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Doxorubicin (DOX) is a potent anti-tumor drug known to
cause heart failure. The transcription factor GATA4 antago-
nizes DOX-induced cardiotoxicity. However, the protective
mechanism remains obscure. Autophagy is the primary cellular
pathway for lysosomal degradation of long-lived proteins and
organelles, and its activation could be either protective or detri-
mental depending on specific pathophysiological conditions.
Here we investigated the ability of GATA4 to inhibit autophagy
as a potentialmechanismunderlying its protection againstDOX
toxicity in cultured neonatal rat cardiomyocytes. DOX mark-
edly increased autophagic flux in cardiomyocytes as indicated
by the difference in protein levels of LC3-II (microtubule-asso-
ciated protein light chain 3 form 2) or numbers of autophagic
vacuoles in the absence and presence of the lysosomal inhibitor
bafilomycin A1. DOX-induced cardiomyocyte death deter-
mined by multiple assays was aggravated by a drug or genetic
approach that activates autophagy, but it was attenuated by
manipulations that inhibit autophagy, suggesting that auto-
phagy contributes to DOX cardiotoxicity. DOX treatment
depleted GATA4 protein levels, which predisposed cardiomyo-
cytes to DOX toxicity. Indeed, GATA4 gene silencing triggered
autophagy that rendered DOX more toxic, whereas GATA4
overexpression inhibited DOX-induced autophagy, reducing
cardiomyocyte death. Mechanistically, GATA4 up-regulated
gene expression of the survival factor Bcl2 and suppressed
DOX-induced activation of autophagy-related genes, which
may likely be responsible for the anti-apoptotic and anti-auto-
phagic effects of GATA4. Together, these findings suggest that
activation of autophagymediates DOX cardiotoxicity, and pres-
ervation ofGATA4 attenuatesDOX cardiotoxicity by inhibiting
autophagy through modulation of the expression of Bcl2 and
autophagy-related genes.

Doxorubicin (DOX)4 is a very effective anti-cancer drug with
cardiotoxicity that culminates in congestive heart failure (1–3).

The prevailing mechanism for DOX cardiotoxicity is oxidative
stress that has been supported by the ability of several antioxi-
dants to reduce DOX cardiotoxicity in animal studies (4–8).
Unfortunately, clinical trials have failed to reproduce these
results in humans (9), suggesting that mechanisms other than
oxidative stress might also contribute to DOX-induced heart
failure (9–13). In support of this notion, DOX has been shown
to cause cardiac mitochondrial injury by both oxidative and
non-oxidative mechanisms (14).
Autophagy is the major cellular pathway for degrading and

recycling long-lived proteins and organelles that are seques-
tered in double-membrane vesicles termed autophagosomes.
After fusing with the lysosome to form autolysosome, the inner
membrane and the contents are degraded and recycled. More
than 30 autophagy-related (ATG) genes encode proteins essen-
tial for autophagy induction and the generation, maturation,
and recycling of autophagosomes or autophagic vacuoles (15,
16). Autophagy has long been recognized to provide a survival
pathway that allows the cell to maintain energy homeostasis
under starvation conditions (15). Indeed, autophagy-derived
energy is required for the survival of neonatal mice deprived of
milk right after birth (17). Also, autophagy functions as a cyto-
plasmic quality control mechanism to remove protein aggre-
gates and damaged organelles. In this respect autophagy has
been shown to play an extremely important role in cardiac
homeostasis as the inactivation of autophagy gene ATG5 in
adults results inmyocardial dysfunction (18), and heterozygous
disruption of Beclin 1 (ATG6) accelerates heart failure and
mortality in desmin-related cardiomyopathic mice (19). In
addition, autophagy activation during ischemia stage appears
to be cardioprotective (20, 21). These observations demon-
strate a beneficial role of autophagy in these specific contexts.
However, increased autophagic activity could also be detrimen-
tal to the heart under certain pathological conditions (22). For
example, diphtheria toxin induces autophagy and triggers heart
failure inmice (23).Most intriguingly, the same Beclin 1 knock-
out mice that show accelerated heart failure in desmin-related
cardiomyopathy (19) display reduced cardiac damage under
ischemia-reperfusion or pressure overload condition (20, 24).
Together, these results clearly demonstrate that autophagy is a
double-edged sword that could be either protective or detri-
mental depending on the nature of the stimuli and the levels of
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autophagy induced (20, 25). Because of the dichotomous nature
of autophagy in cardiomyocyte survival and death, it is very
clear that the functional significance of autophagy under differ-
ent cardiac conditions has to be individually determined.
The characteristic features of DOX-induced cardiomyopa-

thy are the loss of myofibrils and the vacuolization of cardiac
myocytes (2). This is associated with dramatically reduced lev-
els of various long-lived and short-lived proteins including the
transcription factor GATA4 (26–28) and structural proteins
titin (29) andmyosin heavy chain (28). These observations sug-
gest that DOX may activate cellular degradation pathways.
Indeed, DOX is able to increase the cardiac activities of calpain
(29) and the ubiquitin proteasome system (30). DOX also
causes accumulation of autophagic vacuoles (31) in the heart.
Importantly, 3-methyadenine (3-MA), an autophagy inhibitor,
can reduce DOX-induced cardiomyocyte death (32). This re-
sult suggests that autophagy induction may contribute to DOX
cardiotoxicity, although it remains unknown if the protective
effects of 3-MA are mediated exclusively through autophagy
inhibition as the specificity of 3-MA is questionable (33).
Previous studies have shed light on both positive and nega-

tive regulatorymechanisms of autophagy (16, 34–36). Forming
a complex with several partners, including Beclin 1/Atg6,
UVRAG, Ambra1, and Bif-1, the class III phosphatidylinositol
3-kinase is required for autophagy induction. Conversely, the
class I phosphatidylinositol 3-kinase-Akt/PKB-mTORpathway
suppresses autophagy by inactivating Atg1 protein kinase. The
initiation of autophagy is also negatively controlled by the phos-
phoinositide 3-phosphatase jumpy (37). The class III phospha-
tidylinositol 3-kinase inhibitor 3-MA and themTOR (mamma-
lian target of rapamycin) inhibitor rapamycin have been widely
used to inhibit and activate autophagy, respectively. As an
energy sensor, the AMP-activated protein kinase stimulates
autophagy likely through inhibiting mTOR signaling. Interest-
ingly, the antiapoptotic protein Bcl2 can inhibit autophagy
through binding and sequestering Beclin 1, leading to the
notion that the interaction between Bcl-2 and Beclin 1 may
function as a rheostat that maintains autophagy at levels that
are compatible with cell survival rather than cell death (38).
The transcription factor GATA4 regulates the expression of

various cardiac genes ranging from contractile proteins to pep-
tide hormones and transcription factors (39, 40). GATA4 plays
an important role in cardiac adaptive responses including car-
diac hypertrophy and survival (40–44). Importantly, genetic
deletion of GATA4 in the heart induces apoptosis and impairs
cardiac function (44), underscoring the requirement of GATA4
in maintaining cardiac homeostasis. Previous studies demon-
strate that DOX depletes GATA4 transcript and protein levels
in cardiomyocytes (26, 27). Preservation of GATA4 levels by
the �1-adrenergic agonist phenylephrine or overexpression of
GATA4 by adenovirus-mediated gene transfer prevents DOX-
induced cardiomyocyte death (26, 27, 45). The protective effect
of GATA4 against DOX cardiotoxicity is mediated at least in
part by its ability to up-regulate the gene expression of Bcl2
(46), a survival factor that inhibits both apoptosis and autoph-
agy.However, it is largely unknown ifGATA4 is able to regulate
autophagic activity as one of themechanisms by whichGATA4
attenuates DOX cardiotoxicity.

