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Summary
Growth and expansion of ventricular chambers is essential during heart development and is achieved
by proliferation of cardiac progenitors. Adult cardiomyocytes, by contrast, achieve growth through
hypertrophy rather than hyperplasia. Although epicardial-derived signals may contribute to the
proliferative process in myocytes, the factors and cell types responsible for development of the
ventricular myocardial thickness are unclear. Using a co-culture system, we found that embryonic
cardiac fibroblasts induced proliferation of cardiomyocytes, in contrast to adult cardiac fibroblasts
that promoted myocyte hypertrophy. We identified fibronectin, collagen and heparin-binding EGF-
like growth factor as embryonic cardiac fibroblast-specific signals that collaboratively promoted
cardiomyocyte proliferation in a paracrine fashion. β1-integrin was required for this proliferative
response, and ventricular cardiomyocyte-specific deletion of β1-integrin in mice resulted in reduced
myocardial proliferation and impaired ventricular compaction. These findings reveal a previously
unrecognized paracrine function of embryonic cardiac fibroblasts in regulating cardiomyocyte
proliferation.
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Introduction
Tissue morphogenesis is an intricate process in which cells derived from many embryonic
sources coalesce, interact and develop into mature organs. In this process, cell proliferation
and differentiation are tightly regulated spatiotemporally by cell-cell interactions to insure the
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tissue attains the necessary size, shape, structure and function. The molecular and cellular
mechanisms involved in these cell-cell interactions are complex but are still largely unknown.

Cardiac ventricular formation involves growth of the heart muscle by proliferation of
cardiomyocytes and the transmural subdivision into two distinct tissue architectures: trabecular
myocardium on the inside and compact myocardium to the outside (Pennisi et al., 2003;
Srivastava, 2006). Trabecular myocardium, which contains highly organized muscular ridges,
forms as a result of interactions between cardiomyocytes and endocardium from embryonic
day (E) 9.5 to E13.5 in mouse hearts (Grego-Bessa et al., 2007; Kang and Sucov, 2005; Smith
and Bader, 2007). Compact myocardium is highly mitotic and distributed along the outer
ventricular wall. Compact myocardium becomes morphologically recognizable around E11.5
and continues to proliferate throughout gestation. How this proliferative activity of cardiac
progenitors is regulated and subsequently terminated after birth remains unknown (Toyoda et
al., 2003). In particular, the regulation of cardiac growth in late embryonic stages is unclear,
but signals from the endocardium and epicardium may influence cardiomyocytes in a paracrine
fashion (Lavine et al., 2005; Smith and Bader, 2007). However, signals from these two layers
may not be sufficient for compact myocardium expansion transmurally given the thickness
achieved late in development.

Along with cardiomyocytes, cardiac fibroblasts are found throughout cardiac tissue and
account for up to two-thirds of the cells in the adult heart (Baudino et al., 2006; Camelliti et
al., 2005). They are embedded within the extracellular matrix (ECM) of the connective tissue
and are, to a large extent, responsible for its synthesis. Under physiological conditions,
fibroblasts provide a mechanical scaffold for cardiomyocytes and coordinate pump function
of the heart (Miragoli et al., 2006). In diseased hearts, fibroblasts have central and dynamic
roles in modulating cardiac function. The ECM and growth factors secreted from fibroblasts
promote cardiomyocyte hypertrophy, leading to myocardial remodeling (Sano et al., 2000;
Weber and Brilla, 1991). Although these findings demonstrate that cardiac fibroblasts are
critical in the adult heart, little is known about their development and roles in the embryonic
heart. Moreover, it has not been determined if the ECM affects myocardial proliferation and
ventricular compaction.

We examined the development and function of cardiac fibroblasts in mouse embryonic hearts.
In particular, we explored the embryonic cardiac fibroblast-specific signals which regulated
cardiomyocyte proliferation and ventricular chamber formation. Our findings suggest that
embryonic, but not adult, cardiac fibroblasts secrete high levels of fibronectin, collagen, and
heparin-binding EGF-like growth factor (HBEGF), which collaboratively interact and regulate
mitotic activity in cardiomyocytes through β1 integrin signaling.

Results
Cardiac fibroblasts develop coincident with ventricular compaction

We analyzed the time course of myocardial growth in the ventricles of developing mice from
E12.5 to postnatal day (P) 1. The wall thickness gradually increased with development, and
growth of the compact layer was greater than that of the trabecular layer (Figure 1A), consistent
with previous reports (Toyoda et al., 2003). We labeled E16.5 mouse hearts with BrdU and
determined proliferating cardiomyocytes by immunostaining for actinin (cardiomyocyte
marker) and BrdU (proliferation marker). Surprisingly, BrdU+ cardiomyocytes were abundant
not only in the outer compact layer, but also transmurally. As expected, proliferation was barely
detectable in the trabecular layer (Figure 1B).

We next analyzed the distribution of cardiac fibroblasts in E16.5 hearts by immunostaining
with an antibody to vimentin. Vimentin+ cells did not express actinin and existed abundantly
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in the compact layer along with cardiomyocytes (Figure S1A). Vimentin+ cells appeared in
the compact myocardium at E12.5, and increased in number throughout development (Figure
1C). We also analyzed development of cardiac fibroblasts using a more fibroblast-specific
marker, Discoidin Domain Receptor 2 (DDR2) (Baudino et al., 2006; Camelliti et al., 2005;
Goldsmith et al., 2004). DDR2 was expressed in some vimentin+ cells and in the epicardium,
but not in CD31+ (endothelial cell marker) or smooth muscle-myosin heavy chain+ (SM-MHC,
smooth muscle cell marker) cells, consistent with previous reports (Figure S1B and Figure
1D). The number of DDR2+ cells within the myocardium (excluding those within the
epicardium) also increased during development (Figure 1D). To analyze fibroblast cell number
more quantitatively, fluorescence-activated cell sorting (FACS) for Thy-1 (fibroblast, T-
lymphocyte, and neuron marker) was performed (Hudon-David et al., 2007). We found that
the fibroblast markers, vimentin, DDR2, periostin (Postn), and fibroblast-specific protein 1
(Fsp1) were more highly expressed in Thy-1+ cells, but the cardiomyocyte markers, Nkx2.5
and actinin, were more abundant in Thy-1− cells (Figure S1C). FACS analysis revealed that
Thy-1+ cells were increased in number with development (Figure 1E). Thus, multiple markers
indicated that cardiac fibroblasts developed coincident with growth of the compact layer.

