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Quiescent primary B lymphocytes and Epstein-Barr virus (EBV)-immortalized lymphoblastoid cell lines
express components of the extracellular response kinase arm of the mitogen-activated protein kinase
(MAPK"®¥) signal transduction pathway and transmit signals through the pathway when exposed to appro-
priate stimuli. Although the MAPK*®¥ pathway is activated following infection with EBV, MAPK/ERK kinase
(MEK]1) activity is not required to drive the proliferation of infected cells. However, MEK1 contributes to EBV

latency control.

The network of mitogen-activated protein kinase (MAPK)
signal transduction pathways plays an important role in regu-
lating the response of cells to a multitude of extracellular
stimuli (20, 26). The three MAPK pathways identified in hu-
mans contain similar core modules consisting of a series of
sequentially acting protein kinases. The first, a MAPK kinase
kinase, is activated in response to extracellular or intracellular
signalling and directly phosphorylates and activates the second
kinase, a MAPK kinase, which phosphorylates and activates
the effector kinase, MAPK (26). Despite similarities in the
overall scheme of signal transduction through these pathways,
each one is activated in response to different stimuli, and their
MAPK components have distinct targets. The importance of
these pathways for the normal control of cell proliferation and
survival is highlighted by the numerous examples of genetic
changes that disrupt or alter the function of the components of
these signal transduction pathways in cancer (13).

The human herpesvirus Epstein-Barr virus (EBV) overrides
the normal controls of cell proliferation following the infection
of quiescent B lymphocytes, driving antigen-independent pro-
liferation of infected cells and the outgrowth of immortal lym-
phoblastoid cell lines (LCLs) (18, 23). EBV is also implicated
in the development of several types of lymphoma, lymphopro-
liferative disease, and carcinoma (18, 23). It is therefore rele-
vant to question whether EBV exploits any of the MAPK
pathways during the growth transformation of infected cells. It
has recently been demonstrated that two MAPK signal trans-
duction pathways are activated by EBV: one involving the
c-Jun N-terminal kinase MAPK'™¥ via one of the essential
transforming proteins of EBV, latent membrane protein 1
(LMP1) (6-8, 11, 14), and the MAPKER¥ pathway (19),
which is the predominant MAPK pathway used to transduce
mitogenic signals. In response to mitogens, a signal is normally
passed through this pathway from the MAPK kinase kinase
c-raf, directing the phosphorylation of one or both of isoforms
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of the MAPK kinase, MEK1 and MEK2 (MEK1,2), which then
phosphorylate one or both of the MAPK components, p44
ERKI and p42 ERK2 (ERK1,2). Many potential targets for
the MAPK®R¥ pathway have been proposed; although their
relevance is still under investigation, it is clear that these tar-
gets include transcription factors and protein kinases (3). A
recently published study showed that the activity of ERKI,2
increases following infection of primary B lymphocytes with
EBV (19). The identity of the EBV gene(s) responsible for the
activation of the MAPKFR¥ pathway has not been firmly es-
tablished as yet, but studies in rodent fibroblasts implicate
LMP1 (19), whereas similar experiments undertaken in a
transformed human epithelial cell line found no correlation
between LMP1 expression and ERK1,2 activation (14).

Here, we sought to explore the potential roles of signal
transduction through the MAPKER¥ pathway in EBV-immor-
talized human LCLs. First we examined whether components
of the MAPKERK pathway are expressed and functional in
LCLs. As shown in Fig. 1, both MEK1 and MEK?2 proteins are
readily detected in the three representative cell lines analyzed:
IB4, an established LCL originally isolated from fetal cord B
lymphocytes (15), and ABL and MBL, two recently immortal-
ized LCLs derived from adult B lymphocytes (Fig. 1A). Fur-
thermore, both MEK1 and MEK?2 proteins are also present in
a population of freshly isolated human primary B lymphocytes
(22, 24), which are the precursors of LCLs.

ERKI1 and ERK2 expression was also investigated in LCLs.
As seen in Fig. 1B, both ERK1 and ERK2 proteins are readily
detected in the IB4 cell line. In order to establish whether
signal transduction through MEK1,2 is possible in these cells,
they were exposed to a known chemical activator of the
MAPKERE pathway, the phorbol ester phorbol-12,13-dibu-
tyrate (PDB). The activation of MEK1,2 was then scored by
assessing the phosphorylation of ERK1,2; phosphorylated
forms of ERK1,2 can be distinguished by their distinct migra-
tory patterns in sodium dodecyl sulfate-polyacrylamide gels
(Fig. 1B). The two bands observed in proliferating cells corre-
spond to the nonphosphorylated forms of ERK1 and ERK2
(Fig. 1B, lane 1). The slower migrating band, observed within
15 min of exposure to the phorbol ester, corresponds to a
phosphorylated form of ERK1,2 (Fig. 1B, lane 2). The appear-
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FIG. 1. Components of the MAPKFRK pathway are expressed and functional in LCLs. (A) Total protein lysates from a series of three LCLs (IB4, MBL, and ABL)
and a population of freshly isolated primary B lymphocytes were fractionated by sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis. MEK1 and MEK2
proteins were detected with specific primary antibodies (H8 and N20, respectively; Santa Cruz) followed by horseradish peroxidase-conjugated species-specific
secondary antibody and enhanced chemiluminescence (Amersham). (B) IB4 cells were exposed to PDB (1 nM) (Sigma) and the MEK kinase inhibitor PD98059 (50
M) (New England Biolabs) for 15 min as described in the text. Total protein lysates were then fractionated as described above, and ERK1 and ERK2 proteins were
detected with a specific antibody (p44/42-MAPK; New England Biolabs). The migration of ERK1 and ERK2 and the retarded migration of one of the phosphorylated

