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Transforming growth factor 3 (TGF-3) physiologically induces Epstein-Barr virus (EBV) lytic infection by
activating the expression of EBV’s latent-lytic switch BZLFI gene. Liang et al. (J. Biol. Chem. 277:23345-23357,
2002) previously identified a Smad-binding element (SBE) within the BZLFI promoter, Zp; however, it
accounts for only 20 to 30% of TGF-B-mediated activation of transcription from Zp. Here, we identified
additional factors responsible for the rest of this activation. The incubation of EBV-positive Mutul cells with
a TGF-f neutralizing antibody or inhibitors of the TGF-f3 type I receptor (TBRI) or Smad3 eliminated the
TGF-B-induced reactivation of EBV. The coexpression of Smad2, Smad3, and Smad4 together with a consti-
tutively active form of TBRI induced 15- to 25-fold transcription from Zp in gastric carcinoma AGS cells. By
electrophoretic mobility shift assays, we identified four additional Smad-binding elements, named SBE2 to
SBES. Substitution mutations in individual SBEs reduced Smad-mediated activation of Zp by 20 to 60%;
together, these mutations essentially eliminated it. Chromatin immunoprecipitation assays confirmed that
Smad4 newly bound the Zp region of the EBV genome following the incubation of Mutul cells with TGF-f3.
SBE2 overlaps the ZEB-binding ZV silencing element of Zp. Depending upon posttranslational modifications,
Smad4 either competed with ZEB1 for binding or formed a complex with ZEB1 on the Zp ZV element in a
cell-free assay system. In transiently transfected cells, exogenously expressed ZEB1 inhibited Smad-mediated
transcriptional activation from Zp. We conclude that TGF-f3 induces EBYV lytic reactivation via the canonical

Smad pathway by activating BZLFI gene expression through multiple SBEs acting in concert.

Epstein-Barr virus (EBV) is a human gamma herpesvirus
that infects most of the world’s population (62). After primary
infection, EBV establishes latency in its host, occasionally re-
activating into lytic replication, which leads to the production
of infectious virus. Thus, reactivation provides a mechanism
for EBV to transmit itself to new hosts. The latent form of
infection allows EBV to maintain its genome within hosts while
evading the immune system.

The switch from latency to lytic replication usually is initi-
ated in EBV-infected cells by activating the expression of the
viral immediate-early (IE) BZLFI gene (38). The BZLF1 (also
called Z, Zta, Zebra, and EB1) protein performs several func-
tions, including binding to the viral lytic origin of DNA repli-
cation, oriLyt, decreasing the expression of the viral latency
promoters, Cp and Wp, and activating the expression of other
Iytic IE and early (E) genes. Thus, the regulation of BZLFI
gene expression is central to the EBV life cycle.

Transcription from the promoter of the BZLFI gene, Zp,
can be induced by multiple agents, including phorbol esters
such as 12-O-tetradecanoyl-phorbol-13-acetate (TPA), calcium
ionophores such as ionomycin, sodium butyrate, transforming
growth factor-B (TGF-B), and anti-immunoglobulins (anti-Igs)
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(19, 38). Each of these agents utilizes different cellular signal-
ing pathways to activate BZLF1 gene expression and is depen-
dent upon cell type and EBV latency state. The treatment of B
cells with anti-Ig or TGF-B mimics physiologically relevant
mechanisms of EBV reactivation into lytic replication.

TGF-B is a cytokine secreted by numerous cell types to
regulate cellular processes such as proliferation, differentia-
tion, apoptosis, migration, and immune responses (13, 47, 48).
Signaling via the TGF-B pathway alters the expression of more
than 500 genes to exert a variety of cellular responses. The
pathway is activated by the binding of the TGF-B1 ligand to the
TGF-B type II receptor (TBRII), thereby triggering the het-
erodimerization and transphosphorylation of the TGF-p type I
receptor (TBRI). The signal is propagated by TBRI phosphor-
ylating the intracellular proteins Smad2 and Smad3, which
then complex with Smad4. This activated complex can shuttle
to the nucleus, where it modulates gene expression by binding,
along with numerous transcriptional coactivators and corepres-
sors, to Smad-binding elements (SBEs) located within promot-
ers. The consensus binding sequences for Smad proteins are
5'-GTCT-3' and its complement, 5'-AGAC-3’ (66, 76). Smad
binding to DNA is fairly weak. Thus, sufficient DNA-binding
affinity for transcriptional activation is achieved by the incor-
poration of one or more transcriptional cofactors into the
activated Smad2/3/4 complex (64, 66).

ZEBI1 (also called 3EF1, TCF8, AREB6, ZFHEP, NIL-2A,
ZFHXI1A, and BZP) is one of many transcription factors
known to be regulated by TGF-B (4, 5, 58, 59, 67). Our labo-
ratory has identified ZEB1 as a key cellular protein repressing
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EBV lytic replication in most EBV-positive epithelial and B-
cell lines (16, 17, 41, 74, 75). ZEBI1 binds via its two zinc finger
domains to sequences resembling 5'-CAGGTA-3’ located at
nucleotides (nt) —17 to —12 and nt +5 to +10 relative to the
transcription initiation site of Zp, referred to as ZV and ZV’,
respectively (41, 74, 75). Variants of EBV containing muta-
tions in them spontaneously reactivate out of latency at signif-
icantly higher frequencies than does the parental B95.8 strain
of EBV (74, 75). Unknown is the mechanism by which the
ZEBI1 repression of BZLFI gene expression is alleviated dur-
ing the induction of EBV lytic replication.

Liang et al. (43) previously reported that TGF-B disrupts
EBYV latency by activating BZLF1 gene expression through a
Smad-binding element, 5'-GTCTG-3’, located at nt —233 to
—229 relative to the transcription initiation site of Zp. How-
ever, this SBE1 accounts for only 20 to 30% of the total
TGF-B-mediated activation of transcription from Zp in tran-
sient-transfection assays. Therefore, additional factors likely
also significantly contribute to the mechanism by which TGF-3
activates transcription from this viral promoter.

Here, we investigated how TGF-B induces the reactivation
of EBV out of latency into lytic replication. We show that this
activation is mediated through the canonical TGF-B/Smad
pathway. We identified four additional Smad-binding elements
within the nt —221 to +12 region of Zp, named SBE2 to SBES.
All of these Smad-binding elements, including the previously
reported SBEI, contribute in part to the TGF-B-mediated
activation of BZLFI gene expression; together they account
for essentially all of it. SBE2 overlaps the ZEB1-binding ZV
element of Zp. TGF-B-activated Smad4 forms a complex
with ZEB1 on the ZV element. We conclude that TGF-8
induces EBV reactivation by activating and alleviating ZEB-
mediated repression of Zp through multiple SBEs acting in
concert.

MATERIALS AND METHODS

Reagents. Porcine TGF-B1 and polyclonal anti-TGF-f neutralizing antibody
(clone 1D11) were purchased from R&D Systems. Goat-human IgG was pur-
chased from Sigma (I5260). The inhibitors SP600125, Y27632, LY294002,
Y27632 (Calbiochem), SB431542, SIS3 (Sigma), and U0126 (Promega) were
reconstituted in dimethylsulfoxide (DMSO) and stored at —80°C. Stock solutions
of U0126 were used within 1 week.

Cell lines. EBV-positive Burkitt’s lymphoma (BL) Akata cells were obtained
from Paul Farrell, EBV-negative T-lymphoblastic Jurkat cells were purchased
from the American Type Culture Collection (ATCC), EBV-positive BL Mutul
and MutullI cells were obtained from Alan Rickinson, and EBV-negative gastric
carcinoma AGS cells were obtained from Shannon Kenney. Simian virus 40
(SV40)-transformed human embryonic kidney 293T cells were purchased from
the ATCC. Akata, Mutul, and Mutulll cells were grown in RPMI medium
(Invitrogen) supplemented with 10% fetal bovine serum (FBS) (HyClone,
Thermo Scientific). The 293T cells were grown in RPMI or Dulbecco’s modified
Eagle’s medium (DMEM) (Invitrogen) supplemented with 10% FBS. AGS cells
were maintained in F12 medium supplemented with 10% FBS and 100 U pen-
icillin and streptomycin per ml. All cells were maintained in a 37°C humidified
5% CO, incubator.

