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A recombinant Epstein-Barr virus (EBV) was constructed, with a positive-selection marker inserted at the
site of a deletion of a DNA segment which encodes the first five transmembrane domains of LMP2A and
LMP2B. Despite the mutation, the mutant recombinant EBV was able to initiate and maintain primary
B-lymphocyte growth transformation in vitro. Cells transformed with the mutant recombinant were not
different from wild-type virus transformants in initial or long-term outgrowth, sensitivity to limiting cell
dilution, or serum requirement. Expression of EBNA1, EBNA2, EBNA3A, EBNA3C, and LMP1 and
permissivity for lytic EBV infection were also unaffected by the LMP2 deletion mutation. These results
complete the molecular genetic studies proving LMP2 is dispensable for primary B-lymphocyte growth
transformation, latent infection, and lytic virus replication in vitro.

Of the nine Epstein-Barr virus (EBV) proteins expressed
in latently infected growth-transformed lymphocytes,
EBNA1, LMP1, and LMP2A or LMP2B are regularly ex-
pressed in Burkitt's lymphoma, nasopharyngeal carcinoma,
or Hodgkin's disease tumor biopsies (2, 4, 8, 10, 20, 23-25,
31, 32, 38). EBNA1 is essential for EBV episome mainte-
nance in latently infected cells (37). LMP1 is a key mediator
of EBV effects on cell growth (1, 33-35). LMP2A associates
with LMP1 and with src family tyrosine kinases (3, 13), is a
tyrosine kinase substrate (13), and down modulates the
effects of transmembrane signalling on calcium mobilization
(19).
The LMP2 gene is simultaneously transcribed under the

control of two promoters separated by 3 kb (Fig. 1, line 1)
(11, 12, 29). The two LMP2 mRNAs have different 5' exons
followed by eight common exons (Fig. 1, line 2) (11, 12, 29).
The LMP2A-predicted primary amino acid sequence in-
cludes 119 amino acids encoded by the LMP2A unique 5'
exon, 12 hydrophobic domains of at least 16 amino acids,
each of which is likely to traverse a membrane, and a
27-amino-acid carboxyl-terminal domain. Both the amino
and carboxyl termini are predicted to reside in the cyto-
plasm. The LMP2B first exon is not translated, and LMP2B
initiates at a methionine which is 120 amino acids into
LMP2A.
The purpose of the experiments reported here was to

complete the formal EBV recombinant molecular genetic
analysis of LMP2's role in lymphocyte infection in vitro.
Deletion of the entire LMP2 gene from EBV recombinants
has not been possible since the LMP2 gene is more than 12
kbp long and it spans the termini which are essential cis-
acting elements for packaging of virions. Two specifically
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mutated LMP2 recombinants had been made to assess the
importance of LMP2 in lymphocyte infection and subse-
quent growth transformation. One mutation inserted a non-
sense codon after LMP2A codon 19 (15), thereby interrupt-
ing LMP2A expression. The second inserted a nonsense

codon after the fifth transmembrane domain common to
LMP2A and LMP2B (16), thereby truncating LMP2A and
LMP2B after the fifth transmembrane domain. Neither mu-
tation had a discernible effect on the ability of the mutant
EBV recombinant to infect, transform, or replicate in pri-
mary B lymphocytes. In the experiments described here, a
DNA segment which encodes the first five transmembrane
domains was deleted, the only part of LMP2 not affected by
the previous mutations. The effect of the mutation on the
ability of EBV to infect, growth transform, and replicate in
primary B lymphocytes was then evaluated.

