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In the adult heart, regulation of fatty acid oxidation and mitochondrial genes is controlled by the PPARY coacti-
vator-1 (PGC-1) family of transcriptional coactivators. However, in response to pathological stressors such as
hemodynamic load or ischemia, cardiac myocytes downregulate PGC-1 activity and fatty acid oxidation genes in
preference for glucose metabolism pathways. Interestingly, despite the reduced PGC-1 activity, these pathological
stressors are associated with mitochondrial biogenesis, at least initially. The transcription factors that regulate
these changes in the setting of reduced PGC-1 are unknown, but Myc can regulate glucose metabolism and mito-
chondrial biogenesis during cell proliferation and tumorigenesis in cancer cells. Here we have demonstrated that
Myc activation in the myocardium of adult mice increases glucose uptake and utilization, downregulates fatty
acid oxidation by reducing PGC-1a levels, and induces mitochondrial biogenesis. Inactivation of Myc in the adult
myocardium attenuated hypertrophic growth and decreased the expression of glycolytic and mitochondrial bio-
genesis genes in response to hemodynamic load. Surprisingly, the Myc-orchestrated metabolic alterations were
associated with preserved cardiac function and improved recovery from ischemia. Our data suggest that Myc
directly regulates glucose metabolism and mitochondrial biogenesis in cardiac myocytes and is an important

regulator of energy metabolism in the heart in response to pathologic stress.

Introduction
In the fetal and neonatal heart, glucose is the primary energy sub-
strate, and the developing heart derives most of its ATP through
glycolysis (1). However, after birth, the energy substrate preference
of the myocardium shifts from a dependence on glucose toward
fatty acid oxidation (FAO) (2), which is coincident with a burst
of mitochondrial proliferation and increase in myocardial oxy-
gen consumption (3). This transition accounts for the large ATP-
producing capacity of the adult heart. However, similar to the
plasticity reported for cardiac-specific gene expression in the adult
heart subjected to pathological stress (4-6), there is also a coordi-
nated switch in energy substrate preference back toward the fetal
pattern from FAO to glucose in adult myocardium in response to
many stressors, including ischemia (7, 8), preconditioning (9), and
pathological forms of hypertrophy (10). Investigations into the reg-
ulatory mechanisms that govern myocardial energy substrate pref-
erence have primarily focused on regulation of FAO genes by the
fatty acid-activated nuclear receptor PPARa and its cofactor PPAR
coactivator-1o. (PGC-1ay). Disrupting PPARo or PGC-1a leads to
metabolic abnormalities in the heart and LV dysfunction (11, 12).
In contrast, the transcriptional regulation of genes controlling
glucose metabolic pathways in the setting of cardiac growth is less
well studied; however, c-Myc (Myc) has been implicated in control-
ling both glycolysis and mitochondrial biogenesis in malignant cells
(13-15). Myc is the prototypical member of a family of sequence-
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specific DNA-binding proteins that are postulated to act as “third
messengers” for ligand-dependent signals (16). Myc is not expressed
in the adult heart under normal physiological conditions; however,
itis upregulated rapidly in response to virtually all forms of patho-
logic stress (17, 18). Although work by our group and others has
demonstrated that Myc is required for hypertrophic growth after
hemodynamic stress (19-21), its role in regulating metabolism and
mitochondrial biogenesis in the heart is unknown.

It has been reported that limited myocardial mitochondrial bio-
genesis occurs early in response to pathological growth stimuli, but
ultimately the increased metabolic energy demands of the hyper-
trophied myocytes exceed the increase in mitochondrial number,
leading to LV decompensation (22). Members of the PGC-1 fam-
ily are thought to be the primary regulators of mitochondrial bio-
genesis from late development through normal postnatal growth
(23). Thus, mitochondrial biogenesis and FAO gene expression
are typically tightly coupled in the heart (24). However, PGC-1a
expression in the heart is reduced after pathological stress (25),
and PGC-10:/"PGC-1B/ mice display normal cardiac development
and mitochondrial number through late gestation, suggesting that
additional factors must exist that can regulate mitochondrial num-
ber and function (23). A number of other transcriptional regulators,
including Myc, have been implicated in mitochondrial biogenesis,
but their relative importance in mediating mitochondrial number
in the heart after stress is unknown (26).

Here, we investigate the role of Myc in regulating energy
metabolism in the adult heart utilizing inducible transgenic
mouse models in which Myc can be activated or inactivated spe-
Number S
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Expression of Myc is upregulated in the heart in response to multiple patho-
logical stressors. (A) Representative time course of Myc expression in sham or
transverse aortic—banded wild-type mice. Semiquantitative PCR was performed
on total ventricular RNA. (B) Western blot for expression of Myc in wild-
tricles after O hours, 3 days, 7 days, and 14 days of TAC together with tubulin as
a loading control. (C) Temporal expression pattern of Myc protein levels in wild-
type hearts as determined by immunoblot analysis at baseline, after 30 minutes
of ischemia (Isch), and after 24 hours of reperfusion (Rep). Lamin B was included
as loading control. (D) Immunoblotting on ventricular lysates from NO-induced

and ischemic preconditioned hearts.

cifically in adult myocardium. Induction of Myc in myocardium
induced hypertrophic growth and increased glucose uptake and
utilization by activating a panel of genes involved in this meta-
bolic pathway, downregulated FAO genes by inhibiting PGC-1a.
expression, and induced mitochondrial biogenesis. In contrast,
deletion of Myc in adult myocardium attenuated hypertrophic
growth and expression of glucose metabolism and mitochon-
drial biogenesis genes in response to hemodynamic stimuli.
Endogenous Myc also directly bound the promoters of key fac-
tors involved in glucose metabolism and mitochondrial replica-
tion in the cardiac myocytes after stress, suggesting that Mycis a
direct regulator of these processes in the heart. Importantly, the
Myc-orchestrated alterations in metabolism and mitochondrial
biogenesis were cardioprotective and support a key role for Myc
in regulating cardiac metabolism.

