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Epstein-Barr virus (EBV) undergoes latent and lytic replication cycles, and its reactivation from latency to
lytic replication is initiated by expression of the two viral immediate-early transactivators, Zta and Rta. In vitro,
reactivation of EBV can be induced by anti-immunoglobulin, tetradecanoyl phorbol acetate, and histone
deacetylase inhibitor (HDACi). We have discovered that protein kinase C delta (PKC9) is required specifically
for EBV reactivation by HDACi. Overexpression of PKCS is sufficient to induce the activity of the Zta promoter
(Zp) but not of the Rta promoter (Rp). Deletion analysis revealed that the ZID element of Zp is important for
PKC3d activation. Moreover, the Spl putative sequence on ZID is essential for PKC8-induced Zp activity, and
the physiological binding of Sp1 on ZID has been confirmed. After HDACi treatment, activated PKCd can
phosphorylate Spl at serine residues and might result in dissociation of the HDAC2 repressor from ZID.
HDACi-mediated HDAC2-Sp1 dissociation can be inhibited by the PKCd inhibitor, Rotterlin. Furthermore,
overexpression of HDAC2 can suppress the HDACi-induced Zp activity. Consequently, we hypothesize that
HDAC: induces PKCS activation, causing phosphorylation of Sp1, and that the interplay between PKC8 and

Spl1 results in the release of HDAC2 repressor from Zp and initiation of Zta expression.

Epstein-Barr virus (EBV), a human oncogenic virus, infects
two types of human cells predominantly, B lymphocytes and
epithelial cells, and EBV infection also is associated with an
array of malignancies derived from these two cell types, includ-
ing Burkitt’s lymphoma, Hodgkin’s lymphoma, nasopharyngeal
carcinoma, and gastric carcinoma (49). Being a human gam-
maherpesvirus, EBV undergoes two cycles: latency and lytic
replication. Although most latent products are important for
its ability to immortalize cells, and the virus is present in a
latent form in most EBV-associated cancer tissues, serological
studies revealed that elevated antibody titers against some lytic
antigens, or increased viral DNA load in serum, are risk factors
for tumor development (8, 33). In addition, experiments using
the SCID mouse model suggested that Zta, an EBV Iytic trans-
activator, is crucial for tumor formation (43). In vitro, experi-
mental approaches also revealed that EBV lytic products may
contribute to the pathogenesis of EBV-associated diseases, via
upregulation of cytokines, cell growth factors or antiapoptotic
proteins (5, 48, 50). Thus, the reactivation of EBV not only
leads to the production of viral progeny but also facilitates viral
pathogenesis.

In vitro, EBV persists predominantly in a latent form in host
cells. However, lytic replication can be elicited conditionally by
many different chemicals and physical stimuli or by ectopic
transfection with two transactivators, Zta or Rta (49). These
inducing agents provide the best available models for the study
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of essential factors involved in the switch of EBV from latency
to lytic replication. Tetradecanoyl phorbol acetate (TPA) and
anti-Ig are two well-studied inducing agents for EBV in a
B-cell model (19, 45). Mechanistically, both inducers reactivate
Zta expression to elicit viral replication via the protein ki-
nase C (PKC) pathway (14, 15, 21). However, most studies
have been performed in a B-cell model, and little is known
about the mechanism of EBV reactivation in epithelial cells
due to the lack of an appropriate culture model. We have
established several EBV-harboring epithelial cell lines using a
cell-to-cell coculture approach (6). Of note, we found that both
sodium butyrate (SB) and trichostatin A (TSA), two histone
deacetyltransferase inhibitors, are efficient inducers of EBV
reactivation in an epithelial cell model. Furthermore, PKC3
was shown to be responsible for this specific induction (31).

The PKC family are serine/threonine kinases and are clas-
sified into three different isoforms, conventional (PKCa, 31,
B2, and ), novel (PKCS3, €, 6, and ) and atypical (PKC§, v\,
and ) on the basis of their structure and the substrates re-
quired for activation, such as by diacylglycerol (DAG) and
calcium (41). In our previous studies, we found that the PKC3
specific inhibitor, Rottlerin, alone is sufficient to block TSA-
induced EBV reactivation (31). Moreover, the activation of
PKC3 can be indicated by phosphorylation at threonine 505
residues, cleavage into catalytic fragments, and protein trans-
location to the nucleus, and all have been observed after TSA
treatment (31). Our data indicate that TSA can induce PKC3
activation, which is an important mediator of EBV lytic cycle
progression. It remains elusive how PKC3 kinase is involved in
EBYV reactivation after TSA induction.

It is well documented that the EBV lytic cycle is initiated by
the activation of two promoters, the BZLF1 promoter (Zp)



2374 TSAI ET AL.

and the BRLF1 promoter (Rp), directing the expression of the
immediate-early genes Zta and Rta, which in turn activate the
downstream lytic genes individually or coordinately (4). Nor-
mally, Zp and Rp are inactive in latently infected cells, while
the lytic cycle inducing agents, which disrupt viral latency, can
turn on both promoters (3, 14, 19). In particular, several cis
elements on Zp and Rp, containing cellular transcription fac-
tor binding sites, are defined and have been shown to regulate
Zp and Rp activity. This raises the possibility that PKC8 may
recruit, directly or indirectly, particular transcription factors to
Zp or Rp for transcriptional activation after TSA treatment.
Rp contains binding sites for cellular transcription factors,
including NF1, Sp1, YY1, and Zif268 (22, 58-60). The —221 to
+12 region of Zp harbors the positive cis elements for trans-
activation and is responsive to lytic cycle-inducing agents (46).
According to sequence characteristics, this region can be clas-
sified into three distinct domains. The ZI (ZIA, ZIB, ZIC, and
ZID) domain is A-T rich and is bound by the transcription
factors, specificity protein 1 (Spl) and Sp3, and myocyte en-
hancer factor 2D (MEF2D) (35, 36). ZII shares sequence
homology with AP-1 and contains binding sites for CREB,
ATF-1, and ATF-2 (17, 37, 51). ZI1I (ZI1IA and ZIIIB) is the
autoregulation domain of Zp, the Zta responsive element
(ZRE) binding site, which can bind Zta itself (18). In the
presence of inducers of EBV reactivation, ZI and ZII are
activated, and a trace amount of Zta is expressed. After that,
Zta can bind to its own ZRE on ZIII and thus induce the
abundant expression of Zta, which can then elicit the lytic
cascade (46).