Plasmids. Plasmid DNAs were purified using Qiagen plasmid maxikits as
described by the manufacturer. Expression plasmids encoding Flag-tagged hu-
man Smad2 (pCS2-FLAG-Smad2), Flag-tagged human Smad3 (pCS2-FLAG-
Smad3), and a constitutively active mutant variant of the TGF-B type I receptor,
designated ALKS CA (pcDNA3-ALKS5 T204D), were gifts from F. Michael
Hoffmann. A Smad4 expression plasmid, pCMV6-XL5-Smad4, was purchased
from Origene. Plasmid pcDNA3.1 served as the empty vector control. The
expression plasmid pCi-ZEBI, generously provided by Douglas Dean, en-
codes full-length human ZEBI. The firefly luciferase reporter pZp-Luc-WT,
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a gift from Shannon Kenney, contains the nt —496 to +28 region of Zp
relative to the transcription initiation site cloned into the vector pGL3-Basic
(Promega).

Substitution mutants. The site-directed mutagenesis of pZp-Luc-WT was
performed using 100 ng template, 20 pmol of each primer set, 1X MasterAmp
PCR enhancer (Epicentre Biotechnologies), and 2.5 U of Pfu Turbo (Strata-
gene). The amplifications were performed with a GeneMate Genius PCR ma-
chine (ISC BioExpress) for 35 cycles with an initial denaturation for 4 min at
95°C, denaturation for 1 min at 94°C, annealing for 50 s at 50°C, and extension
for 7 min at 68°C, followed by a final extension for 15 min at 72°C.

The primers for site-directed mutagenesis (sense strand, mutations indicated
by underlining) were the following: nt —241 to —221 (SBE1m), 5'-TGATGAA
TTTTTGCTGCATGC-3"; nt —211 to —184 (SBE3m), 5'-TTCAACTGGGCTT
TTTATTTTTGACACC-3'; nt —185 to —155 (SBE4m), 5'-CCAGCTTATTTT
CAACACTTCTGAAAACTGC-3"; nt —114 to —81 (SBE5m), 5'-GCTAATGT
ACCTCATCAACACACCTAAATTTAGC-3'; nt —33 to —1 (SBE2m), 5'-AA
GGGGAGATGTTCAACAGGTAACTCACTAAAC-3'; and nt —26 to +20
(ZV/ZV'dm), 5'-GATGTTAGACAGGCCACTCACTAAACATTGCATTTT
GCCGGCCACC-3'. Afterward, the PCRs were incubated with DpnI (New Eng-
land BioLabs) at 37°C for 2.5 h and transformed into Escherichia coli IM109 cells
(Promega) according to the manufacturer’s instructions. All plasmids were se-
quenced to verify that they contained the desired mutations.

Reporter assays. EBV-negative AGS cells were seeded in 24-well plates.
Twenty-four hours later, the indicated plasmid DNAs were cotransfected into
the cells using Lipofectamine 2000 reagent (Invitrogen). After incubation for an
additional 44 to 48 h, the cells were harvested. Luciferase assays were performed
with the Luciferase reporter assay system (Promega) as described by the man-
ufacturer.

Immunoblot analysis. Cells were harvested and lysed in SUMO buffer fol-
lowed by sonication as previously described (3). For the detection of the EBV
Iytic proteins BZLF1 and BMRF1, proteins were loaded onto SDS 4 to 20%
gradient polyacrylamide gels (ISC BioExpress), separated by electrophoresis at
100 V for 45 min, and transferred to nitrocellulose membranes (ISC Biosystem).
The primary antibodies used for the detection of specific proteins were the
following: BZLF1 (1:250; BZ1; Santa Cruz Biotechnology), BMRF1 (1:500;
VP-E608; Vector Laboratories), and Smad4 (1:500; H-552; Santa Cruz Biotech-
nology). The secondary antibody was horseradish peroxidase (HRP)-conjugated
mouse (1:1,000; 31430; ThermoScientific) or rabbit (1:1,000; NA934; GE Health-
care) antibody. Blots were developed by enhanced chemiluminescence (ECL)
(GE Healthcare). The blots then were stripped by incubation in 100 mM B-mer-
captoethanol, 2% SDS, 62.5 mM Tris-HCI (pH 8.2) at 65°C for 1 h and reprobed
with antibody specific to B-actin (1:1,000; A2228; Sigma) or a-tubulin (1:1,000;
T9026; Sigma) as a loading control.

Fluorescence cytometry. Mutul cells were fixed by incubation with 1% para-
formaldehyde for 10 min in a 37°C humidified 5% CO, incubator. The cells were
washed twice with 1X PBS containing 0.1 mM phenylmethylsulfonyl fluoride
(PMSF) and permeabilized by incubation for 5 min at room temperature with 1Xx
PBS containing 0.1 mM PMSF, 0.1% Triton X-100. The cells then were incu-
bated for 1 h with primary antibody specific for BMRF1 (1:50;VP-E608; Vector
Laboratories), followed by incubation for 15 min with an Alexa Fluor anti-mouse
1gG secondary antibody (1:1,000; A11017; Invitrogen) at room temperature.
Cells were analyzed by fluorescence-activated cell sorting (FACS) with a
FACSCalibur (BD Bioscience) at an excitation length of 488 nM.

ChIP. For chromatin immunoprecipitation (ChIP), Mutul cells (5 X 10° cells
per IP) were fixed by addition to the cell culture medium of formaldehyde
(Sigma) to a final concentration of 1% and incubation for 10 min at 37°C. The
cells then were incubated for 1 min with 125 mM glycine to stop the cross-linking
reaction. The cells were pelleted by centrifugation at 3,000 rpm for 5 min at 4°C
and rinsed with PBS. The pellet was resuspended in nucleus lysis buffer (71) and
incubated for 10 min at 0°C. Chromatin was sheared to an average length of 500
bp by three pulses of 15 s each at 4°C with a Model 60 sonic dismembrator
(Fisher Scientific) at an output setting of 2. Samples were cleared by incubation
at 4°C with rotation for 1 h with ChIP-grade protein G magnetic beads (Cell
Signaling). A portion of each precleared chromatin sample was saved as the
input. The rest was immunoprecipitated by incubation overnight at 4°C with
antibody specific to Smad4 (1:50; no. 9515; Cell Signaling) or IgG (1:500; 15260;
Sigma). The immunoprecipitates were incubated for 2 h at 4°C with ChIP-grade
protein G magnetic beads. The cross-links were reversed by incubation overnight
at 65°C. DNAs were purified with a PCR cleanup kit in Buffer PB (Qiagen). The
specific promoter DNAs were detected by PCR with a GeneMate Genius PCR
machine (ISC BioExpress) using 50 nM each primer set and Pfu Turbo (Strata-
gene). The amplifications were performed in the following manner: initial dena-
turation for 4 min at 95°C, denaturation for 10 s at 95°C, annealing for 30 s at an
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optimal temperature for each primer set (indicated in parentheses below), and
extension for 30 s at 72°C. The primers were the following: BZLF1 (58.2°C)
FWD, 5'-TTGACACCAGCTTATTTTAGACAC-3’, and REV, 5'-TTACCTG
TCTAACATCTCCCCTTT-3"; and Smad7 (55°C) FWD, 5'-CTGCCTAGGGC
ATTCATT-3', and REV, 5'-CTGCCTAGGGCATTCATT-3’ (39). The follow-
ing primers were used for the EBV sequence located 4.8-kbp upstream of the Zp
transcription initiation site (55°C): FWD, 5'-AGAAGGGAGACACATCTGG
A-3', and REV, 5-AACTTGGACGTTTTTGGGGT-3" (75). PCR products
were analyzed by electrophoresis in 1.5% agarose gels and visualized with UV
light after being stained with ethidium bromide.

