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A zinc finger protein GATA4 is one of the hypertrophy-re-
sponsive transcription factors and forms a complex with an
intrinsic histone acetyltransferase, p300. Disruption of this
complex results in the inhibition of cardiomyocyte hypertrophy
and heart failure in vivo. By tandem affinity purification and
mass spectrometric analyses, we identified cyclin-dependent
kinase-9 (Cdk9) as a novel GATA4-binding partner. Cdk9 also
formed a complex with p300 as well as GATA4 and cyclin T1.
We showed that p300 was required for the interaction of
GATA4 with Cdk9 and for the kinase activity of Cdk9. Con-
versely, Cdk9 kinase activity was required for the p300-induced
transcriptional activities, DNA binding, and acetylation of
GATA4. Furthermore, the kinase activity of Cdk9 was required
for the phosphorylation of p300 as well as for cardiomyocyte
hypertrophy. These findings demonstrate that Cdk9 forms a
functional complex with the p300/GATA4 and is required for
p300/GATA4- transcriptional pathway during cardiomyocyte
hypertrophy.

Heart failure results from a variety of cardiovascular disor-
ders includingmyocardial infarction and hypertension, and is a
principal cause of death and disability in humans (1). A major
morphogenic change in failing hearts is hypertrophy of each
cardiomyocyte, an increase in its cell volume (2).Hence, intense
investigation has focused on elucidating the mechanisms of
cardiomyocyte hypertrophy that eventually leads to the devel-
opment of heart failure. At the transcriptional level, cardio-
myocyte hypertrophy is characterized by changes in specific
gene expressions controlled by a subset of hypertrophy-respon-
sive transcription factors including MEF2, SRF, and a zinc fin-

ger protein, GATA4 (3, 4). GATA4 functionally and physically
interacts with other transcription factors, including NFAT-3,
GATA6,MEF-2, STAT, and SRF (5–9).Whereas these interac-
tions regulate the transcriptional potential of GATA4 down-
stream of hypertrophy signaling pathways, disruption of this
complex results in the inhibition of hypertrophic responses.
Therefore, identifying novelGATA4binding partners is critical
to elucidate the precise mechanisms that mediate hypertrophic
responses in cardiac myocytes.
A transcriptional co-activator, p300, also directly interacts

with GATA4 to synergistically activate the atrial natriuretic
factor (ANF)2 and �-myosin heavy chain (�-MHC) promoters
during myocardial cell hypertrophy (10, 11). Through its his-
tone acetyltransferase (HAT) activity, p300 acetylates not only
histone to promote an active chromatin configuration, but also
GATA4 to increase its DNA binding and transcriptional activ-
ities (12). HAT activity of p300 is required for myocardial
hypertrophy in vitro and for the promotion of left ventricular
remodeling in vivo (13). Recently, we and others have reported
that a natural p300-specific HAT inhibitor, curcumin, prevents
the development of cardiomyocyte hypertrophy and heart fail-
ure in vivo, further emphasizing the importance of p300 in
these processes (14, 15). In addition, p300 acts as a scaffold
protein in the assembly of multisubunit transcription factor
complexes for specific cardiac promoters, thereby conferring
further specificity. Interestingly, the characterized interaction
of GATA4 with FOG-2 is mediated through p300 (16). Hence,
p300 may play a central role in the functional and physical
interactions of multiple transcription factors with GATA4 and
facilitate the formation of multisubunit complexes.
A mechanism for hypertrophic growth must involve a global

increase in the RNA content per cell. Among several regulatory
factors that specifically target the transcriptional elongation,
positive transcription elongation factor b (P-TEFb) induces
hyperphosphorylation of the C-terminal domain in RNA pol II,
a critical, essential step to produce messenger RNA (17).
P-TEFb, a heterodimer composed of cyclin-dependent kinase 9
(Cdk9) and cyclin T1 (or theminer formT2 or K) (18), not only
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plays an important role in most RNA pol II-dependent tran-
scription (17, 18), but also is recruited to cellular promoters by
interacting with a variety of transcription factors. However, the
mechanisms regulating the recruitment of P-TEFb to cardiac
hypertrophy-responsive promoters remain poorly understood.
To identify novel binding partners of GATA4, we used a pro-

teomics strategy to purify the GATA4 complex. Herein, we
report that Cdk9 is a novel component of the p300/GATA4
complex and required for the p300-induced acetylation of
GATA4. Moreover, Cdk9 contributed to hypertrophy respon-
sive-transcription through its recruitment of the p300/GATA4
complex to the transcriptional machinery.

EXPERIMENTAL PROCEDURES

Plasmid Constructs—The expression vectors pCMV�-gal,
pCMVwtp300, and pcDNAG4 were previously described (12).
pcDNA-hCdk9 and pcDNA-DNCdk9 contain cDNA encoding
full-length humanCdk9 cDNA, and catalytically inactive, dom-
inant-negative-human Cdk9 (D167N), respectively, and were
gifts from Dr. Motoaki Sano, University of Keio, Tokyo, Japan
(19). The retroviral vector, pOZ, was kindly provided by Dr.
Yoshihiro Nakatani (Dana-Farber Cancer Institute and Har-
vard Medical School, Boston, MA). The plasmid constructs
pANF-luc (10), pET-luc (20), pmutGATA-ANF-luc (10), and
pmutGATA-ET-luc (21) were previously described. pRL-SV40
was purchased from TOYO B-Net CO., LTD. pGEX-2T-Cdk9
was kindly provided by Dr. Bassel E. Sawaya (Temple Univer-
sity, Philadelphia, PA).
To generate the FLAG or HA-tagged expression vectors,

mouse GATA4, or the human p300-(1514–1922) fragment
tagged with FLAG or HA sequence was subcloned into
pcDNA3.2/V5-DEST using GATEWAY technology (Invitro-
gen). For the in vitro binding assay, full-length mouse GATA4
cDNAs, full-length human Cdk9 cDNA, and HA-tagged p300-
(1514–1922) fragment were subcloned into the pDEST 15
(GST) or pDEST 17 (6�His) vectors (Invitrogen). For the in
vitro binding assay, truncated mouse GATA4 cDNAs or trun-
cated Cdk9 cDNA were subcloned into the pDEST 15 (GST)
vectors (Invitrogen).
Purification of the GATA4 Complexes—The GATA4 com-

plexes were purified from nuclear extracts prepared fromHeLa
cells expressing the mouse GATA4 protein fused with N-ter-
minal FLAG and HA epitope tags (e-GATA4) by immunopre-
cipitation on anti-FLAG antibody-conjugated agarose. The
bound polypeptides were eluted with the FLAG peptide and
were further affinity-purified by anti-HA antibody-conjugated
agarose, as described (22). Mass spectrometry was performed
by the Taplin Biological Mass Spectrometry Facility, Cell Biol-
ogy,HarvardMedical School. Data analysiswas performedwith
the ProFound software.
In Vitro Binding Assay—GST fusion proteins were immobi-

