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The PI3K/Akt pathway plays a critical role in the regulation of gene expression induced by numerous stimuli.
p300, a transcriptional coactivator, acts in concert with transcription factors to facilitate gene expression.
Here, we show that Akt is activated and translocated to the nucleus in response to tumor necrosis factor alpha.
Nuclear Akt associates with p300 and phosphorylates its Ser-1834 both in vivo and in vitro. The phosphory-
lation induces recruitment of p300 to the ICAM-1 promoter, leading to the acetylation of histones in chromatin
and association with the basal transcriptional machinery RNA polymerase II. These two events facilitate
ICAM-1 gene expression and are abolished by the p300 S1834A mutant, inhibitors of PI3K/Akt, or small
interfering RNA of Akt. Histone acetylation is attributed to the Akt-enhanced intrinsic histone acetyltrans-
ferase (HAT) activity of p300 and its association with another HAT, p/CAF. Our study provides a new insight
into the molecular mechanism by which Akt promotes the transcriptional potential of p300.

p300 and CBP, two transcriptional coactivators, have been
demonstrated to play central roles in coordinating and inte-
grating multiple signal-dependent events with the transcrip-
tional apparatus, allowing the appropriate level of gene activity
to occur in response to diverse physiological stimuli (14, 39).
They have been recognized as key molecules involved in the
communication between the transcription factors and the tran-
scriptional machinery, thus appearing to be important in the
gene regulation network (9). p300 and CBP exert their tran-
scription-regulating properties through multiple mechanisms.
They act as protein bridges, thereby connecting different tran-
scriptional activators via protein-protein interactions to the
basal transcriptional machinery, such as TFIIB and TATA-
binding protein, as well as the RNA polymerase II complex
(14, 39). They also function as a protein scaffold upon which to
build a multicomponent transcriptional regulatory complex
(28). Another key property is the possession of intrinsic his-
tone acetyltransferase (HAT) activity, raising the possibility
that p300 and CBP may cause localized changes in the chro-
matin structure by acetylation of the N-terminal tails of core
nucleosomal histones. This modification neutralizes the posi-
tive charge of lysine residues and seems to weaken the inter-
action between the histone and DNA, allowing DNA to be
more accessible to transcription factors (4, 30).

It has long been known that p300 and CBP are phosphopro-
teins (9, 14). Several studies have reported the regulation of
p300 or CBP by protein kinases, such as CaMKIV (18), MAPK
(1), or cyclin E-Cdk2 (2), but none of them identified the
amino acids targeted by these kinases. Many of these studies
showed that p300 and CBP, rather than the transcription fac-
tors, are important targets of protein kinases. For instance,

MAPK appears to stimulate Elk-1-mediated gene expression
by phosphorylating the C-terminal part of CBP rather than
Elk-1 itself (19). Only a few studies have correlated phosphor-
ylation of p300/CBP with their functional effects. For example,
Ser-89 of p300 was shown to be phosphorylated in vivo, most
probably by PKC� (48), PKC� (49), or AMP-activated protein
kinase (45). In these cases, Ser-89 phosphorylation is inhibi-
tory, since the intrinsic HAT activity of p300 is diminished or
its interaction with nuclear receptors is blocked (45, 48, 49).
The consensus motif RXRXXpS/T, where X is any amino acid,
R is arginine, and pS/T is phosphorylated serine or threonine,
preferred by Akt has been characterized (3). In vitro and in
vivo phosphorylations of transcription factors in this motif have
been shown to regulate gene transcriptions. For example, Akt
phosphorylated the class O (FOXO) subfamily of Forkhead tran-
scriptional regulators (FKHR, FKHRL1, and AFX), causing in-
hibition of their transcriptional activities (5, 7, 22). Akt also in-
teracted with and phosphorylated IKK� at Thr-23 to induce
nuclear factor �B (NF-�B) activation (31). Database searches
indicate the presence of an RXRXXpS/T consensus sequence in
the C-terminal part of p300 (1829 to 1834) and CBP (1866 to
1871). It is probable that Akt regulates gene transcription by
phosphorylating this motif on these coactivators. In the present
study, we present evidence that p300 is phosphorylated at Ser-
1834 by Akt both in vivo and in vitro. This Ser-1834 phosphory-
lation is critical for the transactivation of p300 by stimulating its
HAT activity, assembling transcription factors, and recruiting
basal transcriptional machinery to the ICAM-1 promoter.

MATERIALS AND METHODS

Plasmids. The ICAM-1 promoter construct (pIC339) was a gift from P. T.
van der Saag (Hubrecht Laboratory, Utrecht, The Netherlands). The NF-�B-,
AP-1-, and CRE-luciferase reporters were purchased from Strategene (La Jolla,
CA). The constitutively active mutants of p110 (myc-p110�) and Akt (HA-myr-
Akt) and the dominant-negative mutant of Akt (Akt KA) were gifts from A.
Klippel (Chiron Corporation, Emeryville, CA). Wild-type (wt) p300 was a gift
from Y. Nakatani (National Institutes of Health, Bethesda, MD). To generate
bacterial expression constructs of glutathione S-transferase (GST)-tagged
p300(1714-1883), the CH3 domain of p300 flanked by an EcoRI site and an XhoI
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site were generated by PCR and subcloned into pGEX5T-3 vector (Amersham
Biosciences, Piscataway, N.J.). Mutations of Ser-1834 to alanine in p300 and
GST-p300(1714-1883) were generated using a QuikChange site-directed mu-
tagenesis kit (Strategene, La Jolla, CA) according to the manufacturer’s instruc-
tions. The primers were 5�-CAGGAGGATGGCCGCCATGCAGCGGACT
G-3� and 5�-CAGTCCGCTGCATGGCGGCCATCCTGGTG-3�.

Cell culture. A549 cells (human alveolar epithelial cell carcinoma cells) were
obtained from the American Type Culture Collection (Manassas, VA) and
cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
calf serum, 100 U/ml of penicillin, and 100 �g/ml of streptomycin.

U937 cells (human monocytic leukemia cells) were obtained from the Depart-
ment of Microbiology, College of Medicine, National Taiwan University, and
cultured in RPMI 1640 medium supplemented with 10% fetal calf serum, 100
U/ml of penicillin, and 100 �g/ml of streptomycin.

Quantification of ICAM-1 expression and cell adhesion assay. The level of cell
surface ICAM-1 expression was determined by enzyme-linked immunosorbent
assay as described previously (10). Each assay was performed in triplicate. Ad-
hesion of U937 cells to A549 cells was measured as described previously (10).
Briefly, U937 cells were labeled with 2�7�-bis(carboxyethyl)-5(6)-carboxyfluores-
cein (BCECF) and added to the A549 monolayer. Nonadherent cells were
removed by gentle washing with phosphate-buffered saline (PBS), and the num-
ber of adherent cells was determined by measuring the fluorescence intensity
using a CytoFlour 2300 (Millipore, Bedford, MA).