Since the mutations affecting the rest of LMP2 had no
effect on primary lymphocyte infection in vitro, deletion of
DNA which encodes the first five transmembrane domains
was likely to result in a virus which was still able to
transform primary B lymphocytes. A marker selection ex-
periment was therefore attempted with primary B-lympho-
cyte infection. A cloned EBV DNA fragment containing
LMP2 genomic DNA was mutated by the deletion of a
643-bp EcoRI-to-SalI fragment (Fig. 1, line 3). The deletion
removes the second exon, the third exon, and a portion of
the fourth exon common to both LMP2A and LMP2B (Fig.
1, lines 2 and 3). The deleted DNA encodes the first five
transmembrane domains of LMP2A and LMP2B. The de-
leted DNA segment was replaced with the drug resistance
gene, hygromycin phosphotransferase, under the control of
the simian virus 40 (SV40) promoter. The cloned fragment
was then transfected into B95-8 cells, a marmoset cell line
latently infected with EBV (21, 22). The EBV Z immediate-
early transactivator under the control of the SV40 promoter
(pSVNaeZ [30]) was included in the transfection to induce
lytic infection (5, 7, 27). Cell-free virus was prepared from
the transfected cells and used to infect primary B lympho-
cytes (15, 16). The infected primary B lymphocytes were
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FIG. 1. Schematic representations of the EBV LMP2A and LMP2B genes. (A) (Line 1) The EBV episome circularized through joining of
the terminal repeats (TR). The rightmost EcoRl fragment, Dhet, and the leftmost terminal fragment, I, are indicated. (Line 2) The spliced
LMP2A and LMP2B mRNAs are shown. Open exons do not encode protein. (Line 3) The LMP2 deletion in plasmid pLMP2ES is depicted.
(Line 4) The primers used in PCR analysis are indicated. (B) Arrangement of the terminal repeat region in B95-8, ES11.21-, or P3M68-infected
cells, indicating the sites for the insertion of the hygromycin (HYG) gene under the control of the SV40 promoter. Insertion of the SV40 HYG
cassette results in destruction of both the EcoRI and SalI sites in the ES11.21 construct and the EcoRI site in the P3M68 construct. The
SacI-to-KpnI fragment used as a probe in the experiment shown in Fig. 3 is above. The expected EcoRI restriction fragments for each virus
are numbered and correspond to those shown the Southern blot in Fig. 3.

plated in microwells (15, 16) and incubated with a toxic level
of hygromycin B (50 p,g/ml). Eleven clones emerged, and the
presence of the hygromycin gene was confirmed by Southern
blot and polymerase chain reaction (PCR) analysis (data not
shown). One clone, ES11 was readily reactivated to permis-
sivity for lytic EBV infection by pSVNaeZ transfection and
treatment with tetradecanoyl phorbol acetate (15, 16). Cell-
free virus from ES11 was used to infect primary B lympho-
cytes. Clones were again selected and expanded as de-
scribed above. One clone, ES11.21, readily grew in
hygromycin and was easily activated into lytic virus infec-
tion and was therefore further analyzed.
The primary clone ES11.21 and passages from this clone

were subjected to PCR analysis as shown in Fig. 2. Passages
are indicated by a period. To demonstrate that the SV40
hygromycin gene had been inserted into the appropriate site
in the EBV genome, two primers specific for the hygromycin

cassette were synthesized. Both primer 5'HYG, TGC
AGCGCCACTCAA, and primer 3'HYG, TCAGCCAG
CAACTCG, point outwardly from the hygromycin gene
(Fig. 1, line 4) and should amplify fragments only when
paired with primers containing the adjacent EBV DNA. In
amplifications with the primers 5'HYG and 5'ELMP2,
GGTCGGATTTCGCCCTrATT, a 656-bp product was de-
tected only in lymphoblastoid cell lines (LCLs) infected with
the LMP2ES deletion recombinant and not in wild-type
B95-8-infected LCLs (LCL1), P3HR1-16 infected cells,
BJAB cells, or reactions containing only primers and no cell
DNA (Fig. 2A). Similarly, using the primers 3'HYG and
3'LMP2A/B (16), a 304-bp product was detected only in
LCLs infected with the LMP2ES deletion recombinants
(Fig. 2B). As expected, this product was not apparent in
control amplifications with wild-type EBV DNA (Fig. 2B).
To verify that LMP2ES mutant-infected LCLs were not
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FIG. 2. Ethidium bromide-stained PCR products from wild-type-
and LMP2 mutant recombinant-infected LCLs (15). (A) PCR prod-
ucts using a primer at the 5' side of the SV40 hygromycin (5' HYG)
selectable marker and an EBV-specific primer 5' of the EcoRI site at
bp 1 of the B95-8 sequence. BJAB, LCL1, and P3HR1-16 lack SV40
HYG DNA. The LMP2ES mutant recombinant-infected cells con-

tain the expected amplified product of 656 bp. (B) PCR products
using a primer at the 3' side of the SV40 HYG selectable marker and
an EBV-specific primer 3' of the Sall site at bp 643 of the B95-8
sequence. BJAB, LCL1, and P3HR1-16 lack the SV40 HYG select-
able marker. Cell lines infected with the ES11.21 mutant all contain
the expected amplified 304-bp product. (C) PCR products using
primers ES1 and ES2 within the EcoRI-to-SalI deletion. The wild-
type 240-bp product is observed in LCL1 or P3HR1-16 DNA and not
from ES11.21-infected cell lines. (D) To assess the sensitivity of
detection of wild-type DNA using the ES1 and ES2 primers,
dilutions of 105 wild-type-infected LCL DNA with EBV-negative
BJAB cells were added to 105 LMP2ES-infected LCLs. PO indi-
cates control with primers only and no cell DNA.

