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ABSTRACT In Epstein—Barr virus (EBV)-associated tu-
mors in nonimmunocompromised patients, EBV gene expression
is highly restricted. EBV-encoded nuclear antigen (EBNA)-1 is
expressed, whereas the immunogenic and proliferative EBNAs
are not. This pattern of EBNA expression is generated by usage
of the BamHI-Q promoter (Qp). We have determined that the
JAK/STAT pathway positively regulates Qp activity. In transient-
transfection assays, a Qp—CAT reporter was activated by co-
transfected JAK-1 and by treatment of cells with the cytokine
IL-6. The ability of Qp to bind signal transducer and activator of
transcription (STAT) proteins was directly demonstrated by
electrophoretic mobility-shift assay, and mutation of potential
STAT-binding sites reduced Qp responsiveness to Janus kinase
(JAK)-1. Consistent with a role for STATs in Qp function, Qp
using Burkitt’s lymphoma Rael cells and cultured nasopharyn-
geal carcinoma (NPC) cells contained nuclear STAT protein. We
investigated whether the inability to maintain EBV-positive NPC
cell lines in culture was related to Qp activity. Passaging of the
NPC cell line HK666 led to activation of expression of BZLF1,
which encodes Zta and loss of Qp function. Transient expression
assays linked Zta expression to the down-regulation of Qp.
Cotransfection of Zta reduced Qp activity in reporter assays.
This negative regulation required Zta DNA-binding activity. We
provide evidence that Zta up-regulation of p53 leads to p53-
mediated interference with JAK/STAT activation of Qp. The data
imply that JAK/STAT signaling has a role in EBV-associated
malignancies.

Epstein—Barr virus (EBV) is a ubiquitous herpesvirus that is
carried by the majority of the population as a latent, persistent
infection. Primary exposure to EBV may result in infectious
mononucleosis, and EBV is also associated with both B cell and
epithelial malignancies (1). Different forms of EBV latency are
recognized, and these are defined by the extent of latent viral gene
expression (2). During primary exposure, EBV infection of B cells
gives rise to a population of cells that express the full spectrum of
EBV-encoded nuclear antigens (EBNAs) and latency membrane
proteins (LMPs) as well as the BamHI-A rightward transcripts
and the polymerase III transcribed, noncoding EBERs. This
expression pattern, which has been termed latency III (3), is also
seen in lymphoblastoid cell lines in culture. Among the genes
expressed in latency III are those for the growth-proliferative and
highly immunogenic EBNA-2- and EBNA-3- family proteins (4).
The question of how a lifelong latent infection could persist in the
face of an active cytotoxic T cell response has recently been
clarified by the recognition that in vivo latency in healthy EBV-
seropositive individuals takes place in resting B cells with a
memory B cell phenotype (5, 6). In these cells, EBV gene
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expression is extremely limited. The only viral transcripts consis-
tently detected are those for LMP-2A and the BamHI-A right-
ward transcripts (7-9). EBV-associated tumors demonstrate a
third pattern of latency-gene expression (latency I/I) in which
only EBNA-1 and the BamHI-A rightward transcripts are ex-
pressed (latency I) or there is variable expression of the latency
membrane proteins LMP-1, LMP-2A, and LMP-2B in additon to
EBNA-1 and the BamHI-A rightward transcripts (latency II) (1).

The differing pattern of expression of the EBNAs in the various
forms of latency is mediated by the use of alternative promoters.
The BarmHI-W promoter, which is constitutively active in B cells,
is used on initial infection to drive expression of the EBNAs (10),
the individual EBNA transcripts being generated through differ-
ential splicing. EBNA-1 and EBNA-2 then activate the BamHI-C
promoter (Cp), which drives the latency III EBNA expression
pattern seen in infectious mononucleosis and in lymphoblastoid
cell lines. In EBV-associated tumors, the latency I/II pattern is the
consequence of a switch from the Cp to the TATA-less BarmHI-Q
promoter (Qp) (11, 12). Methylation of the Cp is a major factor
in loss of Cp activity (13-15). Several factors have been identified
as playing a role in Qp regulation. Qp is negatively regulated by
the downstream EBNA-1 binding sites and positively regulated by
E2F-family proteins, which can displace EBNA-1 (16, 17). Inter-
feron response factors (IRFs) also regulate Qp activity. IRF-2 and
IRF-7 negatively regulate Qp (18-20), whereas IRF-1 and IRF-2
may provide positive regulation (21). The active use of Qp in
EBV-associated tumors and its repression during in vivo latency
in peripheral blood B cells points to Qp regulation as an impor-
tant factor in EBV pathogenesis. In the present study, we
demonstrate positive regulation of Qp by cellular Janus kinases
(JAKs) and signal transducers and activators of transcription
(STATS) (reviewed in ref. 22). The overlap between a potential
STAT-binding site and the IRF-binding site in Qp suggests that
STATs and IRFs may regulate Qp in a reciprocal manner.