Transfection and luciferase assay. A549 cells were transfected with reporters
and/or plasmids using Tfx-50 (Promega) according to the manufacturer’s recom-
mendations. Forty-eight hours after transfection, the transfection efficiency was
about 30 to 40%, and cells were treated with inhibitors for 30 min and then tumor
necrosis factor alpha (TNF-�) or trichostatin A (TSA) was added for 6 h as
indicated. Cell extracts were then prepared, and luciferase and �-galactosidase
activities were measured.

RNA interference assay. To construct small interfering RNA (siRNA) plasmid
for targeting Akt1, two DNA oligonucleotides (5�-GATCCGCACCTTCATCA
TCCGCTGCTTCAAGAGAGCAGCGGATGATGAAGGTGTTTTTTGGAA
A-3� and 5�-AGCTTTTCCAAAAAACACCTTCATCATCCGCTGCTCTCTT
GAAGCAGCGGATGATGAAGGTGCG-3�) that encode Akt1 siRNA sequence
were designed and cloned into pSilencer 3.1-H1/neo (Ambion, TX) according to
the manufacturer’s recommendations. The nonsilencing siRNA plasmid used as
a control was a gift from W. C. Chang (National Cheng Kung University,
Taiwan). Cells were transfected twice (on subsequent days) with these plasmids
using Tfx-50 as described above. The effect of Akt knockdown was assessed by
the protein levels in cell lysates isolated from 48 h posttransfection.

Preparation of nuclear extracts and DNA affinity protein-binding assay
(DAPA). Following pretreatment with PI3K inhibitor or vehicle, cells were
treated with TNF-� for the indicated times, and then nuclear extracts were isolated
as described previously (17). Proper isolation of nuclear extract was verified by
the detection of the expression of proliferating cell nuclear antigen. Binding of
transcription factor to the ICAM-1 promoter was assayed as described previously
(12). The biotin-labeled double-stranded oligonucleotides were synthesized by
PCR using biotin-labeled 3� primer, biotin-T10-�24AGTAGCAGAGGAGCTC
AGCG�44, and 5� primers, �346AGACCTTAGCGCGGTGTAGA�326 (�346 to
�24) (Scino-Pharm Biotech Ltd., Tainan, Taiwan) according to the human
ICAM-1 promoter sequence. The binding assay was performed by mixing 400 �g
of nuclear proteins, 2 �g biotin-labeled DNA oligonucleotides, and 20 �l strepta-
vidin-agarose beads (4%) with 70% slurry. The mixture was incubated at room
temperature for 1 h with shaking. The beads were pelleted and washed with cold
PBS three times. The binding proteins were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) followed by Western blot anal-
ysis and probed with specific antibodies.

ChIP assay. Chromatin immunoprecipitation (ChIP) analysis was performed
as described previously (20). DNA immunoprecipitated by anti-p300 (sc-585;
Santa Cruz), anti-Flag (F3165; Sigma), anti-RNA polymerase II (sc-5943; Santa
Cruz), anti-p300/CBP-associated factor (p/CAF) (sc-13124; Santa Cruz), anti-
acetylated histone H3 (06-599; Upstate), or anti-acetylated histone H4 (06-946;
Upstate) antibody was purified. PCRs for ChIP were performed using input or
pellet DNA serially diluted in fivefold increments to confirm the amplification in
a linear range, as described previously (20). The primers 5�-AGACCTTAGCG
CGGTGTAGA-3� and 5�-AGTAGCAGAGGAGCTCAGCG-3� were utilized
to amplify across the ICAM-1 promoter region (�346 to �24). PCR products
were analyzed on ethidium bromide-stained agarose gels.

Immunofluorescence staining. A549 cells, grown on coverslips, were pre-
treated with Ly294002 or SH-5, followed by TNF-� stimulation for 1 h. The cells
were then rapidly washed with PBS and fixed at room temperature for 10 min
with 1.5% paraformaldehyde. After being washed with PBS, the cells were

blocked for 15 min with 1% bovine serum albumin in TTBS and then incubated
with anti-Akt antibody (1:100) for 1 h, washed extensively, and stained for 30 min
with fluorescein isothiocyanate-conjugated anti-goat immunoglobulin G (IgG)
secondary antibody (1:500). The nucleus was stained with DAPI (4�,6�-dia-
midino-2-phenylindole). After additional washes, the cells were mounted for
analysis with a Leica TCS SP2 confocal spectral microscope.

In vivo phosphorylation. In vivo labeling with [32P]orthophosphate was per-
formed as described previously (24). A549 cells were cotransfected with Akt or
nonsilencing siRNA, HA-myr-Akt or empty vector, and/or Flag-tagged wt p300
or S1834A mutant. After 2 days, the cells were washed twice with Tris-buffered
saline and incubated in phosphate-free Dulbecco’s modified Eagle’s medium
(Life Technologies) for 1 h. [32P]orthophosphate (NEN Life Science Products)
was then added to achieve a concentration of 0.5 mCi/ml, and the cells were
further incubated in appropriate medium for 3 h. The labeled cells were treated
with vehicle or TNF-� for 1 h. After being washed twice with cold Tris-buffered
saline, the cells were lysed in 1 ml of RIPA buffer. The cells were disrupted
completely by scraping and shearing them through a 27-gauge needle. After
centrifugation, aliquots of the lysates were precleared with 50 �l of protein A/G
PLUS-agarose and then incubated with 2 �g of anti-p300 or anti-Flag antibody.
The immune complexes were recovered upon incubation with 40 �l of protein
A/G PLUS-agarose at 4°C for 1 h. The pellets were washed twice with cold
Tris-buffered saline and twice with RIPA buffer. The immunoprecipitates iso-
lated from the 32P-labeled cells were resuspended in 2	 SDS sample buffer,
resolved on a 7.5% SDS-polyacrylamide gel, and visualized by autoradiography.

In vitro phosphorylation. In vitro phosphorylation was assessed as described
previously (17). The immunoprecipitates with anti-Akt or antihemagglutinin
(anti-HA) antibody were collected, washed, and then incubated at 30°C for 30
min in 20 �l of kinase reaction mixture containing 10 �M [
-32P]ATP and 1 �g
of either bacterially expressed GST-p300(1714–1883) as Akt or immunoprecipi-
tated Flag-p300 as HA-myr-Akt substrate. The reaction was stopped by the
addition of an equal volume of Laemmli buffer. Proteins were separated by
electrophoresis on 10% SDS-polyacrylamide gels, and phosphorylated GST fu-
sion proteins or Flag-p300 was visualized by autoradiography. The phosphory-
lation of Flag-p300 by HA-myr-Akt, both immunopurified from cell lysates, was
also assessed by Western blotting using anti-phosphoserine antibody (Chemicon,
Temecula, CA) after incubation in the kinase reaction mixture without [
-32P]ATP.