lized on glutathione-agarose beads (GE Healthcare) and used
for in vitro protein interaction assays. Portions (10 �l) of gluta-
thione-agarose beads bearing equal amounts of either GST or
the fusion proteins (1 to 2 �g) were mixed with His6 fusion
proteins (300 ng) in 200 �l of binding buffer (20 mM Tris-HCl,
pH 8.0, 100mMKCl, 5 mMMgCl2, 0.2 mM EDTA, 10% glycerol,
0.1% Tween 20, 10 mM 2-mercaptoethanol, and 0.25 mM phen-

ylmethylsulfonyl fluoride). The binding reactionmixtures were
gently rocked on a rotating wheel at room temperature for 1 h.
The beads were then washed four times with 600�l of the same
buffer, resuspended in NuPAGE LDS sample buffer (Invitro-
gen), and analyzed by SDS-PAGE. GST-fused proteins were
visualized by Coomassie Brilliant Blue staining. His6-tagged
proteins were analyzed by blotting with individual antibodies,
anti-GATA4 antibody, anti-Cdk9 antibody, and anti-HA anti-
body for the p300 fragment.
Transfection and Dual-Luciferase Assays—Primary neonatal

rat cardiacmyocyteswere prepared and co-transfectedwith the
indicated amounts of DNA using Lipofectamine Plus (Invitro-
gen), as described previously (16). COS7 cells were maintained
and transfected with DNA using FuGENE 6 reagent (Roche
Diagnostics), as described previously (20). Activities of firefly
and sea pansy luciferase were measured in the same cell lysate
using the PicaGene Dual kit (TOYO B-Net). The relative pro-
moter activities were calculated as the ratio of firefly to sea
pansy luciferase.
Immunoprecipitation and Western Blotting—Nuclear ex-

tracts were prepared from HeLa cells, COS7 cells, or cardiac
myocytes, and immunoprecipitation and Western blots were
performed as described previously (16). For immunoprecipita-
tion, mouse monoclonal FLAG (M5) antibody was purchased
from Sigma, rabbit polyclonal anti-p300 (a mixture of N-15
and C-20), goat polyclonal anti-Cdk9, and rabbit polyclonal
anti-GATA4 antibodies were from Santa Cruz Biotechnology,
and normal mouse, rabbit, or goat IgG were from Jackson
ImmunoResearch Laboratories. ForWestern blots, rabbit poly-
clonal antibody against acetylated lysine was from Cell Signal-
ing, rabbit anti-GATA4 polyclonal antibody, rabbit polyclonal
anti-Cdk9 antibody, rabbit polyclonal anti-cyclin T1 antibody,
mouse monoclonal anti-HA probe antibody for the p300 frag-
ment, rabbit polyclonal anti-p300 polyclonal antibody, and
rabbit polyclonal anti-RNA pol II antibody were from Santa
Cruz Biotechnology, mouse monoclonal anti-phospho-Ser/
Thr-Pro antibody was from Upstate, mouse monoclonal anti-
�-actin antibody was from Sigma, andmousemonoclonal anti-
GAPDH antibody was from Molecular Probes. For the
analysis of the total amount of GATA4 after immunoprecipi-
tation, the membrane was reprobed with goat polyclonal
anti-GATA4 antibody (Santa Cruz Biotechnology). The lev-
els of signals were estimated using photographs taken with
LAS1000 plus (FUJIFILM) and by quantification with Multi
Gauge V3.0 (FUJIFILM).
Detection of Histone Acetylation—Histones were isolated by

acid extraction using a commercial kit (Upstate) according to
the manufacturer’s recommendations, as previously described
(14). Western blotting for acetylated histone-3 and total his-
tone-3 was performed using rabbit anti-acetylated histone-3
polyclonal antibody (05-499 Upstate) and mouse anti-his-
tone-3 monoclonal antibody (06-911 Upstate), respectively.
Chromatin Immunoprecipitation (ChIP) Assay and Re-pre-

cipitation (re-ChIP) Assay—Primary cardiac myocytes (�1 �
106) were treated with 30 �M PE or saline. One hour after stim-
ulation, ChIP assays were performed using the ChIP assay kit
(Upstate Biotech), as previously described (23), with the follow-
ing modifications. In brief, after fixation of the genomic DNA

Cdk-9 and p300/GATA4 in Cardiomyocytes

MARCH 26, 2010 • VOLUME 285 • NUMBER 13 JOURNAL OF BIOLOGICAL CHEMISTRY 9557



and nuclear proteins with formalin, extracts were sonicated,
subsequently immunoprecipitated with goat polyclonal anti-
GATA4 antibody (Santa Cruz Biotechnology), goat polyclonal
anti-Cdk9 antibody (Santa Cruz Biotechnology), or control
goat IgG, and immunocomplexes were captured by adding pro-
tein G beads. After the precipitates were washed four times in a
low stringency buffer, DNAwas purified by phenol-chloroform
extraction, and precipitated with ethanol. To detect the ANF
promoter containing a GATA site, collected DNA was sub-
jected to PCR analysis using a thermal cycler with the specific
primers for the ANF promoter. For quantitative real-time PCR,
the reaction was performed with a SYBR� Green PCR master
mix (Applied Biosystems), and the products were analyzedwith
a thermal cycler (ABI Prism� 7900HT sequence detection sys-
tem). Levels of GAPDH transcript were used to normalize
cDNA levels. Sequences of the primers were as follows: 5�-
CTGAGGCGAGCGCCCAGGAAGATA-3� (sense for the rat
ANF promoter), 5�-AAGATGCCCTTTTAAAGTTATCAG-
3� (antisense for the rat ANF promoter), 5�-GTCATTGAGAG-
CAATGCCAG-3� (sense for the rat GAPDH promoter), and
5�-GTGTTC CTACCCCCAATGTG-3� (antisense for the rat
GAPDH promoter). Re-ChIP assays were performed as previ-
ously described (24), with the following modifications. In brief,
the primary immunocomplexes obtained with rabbit poly-
clonal anti-p300 (a mixture of N-15 and C-20) or goat poly-
clonal anti-Cdk9 antibodies were eluted by 10 mM dithiothrei-
tol with agitation at 37 °C for 30 min. The elute was diluted 20
times with re-ChIP buffer (0.01% SDS, 1% Triton X-100, 1 mM

EDTA, 150 mM NaCl, 15 mM Tris-HCl, pH 7.9) and immuno-
precipitated with rabbit polyclonal anti-GATA4 antibody.
Immunocytochemistry and Measurement of Cell Surface

