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Role of Heat Shock Transcriptional
Factor 1 and Heat Shock Proteins in
Cardiac Hypertrophy

Haruhiro Toko, Tohru Minamino, and Issei Komuro*

Cardiac hypertrophy is an independent risk factor for cardiovascular
disease. Initially, cardiac hypertrophy is an adaptive response to increased
wall stress, but sustained stress leads to heart failure. It remains unclear
how the transition from adaptive cardiac hypertrophy to maladaptive
cardiac hypertrophy occurs. It has been postulated that there are two forms
of cardiac hypertrophy, which are physiologic and pathologic cardiac
hypertrophy. Unlike pathologic cardiac hypertrophy caused by chronic
pressure or volume overload, cardiac hypertrophy induced by exercise is
associated with less fibrosis and better systolic function, suggesting that
adaptive mechanisms may be involved in exercise-induced cardiac
hypertrophy. Therefore, elucidation of the molecular differences between
these two types of cardiac hypertrophy may provide insights into the
mechanisms underlying the transition from adaptive cardiac hypertrophy
to heart failure. By comparing the two types of cardiac hypertrophy, we
have identified heat shock transcription factor 1 and its target heat shock
proteins as key factors involved in the adaptive mechanism of cardiac
hypertrophy. In this review, we summarize the protective role of heat shock
transcription factor 1 and heat shock proteins in cardiovascular disease.
(Trends Cardiovasc Med 2008;18:88-93) © 2008, Elsevier Inc.

¢ Introduction

Heart failure is the final outcome of
various heart diseases, and cardiac hyper-
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trophy is one of the main causes of heart
failure. The Framingham Heart Study
revealed that there is a relationship
between the severity of cardiac hypertro-
phy and the incidence of cardiovascular
events, and that cardiac hypertrophyis an
independent risk factor for heart failure,
arrhythmia, myocardial infarction, and
sudden death (Levy et al. 1990, Behar
etal. 1992, Haider et al. 1998, Verdecchia
et al. 2001). Therefore, it is important to
develop therapeutic strategies for this
condition, but the precise mechanisms
underlying the transition from cardiac
hypertrophy to heart failure are still
largely unknown.

Cardiac hypertrophy is induced by
various pathologic or physiologic sti-
muli. For example, acute pressure over-
load initially induces adaptive cardiac
hypertrophy that is associated with nor-
mal cardiac function, but systolic and
diastolic dysfunction occur in the setting
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of chronic pressure overload, resulting in
heart failure. Thus, chronic pressure
overload is thought to cause pathologic
or maladaptive cardiac hypertrophy. On
the other hand, regular exercise can
induce cardiac hypertrophy without
causing systolic or diastolic dysfunction
(Pluim et al. 2000). Because exercise-
induced cardiac hypertrophy does not
progress to heart failure, it is thought to
be physiologic or adaptive cardiac hyper-
trophy. Although it has been reported
that these two types of cardiac hypertro-
phy are morphologically (Richey and
Brown 1998, Iemitsu et al. 2001, McMul-
len and Jennings 2007), functionally, and
molecularly distinct from each other, the
precise mechanism underlying these dif-
ferences remains unclear. What are the
exact differences between pathologic and
physiologic cardiac hypertrophy? Why is
cardiac function preserved in physiologic
cardiac hypertrophy? Why does sus-
tained pressure overload cause heart
failure? Answering these questions will
provide insights into novel therapeutic
options for both cardiac hypertrophy and
heart failure.

* Pathologic and Physiologic
Cardiac Hypertrophy

The differences between these two con-
ditions include the stimuli inducing
cardiac hypertrophy, their duration of
action, and the signaling pathways
involved. Pathologic cardiac hypertro-
phy is induced by persistent stress, such
as pressure overload and volume over-
load caused by hypertension or valvular
heart disease. On the other hand, phy-
siologic cardiac hypertrophy is induced
by intermittent stress such as exercise.
Thus, the manifestations of cardiac
hypertrophy caused by various stimuli
may depend on their duration and
intensity. In a recent study, Perrino
et al. (2006) applied intermittent pressure
overload to the heart and investigated the
role of the duration of stress in the
development of cardiac failure. Despite
only developing mild cardiac hypertro-
phy, the hearts exposed to intermittent
pressure overload displayed various
pathologic changes, including diastolic
dysfunction and histologic abnormalities.
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Figure 1. Potential regulators of HSF1 in cardiac hypertrophy. (A) Structure of HSF1. DBD indicates DNA-binding domain; HR, hydrophobic
repeat; RD, regulatory domain: AD, transcriptional activation domain; P, phosphorylated site (the activating site is indicated in red);
8, sumoylated site. (B) Potential regulatory mechanism of HSF1. Under nonstressful conditions, HSF1 exists as a monomer whose transcriptional
activity is repressed by phosphorylation of the repressing sites (Ser303, Ser307, and Ser363). Upon stress, phosphorylation of the activating site
(Ser230) is enhanced, thereby promoting the transcriptional activity of the trimerized and DNA-bound HSF1. The ratio of phosphorylation
between the activating and repressing sites may be influenced by various stimuli, such as IGF-1, catecholamine, and angiotensin II,
and determine the magnitude of the transcriptional activity. IGF-1R indicates IGF-1 receptor; B-AR, B adrenergic receptor; GPCR, G-protein-

coupled receptor.

Thus, the nature of the stress acting
on the heart, rather than its duration,
may be a key determinant of the mala-
daptive phenotype.

A number of studies have shown that
various signaling pathways contribute
to the development of pathologic and
physiologic cardiac hypertrophy by using
mice that overexpress or lack specific
genes (Richey and Brown 1998, Selvetella
et al. 2004, Heineke and Molkentin 2006,
Shiojima and Walsh 2006, McMullen
and Jennings 2007). Endocrine factors
such as angiotensin II and endothelin 1
induce pathologic cardiac hypertrophy
(Yamazaki et al. 1995, Yamazaki et al.
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1996), whereas inhibition of angiotensin II
by angiotensin-converting enzyme inhibi-
tors or angiotensin II receptor type 1
blockers can lead to regression of cardiac
hypertrophy (Okin et al. 2003). Overex-
pression of Gaq in the heart, which is
activated by these factors, also induces
cardiac hypertrophy associated with car-
diac dysfunction (D'Angelo et al. 1997),
whereas overexpression of an inhibitory
peptide that interferes with Gaq coupling
prevents the onset of maladaptive cardiac
hypertrophy (Akhter et al. 1998). These
findings suggest that the Gog-mediated
pathway is important for the development
of pathologic cardiac hypertrophy.

62

The calcium/calmodulin-dependent
phosphatase calcineurin has also been
suggested to have a role in pathologic
cardiac hypertrophy. Transgenic mice
that overexpress active forms of calci-
neurin or its downstream transcription
factor (NFAT3) develop cardiac hypertro-
phy and heart failure (Molkentin et al.
1998). Calcineurin inhibitors, such as
cyclosporin A and FK506, suppress
angiotensin II-induced cardiomyocyte
hypertrophy in vitro and inhibit pressure
overload-induced cardiac hypertrophy in
vivo (Molkentin et al. 1998, Shimoyama
et al. 2000). Overexpression of a domi-
nant-negative mutant of calcineurin in
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the heart also suppresses the induction of
pathologic cardiac hypertrophy by pres-
sure overload (Zou et al. 2001).

On the other hand, it has been
reported that the insulin-like growth
factor-1 (IGF-1)/class I, phosphoinosi-
tide 3-kinase (PI3K) pathway is activated
in physiologic cardiac hypertrophy. Car-
diac production of IGF-1 is significantly
higher in athletes than in control subjects
(Neri Serneri et al. 2001, Melling et al.
2006), and serum levels of IGF-1 increase
in response to training (Koziris et al.
1999). Transgenic mice overexpressing
the IGF-1 receptor or a constitutively
active form of class I, PI3K in the heart
develop cardiac hypertrophy without
cardiac dysfunction or an increase of
fibrosis (Shioi et al. 2000, McMullen
et al. 2004). In contrast, transgenic mice
with reduced cardiac class I PI3K
activity have smaller hearts and show a
blunted hypertrophic response to exer-
cise training, but not to pressure over-
load (McMullen et al. 2003, Luo et al.
2005). These results suggest that the IGF-
1/class I, PI3K pathway is involved in the
regulation of cardiac growth during
postnatal development, and that this
pathway plays a crucial role in inducing
physiologic cardiac hypertrophy.

Although there have been a number of
previous reports about the stimuli and
signaling pathways involved in the reg-
ulation of physiologic or pathologic
cardiac hypertrophy, the target genes
and molecules of these pathways remain
unclear. To answer these questions, var-
ious research groups have compared the
pattern of cardiac gene expression
between physiologic and pathologic car-
diac hypertrophy (Richey and Brown
1998, Iemitsu et al. 2001, McMullen and
Jennings 2007). These studies have
shown that an array of genes display
differential expression, suggesting that
such differences might be involved in
producing the two distinct phenotypes
of cardiac hypertrophy. However, it
remains to be determined whether
these gene products actually promote
different types of cardiac hypertrophy.
Recently, we examined gene expression
patterns in the heart and found differ-
ences in the expression of about 100
genes between physiologic and patholo-
gic cardiac hypertrophy. Among them,
we examined the role of heat shock
proteins (HSPs) and heat shock tran-
scription factor 1 (HSF1) in cardiac
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hypertrophy because the expression of
Hsp70 and Hsp27 was only elevated in
physiologic cardiac hypertrophy.

