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p53 regulates the cardiac transcriptome
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The tumor suppressor Trp53 (p53) inhibits cell growth after acute
stress by regulating gene transcription. The mammalian genome
contains hundreds of p53-binding sites. However, whether p53
participates in the regulation of cardiac tissue homeostasis under
normal conditions is not known. To examine the physiologic role of
p53 in adult cardiomyocytes in vivo, Cre-loxP-mediated conditional
gene targeting in adult mice was used. Genome-wide transcriptome
analyses of conditional heart-specific p53 knockout mice were per-
formed. Genome-wide annotation and pathway analyses of >5,000
differentially expressed transcripts identified many p53-regulated
gene clusters. Correlative analyses identified >20 gene sets contain-
ing more than 1,000 genes relevant to cardiac architecture and func-
tion. These transcriptomic changes orchestrate cardiac architecture,
excitation-contraction coupling, mitochondrial biogenesis, and oxida-
tive phosphorylation capacity. Interestingly, the gene expression sig-
nature in p53-deficient hearts confers resistance to acute
biomechanical stress. The data presented here demonstrate a role
for p53, a previously unrecognized master regulator of the cardiac
transcriptome. The complex contributions of p53 define a biological
paradigm for the p53 regulator network in the heart under
physiological conditions.
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he tumor suppressor TrpS3 (p53) is a transcription factor that

translates growth and survival signals into specific gene ex-
pression patterns, regulating tumor-free survival of an organism
(1). In normal cells, p53 expression is kept at low levels by the E3
ubiquitin ligase Mdm?2, which targets p53 for proteasomal degra-
dation (2). In response to acute stress, Mdm?2 is inactivated and
increased p53 levels block cell division and induce apoptosis (3).
Conversely, p53 can activate Mdm?2 transcription, thereby forming
a negative feedback loop that curtails p53 activity (4). Cells with
mutated p53 proliferate aberrantly and generate outgrowths of
genetically unstable cells, leading to tumorigenesis as demonstrated
by the early cancer predisposition of p53 knockout mice
(P53KO) (5). Loss of Mdm?2 in mice leads to death in em-
bryogenesis through p53-induced apoptosis, which is prevented
by p53 codeletion (6). These findings provide genetic evidence
that Mdm?2 exerts a physiologically critical role in regulating p53
in vivo.

Adult mammalian cardiomyocytes (CM) are differentiated
postmitotic cells that lack significant proliferative potential
through their inability to reactivate the cell cycle (7). This is caused
by the lack of G1 cyclin/cyclin-dependent kinases (Cdk), crucial
positive cell-cycle modulators, and high levels of cell-cycle inhibi-
tors (8), such as the retinoblastoma proteins pRb/p130 (9) and the
Cdk inhibitors (Cdki) p21/p27 (10). The limited mitotic capacity of
mature CM (11) renders the adult mammalian heart functionally
unable to repair itself after ischemic injury (12). Instead, surviving
CM undergo hypertrophy to compensate for the ensuing hemo-
dynamic stress manifested as cell enlargement, myofibrillar disar-
ray, and re-expression of fetal genes (13). This process becomes
maladaptive with time, leading to the development of heart failure
(HF) with significant morbidity and mortality (14). The molecular
mechanisms underlying HF remain poorly understood. As such,
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identifying the factors that effectively maintain cardiac tissue ho-
meostasis is of great scientific and clinical importance.

Elevated p53 levels correlate with CM apoptosis and hypertro-
phy in end-stage human HF (15). The heart, as an obligate aerobic
organ, has the largest mitochondrial (mt) content to meet its high
energy demand (16). Reactive oxygen species (ROS), normal by-
products of aerobic respiration, induce DNA damage (17), thereby
activating cellular defense systems against ROS through stabiliza-
tion of p53 (18). Therefore, we hypothesized that impairment of
p53 will have deleterious consequences on the heart. Here we re-
port that p53 forms a critical hub in a comprehensive transcrip-
tional network. Our study suggests that p53 acts as a pleiotropic
regulator of cardiac structure and function.

