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The transcription of tissue-specific genes is controlled by regulatory factors and cofactors and is suppressed
in cardiac cells by the antineoplastic agent doxorubicin. Here we show that exposure of cultured cardiomyo-
cytes to doxorubicin resulted in the rapid depletion of transcripts for MEF2C, dHAND, and NKX2.5, three
pivotal regulators of cardiac gene expression. Delivery of exogenous p300, a coactivator of MEF2C and NKX2.5
in cardiomyocytes, restored cardiac transcription despite the presence of doxorubicin. Furthermore, p300 also
restored the accumulation of transcripts for MEF2C itself. Importantly, cardiocytes exposed to doxorubicin
displayed reduced levels of p300 proteins. This was not due to alterations in the level of p300 transcripts;
rather, and surprisingly, doxorubicin promoted selective degradation of p300 mediated by the 26S-proteasome
machinery. Doxorubicin had no effect on the general level of ubiquitinated proteins or on the levels of
B-catenin, a protein known to be degraded by proteasome-mediated degradation. These results provide
evidence for a new mechanism of transcriptional repression caused by doxorubicin in which the selective
degradation of p300 results in reduced p300-dependent transcription, including production of MEF2C mRNA.

The regulation of tissue specification and determination in-
volves a network of regulatory factors that modulate the activ-
ity of target genes. In cardiac muscle, transcription of cardiac
genes is mediated by the interaction of specific transcription
factors such as the MEF2 family of MADS-box proteins (10)
and the homeodomain protein NKX2.5/Csx (27). The regula-
tion of transcription is also controlled by cofactors that bind
and support the function of these regulatory proteins. For
example, the coactivator p300 (7) is recruited on promoter
regions via direct interaction with a variety of nuclear factors
(18), including MEF?2 (9, 35). This binding is critical for sup-
porting differentiation, cellular growth, and homeostasis of
different cell types (1, 8). The proper expression of p300 ap-
pears to be necessary to prevent specific transcriptional de-
fects. Disruption of the p300 gene leads to inappropriate heart
development, which may explain its embryonic lethality (43),
and mutation of the p300-related protein CBP in Rubinstein-
Taybi syndrome is associated with developmental defects and
mental retardation (32).

The transcription of cardiac genes is suppressed rapidly and
selectively by the anticancer agent doxorubicin (17). In skeletal
muscle cells, such disruption of gene expression is paralleled by
the rapid fall in the expression of myogenic regulatory factor
genes (24) as well as by the rapid induction of the negative
regulator Id (22, 24). Because p300 has been implicated in
regulating transcription engendered by MEF2C, we sought to
investigate the possibility that transcriptional repression fol-
lowing doxorubicin exposure may result from a deregulation of
the activity of cardiac transcription factors and of the coacti-
vator p300.

We show here that exposure of cardiac cells to doxorubicin
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indeed leads to the rapid depletion of mRNAs for the regula-
tory factors MEF2C, dHAND, and NKX2.5. Like MEF2C,
NKX2.5 is also regulated by p300. p300 is required for full
MEF2C activity, and delivery of p300 counteracted the tran-
scriptional repression induced by doxorubicin. Interestingly,
this protective effect of p300 is due not only to its coactivation
of MEF2C but also to transcriptional induction of the MEF2C
gene itself. Importantly, exposure of cardiac cells to doxorubi-
cin causes a depletion of p300 protein. Using two specific
proteasome inhibitors, MG-132 and PSI, we demonstrate that
the reduced levels of p300 protein in cells treated with doxo-
rubicin result from a selective increase in proteasome-medi-
ated degradation of the protein. These results imply a new
mechanism of the disregulation of transcription mediated by
doxorubicin whereby selective degradation of the p300 coacti-
vator impairs the rate of transcription of p300-dependent
genes.

MATERIALS AND METHODS

Plasmids. The plasmids 2xA/Temb-CAT, CMV-p300, pPCDNA3MEF2C, and
E1A were described previously (35). The plasmids E1A32-36 and EIAR2G were
also described previously (34). The reporter gene 3xMEF2-luciferase was gen-
erously provided by Mona Nemer (Institut de Recherches Cliniques de Mon-
tréal, Montreal, Canada). The cytomegalovirus-green fluorescent protein (CMV-
GFP) construct pPEGFP-N1 was from Clontech. The construct G5E1b-luciferase
has been described previously (16). The constructs Gal-MEF2C(1-465) and
Gal-MEF2C(247-327) were gifts from Eric Olson (University of Texas South-
western Medical Center, Dallas, Tex.).

Cell culture, DNA transfection, and doxorubicin treatment. Neonatal rat car-
diac myocytes from Sprague-Dawley rats (2 to 3 days old) were prepared as
previously described (3). Briefly, cells were obtained by trypsinization of the
hearts. After gentle mechanical disruption, the cells were washed, replated to
reduce nonmyocardial cell contamination, and plated at a density of 4 X 10° cells
per six-well dish. The cells were grown at 37°C with 5% CO, in modified Eagle’s
medium containing 5% calf serum, 2 mM glutamine, 1% penicillin-streptomycin,
and 1% 5-bromodeoxyuridine. Transfections were carried out by calcium phos-
phate precipitation. The cells were then maintained in the absence or presence
of 1 pM doxorubicin for 72 h. Chloramphenicol acetyltransferase (CAT) activity
was quantitated on an AMBIS Dual Radioanalytic Imaging System.

Luciferase activity was measured with an LKB luminomiter. The mouse myo-
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genic C,C, cell line was grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 20% fetal bovine serum. Doxorubicin treatment
was performed as previously described (23). 293 cells were grown in DMEM
supplemented with 10% fetal bovine serum. When the cells reached 60% con-
fluence, doxorubicin treatment was started and maintained for 48 h. All trans-
fections were performed in triplicate with at least two independent cardiocyte
preparations, using two independent DNA plasmid preparations. Results were
normalized to the total amount of protein.