Embryonic cardiac fibroblasts promote cardiomyocyte proliferation
To determine the roles of cardiac fibroblasts in cardiogenesis, we performed primary culture
experiments with E12.5–13.5 mice hearts. We compared a whole-heart cell (mixed population)
culture with a cardiomyocyte-enriched culture, which was obtained by the conventional
preplating method (Engel et al., 1999; Ieda et al., 2007). In either culture, cells were incubated
for 3 days and analyzed by immunostaining for actinin, vimentin, and DAPI. The number of
cardiomyocytes increased more in the mixed population culture than in the cardiomyocyte-
enriched culture (Figure 2A and B). To determine the effect of cell density on cardiomyocyte
proliferation, the cell number plated in cardiomyocyte-enriched culture was varied, and
compared with the mixed population culture by BrdU labeling (Figure S2A). Non-myocytes
supported cardiomyocyte proliferation, but higher density of cardiomyocytes did not show
significant effects. The number of TUNEL+ cardiomyocytes (apoptosis marker) was not
different among these cultures (Figure S2B), suggesting non-myocytes supported
cardiomyocyte increase by augmenting cell proliferation. The percentage of non-myocytes was
around 10% at day 1, but increased up to 30–40% by day 3 in the cardiomyocyte-enriched
culture; in the mixed population cultures, non-myocytes were 40% of cells at day 1, and
increased up to 50–60% by day 3. Due to the high contamination and proliferation of non-
myocytes, even in the cardiomyocyte-enriched culture, it was difficult to determine the role of
non-myocytes using this conventional cardiomyocyte isolation method; we also could not rule
out the possibility that proliferating non-myocyte progenitors might transdifferentiate into
cardiomyocytes (Laugwitz et al., 2005).

To overcome these issues, we developed a co-culture system using E12.5–13.5 Nkx2.5-YFP
mice, which were obtained by crossing the Nkx2.5 cardiac ventricular enhancer–Cre
(ventricular cardiomyocyte lineage) transgenic mice with R26R-EYFP (reporter) mice
(McFadden et al., 2005; Srinivas et al., 2001). Nkx-YFP+ cells co-stained with actinin, but not
with vimentin (Figure S2C). These YFP+ cells were purified from Nkx2.5-YFP embryos by
FACS and co-cultured with putative mitomycin-treated embryonic cardiac fibroblasts (Figure
2C and D). To determine the purity of the embryonic cardiac fibroblast population, we assessed
the expression of several independent markers. We confirmed that the majority of the cells
expressed vimentin (nearly 100%), DDR2 (nearly 100%), and Thy-1 (80%), while rare cells
expressed CD31, retinaldehyde dehydrogenase 2 (Raldh2, epicardium marker) and SM-MHC
(Figure 2E), consistent with previous reports (Goldsmith et al., 2004). To explore the dose
dependency of cardiac fibroblasts in this co-culture system, we varied the ratios of cardiac
fibroblasts to cardiomyocytes from 0 to 4:1 and cultured them for 3 days. Nkx-YFP+ cells were
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significantly increased in number and formed colonies in the co-culture with cardiac fibroblasts
in a dose-dependent manner (Figure 2F). To determine if the increase of Nkx-YFP+ cells was
due to cell proliferation, BrdU labeling was performed. Approximate 40% of the YFP+ cells,
co-cultured with fibroblasts, were labeled with BrdU, in contrast to only 10% in the pure
cardiomyocyte culture (Figure 2G and H). To purify a more homogeneous fibroblast
population, we FACS sorted Thy-1+CD31− cells from fibroblast culture (Figure 2I). 80% of
the cells were Thy-1+, while only 0.3% were CD31+. We confirmed that Thy-1+CD31− cells
were double positive for vimentin and DDR2 by FACS, consistent with the
immunocytochemistry results. BrdU labeling showed that Thy-1+CD31− fibroblasts also
promoted YFP+ cell proliferation (Figure 2J). These results suggested that embryonic cardiac
fibroblasts promote cardiomyocyte proliferation.

Embryonic cardiac fibroblasts promote cardiomyocyte proliferation through fibronectin and
collagen

Cardiomyocytes proliferate during embryogenesis, but after birth, they lose this capacity and
switch to hypertrophic growth (Soonpaa et al., 1996). To determine whether the proliferative
effect of embryonic cardiac fibroblasts on cardiomyocytes differed from that of adult cardiac
fibroblasts, we co-cultured Nkx-YFP+ cells with adult cardiac fibroblasts. Adult cardiac
fibroblasts, prepared by standard methods (Smolenski et al., 2004), induced cardiomyocyte
proliferation but to a significantly lesser degree than embryonic cardiac fibroblasts (Figure 3A
and B). In contrast, features of hypertrophy, including sarcomeric organization and increased
cell size, were observed in the co-culture with adult cardiac fibroblasts (Figure S3A). These
results are consistent with physiological changes in the heart and suggest that signals derived
from embryonic or adult cardiac fibroblasts contribute to cardiomyocyte proliferation or
hypertrophy, respectively.

To identify candidate fibroblast-derived factors that promote myocyte proliferation, we
isolated RNA from Nkx-YFP+ cardiomyocytes, embryonic cardiac fibroblasts, and adult
cardiac fibroblasts and profiled mRNA expressions by microarray analyses. The heatmap
image of hierarchical clustering based on the most variable genes revealed a striking grouping
of the gene expression patterns among the three cell types (Figure 3C). Known genes that are
upregulated in cardiomyocytes (Myh7, Slc8a1, Ryr2 and Actn2) were highly expressed in Nkx-
YFP+ cells. In contrast, growth factors, cytokines, and ECM were more highly expressed in
cardiac fibroblasts (Figure 3D and S3B). Embryonic fibroblasts expressed higher levels of
growth factors, Hbegf and Ptn (pleiotrophin), while adult fibroblasts were enriched for more
growth-related cytokines (e.g., Il-6, Il-1a) (Figure S3B). Among the ECM genes, we found
that Fn1 (Fibronectin1), several members of the collagen family, TnC (tenascin C), Postn
(Periostin), and Hapln1 (Hyaluronan and proteoglycan link protein 1) were expressed more
abundantly in the embryonic cardiac fibroblasts than in adult fibroblasts and cardiomyocytes
(Figure 3D). Interestingly, the expression of laminin genes, encoding another prototypic family
of ECM, was not significantly different among cell types (Figure S3C). Quantitative RT-PCR
(qRT-PCR) confirmed most of the microarray results (Figure 3E and S3D).

To evaluate the effects of different ECM proteins on cardiomyocyte proliferation, Nkx-
YFP+ cells were cultured on non-, poly-L-lysine (PLL)-, Fibronectin-, Collagen III-, Periostin-,
Hapln1-, or Laminin-coated plates, followed by BrdU labeling (Figure 3F and S3E).
Fibronectin-, Collagen-, and to a lesser extent Periostin- and Laminin-coated plates augmented
cardiomyocyte proliferation compared to non-coated plates. Intriguingly, PLL and Hapln1
which are not ligands for integrin, enhanced cell attachment, but did not affect cell proliferation.
To analyze cell proliferation on different ECM more quantitatively, we used a mouse
cardiomyocyte cell line (HL-1 cells). The increase in HL-1 cell number was significantly higher
on fibronectin/gelatin than on laminin, and was due to an increase of cells in the S and G2/M
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phase and enhanced cell proliferation (Figure S4A–E). These results suggested that interaction
with specific ECM is critical for cardiomyocyte proliferation.

