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The Epstein—Barr virus latent membrane protein-1
(LMP-1) is an integral membrane protein which trans-
forms fibroblasts and is essential for EBV-mediated
B-cell immortalization. LMP-1 has been shown to
trigger cellular NF- kB activity which, however, cannot
fully explain the oncogenic potential of LMP-1. Here
we show that LMP-1 induces the activity of the AP-1
transcription factor, a dimer of Jun/Jun or Jun/Fos
proteins. LMP-1 effects on AP-1 are mediated through
activation of the c-Jun N-terminal kinase (JNK) cas-
cade, but not the extracellular signal-regulated kinase
(Erk) pathway. Consequently, LMP-1 triggers the
activity of the c-Jun N-terminal transactivation domain
which is known to be activated upon JNK-mediated
phosphorylation. Deletion analysis indicates that the
55 C-terminal amino acids of the LMP-1 molecule, but
not its TRAF interaction domain, are essential for AP-1
activation. JNK-mediated transcriptional activation of
AP-1 is the direct output of LMP-1-triggered signaling,
as shown by an inducible LMP-1 mutant. Using a
tetracycline-regulated LMP-1 allele, we demonstrate
that JNK is also an effector of non-cytotoxic LMP-1
signaling in B cells, the physiological target cells of
EBV. In summary, our data reveal a novel effector
of LMP-1, the SEK/JNK/c-Jun/AP-1 pathway, which
contributes to our understanding of the immortalizing
and transforming potential of LMP-1.

Keywords AP-1 transcription factor/c-Jun N-terminal
kinase pathway/Epstein—Barr virus/latent membrane
protein-1/signal transduction

Introduction

Epstein—Barr Virus (EBV) is a human herpes virus associ-

membrane protein-1 (LMP-1) are essential for the
immortalizing functions of the virus (Cohegt al., 1989;
Hammerschmidt and Sugden, 1989; Kageal, 1993;
Tomkinsonet al., 1993; Kempke®t al, 1995b). EBNA2
activates the transcription of several viral and cellular
genes by interaction with the cellular DNA-binding pro-
teins RBP-& and PU.1 which bind to EBNA2-responsive
promoter elements (Grossmahal,, 1994; Henkekt al,
1994; Lauxet al, 1994; Zimber-Stroblet al, 1994).
Thereby, EBNAZ triggers the expression of B-cell activa-
tion markers such as CD21 and CD23 (Cordéral.,
1990), the expression of the tyrosine kinase c-fgr (Knutson,
1990), and viral latent genes such as LMP-1, LMP-2A
and LMP-2B (Fahraeust al, 1990; Lauxet al, 1994;
Zimber-Stroblet al., 1994).

LMP-1 expression is not only necessary for B-cell
immortalization by EBV (Kayeet al, 1993) but is the
only EBV protein that has an oncogenic potential in non-
lymphoid cells. The expression of LMP-1 in rodent
fibroblasts leads to the induction of transformed pheno-
types (Wanget al, 1985; Baichwal and Sugden, 1988).
However, the mechanisms underlying LMP-1’s ability to
immortalize and transform B cells and non-B cells are not
fully understood. In Burkitt's lymphoma cell lines LMP-1
induces the expression of B-cell activation markers such
as CD23 and cell adhesion molecules like ICAM1 (Wang
et al, 1990). LMP-1 has been reported to induce the
expression of the anti-apoptotic genes bcl-2 (Henderson
et al, 1991) and A20, the latter via induction of the
transcription factor NB (Laherty et al, 1992). The
transforming potential of LMP-1, however, does not appear
to depend on NKB activation or induction of bcl-2,
since LMP-1 transforms BALB/3T3 cells without inducing
NF-kB or bcl-2 (Baichwal and Sugden, 1988; Martin
et al, 1993; Mitchell and Sugden, 1995). In addition,
LMP-1 does not affect bcl-2 expression in primary human
B cells or in B-cell lines immortalized by EBV (Martin
et al, 1993; Zimber-Strobkt al, 1996).