Measurement of the rate of contraction of cardiac cells. Contraction frequency
of neonatal cardiocytes was measured by microscopic examination of three fields
chosen randomly in the culture. The measurement was repeated on three inde-
pendent cardiocyte preparations. The averages and mean values of all measure-
ments were calculated.

RNA isolation and Northern blotting. Total RNA was isolated from control
and doxorubicin-treated cardiomyocytes or C,C,, cells as previously described
(19). RNA concentration was measured by spectrophotometry, and the integrity
of the RNA was ensured by analysis on a 1.2% formaldehyde—agarose gel. After
RNA transfer, the membranes were hybridized at 55°C with NKX2.5 cDNA
radiolabeled with [a-*?P]dCTP, washed in 1% sodium dodecyl sulfate (SDS)-50
mM NaCl-1 mM EDTA three times at 55°C, and exposed to Amersham Hyper-
film film at —80°C.

RT-PCR. The reverse transcriptase-PCR (RT-PCR) assay was carried out
using the RETROscript and QuantumRNA kits (Ambion). Briefly, 2 g of total
RNA from neonatal rat cardiac myocytes and from C,C,, untreated or treated
with 1 uM doxorubicin was used for first-strand cDNA synthesis using 100 U of
Moloney murine leukemia virus reverse transcriptase. Random primers were
used in a 20-pl reaction volume in the presence of 10 uM deoxynucleoside
triphosphates (ANTPs) and of reverse transcription buffer (10 mM Tris-Cl [pH
8.3], 50 mM KCl, 1.5 mM MgCl,). Then 5 pl of the reverse transcription reaction
was used for PCR amplification in a volume of 50 wl containing gene-specific
primers (5 uM), 10 mM Tris (pH 8.4), 50 mM KCI, 1.5 mM MgCl,, 0.001%
gelatin, 2 pl of 5 mM dNTPs, and 1.25 pl of thermophilic polymerase (Gibco-
BRL). PCR amplifications were carried out using gene-specific primers under
conditions of linear range. To confirm that genomic DNA did not contaminate
the samples, PCRs were also performed without reverse transcription. To com-
pensate for differences in RNA quality and random tube-to-tube variation,
rRNA primers were used as an internal control. The factors that we wanted to
amplify were less abundant than the rRNA. To amplify them in the same linear
range as the internal control, 18S primers were mixed with competimers. All
reactions were run in duplicates on a 2% agarose gel. The images were captured
electronically and quantitated using an Alphalmager (Alpha Innotech Corpora-
tion). Radioactive PCR was performed by adding traces of [**P]dCTP to the
cocktail. PCR products were separated on a 5% acrylamide gel and quantitated
with a STORM scanner (Molecular Dynamics). Results were normalized to 18S
RNA expression.

Cell sorting. Neonatal rat cardiocytes were cotransfected with the CMV-GFP
construct and a plasmid encoding full-length p300 or CMV backbone alone.
After 24 h, doxorubicin treatment was started and maintained for an additional
48 h. Cardiac cells expressing GFP were sorted by fluorescence-activated cell
sorting (FACS) analysis, and total RNA was extracted to quantitate MEF2C
mRNA by RT-PCR technology as previously described.

Western blot analysis. Neonatal rat cardiomyocytes and C,C;, cells were
maintained in doxorubicin-free medium or treated with 1 wM doxorubicin for
48 h. Nuclear extracts were prepared as previously described (13). Briefly, the
cells were washed three times in ice-cold phosphate-buffered saline and then
scraped into lysis buffer (20 mM HEPES [pH 7.6], 20% glycerol, 1.5 mM MgCl,,
0.2 mM EDTA, 0.1% Triton X-100, 10 mM NaCl) supplemented with freshly
prepared protease and phosphate inhibitors (1 mM dithiothreitol [DTT], 1 mM
phenylmethylsulfonyl fluoride [PMSF], leupeptin and pepstatin [10 pg/ml], and
aprotinin [100 pg/ml]). Cells were lysed in a Dounce homogenizer using 10
strokes with an A pestle on ice. Samples were centrifuged for 10 min at 2,000
rpm, and the supernatant fraction was discarded. The pellet was resuspended in
cold nuclear extract buffer (20 mM HEPES [pH 7.6], 20% glycerol, 1.5 mM
MgCl,, 0.2 mM EDTA, 0.1% Triton X-100, 500 mM NaCl) supplemented with
freshly prepared protease inhibitors (1 mM DTT, 1 mM PMSF, leupeptin and
pepstatin [10 wg/ml each], and aprotinin [100 pg/ml]) and incubated on ice for
1 h. Cellular debris was removed by centrifugation at 10,000 rpm for 10 min at
4°C, and the supernatant containing nuclear proteins was assayed for protein
(Bradford assay). Equal amounts of nuclear proteins were electrophoresed on a
4 to 20% gradient gel and transferred to nitrocellulose membrane (Hybond ECL;
Amersham) at 50 V for 12 h at 4°C. The membranes were blocked for 30 min at
room temperature in TBS (10 mM Tris-HCI [pH 8], 150 mM NaCl)-5% nonfat
dry milk-0.05% Tween 20 and incubated with a primary antibody directed
against p300 (anti-human p300; power clonal [UBI] or N-15X [Santa Cruz],
dilution 1:1,000,), B-catenin (Santa Cruz; dilution 1:500), or ubiquitin (Santa
Cruz; dilution 1:200) overnight at 4°C. Incubation with a secondary antibody was
carried out for 1 h at room temperature. After washing the membrane three
times with TBS-0.05% Tween 20, antigen-antibody reaction was visualized with
chemiluminescent reagent.