Smad4 protein. Purified amino-terminal 6XHis-tagged full-length human
Smad4 protein produced in E. coli was purchased from ProSpec-Tany Techno-
Gene (Israel). Amino-terminal glutathione S-transferase (GST)-tagged full-
length human Smad4 protein, purified from a wheat germ in vitro translation
reaction, was purchased from Abnova (Taiwan). To obtain Smad4 from human
cells, we first subcloned full-length human Smad4 ¢cDNA from pCMV6-XL5-
Smad4 into pFN21A Halo Tag Flexi vector (Promega) by PCR amplification
using as primers 5'-CGAAGCGATCGCCATGGACAATATGTCTATTACGA
ATACACCAACAAG-3" and 5'-GTGCGTTTAAACGTCTAAAGGTTGTGG
GTCTGCAAT-3'. To produce Halo-tagged Smad4 protein in TGF-B-activated
human cells, 9 pg of pFN21A-Smad4 and 3 pg of pcDNA3-ALKS T204D were
cotransfected into 15-cm plates of 293T cells using TransIT-LT1 (Mirus Bio).
After incubation for 48 h, the cells were washed with PBS, scraped off the dish,
and lysed by sonication in lysis buffer [SO mM HEPES (pH 7.5), 150 mM NaCl,
0.5 mM EDTA, 0.005% IGEPAL CA-630] supplemented with 0.5 mM PMSF
and a 1:1,000 dilution of protease inhibitor cocktail III (EMD Biosciences). The
purification of the Halo-tagged Smad4 protein was performed as previously
described (9), with modifications. In brief, the lysate was cleared by centrifuga-
tion at 3,300 rpm for 30 min and incubated with HaloLink resin (Promega)
overnight at 4°C on a rotating platform. The resin was washed twice with lysis
buffer, incubated with lysis buffer supplemented with 1 M urea for 20 min at
room temperature on a rotating platform, and washed twice more with lysis
buffer without urea. The HaloLink resin was placed in cleavage buffer (50 mM
HEPES [pH 7.5], 150 mM NaCl, 0.5 mM EDTA, 0.1 mM dithiothreitol [DTT],
15 pg/ml tobacco etch virus protease), incubated at room temperature for 2 h on
a rotating platform, and pelleted by centrifugation at 3,300 rpm for 5 min. The
supernatant, containing the Smad4 protein cleaved from its tag, was snap-frozen
in liquid nitrogen and stored at —80°C. Protein concentration was determined by
a Pierce 660 nm protein assay (Thermo Scientific) with bovine serum albumin
(BSA) as a protein standard.

ZEBI1 protein. Extracts containing human ZEB1 protein were prepared by the
transfection of 293T cells in 10-cm-diameter dishes with 2 g of pCi-ZEB1 using
TransIT-LT1. Two days later, the cells were harvested and lysed in 200 pl of
Freedman’s buffer (150 mM NaCl, 50 mM Tris-HCI [pH 7.5], 10% glycerol, 0.1%
Nonidet-P40, 0.1 mM NaF, 2 mM EDTA, 0.2 mM PMSF). Lysates were cleared
by centrifugation at 10,000 rpm for 5 min at 4°C and stored at —80°C.

EMSASs. Electrophoretic mobility shift assays (EMSAs) were performed as
previously described (46), with modifications. In brief, double-stranded synthetic
oligonucleotides (UW-Biotechnology Center) were incubated with T4 polynu-
cleotide kinase (New England BioLabs) and 50 pnCi [y-**PJATP for 1 h at 37°C.
Unincorporated nucleotides were removed with G-50 Sephadex quick spin col-
umns (GE Healthcare). Binding reactions (22-ul total volume) contained 3.5 pl
of HGED.0 buffer (20 mM HEPES [pH 7.9], 0.2 mM EDTA, 20% glycerol), 8 pl
of HGED.1 buffer (20 mM HEPES [pH 7.9], 0.2 mM EDTA, 20% glycerol, 0.1
M KCl), 1 ng BSA (Thermo Scientific), 1 pg poly(dI-dC)(dI-dC) (Sigma), 0.45
uM ZnCl,, 0.25% Tween 20, 8 ng **P-labeled double-stranded oligonucleotide
probe DNA, and the indicated protein extracts or purified proteins. For the
supershift assays, 2 pg of anti-Smad4 antibody (B-8X; Santa Cruz Biotechnol-
ogy) or anti-ZEB1 antibody (E-20X; Santa Cruz Biotechnology) was incubated
with the reaction mixture prior to the addition of the radiolabeled probe. For the
DNA competition assays, the indicated amount of the unlabeled double-
stranded oligonucleotide was added to the reaction mixture before the addition
of the radiolabeled probe. Reaction mixtures were electrophoresed at 232 V for
105 min at 4°C in 4% nondenaturing polyacrylamide gels containing 0.5X Tris-
borate-EDTA buffer. Gels were dried and imaged with a Storm PhosphorImager
(GE Healthcare).

Double-stranded oligonucleotide DNA sequences for probes and competitors
(sense strand shown; mutations are indicated by underlined letters) were the
following: consensus SBE, 5'-GGAGTATGTCTAGACTGAGGC-3'; Zp nt
—241 to —221 WT (SBE1), 5'-TGATGAATGTCTGCTGCATGC-3'; Zp nt
—207 to —187 WT (SBE3), 5'-ACTGGGCTGTCTATTTTTGAC-3'; Zp SBE3
mt —199/-197 (SBE3m), 5'-ACTGGGCTTTTTATTTTTGAC-3"; Zp nt —182 to
—162 WT (SBE4), 5'-GCTTATTTTAGACACTTCTGA-3'; Zp SBE4 mt —173/

J. VIROL.

—172 (SBE4m), 5'-GCTTATTTTCAACACTTCTGA-3'; Zp SBE4 dmt —173/
—172/—166/—165 (SBE4dm), 5'-GCTTATTTTCAACACTGTTGA-3'; Zp nt
—108 to —88 WT (SBES), 5'-GTACCTCATAGACACACCTAA-3'"; Zp SBES
mt —99/-98 (SBESm), 5'-GTACCTCATCAACACACCTAA-3'; Zp nt —26 to
—6 WT (SBE2), 5'-GATGTTAGACAGGTAACTCAC-3'; Zp SBE2 mt —20/
—19 (SBE2m), 5'-GATGTTCAACAGGTAACTCAC-3'; and Zp ZV mt —13/
—12 (SBE2-ZVm), 5'-GATGTTAGACAGGCCACTCAC-3".

Determination of ICs,. The half-maximal inhibitory concentration (ICs,) of an
SBE was the concentration of unlabeled double-stranded oligonucleotide
containing the SBE at which the binding of GST-Smad4 protein to the
32P-radiolabeled consensus SBE was inhibited by 50%. Bands corresponding
to the GST-Smad4/DNA complexes in the competition EMSAs were scanned
by densitometry, with their intensities being quantified using Image J software
(NIH). Dose-response curves were obtained by plotting percent inhibition versus
log,, concentration of unlabeled oligonucleotide. ICs,s were calculated by non-
linear regression analysis using GraphPad Prism 4.0 software (GraphPad Soft-
ware, Inc.).

RESULTS

TGF-p reactivation of EBV-positive cells. EBV-positive Mu-
tul is a representative Burkitt’s lymphoma cell line (25) in type
I latency, restricted to expressing a minimal set of latency
genes, including EBV nuclear antigen 1 (EBNA1), EBV-en-
coded small RNAs (EBERs), and BamHI-A rightward tran-
scripts (BART) (8). The EBV-positive MutullI cell line was
derived from Mutul following a latency conversion event; it is
in type III latency, displaying a fuller set of EBV latency genes
(26). While Mutul cells contain an intact, functional TGF-B
pathway, MutullI cells are not responsive to TGF-B, since they
do not express the TGF-B type II receptor (30, 31). In the
absence of TGF-B, the EBV immediate-early (IE) lytic BZLF1
protein was barely detectable in Mutul cells by immunoblot
analysis (Fig. 1A, lane 4). The incubation of Mutul cells with
100 pM TGF-B1 induced the synthesis of BZLF1 and BMRF1
(also called EA-D) protein (Fig. 1A, lanes 5 and 6). The latter
is the product of an EBV early (E) lytic gene. On the other
hand, the incubation of Mutulll cells with 100 pM TGF-B1
failed to induce the synthesis of BZLF1 or BMRF1 (Fig. 1A,
lanes 2 and 3). Taken together, these findings show that Mutul
cells can be used to study the mechanism of TGF-B-induced
EBV lytic reactivation out of latency type 1.

We used FACS analysis to determine the percentage of the
Mutul cells induced into lytic gene expression following treat-
ment with TGF-B1. Approximately 4 to 5% of them contained
BMREF1 protein by 48 h after the addition of 100 pM TGF-B1
(Fig. 1B). Thus, we conclude that TGF-B1 induces EBV reac-
tivation, but only in a subset of these Mutul cells, within 2 days.

