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In Epstein-Barr virus-transformed B cells, known as lymphoblastoid cell lines (LCLs), LMP2A binds the
tyrosine kinases Syk and Lyn, blocking B-cell receptor (BCR) signaling and viral lytic replication. SH2
domains in Syk mediate binding to a phosphorylated immunoreceptor tyrosine-based activation motif (ITAM)
in LMP2A. Mutation of the LMP2A ITAM in LCLs eliminates Syk binding and allows for full BCR signaling,
thereby delineating the significance of the LMP2A-Syk interaction. In transgenic mice, LMP2A causes a
developmental alteration characterized by a block in surface immunoglobulin rearrangement resulting in
BCR-negative B cells. Normally B cells lacking cognate BCR are rapidly apoptosed; however, LMP2A trans-
genic B cells develop and survive without a BCR. When bred into the recombinase activating gene 1 null
(RAG2/2) background, all LMP2A transgenic lines produce BCR-negative B cells that develop and survive in
the periphery. These data indicate that LMP2A imparts developmental and survival signals to B cells in vivo.
In this study, LMP2A ITAM mutant transgenic mice were generated to investigate whether the LMP2A ITAM
is essential for the survival phenotype in vivo. LMP2A ITAM mutant B cells develop normally, although
transgene expression is comparable to that in previously described nonmutated LMP2A transgenic B cells.
Additionally, LMP2A ITAM mutant mice are unable to promote B-cell development or survival when bred into
the RAG2/2 background or when grown in methylcellulose containing interleukin-7. These data demonstrate
that the LMP2A ITAM is required for LMP2A-mediated developmental and survival signals in vivo.

Epstein-Barr virus (EBV) is a ubiquitous human oncogenic
herpesvirus associated with a number of proliferative diseases.
In lymphoid cell types, EBV causes infectious mononucleosis
in naive adolescents and is associated with African Burkitt’s
lymphoma, Hodgkin’s lymphoma, and adult T-cell leukemia
(40, 49). Furthermore, individuals with congenital or immune
deficiencies often develop EBV-associated lymphoprolifera-
tive diseases (66, 81). In the oral epithelia, EBV is associated
with nasopharyngeal carcinoma and oral hairy leukoplakia (4,
35, 63, 71). EBV has also been found in smooth muscle tumors
and in assorted lung, breast, gastric, and salivary carcinomas;
however, it is unclear what role the virus plays in these cancers
(2, 3, 11, 27, 31, 32, 43, 45, 64).

The ability for the virus to remain latent within host B cells
is a hallmark of EBV infection. During latency, EBV expresses
a set of nine well-studied viral proteins. Six proteins are termed
Epstein-Barr nuclear antigens (EBNAs), which include
EBNA1, EBNA2, EBNA3A, EBNA3B, EBNA3C, and
EBNALP (40, 49). The remaining three proteins are the latent
membrane proteins 1 (LMP1), LMP2A, and LMP2B (40). B
cells transformed by EBV in vitro, termed lymphoblastoid cell
lines (LCLs), express all of these proteins, whereas most EBV-
related malignancies express only EBNA1, LMP1, and LMP2A
(65). In contrast to these cell types, primary B cells from
healthy individuals latently infected with EBV express a very
limited number of viral proteins, with LMP2A being the most
consistently detected transcript (1, 12, 20, 61, 74). While
EBNA1 has been shown to be necessary for maintaining the
viral episome (40, 80), LMP2A is thought to be important for
maintaining viral latency but not viral transformation (22, 48,
52–55, 57–59).

LMP2A consists of a long amino-terminal tail, 12 mem-
brane-spanning domains, and a short carboxy-terminal tail
which aggregates in patches on the surface of latently infected
cells (22, 23, 50, 51, 58, 68). The amino-terminal tail of LMP2A
contains eight constitutively phosphorylated tyrosine residues
and several proline-rich regions which are critical for the abil-
ity of LMP2A to interact with cellular proteins (22, 24, 25,
57–59). Phosphorylation at tyrosine 112 is important for asso-
ciation between LMP2A and the protein tyrosine kinase (PTK)
Lyn (25). Similarly, phosphorylation at tyrosines 74 and 85 of
LMP2A, two key regulatory residues in the immunoreceptor
tyrosine-based activation motif (ITAM) of LMP2A, allows for
association and activation of the Syk PTK (24). Recent evi-
dence has suggested that ubiquitin ligases, such as Nedd4 and
AIP4, associate with the proline-rich PY motifs within LMP2A
in a phosphorylation-independent manner (37). These
LMP2A-cellular protein associations enable LMP2A to block
B-cell antigen receptor (BCR) cross-linking in LCLs, leading
to a model in which LMP2A maintains both B-cell quiescence
and viral latency.