coinfected with wild-type B95-8 genomes, ES11.21-infected
LCL DNA was amplified with primers specific for the DNA
deleted from ES11.21 (Fig. 1) (ES1, CATTIlACAATGCAT
GATGTT; ES2, TAAAGTTGACGTCATGCCAA). As ex-

pected, a 240-bp fragment was detected in B95-8-infected
LCLs (LCL1) or in P3HR1-16-infected cells but not in LCLs
infected with the LMP2ES deletion recombinants (Fig. 2C).
PCR with these primers is sufficiently sensitive to detect 1 in
500 wild-type LMP2 DNAs (Fig. 2D).
The LMP2ES deletion and hygromycin marker insertion

were further confirmed by Southern blot hybridization with
DNA from cells infected with ES11.21-derived virus. Dupli-
cate DNA samples of DNA from representative mutant- or

wild-type-infected LCLs were cut with EcoRI, electrophore-
sed in agarose gels, transferred, and hybridized with probes
from the SacI-to-KRnI fragment of EBV DNA (Fig. 1B) or

from the hygromycin resistance gene (36). The resulting

autoradiograms are shown in Fig. 3. The expected EcoRI
fragments are numbered in Fig. 1B, and the fragments are
numerically designated in Fig. 3. The wild-type 12.9-kbp
EcoRI Dhet (Fig. 1B and 3A, band 1) and 4.2-kbp EcoRI I
(Fig. 1B and 3A, band 2) DNA fragments were detected with
the SacI-to-KpnI probe in wild-type EBV-infected LCL
(LCL1) or P3HR1-16 cells. EcoRI Dhet can vary in size
because of various numbers of the terminal repeat sequences
found at the right end of this fragment (Fig. 1, line 1). As
expected, the hygromycin probe did not hybridize to DNA
from these two cell lines (Fig. 3B). In the LMP2ES mutant-
infected LCLs, the EcoRI I fragment was 430 bp larger
because of the deletion of 643 bp between the EcoRI and
SalI sites and the addition of 1,073 bp from hygromycin
DNA (Fig. 1B and 3A, band 4). As expected, the hygromy-
cin and the EBV SacI-to-Kp4nI probes both hybridized to this
fragment (Fig. 1B and 3A and B, band 4). No fragment of
wild-type size was visible even upon longer exposure of the
blot (data not shown). Because of the large size of the EcoRI
Dhet fragment, the addition of 840 bp from the SV40 pro-
moter and the 5' part of the hygromycin DNA is not
noticeable (Fig. 1B and 3A and B, band 3). As a control, a
previously described EBV recombinant, P3M68.2 (17), con-
taining an insertion of the SV40 promoter and hygromycin
gene into the EcoRI site in the same orientation as the
LMP2ES mutation, was digested and probed in parallel. As
expected, the DNA fragment corresponding to EcoRI I from
this strain was 643 bp larger than the EcoRI I fragment from
the LMP2ES mutants and 1,716 bp larger than wild-type
EcoRI I since the EcoRI-to-SalI fragment ofEcoRI I was not
deleted (Fig. 1B and 3A and B, band 5). Also as expected,
the SacI-to-KpnI fragment and the hygromycin probe hy-
bridized to this band (Fig. 3A and B, band 5). The probes did
not hybridize to fragments in the EBV-negative B-lymphoma
cell line, BJAB (Fig. 3).
The absence of LMP2A in the LMP2ES mutant-infected

LCLs was confirmed in immunoblots with crude membrane
preparations (19), using a polyclonal affinity-purified rabbit
serum reactive with the amino-terminal cytoplasmic domain
of LMP2A (Fig. 4). The LMP2ES mutants lacked detectable
LMP2A or LMP2A cross-reactive proteins (CRP), whereas
LMP2A was readily detected in wild-type control-infected
LCLs (Fig. 4, WT.111.5) or B95-8 cells (Fig. 4, lane B95-8).
As expected, the affinity-purified antibody did not react with
the EBV-negative BJAB cell line. The expression of LMP2B
CRP in these cells could not be monitored, since the rabbit
sera is only reactive with the amino-terminal domain unique
to LMP2A.
The LMP2ES deletion is predicted to result in splicing of

the LMP2 first exon to exon four and fusion of the amino-
terminal 119-amino-acid polypeptide to 13 amino acids en-
coded by the fourth exon which is out of frame with LMP2A.
To further explore the possibility that the 132-amino-acid
polypeptide might be expressed as a CRP in LMP2ES-
infected cells, whole cell lysates were solubilized in urea
sample buffer (19), resolved in polyacrylamide gels, and
reacted in Western immunoblots with LMP2A antibodies.
Although LMP2A was detected in wild-type LCLs, no CRP
of the predicted or aberrant size was detected in the
LMP2ES mutant-infected cells (data not shown). The amino-
terminal 119 amino acids of LMP2A are therefore probably
rapidly degraded in the LMP2ES mutant-infected LCLs.
Aside from the difference in LMP2 expression in the