Reactivation of EBV via T-cell secretion of TGF-f3. Most
knowledge regarding the understanding of EBV reactivation
out of latency into lytic replication comes from the addition of
exogenous factors to EBV-positive cells grown in cell culture
by themselves in the absence of other types of cells. Since this
is a somewhat artificial situation, we hypothesized that the
EBYV lytic cycle is naturally induced by immune cells secreting
growth factors or cytokines such as TGF-B. To test this possi-
bility, we examined whether EBV-positive Mutul cells can be
induced into expressing EBV lytic genes by coculturing them
with EBV-negative Jurkat cells, a T-cell line known to secrete
TGF-B1 (36). As hypothesized, the coculture of Mutul and
Jurkat cells led to the considerable production of BZLF1 pro-
tein, almost to the level observed following the direct addition
of TGF-B1 to the medium (Fig. 2, lane 7 versus lane 5). The
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FIG. 1. TGF-B1 induces EBV lytic gene expression in Mutul cells.
(A) Immunoblots showing IE BZLF1 and E BMRF1 protein levels
following treatment with TGF-B1. Mutul and MutullI cells were in-
cubated for the indicated times with or without (=) 100 pM TGF-B1.
Cell lysates were prepared, and relative protein levels of BZLF1,
BMRF1, and a-tubulin (as an internal control) were determined by
immunoblot analysis. (B) Percentage of Mutul cells containing the
EBV BMREF1 protein at various times after the addition of 100 pM
TGF-B1. Cells were harvested at the indicated times and analyzed by
FACS for the percentage of BMRF1-positive ones. Bars indicate
means * standard errors of the means (SEM) from assays performed
in triplicate on three separate occasions. Significant differences (P <
0.05) are indicated with an asterisk.

addition of a neutralizing antibody that inhibits the binding of
TGF-B ligand to its receptor (11) blocked this induction (Fig.
2, lane 6). As a control, we also examined whether coculturing
Jurkat cells can induce BZLF1 gene expression in EBV-posi-
tive Akata cells, a BL cell line that does not express TGF-f
type II receptor (TBRII) (14, 31, 69). In this case, the presence
of the Jurkat cells failed to induce the synthesis of BZLF1
protein (Fig. 2, lane 4). These findings demonstrate that Jurkat
cells can specifically induce EBV lytic gene expression in
Mutul cells via the TGF-p signaling pathway.

TGF-$1 induces EBYV via signaling its canonical Smad path-
way. To begin to determine the mechanism by which TGF-33
induces EBV reactivation in Mutul cells, we examined the
effects on this induction of kinase inhibitors targeting TBRI,

Jurkat

Akata + Jurkat
Mutul + Jurkat
+ Ab-TGF-8
Mutul + Jurkat

\L|k Mutul + TGF-B1

Akata

E]
Cells: 2
BZLF1
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FIG. 2. TGF-B1 secreted by T cells reactivates EBV in Mutul cells.
Immunoblot showing relative levels of BZLF1 protein after culture of
the indicated cells for 48 h under the indicated conditions. Whole-cell
extracts were prepared and BZLF1 protein was assayed by immuno-
blot analysis, with a-tubulin serving as an internal control. Lane 5, cells
cultured in the presence of 100 pM TGF-B1; lane 6, cells cultured in
the presence of 2.5 g TGF-B neutralizing antibody; other lanes, cells
cultured in medium containing neither added TGF-B nor antibody.
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FIG. 3. TGF-B1 induces EBV reactivation via Smad proteins. Im-
munoblots showing relative BZLF1 and BMRF1 protein levels follow-
ing the incubation of Mutul cells for 24 h with 100 pM TGF-B1 plus
the indicated kinase inhibitors. Whole-cell extracts were prepared and
proteins were assayed by immunoblot analysis, with B-actin serving as
an internal control. Lane 1, no TGF-B1; lane 2, only TGF-B1; lane 3,
1 wM SB431542; lane 4, 1 pM SIS3; lane 5, 10 wM SP600125; lane 6,
1 wM LY294002; and lane 7, 10 pM U0126.

Smad3, Jun NH-terminal kinase (JNK), phosphatidylinositol-3
kinase (PI3K), and mitogen-activated protein kinase (MAPK)
kinase/extracellular signal-regulated kinase activator kinase
(MEK1) with SB431542, SIS3, SP600125, LY294002, and
U0126, respectively. The concentration of each inhibitor added
to the cell culture medium was chosen to minimize off-target
effects (12, 33, 35). Compared to that of the untreated control,
the incubation of Mutul cells with TGF-B1 for 24 h greatly
increased the expression of both BZLF1 and BMRF1 (Fig. 3,
lane 2 versus lane 1). The addition of either the TBRI inhibitor
SB431542 or the Smad3 inhibitor SIS3 completely prevented
this induction of lytic gene expression by TGF-p (Fig. 3, lanes
3 and 4, respectively). Thus, TBRI specifically signals the Smad
pathway to induce the synthesis of EBV lytic proteins. The
addition of either the MEK1/2 inhibitor U0126 or JNK inhib-
itor SP600125 had little or no effect (Fig. 3, lanes 7 and 5,
respectively), while the PI3K inhibitor L'Y294002 partially pre-
vented this TGF-B induction (Fig. 3, lane 6). The incubation of
these cells with the same concentration of U0126 completely
inhibited the epidermal growth factor (EGF)-induced phos-
phorylation of ERK (data not shown), indicating that this drug
had retained its activity. Thus, we conclude that TGF-B1 in-
duces EBV lytic gene expression in Mutul cells primarily
through the canonical Smad pathway.

Identification of novel SBEs in Zp. Liang et al. (43) previ-
ously reported the presence of an SBE, located at nt —233 to
—229 of Zp relative to the transcription initiation site, referred
to here as SBE], that contributes to the TGF-B induction of
BZLF1I gene expression. However, base pair substitution mu-
tations that knock out the binding of Smads to SBE1 result in
only a 20 to 30% loss of TGF-B-mediated activation of Zp in
transient-transfection assays, a conclusion we confirmed here
(see Fig. 8A). Thus, we hypothesized that other functionally
important SBEs exist within Zp. To begin to test this possibil-
ity, we examined the nt —221 to +12 region of Zp, which is
known to be sufficient for the activation of BZLFI gene
expression by inducers such as phorbol esters (22, 34), for
putative Smad4-binding elements that might contribute to its
induction by TGF-B. We identified four regions containing
5'-GTCT-3', or its complement, 5'-AGAC-3’, which we named
SBE3 (nt —199 to —196), SBE4 (nt —173 to —170), SBES (nt
=99 to —96), and SBE2 (nt —20 to —17) (Fig. 4A and B). To
determine if Smad4 actually binds any of these putative SBEs,
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FIG. 4. Identification of novel Smad-binding elements within Zp. (A) Schematic diagram indicating cis-acting elements present within the nt
—237 to +15 region of Zp relative to the transcription initiation site. Rectangles along Zp indicate approximate locations of regulatory elements
with their known frans-acting factors indicated above them and SBEs indicated below. (B) Sequence of the nt —237 to +15 region of Zp. SBEs
are indicated within rectangles. The base pair substitution mutations (m) in the SBEs studied here are indicated by italicized letters below the
wild-type sequence. Locations of the previously reported cis-acting Z elements are indicated by lines below the sequence. The transcription
initiation site is indicated by a rightward arrow. (C) EMSAs showing binding of Smad4 to SBEs. EMSAs were performed with the indicated
radiolabeled double-stranded oligonucleotides (8 ng) as probes. Purified GST-Smad4 or GST (120 ng) was used as indicated as the protein source.
Immunoshift assays were performed with 2 pg of antibody specific to Smad4. Locations of the protein/DNA complexes are indicated.

we performed EMSAs using a GST-tagged human Smad4
protein purified from a wheat germ in vitro translation re-
action mixture as the protein source and radiolabeled dou-
ble-stranded 21-mer oligonucleotides spanning the putative
Smad-binding elements or mutant variants of them as the
probes (Fig. 4C). For a negative control, EMSAs were per-
formed using purified GST protein as the protein source (Fig.
4C, lanes 2, 6, 11, 17, and 22). As a positive control, we per-
formed the assay using as probe an oligonucleotide containing
SBEL. As expected, Smad4 bound SBEL1 (Fig. 4C, lane 3); the
mobilities of the Smad4/SBE1 complexes were retarded when
an antibody specific to Smad4 was included in the reaction
mixture (Fig. 4C, lane 4). DNA-protein complexes were ob-
served with these same mobilities when the probe DNA in-
cluded SBE3, SBE4, SBES, or SBE2 (Fig. 4C, lanes 7, 12, 18,
and 23, respectively); the addition of the Smad4-specific anti-
body resulted in the supershifting of these complexes to the

same slower mobilities observed with the SBE1 probe DNA
(Fig. 4C, lanes 8, 13, 19, and 24, respectively, versus lane 4). To
verify that Smad4 bound these DNAs via their SBE, we also
performed EMSAs with variants of these DNAs containing the
2-bp substitution mutations indicated in Fig. 4B. As expected,
these mutations eliminated the binding of Smad4 (Fig. 4C,
lanes 9, 14, 15, 20, and 25). We also examined the binding of
Smad4 to the two SBE-like elements, 5'-TCTG-3’ or its com-
plement, 5'-CAGA-3’, within Zp, previously noted by Liang et
al. (43); Smad4 bound only very weakly to them, if at all (data
not shown) (Fig. 5). Therefore, we conclude that the nt —221
to +12 region of Zp contains four previously unidentified
SBEs.

