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Epstein-Barr virus, a ubiquitous human herpesvirus, is asso-
ciatedwith the development of carcinomas and lymphomas.We
previously showed that transforming growth factor �1 (TGF-
�1)mediated the virus to enter the lytic cycle, which is triggered
by expression of Z Epstein-Barr virus replication activator
(ZEBRA), through the ERK 1/2 MAPK signaling pathway. We
report here that Akt, activated downstream from ERK 1/2, was
required for TGF-�1-induced ZEBRA expression and enabled
Smad3, a mediator of TGF-�1 signaling, to be acetylated by
direct interaction with the co-activator CREB-binding protein
and then to regulate TGF-�1-induced ZEBRA expression.

Epstein-Barr virus (EBV)3 is potentially oncogenic, being
etiologically linked to a variety of malignancies, including
nasopharyngeal carcinoma (1), endemic Burkitt’s lymphoma
(BL) (2), lymphomas of immunocompromised patients, and
Hodgkin’s disease (3). In vitro infection of B-lymphocytes usu-
ally results in viral latency, with only a small fraction of the viral
genes being expressed: six nuclear proteins (EBNA 1, 2, 3A, 3B,
3C, and LP), three latent membrane proteins (LMP1, LMP2A,
and LMP2B), and two small EBV-encoded RNAs (4). Entry into
the viral lytic cycle is initiated by expression of the immediate-

early EBV proteins, Z Epstein-Barr virus replication activator
(ZEBRA) encoded by BZLF1 and BRLF1 (Rta) (5, 6). The two
immediate-early proteins activate the viral early genes, result-
ing in a cascade of events leading to the progeny virions. The
requirement of lytic gene expression for outgrowth of lympho-
proliferations in a severe combined immunodeficiency (SCID)
mouse model suggests the importance of reactivation for EBV
pathogenesis (7).
EBV reactivation can be achieved in vitro by treatment of

latent B cells with various activating agents including halo-
genated pyrimidines (8, 9), phorbol esters (10), anti-IgG
antibodies (11, 12), sodium butyrate (13), and transforming
growth factor (TGF) �1 (14). TGF-�1 regulates different
physiological and pathological cellular processes including
differentiation, immune response, inflammation, extracellu-
lar matrix synthesis, angiogenesis, and wound healing in
humans (15). Moreover, TGF-�1 controls the expression
of various genes and exerts its effects through a wide range of
intracellular routes (for a review see Ref. 16). Binding of
TGF-�1 to the TGF-� type II receptor triggers heterodimer-
ization and transphosphorylation of the TGF-� type I recep-
tor. The signal is then propagated through phosphorylation
of receptor-regulated Smads (R-Smads), Smad2 and Smad3,
which oligomerize with the common mediator (Co-Smad)
Smad4 and then translocate to the nucleus, where they
induce the expression of a large number of target genes via
direct DNA binding or by association with other DNA-bind-
ing proteins (17–19). We have reported that Smad signaling
alone is not sufficient in mediating TGF-�1 induction of
ZEBRA (14). The co-activator CREB-binding protein (CBP)
with acetyltransferase activity has been shown to associate
and regulate Smad3-dependent transcription by acetylation
(20, 21).
We show here that PI3-K/Akt pathway contributes to

TGF-�1-induced ZEBRA expression by regulation of Smad3
association with CBP and acetylation by its acetyltransferase
activity. Furthermore activation of PI3-K/Akt occurs down-
stream of a cascade, which includes ERK 1/2 MAPK signal-
ing. These findings shed new light on the possible mecha-
nisms underling the activation of EBV on BL cell lines by
TGF-�1.
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EXPERIMENTAL PROCEDURES

Cell Culture and Reagents—The Burkitt’s lymphoma cell
lines Mutu-I, Kem-I, Sav-I, and DG75 were maintained in
RPMI 1640 medium (Sigma) supplemented with 2 mM glu-
tamine (Invitrogen), 100 �g/ml primocin (Cayla, Toulouse,
France), and 10% heat-inactivated fetal calf serum (Invitro-
gen). TGF-�1 stimulation was performed in this medium
containing a reduced fetal calf serum concentration (0.5%).
Purified recombinant TGF-�1 from R & D Systems (Minne-
apolis, MN) and from Strathmann Biotech AG (Hamburg,
Germany) was added to a final concentration of 2 ng/ml.
U0126 was from Promega (Madison, WI), wortmannin was
from Alexis (San Diego, CA); Akt inhibitor X was from Calbio-
chem (VWR International); and protease inhibitormixture and
SB-431542 were purchased from Sigma. The acetyltransferase
inhibition of CBP/p300 was performed with Lys-CoA-Tat (Ac-
Lys[CoA]-YGRKKRRQRRR-OH) (22). Briefly, the histone
acetyltransferase (HAT) inhibitor Lys-CoA (23) was linked
with an 11-amino acid human immunodeficiency virus Tat
transduction domain (24) to enable cellular permeability. As a
control, Ac-DDDD-Tat (Ac-DDDD-YGRKKRRQRRR-OH)
was synthesized on a ProteinTechnologies PS3 automated pep-
tide synthesizer using the Fmoc strategy in combination with
preloaded Fmoc-Arg(Pbf)-Wang resin. Couplings were pre-
formed in triplicate using 4 equivalents of amino acid and 3.8
equivalents of the activating agent, N-[(dimethyamino)-1H-
1,2,3-triazolo[4,5-b]pyridino-1-ylmethylene]-N-methylmeth-
anaminium hexafluorophosphate N-oxide (HATU) (Applied
Biosystems, Foster City, CA) for 1.5 h dissolved in a solution of
0.4 M of N-methylmorpholine in N,N-dimethylformamide.
Fmoc deprotection involved exposure of the resin to a 20% (v/v)
solution of piperidine in N,N-dimethylformamide (3 � 20
min.). Following amino acid couplings and N-terminal acetyla-
tion with acetic anhydride, the resin was washed (N,N-dimeth-
ylformamide, CH2Cl2, MeOH) and dried, and the peptide was
cleaved from the resin using Reagent K (trifluoroacetic acid:
phenol:H2O:thioanisole:1,2-ethanedithiol:triisopropylsilane,
81.5:5:5:5:2.5:1) for 4 h at room temperature. The cleaved pep-
tide was precipitated with cold diethyl ether (�20 °C). The pre-
cipitate was collected by centrifugation, the supernatant was
discarded, and the pellet was washed two times with cold
diethyl ether. Precipitated peptidewas dissolved inwater, flash-
frozen, lyophilized, and purified by preparative reverse-phase
(C18) high pressure liquid chromatography (HPLC) using a
gradient of H2O-CH3CN (each containing 0.05% (v/v) triflu-
oroacetic acid). The peptideswere 95%pure byHPLC, and their
structural identities were confirmed by mass spectrometry.
Phospho-protein Analysis—Mutu-I cells were treated with