To establish LMP2A as being critical for maintaining EBV
latency in vivo, we generated transgenic mice which express
LMP2A downstream of the m immunoglobulin (Ig) heavy-
chain enhancer and promoter (Em) (6, 7). Analysis of several
lines of these EmLMP2A transgenic mice has revealed that two
distinct LMP2A in vivo phenotypes exist. Two lines of mice
display an LMP2ABCR2 phenotype, best characterized by
transgenic line E (TgE), while three independent lines of an-
imals display an LMP2ABCR1 phenotype, best typified by
transgenic line 6 (Tg6). EmLMP2ABCR2 transgenic lines have
been shown by quantitative PCR to express more LMP2A-
specific message than EmLMP2ABCR1 transgenic lines. How-
ever, since there are no data addressing the timing of transgene
expression in each line during the B-cell developmental time
line, these animals are currently considered to represent two
distinct phenotypic variants. EmLMP2ABCR2 transgenic mice
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FIG. 1. Generation of LMP2A ITAM mutant transgenic mice. (A) LMP2A ITAM mutant transgene construct. The Em heavy-chain enhancer/promoter (wavy lines)
was fused to the LMP2A ITAM mutant transgene containing both LMP2A cDNA sequences (striped lines) and EBV genomic sequences (stippled). The DNA, protein,
and amino acid number (AA #) for the altered ITAM sequences are shown in the shaded inset at the bottom. A silent point mutation creates a KpnI site in the LMP2A
ITAM mutant transgene, which aids in distinguishing ITAM mutant mice from LMP2A transgenic mice by PCR using OL129 and OL131 (upper inset) followed by

9116 MERCHANT ET AL. J. VIROL.



display a B-cell developmental alteration characterized by a
bypass of Ig heavy-chain rearrangement resulting in an overall
loss of surface Ig (sIg) expression. PCR amplification of Ig
gene rearrangements in EmLMP2ABCR2 transgenic bone mar-
row cells demonstrated that rearrangement of the D-JH heavy
chain and V-JK light-chain genes occurs correctly; however,
there is a failure to complete the final V-DJH rearrangement of
the heavy chain. B cells that lose a functioning BCR have been
shown to rapidly undergo apoptosis (44). Nonetheless,
EmLMP2ABCR2 B cells are capable of exiting the bone mar-
row and persisting in the periphery. EmLMP2ABCR1 lines
display a less prominent phenotype consisting of slight decreases
in mature B-cell numbers, while the resulting B cells appear
largely normal. When bred into a RAG-1-deficient (RAG2/2)
background, both EmLMP2ABCR2 and EmLMP2ABCR1 lines
are capable of producing B cells that exit the bone marrow and
persist in the periphery. These observations were supported by
the growth of RAG2/2 EmLMP2A bone marrow cells in meth-
ylcellulose containing interleukin-7 (IL-7). These data indicate
that LMP2A drives B-cell development and survival in the
absence of normal BCR signals.

In this study, we used an LMP2A ITAM mutant, encoding
mutations of tyrosines 74 and 85 to phenylalanines [Y(74/
85)F], to create EmLMP2A DITAM transgenic mice. Genera-
tion of these mice allows for investigation of whether the in
vivo developmental and survival signals observed in LMP2A
transgenic mice derive from the LMP2A ITAM. These mice
show no B-cell developmental alteration or survival phenotype
in any B-cell compartment. Furthermore, this transgene is in-
capable of driving B-cell development or survival when bred
into the RAG2/2 background in vivo or when grown in meth-
ylcellulose in vitro. These data show that LMP2A must have a
functional ITAM in order to enhance B-cell development and
survival. These results suggest that Syk activation by a phos-
phorylated ITAM is required for LMP2A to provide develop-
mental and survival signals in vivo.

MATERIALS AND METHODS
Mice. Constructions of the EmLMP2A transgene and LMP2A ITAM mutant

[Y(74/85)F] have been previously described (7, 24). The LMP2A DITAM mutant
transgene containing the double mutation Y(74/85)F was constructed as follows.
The EcoRI-SalI DNA fragment from pRH38, coding for the Y(74/85)F mutant
amino-terminal tail of LMP2A, was cloned into MunI-SalI-digested pRL202,
which codes for the Em enhancer and promoter transgene construct, to generate
pRG3. The MscI-XhoI fragment from pRL209, which codes for the remainder of
the LMP2A transgene, was inserted into MscI-XhoI-digested pRG3 to generate
pRG4. The SacI-XhoI fragment of pRG4 containing the Em promoter/enhancer
and LMP2A DITAM transgene was used for standard microinjection into (B6 3
CBA)F1 single-cell fertilized eggs as described elsewhere (36). The resulting
offspring were screened by PCR and Southern blotting for the presence of
LMP2A. The identified founders were bred to C57BL/6 or RAG2/2 animals in
the BL/6 background for all described experiments. The animals were housed at
the Northwestern University Center for Experimental Animal Resources in
accordance with university animal welfare guidelines. Wild-type C57BL/6 and
RAG2/2 animals were obtained from Jackson Laboratories.