Qp is used to express EBNA-1, which is essential for the
maintenance of the EBV genome in dividing cells (23). The
realization that the JAK/STAT pathway regulated Qp activity led
us to evaluate the possibility that loss of Qp function might be
contributing to the inability to maintain EBV genome-positive
cells in cultures established from epithelial tumors such as
nasopharyngeal carcinoma. We found that passaging of the NPC
tumor cell line HK666 (24) led to loss of Qp activity concurrent
with induction of expression of the lytic transactivator Zta.
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Evidence is presented that the mechanism of Qp down-regulation
by Zta involves p53-mediated interference with the JAK/STAT
pathway.

MATERIALS AND METHODS

Cell Lines and Plasmids. Rael B cells and the nasopharyngeal
carcinoma cell line HK666 (24) were cultured in RPMI medium
1640 plus 10% fetal calf serum. HeL.a—Zta was a gift from E.
Flemington (Dana-Farber Cancer Institute, Boston, MA).
Hep3B and HeLa-Zta cells (25) were grown in DMEM plus 10%
fetal calf serum. Zta expression was induced in HeLa-Zta by
removal of tetracycline (1%) from the culture medium.

Qp-chloramphenicol acetyltransferase (CAT) and Qp-CAT
mutants were constructed in the vector pCAT-BASIC (Pro-
mega). Qp-CAT contains Qp DNA sequences from —100 to +36.
QpIRFmAT was generated by PCR amplification of the —100-
to-+36 region from the plasmid FQUmMAT-CAT (21) which was
provided by S. Speck (Washington University School of Medi-
cine, St. Louis, MO). Qp STATm1 and STATm?2 contain the
mutations shown in Fig. 14 introduced into the Qp-CAT back-
ground. STAT-CAT contains three copies of the SIF-binding
element from the c-Fos promoter (26) in the vector pBL20 (27).
STAT-1 was cloned in the vector pRK-5 and JAK-1 in pSRa (28).
OriLyt-CAT (pDH123) is regulated by the BHLF-1 promoter
and contains 1,000 bp of the EBV lytic origin (29). The Zta and
Zta activation domain-deletion mutants have been described
(30). The Zta DNA-binding mutant Zdbml (178EEL) was
obtained from E. Flemington (Dana—Farber Cancer Institute)
(31). The Zta dimerization domain mutant Zdmm is the Z214R/
218R mutant (32) recloned into an SGS5-based (Stratagene)
vector as pDH331. The following plasmids were obtained from G.
Hayward (Johns Hopkins University): p53-CAT contains three
copies of the pS3-binding site ligated into a modified pA10-CAT
vector; the HHV-8 K8 expression vector, pCJC581, contains a K8
cDNA cloned into the modified SGS5 vector pJH272. Expression
plasmids for wild-type p53 and the p5S3 mutants G245 and R248
were obtained from K. Kinzler (Johns Hopkins University).

DNA Transfection and CAT Assays. DNA transfections and
CAT assays were performed as described (33). HeLa cells were
transfected by using a calcium phosphate procedure, 1 or 2 ug of
reporter DNA, and 1 or 2 ug of effector DNA and were harvested
30-40 hr after transfection. The transfection protocol was mod-
ified for Hep3B cells. The transfected cells were grown for only
6-38 hr in 3% CO; at 35°C before the medium was replaced and
the cells were transferred to growth at 37°C and 5% CO,. For IL-6
treatment, transfected cells were incubated in fresh medium at
37°Cin 5% CO, for 2-3 hr, after which IL-6 (100 ng/ml; R&D
Systems) was added and growth continued for a further 14-16
hr. CAT activity was quantitated by using an Instant Imager
(Packard).

