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Epstein-Barr virus (EBV) latent infection membrane protein 1 (LMP1) has an intermediate domain between
the two cytoplasmic carboxyl-terminal domains that are critical for transforming B-lymphocytes into lympho-
blastoid cell lines (LCLs). The intermediate domain has been implicated in Janus kinase 3 (JAK3) association
and activation. We now find that LCLs transformed by EBV recombinants that express Flag-LMP1 with the
putative JAK3 binding and activating intermediate domain deleted and LCLs transformed by Flag-LMP1 EBV
recombinants have similar levels of phosphotyrosine-activated JAK3, signal transducer and activator of
transcription 3 (STAT3), or STAT5 and similar very low levels of JAK3 associated with LMP1. Further,
transient Flag-LMP1 expression in a B-lymphoma cell line transduces signals that upregulate TRAF1 levels
but does not alter JAK3 levels or activation state. Although these data indicate that the LMP1 putative JAK3
binding and activating intermediate domain does not mediate JAK3 association or activation in B-lymphocytes,
JAK3 association with LMP1 could be significant, particularly in cells in which LMP1, JAK3, or a JAK3-
associated protein is expressed at high levels.

Epstein-Barr virus (EBV) is associated with several human
malignancies, including posttransplant and AIDS-related lym-
phoproliferative disease, Hodgkin’s disease, Burkitt lymphoma
(BL), and nasopharyngeal carcinoma (for a review, see refer-
ence 37). In vivo and in vitro, EBV infects and efficiently
transforms resting primary B-lymphocyte growth into indefi-
nitely proliferating lymphoblastoid cell lines (LCLs) (for a
review, see reference 28). Latent infection membrane protein
1 (LMP1) is expressed in these cells and in most EBV-associ-
ated malignancies and is essential for EBV-induced LCL out-
growth (24). LMP1 is an integral plasma membrane protein
that consists of a 24-amino-acid (-aa) cytoplasmic N terminus,
six hydrophobic membrane-spanning domains separated by
five short reverse turns, and a 200-aa cytoplasmic carboxyl
terminus (Fig. 1) (12). The 24-aa cytoplasmic N terminus teth-
ers the first membrane-spanning domain to the cytoplasm but
otherwise is not critical for LCL outgrowth (21), whereas the
six membrane-spanning domains mediate LMP1 association
with plasma membrane microdomain lipid rafts (1, 17). The
membrane-spanning domains also constitutively aggregate and
activate the LMP1 cytoplasmic carboxyl-terminal signaling do-
mains (13, 16). Recombinant EBV genetic analyses reveal that
the carboxyl terminus has two transformation effector sites,
transformation effector site 1 (TES1) and TES2, that are es-
sential for B-lymphocyte growth transformation (20, 22, 25,

26). These sites are C-terminal NF-�B activating region 1
(CTAR1) and CTAR2, and NF-�B activation is critical for
LCL survival (2, 4, 18, 27, 32). TES1/CTAR1 recruits tumor
necrosis factor (TNF) receptor-associated factor 1 (TRAF1),
TRAF2, TRAF3, and TRAF5 (3, 5, 33, 38), whereas TES2/
CTAR2 recruits TNF receptor-associated death domain pro-
tein (TRADD) and TNF receptor interacting protein (RIP) (8,
20, 22). LMP1 constitutively recruits these proteins to trans-
duce signals that activate NF-�B (15, 30), c-Jun N-terminal
kinase (JNK) (11, 29), and p38 mitogen-activated protein ki-
nase (MAPK) (9).

