Lo L

P

1\

o LN A D

Gatad is required for maintenance of postnatal
cardiac function and protection from pressure
overload-induced heart failure

Egbert Bisping*', Sadakatsu lkeda*, Sek Won Kong*, Oleg Tarnavski*$, Natalya Bodyak?*, Julie R. McMullen*,
Satish Rajagopal*, Jennifer K. Son*, Qing Ma*, Zhangli Springer*, Peter M. Kang*, Seigo Izumo?*$, and William T. Pu*T

*Department of Cardiology, Children’s Hospital Boston, 300 Longwood Avenue, Boston, MA 02115; and *Cardiovascular Disease Division,

Beth Israel Deaconess Medical Center, 330 Brookline Avenue, Boston, MA 02215

Edited by Eric N. Olson, University of Texas Southwestern Medical Center, Dallas, TX, and approved August 9, 2006 (received for review March 30, 2006)

An important event in the pathogenesis of heart failure is the
development of pathological cardiac hypertrophy. In cultured
cardiomyocytes, the transcription factor Gata4 is required for
agonist-induced hypertrophy. We hypothesized that, in the intact
organism, Gatad4 is an important regulator of postnatal heart
function and of the hypertrophic response of the heart to patho-
logical stress. To test this hypothesis, we studied mice heterozy-
gous for deletion of the second exon of Gata4 (G4D). At baseline,
G4D mice had mild systolic and diastolic dysfunction associated
with reduced heart weight and decreased cardiomyocyte number.
After transverse aortic constriction (TAC), G4D mice developed
overt heart failure and eccentric cardiac hypertrophy, associated
with significantly increased fibrosis and cardiomyocyte apoptosis.
Inhibition of apoptosis by overexpression of the insulin-like
growth factor 1 receptor prevented TAC-induced heart failure in
G4D mice. Unlike WT-TAC controls, G4D-TAC cardiomyocytes hy-
pertrophied by increasing in length more than width. Gene ex-
pression profiling revealed up-regulation of genes associated with
apoptosis and fibrosis, including members of the TGF-B pathway.
Our data demonstrate that Gata4 is essential for cardiac function
in the postnatal heart. After pressure overload, Gata4 regulates the
pattern of cardiomyocyte hypertrophy and protects the heart from
load-induced failure.
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H eart failure is one of the leading causes of morbidity and
mortality in industrialized countries (1). An important event in
the pathogenesis of heart failure is the development of pathological
cardiac hypertrophy (2). This is characterized by increased cardi-
omyocyte size, increased protein synthesis, and altered gene ex-
pression. Over time, the changes in gene expression can be mal-
adaptive and contribute to progression of heart failure (3).

A large body of evidence suggests that the transcription factor
Gata4 is an important regulator of cardiomyocyte hypertrophy (4,
5). Gata4 has been implicated in the regulation of an array of
cardiac genes in response to hypertrophic agonists, including atrial
natriuretic factor (ANF), brain natriuretic peptide (BNP), skeletal
a-actin, a-myosin heavy chain (a-MHC), and B-myosin heavy chain
(B-MHC) (4, 5). Gata4 overexpression is sufficient to induce the
hypertrophic response in cultured neonatal cardiomyocytes and
transgenic mice (6). Moreover, the hypertrophic response of cul-
tured neonatal rat cardiomyocytes requires Gata4 (6, 7).

We sought to investigate the in vivo role of Gata4 in regulating
postnatal heart function and the response to hypertrophic stress.
Traditional loss-of-function approaches have been complicated by
early embryonic lethality in Gata4 null embryos (8, 9). In our hands,
embryos with embryonic cardiac-restricted Gata4 inactivation also
suffered from fetal demise (10). These embryos died from heart
failure, and the mutant hearts were characterized by marked
myocardial hypoplasia due to decreased cardiomyocyte prolifera-
tion (10).

www.pnas.org/cgi/doi/10.1073/pnas.0602543103

We reasoned that if Gata4 was a crucial regulator of pathways
necessary for cardiac hypertrophy, then modest reductions of Gata4
activity should result in an observable cardiac phenotype. To test
this hypothesis, we used gene-targeted mice that express reduced
levels of Gata4. We characterized these mice at baseline and after
pressure overload. We found that partial Gata4 deficiency resulted
in mild systolic and diastolic dysfunction at baseline and overt heart
failure after pressure overload. Our results demonstrate that Gata4
is required for maintenance of postnatal cardiac function and
protection from stress-induced heart failure.

