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The Burkitt's lymphoma line Daudi carries a nontransforming Epstein-Barr virus (EBV) strain that has a

deletion in the BamHI WYH region of the genome coding for the EBV nuclear antigen 2 (EBNA-2). Daudi cells
fail to express the EBV-encoded latent membrane protein (LMP) (D. Ghosh and E. Kieff, J. Virol.
64:1855-1858, 1990). We show that LMP expression can be up regulated by exposure to n-butyrate and by
superinfection with the B95-8 (B virus)- and P3HR1 (P virus)-derived EBV strains. Two LMP polypeptides of
60 and 48 kilodaltons (kDa) were detected in immunoblots of Daudi cells that had been exposed to 3 mM
n-butyrate for 24 h. The intensity of the 48-kDa LMP increased during 72 h, in parallel with the appearance

of early antigen-positive cells. The 60-kDa LMP was expressed at a low level and remained constant.
Superinfection of Daudi cells with B and P virus induced the 60-kDa LMP within 3 h. In addition, P virus
induced the 48-kDa LMP at a low level. The B virus-encoded EBNA-2 and EBNA-5 were detected 12 h after
superinfection. The B virus-encoded 63-kDa LMP was coexpressed with the endogenous LMP after 48 h.
Inactivation of the virus by UV illumination abolished the expression of the B virus-encoded antigens but did
not affect the induction of the endogenous LMP. The B-cell activation marker CD23 was up regulated by B
virus superinfection but not by n-butyrate exposure. CD23 was also expressed at a higher level in a stable B
virus-converted subline, E95A-Daudi, that was EBNA-2 positive and coexpressed the Daudi virus- and B
virus-encoded LMP. The results suggest that LMP expression is regulated by the interaction of cellular and
viral factors. Binding of the virus to its membrane receptor might be involved in the triggering of cellular
control mechanisms. Viral gene products are not directly involved in this function but may contribute to create
a permissive cellular environment for LMP expression.

Epstein-Barr virus (EBV)-transformed lymphoblastoid
cell lines (LCLs) carry multiple episomal copies of the viral
genome and express a limited set of viral genes. Nine
EBV-encoded proteins have been identified. Six of them are
nuclear antigens (EBNA-1 to EBNA-6) (7). The other three,
the latent membrane protein (LMP) (10) and two terminal
proteins (42), are associated with the cell membrane.
LMP is encoded by spliced exons from the BNLF-1 open

reading frame (16). It associates with the cytoskeletal protein
vimentin (26) and shows a patchy localization in the cell
membrane (27). Stable LMP expression in two EBV-nega-
tive Burkitt's lymphoma (BL) lines, Louckes and BL-41,
was paralleled by an increase of cell size and intracellular
free calcium and by up regulation of B-cell activation mark-
ers and cell adhesion molecules (46). The transfected cells
become sensitive to lysis by EBV-specific major histocom-
patibility complex class I-restricted cytotoxic T lympho-
cytes, generated by stimulation with autologous EBV LCLs
(36). LMP can also induce anchorage independence and
tumorigenicity in rodent fibroblasts (4, 44). The structural
similarity between LMP and the rhodopsin receptor family
has been taken to suggest that LMP may serve as a growth
factor receptor (30, 43).
LMP mRNA represents the most abundant viral transcript

in EBV-transformed LCLs (10). Hudson et al. (18) detected
two LMP mRNA species in B95-8 cells. The most abundant
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transcript encodes a 63-kilodalton (kDa) protein. A second
transcript is found only in cells that have entered the lytic
cycle (18, 40). It encodes a 48-kDa protein that lacks the N
terminus and four of the transmembrane domains, cannot
associate with the cytoskeleton, and does not transform
rodent fibroblasts (45).

EBV-positive BL biopsies and derived cell lines that have
maintained the BL phenotype in vitro do not express LMP
and EBNA-2 to EBNA-6 (39, 41) but regularly express
EBNA-1. EBNA-2 to EBNA-6 and LMP may be up regu-
lated during prolonged in vitro propagation, in parallel with
a shift towards a more "LCL-like" phenotype (41). Rescue
of EBV from BL cells by cocultivation with normal B cells
leads to the full expression of all seven antigens in the
derived LCLs, confirming that the lack of EBNA-2 to
EBNA-6 and LMP expression is dependent on the BL cell
phenotype (8a, 31, 39). The down regulation of these pro-
teins in the BL cell was associated with a high level of viral
DNA methylation, in contrast to LCLs where the EBV
genome is unmethylated (8a, 31).