LMP2ES mutant recombinant-infected LCLs, expression of
the other EBV latent genes was identical to that of wild-type
controls. A human serum sample reactive with the EBNAs
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FIG. 3. Southern blot analysis of wild-type and mutant LMP2 DNA from infected LCLs, demonstrating homologous insertion of the SV40

hygromycin selectable marker into the EBV genome. DNA from representative LCLs was digested with EcoRI and probed with the
SacI-to-KpnI fragment indicated in Fig. 1B (A) or with the SV40 hygromycin selectable marker (B). Circled numbers refer to predicted
fragments shown in Fig. 1B. Sizes of DNA molecular size markers are indicated in kilobase pairs.

demonstrated similar EBNA1, EBNA2, EBNA3A, and
EBNA3C expression in wild-type- and LMP2ES mutant-
infected LCLs (Fig. 5A). EBNA3B was not detected in the
wild-type control LCLs or in any of the LMP2ES mutant-
infected LCLs (Fig. 5A) but was detected in the B95-8-
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FIG. 4. LMP2A in wild-type- but not LMP2ES mutant recombi-
nant-infected LCLs. Crude membrane preparations were prepared,
solubilized, electrophoresed, transferred to nitrocellulose, and re-
acted to purified LMP2A antibodies as previously described (19).
BJAB is an EBV-negative B-lymphoma cell line (18); B95-8 is an
EBV-infected marmoset cell line (21, 22) that is partially permissive
for viral replication; WT.111.5 is a wild-type-transformed LCL; and
ES11.21, ES11.21.3, and ES11.21.4 are LMP2ES mutant-infected
LCLs. Migration of the LMP2A protein is indicated. Sizes of protein
standards in kilodaltons are indicated on the right.

transformed marmoset cell line (Fig. 5A). Similar results
with this human serum have been observed with some other
B95-8-transformed LCLs.
LMP1 expression was similar in both wild-type control

and LMP2ES mutant-infected LCLs (Fig. 5B). However
D1LMP1 expression was increased in the LMP2ES mutant-
infected LCLs despite their largely latent infection state.
Increased D1LMP1 expression has been previously ob-
served with EBV recombinants containing the SV40 hygro-
mycin expression cassette in the EcoRI site (17) and is likely
due to the effect of the SV40 enhancer sequences on the
D1LMP1 promoter, which is otherwise active only in lytic
infection. Anomalous D1LMP1 expression is not likely to be
an effect of the LMP2 deletion since previously described
LMP2 mutants which lacked the SV40 hygromycin marker
were not associated with increased D1LMP1 expression (15,
16).
Spontaneous lytic gene expression in the LMP2ES mu-

tant-infected cells was examined in Western immunoblots,
using a human serum sample reactive with early lytic cycle
proteins. A representative blot is shown in Fig. 6. Of 26
LMP2ES mutant-infected LCLs, 9 spontaneously expressed
some early lytic antigen. This level of permissitivity is within
the range observed for wild-type control-infected LCLs
(data not shown).
LMP2ES mutant EBV recombinants were similar to wild-

type EBV in initial transformation efficiency of primary B
lymphocytes and in the growth characteristics of the trans-
formed B lymphocytes. EBV replication was induced in the
LMP2ES mutant or in wild-type control-infected LCLs.
Virus was studied from LCLs which had similar levels of
permissivity as assayed by EBV early antigen expression on
immunoblot. Dilutions of the resultant virus were filtered
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FIG. 5. Latent gene expression in LCLs infected with LMP2ES
mutant EBV recombinants (15). Extracts of approximately 5 x 105
cells were separated in sodium dodecyl sulfate-polyacrylamide gels,
transferred to nitrocellulose, and blotted with either an EBV im-
mune human serum sample (A) or the S12 monoclonal antibody
directed against LMP1 (B). BJAB is an EBV-negative B-lymphoma
cell line, B95-8 is an EBV-negative marmoset cell line that is
partially permissive for viral replication, LCL1 and LCL2 are B95-8
EBV-transformed fetal (LCL1) and adult (LCL2) LCLs, and
ES11.21s are LMP2 mutant EBV recombinants. Migration of
EBNA3, EBNA2, EBNA1, LMP1 and DLMP1 and size markers in
kilodaltons are indicated.