Area—The cardiac myocytes were grown in flask-style cham-
bers with glass slides (Nalgen Nunc) and stained with anti-�-
MHC antibody that reacts with both �- and cardiac �-MHC
using the indirect immunoperoxidase method, as previously
described (12). Then, the surface area of these cells was mea-
sured semiautomatically with the aid of an image analyzer
(Image Pro-Plus), as described previously (12).
Construction and Production of Lentiviral Vector Expressing

shRNA-targeting Cdk9 Gene—BLOCK-iT Lentiviral RNAi Pol
II miR Expression System with GFP (Invitrogen) was used for
the construction of the lentiviral expression construct accord-
ing to the manufacturer’s instructions. Short pairs of sense and
antisenseDNAoligo encoding a sense-loop-antisense sequence
to rat Cdk9 gene was synthesized for the validated correspond-
ing shRNA, and sequences are as follow : 5�- TGCTGAGTAG-
AGGCCATTCAGCAGCAGTTTTGGCCACTGACTGACT-
GCTGCTGTGGCCTCTACT-3� (sense for the rat shRNA-
Cdk9) and 5�-CCTGAGTAGAGGCCACAGCAGCAGTCA-
GTCAGTGGCCAAAACTGCTGCTGAATGGCCTCTACT-
C-3� (antisense for the rat shRNA-Cdk9). The complementary
DNA oligos were annealed and ligated to the entry vectors and
subcloned into the pLenti6.3/V5-DEST vector (Invitrogen). All
the cloned sequences were confirmed by DNA sequencing.
The recombinant lentiviral vectors and pLenti6.3/V5-GW/

EmGFP vector, as a control, were individually co-transfected
with ViraPower packaging mix (Invitrogen) by using Lipo-
fectamine 2000 and packaged into pseudotyped lentivirus by

using 293FT cells. Viral supernatants were harvested 48 h after
transfection and filtered through a 0.45-�m filter.
Statistical Analysis—Data are presented as the mean � S.E.

Statistical comparisons were performed with the use of
unpaired 2-tailed Student t-tests or ANOVAwith Scheffé’s test
when appropriate, with a probability value�0.05 taken to indi-
cate significance.

RESULTS

Purification of the GATA4 Complex—In this study, the tan-
dem affinity purification method (22) (supplemental Fig. S1)
was employed to identify proteins that are associated with
GATA4.AmurineGATA4cDNA taggedwithHAandFLAGat
the N terminus (e-GATA4) was cloned into a retroviral expres-
sion vector. By transducing this vector into HeLaS3 cells,
GATA4 was stably expressed in these cells. Nuclear extracts
from these cells were subjected to immunoprecipitation with
anti-FLAG and anti-HA antibodies. Then, the immunopurified
GATA4 complexes were separated on SDS gels (Fig. 1A). The
identity of these bands was determined by liquid chromatogra-
phy tandem mass spectrometry. One of the proteins purified
with e-GATA4 was Cdk9, a component of P-TEFb. GATA4
formed a functional complex with p300 during cardiomyocyte
hypertrophy. Therefore, we examined the binding of p300/
Cdk9 in addition to p300/GATA4 and GATA4/Cdk9 in HeLa
cells expressing GATA4 with FLAG epitope peptides. Further-
more, we examined the binding of cyclin T1, another compo-
nent of pTEF-b, with p300 andGATA4 aswell asCdk9.Nuclear
extracts from HeLa cells were subjected to immunoprecipita-
tion with anti-FLAG, anti-Cdk9, or anti-p300 antibodies, fol-
lowed by Western blotting with each of these antibodies and
with anti-cyclin T1 antibody. As shown in Fig. 1B, we observed
the interaction of p300/GATA4 (compare lanes 3 and 4 in the
4th panel ofB) andGATA4/Cdk9 (compare lanes 3 and 4 in the
2nd panel of B), as expected. Cdk9 physically interacted with
not onlyGATA4 but also p300 (lanes 9 and 10 in the 1st and 4th
panels of B). Moreover, cyclin T1 formed a complex with p300
and GATA4 as well as Cdk9 (lanes 3–11 in the 3rd panel of B).
By GST pull-down assay using His6-GATA4 and GST-Cdk9

(Fig. 1C) or His6-Cdk9 and GST-GATA4 (Fig. 1D), we con-
firmed that GATA4 and Cdk9 directly and physically interact
each other. To determine the domain of each protein involved
in the interaction between GATA4 and Cdk9, a series of GST
pull-down assays was performed. We fused various N-, C-, or
both N- and C-terminal deletion mutants with GST (Fig. 2, A
andC). As shown in Fig. 2B, deletion of theN-terminal region of
GATA4 up to residues 179 did not affect its ability to bind to
Cdk9. However, the deletion of GATA4 residues 180–255
abrogated the interaction with Cdk9, whereas a small GATA4
fragment containing residues 180–255 was able to bind to
Cdk9. These findings suggest that GATA4 amino acid se-
quences 180–255 containing the N-terminal zinc finger
domain are crucial for its interaction with Cdk9, although the
data do not exclude the possibility that GATA4-(N1–179) con-
taining the transactivation domain has a binding site for Cdk9.
Next, we performed opposite experiments to determine the
GATA4-binding site within Cdk9. Deletion of the N-terminal
region of Cdk9 up to residue 82 did not affect its ability to bind
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to GATA4. The deletion of Cdk9 residues 83 to 129 abrogated
the interaction with GATA4 (Fig. 2D). This suggests that the
fragment of 83–129 of Cdk9 includes sequences that bind to
GATA4.
Because the C/H-3 domain of p300 has many binding sites

for sequence-specific transcription factors, we used aGSTpull-
down assay to examine the binding between Cdk9 and the p300
fragment (1514–1922) containing the C/H-3 domain (25). This
p300 fragment (1514–1922) inhibits the function of endoge-

nous p300 as a dominant-negative
mutant in many transcriptional
pathways. In cardiomyocytes, this
fragment suppresses hypertrophic
responses as well as GATA4-depen-
dent transcription (12). As shown in
Fig. 1E, this p300 fragment tagged
with GST was pulled down with
Cdk9. On the other hand, as
revealed in Fig. 1F, Cdk9 tagged
with GST was pulled down with the
p300 fragment tagged with the HA
probe. Todetermine aCdk9domain
that interacts with p300, we used
a series of Cdk9 deletion mutants
tagged with GST and the HA-
tagged p300-(1514–1922) fragment
(Fig. 2C). As shown in Fig. 2E,
whereas the full length of Cdk9 and
the N-terminal region of Cdk9 (res-
idues 1–82) bound p300, deletion of
the N-terminal Cdk9 region, resi-
dues 1–82, abrogated the interac-
tion with p300. These observations
suggest that fragment 1–82 of Cdk9
includes sequences that bind to
p300.
We investigated whether GATA6,

another member of the GATA
family, involved in hypertrophic
responses in cardiomyocytes (26,
27), can bind to Cdk9. COS7 cells
were transfected with either
GATA4 or GATA6 in addition to
Cdk9. Nuclear extracts from these
cells were subjected to immunopre-
cipitation with anti-Cdk9, or IgG as
a control, followed by Western
blotting with anti-GATA4, anti-
GATA6, or anti-Cdk9 antibody.
The results clearly demonstrated
that not only GATA4 but also
GATA6 interacted with Cdk9
(supplemental Fig. S2D).
p300 Is Involved in Cdk9 Ac-

tivities—Afragment of p300-(1514–
1922) is able to interact with
GATA4, but does not possess HAT
activity. This fragment blocks the

binding betweenp300 andGATA4, represses the p300-induced
acetylation of GATA4, and reduces GATA4-dependent tran-
scriptional activity, thus serving as a dominant-negative
mutant. To determine whether p300-(1514–1922) will affect
the ability of Cdk9 to interact with GATA4 and to phosphory-
late RNA pol II, expression plasmids encoding FLAG-tagged
GATA4, full-length p300, and HA-tagged p300-(1514–1922)
were co-transfected into COS7 cells, as indicated in Fig. 3, A
and B. To monitor RNA pol II phosphorylation, we performed

