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The Epstein-Barr virus (EBV)-encoded LMP1 oncogene has a role in transformation, proliferation, and
metastasis of several EBV-associated tumors. Furthermore, LMP1 is critically involved in transformation and
growth of EBV-immortalized B cells in vitro. The oncogenic properties of LMP1 are attributed to its ability to
upregulate anti-apoptotic proteins and growth signals. The transcriptional regulation of LMP1 is dependent
on the context of cellular and viral proteins present in the cell. Here, we investigated the effect of several
signaling pathways on the regulation of LMP1 expression. Inhibition of p38 signaling, using p38-specific
inhibitors SB203580 and SB202190, downregulated LMP1 in estrogen-induced EREB2.5 cells. Similarly, p38
inhibition decreased trichostatin A-induced LMP1 expression in P3HR1 cells. Exogenous expression of p38 in
lymphoblastoid cell lines (LCLs) led to an increase in LMP1 promoter activity in reporter assays, and this
activation was mediated by the previously identified CRE site in the promoter. Inhibition of p38 by SB203580
and p38-specific small interfering RNA (siRNA) also led to a modest decrease in endogenous LMP1 expression
in LCLs. Chromatin immunoprecipitation indicated decreased binding of CREB-ATF1 to the CRE site in the
LMP1 promoter after inhibition of the p38 pathway in EREB2.5 cells. Taken together, our results suggest that
an increase in p38 activation upregulates LMP1 expression. Since p38 is activated in response to stimuli such
as stress or possibly primary infection, a transient upregulation of LMP1 in response to p38 may allow the cells
to escape apoptosis. Since the p38 pathway itself is activated by LMP1, our results also suggest the presence
of an autoregulatory loop in LMP1 upregulation.

Epstein-Barr virus (EBV) is a human B-lymphocryptovirus
that infects approximately 90% of the world’s adult population
and is the causative agent of infectious mononucleosis (IM).
EBV is associated with several human malignancies such as
Burkitt’s lymphoma (BL), Hodgkin’s lymphoma (HL), naso-
pharyngeal carcinoma (NPC), nasal T/NK lymphoma (NL),
peripheral T-cell lymphoma, gastric carcinoma, and lympho-
proliferative diseases in immunocompromised patients (57).
EBV establishes latent infection in human B cells and trans-
forms them in culture. The EBV-encoded LMP1 oncogene is
critically involved in the EBV immortalization of B cells and
their persistence in vitro, and it has the ability to transform
rodent fibroblast and human cell lines in culture (4). LMP1
expression is thought to contribute to the genesis and growth
of EBV-associated tumors. The oncogenic ability of LMP1 is
attributed to its upregulation of anti-apoptotic proteins and
growth signaling pathways (55).

LMP1 transcription is regulated by both viral and cellular
factors. EBV uses different programs of viral gene expression
in order to drive naïve B cells into resting memory cells. These
patterns of viral gene expression are referred to as latency
types I, II, and III. EBV-associated tumors also exhibit similar
patterns of EBV gene expression (58). LMP1 is expressed in
both latency types II and III (4). The expression of LMP1 in
latency III infected B cells is dependent on the viral EBNA2

protein (32). Since EBNA2 is unable to bind DNA itself, ad-
ditional factors are required to target EBNA2 to DNA. These
include the J� recombination signal binding protein (RBP-J�)
(24, 25, 41, 61, 65), the Ets-related PU.1 factor (30, 52), a POU
domain protein (52), and AP-2 site binding factor(s) (29). In
latency II cells, LMP1 expression occurs in the absence of
EBNA2 and has been the subject of several investigations.
While a number of EBNA2-independent LMP1 activators have
been identified, none of them seem to be critical for LMP1 ex-
pression in latency II. Recent data suggest that LMP1 expression
in latency II cells is mediated by cell signaling pathways that are
activated by LMP1 itself (21, 40).

The complexity of LMP1 expression is further emphasized in
a study by Lam et al. (37). This study showed that LMP1
expression levels of individual cells in a clone of EBV lympho-
blasts can range over 100-fold. It was also shown that the
variation observed with LMP1 was at the level of transcript and
independent of EBNA2 expression levels. Other studies sug-
gest cyclical fluctuations in LMP1 expression, in an individual
cell, over time (3, 39, 40). Thus, the transcriptional regulation
of LMP1 appears to be regulated by multiple factors in each
latency type. The question we then asked ourselves is whether
variation observed in LMP1 transcription may be stimulated by
signaling pathways that are triggered in response to the extra-
cellular environment.

In our previous studies we have extensively investigated the
LMP1 promoter sequence, also referred to as the LMP1 reg-
ulatory sequence (LRS) or ED-L1. The cyclic AMP (cAMP)
response element (CRE) in the promoter has been shown to
be one of the critical sites for LMP1 transctivation. Both
EBNA2-dependent and -independent transactivation of the
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LMP1 promoter require an intact CRE in the LMP1 regula-
tory sequence. Mutations in this site lead to a drastic decrease
in promoter activity in reporter assays (17, 53), and sequence
variations in the site correlate with varied LMP1 expression
levels in tumors and tumor cell lines (28). CRE binds the
heterodimeric transcription factor CREB-ATF1 (53). CREB
and ATF1 are members of the CRE family of transcription
factors that activate transcription when phosphorylated at spe-
cific serine/threonine residues (26). Several upstream serine/
threonine kinases are responsible for the phosphorylation of
these factors (27, 56, 59). This led us to investigate the possible
role of signaling pathways that regulate CRE-binding factors in
LMP1 regulation. The effect of different serine/threonine ki-
nase inhibitors on LMP1 transcription was investigated here,
and the overall result suggests that the p38 signaling pathway
regulates the LMP1 promoter activity through the binding of
CREB-ATF1 to the CRE site. We hypothesize that the acti-
vation of LMP1 by the p38 pathway may promote cell survival
at the early stages of infection and in response to extracellular
stimuli. Further, our study suggests the presence of an addi-
tional positive autoregulatory loop in LMP1 expression.