It has been shown that EBNA-2 is required for LMP
expression (1, 35; R. Fahraeus, A. Jansson, A. Ricksten,
Q. A. Sjoblom, and L. Rymo, Proc. Natl. Acad. Sci. USA,
in press), although exceptions have been found (6, 33). We
wished to examine the requirements for LMP expression in
the EBNA-2-defective BL line Daudi (20) that is LMP
negative at the protein and mRNA levels (14). We report that
LMP expression can be induced by n-butyrate and also by
exposure to infectious or UV light-inactivated EBV.
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MATERIALS AND METHODS

Cell lines. TheEBV-positive BL line Daudi (20, 23) was
maintained in RPMI 1640 medium supplemented with 2 mM
glutamine, 100 IU of penicillin per ml, 100,ug of streptomy-
cin per ml, and 5% heat-inactivated fetal calf serum (com-
plete medium). For n-butyrate treatment, exponentially
growing cells were resuspended at a concentration of 5 x

105/ml in complete medium containing 3 mM n-butyrate (B
5887; Sigma Chemical Co., St. Louis, Mo.).

Virus. Culture supernatants from mycoplasma-negative
EBV producer lines B95-8 (B virus) (34) and P3HR1 (P virus)
(17) were used as a source of infectious virus.
The virus preparations were filtered (pore size, 0.45,Lm)

and assayed forEBV-binding activity on the EBV-negative
lymphoma line BJAB by measuring the percentage of mem-
brane antigen-positive cells. Briefly, 1 x 106 cells were

incubated for 1 h at 4°C with 1 ml of the viral preparation.
Cells were washed twice with cold phosphate-buffered saline
(PBS) and incubated for 1 h on ice with a 1:50 dilution of a

previously characterized (24) fluorescein-conjugated plasma
from a BL patient (MUTUA) containing anti-viral capsid
antigen (VCA) titers of 1:320, early antigen diffuse (EAD)
and early antigen restricted (EAR) titers of 1:10, andEBNA
titers of 1:40. The cells were washed four times with cold
PBS, and smears were fixed in methanol-acetone in a ratio of
2:1 and counterstained with Evans blue. The virus prepara-

tion gave 70% membrane antigen-positive cells.
When indicated, samples of the virus were exposed to UV

illumination with a Philips Hg lamp at a distance of 20 cm

from a lamp providing 10 JIm2 per s, as determined by a

Latarjet dosimeter. An illumination of 2,000 J was found to
abolish the EBNA-inducing capacity of B virus. For the
present experiments, the B virus was irradiated with 4,000 J
(UV-B virus).
EBV superinfection. Daudi cells were suspended at con-

centration of 5 x 106/ml in the different virus preparations.
After 1 to 2 h of incubation at 37°C under occasional
agitation, the cells were transferred to complete medium and
resuspended at 1 x 106/ml. After culture at 37°C in a 5% CO2
atmosphere for the indicated periods of time, the cells were

distributed in aliquots that were used for detection of EBV
antigens by immunofluorescence and immunoblotting and
for analysis of surface marker expression.

Detection of EBV antigens. (i) Detection by immunofluores-
cence. EBNA was detected by anticomplement immunoflu-
orescence staining (37) by using previously characterized
sera from EBV-infected individuals. The same sera were

absorbed with P3HR-1 and Daudi cells for the specific
staining ofEBNA-2 (8). Early antigen (EA) was detected by
direct immunofluorescence (15) by using fluorescein isothio-
cyanate-conjugated immunoglobulin G from a BL patient
(ESTER).

(ii) Detection by immunoblotting. Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and Western immuno-
blotting were performed as described previously (31). Cells
(107) were dissolved in 1 ml of electrophoresis sample buffer.
Proteins were separated by discontinuous sodium dodecyl
sulfate-polyacrylamide gel electrophoresis by the method of
Laemmli (25) and blotted on nitrocellulose paper (Schleicher

& Schuell, Inc., Dassel, Federal Republic of Germany). The
efficiency of the protein transfer and the position of molec-
ular weight markers was visualized by staining the filters
with Ponceau S (Sigma). Excess protein-binding sites were

blocked by incubation of the blotted filters for 1 h in PBS
containing 5% dried skimmed milk (PBS-milk). The filters

