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To test whether transgenic Epstein-Barr virus nuclear antigen 1 (EBNA1) expression in C57BL/6 mouse
lymphocytes causes lymphoma, EBNA1 expressed in three FVB lineages at two or three times the level of latent
infection was crossed up to six successive times into C57BL/6J mice. After five or six crosses, 14/36, (38%)
EBNAL transgenic mice, 11/31 (36%) littermate EBNA1-negative controls, and 9/25 (36%) inbred C57BL/6J
mice housed in the same facility had lymphoma. These data indicate that EBNA1 does not significantly

increase lymphoma prevalence in C57BL/6J mice.

Epstein-Barr Virus (EBV) nuclear protein 1 (EBNAL1) is the
only EBV protein expressed in all latent infections (27, 34).
EBNAI1 dimers bind to multiple cognate DNA repeats in the
oriP segment of the EBV genome, thereby enhancing EBV
episome replication, long-term persistence, and transcription
(15, 16, 20, 32, 35, 49). In primary human infection, EBV
replicates in oral epithelial cells and converts B lymphocytes to
a latency III infection characterized by the expression of six
EBNA proteins, two integral membrane proteins (LMPs),
EBV-encoded small RNAs (EBER), microRNAs, rightward
mRNAs of uncertain function, and cell proliferation (27). EBV
infection of primary human B lymphocytes in vitro also results
in latency III and cell proliferation; immortal lymphoblastoid
cell lines (LCLs) result (27). While recombinant EBV lacking
expression of EBNA2, EBNALP, EBNA3A, EBNA3C, LMP1,
or EBNALI are inefficient or null in LCL outgrowth (7, 21, 24,
31, 36), rare LCLs arise following infection with EBV lacking
EBNALI, and these grow the same as wild-type-EBV-infected
LCLs, indicating that EBNA1 may not be required for EBV
effects on cell proliferation (21). Further, expression of a dom-
inant-negative EBNALI in an LCL with integrated EBV DNA,
whose growth is dependent on EBNA2-induced Myc (8), in-
hibits EBNA1 enhancement of an oriP-dependent episome but
does not alter cell growth or gene expression (22). Moreover,
EBNAL1 enhances oriP-dependent gene expression from epi-
somes to levels similar to those of Gal4-VP16, but is much less
active than Gal4-VP16 on gene expression from integrated
oriP-dependent reporters (22). Although EBNA1 can increase
expression from some integrated oriP-dependent promoter
sites that have minimal expression (26), cognate sites have not
been found in cell DNA (19). Thus, current evidence favors the
hypothesis that EBNA1 does not interact with cognate cell
DNA sequences to cause LCL growth or survival.

EBNALI is expressed with LMP1 and LMP2 in latency II
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EBV infection in Hodgkin’s disease Reed-Sternberg cells and
in nasopharyngeal carcinoma and is the only protein expressed
in latency I infection in most Burkitt’s or other lymphoma cells
(5, 10). The persistence of EBV genomes in all cells of these
tumors is evidence that an EBV gene product supports tumor
cell growth or survival (34). In support of this hypothesis,
Akata latency I Burkitt’s tumor cells induce tumors in nude
mice, while Akata cells that have lost EBV episomes in cell
culture do not induce tumors (42). However, EBER expression
converts EBV-negative Akata cells to tumor induction in nude
mice, whereas EBNA1 expression does not (28, 29, 38, 39).
Nevertheless, EBNAL1 associates with chromosomes, ubiquitin-
specific protease 7, importin, EBP2, and p32TAP and could
affect cell growth, survival, or gene expression through these
associations (13, 17, 46). Indeed, EBNAI1 expression in non-
EBV-infected Burkitt tumor lymphoblasts has been associated
with changes in cell growth or gene expression in some exper-
iments (14, 25, 26, 48), but not in others (22, 23).