To determine if fibronectin and collagen secreted from embryonic cardiac fibroblasts were
critical for cardiomyocyte proliferation, we co-cultured Nkx-YFP+ cells with embryonic
cardiac fibroblasts in which Fn1, Col3a1, or both Fn1 and Col3a1 were downregulated by
siRNA knockdown. We confirmed by qRT-PCR that Fn1 and Col3a1 mRNA were
significantly and specifically reduced in the fibroblasts by siRNA knockdown (Figure 3G). We
found that knockdown of fibronectin or collagen in embryonic cardiac fibroblasts resulted in
decreased cardiomyocyte proliferation, and moreover, knockdown of both had an additive
effect (Figure 3H and Figure S4F), reducing the proliferation to levels seen with adult
fibroblasts. These results indicated that the enhanced cardiomyocyte proliferative effects of
embryonic cardiac fibroblasts require fibronectin and collagen secretion.

Extracellular matrix/β1 integrin signaling is required for cardiomyocyte proliferation in
response to growth factors

Next, we investigated whether integrins, including the β1 and α subunits that form fibronectin
and collagen receptors, were required for cardiomyocyte proliferation (Ross and Borg, 2001).
We first analyzed the expressions of integrin subunits in embryonic and adult cardiomyocytes
by semiquantitative RT-PCR (Figure 4A). Embryonic cardiomyocytes (Nkx-YFP+ cells)
expressed abundant Itga1 (collagen and laminin receptor), Itga5 (fibronectin-specific receptor)
and Itgb1, but less Itga6 (laminin-specific receptor). In contrast, adult cardiomyocytes
expressed more Itga6, Itga7 (laminin-specific receptor), and Itgav (periostin and tenascin C
receptor) than did embryonic cardiomyocytes. To investigate whether β1 integrin was required
for cardiomyocyte proliferation in response to embryonic cardiac fibroblasts, we incubated
Nkx-YFP+ cells with an anti-β1 integrin-blocking antibody in the co-culture system. To ensure
that potential proliferative defects were not caused by cell detachment, cells were cultured on
PLL-coated plates. Pretreatment with an anti-β1 integrin-blocking antibody did not affect cell
attachment or spreading, but resulted in fewer BrdU+ cardiomyocytes, suggesting that the ECM
secreted from embryonic cardiac fibroblasts promoted cardiomyocyte proliferation through
β1 integrin signaling (Figure 4B and C).

To investigate the mechanism underlying ECM/β1 integrin-induced cardiomyocyte
proliferation in the co-culture system, we analyzed the interaction between ECM/β1 integrin
and growth factors specifically expressed in the embryonic cardiac fibroblasts (Figure S3B and
D). Nkx-YFP+ cells were plated on PLL, fibronectin or collagen III, serum starved, then treated
with HBEGF or Ptn. Strikingly, HBEGF, but not Ptn, augmented cardiomyocyte proliferation,
but only when cells were attached to fibronectin or collagen III (Figure 4D). To investigate
whether β1 integrin signaling was involved in this HBEGF-induced cardiomyocyte
proliferation, Nkx-YFP+ cells were plated on fibronectin/PLL mixed coated plates (to prevent
cell detachment), and treated with HBEGF in the absence or presence of anti-β1 integrin-
blocking antibody. Although cell attachment and morphology were not affected, BrdU+ cells
were reduced by anti-β1 integrin-blocking antibody in the presence of HBEGF (Figure 4E).
Attachment to fibronectin or collagen III through β1 integrin was also required for myocyte
proliferation in response to the potent myocardial mitogen, FGF2, which was also highly
expressed in the cardiac fibroblasts (17-fold higher in embryonic cardiac fibroblasts than in
cardiomyocytes by qRT-PCR) (Figure 4D and E). These results suggested that ECM/β1
integrin signaling is required for cardiomyocyte proliferation in response to the growth factors
secreted from cardiac fibroblasts.

β1 integrin consists of two isoforms, β1A and β1D. Although β1D is known to promote the
cardiac hypertrophic response, the role of β1A in heart development is not clear.
Semiquantitative RT-PCR showed that E12.5–13.5 embryonic cardiomyocytes expressed β1A

Ieda et al. Page 5

Dev Cell. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



isoform exclusively, while adult cardiomyocytes expressed more β1D (Figure 4F), consistent
with previous reports (Ross and Borg, 2001). To determine the role of β1A, we used adenovirus
expressing the full-length β1A integrin (β1A), or a dominant negative version containing the
cytoplasmic tail domain of the β1A integrin fused to the extracellular/transmembrane domain
of the interleukin-2 receptor (TACβ1A); adenovirus encoding β–galactosidase (LacZ) was
used as a control. Previous studies have shown that low-level of TACβ1A expression reduces
integrin signaling, but does not inhibit cell adhesion or cytoskeletal organization (Ross et al.,
1998). We cultured Nkx-YFP+ cells on fibronectin-coated plates and treated with HBEGF in
the presence of each adenoviral vector. We found that overexpression of β1A augmented, but
expression of TACβ1A inhibited, cardiomyocyte proliferation, while cell morphology and
attachment were maintained (Figure 4G). These results indicated that the β1 integrin,
specifically β1A isoform, promotes cardiomyocyte proliferation independent of cell
attachment.

Integrins activate mitogen-activated protein kinases (MAPK) and phosphatidylinositol-3-OH
kinase (PI3K)/Akt pathways (Giancotti and Ruoslahti, 1999). To investigate the signaling
pathways involved in response to the interaction between ECM and growth factors, we
analyzed activation of MAPK and Akt by immunocytochemistry (Figure 4H and I). Nkx-
YFP+ cells stimulated with HBEGF and cultured on fibronectin-coated plates revealed robust
nuclear translocation of phospho-ERK1/2 and phospho-p38MAPK. Activation of ERK and
p38MAPK was attenuated by TACβ1A expression. Upregulation of phospho-Akt, induced
with HBEGF, was also repressed by inhibition of β1A integrin. To determine which pathways
were involved in cardiomyocyte proliferation, Nkx-YFP+ cells were pretreated with specific
inhibitors of these pathways then stimulated with HBEGF. We found that PD98059 (MEK
inhibitor) and LY294002 (PI3K inhibitor), but not SB203580 (p38MAPK inhibitor), reduced
the number of BrdU+ cells (Figure 4J), suggesting that cardiomyocyte proliferation in response
to interactions between ECM/β1integrin and HBEGF is mediated by MEK/ERK1/2 and PI3K/
Akt, but not p38MAPK.