MATERIALS AND METHODS

Cell culture and treatment. EREB2.5 is a transformed lymphoblastoid cell line
expressing a conditional mutant of EBNA2 (ER-EBNA2), and its activity is
regulated by estrogen (34). P3HR1 is an EBV-positive EBNA2-deficient BL cell
line. DG75 (BL) is an EBV-negative B-cell lymphoma. WW1-LCL (23) is an
EBV-positive lymphoblastoid cell line (LCL). The cells were maintained as
suspension cultures in RPMI 1640 medium supplemented with 10% fetal calf
serum, 100 U/ml penicillin, and 100 �g/ml streptomycin (Sigma). In addition, the
EREB2.5 cell line was supplemented with 1 �M �-estradiol (�-estradiol-water
soluble; Sigma). To inactivate EBNA2 in EREB2.5 cells, �-estradiol was with-
drawn from the medium for 48 or 72 h. To reactivate EBNA2, 1 �M �-estradiol
was added to the culture medium again. Trichostatin A (TSA) (Wako) was
added at 100 ng/ml to P3HR1 cells. The serine/threonine kinase inhibitors were
added to the medium 1 h prior to stimulation with �-estradiol or TSA at the
following final concentrations: 50 nM staurosporine, 5 �M bisindolylmaleimide,
10 �M H89, 1 �M KN93, 20 �M SB203580, 20 �M PD98059, and 10 �M
SB202190. The inhibitors were purchased from Calbiochem and dissolved in
dimethyl sulfoxide (DMSO) for the experiments shown in Fig. 1. SB203580-
hydrochloride (Calbiochem) dissolved in water was used for the experiments in
the following sections. 5,6-Dichloro-1-ß-D-ribofuranosyl benzimidazole (DRB)
(Sigma) was dissolved in DMSO and used at 100 �M.

Plasmids, transfections, and reporter assays. The p38� expression vector was
a kind gift from Jiahuai Han (Scripps Research Institute, La Jolla, CA). The
p38� expression vector was generously provided by Ingrid Fleming (Johann
Wolfgang Goethe Universität, Germany) with permission from Gang Pei
(Shanghai Institutes for Biological Sciences, China). The LRS(�634)Luc,
LRS(�634)(CREmut)Luc (28), and pgProbeLRS(�106)�Luc (15) plasmids
have been described previously. The LMP1 regulatory sequence (LRS) is defined
as positions 169019 to 169692 of the B95�8 EBV DNA (GenBank accession no.
AJ507799), which corresponds to positions �634 to �40 relative to the LMP1
transcription initiation site (�1).

Transfections were carried out by electroporation as described previously (53).
Briefly, 5 � 106 cells in 250 �l of RPMI 160 medium were cotransfected with 10
�g of reporter plasmids and 8 �g of p38� or p38� expression vectors or the
corresponding molar amount of the empty pcDNA3 vector. The cells were
harvested after 24 h for the luciferase assay. Reporter gene activity was measured
with the luciferase assay system (Promega) and a Glomax luminometer (Turner
Biosystems) according to the manufacturers’ instructions.

Small interfering RNA (siRNA) transfections were carried out in a similar
manner with a few modifications. WW1-LCL was maintained in antibiotic-free
medium for 24 h before transfection. Cells (5 � 106) in 300 �l of antibiotic-free
medium were cotransfected with 10 �g of carrier DNA (GFP expression vector)
and 0.1 nmol of SignalSilence Pool p38 MAPK siRNA or SignalSilence Control
siRNA (Cell Signaling Technology). The cells were incubated for either 24 or
48 h before harvest. LDS loading sample buffer (Invitrogen) supplemented with

50 mM dithiothreitol (DTT) was directly added to the cell pellets for immuno-
blot analysis.

Quantitative RT-PCR. After cell treatments, total RNA was prepared from
1 � 105 to 2 � 105 cells, using the Qiagen RNeasy Plus mini kit as instructed by
the manufacturer. Quantitative reverse transcription-PCR (RT-PCR) of LMP1
and EBNA2 was carried out as described by Bell et al. (2) with a few modifica-
tions. The SuperScript III RTS First-Strand cDNA synthesis kit (Invitrogen) was
used according to the manufacturer’s protocol. An EBV-specific cDNA primer
mix (2 �M) (2) was added to each reaction mixture. For quantitative PCR of
LMP1 and EBNA2, the fluorescent power SYBRGreen kit was used according
to the manufacturer’s protocol (Applied Biosystems) with a primer pair ampli-
fying LMP1 and EBNA2 of B95-8 origin (2) in combination with a melting curve
analysis to ensure the specificity of the PCR primers. The amount of each
transcript was normalized against the GAPDH gene transcript and quantified
with the commercially available predeveloped assay reagent from Applied Bio-
systems, and the PCRs were performed in an ABI HT7900 instrument (Applied
Biosystems).

Chromatin immunoprecipitation (ChIP) assay. The EREB2.5 cells were es-
trogen starved for 48 h, and SB203580-hydrochloride was added (80 �M) 1 h
prior to the addition of 1 �M �-estradiol. ChIP extract was prepared 4 h
post-estrogen induction from cells with and without SB203580 treatment as well
as estrogen-starved and continuously growing EREB2.5 cells. ChIP was carried

FIG. 1. Inhibition of serine/threonine kinases inhibits LMP1 induc-
tion in EREB2.5 and P3HR1 cells to various levels. (A) Estrogen-
starved EREB2.5 cells were treated with specific inhibitors of the
serine/threonine kinase pathways 1 h prior to induction with �-estra-
diol. The cells were harvested after 8 h and assayed by RNase protec-
tion assay and immunoblot analysis. Immunoblot analysis was carried
out with an LMP1-specific antibody. Equal protein loading was con-
firmed by Ponceau S staining of the membrane prior to immunoblot-
ting. The RNA samples (40 �g) were hybridized with an antisense
LMP1 riboprobe. The protected fragments were separated by 8%
denaturing PAGE. The gel was exposed to a PhosphorImager screen
and visualized with a Typhoon 9200 scanner. The relative RNA values
were calculated by the Image Quant software with respect to the
DMSO (solvent) control, which was assigned a value of 100. All RNA
samples shown originate from the same scan and have been subjected
to the same digital processing. The results are representative of at least
six independent experiments. (B) P3HR1 cells were treated with spe-
cific inhibitors of the serine/threonine kinase pathways 1 h prior to
induction with TSA. After 8 h, the cells were harvested and assayed for
LMP1 expression by immunoblotting as described for panel A. The
results are representative of at least six independent experiments.
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out according to the protocol provided by Upstate Biotechnology, Inc., with
minor modifications. Briefly, the ChIP extract was sonicated to between 200- and
350-bp DNA fragments on a Diagenode Bioruptor according to the manufac-
turer’s protocol (Diagenode). CREB-1 (C-21) and normal rabbit IgG antibodies
(Santa Cruz) were incubated with the extract for 30 min in an ultrasonic water
bath (Branson), and the DNA was prepared as described by Nelson et al. (46).
The level of immunoprecipitated DNA was determined by quantitative PCR
using primer pairs that amplified the region encompassing the LRS CRE site of
EREB2.5 origin (primers: GGCAGAGTAGTGTGAGAGGCTTATG and GT
AACGCGTGTTTCTGGGGA) and the fluorescent power SYBRGreen kit (Ap-
plied Biosystems). PCR was carried out in an ABI HT7900 instrument (Applied
Biosystems) in combination with a melting curve analysis to ensure the specificity
of the PCR primers.