In vitro transcription-translation. In vitro protein synthesis using an EcoPro
T7-coupled transcription-translation system was carried out according to the
manufacturer’s instructions (Novagen). The in vitro-expressed Flag-p300 was
identified by Western blotting using anti-Flag antibody and subjected to a HAT
activity assay.

HAT activity assay. The in vitro HAT activity was assayed by measuring the
histone acetylated by p300. The 25-�l reaction mixture containing Flag-tagged wt
p300 or S1834E or S1834A mutant, 10 �g histone, and 10 �M acetyl-coenzyme
A in HAT assay buffer (50 mM Tris-HCl, pH 8.0, 10% glycerol, 0.1 mM EDTA,
and 1 mM dithiothreitol) was incubated at 30°C for 30 min and then subjected to
SDS-PAGE for protein separation. The HAT activity of Flag-p300 phosphory-
lated by HA-myr-Akt, both immunopurified from cell lysates, was also assayed in
the presence of histone and acetyl coenzyme A. Acetylated histone was analyzed
by Western blotting using anti-acetylated histone H3 antibody.

GST pull-down assay. Ten microliters of glutathione-agarose beads coupled
with GST or GST-p300 was incubated with 1 mg of nuclear protein in 50 �l of
kinase buffer (25 mM HEPES, 25 mM �-glycerophosphate, 25 mM MgCl2, 2 mM
dithiothreitol, and 0.1 mM NaVO3) overnight at 4°C. Following incubation, the
beads were washed twice with lysis buffer. Proteins were eluted with Laemmli
SDS sample buffer, separated by 10% SDS-PAGE, and immunoblotted with
anti-p/CAF or anti-phosphoserine antibody.

RESULTS

Involvement of the PI3K/Akt pathway in TNF-�-induced
ICAM-1 expression. To examine whether the PI3K/Akt path-
way is involved in TNF-�-induced ICAM-1 expression, a PI3K
inhibitor, Ly294002, was used. When cells were preincubated
with Ly294002 for 30 min, the TNF-�-induced ICAM-1 expres-
sion was inhibited by the inhibitor in a dose-dependent manner
(Fig. 1A). In parallel with the inhibition of ICAM-1 expression,
Fig. 1B shows the blockade of TNF-�-induced U937 cell ad-
hesion to A549 cells by Ly294002. To further investigate the
role of the PI3K/Akt pathway in ICAM-1 gene transcription,
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promoter activity assays were performed using a human
ICAM-1 promoter-luciferase construct, pIC339 (�339 to 0).
TNF-�-induced ICAM-1 promoter activation was inhibited by
Ly294002 in a dose-dependent manner, by SH-5 (a specific Akt
inhibitor), or by the overexpression of the dominant-negative
kinase-dead Akt mutant (Akt-KA) (Fig. 1C). Ly294002 or
SH-5 alone did not affect the basal luciferase activity (data not

shown). To further confirm the role of Akt in TNF-�-induced
ICAM-1 gene transcription, siRNA-directed gene silencing was
used to specifically deplete Akt. As shown in Fig. 1C, loss of
Akt blocked TNF-�-induced ICAM-1 promoter activation.
Moreover, ectopic expression of the constitutive-active mutant
of myc-tagged p110 (myc-p110�), the catalytic subunit of PI3K,
or the HA-tagged Akt (HA-myr-Akt) also increased ICAM-1

FIG. 1. The PI3K/Akt pathway is required for TNF-�-induced ICAM-1 protein expression and U937 adhesion to A549 cells. (A) Blocking of
the PI3K/Akt pathway by Ly294002 reduced ICAM-1 expression induced by TNF-� on A549 cells. Cells were pretreated with 10, 30, or 50 �M
Ly294002 for 30 min before incubation with 10 ng/ml of TNF-� for 4.5 h. Surface expression of ICAM-1 was measured by enzyme-linked
immunosorbent assay using anti-ICAM-1 antibody as described in Materials and Methods. OD, optical density. (B) Ly294002 inhibited TNF-�-
induced U937 cell adhesion to A549 cells. U937 cells, labeled with BCECF, were added to A549 cells pretreated with 10 �M Ly294002 for 30 min
before incubation with TNF-� for 4.5 h, and culture was continued at 37°C for 1 h; then, adhesion was measured as described in Materials and
Methods. (C) Inhibition of the PI3K/Akt pathway blocked TNF-�-induced ICAM-1 promoter activity. Cells transfected with the pIC339 luciferase
expression vector were pretreated with 10, 30, or 50 �M Ly294002 or 20 �M SH-5 or cotransfected with the dominant-negative Akt-KA mutant
or Akt siRNA plasmid before incubation with 10 ng/ml of TNF-� for 5 h. Luciferase activity was assayed as described in Materials and Methods.
(D) Overexpression of the constitutive-active mutant of p110 or Akt increased ICAM-1 promoter activity. Cells were cotransfected with myc-p110*,
HA-myr-Akt, or the empty vector and the pIC339 luciferase expression vector. After 24 h of transfection, luciferase activity was measured. (Insets)
Immunoblots of extracts from each sample to detect myc-p110*, Akt, HA-myr-Akt, HA-Akt-KA, or actin level using anti-myc, anti-Akt, anti-HA,
or anti-actin antibody, respectively. *, P � 0.05; **, P � 0.01 compared with vehicle or the empty vector. All results are expressed as the mean
plus standard error of the mean from three independent experiments.
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promoter activity (Fig. 1D). All these results indicated the
involvement of the PI3K/Akt pathway in TNF-�-induced
ICAM-1 gene transcription.

