
Role of the Immunoreceptor Tyrosine-Based Activation Motif of
Latent Membrane Protein 2A (LMP2A) in Epstein-Barr Virus LMP2A-
Induced Cell Transformation

Makoto Fukuda,* Yasushi Kawaguchi

Division of Viral Infection, Department of Infectious Disease Control, International Research Center for Infectious Diseases, The Institute of Medical Science, The University
of Tokyo, Tokyo, Japan

Latent membrane protein 2A (LMP2A) of Epstein-Barr virus (EBV) is widely expressed in EBV-associated malignancies.
We demonstrate that LMP2A has a transformation ability. This study shows that LMP2A-induced transformation in
several human nonhematopoietic cell lines was blocked in those cells expressing an immunoreceptor tyrosine-based acti-
vation motif (ITAM) LMP2A mutant. The Syk inhibitor or Syk-specific small interfering RNA (siRNA) inhibited LMP2A-
induced transformation. These results indicate that the interaction of the LMP2A ITAM with Syk is a key step for LMP2A-
mediated transformation.

Epstein-Barr virus (EBV), a ubiquitous human herpesvirus,
is an important human tumor virus that is causally associ-

ated with various lymphoid and epithelioid malignancies, in-
cluding Hodgkin’s lymphoma, Burkitt’s lymphoma, nasopha-
ryngeal carcinoma, and gastric carcinoma (1). Characteristic of
the herpesvirus family, EBV can persist in the human host as a
lifelong latent infection; however, the molecular mechanisms
underlying EBV’s persistence and contribution to cancer
remain poorly understood. Latent membrane protein 2A
(LMP2A) is routinely detected in most EBV-related malignan-
cies (1–4) and therefore may be an important risk factor in
EBV-associated tumorigenesis.

LMP2A, consisting of a long N-terminal tail, 12 membrane-
spanning domains, and a short C-terminal tail, forms aggregate
patches on the surfaces of latent-infected cells and can also
localize in perinuclear regions (5). The N-terminal tail of
LMP2A contains eight constitutively phosphorylated tyrosine
residues and several proline-rich regions that are essential for
interactions between LMP2A and other cellular proteins (2, 6).
The intracellular N terminus of LMP2A contains multiple
functional domains, including an immunoreceptor tyrosine-
based activation motif (ITAM) homologous to that found in
B-cell receptor (BCR) Ig� and Ig� signaling subunits (7–9).
LMP2A associates with, in addition to the ITAM, Src family
protein tyrosine kinases (PTKs) and Syk PTK, which normally
form part of the BCR signaling complex (7, 10, 11). Further,
LMP2A contains two polyproline motifs that have been shown
to recruit Nedd4 ubiquitin ligases (8, 12, 13).

Previous studies have shown that LMP2A is capable of trans-
forming cells, altering epithelial cell motility, and inhibiting epi-
thelial cell differentiation (14–19). We showed previously that
LMP2A induces anchorage-independent cell growth, a parameter
indicative of transformation (20), in a human gastric carcinoma
cell line, HSC-39 (16, 21). In addition, previous work on viral
proteins with ITAMs (Kaposi’s sarcoma-associated herpesvirus
[KSHV] K1, EBV LMP2A, and mouse mammary tumor virus
[MMTV] Env) indicated that expression of these proteins in non-
hematopoietic cells results in transformation (16, 19, 22, 23). Fur-
ther, the transforming ability of LMP2A in a human keratinocyte

cell line, HaCaT, is variable (16, 19). LMP2A expression in a nor-
mal human foreskin keratinocyte (HFK) cell line also did not con-
fer anchorage-independent cell growth or tumor formation in
nude mice (8). Based on our studies and those of others exploring
the functions of LMP2A in various cell types (4, 15, 16, 19), we
propose that LMP2A’s effect on virus-induced tumorigenesis
arises from a combination of relative effects of (i) host cell type
and origin, (ii) host cellular transformation activity, and (iii)
LMP2A-induced signaling pathways (16).

In the relationship between these viral transmembrane ITAM-
containing proteins and transformation activity, little is known
about the role of the LMP2A ITAM in nonhematopoietic cell
transformation. With everything taken into consideration, ac-
cording to our proposal, the purposes of this study are to clarify
the generality of the transforming ability of LMP2A in several
human cell lines and to investigate the role of the LMP2A ITAM in
LMP2A-induced cell transformation. Thus, to clarify the two pri-
mary purposes of this study, we used several human cell lines, a
human gastric carcinoma cell line, HSC-39 (16, 21), a human
breast cancer cell line, MCF-7 (24), and a human epithelial cell
line transformed by DNA from adenovirus, 293 (25), as in vitro
models for evaluating the ability of LMP2A to mediate transfor-
mation.