Using an EBV-harboring NPC cell line as a model system,
we sought to reveal further the molecular mechanism whereby
PKC3 elicited the activation of the EBV immediate-early gene.
The data from the present study demonstrated that overex-
pression of PKCS3 is sufficient to induce Zp activation, rather
than Rp. The response element of PKCs-mediated Zp activa-
tion is located in the ZID element (—99 to —80 region), in
which the Spl binding site plays an essential role for this
activation. The regulation of Zp activation after TSA treat-
ment is through PKC3-dependent Sp1 phosphorylation, which
influences the interaction between Sp1 and HDAC?2 repressor,
releases HDAC2 from Zp, and activates Zta expression.

MATERIALS AND METHODS

Cell culture. NPC-TWO01 is an EBV-negative NPC cell line which has lost its
original infecting EBV during passage (32). Two EBV-positive NPC cell lines,
NPC-TWO01-NA (NA) and NPC-TW04-4A (4A), and an EBV-positive keratino-
cyte cell line, RHEK-RA (RA), were generated by reinfection with a recombi-
nant Akata-EBV strain and selection by neomycin (Amresco, Solon, OH) (4, 6).
NPC-TWO01, NA, and RA cells were cultured with Dulbecco modified Eagle
medium (HyClone, South Logan, UT) containing 1 mM L-glutamine, 100 U of
penicillin/ml, 100 pg of streptomycin/ml, and 8% fetal calf serum (HyClone). 4A
cells were cultured with complete RPMI (HyClone) medium containing 1 mM
L-glutamine, 100 U of penicillin/ml, 100 g of streptomycin/ml, and 8% fetal calf
serum.

Induction of viral lytic cycle and inhibitor treatment. To induce EBV reacti-
vation in NA cells, 1.25 puM TSA (Calbiochem, La Jolla, CA) was added to
medium when cells were grown to 80 to 90% confluence and incubated for 24 h.
Rottlerin can inhibit PKC3 activity effectively. The treatment with Rottlerin
(Calbiochem) was optimized at a concentration of 5 wM and incubation for 1 h.
Mithramycin (Calbiochem) is an inhibitor that inhibits Sp1 binding to the GC-
rich consensus promoter sequence. The treatment was carried out at concentra-
tions of 50 nM and 500 nM, followed by incubation for 4 h. Then, the cells were
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treated with 1.25 wM TSA for 24 h and harvested for the reporter assay or
Western blot.

Plasmids construction. The plasmids of pEGFP-N1-derived wild-type PKC3
(pPEFGP-WT-PKC3), C-terminal catalytic domain-deleted mutant (pEGFP-CD-
PKC3), N-terminal-deleted mutant of PKC3 (pEGFP-CF-PKC3), and vector
control EGFP-N1 (Clontech, Inc., Mountain View, CA) were kindly provided by
Hong-Chen Chen (Department of Life Science and the Graduate Institute of
Biomedical Sciences, National Chung Hsing University, Taichung, Taiwan). The
Flag-HDAC2 (pCDNA3-Flag-HDAC2) and Flag-HDAC3 (pCEP4f-Flag-
HDACS3) expression plasmids were a gift from Li-Jung Juan (Genomics Re-
search Center, Academia Sinica, Taipei, Taiwan) (27). The luciferase reporters
of Zp and Rp inserted into the pGL2-Basic vector (Promega, Madison, WI) have
been described in our previous studies (11). The 5'-serial-deleted mutants of Zp
regions and ZID element mutant constructs (ZID m1 to m6) were generated by
means of PCR-based site-directed mutagenesis.

RNA interference. NA cells were transfected with plasmids containing specific
oligonucleotides for luciferase (shLuc) or Spl (shSpl) acquired from National
RNAI Core Facility (Academia Sinica, Taiwan). Transfected cells were reseeded
each day and then transfected with siRNA three times.

Luciferase reporter assay. NPC-TWO01 cells were seeded at a density of 2 X
10° cells/well in a 12-well plate, and then plasmid DNA transfection was per-
formed by using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions. Reporter plasmids were transfected transiently with
the effectors, as well as a Renilla luciferase expression plasmid (pRL-TK, internal
control), into NPC-TWO1 cells. After 48 h, the cells were harvested and subjected
to a luciferase assay with a Dual-Glo assay kit (Promega). Activation was calcu-
lated by normalizing firefly luciferase activity to Renilla luciferase. By comparison
with the control experiment, for which the activity was set to 1, the relative
promoter activities are indicated as n-fold induction over the activity of the
control. Each experiment was performed in duplicate and repeated three times.

Whole-cell lysate and nuclear protein preparation. All of the transfected or
induced cells were harvested at the time points indicated, washed once with
phosphate-buffered saline (PBS) solution, and resuspended in lysis buffer (3%
sodium dodecyl sulfate [SDS], 2 M urea, 2% 2-mercaptoethanol). Nuclear ex-
tracts were prepared as follows: 107 cells in a 10-cm dish were gently washed with
PBS, and covered with 1 ml of buffer A (10 mM HEPES [pH 7.9], 10 mM KCl,
0.1 mM EDTA, 0.04% NP-40, complete protease inhibitor cocktail [Roche,
Mannheim, Germany], 50 mM NaF, and 1 mM Na;VaO,). After incubation for
10 min at room temperature, the cells were harvested by scraping, the cell lysates
were centrifuged at 13,000 rpm (Eppendorf, 5415C) at 4°C for 5 min, and the
supernatants (cytosolic fraction) were recovered. The obtained precipitates (nu-
clear fraction) were resuspended in buffer B (20 mM HEPES [pH 7.9], 0.4 M
NaCl, 1 mM EDTA, 10% glycerol, complete protease inhibitor cocktail, 50 mM
NaF, and 1 mM Na;VaO,). The protein concentration was determined by the
Bradford method using Bio-Rad protein assay reagents (Bio-Rad, Hercules,
CA). Cytosolic and nuclear fractions were revealed by using antibodies against
tubulin (cytosolic fraction) and lamin C (nuclear fraction).