Results

Myc is upregulated in the heart in response to multiple pathological stressors.
To determine the expression pattern of Myc in the heart after dif-
fering pathological stressors, we subjected wild-type mice to pres-
sure overload, ischemia/reperfusion (I/R), and preconditioning
stimuli. Myc is typically associated with hypertrophic growth in
the adult heart, so we first examined Myc levels after aortic band-
ing in vivo. Myc mRNA increased 15.3 + 2.9-fold (n = 3/group;
P <0.05) in myocardium of mice subjected to transaortic constric-
tion (TAC) versus sham operation (Figure 1A), with Myc protein
levels remaining elevated for days after hemodynamicload (Figure
1B). To determine whether Myc is also upregulated in response
to stressors not typically associated with growth, we determined
Myc protein levels in ventricular lysates obtained from hearts after
30 minutes of ischemia or ischemia followed by the indicated reper-
fusion periods (Figure 1C). Myc protein levels increased markedly
after ischemia in the reperfusion phase. To determine whether a
biological stress typically associated with a cardioprotective effect
also upregulated Myc, we examined Myc expression in ventricles
subjected ischemic or NO-induced preconditioning. Western blot
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activation alone could induce similar metabolic chang-
es in the heart. Glucose uptake and utilization in Myc-
induced mice was assessed by microPET using #F-fluoro-
deoxyglucose (*®F-FDG). Myocardial 1®F-FDG uptake in
4-hydroxytamoxifen-treated (4-OHT-treated) MycER
mice was increased 2-fold compared with that in MycER
mice at baseline or 4-OHT-treated nontransgenic (NTg)
mice (Figure 2A; P < 0.005). In order to determine the
fractional contributions of metabolic substrates to
mitochondrial respiration, we determined carbon label-
ing of glutamate from the myocardium of NTg and
MycER mice treated with 4-OHT for 3 days by 3C-NMR and
isotopomer analyses. Figure 2B shows representative 3C-NMR
spectra obtained from NTg and MycER hearts. There was a
4.4-fold increase in the contribution of acetyl-CoA from the unla-
beled fraction to the citric acid cycle (P < 0.05). Previous studies
showed that the unlabeled fraction in the working mouse heartis
derived predominately from exogenous glucose or glycogen stores
(28), although endogenous triglycerides may also contribute. The
assumption that this unlabeled fraction consists primarily of
glucose is supported by the results of the microPET studies indi-
cating increased glucose uptake after Myc induction. Isotopomer
analysis also revealed a corresponding decrease in acetyl-CoA pro-
duction through FAO when compared with 4-OHT-treated NTg
hearts (Figure 2C). Thus, Myc activation in the adult heart alters
the pattern of substrate oxidation, with a relative increase in oxi-
dation of glucose and a decrease in fatty acids.

Myc induces glucose metabolism genes in adult myocardium. To
determine the mechanisms whereby Myc might regulate the
observed changes of substrate preference in the heart, we ana-
lyzed total ventricular RNA from NTg or MycER mice treated
with 4-OHT for 7 days for genes involved in glucose metabo-
lism or storage. Myc activation led to increases in mRNA lev-
els of a panel of these genes, including enolase-1a (ENO-1a.) by
2.65-fold (P < 0.001), lactate dehydrogenase A (LDHA) by 2.43-
fold (P < 0.05), glycogen synthase (GYS) by 1.78-fold (P < 0.05),
and phosphofructokinase 1 (PFK-1) by 1.75-fold (P<0.05; Figure 3A).
Consistent with the changes in mRNA levels, protein expres-
sion of ENO-1a and HK-2 increased (Figure 3B). To determine
whether enzymes involved in glucose metabolism are direct tar-
gets of Myc transcriptional activation, we performed ChIP anal-
ysis with anti-Myc antibody and primers designed to amplify
genomic sequences spanning putative Myc-binding sites within
the promoter sequences of key glycolytic genes after activation
of Myc. Amplification of Myc-immunoprecipitated DNA com-
plexes from 4-OHT-treated MycER ventricles demonstrated Myc
binding to the endogenous promoters of ENO-1a, PFK-1, LDHA,

type ven-
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Figure 2

Increased glucose uptake and utilization rates in Myc-activated myocardium. (A) MicroPET imaging on representative NTg and MycER mice
with or without (Veh) 4-OHT treatment (n = 4/group). The relative amount of tracer uptake into the mouse heart 1 hour after intraperitoneal
injection of '8F-FDG is indicated by the color scale (range, 0-30). The arrows indicate the cardiac field. (B) Representative NMR spectra from
Myc-induced mouse heart. Labeled glutamate carbons are highlighted. Light gray lines represent peak integration with NUTS program. (C)
Fractional contribution of acetyl-CoA from the substrates to the citric acid cycle after 4-OHT treatment. *P < 0.05, MycER mice versus NTg lit-

termates; n = 3/group.

and HK-2 (Figure 3C). Quantitation of Myc promoter binding
by ChIP followed by real-time PCR revealed that activation of
Myc led to increased binding to the LDHA promoter by 7.9-fold,
2.1-fold for PFK-1, and 1.8-fold for HK-2 promoters (P < 0.05
vs. untreated MycER). To confirm that endogenous Myc also
bound these promoters in the heart after stress, we subjected
wild-type mice to pressure overload for 24 hours (Figure 3D)
or ischemia for 30 minutes followed by 24 hours of reperfusion
(Figure 3E). Association of endogenous Myc to ENO-1a.,, PFK-1,
LDHA, and HK-2 promoters was enhanced by hypertrophic stim-
ulus and after I/R injury (Figure 3, D and E). Thus, Myc directly
regulates genes involved in glycolysis in the adult heart.
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To evaluate whether Myc was required for the increased expres-
sion of genes involved in glucose metabolism typically seen after
hypertrophic stimuli, we examined Myc-deficient mice in which
Myec can be inducibly inactivated, specifically in adult myocardium
with a tamoxifen-regulated Cre (21). Deletion of Myc attenuates
hypertrophic growth in response to both hemodynamic and phar-
macologic hypertrophic stimuli (21). Consistent with our previ-
ous observation, we found that vehicle-treated MerCreMer;Mycf/f!
(MCM;Mycf) mice with intact Myc expression demonstrated the
expected hypertrophic growth after TAC compared with sham-
operated animals (6.12 + 0.24 versus 4.2 + 0.16 mg/g, P < 0.001).
In contrast, the hypertrophic response in banded Myc-deficient
Volume 120
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Figure 3