* Role of Heat Shock Transcriptional
Factor 1/HSPs in Cardiovascular
Disease

Heat shock proteins are ubiquitously ex-
pressed, and their expression is enhanced
by various acute and chronic stimuli,
such as heat shock, heavy metals, low
molecular weight toxins, infection, and
oxidative stress (Li and Laszlo 1985,
Benjamin and McMillan 1998, Morimoto
1998, Pockley 2002, Westerheide and
Morimoto 2005). Heat shock proteins
act to ensure the proper protein folding,
as well as to prevent protein misfolding
and assist in protein refolding to the
correct state. Expression of IISPs is
mainly regulated by HSF1 at the tran-
scriptional level. In the unstressed state,
HSF! exists as a latent monomer, with
repressed DNA binding and transcrip-
tional activity. Upon activation, HSF1
undergoes multiple processes that
include a monomer-to-trimer transition,
nuclear accumulation, binding to the
heat shock element located in the promo-
ter region of each HSP gene, and tran-
scriptional activation (Figure 1). Heat
shock transcription factor 1-heat shock
element DNA binding is not sufficient to
elicit maximal transcription of the HSP
genes, and it is necessary for HSF1 to be
modified by phosphorylation and sumoy-
lation to increase its transcriptional
activity (Holmberg et al. 2002, Wester-
heide and Morimoto 2005). It has been
suggested that HSF1 is repressed by GSK-
3B (Ser303), ERK (Ser307), and JNK
(Ser363) under normal conditions,
whereas it is activated by hyperphosphor-
ylation (Ser-230) upon exposure to var-
ious stresses (Figure 1A) (Chu et al. 1996,
Chu et al. 1998, Morimoto 1998, Holm-
berg et al. 2002). However, the mechan-
isms underlying the activation of HSF1,
particularly its regulation by phosphory-
lation, remain unclear.

A number of studies have shown that
HSF1 and HSPs confer protection against
cardiovascular disease. Induction of HSF1
and HSP expression by various stimuli,
such as heat shock, reduces the size of
infarcts after ischemia/reperfusion (Don-
nelly et al. 1992, Marber et al. 1993,
Bennani et al. 1998). Transgenic mice
overexpressing a constitutively active
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form of HSF1 or inducible Hsp70 in the
heart show more resistance to ischemia/
reperfusion injury compared with wild-
type mice (Marber et al. 1995, Plumier
etal. 1995, Zou et al. 2003). In contrast, the
cardiac function of inducible Hsp70
knockout mice is markedly impaired by
ischemia/reperfusion injury (Kim et al.
2006). In addition to a protective effect
against ischemia/reperfusion injury, it has
been reported that HSPs have a beneficial
role in myocardial infarction, doxorubi-
cin-induced cardiomyopathy, and atrial
fibrillation (Baljinnyam et al. 2006, Brun-
del et al. 2006, Venkatakrishnan et al.
2006, Liuetal. 2007, Wakisaka et al. 2007).

Our recent study identified HSF1 as a
critical transcription factor that regulates
cardiac hypertrophy (Sakamoto et al.
2006). Heat shock transcription factor 1
was only activated in exercise-induced
cardiac hypertrophy, but not in chronic
pressure overload-induced cardiac hyper-
trophy. When heterozygous HSF1*/~
mice (Inouye et al. 2004) were forced to
exercise (which is thought to induce
physiologic cardiac hypertrophy), signif-
icant systolic dysfunction occurred. In
contrast, when transgenic mice that
expressed a constitutively active form of
HSF1 (Nakai et al. 2000) were exposed to
chronic pressure overload (which is
thought to induce pathologic cardiac
hypertrophy), their systolic function was
preserved. These results indicate that
HSF1 is a key molecule for preservation
of systolic function during the develop-
ment of cardiac hypertrophy under both
pathologic and physiologic conditions.
Accumulation and aggregation of un-
folded proteins are associated with an
increase of protein synthesis in hypertro-
phied hearts and induce cardiomyocyte
death that eventually leads to systolic
dysfunction (Okada et al. 2005). Thus,
the protective effects of HSF1 may be
attributable to the functions of HSPs
in protein folding and degradation. In
addition to such well-known functions,
accumulating evidence indicates that
different HSPs directly act on the cell
death machinery and inhibit the signal-
ing pathway for cell death at various
points (Sreedhar and Csermely 2004).
For example, Hsp27 binds to cyto-
chrome ¢ and prevents it from binding
to Apaf-1 (Bruey et al. 2000), whereas
Hsp70 prevents Apaf-1 from recruiting
procaspase-9 {Beere et al. 2000), thereby
inhibiting apoptotic cell death. It is
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conceivable that sustained activation of
HSF1 prevents the onset of cardiac
dysfunction in hypertrophic hearts
through the mechanisms involving a
direct action of HSPs on the cell death
machinery as well as their functions in
protein degradation.

« Potential Regulators of HSF1 in
Cardiac Hypertrophy

Heat shock transcription factor 1 and
HSPs are upregulated by exercise (Taylor
et al. 1999, Hamilton et al. 2001, Saka-
moto et al. 2006), but the mechanisms
involved are not fully understood. As
mentioned above, the IGF-l/class I,
PI3K pathway is thought to play an
important role in inducing physiologic
cardiac hypertrophy (McMullen et al.
2004). Interestingly, expression of HSPs
is increased in the hearts of transgenic
mice, with enhancement of cardiac
IGF-1 or class I, PI3K, suggesting a
potential relationship between this sig-
naling pathway and HSF1 activity. Con-
sistent with this notion, the IGF-1/class I
PI3K pathway is known to inhibit GSK-
3B (Shiojima and Walsh 2006), which is a
negative regulator of HSF1. It could be
assumed that IGF-1-induced inhibition
of GSK-38 contributes to the activation
of HSF1 in exercise-induced cardiac
hypertrophy (Figure 1B).

Another possibility is that catechola-
mines may upregulate HSF1 and HSPs
after exercise, because circulating levels
of catecholamines are increased by
exercise. Isoproterenol (a f-adrenergic
agonist) increases cardiac expression of
HSP70 (White and White 1986), whereas
inhibition of protein kinase A (PKA), a
downstream kinase of the B-adrenergic
receptor, suppresses exercise-induced
upregulation of Hsp70 (Melling et al.
2004). Moreover, exercise-induced acti-
vation of PKA attenuates the phosphor-
ylation of ERK, which is a negative
regulator of HSF1 (Melling et al. 2006).
Taken together, these findings suggest
that exercise may upregulate HSF1 by
activating the p-adrenergic signaling
pathway that induces PKA-mediated
inactivation of ERK (Figure 1B).
Although activation of protein kinase C
in the heart during exercise is thought to
have a protective role, it remains unclear
whether this pathway is involved in the
upregulation of HSF1 and HSPs after
exercise (Yamashita et al. 2001, Melling
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et al. 2004). Moreover, posttranslational
modifications rather than phosphoryla-
tion may regulate the transcriptional
activity of HSF1 during exercise.

Our findings showed that HSF1 was
only activated in the early phase of
pressure overload (the adaptive phase),
but not in the chronic phase (the mala-
daptive phase) (Sakamoto et al. 2006).
Other groups have also demonstrated
that acute pressure overload activates
HSF1 and increases the expression of
HSPs (Delcayre et al. 1988, Izumo et al.
1988, Nishizawa et al. 2002). Why is
HSF1 downregulated during the chronic
phase of pressure overload? Production
of autocrine/paracrine factors such as
angiotensin II and endothelin 1 is
increased by pathologic stimuli and
plays a critical role in inducing patholo-
gic cardiac hypertrophy. These factors
bind to G-protein-coupled receptors,
leading to dissociation of the Gaq sub-
unit and activation of downstream sig-
naling molecules, which include negative
regulators of HSF1 such as ERK and
JNK. Accordingly, this signaling pathway
may induce pathologic cardiac hypertro-
phy partly via the inactivation of HSF1
(Figure 1B), although there is a conflict-
ing report that angiotensin II does not
influence the activity of HSF1 (Nishi-
zawa et al. 2002). Further studies are
necessary to elucidate precisely how
HSF1 activity is regulated as cardiac
hypertrophy develops.

¢ Conclusion and Future Prospects

Because there have been many reports
that induction of HSF1 and HSPs has a
beneficial effect in animal models of
cardiovascular disease, activation of
HSF1 and HSPs could be a novel
therapeutic strategy for various cardio-
vascular diseases. Geranylgeranylace-
tone, an anti-ulcer agent, has been
reported to upregulate HSF1 and
HSPs, and shows a protective effect
against ischemia/reperfusion injury
and atrial fibrillation (Yamanaka et al.
2003, Brundel et al. 2006, Wakisaka et
al. 2007). Exercise also upregulates
HSF1 and HSPs, and it ameliorates
cardiac dysfunction in hypertensive ani-
mals (Scheuer et al. 1982, Schaible et al.
1986, Moreno Junior et al. 1995, Emter
et al. 2005). Moreover, recent studies
have further demonstrated the protec-
tive effect of exercise on cardiac func-
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tion in animal models of myocardial
infarction and ischemia/reperfusion
injury (Hoshida et al. 2002). However,
conflicting data also suggest that any
increase of HSPs in the heart after
exercise is not necessary for protection
against ischemia/reperfusion injury and
that moderate exercise does not improve
cardiac dysfunction in hypertensive
rats (Taylor et al. 1999, Hamilton et al.
2001). Moreover, excessive exercise
accelerates the rate of progression
from cardiac hypertrophy to heart fail-
ure in untreated hypertensive rats
(Sarma and Schulze 2007). To develop
a novel therapeutic strategy targeting
the HSF1/HSP system for patients with
cardiovascular disease, one is required
to perform further studies of elucidating
the protective mechanisms involved.
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Understanding Proteasome Assembly
and Regulation: Importance to

Cardiovascular Medicine
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The cardiac proteasome is increasingly recognized as a complex,
heterogeneous, and dynamic organelle contributing to the modulation
of cardiac function in health and diseases. The emerging picture of the
proteasome system reveals a highly regulated and organized molecular
machine integrated into multiple biologic processes of the cell. Full
appreciation of its cardiovascular relevance requires an understanding of
its proteolytic function as well as its underlying regulatory mechanisms,
of which assembly, stoichiometry, posttranslational modification, and
the role of the associating partners are increasingly poignant. (Trends
Cardiovasc Med 2008;18:93-98) Published by Elsevier Inc.
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* Introduction

