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Fig. 1. Cardiac cell sheets have intrinsic angiogenic potential. (A) Endothelial cells within cardiac cell sheets were detected as CD31-expressing cells
(green}. Nuclei (blue) are counterstained with Hoechst 33342. (B) RT-PCR analysis of RNA isolated from cardiac cell sheets shows positive expression for
VEGF, Cox-2, and Tie-2 at both 3 and 7 days in culture. (C) Total gene expression analysis of angiogenesis-related genes detected in cardiac cell sheets by

RT-PCR. (++) indicates expression, (+) indicates occasional expression, and () indicates no expression.
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Fig. 2. Endothelial cells within cardiac cell sheets grow in a sprouting fashion. CD31 expression within the cardiac cell sheets was detected at (A) I day, (B)
2 days, (C) 3 days, and (D) 4 days, in culture. (E) The graph shows the percentage of CD31-positive areas of the myocardial cell sheets at each time period.

(*p <0.05, n=3).

Neovascularization of myocardial tissue grafts occurs upon
in vivo transplantation

To determine the origin of newly formed blood vessels
within the myocardial tissue grafts in vivo, we stacked three
cardiac cell sheets derived from EGFP-expressing neonatal

rats and transplanted -these triple-layer grafts into the
dorsal subcutaneous tissues of normal rats. When the
transplantation sites were opened 1 week after the proce-
dures, the implanted grafts showed synchronous and spon-
taneous pulsation and maintained their original shapes,
indicating whole tissue survival. Upon histological analysis
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Fig. 3. Endothelial cells within cardiac cell sheets are reactive. Immunostaining for CD31 in (A) control, (B) cells treated with 2 puM 2-methoxyestradiol or
(C) 10 nM rat recombinant VEGF shows changes in endothelial cell network formation after 4 days in culture. (D) The graph shows the percentage of
CD31-positive areas of the myocardial cell sheets treated under each condition (*p <0.05, n = 3).

Fig. 4. Microvessel formation within transplanted triple-layer cardiac cell sheets. One week after transplantation, (A,B) show hematoxylin and eosin
staining which shows the formation of microvessels containing host erythrocytes within the transplanted grafts and in the underlying host tissues (black
arrowheads). (C.D) Anti-EGFP immunostaining (red fluorescence) identifies graft-derived cells. Arrows indicate that the vessels observed in (A,B) are
EGFP-positive and contain host erythrocytes within the lumen of the vessels (white arrowheads). Note that EGFP-positive vessels sprout into the host
tissue.
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A _ B

Fig. 5. Immunohistological analysis of the myocardial tissue grafts transplanted subcutaneously into EGFP-expressing host rats. One week after
transplantation, (A) hematoxylin and eosin staining demonstrates microvessel formation within the EGFP-negative transplanted tissues. (B)
Immunostaining for EGFP (red) shows almost no positive staining within the transplanted grafts, indicating that the vessel formation is due to
EGFP-negative graft cells. (C) anti-a-sarcomeric actinin demonstrates the presence of cardiac muscle in the transplanted grafts.
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Fig. 6. Fused vessels at the junction between the EGFP-expressing host tissues and the transplanted grafts. (A,B) Immunostaining EGFP (green)
demonstrates that EGFP-negative graft endothelial cells fuse with EGFP-positive host cells to form mature microvessels. (C) Hematoxylin and eosin
staining of a serial section to (A,B) shows erythrocytes within the vessel lumen. (D) Immunostaining for x-sarcomeric actinin (green) shows that the
vessel is at the border between the transplanted cardiac grafts and the underlying host tissues. (E) Presents a schematic illustration of the observed
serial sections.
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of resected tissues, well-established vascular structures
within the grafts were observed, similar to our previously
reported results [21] (Figs. 4A and B). Unexpectedly how-
ever, anti-GFP antibody staining clearly demonstrated that
almost all blood vessels in the grafts expressed EGFP and
were therefore graft-derived (Figs. 4C and D). Further-
more, some EGFP-expressing blood vessels, originating
from the transplanted grafts, could even be detected within
the host tissues just beneath the implanted cardiac tissues
(Figs. 4C and D).

To determine whether host-derived vessels migrated into
the transplanted cardiac grafts, EGFP-negative myocardial
tissue grafts were transplanted into EGFP-expressing host
rats. One week after transplantation, no EGFP-positive
blood vessels could be detected within the myocardial tis-
sue grafts (Figs. 5A and B), which were positively stained
for cardiac muscle, by anti-o-sarcomeric actinin antibody
(Fig. 5C). Using staining of serial cross-sections, it was also

observed that EGFP-positive host vessels fused with
EGFP-negative graft vessels at the border region between
the transplanted myocardial grafts and the underlying host
subcutaneous tissues (Fig. 6). These results therefore indi-
cated that endothelial cell networks within the cell sheets
mature to form tubularized vascular networks within the
grafts after in vivo transplantation. Additionally, these
newly formed vessels that originated completely from the
grafts migrated into the underlying tissues to connect with
host blood vessels.

Controlling neovascularization within myocardial tissue
grafts

Due to the observation that the newly formed vessels
within the implanted myocardial tissues were completely
graft-derived, we tried to control the ratio of endothelial
cells within the fabricated cardiac cell sheets and exam-
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Fig. 7. Control of endothelial cells allows for the regulation of in vivo neovascularization. Endothelial cells were removed from isolated cardiac cell
suspensions by MACS. (A) Anti-CD31 staining shows that cardiac cell suspensions without endothelial cells do not form sprouting endothelial cell
networks in vitro. (B) When endothelial cells were added to cardiac cells at a ratio of 1:9, in vitro sprouting network formation could be recovered. (C)
Three days after triple-layer subcutaneous transplantation, cardiac cell sheets with no endothelial cells demonstrate no vessel formation in vivo. (D) In
contrast, when EGFP-positive endothelial cells were added at a ratio of 1:9, in vivo blood vessel formation was also recovered. (E) Anti-EGFP
immunostaining demonstrates that all the blood vessels within the grafts are derived from graft-originating EGFP-positive cells (green). (F) Quantitative
analysis of vessel formation within the fabricated grafis is presented. EC (—) indicates the grafts fabricated without endothelial cells and EC (+) created