were subsequently incubated with the specific antibodies
diluted in PBS-milk for 2 h at room temperature or 16 h at
4°C. After incubation with the first antibody, the filters were
washed in PBS-milk and subsequently incubated with the
appropriate alkaline phosphatase-conjugated second anti-
body (Bio-Rad, Kemila Sollentuna, Sweden) for 2 h at room
temperature. After three washes in PBS containing 0.5%
Tween, the specifically bound second antibody was detected
by fast-red salt precipitation in the presence of alpha naph-
thyl phosphate. A previously characterized serum from an
EBV-seropositive donor (PG serum: VCA, 1:1,280; EAD,
1:640; EAR, 1:20; EBNA, 1:320; and EBNA-2, 1:80) was
used for detection ofEBNAs. LMP was detected by the S-12
monoclonal antibody (MAb) (30) provided by D. Thorley-
Lawson (Department of Pathology, Tufts University School
of Medicine, Boston, Mass.) The MAb JF186 (11) was used
for the detection of EBNA-5 in B-virus superinfected cells.
EA was detected by E5.7 MAb (29) provided by G. Pearson
(Department of Microbiology, Georgetown University
School of Medicine, Washington, D.C.). The human serum
was used at 1:50 dilution, and the MAbs were used at
1:1,000, 1:50, and 1:10 dilutions of affinity-purified culture
supernatants.

Analysis of B-cell markers. The following MAbs were used
for the analysis of B-cell markers: B-2 (CD-21) for the EBV
receptor; MHM24 (CD-lla) and TS-2 (CD-58) for cell adhe-
sion molecules; and LB-1 and AC-2 (CD-39) and MHM-6
(CD-23) for B-cell activation markers. The percentage of
positive cells and the intensity of expression were assessed
by fluorescence-activated cell sorter analysis after indirect
immunofluorescence staining.

RESULTS

Induction of LMP by n-butyrate. As reported earlier (28),
exposure of Daudi cells to 3 mM n-butyrate induced the
productive viral cycle. After 72 h of treatment, EAs were
detected by immunofluorescence in about 15% of the cells.
Two major EA proteins of 42 and 46 kDa were detected in
immunoblots probed with the MAb E5.7 (Fig. 1A). The
intensity of both bands increased between 24 and 48 h, in
parallel with the increment of EA-positive cells. Only the
42-kDa EA band was detected after 72 h.
The LMP-specific MAb S-12 detected two bands of 60 and

48 kDa in immunoblots of n-butyrate-treated Daudi cells
(Fig. 1B). The intensity of the 60-kDa band was low and
remained at the borderline of detectability during the 72-h
observation period. In contrast, the intensity of the 48-kDa
band increased in parallel with the increment in the percent-
age of EA-positive cells (from 1 to 15%) and the intensity of
the EA bands.

Induction of LMP by EBV infection. Daudi cells expressed
LMP after infection with P and B virus preparations.
P virus induced both the 60- and 48-kDa LMP. The two

bands became detectable between 3 and 12 h after infection
(Fig. 2A). The intensity of the 60-kDa band increased with
time, whereas the 48-kDa band was expressed at a con-
stantly low level (Fig. 2A). Because of the similarities in
molecular weight, we could not decide whether the endoge-
nous and P virus-encoded LMP were coexpressed.
B virus induced exclusively the 60-kDa Daudi virus-

encoded LMP (Fig. 2B). This was regularly detected 3 h
after infection, reached the maximal expression after 15 h,
and remained stable until the termination of the experiment.
The B virus-encoded 63-kDa LMP appeared 48 h after
superinfection and was coexpressed with the Daudi virus-
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FIG. 1. Time course of induction of EA and LMP by n-butyrate.
Daudi cells were exposed to 3 ,uM n-butyrate, and samples were

collected every 24 h. Western blots were probed with the LMP-
specific MAb S-12 (B) and the anti-EA MAb E5.7 (A). At 72 h, EAs
were detected by immunofluorescence in 15% of the cells.

encoded 60-kDa LMP (Fig. 2B). The same time course of
60-kDa LMP expression was observed when Daudi cells
were infected with B virus exposed to UV light (Fig. 2C).
The UV-irradiated B virus preparation did not induce the B
virus-encoded LMP (Fig. 2C) nor EBNA-2 (data not shown),
confirming the inactivation of the corresponding gene.

Expression of B virus-encoded proteins in superinfected
Daudi cells. Daudi cells do not express EBNA-2 because of
the deletion of a large portion of the BamHI WYH region of
the viral genome (20). They express a single 30-kDa EBNA-5
band that can be detected with polyvalent human sera (48)
but which does not react with the JF-186 MAb raised against
the B virus-encoded EBNA-5 polypeptide (11).
The B virus-encoded EBNA-2 and EBNA-5 were detected

in immunoblots 12 h after infection (Fig. 3A and B). At this
time, EBNA-2 was detected in 6% of the cells by anticom-
plement immunofluorescence staining. Expression of
EBNA-3 and EBNA-4 increased significantly 3 h after infec-
tion (Fig. 3A). Because of the similar size and poor resolu-
tion in the high-molecular-weight area of the blots, we could
not determine whether these antigens were encoded by B
virus or by the Daudi virus. However, superinfection with
UV-treated B or P virus did not induce any change on the
expression of the endogenous Daudi virus-encoded EBNA-3
and EBNA-4 (data not shown).
The B virus-encoded 63-kDa LMP appeared after 48 h