Cardiomyocyte-specific β1 integrin deletion results in peri-natal lethality
To investigate whether the ECM/β1 integrin signaling is important for myocyte proliferation
in vivo, we analyzed the function of β1 integrin and ECM in developing hearts. Immunostaining
for β1 integrin and actinin revealed that β1 integrin was abundantly expressed in both
cardiomyocytes and non-myocytes in E14.5 mouse hearts (Figure 5A). qRT-PCR for Itgb1,
which detected both β1A and β1D, revealed Itgb1 expression in E10.5 hearts. It peaked at
E12.5 and was greater in embryonic hearts than in adult hearts (Figure 5B). Consistent with in
vitro data, fibronectin was exclusively expressed in non-myocytes (Figure 5C). Interestingly,
cardiac Fn1 expression also peaked at E12.5 and changed largely in parallel with Itgb1
expression (Figure 5D). We also found that Col3a1 mRNA was more highly expressed in
embryonic hearts than in adult hearts (data not shown).

To determine whether the crosstalk between cardiac fibroblasts and cardiomyocytes through
ECM/β1 integrin signaling contributes to cardiogenesis, we specifically deleted β1 integrin in
cardiomyocytes by crossing the Nkx2.5 cardiac ventricular enhancer–Cre transgenic mice with
Itgb1flox/flox mice (Figure 5E). Immunostaining for β1 integrin and actinin demonstrated that
β1 integrin was specifically deleted in mutant ventricular cardiomyocytes, but not in cardiac
fibroblasts, endocardium, epicardium or atrial cardiomyocytes (Figure 5F, G and S5). At E12.5,
overall Itgb1 mRNA expression levels were lower by about 50% in mutant hearts than in wild-
type littermates, but were not decreased in mutant limbs (Figure 5H). Genotyping of offspring
revealed 50% lethality of mutants by weaning. Mendelian ratios of mutant embryos were
observed until E12.5, but thereafter, death occurred at varying times, ranging from E16.5 to
just after birth (Figure 5I).
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β1 integrin is required for myocardial proliferation and ventricular compaction in vivo
Although Nkx2.5 enhancer–Cre mice express Cre recombinase by E8.5 (McFadden et al.,
2005), initial cardiac differentiation and patterning were normal in mutant mice, evidenced by
Nkx2.5 and Mlc2v expression at E9.5 and 10.0, respectively (Figure 6A and S6A). H&E
staining and immunostaining for actinin revealed that the trabecular layer was well organized
at E12.5, and no significant change was detected in mutant hearts (Figure 5F and 6B). However,
beginning at E14.5, mutant ventricles were smaller compared with wild type, and the difference
became increasingly apparent by P1 (Figure 6C and D). The atrial and the body size were
maintained in mutant mice, in accordance with the Cre activity (McFadden et al., 2005). We
found that some atria were enlarged in mutant mice suggesting cardiac dysfunction during
embryogenesis. Although H&E staining showed that mutant hearts had normal patterning of
the ventricle, septum, valves, and outflow tract, Masson-trichrome staining and
immunostaining for collagen1 exhibited an accumulation of interstitial fibrosis in mutant hearts
after birth (Figure 6D–F).

The compact layer was thinner and the proportion of the compact layer to the heart size was
also smaller in mutant hearts than wild-type littermates, suggesting ventricular hypoplasia was
mainly due to growth retardation of the compact myocardium (Figure 6D, G and S6B). The
BrdU labeling index was not different between wild-type and mutant hearts at E12.5, but was
reduced by 50% in E16.5 mutant hearts compared with wild-type littermates (Figure 6H, I and
S6C). We also found that the percent of p-ERK+ cells were significantly less in mutant hearts
at E16.5 (Figure 6J and S6D).

To investigate the mechanisms responsible for the abnormalities in β1 integrin mutant mice,
we performed mRNA expression microarray analyses of E12.5 wild-type and mutant hearts,
well before any obvious dysfunction. 82 genes were upregulated more than twofold, and two
were downregulated in mutant hearts (Figure S6E). Among the upregulated genes, nine were
inflammatory and immune response genes, and six were ECM genes (Figure S6F). We
confirmed that dysregulated ECM genes such as Spp1 and Tnc were upregulated by qRT-PCR
(Figure 6K). When microarray analysis was extended to include genes that were upregulated
more than 1.2-fold, and downregulated less than 0.8-fold in mutant hearts (p<0.05), many cell
cycle-related genes were identified (Figure S6G). We confirmed that Ccnd1 and Ccne1 (cell-
cycle promoters) were downregulated, and Ccng2 and Cdkn1a (cell-cycle inhibitors) were
significantly upregulated in mutant hearts by qRT-PCR, consistent with proliferative defects
in mutant hearts (Figure 6K). These results indicated that myocardial β1 integrin is required
for cardiomyocyte proliferation and compact layer growth during mid to late embryogenesis,
coincident with the development of cardiac fibroblasts.

Discussion
Here we demonstrated that embryonic cardiac fibroblasts develop coincident with expansion
of ventricular compact layer and regulate proliferation of cardiac progenitors. We provide
evidence that this occurs via secretion of growth factors and ECM that function through β1
integrin, which we show is essential for normal ventricular expansion during cardiogenesis. In
contrast, adult cardiac fibroblasts had a unique function in promoting hypertrophy rather than
proliferation, suggesting that a fundamental switch in the cardiac fibroblast gene program may
contribute to some of the physiological differences between embryonic and adult heart.

Embryonic vs. adult cardiac fibroblasts
We developed a novel co-culture system to identify the effects of cardiac fibroblasts on
cardiomyocytes. Using this system, together with microarray, siRNA knockdown, anti-β1
integrin blocking antibody, and adenovirus experiments, we provide evidence that embryonic
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cardiac fibroblasts secrete high levels of fibronectin, collagen, and HBEGF, which
collaboratively promote cardiomyocyte proliferation through β1 integrin signaling. Although
the function and cell source of HBEGF in developing hearts has not been determined, mice
carrying a constitutive active form of HBEGF showed cardiac hyperplasia (Yamazaki et al.,
2003). This is consistent with our result that HBEGF is a potent mitogen for cardiomyocytes.
We also revealed that adult cardiac fibroblasts induced more cardiomyocyte hypertrophy and
less proliferation than did embryonic cardiac fibroblasts. The gene expression profiles were
very different for embryonic and adult cardiac fibroblasts, and Il6 expression, a potent cardiac
hypertrophic factor, was 58-fold higher in the adult fibroblasts than in the embryonic
fibroblasts. To our knowledge, this is the first report demonstrating the difference in functions
and gene expressions between embryonic and adult cardiac fibroblasts. While there are intrinsic
differences between embryonic and adult cardiomyocytes, our data would suggest that the non-
cell autonomous signals arising from cardiac fibroblasts contribute to unique aspects of the
proliferative vs. hypertrophic response. These findings suggest that the new co-culture system
and gene profiling will reveal additional signals that regulate cardiomyocyte proliferation,
differentiation and hypertrophy.