Results

Cardiac-Specific Ablation of p53 Induces Age-Dependent Cardiac
Hypertrophy and HF. We crossed transgenic mice expressing Cre
recombinase flanked by mutated estrogen receptors (MerCreMer;
mcm) with mice carrying loxP-flanked alleles of p53 to obtain
p53"™-mem animals. The day of the last injection was arbitrarily
set to 0. Four consecutive daily i.p. Tamoxifen (Tam) injections
induced genetic ablation of p53 with high recombination efficiency
(Fig. 1 A-C). To determine the physiological conse%uence of p53
ablation, cardiac morphology and function in p53"":mcm mice
were assessed in the presence and absence of Tam.

Although p53ﬂ/ﬂ;mcm mice were initially normal post-Tam, they
developed concentric hypertrophy by 6 mo. These mice showed
significant increases in heart weight/body weight (HBW) ratios
(Fig. 1D) (P < 0.001) and wall thickening (Fig. 1E). In contrast,
p53";mem mice developed normally in the absence of Tam (Fig. 1
D and E). The cross-sectional area of cardiomyocytes was 1.5-fold
greater in p53™";mem mice post-Tam (46 + 3.4%; P < 0.001)
compared with vehicle-injected controls (Fig. 1 F and G). The
an;fl)/sis of cardiac performance by echocardiography on older
P T-mem mice post-Tam revealed significant decreases in frac-
tional shortening (31 + 4.5%) in comparison with vehicle-injected
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Fig. 1. Heart-specific ablation of p53 triggers age-dependent concentric hy-
pertrophy with cardiac dysfunction. (A) Immunoblot analysis of LV extracts
(60 pg total protein/lane) of p53™:mcm mice at various time points after Tam
using anti-p53 antibodies. Animals were 13 wk old. For normalization, West-
ern blots were probed with anti-nucleophosmin (Npm1). Immunoblots were
repeated once with similar results. (B) PCR of DNA isolated from LV and liver
samples of wild-type, vehicle-injected control p53™":mcm mice 7 d post-Tam.
Animals were 13 wk old. (C) Immunoblot analysis of p53 expression in LV
extracts at the indicated time points after Tam administration (Tam) (D) Heart/
body weight ratios of Tam- and vehicle-injected p53™;mcm mice at various
time points post-treatment. Data are means + SEM; n = 6. *P < 0.01 vs. —Tam;
mg, milligram; g, gram. (E) Masson staining of longitudinal cardiac sections.
(F) Immunofluorescence microscopy of wheat germ agglutinin (WGA;
green)-stained LV sections. (G) Quantification of cross-sectional area of
adult cardiomyocytes. n = 6-8. (H) Fractional shortening (FS) determined
by echocardiography at various time points post-Tam or vehicle. n = 4. (I)
Levels of hypertrophic marker genes as analyzed by RT-gPCR at 14 d post-
Tam. n = 4. *P < 0.05 vs. 3 mo post-Tam. Atrial natriuretic factor, ANF;
brain natriuretic factor, BNP; myosin heavy chain, MHC. (J) Cardiac-specific
gene expression in Tam-treated p53™":mcm animals at 6 mo post-Tam vs. 3
mo post-Tam as analyzed by RT-qPCR. n = 4. *P < 0.01; #P < 0.05.

controls (44 + 5.1%; P < 0.001) (Fig. 1H). As expected, transcripts
for atrial/brain natriuretic factors (ANF, BNP) and $-myosin heavy
chain (B-MHC), canonical markers of cardiac hypertrophy and
heart failure, were up-regulated in p53-deficient hearts compared
with controls (P < 0.05) SFig. 17). Interestingly, no effect on life
span was observed in p53*;mcm mice at 14 mo post-Tam (n = 14;
P > 0.05). Taken together, acute loss of p53 induces spontaneous
hypertrophy in the heart with loss of function.