LMP-1 is an integral membrane protein consisting of
386 amino acids. Six transmembrane spanning domains
(162 amino acids) connect a short N-terminal stretch (24
amino acids) with a long C-terminal domain (200 amino
acids), both of which are located in the cytoplasm
(Liebowitzet al,, 1986; Kieff, 1996). Little is known about

ated with several human cancers such as Hodgkin's LMP-1's molecular functions in the cell. The C-terminus of

lymphoma, Burkitt's lymphoma or nasopharyngeal
carcinoma (for a review see Klein, 1994). EBV efficiently
infects resting B cellsin vitro, which results in the
immortalization of the infected cells (for reviews see
Farrell, 1995; Kieff, 1996). This process constitutes an
in vitro model for EBV’'s contribution to B lymphoid

LMP-1 has been shown to bind tumor necrosis factor
receptor-associated factors (TRAFs) 1, 2 and 3 (Mosialos
et al, 1995; Devergneet al, 1996; Sandberget al,

1997) suggesting that LMP-1 might act as a receptor-like
molecule comparable with the members of the tumor
necrosis factor receptor (TNFR) superfamily. However,

diseases. Among the 11 EBV genes found expressed inLMP-1 is a unique molecule. It is not homologous to any

in vitro EBV-immortalized B cells, Epstein—Barr viral
nuclear antigen 2 (EBNA2), EBNA3a and 3c and latent
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of the known TNFR family members or other known
receptor families and its activity does not appear to depend

© Oxford University Press



LMP-1 induces AP-1 via JNK

on the binding of a specific ligand especially because 1 (JNK1) or the constitutively active Raf-1 kinase domain
LMP-1 lacks an extracellular domain (Liebowitt al, (BXB-Raf) (Kieser et al, 1996) also induced AP-1-
1986). So far, induction of NkB activity is the only dependent luciferase activity in 293 cells (Figure 1A).
known direct cellular output of LMP-1 signaling These results show that LMP-1 expression leads to a
(Hammarskjold and Simurda, 1992; Laheetyal, 1992; strong induction of the transcription factor AP-1.

Kieff, 1996). LMP-1-triggered signaling to NkB is

thought to be initiated at the C-terminal cytoplasmic LMP-1 induces JNK1 kinase activity but not Erk2
domain of LMP-1 (Hueret al, 1995; Mitchell and Sugden,  activity

1995) after oligomerization of LMP-1 in the plasma The next step was to elucidate the signaling pathway(s)

membrane via its transmembrane domains (Gaesl, mediating LMP-1 effects on AP-1. So far, two MAPK
1997). Activation of NFkB has been reported to involve (mitogen-activated protein kinase) pathways have been
TRAF1 and 2 (Mosialost al, 1995; Devergneet al, identified that regulate AP-1 activity in the cell, the Mek

1996), but very recent data show that LMP-1 mutants Erk pathway, which is activated by the Raf-1 kinase, and
which do not bind TRAFs still induce NKB activity the SEK - JNK cascade (Kariet al, 1997). In order to
(Sandbereet al,, 1997). evaluate LMP-1’s ability to induce either one or both of
Kaye and collegues demonstrated that LMP-1 provides these pathways, we examined whether LMP-1 activates
a growth factor-like effect that is essential for the immortal- JNK1 or Erk2.
ization of B lymphocytes by EBV (Kayet al, 1995). As LMP-1 strongly induced the kinase activity of a cotrans-
discussed above, NiB activity alone is unlikely to be  fected hemagglutinin (HA)-tagged JNK1 (HA-JNK1) in
the basis for LMP-1's transforming and immortalizing transient transfection assays in 293 cells (Figure 1B).
potential since LMP-1 transforms some cells without LMP-1 induced JNK1 kinase activity by a factor of 7.8
inducing NFxB (Baichwal and Sugden, 1988; Martin which is comparable with the LMP-1-triggered activation
et al, 1993; Mitchell and Sugden, 1995). Therefore, we of AP-1 (see Figure 1A). As positive controls, cross-
set out to identify new nuclear targets of LMP-1 signaling linking of a cotransfected CD40 receptor (Berberéttal.,
that could help to explain the immortalizing and growth 1996) or UV-irradiation (Derijardet al, 1994) of the
factor-like effects of LMP-1. A prime candidate was the cells also caused JNK1 activation demonstrating that the
transcription factor AP-1 (activator protein-1), a dimer experimental setup was working properly. In contrast
composed of Jun or Fos familiy proto-oncoproteins binding to HA-JNK1, neither Raf-1 (data not shown) nor a
to the phorbol 129-tetradecanoate-13-actetate (TPA)- cotransfected HA-Erk2 (Figure 1B) was activated by
responsive element (TRE) (for reviews see Angel and LMP-1. These findings demonstrate the selectivity of the
Karin, 1991; Karinet al, 1997). Induction of the fos and LMP-1 signaling process. LMP-1 efficiently induces the
jun immediate early genes is tightly linked to the control JNK cascade but not the Erk cascade. In addition, these
of proliferation as well as the induction of transformation findings led us to hypothesize that LMP-1 might trigger
and immortalization of various cell types including B cells AP-1 specifically via the JNK pathway.
(Angel and Karin, 1991; Kariret al, 1997). The AP-1
transcription factor is activated by a variety of growth LMP-1 induces the activity of the c-Jun N-terminal
factors and mitogens such as epidermal growth factor transactivation domain
(EGF), platelet-derived growth factor (PDGF), or TPA In vivo, JNKs but not Erks activate c-Jun by phosphoryl-
(Angel and Karin, 1991; Karin, 1995) and, thus, mediates ation of serine residues 63 and 73 in its N-terminal
growth factor effects. Moreover, the activated viral transactivation domain (Hibét al, 1993; Derijardet al.,
counterparts of cellular c-jun and c-fos, v-jun and v-fos, 1994; Mindenet al, 1994; Westwicket al, 1994; Karin
have both been described as potent oncogenes (Angel anét al, 1997). To test whether LMP-1 induces AP-1 via
Karin, 1991). Here we show that LMP-1 induces the the N-terminal transactivation domain of c-Jun, LMP-1
activity of the AP-1 transcription factor via a signaling was transiently expressed together with a chimeric tran-
pathway which involves the c-Jun N-terminal kinase 1 scription factor, c-Jun:E2, consisting of the N-terminal
(JNK1). The identification of the proto-oncoprotein AP-1 transactivation domain of c-Jun (amino acids 1 to 244)
as a nuclear target of LMP-1 signaling provides new clues and the DNA-binding domain of the papilloma virus E2
to the immortalizing and transforming potential of LMP-1. protein. Transactivation by this chimeric transcription
factor is dependent on the activation of the c-Jun portion
of the fusion protein (Baichwal and Tjian, 1990). The