TGF-�1 for 17 h. The cells were then harvested, washed
briefly with PBS, and resuspended in a buffer containing 20
mM MOPS, 2 mM EGTA, 5 mM EDTA, 30 mM sodium fluo-
ride, 40 mM �-glycerophosphate, 20 mM sodium pyrophos-
phate, 1 mM sodium orthovanadate, 1 mM phenylmethylsulfo-
nyl fluoride, 3 mM benzamidine, 5 �M pepstatin A, 10 �M

leupeptin, and 5% Nonidet P-40. Protein levels were quantified
using the standard protocol of Bradford. Analysis of phospho-
protein was performed by the Kinexus Bioinformatics Corpo-

ration using a KPSS1.3 KinetworksTM phospho-site screen
(Kinexus Corporation).
RT-PCR—Total RNA from each uninduced and induced

EBV-positive cells line was isolated using TRIzol reagent and
RNase inhibitors (Invitrogen) according to the manufactur-
er’s protocol. RNA concentration was determined spectro-
photometrically. The template cDNA was synthesized by
reverse transcription of the total RNA (3 �g) with Moloney
murine leukemia virus reverse transcriptase (Promega) using
an oligo(dT)15 primer (Promega). The primers used for PCR
amplifications included: 5�-TTACACCTGACCCATACCAG-
3�, 5�-ACATCTGCTTCAACAGGAGG-3� for ZEBRA (25).
cDNA of hypoxanthine-guanine phosphoribosyltransferase
was used as an internal control as previously performed (26).
Antibodies—The anti-ZEBRA monoclonal antibody Z125

was obtained from E. Drouet (Faculté de Pharmacie, Grenoble,
France). The antibodies against Akt, phospho-Akt (Ser473),
p44/p42 MAPK, phospho-p44/p42 MAPK (Thr202/Tyr204),
HP1G, Smad3, phospho-Smad3, acetyllysine, and CBP were
purchased from Ozyme (St. Quentin-en-Yvelines, France).
Human antiserum to EA (D and R) was kindly provided by Jean
H. Joncas (Sainte Justine Hospital, Montreal, Canada). Human
anti-VCA antibody was obtained from Ortho Diagnostic Sys-
tem, Inc. (Raritan, New Jersey). Anti-tubulin antibody was pur-
chased from Sigma. Rabbit peroxidase-conjugated Ig, human
peroxidase-conjugated IgG, and mouse peroxidase-conjugated
IgG from Jackson ImmunoResearch Laboratories (West Grove,
PA.) were used as secondary antibodies.
Immunoblot Analysis—Immunoblot analysis for the detection

of ZEBRA, Akt, phospho-Akt (Ser473), EA-D, EA-R, total p42/
p44, phospho-p44/p42, Smad3, phospho-Smad3 (Ser423/425),
acetyllysine, andCBPwas performed using 12% SDS-polyacryl-
amide gel. Equal amounts of protein were loaded in each lane.
The proteins were transferred onto nitrocellulose (Sigma),
blocked in PBS containing 5% nonfat dry milk, and incubated
with primary antibody overnight at 4 °C. The membrane
was washed in PBS, 0.1% Tween 20, incubated in secondary
antibody for 1 h at room temperature (horseradish peroxidase-
conjugated goat anti-mouse (1:3000), horseradish peroxidase-
conjugated goat anti-rabbit (1:2000) or horseradish peroxi-
dase-conjugated goat anti-human (1:2000) from Promega),
and washed. Antibody binding was detected by enhanced
chemiluminescence (West-pico or femto; Pierce). The
images were captured using a DDC camera (LAS-1000; Fuji
System).
Immunoprecipitation—The cells were extracted in radioim-

munoprecipitation assay buffer (20 mM Tris-HCl, pH 7.5, 150
mMNaCl, 5 mM EDTA, 1% Nonidet P-40, 1 mMNa3VO4, 1 mM

phenylmethylsulfonyl fluoride, and 0.1% protease inhibitor
mixture). The cells were pelleted by centrifugation at 10,000 � g

TABLE 1
Effect of TGF-�1 on Akt-induced phosphorylation
Cell lysates of Mutu-I treated or not with TGF-�1 (2 ng/ml) for 17 h were analyzed
using a KPSS1.3 KinetworksTM phospho-site screen from Kinexus Corporation.
The level of Akt phosphorylation was estimated as a percentage of the control.