The experiments reported here focus on LMP1 carboxyl-
terminal residues 232 to 351, which are an intermediate do-
main between TES1/CTAR1 and TES2/CTAR2 that has been
implicated in binding and activating Janus kinase 3 (JAK3)
(Fig. 1) (14). The intermediate domain includes four imperfect
repeats of a conserved PQDPDNTDDNG sequence (aa 253 to
301), a PPQLT sequence (aa 320 to 324) that resembles but
does not function as a TRAF binding site, 19 potential serine
or threonine phosphorylation sites, two putative JAK box 1
docking sites (aa 275 to 280 and aa 302 to 307), and a putative
JAK box 2 activation domain (aa 320 to 330) (12, 14, 34).
Regulated expression of LMP1 in LCLs may correlate with
JAK3, signal transducer and activator of transcription 1
(STAT1), or STAT3 activation, whereas transient overexpres-
sion of LMP1 and JAK3 in 293 human embryonic kidney cells
may activate JAK3, STAT1, or STAT3. These effects may
depend on the intermediate domain (14). JAK3 activation by
LMP1 could be important in B-lymphocyte transformation be-
cause JAK3 activates STAT3 or STAT5 in response to inter-
leukin-2 (IL-2), IL-4, IL-7, IL-9, or IL-15 stimulation (19, 31,
39, 40). However, EBV recombinants that express Flag-LMP1
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with aa 232 to 351 deleted (Flag-LMP1�232–351) are indistin-
guishable from EBV recombinants that express Flag-LMP1 in
efficiently transforming primary B-lymphocytes into LCLs (23).
Further, EBV transforms primary B-lymphocytes from JAK3-
deficient individuals (36). To resolve the conundrum surround-
ing the potential significance of the LMP1 putative JAK3 bind-
ing domain, we have investigated the role of the LMP1
intermediate domain in mediating JAK3 association, JAK3
activation, and JAK3 activation of STAT3 or STAT5 in EBV-
transformed LCLs and in B-lymphoma cells.

LCLs transformed by recombinant EBV that express wt
LMP1, Flag-LMP1, or Flag-LMP1�232–351 have similar lev-
els of JAK3 and PY-JAK3. The role of the LMP1 putative
JAK3 binding domain was first evaluated by comparing JAK3
and phosphotyrosine (PY)-activated JAK3 (PY-JAK3) levels
in LCLs transformed by EBV recombinants that express fully
wild-type (wt) LMP1 (wt-L1 LCL), Flag-LMP1 (F-L1, F-L2,
and F-L3 LCLs), and Flag-LMP1�232–351 (F-L�1, F-L�2,
and F-L�3 LCLs). Ten million cells were Dounce homoge-
nized in a buffer that consists of 1% NP-40, 25 mM Tris (pH
7.2), 150 mM NaCl, 1 mM EDTA, 1 mM phenylmethylsulfonyl
fluoride (PMSF), 20 �g of aprotinin per ml, and 1 mM sodium
orthovanadate. The lysates were cleared by centrifugation
(450 � g, 5 min), and JAK3 was specifically precipitated with

antibody (C-21; Santa Cruz Biotechnology) and protein G-
Sepharose (Amersham Pharmacia Biotech). Precipitated pro-
teins were resolved by electrophoresis in polyacrylamide gels
containing sodium dodecyl sulfate (SDS), blotted to nitrocel-
lulose membranes (Bio-Rad), and probed with antibody to PY
residues (PY99; Santa Cruz Biotechnology). JAK3 and PY-
JAK3 levels were similar in all the LCLs examined in two
independent assays (Fig. 2A). To confirm the sensitivity and
specificity of this method for assaying JAK3 activation, LCLs
were stimulated with 0.1, 0.3, 1.0, or 3.0 nM IL-2 for 5 min at
37°C, and the effects on JAK3 were evaluated. IL-2 stimulation
did not affect JAK3 levels, whereas PY-JAK3 levels directly
correlated with the IL-2 dose. IL-2 had similar effects in LCLs
transformed by recombinant EBV that express Flag-LMP1 or
Flag-LMP1�232–351 (Fig. 2B). Western immunoblot analysis
of proteins from untreated LCLs with Flag antibody (M5;
Sigma) revealed that the levels of Flag-LMP1 and Flag-
LMP1�232–351 proteins were similar among the cell lines
tested (data not shown). Thus, the putative JAK3 binding
domain does not affect JAK3 levels, JAK3 tyrosine phosphor-
ylation, or JAK3 tyrosine phosphorylation in response to IL-2
stimulation.