Resul i - :
esults transactivating activity of c-Jun:E2 was measured in
Induction of AP-1-dependent transcription by transient reporter assays using a reporter construct which
LMP-1 carries a luciferase reporter gene under the control of

To test whether LMP-1 can activate the AP-1 transcription seven E2 binding sites, 7xE2-oriLyt-Luc(L) (Schepers
factor, human 293 embryonic kidney cells were transiently et al,, 1993).

transfected with increasing amounts of an LMP-1 expres- LMP-1 caused a significant increase (up to 6.5-fold) of
sion plasmid together with an AP-1 reporter construct, the transcriptional activitiy of c-Jun:E2 in a dose-depend-
which consists of a luciferase reporter gene under the ent fashion (Figure 1C). As expected, transient expression
control of a minimal promoter and four TREs (pRTU14). of JNK1 also induced c-Jun:E2 activity in the same range
The expression of LMP-1 led up to a 10-fold induction as LMP-1, whereas expression of BXB-Raf was not
of AP-1-driven transcription depending on the amount of effective (Figure 1C). Taken together, these findings show
cotransfected LMP-1 expression plasmid (Figure 1A). As that LMP-1 can induce AP-1 activity via the c-Jun
positive controls, expression of the c-Jun N-terminal kinase N-terminal transactivation domain and strengthen the
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Fig. 1. Induction of AP-1, JNK1 and c-Jun activity by LMP-1 in transient transfection experiments in 293 human kidneyA)ef&-1 induction

by LMP-1. 50 ng of the AP-1 reporter plasmid pRTU14 was transfected together with the indicated amounts of the LMP-1 expression vector
pSV-LMP-1, 1ug of the INK1 expression vector 8RHA-IJNK1, or 1 pg pBXB-Raf expressing the Raf kinase domain BXB. Mock-transfected

cells were transfected with carrier DNA and pRTU14 only. 24 h post-transfection luciferase activities were measured. The control reporter plasmid
pRTUL1 lacking the four TRE sites showed minimal basal activity only, and was not inducible by any of the applied stimuli (data not shown).

(B) JNK1, but not Erk2, is induced by LMP-1. As indicatedud pSV-LMP-1, pESBOS-CDA40, or carrier DNA were transfected together wii 1
SRo-HA-JNK1 expressing a hemagglutinin (HA)-tagged JNK1 (HA-JNK1) omSfRA-Erk2 expressing a HA-tagged Erk2 (HA-Erk2). Cells

transfected with CD40 were stimulated withuy/ml soluble CD40 ligand (Immunex) for 24 h to trigger CD40 activity. As positive controls, cells

were UV-irradiated with 50 mJ in a Stratalinker (Stratagene) 30 min before cell harvest or stimulated with 100 nM TPA for 30 min. 24 h post-
transfection kinase activities were assayed in immunocomplex kinase assays. Results of HA-JNK1 assays are shown on the left side, HA-Erk2 assays
on the right side. Top panels, autoradiographs of purified glutattetn@nsferase (GST)-tagged c-Jun or myelin basic protein (MBP) phosphorylated