To determine the relative binding affinities of Smad4 for
these SBEs, we performed competition EMSAs with a radio-
labeled probe containing a consensus SBE and unlabeled com-
petitor DNAs corresponding to the double-stranded SBE-con-
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FIG. 5. Competition EMSAs used to determine relative binding affinities of Zp SBEs for Smad4. Purified GST-Smad4 (100 ng) was incubated
with 8 ng of radiolabeled double-stranded consensus SBE and various amounts of the indicated unlabeled double-stranded DNAs as competitors.
Immunoshift assays were performed with 2 pg of antibody specific to Smad4. Locations of the protein/DNA complexes are indicated. Amounts
of unlabeled double-stranded competitors used were the following: 5, 10, 20, and 40 ng for consensus SBE; 40, 100, 250, 625, 1,562, and 3,906 ng
for SBE1, SBE2, SBE3, SBE4, and SBES; and 40, 100, 250, 625, 1,562, 3,906, and 9,765 ng for SBE-like2 and SBE2m. The ICs,s shown below the
gels were determined from the concentrations of unlabeled oligonucleotide required to inhibit the binding of GST-Smad4 to the radiolabeled

consensus SBE probe by 50%.

taining oligonucleotides from Fig. 4. As expected, consensus
SBE DNA strongly competed with the probe for binding
Smad4; the DNAs containing the other Zp SBEs also com-
peted for binding Smad4 but with somewhat lower affinities
(Fig. 5). Quantifying these data, we obtained the following
relative Smad4-binding affinities, confirming the lack of
binding of Smad4 to the SBE-like2 sequence in Zp: consen-
sus SBE > SBE1 > SBE2 ~ SBE3 > SBE5 > SBE4 >
SBE2m > SBE-like2.

TGF-31 promotes Smad binding to Zp in vivo. We per-
formed chromatin immunoprecipitation assays to determine
whether Smad4 becomes newly associated with the Zp region
of the EBV genome following the treatment of Mutul cells
with TGF-B1. We chose to assay for Smad4 since (i) it is
expressed in many commonly used Burkitt’s lymphoma B-cell
lines (31), (ii) it contains a DNA-binding domain (48), and (iii)
Smad4 is required for the activated Smad complex to enhance
transcription (48). EBV-positive Mutul cells were incubated
with 100 pM TGF-B1 for 30 min and then processed for ChIP
analysis with an antiserum specific to Smad4. Immunoprecipi-
tated DNA containing the nt —221 to +30 region of Zp was
readily detected in the cells that had been incubated with
TGF-B1 but not in the untreated cells (Fig. 6, lane 4 versus
lane 3). As a positive control, we examined these same ChIP
samples for Smad4 binding to a region of the cellular Smad7
promoter shown by others to contain an SBE (52). As negative
controls, we probed for an EBV sequence located 4.8 kbp
upstream of the transcriptional initiation site of the BZLFI
promoter that does not contain an SBE or immunoprecipitated
the chromatin with anti-IgG (Fig. 6, lanes 4 and 5, and data not
shown). Thus, we conclude that Smad4 is not bound to the
endogenous BZLFI promoter during latency but becomes
bound to Zp within 30 min of the onset of incubating Mutul
cells with TGF-B1.

Activated Smads enhance transcription from Zp. Promoters
of genes targeted by TGF-B usually contain Smad-binding ele-
ments for recruiting Smads and their cofactors to DNA (49).
The binding of TGF- ligand to TBRII recruits TRRI (also
called AlkS), leading to the phosphorylation and activation of

TBRI. The activated TBRI then phosphorylates Smad2 and
Smad3, resulting in their heterotrimerization with Smad4. The
Smad complexes translocate to the nucleus, where they inter-
act with other transcription factors to regulate gene expression
(42, 51).

To test directly whether the presence of activated Smad
complexes can enhance transcription from the BZLFI pro-
moter, we examined the effects of the exogenous addition of
Smad2, Smad3, and Smad4 in the presence and absence of a
constitutively active mutant variant of the TGF-8 type I recep-
tor, Alk5 CA, on transcription from Zp in a transient-trans-
fection assay using a reporter construct, pZp-Luc-WT, which
contains the nt —496 to +28 region of Zp. For this experiment,
we chose the human gastric carcinoma cell line AGS because
(i) it is easily transfected with DNA, (ii) it lacks EBV, and (iii)
it does not express the cellular transcription factors ZEB1 and
ZEB2 (17, 20), which repress transcription from Zp (17, 41, 74,
75). The addition of Smad2, Smad3, or Smad2/3 together with
Smad4 activated the expression of the reporter by 2.5-, 8-, and
11-fold, respectively (Fig. 7). The inclusion of constitutively
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FIG. 6. ChIP assay showing TGF-B1 induces Smad4 binding to Zp.
Mutul cells were incubated for 30 min in the presence (+) or absence
(=) of 100 pM TGF-B1. Cells then were processed for ChIP and
immunoprecipitated with a Smad4-specific antibody or IgG as a con-
trol. Recovered DNA was amplified by PCR with primers specific to
the nt —221 to +30 region of Zp (15 cycles), the promoter region of
the cellular Smad7 gene (25 cycles) as a positive control, and an EBV
sequence located 4.8 kbp upstream of Zp (15 cycles) as a negative
control. The input lanes contained 10% of the amount of DNA in-
cluded in the IPs.
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FIG. 7. Effects of expression of Smad2/3/4 and constitutively active
TGF-B type I receptor on transcription from Zp. EBV-negative AGS
cells in 24-well plates were cotransfected as indicated with 80 ng of the
firefly luciferase reporter, pZp-Luc-WT (i), 100 ng of pCS2-FLAG-
Smad?2 and/or pCS2-FLAG-Smad3 as indicated (ii), 100 ng of pCMV6-
XL5 Smad4 (iii), and 50 ng of pcDNA3-ALKS5 T204D (iv) where
indicated by light gray bars. The empty vector, pcDNA3.1, was added
to bring the total DNA to 430 ng per well. Cell lysates were prepared
48 h later, and firefly luciferase activities were measured. Data were
internally normalized to the amount of protein in each lysate and
externally normalized to the basal activity of pZp-Luc-WT. Bars indi-
cate means * standard deviations (SD) of data from assays performed
in quadruplicate.

active AlkS further enhanced transcription from Zp up to 7.5-,
14-, and 20-fold for Smad2/4, Smad3/4, and Smad2/3/4, respec-
tively. The addition of all three Smads plus Alk5 CA routinely
activated the expression of this reporter 15- to 25-fold (Fig. 8A
and C; also see Fig. 10). Thus, we conclude that the presence
of activated Smads leads to dramatically increased transcrip-
tion from the BZLFI promoter.

SBEs cooperatively contribute to Smad activation of Zp. To
test whether SBE2, SBE3, SBE4, and SBES play functional

J. VIROL.

roles in the Smad-mediated activation of transcription from
Zp, we constructed 2-bp substitution mutant variants of pZp-
Luc-WT containing the same sequence alterations in the SBEs
that had been examined in Fig. 4 for Smad4 binding. The
mutation in SBE2 was chosen to disrupt Smad binding while
leaving intact ZEB binding to the overlapping ZV element
(Fig. 9C). Reporters containing these 2-bp mutations in two,
three, four, and all five SBEs also were generated. These
DNAs were cotransfected in parallel into AGS cells along with
plasmids expressing Smad2, Smad3, Smad4, and Alk5 CA or
the empty vector, pcDNA3.1. The inactivation of individual
SBEs somewhat reduced the Smad-mediated activation of
transcription from Zp (20 to 40% for SBE1, SBE3, and SBES
and 50 to 60% for SBE4 and SBE2) (Fig. 8A). The concurrent
inactivation of multiple SBEs resulted in even greater reduc-
tion in Smad-mediated activation of Zp, with the SBE1/2/3/4/5
pentuple mutant exhibiting activation by Smads plus Alk5 CA
barely above the 2.5-fold increase observed with the control
empty vector, pGL3-Basic (Fig. 8C). Thus, we conclude that all
five SBEs contribute to TGF-B-induced BZLF1 gene expres-
sion, with SBE2 and SBE4 being of greater importance in AGS
cells than the other SBEs despite their having lower affinities
than SBE1 for binding by Smad4 in a highly purified cell-free
assay (compare Fig. 8A to 5).