Previous assays of transgene EBNAI effects on lymphoma
prevalence in inbred mice have been inconclusive. In C57BL/6
mice, EBNA1 expression in lymphocytes under an immuno-
globulin (Ig) heavy-chain enhancer (Ew) and a polyomavirus
promoter resulted in one lineage with very low EBNA1 expres-
sion and uniform death from malignant lymphoma at 6 to 9
months of age and another lineage with higher EBNA1 expres-
sion, no premature death, and increased lymphoma histology
in 19- to 24-month-old mice (44, 47). In another study, EBNA1
transgene expression in three FVB lineages under Ew and
promoter at levels higher than LCLs did not change survival,
weight, serum IgG, IgM, total Ig, spleen size, lymphocyte num-
bers, lymphocyte types, lymphoid organ size, and spleen his-
tology (23). A lymphoma and a histiocytic sarcoma were found
in 111 autopsied EBNAI transgenic mice versus none in 63
littermate control mice (23). However, FVB mice have a much
lower propensity for lymphoma than C57BL/6J mice and may
be less sensitive to an EBNAL1 effect on lymphoma incidence
(3, 4, 30).

To further evaluate whether EBNAL1 expression causes lym-
phoma in C57BL/6J mice, Flag-EBNA1 transgenic mice from
the three FVB lineages were successively crossed up to six
times to C57BL/6J inbred mice. EBNAL transgene inheritance
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FIG. 1. The EBNAI transgene in FVB cross C57BL/6]J mouse
spleen cells. (A and B) After the second cross of the EBNAI transgene
from FVB to C57BL/6J mice, spleen extracts from each of three
Flag-tagged EBNAL transgenic lineages (58, 68, and 73) or control
C57BL/6J mice (C) were assayed for protein with Bradford reagent
and dissolved in sodium dodecyl sulfate sample buffer at 95°C, and 8,
24, or 80 pg of protein was loaded onto a denaturing polyacrylamide
gel, along with similar amounts of protein from IB4 LCLs (LCL), from
Flag-tagged EBNA1-expressing BJAB cells (E1), or from BJAB cells
(B), and was blotted with anti-EBNAL1 or anti-alpha tubulin antibody
(23). (C) Spleen extracts were incubated with labeled family of repeats
probe in the absence or presence of 500-fold excess unlabeled wild-
type (WT) or mutant (MT) competitor or anti-EBNA1 («E1), anti-
Flag («FL), or Ig isotype (Ig) control antibody (23). BSA, bovine
serum albumin.

was identified by PCR, and EBNALI effects on lymphoma in-
cidence were assayed in the increasingly C57BL/6J genetic
background (5, 10). At the level of the second cross into
C57BL/6J, the lineage 58, 68, and 73 transgene EBNA1 DNA
sequences, exclusive of the Gly-Ala-encoding repeat, were de-
termined after PCR amplification from whole-genome DNA.
The DNA sequences were identical to the initial transgene
Flag-tagged EBNA1 DNA sequence (23). EBNAI transgene
expression in spleen extracts was two- to threefold higher than
in LCLs relative to alpha tubulin and was comparable to Flag-
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EBNAL expression in BJAB B lymphoma cells (Fig. 1A and
B). EBNAT in the three C57BL/6J lineages was also the same
size as the starting EBNAL1 (Fig. 1A and B) (23). Moreover,
Flag-tagged EBNAL, from spleen extracts of lineage 68 and 73
C57BL/6J mice, specifically shifted cognate probe DNA and
was supershifted by antibody to the Flag tag or to EBNAL1 (Fig.
1C and data not shown).

Progeny mice from generations 3 to 6 of successive EBNA1
mouse matings with C57BL/6J mice (87% to 98.5% C57BL/6J)
were maintained for 17 to 20 months under microisolator bar-
rier conditions in a biosafety level 1 facility. Premature deaths
were recorded, and postmortem gross and histological analyses
were done, when tissues were adequately preserved (Table 1).
The mice were sacrificed at 17 to 20 months to assess changes
in spleen and lymph node anatomy and histology that would be
indicative of lymphoma. Postmortem examinations included
dissection and microscopic analysis of spleen, lung, and kidney
and of liver, lymph node, or gastrointestinal tissues that ap-
peared abnormal.