Inhibition of PI3K/Akt blocked TNF-�-induced recruitment
of p300, acetylation of nucleosomal histone, and enhanceo-
some formation on the ICAM-1 promoter. The proximal
ICAM-1 promoter-enhancer region (�346 to �24) contains
several putative recognition sequences for a variety of tran-
scriptional activators, including AP-1, retinoic acid-response
element (RARE), C/EBP, NF-�B, Ets-1, interferon-stimulated
response element (IRE), Sp1, and AP-2 (Fig. 2A). To investi-
gate the role of the PI3K/Akt pathway in regulating the re-
cruitment of p300 to the promoter, a biotinylated double-
stranded DNA fragment containing ICAM-1 promoter from
�346 to �24 was generated and used in DAPA. p300 was
constitutively expressed in the nucleus (Fig. 2B, lanes 1 to 5),
and its recruitment to the ICAM-1 promoter was increased by
TNF-� after 30 min of stimulation and sustained to 120 min

(Fig. 2B, lanes 3 to 5). The in vivo recruitment of p300 to the
ICAM-1 promoter induced by TNF-� was examined by ChIP.
Chromatin was immunoprecipitated with anti-p300 antibody,
and the ICAM-1 promoter-enhancer region (�346 to �24)
containing the essential binding sites for transcriptional acti-
vators was amplified by PCR. As shown in Fig. 2C and D, in
vivo binding of p300 to the ICAM-1 promoter was increased
after treatment with TNF-� in a time-dependent manner. No
association of p300 with the �-actin promoter was seen after
TNF-� treatment (data not shown). The recruitment of p300
to the ICAM-1 promoter was inhibited by Ly294002 in a dose-
dependent manner, as demonstrated by both DAPA and the
ChIP assay (Fig. 2B, lanes 8 to 10, and D, lanes 7 to 9). In
addition to Akt, PI3K has also been reported to activate the
mammalian target of rapamycin (mTOR) kinase, which regu-
lates S6 kinase activation (36). To examine whether the inhib-
itory effect of Ly294002 could be mediated through mTOR
kinase/S6 kinase rather than the PI3K/Akt pathway, Akt inhib-

FIG. 2. Inhibition of PI3K/Akt pathway attenuates TNF-�-induced recruitment of p300, acetylation of nucleosomal histone, and enhanceosome
formation on the ICAM-1 promoter. (A) Schematic illustration of various transcriptional activator binding sites on the ICAM-1 promoter labeled
with biotin. (B) TNF-�-induced p300 recruitment to the ICAM-1 promoter in vitro was inhibited by Ly294002. Cells were stimulated with TNF-�
for the indicated time or pretreated with 10, 30, or 50 �M Ly294002 for 30 min before stimulation with TNF-� for 60 min, and then nuclear extracts
were prepared and incubated with biotinylated ICAM-1 promoter probes (�346 to �24) or without probe (control) and streptavidin-agarose beads.
p300 captured by the beads or in the nuclear extract was detected by Western blotting. (C to F) Inhibition of the PI3K/Akt pathway attenuated
TNF-�-induced p300 recruitment, acetylation of nucleosomal histones, and assembly of RNA polymerase II on the ICAM-1 promoter in vivo. Cells
were stimulated with TNF-� for the indicated times (C and D) or pretreated with 10, 30, or 50 �M Ly294002 (D) or 30 �M Ly294002, 20 �M SH-5,
or 20 ng/ml rapamycin (E) for 30 min or transfected with nonsilencing (control) or Akt siRNA plasmids in a dose-dependent manner (F) before
stimulation with TNF-� for 60 min, and then ChIP assays were performed. Chromatin was immunoprecipitated with anti-p300, anti-acetylated
histone H3, anti-acetylated histone H4, or anti-RNA ploymerase II (Pol II) antibody or without antibody (control). One percent of the precipitated
chromatin was assayed to verify equal loading (Input). Serial dilution in fivefold increments of pellet or input template DNA (C) or fivefold
dilutions (D to F) were subjected to PCR using primer to the ICAM-1 promoter region (�24 to �346).
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itor (SH-5) and mTOR kinase inhibitor (rapamycin) were
used. As shown in Fig. 2E, TNF-�-induced p300 recruitment to
the ICAM-1 promoter was inhibited by Ly294002 or SH-5, but
not rapamycin (lanes 3 to 5). Furthermore, knocking down Akt
with siRNA also attenuated the recruitment of p300 to the
promoter in a dose-dependent manner (Fig. 2F), indicating
that the PI3K/Akt pathway was indeed involved in the TNF-
�-induced recruitment of p300 to the ICAM-1 promoter.

It has been shown that p300, after recruitment to target gene
promoters, can acetylate lysine residues within the core histone
tails to facilitate the binding of nuclear factors to chromatin by
destabilizing the promoter-bound nucleosomes; it then com-
plexes with RNA polymerase II holoenzyme to form enhan-
ceosome, initiating gene transcription (9, 44). As shown in Fig.
2E, the acetylation of histones H3 and H4 and the assembly of
RNA polymerase II on the ICAM-1 promoter were increased
in response to TNF-�, and these effects were attenuated by
Ly294002 and SH-5, but not rapamycin (lanes 3 to 5). These
results implied that Akt modulates the promoter recruitment
of p300, as well as its HAT activity, leading to the acetylation

of core histones and association with basal transcriptional ma-
chinery to form enhanceosome.

Nuclear Akt interacts with and phosphorylates p300 in re-
sponse to TNF-�. Since Akt mediates the recruitment of p300
to the ICAM-1 promoter, we speculate that Akt should be
translocated and activated in the nucleus; it then phosphory-
lates p300. Immunofluorescence staining demonstrated the nu-
clear translocation of Akt in response to TNF-�, and this effect
was attenuated by Ly294002 or SH-5 (Fig. 3A). Western blot-
ting also showed the phosphorylation and nuclear transloca-
tion of Akt after treatment with TNF-� (Fig. 3B). These results
confirm that TNF-� induced nuclear translocation and activa-
tion of Akt in a PI3K-dependent manner. To examine whether
Akt interacts with p300 in vivo, reciprocal immunoprecipita-
tion of nuclear lysates, followed by immunoblot analysis using
anti-Akt or anti-p300 antibody, was performed. As shown in
Fig. 3C, p300 formed a tight complex with Akt after TNF-�
stimulation. It was evident at 10 min and sustained to 60 min.

The in vivo phosphorylation of p300 by Akt was examined by
transfection of cells with the dominant-negative Akt-KA mu-

