stretching

stretch-induced  activation  of
induced tyrosine phosphorylation of both FAK
Stretch-induced
p38MAPK was abolished by overexpression of
FAT and CSK,which are inhibitors of FAK
and the Src family, respectively. These results

and Src. activation of

suggest that mechanical stress activates
p38MAPK through the integrin-FAK-Src path-
way in cardiac myocytes. '

Rho small G protein family consisting of
Rho, Rac and Cdc42 are important for the
function of integrins through regulating actin
cytoskeleton [33]. of Rho
family were inhibited by C3 exoenzyme or by

When functions

overexpression of Rho GDP dissociation in-
hibitor
stretch-induced activation of ERKs and ex-

and dominant negative mutants,
pression of IEG were strongly suppressed[34].
Recently it has been reported that C3
exoenzyme inhibits MEKK-- and PHE-induced

ANP expression but not actin organization,
indicating that Rho regulates ANP gene ex-
pression but not sarcomere assembly[35]. Sah
et al. also reported that Rho is involved in
PHE- and Gag-induced ANP expression but
induced ANP expression{36].
Activated RhoA and Ras produced a synergis-

not in Ras-

tic effects on ANP gene expression, suggesting
that Rho functions in a pathway separate
from but complementary to Ras. Treatment
of myocytes with Ang I caused a formation
of nonstriated actin fiber (premyofibrils),
which was abolished by the C3 treatment [37].
RhoA
caused the formation of premyofibrils. These

Expression of constitutively active

results suggest that RhoA 1is involved in
premyofibril formation but not in mature
myofibril formation.

4. FUTURE DIRECTIONS

Once mechanical stress is received and con-
verted into biochemical signals, the signal
transduction pathway leading to an increase
in protein synthesis is similar to the pathway
which is activated by various humoral factors
such as growth factors, hormones and
cytokines in many other cells. Recently, yeast
genes encoding members of MAP kinase have
been isolated by complementation of yeast
mutations as an essential protein for restor-
ing the osmotic gradient across the cell mem-
brane 1in response to increased external
osmorality[38]. This

mechanical stress-induced intracellular signal

result suggests that
transduction pathways are highly conserved in
evolusion.

Although many biochemical events which
occur in cardiac myocytes subsequent to me-
chanical stretch have been clarified, a main
intriguing question remains unanswered. How
is mechanical stress converted into biochemi-
cal signals? In other words, what is the

mechanoreceptor or the transducer for
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It is
conceivable that by stretching the plasma

mechanical stress in cardiac myocytes?

membrane, mechanical stress directly changes
conformations of the functional proteins in
the membrane such as ion channels, receptors
and G-proteins, or directly activates enzymes
such as phospholipases by physically placing
the enzymes close to their phospholipid sub-
stances in the plasma membrane. As men-
tioned above, the integrin-cytoskeleton
complex seems to be an alternate candidate
structure for a mechanoreceptor and a trans-
ducer. Integrin-cytoskeleton proteins not only
play a “passive” role such as maintaining the
cell structure, but also may play “active”
roles in regulation of cellular functions such
as protein phosphorylation and activation of
an antiporter. The cytoskeleton has been also
shown to play an important role in secretion.
Mechanical stress may stimulate secretion of
some cytokines, which generate multiple intra-
cellular signals as a secondary event. Further
studies are necessary to identify specific signal-
ing molecules, including mecha-noreceptors and
mechanotransducers, and characterization of
these molecules may pave the way to under-
stand the definit mechanism of mechanical
stress-induced cardiac hyper-rophy and to
finally clarify the mechanisms by which
hypertrophy deteriorates

adaptive cardiac

into congestive heart failure.

II. Molecular mechanism of cardiac hypertrophy

Csx / Nkx-2.5 is a
identified as a

Murine homeobox-
containing gene originally
potential vertebrate homolog of Drosophila
gene tinman(39,40]. Loss-of-function mutant
of Drosophila tinman gene exhibits complete
loss of heart formation, indicating that
tinman is essential for the Drosophila heart
formation[41,42). The expression of Csx/

Nkx-2.5 1s also highly restricted to the heart

and the heart progenitor cells from the very
early developmental stage when the two heart
primordia are symmetrically situated in the
anterior lateral mesoderm[39,40], and tar-
geted disruption of the murine Csx/Nkx-2.5
results in embryonic lethality due to the
abnormal looping morphogenesis of the pri-
mary heart tube[43]. Furthermore, Csx/Nkx-
2.5-family genes are also identified in various
vertebrate species from zebrafish to humans
[44-47]. These results indicate that Csx/Nkx-
2.5 is also essential for the normal heart
development and morphogenesis in vertebrates
like tinman gene in Drosophila, and suggest
that the regulatory mechanism of heart
development controlled by Csx/Nkx-2.5 is
highly conserved in evolution. In order to
clarify the molecular framework of verte-
brate cardiogenesis, the identification of
upstream regulatory factors that control the
expression of Csx/Nkx-2.5 gene and the down-
stream targets of Csx/Nkx-2.5 protein is

necessary [48-50] .