Immunofluorescence and Immunohistochemistry. HK666 and
Rael cells were fixed in 1% paraformaldehyde and stained in an
indirect immunofluorescence assay as described (33) by using
anti-STAT-4 polyclonal antibody (1:50; Santa Cruz Biotechnol-
ogy). Slides were viewed by using a Leitz fluorescence micro-
scope, and the images were captured by using the program IMAGE
PRO PLUS (Media Cybernetics, Silver Spring, MD). Immunohis-
tochemistry for Zta was performed on HK666 cells by using
reagents from Dako with standard procedures. Anti-BZLF1
mAb (1:100) was the primary antibody, and biotin-conjugated
anti-mouse Ig was the secondary antibody. Positive cells were
visualized by using StreptABComplex/horseradish peroxidase.

Reverse Transcription (RT)-PCR. Polyadenylated RNA was
isolated from HK666 cells and amplified by RT-PCR, and the
products were detected by Southern blotting with described
protocols (8). PCR products were generated by using 30 cycles of
amplification and the following primer pairs: Qp—-EBNA-1, 5'-
GCGGGATAGCGTGCGCTA-3" and 5'-CTTCTGGTCCA-
GATGTGTCTC-3'; BZLF1, 5'-AGCAGACATTGGTGTTC-
CAC-3" and 5'-ACATCTGCTTCAACAGGAGG-3'. The oli-

Proc. Natl. Acad. Sci. USA 96 (1999)

gonucleotide probes used for hybridization were: Qp—-EBNA-1,
5'-ATGCCCTGAGACTACTCTCT-3" and BZLF1, 5'-GCG-
CAGCCTGTCATTTTCAG-3'".

Electrophoretic Mobility-Shift Assay. The sequences of the
sense strand of the double-stranded DNA probes and competitor
oligonucleotides used are: Qp probe, 5'-CTAGACGCTTTGC-
GAAAACGAAAGTGCTTGAAAAGGCGGATC-3"; Qp-
STATm, 5-CTAGACGCgcTGCGAAAACGAAAGTGC-
ccGAAAAGGCGGATC-3'; QpIRFmAT, 5'-GACGCTTT-
GCGAAAAAtAAAGTGCTTGAAAAGGCC-3'; STAT-4, 5'-
GATCGAGCCTGATTTCCCCGAAATGATGAGCGATC-
3’; Flag, 5'-GATCTGACTACAAGGACGACGATGACAA-
GTAGGATC-3'. Mutations are shown in lower case. The assays
were performed as described (34) with protein-DNA complexes
being analyzed on nondenaturing 4% polyacrylamide gels. In the
competition assays, 100-fold excess of unlabeled double-stranded
oligonucleotide competitor was incubated with the 3?P-end-
labeled probe and purified STAT-4 protein (0.2 ug) for 30 min at
room temperature, followed by gel electrophoretic analysis. Anti-
STAT-4 polyclonal antibody (2 ug; Santa Cruz Biotechnology)
and control anti-Flag antibody (2 pg; Sigma) were added to the
STAT-4/DNA mixture after binding, and the incubation was
continued at room temperature for an additional hour.

RESULTS

Up-Regulation of Qp by JAK/STAT Signaling. The latency Qp
contains an upstream binding site for IRFs (18-21) and down-
stream binding sites for E2F1 (17, 35) and for the EBV EBNA-1
protein (16, 36). An inspection of the Qp DNA sequence revealed
that Qp also contains two potential STAT-binding sites that flank
and partially overlap with the IRF-binding site (Fig. 1 4 and B).
To ascertain whether Qp was responsive to STAT activation,
cotransfection assays were performed in HeLa cells. Assay con-
ditions were first established by using a STAT-CAT reporter
containing three STAT-binding sites. Cotransfection of the
STAT-CAT reporter with JAK-1, which phosphorylates STATSs
and facilitates their dimerization and relocalization from the
cytoplasm to the cell nucleus, resulted in an 8-fold stimulation of
reporter expression (Fig. 1C). Cotransfection of an expression
plasmid for STAT-1 marginally increased the response over that
seen with JAK-1 alone.

Cotransfection with JAK-1 increased expression of Qp-CAT
4-fold over basal levels (Fig. 1C). Cotransfection of JAK-1 plus
STAT-1 resulted in a 2-fold-increased response over that seen
with JAK-1 alone. The cytokine IL-6 activates three Janus kinases
(JAK-1, JAK-2, and TYK-2), and treatment of HeLa cells with
IL-6 induces STAT-3 DNA-binding activity (37). IL-6 treatment
resulted in strong activation of Qp-CAT expression (Fig. 1C).