Myc directly regulates expression of glycolytic genes in adult myocardium. (A) Total ventricular RNA from NTg and MycER mice with or without
4-OHT treatment for 7 days assayed by real-time PCR for glycolytic enzymes genes ENO-71a, LDHA, GYS, and PFK-1 in activated MycER
versus 4-OHT-treated NTg ventricles (n = 3/group). (B) Total ventricular protein lysates from mice of the indicated genotypes were probed with
antibodies against glycolysis-associated proteins (ENO-1a and HK-2) along with a-CaA as a loading control. (C) Myc binds to the glycolytic
gene promoter sequences in situ. ChIP analysis performed with anti-Myc antibody and PCR primers to the selected glycolytic genes promoters.
Ventricular tissues obtained from MycER mice 24 hours after 4-OHT or vehicle treatment were analyzed. Input lanes show PCR product derived
from chromatin before immunoprecipitation to verify equal loading. (D and E) Endogenous Myc binds to the promoters of ENO-1a, PFK-1, LDHA,
and HK-2 in response to pathologic stress. Ventricular tissue obtained from wild-type mice subjected to sham (S) operation or TAC (T; 1 day)
and after I/R injury (30 minutes of ischemia and 24 hours of reperfusion) were analyzed with anti-Myc antibody and PCR primers to the glycolytic
promoters of ENO-1a, PFK-1, LDHA, and HK-2. Input lanes show PCR product derived from chromatin before immunoprecipitation to verify
equal loading. (F) Myc-null mice demonstrate an attenuated stress-induced increase in glycolytic genes. Total ventricular RNA from MCM;Myci/
mice with or without 4-OHT treatment subjected to sham or TAC operation was assayed using quantitative real-time PCR for glycolytic genes

ENO-1a, PFK-1, LDHA, and HK-2 (n = 3/group). *P < 0.05, **P < 0.001.

mice was attenuated compared with that in sham-treated animals
(5.3 +0.29 versus 4.35 + 0.17 mg/g, P < 0.01). The relative increase
in heart weight in banded 4-OHT-treated MCM;Myc/! mice was
reduced 52% compared with that in vehicle-treated MCM;Mycf/fl
mice (45.7% versus 21.8%, P < 0.001). To determine whether Myc was
also required for upregulation of genes involved in glucose metab-
olism, we analyzed the total ventricular RNA from MCM;Mycf/fl
mice with or without 4-OHT treatment. As shown in Figure 3F,
TAC induced a 2.6-fold increase in ENO-1a. (P < 0.001), 2.43-fold
increase in PFK-1 (P < 0.05), 4-fold increase in LDHA (P < 0.001),
and 4.4-fold increase in HK-2 (P < 0.05) expression in vehicle-treated
MCM;Myc? mice when compared with sham-operated mice. Pre-
treatment of MCM;Myc™/ mice with 4-OHT attenuated the expres-
sion of all these genes after hemodynamic load. These data suggest
that Myc is required for the expression of glucose metabolism genes
in response to hemodynamic stress in adult myocardium.

Myc is required for induction of the LDHA gene in response to hyper-
trophic agonists. As neonatal cardiomyocytes are known to pref-
erentially use glucose as an energy source and have a very low
metabolic rate (29), their application as a model for metabolic
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studies is limited. However, although neonatal rat ventricu-
lar myocytes (NRVMs) express Myc and glucose metabolism
genes when initially isolated, these factors are downregulated
as the cells differentiate in cell culture, with a corresponding
increase in FAO. To determine whether forced expression of
Myc in vitro would reactivate genes involved in glucose utiliza-
tion, we examined total ventricular RNA from NRVMs infected
with no virus (control), AdLacZ, or AdMyc by semiquantitative
PCR. Myc activation led to upregulation of a panel of genes
including ENO-1a and LDHA (Figure 4A). In addition to Myc,
HIF-1a has also been implicated in regulating the LDHA gene
(30). Thus, to confirm that in addition to being sufficient, Myc
was also necessary for LDHA induction, we utilized a luciferase-
based LDHA reporter construct. The LDHA promoter contains
2 Myc-binding sites called E-boxes (31) and 2 HIF-1o-binding
sites (30). Since mutation of either E-box abolishes Myc respon-
siveness (31), NRVMs were transfected with either the wild-type
LDHA promoter driving luciferase (LDHA-WT; Figure 4B) or a
mutant promoter wherein the 5'-E-box has been mutated, pre-
venting Myc binding but retaining full ability to bind HIF-1a
Number 5 1497
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Myc is required for induction of the LDHA gene in an
E-box—dependent manner in response to hypertrophic
agonists. (A) Total ventricular RNA from NRVMs infect-
ed with no virus (Ctrl), AdLacZ, or AdMyc was analyzed
by semiquantitative PCR for glycolytic genes (ENO-71a
and LDHA) or f-actin control. (B) Schematic diagram
depicting the wild-type LDHA promoter containing 2
E-boxes (E1 and E2) and 2 HIF-10-binding (H1 and H2)

mE1 H2 E2 H1 sites. The E2 and H2 binding sites overlap. The mutation
of the 5'-E-box, mE1, is also shown. (C) NRVMs were
C s D .. transfected with either LDHA-WT or LDHA-mE1 infected
4 with control or Myc-expressing vector. The relative lucif-
> > erase activities are shown for the wild-type or mutated
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(LDHA-mE1; Figure 4B) (31). Overexpression of Myc induced
the LDHA-WT promoter 3.7-fold (P < 0.01) but had no effect
on the LDHA-mE1 promoter (Figure 4C). Stimulation of trans-
fected NRVMs with the hypertrophic agonist ET-1 induced
LDHA-WT by 3.4-fold (Figure 4D; P < 0.001). However, mutat-
ing the Myc-binding site attenuated this ET-1-mediated
induction by 38% (Figure 4D; P < 0.01), suggesting that Myc is
required for LDHA upregulation in response to hypertrophic
agonists and is a direct Myc target gene in cardiac myocytes.
Myc activation downregulates FAO gene expression in the beart. Typi-
cally, glucose oxidation and FAO are reciprocally regulated in
the heart. To determine whether Myc contributed to the down-
regulation of FAO enzyme expression as is seen after pathologi-
cal stress, RNA and protein from Myc-activated ventricles was