Since activated JAK3 tyrosine phosphorylates and thereby
activates STAT3 and STAT5, the levels of PY-STAT3 and
PY-STAT5 were also compared in LCLs transformed with
recombinant EBV that express wt LMP1, Flag-LMP1, or Flag-
LMP1�232–351 (Fig. 3). Proteins from two million cells were
solubilized in buffer containing SDS, resolved by gel electro-
phoresis, blotted to filters, and probed with antisera specific for
STAT3 (H-190; Santa Cruz Biotechnology), PY-STAT3 (New
England Biolabs), STAT5 (ST5-8F7; Zymed), or PY-STAT5
(Zymed). To verify the sensitivity of the assay, wt-L1 LCL was

FIG. 1. Diagram of LMP1. The Flag epitope was inserted at the
amino terminus (NH2). The putative JAK3 binding domain consists of
JAK boxes located at the specified amino acids. Flag-LMP1�232–351
EBV recombinants express LMP1 with aa 232 to 351 deleted, which
includes the putative JAK3 binding domain. Residues 187 to 231
include TES1, which interacts with TRAF1, -2, -3, and -5. Residues 352
to 386 include TES2, which interacts with TRADD and RIP. The six
transmembrane domains (TM) constitutively aggregate LMP1 in the
plasma membrane and enable LMP1 to transduce signals via TRAFs,
TRADD, or RIP that activate NF-�B, JNK, and p38 MAPK and
thereby alter B-lymphocyte growth.

FIG. 2. (A) JAK3 and PY-JAK3 levels in LCLs transformed by
recombinant EBV that express wt LMP1, Flag-LMP1 (F-L1, F-L2, and
F-L3), or Flag-LMP1�232–351 (F-L�1, F-L�2, and F-L�3). JAK3 was
immune precipitated and analyzed by Western blotting with antibody
to PY residues (PY-JAK3) or with antibody to JAK3 (JAK3). Two
experiments are shown (Exp. 1 and Exp. 2). (B) IL-2 activates tyrosine
phosphorylation of JAK3. LCLs F-L2 and F-L�2 were treated with the
indicated doses of IL-2 for 5 min. PY-JAK3 was then analyzed as
described.
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stimulated with 10 nM IL-2 or 10 nM IL-6 (R&D Systems).
Total cellular STAT3 and STAT5 levels were similar among all
the LCLs examined, and IL-2 or IL-6 treatment did not affect
their levels in the wt-L1 LCL (Fig. 3). The apparent STAT5
decrease in the IL-2-stimulated wt-L1 LCL is due to blockade
by residual PY-STAT5 antibody. In the wt-L1 LCL, IL-6 in-
duced STAT3 phosphorylation and IL-2 strongly induced
STAT5 phosphorylation. Whereas the levels of PY-STAT3 in
LCLs transformed with EBV recombinants that express Flag-
LMP1 or Flag-LMP1�232–351 varied among individual cell
lines, the levels were similar overall. Surprisingly, PY-STAT5
was not detected in nonstimulated LCLs. This was not due to
constitutive dephosphorylation of STAT5, since IL-2 induced
STAT5 phosphorylation. These results indicate that PY-
STAT3 and PY-STAT5, which are phosphorylated by activated
JAK3, are similar in LCLs transformed by recombinant EBV
that express Flag-LMP1 or Flag-LMP1�232–351. Thus, the
putative JAK3 binding domain does not affect tyrosine phos-
phorylation of JAK3, STAT3, or STAT5 in LCLs.