Demonstration of STAT Binding to Qp. The Qp sequences do
not conform to any preferred STAT-binding sites (Fig. 1B).
STAT-family proteins recognize similar DNA sequences. STAT
binding to Qp was tested by using purified, activated STAT-4
protein isolated from cultures infected with a STAT-4-expressing
baculovirus vector (28). In random binding-site selection assays,
STAT-4 shows an identical binding-site preference to STAT-1
and STAT-3 and a similar preference to STAT-5 (38). In the
electrophoretic mobility-shift assay, Qp probe bound to activated
STAT-4 (Fig. 24, lane 2), and the STAT-4-DNA complex was
disrupted by incubation with anti-STAT-4 rabbit antibody (lane
3) but not by incubation with a nonspecific antibody (anti-Flag
antibody, lane 4). The specificity of the Qp—STAT-4 interaction
was further established by the use of competitor oligonucleotides
(Fig. 2B). The STAT-4-DNA complex was not detected when the
incubation contained competitor STAT-4 concensus oligonucle-
otide (lane 3), or Qp oligonucleotide (lane 4), or a mutated Qp
oligonucleotide competitor that lacked IRF-binding ability
(QpIRFmAT; lane 6). STAT-4 binding was not affected by
competition with an irrelevant oligonucleotide (Flag, lane 7) or by
competition with the Qp oligonucleotide in which both STAT
sequences were mutated (QpSTATm; lane 5). These results
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indicate that the region of Qp previously described to bind IRFs
also contains a functional STAT-binding site or sites.

Mutation of the Potential STAT-Binding Sites in Qp Affects
Basal Activity and Activation by JAK-1. To confirm that STATSs
contributed to the JAK response of Qp, mutations were intro-
duced into the two potential STAT sites (Fig. 14). These muta-
tions were placed in sequences that were nonoverlapping with the
IRF-binding site. A Qp-CAT reporter carrying a previously
described mutation that eliminates IRF binding (QP-IRFmAT;
ref. 21) still had 3-fold greater expression when cotransfected with
JAK-1 (Fig. 34). The mutations introduced into the potential
STAT-binding sites had a more deleterious effect on JAK re-
sponsiveness. Mutation of the promoter-proximal STAT-binding
site (STATm1) resulted in a 1.5-fold-increase in expression in the
presence of JAK-1, and mutation of the second potential STAT-
binding site (STATm2) abolished responsiveness.

The effect of mutations in the STAT sites on basal Qp activity
was also examined in HeLa cells with the Qp-CAT reporter (Fig.
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Fi1G. 1. Qp contains potential STAT-binding sites. (4) The relative
locations on the EBV genome of the Qp, Cp, and BamHI-W promoter
(Wp) latency promoters and the ORF (BKRF1) encoding EBNA-1 are
illustrated. The DNA sequence from —100 to +36 that was included
in the Qp-CAT reporter is shown. The position of the IRF-binding site
(broken line), two potential STAT-binding sites (underlined), and
RNA start site (arrow) are indicated. The nucleotides in lowercase
show the mutations introduced into QpSTATmI1-CAT and Qp-
STATm2-CAT. (B) Comparison of STAT DNA-binding sequences
with the potential Qp STAT sequences (38). (C) Activation of
Qp-CAT by JAK-1. HelLa cells were transfected with a control
STAT-CAT reporter or Qp-CAT reporter. As indicated, cells were
also cotransfected with JAK-1 or JAK-1 plus STAT-1 or treated with
IL-6. The results shown are an average of two experiments with the
standard deviation indicated.
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FiG. 2. Qp binds STAT-4. (4) Electrophoretic mobility-shift assay
showing binding of purified STAT-4 to Qp probe (lane 2). The DNA-
protein complex was disrupted by anti-STAT-4 antibody (lane 3) but not
by control antibody (lane 4). (B) Electrophoretic mobility-shift assay
illustrating the specificity of STAT-4 binding. STAT-4 binding was
competed by unlabeled STAT-4 (lane 3), Qp (lane 4), and QpIRFmAT
(lane 6) oligonucleotides but not by QpSTAT mutant (lane 5) or control
oligonucleotides (lane 7). Lane 1 contains Qp probe alone.
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3B). Mutation of either potential STAT site significantly dimin-
ished basal Qp activity. The promoter-proximal STAT site mu-
tated in STATm1 overlaps with a mapped initiation site for Qp
messages. It is possible that the m1 mutation may be interfering
with the formation of an RNA initiation complex and that the
apparent reduction in responsiveness to JAK-1 on the part of this
Qp construction is a reflection of impaired RNA initiation. This
caveat does not apply to the STATm?2 mutation. The inability of
the m2 mutant to respond to cotransfection with JAK-1 is
consistent with JAK activation of Qp having a component that
requires STAT binding. The presence of STATS in the nucleus to
act as transcription factors is normally dependent on their acti-
vation, which occurs predominantly through JAK-mediated phos-
phorylation. However, certain cell lines have been found to
contain constitutively activated STATSs, and the reduction in Qp
basal activity seen with the Qp STATm2 mutant may reflect some
constitutive STAT activation in HeLa cells. The IRF mutation
also reduced basal activity, as previously reported (21).