1. DOWNSTREAM TARGET GENES OF CSX[51]

To search for the direct downstream target
genes of Csx/Nkx-2.5 protein, we co-trans-
fected luciferase reporter constructs contain-
ing various cardiac-specific gene promoters
and the Csx/Nkx-2.5 expression vector into
COS-7 cells, and examined whether the tran-
scription of native promoters was activated
by the overexpression of Csx/Nkx-2.5. Among
the reporter constructs tested, Csx/Nkx-2.5
ANP-
luciferase reporter containing 600bp 5 flank-

most strongly transactivated the
ing region of rat ANP gene, suggesting that
ANP gene is a downstream target of Csx/
Nkx-2.5. Although deletion of the ANP &’
flanking region from -600 to -390 did not
significantly change the fold activation of
the ANP promoter by Csx/Nkx-2.5, the dele-

tion between -390 and -160 markedly reduced
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the fold induction of the promoter activity,
indicating that the Csx /Nkx-2.5-responsive
element is situated between -390 and -160 of
ANP 5’ flanking region. The consensus Csx/
Nkx-2.5-binding element (TGAAGTG) was
located at -250 of ANP promoter. The dele-
tion or the mutation of the Csx/Nkx-2.5-
binding element located at -250 of the ANP
promoter markedly reduced the fold induction
of transactivation by Csx/Nkx-2.5.

2. CAS/NKX-2.5 AND GATA-4 INTERACT AND
SYNERGISTICALLY TRANSACTIVATE ANP
PROMOTER

Because GATA site was located at -280 just

distal from the Csx/Nkx-2.5 binding site, we
examined whether Csx/Nkx-2.5 and GATA-4

cooperatively regulate the transcription of-

ANP gene. When ANP(300)-luc construct
containing 300bp 5’ flanking region of ANP

promoter was co-transfected with Csx/Nkx-

2.5 expression plasmid alone, modest tran- .
sactivation of ANP promoter was observed. -

When ANP(300)-luc was co-transfected with
GATA-4 expression plasmid alone, no signifi-
cant increase in the promoter activity was
observed, suggesting that GATA-4 is a weak
transactivator of ANP promoter in our assay
condition. However, overexpression of both
GATA-4 and Csx/Nkx-2.5
stronger activity of ANP promoter than that

induced much

induced by the expression of Csx/Nkx-2.5
alone, suggesting that Csx/Nkx-2.5 and
GATA-4 synergistically transactivate ANP
promoter. '

Removal of the region between -300 and
-270 of the ANP promoter, which resulted in
- the deletion of the GATA site at -280, had

little effect on the Csx/ Nkx-2.5-GATA-4 ,
synergism as well as Csx/Nkx-2.5-induced -

activation. However, deletion of the promoter
region between -270 and -240, in which the
Csx/Nkx-2.5 binding site is located, abolished

not only Csx/Nkx-2.5-indiuced activation of
ANP promoter but also the cooperativity
between Csx/Nkx-2.5 and GATA-4, suggesting
that the Csx/Nkx-2.5 binding site, but not
the GATA site at -280, is required for the

Csx / Nkx-2.5-GATA-4 transcriptional syner-

gism. Co-immunoprecipitation experiments
revealed that Csx/Nkx-2.5 and GATA-4 inter-
act in vivo.

showed that the
homeodomain of Csx/Nkx-2.5 and. zinc finger

GST pull-down assay

domain of GATA-4 are important for their
association.

In Drosophila, the homeobox-containing
gene tinman is expressed in the developing

" dorsal vessel, and its expression is regulated

by decapentaplegic (dpp), a member of the
transforming factor-8 (TGF-B) superfamily
(52].