The mammalian protein degradation
machinery is dominated by the protea-
some, as it endoproteolytically cleaves
more than 70% of intracellular proteins
(Rock et al. 1994). The core of this
multimeric protease is a duplex of two
sets of 14 subunits, housing duplicate
sites of trypsin-like, caspase-like, and
chymotrypsin-like peptidase activities.
Termed the 20S proteasome, its gated
pores maintain the complex in a latent-
ly active state, enabling only limited
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Vascular Endothelial Growth Factor Receptor-1 Regulates
Postnatal Angiogenesis Through Inhibition of the Excessive
Activation of Akt

Jun-ichiro Nishi,* Tohru Minamino,* Hideyuki Miyauchi, Aika Nojima, Kaoru Tateno, Sho Okada,
Masayuki Orimo, Junji Moriya, Guo-Hua Fong, Kenji Sunagawa, Masabumi Shibuya, Issei Komuro

Abstract—Vascular endothelial growth factor (VEGF) binds both VEGF receptor-1 (VEGFR-1) and VEGF receptor-2
{(VEGFR-2). Activation of VEGFR-2 is thought to play a major role in the regulation of endothelial function by VEGF.
Recently, specific ligands for VEGFR-1 have been reported to have beneficial effects when used to treat ischemic
diseases. However, the role of VEGFR-1 in angiogenesis is not fully understood. In this study, we showed that
VEGFR-1 performs “fine tuning” of VEGF signaling to induce neovascularization. We examined the effects of
retroviral vectors expressing a small interference RNA that targeted either the VEGFR-1 gene or the VEGFR-2 gene.
Deletion of either VEGFR-1 or VEGFR-2 reduced the ability of endothelial cells to form capillaries. Deletion of
VEGFR-1 markedly reduced endothelial cell proliferation and induced premature senescence of endothelial cells. In
contrast, deletion of VEGFR-2 significantly impaired endothelial cell survival. When VEGFR-1 expression was
blocked, VEGF constitutively activated Akt signals and thus induced endothelial cell senescence via a p53-dependent
pathway. VEGFR-1*"~ mice exhibited an increase of endothelial Akt activity and showed an impaired neovasculariza-
tion in response to ischemia, and this impairment was ameliorated in VEGFR-1""~ Akt1*'~ mice. These results suggest
that VEGFR-1 plays a critical role in the maintenance of endothelial integrity by modulating the VEGF/Akt signaling
pathway. (Circ Res. 2008;103:261-268.)

Key Words: VEGF m Akt m senescence ® p533

Angiogenesis involves the differentiation, proliferation,
and migration of endothelial cells, leading to tubu-
logenesis and the formation of vessels.! One of the most
important receptors for angiogenesis is the vascular endo-
thelial growth factor (VEGF) receptor, which is a member
of the receptor tyrosine kinase family.>? VEGF receptor
(VEGFR)-1 and VEGFR-2 are closely related receptor ty-
rosine kinases and have both common and specific ligands.
VEGFR-1 has weaker kinase activity, whereas VEGFR-2 is a
highly active kinase that stimulates a variety of signaling
pathways and induces a broad range of biological responses.
Despite its weak kinase activity, VEGFR-1 is essential for
normal development and angiogenesis.* VEGFR-1 null mu-
tant mice die in utero because of the overgrowth of endothe-
lial cells and vascular disorganization.>¢ In contrast, mice
expressing the VEGFR-1 that lacks the tyrosine kinase
domain develop a normal cardiovascular system,” suggesting
that VEGFR-1 kinase activity might not be required for

vascular development during embryogenesis and that
VEGFR-1 may act as a decoy receptor. Consistent with this
concept, selective activation of chimeric VEGFR-1 (in the
absence of chimeric VEGFR-2)8 or a VEGF mutant that binds
to VEGFR-1 does not influence cell proliferation, migration,
or survival in vitro.>-11

However, recent studies have demonstrated that the role of
VEGFR-1 in postnatal angiogenesis is more complicated than
was initially recognized. For example, treatment with pla-
centa growth factor (PIGF), a specific ligand for VEGFR-1,
was reported to promote angiogenesis in vitro!'12 and in
vivo.!? Overexpression of PIGF also induced angiogenesis in
tumors! and the skin.! It has been suggested that stimulation
by PIGF induces the heterodimerization of VEGFR-1 with
VEGFR-2, leading to transactivation of VEGFR-2 and the
promotion of angiogenesis.®!617 Another possible explana-
tion for the positive effect of PIGF on angiogenesis is that
it prevents VEGF from binding to VEGFR-1, thereby
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increasing the binding and activation of VEGFR-2. In
other studies, PIGF was shown to protect against hyperoxic
vascular damage in the retina without provoking retinal
neovascularization.'® These results suggest that VEGFR-1
can either positively or negatively regulate angiogenesis
depending on the circumstances, but further studies are
required to better understand the role of this receptor in
postnatal angiogenesis.

In the present study, we examined the effects of
VEGFR-1 deletion on angiogenesis by using the retroviral
vector expressing a small interference RNA that targeted
the VEGFR-1 gene. Deletion of VEGFR-1 markedly re-
duced endothelial cell proliferation and thus impaired
angiogenesis. Likewise, VEGFR-1"" mice exhibited an
impaired neovascularization in response to ischemia. This
impairment was restored by inhibiting the excessive acti-
vation of Akt by VEGF. These results suggest that
VEGFR-1 plays a critical role in the maintenance of
endothelial integrity by modulating the VEGF/Akt signal-
ing pathway.

Materials and Methods
Short Hairpin Interference RNA Vectors

The mammalian retrovirus expression vector pSIREN-RetroQ
(Clontech) was used to achieve the expression of short hairpin
interference RNA (shRNA) in human endothelial cells.

Statistical Analysis

Data are shown as mean*=SEM. Differences between groups were
examined by Student ¢ test or ANOVA followed by the Bonferroni
procedure for comparison of means. Values of P<<0.05 were con-
sidered statistically significant.

Results

Effect of VEGF Receptor Gene Silencing on
Endothelial Cell Function

To elucidate the role of VEGFR-1 in angiogenesis, we
constructed mammalian retroviral vectors expressing a short
hairpin interference RNA that targeted either the VEGFR-1
gene (shVEGFR-1) or the VEGFR-2 gene (shVEGFR-2).
Northern blot and Western blot analyses revealed that intro-
duction of each construct into human umbilical vein endo-
thelial cells caused effective and stable downregulation of the
expression of the target molecule (Figure 1A and 1B, and
supplemental Figure IA [available online at http://circres.
ahajournals.org]). It is noted that either shVEGFR-1 or
shVEGFR-2 did not affect VEGFR-2 or VEGFR-1 expres-
sion, respectively (Figure 1B, and supplemental Figure IA). We
used two kinds of constructs for the following experiments
and both of them achieved similar results. The nonsilencing
control vector (shNega) was used as a control. After infected
endothelial cells were purified by incubation with antibiotics,
we performed the tube formation assay. Deletion of
VEGFR-1 or VEGFR-2 significantly impaired tube formation
compared with control cells (Figure 1C). We next examined
the proliferative activity of infected cells. We seeded 2X10°
infected cells into 100-mm dishes with VEGF-A on day 0 and
counted cell number on day 3. Compared with shNega-
infected control endothelial cells, both shVEGFR-1- and

shVEGFR-2-infected cells showed significantly lower pro-
liferation (Figure 1D). Deletion of VEGFR-1 caused more
marked impairment of cell proliferation than deletion of
VEGFR-2 (Figure 1D). This inhibitory effect of VEGFR-1
deletion was more evident when infected endothelial cells
were subjected to long-term culture. Although VEGFR-2
deletion slightly reduced the lifespan of cells compared with
that of control cells, VEGFR-1 deletion significantly short-
ened the lifespan of endothelial cells (Figure 1E). As a result,
shVEGFR-1-infected cells underwent irreversible growth
arrest earlier than shVEGFR-2-infected cells (Figure 1E).
After growth arrest, the cells exhibited characteristics of
senescence, becoming flatter and larger and showing an
increase of senescence-associated B-galactosidase activity
(Figure 1F). These findings suggest that VEGFR-1 deletion
induces premature endothelial cell senescence. We next
examined the effect of VEGFR-1 deletion on endothelial
survival. We cultured infected cells in regular growth me-
dium for 24 hours and subsequently cultured the cells under
serum-free conditions with VEGF-A. After 24 hours, the
number of viable cells was counted. As compared with the
viability of control cells, deletion of VEGFR-2, but not
VEGFR-1, markedly decreased cell viability (Figure 1G).
Consistent with these findings, activation of caspase 3 was
detected in cells with VEGFR-2 deletion, but not VEGFR-1
deletion (Figure 1H). These results suggest that VEGFR-1 is
involved in the regulation of angiogenesis by regulating
endothelial cell proliferation and senescence, whereas
VEGFR-2 may be crucial for endothelial survival as well as
cell proliferation.

VEGFR-1 Deletion Induces Endothelial
Dysfunction by Activating Akt

To investigate the molecular mechanisms of premature se-
nescence induced by VEGFR-1 deletion, we examined the
transcriptional activity of p53 and its target gene p21. We
transfected VEGFR-1-deleted endothelial cells with the lu-
ciferase reporter gene containing 13 copies of the p53-
binding consensus sequence (pPG13-Luc). Deletion of
VEGFR-1 significantly induced pS53 transcriptional activity
compared with that in shNega-infected cells, whereas
VEGFR-2 deletion had no effect (Figure 2A). Likewise, p21
expression was significantly higher in VEGFR-1-deleted
endothelial cells than in control cells or VEGFR-2-deleted
cells (Figure 2B). However, expression of bax, another
target molecule regulated by p53, was not altered in
VEGFR-1-deleted endothelial cells compared with control
cells (supplemental Figure IB). Ablation of p53 by the
introduction of HPV16 E6 oncoprotein abolished the
inhibitory effect of VEGFR-1 deletion on cell proliferation
(Figure 2C). These results suggest that VEGFR-1 deletion
induces endothelial cell senescence via a p53-dependent
pathway.