by immunoprecipitated HA-JNK1 or HA-Erk2, respectively. Middle pan&lsfold induction of kinase activities as quantitated by phosphoimager
analysis. Bottom panels, immunoblots of the immunoprecipitated HA-JNK1 or HA-EE2Activation of the c-Jun N-terminal transactivation

domain by LMP-1. 50 ng of the plasmid pCMV-c-Jun:E2 expressing a fusion protein composed of the c-Jun N-terminal transactivation domain
(amino acids 1 to 244) and the E2 DNA binding domain (amino acids 250 to 410), and 100 ng of the luciferase reporter plasmid 7xE2-oriLyt-Luc(L)
containing seven E2-binding sites were transfected together with the indicated amounts of pSV-LM&-3R2-HA-IJNK1, or 2 ug pBXB-Raf.
Mock-transfected cells were transfected with c-Jun:E2 transactivator, carrier DNA and reporter plasmids only. 24 h post-transfection luciferase
activities were measured.

hypothesis that the JNK pathway might be involved in The 55 C-terminal amino acids of LMP-1 are

mediating LMP-1's effects on c-Jun/AP-1. critically involved in LMP-1’s effects on AP-1

The next step was to identify the domain(s) of the LMP-1
molecule that are necessary for LMP-1's effects on AP-1
activity. Two regions in the cytoplasmic C-terminus of
LMP-1 have been identified to mediate LMP-1 function,
the C-terminal activation regions 1 and 2 (CTARL, 2)
(Huen et al, 1995; Kieff, 1996). Mutational analysis
suggested that both domains are involved in ®B--

Dominant-negative mutants of SEK1 block
LMP-1-induced activities of JNK1, c-Jun and AP-1

SEK1 is the upstream kinase which phosphorylates and
thereby activates JNK1 (Sanchetzal, 1994). Dominant-
negative mutants of SEK1 have been shown to block

JNK1 activity in response to extracellular and intracellular _ivacion by LMP-1 (Hueret al, 1995; Mitchell and

stimuli (Sanchezt al, 1994, Yanet al, 1994). In order Sugden, 1995; Devergnet al, 1996; Sandbergt al,

to investigate whether LMP-1 triggers AP-1-dependent 1997) Furthermore, CTARY (amino acids 194 to 231) has
transcriptional activation via the JNK1 c-Jun cascade, peen shown to interact with TRAFs 1. 2 and 3 (Mosialos
we used dominant-negative mutants of SEK1 which were & al, 1995; Devergnet al, 1996: Sanabergt al, 1997)
expected to interfere with LMP-1-induced JNK1 activity \yhereas TRAF interaction with the C-terminal CTAR2
as well as c-Jun and AP-1-dependent transcriptional activ- (amino acids 332 to 386) could not be demonstrated. The
ation. Transient coexpression of two dominant-negative activity of CTAR1 appears to be dependent on TRAF-
1994) and SEK1-AL (S220A, T224-1) (Yan et al, To learn whether CTAR1 or CTAR2 might be involved
1994), severely impaired LMP-1-induced JNK1 activity in AP-1 induction by LMP-1, we transiently transfected
in 293 cells (Figure 2A). Coexpression of SEK1-KR or | MP-1 mutants harboring deletions in both regions
SEK1-AL led to a 70% and 77% decrease in LMP-1- together with the AP-1 reporter contruct pRTU14 in
induced JNK1 activity, respectively. SEK1-KR and SEK1- 293 cells and subsequently assayed for AP-1-dependent
AL also blocked LMP-1-triggered activation of the c-Jun transcription. The CTAR1 deletion mutant LMRA12—
transactivation domain (Figure 2B) and LMP-1-induced 231 shows strongly reduced TRAF1 and barely detectable
AP-1-dependent transcription (Figure 2C). These observ- TRAF2 interaction compared with wildtype LMP-1
ations clearly demonstrate that LMP-1 can induce the (Sandbergt al, 1997). The LMP-1 deletion mutant LMP-
AP-1 transcription factor via the SEKL. JNK1 - 1A332-386 lacks the complete CTAR2 region. As shown
c-Jun cascade. in Figure 3, deletion of CTAR2 completely abolished
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transiently transfected 293 human kidney celfs) Block of JNK1 induction by SEK1 mutants. ig SRa-HA-JNK1 was transfected together with
0.5ug pSV-LMP-1, 1.5ug pEBG-SEK1-KR expressing SEK1-KR or pSEK1-AL/EE-CMV expressing SEK1-AL. Mock-transfected cells were
transfected with carrier DNA and SRHA-JNK1 only. 24 h post-transfection HA-JNK1 kinase activities were assayed. Top panel, SDS-PAGE and
autoradiography of GST—c-Jun phosphorylated by immunoprecipitated HA-JNK1. Middle paf@l] induction of kinase activities as quantitated
by phosphoimager analysis. Bottom panel, immunoblots of the immunoprecipitated HA-JB)KRlock of c-Jun induction by SEK1 mutants. 50 ng
pCMV-c-Jun:E2 and 100 ng 7xE2-oriLyt-Luc(L) were transfected together witly 2f pSV-LMP1, 2ug pEBG-SEK1-KR or 2ug
pSEK1-AL/EE-CMV as indicated. Mock-transfected cells were transfected with carrier DNA, transactivator and reporter plasmids only. 24 h
post-transfection luciferase activities were measu¢€jl.Block of AP-1 induction by SEK1 mutants. As in (B), cotransfection of 50 ng of the AP-1
reporter plasmid pRTU14 instead of pCMV-c-Jun:E2 and 7xE2-oriLyt-Luc(4)gIof the LMP-1 and SEK mutant expression vectors were
transfected.