LMP1 does not activate JAK3 in non-EBV-infected BL lym-
phoblasts. The potential effect of LMP1 expression on JAK3
activation was next investigated in BJAB, a non-EBV-infected
BL lymphoblast. Ten million cells were transfected with 20 �g
of empty vector pSG5 (Stratagene), pSG5 Flag-LMP1, or
pSG5 Flag-LMP1�232–351 and cultured for 24 h. Since ex-
pression of the endogenous IL-2 receptor (IL-2R) � chain is
low in BJAB cells (data not shown) and IL-2R activation of
JAK3 is a useful control in these experiments, some of the cells
were transfected with 20 �g of human IL-2R � chain expres-
sion vector pSRB5. The IL-2R � chain vector-transfected cells
were further cultured without or with 3 nM human IL-2 to
mimic constitutive receptor activation. After 24 h, 10% of the
cells were solubilized in buffer containing SDS. The remaining
cells were solubilized in buffer containing NP-40, JAK3 was
immune precipitated, and PY-JAK3 levels were determined by
Western immunoblotting as described above. Western-blotted
proteins were further analyzed with Flag antibody (M5; Sigma)
to detect LMP1 or with TRAF1 antibodies (H-126 and H-132;
Santa Cruz Biotechnology) to detect the positive signaling ef-

fects of LMP1 on TRAF1 expression (6, 33). Flag-LMP1 or
Flag-LMP1�232–351 vectors did not activate tyrosine phos-
phorylation of JAK3, whereas IL-2R � vector transfection and
treatment of cells with IL-2 strongly activated JAK3 phosphor-
ylation (Fig. 4A). Total cellular JAK3 levels were similar in
all of the transfected cells (Fig. 4A). Flag-LMP1 and Flag-
LMP1�232–351 were expressed at similar levels (Fig. 4B),
and these proteins transduced activating signals that upregu-
lated TRAF1 expression similarly (Fig. 4C). Thus, in BJAB BL
lymphoblasts, ectopic expression of Flag LMP1 or Flag-
LMP1�232–351 at levels that upregulate TRAF1 expression
has no effect on JAK3 levels or on tyrosine phosphorylation of
JAK3.

JAK3 associates weakly with both Flag-LMP1�232–351 and
Flag-LMP1. We next investigated the potential association of
JAK3 with Flag-LMP1 or Flag-LMP1�232–351 in LCLs. One
hundred fifty million cells were Dounce homogenized in buffer
with detergent (0.5% [wt/vol] Brij 58 [Sigma], 50 mM Tris [pH
7.2], 100 mM NaCl, 1 mM EDTA, 1 mM phenylmethylsulfonyl
fluoride, and 20 �g of aprotinin per ml), and the lysate was
cleared by centrifugation. Proteins were immune precipitated
with Flag antibody (M2 affinity gel; Sigma), resolved in dena-
turing gels, blotted to filters, and probed with JAK3 antibody.

FIG. 3. Tyrosine phosphorylation of STAT3 and STAT5 in LCLs.
LCLs transformed by recombinant EBV that expresses wt LMP1,
Flag-LMP1 (F-L1, F-L2, and F-L3), or Flag-LMP1�232–351 (F-L�1,
F-L�2, and F-L�3) were analyzed by Western blotting with antibody
to PY-activated STAT3 (PY-STAT3), all forms of STAT3, PY-STAT5,
or all forms of STAT5. As a control, wt-L1 LCL was treated with either
10 nM IL-2 or 10 nM IL-6 and then analyzed by Western blotting as
described.