with endothelial cells and cardiac cells at a ratio of 1:9. (*p <0.05, n = 3).
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ined the effect on graft neovascularization in vivo. Endo-
thelial cells were separated from primary isolated cardiac
cell suspensions by MACS and accounted for 18.9 + 9.8%
(n = 7) of the total isolated cell suspensions. When cardiac
cell sheets without endothelial cells were fabricated from
the remaining cell suspensions after MACS, significantly
fewer endothelial networks were observed (Fig. 7A).
However, when endothelial cell-depleted cardiac cells were
mixed with EGFP-positive endothelial cells at a ratio of
9:1, the previously observed endothelial cell networks
could be completely recovered within these hybrid cell
sheets (Fig. 7B). Upon subcutancous transplantation of
triple-layer mixed cell sheets into nude rats, graft-originat-
ed EGFP-positive blood vessels were clearly observed
within the transplanted myocardial tissue grafts (Figs.
7D and E). When transplanted grafts were composed of
cell sheets without endothelial cells, a significantly lower
amount of blood vessels were observed 3 days after
implantation (Fig. 7C), compared to the hybrid cell sheet
group that contained a controlled ratio of endothelial
cells. These findings therefore confirmed that the endothe-
lial cells within the cell sheet grafts contribute significantly
to the formation of new blood vessels within the bioengi-
neered tissues (Fig. 7F). Moreover, by controlling the
ratio of endothelial cells initially seeded in the cardiac cell
sheets, neovascularization of the fabricated grafts could
also be regulated.

Discussion

There have been several previous studies regarding
micro blood vessel formation of tissue implants without
surgical vascular anastomoses. When human skin grafts
were transplanted onto athymic mice, graft vessels became
anastomosed to the host circulation, but over time, human
endothelial cells from the transplanted grafts progressively
degenerate while host endothelial cells invade to gradually
replace the graft-derived cells [23]. Similarly, in the case of
pancreatic islet grafts transplanted both subcutaneously
and to the kidney capsule, the transplanted tissues were
shown to be mainly re-vascularized by endothelial cells of
host origin [24,25]. Additionally, when cultured skin substi-
tutes were transplanted into rat subcutaneous tissues, new
blood vessel formation was shown to be due to both graft-
and host-derived endothelial cells [26].

In contrast to these previously reported results, when we
transplanted triple-layer cardiac cell sheet constructs into
dorsal subcutancous tissues, the observed blood vessel
reconstruction was completely due to the endothelial cell
networks that originated from within the grafts. Interest-
ingly, these newly formed graft-derived blood vessels also
sprouted into the underlying host tissues, to form function-
al connections with the host vasculature. Furthermore, vas-
culature regulation experiments in vivo also demonstrated
that the endothelial cell network in vitro forms functional
microvessels and sprout into the host tissues after
transplantation.

Many biological factors, such as ECM molecules and
secreted proteins, have been shown to be important for
endothelial cell network formation in engineered tissues
[27]. Tt is well known that when endothelial cells are cul-
tured in three-dimensional Matri-gel and collagen-based
gels, they undergo a reversible transition from a resting
cobblestone formation to a sprouting angiogenic pheno-
type [28,29]. Similarly, when endothelial cells were included
in the cardiac cell sheets, they showed this sprouting form
and network development in vitro, even though additional
ECM substitutes were not used. With our method, the iso-
lated cell suspensions include not only cardiomyocytes and
endothelial cells, but also a significant number of fibro-
blasts and other ECM-producing cells. Therefore, it is
likely that these cells can produce the appropriate ECM
molecules such as collagen, which can act to promote endo-
thelial network formation within the cardiac cell sheets.

In combination with the ECM environment, various
secreted proteins, such as growth factors and cytokines,
have also been shown to be involved in the neovasculariza-
tion processes. In our results, mRNA expression of both
VEGF and Cox-2 was observed, in vitro within the cardiac
cell sheets. It has been reported that VEGF secretion via
cardiomyocytes is required for the development of coro-
nary microvessels [30], and VEGF gene expression of cul-
tured cardiomyocytes has been also previously
demonstrated [31]. Cox-2 is also a key enzyme involved
in angiogenesis and known to be expressed in cardiomyo-
cytes {32]. Furthermore, when human umbilical vein endo-
thelial cells were cultured with conditioned medium derived
from rat neonatal cardiomyocytes, Cox-2 expression was
also induced in the endothelial cells by VEGF secreted by
the cardiac cells [33], indicating that VEGF production
by cardiomyocytes within the cell sheets, and Cox-2 expres-
sion, may accelerate endothelial sprouting and network
formation. Likewise, direct cell-to-cell interactions between
cardiomyocytes and endothelial cells have been reported to
rescue cardiomyocytes from undergoing apoptosis in vitro,
with these effects enhanced compared to the use of condi-
tioned media [34]. Previously, the co-culture of endothelial
cells, fibroblasts, and skeletal myoblasts, within three-di-
mensional porous scaffolds, has also shown to play a signif-
icant role in the vascularization of engincered skeletal
muscle [27], demonstrating the importance of cell-to-cell
interactions in creating endothelial cell networks. In cardi-
ac cell sheets, the observation that cardiomyocyte clusters
surround areas enriched with endothelial cells also suggests
that the endothelial cell networks are activated by both
direct celi-to-cell interactions, as well as secreted proteins
from cardiomyocytes. Therefore, a mutually beneficial rela-
tionship between cardiomyocytes and endothelial cells
seems to contribute to the formation of endothelial cell net-
works in vitro.