The intracellular localization of one of the STATs, STAT-4,
was examined in an EBV-positive cell line that uses Qp to express
EBNA-1. In the latently infected Rael B cell line, an indirect
immunofluorescence assay revealed the presence of both nuclear
and cytoplasmic STAT-4 (Fig. 4). STAT-4 expression is reported
to have a restricted tissue distribution, but interestingly, nuclear
STAT-4 staining was also detected by immunofluorescence in the
EBV-positive nasopharyngeal carcinoma cell line HK666 (Fig. 4).
Taken together, these results support a role for STATSs in the
positive regulation of Qp, and because EBV-associated tumors in
nonimmunocompromised individuals invariably have a pattern of
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FiG. 3. Effect of mutations in the potential STAT-binding sites on
JAK activation (4) and basal activity (B) of Qp-CAT in transfected
HelLa cells. The results shown are an average of two experiments with
the standard deviation indicated.
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FiG. 4. Constitutively activated STAT-4 is present in EBV* Rael
B cells and HK666 nasopharyngeal carcinoma cells. Indirect immu-
nofluorescence assay showing the presence of nuclear STAT-4 protein
in HK666 cells and nuclear plus cytoplasmic STAT-4 in Rael. Arrow-
heads indicate cytoplasmic staining in Rael.

Qp usage, the data further imply that JAK/STAT signaling may
be an important factor in establishment of these tumors.

Passaging of NPC Cells Leads to Induction of Zta Expression
and Loss of Qp Function. Epithelial cell lines established from
EBV-positive NPC inevitably lose their EBV genomes on pas-
saging. We wondered whether regulation of Qp activity might be
a contributing factor. We first used RT-PCR to examine EBV
promoter activity in the recently established NPC cell line HK666
(24). Qp activity was tested by using a primer pair spanning the
EBNA-1 Q and K exons, and lytic promoter activity was tested by
using a primer pair spanning exon 1 and exon 3 of the BZLF-1
gene that encodes the Zta lytic transactivator. Passaging of
HKG666 cells led to a decrease in Qp-driven EBNA-1 transcripts
and a reciprocal increase in transcription of BZLF-1 (Fig. 54).
(Note that the passage numbers represent passaging at Johns
Hopkins and not passage number from the time of establishment
of the cell line.) Treatment of HK666 cells with n-butyrate and
12-O-tetradecanoylphorbol 13-acetate (passage 4) exacerbated
the differential expression by decreasing Qp-driven EBNA-1
expression and increasing BZLF-1 expression (Fig. 54). To
determine the extent of EBV lytic activation in HK666 cells, an
immunohistochemical assay was performed. Zta-expressing cells
were detected by immunoperoxidase staining (Fig. 5B). Thus,
passaging of HK666 cells led to loss of Qp activity and induction
of Zta mRNA and protein expression.