We have previously demonstrated that Akt negatively
regulates the endothelial cell lifespan by activating the
pS53/p21 pathway.! It has also been shown that Akt plays a
central role in the regulation of angiogenesis by VEGF.20
Thus, we examined the level of phosphorylated Akt in
VEGFR-1-deleted endothelial cells. Western blot analysis
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Figure 1. Effect of VEGF receptor gene silencing on endothelial cell function.
A, Human umbilical vein endothelial cells were infected with retroviral vectors
expressing a short hairpin interference RNA that targeted either the VEGFR-1
gene (shVEGFR-1a and shVEGFR-1b) or the VEGFR-2 gene (shVEGFR-2a
and shVEGFR-2b), and then the cells were purified by culture with antibiotics.
shNega served as the control vector. Total RNA (30 ng) was extracted from
infected cells and analyzed to assess the expression of VEGFR-1 or
VEGFR-2 by Northern blot analysis. *P<0.05, **P<0.01, and ***P<0.001 vs
shNega (n=3). B, Total RNA (30 ug) was extracted from endothelial cells
infected with shVEGFR-1 or shVEGFR-2 and simultaneously analyzed the
expression of VEGFR-1 and VEGFR-2 by Northern blot analysis. C, Infected
endothelial cells were seeded into 96-well plates in serum-free basic medium

with VEGF-A (50 ng/mL). After 16 hours, capillary-like tube formation was
estimated by using an angiogenesis image analyzer. *P<0.01, **P<0.0001 vs shNega (n=4 to 6). Scale bar: 300 um. D, Infected endo-
thelial cells were seeded at a density of 2X10° cells per 100-mm dish and cultured with VEGF-A (day 0). Then cell number was
counted on day 3. “P<0.001, **P<0.0001 vs shNega, #P<0.001 vs shVEGFR-2 (n=13 to 14). E, Infected cell populations were pas-
saged until cells underwent senescence, and the total number of population doublings was determined. *P<0.01 vs shNega, #P<0.05
vs shVEGFR-2 (n=4 to 6). F, Morphology and senescence-associated p-galactosidase staining (arrow) of endothelial cells infected with
shNega, shVEGFR-1, or shVEGFR-2. Scale bar: 100 um. G, Infected endothelial cells were seeded at the density of 1x10° cells per
60-mm dish and cultured for 24 hours in growth medium. After washing twice with PBS, the cells were cultured in serum-free DMEM
with VEGF-A (10 ng/mL). After 24 hours of serum starvation, the number of viable cells and the total number of cells were counted by a
hemocytometer. *P<<0.0001 vs shNega (n=4 to 6). H, The lysates were extracted from cells, which are prepared as described in legend
for G, and analyzed for cleaved caspase-3 expression by Western blotting.

showed that VEGFR-1 deletion led to a marked increase of
the phosphorylated Akt level compared with that in control
cells or cells with VEGFR-2 deletion, even under serum-free
conditions (Figure 3A). VEGFR-1 deletion increased pAkt
levels even in the absence of VEGF, presumably attributable
to autocrine VEGF signaling (Figure 3B). Treatment with
VEGF markedly increased pAkt levels within 5 to 15 minutes
in VEGFR-1-deleted cells but not in VEGFR-2-deleted cells
(Figure 3B). Treatment with a neutralizing anti-VEGF anti-
body reduced the phosphorylated Akt level in VEGFR-1-
deleted cells (Figure 3C), suggesting that VEGFR-1 inhibits
the activation of Akt by VEGF. To further investigate the
relationship between constitutive Akt activation and endothe-
lial cell dysfunction induced by VEGFR-1 deletion, we
examined the effect of inhibition of Akt. We infected human
endothelial cells with a retroviral vector encoding a
dominant-negative form of Akt (DN-Akt)!? or the empty
vector encoding resistance to neomycin alone (Mock). Both
cell populations were then infected with shNega or

shVEGFR-1. We found that VEGFR-1 deletion markedly
inhibited the proliferation of mock-infected endothelial cells
(Figure 3D, Mock), whereas this inhibitory effect was signif-
icantly ameliorated in DN-Akt—infected cells (Figure 3D,
DN-AKkt). Consequently, VEGFR-1 deletion significantly im-
paired tube formation by mock-infected cells, but not DN-
Akt-infected cells (Figure 3E). Likewise, inhibition of Akt
activation prevented the induction of p21 expression by
VEGFR-1 deletion (supplemental Figure II). These results
suggest that VEGFR-1 deletion causes dysregulation of
activation of the VEGFR-2/Akt signaling pathway by
VEGEF-A, and that constitutive activation of Akt is related to
the impaired ability of VEGFR-1-deleted endothelial cells to
proliferate and form capillary-like structures. VEGF-induced
phosphorylation of eNOS was enhanced, but production of
c¢cGMP was significantly reducued by VEGFR-1 deletion,
presumably because constitutive activation of Akt increases
cellular reactive oxygen species'® that inactivate this enzyme
(supplemental Figure IC and ID).
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Figure 2. VEGFR-1 deletion induces activation of the p53/p21 signal pathway. A, A luciferase reporter gene plasmid (pPG13-Luc) con-
taining the p53-binding sequence was transfected into endothelial cells infected with shNega, shVEGFR-1, or shVEGFR-2. Luciferase
activity was measured at 48 hours after transfection in the presence of VEGF-A (10 ng/mL) as described in Methods. *P<0.05 vs
shNega (n=5). B, Whole cell lysates (30 n.g) were prepared from infected endothelial cells and p21 expression was assessed by West-
ern blot analysis. *P<0.05 vs shNega, #P<0.01 vs shVEGFR-2 (n=4). C, Human endothelial cells were infected with pLNCX (Mock) or
pLNCX E6 (E6). Infected cell populations were then transduced with shNega or shVEGFR-1. After purification, double-infected cells
were seeded at a density of 2x10° cells per 100-mm dish in the presence of VEGF-A (day 0), and cell number was counted on day 3.
*P<0.05 vs Mock/shNega (n=3). Western blot analysis revealed that introduction of E6 effectively ablated p53 expression (right panel).

Influence of VEGFR-1 Deletion on
Neovascularization In Vivo

To examine the influence of VEGFR-1 deletion on neovas-
cularization in vivo, we produced a hindlimb ischemia model
in VEGFR-1"" mice and assessed blood flow recovery and
the capillary density of ischemic tissue. VEGFR-1 mRNA
levels were significantly lower in VEGFR-1*~ mice than in
wild-type mice (Figure 4A). Aortic expression of VEGFR-1
protein was decreased in VEGFR-1*" mice compared with
wild-type mice (Figure 4B). Consistent with the in vitro data,
phospho-Akt levels were significantly higher in VEGFR-1*/~
mice than in wild-type mice (Figure 4C and supplemental
Figure III). There was no significant difference in plasma
VEGEF levels between the two groups (data not shown). Laser
Doppler image analysis revealed that blood flow recovery

was significantly impaired in VEGFR-1"" mice compared
with their wild-type littermates (Figure 4D). Likewise,
VEGFR-1""" mice exhibited significantly fewer CD31-
positive cells in the ischemic tissues than their wild-type
littermates (Figure 4E), suggesting that decreased expression
of VEGFR-1 led to reduced neovascularization of ischemic
tissue.

There are several reports indicating that VEGFR-1 kinase
activity is required for VEGF-induced migration of hemato-
poietic cells including macrophages,?!-2¢ and it was reported
that infiltration of macrophages plays a critical role in
pathological angiogenesis during ischemia, inflammation,
and tumor development.?’-?° Therefore, we examined the
number of infiltrating macrophages in ischemic tissue, but we
found no significant difference in the number of Mac3-
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Ch c-Myc-DN-Akt [ — z % minutes. Whole cell lysates were extracted at indi-
L —— & —_—— cated times and phospho-Akt (pAkt) expression was
§g § ¢ Y ——— Mock:  DR-Akt investigated by Western blot analysis. C, Infected
T 9 =0 cells were treated with a neutralizing antibody for
2 2 VEGF (500 ng/mL) (+) or a control antibody (—) for
2 C 24 hours. Whole cell lysates were extracted and
Mock  DN-Akt phospho-Akt expression.was assessed by Western

blot analysis. D, Human endothelial cells were

infected with pLNCX (Mock) or pLNCX DN-Akt (DN-Akt). Infected cell populations were then transduced with shNega or shVEGFR-1

and were subjected to the proliferation assay as described in legend for Figure 2C. *P<0.005 vs Mock/shNega, #P<0.005 vs Mock/
shVEGFR-1 (n=6 to 8). Expression of c-Myc-tagged DN-Akt was confirmed by Western blot analysis (right panel). E, Double-infected
endothelial cells (prepared as in Figure 3C) were subjected to the tube-forming assay. *P<0.05 vs Mock/shNega (n=3).
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Figure 4. Impaired neovascularization after ischemia in VEGFR-
1*~ mice. A, Total RNA (30 ug) was extracted from the lung of
VEGFR-1*~ mice and wild-type littermates to investigate
VEGFR-1 expression by Northern blot analysis. *P<0.001 vs
wild-type littermates (n=5). B, Whole cell lysates (30 nug) were
prepared from the aorta of VEGFR-1*/~ mice and wild-type lit-
termates to investigate VEGFR-1 expression by Western blot
analysis. *P<0.05 vs wild-type littermates (n=3). C, Whole cell
lysates (30 ug) were prepared as described in Figure 4B to
investigate phospho-Akt (pAkt) expression by Western blot
analysis. *P<0.05 vs wild-type littermates (n=3). D, Limb perfu-
sion was measured by a laser Doppler analyzer at 1 to 3 weeks
after ischemia. The graph shows the ratio of ischemic (right) to

nonischemic limb (left) blood flow. *P<0.05 vs wild-type littermates (n=16). E, Immunohistochemistry for CD31 (brown) in ischemic
limbs. Scale bar: 50 um. The number of CD31-positive cells per square millimeter is shown in the graph. *P<0.05 vs wild-type litter-

mates (n=4).