Tail DNA isolation. DNA was prepared as previously described (6, 7). Briefly,
a 1-cm piece of tail was digested in a 1.5-ml microcentrifuge tube overnight in 500
ml of tail lysis buffer (100 mM Tris [pH 8], 100 mM NaCl, 5 mM EDTA, 0.2%
sodium dodecyl sulfate [SDS], 100 mg of proteinase K/ml) at 55°C. Digested tail
lysates were vortexed and centrifuged for 10 min, and supernatants were trans-
ferred to a new 1.5-ml microcentrifuge tube. Supernatants were precipitated with
2 volumes of 95% ethanol and centrifuged at 4°C for 20 min; DNA pellets were
air dried and resuspended in 200 ml of Tris-EDTA.

Southern hybridization. Ten micrograms of mouse genomic tail DNA was
digested overnight at 37°C with BamHI (13 NEB [New England Biolabs]
BamHI buffer, 13 bovine serum albumin [BSA], 20 U of BamHI [NEB]) and
electrophoresed on a 0.8% agarose gel. The gel was then treated sequentially
with 0.25 N HCl for 10 min and 0.4 M NaOH for 30 min followed by transfer of
the gel onto GeneScreen Plus (NEN) using a vacuum blotter (Appligene).
LMP2A probe was generated by digesting the LMP2A cDNA clone pRL34 with
EcoRI, releasing the 2.0-kb cDNA in its entirety, followed by gel purification,
ethanol precipitation, and resuspension to 20 ng/ml. Then 1.0 ml (20 ng) of this
DNA was labeled with [a-32P]dCTP (Amersham-Pharmacia) using Ready-to-Go
(-dCTP) labeling beads (Amersham-Pharmacia) followed by a purification step
to remove unincorporated [a-32P]dCTP, using G-50 Probe-Quant spin columns
(Amersham-Pharmacia) according to the manufacturers recommendations. The
blot was prehybridized for 1 h at 68°C in 30 ml of hybridization solution (63 SSC
[0.9 M NaCl, 0.09 M sodium citrate], 13 Denhardt’s solution [0.02% BSA, 0.02%
Ficoll, 0.02% polyvinylpyrrolidine], 62.5 mM Tris [pH 7.5], 0.05% SDS) with 100
mg of denatured herring sperm DNA per ml. Roughly 106 cpm of labeled probe
was denatured and added directly to 10 ml of 68°C hybridization solution; the
blot was added, and the solution was allowed to hybridize overnight at 68°C.
Following hybridization, the blot was washed according to the following regimen:
twice with 23 SSC at room temperature, twice with 23 SSC–1% SDS, and twice
with 0.13 SSX–1% SDS. The blot was then wrapped in Saran Wrap and exposed
to film.

PCR. PCR for the presence of the LMP2A transgene was done as previously
described (6, 7). Briefly, each 25.0-ml reaction mixture contained 13 PCR buffer
(Pharmacia), 0.2 mM each deoxynucleoside triphosphate, 1.0 U of Taq polymer-
ase (Pharmacia), 1 mM each oligonucleotide primer, 13 PCR cresol red loading
dye (60% sucrose, 5 mM cresol red [Sigma]), and 1.0 ml of genomic tail DNA.
The amplification cycle (15 s at 94°C, 30 s at 58°C, and 75 s at 72°C) was repeated
30 times, followed by a single 10-min extension at 72°C. A unique silent KpnI site
was engineered between residues 74 and 85 to distinguish LMP2A DITAM
mutant animals from nonmutated LMP2A transgenic animals (Fig. 1A). LMP2A
amino-terminal primers (OL129 and OL131) were designed to amplify the re-
gion of LMP2A containing the engineered KpnI site. These primers were used,
in combination with RAG internal control primers, in a PCR followed by over-
night digestion with KpnI (13 NEB buffer 1, 13 BSA, 25.0 ml of PCR mixture,
1.0 U of KpnI [NEB]) at 37°C. The oligonucleotide primers not previously
described are as follows: LMP2A amino-terminal primer pair (370 bp), OL129
(TGGGTACGATGGCGGAAACAACTC) and OL131 (TGAAACACGAGGC
GGCAATAGC); RAG (180 bp), OL107 (TGACTGTGGGAACTGCTGAAC
TTT) and OL138 (CCGTGGACGCTAAAACCCAAAGTC); and Neo (280
bp), Neo-2 (CAACAGACAATCGGCTGCTCTGATG) and Neo-3 (CATTGC
ATCAGCCATGATGGA).