In the younger p53"":mcm mice there was an apparent car-
dioprotective effect from the ablation of p53 that was lost over
time. To support this, a significant down-regulation of the core set
of heart-specific transcription factors (Gata4, Mef2a/d, Myocd,
Nkx-2.5, Srf) was observed in p53™%mem at 6 mo post-Tam
compared with 3 mo (Fig. 1J). We also found significantly lower
levels of expression for genes encoding important regulators of
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cardiac contractility (PIn, Ryc2, Serca2a) in older p53"":mcm mice
post-Tam (Fig. 1J). Finally, sarcomere organization profoundly
influences cardiac function with abnormalities in this structure
commonly observed in human HF. Key contractile proteins
(Tpm1, Tnncl, Tnntl, Ttn) were down-regulated in older p53™";
mem mice post-Tam (Fig. 17), demonstrating that p53 is important
for proper expression of the contractile apparatus. Beyond these
genes, we also found key regulators of fatty acid metabolism and
mitochondrial respiration to be transcriptionally down-regulated
in older p53KO, including Esrrp/y, Ppara/y, Pgc-1a, Tfam, and
Tfbl/2m (Fig. 1J). These data strongly suggest that p53 acts in
concert with other transcriptional components that are necessary
for the regulation of physiological hypertrophy.

p53-Deficient Hearts Are Resistant to Pressure Overload. We then
examined the responses of p53 loss to mechanical stress in younger
mice by subjecting 10-wk-old Tam-treated p53™":mem mice to
transaortic banding (TAB). After 3 wk of TAB, HBW in vehicle-
injected p53™":mcm mice increased by 2.3-fold, compared with
Tam-treated sham p53ﬂ/ﬂ;mcm animals (P < 0.001) (Fig. 24).
Vehicle-treated hearts subjected to TAB exhibited significantly
greater dilatation and increases in left ventricular wall thickness
than Tam-injected p53"":mcm mice (Fig. 2B). To confirm that
higher HBW in control hearts after TAB represents cardiomyocyte
hypertrophy, we determined that the width of cardiomyocytes from
hearts of vehicle-treated mice was 2.1-fold greater than in p53™";
mcm mice injected with Tam post-TAB (P < 0.001) (Fig. 2 C and
D). This was accompanied with significantly higher levels of ANP,
BNP, and -MHC compared with p53-deficient hearts (Fig. 2E).
Importantly, TAB treatment reduced fractional shortening in ve-
hicle-injected p53ﬂ/ﬂ;mcm mice, as compared with p5. M maem
animals in the presence of Tam (P < 0.001) (Fig. 2F).

Next, we investigated the insensitivity of p53™":mcm mice to
TAB by immunoblotting of left ventricular lysates (Fig. 2 G-I).
Mef2a, Pln, and Serca2 were markedly down-regulated in vehicle-
treated p53KO, but not in Tam-treated p53KO (Fig. 2G).
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Fig. 2. Ablation of p53 confers protection against pressure overload-
induced cardiac dysfunction. (A) Heart/body weight ratios after 3 wk post-
transaortic banding performed at 10 wk of age. n = 6. (B) Masson stain of
longitudinal cardiac sections. (C) Quantification of cross-sectional area of
adult cardiomyocytes. n = 4. (D) Immunofluorescence microscopy of WGA
(green)-stained LV sections. (E) Levels of hypertrophic marker genes as an-
alyzed by RT-gPCR. n = 4. (F) FS determined by echocardiography. n = 4. (G-/)
Immunoblot analysis of LV extracts (60 pg total protein/lane) from p53ﬂ’ﬁ,'
mcm mice at 6 mo post-Tam using antibodies as indicated (left). Data are
means + SEM.
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Administration of Tam to p53ﬂm,'mcm mice also markedly main-
tained the protein levels of Esrrf/y, Ppara/y, and Pgc-1a after TAB
(Fig. 2H), which was not observed in vehicle-injected mice sub-
jected to TAB. Notably, we observed significant decreases in the
expression of crucial components of respiratory chain complexes
in vehicle-treated littermates post-TAB, including Cox4i (CIV)
and Ndufal0 (CI), and of the key antioxidant factors Sod2 and
Sirt3, which play important roles in redox homeostasis and ROS
detoxification (Fig. 2I). All these effects were not observed in
Tam-treated p53§/ﬂ;mcm mice subjected to TAB (Fig. 2I).
Collectively, these results suggest that p53 is important in the
regulation of pressure overload-induced cardiac hypertrophy
and deterioration of cardiac function.