Results

In this study, we used mice on a uniform genetic background that
were heterozygous for deletion of the second exon of Gata4
(Gata4" 22 abbreviated G4D), including the start codon and the
N-terminal 46% of the coding region (11). To confirm reduction in
Gata4 expression, we performed quantitative real-time RT-PCR
(qRT-PCR) and Western blotting on ventricular samples and found
that Gata4 mRNA and protein were reduced in G4D mice by 52 =
5% and by 58 * 4%, respectively, compared with wild-type
littermate controls (WT; P < 0.05; Fig. 1 A-C). By qRT-PCR,
expression of the related transcription factor Gata6 was unaltered
in G4D mice (data not shown).

Mild Systolic and Diastolic Dysfunction in Baseline G4D Mice. At 3
months of age, echocardiography showed normal left ventricular
(LV) dimensions but mildly decreased fractional shortening (FS) in
G4D mice (41.3 = 3.3% in G4D vs. 52.7 + 2.6% in WT, P < 0.05;
Fig. 1D and Table 1, which is published as supporting information
on the PNAS web site), consistent with a mild reduction in
ventricular systolic function at baseline. At 8—12 months of age, FS
remained mildly depressed in G4D mice compared with compara-
bly aged WT littermates (42 = 4% in G4D vs.55 = 5% in WT;n =
4; P < 0.05), suggesting that ventricular dysfunction in these mice
is not progressive.
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Fig. 1. Baseline characterization of G4D mice. (A) Relative Gata4 mRNA
levels were measured by qRT-PCR and normalized to GAPDH. (B) Represen-
tative Western blotting for Gata4. (C) Relative Gata4 protein levels were
measured by Western blotting and normalized to GAPDH. RNA (A) and
protein (B and C) were prepared from adult heart ventricles. (D) Echocardi-
ography of G4D mice showed mildly depressed FS. (E and F) Measurement of
intraventricular pressure during Dob infusion showed decreased contractile
reserve and impaired diastolic function in G4D mice. In Figs. 1-6, numbers
inside bars indicate number of samples per group. For Dob infusion, n = 6 per
group. *, P < 0.05.

Invasive hemodynamic measurements with graded iv. Dobut-
amine (Dob) infusion revealed that LV pressure and maximal rate
of I'V pressure rise (+dP/dt) were significantly lower in G4D mice
at higher Dob doses, indicative of systolic dysfunction and de-
creased contractile reserve (Fig. 1E). In addition, —dP/dt and LV
end diastolic pressure (LVEDP), two measures of diastolic func-
tion, were abnormal in G4D mice. At baseline, LVEDP was
significantly higher in G4D mice (Table 1). With increasing Dob
infusion, G4D mice displayed a markedly impaired —dP/dt re-
sponse (Fig. 1F).

Cardiomyocyte Hypertrophy and Numerical Hypoplasia in Baseline
G4D Mice. To determine whether decreased Gata4 expression was
associated with altered heart size, we analyzed hearts from 12-wk-
old G4D and WT mice. G4D hearts had normal morphology (Fig.
2A4), but gravimetric analysis demonstrated a 15% decreased heart
weight/body weight ratio (HW/BW) in G4D mice (3.9 * 0.1 vs.
4.6 = 0.1; P < 0.01; Fig. 2B and Table 1).

Decreased heart size of G4D mice might have been due to a
decrease in cardiomyocyte size and/or a decrease in cardiomyocyte
number. We measured the size of enzymatically dissociated cardi-
omyocytes and found that the volume of cardiomyocytes from G4D
hearts was 22% increased compared with WT controls (P < 0.05;
Fig. 2D and Table 1).