Integrin and ECM function in cardiac proliferation
The ECM is important in the growth, division, and differentiation of many cell types, but its
role in cardiomyocyte proliferation during embryogenesis has not been determined (Giancotti
and Ruoslahti, 1999; Nikolova et al., 2006; Xu et al., 2001). We found that cardiac progenitors
proliferated to a greater extent on fibronectin or collagen than on periositn, laminin, hapln1,
or poly-lysine-coated plates. Fibronectin or collagen promoted HBEGF-induced
cardiomyocyte mitotic activity through β1 integrin. In agreement with our results, α5β1 integrin
(fibronectin-specific receptor) directly associates with EGF receptor (HBEGF receptor),
making receptor complexes on plasma membrane, which is necessary for optimal activation
of growth signaling (Moro et al., 1998). Skeletal myoblasts proliferate on fibronectin, but stop
growing and differentiate into myotubes on laminin (Sastry et al., 1999). Ectopic expression
of α5 integrin maintained skeletal myoblasts in the proliferative phase, while ectopic expression
of the α6 integrin promoted differentiation, indicating the ratio of expression levels of the α
integrins is critical for the control of myoblast proliferation. Embryonic cardiomyocytes mainly
expressed α1 and α5 integrins, while adult cardiomyocytes expressed more α6 and α7 integrins,
consistent with the observation that adult cardiomyocytes specifically attach to laminin-coated
plates and undergo hypertrophy (data not shown). Intriguingly, the expression of fibronectin
and collagen was higher in the embryonic hearts than in the adult hearts, corresponding to the
developmental change of α integrin expressions. These results suggested that the expression
of α integrin in cardiomyocytes might be responsible for cardiomyocyte proliferation on
fibronectin and collagen.

The roles of endocardium- or epicardium-derived signals in ventricular chamber expansion
during mid gestation have been extensively investigated (Grego-Bessa et al., 2007; Smith and
Bader, 2007). However, the regulation of ventricular formation in mid-late gestation,
particularly the contribution of other cell types, including cardiac fibroblasts, has been less
clear. While the origin of cardiac fibroblasts is still ambiguous, some are derived from the
epicardium through epithelial-mesenchymal transformation at around E11.5–12.5 in mouse
hearts (Cai et al., 2008; Camelliti et al., 2005; Dettman et al., 1998; Zhou et al., 2008).
Consistent with this, we found that cardiac fibroblasts appeared in the myocardium by E12.5
and gradually increased in accord with growth of the compact myocardium. The abundant
cardiac fibroblasts in the compact myocardium synthesize ECM and growth factors within the
embryonic heart. Strikingly, β1 integrin expression, specifically β1A isoform, was also
upregulated concordant with the appearance of cardiac fibroblasts in the heart at E12.5, and
its expression was maintained highly throughout gestation. β1 integrin mutant mice revealed
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reduced myocardial proliferation and disruption of muscle integrity, leading to prenatal death.
These results, along with the in vitro data, suggested that cardiac fibroblasts regulate
cardiomyocyte proliferation during mid-late gestation through β1 integrin signaling.

ECM/β1 integrin signaling is also important in the adult heart. Shai reported that adult
cardiomyocte-specific β1 integrin knockout mice (MLC2V-Cre/Itgb1flox/flox) had myocardial
fibrosis and congestive heart failure by 6 months of age (Shai et al., 2002). We found that
proliferation of cardiac progenitors is regulated by interaction between ECM/β1 integrin and
growth factors mediated through ERK1/2 and PI3K/Akt pathways. Activation of ERK1/2 and
the expression of cyclinD1 (Ccnd1) and cyclinE1 (Ccne1) were downregulated, while cyclinG2
(Ccng2) and p21 (Cdkn1a) were upregulated in β1 integrin mutant hearts. In agreement with
these results, the cyclinD1 promoter and its expression are regulated by ERK1/2 and JNK
activities (Giancotti and Ruoslahti, 1999). Anchorage to the ECM is necessary for the down-
regulation of the Cdk2 inhibitors, p21 and p27, and conditional deletion of β1 integrin in the
mammary gland also revealed reduced mammary cell proliferation due to upregulation of p21
(Giancotti and Ruoslahti, 1999; Li et al., 2005). The recent report of proliferative defects upon
cardiac deletion of focal adhesion kinase (FAK) (Peng et al., 2008), an important mediator
between β1 integrin and ERK1/2 or PI3K/Akt, is consistent with our findings. However, the
heart size of Nkx2.5 enhancer–Cre/Itgb1flox/flox mice were generally smaller than wild type
littermates, but those of FAK knock-out mice were not. FGF signaling, also downstream of
β1 integrin, is critical for heart size (Lavine et al., 2005) and therefore may account for this
difference.

In conclusion, our findings demonstrate that cardiac fibroblasts express specific ECM and
growth factors, which collaboratively promote proliferation of myocardial progenitors through
β1 integrin signaling. Fibroblasts also play roles in various other processes, including skin
epidermis formation and maintenance (Szabowski et al., 2000), mammary morphogenesis
(Niranjan et al., 1995), lung epithelial cell proliferation and differentiation (Demayo et al.,
2002), and cancer growth and metastasis (Kalluri and Zeisberg, 2006). Therefore, identification
of the molecular mechanisms involved in the interaction between cardiomyocytes and
fibroblasts may have a general impact on our understanding of tissue development, function,
and disease.

Experimental Procedures
Generation of Nkx2.5-YFP and Nkx2.5 enhancer–Cre/Itgb1flox/flox mice

Nkx2.5-YFP mice were obtained by crossing Nkx2.5 cardiac enhancer–Cre mice and R26R-
EYFP mice (McFadden et al., 2005; Srinivas et al., 2001). Nkx2.5 enhancer–Cre/
Itgb1flox/flox mice were generated by crossing Nkx2.5 cardiac enhancer–Cre mice and
Itgb1flox/flox mice (Graus-Porta et al., 2001).

Isolation of embryonic and adult cardiomyocytes
Cardiomyocytes were prepared from E12.5–13.5 mouse embryos by the conventional
preplating method (Ieda et al., 2007). Briefly, hearts were minced and digested with collagenase
type II (Worthington) solution. To enrich for cardiomyocytes, the cells were preplated for 2 h
to remove nonmyocytes. For mixed population culture, cells were directly plated on culture
dish without preplating. By preplating, the percentage of nonmyocytes was reduced from 40%
to 10% as reported (Engel et al., 1999). In either case, cells were cultured in DMEM/M199
medium containing 10% FBS at a density of 104/cm2.

Adult cardiomyocytes were isolated from 8- to 12-week-old mice by Langendorff perfusion
and Thompson’s procedure (O’Connell et al., 2007). For isolation of adult cardiac fibroblasts,
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hearts were digested with collagenase/dispase (Roche) solution and plated for 2 h. Attached
fibroblasts were cultured for 7 days, treated with mitomycin C, and stored in liquid nitrogen.