The LMP2A ITAM is required for LMP2A-mediated Akt
phosphorylation and anchorage-independent cell growth in
several human cell lines. LMP2A activates the phosphoinositol
3-kinase (PI3-K)/Akt pathway in B cells and epithelial cells (19, 26,
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27) and induces anchorage-independent cell growth in a human
gastric carcinoma cell line, HSC-39, through constitutive activa-
tion of the Ras/PI3-K/Akt pathway (16). To determine if the
ITAM of LMP2A is critical for LMP2A-mediated Akt phosphory-
lation and anchorage-independent cell growth, HSC-39, MCF-7,
and 293 cells were transduced with a control retroviral vector
(164, a pLXSN-based retroviral vector) or one that expresses
LMP2A or LMP2A with a mutant ITAM (in which tyrosines at
positions 74 and 85 are mutated to phenylalanine [LMP2A-Y74/
85F]) (7). Following transduction, stable G418-resistant clones
were selected and subjected to immunoblotting for analysis of
LMP2A expression and Akt phosphorylation (Fig. 1A). As shown
previously, LMP2A induced Akt phosphorylation and anchorage-

independent cell growth in HSC-39, MCF-7, and 293 cell clones
(clone 1 [Cl-1], Cl-2, Cl-3); however, these effects, significantly,
were not observed in LMP2A-Y74/85F-expressing HSC-39,
MCF-7, and 293 cell clones (Cl-1, Cl-2, Cl-3) or in vector control
clones (Cl-1, Cl-2) (Fig. 1) under optimal conditions. In addition,
HSC-39 cell clones expressing wild-type LMP2A formed colonies
that were significantly larger (diameter, �200 �m) than those of
clones expressing LMP2A-Y74/85F (Fig. 1B). Furthermore,
LMP2A-expressing HSC-39, MCF-7, and 293 cells formed colo-
nies and exhibited a spherical shape in soft agarose (Fig. 1B).

Interaction of LMP2A with Syk. In a previous study, Katz et al.
(22) demonstrated that expression of the MMTV ITAM-contain-
ing protein Env in nonhematopoietic cells (NMuMG murine
mammary and MCF-10F human mammary epithelial cells) re-
sulted in transformation via an ITAM/Syk-dependent pathway
(22). Compared with the results of the anchorage-independent
cell growth of MCF-7 and 293 cells, the size and number of colo-
nies in LMP2A-Y74/85F-expressing HSC-39 cells were signifi-
cantly smaller than those of LMP2A-expressing HSC-39 cells;
however, there appeared to be a significant number of colonies in
the LMP2A-Y74/85F-expressing HSC-39 cells (Fig. 1B). There-
fore, to explore the role of the LMP2A ITAM in human cell trans-
formation, we performed further molecular studies with HSC-39
cells. First, we tested immunofluorescent confocal microscopic
imaging to determine whether LMP2A expressed in HSC-39 cells
colocalizes and interacts with endogenous Syk. Most of the
LMP2A colocalized with Syk in the cytoplasm of LMP2A-express-
ing HSC-39 cells (data not shown).