A key factor in the ability for the rapid neovasculariza-
tion of the bioengineered grafts in vivo is the use of cell
sheet engineering with temperature-responsive culture dish-
es, which are created by the covalent grafting of the
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temperature-responsive polymer, PIPAAm, onto ordinary
tissue culture polystyrene (TCPS) surfaces [13,19]. With
traditional cell harvest methods using proteolytic enzymes
such as trypsin, cells are collected as single or isolated cell
suspensions. In such cases, it can be expected that the
endothelial networks that have been formed, as well as
crucial cell-to-cell interactions between cardiomyocytes
and endothelial cells, would be disrupted. With tempera-
ture-responsive dishes, cells can be cultured on these sur-
faces similarly onto normal TCPS surfaces at 37 °C.
However, by simply reducing the culture temperature to
20 °C, the dish surfaces undergo a reversible transition
from hydrophobic to hydrophilic. When this occurs, the
grafted polymer rapidly swells, such that a hydration layer
is formed between the dish surface and the cultured cells,
allowing for all the cultured cells along with their deposited
ECM to be non-invasively harvested as intact sheets [20].
Therefore, with cardiac cell sheets harvested from temper-
ature-responsive dishes, their own deposited ECM is pre-
served, and the cell sheets are also able to retain intact,
undisrupted endothelial cell networks, as well as the expres-
sion of angiogenesis-accelerating genes such as VEGF and
Cox-2. The ability to maintain the differentiated state that
has developed during culture is in stark contrast to cell har-
vest with proteolytic enzymes and allows for the rapid
development of graft-derived endothelial cell networks into
mature microvessels upon transplantation of these bioengi-
neered tissues with an innate ability for vascularization.

For future applications of tissue engineering, and more
specifically related to cardiac tissues, the creation of thick,
cell-dense constructs with functional vessels is required.
Yet at the present time, growth factor administration and
gene therapies methods still remain relatively difficult to
control both in vitro and in vivo. In the present study how-
ever, upon determining the neovascularization mechanisms
of myocardial tissue grafts, we clearly demonstrate the pos-
sibility of controlling in vivo vascularization by regulating
the ratio of endothelial cells in cardiomyocyte sheets. From
these results, it is clearly conceivable that by applying the
co-culture of different endothelial cell sources and varying
the ratio of endothelial cells within the grafts, optimal con-
ditions for blood vessel fabrication within specific tissues
can be created.

Similarly, while the formation of endothelial cell net-
works can be controlled, these immature networks can sur-
vive for only 1 week, in vitro (data not shown). Therefore,
not only biological factors but also physical stimuli such as
flow and shear stress are likely required to mimic the in vivo
environment and allow for the formation of mature vascu-
lar networks, under in vitro conditions [35,36].

In conclusion, myocardial tissue grafts engineered with
cell sheet technology have their own inherent potential
for the in vivo reconstruction of blood vessels. By control-
ling the endothelial cell population within the cardiac cell
sheets, the potential for vascularization can also be regulat-
ed, which will likely overcome the limits of mass transport
to create thick and functional tissues. This engineering of

structures that more closely resemble native tissues has
the potential for new applications for tissue engineering
and regenerative medicine, as well as other areas, by creat-
ing more realistic experimental model systems.
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Embryonic stem (ES) cells are a promising source of
cardiomyocytes, but clinical application of ES cells has
been hindered by the lack of reliable selective differentiation
methods. Differentiation into any lineage is partly dependent
on the regulatory mechanisms of normal early development.
Although several signals, including bone morphogenetic
protein (BMP)12, Wnt® and FGF?, are involved in heart
development, scarce evidence is available about the exact
signals that mediate cardiomyocyte differentiation. While
investigating the involvement of BMP signaling in early heart
formation in the mouse, we found that the BMP antagonist
Noggin is transiently but strongly expressed in the heart-
forming region during gastrulation and acts at the level of
induction of mesendoderm to establish conditions conducive
to cardiogenesis. We applied this finding to develop an
effective protocol for obtaining cardiomyocytes from mouse

ES cells by inhibition of BMP signaling.

MP signaling is crucial in mesodermal induction and cardiac
formation!?. However, simple stimulation with BMP2/BMP4 did
not augment or suppress cardiomyocyte induction from ES cells
(data not shown). In the vertebrate nervous system, Noggin and
other BMP inhibitors (chordin and follistatin) are involved in neural
differentiation in a context-dependent fashion®®. We hypothesized
that BMP antagonists may also be involved in cardiomyocyte induc-
tion. Here, we performed whole-mount in situ hybridization for
various BMP antagonists on mouse embryos at different gastrulation
stages. The BMP antagonist Noggin was transiently but strongly
expressed in the heart-forming area (Fig. lab). It was clearly
expressed at the cardiac crescent at mouse embryo day E7.5 and the
late crescent stage at E8.0, but was barely detectable in the linear heart
tube after E8.5. In contrast, the expression of Noggin at the notochord
continued after 8.5, as reported previously”S, Sectioning of whole-
mount samples from E7.5 and E8.0 showed expression of Noggin in

both the endodermal and mesodermal layers and made clear that
Noggin was derived from the primary heart field (Fig. l¢,d). This
marked difference in the time course of Noggin expression between
the heart-forming region and notochord suggested that transient
expression of Noggin functions in cardiomyocyte differentiation.

We stimulated mouse ES cells in suspension cultures with Noggin in
various ways (Fig. 2a,b). We administered Noggin before or after
embryoid body formation to mimic the transient and strong expres-
sion of Noggin at the early gastrulation stage. Discontinuation of
leukemia inhibitory factor (LIF) and addition of Noggin before or
after embryoid body formation did not increase the incidence of
formation of spontaneously beating embryoid bodies (Fig. 2b, rows
2,3). Interestingly, addition of Noggin on day 0 and discontinuation of
LIF on day 3 slightly but substantially increased the beating embryoid
body incidence (Fig. 2b, row 4), suggesting that the optimal timing for
Noggin might be both before and after embryoid body formation.
Next, we added Noggin at either —3, 0, +1, +2 or +3 d (Fig. 2b, rows
5-9), and LIF before embryoid body formation. Although Noggin at
day 0 (Fig. 2b, row 6) slightly increased the beating embryoid body
incidence, this incidence gradually decreased at the later time points,
Based on these results, we administered Noggin at day -3 and day 0
from embryoid body formation. This led to a marked increase in
beating embryoid body incidence to 95.3% at 10 d (Fig. 2b, rows
10-16), and continued growth of embryoid bodies to day 14. These
results suggest that the cardiomyocyte inductive activity of Noggin was
restricted to the period from 3 d before one day after embryoid body
formation and that the ES cells must initially be undifferentiated.