The combination of increased cardiomyocyte size and decreased
HW in G4D mice suggested that G4D mice had decreased cardi-
omyocyte number. By dividing the relative difference in HW/BW
(G4D/W'T = 0.85) by the relative difference in cardiomyocyte size
(G4D/WT = 1.22), we calculated that the cardiomyocyte number
in G4D mice was 70% of wild-type, i.e., a 30% reduction. We
previously showed that the level of Gata4 expression is an important
regulator of cardiomyocyte proliferation in the prenatal heart (10).
Therefore, we suspected that the decrease in cell number reflected
a prenatal decrease in cardiomyocyte proliferation. To test this, we
directly measured cell number by design-based stereology in late-
gestation embryos (embryonic day 17.5). The measured decrease in
cardiomyocyte number (24%; P < 0.05; Fig. 2E) is consistent with
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Fig. 2. Baseline morphology of G4D mice. (A) Representative long axis
sections through WT and G4D adult hearts. G4D hearts were structurally
normal. (Scale bar, 2mm.) (B) HW/BW ratio was significantly decreased in G4D
hearts. #, P = 0.002. (C) Representative dissociated cardiomyocytes from WT
and G4D hearts. (Scale bar, 50 um.) (D) Volume of G4D cardiomyocytes was
significantly larger than WT cardiomyocytes. (E) Fetal cardiomyocyte number,
measured by design-based stereology, was significantly decreased in G4D
embryonic day 17.5 embryos compared with WT embryos. *, P < 0.05.

the decreased cardiomyocyte number that we calculated from
analysis of adult hearts.

Overt Heart Failure and Eccentric Hypertrophy After Aortic Constric-
tion. To determine whether reduction of Gata4 expression within a
physiologically relevant range alters the cardiac response to pres-
sure overload, we performed transverse aortic constriction (TAC;
ref. 12). Surprisingly, there was no difference in HW response to
pressure overload in G4D compared with WT mice, suggesting that
hypertrophy on an organ level is not diminished by reduced Gata4
expression (Fig. 34 and Table 2, which is published as supporting
information on the PNAS web site). This was not due to normal-
ization of Gata4 expression after banding, because Gata4 continued
to be expressed at reduced levels in G4D-TAC mice (41 = 7%
compared with WT-TAC; P < 0.05).

Although there was no difference in the magnitude of hypertro-
phy between WT-TAC and G4D-TAC, the functional response was
dramatically different between these groups. WT mice compen-
sated to the pressure load of TAC without change in LV function,
LV diameter, or lung weight (Fig. 3 B and C; Table 2). In contrast,
G4D mice developed severe LV dysfunction, as measured by FS and
LV end diastolic diameter (LVEDD). In the mutant mice, systolic
function was severely depressed, with FS decreased to 32.7 £ 2.5%,
compared with 50.8 = 2.6% in banded WT (P < 0.05; Fig. 3B and
Table 2). In addition, the LV of G4D mice became dilated, with
LVEDD of 3.8 £ 0.1 mm, compared with 3.3 = 0.1 mm in banded
WT (P < 0.05; Table 2). This LV dysfunction was associated with
pulmonary edema, with lung weight in banded G4D mice increasing
to 168 = 12 mg compared with 139 = 4 mg in banded WT (P < 0.05;
Fig. 3C and Table 2). Thus, pressure overload induced decompen-
sated heart failure in G4D mice.

When we analyzed the size and morphology of cardiomyocytes in
dissociated cardiomyocyte preparations, we found that G4D car-
diomyocytes hypertrophied in response to pressure overload to the
same degree as WT (Fig. 3E). However, the nature of the cardi-
omyocyte hypertrophic response was different in mutant mice. In
WT mice, cardiomyocytes increased in both length and width, so
that the ratio of these parameters (L/W) was unchanged. In
contrast, hypertrophy of G4D cardiomyocytes occurred primarily
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Fig. 3. Heart failure and eccentric hypertrophy in G4D mice after TAC. (A)
G4D hearts showed the same degree of hypertrophy after TACas WT heart. (B)
Systolic function of WT and G4D mice after TAC. WT mice compensated for
increased afterload and maintained normal FS, whereas G4D mice developed
severe systolic dysfunction after TAC. (C)TAC resulted in increased lung weight
in G4D mice but did not alter lung weight in WT mice. (D) Representative
images of dissociated WT and G4D cardiomyocytes after TAC. (Scale bar, 50
pm.) (E) G4D and WT cardiomyocytes increased in size after TAC. (F) In WT
cardiomyocytes, length (L) and width (W) both increased, so that the length/
weight ratio (L/W) was unchanged. In G4D cardiomyocytes, length increased
out of proportion to width, so that L/W was increased. *, P < 0.05.

by an increase in cardiomyocyte length, so that the L/W ratio was
significantly increased (Fig. 3 D and F). This pattern typifies
eccentric hypertrophy.