Protein isolation. Spleens were dissected from animals, homogenized between
the frosted edges of two microscope slides, and suspended into 10 ml of ice-cold
13 phosphate-buffered saline (PBS). Samples were centrifuged at 1,500 rpm for
10 min, supernatants were poured off, and red blood cells were lysed in 5 ml of
red blood cell lysis buffer (150 mM NH4Cl, 17 mM Tris base [pH 7.2]) for 5 min.
Cell suspensions were added to 5 ml of ice-cold 13 PBS through a nylon mesh.
Bone marrow methylcellulose samples were prepared by washing methylcellulose
cultures with 10 ml of 13 PBS, centrifuging them at 1,500 rpm for 10 min, and
resuspending them in 10 ml of 13 PBS. Following cell counting, samples were

FIG. 2. LMP2A expression in LMP2A ITAM mutant transgenic lines is sim-
ilar to that in nonmutated LMP2A transgenic mice. Immunoblot analyses of
LMP2A and p85 expression in splenic tissues from TgDITAM1, TgDITAM2,
WT, TgE, and Tg6 animals are shown. The LMP2A and p85 subunit (PI-3K)
bands are indicated by arrows. LMP2A-expressing EBV-transformed LCLs
served as a positive control.

KpnI digestion. The LMP2A cDNA probe shown spans sequences throughout the LMP2A transgene. BamHI (B) sites are indicated. The BamHI site in parentheses
may be lost upon integration. (B) PCR/KpnI digest identification of LMP2A ITAM mutant transgenic mice. Tail genomic DNA sequences from LMP2A ITAM mutant,
nonmutated LMP2A, and WT littermate control animals were amplified using OL129-OL131 and RAG positive control primers, followed by digestion with KpnI (K)
or no enzyme (NE). Identities of the amplified products and their subsequent digested fragments are shown to the left. fX DNA digested with HaeIII was used as a
size standard (right-most lane). (C) Southern hybridization analysis of LMP2A ITAM mutant lines. Tail DNAs from TgDITAM1, TgDITAM2, TgE, and WT animals
were digested with BamHI, run on an 0.8% agarose gel, and probed for LMP2A sequences by Southern hybridization. Size standards are indicated at the right.
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centrifuged at 1,500 rpm for 5 min, and cell pellets were lysed with the addition
of enough Triton X lysis buffer (1% Triton X-100, 20 mM Tris [pH 8.0], 137 mM
NaCl, 10% glycerol, 2 mM EDTA, 1 mM sodium vanadate, 10 mM sodium
fluoride, 13 phenylmethylsulfonyl fluoride, 13 pepstatin, 13 leupeptin) to bring
samples to 200 3 106 cells/ml for spleen samples or 100 3 106 cells/ml for
methylcellulose samples. Lysates were allowed to rotate at 4°C for 15 min before
being vortexed and cleared of nonsoluble proteins by centrifugation three times
for 20 min. Cleared lysates were mixed 1:1 with 23 SDS sample buffer (150 mM
Tris-HCl [pH 6.8], 2% SDS, 2% glycerol, 1.43 M b-mercaptoethanol) before
being loaded.

Immunoblotting. For immunoblot analysis, 2.5 3 106 cell equivalents of spleen
cell equivalents and 0.25 3 106 cell equivalents of control LCLs were heated at
70°C for 10 min, loaded onto a 1.5 mM 7% polyacrylamide gels, and run at 100
V for 1.5 h. Gels were electroblotted to Immobilon-P (Millipore) according to
the manufacturer’s recommendations. Blots were stained with Ponceau S reagent
(Sigma) to ensure equal loading and then blocked in 4% milk in 13 TBST (10
mM Tris [pH 8.0], 150 mM NaCl, 0.05% Tween 20) for 1 h at room temperature.
Blots were then washed once for 15 min and twice for 5 min each with 13 TBST.
Rat monoclonal anti-LMP2A antibody (14B7-1-1; 2.8 mg/ml) or rabbit anti-
phosphatidylinositol 3-kinase (PI3-K) p85 antibody (1 mg/ml; Upstate Biotech-
nology) was diluted in 1% milk–13 TBST to 1:2,500 and 1:5,000, respectively,
and allowed to incubate with blots overnight at 4°C. Blots were again washed
once for 15 min and twice for 5 min each with 13 TBST. Horseradish peroxidase
(HRP)-conjugated goat anti-rat (Jackson ImmunoResearch Laboratories) or
HRP-conjugated sheep anti-rabbit (New England Biolabs) secondary antibodies
were diluted in 13 TBST to 1:10,000 and 1:5,000, respectively, and added to the
appropriate blots for 30 min at room temperature. Blots were washed once for
15 min and four times for 5 min each with 13 TBST followed by detection with
Western blotting Luminol reagent (Santa Cruz Biotechnology, Inc.) according to
manufacturer’s recommendations; the blots were exposed to film.