Smad4 can either compete or cooperate with ZEB1 for bind-
ing to Zp. ZEB1 is a key transcriptional repressor of BZLFI
gene expression in many cell lines latently infected with EBV
(17); it does so via concurrently binding the ZV and ZV’
elements of Zp (41, 74, 75). SBE2, mapping to nt —20 to —17,
appears to overlap with the primary ZEB-binding ZV element,
mapping to nt —17 through —12 (Fig. 4B). ZEBI also can
complex with Smads via direct protein-protein interactions
(58). Thus, ZEB1 and Smad4 may compete or cooperate for
binding to Zp.

A. 15 B. C. 3 1.4
= | " |=pconaz.1] =25 1.2
2 Smad2/3/4 + AIkS CA : 2 25
c S 14 - 2> 12 <3 z
= > oG i > ~ T
£ 512 EE 1+ 820 SE
2 10 4 R > 5 ®S 08 -
g 2008 G 2 15 8L
© o g © _ © 9 S 06 4
ket G806 = 8
5 2 g %0 5 2 10 S
£Z 61 5% . 23 S =04 A
X 4 - - ! "4 |
= s 5 0.2 -
2 - 0.2
0 - 0 - 0 - 0 -
SBE: & n® o 1€ o 18 08 o o€ o o o SBE: & x€ o o o 1€ € oS o€ oS Reporter: S & S g
RN RO N P S o oS oSS oSS eporter: & o s &
NN '\\\\'b ,‘3":\ W R '\\\\"ﬁ "&’\ M 0\?’ M (-,\:b
N N FORY FOAIRY

FIG. 8. SBEs act cooperatively to enhance transcription from Zp. (A) Effects of mutations in SBEs on the Smad-mediated activation of Zp.
AGS cells in 24-well plates were cotransfected with 80 ng of pZp-Luc-WT or the indicated variant of it containing the SBE base pair substitution
mutations shown in Fig. 4B (i) and 350 ng of pcDNA3.1 or 100 ng each of pCS2-FLAG-Smad2, pCS2-FLAG-Smad3, pCMV6-XL5 Smad4, and
50 ng of pcDNA3-ALKS T204D (ii). Two days later, cell lysates were prepared and firefly luciferase activities were measured. Data were internally
normalized to the amount of protein in each lysate and externally normalized to the basal level shown in panel B observed with each reporter in
the absence of the activated Smads. (B) Effects of mutations in the SBEs on basal transcription from Zp. AGS cells were cotransfected with 80
ng of pZp-Luc-WT or the indicated mutant variant of it along with 350 ng of pcDNA3.1. Data were internally normalized to the amount of protein
in each lysate and externally normalized to the level of luciferase activity observed with pZp-Luc-WT. Bars indicate means * SD of data obtained
from assays performed in quadruplicate. The results presented here are typical of data observed in four independent experiments. (C) Effect of
activated Smads on expression of the promoterless luciferase reporter, pGL3-Basic. The experiment was performed as described for panels A and
B but on a different day.
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FIG. 9. EMSAs showing Smad4 competing with ZEB1 for binding to Zp or complexing with ZEB1 on the ZV element. (A) Protein competition
EMSA with E. coli-expressed Smad4 and ZEB1. EMSAs were performed with 8 ng of radiolabeled double-stranded SBE2-WT probe corre-
sponding to the nt —26 to —6 region of Zp. 6 XHis-tagged-Smad4 purified from E. coli and an extract from 293T cells that had been transfected
with a ZEB1 expression plasmid were used as the protein sources. Lane 1, no protein; lanes 2 and 4, 225 ng of 6 XHis-Smad4; lane 3, 225 ng of
6XHis-Smad4 plus 3 pg of antibody specific to Smad4; lane 5, 2.9 pg of ZEB1-containing extract plus 3 pg of antibody specific to ZEBI; lanes
6109, 2.9 ug of ZEB1-containing extract plus 0, 25, 75, and 225 ng of 6 XHis-Smad4, respectively. (B) Protein competition EMSA with activated
Smad4 and ZEB1. EMSAs were performed with radiolabeled SBE2-WT DNA as the probe, activated, nontagged Smad4 purified from 293T cells
cotransfected with expression plasmids for AlkS CA, and Smad4 and the ZEB1-containing extract used for panel A as the protein sources. Lane
1, no protein; lane 2, 200 ng of activated Smad4 plus 3 pg of antibody specific to Smad4; lane 3, 200 ng of activated Smad4; lane 4, 2.9 pg of
ZEBI-containing extract plus 3 pg of antibody specific to ZEB1; lanes 5 to 9, 2.9 pg of ZEB1-containing extract plus 0, 100, 200, 500, and 1,000
ng of activated Smad4, respectively. (C) EMSAs showing the formation of Smad4/ZEB1 complex bound to the ZV element of Zp. EMSAs
were performed with 8 ng of radiolabeled SBE2-WT DNA or variants of it containing 2-bp substitution mutations in either the SBE2 or the
ZV element. Protein sources were the same ones used for panel B. Lanes 1, 7, and 13, no protein; lanes 2, 10, and 14, 0.5 pg of activated
Smad4 plus 3 pg of antibody specific to Smad4; lanes 3, 11, and 15, 0.5 pg of activated Smad4; lanes 4, 8, and 16, 2.9 ng of ZEB1-containing
extract plus 3 ng of antibody specific to ZEB1; lanes 5, 9, and 17, 2.9 pg of ZEB1-containing extract; lanes 6, 12, and 18, 0.5 pg of activated

Smad4 plus 2.9 ug of ZEB1-containing extract. Locations of the protein/DNA complexes are indicated.

To test these possibilities, we performed a series of protein
competition EMSAs. In one set of experiments, we used our
radiolabeled SBE2 oligonucleotide corresponding to the nt
—26 to —6 region of Zp as the probe DNA and purified
6XHis-tagged-Smad4 protein that had been expressed in E.
coli and whole-cell extract prepared from 293T cells in which
ZEBI had been overexpressed as the sources of the proteins.
As expected, Smad4 bound the SBE2 probe DNA; the Smad4/
DNA complexes were retarded in mobility when a Smad4-
specific antibody was included in the reaction mixture (Fig. 9A,
lanes 2, 4, and 3, respectively). ZEB1 also bound this probe
DNA; the addition of a ZEB1-specific antibody shifted the
position of the ZEB1/DNA complex to the top of the gel (Fig.
9A, lanes 6 and 5, respectively). The addition of E. coli-syn-
thesized Smad4 protein together with the ZEB1 protein led to
the appearance of the Smad4/DNA complexes concurrently
with some reduction in the abundance of the ZEB1/DNA
complexes; slower-migrating complexes consistent with the
formation of Smad4/ZEB1/DNA complexes were not observed
(Fig. 9A, lanes 7 to 9). Similar results were observed using
Smad4 protein that had been partially purified from the DG-75
BL B-cell line, with the abundance of ZEB1/DNA complexes
reduced by approximately 50% at the highest level of Smad4
(data not shown). This finding suggests that ZEB1 and nonac-
tivated Smad4 can compete for binding to Zp.

In a second set of experiments, in place of E. coli-synthesized
Smad4, which is devoid of posttranslational modifications, we
used Smad4 protein purified from 293T cells in which Smad4

and AIlkS CA had been coexpressed to provide the posttrans-
lational modifications that Smad4 may acquire upon TGF-B
signaling (15, 54, 63). This activated Smad4 protein by itself
only weakly bound the SBE2 probe DNA in the absence of
antibody or ZEB1 (Fig. 9B, lane 3, and C, lanes 3 and 11).
However, the inclusion of anti-Smad4 antibody in the reaction
mixture led to a large increase in the amount of Smad4 ob-
served bound to the probe DNA, with it appearing in the
position of the Smad4/Ab/DNA complex (Fig. 9B, lane 2, and
C, lanes 2 and 10). Thus, the binding of this antibody to this
activated form of Smad4 enhances or stabilizes its binding to
DNA. Likewise, the inclusion of activated Smad4 together with
ZEBI led to significant changes in both the abundances and
mobilities of the ZEB1/DNA complexes (Fig. 9B, lanes 5 to 9,
and C, lane 5 versus lane 6).