FIGURE 1. Cdk9 is a novel binding partner of p300/GATA4. A, silver staining of the mouse GATA4 complex.
Nuclear extracts prepared from HeLa cells expressing FLAG-HA-epitope-tagged mouse GATA4 (lane 2) or those
expressing FLAG-HA tag (lane 1) were immunoprecipitated with anti-FLAG and anti-HA antibodies. Immuno-
purified GATA4 complexes were fractionated on SDS-PAGE. Bands were analyzed by mass spectrometry.
Arrow, e-GATA4 B, nuclear extracts from HeLa cells expressing FLAG-tagged GATA4 were immunoprecipitated
with anti-FLAG, anti-Cdk9, or anti-p300 antibody, followed by Western blotting with indicated antibodies.
C and D, GST fusions were incubated with GATA4 (C) or Cdk9 (D) and precipitated by glutathione-agarose
affinity chromatography. Bounded proteins were immunoblotted with anti-GATA4 or anti-Cdk9 antibody
(top). Coomassie Blue staining of GST proteins is shown at the bottom. E and F, GST fusions were incubated with
Cdk9 (E) or HA-tagged p300-(1514 –1922) (F), and precipitated by glutathione-agarose affinity chromatogra-
phy. Proteins bound to GST fusion mutants were immunoblotted with anti-Cdk9 or anti-HA antibody (upper
panel). Coomassie Blue staining of GST proteins is shown at the lower panel.
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Western blotting with antibody that recognizes hyperphosphor-
ylated (IIo) and hypophosphorylated (IIa) RNA pol II. Nuclear
extracts from these cells were subjected to immunoprecipita-
tion with anti-FLAG antibody. Western blotting of these pre-
cipitates demonstrated that the expression of p300-(1514–
1922) completely inhibited p300-induced GATA4 acetylation,
as expected (1st panel of Fig. 3B, compare 2nd and 3rd bars of
Fig. 3D). The co-expression of p300 in addition to GATA4 and
Cdk9 induced the phosphorylation of RNA pol II (5th and 6th

panels of Fig. 3A, 1st and 2nd bars
of Fig. 3C) and increased the inter-
action between GATA4 and Cdk9
(4th panel of Fig. 3B, 1st and 2nd
bars of Fig. 3E). However, the
expression of p300-(1514–1922) in
addition to p300 inhibited p300-in-
duced RNA pol II phosphorylation
(5th and 6th panels of Fig. 3A, 2nd
and 3rd bars of Fig. 3C) and dis-
rupted the GATA4/Cdk9 interac-
tion (4th panel of Fig. 3B, 2nd and
3rd bars of Fig. 3E). The expression
of p300 and p300-(1514–1922) did
not influence the amount of
GATA4 (1st panel of Fig. 3A) or
Cdk9 (3rd panel of Fig. 3A). These
results suggest that p300 is involved
in the phosphorylation of RNA pol
II and in the ability of GATA4 to
interact with Cdk9.
Kinase Activity of Cdk9 Is Re-

quired for Phosphorylation of p300,
p300-induced Acetylation of GATA4,
and Transcription of GATA4—To
determine the role of Cdk9 kinase
activity in the formation of the
p300/GATA4 complex and p300-
induced acetylation of GATA4, we
utilized a dominant-negative form
of Cdk9 (DN-Cdk9) lacking kinase
activity due to a single amino acid
substitution. Expression plasmids
encoding FLAG-tagged GATA4,
p300, and Cdk9 or DN-Cdk9 were
transfected into COS7 cells. Nu-
clear extracts from these cells
were subjected to Western blotting
or immunoprecipitation with anti-
FLAG antibody followed by West-
ern blotting. In the presence ofwild-
type Cdk9, p300 induced the
phosphorylation of RNA pol II (4th
and 5th panels of Fig. 4A, 1st and
2nd bars of Fig. 4D), promoted the
formation of the p300/GATA4/
Cdk9 complex (3rd and 4th panels
of Fig. 4B), and increased GATA4
acetylation (1st panel of Fig. 4B, 1st

and 2nd bars of Fig. 4E). However, in the presence of DN-Cdk9
instead of wild-type Cdk9, p300 was unable to achieve these
changes (4th and 5th panels of Fig. 4A, 2nd and 3rd bars of Fig.
4D, 1st, 3rd, and 4th panels of Fig. 4B, 2nd and 3rd bars of Fig.
4E). These observations demonstrate that Cdk9 kinase activity
is required for the p300-induced acetylation of GATA4.
Because Cdk9 binds to p300, we hypothesized that Cdk9, by

its kinase activity, phosphorylates p300. To test this hypothesis,
the same nuclear extracts used for Fig. 4, A and B were immu-

FIGURE 2. GATA4 and p300 physically interacts with Cdk9. A and C, schematic representation of the GATA4
(A) or Cdk9 (C) domains and deletion mutants. Binding of Cdk9, GATA4, or p300 to various GATA4 and Cdk9 are
shown on the right. � (strong), and � (none). TA, transactivation domain; ZF, zinc finger domain; NLS, nuclear
localization signal; ABS, ATP binding site; KA, kinase activity domain; TL, T-loop, APS, autophosphorylation site.
B, D, and E, GST fusion mutants were incubated with Cdk9 (B), GATA4 (D), or HA-tagged p300-(1514 –1922) (E)
for 2 h at 4 °C. After the incubation, bound proteins were precipitated by glutathione-agarose affinity chroma-
tography, eluted, and analyzed by SDS-PAGE. Cdk9 (B), GATA4 (D), or p300 (E) bound to GST fusion mutants
were immunoblotted with anti-Cdk9, anti-GATA4, or anti-HA antibodies (upper panel). Coomassie Blue staining
of GST proteins is shown in the lower panel.
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noprecipitated with anti-p300 antibody followed by Western
blotting using anti- phospho-serine/threonine antibody. DN-
Cdk9 reduced the phosphorylation of full length p300, indicat-
ing that Cdk9 kinase activity is required for the phosphoryla-