This protocol was effective in two independent ES cell lines, EB3
and R1, and the optimal concentration of Noggin was 150 ng/ml
(Fig. 2¢ and Supplementary Fig. 1 online). To demonstrate that this
effect was specific to inhibition of the BMP pathway, we administered
various concentrations of BMP2 at day 0 (Fig. 2d). Even low doses
of BMP2 strongly inhibited Noggin-dependent cardiomyocyte induc-
tion. To confirm that the inhibition of BMP signaling in the early
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E8.25

E8.5
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Noggin Nkx2.5

phase of differentiation could accelerate cardiomyocyte induction,
soluble BMP receptor-1A (BMPR-1A) or another BMP antagonist,
chordin, was also administered, and cardiomyocyte induction was
observed. Both interventions augmented the incidence of beating in
individual embryoid bodies (Fig. 2e). In contrast, administration of
various growth factors, including insulin-like growth factor-1 (IGF-1),
fibroblast growth factor (FGF2) and BMP2, using the same protocol
did not boost cardiomyocyte induction (Fig. 2f). These results
suggest that inhibition of BMP signaling in the undifferentiated or
immediate early phase of ES cell differentiation is crucial for cardio-
myocyte differentiation.
Next, we examined which step of cardiomyocyte development
oggin acted upon. Noggin-treated ES cells expressed markedly
higher levels of brachyury T than untreated cells, and then showed
strong induction of cardiomyocyte marker gene expression (Nkx2.5
and Tbx5). Despite this increase in brachyury-T expression, the
expression of other early mesodermal markers transiently increased
but then subsequently decreased (Fig. 2g). We also performed whole
mount in situ hybridization of the embryoid bodies, and quantified
these mesodermal marker-positive cells (Fig. 2h,i). Taken together,
these data suggest that Noggin acts principally between the undiffer-
entiated and brachyury-T-positive states. Brachyury T is a marker of
mesendodermal progenitors that can differentiate into mesoderm or
endoderm depending on culture conditions®. In our experiments,
Noggin increased both the proportion of the cells expressing brachy-
ury T by 1.8-fold and the level of brachyury-T mRNA per
cell by sixfold (Fig. 2j). This suggests that an increase in mRNA
per cell is essential for cardiomyocyte induction from undifferen-
tiated ES cells, and that there may be subpopulations within the
brachyury-T-positive cells that can be distinguished by their levels of
expression. The increase in cells expressing high levels of brachyury T
that formed mesendoderm resulted in the large increase in Nkx2.5-
positive cells.

To quantify the incidence of cardiomyocyte induction with Noggin
treatment, we immunostained for cardiac-specific proteins and

Figure 1 Transient expression of noggin at the heart forming area. (a) Whole-
mount /n situ hybridization of noggin and Nkx2.5 was performed at mouse
embryo stages E7.5, E8.0, E8.25, E&.5 and £9.0. Note that noggin was
strongly expressed at the cardiac crescent (E7.5) and late crescent stage
(E8.0), but was undetected after E8.5. In contrast, Nkx2.5 was expressed
thereafter. Arrows indicate the heart. (b} The schema of noggin and Nkx2.5
expression at E7.5. CC: cardiac crescent, NC: notochord, LHT: linear heart
tube. (c) Section of samples at E7.5 and E8.0 with the whole mount in situ
hybridization. i—vi represented the site of the section as shown in a. {d) The
schema of noggin and Nkx2.5 expression at £7.5.

observed the results by confocal laser microscopy. Most cells in the
Noggin-treated embryoid bodies stained positive for myosin heavy
chain (MHC), myosin light chain (MLC), atrial natriuretic peptide
(ANP), cardiac troponin I and sarcomeric actinin (Fig. 3a—). In
contrast, the cardiomyocyte content was markedly lower in the control
or in embryoid bodies treated with other Noggin protocols. The
optimal Noggin protocol led to synchronous beating of the entire
embryoid body (see Supplementary Video online). The isolated cells
expressed many cardiac markers and had a typical cardiac myocyte
morphology. At day 10, the embryoid bodies were attached to the
gelatin-coated dishes and stained with anti-MHC antibodies, There
was an ~ 100-fold increase in the number of cardiomyocytes com-
pared with control.

The Noggin protocol efficiently induced expression of cardiac
transcription factors, including Nkx2.5, GATA4, TEF1, Tbx5 and
MEF2C, whereas expression of the stem cell marker Oct3/4 rapidly
decreased (Fig. 3d). Cardiac-specific proteins were also strongly
induced, including ANP, brain natriuretic peptide, MLC-2v, MLC-
2a, o-MHC, B-MHC and o-cardiac actin. Western blot analysis
revealed that the Noggin-treated embryoid bodies expressed GATA4,
troponin I, MLC and ANP at levels that were 10- to 450-fold higher
than those seen with the other protocol (Fig. 3e,f). To investigate
whether this inductive phenomenon was cell autonomous or non-
autonomous, we treated ES cells stably transfected with the gene
encoding green fluorescent protein (GFP) with Noggin, and then
combined them with untreated GFP~ ES cells just before embryoid
body formation. The majority of GFP*, Noggin-treated ES cells
differentiated into cardiomyocytes in the embryoid bodies, whereas
very few GFP~ untreated ES cells became cardiomyocytes (Fig. 3gh).
These findings suggest that Noggin-mediated induction of cardio-
myocyte formation is a cell-autonomous phenomenon.

A number of growth factors and chemical compounds induce
cardiomyocyte differentiation of mouse ES cells, including reactive
oxygen species (2.7-fold increase in beating embryoid body inci-
dence)!®, TGFB plus BMP2 (threefold increase)!!, targeting of
RBP-Jx (downstream of notch signaling)-gene (20-fold increase)!?,
ascorbic acid (fivefold increase)!?, as well as IGF-1, FGF, oxytocin,
erythropoietin, retinoic acid and dimethyl sulfoxide!-!6, To our
knowledge, however, no previous protocol for increasing cardiomyo-
cyte differentiation is as efficient as our present protocol (approxi-
mately 100-fold increase in the number of cardiomyocytes compared
with control). The efficiency of our protocol may reflect the fact that it
makes use of endogenous factors and is modeled on in vivo cardio-
myoctye induction.