p53 Leads to Genome-Wide, Specific Transcriptional Changes. To clu-
cidate mechanisms underlying the phenotypes described above, we
performed genome-wide messenger RNA (mRNA) microarray
profiling. Unsupervised hierarchical cluster analysis at a high
confidence threshold revealed that 5,221 (7 d post-Tam) and 5,172
(4 wk post-Tam) of 26,166 individual transcripts changed signifi-
cantly relative to vehicle-injected controls (Fig. 34). We observed
that p53 inactivation causes widespread alterations in gene ex-
pression profiles, indicative of a high degree of complexity in the
regulation of the transcriptome by p53. Heat-map analysis of 87
canonical p53-target genes (19) (Fig. 3B and SI Appendix, Fig. S1)
was performed. Genes in this test set regulate diverse classes of
biological processes such as antioxidants (Gpxl), apoptosis
(Apafl), autophagy (Atg7), cell cycle (PCNA), DNA damage
(Dram1/Dnmtl), growth arrest (pRb/p2l), metabolism (Vdr),
oncogene activation (Pml), and signal transduction (ngr/Ptprn).
The majority of these factors was already down-regulated in p53%;
mem at 7 d post-Tam (Fig. 3B; SI Appendix, Fig. S1). We also
observed several repressed genes related to autophagy (Atgl0),
DNA damage (Gadd45), and glycolysis (Tigar), which may reflect
p53’s ability to interfere with the basal transcription machinery (1)
or hindrance of p53’s transactivation domain by Mdm2. This
pattern reveals a previously unrecognized role for p53 whereby it
may act in concert with a subset of p53-related transcription fac-
tors (TFs) rather than simply reflecting the binding of p53 to
target promoters. This model is supported by the known ability of
Mdm?2 to physically interact with pleiotropic TFs, such as E2f1
(20), or transcriptional repressors, including pRb (21).

To identify gene clusters with similar biological functions in all
mutant transcriptomes, we performed Gene Set Enrichment
Analysis (GSEA) at 4 wk post-Tam. G-protein signaling, oxidative
phosphorylation (OxPhos), tricarboxylic acid (TCA), cell cycle,
and apoptosis were among the highest ranked GSEA terms (Fig.
3C). GSEA hits were further categorized by gene ontology (GO)
analysis (Fig. 3C), illustrating the presence of a comprehensive
transcriptional network regulating >1,000 genes in >20 biological
processes. We conclude from this data that p53 is functionally
active in the adult heart under physiologic conditions.

p53 Broadly Regulates the Transcriptome to Maintain Cardiac
Architecture and Function. Although p53 loss protects the heart
against biomechanical stress (22), the basis for this was not clearly
identified. The cardioprotective mechanism may be explained by the
detailed GO term analysis delineating the down-regulated (Fig. 44)
and up-regulated biological processes (Fig. 4B) at 4 wk post-Tam.
The gene sets identified are involved in the regulation of pro-
grammed cell death, small GTPase signal transduction, extracel-
lular matrix composition (Fig. 44), or striated muscle-cell
differentiation and response to oxidative stress (Fig. 4B). Fig. 4C
identifies regulators and targets of potential pathways that were
obtained by Natural Language Processing (NLP) examination onto
a known interaction network for these enriched GO gene sets
displayed in Fig. 4 A and B. Intriguingly, GO analysis identified a
gene signature with induction of cardiac transcription factors
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Fig. 3. Genome-wide transcriptional changes in the p53-deficient myocar-
dium. (A) Heat-map examination of genes enriched in the hearts of p53™%:mcm
mice 7 d and 4 wk post-Tam (columns) relative to vehicle-injected controls.
Values (log, expression) are shown by color and intensity of shading. Blue,
repressed; red, induced. n = 3 biological replicates. P < 0.01. Fold change + 1.3.
(B) Heat map examining the impact of genomic modifications in p53™":mcm
post-Tam of p53-target genes. log, expression values. n = 3 biological rep-
licates. P < 0.01. Fold change >1.3. (C) GSEA of different biological processes
assessed by overrepresentation of GSEA terms for the biological function of
each transcript in p53™";mcm at 4 wk post-Tam. NES, normalized enrichment
scores.