No treatment TGF-�1

P-Akt (Ser473) 100 597
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for 30 min at 4 °C. Protein concentrations were estimated in
cleared cell lysates using aMicro BCATM protein assay kit from
Pierce. Two�g of the indicated antibodies were added to 500�l
of the lysate and incubated overnight at 4 °C, followed by pre-
cipitationwith 40�l of protein A-Sepharose and incubation for
6 h at room temperature. The protein-antibody-Sepharose
complexes were washed with radioimmunoprecipitation assay
and heated at 100 °C for 5 min. The resulting immunoprecipi-
tates were analyzed by immunoblotting as described in the fig-
ure legends.
Cell Fractionation—The cells were maintained in culture

medium containing 0.5% fetal calf serum and were treated with
TGF-�1 (2 ng/ml) and/or with indicated inhibitors. The cells
were harvested at 4 °C, lysed, and cytoplasmic and nuclear
extracts were prepared using a NE-PER nuclear and cytoplas-
mic extraction reagents kit (Pierce), as described by the manu-
facturer. Protease inhibitors were added (complete mini prote-
ase inhibitor mixture tablets, obtained from Roche Applied
Science). Briefly, 10 mg of cells were resuspended in 50 �l of
cytoplasmic extraction reagent I, mixed, and incubated on ice
for 10 min. Then 2.75 �l of cytoplasmic extraction reagent II
was added, followed bymixing and incubation on ice for 1 min.
The intact nuclei were pelleted, and the supernatant cytoplas-
mic extract was collected. The nuclei were resuspended in 25�l
of ice-cold nuclear extraction reagent, incubated on ice repeat-
edly, and centrifuged to obtain the supernatant containing
nuclear proteins. The protein concentrations were determined
using a Micro BCATM protein assay kit from Pierce.
Determination of Cell Viability—The cells were treated as

indicated under “Experimental Procedures” with different
combination of TGF-�1, wortmannin, Akt inhibitor X, and
U0126 for the indicated period of time and then tested for via-
bility using a LIVE/DEAD reduced biohazard viability/cytotox-
icity test (Molecular Probes, Invitrogen). Staining and analysis
were performed as recommended by the manufacturer. The
ability of this kit to detect cell death was controlled using a
treatment with 0.4 mM of MnCl2 (27). The cell number was
determined with a Kova counting chamber (Hycor, Penicuik,
UK).
Lentivirus-mediated shRNA Silencing—shRNA-specific for

human CBP (sc-29244-V) and a negative control (sc-108080)
obtained from Santa Cruz (Santa Cruz Biotechnology) were
used to infectMutu-I, Kem-I, and Sav-I cells. Lentivirus particle
was added to the cell culture in a 6-well dish and centrifuged for
1.5 h at 1200 � g, the cells were washed with PBS and cultured
for 3 days before selection with 5 �g/ml puromycin (Sigma) for
10 days prior to cell analysis.
Plasmids, Transfection, and Reporter Assays—Plasmid

�234Zp-CAT, (28) (generously provided by Henri Gruffat
(ENS, Lyon, France), contains BZLF1 promoter bp �234 to

�12, relative to the transcription initiation site, cloned
upstream of the bacterial chloramphenicol acetyltransferase
(CAT) reporter gene. Activity of the promoter was controlled
by a 24-h treatment with phorbol 12-myristate 13-acetate as
previously described (14). Plasmid pCMV-CBP (29) was kindly
provided by Annick Harel-Bellan. Plasmids containing Smad3,
coding sequences driven by the cytomegalovirus promoter
were kindly provided by Peter ten Dijke (Ludwig Institute for
Cancer Research, Uppsala, Sweden). The Smad3 sequence was
mutated with the GenScript procedure (GenScript, Piscataway,
NJ). Expression of Smad3 (wild type or mutated) as well as CBP
was visualized in the transfected cells byWestern blot (data not
shown). Empty vectors, pcDNA3.1 (�), and pCMV2N3T, were
used as controls for respectively Smad3 or CBP expression vec-
tors. Transfection efficiency was monitored by using pRL-TK
plasmid (Promega).
Plasmid DNA (5 �g) and pRL-TK vector (0.1 �g) was mixed

withDG75 cells in 500�l of RPMI 1640. The cells were exposed

FIGURE 1. Inhibitors of PI3-K/Akt signaling pathway abolished TGF-�1-induced ZEBRA expression. A and C, Mutu-I, Kem-I, and Sav-I cells were treated
with increasing concentration of wortmannin (Wort) (0.01, 0.05, 0.1, or 0.2 �M) (A) or Akt inhibitor X (Akt inh X) (0.1, 1, 2, 5, or 10 �M) (C) for 1 h, prior to incubation
with TGF-�1 (2 ng/ml). Seventeen hours later, the cells were harvested and lysed. Equal amounts of protein were separated by SDS-PAGE and analyzed by
Western blotting with antibodies to ZEBRA, phospho-Akt, Akt, and tubulin. B and D, viability assay was performed with the LIVE/DEAD reduced biohazard
viability/cytotoxicity kit (Molecular Probes, Invitrogen). The ability of this kit to detect cell death was controlled using a treatment with 0.4 mM of MnCl2 (not
shown). E, RT-PCR assay of ZEBRA was performed. 3 �g of total RNA from Mutu-I, Kem-I, and Sav-I cells pretreated, respectively, with 0.05, 0.05, and 0.1 �M of
wortmannin or 10 �M of Akt inhibitor X for 1 h and then stimulated with TGF-�1 (2 ng/ml) for 17 h were reverse transcribed. cDNA coding for ZEBRA was then
analyzed by PCR; cDNA of hypoxanthine-guanine phosphoribosyltransferase (HPRT) was used as an internal control.