Figure 5

Expression of FAO genes is downregulated with Myc activation in the
heart. (A) Total ventricular RNA from NTg and MycER mice with or
without 4-OHT treatment for 7 days assayed by semiquantitative PCR
for FAO enzymes genes (PGC-1a, PGC-1p, PPRC, PPAR«, ERRa,
and NRF-1) together with -actin as a loading control. (B) Total ventric-
ular protein lysates from mice of the indicated genotypes were probed
with antibodies against different FAO associated proteins (PGC-1a and
MCAD) along with a-CaA as a loading control. (C) Total ventricular
RNA from NTg and MycER mice with or without 4-OHT treatment for
7 days as assayed by semiquantitative PCR for target genes of PPARa
and ERRa. (CPT-1, MCAD, ATP5A, ATP5B, ATP5C, COX-1, COX-IV,
and Cyt-C) together with -actin as a loading control. (D) Total ventricu-
lar protein lysates from mice of the indicated genotypes were probed
with antibodies against ATP5A, ATP5B, ATP5C, COX-IV, and a-CaA.
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examined for a panel of FAO genes and their transcriptional reg-
ulators. Expression levels of coactivator PGC-1a,, PGC-13, PGC-1-
related coactivator (PPRC), nuclear receptor PPARa., estro-
gen-related receptor (ERRa), and nuclear respiratory factor 1
(NRF-1) as well as their downstream targets carnitine palmitoyl-
transferase 1 (CPT-1), medium chain acyl-CoA dehydrogenase
(MCAD; implicated in FAO and respiratory chain enzymes), ATP
synthase subunit alpha (ATP5A), ATP synthase subunit beta
(ATPSB), ATP synthase subunit gamma (ATPS5C), cytochrome ¢
oxidase complex IV, subunit I (COX-I), cytochrome ¢ oxidase
complex IV, subunit IV (COX-IV), and cytochrome ¢ (Cyt-C) were
determined. Myc activation downregulated expression of CPT-1
and MCAD (Figure SC), which corresponded to reductions in
protein expression (Figure 5B). This was likely secondary to the

htep://www.jci.org
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decreased protein levels of the FAO transcriptional regulator
PGC-1a. However, the finding that RNA levels of PGC-1a were
unchanged suggests that the reduction in PGC-1a. protein levels
might be posttranslational (Figure SA). PGC-18, PPRC, PPARa.,,
and ERRa transcripts were unchanged, but NRF-I transcripts
were upregulated (Figure SA). Since no changes were observed in
RNA and protein levels for respiratory chain enzymes (Figure S,
C and D), Myc activation of NRF-1 appears to be sufficient to
maintain respiratory apparatus gene expression even in the set-
ting of reduced PGC-1la-dependent transcription.

Activation of Myc in adult myocardium induces mitochondrial biogen-
esis. In addition to induction of enzymes involved in glycolysis,
pathologic stress leads to limited mitochondrial biogenesis in
adult myocardium (24). Since Myc has been reported to induce
a number of nuclear-encoded mitochondrial genes (32-35), we
determined its effect on mitochondrial biogenesis in the heart.
Electron microscopy was performed on myocardial sections from
NTg and MycER mice after OHT treatment to directly visualize
mitochondria (Figure 6A). Mitochondria were more numerous
and increased in size in the ventricles of Myc-activated mice com-
pared with NTg control mice. Quantitative morphometric analy-
sis confirmed that mitochondrial volume density was increased
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Figure 6

Myc stimulates mitochondrial biogenesis. (A) Transmission
electron microscopy performed on heart sections from NTg
and MycER mice with OHT treatment. Scale bar: 1 um. (B)
Total mtDNA isolated from ventricles of NTg and MycER mice
with or without 4-OHT treatment and loaded on ethidium bro-
mide—stained agarose gel (1.2%). (C) Quantitative real-time
PCR on the mitochondrial gene cytochrome ¢ oxidase subunit |
(COX1), along with the nuclear gene PPRC as an internal
control from MycER mice with or without 4-OHT treatment.
*P < 0.01 versus untreated MycER littermates; n = 3. (D) Rep-
resentative polarograph of mitochondria isolated from treat-
ed NTg and MycER ventricles (n = 4/group) energized with
complex | substrates in the presence of 2.5 mM Pi and ADP
pulses, at the indicated concentrations. Mitochondria (mit) in
both groups responded to ADP additions with transient dis-
sipation of membrane potential (Dy) and acceleration of O,
consumption that slowed down after ADP was phosphorylated
and Dy recovered. All data shown are representative of at
least 3 independent experiments.

by 1.6-fold in Myc-activated hearts (Supplemental Fig-
ure 1A; supplemental material available online with this
article; doi:10.1172/JCI38331DS1). Additionally, we
100  examined total mitochondrial DNA (mtDNA) content
as an indirect indicator of mitochondrial mass. mtDNA
was isolated from ventricles of NTg and MycER mice
treated with vehicle or 4-OHT for 7 days. As shown, Myc
increased mtDNA, suggesting that mitochondrial bio-
genesis was induced (Figure 6B). To quantify the increase
in mtDNA, we performed real-time PCR on total genomic
and mtDNA isolated from treated NTg or MycER ven-
tricles. DNA levels of the mitochondrial-encoded gene
COX1 were compared with those of the nuclear-encoded
gene PPRC (Figure 6C). Myc activation increased mtDNA
3.1-fold (P < 0.01 vs. untreated MycER). These observa-
tions corroborate the notion that Myc activation in adult
heart induces mitochondrial biogenesis.

To clarify whether these new mitochondria in Myc-
activated hearts functioned normally, we also assessed oxidative
capacity in mitochondria isolated from the ventricles of 4-OHT-
treated NTg and MycER mice. Myc induction in the adult heart
had no significant effect on the respiratory control ratio (RCR;
Supplemental Figure 1B), nor did Myc-induced mitochondrial
biogenesis lead to significant changes in mitochondrial ability to
phosphorylate ADP. Representative tracings (Figure 6D) demon-
strate that energized mitochondria in both groups responded to
ADP additions with membrane potential dissipation and acceler-
ation of O, consumption (state 3). As expected, membrane poten-
tial recovered, and O, consumption returned to state 4 after ADP
was phosphorylated. The time periods required for ADP phos-
phorylation were similar in the two genotypes (Supplemental Fig-
ure 1C), suggesting that ADP phosphorylating capacity did not
change in Myc-activated hearts.