Increased Fibrosis and Apoptosis in G4D Mice After TAC. Because
Gata4 deficiency has been associated with increased cardiomyocyte
apoptosis (13), we measured the frequency of apoptotic cardiomy-
ocytes by TUNEL staining (Fig. 44). In sham-operated animals,
there was no significant difference in the frequency of apoptotic
cells between WT and G4D genotypes. Pressure overload increased
the frequency of apoptotic cardiomyocytes by 1.8-fold in WT mice
(P < 0.05; Fig. 4B). In G4D mice, pressure overload resulted in a
significantly greater increase in cardiomyocyte apoptosis (3.2-fold;
P < 0.05 vs. WT-TAG; Fig. 4B).

The extent of fibrosis behaved similarly to apoptosis in G4D and
WT mice. There was no difference between genotypes with Sham
operation, but a significantly greater increase in fibrosis in G4D
compared to WT with TAC operation (19.1 * 1.6% vs. 11.2 =
1.7%; P < 0.05; Fig. 4 C and D).

Unimpaired Hypertrophic Gene Expression in G4D Mice After TAC. To
identify genes with altered expression associated with partial Gata4
deficiency, we performed Affymetrix gene expression profiling on
ventricular samples from WT and G4D mice after sham or TAC
operation. Using genotype and operation type in a two-factor
ANOVA, we found 792 genes (1,023 probe sets) that were differ-
entially expressed with a P value of <0.001. Among these were
genes whose expression is frequently altered in hypertrophy models,
including atrial natriuretic factor (ANF), brain natriuretic peptide
(BNP), skeletal-a-actin (Actal), B-MHC, and Four and a half LIM
domain 1 (Fhll). Although ANF, BNP, Actal, and B-MHC have
been reported to be directly activated by Gata4 (4, 14), partial Gata4
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Fig. 4. Increased apoptosis and fibrosis in G4D-TAC hearts. (A) Representa-
tive TUNEL staining of G4D myocardium. Apoptotic nuclei were labeled by
TUNEL (red), counterstained to mark nuclei (Topro-3, blue) and cardiomyo-
cytes (desmin, green), and imaged by confocal microscopy. (B) Frequency of
TUNEL-positive cardiomyocyte nuclei was increased by TAC. G4D-TAC cardi-
omyocytes had significantly increased apoptosis compared with WT-TAC. (C)
Post-TAC cardiac fibrosis, demonstrated by Masson’s trichrome stain. Concen-
tric hypertrophy of WT-TAC hearts and eccentric hypertrophy of G4D-TAC
hearts were also evident. (Scale bar, 2.0 mm.) (D) The area fraction of fibrotic
tissue was increased more in G4D hearts compared with WT hearts (n = 3). *,
P < 0.05.

deficiency did not impair expression of these genes at baseline or
after TAC. In fact, B-MHC and FhlI were expressed at significantly
higher levels in G4D-TAC (Fig. 54). To exclude technical issues
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Fig.5. Gene expression analysis. Expression was determined by qRT-PCR (for
BNP, Fhl1, Casp12, TgfB2, and Ctgf) or by Affymetrix microarray. (A) Relative
expression of hypertrophy marker genes. Number of samples per group:
WT-Sham, 4; G4D-Sham, 4; WT-Band, 6; G4D-TAC,6. (B) Relative expression of
fibrosis and apoptosis associated genes. #, P < 0.001 for effect of operation
type.”, P < 0.001 for effect of genotype. *, P < 0.01 for pairwise comparisons.
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Fig.6. Protective effects of IgfR overexpression. (A) TAC-induced increase in
frequency of TUNEL-positive cardiomyocyte nuclei was blocked by IgfR and
G4D-1gfR. (B) IgfR and G4D-IgfR also blocked the TAC-induced increase in
fibrosis. (C) TAC-induced increase in the lung weight to BW ratio (LW/BW
ratio) in G4D was not present in G4D-IgfR. (D) FS was significantly reduced in
G4D but not in G4D-IgfR. *, P < 0.05. IgfR n = 4; G4D-IgfR n = 7.

related to quantitative assessment of gene expression by microarray,
we examined the expression of a number of genes independently by
qRT-PCR, including BNP and Fhll. We found an overall high
degree of correlation between the two methods (Table 3, which is
published as supporting information on the PNAS web site).