16.0-—

LMP-1’s ability to induce AP-1. In contrast, the functional
deletion in CTAR1 had no significant consequences on
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is required for AP-1 induction by LMP-1.
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Crosslinking of a conditional LMP-1 mutant leads
to the immediate induction of the JNK1 pathway
It was important to show that the effects of LMP-1 on 00~
the JNK cascade and AP-1 were direct and did not involve
e.g. autocrine loops. Therefore, we used a conditional
LMP-1 mutant whose activity can be induced at will.
The mutant LMP-1:3xFKBP12 lacks the transmembrane
segments 1 0 4 (amino acids 25 10 132) of LMP-1 and B0, e o5 e ey ol s
carries a .FKBPlZ trimer at its .C_termmus (Giresal, indicated, 1jug of the expression vectors pSV-LMP-1 express)i/ng
1997). This LMP-1 mutant localizes to the plasma mem- yjigtype LMP-1, pSV-LMP-1212-231 expressing a CTARL deletion
brane but fails to oligomerize as wildtype LMP-1. Instead, mutant, and pSV-LMP-A332—386 expressing a CTAR2 deletion
LMP-1:3xFKBP12 can be oligomerized by the use of a mutant were cotransfected with 50 ng of the AP-1 reporter plasmid
drug (‘AP1510 dimerizer’) which mediates cross-linking pRTU14. 24 h post-transfection luciferase activities were assayed.
of these molecules via their FKBP12 domains. Oligomeriz-
ation of LMP-1:3xFKBP12 efficiently induces NiB and regulated signaling event and not just an unspecific
activation (Gire®t al, 1997) demonstrating that crosslink- consequence of, for example, general cell stress generated
ing of this LMP-1 mutant can trigger signaling activity. by LMP-1 expression or by the transfection procedure.

A significant increase in HA-JNK1 activity could be
observed with LMP-1:3xFKBP12 as shortly as 5 min after LMP-1 expression parallels JNK1 induction in
adding the dimerizing drug (Figure 4). The maximum B cells
HA-JNK1 induction (5.5-fold) was reached after 30 min. Since LMP-1 is genetically involved in B-cell immortaliz-
In a related experiment, AP-1 activity could also be ation by EBV (Kayeet al, 1993; Kieff, 1996), it was
induced by LMP-1:3xFKBP12 within 30 to 60 min after interesting to learn whether LMP-1 would be capable to
administration of the drug as demonstrated in transient induce the JNK cascade also in B cells. Primary human
reporter assays (data not shown). These results show thaB cells were immortalized with a recombinant mini-EBV
induction of the JNK cascade and AP-1 is an immediate (Kempkeset al, 1995a) carrying a tetracyline-regulated
and therefore most likely a direct response to LMP-1 LMP-1 allele according to the system described by Gossen,
signaling events. Furthermore, these results demonstrateDeuschle and collegues (Gossenal, 1993; Deuschle
that JNK1 and AP-1 induction by LMP-1 is a specific et al, 1995) (E.Kilger, A.Kieser and W.Hammerschmidt,