positive cells between VEGFR-1*'~ mice and their wild-type
littermates (Figure 5A). To further test the possible involve-
ment of bone marrow—derived cells, we transplanted wild-
type bone marrow cells into VEGFR-1"" mice or their
wild-type littermates. We then produced a hindlimb ischemia
model and assessed blood flow recovery and the capillary
density of ischemic tissue. Despite the transplantation of
wild-type bone marrow, blood flow recovery was still signif-
icantly impaired in VEGFR-1"~ mice (Figure 5B). The
number of CD31-positive cells was also lower in VEGFR-
1"~ mice than in their wild-type littermates (Figure 5C).
Thus, it is unlikely that impaired neovascularization in
VEGFR-1*"~ mice is attributed to reduced migration of bone
marrow—derived cells. We could not detect VEGFR-1 ex-
pression in muscle cells (supplemental Figure IV). It was
noted that the number of endothelial cells double positive for
phospho-Akt and CD31 was significantly higher in VEGFR-
1"~ mice than in their wild-type littermates (Figure 5D).

Inhibition of Akt Signaling Ameliorates the
Impairment of Neovascularization in

VEGFR-1*~ Mice

Next, we examined whether an increase of endothelial Akt
activity contributed to impaired neovascularization in VEGFR-1*"~
mice. Aktl is the predominant isoform of Akt in endothelial
cells and is thought to play an important role in postnatal
angiogenesis.® It has been reported that the angiogenic
response of Aktl ™~ mice was enhanced in a tumor angiogen-
esis model, but was decreased in a hindlimb ischemia

model, 33! so we thus used Aktl*~ mice for our in vivo
experiments. Consistent with the previous reports,*? phospho-
Akt levels were lower in the aorta of Aktl*'~ mice compared
with wild-type littermates (supplemental Figure V). After
creating hindlimb ischemia in VEGFR-1*/~ Akt1*'~ mice, we
examined the extent of blood flow recovery and the capillary
density 1 week later. We found that there were no significant
differences of blood flow recovery and capillary density
between Aktl*~ mice and Aktl** mice (Figure 6A and 6B).
Decreased VEGFR-1 expression significantly reduced blood
flow recovery in Aktl™* mice, but not in Aktl*~ mice
(Figure 6A). Likewise, the capillary density of ischemic
tissue was significantly reduced in VEGFR-1*"~ Akt1*"* mice
compared with wild-type mice, but VEGFR-1*" Aktl*"~
mice had a similar capillary density to that of VEGFR-1**
Aktl*” mice (Figure 6B). These results suggest that an
increase of endothelial Akt activity may be responsible for
impaired neovascularization in VEGFR-1*" mice.

Discussion
In the present study, we demonstrated that VEGFR-1 modu-
lates postnatal angiogenesis through inhibition of the exces-
sive activation of Akt by VEGF. It has been reported that
VEGF and VEGFR-1 can be simultaneously induced by
various stimuli, including hypoxia.3* Thus, the role of
VEGFR-1 may vary, depending on the extent of activation of
Akt. For example, when overproduction of growth factors
such as VEGF and insulin leads to excessive activation of Akt
and impairs normal regulation of endothelial proliferation,
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Figure 5. Role of bone marrow-derived cells in impaired neovascularization in VEGFR-1*/~ mice. A, Immunohistochemistry for Mac3
(brown) in ischemic limbs. Scale bar: 50 pm. The number of Mac3-positive cells per square millimeter is shown (n=4). B, Wild-type
bone marrow cells were transplanted into VEGFR-1*/~ mice or their wild-type littermates. Limb perfusion was measured by a laser
Doppler analyzer at 1 week after ischemia. *P<0.05 vs wild-type littermates (n=6). C, Immunohistochemistry for CD31 (brown) in ische-
mic limbs of bone marrow-transplanted mice. Scale bar: 50 um. *P<0.05 s wild-type littermates (n=6). D, Activation of Akt in endothe-
lial cells of ischemic limbs from VEGFR-1*/~ mice. Representative immunostainings for phospho-Akt (red) and CD31 (green) were
shown. Arrows indicate phospho-Akt/CD31-positive cells (yellow). Scale bar: 50 um. The graph shows the ratio of phospho-Akt/CD31-
positive cell number to all CD31-positive cell number. *P<0.05 vs wild-type littermates (n=>5).

VEGFR-1 may act as a positive regulator of angiogenesis by
inhibiting activation of VEGFR-2. Conversely, VEGFR-1
may exert a negative effect on angiogenesis when growth
factors appropriately activate the Akt signaling pathway to
induce endothelial cell proliferation. These mechanisms may
provide an explanation as to why the effects of PIGF on
angiogenesis were reported to differ.

Although there is evidence to suggest that VEGFR-1
interacts with the p85 subunit of phosphatidylinositol-3 ki-

A

Akt1** Akt

nase (PI3K) to regulate its activity,34-36 VEGFR-1 appears to
exert its inhibitory effect on angiogenesis mainly by blocking
the activation of Akt mediated by VEGF via VEGFR-2 for
the following reasons. First, treatment with VEGF-A in-
creased Akt activity in VEGFR-1-deleted cells, but not in
VEGFR-2-deleted cells (Figure 3A and 3B). Second, treat-
ment with a neutralizing anti-VEGF antibody reduced the
enhanced activation of Akt in VEGFR-1-deleted cells (Figure
3C). Finally, treatment with PIGF did not provoke any
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Figure 6. Inhibition of Akt signaling ameliorates the impairment of neovascularization in VEGFR-1*/~ mice. A, Limb perfusion was mea-
sured by a laser Doppler analyzer at 1 week after creation of ischemia. *P<0.01 vs wild-type littermates (n=14 to 18). B, Immunohisto-
chemistry for CD31 (brown) in ischemic limbs. Scale bar: 50 um. *P<0.05 vs wild-type littermates (n=6 to 7).
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biological response in the presence of anti-VEGF antibody
(J. Nishi, T. Minamino, unpublished data, 2007). Our results
are consistent with previous studies3”:38 demonstrating that
tyrosine phosphorylation of VEGFR-2 was elevated in
VEGFR-1-deficient embryonic stem cells, whereas loss of
VEGFR-1 led to decreased sprout formation and migration,
which resulted in reduced vascular branching. This reduction
was restored by blockade of the VEGFR-2 signaling pathway
as well as by treatment with soluble VEGFR-1. Although
Bussolati et al demonstrated that VEGFR-1 but not VEGFR-2
increases endothelial production of NO, thereby promoting
tube formation,®® ¢cGMP production was significantly de-
creased in VEGFR-1-deleted endothelial cells (supplemental
Figure ID). Moreover, VEGF treatment failed to activate Akt
in VEGFR-2-deleted endothelial cells (Figure 3B) and intro-
duction of mutant VEGFR-1 lacking the sites for interaction
with PI3K did not mimic the effects of sctWVEGFR-1 (J. Nishi,
T. Minamino, unpublished data, 2007). Taken together, these
results suggest that VEGFR-1 acts to provide “fine tuning” of
VEGF signaling to achieve the proper formation of blood
vessels. The biological consequences of VEGFR-1 deletion
appears to be related to loss of its decoy effect, but other
mechanisms might be involved such as “cross talk” between
VEGFR-1 and VEGFR-231617 djrect regulation of the
VEGFR-2 signaling pathway by VEGFR-1,4 and some
undefined effect of the extracellular domain of membrane-
bound VEGFR-1.4

We have previously demonstrated that constitutive activa-
tion of Akt induced by insulin promotes senescence-like
arrest of endothelial cell growth via a p53/p21-dependent
pathway.!® Moreover, tube formation was significantly re-
duced by overactivation of Akt. Likewise, constitutive acti-
vation of Akt has been reported to promote the senescence in
other types of cells such as endothelial progenitors and mouse
embryonic fibroblasts.2#3 The study using conditional trans-
genic mice has demonstrated that sustained activation of Akt
in endothelial cells causes increased blood vessel size and
generalized edema within 2 weeks and that these changes are
reversible.*4 Using the same mouse model, it has been
reported that chronic activation of Akt over 8 weeks leads to
endothelial cell senescence and loss of endothelium-
dependent stroke protection.*> Recent studies by several
groups demonstrated that diabetic state induces activation of
the Akt pathway, thereby contributing to the pathology of
diabetic complications.*?46-48 We also detected increased
Akt activity in endothelial cells on the surface of coronary
atherosclerotic lesions in patients with diabetes.!® Moreover,
accumulating evidence suggests that vascular cell senescence
contributes to the pathogenesis of age-associated vascular
diseases including diabetic vasculopathy.*® Thus, these re-
sults suggest the potential of the treatment for vascular
dysfunction associated with diabetes and aging by modulat-
ing Akt activity with a soluble form of VEGFR-1.

Acknowledgments
‘We thank Dr B. Vogelstein and Dr T Zioncheck for reagents, Dr M.
Birnbaum for mice, and E. Fujita, Y. Ishiyama, R. Kobayashi, and Y.
Ishikawa for their excellent technical assistance.