Profibrotic and Apoptotic Gene Expression in G4D Mice. The patho-
logical phenotype of G4D-TAC hearts was characterized by in-
creased fibrosis and apoptosis. ANOVA analysis indicated that 50
genes (54 probe sets) were differentially expressed as a function of
the genotype at a P value <0.001 (Table 3). Among these genes
were several [Caspase 12, Thrombospondin 4, Transforming growth
factor B2 (TgfB2), and Connective tissue growth factor (Crgf)] that
have been reported to be associated with fibrosis and apoptosis and
that were markedly up-regulated in G4D hearts vs. WT, in partic-
ular after application of TAC. We confirmed these results by
qRT-PCR (Fig. 5B).

Protection from Apoptosis and Heart Failure by Insulin-Like Growth
Factor 1 Receptor (IgfR) Overexpression. To test the pathophysio-
logical relevance of increased apoptosis in our model, we asked
whether suppression of apoptosis would protect G4D mice from
TAC-induced heart failure. To inhibit apoptosis, we used transgenic
mice with cardiomyocyte-restricted overexpression of the IgfR,
because increased Igf signaling has well characterized antiapoptotic
effects in cardiomyocytes (15-17). IgfR overexpression blocked the
increase in apoptosis induced by TAC in both Gata4"TVT/IgfR+
(abbreviated IgfR) and Gata4"72¢?/IgfR+ mice (abbreviated
G4D-1gfR; Fig. 64). Accordingly, the extent of fibrosis was signif-
icantly lower after TAC in both IgfR and G4D-IgfR groups
compared with G4D (Fig. 6B). The reduced apoptosis was associ-
ated with protection from TAC-induced heart failure in G4D-IgfR
mice (Fig. 6 C and D; P < 0.05 vs. G4D). This effect was not due
to correction of fetal myocardial hypoplasia, because the IgfR

14474 | www.pnas.org/cgi/doi/10.1073/pnas.0602543103

transgene did not significantly alter total IgfR expression in the fetal
myocardium, and fetal myocyte number was not changed in IgfR
transgenics (Fig. 7, which is published as supporting information on
the PNAS web site). IgfR overexpression did not alter Gata4
expression (data not shown).

Discussion

The development of cardiac hypertrophy is a primary event in the
pathogenesis of heart failure (2). In cultured neonatal cardiomyo-
cytes, Gata4 is an essential mediator of cardiomyocyte hypertrophy
in response to mechanical stretch and a-adrenergic stimulation (6,
7). To determine whether variation of Gata4 activity within a
physiologically relevant range influences postnatal function and the
response to hypertrophic stimulation in vivo, we characterized mice
heterozygous for deletion of the second exon of Gata4 (G4D),
which express 58% reduced Gata4 protein (Fig. 1 A-C). We found
that this degree of Gata4 deficiency resulted in decreased cardio-
myocyte number due to a combination of congenital myocardial
hypoplasia (Fig. 2E) and increased pressure-overload-induced apo-
ptosis (Fig. 4B). Consequently, G4D mice had mild systolic and
diastolic dysfunction at baseline (Fig. 1 D-F) and decompensated
heart failure and myocardial fibrosis after pressure overload (Figs.
3 and 4). Partial Gata4 deficiency did not impair cardiomyocyte
hypertrophy after pressure overload but altered the pattern of
hypertrophy. G4D-TAC cardiomyocytes developed an elongated
morphology, reflected at the organ level by eccentric cardiac
hypertrophy (Fig. 3). Our results demonstrate that Gata4 is re-
quired in vivo for maintenance of normal cardiac function and
protection from pressure-overload-induced heart failure. More-
over, our data suggest that modest variations in Gata4 level or
activity can have important consequences on cardiomyocyte num-
ber, morphology, and cardiac function.

Gata4 Regulation of Cardiomyocyte Hypertrophy. Based on in vitro
loss-of-function studies (6, 7, 18), we hypothesized that Gata4
activity is an important regulator of cardiomyocyte hypertrophy.
Thus, we expected that the reduction of Gata4 level in G4D hearts
would result in attenuated cardiomyocyte hypertrophy. However,
we found that the magnitude of cardiomyocyte hypertrophy did not
depend upon Gata4 level within the physiologically relevant range
of Gata4 expression examined. At baseline, the average volume of
G4D cardiomyocytes was increased by 22% over WT (Fig. 2). This
was likely a compensatory response to decreased myocyte number
and consequently elevated wall stress in G4D hearts. Moreover,
pressure loading induced a similar degree of hypertrophy in WT
and G4D cardiomyocytes (Fig. 3). These data do not exclude the
possibility that more complete Gata4 down-regulation would have
attenuated the hypertrophic response (see below).