Zta Down-Regulates Qp. Zta down-regulates the EBV latency
Cp and LMP-1 promoters (39). Because the loss of Qp activity on
passaging of HK666 cells correlated with the activation of
BZLF-1 expression, we examined whether Zta might also have a
role in down-regulation of Qp. In transient-expression assays in
HeLa cells, cotransfection of Zta dramatically reduced Qp-CAT
expression (Fig. 64). Zta mutants carrying deletions within the
activation domain (ZA2-25; ZA25-86 and ZA93-141; ref. 30)
retained the ability to significantly repress Qp activity, as did a Zta
mutant in which the entire activation domain is deleted (ZA2-
141). A Zta variant carrying a mutation in the dimerization
domain (Zdmmt; ref. 32) also retained the ability to repress
Qp-CAT, albeit with reduced efficiency. On the other hand, a Zta
variant carrying a mutation in the DNA-binding domain (Zdbm1;
ref. 31) did not repress Qp-CAT activity. These results imply that
the Zta DNA-binding domain is critical for Zta-mediated down-
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F1G. 5. Passaging of HK666 leads to induction of BZLF-1 and loss of
Qp expression. (4) Expression of Qp-initiated EBNA-1 transcripts and
BZLF-1 transcripts in HK666 cells was examined by RT-PCR. Southern
blots of the DNA products were probed for BKRF-1 (EBNA-1) (Upper)
and BZLF-1 (Lower). Cells at passage 4 were also tested after treatment
with 12-O-tetradecanoylphorbol 13-acetate (TPA) (20 ng/ml) and n-
butyrate (3 mM) for 48 hr (+TPA). (B) Detection of Zta protein in
HKG666 cells by immunoperoxidase staining.
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FiG. 6. Zta down-regulates Qp-CAT expression. (4) Qp-CAT was
cotransfected into HeLa cells with Zta or Zta variants carrying
mutations in the DNA-binding domain (Zdbm1) or the dimerization
domain (Zdmmt) or deletions in the activation domain (ZtaA2-25,
ZtaA2-141, ZtaA25-86, ZtaA93-141). The HHV8-KS effector and
oriLyt-CAT target served as controls for the specificity of the Zta-
mediated repression of Qp-CAT. The results shown are an average of
two experiments, with the standard deviation indicated. (B) Induction
of Zta in the HeLa-Zta cell line by removal of tetracycline from the
medium led to reduced expression of transfected Qp-CAT. The
p53-CAT reporter served as a positive control for Zta expression. CAT
activity is expressed relative to that of Qp-CAT in the presence of
tetracycline (set at 100%).

regulation of Qp. As a control for the specificity of the negative
regulation, the cells were also transfected with an oriLyt-CAT
reporter. In this reporter, CAT expression is driven by the EBV
BHLF-1 oriLyt promoter and enhancer, which contain multiple
binding sites for Zta (29). As expected, this reporter was activated
by cotransfection with Zta (Fig. 6A4). In a separate control, cells
were cotransfected with an expression plasmid for K8, an HHV-8
homolog of EBV Zta. K8 did not have a significant effect on
Qp-CAT expression.

CAT-reporter assays were also performed by using a cell line
that expresses Zta in a tetracycline-regulated manner (25). Re-
lease of tetracycline control induces Zta expression, and ~50%
of the cells expressed Zta at 72 hr after induction. Induction of
Zta in this setting also led to decreased expression of the
transfected Qp-CAT reporter (Fig. 6B). Zta has been shown to
induce accumulation of p53 (40). A CAT reporter carrying three
p53-binding sites (p53-CAT) was included as a control in this
experiment. p53-CAT had limited expression in the presence of
tetracycline, and expression was activated 72 hr after removal of
the drug, consistent with Zta expression in the culture at this time.

Negative Regulation of Qp Involves p53 Interference with
JAK/STAT Signaling. Zta-mediated growth arrest did not re-
quire the Zta-activation domain (40, 41). Zta-mediated repres-
sion of Qp was also independent of Zta transcriptional activation
function (Fig. 6A4). This similarity in functional requirements led
us to examine whether Zta suppression of Qp activity might be
related to the Zta-induced accumulation of p53. Cotransfection
of the Qp-CAT reporter with a p5S3 expression vector resulted in
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FiG. 7. p53is a downstream effector of Qp repression. (4) Qp-CAT
was down-regulated by coexpression of p53. Qp-CAT was cotransfected
into HeLa cells with either wild-type (Wt) or mutant (G245 m, R248 m)
p53. p53-CAT formed a positive control for p53 function. The results
shown are an average of two experiments, with the standard deviation
indicated. (B) Zta is an ineffective repressor of Qp-CAT in p53~ cells. The
effect of cotransfection of Zta or p53 on Qp-CAT activity was compared
in transfected HeLa and p53~ Hep3B cells. Qp-CAT activity in the
absence of cotransfected Zta and p53 is set at 100%.