(Gatad, Mef2a, Nkx-2.5) accompanied by repression of genes reg-
ulating hypertrophic signaling, for example, G proteins, G-protein—
coupled receptors, phosphatidylinositol 3-kinase signaling, receptor
tyrosine kinases, and intracellular signal transduction (Fig. 4 C and
E and SI Appendix, Fig. S24). In contrast, unfavorable changes
observed in Z disk (Actnl, Cx43, Melusin), sarcomere (Mylk3,
Tnncl, Ttn), extracellular matrix (Collal, Col3al, Fnl), and an-
giogenesis (Kdr, Thbs1, Vegfa) components may well have induced
HF in older p53”mcm after administration of Tam (Fig. 4 D and
E; SI Appendix, Fig. S2 A-C). All these changes in the cardiac
transcriptome were already detectable as early as 7 d post-Tam.
Thus, many alterations in mRNA expression appear to be a pri-
mary consequence of the experimental genetic ablation of p53.
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Fig. 4. p53 regulates gene sets involved in cardiac tissue architecture and
function. GO term enrichment representing down-regulated (A) and up-regulated
(B) biological processes involved in cardiac structure and function in p53™#;
mcm mice post-Tam. (C) Visualization of regulators and targets of potential
pathways that were obtained by NLP onto a known interaction network for
enriched GO gene sets in Fig. 3 A and B. (D) Heat maps displaying GO gene sets
for cardiac differentiation. Shown are subsets of the most abundantly enriched
or down-regulated genes (rows), comparing p53 mutant hearts (columns)
post-Tam vs. vehicle control tissue samples. log, expression values. n = 3 bi-
ological replicates. P < 0.01. Fold change +1.3. On the right are listed the se-
lected genes significantly induced (red) and repressed (blue) upon genetic
modification of p53. (E) Heat maps examining major signal transduction
pathways as determined by GO analysis. (F) Heat map examining gene tran-
scripts important for the regulation of the organization of the extracellular
matrix and the cellular defense mechanisms against ROS.

These changes are sufficient to produce the cardiac phenotypes at
baseline and the in vivo response to biomechanical stress.

p53 Regulates Mitochondrial Biogenesis and Bioenergetics. GO analysis
of the p53-regulated transcriptome identified “mitochondrion or-
ganization” and “mitochondrial matrix” as enriched GO terms (Fig.
5A). With the exception of “cytosolic ribosome,” all of the gene sets
contained in these GO terms were up-regulated in p53™":mcm post-
Tam. Given the importance of mt ATP production for cardiac
contractility, we analyzed gene expression datasets relating to mt
biogenesis and capacity. Heatmap examination revealed that tran-
scripts of mt tRNA synthesis (for example, Fars2), translation
(Gfm?2), transcription, and replication (EndoG, Polrmt, Tfam) were
increased in p53-deficient hearts (Fig. 5B). Moreover, increased
expression of the estrogen-related receptors Esrr o/p/y, Ppara, and
Pgc-1o/B were also observed in this strain. The p53-dependent
regulation of these factors was unexpected as previous work has
shown that mt biogenesis is controlled by the interaction of Esrr/
Ppar and Nrf/Tfam with Pgc-la, a known downstream target of
Mef2a (23, 24).

In addition, we observed increases in gene expression for
complex [-V assembly, creatine kinase system, CoQ/CycC syn-
thesis, Hsp40 proteins, mt transport, ribosome subunit composi-
tion, and subunits of complexes I-V (Fig. 5 B-F). Fig. 5G
illustrates these potential pS3 targets in the context of a known
interaction network for regulation of mt biogenesis, bioenergetics,
and respiratory chain function that was generated by NLP pathway
examination for the enriched GO gene sets shown in Fig. 54.
Notably, deletion of p53 significantly reduced activities of the mt
electron transfer complexes CI and CIII (Fig. 5H) post-Tam. This
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suggests that mt dysfunction due to impaired complex I and
complex III activities is potentlally a direct cause of the heart
failure observed in older p53™";mcm mice post-Tam.