EMSA. Oligonucleotides of wild-type ZID or ZID mutants were annealed and
end labeled with [y-3?PJATP using T4 polynucleotide kinase (New England
Biolabs, Ipswich, MA). The binding reaction was carried out in a total volume of
20 pl containing 8 wg of nuclear extracts, 62.5 nM y->?P-labeled probes, 20 mM
Tris-HCI, 50 mM KCl, 5 mM MgCl,, 0.5 mM EDTA, 1 mM dithiothreitol, 10%
glycerol, and 2 pg of poly(dI-dC). For the antibody supershift of the electro-
phoretic mobility shift assay (EMSA), 2 ug of anti-Sp1 (clone PEP2; Santa Cruz,
CA) or anti-Sp3 (clone D-20; Santa Cruz) antibodies were added to the reac-
tions. All reactions were incubated at room temperature for 30 min and then
electrophoresed in 5% native polyacrylamide gels with Tris-borate buffer (90
mM Tris, 90 mM boric acid, 2 mM EDTA). The gels were dried and exposed to
X-ray film.

Immunoblotting. The extracted protein lysates were mixed with SDS-PAGE
sample buffer (100 mM Tris [pH 6.8], 4% SDS, 0.2% bromophenol blue, and
20% glycerol), resolved by SDS-PAGE, and transferred onto Hybond-C mem-
branes. The membranes were blocked in washing buffer (10 mM Tris-HCI [pH
7.4], 10 mM NaCl, 0.2% Tween 20) containing 5% skim milk at room temper-
ature for 1 h. Then, the membranes were incubated at 4°C overnight with
primary antibodies against green fluorescent protein (GFP) (clone JL-8; Clon-
tech), Zta (clones 1B4 and 4F10), PKC3 (clone C-20; Santa Cruz), Spl (clone
PEP2; Santa Cruz), phosphothreonine (p-Thr; clone PTR-8; Sigma, St. Louis,
MO), phosphoserine (p-Ser; clone PSR-5; Sigma, St. Louis, MO), and Flag
(clone M2; Sigma). Antibodies against a-tubulin (clone CP06; Calbiochem) or
B-actin (clone AC-15; Sigma) or glyceraldehyde 3-phosphate dehydrogenase
(clone 6CS5; Biodesign, Saco, ME) were used as normalization controls, when
appropriate. After washing three times for 10 min with washing buffer, the blots
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were incubated with peroxidase-conjugated anti-mouse or anti-rabbit IgG sec-
ondary antibody (Jackson Immunoresearch Laboratories, West Grove, PA) at
room temperature for 1 h. The luminescence signals were revealed by using a
Western Lightning Chemiluminescence Reagent Plus kit (Perkin-Elmer Life
Sciences, Inc., Waltham, MA) prior to exposure to X-ray films.

ChIP assay. A chromatin immunoprecipitation assay (ChIP) assay was per-
formed as described previously (4). Briefly, NA cells were fixed after treatment,
cross-linked by 1% formaldehyde, and harvested by using nuclear lysis buffer (50
mM Tris [pH 8.0], 10 mM EDTA, and 1% SDS with complete protease inhibi-
tors). The nuclear extracts were sonicated to yield soluble chromatin extracts
(500- to 1,000-bp DNA fragments). The soluble chromatin extracts were diluted
with 10 volumes of ChIP dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM
EDTA, 16.7 mM Tris-HCI [pH 8.1], 167 mM NaCl, 1 mM dithiothreitol, and 50
pg of salmon sperm DNA), were precleared by using 50% protein A-Sepharose
(GE Healthcare, Piscataway, NJ) for 1 h at 4°C, and then incubated overnight at
4°C with 4 pg of anti-Sp1, anti-PKC3, or anti-HDAC?2 (clone H-54; Santa Cruz)
antibodies. Preimmune normal rabbit IgG was used as a negative control. The
immunoprecipitated complexes were sequentially washed and then eluted by
buffer containing 1% SDS, 0.25 M NaCl, and 0.1 M NaHCO; to de-cross-link the
interaction of DNA and protein at 65°C overnight. Finally, the immunoprecipi-
tated DNA was eluted and analyzed by PCR with the primers ChIP-Zp+12
(5'-GCAAGGTGCAATGTTTAGTGAG, forward) and ChIP-Zp—221 (5'-CC
ATGCATATTTCAACTGGGC, reverse).

DAPA. DNA affinity protein binding assay (DAPA) was performed as de-
scribed previously (11). A 5'-biotin end-labeled double-stranded probe harboring
the sequence of ZID element of Zp (ZID WT) and an Sp1 site mutated probe
(Z1ID m2) with the same sequence except that the important binding site of Sp1
in Zp was changed from 5'-CACACC to 5'-ATAACC, synthesized by Pollster
Biotech, Inc. (Taipei, Taiwan). Nuclear extracts (150 pg) were incubated with 0.4
ng of biotin-labeled probe in a binding buffer [20 mM Tris-HCI, 50 mM KCl, 5
mM MgCl,, 0.5 mM EDTA, 1 mM dithiothreitol, 10% glycerol, and 2 pg of
poly(dI-dC)]. At the same time, streptavidin MagneSphere paramagnetic beads
(Promega) were preblocked in binding buffer containing 4 pg of bovine serum
albumin/pl with gentle shaking for 1 h at 4°C. Thereafter, 100 wg of paramag-
netic beads was incubated in a DNA-protein mixture reaction for another 1 h at
4°C. The beads were then spun down and washed three times in the binding
buffer containing 250 mM NaCl and 0.25% Triton. Finally, the precipitated
protein complexes captured by the beads were analyzed by immunoblotting.

IP assay. The nuclear extracts were precleared with 100 pl of 20% protein
A-Sepharose (GE Healthcare) in immunoprecipitation (IP) binding buffer (1%
NP-40, 50 mM Tris-HCI, 150 mM NaCl, and 2 mM EDTA with complete
protease inhibitors) for 1 h at 4°C. The reactions were mixed with 2 pg of specific
antibodies against Sp1, PKC3, HDAC2, or preimmune normal rabbit IgG at 4°C
overnight. The immunocomplexes were then incubated with 100 pl of 20%
protein A-Sepharose at 4°C for 2 h and washed for three times with IP binding
buffer at 4°C. The Sepharose-coupled immunocomplexes were then dissolved in
SDS sample buffer and detected by immunoblotting.