Immunoblot analysis. Treated cells (5 � 106) were directly resuspended in
LDS loading buffer (Invitrogen) supplemented with 50 mM DTT and sonicated
for 10 min on a Bioruptor sonicator (Diagenode). The samples were subjected to
SDS-PAGE in 10% Bis-Tris gels (Invitrogen) according to standard protocols.
The membranes were stained with 0.1% Ponceau S (Sigma) in 5% acetic acid to
confirm equal loading and transfer of proteins. The immunoblots were probed
with antibodies against phosphorylated and total p38 (Cell Signaling), LMP-1
(CS1-4) and EBNA2 (PE2) (Dako A/S), GAPDH and �-tubulin (Santa Cruz),
and HRP-conjugated secondary antibodies (Cell Signaling). The immunoreac-
tive protein bands were visualized by chemiluminescence reagents (Pierce) and
detected using a ChemiDoc instrument (Bio-Rad) as instructed by the manufac-
turers.

RNase protection assay. After cell treatments and harvests, total RNA was
prepared with TRI REAGENT LS reagent (Sigma) as instructed by the
manufacturer and treated with RQ1 DNase (Promega). RNase protection
assays were carried out as described previously (64) with minor modifications.
Briefly, 32P-labeled antisense LMP1 riboprobe was transcribed in vitro from
pgProbeLRS(�106)�Luc for 1 h at 37°C. The template was digested with DNase
for 15 min at 37°C. The riboprobe was purified using a CHROMA SPIN-100
column (Clontech), and 1 � 106 cpm was added to 40 �g of each RNA sample.
The samples were hybridized at 50°C overnight followed by RNase digestion for
1 h at 25°C. The samples were analyzed by electrophoresis in a 10% denaturing
polyacrylamide gel at 1,500 V for 1.5 h. The RNA bands were visualized by
exposure to a PhosphorImager screen and scanned with a Thyphone 9200 (Am-
ersham). The relative RNA values were calculated by the Image Quant software
with respect to the DMSO (solvent) control, which was assigned a value of 100.

RNA stability assay. The EREB2.5 cells were estrogen starved, and 1 �M
�-estradiol was added after 48 h. DRB (100 �M) and SB203580-hydrochloride
(80 �M) were added 3 h postinduction, and RNA and immunoblot samples were
collected at several time points as indicated (see Fig. 6). The samples were
analyzed by quantitative RT-PCR as described above.

RESULTS

LMP1 expression is downregulated in response to the inhi-
bition of the p38 signaling pathway. We have previously shown
that the heterodimeric transcription factor CREB-ATF1 acti-
vates the LMP1 promoter via a CRE site (53). Here, we in-
vestigated the effect of inhibiting several signaling pathways
involved in the activation of CRE-binding transcription fac-
tors on LMP1 expression in B cells. To this end, the
EREB2.5 cell line was used. The EREB2.5 cell line is a
useful tool in the study of LMP1, as it is conditional for the
activation of EBNA2. Withdrawal of estrogen results in inac-
tivation of EBNA2 followed by downregulation of the LMP1
promoter and cell cycle arrest (34). LMP1 expression and cell
proliferation are induced by the addition of �-estradiol to the
medium. Several known inhibitors of serine/threonine kinases
were added to the culture medium of estrogen-starved
EREB2.5 cells 1 h before stimulation with �-estradiol, and the
cells were collected 8 h after stimulation. LMP1 protein and
RNA levels were determined using immunoblotting and an
RNase protection assay (Fig. 1A). The LMP1 protein and
RNA levels in the control (DMSO) were much higher than
those observed in continuously growing EREB2.5 cells. Nota-

bly, a large transient increase in LMP1 levels after estrogen
induction of estrogen-starved cells has been reported by others
and is independent of DMSO (32, 42) (Fig. 2A). The RNA and
protein levels of LMP1 after the different treatments generally
correlated with each other. Treatment with staurosporine,
which is a broad range inhibitor of serine/threonine kinases
(49), led to a decrease in LMP1 protein level and a lower level
of inhibition of LMP1 RNA, relative to the DMSO control.
This indicates that at least one serine/threonine kinase path-
way may have a role in LMP1 regulation. Bisindolylmaleimide
(an inhibitor of PKC) (60), H89 (an inhibitor of PKA) (6), and
KN-93 (an inhibitor of CaM Kinase) (43) treatments led to
some downregulation of LMP1 expression relative to the
DMSO control, indicating that these kinase pathways are par-
tially contributing to LMP1 regulation. On the other hand,
PD098059 (an inhibitor of MEK1) (1) did not appear to have
an effect on LMP1 induction. Treatments with SB203580 and
SB202190, which are inhibitors of the p38 MAPK pathway (9,
19), gave rise to the most pronounced downregulation of
LMP1 induction as indicated by its RNA and protein levels.
The results are compatible with the notion that the p38 signal-
ing pathway may play a more significant role in LMP1 regula-
tion than other pathways investigated here.

To confirm these results, a different experimental system was
utilized. TSA treatment of the EBNA2-deficient P3HR1 cell
line induces LMP1 transcription (54). The effect of treatment
with the inhibitors used above on TSA-induced LMP1 expres-
sion in this cell line was also investigated. Under these condi-
tions, a downregulation of LMP1 protein induction relative to
the DMSO control was detectable only after inhibition of the
p38 pathway (Fig. 1B). Taken together, the results indicate a
role for the p38 signaling pathway in positively regulating
LMP1 expression. Furthermore, this upregulation can occur
even in the absence of EBNA2, as demonstrated in P3HR1
cells.