Myc directly activates nuclear genes involved in mitochondrial replication
and biogenesis. To determine the mechanism whereby Myc could be
regulating mitochondrial biogenesis, we examined the expression
of the critical mitochondrial transcription factor TFAM, mtDNA
polymerase catalytic subunits POLG and POLG2, and mitochon-
drial protein import and assembly machinery subunits TOM20 and
TOM?70 in 4-OHT-treated MycER ventricles (Figure 7A). As shown,
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Myc activation led to upregulation of a panel of genes involved
in mitochondrial replication and biogenesis. Myc also induced
expression of TFAM in vitro. Adenoviral overexpression of Myc
induced TFAM expression in NRVMs. Confocal microscopy of
immunostained NRVMs revealed that while control or Ad-LacZ-
infected cardiomyocytes demonstrated low-level TFAM expression
(Supplemental Figure 2C), abundant TFAM was detected in car-
diac myocytes after Ad-Myc infection (Supplemental Figure 2G).

To determine whether these genes involved in mitochondrial
biogenesis are direct targets of Myc, we performed ChIP analysis.
Amplification of Myc-immunoprecipitated DNA complexes from
4-OHT-treated MycER ventricles revealed Myc binding to endog-
enous TFAM, POLG, and POLG2 promoters (Figure 7B). To confirm
that endogenous Myc also bound these promoters in the heart after
stress, we subjected wild-type mice to pressure overload for 24 hours
(Figure 7C) or an ischemia for 30 minutes followed by 24 hours of
reperfusion (Figure 7D). ChIP performed on protein-DNA complex-
es isolated from ventricular tissue from wild-type mice subjected to
sham or TAC surgery revealed that binding of endogenous Myc to
the TFAM promoter was enhanced by hypertrophic stimulus or pres-
sure overload and after I/R injury (Figure 7, C and D).

To confirm that Myc was required for the upregulation of
genes involved in mitochondrial replication and biogenesis after
hypertrophic stimuli, we analyzed the total ventricular RNA
from MCM;Myc/fl mice with or without 4-OHT treatment that
underwent sham or TAC surgery. As shown in Figure 7E, TAC
induced a 3.6-fold increase in TFAM (P < 0.05), 2.8-fold increase
in POLG (P < 0.05), and 2.4-fold increase in POLG2 (P < 0.001)
expression in vehicle-treated MCM;Myc/f mice when compared
with sham-operated mice. In contrast, Myc-deficient mice dem-
onstrated attenuated expression of these genes after hemody-
namic load. Thus, Myc directly activates nuclear genes involved
in mitochondrial replication and biogenesis in response to
hemodynamic stress in adult myocardium.
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Figure 7

Myc directly regulates genes involved in mitochondrial replication
and biogenesis. (A) RT-PCR analysis performed for TFAM, POLG,
POLG2, TOM20, and TOM?70 on total RNA prepared from ventricular
tissue from NTg and MycER mice with or without 4-OHT treatment.
B-Actin was used as a loading control. (B) Myc binds to the TFAM,
POLG, and POLG2 promoters in situ. ChIP analysis was performed
with anti-Myc antibody and PCR primers to the TFAM, POLG, and
POLG2 promoters. Ventricular tissue obtained from MycER mice
24 hours after vehicle or 4-OHT treatment was analyzed. Input lanes
show PCR product derived from chromatin before immunoprecipitation
to verify equal loading. (C and D) Endogenous Myc binds to the TFAM
promoter in response to pathologic stress. Ventricular tissue obtained
from wild-type mice subjected to sham operation or TAC (1 day) and
after I/R injury (30 minutes of ischemia and 24 hours of reperfusion)
were analyzed with anti-Myc antibody and PCR primers to the TFAM
promoter. Input lanes show PCR product derived from chromatin
before immunoprecipitation to verify equal loading. (E) Myc-null mice
demonstrate attenuated stress-induced increase in mitochondrial rep-
lication and biogenesis genes. Total ventricular RNA from MCM;Myc/f
mice with or without 4-OHT treatment subjected to sham or TAC oper-
ation was assayed using quantitative real-time PCR for TFAM, POLG,
and POLG2 (n = 3/group). *P < 0.05, **P < 0.001 for vehicle- versus
4-OHT-treated MCM;Myc! mice after TAC operation.

Myc activation attenuates ischemia-induced LV dysfunction and infarct
size. To determine whether the changes in gene expression and
mitochondrial biogenesis we observed were adaptive or maladap-
tive, we examined LV function in response to global ischemia
in isolated, Langendorff-perfused hearts from 4-OHT-treated
NTg or MycER mice. Hearts were perfused with modified Krebs-
Henseleit buffer, and after 30 minutes of stabilization, hearts
were subjected to 30 minutes of global, normothermic ischemia
followed by 60 minutes of reperfusion. LV function was assessed
every 15 minutes during the recovery phase. Activation of Myc
resulted in a 46.9% increase in cardiac mass normalized to body
weight compared with treated NTg mice (Figure 8A;6.13 + 0.5 ver-
sus 4.17 + 0.24 mg/g, P < 0.005). As shown in Figure 8B, although
there was no significant increase in the maximal rate of contrac-
tion (+dP/dtmay) in Myc-activated hearts at baseline (P = 0.08),
higher contractility was seen throughout the reperfusion period
(P <0.05 versus treated NTg). A detailed examination of hemody-
namics at 1 hour after ischemia revealed that both +dP/dty., and
relaxation (~dP/dtmax) were improved (Table 1). Other parameters
such as heart rate, LV end-diastolic pressure, and LV systolic pres-
sure were not significantly different between genotypes.