tion of p300 (1st panel of Fig. 4C).
Next, to determine whether Cdk9
can phosphorylate the p300 domain
that interacts with Cdk9, the FLAG-
tagged expression plasmid encoding
the p300-(1514–1922) fragment
and the Cdk9 or DN-Cdk9 expres-
sion plasmid were co-transfected
into COS7 cells, as indicated in Fig.
5, A and B. Nuclear extracts from
these cells were subjected to immu-
noprecipitation with anti-FLAG
antibody, followed byWestern blot-
ting.Wild-type Cdk9 induced phos-
phorylation of the p300-(1514–
1922) fragment (1st panel of Fig.
5B) and promoted the formation
of p300-(1514–1922)/Cdk9 (3rd
panel of Fig. 5B). However, while
DN-Cdk9 interacted with p300 (3rd
panel of Fig. 5B), DN-Cdk9 was
unable to induce the phosphoryla-
tion of the p300 fragment (1st panel
of Fig. 5, B and C). These observa-
tions demonstrate that Cdk9 kinase
activity is required for the phosphor-
ylation of p300.
To assess whether Cdk9 kinase

activity affects the p300-induced
acetylation of histones, expression
plasmids encoding full-length p300
and Cdk9 or DN-Cdk9 were
co-transfected into COS7 cells, as
shown in Fig. 4F. Protein extracts
from these cells were subjected to
immunoblotting with an antibody
against the acetylated form of his-
tone-3. DN-Cdk9 inhibited p300-
induced acetylation of histone-3
(1st panel of Fig. 4, F and G).
Then, to investigate whether

Cdk9 kinase activity is required for
p300-mediated activation of the
GATA4-dependent promoter activ-
ities, we performed reporter assays
in COS7 cells. GATA4 and p300
synergistically activated ANF and
ET-1 promoters. DN-Cdk9 signifi-
cantly inhibited the p300/GATA4-
induced activities of the ANF (Fig.
5D) and ET-1 (Fig. 5F) promoters in
a dose-dependent manner. Because
these promoter sequences contain
binding sites for GATA4, we inves-

tigated the role of these sites in p300/GATA4-induced tran-
scription. The mutation of GATA sites within ANF (Fig. 5E)
and ET-1 (Fig. 5G) promoters abolished p300/GATA4-respon-
sive transcription. Taken together, these data demonstrate that

FIGURE 3. p300 is involved in the ability of Cdk9 to phosphorylate RNA pol II and bind with GATA4.
A, COS7 cells were co-transfected with 6 �g of pCMVwtp300, 4 �g of pcDNA3. 2/V5-DEST-HA-p300-(1514 –
1922), 1 �g of pcDNA3.2/V5-DEST-FLAG-GATA4, and 1 �g of pcDNA-hCdk9, as indicated. The total DNA con-
tent was equalized in each sample with pCMV-�-gal. Nuclear extracts from these cells were subjected to
Western blotting with indicated antibodies. B, immunoprecipitated samples with anti-FLAG antibody were
subjected to Western blotting with indicated antibodies. C–E, amounts of hyperphosphorylated-RNA polymer-
ase II (pol IIo)/hypophosphorylated-RNA polymerase II (pol IIa) (C) from the 6th and 7th panels of A, acetylated-
GATA4/total-GATA4 (D) from the 1st and 2nd panels of B, and GATA4-associated Cdk9/total-GATA4 (E) from the
2nd and 4th panels of B, were quantified by densitometry with the use of Multi Gauge V3.0 (FUJIFILM). The data
shown are the mean � S.D. from three independent experiments.
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Cdk9 kinase activity is required for the p300-induced DNA
binding and the transcriptional activation of GATA4.
Cdk9/p300/GATA4 Complex Is Recruited onto the ANF Pro-

moter in Phenylephrine (PE)-stimulated Cardiomyocytes—To
determinewhetherCdk9andp300arerecruitedontheGATA4-
dependent regulatory region (GATA element), we performed
re-chromatin immunoprecipitation (re-ChIP) (supplemen-
tal Fig. S3A), DNA pull-down assay (supplemental Fig. S3B),

and electrophoretic mobility shift
assays (EMSAs) (supplemental
Fig. S4). These date indicate that the
association of Cdk9 and p300 with
GATA4 on the GATA element of
hypertrophic response genes.
Next, to investigate whether the

endogenous Cdk9/p300/GATA4
complex is recruited by PE stimula-
tion onto the promoter of the repre-
sentative hypertrophy-responsive
gene, ANF, we performed ChIP and
re-ChIP assays. Cardiomyocytes
were stimulated with either PE or
saline as a control, followed by
formaldehyde cross-linking. These
cells were lysed, sonicated, and then
subjected to immunoprecipitation
by an antibody against GATA4 or
Cdk9, or goat IgG as a control. Anti-
GATA4 and anti-Cdk9 antibodies
efficiently precipitated the ANF
promoter, which includes the
GATA element in PE-stimulated
cardiomyocytes, but not in saline-
treated myocytes (compare lanes 5
and 6 in upper panel of Fig. 6, A and
B, compare lanes 7 and 8 in upper
panel of Fig. 6,A andC). These find-
ings indicate that hypertrophic
stimuli induce the cosegregation of
GATA4 and Cdk9 with the ANF
GATA element. To investigate
whether Cdk9 or p300 associates
with GATA4 on the ANF promoter
in vivo, we performed re-ChIP anal-
ysis. Cross-linked chromatins from
PE- or saline-treated cardiomyo-
cytes were first treated with the
anti-Cdk9 or p300 antibody. The
resulting immunocomplexwas then
eluted and subjected to immuno-
precipitation with anti-GATA4
antibody. We found that the 3�-en-
hancer region of theANF gene pres-
ent in the first immunocomplex was
pulled-down again by the GATA4
antibody, indicating that Cdk9 and
p300 are associated with GATA4 at
the gene enhancer, and that this

association is promoted byPE stimulation (compare lanes 5 and
6 in upper panel of Fig. 6, D and E, compare lanes 7 and 8 in
upper panel of Fig. 6, D and F).

To examine whether hypertrophic stimuli affect the binding
of GATA4 with Cdk9 in cardiomyocytes, cultured myocytes
prepared from neonatal rats were incubated with 30 �M of PE
for indicated periods. Nuclear extracts from these cells were
subjected to immunoprecipitationwith the anti-Cdk9 antibody