Increased phosphorylation of p38 upregulates LMP1 ex-
pression. The inhibitors SB203580 and SB202190 block the
biological activity of p38 kinase by binding to the inactive form
of p38 and reducing its rate of activation (i.e., phosphorylation)
(9, 19). The terms activation and phosphorylation are used
interchangeably in this study when referring to the p38 status.
To further investigate the role of the p38 pathway in the reg-
ulation of LMP1 expression, the phosphorylation status of the
p38 protein (P-p38) was monitored by immunoblot analysis in
estrogen-induced EREB2.5 cells, as well as in TSA-treated
P3HR1 cells over 8 h. In parallel, SB203580 was added 1 h
before induction to the estrogen-treated EREB2.5 cells, as well
as to the TSA-treated P3HR1, to determine the contribution
of p38 signaling to LMP1 transcriptional activity over time.
Notably, we found that DMSO treatment alone could induce
some p38 phosphorylation (data not shown). While the con-
tribution of DMSO to p38 phosphorylation in estrogen-in-
duced cells and TSA-induced P3HR1 was relatively marginal,
we decided to avoid complication of data due to this problem
by using the water-soluble SB203580-hydrochloride to inhibit
p38 activation. LMP1 expression levels, as well as EBNA2 and
total p38, were also monitored by immunoblotting. Immuno-
blot analysis of GAPDH was used to confirm equal protein
loading. After 48 h of estrogen withdrawal, LMP1 was not
detectable, indicating successful inactivation of transcription.
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After the addition of estrogen, the level of LMP1 expression
increased progressively at 2, 4, and 8 h, to a level that was
significantly higher than that found in continuously growing
EREB2.5 cells. Phosphorylated p38 was present in both con-

tinuously growing and estrogen-starved EREB2.5 cells, but the
level increased markedly after estrogen induction. The highest
level of p38 phosphorylation was detected 4 h after estrogen
induction. Treatment with SB203580 led to the inhibition, al-

FIG. 2. Inhibition of p38 activation inhibits LMP1 induction in EREB2.5 and P3HR1 cells. (A) EREB2.5 cells were estrogen starved for 48 h.
The cells were then treated with the p38 inhibitor (SB203580.HCl dissolved in distilled water [dH2O]) or just dH2O as a control 1 h prior to
activation with �-estradiol (1 �M). Samples were collected at 2, 4, and 8 h after activation and subjected to quantitative RT-PCR and immunoblot
analysis. Immunoblot analysis was used to detect phosphorylated p38 (P-p38), LMP1, total p38, EBNA2, and GAPDH protein levels in the cells.
Equal protein loading was confirmed by monitoring the GAPDH levels. The results are representative of at least six independent experiments. The
LMP1 RNA level in the treated cells was analyzed using quantitative RT-PCR. The LMP1 RNA level was normalized against that of GAPDH
RNA, and the change in LMP1 RNA was measured relative to that of the continuously growing EREB2.5 cells (set to 1). The results are the
averages of three independent experiments, and the T bars indicate the standard errors of the means. (B) P3HR1 cells were treated with the p38
inhibitor (SB203580.HCl dissolved in dH2O) or dH2O as a control 1 h prior to treatment with TSA (100 ng/ml). Samples were collected at 2, 4,
and 8 h after activation and subjected to quantitative RT-PCR and immunoblot analysis as described for panel A. (C) To determine the effect of
�-estradiol and TSA on the phosphorylation of p38 in the absence of EBV, DG75 cells were treated with 1 �M �-estradiol or 100 ng/ml TSA and
samples were collected at 2, 4, and 8 h. The samples were subjected to immunoblotting using phosphorylated p38 (P-p38)-, total p38-, and
GAPDH-specific antibodies. The results are representative of two independent experiments. (D) To illustrate the relative levels of LMP1 in the
samples used in this study, protein samples from different cell lines and treatments were subjected to electrophoresis on the same gel followed by
immunoblotting using LMP1-, P-p38-, and GAPDH-specific antibodies.
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though not the complete inhibition, of p38 phosphorylation
relative to that in the untreated samples (H2O controls). This
is probably due to the very high level of phosphorylated p38
present after estrogen induction. The inhibition of p38 phos-
phorylation led to a decreased LMP1 induction relative to that
in the control untreated samples. Thus, the large increase in
LMP1 levels after estrogen induction mostly depends on the
high levels of phosphorylated p38. The total level of p38 pro-
tein remained relatively constant, indicating that the p38 phos-
phorylation increase was not a result of an increase in the total
protein level. The p38 inhibition did not appear to affect
EBNA2 expression. The LMP1 RNA levels were also deter-
mined in all samples using RT-PCR, which is expected to be
more quantitative than an RNase protection assay (Fig. 2A),
and showed the same pattern in response to p38 inhibition as
that observed for the LMP1 protein, with a 2- and 3-fold LMP1
decrease at 4 and 8 h, respectively. Our data suggest that p38
is involved in LMP1 transcription regulation.

A similar investigation was carried out with TSA-induced
P3HR1 cells (Fig. 2B). An increase in the level of active p38
was observed over the 8-h period after TSA induction, and this
correlated with an increase in LMP1 expression. Again, inhi-
bition of p38 phosphorylation led to an inhibition of LMP1
protein and RNA levels. Therefore, our results indicate that an
increase in p38 signaling upregulates LMP1 expression.

The experiments above indicated that after each treatment,
the level of p38 phosphorylation is increased relative to that in
the untreated cells. This raised the question of the cause of p38
activation in each case. To investigate whether estrogen and
TSA activate p38 in the absence of other EBV factors, the
EBV-negative cell line DG75 was also treated with these
agents (Fig. 2C). Immunoblot analysis of DG75 cells treated
with estrogen showed that estrogen does not lead to increased
p38 phosphorylation in DG75. Hence, the induction of p38
phosphorylation in EREB2.5 cells after estrogen stimulation is
most likely a result of EBNA2 activation of the cells. TSA
treatment in the DG75 context resulted in increased p38 phos-
phorylation, indicating that TSA is most likely responsible for
p38 activation in P3HR1 cells.

We aimed to determine if p38 activation in EREB2.5 occurs
as a direct response to EBNA2 and independently of protein
synthesis. To do so, EREB2.5 cells were estrogen starved and
then induced with estrogen as described above but in the pres-
ence of the protein synthesis inhibitor cycloheximide. The level
of active p38 did increase after induction in the presence of
cycloheximide; however, cycloheximide treatment in the ab-
sence of estrogen induction also caused p38 activation, making
it impossible to elucidate the source of p38 activation (data not
shown). Nevertheless, two lines of evidence suggest that the
p38 activation may be independent of protein synthesis. First,
p38 is activated above the levels of continuously growing cells
already at 2 h after induction (Fig. 2A). Second, an increase in
p38 activation precedes a high level of LMP1 expression, which
is directly transactivated by EBNA2 itself in the absence of
secondary protein synthesis (32).