One hypothesis consistent with the latter observation is that
this slower-migrating band consists of ZEB1/Smad4 protein
complexes synergistically bound via both the SBE2 and ZV
elements present within this probe DNA. Alternatively, the
ZEB1/Smad4 complexes could be bound via only one of these
two elements, with their enhanced affinity for the probe result-
ing from conformational changes in the structures of the pro-
teins that accompany these protein-protein interactions. To
distinguish between these two possibilities, EMSAs were per-
formed using these same protein preparations, but with vari-
ants of the wild-type SBE2 DNA containing 2-bp substitution
mutations in either the ZV element or SBE2 as probes. As
expected, Smad4 bound the SBE2-ZVm probe but not the
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FIG. 10. ZEBI attenuates TGF-B-mediated activation of transcrip-
tion from Zp. AGS cells in 24-well plates were cotransfected with 80 ng
of pZp-Luc-WT or a mutant variant of it containing the base pair
substitution mutations in the ZV and ZV' elements of Zp indicated in
Fig. 4B (i), 350 ng of pcDNA3.1 or 100 ng each of pCS2-FLAG-Smad2,
pCS2-FLAG-Smad3, and pCMV6-XL5 Smad4 and 50 ng of pcDNA3-
ALKS T204D (ii), and the indicated amounts of a ZEB1 expression
plasmid, pCi-ZEBI1, plus pcDNA3.1 for a total of 12 ng DNA (iii).
Luciferase activities were measured after incubation for 2 days. Data
were internally normalized to the amount of protein in each lysate and
externally normalized to basal activity observed for each reporter in
the absence of the Smads, Alk5 CA, and ZEBI. Bars indicate means *+
SD of data obtained from assays performed in quadruplicate. Results
presented here are typical of data obtained on four separate occasions.

SBE2m one (Fig. 9C, lane 11 versus lane 15), while ZEB1
bound the SBE2m probe but not the SBE2-ZVm one (Fig.
9C, lane 17 versus lane 9). Interestingly, when both activated
Smad4 and ZEB1 were present together in the same reaction
mixture, the slower-migrating ZEB1/Smad4/DNA complexes
were observed with the SBE2-WT and SBE2m probes but not
with the SBE2-ZVm probe (Fig. 9C, lanes 6 and 18 versus lane
12). In addition to the Smad4/ZEB1/DNA complex, the bind-
ing of Smad4 alone to the SBE probe also was detected in the
presence of ZEB1 (Fig. 9B, lane 9, and C, lane 6). Therefore,
we conclude that Smad4 can compete with ZEBL1 for binding
to Zp or can bind primarily via the ZV element as part of
protein complexes containing ZEBI.

Smad activation of Zp is attenuated by ZEB1. The findings
described above suggest that Smads activate BZLFI gene ex-
pression by (i) competing with the repressor ZEB1 for pro-
moter occupancy or (ii) complexing with ZEBI, thereby
switching ZEB1 from repressor to activator of Zp. To test
these possibilities, we cotransfected into ZEB1-negative AGS
cells (i) pZp-Luc-WT or pZp-Luc-ZV/ZV'dm, a variant of it
containing the 2-bp substitution mutations in the ZEB1-bind-
ing ZV and ZV’ elements indicated in Fig. 4B; (ii) the Smad2,
Smad3, Smad4, and Alk5 CA expression plasmids or the empty
vector, pcDNA3.1; and (iii) various amounts of the ZEBI1
expression plasmid, pCi-ZEBI. As expected, in the absence of
the activated Smads, the addition of ZEB1 dramatically de-
creased transcription from the wild-type promoter without sig-
nificantly affecting transcription from the mutant one (Fig. 10).
The addition of Smads and Alk5 CA, but not ZEB1, enhanced
transcription 19-fold from both the wild-type and ZV/ZV' mu-
tant promoters. The latter finding indicates that the Smad-
mediated activation of transcription from Zp can occur inde-
pendently of either ZEB1 protein or the ZEBI-binding
elements. The addition of ZEBI strongly inhibited this Smad-
mediated activation of the wild-type promoter while not sig-
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nificantly affecting this activation of the mutant promoter.
Thus, we conclude that exogenously expressed ZEB1 primarily
functions in AGS cells as a repressor of Zp in transient-trans-
fection reporter assays even when the TGF-B pathway is acti-
vated. The level of transcription from Zp likely is determined
in part by the molar ratio of activated Smads to ZEB1 present
in these transfected cells, i.e., high levels of activated Smad
complexes can overcome repression by ZEBI.

DISCUSSION

The goal of this study was to elucidate the mechanism by
which TGF-B signaling activates BZLF1 gene expression. First,
we demonstrated that the incubation of Mutul cells in type I
latency with TGF-B1 provided by either addition to the me-
dium (Fig. 1) or cocultivation with Jurkat T cells (Fig. 2) led to
the reactivation of EBV into lytic replication. We then showed
that this induction occurred via the canonical TGF-B intra-
cellular Smad pathway (Fig. 3), with Smad4 newly bound to the
promoter region of the BZLFI gene on the EBV genome
within 30 min of the addition of TGF-B (Fig. 6). The addition
of Smad2, Smad3, and Smad4 along with a constitutively active
form of TRRI led to 15- to 25-fold activation of transcription
from Zp (Fig. 7, 8, and 10). Four previously unrecognized
Smad4-binding elements within Zp, named here SBE2 to
SBES, were identified (Fig. 4 and 5). Each SBE contributed
somewhat to the Smad-mediated activation of Zp, with SBE2
and SBE4 being of greatest importance; taken together with
SBEL, they accounted for essentially all of the activation (Fig.
8). SBE2 overlaps with the ZEB1-binding ZV element of Zp
(Fig. 4B). Smad4 competed with ZEB1 for direct binding to
SBE2 or bound as part of a complex with ZEB1 (Fig. 9). The
addition of ZEBI inhibited the transcriptional activation of Zp
by activated Smads in a transient reporter assay (Fig. 10).
Taking these results together, we conclude that TGF- induces
EBV lytic replication by activating BZLFI gene expression
through Smad-containing complexes binding to multiple SBEs
located throughout Zp.

Role of TGF-f in EBV reactivation and survival. Although
the exact site of EBV reactivation within its human host re-
mains unclear, much evidence points to the lymphoid tissue
known as the Waldeyer’s ring (6, 70). Latently infected mem-
ory B cells receive signals from factors present in the Wal-
deyer’s ring, leading to reactivation, lytic replication, and the
shedding of virus particles (70). Human tonsillar T cells secrete
low levels of TGF-B but increase its production following ac-
tivation with immune-stimulatory agents (37). Thus, we pro-
pose that some types of B and T cells present within certain
lymphoid tissues secrete growth factors and cytokines, includ-
ing TGF-B (37, 56, 65). We showed here that the coculture of
the EBV-negative T-cell line Jurkat with the EBV-positive BL
cell line Mutul led to viral reactivation (Fig. 2). This reactiva-
tion was inhibited by the incubation of the cells with a pan-
TGF-B ligand neutralizing antibody (Fig. 2), indicating that the
T-cell-induced reactivation of these EBV-infected B cells re-
quired TGF-B. These findings suggest that TGF-B is indeed an
important player in EBV reactivation in the tonsils in vivo.

TGF-3-induced reactivation of EBV occurs via its canonical
pathway. The reactivation of latent EBV is a complex process
that requires the participation and integration of multiple sig-
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naling pathways (38). Depending upon the specific cell type,
TGF-B can regulate gene expression by activating a variety
of different signaling kinases, including the Smads, phospha-
tidylinositol 3-OH kinase/Akt (PI3K), mitogen-activated
protein kinase (MAPK), and extracellular signal-regulated ki-
nases (ERKSs) (7, 23, 24, 48, 72, 73). We observed here that the
incubation of Mutul cells with either the TRRI inhibitor
SB431542 or the Smad3 inhibitor SIS3, but not the Jun NH-
terminal kinase (JNK) inhibitor SP600125, completely blocked
the TGF-B induction of BZLFI gene expression (Fig. 3). These
findings suggest that the TGF-B canonical signaling pathway
is the primary one mediating EBV reactivation, doing so
through the activation of Smads. In agreement with Joab
and colleagues (19, 55), the incubation of Mutul cells with
the Akt inhibitor LY294002 somewhat inhibited TGF-B1-
induced BZLFI gene expression (Fig. 3), suggesting some
involvement of Akt. However, whereas we found no effect of
the MEK1/2 inhibitor U0126 on TGF-B-mediated EBV re-
activation (Fig. 3), Joab and colleagues reported that it did
prevent this induction (19, 55). Differences in experimental
procedures that might account for this one seemingly con-
tradictory finding include (i) cell lines, (ii) concentration of
U0126, and (iii) sensitivity of the assays for detecting the EBV
Iytic proteins. Regardless, taking these results together, we
conclude that TGF-B-mediated EBV lytic reactivation occurs
principally through the Smad pathway.