Flow cytometry. Spleens were dissected from animals, homogenized between
the frosted edges of two microscope slides, and suspended into 10 ml of ice-cold
FACS (fluorescence-activated cell sorting) buffer (13 PBS, 10 mM HEPES, 1%
fetal calf serum, 0.01% sodium azide). The femurs and tibia were dissected from
mice, and the bone marrow was rinsed out into 15-ml tubes with a total of 10 ml
of ice-cold serum-free RPMI 1640 (Gibco). Spleen samples were centrifuged at
1,500 rpm for 10 min, and supernatants were poured off. The splenic red blood
cells were lysed in 5 ml of red blood cell lysis buffer (150 mM NH4Cl, 17 mM Tris
base [pH 7.2]) for 5 min and were then added to 5 ml of ice-cold FACS buffer
through a nylon mesh. Following cell counting, samples were centrifuged at 1,500
rpm for 5 min, and cells were resuspended to 40 3 106/ml in ice-cold FACS
buffer; 2 3 106 cells per spleen stain or 4 3 106 cells per bone marrow stain were
used in 100 ml of antibody stains. Samples were incubated with 0.5 mg of Fc block
(Pharmingen) per stain for 15 min at 4°C, followed by addition of staining
antibodies for 30 min at 4°C in the dark. The following antibody dilutions were
made in FACS buffer and used in various combinations to stain cells: IgM-
fluorescein isothiocyanate (FITC) (1:60) and CD19-phycoerythrin (PE)
(1:1,200). Following staining, samples were washed once in 2 ml of 13 PBS and

were routinely fixed in 1% paraformaldehyde–13 PBS at 4°C overnight in the
dark. All antibodies were purchased from Pharmingen. Samples were run on a
Becton Dickinson FACScan, and data were analyzed using CellQuest software.

Methylcellulose cultures. Bone marrow cells were collected in serum-free
RPMI 1640 as outlined above, counted, centrifuged at 1,500 rpm for 10 min, and
resuspended to 10 3 106/ml. A total of 2 3 106 bone marrow cells were seeded
in 3 ml of murine preB Methocult containing IL-7 (Stem Cell Technologies).
Cells were vortexed for 30 s to evenly distribute cells in the methylcellulose and
then evenly plated into two 60-mm-diameter dishes according to the manufac-
turer’s recommendations. Cultures were grown for 7 days at 37°C in 5% CO2.
Colonies were photographed and scored for morphology and number before
being harvested for use in flow cytometry and immunoblots.

RESULTS

Generation of LMP2A ITAM mutant transgenic mice. The
EmLMP2A Y(74/85)F mutant ITAM transgene was con-
structed as outlined in Materials and Methods, released from
the parent plasmid by digestion with SacI and XhoI, purified,
and microinjected into (B6 3 CBA)F1 mouse oocytes. From
these injections, 12 offspring were produced, 2 of which were
found to be transgenic by PCR (see Materials and Methods)
and designated TgDITAM1 and TgDITAM2.

Founder DNA was subjected to restriction enzyme and se-
quence analysis to determine whether the newly constructed
transgenic lines contained the proper mutated sequences. The
Y(74/85)F ITAM mutant LMP2A sequence contains an engi-
neered silent point mutation creating a unique KpnI site in the
amino-terminal portion of the transgene (Fig. 1A), enabling
ITAM mutant founders to be distinguished from previously
described nonmutated LMP2A transgenic mice. Genomic tail
DNA from the TgDITAM1 founder, the TgDITAM2 founder,
an LMP2A transgenic line E (TgE) animal, and a wild-type
(WT) littermate control animal were subjected to PCR using
primers OL129 and OL131, amplifying the amino-terminal
portion of LMP2A containing the unique KpnI site. Following
PCR amplification, the reactions were subjected to digestion
with KpnI or an equivalent reaction with no enzyme. DNA
from both TgDITAM1 and TgDITAM2 produced PCR prod-
ucts of 370 bp, equal to those produced in nonmutated LMP2A
transgenic mice (Fig. 1B). When these products were digested

FIG. 3. TgDITAM1 and TgDITAM2 mice show no B-cell developmental defect. (A) Spleen (SP) tissues were immunostained with CD19-PE and IgM-FITC
antibodies; flow cytometry dot plots are shown. Two distinct cell types are highlighted with boxes, and the respective percentages of gated cells within those regions
are denoted. (B) Bone marrow (BM) cells were immunostained as above; the boxes highlight pre-B and mature B cells, and the respective percentages within those
regions are denoted.
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with KpnI, only products from TgDITAM1 and TgDITAM2
were digested to produce two smaller products of 197 and 173
bp; PCR products from TgE remained undigested (Fig. 1B).
These data show that the TgDITAM1 and TgDITAM2 animals
contain the expected KpnI site engineered into the transgene.
Sequence analysis of OL129-OL131 PCR products from each
line confirmed the presence of the expected sequence in each
line (data not shown).

LMP2A sequence was detected in BamHI-digested genomic
tail DNAs from TgDITAM1, TgDITAM2, TgE, and WT litter-
mate control animals by Southern blot analysis (Fig. 1C). Each
transgenic sample hybridizes to LMP2A-specific bands, indi-
cating the presence of the transgenes in each line. These hy-
bridization patterns have been stable for over four generations
(data not shown).