In the present study we examined the roles of autophagy and
GATA4 in DOX cardiotoxicity. Our results demonstrate that
DOX dramatically increases autophagic flux in cardio-
myocytes, which contributes to DOX cardiotoxicity. Increased
GATA4 expression inhibits DOX-induced autophagy and
reduces cardiomyocyte death, whereas GATA4 gene silencing
triggers autophagy and renders DOX more toxic, suggesting
that the cardioprotective effect of GATA4 can be explained
partly by its ability to inhibit DOX-induced autophagic activity
through modulating the expression of Bcl2 and autophagy-re-
lated genes.

EXPERIMENTAL PROCEDURES

Cardiomyocyte Cultures—Neonatal rat ventricular cardio-
myocytes were isolated from 0–2-day-old Harlan Sprague-Daw-
ley rat neonates using trypsin andDNase. The crude trypsinwas
used to dissociate the heart tissues, and DNase was used to
prevent cell clumping by digesting sticky DNA released from
lysed cells. After digestion of tissue, cells were preplated for 1 h
to remove non-myocytes and then plated on gelatinized cell
culture dishes and cultured overnight in Dulbecco’s modified
Eagle’s medium (DMEM) with 15% bovine serum and penicil-
lin/streptomycin (100 units/ml). The following day the cells
were cultured in DMEMmediumwith 1% bovine serum unless
otherwise indicated. All media contain penicillin and strepto-
mycin (100 units/ml) as well as 100 �M 5-bromo-2�-deoxyuri-
dine (BrdUrd, Sigma). BrdUrdwas used to inhibit the growth of
contaminating nonmyocytes including fibroblasts.
Drug Treatments—DOX and 3-MA were purchased from

Sigma. Rapamycin (Rap) and bafilomycin A1 (BFA) were
obtained from LC laboratories. DOX was dissolved in saline
and used at 1 �M to induce autophagy and cardiomyocyte
death. Rap is a well characterized inhibitor ofmTOR complex 1
that can induce autophagy. Rap was dissolved in ethanol and
used at 100 nM. 3-MA is a class III phosphatidylinositol 3-kinase
inhibitor that inhibits autophagy initiation and was used at 2.5
mM. This dose of 3-MA effectively inhibits autophagy without
causing cell injury and is much smaller than 10 mM, which was
used in most cell culture studies and may have a number of
nonspecific effects (33). BFA is a potent and specific inhibitor of
vacuolar proton ATPase that prevents maturation of autoph-
agic vacuoles by inhibiting fusion between autophagosomes
and lysosomes. BFA (50 nM in dimethyl sulfoxide, DMSO) was
added to culture dishes 6 h before harvesting cells for mea-
suring autophagic flux.
Western Blot Analysis—Protein extracts from cultured car-

diomyocytes were prepared as described previously (47). Pro-
tein samples were subjected to polyacrylamide gel electro-
phoresis, transferred to polyvinylidene difluoride membranes
(GEHealthcare), and blocked in 5%milk for 1 h.We purchased
primary antibodies from several vendors including Abgent
(SQSTM1/p62), Research Diagnostics (GAPDH), Santa Cruz
(GATA4, Bcl2, and Beclin 1), and Cell Signaling, MA (LC3,
cleaved caspase 3, poly(ADP-ribose) polymerase (PARP), Akt,
phospho-Akt-Ser-473, phospho-Akt-Thr-308, FoxO1, phos-
pho-FoxO1/3a, mTOR, phospho-mTOR-Ser-2448, p70 S6
kinase, phospho-p70 S6 kinase-Thr-389, 4E-BP1, and phos-
pho-4E-BP1-Thr-37/46). Primary antibodies were incubated
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overnight at 4 °C in 2.5% milk. A horseradish peroxidase-con-
jugated secondary antibody was incubated for 1 h at room tem-
perature in 2.5% milk and processed for chemiluminescent
detection using an ECL Advanced Western blotting kit (GE
Healthcare). Protein abundance on Western blots was quanti-
fied by densitometry with the Quantity One program from
Bio-Rad.
Immunoprecipitation (IP)—Cardiomyocytes were lysed and

sonicated in IP buffer: 40 mM Tris-HCl (pH 7.4), 137 mMNaCl,
25 mM sodium �-glycerophosphate, 2 mM sodium pyrophos-
phate, 2 mM EDTA, 1 mM sodium vanadate, 10% glycerol con-
taining 1% Triton X-100, and Protease Inhibitor Mixture
(Sigma). Homogenates were cleared by centrifugation for 5min
at 15,000 � g at 4 °C. For immunoprecipitation, supernatants
containing 100 �g of proteins were incubated with anti-Bcl2
monoclonal antibody (Santa Cruz) for 16 h followed by incuba-
tionwith ProteinA/G-agarose beads (SantaCruz) for 1 h. Beads
were washed with IP buffer three times. Precipitants were sub-
jected to immunoblotting using anti-Beclin 1 antibody.
Construction and Utilization of Replication-deficient Adeno-

viruses—Adenovirus expressing �-galactosidase (Ad�gal) or
GATA4 (AdG4) has been described previously (41). Adenovi-
rus harboring Bcl2 (AdBcl2) was purchased from Vector Bio-
labs (Philadelphia, PA). Adenovirus encoding GFP-LC3 was
kindly provided by Dr. Tolkovsky (48). Adenovirus expressing
short hairpinRNA targeted atmouse and ratGATA4 (AdshG4)
was created as described (46). Control short hairpin RNA
(shRNA) adenovirus (AdshCon) was generated by cloning an
small interfering RNA (siRNA) sequence not having any pre-
dicted sequence matches to coding regions in mouse or rat
genomes (46). Adenovirus encoding Beclin 1 (AdBCN) was
constructed using AdEasy Adenoviral Vector System (Strat-
agene). The FLAG-tagged human Beclin 1 cDNAwas provided
by Dr. Yuan (49) and cloned into Pshutle vector, which then
underwent homologous recombination with adenoviral
genome lacking E1 and E3 sequences. The recombinant was
packaged and amplified in AD-293 cells. We used the
BLOCK-iT Adenoviral RNAi Expression System (Invitrogen)
to construct the adenoviral vector that harbors the shRNA tar-
geting rat Beclin 1 mRNA (AdshBCN). Briefly, we cloned dou-
ble-stranded oligonucleotide duplexes encoding rat-specific
shBCN1 into RNAi entry vector (pENTR/U6). The shBCN1
duplexes contain oligos CACCGCTCAGTACCAGCGAGAA-
TATCGAAATATTCTCGCTGGTACTGAGC and AAAAG-
CTCAGTACCAGCGAGAATATTTCGATATTCTCGCTG-
GTACTGAGC (the underline indicates sequences directed
against Beclin 1). LR clonase was then used to transfer the
shBCN1 expressing cassette to the promoterless Gateway des-
tination cloning vector pAd/BLOCK-iT-DEST. The pAd/
BLOCK-iT-DEST vector containing the shBCN1 expression
cassette was transfected into 293A cells to produce the replica-
tion-incompetent adenovirus (AdshBCN).
Unless otherwise indicated, cardiomyocytes were infected

with each adenovirus at a multiplicity of infection of 100
plaque-forming units for 2 h and then cultured in DMEM
media containing 1% bovine serum for an additional 24 h in the
case of AdG4, AdBCN, AdBcl2, AdGFP-LC3, or Ad�gal and