FIG. 3. Nuclear Akt interacts with and phosphorylates p300 in response to TNF-� stimulation. (A) Immunofluorescent staining of Akt in A549
cells was performed using anti-Akt antibody. Cells were stimulated with TNF-� for 60 min or pretreated with Ly294002 or SH-5 for 30 min before
incubation with TNF-� and then fixed and stained as described in Materials and Methods. Cell nuclei were stained with DAPI, and Akt was
visualized with fluorescein isothiocyanate. DAPI staining was falsely colored red to make visualization of the merge (overlay) easier to distinguish.
(B) Total and nuclear extracts from TNF-�-stimulated A549 cells were prepared and then analyzed by Western blotting using anti-phospho-Ser-
473 Akt or anti-Akt antibody. (C) Nuclear Akt coimmunoprecipitated with p300 after TNF-� stimulation. Cells were treated with TNF-� for the
indicated times. Equal amounts (1 mg) of nuclear extracts were immunoprecipitated (IP) with anti-Akt, anti-p300 antibody, or IgG (control) and
then separated by SDS-PAGE on a 7.5% gel and immunoblotted with anti-Akt or anti-p300 antibody as indicated. (D and E) TNF-�-activated Akt
phosphorylates p300 in vivo. Cells labeled with [32P]orthophosphate were pretreated with 30 �M Ly294002, 20 �M SH-5, or 20 ng/ml of rapamycin
or transfected with the dominant-negative mutant of Akt-KA (D), Akt, or nonsilencing siRNA plasmids (E) before incubation with 10 ng/ml of
TNF-� for 1 h. Endogenous p300 was immunoprecipitated with anti-p300 antibody or IgG (control), and phosphorylated p300 was visualized by
autoradiography as described in Materials and Methods. The total amounts of p300, HA-Akt-KA, and Akt were detected by Western blotting using
anti-p300, anti-HA, and anti-Akt antibodies, respectively.
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tant or the empty vector for 2 days, and then the cells were
labeled with [32P]orthophosphate for 3 h. The radiolabeled cell
lysates were immunoprecipitated with anti-p300 antibody, and
the phosphorylated p300 was visualized by autoradiography.
As shown in Fig. 3D, phosphorylation of p300 by TNF-� was
seen (lane 2), and this effect was inhibited by Ly294002, SH-5,
and Akt-KA, but not rapamycin (lanes 3 to 6), demonstrating
the in vivo phosphorylation of p300 by Akt. To further confirm
the effect of Akt, its siRNA was used, and the loss of Akt was
observed to attenuate p300 phosphorylation in a dose-depen-
dent manner (Fig. 3E).

Akt phosphorylates p300 at Ser-1834 in vitro and in vivo.
According to a consensus sequence specific for Akt phosphor-
ylation sites (Arg-Xaa-Arg-Xaa-Xaa-Ser/Thr) (3), a putative
residue is conserved in both p300 (Ser-1834) and CBP (Ser-
1871) (Fig. 4A). We examined whether Ser-1834 of p300 was
phosphorylated by Akt. As shown in Fig. 4B, Akt immunopre-
cipitated from TNF-�-treated cell lysates phosphorylated a
GST-tagged p300 peptide (residues 1714 to 1883) [GST-

p300(1714–1883)] in a time-dependent manner (Fig. 4B, lanes
1 to 4). When Ser-1834 was mutated to Ala (S1834A), the
phosphorylation was attenuated (Fig. 4B, lane 5 to 6). To
further verify that Ser-1834 was phosphorylated by Akt, we
transfected constitutive-active HA-myr-Akt and dominant-
negative HA-Akt-KA into cells and examined their ability to
phosphorylate GST-p300(1714–1883) and Flag-p300. As
shown in Fig. 4C and D, the constitutive-active Akt mutant
(HA-myr-Akt) immunoprecipitated by anti-HA antibody
phosphorylated GST-p300(1714–1883) and Flag-p300 immu-
nopurified from cell lysates (Fig. 4C, lane 2, and D, lane 2), but
not its S1834A mutant (Fig. 4C, lane 1, and D, lane 4). How-
ever, the HA-Akt-KA mutant did not phosphorylate GST-
p300(1714–1883) even in the presence of TNF-� stimulation
(Fig. 4C, lanes 4).

To further confirm the in vivo phosphorylation of Ser-1834
by Akt, A549 cells were cotransfected with Flag-tagged p300
and HA-myr-Akt or their respective empty vectors for 2 days
and then subjected to an in vivo phosphorylation assay. As shown

FIG. 4. Akt phosphorylates p300 at Ser-1834 in vitro and in vivo. (A) Consensus motif of Akt phosphorylation sites. Sequences of p300/CPB
and other known substrates are aligned for comparison. The conserved sequence for phosphorylation by Akt is indicated in boxes. (B, C, and D)
Akt phosphorylates p300 at Ser-1834 in vitro. Cells transfected with empty vector (C) or HA-Akt-KA (C) were stimulated with TNF-� for the
indicated times (B) or for 60 min (C) or transfected with only HA-myr-Akt (C and D) or Flag-tagged wt or the S1834A mutant of p300 (D). Total
cell lysates were prepared and immunoprecipitated with anti-Akt (B) or anti-HA (C and D) antibody. HA-myr-Akt immunoprecipitated by
anti-HA antibody was mixed with wt Flag-p300 or its S1834A mutant extracted from unstimulated cells and then subjected to an in vitro
phosphorylation assay (D). The amount of GST-p300(1714–1883) was detected by Coomassie brilliant blue staining. (E) Akt phosphorylates p300
at Ser-1834 in vivo. Cells transfected with empty vector, Flag-tagged wt p300, or S1834A mutant or cotransfected with HA-myr-Akt were labeled
with [32P]orthophosphate before incubation with 10 ng/ml of TNF-� for 1 h. Flag-p300 was immunoprecipitated by anti-Flag antibody, and
phosphorylated Flag-p300 was visualized by autoradiography. The total amount of Flag-p300 and HA-myr-Akt was detected by Western blotting
using anti-Flag or anti-HA antibody.
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in Fig. 4E, wt Flag-p300 was phosphorylated by TNF-� and by the
overexpression of HA-myr-Akt (Fig. 4E, lanes 5 and 6). When
Ser-1834 was mutated to Ala (Flag-p300 S1834A), these phos-
phorylations were diminished (Fig. 4E, lanes 8 and 9).

Akt phosphorylation of Ser-1834 enhances the transcrip-
tional activity of p300 by increasing its promoter recruitment,
histone acetylation, and enhanceosome formation on the
ICAM-1 promoter. To examine whether Akt-induced Ser-1834
phosphorylation is essential for TNF-�-induced ICAM-1 ex-
pression, ICAM-1 promoter activity was examined by overex-
pression of the Flag-tagged wt p300 or its S1834A mutant. As
shown in Fig. 5A, wt p300 increased ICAM-1 promoter activity,
and the S1834A mutant also slightly increased promoter activ-
ity. However, wt p300 augmented TNF-�-stimulated ICAM-1
promoter activity, and this effect was not seen when the
S1834A mutant was overexpressed (Fig. 5A). The balance be-

tween the activities of HAT and histone deacetylase (HDAC)
controls the steady-state acetylation level of core histone (29).
Treatment of mammalian cells with the HDAC inhibitor TSA
blocked histone deacetylation and resulted in an increase in
gene expression (8). As shown in Fig. 5A, ICAM-1 promoter
activity was stimulated by TSA, and wt p300 also augmented its
effect. However, mutation of Ser-1834 to Ala abolished this
enhancing effect. When wt p300 or S1834A mutant was co-
transfected with the constitutively active PI3K (myc-p110�) or
Akt (HA-myr-Akt), only wt p300, but not the S1834A mutant,
enhanced ICAM-1 promoter activity (Fig. 5B). p300 has been
reported to act as a common cofactor for most transcription
factors (9, 14). Overexpression of wt p300 in A549 cells also
caused an increase in NF-�B-, CREB-, and AP-1-mediated
transcriptions, and this effect was enhanced by the mutation of
Ser-1834 to Glu, which mimics the phosphorylation status, but