down-regulation of CAT activity similar to that mediated by Zta
(Fig. 74). Two p53 variants that have mutations in the DNA-
binding domain and have altered DNA-binding specificity (G245
m and R248 m) (42) were less effective than wild-type p53 at
inhibiting Qp-CAT (Fig. 74). p53-CAT was included as a control
in this experiment. In contrast to Qp-CAT, p53-CAT was effi-
ciently activated by cotransfection of wild-type p53. To further
establish that p53 was an essential intermediate in Zta-mediated
down-regulation of Qp, the ability of Zta to affect Qp activity was
compared in HeLa cells and Hep3B cells, which carry a deletion
in the p53 gene (Fig. 7B). As already demonstrated, Qp activity
was severely inhibited in HeLa cells by cotransfection of either
p53 or Zta expression vectors. In contrast, p5S3 and Zta had
discordant effects in Hep3B cells. p53 retained the ability to
down-regulate Qp in Hep3B cells, but Zta cotransfection had a
minimal effect in the p53-null cells. These observations are
consistent with pS3 acting downstream of Zta in repression of Qp.

To understand how p53 might inhibit Qp activity, we returned
to our initial observation that Qp is positively regulated by the
JAK/STAT pathway. The effect of Zta and p53 on STAT-
mediated activation was examined in transfection assays by using
a STAT-CAT reporter (Fig. 8). Cotransfection of Zta or p5S3 with
STAT-CAT resulted in a marginal repression of CAT activity in
HelLa cells. However, JAK-1 activation of the STAT-CAT re-
porter was inhibited by both Zta and p53. Western blot analysis
showed that expression of JAK-1 itself was not affected by
coexpression with Zta or p53 (data not shown). In summary, the
experiments suggest that Zta, through stabilization of p53, can
interfere with JAK/STAT activation of Qp. Qp regulates
EBNA-1 synthesis in NPC and in the majority of EBV-associated
tumors, and EBNA-1 is required for maintenance of the EBV
genome as an episome. The inability to retain the EBV genome
in cell lines established from EBV-positive epithelial tumors may
therefore be related to induction of Zta expression on passaging
and subsequent negative regulation of the JAK/STAT pathway.
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DISCUSSION

The patterns of EBV gene expression associated with the differ-
ent forms of EBV latency derive from the regulated activity of the
latency Cp and Qp promoters. The latency Cp used in primary
infection drives expression of the full spectrum of EBNAs. Qp is
not active in group III latency. Down-regulation of Qp may be
mediated through binding of EBNA-1 (expressed from Cp) to the
Qp locus EBNA-1 binding sites along with negative regulation by
promoter-bound IRF-7 and IRF-2 (16, 18-20).

EBV has evolved a strategy for long-term latent infection in
peripheral B cells in the face of immune surveillance by estab-
lishing a form of in vivo latency in resting B cells (5, 6). In these
cells, both Cp and Qp are repressed. Methylation of Cp is a key
factor in Cp repression in peripheral blood B cells (43), but Qp
is hypomethylated in all situations in which it has been examined
(15, 44, 45). Qp is a TATA-less promoter, and the quiescence of
Qp in this setting may reflect the lack of positive regulatory
factors. We have shown that STATs positively regulate Qp.
Activated STATs have not been detected in peripheral blood B
cells (46), but STATS are activated in B cells after cross-linking
of the surface IgM antigen receptor and engagement of the CD40
receptor as well as in response to cytokines (47). Although Qp is
not active in latently infected, resting B cells, Qp activity has been
detected in some studies of peripheral blood B cells (9, 48).
Maintenance of the episomal EBV genome in dividing cells
depends on the EBV origin binding protein, EBNA-1. There is no
need for EBNA-1 expression in resting B cells, but if these cells
were periodically stimulated into transient proliferation, then
EBNA-1 would be required to maintain the infection. Regulation
of Qp by E2F family proteins has been described, and this would
provide one mechanism to link Qp driven expression of EBNA-1
to the cell cycle (35). Our observations suggest a second mech-
anism. If resting B cells are activated through costimulation with
antigen and CD40 ligand, then this mitogenic signal would also
result in STAT tyrosine phosphorylation and concomitant up-
regulation of Qp. EBNA-1 contains a repeat region that inter-
feres with processing and MHC presentation, and hence transient
expression of EBNA-1 would not result in immune clearance of
the cells (49).