LMP2A is expressed similarly in LMP2A ITAM mutant
transgenic lines and nonmutated LMP2A transgenic mice.
B-cell transgene expression was detected in TgDITAM1 and
TgDITAM2 splenocytes by immunoblot analysis. Whole spleen
lysates from age-matched 4- to 8-week-old TgDITAM1,
TgDITAM2, TgE, Tg6, and WT control animals were immu-
noblotted using an anti-LMP2A antibody (14B7-1-1) and an
antibody against the p85 subunit of PI-3K, to control for load-
ing. TgDITAM1 and TgDITAM2 express LMP2A to similar
levels as both TgE and Tg6 animals (Fig. 2). A higher nonspe-
cific band is consistently seen in all mouse samples tested but
not in the human LCL positive control lane, presumably due to
cross-reactivity of the secondary goat anti-rat HRP-labeled
antibody with mouse proteins. Blots were stripped and immu-
noblotted against PI-3K to show that protein loading was
roughly equivalent in all lanes. No obvious differences in onset
of transgene expression or in the general pattern described
above were observed when expression was tested in young
animals (data not shown).

LMP2A ITAM mutant transgenic mice display no B-cell
developmental alteration. Spleen and bone marrow samples
from TgDITAM1 and TgDITAM2 were analyzed by flow cy-
tometry to determine whether LMP2A ITAM mutant mice
display a B-cell developmental phenotype similar to that seen
in previously described nonmutated LMP2A lines TgE and
Tg6. Spleen and bone marrow samples from each transgenic
line as well as WT littermate controls were analyzed by flow
cytometry for mouse sIgM (IgM-FITC) and the pan-B-cell
marker CD19 (CD19-PE) (Fig. 3). WT animals displayed nor-
mal levels of CD191 IgM1 B cells in the spleen (52%) and
bone marrow (20%). In contrast, TgE animals displayed the
previously reported developmental alteration, characterized by
a severe reduction in the numbers of CD191 IgM1 B cells in
the spleen (5%) and bone marrow (1%). Similarly, Tg6 ani-
mals showed the previously reported phenotype of slight de-
creases in the numbers of CD191, IgM1 B-cell numbers in the
spleen (30%) and bone marrow (9%). Both TgDITAM1 and
TgDITAM2 mice displayed no B-cell developmental defects
and had no significant differences in the spleen (58 and 50%
versus 52%, respectively) or bone marrow (20 and 19% versus
20%, respectively) compared to WT littermate controls. No
defects were observable in any T-cell compartment in either
LMP2A DITAM mutant or nonmutated LMP2A transgenic
mice (data not shown).

LMP2A ITAM mutant mice cannot support development or
survival in the RAG2/2 background. Previous reports have
divided LMP2A transgenic animals into EmLMP2ABCR2 and
EmLMP2ABCR1 classes (6, 7). EmLMP2ABCR2 transgenic
mice can be clearly distinguished by loss of IgM expression on
their B cells when analyzed by flow cytometry. However, the
EmLMP2ABCR1 transgenic B cells appear similar to their WT

littermate controls by the same analysis. When both classes of
LMP2A transgenics are bred into the RAG2/2 background,
both have a readily observable phenotype. RAG2/2 animals
are unable to rearrange Ig genes to form Ig, the key protein of
the BCR, thus blocking B-cell development at the pre-B cell
stage. This results in a complete absence of mature B cells in
RAG2/2 animal bone marrow and peripheral lymphoid or-
gans. When bred into the RAG2/2 background, both classes of
LMP2A transgenic animals generate a greater number of
CD191 B cells in the bone marrow and peripheral lymphoid
organs. These data indicate that LMP2A imparts a develop-
mental and survival signal in all classes of LMP2A transgenic
animals.

To determine whether the TgDITAM1 and TgDITAM2 pro-
teins could provide B cells with developmental or survival
signals in the absence of RAG-1, both lines were bred into the
RAG2/2 background. Spleen and bone marrow samples were
prepared from RAG2/2 TgDITAM1, RAG2/2 TgDITAM2,
RAG2/2 TgE, RAG2/2 Tg6, and RAG2/2 control animals for
analysis by flow cytometry. Both RAG2/2 TgE and RAG2/2

Tg6 animals show enhanced survival of B cells, as indicated by
the accumulation of CD19hi1 B cells in the spleen (25 and 2%,
respectively) as well as an increase in CD19 expression in the
bone marrow (Fig. 4). In contrast to these results, neither
RAG2/2 TgDITAM1 nor RAG2/2 TgDITAM2 animals show
any enhancement of CD19 expression or B-cell survival in
the spleen or bone marrow and are indistinguishable from
RAG2/2 littermate controls.