FIGURE 2. Time course of TGF-�1-induced phosphorylation of Akt and
ERK 1/2, and EBV lytic gene expression in Mutu-I cells. Mutu-I cells were
incubated in the presence of TGF-�1 (2 ng/ml) for various periods of time. The
cells were lysed, and equal amounts of proteins were separated by SDS-PAGE.
Phosphorylated Akt and Akt were analyzed, respectively, with anti-phospho-
Akt and Akt antibodies by Western blotting. The membrane was then rep-
robed separately with a panel of specific antibodies directed against phos-
pho-ERK 1/2, ERK 1/2, ZEBRA, EA-D, EA-R, and VCA. The amounts of protein
loaded were assayed by reprobing the membrane with anti-tubulin antibody.
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to a single pulse at 230V and 960mF (Bio-Rad). The transfected
cells were resuspended in 5 ml of complete culture medium.
The cells were harvested 24 h later andwashedwith phosphate-
buffered saline, and cell extract was subjected to the CAT
enzyme-linked immunosorbent assay as recommended by the
manufacturer (Roche Applied Science). Each transfection and
reporter assay result shown was compiled from two independ-
ent experiments. Assay of Renilla luciferase was performed as
recommended by the manufacturer (Promega).

RESULTS

TGF-�1-activated PI3-K/Akt Signaling Pathway Is Required for
EBV Reactivation—Kinase pathways modulated by TGF-�1 in
Mutu-I cells were investigated with the KPSS1.3 KinetworksTM
phospho-site screen kit. As indicated in Table 1, TGF-�1 treat-
ment stimulated a�6-fold increase in the level of Akt phospho-
rylation compared with the control, suggesting a strong activa-
tion of the PI3-K/Akt signaling pathway following TGF-�1
stimulation.
To examine the possible involvement of the PI3-K/Akt

pathway in TGF-�1-induced EBV reactivation, the expres-
sion of EBV lytic proteins was analyzed in TGF-�1-stimu-
lated Mutu-I, Kem-I, and Sav-I cells, pretreated with
increasing concentrations of wortmannin, a selective inhib-
itor of PI3-K activity (30, 31), or Akt inhibitor X, a specific
pharmacological inhibitor of Akt (32). As illustrated by Fig. 1A,
treatment of cells with wortmannin resulted in a simultaneous
inhibition of Akt phosphorylation and ZEBRA expression in a
dose-dependent manner, with efficient inhibition being
observed at a concentration of 0.05�M forMutu-I andKem-I or
0.1 �M for Sav-I, without any significant effects on cell viability
(Fig. 1B). Similar results were obtained using Akt inhibitor X
(Fig. 1C), in the three cell lines, TGF-�1-stimulated expression
of the EBV lytic proteins ZEBRA, EA-D, EA-R, and VCA was
significantly inhibited at a concentration of 5 �M, and a com-
plete inhibition was observed with 10 �M of Akt inhibitor X
(Fig. 1C), without any significant effects on cell viability (Fig.
1D). These results indicated that the activated PI3-K/Akt path-
way is critical for the TGF-�1-induced EBV lytic program in
Mutu-I, Kem-I, and Sav-I cells.
RT-PCR analysis was performed to determine whether the

observed ZEBRA induction in Mutu-I, Kem-I, or Sav-I cells
resulted from a modulation of the transcription level. The
result is shown in Fig. 1E; whereas the signal obtained when the
cDNA encoding the ZEBRA protein showed a marked amplifi-
cation after EBV reactivation, no signal was obtainedwhen cells
were pretreated with wortmannin or Akt inhibitor X, suggest-
ing that the high level of ZEBRA protein expression observed
upon EBV reactivationwas due to an induction of transcription
and that this induction was PI3-K/Akt-dependent.

TGF-�1-induced PI3-K/Akt Pathway Activation Requires
ERK 1/2 MAPK Signaling Pathway—We already established a
key role of ERK 1/2 MAPK in the TGF-�1 signaling pathway,
showing that U0126 a specific ERK 1/2 MAPK inhibitor com-
pletely abrogated TGF-�1-mediated ZEBRA induction in dif-
ferent BL cell lines and lymphoblastoid cell lines (14). A detailed
time course study showing TGF-�1-induced signaling cascade
was performed using immunoblot analysis. As shown in Fig. 2,
phosphorylation of ERK1/2 occurred before the increase ofAkt
phosphorylation and EBV lytic protein expression were
observed, suggesting that activation of ERK1/2MAPKpathway
in response to TGF-�1 occurred at a step upstream from PI3-
K/Akt. The possible role of ERK1/2MAPK inTGF-�1-induced
PI3-K/Akt signaling activation was investigated in Mutu-I,
Kem-I, and Sav-I cells. Lysates of those BL cells treated with 2
ng/ml of TGF-�1 for 17 h, with or without a pretreatment of
U0126 (20 �M), were analyzed by Western blotting against the
phosphorylated form of Akt. Our data indicated that although
the total Akt remained unchanged, U0126 completely inhibited
TGF-�1-mediated phosphorylation of Akt (Fig. 3A), without
altering cell viability (Fig. 3B).
Moreover, pretreatment with Akt inhibitor X affected nei-

ther cell viability (Fig. 3D) nor TGF-�1-mediated ERK 1/2
phosphorylation (Fig. 3C), showing that TGF-�1-mediated
ERK 1/2 phosphorylation is Akt-independent. Together theses
results show that theTGF-�1-induced signaling cascade,which
included ERK 1/2 phosphorylation, is required for the PI3-K/