FIG. 5. Akt phosphorylation of Ser-1834 enhances the transcriptional activity of p300 by increasing its promoter recruitment, histone acety-
lation, and enhanceosome formation on the ICAM-1 promoter. (A) The p300 S1834A mutant inhibited TNF-�- or TSA-induced ICAM-1 promoter
activity. A549 cells were cotransfected with pIC339 and the Flag-tagged wt p300 or p300 S1834A mutant, or the empty vector, and then treated
with 10 ng/ml of TNF-� or 1 �M TSA for 6 h. Luciferase activity was measured. (Inset) Immunoblots of extracts from each sample to detect the
level of Flag-tagged wt p300 or S1834A mutant using anti-Flag antibody. (B) The p300 S1834A mutant inhibited ICAM-1 promoter activity induced
by the constitutive-active mutant of p110 or Akt. Cells were cotransfected with myc-p110�, HA-myr-Akt, or empty vector and the Flag-tagged wt
or S1834A mutant of p300. After 24 h of transfection, luciferase activity was measured. (Inset) Immunoblots of extracts from each sample to detect
the level of myc-p110�, HA-myr-Akt, or Flag-p300 using anti-myc, anti-HA, or anti-Flag antibody, respectively. (C) Phosphorylation of p300 at
Ser-1834 is critical for NF-�B-, CREB-, and AP-1-mediated transcriptions. Cells were cotransfected with the Flag-tagged wt or the S1834A or
S1834E mutant of p300 and NF-�B-, CRE-, or AP-1-luciferase reporters, and then luciferase activity was measured. (D) Mutation of Ser-1834 to
Ala abolished the recruitment of p300, acetylation of nucleosomal histones, and RNA polymerase II to the ICAM-1 promoter. ChIP assays were
performed in cells transfected with the Flag-tagged wt or S1834A mutant of p300 or the empty vector. Cells were pretreated with 50 �M Ly294002
for 30 min, followed by TNF-� stimulation for 60 min, and then chromatin was immunoprecipitated with anti-Flag, anti-acetylated histone H3, or
anti-RNA ploymerase II (Pol II) antibody or without antibody (control). The precipitated ICAM-1 promoter region (�24 to �346) was amplified
by PCR; 1% of the chromatin was assayed to verify equal loading (Input). All results were expressed as the mean plus standard error of the mean
from three independent experiments.
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attenuated by the mutation of Ser-1834 to Ala (Fig. 5C). These
data imply that Akt phosphorylation of p300 at Ser-1834 can
regulate the expression of many genes, including ICAM-1.

To further explore why Akt phosphorylation of Ser-1834
increased the transcriptional activity of p300, Flag-tagged wt
p300 and its S1834A mutant were transfected into cells and
ChIP assays were performed. As shown in Fig. 5D, recruitment
of Flag-tagged wt p300 to the ICAM-1 promoter after TNF-�
stimulation was seen (lane 5), and this effect was abolished by
Ly294002 and the mutation of Ser-1834 to Ala (Fig. 5D, lanes
4 to 6 and 7 to 8, respectively). Moreover, acetylation of his-
tone H3 and assembly of RNA polymerase II on the ICAM-1
promoter induced by TNF-� were enhanced by wt p300 but
attenuated by the S1834A mutant (Fig. 5D, compare lanes 1
and 2, 4 and 5, and 7 and 8). The inhibitory effect of Ly294002
on these two events was also seen (Fig. 5D, compare lanes 2
and 3, and 5 and 6, respectively). These data indicated that
Akt-mediated phosphorylation of Ser-1834 enhanced the tran-
scriptional activity of p300 by increasing its recruitment to the
ICAM-1 promoter and HAT activity and the subsequent asso-
ciation with RNA polymerase II to form enhanceosome.

Akt phosphorylation of p300 at Ser-1834 increases its in-
trinsic HAT activity and its association with p/CAF. To exam-
ine whether phosphorylation of Ser-1834 increased the intrin-
sic HAT activity of p300, wt Flag-tagged p300 and its S1834A
mutant cotransfected with HA-myr-Akt or HA-Akt KA mu-
tant were immunoprecipitated by anti-Flag antibody. The
HAT activity was assayed by measuring the acetylation of hi-
stone H3. As shown in Fig. 6A, wt p300, but not the S1834A
mutant, acetylated histone H3 in response to TNF-� stimula-
tion (Fig. 6A, lanes 1 to 4), and this effect was inhibited by the
Akt-KA mutant (Fig. 6A, lanes 5 and 6). HA-myr-Akt en-
hanced the acetylation of histone H3 induced by wt p300 (com-
pare lanes 7 and 1), but not the S1834A mutant (Fig. 6A,
compare lanes 8 and 3). These results showed that phosphor-
ylation of p300 at Ser-1834 increased its intrinsic HAT activity.
To further demonstrate that phosphorylation of Ser-1834 by
Akt increased the HAT activity, wt p300 or its S1834A mutant
extracted by Flag tag was mixed with myr-Akt extracted by HA
tag from unstimulated cell lysates and then subjected to in vitro
phosphorylation and HAT activity assays. As shown in Fig. 6B,
increases of phosphorylation and HAT activity were seen only
in wt p300, but not the S1834A mutant (Fig. 6B, lanes 2 and 4).
To confirm this finding, p300 was expressed in vitro and sub-
jected to a HAT activity assay. As shown in Fig. 6C, histone H3
was acetylated by wt p300, and this effect was enhanced by the
S1834E mutant but attenuated by the S1834A mutant (Fig. 6C,
lanes 2 to 4). All the data clearly demonstrated that Akt phos-
phorylation of p300 at Ser-1834 is critical for the regulation of
intrinsic HAT activity.

Ser-1834 is close to the C/H3 domain of p300, which is
responsible for the recruitment of numerous transcriptional
activators, as well as other HAT-possessing proteins, such as
p/CAF and SRC-1 (46, 47). The associated HAT activity from
p/CAF has also been reported to synergize the transcriptional
activation of p300 (13, 44). Thus, we further examined if Ser-
1834 phosphorylation affects the protein-protein interaction
between p300 and p/CAF. In a GST pull-down assay, the
phosphorylation of GST-p300(1714–1883) and its interaction
with p/CAF were increased after TNF-� stimulation in the

presence of ATP (Fig. 7A, lanes 3 to 4), and these effects were
attenuated by Ly294002 (Fig. 7A, compare lanes 4 and 6) or in
the absence of ATP (Fig. 7A, compare lanes 4 and 8). GST-
300(1714–1883) S1834A mutant or GST alone did not bind
p/CAF (Fig. 7A, lanes 9 and 10, and 1 and 2). Moreover, the
recruitment of p/CAF to the ICAM-1 promoter was enhanced
by TNF-� stimulation (Fig. 7B, lane 2), and this effect was
attenuated by Ly294002 (Fig. 7B, lane 3). Wild-type p300 en-
hanced, but the S1834A mutant inhibited, TNF-�-induced re-
cruitment of p/CAF to the ICAM-1 promoter (Fig. 7C, lanes 3
and 4, and 5 and 6). These data implied that Akt phosphory-
lation of Ser1834 enhanced the recruitment of p300 together
with p/CAF to the ICAM-1 promoter by increasing their pro-
tein-protein interaction.