Although the degree of hypertrophy was not different between
G4D-TAC and WT-TAC mice, the pattern of hypertrophy was
qualitatively different. As expected, WT-TAC mice developed
changes at the cardiomyocyte level and the organ level that char-
acterize concentric cardiac hypertrophy (Fig. 3). This pattern of
hypertrophy results from addition of sarcomeres in parallel and acts
to normalize wall stress. In contrast, G4D-TAC mice developed
changes at the cardiomyocyte and organ levels that characterize
eccentric cardiac hypertrophy (Fig. 3). This pattern of hypertrophy
results from addition of sarcomeres in series and increases wall
stress. The adoption of an elongated cardiomyocyte morphology in
eccentric hypertrophy models precedes the development of cardiac
dysfunction (19), suggesting this pattern of cardiomyocyte hyper-
trophy is not a simple epiphenomenon of heart failure. Rather,
eccentric hypertrophy results from the activation of specific signal-
ing pathways, such as the mitogen-activated protein kinase 5 (Erk5)
pathway (20). We found that ErkS activity was increased by pressure
overload (Fig. 8, which is published as supporting information on
the PNAS web site), in agreement with previously reported pres-
sure overload models (21, 22). However, Erk5 pathway activation

Bisping et al.
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was not different between G4D and WT mice (Fig. 8). This suggests
that signaling pathways other than Erk5 are responsible for the
observed eccentric pattern of hypertrophy in G4D hearts.

Gatad Regulation of Cardiomyocyte Number. At baseline, we found
that G4D mice had decreased HW/BW ratio and cardiomyocyte
hypertrophy. Based on these data, we calculated a 30% decrease in
the number of cardiomyocytes in the adult heart of G4D mice
compared with WT mice. By direct measurement, we determined
that cardiomyocyte number was reduced to a similar degree (24%
reduction) in fetal G4D hearts. Reduced Gata4 dosage in fetal
cardiomyocytes resulted in decreased cardiomyocyte proliferation
(10, 11). Gata4 also promotes cardiomyocyte differentiation from
progenitor cells (23). Thus, myocardial hypoplasia in G4D mice
might result from impaired recruitment of myocyte from progen-
itor pools in the heart and/or from decreased fetal cardiomyocyte
proliferation.

Gata4 Regulation of Cardiac Apoptosis and Fibrosis. Increased car-
diac fibrosis is a hallmark of pathological cardiac hypertrophy
and heart failure. At baseline, G4D hearts did not exhibit
increased fibrosis. However, after pressure overload, there was
increased fibrosis in G4D hearts compared with WT hearts (Fig.
4). Cardiac fibrosis adversely impacts diastolic filling (24). Thus,
TAC-induced cardiac fibrosis, superimposed on mild baseline
diastolic dysfunction seen in G4D hearts, likely contributed to
decompensated heart failure with pulmonary edema seen in
G4D-TAC mice.

Because postnatal cardiomyocytes have largely exited from the
cell cycle, small increases in the rate of cardiomyocyte death can
lead to heart failure by reducing cardiomyocyte number. Gata4
acted to promote cardiomyocyte survival in a mouse model of
doxorubicin-induced cardiomyopathy (13), suggesting that altered
cardiomyocyte survival might be important for the development of
systolic dysfunction and heart failure in mice with partial Gata4
deficiency. We did not find a difference in cardiomyocyte apoptosis
between sham-operated WT or G4D mice, suggesting that partial
Gata4 deficiency did not alter the rate of apoptosis at baseline.
Consistent with this, cardiac function in G4D mice remained stable
for >1 year. However, during pressure overload, partial Gata4
deficiency resulted in a 2-fold increase in the rate of cardiomyocyte
apoptosis (Fig. 4). Increased apoptosis in our model was associated
with development of severe systolic dysfunction and heart failure
(Fig. 3).