LMP2A ITAM mutant transgenic bone marrow cells grow
comparably to WT littermate controls in methylcellulose con-
taining IL-7. Growth of bone marrow cells in methylcellulose
medium containing IL-7 has allowed for an additional measure
of the developmental effect of LMP2A on B cells. When bone
marrow cells from TgDITAM1, TgDITAM2, TgE, Tg6, and
WT littermates were cultured for 7 days in methylcellulose
medium, each line produced B-cell colonies (Fig. 5A). Cells
collected from methylcellulose cultures from each transgenic
line were subjected to flow cytometry analysis (Fig. 5B). The
B-cell outgrowths from these cultures reflect the general trend
observed in bone marrow samples in vivo. TgE methylcellulose
cultures are predominantly (98%) CD191 IgM2, while Tg6
methylcellulose cultures show a slight reduction in the number
of CD191 IgM1 cells (11% versus 30%) and an increase in the
number of CD191 IgM2 (88% versus 68%) compared to WT
controls. In contrast, both TgDITAM1 and TgDITAM2 meth-
ylcellulose cultures contain similar percentages of CD191

IgM1 (31 and 26% versus 30%, respectively) and CD191

IgM2 (65 and 70% versus 68%, respectively) cells compared to
WT cultures (Fig. 5B). The number of B-cell colonies formed
in each plate correlates with the strength of the developmental
and survival signal that LMP2A imparts. TgE bone marrow
produces nearly twice as many colonies on average (Student’s
t test, P 5 0.0017) compared to TgDITAM1, TgDITAM2, and
WT littermate controls (Fig. 5C). These data represent counts
collected from four separate experiments in which Tg6 bone
marrow was not cultured and is therefore not represented
in the graph. These results indicate that TgDITAM1 and
TgDITAM2 mutant LMP2A protein does not provide any
colony-forming enhancement signal as seen in nonmutated
LMP2A transgenic bone marrow when cultured in vitro.

In the RAG2/2 background, the LMP2A ITAM mutant
transgene is unable to support development or survival of
bone marrow cells in methylcellulose. When bone marrow
from any RAG2/2 LMP2A transgenic mouse is cultured in
methylcellulose media, a substantial enhancement of col-
ony number can be observed (6, 7). Therefore, RAG2/2
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TgDITAM1, RAG2/2 TgDITAM2, RAG2/2 TgE, RAG2/2

Tg6, and RAG2/2 littermate control bone marrow samples
were cultured in IL-7-containing methylcellulose. As ex-
pected, both RAG2/2 TgE and RAG2/2 Tg6 bone marrow
cultures generated significant numbers of colonies in methyl-
cellulose (Fig. 5D). Both RAG2/2 TgDITAM1 and RAG2/2

TgDITAM2 did not form any significant numbers of colonies,
similar to their RAG2/2 littermate control animals. Flow cy-
tometry analysis of recovered RAG2/2 TgE and RAG2/2 Tg6
bone marrow cells showed that nearly all were CD191 IgM2 as
expected (data not shown). Too few cells were recovered from
RAG2/2 TgDITAM1, RAG2/2 TgDITAM2, and RAG2/2 an-
imals to determine surface marker phenotype. These results
show that TgDITAM1 and TgDITAM2 animals lack any
LMP2A-derived developmental or survival signal.

DISCUSSION

Both in vitro and in vivo systems have been used to deter-
mine the function of LMP2A in EBV latency. In vitro studies
using EBV-transformed LCLs have shown that LMP2A is
highly tyrosine phosphorylated and forms aggregates in the
plasma membrane of latently infected cells. Associated with
LMP2A are the Src family PTKs, the Syk PTK, and Nedd4
family ubiquitin ligases (24, 25, 37, 57). Of particular interest to
these studies is the specific association of the LMP2A ITAM
with the Syk PTK (24). In vitro, these LMP2A protein com-
plexes result in a complete block in BCR-mediated signal
transduction (24, 25, 57, 58). In vivo studies have provided
additional information into LMP2A function. In transgenic
mice, LMP2A provides both developmental and survival sig-
nals to B lymphocytes (6, 7).

This study was designed to determine the importance of the
LMP2A ITAM in the LMP2A-mediated developmental and
survival signal observed in the previously described LMP2A
transgenic mice (6, 7). Comparing ITAM defective LMP2A
transgenic mice with the previously constructed LMP2A trans-

genic lines, we demonstrate the importance of the LMP2A
ITAM in providing the LMP2A-mediated developmental and
survival signal. Previous studies have described two distinct
LMP2A transgenic phenotypes. Two of five genetically distinct
LMP2A lines have a dramatic phenotype (LMP2ABCR2) char-
acterized by the development and survival of B lymphocytes
lacking a BCR in an immunocompetent murine background
(7). Three other lines exhibit a more subtle phenotype
(LMP2ABCR1) when analyzed in an immunocompetent back-
ground. However, when all LMP2A transgenic animals are
bred into the RAG-null background, LMP2A allows for both
the developmental and survival of B lymphocytes in peripheral
immune organs (6, 7).

In this study, we analyzed two different LMP2A ITAM mu-
tant transgenic lines, both of which were unable to promote
B-cell development or survival in either an immunocompe-
tent or RAG-null background. Although it is possible that
these ITAM-defective LMP2A lines may not express enough
LMP2A to generate the previously characterized LMP2A phe-
notypes, this seems unlikely for two reasons. First, as demon-
strated, both ITAM-defective lines generated in this study ex-
press approximately equal levels of LMP2A protein in B
lymphocytes compared to the previously described LMP2A
transgenic lines. Second, of the five nonmutated LMP2A trans-
genic lines analyzed to date, all have the developmental and
survival phenotype when bred into the RAG-null background.