48 h in the case of AdshG4, AdshBCN, or AdshCon before
treatment with DOX and other drugs.
Gene Silencing with siRNA—Two different pre-designed siRNAs

targeting rat Bcl2 mRNA (1 and 2) and a Silencer Negative
Control siRNA #1 (AM4635) were obtained from Ambion
(Austin, TX). siRNA transfection was performed using Lipo-
fectamine RNAiMAX according to themanufacturer’s instruc-
tions (Invitrogen). Briefly, 0.7 � 106 cardiomyocytes were
transfected in 3 ml of serum-free and antibiotics-free DMEM
containing 500 �l of Opti-MEM (Invitrogen), 6 �l of Lipo-
fectamine RNAiMAX, and 50 nmol/liter concentrations of
each siRNA. The media were replaced 24 h later with fresh
serum-free DMEM. After another 36 h, the cells were har-
vested, and gene silencing efficiency was evaluated.
Cell Death and Survival Assays—Cardiomyocyte death was

measured by staining with propidium iodide (PI, 1 �g/ml,
Roche Applied Science) that was added directly to the culture
medium. PI enters dead cells through disrupted membranes to
bind to DNA. Myocytes were photographed under both phase
contrast and fluorescent conditions. The PI-positive cells (red)
were expressed as a percentage of the total number of cells (200
to 250 counted under phase contrast). Cell survival was deter-
mined with a thiazolyl blue tetrazolium bromide (MTT) assay
as described (50). Briefly, cardiomyocytes were seeded at a den-
sity of 10,000 cells/well in 96-well plates. After all treatments,
20 �l of MTT (M5655 Sigma, 5 mg/ml in phosphate-buffered
saline) was added to each well. The cells were incubated for 3 h.
At this time themediawere removed fromeachwell, and 100�l
of DMSOwas added and incubated for 5 min. The absorbance,
which is directly proportional to the number of living cells in
the culture, was measured at 550 nm using a Thermomax
microplate reader fromMolecularDevices. AblankwithDMSO
alone was taken and subtracted from all values. The number of
viable cells was calculated with a standard curve derived from a
suite of wells with given numbers of cells.
Apoptosis Assays—DOX-induced apoptosis was determined

by DNA laddering assay and the cleavage of caspase 3 and
PARP. For DNA laddering assay, the cells were harvested, and
DNA was extracted. A semiquantitative PCR-based DNA lad-
dering kit from Maxim Biotech, Inc. (San Francisco, CA) was
used to assess the degree of apoptosis. Cleaved caspase 3 and
PARP were determined by Western blot analysis.
Semiquantitative Reverse Transcriptase-PCR—The reverse

transcriptase-PCR was carried out using the TaqMan reverse
transcription reagents (Applied Biosystems, Foster city, CA).
Briefly, 1 �g of total RNA isolated with TRIZOL reagent
(Invitrogen) from cardiomyocytes was used for first-strand
cDNA synthesis in a 20-�l reaction volume containing 50 pmol
of oligo(dT)16 as the primer. Then 2 �l of the reverse transcrip-
tion reactionwas used for PCR amplification in a 50-�l volume.
Aliquots of PCR reaction were taken at different cycles for aga-
rose gel analysis to determine the linear range of amplification.
The gene-specific primers for GATA4, Bcl2, ATG7, Beclin 1, or
GAPDH were derived from mouse mRNA sequences, but they
are 100% homologous to rat sequences, some of which were
described previously (46). The primer sequences for ATG5 and
ATG12 are designed based on rat mRNA sequences. The
primer sequences are as follows: ATG5 forward (5�-CCCTCC-
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AGAAGAAAATGGAT) and reverse (5�-ATAGCTCAGAT-
GCTCGCTCA); ATG12 forward (5�-TTCGGTTGCAGTTT-
CGCC) and reverse (5�-CCATGCCTGTGATTTGCAGTA);
ATG7 forward (5�-TGTCAGCCTGGCATTTGATAA) and
reverse (5�-TCACTCATGTCCCAGATCTCA); Beclin 1 for-
ward (5�-GACAAATCTAAGGAGTTGCCG) and reverse
(5�-AGAACTGTGAGGACACCCA).
Statistical Analysis—Quantitative data were presented as the

means � S.E. Differences between experimental groups were
evaluated for statistical significance using one-way or two-way
analysis of variance (ANOVA) followed by the Tukey post-test
using Prism software (GraphPad). Student’s t tests for paired
data were also used in some cases as indicated. p values � 0.05
were considered statistically significant.

RESULTS

DOX InducedAutophagy inCardiomyocytes—DOX-induced
cardiotoxicity is associated with the depletion of a variety of
long- and short-lived proteins (26–29, 51, 52), indicating an
activation of protein degradation systems including the ubiq-
uitin proteasome system (30) and autophagy (31). When auto-
phagy is induced, microtubule-associated protein light chain 3
(LC3), encoded by autophagy-related gene ATG8, is processed
from LC3-I (18 kDa) to LC3-II (16 kDa) and incorporated into
autophagic vacuoles (AVs) (53). The levels of LC3-II are pro-

portional to the number of accumu-
lated AVs. To determine whether
DOX could induce autophagy in
neonatal rat ventricular cardio-
myocytes, we cultured the cells in
DMEM with 1% bovine serum,
treated the cells with DOX (1 �M)
for 18 h, and then measured LC3-II
levels. Indeed,Western blot analysis
showed an increased formation of
LC3-II after DOX treatment, sug-
gesting autophagy activation (Fig.
1A, compare lanes 1 and 3). Because
the steady state levels of LC3-II or
the number of AVs are the net effect
of both AV formation and degrada-
tion, a more accurate measurement
of autophagy activity is autophagic
flux. It reflects the number of AVs
that are delivered to and degraded
in the lysosome and can be mea-
sured by the difference in numbers of
AVs or levels of LC3-II protein in
the absence and presence of lyso-
somal inhibitors (54). To determine
whether DOX-induced accumula-
tion of LC3-II is caused by enhanced
autophagic flux rather than an
impaired degradation, we treated
cells with DOX in the absence or
presence of the lysosomal inhibitor
BFA. As shown in Fig. 1A, steady
state levels of LC3-II were increased