Immunoprecipitation. Nuclear extracts (100 pg) were incubated with 4 pg of
anti-p300 antibody N-15X or power clonal for 2 h at 4°C in a buffer containing
20 mM NaH,PO, (pH 7.8), 160 mM NaCl, 0.1% NP-40, 5 mM EDTA, and 1 mM
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TABLE 1. Rate of contraction and cell density of cardiocytes
exposed to doxorubicin®

Exposure Beats/min Cell density (%)
(0 Control Treated Control Treated
24 166 = 15 146 + 21 100 100
48 221 =25 24 + 12* 100 100
72 256 = 37 ~(0* 100 50*

¢ Cardiac cells were untreated (control) exposed to 1 uM doxorubicin (treat-
ed) for the indicated times. Doxorubicin toxicity was evaluated by counting the
number of cells present in the culture and by measuring their intrinsic rate of
contraction by microscopic examination of three different fields chosen randomly
in the culture. The data represent the mean and standard error of three mea-
surements from three separate cell preparations. *, statistically significant dif-
ference (P < 0.001, Student ¢ test) between control and doxorubicin-treated
cardiocytes.

DTT, supplemented with freshly made protease and phosphatase inhibitors (1
mM PMSF plus aprotinin, leupeptin, and pepstatin at 10 wg/ml each). The
extracts were then preadsorbed on protein A/G PLUS-agarose (Santa Cruz) for
2 h at 4°C with rocking and washed three times. The agarose resin was recovered
by centrifugation and resuspended in 20 ul of SDS-loading dye. The samples
were analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) on a 5%
polyacrylamide gel run overnight at 4°C. After transfer at 70 V for 6 h at 4°C,
membranes were blocked in 5% nonfat milk in TBS-0.05% Tween 20 and
incubated overnight at 4°C with anti-p300 antibody (dilution 1:1,000). Immuno-
complexes were detected by chemiluminescence.

Gel mobility shift assay. Nuclear extracts were incubated with an anti-p300
antibody (2) or with preimmune serum. An end-labeled DNA probe correspond-
ing to an MEF2 binding site derived from the muscle creatine kinase enhancer
was incubated with the extract for 15 min at room temperature. The DNA-
protein complexes were fractionated on a 5% polyacrylamide gel. The gels were
dried and processed for autoradiography. To ascertain that the MEF2C-DNA
binding complex was specific, cardiac nuclear extracts were incubated with a
polyclonal anti-MEF2C antibody (Santa Cruz) or with an anti-T antigen antibody
used as a control.

Cycloheximide treatment. Three days after isolation, neonatal cardiomyocytes
were treated with cycloheximide (10 pM) for 5 h to inhibit de novo protein
synthesis. Half of the cells were then maintained in the presence of cyclohexi-
mide (control cells) for various times, and the other half were treated with
cycloheximide supplemented with doxorubicin (1 uM). Nuclear extracts were
prepared at the end of the treatment, and 30 g of nuclear protein was separated
by SDS-PAGE on a 4 to 20% gradient gel. After protein transfer overnight at 4°C
at 50 V, the membranes were blocked for 1 h at room temperature in 5% nonfat
dry milk in TBS-0.05% Tween 20 and incubated with an anti-p300 antibody
(N-15X) overnight at 4°C. Incubation with a secondary antibody was carried out
for 1 h at room temperature. After washing the membrane three times with
TBS-0.05% Tween 20, antigen-antibody reaction was visualized by chemilumi-
nescence.

Duplicates of the nuclear extracts were separated on a 4 to 20% gradient gel
and stained with Coomassie blue to visualize total nuclear proteins.

Proteasome inhibitors. The proteasome inhibitors MG-132 and PSI were
purchased from Peptides International Inc. Neonatal cardiocytes were prepared
as described earlier and treated with the proteasome inhibitors for the indicated
times at concentrations of 30 wM. Control cells were treated with the vehicle
solvent dimethyl sulfoxide (DMSO).

RESULTS

Effects of doxorubicin on cardiocytes in culture. Since we
postulated that the early changes in gene expression induced
by doxorubicin precede wide-scale cytotoxic events, we first
selected a duration of doxorubicin exposure that would lead to
changes in gene expression before overt signs of cell damage.
Neonatal rat cardiocytes were cultured for various times in the
presence of 1 wM doxorubicin, a minimal concentration, to
inhibit transcription. The onset of doxorubicin toxicity was
evaluated by measuring by light microscopy both the number
of cells in the culture and their intrinsic rate of contraction.
The cell density and the rate of beating were indistinguishable
between control cells and cells treated with doxorubicin for
24 h (Table 1). After 48 h of drug administration, while cell
density and morphology remained unchanged, the contraction
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FIG. 1. Inhibition of expression of cardiac transcription factors in neonatal cardiomyocytes treated with doxorubicin. (A) Doxorubicin inhibits MEF2C mRNA in
cardiocytes. Quantitative RT-PCR analysis of MEF2C and dHAND in control (CT) and doxorubicin-treated cardiocytes. Total RNA (2 wg) from either control
neonatal rat cardiocytes or cardiocytes exposed to 1 uM doxorubicin for 24 or 48 h was reverse transcribed and PCR amplified with gene-specific primers for the
indicated transcripts. PCR products were separated on a 2% agarose gel and quantitated with Alphalmager software. In all PCRs, the level of expression of the gene
of interest was normalized against 18S cDNA. Each experiment was repeated at least twice with RNA template from two independent cardiocyte preparations. (B)
Doxorubicin downregulates NKX2.5 transcription in cardiocytes. Northern blot analysis of NKX2.5 transcription in control (CT) cardiocytes and cardiocytes exposed
to doxorubicin (Dox) for 48 h. Cardiac troponin I (cTnI) was measured in parallel to ensure that doxorubicin treatment was effective. The methylene blue staining of
the blot shows 28S and 18S RNA and indicates that an equal amount of RNA was loaded in each lane. (C) Doxorubicin inhibits MEF2C transcriptional activity in
cardiocytes. Neonatal rat cardiocytes were transfected with 2 pg of 2xA/Temb-CAT plasmid DNA, which contains two copies of the MEF2 binding site from the
embryonic myosin heavy-chain enhancer placed upstream of a CAT reporter gene, and the cells were then were exposed to 1 uM doxorubicin (Dox). CAT activity was
measured after 48 h of drug exposure as described in the text and corrected for protein content. The data represent the mean = standard deviation of three independent

experiments carried out in triplicate.

rate of the treated cells dropped significantly. After 72 h of
culture, the majority of the cells treated with doxorubicin lost
their ability to contract and exhibited visible signs of cell dam-
age. Therefore, we limited our observations on gene expression
to the first 48 h of doxorubicin treatment.