During ischemia, glycolysis assumes a more important role as
the primary energy producing pathway for the heart, since FAO is
restricted and glycogen supplies glucose for anaerobic glycolysis
(36). Thus, to determine whether the improved tolerance to isch-
emia we saw in Myc-activated mice could be explained, at least in
part, by beneficial alterations in myocardial energetic status, we
examined hearts from 4-OHT-treated NTg or MycER mice after
30 minutes of ischemia followed by 15 minutes of reperfusion for
glycogen levels. Although Myc-activated hearts displayed a 2-fold
increase in glycogen compared with 4-OHT-treated NTg mice at
baseline, Myc-activated hearts displayed preserved glycogen levels
after 30 minutes of ischemia (5.3 + 0.5 versus 6.8 + 2.0 umol/g, Fig-
ure 8C). To assess whether this resulted in improved high-energy
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Myc-activated hearts display improved tolerance to I/R injury. (A) Activation of MycER increases cardiac mass. Measured heart weights (HW; mg)
were normalized to body weight (BW; g); n = 3/group. TP < 0.005. (B) Contractile performance of hearts from MycER compared with NTg hearts
after OHT treatment measured in Langendorff preparations. Hearts were subjected to 30 minutes of global normothermic ischemia (1) followed by
the indicated periods of reperfusion (R). The rate of systolic pressure development (+dp/dt) measured at baseline and over time after reperfusion
is shown. *P < 0.05 versus treated NTg littermates; n = 4/group. (C) Glycogen levels in umol/g of tissue as determined by mass spectrometry
analysis on ventricular tissue from MycER mice with or without 4-OHT treatment (n = 3/group). (D) PCr/ATP ratio at baseline and after ischemia
for 30 minutes followed by 60 minutes of reperfusion as determined by 3'P-NMR on ventricular tissue from NTg and MycER mice after 4-OHT
treatment. *P < 0.05 versus treated NTg littermates; n = 4/group. (E) Representative 2,3,5-triphenyltetrazolium chloride—stained hearts from
NTg and MycER mice treated with 4-OHT after 24 hours of reperfusion. (F) Mean infarct sizes from NTg and MycER mice with or without 4-OHT
treatment after 24 hours of reperfusion are shown. A@R, area at risk. *P < 0.001 versus treated NTg littermates; n = 5/group.

phosphate content, we determined levels of phosphocreatine (PCr)
and ATP at baseline and after ischemia followed by 60 minutes
of reperfusion using 3'P-NMR. Although PCr (6.2 + 0.95 versus
8.4 £ 1.0 nmol/mg wet weight of tissue, Table 2) and PCr/ATP ratio
(2.2 £ 0.24 versus 3.1 + 0.13, Figure 8D and Table 2) were similar
in baseline hearts of both the genotypes, activated MycER hearts
had higher PCr (5.1 + 0.53 versus 2.0 + 0.18 nmol/mg wet weight
of tissue, Table 2; P < 0.05) and PCr/ATP ratio (4.3 + 0.5 versus
1.93 £0.15, Figure 8D; P < 0.05) after ischemia compared with NTg
hearts. This suggests that improved energy supply secondary to
glycogen utilization could account for at least part of the func-
tional improvement in ischemic Myc transgenic hearts.

To determine whether the changes seen after Myc activation
in the adult myocardium would also attenuate cardiac injury,
we subjected hearts from 4-OHT-treated NTg or MycER mice to
I/R injury and determined infarct size. Although the area at risk
was indistinguishable between NTG and MycER hearts (Figure
8E), Myc activation led to a 50% reduction in infarct size when
compared with vehicle-treated MycER mice or 4-OHT-treated
NTg mice (24 + 1.8 versus 46.7 + 3.5 or 48 + 8.4 infarct size as a
percentage of area at risk, Figure 8F; P <0.001).
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Discussion

We and others have shown that Myc and its downstream effectors
play an important role in controlling hypertrophic and hyperplas-
tic cardiac growth (21, 37-39). However, Myc is upregulated in the
adult heart in response to many diverse environmental stresses
not associated with growth, such as ischemia and precondition-
ing. The explanation and significance of this phenomenon were
unknown, but our data imply a novel role for Myc in the heart;
namely, regulating cardiac metabolism and mitochondrial bio-
genesis. Although is has been known that glucose utilization is
enhanced after stress in the heart for some time (for review, see
refs. 22,40, 41), the mechanisms regulating this process are poorly
understood. It has been assumed that HIF-1o played an impor-
tant role in this process, at least after ischemic insults (42), but
the transcriptional regulators in hypertrophy were unknown.
HIF-1a cannot account for the changes in glucose metabolism we
saw, as HIF-1a levels did not change with Myc activation (data not
shown), and LDHA induction in response to hypertrophic agonists
was attenuated when the Myc binding was impaired despite intact
HIF-1o sites (Figure 4). Also, HIF-1a overexpression typically
inhibits mitochondrial biogenesis (43). It is interesting to note
Number 5 1501
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Table 1
Detailed hemodynamic parameters of isolated perfused hearts at baseline and after
1 hour of reperfusion

Baseline 1 hour I/R

NTg MycER NTg MycER
HR (bpm) 378 +55 379+7 309+1.7 296 + 197
LVESP (mmHg) 94 +£13 97 +4.6 87+6 1035
LVEDP (mmHg) 6.6+0.6 44+0.2 18+ 38 19+ 1.4A
+dp/dtmax (MMHg/s)  4,679+156 5,402+ 134 3,342 + 5808 4,664 + 180¢
-dp/dtmin (mmHg/s) -2,787 +287 3,469 + 68 1,834 + 3278  -2,724 + 135¢C
LVDP (mmHg) 8713 93+45 64 +12 84+6

HR, heart rate; LVESP, maximal LV end-systolic pressure; LVEDP, LV systolic pressure
minus LV end-diastolic pressure; +dP/dt, positive change in pressure over time during iso-
volumic contraction; —dP/dt, negative change in pressure over time during isovolumic relax-
ation; LVDP, LV developed pressure. AP < 0.05 for MycER + I/R versus MycER. BP < 0.05

that could account for the reduction in PGC-1a
is Myc induction of microRNAs, which recognize
PGC-1o and preferentially inhibit translation, as
has been proposed for other Myc-regulated tran-
scriptional activators (52).