(Fig. 2B) and was coexpressed with the endogenous 60-kDa
LMP. In accordance with previous reports (21), superinfec-
tion with B virus did not increase the percentage of EA-
positive cells from the background level (approximately 1%).
A 100% EBNA-2-positive subline of Daudi, E95A-Daudi,

was obtained by cloning in limiting dilution. The clone
expressed high levels of EBNA-2 (Fig. 4A) and coexpressed
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FIG. 2. LMP induction by EBV superinfection. Daudi cells were
superinfected with P virus (A), B virus (B), and UV-inactivated B
virus (C). The blots were probed with S-12 MAb.

the B virus- and Daudi virus-encoded LMP (Fig. 4B). The
Daudi virus-encoded 60-kDa LMP band was consistently
expressed at a lower level. Both the Daudi virus- and the B
virus-encoded LMP species were up regulated by exposure
of E95A-Daudi to 3 mM n-butyrate. It is noteworthy that the
48-kDa LMP was not induced by n-butyrate treatment of
E95A-Daudi.

Induction of B-cell activation markers. The B-cell activa-
tion marker CD23 was induced by superinfection of Daudi
with B95-8 virus but not by treatment with n-butyrate (Fig.
5). A significant increase of fluorescence intensity was
observed after 24 h. The number of positive cells increased
from 26 to 56% during the 72 h of the experiment. The
E95A-Daudi line expressed high levels of CD23 (67% of the
total population). Other B-cell activation markers such as
CD-39 (LB-1/AC-2), CD21 (B-2), and the adhesion mole-
cules LFA-1 (CD11a) and LFA-3 (CD58) were not signifi-
cantly affected (data not shown).

DISCUSSION

Earlier findings have suggested that both cellular and viral
factors can influence the expression of the EBV-encoded
membrane protein LMP. The influence of cellular factors is
manifested by the differential expression of LMP in the three
major EBV-carrying cell phenotypes LCL, BL, and na-
sopharyngeal carcinoma (9, 39, 41) and in cell hybrids
between EBV-positive BL cells and EBV-negative B- and
non-B-cell lines (6). Viral control can be exemplified by the
trans activating role of EBNA-2, as shown by the expression
of LMP in B virus- but not P virus-converted sublines of
EBV-negative BLs (35) and by the induction of LMP expres-
sion after EBNA-2 transfection into P virus-converted cells
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FIG. 3. Expression of B virus-encoded antigens after superinfec-
tion of Daudi cells. Blots of total cell extracts collected at different
times after B virus superinfection were probed with the EBV-
positive human serum PG (A) and the anti-EBNA-5 MAb JF186 (B).
Ramos is an EBV-negative BL line. B95-8 and IB-4 are EBV-
positive LCLs.

(1). In order to dissect the relative contribution of cellular
versus viral factors, we have investigated the requirements
for LMP expression in the Daudi BL line that carries an
EBNA-2 gene-deleted EBV strain (20) and is LMP negative
at the protein and mRNA levels (14).
We have shown that LMP can be induced in Daudi cells by

n-butyrate. This confirms that the Daudi virus encodes an
intact LMP gene but fails to express it due to a regulatory
phenomenon.
Exposure to n-butyrate and superinfection with P virus

induced two LMP species of 60 and 48 kDa. B virus
superinfection induced only the 60-kDa LMP. Expression of
the 48-kDa protein was associated with entry of some cells
into the lytic cycle, as shown by the similar time course of
EA and 48-kDa LMP induction and by the parallel intensi-
fication of the EA- and LMP-specific bands in immunoblots.
Correlation between the low-molecular-weight LMP expres-
sion and entry of the cells into the lytic cycle has been
previously reported (40). The failure to express the 48-kDa
LMP after B virus superinfection is in line with the well-
documented (21) inability of the B virus to induce the
productive cycle in superinfected EBV-carrying cells. It is
likely that the 48-kDa protein corresponds to the shorter
LMP transcripts initiated at the lytic promoter ED-LlA in
B95-8 cells (18).
The present data confirm our previous findings showing

that EBNA-2 is not always required for LMP expression (6)
and support the notion that cellular factors play an important
role for the control of the LMP gene. LMP was up regulated
by infecting Daudi cells with the EBNA-2-deleted P virus
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FIG. 4. Expression of EBV antigens in the E95A-Daudi line.
E95A-Daudi cells were exposed to 3 ,uM n-butyrate, and the sample
was collected after 48 h. (A) EBNA-1 to EBNA-4 were detected
with the PG serum. (B) LMP was detected with the MAb S-12.