FIGURE 3. TGF-�1-induced Akt phosphorylation in an ERK 1/2-dependent manner. A, Mutu-I, Kem-I, and Sav-I cells were incubated in the presence of 20
�M of U0126 for 1 h and then treated by TGF-�1 (2 ng/ml) for 17 h. The cells were harvested, washed, and lysed. Equal amounts of protein were analyzed by
Western blotting using specific antibodies against phospho-Akt, Akt, phospho-ERK 1/2, and ERK 1/2. The amounts of protein loaded were assayed by reprobing
the membrane with anti-tubulin antibody. C, Mutu-I, Kem-I, and Sav-I cells were treated with 10 �M of Akt inhibitor X (Akt inh X), prior to TGF-�1 (2 ng/ml)
stimulation. Seventeen hours later, the cells were harvested and resuspended in Laemmli sample buffer. Equals amounts of protein were separated by
SDS-PAGE and analyzed by Western blotting using phospho-Akt, Akt, phospho-ERK 1/2, ERK 1/2, and tubulin antibodies. B and D, viability assay was performed
with the LIVE/DEAD reduced biohazard viability/cytotoxicity kit (Molecular Probes, Invitrogen). The ability of this kit to detect cell death was controlled using
a treatment with 0.4 mM of MnCl2 (not shown).

FIGURE 4. Time course of TGF-�-induced Smad3 phosphorylation and
acetylation. A, Mutu-I cells were treated with TGF-�1 (2 ng/ml) for various
periods of time. At the indicated time points, the cells were harvested, and
lysed. Equal amounts of protein were separated by SDS-PAGE and analyzed
by Western blotting with antibodies to phospho-Akt, Akt, phospho-Smad3,
Smad3, ZEBRA, and tubulin. B, simultaneously, cell lysates were immunopre-
cipitated (IP) with anti-Smad3 antibody, and acetylated Smad3 was detected
by immunoblot with anti-acetylated lysine antibody.
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Akt signaling pathway activation that precedes expression of
ZEBRA, EA, and VCA proteins.
The involvement of ALK5 receptor to trigger the TGF-�1-

mediated activation of the PI3-K/Akt pathway was examined.
Mutu-I, Kem-I, and Sav-I cellswere pretreatedwith SB-431542,
which has been shown to inhibit specifically activin receptor-
like kinase ALK5 (33, 34). This inhibitor did not alter TGF-�1
induced phosphorylation of Akt, whereas the control Akt
inhibitor X completely abolished the increase in phosphoryla-
tion of Akt (see Fig. 5A). This result indicates that a noncanoni-
cal signaling pathway, independent of ALK5, was used to acti-
vate PI3-K/Akt pathway.
Time Course of TGF-�1-induced Smad3Modifications in BL

Cells—Because Smads are the primary mediators of TGF-�1
signaling, the TGF-�1-induced Smad3 modifications were
checked. Mutu-I cells were stimulated with TGF-�1 (2 ng/ml)
for various periods of time (between 5 min and 6 h) and then
examined for Smad3 phosphorylation level using antibody
against the phosphorylated form of Smad3 (Ser423/425). As seen
in Fig. 4A, TGF-�1 treatment induced Smad3 phosphorylation
beginning at 5 min and sustained for 6 h. The acetylation level
of Smad3 was estimated after immunoprecipitation from
lysates of TGF-�1-stimulated Mutu-I cells, followed by immu-
noblottingwith anti-acetyllysine antibody. As illustrated by Fig.
4B, in Mutu-I cells, TGF-�1 increased acetylation of Smad3,

beginning at 2 h and sustained for 6 h. As expected, TGF-�1-
induced modifications of Smad3 depend upon the activity of
ALK5 receptor, because treatment of the different BL cells with
the inhibitor of ALK5, SB-431542, completely inhibited the
phosphorylation of Smad3 (Fig. 5A), its translocation into
nucleus in response TGF-�1 treatment (Fig. 5B) as well as its
acetylation (Fig. 5C). This was observed forMutu-I, Kem-I, and
Sav-I cells.
Role of PI3-K/Akt Signaling in TGF-�1-induced Smad3 Path-

way Activation—The effect of Akt on Smad3 phosphorylation
and its translocation into the nucleus was explored. Mutu-I,
Kem-I, and Sav-I cells were pretreated or not withAkt inhibitor
X and then stimulated by TGF-�1. TheWestern blot revealing
phospho-Smad3 showed no effect on TGF-�1-induced Smad3
phosphorylation (Fig. 5A). Fractionation of the different BL
cells into cytosol and nuclear fractions were analyzed by immu-
noblot with anti-Smad3 antibodies. Fig. 5B showed that
TGF-�1 stimulation of Mutu-I, Kem-I, and Sav-I cells in-
creased translocation of Smad3 into the nucleus. Incubation of
the cells with Akt inhibitor X did not affect TGF-�1-induced
Smad3 translocation (Fig. 5B). Taken together, these data
clearly imply that Akt regulated TGF-�1-induced ZEBRA
expression in BL cells, without any effect on Smad3 phospho-
rylation or translocation into the nucleus.

FIGURE 5. PI3-K/Akt pathway regulates TGF-�1-induced Smad3 acetylation without any effect on Smad3 phosphorylation, and translocation. A, cells
were treated or not with 10 �M of Akt inhibitor X (Akt inh X) or 10 �M SB-431542 for 1 h and then simulated with TGF-�1 (2 ng/ml) for 6 h. The cells were
harvested, washed, and resuspended in Laemmli sample buffer. Cell extracts were analyzed by Western blotting against phospho-Akt, Akt, phospho-Smad3,
Smad3, ZEBRA, and tubulin. B, nuclear and cytosolic extracts were prepared as described under “Experimental Procedures.” Equal amounts of each extracts
were fractioned by SDS-PAGE, and the content of Smad3 was determined by Western blotting using anti-Smad3 antibody. Loading of nuclear and cytosolic
fractions was assayed by blotting with antibodies respectively to HP1G (for nuclear fraction) and tubulin (for cytosolic fraction). C, cell lysates were immuno-
precipitated (IP) with anti-Smad3 antibody, and acetylated Smad3 was detected by immunoblot with anti-acetyllysine antibody.
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The possible role of Akt on TGF-�1-mediated Smad3 acety-
lation in BL cell lines was examined. Smad3 was immunopre-
cipitated from lysates of TGF-�1-stimulated Mutu-I, Kem-I,
and Sav-I cells, followed by immunoblotting with anti-acetyll-
ysine antibody. Inhibition of Akt by Akt inhibitor X completely
abrogated TGF-�1-induced Smad3 acetylation (Fig. 5C). These
results suggest that acetylation of Smad 3 occurs after signaling
downstream of Akt.
PI3-K/Akt Signaling Pathway Regulates Smad3-CBP