An unexpected finding of this study was the
observation that Myc activation in adult myo-
cardium triggers mitochondrial biogenesis, as
current dogma holds that this process is PGC-1
dependent. Typically, mitochondrial biogenesis
and FAO gene expression are regulated concomi-
tantly in the heart with reductions in PGC-1a,
leading to defects in both processes. However,
our results demonstrate that Myc increased mito-
chondrial number while at the same time decreas-
ing PGC-1a levels and FAO gene expression. This

for NTg + I/R versus NTg. °P < 0.05 for MycER + I/R versus MycER and NTg + I/R.

that although mutating the Myc-binding site completely abro-
gated transactivation of LDHA-mE1 promoter by overexpression
of Myc, induction of the LDHA-mE1 promoter was not completely
abolished with the hypertrophic agonist ET-1. This observation
suggests that factors in addition to Myc may be operational in
regulating this process. The data presented here demonstrate that
Myc induction leads to an increase in '8F-FDG uptake and alters
the substrate oxidation pattern, with carbohydrates replacing fatty
acids for oxidizing acetyl-CoA entering the citric acid cycle. Myc
activation in the adult heart promotes glucose oxidation by induc-
ing expression of genes involved in regulation of this pathway,
with a parallel downregulation of expression of FAO enzymes. A
number of key glycolytic enzymes in the pathway leading to either
glucose oxidation or lactate production have been identified as
direct Myc target genes. These include ENO-10,, HK-2, LDHA, and
glucose transporter I, as well as PFK, defined as the rate-limiting
enzyme for glycolysis in the hypertrophied heart (15, 27, 44, 45).
Consistent with these findings our data demonstrated increased
expression of ENO-Ia, PFK-1, LDHA, and MCT-1 after Myc activa-
tion. Indeed, this was a direct effect of Myc activation in heart as
revealed by Myc occupancy at the promoters of these key genes.
Conversely, Myc-deficient hearts displayed attenuated expres-
sion of ENO-1a, PFK-1, LDHA, and HK-2 after hemodynamic load.
Thus, Myc appears to be sufficient and necessary for regulating the
expression of these genes in adult heart after stress.

Myc activation also resulted in the reduction in expression of
FAO genes, although this was likely an indirect effect, mediated by
reduced levels of the transcriptional cofactor PGC-1o. This reduc-
tion in protein was independent of its transcript levels. It
has been reported that PGC-1a levels are also reduced in
response to both hemodynamic load (46) and ischemia (22),
although the mechanism(s) mediating this effect have been
speculative. It has been proposed that PGC-1a levels are
regulated posttranslationally (47, 48), and several plausible

is the pattern typically seen in the early phases
of the hypertrophic response when Myc is still
expressed. Although it has been suggested that
Myc can upregulate PGC-1f (43), which is also capable of mediat-
ing biogenesis (53), this does not appear to be true in the heart,
as transcripts for all PGC-1 family members were unchanged in
Myc-activated ventricles (Figure SA). Our results suggest that Myc-
induced mitochondrial biogenesis may be PGC-1 independent;
however, further studies will be required to corroborate our find-
ings, including assessing the effects of Myc activation in a PGC-1a/
PGC-1B-deficient background. A novel Myc-dependent pathway for
mitochondrial biogenesis is consistent with the relatively normal
mitochondrial numbers in both PGC-1a- (12, 54) and PGC-1p-null
(23) mice. More importantly, mitochondrial number and appear-
ance were normal in fetal ventricles of combined PGC-1a- and
PGC-1B-null mice at early developmental time points (23). Thus,
PGC-1 expression cannot be an obligate requirement for mitochon-
drial biogenesis in the heart. Further studies will be required to
resolve these findings with other recent in vitro studies suggesting
that the PGC-1 coactivators play an absolutely essential but com-
plementary role in differentiation-induced mitochondrial biogen-
esis in some tissues (55). The basis of Myc’s ability to induce mito-
chondrial biogenesis appears to be related to its ability to directly
stimulate a wide panel of nuclear-encoded genes involved in this
process (56, 57). Regardless, Myc-dependent mitochondrial biogen-
esis provides a rational mechanism to explain the early changes in
mitochondrial number seen in the heart after pathologic stressata
time when PGC-1 levels are decreasing.

It is interesting to note that the increased cardiac mass with
increased glucose uptake and utilization that develops with Myc
activation in MycER hearts is associated with normal LV contractil-

Table 2
PCrand ATP at baseline and after I/R in ventricular tissue from NTg and
MycER mice after 4-OHT treatment

mechanisms for Myc-dependent regulation of PGC-1a. lev- Baseline Atfter ischemia

els exist that could explain our results. Recent studies have NTg MycER NTg MycER

reported that PGC-1a is a short-lived protein that is rapidly PCr(nmol/mg) ~ 6.2+0.95 8.4+1.00 20£018 51053

degraded via the ubiquitin-proteasome system (49). Since ATP (nmol/mg) ~ 2.8+0.70  2.7+0.35 1.03+0.01 1.2£0.08
PCr/ATP 22+024 31013 193+0.15 43+0.52*