ERK bands are indicated on the gel.

ance of this band shows that signals can pass successful-
ly from PDB to ERK1,2 in these cells. The involvement of
MEKI1 and/or MEK2 in the process was addressed by using a
highly specific chemical inhibitor of the MAPK®RX pathway,
PD98059 (1, 5). PD98059 binds to the inactive forms of MEK1
and MEK2 and prevents their phosphorylation and subsequent
activation. PD98059 preferentially inhibits MEK1; a 10-fold
higher concentration is required to inhibit MEK2. In this
study, the concentration used was equal to the 50% inhibitory
concentration of MEK2, so it is likely that only MEK1 is fully
inhibited in vivo. However, since it is not possible to formally
distinguish whether any observed inhibition by PD98059 is due
to the action of MEK1 or MEK2 in this study, they are referred
to as MEK1,2. In LCLs, PD98059 inhibited the phorbol ester-
induced activation of ERK1,2 (Fig. 1B, lane 3, and data not
shown). Taken together, these data suggest that signal trans-
duction to ERK1,2 via MEK1,2 is functional in LCLs.

Since components of the MAPKERX signal transduction
pathway are implicated in the control of cell proliferation, we
sought to establish whether the pathway is required for the
proliferation of LCLs in normal culture conditions. The rate of
DNA synthesis was compared in LCLs cultured in the presence
or absence of PD98059 for 24 h. From the data shown in Fig.
2, it is clear that PD98059 does not significantly inhibit the
proliferation of LCLs. However, in other experiments when
longer-term effects were investigated, a modest (30%) reduc-
tion in the rate of DNA synthesis was observed in cells treated
with PD98059 for 3 days.

The failure of the MEK inhibitor to significantly reduce the
proliferation of LCLs led us to question whether the activation
of ERK1,2 observed following infection of primary B lympho-
cytes with EBV (19) is required for infection and cell cycle
activation. We isolated human primary B lymphocytes from
the peripheral circulation and subjected them to various stim-
uli: infection with EBV, addition of a calcium ionophore in
combination with a phorbol ester, or addition of physiologi-
cally relevant activators such as anti-CD40 plus interleukin-4
(IL-4) and anti-immunoglobulin M plus IL-4 (12). In each
case, the cells were stimulated to leave quiescence, to enter

into the cell division cycle, and to initiate DNA synthesis within
72 h (Fig. 3A). In order to investigate the phosphorylation of
ERK]1,2 in primary cells, it was necessary to employ a sensitive
assay using an antibody that is specific for the phosphorylated
forms of ERK1,2 (Fig. 3B). The cells treated with the calcium
ionophore in combination with PDB showed a dramatic in-
crease in the level of phosphorylated ERK1,2. These cells are
routinely activated one order of magnitude more effectively
than those infected with EBV or activated by physiological
agents (Fig. 3A). An increase in the level of phosphorylated
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FIG. 2. The proliferation of LCLs does not depend on MEK1,2 activity. IB4,
MBL, and ABL cells were cultured in the presence or the absence of the MEK
inhibitor PD98059 (50 wM) for 24 h. The rate of DNA synthesis was then
determined using a thymidine incorporation assay and is expressed as the
amount of [*H]thymidine incorporated into DNA per 6 X 10* cells within a 4-h
period (9). The assays were undertaken in triplicate, and the standard deviation
is shown by error bars. The data from cells cultured in the absence of the MEK
inhibitor are indicated by open bars, and the corresponding data from cells
cultured in the presence of the inhibitor are indicated by the solid bars.
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ERK1,2 was also observed in the primary cells that had been
infected with EBV or stimulated with the physiologically rele-
vant agents anti-CD40 and IL-4 (Fig. 3B). A comparison of the
kinetics of this phosphorylation showed no gross differences
between the stimuli (data not shown). This independent evi-
dence supports the published data from Roberts and Cooper
showing that ERK1,2 kinase activity increases following EBV
infection (19). Furthermore, incubation of the primary cells
with PD98059 inhibits EBV-stimulated phosphorylation of
ERKI,2 (data not shown), allowing us to expand the model to
include a requirement for MEK1,2 activity.