To examine whether the HAT activity of p/CAF is essential
for TNF-�-induced ICAM-1 expression, cells were overex-

FIG. 6. Phosphorylation of p300 at Ser-1834 increases its intrinsic
HAT activity. After cotransfection with Flag-tagged wt p300 or
S1834A mutant and HA-Akt KA or HA-myr-Akt for 48 h, cells were
treated with TNF-� for 1 h. Then, the wt and S1834A mutants of
Flag-p300 were immunopurified by anti-Flag antibody or by IgG (con-
trol). (A) HA-myr-Akt immunoprecipitated from unstimulated cell
lysates was mixed with wt Flag-p300 or its S1834A mutant and incu-
bated in kinase assay buffer for 30 min. (B) Flag-tagged wt p300 or
S1834E or S1834A mutant protein was expressed in vitro and immu-
nopurified by anti-Flag antibody. (C) HAT activity was then assayed as
described in Materials and Methods. Levels of acetylated histone H3,
histone H3, immunoprecipitated Flag-p300, and HA-myr-Akt were
estimated by Western blotting using anti-acetylated histone H3, anti-
histone H3, anti-Flag, and anti-HA antibodies, respectively.
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pressed with wt p/CAF, or a p/CAF HAT deletion (HAT�)
mutant, and the ICAM-1 promoter luciferase reporter. Wild-
type p/CAF, but not the p/CAF HAT� mutant, enhanced the
TNF-�-induced ICAM-1 promoter activity, and this effect was

blocked by Ly294002 (Fig. 7D). Moreover, wt p/CAF aug-
mented the constitutive-active Akt- or wt p300-induced, but
not S1834A mutant-induced, ICAM-1 promoter activity (Fig.
7E). This synergism was not seen when the p/CAF HAT�

mutant was overexpressed (Fig. 7E). All these data provide
evidence that the synergic effect of HAT activity induced by
p300 and p/CAF is Akt dependent and is essential for ICAM-1
gene transcription.

DISCUSSION

PI3K/Akt pathway activation by TNF-� has been well doc-
umented. Its roles in TNF-�-induced ICAM-1 expression on
A549 alveolar epithelial cells and in causing monocytes to
adhere to these cells are explored in the present study. NF-�B
was demonstrated to be critical for TNF-�-induced ICAM-1
expression on A549 cells (10). It has been reported that PI3K/
Akt induced NF-�B activation through targeting IKK� or in-
creasing p65 transactivation via phosphorylation of its Ser-529
or Ser-536 (31, 35, 40). Our data showed that Ly294002 atten-
uated both Akt activation and ICAM-1 expression. However,
inhibition of the PI3K/Akt pathway by Ly294002 or wortman-
nin did not affect TNF-�-induced IKK activation, I�B� degra-
dation, NF-�B-specific DNA-protein binding, or phosphoryla-
tion of p65 at Ser-529 or Ser-536 (see Fig. S1 in the
supplemental material). Therefore, PI3K/Akt pathway regula-
tion of gene transcription in A549 cells was not through NF-�B
or p65 transcriptional activity. In agreement with these find-
ings, several studies have also shown that inhibition of the
PI3K/Akt pathway did not prevent TNF-�- or interleukin-1-
induced NF-�B activation and I�B� degradation in hepato-
cytes and A549 and human umbilical vein endothelial cells (25,
32, 41). Therefore, the PI3K/Akt pathway seems not to induce
NF-�B activation in every cell type (42). Instead of targeting
the IKK/NF-�B activation pathway, we showed a new mecha-
nism by which Akt regulated TNF-�-induced ICAM-1 expres-
sion by phosphorylating p300. Akt is activated in a PI3K-
dependent manner and translocates to the nucleus. Nuclear
Akt binds to p300 and phosphorylates its Ser-1834, leading to
an increase in HAT activity, which induces acetylation of the
core histone tails. This may promote access of transcription
factors to gene promoters (43) and lead to recruitment of basal
transcriptional machinery RNA polymerase II to promoters.
All these events facilitate the formation of enhanceosomes and
enhance gene transcriptions.

Akt phosphorylation of p300 at Ser-1834 regulates TNF-�-
induced ICAM-1 expression. This effect is attributed to the
increase in recruitment of p300 to the ICAM-1 promoter and
the increase in HAT activity, which results in the acetylation of
histone H3 or H4 on the ICAM-1 promoter. Several lines of
evidence support these notions. First, TNF-�-activated Akt
translocates to the nucleus, where p300 is predominantly lo-
cated, and the association between them has also been ob-
served. Second, in vivo and in vitro phosphorylation of p300 by
Akt was demonstrated by the results in which PI3K/Akt inhib-
itors, dominant-negative Akt-KA mutant, Akt siRNA, or p300
S1834A mutant inhibited the phosphorylation of p300. The
specific inhibition of the expression of Akt, but not actin and
p300, by Akt siRNA (Fig. 1C and 3E, respectively) might
exclude the possibility of its targeting other genes. Third, Akt