Transcription of MEF2C, dHAND, and NKX2.5 is inhibited
by doxorubicin in cardiac cells. To understand the mechanisms
of the transcriptional repression induced by doxorubicin, we
examined three transcriptional activators known to be critical
for cardiac transcription: MEF2C, NKX2.5, and dHAND. We
measured the relative levels of their mRNA transcripts at var-
ious times after exposure to doxorubicin. Members of the myo-
cyte enhancer factor 2 (MEF2) family of transcription factors
bind a conserved A/T-rich DNA sequence found in the control
region of numerous muscle-specific genes and are expressed in
precursors of the cardiac lineage as well as in differentiated
cardiomyocytes (10). Among the four members of this multi-
gene family, MEF2C appears to be essential for cardiac myo-
genesis and for the development of the right ventricle (26).
Doxorubicin inhibits MEF2C mRNA more than 50% in car-
diac cells treated with the drug for 24 h (Fig. 1A). When the
MEF2C gene is inactivated in mouse embryos, heart looping
does not occur, the future right ventricle does not form, and
mutant embryos lack expression of the basic helix-loop-helix
(bHLH) protein dHAND. This suggests that MEF2C is an
upstream regulator of dHAND expression in the future right
ventricle (26). Therefore, we determined whether doxorubicin
affects the expression of dHAND and found that its expression

was reduced by as much as 85% after 48 h of drug adminis-
tration (Fig. 1A). The importance in the heart of a third acti-
vator, NKX2.5, has been demonstrated by targeted disruption
of its gene, which causes severe morphologic defect of the
heart and is lethal to the embryo (28). NKX2.5 transcripts were
reduced by 54% after 48 h of doxorubicin exposure (Fig. 1B).

The functional consequences of decreased expression of
MEF2C caused by doxorubicin were investigated using an
MEF2-dependent reporter construct. Neonatal cardiocytes
were transiently transfected with a construct bearing two cop-
ies of an MEF2-binding site (2xA/Temb-CAT) (35). Doxoru-
bicin suppressed MEF2C-dependent transcription by 54%
(Fig. 1C). To distinguish between a direct and indirect effect of
doxorubicin on MEF2C activity, we tested the ability of forced
expression of MEF2C to prevent the doxorubicin inhibition.
Overexpression of MEF2C in cardiocytes fully rescued the
ability of doxorubicin to suppress expression from the 2xA/
Temb promoter construct (Fig. 1C). These results are consis-
tent with the notion that doxorubicin causes a selective reduc-
tion of MEF2C-dependent transcripts.

p300 coactivates MEF2C and NKX2.5 in cardiomyocytes. In
muscle cells, transcription activated by MEF2C is dependent
on its interaction with p300 (9, 33, 35). p300 is expressed in the
myocardium (42). Thus, we explored the possibility that the
activity of MEF2C in the heart is also dependent on p300.
Indeed, forced expression of p300 augmented transcription
from the MEF2C-dependent 2xA/Temb promoter in a dose-
dependent manner (Fig. 2A). To begin to determine whether
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FIG. 2. (A) p300 coactivates MEF2C in cardiocytes. Rat neonatal cardiocytes were cotransfected with 2 pg of the 2xA/Temb-CAT construct and with increasing
amounts of a plasmid encoding either full-length p300 or just the CMV backbone. In all transfections, the total amount of DNA was kept constant. CAT activity

measurements represent the means of three independent experiments carried out

in triplicate and normalized to protein content. (B and C) Stimulation of MEF2C

transcriptional activity by p300 is dependent on the MADS domain of MEF2C. Neonatal cardiocytes were cotransfected with a GAL4 construct fused to full-length
MEF2C [Gal-MEF2C(1-465)] or with a construct lacking the MADS domain [Gal-MEF2C(247-327)] but retaining transcriptional activity and with increasing
concentration of CMV-p300. Transcriptional activity was measured 48 h later on a GAL4-dependent reporter construct, GSE1b-luciferase. (D and E) MEF2C binds
p300 in cardiocytes. A binding assay was performed with a DNA fragment containing an MEF2 binding site derived from the muscle creatine kinase promoter and with
nuclear extracts prepared from cardiac cells. A major complex corresponding to the binding of MEF2C protein to the DNA template was observed (D). The binding
reaction was specific to MEF2C, since an antibody specifically recognizing MEF2C resulted in a further reduction in the mobility of the complex (supershift). An
antibody directed against large T antigen (TAg) had no effect. The binding of p300 with MEF2C was detected in cardiac cells, since the complex was supershifted by

an anti-p300 antibody (E).

this transactivation is mediated by a direct interaction of the
p300 and MEF2C proteins, we cotransfected cardiomyocytes
with plasmid DNA encoding p300 plus a construct in which the
DNA-binding domain of GAL4 (amino acids 1 to 147) is fused
to full-length MEF2C. We measured transcriptional activity on
the GAL4-dependent reporter construct GSElb-luciferase.
Overexpression of p300 caused a vigorous dose-dependent in-
crease in MEF2C transcriptional activity (Fig. 2B). In compar-
ison, p300 had only a minimal effect on the transcriptional
activity of a deletion construct lacking the MADS domain of
MEF2C (Fig. 2C). These data are consistent with our previous
results that indicate that the MADS domain of MEF2C serves
as an interface for interaction with p300 (35).