3. BMP, A MEMBER OF TGFb SUPER-
FAMILY PLAYS A CRITICAL ROLE IN
CARDIOMYOCYTE DIFFERENTIATION
(53]

To determine whether BMP, a mammalian
dpp homolog, is necessary for cardiomyocyte
differentiation, we used a clonal derivative
named P19CL6, which efficiently differenti-

ates into beating cardiac muscle in adherent

culture with 1% DM_SO. In order to confirm
that BMP signaling pathways are involved in
P19CL6
cells, expression vectors carrying mutants of
TAK1, which is a member of MAPKKK
family and is thought to be one of the medi-

cardiomyocyte differentiation in

ating molecules that transduct BMP signaling
[54], into P19CL6noggin
cells. Two days after the initiation of the

were transfected

DMSO treatment (day 2), expression plasmids
containing wild-type mouse TAK1 c¢DNA
(TAKIWT), constitutively active form of
TAK1 (TAK1AN), and dominant negative
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form of TAK1 (TAK1KN) were transiently
transfected by the lipofection method. We
+TAK1 A N and
respectively. The

designated these cells
+TAKI1KN,

maintained continuously

culture was
in differentiation
medium, until immunofluorescense study or
RNA extraction was performed on day 14.
Unlike the control P19CL6noggin cells, P19CL6-
noggin+TAKIWT and +TAK1AN cells par-
tially differentiated into mononucleate, spon-
taneously beating cardiomyocytes, suggesting
that overexpression of TAKI1 can rescue the
differentiation defect of P19CL6noggin

To make further elucidation of how BMP
signaling is involved in the induction of
cardiac-specific transcription factors, expres-
sion vectors containing Csx /Nkx-2.5 and
GATA-4 were transfected into P19CL6noggin
cells and their cardiogenic activity was exam-
ined. Expression plasmids containing human
CSX1la cDNA, mouse GATA-4 ¢cDNA and both
of them were transfected into P19CL6noggin
cells. We designated these cells P19CL6-
noggin+CSX, +GATA-4 and +CSX+GATA-
4, respectively. Interestingly, although P19CL6-
noggin+CSX and P19CL6noggin+GATA-4 did
not differentidate into beating cardiomyocytes,
only P19CL6noggin+CSX+GATA-4 did dif-
ferentiate in part into rhythmically contract-
ing cardiomyocytes. These results suggest
that both Csx/Nkx-2.5 and GATA-4, but not
either of them, are required for cardiomyocyte
in P19CL6noggin cells and
that both of them are regulated by BMP
function.

differentiation

4. SPECULATION ON REGULATORY NET-
WORK CONTROLLING HEART DEVEL-
OPMENT

In the avian embryo, recent excellent work
by Lassar and colleagues has revealed that

BMP-2 and BMP-4 administration can induce

full cardiac differentiation in the anterior

medial mesoderm, a tissue that is not nor-
mally cardiogenic, but not in the posterior
mesoderm, and also has demonstrated that
administering noggin to explanted precardiac
mesoendoderm inhibits cardiac differentiation
of this tissue[55]. Taken together, it has
been considered that BMP is necessary for
avian cardiogenesis, but not sufficient on its
own and that the anterior endoderm 1is likely
to produce a factor that interacts with BMP
to induce cardiogenesis specifically in anterior
mesoderm[55]. Our current study utilizing
P19CL6, a newly-established useful in vitro
model system, has demonstrated for the first
time that BMP is indispensable for the induc-
differentiation in

tion of cardiomyocyte

murine cell line. On the other hand, when
DMSO

treatment, even parental P19CL6 cells do not

cultured continuously without the

differentiate into cardiomyocytes (data not
shown). This finding indicates that BMP
function on its o§vn does not seem to be
sufficient for cardiogenesis and that another
crucial factors for cardiomyocyte differentia-
tion in this cell line are probably some sig-
nals induced by the DMSO treatment. The
precise roles for DMSO in the differentiation
of P19 cells are currently unknown. We con-
sider that DMSO,
concentration, 1s

when administered at
likely to

transactivate some unknown factors which

appropriate

are involved in the cardiac specification in
this cell line, and both of BMP and the
unknown factors seem to cooperatively func-
tion to determine the cardiogenic cell fates.
In P19 cells, untreated aggregates contain a
few extra-embryonic endodermal cells as well
as undifferentiated embryonal carcinoma
cells, and the similar endoderm-like cells are
in P19CL6 cells (data not

shown). It may be possible that factors

also observed

produced by these endoderm cells after the

DMSO  treatment function on  other
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undifferentiated- cells to become cardiac mus-
cle just like the model presented previously
regarding the avian cardiogenesis, in which
signals .from anterior endoderm interact with
BMP to induce cardiogenesis specifically in
anterior mesoderm[55]. Identification of the
unknown factors induced by the DMSO treat-
ment in this P19 cell derivative can be the
great breakthrough for the elucidation of the

mechanisms of cardiac development.

E B
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