Isolation of Nkx-YFP+ cells
To isolate Nkx-YFP+ cells, we began with 20–30, E12.5–13.5 Nkx2.5-YFP embryos. YFP+

ventricles were cut into small pieces and digested with collagenase type II solution. A single-
cell suspension was obtained by gentle triturating and passing through a 40-μm cell strainer.
Nkx-YFP+ live cells (as defined by the lack of propidium iodine staining) were isolated by
FACS Diva flow cytometer and cell sorter (BD Biosciences). Embryonic cardiac fibroblasts
(YFP− cells) were plated onto plastic dishes for 2 h, cultured for 7 days, and treated with
mitomycin C. FACS-sorted Thy1+CD31− cells were treated with mitomycin C. Fibroblasts
were stored in liquid nitrogen for the co-culture experiment.

Culture of Nkx-YFP+ cells
Nkx-YFP+ cells were cultured in DMEM/M199 medium containing 10% FBS at a density of
2×104/cm2 on noncoated, PLL-, fibronectin-, laminin-(Sigma Aldrich), collagen III-(BD
Biosciences), periostin, or hapln1-(R&D) coated dishes according to the manufacturer’s
protocols. In some experiments, cells were maintained in 0.1% FBS media either with or
without viral infection for 24h, and stimulated with HBEGF (50 ng/ml), Ptn (1 μg/ml), or FGF2
(50 ng/ml, R&D). For co-culture experiments, mitomycin-treated cardiac fibroblasts or
Thy1+CD31− cells were plated at 104/cm2, and Nkx-YFP+ cells (104/cm2) were added 24 h
later and cultured for 3 days. An anti-β1 integrin-blocking antibody (10 μg/ml, BD
Biosciences), PD98059 (5 μM), SB203580 (5 μM), or LY294002 (10 μM, Calbiochem) was
added after a 1-day incubation in some experiments. Unless otherwise stated, cells were
cultured on noncoated plates.

FACS analyses and sorting
For Thy1+ cell expression analyses and sorting, single cells were isolated from ICR mouse
ventricles, incubated with APC-conjugated anti-Thy1 antibody (eBioscience), analyzed and
sorted by FACS Diva with FlowJo software. For sorting of Thy1+CD31− cells from cardiac
fibroblasts, APC-conjugated anti-Thy1 antibody and FITC-conjugated anti-CD31 antibody
(eBioscience) were used. For vimentin and DDR2 expression analyses, Thy1+CD31− cells
were fixed with BD Cytofix/Cytoperm Kit (BD Bioscience), stained with anti-vimentin and
DDR2 antibodies, followed by secondary antibodies conjugated with Alexa 488 and 647, and
analyzed on a FACS Calibur (BD Biosciences) with FlowJo software.

Histology
H&E and Masson-trichrome staining were performed on paraffin-embedded sections,
according to standard practices. The hearts were sectioned longitudinally in 5-μm thickness
near the central conduction system to show the 4 chambers. Trabecular and compact layers
were determined by their morphology. For each slide stained with H&E, we defined trabecular
myocardium as bundles of cardiomyocytes surrounded by endocardium that project across the
lumen of the ventricular chamber, and compact myocardium as concentrically organized layers
of tightly adherent cardiomyocytes not surrounded by endocardium that constitute the outer
ventricular chamber wall. Five parts per section were randomly selected for measuring wall
thickness. The proportion of the compact layer to the heart size was the ratio between the length
of the compact myocardium and the longest diameter of the ventricle, each measured by Image
J software. Data for each mouse were calculated from 10 serial sections, and we observed 4–
5 mice in each group. For immunohistochemical studies, hearts or whole embryos were fixed
in 4% paraformaldehyde overnight, and then embedded in OCT compound and frozen in liquid
nitrogen. Hearts were cut longitudinally in 7-μm sections in the middle to show the four
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chambers. Sections were stained with primary antibodies against actinin, vimentin, BrdU, β1
integirn (Chemicon), fibronectin (Thermo Scientific), p-ERK, with secondary antibodies
conjugated with Alexa 488 or 546, and DAPI. For BrdU labeling, pregnant mice were injected
intraperitoneally with BrdU (100 μg/g body weight) 1 h before sacrifice. The numbers of
BrdU+ and p-ERK+ cells relative to the total number of total nuclei were counted in randomly
selected three fields per section. The datafor each mouse were calculated for 5–10 sections.
The numbers of vimentin+ or DDR2+ cells per area were calculated as the ratio between the
number of vimentin+ or DDR2+ cells and the myocardial area, measured by Image J software.
The data for each mouse were calculated from 10 sections.

Immunocytochemistry
Cells were fixed in 4% paraformaldehyde for 15 min at room temperature, blocked, and
incubated with primary antibody against α-actinin (Sigma Aldrich), vimentin (Progen), BrdU
(Accurate), GFP (Invitrogen), Ki67 (Novocastra), DDR2, Raldh2 (Santa Cruz), Thy-1, CD31
(BD Biosciences), SM-MHC (Biomedical Technologies), p-ERK, p-p38MAPK or p-Akt (Cell
Signaling), with secondary antibodies conjugated with Alexa 488 or 546 (Molecular Probes),
and DAPI (Invitrogen). TUNEL staining was performed according to the manufacturer’s
protocol (Roche). To determine cell number, actinin+ cardiomyocytes were counted in six
randomly selected fields in triplicate. YFP+ cell area was measured by image J software. For
BrdU labeling, cells were incubated with 10 μM BrdU (Roche) for the last 2 day. To determine
p-ERK+ and p-p38MAPK+ cells, the percentage of cells with nuclear p-ERK and p-p38MAPK
were counted. In each experiment, the numbers of immunopositve cells were counted in six
randomly selected fields, and 500–1000 embryonic cardiomyocytes or fibroblasts were
counted in total.

siRNA knockdown
Mitomycin-treated cardiac fibroblasts were transfected with siRNA against mouse Fn1,
Col3a1, Fn1/Col3a1 or scramble siRNA (Dharmacon) with Lipofectamine 2000 (Invitrogen),
according to the standard protocol. After a 1-day incubation, cells were used for co-culture
experiment. qRT-PCR was performed after a 2-day incubation. We confirmed that the
transfection efficiency was more than 90% by FACS Calibur with BLOCK-iT Fluorescent
Oligo (Invitrogen).

Adenovirus infection
Adenoviruses were generated as described (Ross et al., 1998). YFP+ cells were infected with
adenovirus expressing LacZ, β1A, or TAC-β1 for 24 h prior to the experiments. Viral titer was
determined on all stocks using the Adeno-X titer kit (Clontech), and cells were infected at
matched multiplicities of infection of 10 to maximize expressed protein, but prevent viral
toxicity and detachment of cells. LacZ infection resulted in >90% transfection efficiency.