The relevance of the observed activation of ERK1,2 during
initial infection was then addressed by investigating whether
the MEK inhibitor is able to interfere with EBV infection. The
stimulation of cellular DNA synthesis occurring 3 days postin-
fection, which requires the expression of viral genes, was used
as a measure of initial infection. Although PD98059 was not
able to prevent EBV-driven DNA synthesis (Fig. 3C), in the
same conditions it readily inhibited DNA synthesis stimulated
by physiological agents. In these experiments, PD98059 inhib-
ited the phosphorylation of ERK1,2 (Fig. 3B). So unless some
residual and undetectable process of signal transduction to
ERK1,2 remains in the PD98059-treated primary cells, this
result suggests that EBV-driven and anti-CD40 plus IL-4-
driven cell proliferations have different requirements for signal
transduction through MEK1,2. Therefore, although we strong-
ly support the conclusion of Roberts and Cooper (19) that the
MAPKERX pathway is activated following the infection of hu-
man primary B lymphocytes with EBV, we conclude that this
activation is not required for the proliferation of the infected
cells.

Phorbol esters are potent agents that mediate the disruption
of EBV latency in LCLs (27), suggesting that the MAPKFR¥
pathway may play a role in latency control. Phorbol esters act
by direct interaction with protein kinase C (PKC) (16, 17), the
activity of which is required for phorbol ester-mediated dis-
ruption of EBV latency (4). We therefore addressed whether
the MAPKERX pathway is involved in the control of EBV
latency. The disruption of EBV latency by phorbol esters is
achieved through increased activity of a viral promoter driving
the expression of the EBV gene encoding the transcription
factor BZLF1, which directly activates the expression of a
group of EBV lytic genes including the early antigens (EA)
(18, 21, 25). A basal level of BZLF1 and EA expression can be
detected in most LCLs, as illustrated for MBL cells in lanes 1
and 5 of Fig. 4. Treatment with phorbol esters causes a dra-
matic increase in the expression of the viral lytic genes, with the
production of infectious virions within 3 to 4 days (27). Fol-
lowing stimulation of the cells with PDB, the expression of
both BZLF1 and EA increases dramatically within 24 h, and
this is sustained for at least 48 h (Fig. 4). However, the phorbol

FIG. 3. Divergent requirements for the phosphorylation of ERK1,2 following
primary B-lymphocyte stimulation and infection with EBV. Primary B lympho-
cytes, isolated from the peripheral circulation, were cultured in the presence or
absence of the indicated activators and inhibitors. PDB (1 ng/ml), ionomycin (0.8
pg/ml), anti-CD40 (G25-8) (2), anti-immunoglobulin M (BU.1) (10), IL-4 (Sig-
ma), and the B95-8 strain of EBV (22). (A) The rate of DNA synthesis was
determined after 72 h as described in the legend to Fig. 2. (B) Total protein
lysates were prepared from cells 30 min after the addition of the indicated
activators and inhibitors. Phosphorylated ERK1 and ERK2 proteins were de-
tected with a specific antibody (p44/p42 mapk-tyr204 [New England Biolabs]).
The migration of phosphorylated ERK1,2 is shown on the gel. (C) The rate of
DNA synthesis 72 h after the addition of the indicated stimuli was determined as
described in the legend to Fig. 2. The data from cells cultured in the absence of
the MEK inhibitor are indicated by open bars, and the corresponding data from
cells cultured in the presence of the inhibitor are indicated by the solid bars.
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FIG. 4. EBV latency disruption by phorbol ester requires MEK1,2 activity.
MBL cells were cultured in the presence of PDB (1 nM) and the MEK kinase
inhibitor PD98059 (50 uM) for 24 or 48 h, as indicated. Total protein lysates
were then fractionated, and BZLF1 (Z) and the EBV EA were detected with a
human serum, EE (4). The migrations of BZLF1 and EA are indicated on the
gel.

ester-mediated increase is entirely inhibited by the addition of
PD98059. These data clearly demonstrate that MEK1,2 activity
is required for mediating the disruption of viral latency by
phorbol esters. Since PKC activity is also required for the
disruption of viral latency by phorbol esters (4), these data
support a model whereby phorbol ester activation of PKC
signals through MEK1,2 to activate BZLF1 expression.

Current models suggest that EBV exploits cellular signal
transduction pathways to drive cell proliferation (23). Indeed,
most comparisons between primary B lymphocytes stimulated
with physiological agents or infected with EBV identified sim-
ilarities in the patterns of activated genes (reviewed in refer-
ence 23). Only the life span of the cells and differences in their
responses to DNA-damaging agents differentiates them. Thus,
the distinct requirements for signal transduction through
MEK]I,2 in primary B lymphocytes stimulated with physiolog-
ical agents versus those infected with EBV identifies an impor-
tant distinction in the routes used by EBV and physiological
agents to drive the proliferation of B lymphocytes. In addition,
although the activation of the MAPKERX pathway during the
initial stages of infection appears to be redundant, we have
identified a role for the MAPK®R¥ pathway in the regulation
of viral latency.
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