and used to infect primary B lymphocytes. The infected cells
were plated into microwells to assay transforming activity.
LMP2ES mutant recombinant and wild-type virus were
similar in the numbers of wells positive for LCL outgrowth,
in the time to first macroscopic LCL outgrowth, and in the
growth characteristics of the LCLs as they were expanded
into larger cultures. Three mutant-infected LCLs released
1.8 x 102, 3.0 x 102, and 4.6 x 102 virus-transforming units
per percent gp350 positive cells, whereas two wild-type
control LCLs released 3.8 x 102 and 5.0 x 102 virus
transforming units per percent gp350 positive cells. PCR
analysis of the resultant LCLs confirmed the presence of the
LMP2ES deletion and insertion of the hygromycin selectable
marker.
To further investigate the effect of the LMP2ES mutation

on the growth of transformed LCLs, newly transformed
wild-type or LMP2ES mutant recombinant virus-infected
LCLs were plated at various cell concentrations and in
medium supplemented with 10%, 1%, 0.1%, or 0% fetal
bovine serum (Table 1). Growth was then assayed 10 days
later by microscopic examination. At a seeding density of 5
x 103 cells per well, both the LMP2ES mutant and wild-type
LCLs were unable to grow in medium containing less than
10% serum. At a seeding density of 2.5 x 104 cells per well,
the LMP2ES mutant-infected LCLs grew slightly better in
1% and 0.1% serum than did the wild-type control-infected
LCLs. At 105 cells per well, some of the LMP2ES mutant-
and wild-type control-infected LCLs were able to grow in
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FIG. 6. Spontaneous early antigen expression in LMP2ES mu-
tant- or wild-type control EBV-infected LCLs (15). Extracts of
approximately 5 x 105 cells were electrophoresed in sodium dodecyl
sulfate-polyacrylamide gels, transferred to nitrocellulose, and re-
acted with an EBV human immune serum sample which reacts
strongly with EBV early antigens (15, 16). BJAB is an EBV-negative
B lymphoma, B95-8 is a spontaneous lytic EBV-infected marmoset
cell line, LCL2 is a B95-8-transformed LCL, and the remaining
lanes are LMP2ES mutant-infected LCLs. Early antigen (EA) and
sizes in kilodaltons of marker proteins are indicated.

wells with only 0.1% serum. Additionally, anchorage-inde-
pendent growth of six wild-type- and six LMP2ES-infected
LCLs was assayed by plating them in soft agar over fibro-
blast feeder layers. Wild-type- and LMP2ES-infected LCLs
had similar cloning efficiencies, as determined by the number
of macroscopic colonies after 4 weeks of culture. Overall,
mutant recombinant-infected LCLs were similar to wild-
type LCLs in their resistance to plating at low cell density or
in medium supplemented with low serum concentrations or
in anchorage-independent growth in soft agar.
These experiments demonstrate that the first five trans-

membrane domains of LMP2A and LMP2B are not essential
for the initiation or maintenance of latent or lytic lymphocyte
infection or growth transformation in vitro. Further, the
mutation does not affect the ability of LCLs infected with the
mutated virus to emerge as LCLs or to grow at low cell
density, in reduced serum, or in soft agar assays. These
conclusions are based on the phenotype of an EBV recom-
binant which has a 643-bp EcoRI-to-SalI fragment of the
EBV genome deleted. This deletion mutation truncates the
497-amino-acid LMP2A protein at amino acid 119. This
LMP2A truncation product, which would contain only the
hydrophilic amino-terminal domain of LMP2A, was not
detected and therefore was likely degraded in the EBV-
infected cells. No other LMP2A products would be ex-
pected. If splicing of the LMP2A message occurred from the
first splice donor site 5' of the deletion to the first 3' splice
acceptor site after the deletion, the remaining LMP2A pro-
tein would not be in frame and would result in only 13
additional amino acids. Furthermore, the deletion mutation
includes the first LMP2B coding exon and deletes the
initiation methionine for LMP2B translation. If splicing of
the LMP2B message occurred around the SV40 hygromycin
insert, the first potential initiation site would be at LMP2B
amino acid 205. Since antibody to the carboxyl-terminal part
of LMP2 is not available, expression of this possible amino-
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TABLE 1. Serum- and cell-dependent growth of LMP2A and LMP2B mutants