Accumulating evidence implicates BMP signaling as a potent heart-
inductive signal. Administration of BMP-2/BMP-4 to explant cultures
from chicken embryo induces full cardiac differentiation in stages 5-7
anterior medial mesoderm, a tissue that is normally not cardio-
genic!”18, In contrast, before stage 3 or during early stages of
gastrulation, both BMP2 and BMP4 inhibit cardiomyogenesis'’.
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Although BMPs are expressed in lateral plate mesoderm including the
anterior lateral plate?”, stimulation of ES cells by BMP2 or BMP4 does
not augment cardiomyocyte differentiation. Together, these findings
suggest that BMPs play multiple roles in mesodermal induction and
specific organ differentiation and that their temporal and spatial
expression is critical in cardiomyocyte induction'®,

In the vertebrate nervous system, the local action of Noggin and
other BMP inhibitors on BMP signaling is very important in neural
induction, in patterning during embryonic development and in adult

LETTERS

are also expressed in ventral somites or in the notochord, suggesting
that some are involved in a counter gradient of BMP activity along the
dorso-ventral axis.

Based on the analogy to the central nervous system, we suspected
that the context-dependent differential action of BMPs in cardiomyo-
cyte induction might be explained by local action of Noggin and other
BMP inhibitors. We found that Noggin is transiently but strongly
expressed at the anterolateral plate in mouse embryos at E7.0-E8.0
and is critical in cardiomyocyte induction. The restricted and
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Figure 2 Protocol and efficiency of the cardiomyocyte induction from ES cells using noggin, chordin and soluble BMP receptor-1A. (a) Representative

schema of the protocol of cardiomyocyte induction from ES cells. (b) The efficiency of various protocols for noggin (150 ng/ml) exposure were compared.
(c) Dose-efficiency relationship of noggin administration was demonstrated using two different ES cell lines, EB3 and R1 (Supplementary Fig. 1 online).
Both lines showed the same dose-efficiency relationship. {(d) Administration of low dose of BMP2 abolished the effect of noggin for cardiomyocyte induction,
indicating the BMP2 concentration was critical in this phenomenon. (e) Effect of other BMP antagonists, chordin and soluble BMPR-1A (BMP neutralizing
receptor), on cardiomyocyte induction. Both chordin and BMPR-1A were administered using the same protocol as noggin (150 ng/mi). Both of these BMP
antagonists induced cardiomyocyte induction from ES cells at the same level as noggin, indicating that transient relief from the intrinsic BMP signal is
critical for cardiomyocyte induction. (f) Other factors including IGF-1, FGF-2 and BMP2 did not affect cardiomyocyte induction with this protocol.

(g) Quantitative RT-PCR of early mesodermal markers and cardiac transcription factors. Black column, noggin-treated ES cells; white column, nontreated
ES cells. Each column was normalized by GAPDH. (h) Section of embryoid bodies at 3, 5 and 7 d after embryoid body formation with the whole mount

in situ hybridization. (i} To identify individual cells in embryoid body sections, nuclei were stained with propidium iodide. Cells positive for brachyury T,
Nkx2.5 and Tbx5 were counted. Cell numbers are presented as a percentage of the total. (j) The increased number of brachyury-T-positive cells and the
increased levels of brachyury-T mRNA at day 3 after embryoid body formation are shown. *P < 0.05, **P < 0.01 versus control; NS, not significant.
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Figure 3 Expression of stem cell marker,

cardiac transcription factors and cardiac

specific proteins in noggin-treated ES cells.

(a) Immunostaining for anti-MHC, anti-troponin |,
anti-ANP, anti-actinin and anti-MLC are shown.
Most of the cells in the whole embryoid bodies
were stained with cardiomyocyte-specific
antibodies. (b) Isolated cells were stained with
the same antibodies. Red represents nuclear
staining with Pl. In the last immunofluorescent
photograph, ANP, MHC and nucleolus are
stained with rhodamine, FITC and DAPI, b
respectively. (¢) Embryoid bodies were attached
to the gelatin-coated tissue culture plate, and
stained with anti-MHC and examined for the
number of cardiomyocytes. The number of
cardiomyocytes with noggin-treated cells

was 100-fold more than the control cells.

**P < 0.01 versus control. (d) RT-PCR of
Oct3/4, and cardiac transcription factors
including Nkx2.5, GATA4, TEF1, Tbx5 and
MEF2C is shown. Noggin treatment facilitated
the extinction of Oct3/4 and accelerated the
time and degree of cardiac transcription factor
expression. (e} RT-PCR of cardiac-specific
proteins. Noggin treatment augmented their
expression. (f) Western blot analysis of cardiac-
specific proteins. **P < 0.01 versus control.
(g) Cell autonomy of the noggin-treated ES cells.
GFP* ES cells were treated with noggin, mixed
with untreated GFP~ ES cells and embryoid
body formation was performed. GFP* cells
expressed actinin, whereas GFP~ cells did not.
(h) Quantitative analysis of g. ANP, atrial
natriuretic peptide; MLC, myosin light chain; g

BMP, bone morphogenetic protein; MHC, myosin GFP{+) ES cell
heavy chain; GFP, green fluorescent protein; BNP
(brain natriuretic peptide).
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process; mesodermal induction?® and cardiomyocyte differentiation’?.
However, between these steps, a transient block of intrinsic BMP
signaling may be the most important step for determining cardiomyo-
genic differentiation.

METHODS

Whole-mount in situ hybridization. Pregnant ICR wild-type mice were
purchased from Japan CLEA. All experiments were approved by the Keio
University Ethics Committee for Animal Experiments. Mice from embryonic
day (E) 7.5, 8.0, 8.25, 8.5 and 9.0 were removed, and whole-mount in situ
hybridization was performed using digoxigenin-labeled RNA probes as
described?”. The full-length cDNAs for mouse Noggin and nkx2.5 (accession
number NM_008711 and NM_008700, respectively) were obtained by RT-PCR
and subcloned into pBluescript plasmid. The ¢DNAs for mouse Tbx5 and
brachyury T were kindly provided by H. Yamagishi and H. Bernhard,
respectively. The probes were transcribed with T3 or T7 RNA polymerase.

Cell culture. Mouse embryonic fibroblast-free ES cells were used. Undiffer-
entiated ES cells (EB3%8, R1%°) were maintained on gelatin-coated dishes in
GMEM supplemented with 10% FBS (Equitechbio), 2 mM r-glutamine,
0.1 mM nonessential amino acids, ! mM sodium pyruvate, 0.1 mM
2-mercaptoethanol and 2,000 U/ml murine LIF (Chemicon International).