p53 Is Involved in the Regulation of Glucose and Fatty Acid
Metabolism. GO annotation of various mutant transcriptomes
identified metabolic signatures for fatty acid (FA) and glucose
utilization (Fig. 64). Significantly increased Lkb1/Ampk]l mRNA
levels, metabolic sensors promoting insulin sensitivity, and FA
oxidation (FAO) (25) in p53-deficient hearts indicate an essen-
tial role for p53 in metabolic fuel sensing (Fig. 64). Genes es-
sential for FAO, FA transport (CD36/Lpl/Cptlb), and FA
synthesis (ACC2) were up-regulated in the absence of p53, as
were the related mt pathways including pyruvate dehydrogenase
complex (PDH) and TCA (26) (Fig. 64). Glucose transporter
Glut4 and 9 of the 11 steps to glycolysis were up-regulated after
p53 ablation. Intriguingly, Key factors in the pentose phosphate
pathway (PPP) were significantly reduced in p53"":mcm mice
post-Tam versus vehicle-injected controls. Taken together, cen-
tral metabolic pathways were deregulated as a consequence of
perturbed p53 regulation during development of the mutant
cardiac phenotype.
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Fig. 5. p53 regulates mitochondrial biogenesis and bioenergetics. (A) GO
enrichment analysis of differentially expressed transcripts encoding proteins
involved in mt bioenergetics and function in p53™":mcm mice post-Tam. Blue,
repressed; red, induced. (B-F) Heat maps showing enrichment of induced (red)
and repressed (blue) genes involved in the regulation of mt biogenesis (B), mt
electron complex assembly and coenzyme Q/C synthesis (C), mt Hsp40 homo-
logs and mt transporters (D), ribosomal subunits (E), and respiratory chain
complexes and ATP synthase subunits (F) as determined by GO analysis in A.
n=3.P<0.01vs. -Tam. Fold change +1.3. (G) Potential p53 targets that map
onto known interaction networks of mt biogenesis, bioenergetics, and re-
spiratory chain function as obtained by NLP pathway examination for enriched
GO gene sets in A. Green arrows indicate significantly up-regulated genes in
p53KO mice post-Tam. Numbers refer to the number of genes with altered
expression vs. total number of genes in the complex. CoQ, coenzyme Q10;
CytC, cytochrome ¢; IMM, inner mt membrane; IMS, inner membrane space;
MMX, mt matrix; ROS, reactive oxygen species. (H) Activity of complexes | and
Il in the electron transport chain. n = 4. Data are means + SEM.
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Fig. 6. p53 forms a major transcription factor hub in a metabolic network
regulating fatty acid and glucose utilization. (A) Heat maps to identify p53
target genes associated with regulation of FA and glucose metabolism.
Depicted are regulation of normalized signals of enriched genes (rows) in
mutant strains (columns). PPP, FAO, FA transport and storage, FAS, PDH), tri-
carboxylic acid cycle (TCA = citric acid cycle). n = 3. P < 0.01. Fold change + 1.3.
The numbers in the PPP, TCA and glycolysis represent the different enzymatic
steps. (B) Immunoprecipitation of LV derived from 14-wk-old wild-type mice
with antibodies specific to p53 and immunoblotting with either anti-Mef2a,
Esrry, and Gata4 or antibodies. IP, immunoprecipitation. WB, Western blot.
One result of two independent experiments is shown. (C) Binding of endog-
enous p53 to biotinylated double-stranded wild-type binding element (wt.BE)
oligonucleotide probes derived from promoters as indicated (left), which is
diminished by specific mutations (mt) in mt.BE. Determination of the presence
of p53 in the precipitate was analyzed by immunoblotting with antibodies to
p53. p53"™:mcm mice were used. (D) ChIP analysis was performed with p53-
specific antibodies (Top). PCRs with primers specific to promoter regions
harboring the p53-binding element as indicated (left). Cptb1 (carnitine
palmitoyltransferase 1B, muscle) and p21 primers were used in positive
control reactions. Primers specific for the a-MHC gene promoter served as
an unresponsive control. (E) p53 exerts a rheostat-like function to adjust
global gene expression in the cardiac transcriptome in this network pre-
diction. Red represents top-level TFs; yellow represents midlevel TFs.

p53 Regulates Process-Specific Transcription Factors. Loss of p53
also resulted in activation of process-specific TFs (Mef2a, Myocd,
Pgc-1a, Tfam). TFs bind in a combinatorial fashion to specify the
on-and-off states of genes (27). In determining whether p53 can
exert such control, we performed coimmunoprecipitation of adult
cardiac extracts (Fig. 6B). The presence of Esrry, Gata4, and
Mef2a in p53 immunoprecipitates indicates complex formation
between p53 and process-specific TFs. In oligonucleotide pre-
cipitation experiments and PCR chromatin immunoprecipitation
(ChIP) assays, endogenous p53 protein specifically bound to these
promoters, in addition to Cptlb (mt FA transporter) and p21
(Fig. 6 C and D).