in DOX-treated cells compared with those in untreated cells
(lane 3 versus lane 1). Further treatment with BFA led to an
even larger increase of LC3-II in DOX-treated cells than in
control cells (lane 4 versus lane 2), indicating that DOX accel-
erated autophagic flux in cardiomyocytes, as quantified by the
difference of LC3-II in the absence and presence of BFA (Fig.
1B, control 0.69 � 0.10 versus DOX 1.89 � 0.02, p � 0.01, n �
3). We also determined p62 protein levels to assess autophagic
flux. p62/SQSTM1 is a polyubiquitin-binding protein that is
degraded by autophagy, and its protein levels are inversely
related to autophagy activity (18, 54, 55). As shown in Fig. 1A,
DOX decreased p62 levels. However, BFA treatment led to an
accumulation of p62 due to the blockage of lysosomal degrada-
tion, further supporting the conclusion that DOX increased
autophagic activity.
In addition, DOX-induced autophagic flux was also deter-

mined using the GFP-LC3 fusion protein, an autophagy
reporterwidely used to visualizeAV formation upon autophagy
induction (33, 56).We infected cardiomyocytes with an adeno-
virus expressingGFP-LC3 and treated themwithDOXor saline
in the absence or presence of BFA. Images of GFP-LC3 were
captured at 600� using an FV1000 Olympus confocal micro-
scope. In saline-treated control cardiomyocytes, GFP-LC3
showed a diffuse staining pattern. However, upon DOX treat-
ment, GFP-LC3 displayed numerous punctate structures or

FIGURE 1. DOX induced autophagy in cardiomyocytes. Neonatal rat cardiomyocytes were cultured in DMEM
with 1% bovine serum and treated with DOX (1 �M) for 18 h. A, Western blots show protein levels of LC3-II and
p62 in the absence and presence of the lysosome inhibitor BFA (50 nM). B, DOX increased autophagic flux (DOX
1.89 � 0.02 versus control (CON) 0.69 � 0.10), which is defined by the difference in LC3-II protein levels in the
absence and presence of BFA. Data are expressed as the mean � S.E. LC3-II levels were analyzed by 2-way
ANOVA, and autophagic flux was analyzed by paired Student’s t tests (n � 4). C, DOX induced accumulation of
AVs. Cardiomyocytes were infected with AdGFP-LC3 and treated with DOX or saline in the absence or presence
of BFA. Upon DOX treatment, GFP-LC3 formed punctate structures or dots, indicative of AVs. The green fluo-
rescent images were converted to black/white for clarity. The scale bar is 20 �m. D, DOX increased autophagic
flux as calculated by AV-positive cells with and without BFA (DOX 26.6 � 1.9 versus CON 14.5 � 0.4). The
autophagic flux is the difference in the number of AV positive cells in the absence and presence of BFA. The AV
positive cells were expressed as the percentage of cells that have �40 GFP-LC3 dots over the number of total
GFP-expressing cells examined. Roughly 200 cells/6-cm plate were counted. Data were expressed as the
mean � S.E., and autophagic flux was analyzed by paired Student’s t tests (n � 3). Rap and 3-MA were used as
known autophagy inducer and inhibitor, respectively.

GATA4 Inhibits Autophagy and Cardiomyocyte Death

796 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 1 • JANUARY 1, 2010



dots in the cytoplasm that are indicative of AV formation (Fig.
1C). BFA treatment not only induced accumulation of AVs in
control cells but also caused a further increase in the number of
AVs in DOX-treated cells (Fig. 1C), suggesting enhanced auto-
phagic flux by DOX.We counted cells with more than 40 GFP-
LC3 dots, an arbitrary cut-off number that defines a cell as
positive for increased AVs. At base line, there were 12.5 �
0.21% of AV-positive cells, whichwas increased to 27� 1.9% by
BFA, resulting in an autophagic flux of 14.5. By contrast, DOX
caused 32.3 � 1.9% of AV-positive cells, which was further ele-
vated to 58.9� 0.9% by BFA, giving rise to a flux of 26.6, almost
doubled as compared with base-line flux (Fig. 1D). Together,
these results clearly demonstrated that DOX increased AVs by
promoting its formation but not by blocking its degradation. As
a positive control, Rap increased GFP-LC3 dots, which was fur-
ther elevated by BFA, whereas 3-MA, a class III phosphatidyl-
inositol 3-kinase inhibitor, inhibited AV accumulation with or
without BFA treatment (Fig. 1D).
Enhanced Autophagy Contributed to DOX-induced Car-

diomyocyte Death—Autophagy could be either protective or
detrimental depending on several factors, especially the nature
and intensity of the stimuli (20, 25). To determine whether
DOX-induced autophagy is an adaptive survival response or a
part of mechanism that mediates DOX cardiotoxicity, we
manipulated autophagic activity using either pharmacologic or
genetic approaches. We then evaluated DOX-induced car-
diomyocyte death (Fig. 2) by PI staining, which estimates the

number of dead cells regardless of the cause of death, and an
MTT assay, which measures the number of cells that survive
DOX toxicity. Apoptosis was determined by DNA laddering
and cleaved PARP and caspase 3. As expected, DOX treatment
(1�M for 18 h) led to increased PI-positive cells (Fig. 2,A andB),
decreased viable cells (Fig. 2C), increased cleavage of PARP and
caspase 3 (Fig. 2D), and enhanced DNA laddering (Fig. 2E),
demonstrating the sufficiency of DOX to induce both necrosis
and apoptosis in cardiomyocytes. However, DOX-induced cell
deathwasmarkedly exacerbated by Rap (100 nM), an autophagy
inducer, and attenuated by 3-MA (2.5mM), an autophagy inhib-
itor. Rap or 3-MAwas added at the same time with DOX to the
culture dish. Neither Rap nor 3-MA alone induced cell death at
the dose used despite the ability of either to enhance and inhibit
DOX-induced autophagy, respectively, as shown by p62 pro-
tein levels (Fig. 2D). These results suggest that activation of
autophagy is detrimental contributing to DOX cardiotoxicity.
To eliminate the potential nonspecific effects of Rap and

3-MA, we used adenoviral vectors to deliver a FLAG-tagged
human Beclin 1 cDNA (AdBCN) or a shRNA against rat Beclin
1 mRNA (AdshBCN) to genetically achieve gain- or loss-of-
function of autophagy in cardiomyocytes. Adenovirus express-
ing �-galactosidase or a scrambled short hairpin RNA (shCon)
was used as the control. Infection of cardiomyocytes with
AdBCN or AdshBCN led to increased (Fig. 3A) or diminished
(Fig. 3B) protein levels of Beclin 1, which was associated with
enhanced or inhibited autophagic flux, respectively, as indi-