To test the hypothesis that increased apoptosis contributed to
heart failure in G4D-TAC mice, we asked whether suppression of
apoptosis by cardiomyocyte-restricted overexpression of IgfR
would prevent heart failure in this model. IgfR signaling is strongly
antiapoptotic in cardiomyocytes as well as other model systems
(15-17). We found that IgfR overexpression blocked the TAC-
induced increase in apoptosis and fibrosis and prevented the
development of heart failure in G4D mice (Fig. 6). The IgfR
transgene did not significantly alter fetal IgfR expression and did
not rescue the myocyte hypoplasia observed in G4D mice (Fig. 7).
Thus, prevention of heart failure in G4D-TAC mice by IgfR
overexpression supports an important role of apoptosis in the
pathogenesis of cardiac dysfunction in this model.

Gata4 Regulation of Cardiac Gene Expression. Hypertrophy marker
genes. Given that Gata4 has been reported to be an important
regulator of the transcriptional response to hypertrophic agonists,
and that in vitro Gata4 directly activates the hypertrophic marker
genes ANF, BNP, B-MHC, and Actal (4, 14), we expected that
partial Gata4 deficiency would reduce the baseline expression of
these genes or blunt the induction of these genes by pressure
overload. We were surprised to find that decreased Gata4 level did
not impair expression of these genes either at baseline or after TAC
(Fig. 54). This does not exclude the possibility that expression of
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these genes requires Gata4 but was not sensitive to the degree of
reduction of Gata4 levels examined (see below).

Apoptosis and fibrosis genes. We found that apoptosis and fibrosis
were significantly increased in G4D-TAC mice. By microarray
analysis, we identified highly significant up-regulation of genes
associated with apoptosis and fibrosis and confirmed selected genes
by qRT-PCR. The proapoptotic gene Caspase 12 was up-regulated
in G4D-TAC compared with WT-TAC (Fig. 5B). Caspase 12 is a
mediator of the sarcoplasmic reticulum-mediated apoptosis path-
way (25). Sarcoplasmic reticulum stress-induced apoptosis was
recently demonstrated to contribute to heart failure following
pressure overload (26).

Expression of 7gf32 and Crgf were highly up-regulated in G4D-
TAC compared with WT-TAC mice (Fig. 5B). TGF-B is a secreted
factor that promotes cardiac fibrosis and cardiomyocyte apoptosis
(27), and TGF-B activity is increased in human heart failure (27).
Connective tissue growth factor (Ctgf) encodes a secreted polypep-
tide that acts downstream of TGF-f3 to induce apoptosis and fibrosis
(28). In G4D-TAC hearts, TGF-B2 and Crgf were up-regulated by
2.8- and 2-fold, respectively, compared with WT-TAC hearts,
suggesting that activation of the TGF- signaling pathway contrib-
utes to increased apoptosis and fibrosis in G4D hearts after pressure
overload.

Expression of thrombospondin-4 (Thbs4) was also significantly
up-regulated in G4D-TAC hearts. Thbs4 belongs to the throm-
bospondin family of extracellular glycoproteins, regulating cell
adhesion and extracellular matrix generation. It is up-regulated in
heart failure models (29, 30). A major role of thrombospondin-1 in
vivo is to activate TGF-B (31), suggesting that thrombospondin-4
up-regulation might contribute to up-regulation of TGF-p signaling
in G4D-TAC hearts.

Importance of Gata4d Gene Dosage in Cardiomyocyte Survival and
Hypertrophy. While this paper was in preparation, Oka ef al. (32)
reported the postnatal phenotype of mice in which Cre/loxP
technology was used to ablate Gata4 in cardiomyocytes (32). A
major difference between the G4D model and the myocardial
knockout models of Oka et al. (32) is the degree of perturbation of
Gata4 expression (at the single myocyte level, ~50% Gata4 reduc-
tion in G4D vs. complete inactivation in the Oka myocardial
knockouts). Thus, the combined data from the two studies repre-
sent a Gata4 allelic series that inform us about the importance of
Gata4 gene dosage in cardiomyocyte survival and hypertrophy.
When examined with this point in mind, the convergent and
divergent findings in the two studies, summarized in Table 4, which
is published as supporting information on the PNAS web site,
suggest that Gata4 is permissive but not dose-limiting for some
processes and permissive and dose-limiting for others. In human
heart failure, Gata4 mRNA and protein levels vary by ~2-fold
between normal and failing human hearts (33, 34). Thus, processes
in which Gata4 is dose-limiting within the range interrogated by the
G4D model are those most likely to be altered downstream of Gata4
in human heart failure.