and by UV-inactivated B virus that could not induce any
detectable EBNA-2. Both the P and B viruses induced the
endogenous Daudi LMP 3 h after superinfection, long before
any exogenous virus-encoded antigen (e.g., establishment of
B virus infection) could be demonstrated by immunological
methods, suggesting that EBV-induced LMP expression is
not determined by the onset of a secondary infection. It is
possible that the virus particles carry structural components
that, after being introduced into the cell, can activate LMP
expression. Alternatively, the binding of the virus to the CR2
receptor may by itself be sufficient to trigger the cellular
mechanisms that activate LMP expression in Daudi cells.
Our previous finding that LMP is suppressed in the hybrid

derived from the fusion of the EBV-carrying LMP-positive
BL line Raji and the EBV-negative BL line Ramos suggests
that at least certain BL cells can inhibit the expression of
LMP independently of EBNA-1 to EBNA-6 (6). The nega-
tive regulation of LMP appears to be dependent on the
phenotype of the BL cell. B virus-converted Ramos, BL41,
and BL28 sublines express EBNA-2 but not LMP, except in
the sublines in which EBV conversion was accompanied by
a marked shift toward a more LCL-like phenotype (33).

It has recently been demonstrated that the 5'-flanking
region of the LMP gene contains a constitutive positive
transcriptional element that is controlled by adjacent nega-
tive regulatory sequences (12; Fahraeus et al., in press).
Transcription initiated from the ED-Li promoter was com-
pletely repressed in EBV-negative DG75 cells transfected
with reporter vectors that contained the LMP regulatory
region. The activity of the promoter could be induced by
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FIG. 5. Expression of the B-cell activation marker CD23, deter-
mined by fluorescence-activated cell sorter analysis of cells stained
with the MHM6 MAb.

cotransfection with EBNA-2 expression vectors. Moreover,
deletion of a portion of the LMP regulatory region resulted in
a high level of transcription, even in the absence of EBNA-2.
The results suggested that EBNA-2 induces the expression
of LMP in EBV-infected B cells by blocking the function of
a transcriptional repressor.

Conceivably, the activity of the repressor may be influ-
enced by the stage of B-cell activation. Both P virus and
UV-inactivated B virus can induce the expression of B-cell
activation markers, BCGF receptors, and leukocyte inhibi-
tory factor production in resting B cells (13, 32). This type of
B-cell activation was inhibited by virus-neutralizing antibod-
ies, indicating that it is triggered by the binding of the virus
to the CR2 receptor. B cells could also be activated by
cross-linking CR2 with anti-gpl40 antibodies (32).

Superinfection of Daudi cells with the intact virus induced
the expression of the B virus-encoded EBNA-2 and
EBNA-5. EBNA-3 and EBNA-4 were not induced after
superinfection with UV-irradiated B virus superinfection,
suggesting that different mechanisms control LMP expres-
sion and the other nuclear antigens.
The endogenous and B virus-encoded LMP proteins were

coexpressed in Daudi cells superinfected with the intact
virus, while the low-molecular-weight LMP was not induced
by n-butyrate in the E95A-Daudi cells. It has been reported
that not all the cell lines that enter into the lytic cycle express
the low-molecular-weight LMP. Great variability has been
observed among B95-8-transformed LCLs (40) and has been
related to the stage of activation or differentiation of the
particular cell. It is likely that a similar explanation can be
applicable to the lack of 48-kDa induction in n-butyrate-
treated E95A-Daudi cells.
The high expression of EBNA-2 in the E95A-Daudi cell

line suggests that although EBNA-2 is not an absolute

prerequisite for LMP expression in Daudi cells, it may
contribute to the creation or stabilization of an LMP-permis-
sive cellular environment. EBNA-2 can trans activate cellu-
lar genes, including CR2 (5, 22), cell adhesion molecules
(46a), and the B-cell activation marker CD23 (47). We have
found that CD23 is up regulated in Daudi after B virus
superinfection but not after n-butyrate treatment, indicating
that a high expression of the 48-kDa LMP protein does not
affect the levels of CD23 expression. CD23 was also ex-
pressed at an increased level in the E95A-Daudi line, con-
firming that it has progressed towards a more activated
phenotype.
The difference in the time course of the endogenous and B

virus-encoded LMP expression in superinfected Daudi cells
also deserves some comments. The B virus-encoded LMP
did not appear until 36 h after infection, i.e., after EBNA-2
and EBNA-5. These antigens appear with a time course
similar to that observed after primary infection of normal B
lymphocytes (3, 38). It is likely that the expression of the B
virus-encoded LMP in Daudi cells can be influenced, at least
in part, by the same factors that determine the sequence of
viral gene expression after primary infection. It has been
suggested that circularization of the viral genome may be
required for LMP expression. Hurley and Thorley-Lawson
(19) have shown that circularization occurs within 16 to 20 h
after infection, subsequent to EBNA expression but prior to
LMP expression. If circularization of the viral genome were
a limiting factor for LMP expression in normal B cells, this
would not influence the rapid trans activation of the endog-
enous LMP in the Daudi cell line that constitutively carries
about 100 copies of the EBV episome (2).