The promoter regions of Gata4, Nkx-2.5, and Pgc-la contain
consensus DNA-binding sites for p53. Therefore, we investigated
the connection between p53 expression and transrepression of
Gata4, Nkx-2.5, and Pgc-la gene promoters by oligonucleotide
prec Fltation using left ventricular (LV) extracts prepared from

;mem mice (Fig. 6C). As positive controls, we included the
Cptlb and p21 gene promoters in this analysis. The p53-binding
element (BE) in the Pgc-1a, Cptlb, and p21 gene promoters is
conserved in the human and mouse promoters. As synthetic oli-
gonucleotides, their p53-binding regions bound to endogenous p53
protein in the absence of Tam. Importantly, Tam treatment
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eliminated the induction of p53 binding to all probes (Fig. 6C).
This effect was specific because mutation of the p53 site abrogated
p53 binding to Pge-la, Cptlb, and p21 promoter constructs
(Fig. 6C).

Next, we used ChIP assays to analyze Pgc-1a, Cptlb, and p21
gene-promoter occupancy by p53. We observed that p53 spe-
cifically bound to contiguous sites in these romoters in samples
prepared from hearts of vehicle-treated p53™";mem mice, reflect-
ing p53’s repressive impact in vivo (Fig. 6D). In contrast, such an
effect was not observed in extracts from Tam-treated p53ﬂ/f smem
littermates, confirming that this process requires p53. The speci-
ficity of our ChIP assay was confirmed with primers annealing to
the a-myosin heavy chain promoter because transcription of this
gene is not thought to be under the control of p53 (Fig. 6D). Thus,
significant levels of a-myosin heavy chain were never amplified.
We infer from these results that cardiac p53 is recruited to the Pgc-
la, Cptlb, and p21 gene promoters and that this cellular response
is dependent on Tam. A model consistent with our findings is
depicted in Fig. 6E.

Discussion

Fundamental to biological systems is the presence of TF networks
with sequence specificity (27). In this paper, we demonstrate that
p53 functions as a master regulator of such an intricate network to
maintain cardiac tissue homeostasis. In the classical view, the
default position for the p53 network is “off” whereby p53 is in-
active until induced by acute genotoxic or oncogenic stress (3).
Activated pS3 promotes apoptosis, senescence, and DNA repair,
activities critical for tumor suppression. Here, we investigated the
role of the p53 circuitry in the regulation of cardiac hypertrophy.
Our results demonstrate that deletion of p53 was sufficient to
trigger the development of spontaneous pathological hypertrophy
in older mice (Fig. 1). Intriguingly, ablation of p53 provided
protection against biochemical stress (Fig. 2). These remarkable
effects were tightly coupled to the activation of beneficial gene
sets, including proteins involved in excitation-contraction cou-
pling, energy metabolism, and the oxidative stress response with
the inhibition of hypertrophic signaling and apoptosis (Figs. 4-6).
Drugs that transiently suppress cardiac p53 and modulate these
pathways would be of clinical importance. Our analysis clearly
demonstrates that p53 operates within a complementary network
that allows other major cardiac transcription factors to have op-
posite and even independent transcriptional effects that ultimately
determine the observed phenotype. Our data also support the role
of other p53-related factors, specifically p63/p73, in the regulation
of the transcriptional network, and this should be analyzed further.
Recent evidence suggests that p53 may also regulate certain as-
pects of cell metabolism, such as oxidative phosphorylation and
glycolysis, in a cell- and context-specific manner. These include the
transcriptional activation of Sco2, COXII, p52R2, GLUT1/4, Hk2,
Pgm, and Tigar (28). In contrast, based on the data presented in our
study, most of the genes encoding main regulators and key enzymes
of metabolic processes [OxPhos, FAO, FA synthesis (FAS), gly-
colysis, PPP] are extremely sensitive to alterations in p53 protein
levels. Overall, these findings indicate that the p53 network is able
to dynamically balance between energy demand, fuel uptake, and
metabolism, thus providing an explanation for the critical impor-
tance of stable cardiac function in various hemodynamic settings.
The most exciting observation from our study is the high degree
of connectivity of the p53 network hub with defined nodes (Mef2a/
Myocd/Esrr/Pge-1a). Studies in animal models have linked several
master TFs (Gata4, c-Myc, Nfat3, NF-«kB) to the induction of
pathological gene sets that leads to the development of HF (14,
29-31). Moreover, physical exercise also highly influences cardiac
function through increases in expression of these specific gene sets
(32). Based on these findings, we envision a rheostat-like role for
p53 whereby environmental cues induce small, but highly signifi-
cant, changes in the p53/Mdm2 circuitry that are transformed to
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broad, pleiotropic output signals that maintain the overall tem-
poral stability of cardiac performance (Fig. 6E).