FIGURE 2. Rap enhanced DOX toxicity, whereas 3-MA attenuated it. Cardiomyocyte were treated with DOX and Rap (100 nM) or 3-MA (2.5 mM) for 18 h, and
cardiomyocyte death was determined by PI staining (A and B), MTT assay (C), cleavage of PARP (cPARP) and caspase 3 (cCasp3, D), and DNA laddering (E). Data
in B and C were expressed as mean � S.E. and analyzed by one-way ANOVA (n � 3). The scale bars in A represent 200 �m.
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cated by the difference in protein levels of LC3-II and p62 in the
absence and presence of BFA (�-galactosidase 0.83 � 0.30 ver-
sus BCN 2.00 � 0.34, p � 0.05, n � 6; shCon 1.34 � 0.23 versus
shBCN 0.45 � 0.33, p � 0.05, n � 3). Autophagic flux was also
determined in cardiomyocytes co-infected with AdGFP-LC3
and one of the four adenoviruses expressing �-galactosidase,
BCN, shCon, or shBCN.AdBCN increased the number of GFP-
LC3 dots at base line, which was further elevated by BFA treat-
ment. By contrast, AdshBCN reduced the number of GFP-LC3
dots regardless of BFA treatment (data not shown), consistent
with autophagic flux measured with endogenous LC3-II.
Remarkably, although AdBCN or AdshBCN alone did not
affect cell viability at base line, DOX-induced cardiomyocyte
death was notably aggravated by AdBCN-directed overexpres-
sion of Beclin 1 and attenuated by AdshBCN-mediated Beclin 1
gene knockdown as shown by PI-positive cells (Fig. 3C), MTT
assay (Fig. 3D), cleavage of PARP and caspase 3 (Fig. 3E), and
DNA laddering (Fig. 3F). These results lend further support to
the conclusion that DOX-induced autophagy is detrimental
and contributes to DOX-induced cardiomyocyte death.
DOX-induced AutophagyWas Associated with Depleted Pro-

tein Levels of GATA4—Previous studies demonstrated that
DOX depletes GATA4 transcript and protein levels in cultured
cardiomyocytes (26, 27). Preservation or overexpression of
GATA4 prevents DOX-induced cardiomyocyte death (26, 27,

45), suggesting GATA4 depletion as a critical determinant of
DOX cardiotoxicity. We determined if GATA4 depletion and
autophagy induction, two important events both contributing
to DOX cardiotoxicity, were temporally linked to each other.
Cardiomyocytes were treatedwithDOX for different time peri-
ods to assess the time course of autophagy activation (Fig. 4).
The LC3-IIwas increased as early as 1–3h afterDOX treatment
and remained elevated throughout the 18-h treatment dura-
tion. Conversely, p62 was reduced, albeit starting at a later time

FIGURE 3. Increased Beclin 1 (BCN1) aggravated DOX toxicity, but knockdown BCN1 reduced it. Cardiomyocytes were infected with AdBCN or AdshBCN
for 24 or 48 h and then treated with DOX (1 �M) for another 18 h. Increased Beclin 1 expression accelerated autophagic flux (A, BCN1 2.0 � 0.34 versus
�-galactosidase 0.83 � 0.30), whereas knocking down Beclin 1 reduced it (B, shBCN1 0.45 � 0.33 versus shCon 1.34 � 0.23), as indicated by the difference in
protein levels of LC3-II in the absence and presence of BFA. Densitometry data were the mean � S.E. (n � 6 for BCN1 and 3 for shBCN1) and were analyzed with
two-way ANOVA followed by paired Student’s t tests. Beclin 1 overexpression exacerbated DOX-induced cell death, and knocking down Beclin 1 reduced it, as
determined by PI staining (C), MTT assay (D), cleavage of PARP (cPARP) and caspase 3 (cCasp3, E), and DNA laddering (F). Data in C and D were expressed as the
mean � S.E. and were analyzed by one-way ANOVA (n � 6 for BCN and 3 for shBCN1).

FIGURE 4. DOX-induced autophagy was associated with depleted protein
levels of GATA4. Cardiomyocytes were treated with DOX for different time
periods and then harvested for Western blot analysis. The increase in LC3-II
levels was temporally linked with reduced p62 and diminished GATA4 pro-
tein levels.
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point, suggesting that DOX quickly induced autophagy, and its
activity was sustained for a long period of time. Interestingly,
the protein level of cathepsin D, a lysosomal protease, was not
increased until 12 h after DOX treatment, suggesting that the
increase in lysosome enzyme follows autophagy induction to
contribute to enhanced lysosomal degradation. Importantly,
GATA4 protein levels began to decrease as early as 1–3 h and
were completely depleted by 18 h post-DOX treatment,
demonstrating an intimate temporal relationship between
diminished GATA4 and autophagy induction. However, it is
unknown whether these two events were functionally asso-
ciated or they just happened to exist in parallel without any
cross-talk.
Overexpression of GATA4 Inhibited DOX-induced Autoph-

agy and Cardiomyocyte Death—Depletion of GATA4 is a dis-
tinct feature of DOX cardiotoxicity, and overexpression of
GATA4 can protect cardiomyocytes against DOX-induced cell
death (26, 27, 45). However, the underlying mechanisms that
mediate the protective effects of GATA4 are not well under-
stood.Given that Bcl2, a downstreameffector ofGATA4 (46), is
able to inhibit autophagy and that GATA4 depletion and auto-
phagy induction are intimately linked, we tested the possibility
that GATA4 may affect autophagic activity to attenuate DOX
cardiotoxicity. Cardiomyocytes were infected with adenovirus
expressing GATA4 or �-galactosidase for 24 h and then cul-

tured in serum-free media overnight to induce base-line auto-
phagy. As shown in Fig. 5A, overexpression of GATA4 slightly
reduced LC3-II levels at base line but markedly attenuated
BFA-induced accumulation of LC3-II. Specifically, autophagic
flux, measured by the difference of LC3-II in the absence and
presence of BFA, was substantially reduced in AdG4-infected
cells relative to Ad�gal-infected cells (�-galactosidase 0.86 �
0.12 versus GATA4 0.51 � 0.14, p � 0.05, n � 3). This was
supported by a similar change pattern in p62 protein levels.
Furthermore, GATA4-inhibited autophagic flux was deter-
mined by the difference in GFP-LC3 dots in the presence and
absence of BFA. Cardiomyocytes were co-infected with
AdGFP-LC3 and Ad�gal or AdG4 and treated with BFA and
DOX separately or in combination. Similar to endogenous
LC3-II levels, the number of GFP-LC3 dots in Ad�gal-infected
cells was substantially reduced in AdG4-infected cells either
with or without BFA or DOX treatment (data not shown), val-
idating the capacity of GATA4 to inhibit base-line or DOX-
induced autophagy.
To determine the ability of GATA4 to inhibit DOX-induced

cell death, cardiomyocytes were infected individually with
Ad�gal, AdG4, and AdBCN1 or co-infected with AdG4 and
AdBCN1. Overexpression of GATA4 dramatically attenuated
DOX-induced cardiomyocyte death as shown by decreased PI-
positive cells (Fig. 5B), increased living cells (Fig. 5C), reduced