Growth at following cell number and serum concentration (%)a

Cell line 105 2.5 x 104 5 x 103

10 1 0.1 0 10 1 0.1 0 10 1 0.1 0

ES11.21.1 +++ ++ + - +++ + - - +++ - -

ES11.21.2 +++ +++ ++ + +++ ++ _ +++ _
ES11.21.3 +++ ++ + + +++ + _ +++ _
ES11.21.5 +++ ++ + +++ + + _ ++ _ _ _
ES11.21.7 +++ + + + +++ + + _ ++ _ _ _

111.WT.5 +++ ++ + + +++ -
111.WT.2 +++ +++ + - ++ - - - +- - -
111.WT.3 +++ +++ ++ + +++ - - - + - - -
111.WT.1 ++ + - - + - - - - - - -
111.WT.4 +++ + - - + - - - + - - -

a + + + large clumps, acidified medium, clear growth; + + medium clumps, possible acidification of medium, probable growth; + small clumps, neutral or basic
medium, little growth; - no clumps, neutral or basic medium, no growth.

terminally truncated LMP2B CRP could not be directly
evaluated.
Three different mutations have been constructed in LMP2

and recombined into the viral genome. The LMP2A unique
amino-terminal cytoplasmic domain (15), the last seven
transmembrane domains common to both LMP2A and
LMP2B (16), and the first five transmembrane domains
common to LMP2A and LMP2B (this study) are each
nonessential for initiation or maintenance of latent or lytic
lymphocyte infection or growth transformation in vitro.
The apparent lack of in vitro phenotype of LMP2 mutant

virus or LCLs infected with LMP2 mutant virus is surprising
since LMP2 is consistently expressed in latent EBV infec-
tion in vitro (14). LMP2 is expressed in infected B lympho-
cytes in vivo (26) and in tumor tissue from patients with
nasopharyngeal carcinoma, Hodgkin's disease, and EBV-
related lymphoproliferative disease (2, 4, 8, 10, 20, 23-25,
31, 32, 38). Patients with nasopharyngeal carcinoma have
antibodies to LMP2 (6). Cytotoxic T lymphocytes from some
humans recognize LMP2 epitopes (23). These cytotoxic T
lymphocytes should select against EBV genomes that ex-
press LMP2 in humans if LMP2 is not important for EBV in
vivo infection. In addition, LMP2A interacts with src family
tyrosine kinases (3), a 70-kDa protein that may be the B-cell
specific syk kinase (3, 13), and LMP1 (13). LMP1 has been
demonstrated to be essential for EBV in vitro transformation
(9). Finally, LMP2A interrupts cell surface signalling
through cell surface receptors in EBV-negative B cells
expressing LMP2A, as tested by calcium mobilization (19).
LMP2's in vivo role is likely to be related to these known
biochemical properties. LMP2 may be important in modu-
lating the effects of LMP1 or transmembrane signalling in
EBV-infected B lymphocytes or epithelial cells. The LMP2-
induced block in receptor-mediated calcium mobilization
could provide a mechanism by which reactivation of EBV is
down regulated in certain tissues in vivo. Although LCLs
infected with LMP2 mutant virus reactivated similarly to
wild-type controls (15, 16, and this study) in response to the
Z transactivator and treatment with tetradecanoyl phorbol
acetate, these in vitro stimuli to reactivation likely bypass
normal stimuli which might be present in vivo. Such hypoth-
eses will require subsequent testing in experimental models.

This research was supported by Public Health Service research
grant CA 47006 from the National Cancer Institute. R.L. is a Special

Fellow of the Leukemia Society of America. B.T. is supported by a
Cancer Research Institute fellowship.

REFERENCES

1. Baichwal, V. R., and B. Sugden. 1988. Transformation of Balb
3T3 cells by the BNLF-1 gene of Epstein-Barr virus. Oncogene
2:461-467.

2. Brooks, L., Q. Y. Yao, A. B. Rickinson, and L. S. Young. 1992.
Epstein-Barr virus latent gene transcription in nasopharyngeal
carcinoma cells: coexpression of EBNA1, LMP1, and LMP2
transcripts. J. Virol. 66:2689-2697.

3. Burkhardt, A. L., J. B. Bolen, E. Kieff, and R. Longnecker.
1992. An Epstein-Barr virus transformation-associated mem-
brane protein interacts with src family tyrosine kinases. J. Virol.
66:5161-5167.

4. Busson, P., R. McCoy, R. Sadler, K. Gilligan, T. Tursz, and N.
Raab-Traub. 1992. Consistent transcription of the Epstein-Barr
virus LMP2 gene in nasopharyngeal carcinoma. J. Virol. 66:
3257-3262.

5. Countryman, J., H. Jenson, R. Seibl, H. Wolf, and G. Miller.
1987. Polymorphic proteins encoded within BZLF1 of defective
and standard Epstein-Barr viruses disrupt latency. J. Virol.
61:3672-3679.