Troponin |

Nogain

Mo lrealment

B MHC
o Ca aclin
GAPDH

Noggin

Control

Noggin irealment

> . " 7 days TS
Mix £8 formation immunostaining

Actinin

00
80
50
40
20

EB3 cells (a kind gift from H. Niwa, Riken, Japan), which carry the blasticidin
S-resistant selection marker gene driven by the Oct3/4 promoter (active in the
undifferentiated status) were maintained in medium containing 20 pg/ml
blasticidin S to eliminate differentiated cells. EB3 is a subline derived from
El4tg2a ES cells’, and was generated by targeted integration of the Oct3/4-
IRES-BSD-pA vector®® into the Oct3/4 allele.

Differentiation of ES cells. ES cells were cultured on gelatin-coated dishes in
o-MEM supplemented with 10% FBS (Equitechbio), 2 mM L-glutamine, 0.1
mM nonessential amino acids, 1 mM sodium pyruvate, 0.1 mM 2-mercap-
toethanol, 2,000 U/ml LIF and 0.15 pg/ml Noggin (Noggin-Fc, R&D) for 3 d.
Then, the cells were trypsinized, and cultured to form spheroids (embryoid
bodies) from a single cell using a three-dimensional culture system in the same
medium as described above minus the LIF on uncoated Petri dishes to induce
embryoid bodies. FGF2, IGF-1, BMP2, chordin and BMP receptor-1A/Fc
(BMPR-1A) were purchased from R&D.

Histological and immunohistochemical analysis. Embryoid bodies
(12-14 d) were fixed in 4% paraformaldehyde for 45 min and embedded
using Tissue-Tek OCT (Sakura Finetek). In some experiments, the isolated
cells were plated on gelatin-coated glass coverslips at low density and fixed in
4% paraformaldehyde for 5 min. The samples were exposed to primary
antibodies including anti-MHC (MF20), anti-troponin I (C-19, Santa Cruz
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Biotechnology; 1:500), anti-actinin (EA-53, Sigma; 1:800), anti-ANP
(CHEMICON; 1:100), and anti-MLC (P-18, Santa Cruz; 1:500). Bound
antibodies were visualized using a secondary antibody conjugated with
Alexa488. Nuclei were stained with 4',6-diamidine-2-phenylidole dihydrochlo-
ride (DAPI; Sigma Aldrich) or propidium iodide (PI, Sigma), TOTO3
(Molecular Probes). The percentage of MHC—expressing cells was quantified
using the day-12 embryoid bodies.

RT-PCR and real-time quantitative PCR. Total RNA was extracted using Trizol
reagent (GIBCO) and RT-PCR was performed as described previously®®, At
least five replicates were done for each time point. The PCR primers are listed
in the Supplementary Table 1 online. Before quantitative analysis, the linear
range of the PCR cycles was measured for each gene, and the appropriate
number of PCR cycles was determined. GAPDH was used as an internal
control. For quantitative analysis of brachyury T, Nkx2.5, Tbx5, Flki and
GATA1 expression, cDNA was used as template in a TagMan real-time PCR
assay using the ABI Prism 7700 sequence detection system (Applied Biosys-
tems) according to the manufacturer’s instructions. All samples were run in
triplicate. Data were normalized to GAPDH. The primers and TaqgMan probe
for brachyury T, Nkx2.5, Tbx5, Flkl and GATAl were Mm00436877_ml,
MmQ0657783_ml, Mm00803521_m1, Mm00440099_m1,
Mm00484678_m] (Applied Biosystems), respectively.

and

Western blotting. Embryoid bodies were lysed in a buffer containing 20 mmol/l
Tris-HCI (pH 7.4), 100 mmol/l NaCl, 5 mmol/l EDTA, 1.0% Triton X-100, 10%
glycerol, 0.1% SDS, 1.0% deoxycholic acid, 50 mmol/l NaF 10 mmol/l
Na3P,07 1 mmol/l NazVO,, 1 mmol/l phenylmethylsulfonyl fluoride, 10 pg/
ml aprotinin, and 10 pg/ml leupeptin. Proteins were separated on 5% to 10%
SDS-PAGE. Western blot analysis was performed as described previously®®.
Rabbit polyclonal antibodies against GATA4 (Santa Cruz Biotechnology),
troponin I, MLC and ANP were used as primary antibodies, and peroxidase-
conjugated goat anti-rabbit IgG was used as a secondary antibody. Signals were
visualized with an ECL kit (Amersham).

Statistical analysis. The data were processed using StatView J-4.5 software.
Values are reported as means + s.d. Comparisons among values for all groups
were performed by one-way ANOVA. The Scheffe’s F test was used to
determine the level of significance. The probability level accepted for signifi-
cance was P < 0.05.

Note: Supplementary information is available on the Nature Biotechnology website.
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P

[ 5] PERELO AR IINIEILTR, UGN DK T2, BRAEDFEIIEBERE, IHF
THET DN L ZFRE T 5, BRBLLE & ILERLLBIE & 130 LiZRiE &
B ST E 2y, SRRAEIE R DARE ., HRIRBL O AHJE D reverse remodeling O
WA, ERLOHE, IERROBEOWTHTE 2WERE (PG L < I3RR
ARLOAREE) DFET D Z &Rl E T 5,

[ B89] ZURBARYLARE ORI E AT &2 PRBLOIIE D IR, REDRAL
7 MR L OYREZRED DIRFTT 5,

[F5iE] DBEDESERRIZ, L a—KEHIMEOBELE O12mm) | 72 EJLRHN
BEYER (Obbmm), IAEIR T OFMET 8B HIATE 5, +/-CRT &, EFIH[---]
BRBLGEREL [+ - -] JRRELOAREX - + ). 780 0 5 BUFIERALLFIE,
PLERFLDAEDO VTN T H VWU RIATRLLEE (PRI &7 s, DEEEROH
ANE 1,388 Bl K 0, FSRELLFE, NEINRMEGERBAE., 58 LR EZ RS
L7z 471 SEBNC 33 1) 5 B ORI RY 7o 2 B AR O b, MR R & 2 RET LT,