The myocardial knockouts reported by Oka et al. (32) were
characterized by progressive baseline dysfunction associated with
increased apoptosis. In response to pressure overload, apoptosis
was further increased in the myocardial Gata4 knockouts (32).
Thus, the results of both studies suggest that Gata4 is required for,
and a dosage-limiting regulator of, cardiomyocyte survival, partic-
ularly in the face of myocardial stress. Increased baseline apoptosis
and progressive deterioration of ventricular function in the myo-
cardial knockout models likely represent a stronger phenotype
associated with a greater degree of Gata4 down-regulation in the
myocardial knockout models.

The myocardial knockout and G4D models yielded divergent
results with respect to cardiomyocyte hypertrophy. Oka et al. (32)
found that the magnitude of hypertrophy after TAC was signifi-
cantly blunted in myocardial knockout mice, whereas in G4D mice,
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it was not affected. This difference suggests that Gata4 is necessary
for cardiomyocyte hypertrophy but is not a dosage-sensitive regu-
lator of this process within the 2-fold range interrogated by the G4D
model. However, the pattern of hypertrophy is sensitive to a 2-fold
change in Gata4 level, because pressure overload in G4D mice
resulted in an eccentric rather than concentric pattern of cardio-
myocyte hypertrophy (Fig. 3). The pattern of cardiomyocyte hy-
pertrophy in the myocardial knockout models reported by Oka et
al. (32) was not directly measured, although chamber dilatation
with attenuation of LV wall thickening after pressure overload is
suggestive of an eccentric pattern.

Inspection of gene expression data from the two studies similarly
reveals genes where Gata4 level may be dose-limiting and those
where Gata4 may be required but not dose-limiting. Caspase 12 was
differentially expressed in both G4D and myocardial knockout
models (32), suggesting this gene may be an important downstream
target of Gata4. In contrast, expression of ANF and MHCa were
down-regulated in myocardial knockout models (32), whereas
expression of these genes was not affected in the G4D model. This
difference suggests that whereas expression of ANF and MHC«
require Gata4, it is not sensitive to a 2-fold reduction of Gata4 level.
Partial functional redundancy with Gata6 may have contributed to
this result.

Conclusion

Gata4 is required to maintain normal myocardial function and to
protect the heart from stress-induced heart failure. Reduction of
Gata4 expression within a range relevant for human heart failure
results in mild baseline systolic and diastolic dysfunction and
sensitizes the myocardium to heart failure after imposition of a
pressure overload. Reduction of cardiomyocyte number due to
congenital cardiomyocyte hypoplasia and load-induced increased
cardiomyocyte apoptosis contribute to the abnormal phenotype.
Collectively, our data suggest that pathways that modulate Gata4
level or activity might be important in the pathogenesis of heart
failure.
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background. On this genetic background, there was no evidence of
structural heart disease. Gata4" 7" littermates from these crosses
were used as controls. Transgenic MHCa-IgfR mice, maintained
on an FVB/N background, have been described (35). Surgical
procedures, physiological measurements, and gravimetric measure-
ments were performed blinded to genotype. TAC was performed
by using a modification of our previously described protocol (12).
Mice were evaluated 7 days after TAC. Echocardiography was
performed by using avertin anesthesia as described (35). Invasive
hemodynamics were performed by using a Millar catheter (Millar
Instruments, Houston, TX) inserted through the right carotid
artery. Dob was infused through a catheter in the left external
jugular vein.

Morphological and Histological Analysis. Cardiomyocyte dissociation
was performed by retrograde collagenase perfusion as described
(36). Cardiomyocyte number was measured in embryonic day 17.5
hearts by using a systematic random sampling protocol. Fibrotic
area was measured on Masson’s trichrome-stained sections as
described (35). Apoptotic cardiomyocytes were detected by using
the TMR Red In Situ Death Detection Kit (Roche, Indianapolis,
IN), with myocytes counterstained by Desmin antibody (Biomeda,
Foster City, CA).

Gene Expression. RNA from ventricles was analyzed on Affymetrix
(Santa Clara, CA) 430 2.0 arrays as described (37). Individual gene
expression was measured by qRT-PCR by using oligonucleotide
sequences listed in Table 5, which is published as supporting
information on the PNAS web site.

Supporting Text. Detailed methods are presented in Supporting Text,
which is published as supporting information on the PNAS web site.
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