Multiple Smad-binding elements cooperate in TGF-f3-medi-
ated activation of Zp. Liang et al. (43) were the first to identify
an SBE, referred to here as SBE1, which plays a role in TGF-
B-mediated reactivation. However, Zp reporters containing
substitution mutations in SBE1 exhibit only a 20 to 30% re-
duction in activation by TGF-B in EBV-positive BL P3HR-1
(43) and EBV-negative gastric cancer AGS cells (Fig. 8). While
they reported the complete elimination of TGF-f activation by
the mutation of SBE1 in EBV-negative BL Ramos cells (43),
activation of the WT reporter by the addition of TGF-p was
only 2-fold in these cells. Liang et al. suggested that two addi-
tional SBE-like elements, located at nt —166 to —163 and nt
—59 to —56 of Zp, also contribute to its activation by TGF-(.
We noted little, if any, binding of Smad4 to these sites (Fig. 5
and data not shown). However, we did identify four additional
SBEs within the nt —221 to +12 region of Zp, named here
SBE2 to SBES (Fig. 4), with the following relative binding
affinities: SBE1 > SBE2 ~ SBE3 > SBES5 > SBE4 (Fig. 5).
Interestingly, the measured ICsus of these SBEs (Fig. 5) did
not correlate well with their contributions to TGF-B-mediated
activation of Zp (Fig. 8). This apparent discrepancy can be
explained by the fact that the binding of Smad4 by itself is weak
and does not convey promoter selectivity; rather, Smad4 com-
plexes with other Smads and cofactors to bind promoters and
regulate their transcription (32). The concurrent disruption of
multiple SBEs led to a nearly complete loss of specific Zp
activation by TGF-B (Fig. 8). Thus, we conclude that these five
SBEs can cooperatively act for a maximal response to TGF-;
while they may appear to be functionally redundant, they likely
provide alternative routes to activate BZLF1 gene expression
via forming complexes with a variety of different cofactors that
bind nearby elements within Zp.

The nt —221 to +12 region of Zp contains numerous cis-
acting elements involved in regulating repression during la-
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FIG. 11. Working model for regulation of BZLFI gene expression
by Smads. See Discussion for details.

tency and activation during lytic replication (Fig. 4A) (44, 45).
SBE3 is located within the ZIA element overlapping with
Sp1/3 and MEF2D binding sites, SBE4 overlaps with the
MEF2D-binding site within the ZIB region, and SBES is
juxtaposed to the Sp1/3-binding site within the ZID region (Fig.
4A). Spl can interact with Smad2, Smad3, and Smad4 in re-
sponse to TGF- signaling (21, 28, 29, 77). The formation of a
Sp1/Smad3/4 complex has been shown to be required for recruit-
ing Smads to SBEs in stimulating transcription from the COL1A42
promoter (29). Therefore, we hypothesize that an activated
Smad/Sp1 complex on the SBE3/ZIA and SBES/ZID regions can
lead to the activation of transcription from Zp (Fig. 11D).

MEF2D functions as a repressor by recruiting class II his-
tone deacetylases (HDACs) to Zp during EBV latency (27).
Smads have been shown to complex with MEF2, enhancing its
transcriptional activity in response to TGF-B signaling (60).
Thus, MEF2D also may complex with activated Smads follow-
ing TGF-B signaling, with the Smad/MEF2D complex activat-
ing BZLFI gene expression by binding the SBE3/ZIA, SBE4/
ZIB, and, possibly, SBE5/ZID regions. This switch from
HDAC/MEF2 to Smad/MEF2 complexes may involve, in part,
p38 MAPK-induced posttranslational modifications of MEF2
(10, 27, 60, 78). Alternatively, activated Smads may compete
with HDAC/MEF2D complexes for binding to Zp. Additional
experiments will be needed to distinguish among these possi-
bilities.

ZEB1 attenuates TGF-B-mediated activation of Zp. ZEB1
binding to the ZV and ZV' elements of Zp plays a central role
in the maintenance of EBV latency by repressing transcription
(17, 40, 41, 74, 75). However, the mechanisms by which this
repression is relieved during lytic reactivation remain un-
known. Here, a Smad-binding element, SBE2, was identified
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that overlaps with the primary ZEB-binding ZV element (Fig.
4B). ZEB1 and Smad complexes may compete for binding to
Zp (Fig. 11A versus B). Alternatively, Smads may complex
with ZEB1 while primarily bound via the ZV element (Fig.
11C). Prior studies showed that ZEB1 complexes and syner-
gizes with activated Smads to activate transcription from the
3TP, p21, p15, and c-jun promoters (53, 58). Nevertheless, the
addition of ZEB1 to AGS cells strongly inhibited the Smad-
mediated activation of transcription from Zp in a transient
reporter assay (Fig. 10). This difference may be due to the fact
that ZEB1 binds Zp with high affinity directly over the tran-
scription initiation site. Thus, it may always function as a re-
pressor in this context, needing to be displaced for the activa-
tion of Zp. Supporting this possibility is the fact that ZEB1
represses even basal transcription from Zp (Fig. 10A) but not
the other promoters mentioned above (58). Possibly, a certain
threshold level of activated Smads or ratio of Smads to ZEBs
needs to be reached or exceeded within the host cell for TGF-
B-mediated reactivation of EBV to occur. Alternatively, our
transient assay with reporter plasmids and the addition of
ZEB1 may not properly mimic the physiologically relevant
state that exists in B cells latently infected with EBV, given that
these two systems likely differ with respect to the posttransla-
tionally modified state of ZEB1 and the chromatin structure of
Zp. Thus, the data shown in Fig. 10 do not exclude the possi-
bility that TGF-B-mediated activation of Smads leads to the
formation of Smad/ZEB1 complexes which function to activate
transcription from Zp in the context of endogenous EBV ge-
nomes.

Incorporating these findings, we propose a working model
for the TGF-B-mediated regulation of BZLFI gene expression
(Fig. 11). ZEB1, MEF2D, and other repressors, such as ZIIR-BP
and YY1 (17, 27, 40, 41, 50, 74, 75), recruit corepressors, coop-
eratively silencing transcription from Zp during latency (Fig.
11A). Upon TGF- signaling, activated Smad complexes ac-
cumulate in the nucleus, synergizing with transcriptional co-
activators to bind Zp. Some activated Smad complexes bind
SBE2, displacing the ZEBs if present, thereby stimulating tran-
scription from Zp (Fig. 11B) as the homeobox protein Nkx2.5
has been shown to do on the collagen type I alpha 2 chain
(colla2) promoter in vascular smooth-muscle cells (57). How-
ever, if activated Smad complexes are (i) present at too low a
level to outcompete ZEB1 for binding or (ii) primarily binding
via the ZV/ZV' elements as part of a ZEB1 repressor complex
(Fig. 11C), the expression of the BZLF1 gene remains silenced.
Activated Smads also can complex with other transcription
factors, such as Spl, stimulating transcription in part by bind-
ing the other SBEs located throughout Zp (Fig. 11D and data
not shown). If Smad-mediated activation involving multiple
SBEs is sufficient to overcome repression by the ZEBs and
other repressors, the equilibrium shifts toward BZLFI gene
expression. Alternatively, the binding of Smads switches some
of these repressor complexes (e.g., MEF2D and ZEBI1) to
activator ones.

Other DNA viruses induced by TGF-. TGF-f may contrib-
ute to the reactivation of other human DNA viruses as well.
For example, like EBV, the human neurotropic polyomavirus
JC virus sometimes can replicate to high levels in patients
immunosuppressed by HIV/AIDS, with high TGF-B levels
inducing JC virus-infected cells to produce infectious virus
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(18, 61, 68). Likewise, BK virus, another human polyoma-
virus, is frequently reactivated following kidney transplan-
tation and immunosuppressant drug therapy (2). Elevated
levels of TGF-B are observed after treatment with immuno-
suppressive drugs such as cyclosporine. TGF-B induces the
expression of the virus-encoded large tumor antigen in renal
cells infected with the TU strain of BK virus, doing so via
adjacent putative ZEB- and Smad-binding elements present in
the promoter region of this gene (1). These findings suggest
that many DNA viruses utilize a similar mechanism to regulate
reactivation into lytic replication by TGF-B. If true, the devel-
opment of methods to control the levels of TGF- and ZEBs
may provide ways to control viral loads, especially in immuno-
suppressed patients for whom viral reactivation can be life
threatening.

In summary, TGF-B1 can induce the reactivation of EBV in
cells that contain an intact TGF-B pathway. It does so primarily
via its canonical Smad signaling pathway, leading to the tran-
scriptional activation of the key latent lytic switch gene,
BZLFI, by a mechanism that involves the direct binding of
activated Smads to multiple Smad-binding elements in the
promoter.
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