Association—Several groups have shown that the co-activator
CBP regulates Smad3-dependent transcription by acetylation
(21, 35). The fact that Akt inhibition impaired TGF-�1-medi-
ated Smad3 acetylation suggested that association of CBP with

Smad3 might be Akt-dependent. Therefore, the effect of PI3-
K/Akt inhibition on Smad3-CBP association was examined in
Mutu-I, Kem-I, and Sav-I cells. Smad3 immunoprecipitates
fromTGF-�1-stimulated cell lysates were immunoblottedwith
CBP antibody. The results indicated that association of CBP
with Smad3 increased dramatically following TGF-�1 stimula-
tion (Fig. 6). Incubation of BL cells with wortmannin or Akt
inhibitor X (Fig. 6,A and C, respectively) impaired this interac-
tion between Smad3 and CBP. To confirm theses results, recip-
rocal immunoprecipitation was performed and showed associ-
ation of CBP with Smad3 in response to TGF-�. Blockade of
PI3-K/Akt by wortmannin or Akt inhibitor X (Fig. 6, B and D,
respectively) abolished TGF-�1-induced association of CBP

FIGURE 6. Both Akt inhibitor X and wortmannin impair TGF-�-induced Smad3 association with CBP. Mutu-I, Kem-I, and Sav-I cells were treated, respec-
tively, with 0.05, 0.05, and 0.1 �M of wortmannin (Wort) (A and B), 10 �M of Akt inhibitor X (Akt inh X) (C and D), or 10 �M of SB-431542 (A–D) for 1 h, prior to
incubation with 2 ng/ml of TGF-�1. The cell lysates were immunoprecipitated (IP) with Smad3 (A and C) or CBP (B and D) antibodies, respectively. The
immunoprecipitates were immunoblotted with anti-Smad3 or anti-CBP antibodies as indicated. The membranes were then reprobed with anti-acetyllysine
antibody.
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FIGURE 7. Lys-CoA-Tat inhibits TGF-�1-induced Smad3 acetylation and EBV-lytic cycle. A, Mutu-I, Kem-I, and Sav-I cells pretreated, respectively, with 10, 10, and
20 �M of Lys-CoA-Tat or 20 �M of Ac-DDDD-Tat for 1 h were stimulated with TGF-�1 (2 ng/ml) for 17 h. The cell lysates were immunoprecipitated (IP) with anti-Smad3
antibody, and acetylated Smad3 was detected by immunoblot with anti-acetyllysine antibody. Equal amounts of protein were separated by SDS-PAGE and analyzed
by Western blotting with antibodies to ZEBRA, EA, VCA, phosphoSmad3, Smad3, phospho-Akt, Akt, and tubulin. B, viability assay was performed with the LIVE/DEAD
reduced biohazard viability/cytotoxicity kit (Molecular Probes, Invitrogen). The ability of this kit to detect cell death was controlled using a treatment with 0.4 mM of
MnCl2 (not shown). C, 3 �g of total RNA from Mutu-I, Kem-I, and Sav-I cells pretreated, respectively, with 10, 10, and 20 �M of Lys-CoA-Tat or 20 �M of Ac-DDDD-Tat for
1 h and then stimulated with TGF-�1 (2 ng/ml) for 17 h, were reverse transcribed. cDNA coding for ZEBRA was then analyzed by PCR; cDNA of hypoxanthine-guanine
phosphoribosyltransferase (HPRT) was used as an internal control.
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with Smad3. As shown above, pretreatment of cells with
SB-431542 completely inhibited phosphorylated Smad3 trans-
location into the nucleus where Smad3 and CBP association
occurred. Thus, no Smad3-CBP interactionwas observed in the
presence of SB-431542 (Fig. 6). These results conclusively indi-
cate that PI3-K/Akt signaling pathway integrates TGF-�1-in-
duced Smad3-dependent ZEBRA expression inMutu-I, Kem-I,
or Sav-I BL cells by regulating the interaction between CBP and
Smad3 and regulating Smad3 acetylation.

Contribution of PI3-K/Akt-mediated Smad3 Acetylation to
TGF-�1-mediated EBV Reactivation—To address the question
of the requirement of CBP acetyltransferase activity for Smad3
modification and for TGF-�1-mediated EBV-lytic expression,
we used Lys-CoA-Tat, a chemical inhibitor of CBP HAT func-
tion (22). Ac-DDDD-Tat was used as a control. Mutu-I, Kem-I,
and Sav-I cells were pretreated with increasing concentrations
of Lys-CoA-Tat before induction for 17 h with TGF-�1. Smad3
was immunoprecipitated from lysates of TGF-�1-stimulated