ACKNOWLEDGMENTS

This investigation was supported by Public Health Service grant
2R01 CA 30264 awarded by the National Cancer Institute, by the
Department of Health and Human Services, and by grants from the
Swedish Cancer Society, the Swedish Medical Association, and the
Bristol Myers Co. B. Contreras-Salazar is a recipient of a fellowship
awarded by the Cancer Research Institute and Concern Foundation
and the Swedish Cancer Society.
We thank L. Rymo for discussions and M. Lowbeer and Ann

Karlsson for excellent technical assistance.

LITERATURE CITED
1. Abbot, S. D., M. Rowe, K. Cadwallader, A. Ricksten, J. Gordon,

F. Wang, L. Rymo, and A. B. Rickinson. 1990. Epstein-Barr
virus nuclear antigen 2 induces expression of the virus-encoded
latent membrane protein. J. Virol. 64:2126-2134.

2. Adams, A. 1979. In M. A. Epstein and B. G. Achong (ed.),
Epstein-Barr virus, p. 155-183. Springer-Verlag KG, Berlin.

3. Allday, M. J., D. H. Crawford, and B. E. Griffin. 1989. Epstein-
Barr virus latent gene expression during the initiation of B-cell
immortalization. J. Gen. Virol. 70:1755-1764.

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

5. Calender, A., M. Billaud, J. P. Audry, J. Banchereau, M.
Vuillaume, and G. M. Lenoir. 1987. Epstein-Barr virus (EBV)
induces expression of B cell activation markers in in vitro
infection of EBV-genome-negative B-lymphoma cell. Proc.
Natl. Acad. Sci. USA 84:8060-8064.

6. Contreras-Salazar, B., G. Klein, and M. G. Masucci. 1989. Host
cell-dependent regulation of growth transformation-associated
Epstein-Barr virus antigens in somatic cell hybrids. J. Virol.
63:2768-2772.

7. Dillner, J., and B. Kallin. 1988. The Epstein-Barr virus proteins.
Adv. Cancer Res. 50:95-158.

8. Dillner, J., B. Kallin, B. Ehlin-Henriksson, L. Timar, and G.
Klein. 1985. Characterization of a second Epstein-Barr virus

VOL. 64, 1990



5446 CONTRERAS-SALAZAR ET AL.

determines nuclear antigen associated with the BamHI WYH
region of EBV DNA. Int. J. Cancer 35:359-366.

8a.Ernberg I., K. Falk, J. Minarovits, P. Busson, T. Tursz, M. G.
Masucci, and G. Klein. 1989. The role of methylation in the
phenotype dependent modulation of EBNA-2 and LMP genes in
latently infected cells. J. Gen. Virol. 70:2989-3002.

9. Fahraeus, R., F. H. Li,I. Ernberg, J. Finke, M. Rowe, G. Klein,
K. Falk, E. Nilsson, Y. Manmohan, P. Busson, T. Turz, and B.
Kallin. 1988. Expression of Epstein-Barr virus encoded proteins
in nasopharyngeal carcinoma. Int. J. Cancer 42:329-338.

10. Fennewald, S., V. van Santen, and E. Kieff. 1984. Nucleotide
sequence of an mRNA transcribed in latent growth-transform-
ing virus infection indicates that it may encode a membrane
protein. J. Virol. 51:411-419.

11. Finke, J., M. Rowe, B. Kallin, I. Ernberg, A. Rosen, J. Dillner,
and G. Klein. 1987. Monoclonal and polyclonal antibodies
against Epstein-Barr virus nuclear antigen 5 (EBNA-5) detect
multiple protein species in Burkitt's lymphoma and lymphoblas-
toid cell lines. J. Virol. 61:3870-3878.

12. Ghosh, D., and E. Kieff. 1990. cis-Acting regulatory elements
near the Epstein-Barr virus latent-infection membrane protein

transcriptional start site. J. Virol. 64:1855-1858.
13. Gordon, J., L. Walker, G. Guy, G. Brown, M. Rowe, and A. B.