Many protein kinases are implicated in transformations that
lead to malignancies. Protein tyrosine kinases are thought to be
important regulators of intracellular signal transduction pathways
and malignant transformation (28). Phosphorylation of EBV
LMP2A is constitutive in both lymphoblastoid cell lines and
LMP2A-expressing nonhematopoietic cells (10, 29–31). Second,
by performing in vitro kinase assays with immune complexes im-
munoprecipitated with anti-LMP2A antibody (32) or anti-Syk
antibody, respectively, we confirmed that LMP2A and Syk pro-
teins in HSC-39 cells were phosphorylated (Fig. 2A and B). Elim-
ination of LMP2A and Syk protein phospholabeling following
phosphatase treatment confirmed that LMP2A and Syk were
phosphorylated with [�-32P]ATP (Fig. 2A and B). The expression
and migration positions of radiolabeled LMP2A and Syk proteins
following SDS-PAGE were verified by Western blot analysis (Fig.
2A and B, lower panels). Next, coimmunoprecipitations with an-
ti-Syk and anti-LMP2A antibodies were performed to further in-
vestigate LMP2A-Syk interactions. LMP2A was immunoprecipi-
tated from HSC-39 cells not expressing LMP2A (vector control)
or expressing LMP2A or LMP2A-Y74/85F and immunoblotted
with anti-LMP2A antibody to verify expression levels in each line
(Fig. 2C). Similarly, Syk was immunoprecipitated from HSC-39
cells not expressing LMP2A (vector control) or expressing LMP2A
or LMP2A-Y74/85F and immunoblotted with anti-Syk antibody
to verify expression levels (Fig. 2D). There was a significant de-
crease in the expression level of Syk in LMP2A-expressing HSC-39
cells relative to those in vector control- and LMP2A-Y74/85F-
expressing HSC-39 cells (Fig. 2D). A recent study reveals that uti-
lization of the LMP2A ITAM by the signaling scaffold protein Shb
regulates the stability of Syk in LMP2A-expressing HEK-293 cells
(33). These results suggest that LMP2A might utilize ubiquitin-
dependent processes to modulate cellular signaling pathways in
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FIG 1 (A) Effect of LMP2A or ITAM mutant LMP2A-Y74/85F expression on
Akt phosphorylation and anchorage-independent cell growth in HSC-39,
MCF-7, and 293 cells. Cells were stably transduced with an LMP2A (2A), an
ITAM mutant LMP2A-Y74/85F (Y74/85F), or a retroviral vector control (V)
expression construct. After 2 h of serum starvation, whole-cell extracts were
separated by SDS-PAGE and the expression levels of LMP2A (54 kDa) and
phospho-specific Akt on serine 473 (P-Akt) (60 kDa) were determined by
immunoblotting with anti-phospho-Akt (serine 473) or Akt (New England
BioLabs) antibody in the vector control, LMP2A-expressing, and ITAM mu-
tant LMP2A-Y74/85F-expressing HSC-39, MCF-7, and 293 cell clones. The
lower panels show equal loadings of proteins and the expression of total Akt
(T-Akt) (60 kDa). (B) Soft-agar colony formation assay of HSC-39, MCF-7,
and 293 cells stably expressing the vector (Vector), LMP2A, or ITAM mutant
LMP2A-Y74/85F (Y74/85F). Vector control, LMP2A-expressing, or ITAM
mutant LMP2A-expressing HSC-39, MCF-7, and 293 cells (1 � 104 cells) were
cultured in soft agar for 3 weeks. Colonies were defined and scored as cell
clusters when they exceeded 200 �m in diameter. Representative images from
one of three independent experiments are shown. The photomacrographs are
of LMP2A-expressing HSC-39, MCF-7, and 293 cells. The average numbers of
foci formed in wells from three independent experiments with HSC-39,
MCF-7, and 293 cells transduced with the vector control, LMP2A, or ITAM
mutant LMP2A are shown in the graph; error bars indicate standard devia-
tions. Data were analyzed by Student’s t test. Values that were statistically
significantly different (P � 0.05) from each other are indicated (*).
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HSC-39 cells. In LMP2A-expressing HSC-39 cells, where LMP2A
coimmunoprecipitated with Syk, both LMP2A (54 kDa) and Syk
(72 kDa) were seen in antiphosphotyrosine antibody immuno-
blots (Fig. 2C and D). In contrast, LMP2A-Y74/85F-expressing
HSC-39 cells demonstrated tyrosine phosphorylation of LMP2A-
Y74/85F but not Syk (Fig. 2C and D). These results demonstrate
that the LMP2A-Y74/85F mutant expressed in HSC-39 cells is
unable to bind Syk and indicate that the LMP2A ITAM is required
for LMP2A-Syk interaction. These results also indicate that ty-

rosine residues other than Y74/85 are also phosphorylated in
LMP2A-expressing HSC-39 cells.

The role of LMP2A and Syk phosphorylation in LMP2A-me-
diated transformation activity. We have shown that LMP2A me-
diates the transformation of HSC-39 cells by constitutive activa-
tion of the Ras/PI3-K/Akt pathway (16). To explore the role of
LMP2A and Syk phosphorylation in LMP2A-mediated Akt phos-
phorylation and anchorage-independent cell growth, we treated
LMP2A-expressing cells with genistein (a tyrosine kinase-specific
inhibitor), piceatannol (a Syk-specific inhibitor), or LY294002 (a
PI3-K inhibitor [control inhibitor]) (16, 27). Specific inhibition of
Akt serine 473 phosphorylation after treatment with genistein at
30 �g/ml for 30 min or piceatannol at 25 �M for 1 h was con-
firmed in LMP2A-expressing HSC-39, MCF-7, and 293 cell clones
(Fig. 3A). Genistein or piceatannol resulted in a significant reduc-
tion in the number and size of LMP2A-expressing HSC-39,
MCF-7, and 293 cell colonies relative to those of untreated cells
(Fig. 3B). These results suggest that Syk tyrosine phosphorylation
and its interaction with LMP2A are necessary to induce LMP2A-
mediated Akt phosphorylation and anchorage-independent cell
growth in HSC-39, MCF-7, and 293 cells.