FIGURE 8. CBP shRNA inhibits TGF-�1-induced Smad3 acetylation and EBV-lytic cycle. A, Mutu-I, Kem-I, and Sav-I cells infected with CBP shRNA lentiviral
particles or control particles were stimulated or not with TGF-�1 (2 ng/ml) for 17 h. The cell lysates were immunoprecipitated (IP) with anti-Smad3 antibody,
and acetylated Smad3 was detected by immunoblot with anti-acetyllysine antibody. Simultaneously, equal amounts of protein from total lysate were sepa-
rated by SDS-PAGE and analyzed by Western blotting with antibodies to ZEBRA, EA, VCA, phospho-Smad3, Smad3, phospho-Akt, Akt, and tubulin. B, 3 �g of
total RNA from Mutu-I, Kem-I, and Sav-I cells infected with CBP shRNA lentiviral particles or control particles stimulated or not with TGF-�1 (2 ng/ml) for 17 h
were reverse transcribed. cDNA coding for ZEBRA was then analyzed by PCR; cDNA of hypoxanthine-guanine phosphoribosyltransferase (HPRT) was used as an
internal control.
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BL cells, followed by immunoblotting with anti-acetyllysine
antibody. As illustrated by Fig. 7A, whereas phosphorylation of
Smad3 was not affected by the inhibitor, treatment with Lys-
CoA-Tat abolished Smad3 acetylation. Moreover, in Mutu-I
and Kem-I cells, TGF-�1-stimulated cells, expression of the
EBV lytic proteins ZEBRA, EA-D, EA-R, and VCA was signifi-
cantly inhibited at a concentration of 5�Mof Lys-CoA-Tat, and
a complete inhibitionwas observedwith 10�M, whereas 10 and
20�Mof Lys-CoA-Tatwas necessary for, respectively, partial or
total inhibition of EBV reactivation in Sav-I cells (Fig. 7A). The
TGF-�1-mediated Akt phosphorylation was not affected by
Lys-CoA-Tat, suggesting that its activation did not depend on

Smad3 acetylation. Moreover, pre-
treatment of the BL cells with a sim-
ilar concentration of the control Ac-
DDDD-Tat did not affect ZEBRA,
EA, and VCA expression. No signif-
icant effect on cell viability of Lys-
CoA-Tat or Ac-DDDD-Tat was
observed (Fig. 7B). These results
indicated that acetylation of Smad3
is critical for TGF-�1-induced EBV
lytic program inMutu-I, Kem-I, and
Sav-I cells.
RT-PCR analysis was performed

to determine whether the observed
inhibition of ZEBRA expression in
Mutu-I, Kem-I, or Sav-I cells by Lys-
CoA-Tat resulted from an inhibi-
tion at the transcription level. The
result is shown in Fig. 7C; although
the signal of the cDNAencoding the
ZEBRA protein showed a marked
amplification after TGF-�1-medi-
ated EBV reactivation, no signal was
obtainedwhen cells were pretreated
with Lys-CoA-Tat, suggesting that
the inhibition of ZEBRA protein
expression observed upon the treat-
ment with the inhibitor was due to
inhibition of transcription and that
this inhibition was dependent on
inhibition of Smad3 acetylation.
To further address the question

of the requirement of CBP for
Smad3 acetylation, Mutu-I, Kem-
I, and Sav-I cells were infected
with human CBP shRNA lentiviral
particles or control particles har-
boring the gene conferring resist-
ance to puromycin. After infection
of Mutu-I, Sav-I, and Kem-I cells
and selection with puromycin,
CBP expression was completely
abolished (Fig. 8A). TGF-�1-stim-
ulated expression of the EBV lytic
proteins ZEBRA, EA-D, EA-R, and
VCA was assayed. Infection of the

BL cells with CBP shRNA not only inhibited expression of
CBP but also Smad3 acetylation and EBV lytic proteins expres-
sion (Fig. 8A) or BZLF1 transcription (Fig. 8B). No effect of CBP
shRNA on phosphorylation of Smad3 and Akt was observed,
indicating that phosphorylation of Akt occurred before Smad3
acetylation. Control shRNAhad no effect either onCBP or lytic
EBV protein levels and did not affect Smad3 acetylation. This
result demonstrated that CBP is required for Smad3 acetyla-
tion, which is required for TGF-�1-mediated EBV lytic cycle
expression.
To ascertain the contribution of acetylated Smad3 for the

activity of the BZLF1 promoter, Zp, DG75 cells were trans-

FIGURE 9. Acetylation of Smad3 participates in TGF-�1-induced Zp activation. A, schematic representation
of the Smad3 protein and its mutant used in transient transfection experiments. B, the DG75 cells were tran-
siently transfected with reporter gene construct containing the wild type Zp (�234 to �12) inserted upstream
of the CAT gene (Control), or with a combination of expression plasmids for wild type of Smad3 (Smad3 wt) or
its mutant (Smad3 mut), CBP, or empty vectors (pcDNA3.1 and pCMV2N3T) as indicated. The positive control
consisted of Zp (�234 to �12) transfected DG75 cells and treated by 20 ng/ml of phorbol 12-myristate 13-ac-
etate (PMA) immediately following transfection. Twenty-four hours later, the cells were harvested and lysed,
and CAT activity was quantified as described under “Experimental Procedures.” The error bars represent the
standard deviation. Significant differences between control and the other samples were determined by Stu-
dent’s t test; *, p � 0.05. C, cell lysates were immunoprecipitated (IP) with anti-Smad3 antibody, and equal
amounts of immunoprecipitated Smad3 were analyzed by Western blotting with anti-acetyllysine antibodies.
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fected with the Zp-CAT together with the pCMV-Smad3 vec-
tor alone or with pCMV-CBP. A robust CAT activity was
detected when Smad3 and CBP were co-transfected with Zp,
whereas no increase above the basal level was observed when
Smad3 or CBP alone was used in the transient expression assay
(Fig. 9B). In those cells Smad3 was acetylated as shown by the
immunoblot probed with the anti-acetyllysine antibody (Fig.
9C). It was shown that the lysine residues located at positions
333, 341, 378, and 409 of the Smad3 protein were crucial for its
CBP-mediated acetylation (21). No stimulation of the CAT
activity was obtained when a Smad3mutated in the four lysines
of its MH2 domain were expressed with the CBP sequence; as
expected, no acetylation of Smad3 was observed (Fig. 9C). This
result showed that acetylation of Smad3 regulates its transcrip-
tional activity on the Zp promoter.