Rickinson. 1986. Control of human B-lymphocyte replication.
II. Transforming Epstein-Barr virus exploits three distinct viral
signals to undermine three separate control points in B-cell
growth. Immunology 58:591-595.

14. Hatzubai, A., M. Anafi, M. G. Masucci, J. Dillner, R. A. Lerner,
G. Klein, and D. Solitzeanu. 1987. Down regulation of the EBV
encoded latent membrane protein (LMP) in Burkitt's lympho-
mas. Int. J. Cancer 40:358-367.

15. Henle, W., G. Henle, and C. A. Horwitz. 1974. Epstein-Barr
virus specific diagnostic tests in infectious mononucleosis.
Hum. Pathol. 5:551-565.

16. Hennessy, K., S. Fennewald, M. Hummel, T. Cole, and E. Kieff.
1984. A membrane protein encoded by Epstein-Barr virus in
latent growth-transforming infection. Proc. Natl. Acad. Sci.
USA 81:7207-7211.

17. Hinuma, Y., and J. T. Grace. 1967. Cloning of immunoglobulin
producing human leukemic and lymphoma cells in long term

cultures. Proc. Soc. Exp. Biol. Med. 124:107-111.
18. Hudson, G. S., P. L. Farrell, and B. G. Barrell. 1985. Two

related but differentially expressed potential membrane proteins
encoded by the EcoRI Dhet region of Epstein-Barr virus B95-8.
J. Virol. 53:528-535.

19. Hurley, E. A., and D. A. Thorley-Lawson. 1988. B-cell activation
and the establishment of Epstein-Barr virus latency. J. Exp.
Med. 168:2059-2075.

20. Jones, M. D., L. Foster, T. Sheedy, and B. Griffin. 1984. The EB
virus genome in Daudi Burkitt lymphoma cells has a deletion
similar to that observed in a non-transforming strain (P3HR1) of
the virus. EMBO J. 3:813-821.

21. Klein, G., L. Dombos, and B. Gothoskar. 1972. Sensitivity of
Epstein-Barr virus (EBV) producer and non-producer human
lymphoblastoid cell lines to superinfection with EB-virus. Int. J.
Cancer 10:44-57.

22. Klein, G., B. Ehlin-Henriksson, and S. Shlossman. 1985. Induc-
tion of an activated B-lymphocyte associated surface moiety
defined by the B2 monoclonal antibody by EBV conversion of
an EBV-negative lymphoma line (Ramos). Differential effect of
transforming (B95-8) and nontransforming (P3HR1) EBV sub-
lines. J. Immunol. 130:1985-1989.

23. Klein, E., G. Klein, J. S. Nadkarni, J. J. Nadkarni, H. Wigzell,

and P. Clifford. 1968. Surface IgM-kappa specificity on a Burkitt
lymphoma cell in vivo and in derived culture cell lines. Cancer
Res. 28:1300-1310.

24. Klein, G., G. Pearson, J. S. Nadkarni, J. J. Nadkarni, E. Klein,

G. Henle, W. Henle, and P. Clifford. 1968. Relation between
Epstein-Barr virus and cell membrane immunofluorescence of
Burkitt tumor cells. I. Dependence of cell membrane immuno-
fluorescence on presence of Epstein-Barr virus. J. Exp. Med.

128:1011-1020.
25. Laemmli, U. K. 1970. Cleavage of structural proteins during the

assembly of the head of bacteriophage T4. Nature (London)
227:680-685.

26. Liebowitz, D., R. Kopan, E. Fuchs, J. Sarnple, and E. Kieff.
1987. An Epstein-Barr virus transforming protein associates
with vimentin in lymphocytes. Mol. Cell. Biol. 7:2299-2308.

27. Liebowitz, D., D. Wang, and E. Kieff. 1986. Orientation and
patching of the latent infection membrane protein encoded by
Epstein-Barr virus. J. Virol. 58:233-237.

28. Luka, J., B. Kallin, and G. Klein. 1979. Induction of the
Epstein-Barr virus (EBV) in latently infected cells by n-bu-
tyrate. Virology 94:228-231.

29. Luka, J., G. Miller, H. Jornvall, and G. R. Pearson. 1986.
Characterization of the restricted component of Epstein-Barr
virus early antigens as a cytoplasmic filamentous protein. J.
Virol. 58:748-756.

30. Mann, K. P., D. Staunton, and D. A. Thorley-Lawson. 1985.
Epstein-Barr virus-encoded protein found in plasma membranes
of transformed cells. J. Virol. 55:710-720.

31. Masucci, M. G., B. Contreras-Salazar, E. Ragnar, K. Falk, J.
Minarovits, I. Ernberg, and G. Klein. 1989. 5-Azacytidine up
regulates the expression of Epstein-Barr virus nuclear antigen 2
(EBNA-2) through EBNA-6 and latent membrane protein in the
Burkitt's lymphoma line Rael. J. Virol. 63:3135-3141.