To conclusively address whether or not MEF2C and p300

form a complex in cardiomyocytes, we performed a series of
electromobility shift assays using an oligonucleotide containing
a natural MEF2 binding site derived from the muscle creatine
kinase promoter. Nuclear extracts from cardiomyocytes gave
rise to a major complex (Fig. 2D, leftmost lane). This complex
is specific for MEF2C, since an anti-MEF2C antibody resulted
in a supershift, whereas a control antibody had no effect (Fig.
2D, middle and rightmost lanes). p300 is present in the
MEF2C complex in cardiac nuclear extracts, since the complex
was supershifted by an anti-p300 antibody but not by preim-
mune serum (Fig. 2E). The results of these experiments estab-
lished that MEF2C and p300 are associated in a DNA-binding
complex in nuclear extracts derived from cardiocytes.

While these experiments show that p300 coactivates and is
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FIG. 3. (A and B) Disruption of p300 function inhibits MEF2C activity. Neonatal cardiocytes were cotransfected with 2 pg of 3xMEF2-luciferase construct or
GAL-MEF2C(1-465) and with the indicated amount of expression vectors. After 48 h, transcriptional activity was measured in the transfected cells. Each value
represents the mean * standard deviation (SD) of three independent experiments carried out in triplicate and normalized to protein content. (C) p300 enhances
NKX2.5-dependent transcription. Neonatal cardiocytes were transiently transfected with plasmids encoding either or both full-length NKX2.5 or p300 plus the ANF
promoter. Luciferase activity was measured 24 h later and corrected for protein content. The data represent the mean + SD of three independent experiments carried
out in triplicate. (D) Overexpression of p300 rescues MEF2C inhibition by doxorubicin. Control cardiocytes or cardiocytes exposed to 1 pM doxorubicin (Dox) were
cotransfected with 2 pg of 2xA/Temb-CAT and with increasing concentrations of CMV-p300 or CMV backbone. CAT activity was measured 48 h after transfection.
The total amount of DNA was kept constant in all transfections. The data represent the mean = SD of three independent experiments carried out in triplicate. (E)
Forced expression of p300 in doxorubicin-treated cardiocytes upregulates endogenous MEF2C. Neonatal cardiocytes untreated or treated with 1 wM doxorubicin (Dox)
were cotransfected with a plasmid expressing GFP and CMV-p300 or CMV alone. At 72 h after transfection, GFP-positive cells were sorted by FACS. Total RNA was
extracted from the transfected cells, and the relative amounts of MEF2C and p300 mRNAs were determined by RT-PCR. 18S RNA mixed with competimers was used
as an internal control. This experiment was done twice with two independent cardiac cell preparations.

associated with MEF2C in cardiocytes, they do not clarify
whether p300 is a necessary cofactor for MEF2-dependent
transcription. Therefore, we decided to inhibit endogenous
p300 function by expressing the oncoprotein E1A. Neonatal
cardiomyocytes were transiently transfected with a plasmid
expressing wild-type E1A and a 3xMEF2-luciferase reporter
gene. The presence of E1A resulted in an inhibition of MEF2C
activity that could be counteracted by forced expression of

p300 (Fig. 3A). E1A mutants lacking p300 binding activity,
E1A32-36 and E1AR2G, had almost no effect on MEF2C
transcriptional activity, consistent with our previous report
(34). Taken together, these results indicate that p300 is a
required cofactor for full MEF2C activity in cardiomyocytes.
To verify that MEF2C transactivation is mediated by direct
binding of p300 and MEF2C, we investigated the effect of E1A
in a GAL4 assay (Fig. 3B). MEF2C-activated transcription was
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repressed by E1A. When increasing amounts of p300 were
cotransfected in the cells, MEF2C transcriptional activity was
restored.

Members of the NK class of homeodomain proteins are key
regulators in the establishment and maintenance of the cardiac
phenotype (28). NKX2.5 binds to the NKE element found in
the promoters for the atrial natriuretic (ANF) promoter (6)
and cardiac a-actin (37) and cooperates with cardiac transcrip-
tion factors to optimally drive transcription (5). To determine
whether p300 can serve as a coactivator for NKX2.5, we tested
the effect of overexpression of p300 on transcription driven
from the ANF promoter. Forced expression of NKX2.5 only
weakly stimulated the ANF promoter following transient trans-
fection of cardiomyocytes (Fig. 3C). Overexpression of p300
alone increased ANF promoter activity similarly. Such effects
of p300 on promoter activity have been observed previously
with the p21 promoter, suggesting that p300 coactivates addi-
tional transcription factors. However, when NKX2.5 and p300
were coexpressed, NKX2.5-dependent transcription increased
as much as fivefold, suggesting cooperation between the two
factors (Fig. 3C). Similar results were obtained in the mouse
embryonic cell line 10T1/2 (data not shown). Further studies
will be needed to determine whether this transactivation is
mediated by direct interaction between p300 and NKX2.5.

Forced expression of p300 overrides MEF2C inhibition by
doxorubicin. Since p300 is required for full MEF2C activity, we
asked whether p300 would also rescue the inhibitory effect of
doxorubicin on MEF2C-dependent transcription. Using the
MEF2C-dependent 2xA/Temb promoter, we tested the ability
of p300 to effect transcription in cardiomyocytes treated with
doxorubicin. Strikingly, forced expression of p300 was able to
overcome fully the transcriptional inhibition by doxorubicin
(Fig. 3D). This suggests that the inhibition of MEF2C activity
by doxorubicin is due at least in large part to a loss of p300
activity.