Microarray Analyses
Mouse genome-wide gene expression analyses were performed using Affymetrix Mouse Gene
1.0 ST Array. YFP+ cells were collected just after sorting, and embryonic, and adult cardiac
fibroblasts were collected after plating for 2 h without further incubation. RNA was extracted
using Trizol (Invitrogen). Microarray analyses were performed in triplicate from independent
biologic samples, according to the standard Affymetrix Genechip protocol. Data were analyzed
using the Affymetrix Power Tool (APT, version 1.8.5). Linear models were fitted for each gene
on the sample group to derive estimated group effects and their associated significance using
the limma package (Smyth, 2004) in R/Bioconductor. Moderated t-statistics and the associated
p-values were calculated. P-values were adjusted for multiple testing by controlling for false-
discovery rate using the Benjamini-Hochberg method. Gene annotations were retrieved from
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Affymetrix (version Nov 12, 2007). Differential gene expression was defined using the
statistics/threshold combination. Genes differentially expressed >2 fold and p<0.05 were
shown in Figure 3, Supplementary figure 3 and Supplementary figure 6F, and genes
differentially expressed >1.2 fold or <0.8 fold, and p<0.05 were shown in Supplementary figure
6G.

Statistical analyses
Differences between groups were examined for statistical significance using Student’s t-test
or ANOVA. P values of <0.05 were regarded as significant.

Other Experimental Procedures
Other Experimental Procedures are listed in the Supplementary files.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cardiac Fibroblasts Develop Concordantly with Ventricular Compaction
(A) Sections of left ventricles stained with HE. TL, trabecular layer; CL, compact layer.
Quantitative analyses of wall thickness in the compact layer (n = 4). (B) Immunofluorescent
staining for actinin (red) and BrdU (green). BrdU+ cells were more abundant in the compact
layer than in the trabecular layer. Inset is a high-magnification view. Quantitative analyses
were shown (n = 4). (C) Immunofluorescent staining for actinin (red), vimentin (green) and
DAPI (blue, nuclei). Vimentin+ cells appeared in the myocardium by E12.5 and gradually
increased over time. Note that vimentin+ cells existed around vessels in P1 heart (arrowheads),
indicating perivascular fibroblasts. Vimentin+ cell numbers in the left ventricles (n = 4). (D)
Development of DDR2+ cells (green) throughout the myocardium. Arrowheads indicate
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DDR2+ epicardium, and an arrow indicates perivascular fibroblasts. DDR2+ cell numbers in
the left ventricles (n = 4). (E) FACS analyses for Thy1+ cells. Thy1+ cells were increased
during development (n = 3). Representative data are shown in each panel. All data are presented
as means ± SEM. *, P<0.01; **, P<0.05 vs relative control. Scale bars, 100 μm.
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Figure 2. Cardiac Fibroblasts Promote Cardiomyocyte Proliferation in Co-culture
(A) Cardiomyocyte-enriched culture (CM culture) and mixed population culture (Mix culture)
at days 1 and 3. Immunofluorescent staining for actinin (red), vimentin (green) and DAPI
(blue). (B) Increase of actinin+ cell number during a 3-day culture (n = 3). (C) Schematic
representation of the co-culture strategy and Nkx2.5-YFP mouse embryo. (D) FACS was used
to compare E12.5 Nkx2.5-YFP and wild-type mouse heart cells: 40% of the transgenic heart
cells were YFP+. (E) Immunofluorescent staining for vimentin, DDR2, Thy-1, CD31, Raldh2,
and SM-MHC in cardiac fibroblast culture. The majority of cells were positive for fibroblast
markers (n = 4). (F) YFP+ cells were co-cultured with varying numbers of cardiac fibroblasts.
The ratios of cardiac fibroblasts to YFP+ cells varied from 0:1 to 4:1. CF, cardiac fibroblasts.
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Note that YFP+ cells formed colonies in the co-culture with cardiac fibroblasts. YFP+ cell
numbers per colony in the co-cultures (n = 3). (G) Immunofluorescent staining for BrdU (red),
YFP (green) and DAPI (blue) in the pure cardiomyocyte culture (YFP+ culture) or the co-
culture of cardiomyocytes with fibroblasts (YFP+-CF coculture). Arrowheads indicate
BrdU+ cells, and arrows indicate YFP− fibroblasts. Note that fibroblasts were all BrdU−. (H)
Ratios of BrdU+ cells to YFP+ cells indicate the percentage of proliferating cardiomyocytes
(n = 5). (I) Thy-1+CD31− cells were FACS sorted from fibroblast culture, and analyzed for
vimentin and DDR2 expressions. (J) Ratios of BrdU+ cells to YFP+ cells in the coculture with
Thy-1+CD31− cells (n = 3). Representative data are shown in each panel. All data are presented
as means ± SEM. *, P < 0.01 vs relative control. Scale bars, 100 μm.
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Figure 3. Embryonic Cardiac Fibroblasts Promote Cardiomyocyte Proliferation through
Fibronectin and Collagen Synthesis
(A) Immunofluorescent staining for BrdU (red), YFP (green) and DAPI (blue) in the pure
cardiomyocyte culture (YFP+), and co-cultures of cardiomyocytes with embryonic (YFP+-
embryo CF) or adult cardiac fibroblasts (YFP+-adult CF). Arrowheads indicate BrdU+ cells,
and arrow indicates a hypertrophied cardiomyocyte. YFP− cells are fibroblasts. (B) Ratios of
BrdU+ cells to YFP+ cells (upper panel) and the YFP+ cell areas (lower panel) (n = 4). (C) The
heatmap image of hierarchical clustering based on the most variable genes among Nkx-
YFP+ cells, embryonic cardiac fibroblasts, and adult cardiac fibroblasts (n = 3 in each group).
The scale extends from 0.25- to 4-fold over mean (−2 to +2 in log2 scale) as indicated on the
bottom. (D) Profiling of ECM gene expression in embryonic (Emb CF) and adult cardiac
fibroblasts (Ad CF). The genes upregulated at least twofold in the embryonic or adult cardiac
fibroblasts compared to Nkx-YFP+ cells by microarray analyses are listed with their fold
enrichment (n = 3). The ratios of gene expressions in embryonic fibroblasts to those in adult
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fibroblasts are also shown (Emb/Ad). Fibronectin (red), collagen family (blue) and other ECM
genes (green) upregulated in embryonic cardiac fibroblasts are highlighted. (E) qRT-PCR
showing enrichment of ECM genes in embryonic cardiac fibroblasts (n = 3). (F) Ratios of
BrdU+ cells to YFP+ cells in the pure cardiomyocytes cultured on the different ECMs (n = 4).
(G) qRT-PCR confirmed that Fn1 and Col3a1 gene expression was downregulated by Fn1,
Col3a1, or both Fn1 and Col3a1 siRNA knockdown (Fn1, Co13, Fn1/Col3 siRNA,
respectively) (n = 4). (H) Ratios of BrdU+ cells to YFP+ cells in the co-culture of
cardiomyocytes with siRNA-knockdown embryonic and scramble siRNA-treated adult cardiac
fibroblasts (n = 4). All data are presented as means ± SEM. *, P<0.01; **, P<0.05 vs relative
control. Scale bars, 100 μm.
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Figure 4. β1 Integrin Is Required for Cardiomyocyte Proliferation upon Co-culture with Cardiac
Fibroblasts
(A) Semiquantitative RT-PCR of integrin α subunits and β1 in embryonic (YFP+) and adult
cardiomyocytes (Adult CM). (B) Immunofluorescent staining for BrdU (red), YFP (green) and
DAPI (blue) in co-culture of cardiomyocytes with embryonic cardiac fibroblasts on PLL-
coated plates. Cells were cultured in the presence of mock (−) or anti-β1 integrin blocking
antibody (Anti-Itgb1 Ab). Cell morphology and attachment were not affected in the presence
of anti-β1 integrin blocking antibody. (C) Quantitative data of the ratios of BrdU+ cells to
YFP+ cells in (B) (n = 5). (D) HBEGF and FGF2 but not Ptn, augmented cardiomyocyte
proliferation on fibronectin or collagen III-coated plates (n = 3). (E) BrdU+ cardiomyocytes
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induced with HBEGF or FGF were reduced by pretreatment with an anti-β1 integrin-blocking
antibody (n = 4). (F) Semiquantitative RT-PCR of integrin β1A and D isoforms in embryonic
(YFP+) and adult cardiomyocytes (Adult CM). (G) BrdU+ staining in cardiomyocytes treated
with HBEGF after modification of β1A integrin signaling by adenoviral infection with control
(LacZ), β1A or TACβ1A (n = 5). (H, I) Activation of phospho-ERK1/2 (p-ERK), phospho-
p38MAPK (p-p38MAPK) and phospho-Akt (p-Akt) were determined by
immunocytochemistry using phospho-specific antibodies (n = 3). Nkx-YFP+ cells were
infected with LacZ or TACβ1A adenovirus, and treated with HBEGF. Note that nuclear
translocation of p-ERK and p-p38MAPK after HBEGF stimulation, in contrast to perinuclear
localization of MAPK before stimulation (insets). Arrowheads indicate activated cells, and
arrows indicate non-activated cells. (J) Nkx-YFP+ cells were pretreated with PD98059 (PD),
SB203580 (SB) or LY294002 (LY), and stimulated with HBEGF (n = 4). BrdU+