Nishi et al

Role of VEGFR1 in Angiogenesis 267

Sources of Funding

This work was supported by a Grant-in-Aid for Scientific Research
from the Ministry of Education, Science, Sports, and Culture, and
Health and Labor Sciences Research Grants (to LK.) and a Grant-
in-Aid for Scientific Research from the Ministry of Education,
Culture, Sports, Science, and Technology of Japan, and the grants
from the Suzuken Memorial Foundation, the Japan Diabetes Foun-
dation, the Ichiro Kanehara Foundation, the Tokyo Biochemical
Research Foundation, the Takeda Science Foundation, the Cell
Science Research Foundation, and the Japan Foundation of Applied
Enzymology (to T.M.).

Disclosures
None.

References

1. Carmeliet P. Angiogenesis in life, disease and medicine. Nature. 2005;
438:932-936.

2. Ferrara N, Gerber HP, LeCouter J. The biology of VEGF and its
receptors. Nat Med. 2003;9:669-676.

3. Coultas L, Chawengsaksophak K, Rossant J. Endothelial cells and VEGF
in vascular development. Nature. 2005;438:937-945.

4. Fong GH, Rossant J, Gertsenstein M, Breitman ML. Role of the Flt-1
receptor tyrosine kinase in regulating the assembly of vascular endothe-
lium. Nature. 1995;376:66-70.

5. Fong GH, Zhang L, Bryce DM, Peng J. Increased hemangioblast com-
mitment, not vascular disorganization, is the primary defect in flt-1
knock-out mice. Development. 1999;126:3015-3025.

6. Kearney JB, Ambler CA, Monaco KA, Johnson N, Rapoport RG, Bautch
VL. Vascular endothelial growth factor receptor Flt-1 negatively reg-
ulates developmental blood vessel formation by modulating endothelial
cell division. Blood. 2002;99:2397-2407.

7. Hiratsuka S, Minowa O, Kuno J, Noda T, Shibuya M. Flt-1 lacking the
tyrosine kinase domain is sufficient for normal development and angio-
genesis in mice. Proc Natl Acad Sci U S A. 1998;95:9349-9354.

8. Rahimi N, Dayanir V, Lashkari K. Receptor chimeras indicate that the
vascular endothelial growth factor receptor-1 (VEGFR-1) modulates mi-
togenic activity of VEGFR-2 in endothelial cells. J Biol Chem. 2000;275:
16986-16992.

9. Keyt BA, Nguyen HV, Berleau LT, Duarte CM, Park J, Chen H, Ferrara
N. Identification of vascular endothelial growth factor determinants for
binding KDR and FLT-1 receptors. Generation of receptor-selective
VEGF variants by site-directed mutagenesis. J Biol Chem. 1996;271:
5638-5646.

10. Yang S, Xin X, Zlot C, Ingle G, Fuh G, Li B, Moffat B, de Vos AM,
Gerritsen ME. Vascular endothelial cell growth factor-driven endothelial
tube formation is mediated by vascular endothelial cell growth factor
receptor-2, a kinase insert domain-containing receptor. Arterioscler
Thromb Vasc Biol. 2001;21:1934-1940.

11. Gille H, Kowalski J, Li B, LeCouter J, Moffat B, Zioncheck TF, Pelletier
N, Ferrara N. Analysis of biological effects and signaling properties of
Flt-1 (VEGFR-1) and KDR (VEGFR-2). A reassessment using novel
receptor-specific vascular endothelial growth factor mutants. J Biol
Chem. 2001;276:3222-3230.

12. Errico M, Riccioni T, Iyer S, Pisano C, Acharya KR, Persico MG, De
Falco S. Identification of placenta growth factor determinants for binding
and activation of Flt-1 receptor. J Biol Chem. 2004;279:43929-43939.

13. Luttun A, Tjwa M, Moons L, Wu Y, Angelillo-Scherrer A, Liao F, Nagy
JA, Hooper A, Priller J, De Klerck B, Compernolle V, Daci E, Bohlen P,
Dewerchin M, Herbert JM, Fava R, Matthys P, Carmeliet G, Collen D,
Dvorak HF, Hicklin DJ, Carmeliet P. Revascularization of ischemic
tissues by PIGF treatment, and inhibition of tumor angiogenesis, arthritis
and atherosclerosis by anti-Fltl. Nat Med. 2002;8:831-840.

14. Adini A, Kornaga T, Firoozbakht F, Benjamin LE. Placental growth
factor is a survival factor for tumor endothelial cells and macrophages.
Cancer Res. 2002;62:2749-2752.

15. Odorisio T, Schietroma C, Zaccaria ML, Cianfarani F, Tiveron C,
Tatangelo L, Failla CM, Zambruno G. Mice overexpressing placenta
growth factor exhibit increased vascularization and vessel permeability.
J Cell Sci. 2002;115:2559-2567.

16. Autiero M, Waltenberger J, Communi D, Kranz A, Moons L, Lambrechts
D, Kroll J, Plaisance S, De Mol M, Bono F, Kliche S, Fellbrich G,
Ballmer-Hofer K, Maglione D, Mayr-Beyrle U, Dewerchin M, Dom-

Downloaded from circres.ahajournals.org at Osaka University on May 20, 2011

73



268

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

Circulation Research August 1, 2008

browski S, Stanimirovic D, Van Hummelen P, Dehio C, Hicklin DJ,
Persico G, Herbert JM, Communi D, Shibuya M, Collen D, Conway EM,
Carmeliet P. Role of PIGF in the intra- and intermolecular cross talk
between the VEGF receptors Fltl and Flk1. Nat Med. 2003;9:936-943.
Neagoe PE, Lemieux C, Sirois MG. Vascular endothelial growth factor
(VEGF)-A165-induced prostacyclin synthesis requires the activation of
VEGF receptor-1 and -2 heterodimer. J Biol Chem. 2005;280:
9904-9912.

Shih SC, Ju M, Liu N, Smith LE. Selective stimulation of VEGFR-1
prevents oxygen-induced retinal vascular degeneration in retinopathy of
prematurity. J Clin Invest. 2003;112:50-57.

Miyauchi H, Minamino T, Tateno K, Kunieda T, Toko H, Komuro I. Akt
negatively regulates the in vitro lifespan of human endothelial cells via a
p53/p21-dependent pathway. Embo J. 2004;23:212-220.

O’Neill BT, Abel ED. Aktl in the cardiovascular system: friend or foe?
J Clin Invest. 2005;115:2059-2064.

Clauss M, Weich H, Breier G, Knies U, Rockl W, Waltenberger J, Risau
W. The vascular endothelial growth factor receptor Flt-1 mediates bio-
logical activities. Implications for a functional role of placenta growth
factor in monocyte activation and chemotaxis. J Biol Chem. 1996;271:
17629-17634.

Barleon B, Sozzani S, Zhou D, Weich HA, Mantovani A, Marme D.
Migration of human monocytes in response to vascular endothelial
growth factor (VEGF) is mediated via the VEGF receptor flt-1. Blood.
1996;87:3336-3343.

Sawano A, Iwai S, Sakurai Y, Ito M, Shitara K, Nakahata T, Shibuya M.
Flt-1, vascular endothelial growth factor receptor 1, is a novel cell surface
marker for the lineage of monocyte-macrophages in humans. Blood.
2001;97:785-791.

Lyden D, Hattori K, Dias S, Costa C, Blaikie P, Butros L, Chadburn A,
Heissig B, Marks W, Witte L, Wu Y, Hicklin D, Zhu Z, Hackett NR,
Crystal RG, Moore MA, Hajjar KA, Manova K, Benezra R, Rafii S.
Impaired recruitment of bone-marrow-derived endothelial and hemato-
poietic precursor cells blocks tumor angiogenesis and growth. Nar Med.
2001;7:1194-1201.

Hattori K, Heissig B, Wu Y, Dias S, Tejada R, Ferris B, Hicklin DJ, Zhu
Z, Bohlen P, Witte L, Hendrikx J, Hackett NR, Crystal RG, Moore MA,
Werb Z, Lyden D, Rafii S. Placental growth factor reconstitutes hema-
topoiesis by recruiting VEGFR1(+) stem cells from bone-marrow micro-
environment. Nat Med. 2002;8:841-849.

Jin DK, Shido K, Kopp HG, Petit I, Shmelkov SV, Young LM, Hooper
AT, Amano H, Avecilla ST, Heissig B, Hattori K, Zhang F, Hicklin DJ,
Wu'Y, Zhu Z, Dunn A, Salari H, Werb Z, Hackett NR, Crystal RG, Lyden
D, Rafii S. Cytokine-mediated deployment of SDF-1 induces revascular-
ization through recruitment of CXCR4+ hemangiocytes. Nat Med. 2006;
12:557-567.

Carmeliet P. Mechanisms of angiogenesis and arteriogenesis. Nat Med.
2000;6:389-395.

Hiratsuka S, Maru Y, Okada A, Seiki M, Noda T, Shibuya M.
Involvement of Flt-1 tyrosine kinase (vascular endothelial growth factor
receptor-1) in pathological angiogenesis. Cancer Res. 2001;61:
1207-1213.

Murakami M, Iwai S, Hiratsuka S, Yamauchi M, Nakamura K, Iwakura
Y, Shibuya M. Signaling of vascular endothelial growth factor receptor-1
tyrosine kinase promotes rheumatoid arthritis through activation of mono-
cytes/macrophages. Blood. 2006;108:1849-1856.

Chen J, Somanath PR, Razorenova O, Chen WS, Hay N, Bormnstein P,
Byzova TV. Aktl regulates pathological angiogenesis, vascular matu-
ration and permeability in vivo. Nat Med. 2005;11:1188-1196.

Ackah E, Yu J, Zoellner S, Iwakiri Y, Skurk C, Shibata R, Ouchi N,
Easton RM, Galasso G, Birnbaum MJ, Walsh K, Sessa WC. Akt1/protein
kinase Balpha is critical for ischemic and VEGF-mediated angiogenesis.
J Clin Invest. 2005;115:2119-2127.