The experiments presented earlier demonstrate that p300
acts in part through protein-protein interactions with MEF2C
on promoters, but the protective effect of p300 in the presence
of doxorubicin could also be due to increased levels of MEF2C
itself. To test whether p300 possibly effects transcription of the
MEF2C gene, we measured the relative levels of MEF2C
mRNA in cardiac cells treated with doxorubicin in the pres-
ence and absence of a p300 expression vector. Neonatal car-
diomyocytes were transfected with p300 or control plasmids
and then treated with doxorubicin. All cells were cotransfected
with a GFP plasmid to help identify transfected cells. At 48 h,
GFP-positive cardiocytes were sorted by FACS and analyzed
for expression of endogenous MEF2C and p300 using RT-
PCR (Fig. 3E). Doxorubicin treatment resulted in a marked
decrease in endogenous MEF2C mRNA, as expected (see also
Fig. 1A). Exogenous p300 was expressed manyfold over en-
dogenous p300. The overexpression of p300 in doxorubicin-
treated cardiocytes induced endogenous MEF2C transcripts by
at least sixfold compared to cells transfected with an empty
plasmid (Fig. 3E). We conclude, therefore, that doxorubicin
exerts its effect not only by targeting the transcription of the
genes for factors such as MEF2C but also by interfering with
p300 function. We also infer from these results that p300 is a
cofactor not only for transcription driven by MEF2C but also
for cardiac transcription of the MEF2C gene itself.

Doxorubicin reduces p300 protein but not p300 mRNA. The
involvement of p300 in MEF2C activity and the ability of p300
to rescue doxorubicin inhibition of MEF2C-dependent tran-
scription strongly suggest that p300 is a target for doxorubicin.
Indeed, when the amount of p300 protein was estimated by
Western blot analysis, its levels were significantly reduced in
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doxorubicin-treated cardiac cells (Fig. 4A). To establish that
these biological effects of doxorubicin on cardiomyocytes were
appropriate, we confirmed the levels of the tumor suppressor
p53, which are known to rise in response to doxorubicin (25).
Furthermore, immunoprecipitation of nuclear extracts pre-
pared from cardiocytes, C,C,, cells, and 293 cells confirmed
that p300 protein levels are reduced in doxorubicin-treated
cells (Fig. 4B). We expected to find that doxorubicin reduced
the expression of p300 when we measured the relative abun-
dance of p300 mRNA in control and doxorubicin-treated cells.
Remarkably, p300 transcript levels were identical in control
cells and in cells exposed to the drug (Fig. 4C). This surprising
result again underscores the selective effect of doxorubicin on
transcription. The failure of doxorubicin-treated cardiocytes to
express normal levels of p300 protein despite high levels of
p300 mRNA raised the intriguing possibility that doxorubicin
modifies the translation of specific mRNAs or induces their
selective degradation.

p300 is degraded in cardiocytes treated with doxorubicin.
To determine whether the stability of p300 protein is affected
following doxorubicin exposure, de novo protein synthesis was
inhibited with cycloheximide and the rate of p300 degradation
was followed over time in control and doxorubicin-treated
cardiocytes. Doxorubicin exposure markedly accelerated pro-
teolysis of p300 (Fig. SA). In this assay, the relative half-life of
p300 was reduced from about 15 h to less than 5 h (Fig. 5B).
Indeed, 65% of p300 was degraded in the cells treated with
doxorubicin for 6 h, whereas 92% of p300 remained in control
cells. After 12 h of doxorubicin exposure, p300 levels were only
20% of the initial value, while 60% persisted in control cells.

Nuclear extracts prepared from cycloheximide-treated car-
diocytes and from cells treated with cycloheximide and doxo-
rubicin were compared by SDS-PAGE and stained by Coomas-
sie blue. Interestingly, the large majority of cellular proteins
were not affected by doxorubicin treatment (Fig. 5C). This
observation is consistent with the notion that doxorubicin does
not induce a general proteolysis but might affect the degrada-
tion of specific proteins. Induction and stabilization of p53
proteins were used as indicators of effective doxorubicin treat-
ment (25). This was confirmed by evaluating the degradation
of p53 in cardiocytes treated with the drug. Following exposure
of the cells to doxorubicin, pS3 protein levels rose dramatically
from very low levels, as expected. When de novo protein syn-
thesis was inhibited with cycloheximide, p5S3 degradation was
not altered by doxorubicin (data not shown). This observation
underscores the view that doxorubicin does not induce a gen-
eral proteolysis but only enhances the degradation of specific
nuclear proteins, of which p300 is the first example.

Inhibitors of the proteasome stabilize p300 protein. Mam-
malian cells contain multiple pathways for intracellular protein
breakdown (4). If doxorubicin accelerates the rate of degrada-
tion of p300 protein, which proteolytic system is involved? The
nonlysosomal ubiquitin-proteasome system is known to be ac-
tive in the heart as a major pathway for selective proteolysis in
the cytoplasm and the nucleus (15). Following conjugation by
multiple chains of ubiquitin, these proteins are degraded by the
proteasome. Furthermore, p300 is posttranscriptionally regu-
lated by ubiquitination (1). Since ubiquitinated proteins are
often degraded by the proteasome, we investigated whether
the ubiquitin-proteasome pathway is involved in p300 degra-
dation both under basal metabolic conditions and after doxo-
rubicin treatment.

We compared the rate of degradation of p300 over time in
cardiocytes treated with cycloheximide and in cardiocytes co-
treated with cycloheximide and specific inhibitors of the pro-
teasome. Equal amounts of nuclear protein extracts were sep-
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FIG. 4. p300 protein levels but not mRNA levels are decreased by doxorubicin. (A) Nuclear extracts (100 wg) from neonatal cardiomyocytes cultured in the absence
(control, CT) or presence of 1 pM doxorubicin (Dox) for 48 h were electrophoresed on a 4 to 20% gradient gel. After transfer of the proteins, the membranes were
incubated with a primary antibody directed against p300 or p53 overnight at 4°C. After incubation with a secondary antibody, visualization of antigen-antibody reaction
was performed with a chemiluminescent reagent. *, unknown protein not sensitive to doxorubicin. (B) Nuclear extracts (100 pg) from control and doxorubicin-treated
cardiocytes, C,C,, cells, and 293 cells were incubated with an anti-p300 antibody (power clonal [UBI] or N-15X [Santa Cruz]). The extracts were then preadsorbed on
protein A/G PLUS-agarose and washed. After centrifugation, the supernatant was analyzed by SDS-PAGE on a 5% polyacrylamide gel. After transfer of the proteins,
membranes were blocked and incubated with anti-p300 antibody. Immunocomplexes were detected by chemiluminescence. (C) Relative quantitative RT-PCR of p300
in control and doxorubicin-treated cardiocytes and C,C,, cells. Total RNA (2 ng) was reverse transcribed and PCR amplified with specific primers for p300. PCR
products were separated on a 2% agarose gel and quantitated with Alphalmager software. In all PCRs, the level of expression of p300 was normalized against 18S
cDNA. Each experiment was repeated at least twice with RNA template from two independent cardiocyte preparations.