Cardiovascular disease is likely a multifactorial phenomenon
and should not be studied in a monogenic fashion through the
analysis of individual factors in isolation. Although single-gene or
single-factor-based approaches have uncovered many of the indi-
vidual components of biological systems, a systems-based approach
is required to integrate all factors relevant to the underlying pa-
thology in an effort to understand the dynamic nature of a system
with all of the individual parts studied in context with each other
(33). A systems biology approach has begun to successfully com-
plement the single-gene—focused biology. From this type of anal-
ysis, it is clear that gene expression is regulated by specific sets of
transcription factors. Specifically, normal adult heart function is
maintained by a core set of transcription factors (Gata, Mef2, Nfat,
Nkx2.5) that control expression of cardiac-specific genes, known as
a transcriptional signature (34, 35). The molecular mechanism
coordinating these transcriptional profiles is not well understood in
heart disease. Therefore, understanding the biological network
underlying transcriptional alterations in heart disease will enable us
to better define the interdependency of molecular mechanisms that
coordinate these gene expression patterns (36).

In human and mouse, it is thought that more than 2,000 TFs
modulate the mRNA profiles corresponding to 23,000 genes (33).
Major insights have been gained into the regulation of the tran-
scription process by DNA-binding TFs (37-39). However, there is
a lack of data analyzing the interaction between TFs at the level of
combined transcriptional regulation, which is the main driving
force of maintenance of tissue homeostasis. In line with this, we
observed a panel of cardiac- or process-specific TFs that regulate
gene expression together with p53, rather than p53 functioning in
isolation. Our genetic data suggest that there is a high degree of
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interdependency between TFs at different levels of cellular orga-
nization. In addition, our data also underline the high potency of
compensatory regulation between TFs and clearly demonstrate
that primarily unrelated TFs share common targets in the adult
heart. We identified different nodes of the regulatory p53 network
that exhibited a high degree of interdependency. Thus, these TFs
all have the potential to modulate each other and should therefore
be viewed in a tissue-dependent context. Further experimentation
will provide a deeper mechanistic insight into the evaluation of the
regulatory circuits involved in this biological process. It will be of
interest to study how the interdependency of different TF factors
stabilizes the overall function of given networks, a role of p53 that
has only just begun to reveal itself. Another emerging question is
how would the activity of p53 protect against external stressors in
addition to providing a potential avenue for novel therapeutic
drug development. Our study defines a physiologic role for the
p53 pathway in differentiated CM that appears to be equally im-
portant to its well-accepted tumor suppressive function.

Materials and Methods

All animal use in this study was in accordance with approved institutional
animal care guidelines of the University Health Network (AUP 1815/1379,
Canadian Council in Animal Care). Age-matched syngeneic adult male mice (12—
13 wk old; 22-27 g body weight) were used in this study. All experiments used
vehicle-injected controls of matched age and sex. Functional analysis was done
at various time points and included echocardiographic, biochemical, histo-
logical, and immunofluorescent assessment. Details are provided in S/
Appendix, SI Materials and Methods.
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