FIGURE 5. Overexpression of GATA4 inhibited DOX-induced autophagy and cardiomyocyte death. Cardiomyocytes were infected with Ad�gal or AdG4
and then treated with DOX for 18 h. A, Western blots show LC3-II and p62 levels (left), and a bar graph demonstrates autophagic flux index (�-galactosidase
(�-gal) 0.86 � 0.12 versus G4 0.51 � 0.14) as indicated by the difference in protein levels of LC3-II in the absence and presence of BFA (right). Densitometry data
were the mean � S.E. (n � 3) and were analyzed with two-way ANOVA followed by paired Student’s t tests. Cardiomyocyte death was determined by PI staining
(B), MTT assay (C), cleavage of PARP (cPARP) and caspase 3 (cCasp3, D), and DNA laddering (E). Data in B and C were expressed as the mean � S.E. and analyzed
by one-way ANOVA (n � 3). Con, control.
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cleavage of PARP and caspase 3 (Fig. 5D), and attenuated DNA
laddering (Fig. 5E). Furthermore, overexpression of FLAG-
tagged human Beclin 1 exacerbated DOX-induced cell death,
and this effect was almost completely blocked by GATA4, sup-
porting the notion that the protective effect of GATA4 is medi-
ated by its capacity to inhibit autophagy.
Knocking Down GATA4 with shRNA Triggered Autophagy

and Exacerbated DOX-induced Cardiomyocyte Death—DOX
depleted GATA4 protein levels (Fig. 4), which contributed to
DOX cardiotoxicity, as preservation of GATA4 not only inhib-
ited autophagy but also blocked DOX-induced myocyte death
(Fig. 5). However, it was still unclear whetherGATA4depletion
contributed to DOX-induced autophagy or whether it was just
an incidental bystander that had nothing to do with autophagy
induction. To address if GATA4 depletion per se can induce
autophagy in cardiomyocytes, we knocked downGATA4 levels
using an adenovirus that encodes a shRNA targeting GATA4
(shG4). Cardiomyocytes were infected with AdshG4 or AdshCon
and cultured in DMEM with 1% bovine serum for 48 h. As
shown in Fig. 6A, shG4 led to a nearly complete depletion of
GATA4 protein levels that was accompanied by a roughly 90%
reduction in Bcl2 and 2-fold increase in Beclin 1 levels. Remark-
ably, shG4-mediatedGATA4depletion induced significant lev-
els of autophagy as indicated by increased LC3-II accumulation

and enhanced p62 degradation. This was further validated by
increased autophagic flux when cells were treated with BFA, as
expressed by the difference of LC3-II in the absence and pres-
ence of BFA (Fig. 6B, shCon 0.69 � 0.26 versus shG4 1.67 �
0.19, p � 0.05, n � 3). Autophagic flux was also determined in
AdGFP-LC3-infected cells. The results showed that shG4
increased the number of GFP-LC3 dots at base line, which was
further elevated by BFA treatment (data not shown).
Besides autophagy induction, the functional significance of

GATA4 knockdown was evaluated by cell death and survival
assays. We found that shG4 slightly but significantly increased
cell death, as indicated by PI-positive cells (Fig. 6C), and cleaved
PARP and caspase 3 (Fig. 6E) and DNA laddering (Fig. 6F)
despite that MTT assay revealed only a trend toward reduced
viable cells (Fig. 6D). Nonetheless, shG4 dramatically aggra-
vated DOX-induced cardiomyocyte death as shown by all the
parameters measured (Figs. 6, C–F). The results suggested that
GATA4 knockdown triggered autophagy and sensitized car-
diomyocytes to DOX toxic effects. Not surprisingly, inhibition
of autophagy by 3-MA significantly attenuated the cell death
effects induced by DOX and shG4 either alone or in combina-
tion (Figs. 6, C–F), suggesting that autophagy induction con-
tributed significantly to GATA4 gene silencing and/or DOX-
induced cardiomyocyte death.

FIGURE 6. Knocking down GATA4 triggered autophagy and exacerbated DOX-induced cardiomyocyte death. Cardiomyocytes were infected with
AdshG4 or AdshCon for 48 h and then treated with DOX for 18 h. A, Western blots show LC3-II and p62 protein levels. B, shown is quantification of autophagic
flux index (shCon 0.69 � 0.26 versus shG4 1.67 � 0.19) as determined by the difference in protein levels of LC3-II in the absence and presence of BFA.
Densitometry data are the mean � S.E. (n � 3) and were analyzed with two-way ANOVA followed by paired Student’s t tests. Cardiomyocyte death was
determined by PI staining (C), MTT assay (D), cleavage of PARP (cPARP) and caspase 3 (cCasp3, E), and DNA laddering (F). Data in C and D are expressed as the
mean � S.E. and were analyzed by one-way ANOVA (n � 3). Con, control.
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GATA4 Regulated the Expression of Bcl2 and Autophagy-re-
lated Genes—Overexpression of GATA4 inhibited both base-
line and DOX-induced autophagy (Fig. 5), whereas GATA4
gene silencing triggered autophagy exacerbating DOX cardio-
toxicity (Fig. 6), demonstrating GATA4 as a negative regulator
of autophagy. However, it remained unclear how GATA4
achieved its inhibitory effect on autophagy.GATA4 is a positive
transcription regulator of many cardiac genes including Bcl2
(46), a factor with both anti-apoptotic and anti-autophagic
activities. Indeed, overexpression of GATA4 up-regulated Bcl2
protein levels (Fig. 5A), whereas GATA4 knockdown depleted
Bcl2 protein contents (Fig. 6A), confirming that GATA4 is both
sufficient and necessary for Bcl2 gene expression. Thus, it is
reasonable to assume thatGATA4 regulates autophagic activity
at least partially through its downstream effector Bcl2. If this is
true, DOX-induced GATA4 depletion should lead to dimin-
ished Bcl2 levels. As shown in Fig. 7, DOX-induced GATA4
depletion was indeed followed by a reduction in Bcl2 protein
levels. Despite that the diminished Bcl2 may not be responsible
for initiating autophagy upon exposure to DOX, as the reduc-
tion in Bcl2 lagged behind the increase in LC3-II, it may still
exacerbate DOX-induced myocyte death.
We also examined if DOX-induced autophagy correlated

with changes in the expression of autophagy-related genes and
if GATA4 could regulate these genes to inhibit DOX-induced
autophagy. Not surprisingly, the protein levels of Beclin 1 were
increased as early as 1 h after DOX treatment (Fig. 7), which
correlated with increased LC3-II levels and were inversely
related to GATA4 protein contents throughout the 18-h treat-
ment period. The result suggested that GATA4may negatively
regulate the expression of ATG genes, including Beclin 1, to
inhibit autophagy. Therefore, we determined if GATA4 can
affect mRNA expression of several ATG genes encoding pro-
teins essential for autophagy induction and the generation and
maturation of autophagosomes. As shown by semiquantitative
reverse transcriptase-PCR in Fig. 8A, although overexpression
of GATA4 was unable to affect mRNA expression of ATG5, -7,
-12, andBeclin 1 at base line, it abolishedDOX-induced expres-
sion of these ATG genes, suggesting that GATA4 may serve as
a brake to prevent abnormal activation of these ATG genes

under stress conditions. If this is true, releasing the brakewould
allow excessive expression of these genes. Indeed, knocking
down GATA4 with shRNA led to dramatically increased
mRNA levels of ATG5, -7, -12 and Beclin 1(Fig. 8B), reinforcing
a brake role for GATA4 in maintaining the expression of ATG
genes within homeostatic levels. These results suggest that
DOX-induced GATA4 depletion disrupted the normal brake
function of GATA4, permitting an unchecked up-regulation of
ATG genes and, thus, induction of autophagy.
Bcl2 Mediated the Anti-autophagic Effect of GATA4—