arated by SDS-PAGE, and p300 levels were determined by
Western blot. p300 expression decreased with time in cardio-
cytes treated with cycloheximide, as expected (Fig. 5D). How-
ever, coincubation of the cells with the proteasome inhibitor
MG-132 resulted in stabilization of p300 protein. A second
inhibitor of the proteasome, PSI, also prevented p300 degra-
dation (Fig. 5E). MG-132 may be slightly more efficient in
blocking p300 degradation than PSI. p300 protein levels re-
mained at 82% after 24 h with MG-132 but fell to 62% in the
presence of PSI. The Coomassie stains of nuclear proteins
separated by SDS-PAGE revealed that the majority were not
affected by addition of inhibitors of the proteasome (data not
shown). This observation is consistent with the hypothesis that
ubiquitin-proteasome proteolysis is responsible for the highly
selective degradation of intracellular proteins.

Proteasome inhibitor prevents p300 degradation by doxoru-
bicin. To determine whether the accelerated loss of p300 pro-
tein following doxorubicin exposure is caused by proteasome-
mediated proteolysis, the ability of proteasome inhibitor to
prevent p300 degradation in response to doxorubicin was ex-
amined. Cardiomyocytes were maintained in the presence of
either doxorubicin alone or doxorubicin and 30 pM MG-132
for various times. Nuclear extracts obtained from the cultured
cardiomyocytes were analyzed by SDS-PAGE, and the expres-
sion of p300 was measured by Western blot. p300 expression
decreased as early as 6 h with doxorubicin treatment and fell to
less than 40% by 12 h and to only 20% at 24 h (Fig. SF and G).
Addition of the proteasome inhibitor dramatically prevented
p300 degradation by the anticancer agent; its level was un-
changed at 12 h and remained above 80% at 24 h. Most nuclear
proteins were not affected by either doxorubicin or proteasome
inhibitor treatment (data not shown), again suggesting the
specificity of both agents.

Proteasome-mediated degradation induced by doxorubicin
is a selective process. Next, we investigated whether the pro-
teasome-mediated degradation of p300 engendered by doxo-
rubicin is a selective process or whether it results from a gen-
eral increase in the ubiquitin-proteasome pathway. To this end,
we inhibited proteasomes by treating cardiocytes with MG-132
and compared levels of expression of total ubiquitinated pro-
teins in control and doxorubicin-treated cells. Identical levels
of ubiquitinated proteins were found (Fig. 6A). To establish
that the degradation of p300 by the proteasome following
doxorubicin exposure is selective, we investigated the effect of
doxorubicin on a protein known to be regulated by this pro-
teolytic system, B-catenin (31). As expected, the treatment of
cardiac cells with MG-132 resulted in the accumulation of
B-catenin (Fig. 6B). However, B-catenin protein levels in car-
diocytes treated with doxorubicin for 48 h were similar to those
in control cells (Fig. 6C), emphasizing that the proteasome-
mediated degradation induced by doxorubicin is a selective
event.

Although the ubiquitin-proteasome pathway is not generally
enhanced after doxorubicin exposure, p300 degradation could
still result from a selective increase in the ubiquitination of
p300. We investigated this possibility but were unable to detect
any ubiquitinated p300 in either control or doxorubicin-treated
cells. Therefore, it remains unclear whether proteasome-me-
diated degradation of p300 following doxorubicin exposure
requires increased ubiquitination (40).

DISCUSSION

p300 integrates intracellular signals that result from a wide
variety of transduction pathways (reviewed in reference 39).
The activity of this critical integrator is regulated by its inter-
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proteasome inhibitor for the indicated times. Nuclear extracts were prepared and resolved on a 4 to 20% gradient gel. Following transfer of the protein to nitrocellulose
membranes, p300 levels were determined by Western blot using an anti-p300 antibody. (E) Two different inhibitors of the proteasome stabilize p300 protein.
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of experiment C. [J, p300 protein level in cardiocytes treated with doxorubicin only; &, p300 protein level in cardiocytes treated with doxorubicin plus MG-132.

action with other cellular factors, including transcription acti-
vators and regulators of the cell cycle (39) as well as the viral
oncoprotein E1A (11, 41) and the embryonic differentiation
inhibitor Twist (our unpublished data). In addition, p300 is
itself the target of phosphorylation (1, 21) and acetylation (30),
raising the possibility that its activity is regulated by posttrans-
lational modification. The results of the studies reported here

establish regulated protein degradation as a new and unex-
pected mode of control of p300. While uncovering fundamen-
tal mechanisms responsible for cardiac transcriptional repres-
sion by the antineoplastic agent doxorubicin, we found that
doxorubicin induces the degradation of p300 mediated by the
proteasome. p300 transcript levels were unaffected by doxoru-
bicin, whereas the level of p300 protein was markedly reduced.
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Several considerations suggested that these observations were
more likely to be the result of induction degradation of pro-
teins than the repression of their translation. First, cardiocytes
exposed to doxorubicin continue to express a number of house-
keeping genes at normal or nearly normal levels. Thus the
effect on p300 appears to be the result of a selective, not a
general, process. Second, effects on translation are more likely
to be general than specific, and doxorubicin seemed not to
exert a general effect on protein degradation. Indeed, while
doxorubicin does suppress overall protein synthesis in cardio-
cytes, it does so with a slow time course, consistent with the loss
of mRNAs for the major contractile proteins (17). Thus, fol-
lowing doxorubicin, the decrease in p300 protein levels despite
persistent levels of its transcripts is more likely due to an
increase in degradation of p300 protein. Indeed, specific inhib-
itors of the proteasome dramatically stabilize p300 protein
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(Fig. 6). Clearly the large majority of other cellular proteins
were not sensitive to the proteasome inhibitor. Such selectivity
was manifested by the observation that doxorubicin had no
effect on B-catenin, which is normally degraded by the ubig-
uitin-proteasome pathway. In addition, doxorubicin induces
pS3 protein expression. Because p300 is a critical component
of p53 activity (2) and is required for p53 degradation (12), one
might speculate that the induction of p53 protein by doxoru-
bicin (or DNA-damaging agents) results from the loss of p300.
Thus, normal p53 turnover might be restored by forced expres-
sion of p300 in cells treated with doxorubicin. Whether such
strategies can protect against cell damage by doxorubicin re-
mains to be determined.