DISCUSSION

The focus of this studywas to gain a better understanding of the
molecular mechanisms by which TGF-�1 induces disruption of
EBV latency. We previously reported that TGF-�1 induces
ZEBRAexpression through theERK1/2MAPKsignalingpathway
and involves more than Smad phosphorylation (14), and here we
provide evidence for the involvement of the PI3-K/Akt signaling
pathway as a key effector inTGF-�1-mediatedZEBRAexpression
in EBV-positive BL cell lines. Using phospho-protein and immu-
noblotting analysis, we showed that TGF-�1 treatment rapidly
increased the PI3-K/Akt pathway activity, as judged by phospho-
rylation of Akt. Pharmacological inhibitors both of PI3-K and of
Akt dramatically impaired TGF-�1-induced ZEBRA expression,
suggesting that PI3-K/Akt signal is amajor effectormediating the
progression of the signal fromTGF-�1 to the induction ofZEBRA

expression. These data are in accord-
ance with previous observations
showing that the PI3-K/Akt pathway
is required for disruption of viral
latency in anti-Ig-treated Akata cells
(12, 30). Our data are also consistent
with reports demonstrating that
TGF-�1 activates the PI3-K/Akt sig-
naling pathway in different types of
cell including BL cell lines (36, 37).
Moreover, by several lines of evi-
dence, our data suggest that the ERK
1/2 MAPK pathway is involved in
TGF-�1-induced PI3-K/Akt signal-
ing pathway activation in Mutu-I,
Kem-I, and Sav-I cells, because incu-
bation with U0126 completely
inhibits Akt phosphorylation, in
response to TGF-�1 stimulation
(Fig. 3A), whereas Akt inhibition
had no effect on TGF-�1-induced
ERK 1/2 phosphorylation (Fig. 3C).
Furthermore, a detailed time course
study showing the kinetics of ERK
1/2 MAPK, PI3-K/Akt pathway
activation, and EBV lytic gene
expression in response TGF-�1

stimulation indicates that activation of ERK 1/2 occurs before
detection of the increase in phosphorylation of Akt (Fig. 2).
However, TGF-�1-mediated phosphorylation of Akt occurred
in the presence of the ALK5 inhibitor, suggesting that a nonca-
nonical signaling pathway was used to activate Akt kinases.
Nevertheless, the canonical TGF-�1 pathway also took place

with the modifications of Smad3. Smad3 phosphorylation and
translocation occurred downstream fromALK5 independently
of PI3-K/Akt (Fig. 5). Conversely, Akt inhibitor X completely
abolishes TGF-�1-mediated Smad3 acetylation (Fig. 5) by abol-
ishing interactions of Smad3with the transcriptional co-activa-
tor CBP (Fig. 6). Indeed, the ability of Smad to modulate tran-
scription in response to TGF-�1 can result from functional
cooperativity with general transcription co-activators such as
CBP (21).We showhere that acetylation of Smad3was required
to induce ZEBRA expression and EBV reactivation because the
treatment with Lys-CoA-Tat, a potent HAT activity inhibitor
of CBP, abolishes Smad3 acetylation and ZEBRA expression
(Fig. 7). This result indicates an essential function for HAT in
EBV reactivation. We further demonstrate that the HAT func-
tion was catalyzed by CBP because abolition of CBP expression
by a specific shRNA completely suppressed Smad3 acetylation
and TGF �1-mediated EBV reactivation (Fig. 8).

Smads mediated TGF-�1-induced BZLF1 expression through
binding to its promoter Zp (38). Smad3 acetylation was cru-
cial for transcriptional activity of this factor on Zp promoter
because mutation of the four lysine residues abolished the
activation of the promoter by the overexpression of the tran-
scription factor together with the CBP co-activator. Thus, we
show here for the first time that CBP has a crucial role in EBV
reactivation through the HAT function necessary for the activ-

FIGURE 10. Proposed mechanism of TGF-�1-mediated ZEBRA expression. Canonical (implicating Smad3)
as well as noncanonical (implicating PI3-K/Akt) pathways, in concert, contribute to TGF-�1-mediated ZEBRA
expression. TGF-�1 mediates its activity through binding to its receptor II which recruits and phosphorylates its
receptor I/ALK5; Smad3 phosphorylation takes place and translocation to the nucleus occurs. However, acti-
vated Akt, the non-Smad mediator of TGF-�1 directed CBP-Smad3 interaction and Smad3 acetylation, which
enables the increase of ZEBRA expression.
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ity of Smad protein. This finding may account for the well
established reactivation of EBV by the known histone deacet-
ylase inhibitor sodium butyrate (13).
In conclusion (schematized in Fig. 10), canonical (implicat-

ing Smad3) as well as noncanonical (implicating ERK 1/2 and
PI3-K/Akt) pathways, in concert, contribute to TGF-�1-medi-
ated EBV reactivation. The PI3-K/Akt signaling pathway is
required for TGF-�1-induced ZEBRA expression by regulating
the interaction of the transcriptional co-activator CBP with
Smad3, allowing acetylation of this protein. Our findings shed
new light on the possible mechanisms underling disruption of
EBV latency on Mutu-I, Kem-I, and Sav-I BL cell lines by the
physiological factor TGF-�1.
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