2.0~

mock-transfected
LMP-1
LMP-1A212-231
LMP-1A332-386
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Fig. 4. Immediate induction of INK1 activity after oligomerization of

a conditional LMP-1 mutant. 293 cells were transiently transfected
with 1 pg SRi-HA-INK1 together with 50 ng carrier DNA
(mock-transfected) or 50 ng of the plasmid pLMP-1:3xFKBP12, as
indicated. The conditional LMP-1 mutant LMP-1:3xFKBP12 lacks the
transmembrane segments 1 to 4 (amino acids 25 to 132) but carries a
C-terminal fusion with a trimer of the FKBP12 domain. Activity of
LMP-1:3xFKBP12 can be triggered by administration of the

dimerizing drug AP1510 (ARIAD Pharmaceuticals). 24 h post-
transfection cells were stimulated with 50 nM of AP1510 (‘dimerizer’)
for different periods of time, as indicated. Cells were harvested and
the activity of the immunoprecipitated HA-JNK1 was assayed. Top
panel, SDS—-PAGE and autoradiography of GST—c-Jun phosphorylated
by the immunoprecipitated HA-JNK1. Middle pane&l-fold induction

of kinase activities as quantitated by phosphoimager analysis. Bottom
panel, immunoblots of the immunoprecipitated HA-IJNK1.

in preparation). With the exception of LMP-1, all other
EBV genes required to initiate and maintain B-cell
immortalization are constitutively expressed from this
mini-EBV construct (Kempket al, 1995a) (E.Kilger,
A.Kieser and W.Hammerschmidt, in preparation).

In this B-cell system, removal of tetracycline leads to
a drastic downregulation of LMP-1 expression (Figure 5)
and the cells cease to proliferate (Kilgatral, in prepar-

ation). Endogenous JNK?1 activity could barely be detected

in this state (Figure 5). Re-induction of LMP-1 expression
resulted in a strong induction of endogenous JNK1
activity (Figure 5). After 4 days of restimulation endo-

genous JNK1 activity reached its maximum level of a
12.6-fold induction. Concomitantly, upon re-induction of

LMP-1 expression the cells re-entered the cell cycle
and started proliferating again (E.Kilger, A.Kieser and
W.Hammerschmidt, in preparation). This finding delivers
strong evidence that induction of INK1 by LMP-1 is linked

to proliferation rather than cytotoxic effects. Although the
tetracycline-regulated promoter controling LMP-1 expres-

tetracycline
restimulation

- tetracycline

1d 2d 3d 4d

JNK1 activity
(GST-c-Jun~P)

— — -

x-fold induction = | 1.0 1.7 2.2 7.3 126

IgG heavy chain —p» - 66 kD
(immunoblot) - .
i - 30 kD
wGligntcnain—s | IR S B B
1|
: - 97.4 kD
LMP-1 | 66 kD
i — | ——————
(immunoblot) :: =Rl

Fig. 5. LMP-1 induces endogenous JNK1 activity in B cells
immortalized with a mini-EBV plasmid carrying a tetracycline-
conditional LMP-1 allele. Primary B cells immortalized with this
mini-EBV were kept in the absence of tetracycline for 4 days to
downregulate LMP-1 expression. Subsequently, LMP-1 expression was
re-induced with 1ug/ml tetracycline for up to 4 days, as indicated.
After lysis of cells, endogenous JNK1 was immunoprecipitated using
the rabbit anti-JNK1 antibody C17 and kinase activities were
determined. Top panel, SDS—-PAGE and autoradiography of
GST—c-Jun phosphorylated by the immunoprecipitated JNK1. Second
panel from top,X-fold induction of kinase activities as quantitated by
phosphoimager analysis. Third panel from top, immunoblots of the
immunoprecipitated JNK1 using the rabbit anti-JNK1 antibody C-17.
Bottom, immunoblot analysis of LMP-1 expression using a rabbit
polyclonal anti-LMP-1 antibody.

Discussion

Here we show that Epstein—Barr virus LMP-1 induces
AP-1-dependent transcription via the SEK1 JNK1 -
c-Jun N-terminus cascade. This is the first report demon-
strating that LMP-1 can trigger the activity of an intracellu-
lar signaling kinase. This finding reveals how oncogenic
proteins of the immortalizing DNA virus EBV could
interact with the cellular signaling network that controls
cell growth and differentiation.

JNK1 activation via an inducible LMP-1 mutant allowed
us to demonstrate that cellular effects occur within minutes
after induction of LMP-1 activity. These results function-
ally support the suggested role of LMP-1 as a receptor-

sion in these cells appears to be leaky, LMP-1 expression|ijxa molecule (Devergnet al, 1996; Kieff, 1996; Gires

levels comparable to EBV-immortalized lymphoblastoid gt g, 1997). Our findings are even more surprising
cell lines (LCLs) are reached at day 3 after tetracycline taking into account that LMP-1 does not show an overall
restimulation (data not ShOWﬂ; K||get al., in preparation). h0m0|ogy to any known transmembrane receptor mole-
Most likely, this is the reason for the boost in JNK1 cyle. Although LMP-1 binds to molecules of the TRAF
activity at day 3 after administration of tetracycline. At family via its CTAR1 domain (Mosialost al, 1995;
that point, LMP-1 expression levels might exceed a certain Devergneet al, 1996; Sandberget al, 1997), LMP-1
threshold necessary to form active oligomeres in the CTAR1 mutants which are drastically impaired in TRAF
plasma membrane. Taken together, these data demonstratiinding still induce NF«B almost to wildtype levels