To be able to compare phosphorylated p38 (P-p38) and
LMP1 levels in the cell lines and cell treatments used above,
immunoblot analysis was carried out on one blot (Fig. 2D).
Two EBV-positive latency III cell lines, namely, WW1-LCL
and B95-8, were also included as a reference. The LMP1 and

phosphorylated p38 levels in EREB2.5 cells induced with es-
trogen for 24 h decreased in comparison to the levels in cells
8 h after induction, indicating upregulation after estrogen in-
duction to be transient. The decrease of LMP1 levels back to
those seen in continuously growing cells has also been reported
previously (32, 42). Various levels of phosphorylated p38 were
present in all cell lines. The phosphorylated p38 levels were
higher in EBV-positive latency III cell lines WW1-LCL and
B95-8 relative to those in continuously growing EREB and
untreated P3HR1 cells. The levels of LMP1 in WW1-LCL
and B95-8, however, did not correlate with their relative levels
of phosphorylated p38. These data illustrate the notion that a
higher level of phosphorylated p38 leads to LMP1 upregula-
tion but is not a direct determinant of LMP1 level in different
cell lines.

Inhibition of the p38 pathway downregulates LMP1 in
LCLs. The regulation of LMP1 by phosphorylated p38 in both
EREB2.5 and P3HR1 occurs under conditions of high levels of
phosphorylated p38 relative to those in continuously growing
EBV-positive B cells. To address whether p38 signaling has a
role in LMP1 regulation in EBV-positive B cells, we investi-
gated the effect of p38 signaling inhibition in LCLs. To this
end, WW1-LCL was also treated with SB203580 over a period
of 8 h and LMP1 and EBNA2 expression was analyzed by
immunoblotting and RT-PCR (Fig. 3A). Sequencing of the
LMP1 promoter in the WW1-LCL virus originating from the
WW1-BL cell line showed the presence of the same CRE
variant found in the B95-8 virus (data not shown). Immunoblot
analysis of WW1-LCL showed that phosphorylated p38 was
present in the continuously dividing cells and was downregu-
lated by SB203580 treatment. A small decrease in LMP1 ex-
pression was observed in response to p38 signaling inhibition.
RT-PCR analysis of LMP1 mRNA indicated that the p38 in-
hibitor led to a more distinct downregulation of LMP1 RNA
relative to protein. However, since immunoblotting is not a
very quantitative method, no conclusions can be drawn about
the actual level of decrease in LMP1 protein levels. Interest-
ingly, a smaller decrease in EBNA2 RNA was observed after
8 h of treatment with the inhibitor while EBNA2 protein levels
were stable over time. This is expected, as EBNA2 has a 24-h
half-life (22). Thus, EBNA2 is not involved in the downregu-
lation of LMP1 in this experiment.

It has been reported that the cells in an LCL population
express a wide range of LMP1 protein levels. To investigate
whether LMP1 downregulation in response to p38 inhibition
was specific to a subpopulation of WW1-LCL, the cells were
treated with and without SB203580 for 6 h, labeled with an
anti-LMP1 primary and a fluorescent secondary antibody, and
analyzed by flow cytometry. The mean expression of LMP1 in
SB203580-treated cells was decreased relative to that in un-
treated WW1-LCL; this was a general effect on the cell pop-
ulation and was not associated with the high-LMP1-expressing
subpopulation (data not shown). Overall, the contribution of
p38 signaling to LMP1 expression in WW1-LCL was not as
pronounced as that seen in induced EREB2.5 cells. This is
probably due to relatively lower levels of active p38 and LMP1
in LCLs with respect to that in estrogen-induced-EREB2.5
cells (Fig. 2D). Similar results were observed in an LCL im-
mortalized with the B95.8 virus (data not shown).

In our experimental system, the SB203580 treatment gener-
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ally ceased to inhibit p38 phosphorylation after 8 h. To deter-
mine whether inhibition of p38 over a longer time period
would induce a more pronounced decrease of LMP1 expres-
sion, we aimed to silence p38 expression, thereby decreasing
the level of phosphorylated p38. p38-targeted siRNA was tran-
siently transfected in WW1-LCL, and the cells were analyzed
by immunoblotting and RT-PCR for LMP1 expression (Fig.
3B). The level of p38 knockdown was verified by the same
methods. Already at 24 h after transfection, total p38 protein

and phosphorylated p38 levels decreased considerably. A mi-
nor downregulation of the level of LMP1 protein was observed
(Fig. 3B), but a change in the LMP1 RNA level was not
detected (data not shown). After 48 h and 72 h only a very
small or no change in the LMP1 protein and RNA levels could
be detected (data not shown). Together, the data indicate that
inhibition of the p38 pathway modestly downregulates LMP1
expression, but the effect is short-lived.

The LMP1 promoter is activated in response to exogenous
p38 expression. To address whether LMP1 regulation by p38
activation is at the transcription level, transient transfection of
LMP1 reporters was utilized. While the most obvious way to
activate p38 would be to expose the cells to environmental
stress, the complexity and intertwinement of the numerous
stress-activated pathways in the cells made this an undesirable
means of p38 activation. We therefore used exogenous over-
expression of the p38 protein in order to increase the total
levels of phosphorylated p38 protein. Both p38� and p38�
isoforms were cotransfected with LMP1 promoter reporters
into the EBV-positive cell line WW1-LCL. These isoforms of
p38 are targeted by the p38 inhibitors used in this study (10).
To assess the involvement of the CRE element in the LMP1
promoter as a mediator of LMP1 regulation by p38 signal-
ing, an LMP1 reporter with a mutation in this site was used.
The transfected cells were assayed for luciferase activity
24 h posttransfection (Fig. 4). The wild-type LMP1 pro-
moter [LRS(�634)Luc] doubled in activity in response to
the overexpression of both p38 isoforms. The activity of the
mutated LMP1 promoter construct [LRS(�634)(CREmut)Luc],
however, did not increase significantly in response to p38 over-
expression. Our results suggest that the p38 pathway does in