FIG. 4. (A) JAK3 and PY-JAK3 levels in BL cells expressing
LMP1. BJAB cells were transfected with pSG5 (empty vector), pSG5
Flag-LMP1, or pSG5 Flag-LMP1�232–351 DNA. As a control, cells
were transfected with IL-2 � chain receptor vector DNA pSRB5 and
some were further treated with 3 nM IL-2. After 24 h, cells were
analyzed for PY-JAK3 as described in the legend to Fig. 2. (B) Trans-
fected cell lysates analyzed by Western blotting with Flag antibody M5.
The positions of Flag-LMP1 (F-L) and Flag-LMP1�232–351 (F-L�)
proteins are marked. (C) Transfected cell lysates analyzed by Western
blotting with TRAF1 antibody.
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Flag antibody specifically coprecipitated JAK3 with Flag-
LMP1 and with Flag-LMP1�232–351 at levels that were higher
than with LMP1 that lacks the Flag epitope (Fig. 5A). Taking
into account an 8% Flag-LMP1 or Flag-LMP1�232–351 im-
mune precipitation efficiency, 0.22 and 0.39% of JAK3 is esti-
mated to be associated with Flag-LMP1 and Flag-LMP1�232–
351 in LCLs, respectively. Thus, very low levels of JAK3
associate with LMP1, but the LMP1 intermediate domain does
not mediate this JAK3 association.

As a control, JAK3 association with the common � chain was
assessed. Thirty million nonstimulated LCLs were lysed in
buffer with detergent, and the proteins were precipitated as
described but with �c chain antibody (C-20; Santa Cruz Bio-
technology) and protein G-Sepharose. Precipitated proteins
were analyzed by probing Western blots with JAK3 or �c chain
antibody. Similar large amounts of JAK3 were coprecipitated
with �c chains from LCLs transformed by recombinant EBV
that express Flag-LMP1 or Flag-LMP1�232–351 (Fig. 5B).

In summary, LCLs transformed by recombinant EBV that
express Flag-LMP1 or Flag-LMP1 that is deleted for the pu-
tative JAK3 binding and activating intermediate domain are
similar in PY-JAK3, PY-STAT3, or PY-STAT5 levels; in
JAK3, STAT3, or STAT5 levels; and in very low-level JAK3
association with LMP1. Transiently expressed Flag-LMP1 and
Flag-LMP1 with the intermediate domain deleted were simi-
larly ineffective at altering JAK3 levels or activation state.
Thus, the LMP1 putative JAK3 binding and activating inter-
mediate domain does not mediate JAK3 association or activa-
tion in BL lymphoblasts or LCLs.

The low-level JAK3 association with LMP1 in LCLs could
result from JAK3 or a JAK3 binding protein interacting with
an LMP1 domain other than the intermediate domain. The
association could even be mediated by a known LMP1-associ-
ated protein such as TRAFs, TRADD, or RIP; by one of their
associated signaling proteins; or by membrane lipids. The as-
sociation could be sufficient to enable or prolong JAK3 acti-
vation under some circumstance of LMP1 and JAK3 expres-
sion in an EBV-infected cell. Although the significance of this
interaction in LCLs is bounded in part by the very-low-level
association of JAK3 with LMP1 described here, an effect may
be evident in other EBV-infected cells, such as Hodgkin’s
disease Reed-Sternberg cells, where higher levels of LMP1 and
a JAK3-associated protein, such as CD40, are expressed (7).
LMP1 aggregates in plasma membrane lipid rafts and could
trap proteins that transduce signals through JAK3, such as the
common � chain of interleukin receptors or TNF receptor
family protein CD40 or CD30. The latter proteins are abun-
dantly expressed in LCLs, in B-lymphoblasts, and in Hodgkin’s
disease Reed-Sternberg cells (for a review, see reference 37).
Further, EBV infection, LMP1 TES1/CTAR1, and TES2/
CTAR2 activate NF-�B, JNK, and p38 MAPK and induce
expression of cytokines—including IL-6, IL-8, and IL-10 (19,
31)—that could activate JAK3 and mediate effects on cell gene
expression, growth, and survival (9, 10, 35) (for a review, see
references 28 and 37).

The pSRB5 vector of the IL-2R � chain was a gift from Kazuo
Sugamura, Tohoku University. Naruhiko Takasawa contributed advice
and technical assistance.
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