a clear link between LMP-1 expression and the activity (Huenet al, 1995; Mitchell and Sugden, 1995; Sandberg
of the JNK pathway also in B cells. et al, 1997). This finding resembles the situation observed
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here concerning AP-1 induction by LMP-1. The LMP-1
mutant LMP-1N212—-231 which lacks significant TRAF
binding activity (Sandbergt al., 1997) still induces AP-1-
dependent transcription. In contrast, the 55 C-terminal
amino acids of the LMP-1 CTAR2 domain appear to be
critical for LMP-1-triggered AP-1 activity (see Figure 3)
as for NFkB activity (Huenet al, 1995; Mitchell and
Sugden, 1995; Devergret al, 1996). Moreover, expres-
sion of LMP-1A332-386 appears to slightly repress the
level of cellular AP-1 activity (see Figure 3). The reason
for this effect is not clear, yet, but a LMP-1 mutant with the
CTAR2 domain directly fused to LMP-1's transmembrane
domain (LMP-1187-352) induces JNK1 and AP-1
activity almost to levels of wildtype LMP-1 (data not

shown). This observation supports the significance of the

results observed with the LMP-1 CTARZ2 deletion mutant
and clearly demonstrates the importance of the LMP-1
CTAR2 domain for LMP-1's effects on the JNK1/c-Jun/

AP-1 pathway. In summary, these data suggest that the

C-terminal CTAR2 domain plays an important role in
mediating LMP-1 signaling events.

Albeit we show that the SEK1/JNK1/c-Jun N-terminus
cascade can mediate AP-1 induction by LMP-1, this
finding does not exclude the possibility that there might
be additional LMP-1-triggered pathways leading to AP-1
induction. The results reported here bring the two ‘loose
ends’, LMP-1 on one side and the nuclear targets of

LMP-1 induces AP-1 via JNK

is critically involved in inducing JNK1 (data not shown)
and AP-1 activity. Activity of the AP-1 transcription factor
is tightly linked to the control of cell proliferation (Angel
and Karin, 1991; Kariret al,, 1997). Moreover, the AP-1
transcription factor is induced by many growth factors
and mitogens (Angel and Karin, 1991; Karin, 1995).
Therefore, AP-1 is a good candidate for mediating the
growth factor-like effects critical for LMP-1-mediated
immortalization and transformation. In summary, we have
identified the transcription factor AP-1 and the JNK
cascade as novel targets of LMP-1 signaling that could
help to explain the immortalizing, transforming, and
growth factor-like effects of LMP-1 in B cells and other
cells which EBV infects.

Materials and methods

Plasmids and expression vectors

pSV-LMP-1 is an expression vector based on pHEBO (Sugzteal,
1985) in which LMP-1 is expressed from a subgenomic EBV fragment
under the transcriptional control of the SV40 promoter/enhancer. To
generate pSV-LMPA212-231 and pSV-LMP/#332-386, the LMP-1
deletion mutants LMP-A212-231 (kind gift from M.Sandberg) and
LMP-1A332-386 were cloned into the same vector background as pSV-
LMP-1. The construction of the LMP-1 mutant LMP-1:3xFKBP12 has
been described recently (Gires al, 1997). To generate pBXB-Raf the
kinase domain of human Raf-1 (human Raf-1 with a deletion from
amino acids 26 to 303) was cloned into pCMV5. pESBOS-CD40
expresses the human CD40 receptor and was a kind gift from

LMP-1 on the other, closer together. However, a gap y Engelmann. SR-HA-IJNK1 (Mindenet al, 1994) and SR-HA-Erk2
remains in the signaling cascade between LMP-1 and (Minden et al, 1994) (kind gifts from M.Karin), pCMV-c-jun:E2

SEK1. Currently we are trying to identify the intermediates

to make the ends meet. In spite of many attempts by

different laboratories, no molecule(s) could be identified
so far, that associate(s) with the CTAR2 domain of LMP-1
and that could directly link the LMP-1 very C-terminus
to downstream signaling events. In addition, preliminary

(Baichwal and Tjian, 1990) (kind gift from V.R.Baichwal), pEBG-SEK1-
KR (Sanchezet al, 1994) (kind gift from M.Baccarini), pSEK1-AL/
EE-CMV (Yanet al, 1994) (kind gift from D.J.Templeton) have been
described previously. The reporter plasmids pRTU1 and pRTU14 (Kieser
et al, 1996) (kind gifts from D.Bohmann) and 7xE2-oriLyt-Luc(L)
(Scheperst al, 1993) have been described previously.