FIG. 3. Inhibition of p38 activity downregulates LMP1 levels in
an LCL. (A) WW1-LCL was treated with the p38 inhibitor
(SB203580.HCl dissolved in dH2O) or dH2O as a control, and samples
were collected at 2, 4, and 8 h. Immunoblot analysis was used to detect
phosphorylated p38 (P-p38), LMP1, total p38, EBNA2, and GAPDH
protein levels in the cells. Equal protein loading was confirmed by
monitoring the GAPDH levels. The results are representative of five
independent experiments. LMP1 and EBNA2 RNA levels in the
treated cells were analyzed using quantitative RT-PCR. The RNA
levels were normalized against the GAPDH RNA, and the change in
RNA was measured relative to that of the untreated WW1-LCL cells
(set to 1). The results are the averages of three independent experi-
ments, and the T bars indicate the standard errors of the means.
(B) WW1-LCL was transfected with 0.1 nmol of p38 siRNA or control
siRNA. The transfected cells were harvested after 24 h. Western blot
analysis was carried out with antibodies against LMP1, phosphorylated
p38 (P-p38), total p38, and �-tubulin as a loading control. The results
are representative of three independent experiments.

FIG. 4. Exogenous expression of p38 activates the LMP1 promoter.
The p38� expression vector, the p38� expression vector, or the control
vector (pcDNA3) was transfected into WW1-LCL, together with the
LRS(�634)Luc, the LRS(�634)(CREmut)Luc, or the control vector
(GL3basic) reporter plasmid as shown. The relative luciferase activity
is given as fold activation with respect to the LRS(�634)Luc activity in
the absence of p38 expression (set to 1). The results shown are the
mean results of five independent transfections, and the T bars indicate
the standard errors of the means.
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fact upregulate LMP1 transcription through factors binding to
the CRE site of the LMP1 promoter. While a doubling of
promoter activity may seem a modest increase, it should be
considered that it is against the background of an already
active promoter. Since the LMP1 reporter is already activated
by the endogenous EBNA2, a doubling of the activity is a
considerable increase. Overexpression of p38 in the EBV-neg-
ative cell line DG75 failed to activate the LMP1 reporters
(data not shown). Overall, our results indicate that the p38
pathway upregulates a transcriptionally active LMP1 promoter
but cannot recruit all the required coactivators by itself to
activate the promoter.

The upregulation of LMP1 transcription by p38 is mediated
by CREB-ATF1. Since the mutation in the CRE of the LMP1
reporter rendered it irresponsive to p38-mediated activation, the
role of CRE binding factors in p38 regulation of the LMP1 pro-
moter was investigated in vivo. Phosphorylation of CREB and
ATF1 by upstream kinases such as p38 is thought to stimulate
their binding to target promoters (44). To determine the effect of
p38 on CREB-ATF1 binding to the LMP1 promoter, a ChIP
assay was carried out on estrogen-induced EREB2.5 cells treated
with or without the p38 inhibitor SB203580 4 h postinduction with
an antibody that detects both CREB and ATF1 (Fig. 5). Notably,
the CRE site in the EREB2.5 virus variant which originates from
the P3HR1 virus binds the CREB-ATF1 dimer, although not as
efficiently as the wild-type B95-8 virus. Since in previous experi-
ments the very high level of phosphorylated p38 in estrogen-
induced EREB2.5 at 4 h could not be fully inhibited by SB203580,
we used a higher concentration of the inhibitor in this experiment.
Continuously growing and estrogen-starved EREB2.5 cells were
also included as a control. The chromatin pull-down with an
antibody that recognizes both CREB and ATF1 (CREB/ATF1)
was normalized against pull-down with a normal rabbit IgG
(background). The ChIP indicated an 8-fold CREB-ATF1 bind-
ing to the LMP1 promoter 4 h after estrogen induction, and the
level of this binding was reduced to half in SB203580-treated
EREB2.5 cells. Both continuously growing and estrogen-starved
EREB2.5 cells had a lower level of CREB binding to the LMP1
promoter. The low enrichment (2-fold, relative to that of the
IgG pull-down) of the LMP1 promoter in continuously grow-
ing cells reflects the lower efficiency of CREB-ATF1 binding to
the CRE variant in this cell line. Surprisingly, the estrogen-
starved EREB2.5 cells had the same level of LMP1 enrichment
after CREB/ATF1 pull-down as the continuously growing
cells. This may be explained by the ability of CREB-ATF1 to
bind promoters even in their inactive form (44). The level of
LMP1 and phosphorylated p38 was monitored by immunoblot
analysis. The expression levels of LMP1 correlated with the
levels of CREB binding to the LMP1 promoter and phosphor-
ylation status of p38. Our attempts at ChIP with several anti-
bodies against phosphorylated CREB failed. A likely explana-
tion may be that the active (phosphorylated) site of CREB at
the LMP1 promoter is covered as a result of interaction with
the transcriptional protein complex(es). The ChIP data suggest
that transcriptional regulation of LMP1 by p38 is mediated
by the regulation of CREB-ATF1 binding to the LMP1 pro-
moter.

Inhibition of the p38 pathway does not play a major role in
LMP1 RNA turnover. The p38 pathway has been implicated in
the regulation of mRNA stability of several genes in a specific

manner (20). To investigate if this mechanism is also relevant
to LMP1 regulation by p38, the stability of LMP1 RNA after
the inhibition of the p38 activity was investigated. To this end,
estrogen-starved EREB2.5 cells were induced by �-estradiol
for 3 h and then treated with 5,6-dichloro-1-ß-D-ribofuranosyl-
benzimidazole (DRB) (38), an inhibitor of mRNA synthesis.
This was carried out in the presence or absence of the p38
inhibitor, SB203580 (80 �M), and samples were collected at
different time points for quantitative RT-PCR and immuno-
blot analysis as indicated (Fig. 6). By doing so, we aimed to
investigate whether the p38 inhibitor had an impact on LMP1
RNA stability in the absence of transcription. In the control
cells (DMSO), LMP1 RNA and protein levels increased over
time, as observed in previous experiments. In cells treated with
DRB alone, the LMP1 RNA levels did increase slightly, indi-
cating that despite the high concentration of DRB used (100
�M) there was some residual transcription. Consistently, a
small increase in LMP1 protein level was observed at 9 h,
relative to 5 h in the DRB-treated sample. In DRB-plus-