Chen WS, Xu PZ, Gottlob K, Chen ML, Sokol K, Shiyanova T, Roninson
I, Weng W, Suzuki R, Tobe K, Kadowaki T, Hay N. Growth retardation

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

and increased apoptosis in mice with homozygous disruption of the Akt1
gene. Genes Dev. 2001;15:2203-2208.

Pugh CW, Ratcliffe PJ. Regulation of angiogenesis by hypoxia: role of
the HIF system. Nat Med. 2003;9:677-684.

Cunningham SA, Waxham MN, Arrate PM, Brock TA. Interaction of the
Flt-1 tyrosine kinase receptor with the p85 subunit of phosphatidylinositol
3-kinase. Mapping of a novel site involved in binding. J Biol Chem.
1995;270:20254-20257.

Igarashi K, Isohara T, Kato T, Shigeta K, Yamano T, Uno I. Tyrosine
1213 of Flt-1 is a major binding site of Nck and SHP-2. Biochem Biophys
Res Commun. 1998;246:95-99.

Yu Y, Hulmes JD, Herley MT, Whitney RG, Crabb JW, Sato JD. Direct
identification of a major autophosphorylation site on vascular endothelial
growth factor receptor Flt-1 that mediates phosphatidylinositol 3'-kinase
binding. Biochem J. 2001;358:465-472.

Roberts DM, Kearney JB, Johnson JH, Rosenberg MP, Kumar R, Bautch
VL. The vascular endothelial growth factor (VEGF) receptor Flt-1
(VEGFR-1) modulates Flk-1 (VEGFR-2) signaling during blood vessel
formation. Am J Pathol. 2004;164:1531-1535.

Kearney JB, Kappas NC, Ellerstrom C, DiPaola FW, Bautch VL. The
VEGF receptor flt-1 (VEGFR-1) is a positive modulator of vascular
sprout formation and branching morphogenesis. Blood. 2004;103:
4527-4535.

Bussolati B, Dunk C, Grohman M, Kontos CD, Mason J, Ahmed A.
Vascular endothelial growth factor receptor-1 modulates vascular endo-
thelial growth factor-mediated angiogenesis via nitric oxide. Am J Pathol.
2001;159:993-1008.

Zeng H, Dvorak HF, Mukhopadhyay D. Vascular permeability factor
(VPF)/vascular endothelial growth factor (VEGF) peceptor-1 down-
modulates VPF/VEGF receptor-2-mediated endothelial cell proliferation,
but not migration, through phosphatidylinositol 3-kinase-dependent
pathways. J Biol Chem. 2001;276:26969-26979.

Hiratsuka S, Nakao K, Nakamura K, Katsuki M, Maru Y, Shibuya M.
Membrane fixation of vascular endothelial growth factor receptor 1
ligand-binding domain is important for vasculogenesis and angiogenesi
in mice. Mol Cell Biol. 2005;25:346-354.

Rosso A, Balsamo A, Gambino R, Dentelli P, Falcioni R, Cassader M,
Pegoraro L, Pagano G, Brizzi MF. p53 Mediates the accelerated onset of
senescence of endothelial progenitor cells in diabetes. J Biol Chem.
2006;281:4339-4347.

Chen Z, Trotman LC, Shaffer D, Lin HK, Dotan ZA, Niki M, Koutcher
JA, Scher HI, Ludwig T, Gerald W, Cordon-Cardo C, Pandolfi PP.
Crucial role of p53-dependent cellular senescence in suppression of
Pten-deficient tumorigenesis. Nature. 2005;436:725-730.

. Phung TL, Ziv K, Dabydeen D, Eyiah-Mensah G, Riveros M, Perruzzi C,

Sun J, Monahan-Earley RA, Shiojima I, Nagy JA, Lin MI, Walsh K,
Dvorak AM, Briscoe DM, Neeman M, Sessa WC, Dvorak HF, Benjamin
LE. Pathological angiogenesis is induced by sustained Akt signaling and
inhibited by rapamycin. Cancer Cell. 2006;10:159-170.

Wang C, Kim H, Hiroi Y, Mukai Y, Satoh M, Liao JK. Increase cellular
senescence and cerebral infarct size in mice with chronic activation of
endothelial protein kinase Akt. Circulation. 2006;114:11-160.

Hojlund K, Staehr P, Hansen BF, Green KA, Hardie DG, Richter EA,
Beck-Nielsen H, Wojtaszewski JF. Increased phosphorylation of skeletal
muscle glycogen synthase at NH2-terminal sites during physiological
hyperinsulinemia in type 2 diabetes. Diabetes. 2003;52:1393-1402.
Sheu ML, Ho FM, Yang RS, Chao KF, Lin WW, Lin-Shiau SY, Liu SH.
High glucose induces human endothelial cell apoptosis through a phos-
phoinositide 3-kinase-regulated cyclooxygenase-2 pathway. Arterioscler
Thromb Vasc Biol. 2005;25:539-545.

Clodfelder-Miller B, De Sarno P, Zmijewska AA, Song L, Jope RS.
Physiological and pathological changes in glucose regulate brain Akt and
glycogen synthase kinase-3. J Biol Chem. 2005;280:39723-39731.
Minamino T, Komuro I. Vascular cell senescence: contribution to
atherosclerosis. Circ Res. 2007;100:15-26.

Downloaded from circres.ahajournals.org at Osaka University on May 20, 2011

74



OPEN @ ACCESS Freely available online ® PLoS one

Gremlin Enhances the Determined Path to
Cardiomyogenesis

Daisuke Kami'~?, Ichiro Shiojima*, Hatsune Makino', Kenji Matsumoto?, Yoriko Takahashi', Ryuga Ishii’,
Atsuhiko T. Naito?, Masashi Toyoda , Hirohisa Saito?, Masatoshi Watanabe?, Issei Komuro®*, Akihiro
Umezawa'*

1 Department of Reproductive Biology, National Institute for Child Health and Development, Tokyo, Japan, 2 Department of Allergy and Immunology, National Institute
for Child Health and Development, Tokyo, Japan, 3 Laboratory for Medical Engineering, Division of Materials Science and Chemical Engineering, Graduate School of
Engineering, Yokohama National University, Yokohama, Japan, 4 Department of Cardiovascular Science and Medicine, Chiba University Graduate School of Medicine,
Chiba, Japan

ABstract'.

Background: The critical event in heart formation is commitment of mesodermal cells to a cardiomyogenic fate, and cardiac
fate determination is regulated by a series of cytokines. Bone morphogenetic proteins (BMPs) and fibroblast growth factors
_have been shown to be involved in this process, however additional factors needs to be identified for the fate
determmatlon, especnally at the early stage of cardiomyogenic development

Methoddlogy/?rmdpal Flndmgs: Global gene expression analysns using a series of human cells with a cardiomyogenic

potential suggested Gremlin (Grem1) is a candidate gene responsible for in vitro cardiomyogenic differentiation. Grem1, a
- known BMP antagonist, enhanced DMSO-induced cardiomyogenesis of P19CL6 embryonal carcinoma cells (CL6 cells) 10-35

fold in an area of beating differentiated ‘cardiomyocytes. The Grem1 action was most effective at the early differentiation
_ stage when CL6 cells were destined to cardiomyogenesis, and was mediated through inhibition of BMP2. Furthermore,
i BMPZ inhlblted Wnt/B-catemn sngnalmg that promoted CL6 card:omyogenesns

L‘anclusttgnifiance Grem1 enhances the determmed ‘path to cardiomyogenesis in a stage—speciﬁc manner, and
z "'ignaling pathway is |nvolved in mmal determlnatlon of Grem1-promoted cardnomyogenesus. Our
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Introduction light chain (MyLC)). Wnt family proteins, cysteine-rich, and secreted
) . ) . glycoproteins, have also been implicated in embryonic development

The critical event in heart formation is commitment of [10,11], and cardiomyogenesis [12,13]. In Drosophila, ‘wingless’, a
mesodermal cells to a cardiomyogenic fate and their migration into homologue of vertebrate Wnt is involved in expression of ‘tinman’, a
anterolateral regions of the embryo during late gastrulation. In this  Drysgphila homologue of Csx/Nkx2.5, through ‘armadilly’, a Drosophila
process, morphogenic movements and cardiac fate determination ortholog of B-catenin, and drives heart development [14]. In
are regulated by cytokines such as bone morphogenetic proteins vertebrates, however, Wntl/3a, which activates the canonical Wnt/
(BMPs) [1-3], and fibroblast growth factors (FGFs) [4-7]. These B-catenin signaling pathway leading to stabilization of B-catenin as a
secreted proteins from neighboring endoderm, ectoderm, and the downstream molecule through inactivation of glycogen synthase
mesoderm itself, play important roles in induction of cardiac kinase-3B, inhibits cardiomyocytic differentiation from cardiac
transcription factors [8] and differentiation of cardiomyocytes in mesoderm [15-18]. Wntl1 promotes cardiac differentiation via
amphibians [9] and avians [4]. Cardiomyogenic signals, such as the non-canonical pathway in Xenopus [12] and murine embryonic
BMPs and FGFs, indeed activate expression of cardiac specific cell lines [19]. The secretion of Wnt inhibitors such as ‘Cerberus’,
transcriptional factors (Csx/Nkx2.5, Gata4, Mef2c), and these ‘Dickkopf’ and ‘Crescent’ by the anterior endoderm prevents Wnt3a
transcriptional factors activate expression of circulating hormones secreted by the neural tube from inhibiting heart formation [15-17].
(atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP)), In this study, we performed GeneChip analysis to identify
and cardiac specific proteins (myosin heavy chain (MyHC), myosin multiple extracellular determinants, such as cytokines, cell
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membrane-bound molecules and matrix responsible for cardio-
myogenic differentiation, and evaluated the statistical significance
of differential gene expression by NIA array analysis (http://lgsun.
gre.nia.nih.gov/ANOVA/) [20], a web-based tool for microarray
data analysis. We found that Greml enhances the determined
path to cardiomyogenesis in a stage-specific manner, and that
inhibition of the BMP signaling pathway is, at least in part,
involved in initial determination of GremI-promoted cardiomyo-
genesis.