RESULTS

The ZID element of ZP is required for PKC8-mediated Zp
induction. Zta gene expression governs the initiation of EBV
reactivation and is driven by two promoters, Zp and Rp (38).
Zp and Rp are normally inactive in latently infected cells, but
these promoters can be activated in the presence of viral lytic
inducing agents.

In our previous study, we demonstrated that PKC3 is re-
sponsible for HDACi-triggered reactivation of EBV (31). In
Fig. 1A, Zta expression was induced in three tested EBV-
carrying cell lines: NA, 4A, and RA transfected with WT-
PKC3 (4, 6). We sought to determine whether PKC3 alone is
sufficient to induce Zp or Rp activation. In a luciferase re-
porter assay, overexpression of EGFP-derived wild-type PKC8
(EGFP-WT-PKC?) led to increased activity of Zp, but not Rp,
that was ~6-fold greater than that of the control vector
(EGFP). In addition, expression of a constitutively active form
of PKC8 (EGFP-CF-PKC3) increased Zp activity ~27-fold;
however, the kinase-inactive form of PKC38 (EGFP-DN-PKC3)
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failed to turn on Zp activity (Fig. 1B). These data indicate that
PKC3 is sufficient to upregulate activity of Zp and that this
upregulation is dependent on kinase activity.

Next, we mapped the response element of Zp required for
PKCS3 induction. A series of 5'-deletion constructs was gener-
ated over the —221 to +12 region of Zp and cotransfected with
PKC3 expression plasmids into NPC-TWOL1 cells for a reporter
assay. Serial deletion from positions —221 to —99 did not affect
Zp activity (Fig. 1C). However, further deletion from —99 to
—80 caused a significant decrease in Zp activity (Fig. 1C),
suggesting that the regulatory element for PKC$ activation is
within the —99 to —80 region of Zp. It has been reported that
this region contains the ZID element, one of the positive
cis-active elements of Zp (18). To provide further evidence
that the ZID element of Zp is required for PKC3 induction of
Zp, a mutant reporter construct of Zp was generated with a
ZID internal deletion (AZID), and the construct was still un-
able to be activated by PKC3 (Fig. 1D). This observation sug-
gests that the ZID element is necessary for PKC3-mediated
activation of Zp.

The Sp1 binding site residing in ZID element is important
for PKCS induction. According to nucleotide sequence anal-
ysis, the ZID domain contains several cellular transcription
factor binding sites, including Sp1, Sp3, and MEF2D, as illus-
trated in Fig. 2A (30, 32, 35, 36, 46, 54). To determine which
transcription factor binding site in ZID is involved in PKC3-
mediated activation of Zp, we introduced a series of 3-bp
mutations into the ZID element sequence (from —99 to —80)
by PCR-based site-directed mutagenesis (Fig. 2A). A reporter
assay was conducted on NPC-TWO01 cells transfected with wild-
type Zp (—221Zp), AZID Zp, and six ZID mutants (ZID m1,
m2, m3, m4, m5, and m6). The data in Fig. 2B show that the
luciferase activities were reduced markedly in ZID m1 to m4
mutants compared to wild-type Zp. Of note, the luciferase
activities of ZID m2 and m3, which are mutated in the GC-rich
region with homology to the Sp1/Sp3 consensus binding site,
were decreased to a level similar to that of the AZID mutant.
On the other hand, the promoter activities of ZID m5 and m6,
both of which are mutated in the MEF2D binding site, did not
differ significantly from the wild type (Fig. 2B). Taken to-
gether, these results suggest that the Sp1/Sp3 binding motif on
the ZID element is crucial for PKC8-mediated transactivation
of Zp.

Spl but not Sp3 is bound by the ZID element of Zp. An
EMSA was carried out to examine the possibility of interaction
between the ZID element and transcription factor Sp1 or Sp3.
Nuclear extracts from NA cells transiently expressing PKC3
were probed with a y-**P-labeled ZID element. The specific
DNA-protein complexes were detected in the reactions con-
taining the ZID, the m5 and m6 probe, and partially in m1 and
m4, but not in those of m2 and m3 (Fig. 3A, left panel). These
results are correlated well with the reporter assay (Fig. 2B).
Furthermore, the DNA-complex 2 on ZID was abolished in
the presence of antibody specific to Sp1 (Fig. 3A, right panel,
lanes 3 and 7), while antibody against Sp3 had no effect on any
complex formation (Fig. 3A, right panel, lanes 4 and 8). The
results were seen in both the wild-type (EGFP-WT-PKCS,
lanes 2 to 5) and the constitutively active (EGFP-CF-PKCS3,
lanes 6 to 9) forms of PKCa.

We next carried out a ChIP assay to confirm the interaction
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FIG. 1. Identification of ZID element required for PKC3-induced Zp activation. (A) The NA, 4A, and RA cells were transfected with EGFP
and EGFP-WT-PKC3 plasmids. Cell lysates were harvested, and immunoblot analysis was performed with the indicated antibodies. (B) Analysis
of Zp and Rp activity in response to PKC3 induction. NPC-TWO01 cells were cotransfected with either Zp (H) or Rp ([]) reporter plasmid, together
with EGFP-derived PKC3 expression plasmids (EGFP, EGFP-WT-PKC3, EGFP-CF-PKC3, or EGFP-CD-PKC?) and Renilla luciferase plasmid
(pRL-TK). The “relative luciferase activity (fold)” is defined as a normalization of luciferase activity to Renilla activity, followed by standardization
with that of the control vector EGFP. (C) Schematic diagram of the —221 to +21 Zp that drives the luciferase gene in the promoter plasmid (left
panel). Analysis of activities of Zp deletion mutants in response to PKC3 induction (right panel). NPC-TWO01 cells were cotransfected with either
of these deletion mutant constructs or vector control (pGL2) in combination with EGFP-derived PKC3 expression plasmids (EGFP, EGFP-WT-
PKC3, or EGFP-CF-PKC%) and Renilla luciferase plasmid (pRL-TK). The relative luciferase activities were calculated as described above.
(D) Analysis of the importance of ZID element in Zp activation mediated by PKC3. This experiment was performed as described above.
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FIG. 2. Importance of Sp1/Sp3 binding site on ZID for PKCS in-
duction of Zp. (A) Schematic diagram of defined domain structure and
transcription factor binding sites on Zp (=221 to +12). The sequence
mutation of ZID reporter mutants is also indicated at the bottom.
(B) Analysis of luciferase activities of ZID reporter mutants upon
PKC3 induction. NPC-TWO1 cells were cotransfected with ZID mu-
tants, —221 Zp, AZID, or vector control (pGL2) in combination with
EGFP-derived PKC3 expression plasmids (EGFP, EGFP-WT-PKC3,
or EGFP-CF-PKC3%) and Renilla luciferase plasmid (pRL-TK). After
48 h of transfection, the luciferase and Renilla activities were measured
and calculated by normalizing the luciferase activity to the Renilla
activity and then standardized with that of control vector EGFP. Each
experiment was carried out in duplicate and error bars are shown.