GATA4 is sufficient and necessary for Bcl2 gene expression,
suggesting Bcl2 as a potential downstream effector of GATA4
that mediates the anti-autophagic effect of GATA4. The ability
of Bcl2 to inhibit autophagy ismediated partly by its interaction
with Beclin 1. Therefore, we performed IP to test if GATA4
overexpression can enhance the interaction between Bcl2 and
Beclin 1. As shown in Fig. 9A, co-IPwith Bcl2 antibodies indeed
pulled down more Beclin 1 in AdG4-infected cardiomyocytes
than in Ad�gal-infected cells, confirming that GATA4 in-
creases Beclin 1 sequestration by Bcl2, likely due to increased
availability of Bcl2. To further test the role of Bcl2 in GATA4-
induced autophagy inhibition, we determined if diminished
Bcl2 levels could attenuate or abolish the ability of GATA4 to
inhibit autophagy. We used two different siRNAs against rat
mRNA sequence (siBcl2) to knock down Bcl2 in cardio-
myocytes. As shown in Fig. 9B, both siRNAs were able to knock
down Bcl2 protein levels in a dose-dependent manner, with
siBcl2 #2 having a higher efficiency. Cardiomyocyte were
infected with Ad�gal or AdG4 and then followed by siRNA
transfection with a Silencer Negative Control siRNA (siCon) or

FIGURE 7. DOX-induced elevation of LC3-II was temporally associated
with depleted levels of GATA4 and Bcl2 but increased levels of Beclin 1
and FoxO1. Cardiomyocytes were treated with DOX for different time peri-
ods and then harvested for Western blot analysis.

FIGURE 8. GATA4 regulated the expression of Bcl2 and autophagy-re-
lated genes. A, cardiomyocytes were infected with Ad�gal or AdG4 and then
treated with DOX for 18 h. B, cardiomyocytes were infected with AdshG4 or
AdshCon for 48 h. The mRNA expression of Bcl2 and several autophagy-re-
lated genes under both conditions were determined by semi-quantitative
reverse transcriptase-PCR.
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amixture of the two siBcl2 (#1 and #2, each used at 50 nM). The
ability of GATA4 to inhibit autophagy was determined 48 h
later. Expectedly, adenovirus-mediated overexpression of
GATA4 up-regulated Bcl2 protein levels and inhibited autoph-
agic flux, as shown by the difference in LC3-II levels in the
absence and presence of BFA (Fig. 9C). However, knocking
down Bcl2 with siRNA markedly attenuated the inhibitory
effect of GATA4 on autophagy, indicating that Bcl2 indeed

partly mediates the anti-autophagic effects of GATA4. In addi-
tion, to determine whether GATA4 depletion-induced autoph-
agy could be attributed to diminished Bcl2 levels, we knocked
down GATA4 for 48 h with shG4 and then overexpressed Bcl2
in cardiomyocytes. As shown in Fig. 9D, GATA4 gene silencing
by AdshG4 reduced Bcl2 levels and concurrently triggered
autophagy as indicated by LC3-II contents with and without
BFA. However, this effect was reversed by late Bcl2 overexpres-
sionwith AdBcl2, supporting a role for reduced Bcl2 inGATA4
knockdown-induced autophagy. Together, these results sug-
gest that the anti-autophagic effect of GATA4 is mediated at
least in part by its downstream effector Bcl2.

DISCUSSION

Oxidative stress due to unopposed ROS generation has been
thought to be the major mechanism responsible for DOX car-
diotoxicity. Nevertheless, clinical trials have shown very limited
efficacy of antioxidant therapy in patients (9–13), suggesting
that further studies are needed to identify additional mecha-
nisms that may contribute to DOX cardiotoxicity. DOX
depletes the transcription factor GATA4 in cardiomyocytes
(26, 27), and restoration of GATA4 levels prevent DOX-in-
duced cardiomyocyte death (26, 27, 45). However, it remains
unclear how GATA4 could provide protection against DOX
cardiotoxicity. In the present study we demonstrate that the
cardioprotective effect of GATA4 is mediated at least partly by
its ability to inhibit DOX-induced autophagy throughmodulat-
ing the expression of Bcl2 and autophagy-related genes.
Autophagy has long been depicted as a survival pathway that

allows the cell to maintain energy production under various
starvation and stress conditions (15). However, autophagy has
also been shown to contribute to cell death in other contexts,
suggesting autophagy as a double-edged sword that could be
either protective or detrimental, depending on the particular
cell type, the subcellular environment, the nature and intensity
of the stimulus, and the levels of autophagy induced (20, 25, 57).
Thus, the functional significance of autophagy induction has to
be determined individually within the specific context under
study. Added to the complexity, autophagy is often associated
with apoptosis, a form of programmed cell death, making it
more difficult to determine the role of autophagy in cell survival
and death. The interaction of autophagy and apoptosis has been
characterized into three different types (57); both autophagy
and apoptosis can act as partners to coordinately induce cell
death, autophagy acts as an antagonist to block apoptotic cell
death by promoting cell survival, or autophagy acts as an
enabler of apoptosis that permits apoptosis to occur without
leading to death in itself. In the present study we show that
DOXdramatically increased autophagic flux in cardiomyocytes
(Fig. 1), which was associated with elevated cell death, as mea-
sured by PI staining, the MTT assay, which report cell death
regardless of the cause, DNA laddering, and cleavage of caspase
3 and PARP, which indicate apoptosis. To tease out the role of
autophagy in DOX-induced cardiomyocyte death, we manipu-
lated autophagic activity using both pharmacologic and genetic
approaches.We revealed that inhibition of autophagy by 3-MA
orBeclin 1 knockdown resulted in significant attenuation of cell
death (Figs. 2 and 3). Conversely, activation of autophagy by

FIGURE 9. Bcl2 mediated the anti-autophagic effect of GATA4. A, increased
GATA4 enhanced the interaction between Bcl2 and Beclin 1. Cardiomyocytes
were infected with Ad�gal or AdG4, and protein samples were prepared 24 h
later. 100 �g of protein was used for co-IP with Bcl2 antibodies (left panel), and
10 �g of protein was used as the input control (right panel). IB, immunoblot-
ting. B, two different siRNAs against rat Bcl2 mRNA sequence (siBcl2) were
transfected into cardiomyocytes. Both siRNAs were able to knock down Bcl2
protein levels in a dose-dependent manner, with siBcl2 #2 having a higher
efficiency. C, cardiomyocytes were infected with Ad�gal or AdG4 and then
followed by siRNA transfection with a Silencer Negative Control siRNA (siCon)
or a mixture of the two siBcl2 (#1 and #2 each at 50 nM). Knocking down Bcl2
markedly attenuated the ability of GATA4 to inhibit autophagy as shown by
the difference in protein levels of LC3-II in the absence and presence of BFA.
D, cardiomyocytes were infected with AdshG4 or AdshCon for 48 h and then
infected with AdBcl2 for another 24 h. Western blot analysis was performed
showing that GATA4 depletion-induced autophagy was reversed by Bcl2
overexpression.
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rapamycin or Beclin 1 expression exacerbated DOX-induced
cardiomyocyte death including apoptosis. These results suggest
that DOX-induced autophagy does not promote cardiomyocyte
survival. Instead, it is intimately linked with apoptosis and acts
as a partner to promote cardiomyocyte death. Although it
remains to be determined how autophagy interacts with apo-
ptosis to coordinately induce cell death in the context of DOX
treatment, our data suggest that inhibition of autophagy con-
stitutes a viable strategy for reducing DOX-induced cardio-
myocyte death, thereby alleviating DOX cardiotoxicity.
Induction of autophagy is tightly controlled bymany positive