At the fifth and sixth C57BL/6J crosses, 17- to 20-month-old
EBNAL transgenic and littermate control mice were assessed
for body weight and spleen size and weight. At the fifth
C57BL/6J cross, EBNAL transgenic mice (n = 9) did not differ
from littermate control (n = 6) mice in body weight (47.19 *
7.03 g versus 45.22 = 10.31 g), spleen size (1.47 = 0.15 cm
versus 1.58 * 0.14 cm), or spleen weight (0.12 + 0.02 g versus
0.12 = 0.02 g). Similarly, at the sixth CS7BL/6J cross, EBNA1
(n = 16) and littermate control (n = 12) mice were similar in
body weight (39.7 £ 7.5 g versus 41.8 = 7.5 g), spleen size
(1.76 = 0.62 cm versus 1.91 = 0.59 cm), and spleen weight
(0.73 = 0.87 g versus 0.84 = 0.98 g). Thus, 17- to 20-month-old
transgenic EBNA1 mice after five or six crosses with C57BL/6J
mice did not differ from littermate control mice in body weight
or spleen size or weight.

C57BL/6J mice purchased for mating and housed in the
same room had spontaneous mortality of 9/28 (31%) before
sacrifice at 17 to 20 months. Of the nine prematurely dead
mice, six were adequate for postmortem histology. Histology of
these 6 and the remaining 19, which were sacrificed at 17 to 20
months, revealed 9/25 (36%) with lymphoma and 1/25 (4%)
with pulmonary adenoma (Table 1).

In EBNAI-negative littermate control mice (n = 36) from
five and six crosses of mice from the three FVB lineages with
C57BL/6J mice, the spontaneous mortality was 15/36 (42%).
Among these 15, 10 were adequate for postmortem histology.
Histology of these 10 and the remaining 21, which were sacri-
ficed at 17 to 20 months, revealed 11/31 (35%) with lymphoma
and 1/31 (3%) with pulmonary adenoma, very similar to the
36% lymphoma and 4% pulmonary adenoma prevalences in

TABLE 1. EBNA1 and lymphoma prevalences in C57BL6/J mice

Parameter Value
C57BL/6J Littermate control EBNAI1
No. of FVB X C57BL/6J crosses 3 4 5 6 3 4 5 6
Total no. 28 7 21 6 30 19 16 13 27
No. that died 9 5 3 3 12 6 3 0 12
No. with histology 25 4 18 6 25 14 13 13 23
No. with lymphoma 9 0 0 2 9 0 0 5 9
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the inbred control C57BL/6]J mouse group (Table 1). Thus,
C57BL/6J and EBNAI-negative littermate control mice had
35% to 36% lymphoma prevalence, an appropriate prevalence
to observe an EBNAL effect.

In EBNAL transgene-positive mice from five and six crosses
with C57BL6/J mice (n = 40), the spontaneous mortality was
12/40 (30%), similar to the 9/28 (31%) in C57BL/6J mice and
the 15/36 (42%) in littermate control mice. Of the 12 sponta-
neous deaths in EBNAI transgenic mice, 8 allowed postmor-
tem histology. Histology of these 8 and the remaining 28, which
were sacrificed at 17 to 20 months, revealed 14/36 (39%) with
lymphoma and 2/36 (5.6%) with pulmonary adenoma (Table
1). Thus, lymphoma developed in 14/36 (39%) EBNAL trans-
gene-positive mice at the fifth and sixth crosses to C57BL/6J
mice, similar to the 11/31 (35%) with lymphoma in EBNAI-
negative littermate mice, the 9/25 (36%) in C57BL/6] mice,
and the 31 to 36% reported for C57BL/6 mice (3, 4, 12).
Fisher’s exact test comparison of EBNA1 transgenic mice with
littermate control mice yielded values of 0.51 (one tailed) and
1 (two tailed), as expected for nearly identical rates. These data
indicate that EBNA1 does not significantly increase lympho-
mas in C57BL/6J mice.