6. Frech, B., S. U. Zimber, K. 0. Suentzenich, 0. Pavlish, G. M.
Lenoir, G. W. Bornkamm, and L. N. Mueller. 1990. Identifica-
tion of Epstein-Barr virus terminal protein 1 (TP1) in extracts of
four lymphoid cell lines, expression in insect cells, and detec-
tion of antibodies in human sera. J. Virol. 64:2759-2767.

7. Grogan, E., H. Jenson, J. Countryman, L. Heston, L. Grado-
ville, and G. Miller. 1987. Transfection of a rearranged viral
DNA fragment, WZhet, stably converts latent Epstein-Barr
viral infection to productive infection in lymphoid cells. Proc.
Natl. Acad. Sci. USA 84:1332-1336.

8. Herbst, H., F. Dallenbach, M. Hummel, G. Niedobitek, S. Pilen,
L. N. Muller, and H. Stein. 1991. Epstein-Barr virus latent
membrane protein expression in Hodgkin and Reed-Sternberg
cells. Proc. Natl. Acad. Sci. USA 88:4766-4770.

9. Kaye, KI M., K. M. Izumi, and E. Kieff. Epstein-Barr virus
latent membrane protein 1 is essential for B lymphocyte growth
transformation. Submitted for publication.

10. Kieff, E., and D. Liebowitz. 1990. Epstein-Barr virus and its
replication, p. 1889-1920. In B. N. Fields and D. M. Knipe
(Ed.), Virology. Raven Press, New York.

11. Laux, G., A. Economou, and P. J. Farrell. 1989. The terminal
protein gene 2 of Epstein-Barr virus is transcribed from a
bidirectional latent promoter region. J. Gen. Virol. 70:3079-
3084.

12. Laux, G., M. Perricaudet, and P. J. Farrell. 1988. A spliced
Epstein-Barr virus gene expressed in immortalized lymphocytes

VOL. 67, 1993



5074 NOTES

is created by circularization of the linear viral genome. EMBO
J. 7:769-774.

13. Longnecker, R., B. Druker, T. M. Roberts, and E. Kieff. 1991.
An Epstein-Barr virus protein associated with cell growth
transformation interacts with a tyrosine kinase. J. Virol. 65:
3681-3692.

14. Longnecker, R., and E. Kieff. 1990. A second Epstein-Barr virus
membrane protein (LMP2) is expressed in latent infection and
colocalizes with LMP1. J. Virol. 64:2319-2326.

15. Longnecker, R., C. L. Miller, X.-Q. Miao, A. Marchini, and E.
Kieff. 1992. The only domain which distinguishes Epstein-Barr
virus latent membrane 2A (LMP2A) from LMP2B is dispensable
for lymphocyte infection and growth transformation in vitro;
LMP2A is therefore nonessential. J. Virol. 66:6461-6469.

16. Longnecker, R., C. L. Miller, X.-Q. Miao, B. Tomkinson, and E.
Kieff. 1993. The last seven transmembrane and carboxy-termi-
nal cytoplasmic domains of Epstein-Barr virus latent membrane
2 (LMP2) are dispensable for lymphocyte infection and growth
transformation in vitro. J. Virol. 67:2006-2013.

17. Marchini, A., E. Kieff, and R. Longnecker. 1993. Marker rescue
of a transformation-negative Epstein-Barr virus recombinant
from an infected Burkitt lymphoma cell line: a method useful for
analysis of genes essential for transformation. J. Virol. 67:606-
609.

18. Menezes, J., W. Leibold, G. Klein, and G. Clements. 1975.
Establishment and characterization of an Epstein-Barr virus
(EBV)-negative lymphoblastoid B cell line (BJA-B) from an
exceptional, EBV-genome-negative African Burkitt's lym-
phoma. Biomedicine 22:276-284.

19. Miller, C. L., R. Longnecker, and E. Kieff. 1993. Epstein-Barr
virus latent membrane protein 2A blocks calcium mobilization
in B lymphocytes. J. Virol. 67:3087-3094.

20. Miller, G. 1990. Epstein-Barr virus, p. 563-589. In B. N. Fields,
and D. M. Knipe (Ed.), Virology. Raven Press, New York.

21. Miller, G., and M. Lipman. 1973. Release of infectious Epstein-
Barr virus by transformed marmoset leukocytes. Proc. Natl.
Acad. Sci. USA 70:190-194.