between endogenous Spl and ZID in vivo. Several mutant
constructs, including —221 Zp, —99 Zp, AZID Zp, and ZID
m2 Zp were subcloned into the pGL2-Basic vector and then
transfected into NA cells. After treatment with TSA for 24 h,
the cells were subjected to ChIP analysis. As shown in Fig. 3B,
Spl was coprecipitated with chromatin containing —221 Zp
and the DNA-retained ZID element (—99 Zp), but not the
DNA with the ZID deletion (AZID Zp) and ZID mutated at
the Spl site (ZID m2). These observations indicated that Spl
can bind to the ZID element of Zp.

The DNA-binding ability of Spl is essential for activating
Zp. Spl is an important cellular transcription factor and reg-
ulates a subset of gene expression via direct or indirect binding
to promoters (47, 52). Sp1 can activate or repress gene expres-
sion (47, 52). Therefore, we sought to explore the mechanism
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through which it regulates Zp activity in PKC8-mediated TSA
induction. First, we tested whether the DNA-binding activity of
Sp1 is required for TSA-induced Zp activity. Mithramycin, a
functional inhibitor of Spl that prevents it from binding to
GC-rich promoter regions, was used in the study. The lucifer-
ase activity of the ZID-mini promoter (containing the —99 to
+12 region of Zp) decreased in the presence of mithramycin,
in a dose-dependent manner, after TSA treatment (Fig. 4A).
The induction of Zp activity by PKC8 was blocked in the
presence of mithramycin (Fig. 4B). To investigate further the
effect of this Spl inhibitor in PKC3-induced EBV lytic cycle
progression, NA cells were transfected with the PKC8 expres-
sion plasmid and then treated with mithramycin. Clearly, the
Zta expression induced by TSA or PKCS8 was inhibited in the
presence of mithramycin (Fig. 4C and D).

To confirm that the DNA-binding activity of Sp1 is crucial
for activation of Zp, NPC-TWO01 cells were transfected with
the ZID-mini promoter and a dominant-negative Spl expres-
sion plasmid (pEBG-DN-Spl) or control plasmid pEGB. As
shown in Fig. 4E and F, the reporter assay showed that the
induction of Zp activity by TSA treatment or PKC38 overex-
pression was abolished by the expression of dominant-negative
Sp1 (DN-Sp1), which lacks the transactivation domain (1, 42).
Consistently, a decrease in Zta expression was observed in Sp1
knockdown NA cells (Fig. 4G). These results also indicate that
the Spl is important for Zta expression after TSA and PKCs
induction.

TSA-triggered serine phosphorylation of Spl1 is by activated
PKC3d. The results presented above indicate that interaction
between Spl and the ZID element on Zp is required for
PKC3-mediated expression of Zta (Fig. 4). This raises the
question of how PKC3 stimulates Sp1-dependent transcription
of Zta following TSA treatment. We were curious as to
whether PKC8-induced expression of Zta resulted from an
alteration of the amount of Spl protein, which has a major
effect on the transcriptional activity of Spl. The results from
Western blotting indicated that the level of Sp1 protein did not
differ significantly between PKCS8 and control vector transfec-
tants, although the level of Zta protein increased in a time-
dependent manner after WT-PKCS3 transfection (Fig. 5A). Al-
ternatively, it has been reported that the transcriptional activity
of Sp1 also could be influenced by posttranslation modification
(47, 52). In order to elucidate the influence of PKC8 on Spl,
we determined whether there is any alteration of Spl phos-
phorylation status after TSA treatment. To achieve this, nu-
clear extracts from NA cells with or without treatment with
TSA and Rottlerin, a PKC3 inhibitor, were immunoprecipi-
tated by Spl-specific antibody. The immunocomplexes were
then analyzed for the phosphorylation status of the Sp1 protein
using antibodies against phosphoserine and phosphothreonine.
Apparently, TSA treatment caused Spl phosphorylation at
serine residues, but not threonine residues (Fig. 5B). More-
over, TSA-induced Sp1 phosphorylation was dependent on the
kinase activity of PKC3, because the phosphorylation level was
reduced in the presence of Rottlerin (Fig. 5B). The specific
role of PKC3 in Sp1 serine phosphorylation was confirmed by
overexpression of different mutant forms of PKC38. Of note,
the results from IP-Western blotting showed that only plasmids
containing the PKC3 kinase domain, such as WT-PKC38 and
CF-PKC3, could enhance Spl phosphorylation markedly and
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controls.

not kinase-inactive PKC3 (CD-PKC38) or control (Fig. 5C).
This led to the conclusion that PKC8 modulates Sp1 phosphor-
ylation during the induction of Zta expression by TSA.
Activated PKCS is recruited to the ZID element of Zp
through association with Spl. Our previous study demon-
strated that TSA treatment not only induces PKCS kinase
activity but also provokes its translocation to the nucleus (31).
We wondered whether Spl could be a nuclear partner of

PKC3. After TSA treatment with or without Rottlerin, PKC3$
was detectable in the Spl-immunoprecipitate; Spl could also
be detected in the PKC8 immunocomplex in a reciprocal ex-
periment, while the interaction was not affected by pretreat-
ment with Rottlerin (Fig. 6A). Interaction between PKC3 and
Spl was not detected when cells were not treated with TSA
(Fig. 6A). Furthermore, the domain required for PKC3 to
associate with Spl was defined by overexpression of PKC38
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domain mutants. The data from IP-Western blotting revealed
that WT-PKC8 and CF-PKC3, but not CD-PKCS, could inter-
act with Sp1, suggesting that PKC3 associated with Sp1 via its
C-terminal kinase domain (Fig. 6B).