cardiomyocyes were reduced with PD or LY compared with mock treated cells (−). All data
are presented as means ± SEM. *, P<0.01; **, P<0.05 vs. relative control. Scale bars, 100
μm.
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Figure 5. Generation of Cardiomyocyte-Specific β1 Integrin Knockout Mice
(A) Immunofluorescent staining for β1 integrin (green), α-actinin (red) and DAPI (blue) in
E14.5 mouse hearts. Note that a large proportion of β1 integrin+ cells were colabeled with α-
actinin. (B) The time course of Itgb1 mRNA expression determined by qRT-PCR (n = 5).
(C) Immunofluorescent staining for fibronectin (green), α-actinin (red) and DAPI (blue) in
E14.5 mouse hearts. Note that fibronectin and actinin immunoreactivities were not colocalized.
(D) The time course of Fn1 mRNA expression determined by qRT-PCR (n = 5). (E) Scheme
of the experiments to generate Nkx2.5-Cre/Itgb1flox/flox mice (Mutant) with the Cre-loxP
system. (F) Immunofluorescent staining for β1 integrin (green) and actinin (red) in E12.5 wild-
type (WT) and mutant hearts. Note that β1 integrin and actinin were colocalized in WT, but
not in mutant hearts. Arrowheads indicate valves, immunopositive for β1 integrin in either
heart. (G) Immunofluorescent staining for β1 integrin (green), actinin (red) and DAPI in E14.5
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wild-type and mutant hearts, exhibited in higher magnification. β1 integrin is specifically
deleted in mutant ventricular cardiomyocytes. (H) Itgb1 mRNA expression in wild-type and
mutant hearts and limbs, determined by qRT-PCR (n = 4). (I) Ratios of observed mutant mice
at different embryonic stages. Absolute numbers are shown with percentages in parenthesis.
Note that expected ratio is 25%. Representative data are shown in each panel. All data are
presented as means ± SEM. *, P<0.01; **, P<0.05 vs. relative control. Scale bars, 50 μm (A,
G); 100 μm (F).
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Figure 6. β1 Integrin Is Required for Myocardial Proliferation, Muscle Integrity and Ventricular
Chamber Formation in the Compaction Stage
(A) Whole-mount in situ hybridization (ISH) for Nkx2.5 in wild-type and mutant E9.5 embryos.
(B) H&E staining of wild type and mutant E12.5 hearts. (C) Wild-type and mutant hearts at
E14.5. Mutant ventricles are smaller than wild-type, while atria are same size (arrowheads).
RA, right atrium; LA, left atrium; RV, right ventricle; LV, left ventricle. (D) Wild-type and
mutant hearts at P1. The right panel shows H&E staining. Note that mutant ventricles were
hypoplastic, while the atria were preserved (arrowheads). (E) Masson-trichrome staining in P7
wild-type and mutant hearts. Large amounts of fibrosis were detected in the mutant
interventricular septum and right ventricular subendocardium. Arrow indicates His bundle
(positive control). (F) Immunofluorescent staining for collagen1 (Col1, green) and DAPI (blue)
in the wild-type and mutant P1 hearts. Collagen deposits were observed in mutant hearts.
Arrowheads indicate valves (positive control). (G) The ratio of wall thickness in the compact
layer to heart size (longest diameter) in wild-type or mutant hearts at P1 (n = 5). (H)
Immunofluorescent staining for actinin (red), BrdU (green) and DAPI (blue) in the wild-type
and mutant E16.5 left ventricles. BrdU+ cells were reduced in the mutant heart. (I) Percentage

Ieda et al. Page 25

Dev Cell. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of BrdU+ cells in the wild-type and mutant hearts at E12.5 and E16.5. (J) Percentage of p-
ERK+ cells in wild-type or mutant hearts at E16.5. (K) qRT-PCR of Spp1 and TnC mRNA
(left panel), and Ccnd1, Ccne1, Ccng2, and Cdkn1a mRNA (right panel) in E12.5 wild-type
and mutant hearts. Representative data are shown in each panel. All data are presented as means
± SEM. *, P<0.01; **, P<0.05 vs. relative control. Scale bars, 100 μm (B, E, F, H); 500 μm
(A); 1 mm (C and D).
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