p300, as well as several other transcription factors, is mod-
ified posttranslationally by phosphorylation and ubiquitination
(1). After ubiquitination, a protein is generally marked for
degradation by the 26S proteasome (4, 14), and p300 is likely
similarly targeted. However, we were unable to determine
whether ubiquitination is a prerequisite for proteasomal deg-
radation of p300. There are examples of proteins whose turn-
over by the proteasome is ubiquitin independent, including
ornithine decarboxylase (29) and p21 (38), and their numbers
may increase (40). Thus, the possibility remains that p300
might be another example of a protein degraded by the pro-
teasome independently of ubiquitin attachment.

The increased proteasome-mediated degradation of p300 is
likely to be central to the mechanisms underlying inhibition of
cardiac transcription by doxorubicin. The finding that MEF2C
and NKX2.5 are coactivated by p300 and that the levels of
mRNA for both factors are repressed by doxorubicin support
this concept. In keeping with this view, our previous studies
conducted in skeletal muscle cells demonstrated that doxoru-
bicin inhibits the expression of the myogenic factor MyoD (24).
MyoD activity is also regulated by p300. Therefore, MyoD,
in addition to MEF2C and NKX2.5, is a third example of a
transcription factor dependent on p300 and targeted by doxo-
rubicin.

p300 appears to play at least two major roles in the mecha-
nism of doxorubicin suppression of tissue-specific gene expres-
sion. First, loss of p300 protein deprives several tissue-specific
factors of this necessary coactivator, diminishing the expres-
sion of tissue-specific target genes, such as contractile proteins.
Second, and unexpectedly, p300 appears to be an activator for
the transcription of the transcription factor mRNAs them-
selves. In the case of MEF2C, overexpression of p300 stimu-
lates MEF2C mRNA accumulation and counteracts the doxo-
rubicin suppression of MEF2C-dependent transcription. This
suggests that p300, in concert with yet unidentified transcrip-
tion factors, drives transcription of the MEF2C gene itself.
MyoD requires p300 for its activity (33, 35, 44). Since MyoD
autoactivates its own transcription, loss of p300 activity likely
affects MyoD mRNA polymerization. The concept of gene
dosage as critical for p300 function has been evoked before
(42) and is consistent with the hypothesis that p300 is ex-
pressed in limiting amounts in the cell (20). Thus, the depletion
of p300 following degradation by the proteasome would result
in an impairment of MEF2C, NKX2.5, and eventually all p300-
dependent transcription (Fig. 7). In keeping with this view,
p300 and its related factor CREB-binding protein are required
for the activity of many transcription factors (39). Therefore,
we speculate that p300 might drive transcription of other tran-
scriptional regulators and that the mechanism of regulation
that we describe here for the MEF2C gene might be common
for a variety of nuclear factors.

The finding that doxorubicin inhibits MEF2C transcription
by approximately half raises the possibility that the disruption
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of cardiomyocyte integrity by doxorubicin is mediated by mod-
erate but concomitant decreased expression of several cardiac-
relevant transcription factors rather than by the elimination of
a single activator. Targeted disruption of the MEF2C gene has
shown that the bHLH protein dHAND is downstream of
MEF2C. Therefore, it is possible that the doxorubicin effect we
observed on dHAND expression is a consequence of MEF2C

depletion or inactivation. However, when MEF2C expression
is abolished in mice, the cardiac homeobox gene NKX2.5 is
expressed at normal levels. This suggests that the mechanisms
contributing to the doxorubicin-induced decreased in NKX2.5
mRNA are independent of transcriptional repression of
MEF2C. Nevertheless, the synergy exhibited by NKX2.5 and
p300 on transcription of the ANF promoter emphasizes the
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pivotal position played by p300 as a target of doxorubicin-
engendered transcriptional suppression.

Remarkably, inhibitors of the proteasome completely pre-
vented p300 degradation by doxorubicin. A hypothesis that we
are testing is that the transcription of MEF2C should be re-
stored in doxorubicin-treated cells also exposed to proteasome
inhibitors.

p300 is a histone acetylase (30), and many observations
support the view of a relationship between acetylation and
function of transcription factors (34, 35, 36). Accordingly, an-
other implication of our findings is that doxorubicin likely
diminishes acetyltransferase activity in cells, at least as a con-
sequence of its depletion of p300 protein, if not by another
mechanism.

What are the other implications of the altered rate of deg-
radation of p300 mediated by the proteasome? This mecha-
nism of regulation might play a role during normal cellular
differentiation, proliferation, or homeostasis, since p300 is im-
plicated in all these biological activities. Doxorubicin as an
intercalating agent induces DNA damage. p53 protein is a
major sensor of such cellular DNA damage. Association of
p300 with MDM?2 has been shown to participate in MDM2-
regulated degradation of p53. Thus, proteasome-mediated
degradation of p300 induced by doxorubicin might stabilize
p53 levels. It will be of interest to determine whether other
DNA-damaging agents such as UV light and y-irradiation have
similar effects on p300 stability. Finally, it would not be sur-
prising to find that other transcriptional cofactors are subject
to similar modes of regulation.
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