Results

GeneChip and statistical analysis

To identify cytokines and transcription factors responsible for
cardiomyogenic differentiation, 69 human cells were analyzed,
depending on gene expression levels, by GeneSpringGX software,
and clustered into 30 groups (Fig. 1A, Table 1). Among the 30
groups, 21 groups included cells with a cardiomyogenic potential
(Fig. 1B: red numbers). To identify genes specific for these groups,
hierarchical clustering was employed, using the average distance
method. Genes with the lowest average expression E(G1) within
the cluster that can differentiate into cardiomyocytes and genes
with the highest average expression E(G2) outside the cluster were
identified, as previously described [20-22]. Genes which have
E(G1)>E(G2) were estimated, using the False Discovery Rate
(FDR<0.05). Grem1 was nominated as a cluster-specific cardio-
myocyte-promoting gene in cells that could differentiate into
cardiomyocytes following NIA array analysis (Fig. 1B). The gene
expression profile reported in this paper has been deposited in the
Gene Expression Omnibus (GEO) database (http://www.ncbi.
nlm.nih.gov/geo:  accession mno. GSE8481, GSM41342-
GSM41344, and GSM201137- GSM201145).

Cardiomyogenic differentiation of CL6 cells with Grem1
and DMSO

To investigate cardiomyogenic activity of Greml, P19CL6
embryonal carcinoma cells (CL6 cells) were used for assessment of
in witro cardiomyogenic differentiation, since CL6 cells are
reproducibly and stably induced into beating cardiomyocytes by
DMSO (Fig. 2Aa) [23]. CL6 cells did not differentiate following
exposure to Greml alone at concentrations of 63 or 125 ng/ml for
14 days (Fig. 2B). However, Greml dramatically promotes
DMSO-induced cardiomyogenic differentiation at a concentration
of 63 and 125 ng/ml; Greml (125 ng/ml) especially increased
DMSO-induced cardiomyogenic differentiation of CL6 cells as
assessed by beating area (Fig. 2Ab and B) (Movie S1 and S2,
http://1954 jukuin.keio.ac.jp/umezawa/kami/index.htrml).

RT-PCR of differentiated or undifferentiated CL6 cells
To investigate gene expression as well as morphological
analysis, i.e. beating, during cardiomyogenic differentiation, RT-
PCR analysis was performed to detect expression of cardiomyo-
cyte-specific/associate transcription factors, and structural genes
(Fig. 2C). Genes encoding Csx/Nkx2.5, Gata4, Hand2, Mef2¢c, ANP,
BNP, MyLC-2a, MyLC-2v, and f-MyHC were up-regulated during
cardiomyogenic differentiation of CL6 cells treated with Greml
and DMSO (Fig. 2C: lanes 6, 7 versus lane 3). Triplicate
independent experiments confirmed the concentration-dependent
Greml action on cardiomyogenic differentiation. The cardiomy-
ocyte-specific genes (Csx/Nkx2.5, Gatad, MyLC-2a, MyLC-2v)
expression level of CL6 cells treated with DMSO and Greml
(63 and 125 ng/ml) were also the same as or higher than that
of DMSO-induced CL6 cells by semi-quantitative RT-PCR

(Figure S1).
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Figure 1. Hierarchical clustering analysis on cultured human
cells. (A) Hierarchical clustering analyzed by GeneSpring. Based on
gene expression pattern, 69 human cells were clustered into 30 sub-
groups. The raw data from the GeneChip analysis are available at the
GEO database with accession number GSE8481, GSM41342- GSM41344,
and GSM201137- G5M201145. (B) Hierarchical clustering analysis was
performed by NIA array (http://Igsun.grc.nia.nih.gov/ANOVA/), using
averaged values of 30 sub-groups. Among the 30 groups, 21 groups
included cells with a cardiomyogenic potential. To identify genes
specific for these groups, hierarchical clustering was employed. Grem1
was nominated as a cluster-specific cardiomyocyte-promoting gene in
cells that could differentiate into cardiomyocytes.
doi:10.1371/journal.pone.0002407.g001

Immunocytochemistry of differentiated or
undifferentiated CL6 cells

To examine CLS cells for expression of cardiomyocytic protein,
immunocytochemical analysis was performed. CL6 treated with
Greml (125 ng/ml) and DMSO exhibited clear striation with
immunostain using anti-cInT or anti-a-actinin (Fig. 2Da and b).
The MF20- and cTnT-positive cells after exposure to Grem! and
DMSO formed clusters (Fig. 2Ea), compared with the cells after
exposure to DMSO alone (Fig. 2Eb). CL6 cells treated with
Greml alone were negative for MF20 and c¢TnT, but became
positive for both markers following exposure to Grem!l (63 and
125 ng/ml) and DMSO (Fig. 2F). The beating area (Fig. 2B)
showed a tendency similar to the MF20- and cTnT-positive area
(Fig. 2F), thus there were positive correlations between them.
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Table 1. cont.

Group Title Description GSM

Fetal fibroblast, primary

Fetal ﬁbroblast, primary
s Bone marmw cell (cumercﬁr ﬂem). Pﬁmalv
Il

22 sone manowcel, primary

Bone marrow-derived mesenchymal stem
ES cell-derlved mesenchymal p:ecug ¢

ES cell-derived mesenchymal precursor GéM38629
24 Endometrial cell ‘ : E6, E7, hTERT, endometrial cell
25 Bone marrow cell, primary Yub10F 7 Bone marrow cell, primary
%6 Endometrial cell ~ E6, E7, hTERT, endometrial cell
E6, E7, hTERT, endometnal cell
27 Endometril cell -  E6,E7, hTERT, endometrial cell

28 Menstruation bIood derived mesenchymal #E4 Menstruation blood primary
cell, primary

#ESHRF Menstruation blood, HRF treatment, primary GSM210420

#E6HRF Menstruation blood, HRF treatment, primary GSM210422

doi:10.1371/journal.pone.0002407.t001

Grem1 and DMSO were most effective at the early stage =~ DMSO-induction was inhibited by BMP2 protein. The expression
(days 1-3) of CL6 differentiation level of .Bmp2 was highest during days 7-10 (Fig. 4C: Bmp2) in
To determine if Grem1 (125 ng/ml) functions during the early ~ DMS8O-induced CL6 cells, and that of Bmp# was highest during
or the late stage of differentiation, CL6 cells were treated with days 5._7 (Fig. 4C: Bmpd).
Greml for different time periods (Fig. 3A). Greml and DMSO To investigate BMP signaling on cardiomyogenic differentiation,
were most effective on CL6 differentiation at 1-3 days (Fig. 3B, C) we used the /4] promoter-Lux plasmid that includes the luciferase
as assessed by percentages of MF20-positive area and beating area. gene driven by the /4 promoter, known as a BMP target promoter
Since Greml inhibits BMPs through direct binding [24], we  (Fig- 4D). DMSO increased BMP signaling activity that peaked at 5
hypothesized that BMP signaling is inhibitory to CL6 cardiomyo-  days (Fig. 4D, open square). BMP2 protein increased BMP signaling
genesis during days 1-3. To confirm this hypothesis, RT-PCR  activity at 3 days (Fig. 4D, closed square), but lost BMP signaling
analysis was performed to determine expression of the early activity at 5 days and later, implying that this loss of BMP signaling
mesodermal marker (BrachyuryT and Tbx6), cardiomyocyte-specific leads to lack of cardiomyogenic induction.
transcription factors (Csx/Nkx2.5), structural genes (-MyHC), and Since Wnt/B-catenin signaling is involved in CL6 cardiomyo-
Gapdh (Fig. 4A). DMSO induced the BrachyuryT and Tbx6 genes, genesis [23,25], we hypothesized that the BMP effect on CL6
and their expressions peaked at 3 days and then decreased; BMP2 cardiomyogenesis is mediated through Wnt/B-catenin signaling.
down-regulated expression of these genes at 3-7 days. The Csx/ Expression of Wnt3a, an activator of canonical Wnt signaling, was
Nix2.5 and f-MyHC genes started to be expressed at days 3 and 5, indeed detected in CL6 cells exposed to DMSO, and BMP2
respectively, and their expression increased up to 14 days, at which significantly down-regulated Wnt3a expression at day 3 (Fig. 4E).
time the timeframe analysis was terminated. BMP2 clearly By using the TOPflash plasmid [23] which includes the luciferase
inhibited expression of the Csx/Mx2.5 and f-MyHC genes gene driven by two sets of three copies of the TCF recognition site,
(Fig. 4A, lanes 1-7 versus lanes 8-14). Wnt/B-catenin signaling was assessed to investigate the effect of
To examine cardiomyogenic differentiation, immunocytochem- ~ BMP2. Wnt/B-catenin signaling activity increased at 48 h after
ical analysis was performed on CL6 cells treated with the inducers. treatment with DMSO. Activity was increased by DMSO
CLS6 cells treated with DMSO and BMP? for the first 3 days were ~ treatment but decreased by BMP2 (Fig. 4F). Time course analysis
negative for sarcomeric myosin (MF20) at 14 days, but became revealed that Wnt/B-catenin activity peaked at 5 days after
positive for sarcomeric myosin, following exposure to DMSO DMSO treatment, and decreased thereafter (Fig. 4G). BMP2
alone during days 1-3 (Fig. 4B). To determine if DMSO induces inhibited DMSO-induced Wnt/B-catenin activity throughout the
BMP production in CL6 cells, expression levels of Bmp2 and Bmp4  experimental period (up to 14 days). These results imply that BMP
were determined by quantitative real-time RT-PCR analysis signaling inhibits CL6 cardiomyogenesis at the early stage through
(Fig. 4C). DMSO clearly induced the Bmp2 and Bmp4 genes, and inhibition of Wnt/B-catenin signaling.
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