FIGURE 4. The kinase activity of Cdk9 is required for phosphorylation of p300 as well as p300-in-
duced acetylation of GATA4 and histone. A, COS7 cells were co-transfected with 10 �g of pCMVwtp300,
1 �g of pcDNA-hCdk9, pcDNA-DNCdk9, and 1 �g of pcDNA3.2/V5-DEST-FLAG-GATA4, as indicated. The
total DNA content was equalized in each sample with pCMV-�-gal. Nuclear extracts from these cells were
subjected to Western blotting with indicated antibodies. B and C, immunoprecipitated samples with
anti-FLAG antibody (B) or anti-p300 antibody (C) were subjected to Western blotting with indicated
antibodies. D and E, amounts of hyperphosphorylated-RNA polymerase II (pol IIo)/hypophosphorylated-
RNA polymerase II (pol IIa) (D) from the 4th and 5th panels of A and acetylated-GATA4/total-GATA4 (E) from
the 1st and 2nd panels of B were quantified. The data shown are the mean � S.E. from three independent
experiments. F, COS7 cells were co-transfected with 1 �g of pcDNA-hCdk9 or pcDNA-DNCdk9 in addition
to 11 �g of pCMVwtp300. Proteins isolated by acid extraction from these cells were subjected to Western
blotting for acetylated histone-3 or total histone-3 as indicated. G, amount of acetylated histone-3/total
histone-3 from the 1st and 2nd panels of F was quantified. The data shown are the mean � S.E. from three
independent experiments.
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followed by Western blotting with
anti-GATA4 antibody. The expres-
sion levels of GATA4, Cdk9, cyclin
T1, and �-actin in cardiomyocytes
did not change after PE stimulation
(Fig. 6G). PE treatment increased
the binding of Cdk9 with GATA4,
reaching a maximum at 3.5 h after
PE stimulation (Fig. 6H).
Kinase Activity of Cdk9 Is

Required for PE-induced Phosphor-
ylation of p300 and Acetylation of
GATA4 in Cardiomyocytes—Next,
to evaluate the effects of Cdk9
kinase activity on acetylations of
GATA4 during myocardial cell
hypertrophy, we used a Cdk9 kinase
inhibitor, 5,6-dichloro-1-h-ribo-
furanosyl-benzimidazole (DRB).
Cultured myocytes from neonatal
rats were preincubated with DRB or
its solvent, DMSO, as a control for
2 h. Then, these cells ware stimu-
lated with PE or saline for 48 h. As
shown in Fig. 7A, the expression lev-
els of GATA4, Cdk9, RNA pol II,
and �-actin were similar in saline-
and PE-stimulated cardiac myocytes.
In contrast, p300 protein levels
markedly increased on PE stimula-
tion. DRB treatment decreased
the phosphorylation of RNA pol II,
but not the expression level of p300.
Nuclear extracts from these cells
were subjected to immunoprecipi-
tation with anti-GATA4 antibody
followed by Western blotting with
anti-acetylated lysine and anti-p300
antibodies. As shown in Fig. 7B,
stimulation of cardiomyocytes with
PE markedly increased the level of
the acetylated form of GATA4. This
increase was significantly inhibited
by DRB treatment (1st panel of Fig.
7, B and C).
Moreover, to investigate the

effects of Cdk9 kinase activity on
phosphorylation of p300 during
myocardial cell hypertrophy, car-
diac myocytes were pretreated with
DRB or its solvent, DMSO for 2 h
and stimulated with PE or saline for
1 h. Nuclear extracts from these
cells were subjected to immunopre-
cipitation with anti-p300 antibody
followed by Western blotting with
anti-phospho-serine/threonine, anti-
p300 and anti-Cdk9 antibodies. As

FIGURE 5. The kinase activity of Cdk9 is required for phosphorylation of p300 as well as p300-induced
transcriptional activities of GATA4. A, COS7 cells were co-transfected with 10 �g of pcDNA-hCdk9,
pcDNA-DNCdk9, or pCMV-�-gal in addition to 2 �g of pcDNA3.2/V5-DEST-FLAG-p300-(1514 –1922). Nuclear
extracts from these cells were subjected to Western blotting with indicated antibodies. B, same samples
were immunoprecipitated with anti-FLAG antibody, followed by Western blotting with indicated antibod-
ies. C, amounts of phosphorylated-p300-(1514 –1922)/total p300-(1514 –1922) from the 1st and 2nd pan-
els of B were quantified by densitometry with the use of Multi Gauge V3.0. The data shown are the mean �
S.E. from three independent experiments. D–G, COS7 cells were co-transfected with 0.5 �g pANF-luc (D),
pmutGATA-ANF-luc (E), pET-luc (F), or pmutGATA-ET-luc (G), 0.001 �g of pRL-SV40 in the presence (�) or
absence (�) of 0.1 �g of pCMVwtp300, 0.0005 (�) or 0.002 (��)�g of pcDNAG4, 0.1 �g of pcDNA-hCdk9,
and 0.01, 0.03, or 0.1 �g of pcDNA-DNCdk9, as indicated. The total DNA content was equalized in each
sample with pCMV-�-gal. The relative promoter activities were calculated from the ratio of firefly to sea
pansy Luc activity. The data shown are the mean � S.E. from three independent experiments, each carried
out in duplicate.
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shown in Fig. 7D, stimulation of cardiomyocytes with PEmark-
edly increased the level of the phosphorylated form of p300.
This increase was significantly inhibited by DRB treatment (1st
panel of Fig. 7, D and E). These observations demonstrate that
Cdk9 kinase activity is required for p300 phosphorylation and
its HAT activity during myocardial cell hypertrophy.
To test whether Cdk9 kinase activity is involved in the

PE-induced ANF or ET-1 promoter activity, we performed
reporter assays with cardiomyocytes by administrating a
Cdk9 kinase inhibitor, DRB, or co-transfecting with DN-
Cdk9. DRB and co-transfection with DN-Cdk9 repressed

PE-induced ANF and ET-1 tran-
scription in a dose-dependent
manner (Fig. 7, F, G, I, and J). We
reported that the GATA elements
are required for the PE-induced
transcription of ANF and ET-1 in
cardiomyocytes. In this study, we
investigated whether activation of
the hypertrophy-responsive gene
program by Cdk9 depends on
these GATA elements (26). The
mutation of GATA sites within
ANF (Fig. 7H) and ET-1 (Fig. 7K)
promoters abolished Cdk9-in-
duced transcription.
Cdk9 Is Required for PE-induced

Cardiomyocyte Hypertrophy—Next
to investigate whether DRB inhibits
PE-induced myocardial cell hyper-
trophy, cardiomyocytes were sub-
jected to immunocytochemical
staining with the anti-�-MHC anti-
body. As shown in Fig. 8A, cardio-
myocytes stimulated with PE
showed an increase in cell size
(myocardial cell surface area) and
myofibrillar organization compared
with saline-treated cells. Treatment
with DRB in addition to PE mark-
edly inhibited these PE-induced
changes. DRB inhibited PE-induced
increments in cell size dose-depen-
dently, but did not affect cell size at
the basal state (Fig. 8B).
To confirm the requirement of

Cdk9 for PE-induced cardiomyo-
cyte hypertrophy, we used short
hairpin RNA (shRNA) to knock-
down Cdk9. Cdk9-shRNA or con-
trol lentiviruses were introduced
into cardiomyocytes, and nuclear
extracts from these cells were sub-
jected to Western blots. The intro-
duction of Cdk9 RNAi reduced the
protein level of Cdk9 by nearly 70%
(Fig. 8C). Knocking-down Cdk9 by
Cdk9 RNAi inhibited the PE-in-

duced increase in cell size, but did not affect the cell size at the
basal state (Fig. 8, D and E).