22. Miller, G., T. Shope, H. Lisco, D. Stitt, and M. Lipman. 1972.
Epstein-Barr virus: transformation, cytopathic changes, and
viral antigens in squirrel monkey and marmoset leukocytes.
Proc. Natl. Acad. Sci. USA 69:383-387.

23. Murray, P. G., L. S. Young, M. Rowe, and J. Crocker. 1992.
Immunohistochemical demonstration of the Epstein-Barr virus-
encoded latent membrane protein in paraffin sections of
Hodgkin's disease. J. Pathol. 166:1-5.

24. Pallesen, G., D. S. Hamilton, M. Rowe, and L. S. Young. 1991.
Expression of Epstein-Barr virus latent gene products in tumour
cells of Hodgkin's disease. Lancet 337:320-322.

25. Purtilo, D. T., R. S. Strobach, M. Okano, and J. R. Davis. 1992.
Epstein-Barr virus-associated lymphoproliferative disorders.
Lab. Invest. 67:5-23.

26. Qu, L., and D. Rowe. 1992. Epstein-Barr virus latent gene

expression in uncultured peripheral blood lymphocytes. J. Vi-
rol. 66:3715-3724.

27. Rooney, C., N. Taylor, J. Countryman, H. Jenson, J. Kolman,
and G. Miller. 1988. Genome rearrangements activate the Ep-
stein-Barr virus gene whose product disrupts latency. Proc.
Natl. Acad. Sci. USA 85:9801-9805.

28. Rowe, D. T., L. Hall, I. Joab, and G. Laux. 1990. Identification
of the Epstein-Barr virus terminal protein gene products in
latently infected lymphocytes. J. Virol. 64:2866-2875.

29. Sample, J., D. Liebowitz, and E. Kieff. 1989. Two related
Epstein-Barr virus membrane proteins are encoded by separate
genes. J. Virol. 63:933-937.

30. Swaminathan, S., B. Tomkinson, and E. Kieff. 1991. Recombi-
nant Epstein-Barr virus with small RNA (EBER) genes deleted
transforms lymphocytes and replicates in vitro. Proc. Natl.
Acad. Sci. USA 88:1546-1550.

31. Thomas, J. A., N. A. Hotchin, M. J. Allday, P. Amlot, M. Rose,
M. Yacoub, and D. H. Crawford. 1990. Immunohistology of
Epstein-Barr virus-associated antigens in B cell disorders from
immunocompromised individuals. Transplantation 49:944-953.

32. Uccini, S., F. Monardo, D. Vitolo, A. Faggioni, A. Gradilone,
A. M. Agliano, V. Manzari, L. P. Ruco, and C. D. Baroni. 1989.
Human immunodeficiency virus (HIV) and Epstein-Barr virus
(EBV) antigens and genome in lymph nodes of HIV-positive
patients affected by persistent generalized lymphadenopathy
(PGL). Am. J. Clin. Pathol. 92:729-735.

33. Wang, D., D. Liebowitz, and E. Kieff. 1985. An EBV membrane
protein expressed in immortalized lymphocytes transforms es-
tablished rodent cells. Cell 43:831-840.

34. Wang, D., D. Liebowitz, F. Wang, C. Gregory, A. Rickinson, R.
Larson, T. Springer, and E. Kieff. 1988. Epstein-Barr virus
latent infection membrane protein alters the human B-lympho-
cyte phenotype: deletion of the amino terminus abolishes activ-
ity. J. Virol. 62:4173-4184.

35. Wang, F., C. Gregory, C. Sample, M. Rowe, D. Liebowitz, R.
Murray, A. Rickinson, and E. Kieff. 1990. Epstein-Barr virus
latent membrane protein (LMP1) and nuclear proteins 2 and 3C
are effectors of phenotypic changes in B lymphocytes: EBNA-2
and LMP1 cooperatively induce CD23. J. Virol. 64:2309-2318.

36. Wang, F., A. Marchini, and E. Kieff. 1991. Epstein-Barr virus
(EBV) recombinants: use of positive selection markers to res-
cue mutants in EBV-negative B-lymphoma cells. J. Virol.
65:1701-1709.

37. Yates, J. L., N. Warren, and B. Sugden. 1985. Stable replication
of plasmids derived from Epstein-Barr virus in various mamma-
lian cells. Nature (London) 313:812-815.

38. Young, L., C. Alfieri, K. Hennessy, H. Evans, C. O'Hara, K. C.
Anderson, J. Ritz, R. S. Shapiro, A. Rickinson, E. Kieff, and J. I.
Cohen. 1989. Expression of Epstein-Barr virus transformation-
associated genes in tissues of patients with EBV lymphoprolif-
erative disease. N. Engl. J. Med. 321:1080-1085.

J. VIROL.