Myc promotes ubiquitin-dependent proteolysis (50, 51),
PGC-1a. could be a target of Myc-dependent degradation by
the ubiquitin-proteasome system. An alternate mechanism
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Measurements were made by using 3'P-NMR spectroscopy; ischemia was followed
by 60 minutes reperfusion. AP < 0.05 versus treated NTg littermates; n = 4/group.
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ity (39). Similar observations have been made in other transgenic
models, where cardiac hypertrophy and increases in glucose uptake
and glycolysis did not compromise cardiac function. Cardiac-spe-
cific ablated glucose transporter GLUT4 mice developed hypertro-
phy with an increase in glycolysis and displayed preserved +dP/dT
and LV systolic pressure and contractile function (58). Also, insulin-
dependent glucose transporter GLUT1-overexpressing mice dem-
onstrated an increase in glycolysis that was associated with normal
contractile performance under basal conditions (59). Furthermore,
Liao et al. showed that an increase in glucose utilization in hypertro-
phied hearts protects against contractile dysfunction after chronic
pressure overload. While more detailed metabolic studies are
required, it is interesting to speculate that the metabolic changes we
demonstrated could account for this benefit. Indeed, the cardiopro-
tective effect of Myc activation was even more apparent when these
hearts were subjected to ischemic stress; however, both ischemic
reperfusion and mitochondrial functional studies were performed
under conditions where pyruvate was the primary substrate, and it s
possible that defects would have been seen if fatty acids were used as
the substrate. Interestingly, despite use of a no-flow ischemia model,
which is more susceptible to lactic acid accumulation from anaero-
bic glycolysis (60, 61), Myc-activated hearts demonstrated greater
tolerance to I/R injury. In fact, it should be noted that creatine
rephosphorylation rate, which is an in vivo assessment of mitochon-
drial function after ischemia (62), was superior in Myc-activated
hearts. This is in contrast to previous studies wherein hypertrophied
hearts were more sensitive to ischemic injury and more dependent
on glycolytic substrates than nonhypertrophied hearts (63-67). The
cellular mechanisms responsible for the observed cardioprotective
effect in Myc-activated hearts are speculative; however, Myc’s abil-
ity to induce mitochondrial biogenesis with normally function-
ing mitochondria in the setting of increased glucose metabolism
might explain this effect. This result is reminiscent of the protec-
tion against ischemic injury seen in GLUT1-overexpressing trans-
genic mice, which also demonstrated increases in glucose uptake
(68), although Myc-activated mice demonstrated increased glucose
uptake and utilization as well as increased numbers of functional
mitochondria. In fact, there is suggestive evidence that shifting the
substrate preference of the heart away from fatty acids toward car-
bohydrate oxidation can improve LV function and slow the progres-
sion of heart failure (for review, see refs. 7,41, 69-71).

In summary, we have demonstrated that Myc activation induced a
coordinated metabolic alteration in the adult heart, similar to that
seen after hemodynamic or ischemic stress, that was associated with
increase in the number of functional mitochondria. Furthermore,
our data suggest that Myc might mediate a novel PGC-1-indepen-
dent pathway for mitochondrial biogenesis. These Myc-dependent
metabolic alterations serve an adaptive role, equipping the heart
with the enhanced ability to respond to ischemic insults.

Methods

Transgenic mice and animal studies. Inducible o-myosin heavy chain (a-MHC)
MycER transgenic mice have been described previously (39). Myc-floxed mice
(Myc) were provided by F. Alt (Harvard University, Boston, Massachusetts,
USA) and genotyped as described (72). The tamoxifen-inducible MCM mice
were generated by J. Molkentin (Cincinnati Children’s Hospital Medical Cen-
ter, Cincinnati, Ohio, USA) under the control of the a-MHC promoter (73).
To activate Myc or Cre in these transgenic mice, 1 mg 4-OHT (Sigma-Aldrich)
dispersed in peanut oil by sonication was injected intraperitoneally daily.
All mice were maintained on a C57BL/6 (MycER) or FVB (MCM;Myc!/f)
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background. All animal studies were conducted in strict accordance with
the NIH guidelines for humane treatment of animals and were approved by
the Animal Research Committee at the University of California, Los Angeles.
The TAC, myocardial I/R, and delayed preconditioning of the heart models
have been previously described (39, 74).

Metabolic and mitochondrial studies. For *C-NMR and isotopomer analyses,
fractional contributions of metabolic substrates were determined in NTg and
Myc-induced mice induced for 3 days as previously published and detailed in
Supplemental Methods (28). Infarct size was determined after 30 minutes of
ischemia followed by 24 hours of reperfusion as we have described (75). The
perfused mouse heart model is described in detail in Supplemental Meth-
ods. For microPET analyses of cardiac '8F-FDG uptake, we examined 3 licter-
mates each from NTg and MycER mice with or without OHT treatment.
Mice were imaged for 10 minutes in a Siemens microPET Focus220 (Siemens
Preclinical Solutions) using intraperitoneal injection of FDG (=220 uCi) and
60 minutes uptake with a single reconstructed image volume.

Cell culture and plasmids. NRVMs were prepared (76) and infected with
adenoviruses 36 hours before use. Construction of AdMyc (77) has been
previously described. For gene expression studies, NRVMs were transfected
with wild-type LDHA, LDHA mutant E-box (E1) plasmid (gift from C.V.
Dang, Johns Hopkins University, Baltimore, Maryland, USA), and pCMV-
[-galactosidase. Twenty-four hours after transfection, cells were treated with
10-8 M endothelin-1 (Sigma-Aldrich) for an additional 24 hours and then
subjected to -galactosidase assay and luciferase activity assay (Promega).
Luciferase activity was normalized to -galactosidase activity and presented
as the mean + SEM of 3 independent experiments performed in triplicate.

Transmission electron microscopy. To prepare myocardial tissue for elec-
tron microscopy, hearts were arrested in diastole by CdCl, and fixed in 2%
glutaraldehyde, 2% paraformaldehyde at room temperature for 2 hours,
followed by 24 hours at 4°C. Specimens were rinsed in 0.1 M phosphate
buffer (PB), pH 7.4, postfixed in 1% osmium tetroxide in PB (pH 7.4) at
4°Cfor 1 hour, dehydrated in graded ethanol followed by propylene oxide,
and embedded in Eponate 812 (Ted Pella Inc.). Ultrathin sections (around
60-70 nm) from longitudinal parts were cut and contrasted with uranyl
acetate followed by lead citrate and examined in a JEOL 10000X transmis-
sion electron microscope at 80 kV.

Protein and RNA analysis. Western blots were performed on protein
extracts from whole ventricles according to established protocols (76).
Total RNA was extracted from frozen tissue samples using Tri Reagent
(Sigma-Aldrich) and real-time quantitative PCR or ribonuclease protec-
tion assay (RPA) performed and analyzed as described. Complete details
on methodology and primers are provided in Supplemental Methods.

ChIP analysis. ChIP analysis of ventricular tissue has been previously
described (78). Ventricular tissues obtained from hearts were treated with 1%
formaldehyde, and chromatin was sheared by sonication on ice with nuclear
lysis buffer. DNA-protein complexes were immunoprecipitated with anti-
Myc antibody or control rabbit IgG. After immunoprecipitation, precipitated
DNA was analyzed by the PCR primers listed in Supplemental Table 1.

Statistics. All data are presented as mean + SEM. Results were compared
by ANOVA and the Fisher protected least-significant difference tests, with
significance at a Pvalue less than 0.05.
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