Lymphomas were not observed in EBNAI1 transgenic or
littermate control mice until the fifth and sixth crosses to
CS57BL/6J mice; 5/13 transgenic EBNA1 mice at the fifth cross
had lymphoma, and at the sixth cross, 9/23 had lymphoma,
while 2/6 littermate control mice at the fifth cross had lym-
phoma and 9/25 at the sixth cross had lymphoma. Also, al-
though the numbers were smaller, the incidences of lymphoma
at the sixth cross among mice from the original EBNAI trans-
genic FVB lineages was similar, for example, 39% and 39% in
lineage 58 and 73 EBNA1-positive mice, respectively, and 36%
and 33% in lineage 58 and 73 littermate control mice. Thus, in
at least two separate lineages, we have sufficient data to ex-
clude the uniform mortality observed previously in one lineage
(47) or the frequent lymphoma histology observed in aged
mice in another lineage (47).

This study was undertaken to evaluate whether EBNA1 ex-
pression causes lymphoma in lymphoma-prone C57BL/6J in-
bred mice. Our data indicate that EBNAI1 expression at a
higher level than is ordinarily associated with latent EBV in-
fection does not increase lymphoma prevalence in C57BL/6J
mice. These data are in marked contrast to those obtained in
a previous study in which EBNA1 RNA expression with very
low protein expression was associated with uniform mortality
in 6- to 9-month-old C57BL/6 mice and higher EBNA1 protein
expression was associated with only increased prevalence of
lymphoma histology in aged mice (47). The uniform mortality
in one lineage in the previous study is similar to that with
transgenic c-myc overexpression and was likely due to an in-
sertion effect on a host proto-oncogene (1, 2, 9, 41, 45),
whereas the increase in lymphoma histology in the second
lineage was likely due to the increased variability in C57BL/6
mice in an open (47) versus a barrier (23) facility (37).

The absence of an EBNA1 protein effect on tumor incidence
in C57BL/6] mice is important for an understanding of
EBNAL effects in EBV latency-associated cell growth. To-
gether with the recent finding that EBV lacking EBNAL is inef-
ficient in initiation of LCL outgrowth but that integration of EBV
DNA into cells results in otherwise-typical latency III LCL out-

J. VIROL.

growth (21), these data support the hypothesis that EBNA1 is not
a substantial cause of increased lymphocyte growth or survival.
Relative safety is important for the use of EBNAI and an oriP
episome vector system in human gene therapy. Retroviral vectors
have been associated with rare leukemias due to integration near
LMO2 (6, 33, 43), and adeno-associated virus has been associated
with hepatocellular carcinomas in mice (11).

We cannot exclude the possibility that EBNA1 overexpres-
sion at these levels could have an effect on cell survival or
growth. EBNA1 transgenic FVB mice had a 39% prevalence of
pulmonary adenomas versus 7% in littermate control animals
(23). At the third transgenic EBNAIL cross with C57BL/6J
mice, 14 EBNAL transgenic mice had three pulmonary adeno-
mas (Table 1), whereas 4 littermate control animals had zero
and 25 C57BL/6J mice had one. With crosses 4 to 6, only two
pulmonary adenomas were found in 49 EBNAI transgenic
animals, and one was found in 49 control animals. These lim-
ited data are consistent with an EBNA1 increase in pulmonary
adenoma prevalence in pulmonary adenoma-prone FVB mice
and not in lymphoma-prone C57BL/6J mice. The three pul-
monary adenomas in sections of 14 EBNA1 transgenic mice at
cross 3 into the C57BL/6J line could be due to persistence of
FVB susceptibility in these animals, which are still 12.5% FVB.
EBNAI1 may interact with the specific FVB predisposition to
pulmonary adenoma to increase adenoma prevalence, since
there was no effect in the higher-cross C57BL/6J background.
Since the previous FVB data may have been biased by a more
thorough search for tumors in the EBNAI1 transgenic FVB
mice, a blinded study of EBNA1 effects on FVB predisposition
to pulmonary adenoma is needed to substantiate the putative
pulmonary adenoma affect. EBNA1 overexpression can dis-
place p53 from USP7, enhance p53 degradation, and protect
cells from apoptosis (18, 40), consistent with the possibility that
even threefold EBNA1 overexpression might increase pulmo-
nary adenoma prevalence in FVB mice. Whether such effects
are evident at EBNAL levels in latent EBV infections can be
determined by comparing p53 levels and cell survival in LCLs
or other cells infected with EBV versus an EBV that has a null
mutation in the EBNA1-USP7 interaction domain.
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