DISCUSSION

Growing evidence suggests that the acetylation of non-his-
tone proteins aswell as histones plays a critical role in transcrip-
tional regulation (28). During cardiomyocyte hypertrophy, an
intrinsic HAT p300 acetylates not only histones but also a car-
diac zinc finger transcription factor, GATA4, increases itsDNA
binding, and promotes GATA4-dependent transcription (12).
In this study, we found that Cdk9 is a novel component of the

FIGURE 6. PE increases the recruitment of Cdk9/p300/GATA4 complex onto the ANF promoter. A–C, primary
rat cardiomyocytes were stimulated with 30 �M PE or saline for 1 h and cross-linked and subjected to sonication
and immunoprecipitation (IP) with anti-GATA4 antibody, anti-Cdk9 antibody, or IgG. The precipitated
chromatin was amplified by PCR using the primers flanking the GATA element of the rat ANF gene. Each of
the PCRs was done three times, and a representative photograph is shown (A). The quantitative results
from three real time PCR reactions are shown as the mean � S.E. (B and C). D–F, Re-ChIP assays were first
performed with anti-Cdk9 or anti-p300 antibody, and the immunocomplexes were eluted by 10 mM

dithiothreitol. Then the aliquots of the diluted elution were immunoprecipitated with anti-GATA4 anti-
body. The precipitated chromatin was amplified by PCR using the primers flanking the GATA element of
the rat ANF gene (D). The result is expressed as the mean � S.E. from three real time PCR reactions (E and
F). G and H, primary cardiac myocytes from neonatal rats were stimulated with saline or 30 �M PE for
various periods. Nuclear extracts prepared from these cells were subjected to Western blotting with
anti-GATA4, anti-Cdk9, anti-cyclin T1, or anti-�-actin antibody (G), The same nuclear extracts (100 �g of
proteins) were immunoprecipitated with anti-Cdk9 antibody and sequentially subjected to Western blot-
ting with anti-GATA4, anti-Cdk9, or anti-cyclin T1 antibody (H).
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FIGURE 7. Cdk9 inhibitor, DRB, represses the phenylephrine-induced acetylation of GATA4, phosphorylation of p300, and transcription activities in
cardiomyocytes. A and B, primary cardiac myocytes from neonatal rats were preincubated with 10 �M DRB (third lane) or its solvent, DMSO (first and second
lanes), for 2 h and subsequently stimulated with saline (first lane) or PE (second and third lanes) for 48 h. Nuclear extracts prepared from these cells were
subjected to Western blotting using indicated antibodies (A). The same nuclear extracts (100 �g of proteins) were immunoprecipitated with anti-GATA4
antibody and sequentially subjected to Western blotting with anti-acetylated-lysine and anti-GATA4 antibodies (B). C, the levels of signals for acetylated GATA4
relative to those for total GATA4 from the 1st and 2nd panels of B were quantified. Results are expressed as the mean � S.E. from three independent
experiments. D, primary cardiac myocytes from neonatal rats were preincubated with 10 �M DRB or its solvent, DMSO, for 2 h and subsequently stimulated with
saline or PE for 1 h. Nuclear extracts prepared from these cells were subjected to immunoprecipitation with anti-p300 antibody followed by Western blotting
with anti-phospho-serine/threonine and anti-p300 antibodies. E, levels of signals for phospho-p300 relative to those for total p300 from the 1st and 2nd panels
of D were quantified. Results are expressed as the mean � S.E. from three independent experiments. F and I, cardiac myocytes were co-transfected with 1.4 �g
of pANF-luc (F) or pET-luc (I), and 0.014 �g of pRL-SV40 and preincubated with 2 or 10 �M DRB or a corresponding amount of its vehicle (DMSO) for 2 h, and
sequentially stimulated with 30 �M PE or saline for 48 h. The data shown are the mean � S.E. from three independent experiments, each carried out in duplicate.
G and J, cardiac myocytes were co-transfected with 0.9 �g of pANF-luc (G) or pET-luc (J), 0.009 �g of pRL-SV40, and 0.2 or 0.5 �g of pcDNA-DNCdk9. The total
DNA content was equalized in each sample with pCMV-�-gal. These cells were subsequently treated with saline or 30 �M PE for 48 h. The data shown are the
mean � S.E. from three independent experiments, each carried out in duplicate. H and K, cardiac myocytes were co-transfected with 0.9 �g of pANF-luc or
pmutGATA-ANF-luc (H) or pET-luc or pmutGATA-ET-luc (K), 0.009 �g of pRL-SV40, and in the presence (�) or absence (�) of 0.5 �g of pcDNA-hCdk9. The total
DNA content was equalized in each sample with pCMV-�-gal. These cells were subsequently treated with saline or 30 �M PE for 48 h. The data shown are the
mean � S.E. from three independent experiments, each carried out in duplicate.
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p300/GATA4 complex. We showed that p300 binds to amino
acid sequences 1–82 of Cdk9 containing an ATP binding
domain and PITALRE, which, is similar to the conserved
PSTAIREmotif found amongmostmembers of the Cdk family.
On the other hand, GATA4 binds to Cdk9 amino acid
sequences 83–129, where no conserved domains have been

reported so far. Associations of
Cdk9 with p300 and GATA4 at dif-
ferent sequences suggest that p300
and GATA4 can simultaneously
bind to Cdk9. We also showed that
p300 induces the phosphorylation
of RNA pol II as well as acetylation
ofGATA4.Conversely, a dominant-
negative form of p300 inhibited the
p300-induced RNA pol II phosphor-
ylation and GATA4 acetylation. Fu
et al. (29) reported that p300 acety-
lates highly conserved Lys-44 of
Cdk9, and that a single K44R muta-
tion disabled the ability of Cdk9
kinase to phosphorylate the C-ter-
minal domain of RNA pol II. These
findings suggest that p300 is
involved in myocardial cell hyper-
trophy by up-regulating Cdk9
kinase activity and increasing RNA
pol II-dependent transcription, as
well as up-regulating GATA4 activ-
ities and increasing cardiac-specific
transcription.
Studies using either RNA inter-

ference or highly specific P-TEFb
inhibitors have implicated P-TEFb
as an important factor in global
transcriptional elongation (17).
However, a series of reports have
shown that several DNA binding
transcription factors and activators,
including CIITA, NF-�B, Myc, and
MyoD (30–33), exhibit an ability to
recruit P-TEFb to specific promot-
ers. A previous report demonstrated
that MyoD recruits P-TEFb, as well
as p300, onto the promoters and
enhancers of muscle-specific genes
during skeletal myogenesis (34).
By chromatin-IP and DNA pull-
down assays, we have proven that
GATA4, one of the transcription
factors that control cardiomyo-
cyte hypertrophy, recruits Cdk9
onto the GATA element of the
ET-1 promoter. Thus, GATA4
may utilize Cdk9 in addition to
p300 during hypertrophy-respon-
sive transcription.
A large number of in vitro and

genetic studies (28, 35) have indicated that p300 levels are
tightly limited in cells and that multiple transcription factors
compete for access to this shared coactivator. The precise reg-
ulatory mechanisms that control the cellular supply of p300
under stress conditions remain to be elucidated. As a complex
important for p300-induced transcription, regulation of the