Syk tyrosine kinase contributes to LMP2A-mediated trans-
formation activity. The critical role of LMP2A-Syk interactions in
LMP2A-mediated transformation was analyzed using small inter-
fering RNA (siRNA) inhibition of Syk and measuring its effect on
LMP2A-induced colony formation. At 48 and 72 h after transfec-
tion of LMP2A-expressing HSC-39 cells with nontargeting siRNA
or Syk siRNAs, Syk expression was markedly downregulated spe-
cifically with Syk siRNAs and not with nontargeting control
siRNA (Fig. 4A). LMP2A-induced colony formation in soft aga-
rose was also significantly inhibited by Syk siRNAs relative to the
colony formation of a nontargeting control siRNA (Fig. 4B).

Conclusions. We have shown that LMP2A promotes cell
transformation and cell survival through the activity of host cel-
lular signaling pathways (16, 27, 34). In the analysis described in
the current paper, we chose to focus on the generality of the ability
of LMP2A to induce transformation and the importance of the
ITAM in LMP2A-induced signaling pathways and transformation
activity in several human cell lines.

Previous studies of the contribution of ITAM and Syk for
LMP2A-mediated migration in 293 cells have been reported
using a three-dimensional collagen gel assay (17). The migra-
tion of cells through collagen matrices requires the activities of
matrix metalloproteinases (MMPs) (35). In contrast to the re-
sults of previous collagen gel assays (invasion ability) in 293
cells (spindle-like shape) (14, 17), LMP2A-expressing HSC-39,
MCF-7, and 293 cells exhibited a spherical shape and anchor-
age-independent cell growth in soft agarose (Fig. 1B). Several
reports have shown that LMP2A-induced migration activity
correlates with LMP2A and its ITAM and Syk signaling (15,
27). Collectively, this study is the first report to clarify the
direct relationship between the ITAM of LMP2A and LMP2A-
mediated transformation activity.

Although signal transduction pathways generally initiate with
ligand binding to a receptor, several reports indicate that ITAMs
also signal in a ligand-independent manner referred to as tonic
signaling (36, 37). The work presented here suggests a model in
which the tyrosine kinase-interacting membrane protein LMP2A
also interacts with non-receptor tyrosine kinase Syk through the
ITAM. Tyrosine phosphorylation of both LMP2A and Syk subse-
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85F-expressing HSC-39 cells (lower panels). The amount of protein loaded in
each lane was assessed using a specific antibody for �-actin (Sigma-Aldrich).
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quently induces downstream signals and transformation activity.
Evidence supporting this model includes coprecipitation of ex-
pressed LMP2A with endogenous Syk and tyrosine phosphoryla-
tion of both LMP2A and Syk in vitro, as well as in LMP2A-express-
ing HSC-39 cells (Fig. 2) (16, 20).

While LMP2A-induced Akt phosphorylation and anchorage-
independent cell growth in HSC-39, MCF-7, and 293 cells was
diminished with the Y74/85F mutant LMP2A (Fig. 1), the mutant
protein was still phosphorylated in HSC-39 cells (Fig. 2). Further,
the addition of genistein or piceatannol to the LMP2A-expressing
HSC-39, MCF-7, and 293 cells inhibited the phosphorylation of
Akt; however, several colonies were observed in the presence of
those inhibitors (Fig. 3). Moreover, effects of the inhibitor’s treat-
ment on cell growth and cell toxicity were assessed with a cell-

counting kit and trypan blue dye exclusion assay. In agreement
with previous reports (34, 38, 39), genistein or piceatannol inhib-
ited the growth of parental and LMP2A-expressing HSC-39,
MCF-7, and 293 cells; also, genistein had more cytotoxic effects in
those cells (data not shown). These results suggest that LMP2A-
induced anchorage-independent cell growth is associated with
general cell growth. In addition, these results indicate that
other LMP2A protein-protein interaction motifs may interact
with other protein kinases in the cells or that multiple interac-
tions of LMP2A with protein kinases may be necessary for ac-
tivation of LMP2A-mediated downstream signaling cascades
(7, 10, 11) and LMP2A-induced transformation activity. Fur-
ther, these results support our hypothesis (16), and it is inter-
esting to clarify the generality and further molecular mecha-
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nisms of LMP2A-induced transformation activity and cell
growth in various kinds of cells.

In conclusion, the ITAM of LMP2A is essential for LMP2A-
mediated transformation of HSC-39, MCF-7, and 293 cells. As in
some other virus-host interactions, LMP2A interactions with Syk
are mediated by the ITAM, suggesting that interactions with host
cellular protein kinases can activate the function of some viral
membrane proteins. We propose that LMP2A-mediated func-
tions (pathogenesis) that arise from phosphorylation with host
cellular protein kinases result in the stimulation and dysregulation
of cellular signal transduction pathways.
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