(RER] RERELLAE 240, $RRALDAE 120, HE 111 6, B L7z 61
Bl HaaRA 14 (ERE->FRA 3, PR —-RRER 10, EAT - PR —SILERE
FMAEARTLGARAE 1) | ARERF] 13 (BRERFARARELOAE > M5, JRIE—EARH
:8) NEIE LTz, BEESHERIY], 2 oy Y 7 OHERL OB, ERE
FREEIX, EN 2 14:15:6%, 14:31:19%., 29:15:13%IZ7FFE LT,

[efE] BBRARE KRB D ARIE & IEIRELOARAE & ORI & 2 BURBABLLARAE 1L, Bk
FEOUFIEDK 1/4 % 5, JESRFEIEARZL U AFE OB TR 0 A /e BT IEKELLE
EICHRT A0 6 &, SHERBRELR Lz, EIREMOEENE L, B EX
BLLARIED b OFATHI, Wi D reverse remodeling TRVWNFREMEN D 5,
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fEske, ERABLLFGEE (HCM) & IREEALLARAE (DCM) & 13JMS7 L 7- /R RE & #RAR S

b0
TE 70, PAEMIERELLTE (d-HCM) . DCM @ reverse remodeling DFF{EL, Hi
%

TR DM, YA HOM O WL TH 722 WERE (AL S L < I3BURIARLLFRE)

HHAH I ABWRT A, BATAIE T HCOM, DCM, #RALLAGEE .. IR MEA =L

FRAEDWTIIZ b /03 S VR VWEERN unclassified cardiomyopathy (BUASEAZRYL
FHIE) IO END VR, TONFITABTCIZ/R, ELTEND ZHRE L
(I 7P, HOM, DOM I BAfE R BB R ER 2 2 & b E - T, ERO LIEE
BiliX HCM, DCM WAL DR & BT 5 /34 7 ANTFEET D,

H &)

—EDOHEMHEAEEL BT, HOM, DM Z0E L 725 EI1CA L 9 5. SRR O

PR, Z ORRRARFEEH G2 1IN AT, Z O FRALLHIER O RO
7 hov (JRiR. IEE) BLUOWEFREZ, AREMZHWOTRET L7,
xig L Ik

YRCHEE U 7o DB EaE R AR 1, 388 Bl 5 HHIAELOIE, NENREMAE
DAFIE. RERE FBE T2 0HKEY, DHREETHELHRELRIN LIZE
BlaextR e Uiz, 7/Aa—LREASHENBO b, 0o, O ERIC COREERM
FHNS, DEHIAEP O PAS BIERERI-CRENATE .. FA)E OO RE IR R oM A 8 BR M D ER
BHEER POFTERNE LR b O, 7ha— U HLHERE Y & U TRE LIRS
WCHFR LTz, DA RITSEIT T 2B ERB L OLHRICHER TS L &R ) DR
FTRERT D0, ETILOHEBIC CTUFR EZEX DN OMEMATR > Y 22 L7h

5w, FRBLODAHE TRV DL BUERLYE (e OERRH R =50%, /20 BRI
§<%mk FRREOCEIREAR=S150m], OLEFREE=12m, LL=E
JEREREE < 1omm, 72 /0EEAHIE> 12mHe) # ¥R L, L= —K LY OHBNE
CBERRE DLETRE > 12mm FI3AE%EEE > 12m], B AEILRAMEILK [
FESEPRBRARHIZE >55mm], C. INHMEREIR T [AEBRHEK<50%] OFETHELIZ,
FXTA—H —Fk+/-THRRTHE ([ABC] ), WHEREIIESILERNR L L
FNHERRELOROOENDDOTHLIND, ENEFNITMLTH Y | EFIL 8

e
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[---1. -+ [+ -1 [+ ] [+ - -1 [+ = +1 [+ + -1, [+ ++])
T AZENTE D, ZOREEZAVAD EEFLE [- - -], HeM i [+ - -],
DM i [ + +] &REN, - THEOVD [- - +1 [+ -1 [+ - +1 [+ + -1 [
o] R DAEO KBRS A WNVEURBBELGARE & 225 (K1),

1 Classification of Cardiomyopathies

Classification A : Wall hypertrophy (IVS >12mm or PWT >12mm)
B : LVEDd dilatation (LVDd >55mm)

C : LVEDs dilatation (EF< 50%)

[A +/-, B +/-, C +/-]

[++—] [—+-]

[+++] [——=]

[+—+] [——++]
[1.VH, dilatation , Contraction { ]

The patients with idiopathic cardiomyopathies were classified into eight
subgroups on the basis of the echocardiographic measurements. i.e. Presence
or absence of the following three parameters; A. left ventricular hypertrophy
(septal or posterior wall thickness>12mm), B. left ventricular dilatation
(left ventricular diastolic dimension>55mm), C. systolic dysfunction (left
ventricular ejection fraction<50%) is signified by plus or minus ( [A B C
1 ). HCM, DCM and normal heart are signified as. [+ - -], [-+ +] and [~ -
-1, respectively. Therefore, unclassified cardiomyopathy (UCM) are signified
as either [++ -], [+ -+, [+++], [-+-Jor [--+].

FIRIE

ODFE. BRFET B OREFEROAEIRBE L /2i3ERELZE L GRE LT,
MR AL
U AERAEARAT R LV | BRI O MRZAE R, B, SERRES. BRAELEDRR

S
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BEa 0~3+O4BICHE L, temEL L, BELAM, mEMSGES, BER
HERE DARRE & BURINZ sk oD HOM, DCM, ZURBABLOARAER C x 2-test &\ THESR
L7,
S IREL)

BIRARLOERG %, REEZIIERELE U CEEREN ORI G Lol
~BITULIEEBHR LT,

R, EEARESEE (ZESIERSE >55m) L7z b0, WICPEERIEH
K Ule (BEEILRFHE <55mm) FEFI ORFEAARAT R AR LT,

N BE LA AE AR 131, 388451C, HCM 24041 (17.3%) ., FEHJEE#S0 +/- 15 7%
(Z 50 N), DCM 120451 (8.6%) ., FHJFE@S0 +/- 14 5k (ZME:30N) . HHRALLE
FE 1141 (0.8%) . NEARFIEA ZE.LAE206 (1. 4%) . FEREZ B8 &35 0AE
810441 (7.5%) . HFELERE 78261 (56.3%) . BUAREARLLAEE 11141 (8. 0%)
SEHJERRSL +/- 13 B (o200 K VR D, 4HTICZIZHOM, DOM, ZUARBAZL.L ARAE
DEATIBIEXI L Lz,