FIGURE 8. Cdk9 inhibitor, DRB, and siRNA repress the phenylephrine-induced hypertrophic responses in
cardiomyocytes. A, cardiac myocytes were preincubated with 10 �M DRB or its solvent, DMSO, as a control for
2 h, subsequently treated with 30 �M PE or saline for 48 h, and subjected to immunocytochemistry using the
primary antibody against cardiac MHC, followed by staining with a secondary antibody conjugated with per-
oxidase (brown signals). Scale bar, 10 �m. C and D, cardiac myocytes were infected with siRNA-Cdk9 or GFP
control lentiviruses as indicated for 48 h. Nuclear extracts prepared from these cells were subjected to Western
blotting using indicated antibodies (C). Cardiac myocytes were subjected to immunocytochemistry using the
primary antibody against cardiac MHC, followed by staining with a secondary antibody conjugated with per-
oxidase (brown signals) (D). Scale bar, 10 �m. B and E, myocardial cell-surface area was measured as described
under “Experimental Procedures.” Values in each group are the mean � S.E. from 50 cells.
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HAT activity of p300 is a subject of intensive study. Previous
studies have reported the post-transcriptional modifications of
p300 and CBP by protein kinases, such as CaMKIV, MAPK,
Akt, Rho, or PKC (36–40). For example, Ser-1834 of p300 was
shown to be phosphorylated in vivo and in vitro by Akt. This
Ser-1834 phosphorylation is critical for the transcriptional acti-
vation by stimulating p300 HAT activity, assembling transcrip-
tion factors, and recruiting basal transcriptionmachinery to the
ICAM-1 promoter (38). The present study demonstrated that
the p300 fragment (1514–1922) containing theC/H3 domain is
the target of Cdk9 kinase activity. The p300 C/H3 domain con-
tains 2 Ser-Pro and 8 Thr-Pro sequences, the conserved target
sequences ofCdk9 kinase. Furthermore, we identified the phos-
phorylation of p300 by an antibody that recognizes phospho-
Ser-Pro and phospho-Thr-Pro. Therefore, within the p300
C/H3 domain, Cdk9 may phosphorylate Ser-Pro and/or Thr-
Pro, distinct from residues phosphorylated by Akt.
Whereas we showed the phosphorylation of p300 due to

Cdk9 kinase activity, we could not detect the phosphorylation
of GATA4 by Cdk9 using our experimental protocol (data not
shown). It has been reported that p300 and its homolog CREB-
binding protein (CBP), are more important targets of protein
kinases than DNA-binding transcription factors (41). Thus,
Cdk9 might dominantly phosphorylate p300 rather than
GATA4.
Herein, we showed that p300 phosphorylation by Cdk9 is

strongly correlatedwith increases in the ability of p300 to inter-
act with GATA4, and to induce acetylation, and DNA binding
of GATA4. Increases in p300 HAT activity by Cdk9 are com-
patible with the report by Ait-Si-Ali S et al. (42) showing that
CBP, a p300 homolog, increases its HAT activity through phos-
phorylation at the G1/S boundary by another cyclin-dependent
kinase, Cdk2. Given that P-TEFb is a global transcriptional
elongation factor, it is tempting to propose that, besides its abil-
ity to promote general transcription through the phosphoryla-
tion of RNA pol II, P-TEFb is also involved in transcriptional
regulation duringmyocardial cell growth by up-regulating p300
HAT activity.
The present study demonstrated that a component of Cdk9

directly interacted with GATA4 in cardiomyocytes in a time-
dependentmanner after PE stimulation. Another P-TEFb com-
ponent, Cyclin T, was reported to bind to several transcription
factors, aryl hydrocarbon receptor (43), MyoD (33), and Brd4
(45). We also showed that cyclin T1 is associated with GATA4
byWestern blots. However, this association appears to be indi-
rect because we could not demonstrate the interaction of
GATA4 with cyclin T1 using a GST pull-down assay (data not
shown). The question arises as to how Cdk9 kinase is activated
during cardiomyocyte hypertrophy. It has been reported that
Cdk9 kinase activity is regulated by cyclin T1 levels (46) and
that the overexpression of cyclin T1 is sufficient to induce car-
diac hypertrophy in vivo (19). Liou et al. showed that cyclin T1
protein expression in freshly isolated monocytes is very low,
increases early during macrophage differentiation, and de-
creases to low levels about 1 week after culturing. The kinase
and transcriptional activities of P-TEFb parallel the changes in
cyclin T1 protein levels. However, we showed that not only
protein levels of Cdk9 and cyclin T1, but also binding between

Cdk9 and cyclin T1 was constant after stimulation with PE, a
representative hypertrophic stimulus. Therefore, other mech-
anisms may be involved in the activation of Cdk9 in cardio-
myocytes. Cyclin T-Cdk9 complexes are physically associated
with 7SK snRNA/HEXIM1, an endogenous inhibitor of Cdk9
(47, 48). SanoM et al. (19) reported that the dissociation of 7SK
occurred within 15 min of hypertrophic stimulation. Because
the acetylation of GATA4 occurred at much later time points,
the activation of Cdk9 kinase activity may be the first step in a
series of p300/GATA4-dependent transcriptional activations
during myocardial cell hypertrophy.
Schneider and co-workers (49) reported that Cdk9 binds to

PGC-1, a master regulator of mitochondrial biogenesis and
function, and that Cdk9 represses PGC-1 transcriptional activ-
ity and impairs the expression of mitochondrial proteins.
Because the mitochondrion is a major energy source of the
heart, Cdk9 activation may lead to heart failure by repressing
mitochondrial function through PGC-1. The present study
demonstrated that Cdk9 is involved in pathological cardiomyo-
cyte overgrowth, which also leads to the development of heart
failure. Taken together, these two facts raise a hypothesis that
Cdk9 is a key regulator that determines cardiac function and is
one of important pharmacological targets of heart failure
therapy.
We and others (14, 15) have recently reported that a p300-

specific HAT inhibitor, curcumin, can prevent the develop-
ment of cardiomyocyte hypertrophy and heart failure in vivo.
The present study provides evidence thatCdk9 kinase activity is
required for p300 HAT activity and for the p300/GATA4 tran-
scriptional pathway during hypertrophic responses in cardio-
myocytes. Previous studies also showed that a marked decrease
in the cardiac p300 protein level by doxorubicin leads to the
down-regulated expression of cardiac-specific genes and the
development of myocardial cell apoptosis (50, 44). To clarify
whether the inhibition of Cdk9 kinase activity will specifically
inhibit the transcription involved in pathological cardiomyo-
cyte hypertrophy, or generally inhibit the transcription
required for maintaining its differentiated phenotype, addi-
tional studies are required. However, whether a specific inhib-
itor of Cdk9 can be used as an agent for heart failure therapy in
vivo is a matter of special interest and should be investigated in
future studies.
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