On the basis of the data presented above showing that the
ZID element contains a binding site for Spl and that Spl
physically interacts with PKC3 following TSA treatment (Fig. 3
and 6A), we postulated that PKC8 might be recruited to Zp
through its interaction with Spl. To test this hypothesis, a
DAPA was performed. Two biotin-labeled probes, containing
the sequence of wild-type ZID (ZID WT) or ZID mutated in
the Sp1 binding site (ZID m2), were used for the experiment.
Consistent with the observation above, Spl was constantly as-
sociated with ZID probe, but the association of PKC8 with
ZID was seen only in the presence of TSA. However, the
interaction of PKC8 and ZID was still detectable after pre-
treatment with Rottlerin (Fig. 6C). In addition, the results
from the experiment with the ZID m2 probe suggested that,
whenever the binding of Sp1 was barely detectable, the binding
of PKC3 was undetectable (Fig. 6C). Together, PKC3 could
interact with ZID-bound Spl following TSA induction, and
this interaction may facilitate the binding of PKC3 to the ZID
element of Zp, suggesting that Sp1 is the essential mediator of
PKC3 association with the ZID element.

A re-ChIP assay was carried out to confirm the interaction
between Spl and PKC3 on Zp in vivo. For the re-ChIP, chro-
matin extracts were first immunoprecipitated with anti-Spl
antibody, and then the Spl-immunocomplexes were reacted
with anti-Sp1 or anti-PKC8 antibody for a secondary immuno-
precipitation. Figure 6D shows that the Zp DNA associated
first with Sp1 could be recovered in the secondary anti-PKCs
immunoprecipitates, suggesting that PKC8 could bind to Zp
through direct interaction with Sp1 to regulate Zp activation.

HDAC?2 is disassociated from ZID after TSA treatment. In
view of a variety of regulatory mechanisms of Sp1 for different
cellular genes (52), we speculated that posttranslational mod-
ification of Spl, resulting in alteration of the DNA-bound
complex, is probably involved in our case. This modification
may include the ability to bind to the promoter or a change in
the protein-protein interaction between Spl and its coactiva-
tors or corepressors (52). Based on the fact that the Spl DNA-
binding level on Zp did not change (Fig. 6C and D) and that
the serine phosphorylation of Spl was enhanced during TSA
treatment, we focused our study on searching for candidate
protein(s) that associated dynamically with Spl after TSA
treatment. It has been reported that corepressors such as
HDACI, HDAC2, and HDAC6 may be recruited by Spl to
repress gene expression (7, 9, 25, 34). On the other hand,
coactivators such as p300 and CBP also could be recruited by
Sp1 to the promoters to transactivate gene expression (20, 28).
We sought to determine which corepressors or coactivators
interact with Spl. The results from IP-Western blotting
showed that only HDAC?2 was present in Spl immunoprecipi-
tates and the level of association was decreased after TSA
treatment (Fig. 7A). The other coactivators, such as p300 and
CBP, were not detectable in the Spl-immune complexes (data
not shown).

HDAC2 release from the ZID element is dependent on
PKCS kinase activity. To determine whether the interaction
between HDAC2 and Spl is PKCS kinase dependent, NA cells
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FIG. 6. Recruitment of PKC3 by Sp1 onto the ZID region of Zp after TSA treatment. (A) Demonstration of interaction between PKC3
and Spl after TSA treatment. NA cells were stimulated with 1.25 pM TSA (+) or not (—) for 24 h in the presence or absence of Rottlerin.
Nuclear extracts were immunoprecipitated with antibody against Sp1 or PKC3 and then analyzed by immunoblotting. (B) Examination of
the PKC8 domain crucial for Spl interaction. NA cells were transfected with EGFP-WT-PKCS, EGFP-CF-PKC3, or EGFP-CD-PKC?8
expression plasmid or its vector control (EGFP) and harvested at 24 h posttransfection. Nuclear extracts were subjected to immunopre-
cipitation with anti-GFP antibody, followed by immunoblot analysis. (C) Examination of the capacity of PKC38 binding to Sp1 binding site
of ZID element upon TSA treatment. Nuclear extracts were prepared from NA cells that were pretreated with or without Rottlerin for 1 h
before incubation with TSA (+) or mock treatment (—) for 24 h. DAPA was performed with the biotin end-labeled oligonucleotides
containing the sequence of ZID element from —106 to —71 of Zp (ZID WT) and the Sp1 binding site mutant (ZID m2). The DNA sequences
of these probes are shown. Proteins captured by biotin probe were analyzed by Western blotting. A reaction containing the nuclear extracts
and streptavidin magnetic beads but without probe (—) was prepared in parallel to rule out nonspecific binding to the beads. Total nuclear
extracts were used as the input controls. (D) Examination of a potential interaction between PKC8 and Spl on Zp. A re-ChIP assay was
carried out on the chromatin extracts from NA cells, following TSA treatment and immunoprecipitated by anti-Sp1 antibody. These Sp1
immunoprecipitants were reimmunoprecipitated with antibody against PKC3 or control rabbit IgG. Then, DNA was extracted and subjected
to Zp-targeted PCR with primers (—221 to +12). The detection of GAPDH promoter (pGAPDH, from nucleotide —93 to +60) serves as
a negative control.

are preincubated with or without Rottlerin. As shown in Fig.
7B, HDAC2 could interact physically with Spl in NA cells
under normal conditions and the interaction declined follow-
ing TSA treatment. It is of interest that the reduction of Sp1-
HDAC?2 interaction induced by TSA was rescued in the pres-
ence of Rottlerin (Fig. 7B). These observations indicate that
the reduction of Spl/HDAC?2 interaction induced by TSA is
dependent on the kinase activity of PKCS8.