The requirement for an intact LMP2A ITAM to provide B
cells with a developmental and survival signal in vivo implicates
Syk as being a major target for LMP2A. Many studies have
demonstrated a vital role for Syk in B-cell development and
activation (13, 73, 76). Syk2/2 mice display perinatal lethality,
indicating that Syk plays a vital role in organismal development
(13, 76). However, when irradiated WT mice are reconstituted
with fetal liver cells from Syk2/2 mice, the reconstituted lym-
phoid cells exhibit a severe B-cell developmental phenotype.
These mice are characterized by a block of B-cell development
at the pro-B-to-pre-B cell transition, resulting in a lack of

FIG. 4. LMP2A ITAM mutant mice do not impart a survival signal to RAG2/2 B cells. (A) Spleen (SP) tissues were immunostained with CD19-PE and IgM-FITC
antibodies; flow cytometry dot plots are shown. Two distinct cell types are highlighted with boxes in the plots, and the respective percentages of gated cells within those
regions are denoted. (B) Bone marrow (BM) cells were immunostained as above; the boxed inset shows the percentage of CD191 cells arising in the bone marrow,
and the respective percentages of gated cells within those regions are denoted.
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mature B cells as well as a partial impairment of T-cell devel-
opment.

Syk has been firmly established as a critical factor for the
generation of both the Ca21 influx and mitogen-activated pro-
tein kinase (MAPK) signals that follow BCR cross-linking (for
reviews, see references 8, 41, and 42). For production of the
Ca21 response, Syk is critical for phosphorylation and activa-
tion of a number of downstream targets, including PI-3K,
BLNK, and phospholipase g2 (PLC-g2) (10, 26, 38, 73).
Following sIg cross-linking, Syk phosphorylates and activates
PI-3K, which initiates the production of biologically active phos-
phoinositides that act as second messengers (16, 21). Interest-
ingly, activation of PI-3K is also critical for activation of the
antiapoptotic protein Akt, which may be a target for LMP2A in
enhancing cell survival (17, 29). Btk associates with the PI-3K
product phosphatidylinositol-3,4,5-trisphosphate [PI(3,4,5)P3],
allowing for autophosphorylation and activation (47, 69, 78).
Phosphorylated BLNK has been shown to provide docking
sites for downstream signaling molecules, thus allowing
them to aggregate and become activated (26). BLNK binds
both activated Btk and PLC-g2, thus allowing Btk and Syk to
phosphorylate and activate PLC-g2 (19, 33, 38, 72). Once ac-
tivated, PLC-g2 mediates the production of diacylglycerol and
inositol trisphosphate from the PI-3K product PI(4,5)P2 (34).
Diacylglycerol is critical for activation of protein kinase C,
whereas inositol trisphosphate causes a release of Ca21 from
intracellular stores (56, 62). Influx of Ca21 leads to activation
of the calmodulin-dependent protein kinase II and the calm-
odulin-activated serine/theonine phosphatase calcineurin (70,
77). One of the factors activated by an influx of calcium is the
transcription factor NF-AT, which is important for upregula-
tion of a number of cytokines and immune effector molecules
(15, 79).

A more direct generation of MAPK signals by Syk down-
stream of the BCR has also been well established. BLNK
phosphorylation by Syk leads to binding of guanine nucleotide
exchange factors Vav and the Grb2 and Nck adapter proteins
through SH2-phosphotyrosine associations (26). Docking of
these effectors to BLNK allow for activation of the Ras and
Rac GTPases (5, 9, 18, 46). Phosphorylation cascades though
the ERK, JNK, and p38 arms of the MAPK pathways result in
activation of a number of transcription factors such as Fos, Jun,
and members of the Ets family (14, 30, 60, 75). Studies using
Syk-null DT40 chicken B cells have shown that Syk is critical
for activation of the ERK1 and JNK1 arms of the MAPK
family (39).

The LMP2A ITAM mutant mouse data suggest that LMP2A
may be manipulating Syk to direct the activation of a MAPK-
and/or a Ca21-mediated signal in order to enhance B-cell sur-
vival and maintain latency. In so doing, LMP2A may be mim-
icking a constitutively active BCR or a docking protein, such as
BLNK, thus directing signals away from the actual BCR while
replacing the essential signals normally arising from a func-
tional BCR with LMP2A-derived survival signals. Future stud-
ies will map the pathways downstream of the LMP2A ITAM-
Syk interaction critical for LMP2A to block BCR signal
transduction and produce survival signals. Of particular inter-
est are pathways that lead to activation or upregulation of
antiapoptotic proteins such as Akt. Other signaling proteins
acting downstream of Syk that are important for B-cell devel-
opment, such as Btk and BLNK, also clearly warrant further
study using our transgenic mouse models. These studies should
provide a clearer understanding of the transmission of LMP2A
signals and how these signals affect B-cell development, sur-
vival, and EBV latency.
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