FIG. 5. Inhibition of p38 activity downregulates CREB/ATF1 bind-
ing to the LMP1 promoter. EREB2.5 cells were estrogen starved for
48 h. The cells were then treated with the p38 inhibitor (SB203580.HCl
dissolved in dH2O) (80 �M) or just dH2O as a control 1 h prior to
activation with �-estradiol (1 �M). Chromatin immunoprecipitation
(ChIP) of CREB/ATF1 at the LMP1 promoter (primers flanking the
CRE in the promoter) was then performed on the treated cells 4 h
post-estrogen induction, as well as estrogen-starved and continuously
growing EREB2.5 cells. Results of real-time PCR analysis of ChIP
assays with an antibody specific to CREB and ATF1 or control rabbit
IgG are shown. The results are expressed as fold IgG where the IgG
was set to 1. Samples were analyzed in triplicate, and the results are the
average results of four independent experiments; the T bars indicate
the standard errors of the means. Immunoblot analysis was used to
detect phosphorylated p38 (P-p38), LMP1, and GAPDH protein levels
in the treated cells. Equal protein loading was confirmed by monitoring
the GAPDH levels.
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SB203580-treated samples, p38 phosphorylation (P-p38) was
lower than in the DRB-treated samples both at 5 h and more
visibly so at 9 h. However, p38 phosphorylation was not fully
inhibited. This is probably due to the counteracting induction
of p38 phosphorylation by DRB, indicated by the increased
level of phosphorylated p38 in DRB-treated samples relative
to that in the corresponding DMSO controls. In the DRB-
plus-SB203580-treated samples, the LMP1 RNA level de-
creased slightly relative to that with DRB treatment alone.
This decrease was shown to be statistically significant in a
two-tailed paired t test. However, it was difficult to conclude
if this decrease was due to a decrease in LMP1 RNA sta-
bility or the further inhibition of residual transcriptional
activity by SB203580 in these cells. Even in the SB203580-
treated cells, the LMP1 RNA appeared to be fairly stable over
time. The relative high stability of LMP1 RNA with respect to
other EBV latent proteins has been reported previously (50).
Thus, p38 phosphorylation seemed to contribute very little, if

anything, to LMP1 RNA stability. Taken together, our data
indicate that the p38 upregulation of LMP1 is mainly through
the regulation of its transcriptional activity.

DISCUSSION

EBNA2 is indisputably the physiological activator of LMP1
transcription in latency III EBV-positive cells (63). This trans-
activation is dependent on cellular transcription factors and is
mediated through several EBNA2-responsive elements at the
LMP1 promoter. In the latency II pattern of gene expression,
a few transcription factors, including STAT, IRF7, ATF4,
ATF2, and NF-�B (5, 21, 31, 40, 47), have been identified as
candidates for LMP1 transactivation. It is becoming apparent
that LMP1 transactivation in latency II may require the coop-
eration of several transcription factors, none of which seem to
be absolutely critical in promoter activation. The emerging
pattern seems to be that these transcription factors are all
LMP1 induced themselves, pointing to LMP1 as its own trans-
activator. The ability of LMP1 to activate its own transcription
has been shown by Goormachtigh et al. (21). Therefore, LMP1
transcriptional regulation is regulated by multiple cellular and
viral factors. One of the remaining questions is whether LMP1
expression is also regulated in response to signaling pathways
that are triggered by environmental stimuli.

In order to narrow our investigation of signaling pathways
affecting LMP1 expression, we took advantage of the extensive
studies on the LMP1 promoter sequence. The TATA-proximal
cAMP response element (CRE) in the LMP1 promoter ap-
pears to be one of the more critical sites in LMP1 transacti-
vation according to numerous studies (28, 53). Accordingly,
cAMP increases endogenous LMP1 expression (17). The CRE
mediates binding of transcriptional factors that are activated
by phosphorylation in response to upstream kinases (14).
Therefore, the effect of different serine/threonine kinase inhib-
itors on LMP1 transcription was investigated in our study.
Here, we show that the p38 signaling pathway is involved in
LMP1 transcription upregulation.

The p38 kinase is a member of the mitogen-activated protein
kinases (MAPK) (59). The MAPK group of kinases comprises
key mediators of transcriptional responses to extracellular sig-
nals that include growth factors, hormones, cytokines, and
environmental stress (62). In B cells specifically, p38 MAPK
activation participates in different pathways leading to either
proapoptotic or proliferative outcomes (8). There are four
members of the p38 MAPK family (p38�, p38�, p38	, and
p38
) with different substrate specificities (10). The phosphor-
ylation of p38� and p38� is specifically inhibited by SB203580
and SB202190 (10), indicating that these isoforms are involved
in LMP1 regulation in our studies.

In reporter studies, the overexpression of p38� and p38�
upregulated the wild-type LMP1 promoter activity but not the
CRE-mutated LMP1 promoter. Both p38� and p38� can in-
duce CREB and ATF1 phosphorylation by an indirect phos-
phorylation cascade through their substrates MAPKAP-2 (56)
and MSK1 (13). The ATF1-CREB heterodimer has been iden-
tified as the main activating transcription factor that binds
CRE in LMP1 (28, 53). The ChIP assay of the LMP1 promoter
confirmed that the CRE binding factors CREB-ATF1 are in-
volved in mediating p38 regulation of LMP1 expression. No-

FIG. 6. Inhibition of p38 activity does not markedly affect LMP1
RNA levels in the absence of RNA synthesis. Estrogen-starved cells
were induced with estrogen for 3 h. The cells were then treated with
DRB alone (100 �M dissolved in DMSO), DRB and the p38 inhibitor
SB203580.HCl (80 �M dissolved in dH2O), or just DMSO as a control.
Samples were collected at the times indicated in the figure and sub-
jected to quantitative RT-PCR and immunoblot analysis. The LMP1
RNA level was normalized against GAPDH RNA. The results shown
are the means of four independent experiments, and the T bars indi-
cate the standard errors of the means. The asterisks indicate statistical
significance in differences relati7ve to the corresponding DRB sam-
ples, obtained by a two-tailed paired t test. Immunoblot analysis was
used to detect phosphorylated p38 (P-p38), LMP1, and GAPDH pro-
tein levels in the cells. Equal protein loading was confirmed by mon-
itoring the GAPDH levels.