32. Masucci, M. G., R. Szigeti, I. Ernberg, C. P. Hu, S. Torsteins-
dottir, R. Frade, and E. Klein. 1987. Activation of B-lympho-
cytes by Epstein-Barr virus/CR2 receptor interactions. Eur. J.
Immunol. 17:815-820.

33. Masucci, M. G., S. Torsteinsdottir, J. Colombani, C. Braubar,
E. Klein, and G. Klein. 1987. Down-regulation of HLA class I
antigens and of the Epstein-Barr virus (EBV)-encoded latent
membrane protein (LMP) in Burkitt lymphoma lines. Proc.
Natl. Acad. Sci. USA 84:4567-4572.

34. Miller, G., and M. Lipman. 1973. Release of infectious Epstein-
Barr virus by transformed marmoset leukocytes. Proc. Natl.
Acad. Sci. USA 70:4006-4010.

35. Murray, R. J., L. S. Young, A. Calender, C. D. Gregory, M.
Rowe, G. M. Lenoir, and A. B. Rickinson. 1988. Different
patterns of Epstein-Barr virus gene expression and of cytotoxic
T-cell recognition in B-cell lines infected with transforming
(B95.8) or nontransforming (P3HR1) virus strains. J. Virol.
62:894-901.

36. Murray, R. J., D. Wang, L. S. Young, F. Wang, M. Rowe, E.
Kieff, and A. B. Rickinson. 1988. Epstein-Barr virus-specific
cytotoxic T-cell recognition of transfectants expressing the
virus-coded latent membrane protein LMP. J. Virol. 62:3747-
3755.

37. Reedman, B. M., and G. Klein. 1973. Cellular localization of an
Epstein-Barr virus (EBV)-associated complement fixing antigen
in producer and non-producer lymphoblastoid cell lines. Int. J.
Cancer 11:499-520.

38. Rooney, C., J. G. Howe, S. H. Speck, and G. Miller. 1989.
Influences of Burkitt's lymphoma and primary B cells on latent
gene expression by the nonimmortalizing P3J-HR-1 strain of
Epstein-Barr virus. J. Virol. 63:1531-1539.

39. Rowe, D. T., M. Rowe, G. I. Evan, L. E. Wallace, P. J. Farrell,
and A. B. Rickinson. 1986. Restricted expression of EBV latent
genes and T-lymphocyte detected membrane antigen in Burkitt
lymphoma cells. EMBO J. 5:2599-2607.

40. Rowe, M., H. Evans, L. Young, K. Hennessy, E. Kieff, and A.
Rickinson. 1987. Monoclonal antibodies to the latent membrane
protein of Epstein-Barr virus reveal heterogeneity of the protein
and inducible expression in virus-transformed cells. J. Gen.
Virol. 68:1575-1586.

41. Rowe, M., D. T. Rowe, C. D. Gregory, L. S. Young, P. J.
Farrell, H. Rupani, and A. B. Rickinson. 1987. Differences in B
cell growth phenotype reflect novel patterns of Epstein-Barr
virus latent gene expression in Burkitt's lymphoma cells.
EMBO J. 6:2743-2751.

42. 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.

43. Sugden, B. 1989. An intricate route to immortality. Cell 57:5-7.
44. Wang, D., D. Liebowitz, and E. Kieff. 1985. An EBV membrane

J. VIROL.



UP REGULATION OF THE EBV-ENCODED MEMBRANE PROTEIN LMP 5447

protein expressed in immortalized lymphocytes transforms es-
tablished rodent cells. Cell 43:831-840.

45. Wang, D., D. Liebowitz, and E. Kieff. 1988. The truncated form
of the Epstein-Barr virus latent-infection membrane protein
expressed in virus replication does not transform rodent fibro-
blasts. J. Virol. 62:2337-2346.

46. 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.

46a.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.

47. Wang, F., C. D. Gregory, M. Rowe, A. B. Rickinson, D. Wang,
M. Birkenbach, H. Kikutani, T. Kishimoto, and E. Kieff. 1987.
Epstein-Barr virus protein-2 specifically induces expression of
the B cell activation antigen CD23. Proc. Natl. Acad. Sci. USA
84:3452-3456.

48. Wang, F., L. Petti, D. Braun, S. Seung, and E. Kieff. 1987. A
bicistronic Epstein-Barr virus mRNA encodes two nuclear
proteins in latently infected, growth-transformed lymphocytes.
J. Virol. 61:945-954.

VOL. 64, 1990