Next, we sought to determine whether HDAC2 and Spl
are associated with Zp in vivo. Chromatin extracts were
immunoprecipitated with anti-Sp1 or anti-HDAC2 antibod-

ies, and the protein bound DNA was detected by PCR using
primers encompassing the region —221 to +12 of Zp. Con-
sistent with these data, the association of Zp and Sp1 was
observed continuously (Fig. 7C, upper panel). In the ab-
sence of TSA treatment, EBV remained in a latent state and
HDAC?2 was bound to Zp (Fig. 7C, middle panel). During
viral lytic progression induced by TSA, the amount of
HDAC?2 binding to Zp decreased (Fig. 7C, middle panel).
The TSA-mediated reduction of HDAC2/Zp association
was prevented by the Rottlerin treatment (Fig. 7C, middle
panel). These results implied that TSA induced the release
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FIG. 7. Interaction of Spl with HDAC2 during TSA treatment. (A) Effect of TSA on the interaction between Spl and transcription
corepressors (left panel) or coactivators (right panel). NA cells treated with or without TSA for 24 h were lysed and immunoprecipitated
with anti-Sp1 antibody or control rIgG. The immunocomplexes were analyzed by Western blotting to detect the proteins indicated. Total
nuclear extracts were used as input control. HDAC2 is marked by asterisks (*). (B) Effect of TSA and Rottlerin on binding of Spl and
HDAC2. NA cells were pretreated with or without Rottlerin for 1 h before exposure to 24 h of TSA (+) or mock treatment (—). Nuclear
extracts were immunoprecipitated with anti-HDAC2 antibody or control rIgG, followed by Western blotting. (C) Effects of TSA and
Rottlerin on the binding of endogenous HDAC2 and Zp. NA cells were pretreated with Rottlerin and then incubated with or without TSA
for 24 h. The nuclear extracts were subjected to ChIP assay. Soluble chromatin extracts were immunoprecipitated by anti-Sp1, anti-HDAC2
antibodies or rIgG. Finally, the ChIP DNA were detected by PCR with Zp primers (—221 to +12). The detection of GAPDH promoter
(pGAPDH, from nucleotide —93 to +60) serves as a negative control. (D) Effect of HDAC2 and HDAC3 on TSA-mediated Zp activation.
Zp reporter construct (—99 to +12), Flag-HDACS3, or Flag-HDAC2 expression plasmids were cotransfected into NPC-TWO01 cells. After 4 h,
the cells were subjected to TSA treatment for 48 h, cell lysates were harvested for luciferase reporter assay (upper panel), and the remaining
lysates were analyzed by Western blotting and probed with the indicated antibodies (lower panel).

of bound HDAC2 from the Spl complex on Zp, and the
disassociation of this complex was dependent on PKC3 ki-
nase activity. As reported previously, association of HDAC2
and Sp1 on the promoter repressed its transcriptional activ-

DISCUSSION

Transcription in eukaryotes is regulated in part by dynamic
changes in the structure of chromatin. Histone acetylation

ity (25, 53, 57). Accordingly, the specificity of HDAC2 in-
hibition of TSA-mediated Zp activation was examined. As
shown in Fig. 7D, Zp activity could be activated up to
11-fold by treatment with TSA. Of note, this elevated Zp
activity could be repressed upon HDAC?2 overexpression in
a dose-dependent manner (Fig. 7D). However, the overex-
pression of HDAC3 did not affect the promoter activity,
even with TSA treatment (Fig. 7D). Viewed in this light,
HDAC?2 can be considered to be the specific repressor on
Zp during EBV latency in epithelial cells.

typically is involved in this process and is carried out by two
classes of enzymes: histone acetyltransferases (HATs) and
histone deacetylases (HDACs) (40). Generally, there is a pos-
itive correlation between the level of histone acetylation and
transcriptional activity. During the last decade, a number of
HDAC inhibitors (HDACI) have been shown to impair the
function of HDAC and to induce epigenetic modifications,
resulting in the alteration of gene expression, cell proliferation,
differentiation, or apoptosis (40). Among the inhibitors of
HDAC activity, trichostatin A (TSA), originally identified as
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an antifungal agent, is one of the most efficient (40). In addi-
tion to influencing the expression of cellular genes, such as p21,
cyclooxygenase-1 (COX-1), and cyclin D3 (29, 56), TSA exerts
a great effect on viral gene expression. It is one of the com-
pounds used commonly to trigger the EBV switch from latency
to the lytic cycle, although the mechanism of action is unclear.

According to our and other studies, the human tumor virus,
EBYV, modulates cellular signaling, biological activities, and
proliferation potently in order to maintain its life cycle and
produce its progeny. After infection, EBV may maintain itself
in epithelial cells in a latent form and can be activated when-
ever the cellular environment is suitable for its replication.
During reactivation, EBV takes advantage of the cellular tran-
scriptional machinery to transcribe its gene products, especially
the key lytic switch transactivator, Zta. Structurally, Zp, the
Zta promoter, contains several transcriptional factor binding
sites. Under certain circumstances, such as chemical induction
or cellular stress, essential transcriptional factors are recruited
onto Zp and stimulate the expression of Zta (46). The virus
then utilizes Zta to activate the sequential expression of lytic
proteins on the one hand and, on the other, Zta may accelerate
the cellular activity to ensure the cellular machinery is avail-
able for viral replication. This may drive the host cells toward
a dysfunctional state and may contribute to the pathogenesis of
EBV-associated diseases. Therefore, the disruption of Zp si-
lencing is the key step to induction of the EBV lytic cycle and
the onset of human disease.

In the present study, we demonstrated that the activity of Zp
is repressed by HDAC2 during viral latency. Treatment with
HDAC: leads to the phosphorylation of PKC8 and the phos-
phorylated PKCS3 is then translocated from the cytosol to the
nucleus. PKC3 then interacts with ZID-bound Spl, leading to
the recruitment of PKCS onto the ZID element of Zp, and
successively phosphorylates Sp1. This may cause the release of
HDAC?2 from Zp, thereby activating the promoter.

In the EBV-carrying B-cell model, the major response ele-
ments for TPA and anti-Ig treatment are located in the ZIA,
ZIB, ZIC, and ZII elements of Zp (46). In the present study,
we first showed that the ZID element of Zp is required for
PKC3s-elicited EBV reactivation (Fig. 1). Indirectly, Carol et
al. showed that mutations in the ZID site strongly reduce Zp
activity after induction by anti-Ig in Akata cells (39). There-
fore, both studies show clearly that the ZID element may play
the essential role for Zp activity induced by different stimuli
and in different cell models.