and negative regulators (15, 16). Akt and mTOR, which are
activated by insulin, several growth factors, and many meta-
bolic signals, are well known to inhibit autophagy. We exam-
ined if these two pathways were involved in autophagy in-
duction in response to DOX treatment. Unfortunately, the
activities of Akt and mTOR were enhanced by DOX, as indi-
cated by the increased phosphorylation of Akt and mTOR as
well as their downstream effectors FoxO1, p70S6K, and 4EBP
(data not shown), suggesting that Akt and mTOR signaling
pathways are unlikely responsible for DOX-induced autoph-
agy. By contrast, DOX-induced autophagy was correlated with
depleted protein levels ofGATA4 (Figs. 4 and 7), a transcription
factor essential for cardiomyocyte growth and survival (44).
Although not known previously to regulate autophagy, GATA4
is both sufficient and necessary for the gene expression of Bcl2,
a survival factor with anti-autophagy activity (38) that was also
depleted in response to DOX treatment (Fig. 7). It is, thus, pos-
sible that GATA4 depletion may play a role in DOX-induced
autophagy. Indeed, overexpression of GATA4 inhibited DOX-
induced autophagic flux and reduced cardiomyocyte death
(Fig. 5), whereas GATA4 gene silencing triggered autophagy
and exacerbated DOX toxicity (Fig. 6). These results confirm
GATA4 as a negative regulator of autophagy and support the
notion that DOX-induced depletion of GATA4 is critical for
DOX to induce autophagy and cardiomyocyte death.
We believe that the ability of GATA4 to inhibit autophagy is

mediated at least partly by its downstream effector Bcl2. This
was supported by the observations that the inhibition of auto-
phagy by GATA4 was attenuated by knocking down Bcl2 with
siRNA and that GATA4 gene silencing triggered autophagy,
which was blocked by Bcl2 overexpression (Fig. 9). The anti-
autophagic effect of Bcl2 is reported to be achieved through its
interaction with Beclin 1 (Atg6), a protein essential for autoph-
agy initiation. Beclin 1 is part of a protein complex and serves as
a platform, recruiting multiple autophagy activators or repres-
sors including the class III phosphatidylinositol 3-kinase, Bcl2,
ICP34.5, UVRAG, Ambra1, and Bif-1 (36). Of note, through
binding and sequestering Beclin 1, Bcl2 has been suggested to
act as a rheostat that turns autophagy on or off when required
(41). Recent data showed that the interaction between Bcl2 and
Beclin 1 is inhibited by mitogen-activated protein kinase c-Jun
N-terminal kinase 1 that phosphorylates Bcl2 and stimulates
autophagy (58), shedding some light on the mechanism that
regulates the interplay between Bcl2 and Beclin 1 and further
supporting a pivotal role of Bcl2 in controlling autophagy.
However, after DOX treatment, the reduction in Bcl2 levels
lagged behind the increase in LC3-II (Fig. 7A), suggesting that

thediminishedBcl2maycontribute to increasedautophagic activ-
ity butmaynot be responsible for initiating autophagy upon expo-
sure to DOX. Therefore, GATA4 may have other downstream
effectors thatmediate its anti-autophagic activity. Indeed,GATA4
modulates the expression of several ATGgenes including Beclin 1
(Fig. 8), whichmayprovide anothermechanismbywhichGATA4
antagonizes DOX-induced autophagy.
Although overexpression of GATA4 did not have any effect

on ATG genes at base line, it repressed DOX-induced expres-
sion of ATG genes. Importantly, GATA4 gene silencing
resulted in a dramatic up-regulation of ATG5, ATG7, ATG12,
and Beclin 1 (Fig. 8B), strongly suggesting GATA4 as a negative
regulator of ATG genes. Nevertheless, how GATA4 could sup-
press DOX-induced expression of ATG genes remains unclear.
Using MatInspector Professional, we examined the promoter
regions of ATG5, -7, and -12 and Beclin 1 genes and identified a
few putative GATA motifs. However, these sites are not con-
served between human and rodents, suggesting that GATA4
may not directly bind to the regulatory sequences of ATGgenes
to repress their expression. Interestingly, GATA4 has been
shown to inhibit the expression of tryptophan oxygenase gene
in fetal hepatocytes by directly binding to the TATA box and
interfering with the formation of the transcription initiation
complex (59). It is, thus, possible thatGATA4may repressATG
genes through a similarmechanismwithout the need to bind to
a GATA motif. It is also possible that the inhibitory effects of
GATA4 on ATG genes are achieved through interaction with
another positive or negative regulatory factor that directly
binds to the promoters of the ATG genes. In this respect,
Yutzey and co-workers (60) have recently shown that the tran-
scription factor FoxO1or FoxO3up-regulates the expression of
ATG12 gene through directly binding to FoxO consensusmotif
on the promoter, which contributes to autophagy activation in
cardiomyocytes. Coincidently, DOX-induced GATA4 deple-
tion was accompanied by increased FoxO1 protein expression
(Fig. 7), raising the possibility that GATA4 may repress ATG
genes through transcriptional inhibition of FoxO gene expres-
sion or direct interaction with FoxO proteins. In addition, it is
possible that GATA4 regulates ATG genes through p53, a tran-
scription factor able to trigger autophagy (61), and implicated
in DOX-induced cardiomyocyte death (62). A potential inter-
action between GATA4 and p53 has been suggested in murine
astrocytes (63), and the direct interaction and mutual antago-
nism between GATA1 and p53 has been confirmed in erythro-
cytes (64). These possibilities regarding the mechanisms
whereby GATA4 inhibits autophagy remain largely speculative
and need to be tested experimentally in future studies.
In summary, our study has addedGATA4 to the growing list of

molecules that negatively impact autophagic activity. Under basal
conditions, bymodulating the expression of Bcl2 andATG genes,
a normal amount of GATA4 protein serves as a brake to help
maintain autophagic activity within a physiological range that
favors cell survival but without losing cytoplasmic quality control.
By contrast, in response to DOX treatment, GATA4 protein is
depleted, and thus, the brake is released, which results in reduced
Bcl2 levels and concurrently permits an up-regulation of ATG
genes, leading to excessive autophagy activation that contributes
to cardiomyocyte death. Thus, therapeutic strategy that blocks
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GATA4 depletion and/or enhances GATA4-Bcl2 signaling will
presumably be able to prevent unchecked activation of autophagy
thereby reducing DOX cardiotoxicity.
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