FIG. 7. Akt phosphorylation of p300 at Ser-1834 increases its as-
sociation with p/CAF. (A) Akt phosphorylation of p300 at Ser-1834
binds p/CAF in vitro. A549 cells were pretreated with 50 �M Ly294002
for 30 min before incubation with 10 ng/ml of TNF-� for 60 min.
Nuclear extracts were prepared and pulled down from the glutathione-
agarose beads coupled with wt GST-p300(1714–1883) or S1834A mu-
tant as described in Materials and Methods. Levels of phospho-GST-
p300(1714–1883) and pulled-down or input p/CAF were detected by
Western blotting using anti-phosphoserine or anti-p/CAF antibody,
respectively. The amount of GST or GST-p300(1714–1883) was de-
tected by Coomassie brilliant blue staining. (B and C) Ly294002 and
the p300 S1834A mutant inhibited the recruitment of p/CAF to the
ICAM-1 promoter induced by TNF-�. Cells were pretreated with
Ly294002 for 30 min or transfected with Flag-tagged wt p300 or the
S1834A mutant or the empty vector before stimulation with TNF-� for
60 min, and then ChIP assays were performed using anti-p/CAF anti-
body or without antibody (control). Precipitated ICAM-1 promoter
region (�24 to �346) was amplified by PCR; 1% of the chromatin was
assayed to verify equal loading (Input). (D) HAT activity of p/CAF
contributed to TNF-�-induced ICAM-1 promoter activity. A549 cells
transfected with pIC339 and wt p/CAF, p/CAF HAT� mutant, or the
empty vector were pretreated with Ly294002 for 30 min, followed by
stimulation with TNF-� for 60 min. Luciferase activity was then mea-
sured. (E) Enhancement of Akt-induced ICAM-1 promoter activity by
p/CAF was inhibited by the p300 S1834A mutant. Cells were cotrans-
fected with wt p/CAF, p/CAF HAT� mutant, or the empty vector and
the HA-myr-Akt, Flag-tagged wt, or the S1834A mutant of p300, and
then luciferase activity was measured. The results were normalized to
the �-galactosidase activity and expressed as the mean plus standard
error of the mean of three independent experiments performed in
triplicate.
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siRNA and mutation of Ser-1834 to Ala diminished the re-
cruitment of p300 to the ICAM-1 promoter. Fourth, the
S1834A mutant attenuated ICAM-1 promoter activity induced
by TNF-� or by the constitutively active PI3K (myc-p110�) or
Akt (HA-myr-Akt). Finally, Akt phosphorylation of Ser-1834
leads to an increase in the HAT activity of p300. This was
demonstrated by the findings that the constitutive-active Akt
mutant induced the phosphorylation and HAT activity of wt
p300, but not the S1834A mutant (Fig. 6A and B). Further-
more, in vitro intrinsic HAT activity was increased when Ser-
1834 was mutated to Glu, while it was decreased when Ser was
mutated to Ala (Fig. 6C). The in vivo HAT activity demon-
strated that the increase in acetylated histone H3 or H4 on the
ICAM-1 promoter was inhibited by the PI3K/Akt inhibitors or
the S1834A mutant (Fig. 2E and 5D). These Akt-mediated
enhancements in HAT activity may be attributed to two mech-
anisms. One is through enhanced intrinsic HAT activity, prob-
ably due to a conformational change after phosphorylation of
Ser-1834, as suggested by Ait-Si-Ali et al. (1), who found an
increase in HAT activity of CBP after its C-terminal part was
phosphorylated by ERK1. Phosphorylation-induced conforma-
tional change that exposes the catalytic domain of ATF-2,
thereby activating its HAT, has also been suggested by Ka-
wasaki et al. (21). In addition to possessing intrinsic HAT
activity, p300 could also associate with other HATs, such as
p/CAF and SRC-1, through its CH3 domain (46, 47). It has
been reported that the HAT activity of p/CAF is essential for
the enhancement of the transcriptional activity of p300 (13).
Since Ser-1834 is close to the CH3 domain, the interaction
between p300 and p/CAF was examined and found to increase
upon Ser-1834 phosphorylation (Fig. 7A). Therefore, the p300-
associated p/CAF may also contribute to the increased HAT
activity of p300. MAPK/ERK kinase kinase 1, p42/p44 MAPK,
and Akt have also been demonstrated to phosphorylate p300/
CBP within their C-terminal parts and to increase their HAT
and/or transcriptional activities (1, 26, 38). Phosphorylations in
the C-terminal region thus seem to be a common mechanism
for up-regulating the transcriptional activity of p300/CBP. In
contrast, phosphorylation at the N terminus, e.g., Ser89 by
PKC�, was found to inhibit the HAT activity of p300 (48).

Akt-mediated phosphorylation of Ser-1834 also increases
the interaction of p300 with C/EBP� (data not shown), which
has been demonstrated to recruit p300 by interacting with
residues 1752 to 1859 (containing a CH3 domain) (27). It has
been reported that docking p300 to C/EBP� induces phos-
phorylation of several sites within the C-terminal domain of
p300. Mutation of these sites substantially impairs the activity
of p300 as a coactivator of C/EBP� (37). This property may be
shared by other C/EBP family members, as well as other tran-
scription factors, such as Sp1, Elk1, Msx3, and Hox (23), rais-
ing the possibility that p300 links the specific transcription
factors to the basal transcriptional machinery through protein-
protein interaction (27).

Akt plays an important role in prosurvival and antiapoptotic
signaling (6). For instance, Akt-induced phosphorylation and
nuclear translocation of Mdm2 leads to p53 degradation, thus
promoting cell survival (50). However, p300/CBP has been
reported to increase the transcriptional activities of NF-�B and
p53 through acetylation (12, 15), resulting in the respective
prosurvival and proapoptotic effects (14). The phosphorylation

and regulation of p300 by Akt probably provides a novel mech-
anism determining cell survival and proliferation. The interac-
tion between Akt and p300 was found to maintain the steady-
state level of p300 and to enter the G1 phase of the cell cycle
(11). HDAC inhibitors induce Akt phosphorylation of p300,
recruitment of p300 to the chromatin, and modulation of its
transactivation potential, leading to the modulation of NF-�B
transcription in non-small-cell lung cancer cell lines. This Akt-
dependent stimulation of NF-�B-mediated gene expression
blunted the proapoptotic action of HDAC inhibitors (26). In
the present study, we also showed that Akt-dependent recruit-
ment of p300 and enhancement of HAT activity augmented
NF-�B-mediated ICAM-1 transcription (Fig. 5A and 5B; 7D
and 7E).

The PI3K/Akt pathway implicated in the regulation of cell-
cell adhesion via expression of ICAM-1 has also been reported.
For instance, a glucose analog of blood group H antigen (H-
2g) and ligation of PAR-1 induces ICAM-1 expression and cell
adhesion via PI3K-dependent pathways (34, 51). Our previous
studies have demonstrated that ICAM-1 overexpression in-
duces tumor cell invasion across the Matrigel (16). This Akt-
mediated ICAM-1 expression might be critical for tumor cell
invasion and metastasis. Involvement of the PI3K/Akt pathway
in vascular endothelial growth factor-induced ICAM-1 expres-
sion and migration has also been reported in brain microvas-
cular endothelial cells (33).

In summary, phosphorylation of p300 at Ser-1834 by Akt
mediates two effects. One is increasing the recruitment of p300
to the ICAM-1 promoter. The other is increasing the acetyla-
tion of histone H3 or H4 on the ICAM-1 promoter. This acet-
ylation process is derived from the intrinsic HAT activity of
p300 and its association with another HAT, p/CAF. These two
events promote the formation of a transcriptional enhanceo-
some complex with RNA polymerase II holoenzyme, leading
to an increase in ICAM-1 gene transcription. This regulatory
mechanism may have important implications in the gene tran-
scription related to inflammation and tumorigenesis.
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