data suggest that the upstream kinase mediating LMP-1Cell culture methods

effects on JNK1 is not MEKK (MEK kinase) since
dominant-negative mutants of MEKK were not able to
block LMP-1-tiggered JNK1 activity (data not shown).
The JNK pathway has been reported to be involved in
induction of cell death by apoptosis (Xt al., 1995).
However, recent reports also point to a potential role of
the JNK cascade in non-cytotoxic signaling events (Shu
et al, 1996; Natoliet al, 1997). In T lymphocytes,
integration of signals that lead to T-cell activation occurs
at the level of JNK activation (St al, 1994). Our
findings suggest a role of JNK1 in non-cytotoxic LMP-1
signaling since induction of JNK1 activity by LMP-1 in
B cells parallels onset of proliferation (Figure 5; E.Kilger,
A.Kieser and W.Hammerschmidt, in preparation). Pos-
sibly, concomitant induction of anti-apoptotic genes by
LMP-1 (Hendersonet al, 1991; Lahertyet al, 1992)

293 human embryonic kidney cells were grown in full medium containing
10% fetal calf serum (GIBCO). For transfections, cells were grown to
subconfluence in 6-well-plates. Cells were transfected with 2 pg4
DNA using the Lipofectamine reagent (GIBCO) according to the
manufacturer’s protocol. Total amounts of transfected DNA were adjusted
using salmon testes DNA (Sigma) as a carrier. After transfection, cells
were grown in medium containing 1% fetal calf serum for 24 h and
treated as indicated in the figure legends. Subsequently, immunocomplex
kinase assays or reporter gene assays were performed. Details about the
generation of B cells immortalized with a mini-EBV plasmid carrying

a conditional LMP-1 allele will be published elsewhere (E.Kilger,
A.Kieser and W.Hammerschmidt, in preparation). Immortalized B cells
were grown in full medium containing 10% fetal calf serum withd/ml
tetracycline to ensure LMP-1 expression, except when noted otherwise.

Immunocomplex kinase assays, immunoblotting and

antibodies

Cells were treated as described in the figure legends and in cell culture
methods. Immunoprecipitations were performed as described (Kieser
et al, 1996) using the monoclonal anti-hemagglutinin antibody 12CA5

allows the cells to escape from apoptosis and to enter the(goehringer) or the rabbit anti-JNK1 antibody C-17 (Santa Cruz

cell cycle, triggered by AP-1 induction via JNK1.

The induction of the proto-oncoprotein AP-1, which is
a newly identified target of LMP-1 signaling, could be a
major factor in cell transformation by LMP-1. It has been
shown previously that the C-terminal portion of the
LMP-1 molecule (amino acids 232 to 386) is essential for
immortalization of B lymphocytes (Moorthy and Thorley-
Lawson, 1993; Kayeet al, 1995) in that it provides a
growth factor-like signal (Kayet al, 1995). We demon-
strate here that the C-terminal CTAR2 domain of LMP-1

Biotech.), immobilized to protein G-Sepharose beads (Pharmacia),
to immunoprecipitate HA-JNK1 or HA-Erk2, or endogenous JNKI1,
respectivelyln vitro immunocomplex kinase assays with the immunopre-
cipitated kinases were performed as described (Kiesat, 1996) using
glutathioneStransferase (GST)-tagged c-Jun (purified fr&ncoli, gift

from M.Baccarini) or myelin basic protein (MBP, Sigma) as substrates
for INK1 or Erk2, respectively. As indicated, kinase reactions or total
cell lysates were seperated by SDS—PAGE and blotted onto Hybond-C
membranes (Amersham). Kinase reactions were analysed by autoradio-
graphy and phosphoimager scanning. The following antibodies were
used for immunoblotting: the rabbit anti-JNK1 antibody (C-17, Santa
Cruz Biotech.), the mouse anti-Erk2 antibody (D-2, Santa Cruz Biotech.),
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and a rabbit polyclonal anti-LMP-1 antibody (Baichwal and Sugden,
1988).

Luciferase assays

Henderson,S., Rowe,M., Gregory,C., Croom,C.D., Wang,F. and
Longnecker,R. (1991) Induction of bcl-2 expression by Epstein—Barr
virus latent membrane protein 1 protects infected B cells from
programmed cell deattCell, 65, 1107-1115.

Cells were treated as indicated. Subsequently, luciferase assays weréienkel,T., Ling,P.D., Hayward,S.D. and Peterson,M.G. (1994) Mediation

performed in total cell lysates as described previously (Kiegeal,
1996).
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