2794 JOHANSSON ET AL. J. VIROL.



tably, both ATF4 (CREB2) and JNK signaling through ATF2-
c-Jun have also been proposed to be involved in LMP1
autoactivation via this CRE site (21, 40). In our previous stud-
ies of CRE-binding factors, ATF2-c-Jun binding to this site
could not be confirmed (28), and ATF4 has consistently been
absent in our binding analyses of this site in both EBV-positive
and -negative nuclear extracts (28, 53). It is possible that the in
vitro conditions of our electrophoretic mobility shift assay
(EMSA) experiments do not allow for the detection of the
binding of these factors to the promoter. It is also possible that
these transcription factors activate the promoter through other
sites in the LMP1 promoter. Our results also suggest that the
p38 pathway does not play a considerable role in LMP1 RNA
stability; however, additional mechanisms of LMP1 promoter
regulation by p38 cannot be excluded by the present study.

LMP1 upregulation by p38 has several biological implica-
tions. One of the main oncogenic characteristics of LMP1 is its
ability to inhibit apoptosis by upregulating anti-apoptotic pro-
teins and promoting growth signals (55). Considering that p38
signaling can be activated by cytokines and environmental
stress, which can lead to apoptosis, upregulation of LMP1 by
the cytokine- or stress-activated p38 may allow EBV-positive
cells to evade apoptosis. This would be a survival mechanism
for LMP1-expressing tumors that need to escape apoptosis
induced by their environment. In this way, LMP1 converts a
cellular defense mechanism to the advantage of the virus.

The regulation of LMP1 by p38 may have an additional func-
tion. The events following EBNA2 activation of estrogen-starved
EREB2.5 cells are reported to mimic those of EBV infection of B
cells (35). It is possible that transient induction of p38 activity
during early EBV infection is required for a transient LMP1
upregulation, thereby ensuring survival and evading apoptosis
following infection. This mechanism would be a useful tool in
successful infection, regardless of whether p38 signaling is trig-
gered by viral factors or extracellular stimuli.

Interestingly, the p38 signaling pathway is a downstream
target of LMP1 itself (12, 16) and is responsible for several
characteristics exerted by LMP1. Therefore, this study presents
yet another autoregulatory loop in LMP1 expression. In the
LCLs investigated in our study, p38 inhibition by SB203580
and siRNA led to a low downregulation of LMP1, confirming
the presence of an autoregulatory loop. The fact that p38
inhibition modestly inhibits LMP1 expression, and that this
downregulation is transient, supports the notion that LMP1
transcriptional activity is dependent on several transcriptional
factors, and if necessary the lack of one can eventually be
compensated for by other factors. Overall, the contribution of
the p38 to the autoregulation of LMP1 does not seem to be
critical for LMP1 expression.

This study did not elucidate the cause of the high level of
transient p38 activity in EREB2.5 after EBNA2 activation. It
was, however, shown that it was not as a result of estrogen
treatment. Some evidence suggests that EBNA2 itself may be
responsible for the p38 activation. First, p38 activation oc-
curred shortly after EBNA2 activation and preceded the high
LMP1 expression and is probably independent of protein syn-
thesis. Second, a recent study indicates that the transient high
level of LMP1 expression after EBNA2 activation is restricted
to type 1 EBNA2, which is the type present in this investigation
(35). EBV strains are classified as type 1 or 2 according to the

variation in their sequence. The most prominent and biologi-
cally relevant variation between these two types is the sequence
of EBNA2 (36, 42). The transient high levels of LMP1 expres-
sion are not observed following induction with the type 2
EBNA2 in an experimental system similar to that used here
(42). Our finding that the high level of LMP1 is induced by the
high levels of p38 activity in our experiments, together with the
previous report that transient high levels of LMP1 are not
observed with type 2 EBNA2, leads us to speculate that the
type 1 EBNA2 is responsible for p38 activation. Exactly how
EBNA2 would mediate this activity is outside the scope of the
current investigation. If true, this hypothesis would resolve a
current paradox. Namely, the type 1 EBV isolate is much more
efficient at immortalizing B cells in vitro, a characteristic that is
mainly due to the variation in the EBNA2 sequence (7). The
timely induction of a high level of LMP1 by type 1 EBNA2 is
proposed to be important in the survival of B cells driven into
the cell cycle by EBNA2 after infection and partly responsible
for the more efficient immortalizing ability of type 1 EBV. On
the other hand, the two variants of EBNA2 protein are quite
similar in the domain that has been defined as the transacti-
vating region (RBP-J� interacting region) (11, 36), and LCLs
established by the two EBV strains express comparable levels
of LMP1 (7). Our hypothesis suggests that the transforming
efficiency differences between the two EBNA2 variants may
partly be the result of transient activation of the p38 pathway
by type 1 EBNA2 leading to a transient increase in LMP1 level
and increased survival efficiency. Since the cells infected by
EBV in the host are exposed to a large array of environmental
stimuli that could trigger the p38 signaling pathway transiently,
the type 2 virus need not be less efficient in establishing infec-
tion in the body, explaining the equal abundance of both EBV
strains in Africa and other regions of the world.

Notably, a high level of LMP1 is detrimental to the fate of
EBV-positive cells. A high level of LMP1 expression has been
shown to induce cytostasis (18, 33, 51) and inhibits the activity
of viral and cellular promoters in the absence of cytostasis (45).
Recently, it has also been shown that high LMP1 levels facil-
itate epitope presentation and T-cell recognition of infected
cells (3), which is unfavorable for virus survival. To avoid the
cytotoxic effects of LMP1, mechanisms of LMP1 downregula-
tion have been developed in EBV-positive cells. LMP1 tran-
scription is downregulated by IRF5 in latency II cells (48), and
recent findings indicate that the LMP1 protein downregulates
itself by inducing autophagy (39). Conceivably, high levels of
LMP1 expression are advantageous to the survival of EBV-
positive cells at times and are then regulated to lower levels,
thus avoiding cytostasis and immune detection. The transient
activation of LMP1 by p38 signaling reported by the present
study may possibly be a reflection of situations where high
LMP1 levels are required transiently for cell survival and in-
fection efficiency.

In summary, we have reported a stress- or cytokine-activated
regulatory pathway involved in upregulation of LMP1 tran-
scription and a positive regulatory loop. Our data support a
mechanism whereby the viral oncogene is regulated in re-
sponse to the cellular environment, allowing it to escape apop-
tosis and attain higher infection efficiency. This finding also
points out the need to study LMP1 regulatory mechanisms
with considerations for the cell’s physiological environment, in
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order to obtain a more complete picture of its regulation in
infection and tumorigenesis.
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