FIEIE

HCM, DCM. BURBAEYLLAFAESFE O/ EBFIRE OB T 29%, 16%, 13% T HOM &
BIRIATLOGE & ORI CTHEZEZRD D5 H DO D (p<0.01) . DM & BURBATLLARIE &
DI CHEEZZROD RN -T2,

RERRAT R,

HCM, DCM, RUZRBAZRLCMFHE 0D 45 BEMH) 0D i BE SERRBC AR AR 13, 4 14%, 6%, 15%
T, HOM ERARBARLOARIE & O THEZEZBODRNB OO, DM & BT
JEE DB THEZEZEZRD (p<0.05), AEREMEDOHEZTEN LN, 8%, 8%,
8 %. MAMERE DEEEEIL 8 %. 13%. 11% Th o7z,

ZERIEMEDOBELL, TN 14%, 31%. 19% T, BIRBAZLGARAEIE HOM (p<0. 01)
DM (p<<0.05) 1Tt~ FEEZLZVWHBBEEZRDT (1),
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Table 1

Clinicopathologic findings

HCM UCM DCM
FH 69 (29%) *k* 17 (15%) 15 (13%)
Disarray 34 (14%) 17 (15%)
7 (6% %
Vacuole 34 (14%) 34 (31%) 23 (19%) *

Family history of heart diseases including cardiomyopathy and sudden death
Frequency of family histories, myocardial disarray and vaucular degeneration.
HCM = Hypertrophic cardiomyopathy ; DCM = Dilated cardiomyopathy.

UCM = Unclasified cardiomyopathy () @ %, n : Number, * *: p <0.01, * ! p
<0. 05
R OBAT

RIEOBHF LA (F6.3 +/- 6 /) BUAHELOFHEI 111 FF 71 FEFI T,
ZDHBHLOT—H P Lz 61 FlIZ OV THHr Lz, HCM, DCM, BUABAZRLLAHE 3
BERA DT Figure DI ThHo 7=,

PEARGNX 1461 C, £ OWNFUIBRE - PRZL 35, PRARSTRRR 105, fRARR
— B - JERAR R RBLUAE LB T o 7o, MEEFRIICAER 561, #557E2512(8)
B, ZEME2 (DBIRR SNz, IEEFIXIEIT, TORNFRIL., JLREMEEXARLLHE
— AL 5], R IR KR8 Cdh o 7n, MBIIAER 1 FI, SEFRERF 4 (8) B,
2 @) flThol,

Fig. 2
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A

B
SEAREOE | DAL E ST

d-HCM O #0RIBIE . BEKHE D> BRI~ OBAT OMRIZIMZ T, MEkFAIC R
PRSERRRC & BERMEE A M E LC0 D P, SERRECF I HOM ISR & BRAR S 4
TWD VR, SEIOBRECIE, mESEFRECY SRR HOM T 14% & LB EME Cdh -
7o T OMEIZIAA S OWED V0, 1978 FRICHEIT SN ARMFIRBIOT > 7 — N
TICBITOMEIFER) & —& L, —RIBE S D LV HOM THREFEFRSI DA 5
NHBEETELS NI EEBHRLTNE D,

BT, DCMIZ R b7z m SRR ST R DF R &P JE Lz, Zhuid, $RRALD
FHIEIZIRA L TV HRBEE O < 725 T IR RILUDIHE &2 BTV D FTREM I N 2.

SERRECHI B A IE R BB IR TRV &, BT, FREES R o
7 4 — TSR SN A LD 10 | R RBR LTV D ATRRMEN B 5, SERRESIX
LDEOYEFT Y 7, BHCNESRR, BEOMR T O ARER Y SEFRE 3 4 = &
FEE SRV TP BURBBLLAGEIC R D $5FRELSIE, FREBUICREIT L
BRCHIER L7 EEB XA L 0%, ZNLRINOHELZEEZDHFVEENTH D,
FRANCIE d-HOM 3 E E 2 3B —TlEe <, BEE, W, IUfERISEL2 THDH D
T, BIT TR LML Lo TVD 2 ERHEE SN,
B ORAT

R OBERRE IZI VT, HOM 25 OFATHIA 3 BIRR® biviz 2 & X AL
d-HM B EEND L TOMBOBELEMFTDHDTH D, LarL, DM H D%
ITEIA BB FELZZ LITER T REFRLEZAOND, o, HITPRAND
HOM ~DAT1E 8 BlicFB B v, FRAIT HM O L L TLEET HILELND
B, BURBALLFAED O b, BEMIRELOAE Wik, [- - +] BRTHRY T 2,

OFEIZIE, BdH, A DMICED b O L, B HMIZED H O b ORIE
L. TEFR, WIEMEILRALOATGE L2 2 HAVTCOTRER O I, d-HCM ~D %177
2 HOM OGRS EN TV L ATREER H 5,
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HOM {2 L B 41 A NBEESR T 1eft ventricular chamber dilatation, left
ventricular enlargement, relative cavity dilatation 2 & &REIN Y, Z 0
REDDIEILT UHHABF DM IZIZE LRV ERE X 5, TIVHIEEE L2 B
([+ ++] B BLOWHEEEDET L7fERD ([v - +] B 13, BB Bl e
TRYIFLE, HCM & DCM & ORRIcH D FRATH 5,

ZERRZEME D B E
AEIOEET T, FRBICHBIZZEREMEN SN RSN, T OZEREMEIT

S hay R TLEGE © 19 N5 2225 (vacuolar dystrophy'®) ICESELL .

o
“IRELAREDIRTE Y BRBT D,

ik, FRBOBRS»G HOM, DM (XEE LImETIER <, 2kl D 5—Wm
ZIRA TV D AIREME, 72 & NS H AU A OIR BT RO FIESHE Sz,
HiEE
EEROHEREFORRAETAIRE E L 2ERHROLEST. BIUOER
FEGIOBHIRAEIZHEH B0 £ L2 < OFBSLAICTERELET,
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