Furthermore, it was of interest to demonstrate that Spl is
the critical mediator of PKC8-triggered EBV reactivation. In
fact, there is one clue from another study to the binding of Sp1
on ZID. Liu et al. reported that the ZIA domain can be bound
by the MEF2D transcription factor and Sp1/Sp3 complexes
(35, 36); notably, this binding can be abolished by the presence
of the ZID element, suggesting that ZID sequences can com-
pete against the formation of complexes of these transcrip-
tional factors with ZIA (2). Therefore, it is suggested that ZID,
as well as ZIA, may contain a binding site for MEF2D and
Sp1/Sp3 complexes. Our ZID element mutation analysis
showed that the binding site for Sp1/Sp3, but not MEF2D, is
essential for PKC3 to stimulate Zp activity (Fig. 2B). More-
over, our data from EMSA, DAPA, and ChIP (Fig. 3 and 6)
confirmed that Sp1 binds to the ZID element. The binding of
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MEF2D to ZID also has been demonstrated in anti-immuno-
globulin-treated Akata cells (39).

Spl belongs to the zinc finger-containing Sp transcription
factor family, which can bind to GC-rich motifs in promoters
(44). Structurally, Sp1 contains three domains: the activation
domain, the DNA-binding domain, and the protein-protein
interacting domain (44). Functionally, Spl can regulate an
array of biological activities via positive activation or negative
repression of gene expression. Spl transcriptional activity can
be regulated not only quantitatively, through protein expres-
sion, but also qualitatively by posttranslational modification,
such as phosphorylation, acetylation, sumoylation, ubiquityla-
tion, etc. (47). Of these modifications, phosphorylation has
been studied most extensively (10, 47). There are 61 putative
phosphorylation sites on the Spl protein, with most being
serine residues (47). One outcome of phosphorylation affects
the recruitment of Spl with its interacting proteins and, sub-
sequently, its transcriptional activity. It has been reported that
infection with many viruses may alter the phosphorylation sta-
tus of Spl and change its transcription activity. For instance,
the HIV Tat protein can promote Spl phosphorylation and
thus may enhance the activity of the long terminal repeat
(LTR) (12).

According to other studies, Sp1 may be involved in cellular
gene expression via the PKC signaling pathway. For example,
Sp1 sites in the cyclin D3 promoter are required for its acti-
vation by the HDAC inhibitor, and this activation occurs via a
PKC8-mediated pathway (29). The data from the present study
show that the DNA-binding ability of Sp1 is important for Zp
activation and Zta expression following TSA treatment or
overexpression PKC38 (Fig. 4). Quantitatively, we did not de-
tect any alteration in the Sp1 protein level (Fig. 5A) or binding
to the promoter (Fig. 6C and D) during EBV reactivation,
suggesting that other mechanisms may be involved. Posttrans-
lational modifications of Spl are known to have a significant
impact on Spl site-regulated gene expression (47, 52). On the
basis of the data presented here, TSA-stimulated phosphory-
lation of Sp1 appears to require PKC3 activity, and this phos-
phorylation is essential for EBV reactivation (Fig. 5B). How-
ever, we are still investigating which sites of Spl are
phosphorylated by PKC3. In fact, we demonstrated interaction
between PKC8 and Spl, suggesting that Sp1 may be target for
phosphorylation by PKC8 after TSA treatment (Fig. 6A).
Moreover, we provide by re-ChIP the first evidence that PKCd
binds on Zp mediated by association with Sp1 (Fig. 6D).

Several studies have shown interactions of Sp1 with a variety
of proteins, including p107, class  HDACs (HDACI1, HDAC?2,
and HDACS), p300, and CBP (20, 24, 25, 28, 34, 53, 61).
Modulation of the interactions between Spl and these partner
proteins has been shown to be crucial for the regulation of
Spl-dependent gene expression. In our system, IP-screening
analysis showed that only HDAC?2 is associated with Sp1, and
this interaction can be disrupted after TSA induction (Fig. 7A).
Furthermore, overexpression of HDAC2 can inhibit TSA-me-
diated Zp activation specifically (Fig. 7D). It seems that chro-
matin structure may contribute to the maintenance of viral
latency by suppression of lytic cycle gene expression. A similar
finding was demonstrated in the case of HIV, in that Sp1 and
c-Myc recruit HDACT to its LTR promoter to maintain the
latency of HIV-1 (26). For Kaposi’s sarcoma-associated her-
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pesvirus (KSHV), the Sp1 binding site and transcriptional ini-
tiation site on the ORF50 promoter is occupied by a nucleo-
some to repress ORF50 expression and prevent lytic
replication (55). In B cells, Zp can be repressed by MEF2D
through the recruitment of class II histone deacetylases (23).
Moreover, our study provides additional evidence that the
expression of the EBV immediate-early gene, Zta, seems to be
inhibited by histone deacetylation and nucleosome occlusion in
the promoter region.

To date, only limited information suggests that PKCd plays
an important role during virus infections. In Kaposi’s sarcoma
herpesvirus infection, PKC3 is required for TPA-triggered lytic
cycle activation (16). However, the overexpression of PKC3
alone is not sufficient to induce lytic reactivation of KSHV
because it can activate c-Fos only partially. There is a require-
ment for another PKC isoform that induces the phosphoryla-
tion of c-Jun. c-Fos and c-Jun can then form an active AP-1
complex and induce KSHV reactivation (13, 16). Notably,
overexpression of PKC8 alone can induce Zp activity and EBV
reactivation in our situation. Our previous study demonstrated
that, among the PKC isoforms, PKC3 is essential for TSA-
induced EBV reactivation. The signs of PKC3 activation, such
as phosphorylation at Thr 505 in the activation loop, nuclear
translocation, and protein cleavage, can all be observed after
TSA treatment and correlated with EBV reactivation (31). It is
of interest that Zp activity (Fig. 1B) and Sp1 phosphorylation
(Fig. 5B and C) induced by TSA are dependent on PKC3
kinase activity. Moreover, PKC3 kinase inhibition by Rottlerin
has an effect on the interaction between Sp1 and HDAC?2 (Fig.
7C) but not on the association of PKC8 and Spl bound to Zp
(Fig. 6). Therefore, the interaction of PKC8 and Spl1 is indis-
pensable for kinase activity. These findings suggest that the
disruption of Sp1 and HDAC?2 interaction is dependent on Sp1
modification by PKC3 kinase activity but not via direct com-
petition for the binding site on Spl between PKC8 and
HDAC2. Therefore, PKC8 phosphorylation and Spl modifi-
cation seem to be required for EBV reactivation by HDAC
inhibitors, which is a common feature of cellular gene expres-
sion but, to our knowledge, is the first to be reported in viral
gene regulation.
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