The setting in which Qp-directed EBNA-1 synthesis is consis-
tently detected is in EBV-associated tumors. Tumor cells are
actively cycling cells, and positive displacement of EBNA-1 from
the downstream Qp locus by E2F proteins may be a factor in Qp
expression in this setting (Fig. 9). It has been noted (50) that
STAT-1 and STAT-3 are constitutively activated in the EBV-
positive B cell lines Namalwa, Akata, and Daudi. We also
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r@? p2F IRFZ-& 7 7;‘" EBNA-1
STAT STAT Qp Qp
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F1G. 9. Summary of Qp regulation in the different forms of EBV
latency.
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detected activated, nuclear STAT-4 in the EBV-positive cell line
Rael and in the NPC cell line HK666. Our experiments indicate
that STATS positively regulate Qp, and the presence of nuclear
STATs in EBV associated tumor derived cell lines is consistent
with such a role. We do not yet know whether both potential Qp
STAT-binding sites are functional or which STAT-family mem-
bers are the biologically relevant activators. Different STATs may
contribute in epithelial versus B cell tumors. IRF-1 and IRF-2 can
also stimulate Qp (Fig. 9). However, the overlap between the Qp
IRF-binding site and one of the STAT-binding sites described in
our work makes it possible that binding of the IRF and STAT
factors may be mutually exclusive.

Cell lines established from nasopharyngeal carcinoma and
gastric carcinoma tumors do not retain the EBV genome on
passaging. Our data suggest that induction of expression of Zta
in culture contributes to down-regulation of Qp activity. Because
Qp drives EBNA-1 synthesis, this would result in loss of EBNA-1
and subsequent loss of episomal EBV DNA, which depends on
EBNA-1 for replication. In an analogous situation, induction of
Zta expression in cultured B cell lines has been shown to lead to
loss of EBV genomes and the outgrowth of cells that either
contained a reduced number of EBV episomal genomes or
retained only integrated genomes (51, 52). Transcripts for
BZLF-1 have been detected by RT-PCR in NPC and Burkitt’s
lymphoma tissues (53, 54). Induction of the complete cycle of
viral replication would result in cell death. However, Zta itself is
not cytotoxic (40). A more transient induction is apparently
compatible with long-term cell survival, and a proportion of the
cell population can grow out while carrying the effects of Zta
expression and consequent repression of Qp activity, in the form
of loss of EBV genomes. This scenario has several consequences.
It suggests that the incorporation of steps to prevent Zta induc-
tion and to stimulate the JAK/STAT pathway should be beneficial
for the maintenance in culture of EBV-positive epithelial tumor
cells. More generally, the association of EBV with malignant
diseases such as Burkitt’s lymphoma has been clouded by the
isolation of EBV-negative tumors. Our data reinforce the point
raised by others (51) that the lack of EBV genomes in cells within
a tumor that is otherwise consistently associated with EBV may
reflect transient Zta induction and subsequent loss of EBV
genomes from the cells.

Zta induces accumulation of p53 (40) and our results are
consistent with Zta repression of Qp being effected through p53.
Zta-mediated down-regulation of Qp-CAT was ineffective in
p53-null cells, and the requirements for Zta repression of Qp
mirrored the requirements for p53 induction in that the integrity
of the Zta DNA-binding domain was essential for both functions,
whereas the Zta activation domain was dispensable in each case.
The only EBV-positive NPC-derived cell line that has been
maintained long term is NPC-KT, which was generated by fusing
NPC cells with the AdAH cell line (55). Interestingly, both AdAH
and the resultant NPC-KT cells express the human papillomavi-
rus E6 protein and hence have low levels of pS3 as a consequence
of p53 destabilization by E6 (40). That the induction of p53 should
interfere with JAK/STAT activation of Qp is also consistent with
known properties of p53. pS3 has been found to mask STAT
DNA-binding activity and functional signaling through a mech-
anism that requires a functional p53 DNA-binding domain (56).
In our experiments, two p53 variants carrying mutations in the
DNA-binding domain were less effective at down-regulating Qp
than the wild-type protein. Wild-type p53 masking reduces
STAT-3 and STAT-5 DNA-binding activity but does not affect
STAT-1 function (56, 57). Because the loss of Qp activity in the
passaged NPC cell line appears to be effected through Zta-
mediated stabilization of p53, one implication is that STAT-3
and/or STAT-5 may be biologically relevant STATs for Qp
activation. STAT-3 is one of the STATS activated in B lympho-
cytes by antigen receptor engagement (46). Regulation of Qp by
the JAK/STAT pathway fits well with the known usage of Qp in
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the different forms of in vivo latency and has implications for
EBV-associated tumorigenesis.
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