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The recently identified bfl-1 gene (also known as A1 or GRS), a homologue of bcl-2, encodes an antiapoptotic
protein that suppresses apoptosis induced by the p53 tumor suppressor protein and exhibits proliferative and
potent cooperative transforming activities. We show that elevated levels of bfl-1 mRNA are a feature of Epstein-
Barr virus (EBV)-immortalized B-cell lines and Burkitt’s lymphoma cell lines expressing the full spectrum of
EBV latent proteins. Using an EBV-negative Burkitt’s lymphoma cell line in which the expression of EBV latent
membrane protein 1 (LMP1) is inducibly regulated by tetracycline, we demonstrate that LMP1 expression
coincides with a dramatic increase in the level of bfl-1 mRNA. Also in this system, an increase in the level of Bcl-2
protein was seen to occur earlier than that of bcl-2 mRNA, suggesting that both transcriptional and translation-
al mechanisms are involved in the control of Bcl-2 expression by LMP-1. We show that elevated bfl-1 mRNA sta-
bility can contribute to this effect of LMP-1, thus providing evidence of a novel mechanism of gene regulation
by this EBV protein. Upregulation of bfl-1 by LMP1 was not observed in the T-cell line Jurkat or the epithelial cell
line C33A. Ectopic expression of Bfl-1 in an EBV-positive cell line exhibiting a latency type I infection protects
against apoptosis induced by growth factor deprivation, thereby providing a functional role for Bfl-1 in this
cellular context and adding Bfl-1 to the list of antiapoptotic proteins whose expression is modulated by EBV. This
is the first report of the regulation of bfl-1 expression by a viral protein, and this novel finding may thus rep-
resent an important link between the EBV oncoprotein LMP1 and its cellular growth-transforming properties.

Epstein-Barr virus (EBV) is a ubiquitous human herpesvirus
with oncogenic potential. EBV is associated with infectious
mononucleosis and a spectrum of malignant diseases including
African endemic Burkitt’s lymphoma (BL), anaplastic naso-
pharyngeal carcinoma, Hodgkin’s disease, and lymphopro-
liferative disorders in immunodeficient individuals. Follow-
ing primary infection, whether symptomatic or silent, the virus
persists in the host for life through mechanisms that are not
fully understood. In vitro, EBV is exceptionally efficient at
transforming and immortalizing resting human B lymphocytes,
leading to the outgrowth of transformed and immortalized
lymphoblastoid cell lines (LCLs) displaying elevated levels of
several cellular activation antigens and adhesion molecules
(25). In an LCL, viral gene expression is generally restricted to
a limited number of latent genes which encode six Epstein-
Barr nuclear antigens (EBNA1, EBNA2, EBNA3A, EBNA3B,
EBNA3C, and EBNA-LP), three integral membrane proteins
(LMP1, LMP2A, and LMP2B), and two small nuclear RNAs
(EBERs) (12). It is now generally accepted that the EBV latent
gene products are responsible for the activation of resting B
cells, the induction of continuous cell proliferation, and the
replication of EBV episomal DNA. LMP1 is a key effector of
EBV-mediated transformation of B cells (24), and it is a clas-
sical oncoprotein as defined by its ability to transform rodent
fibroblast cell lines and render them tumorigenic (4, 52). Fresh-
ly obtained EBV-positive BL cells and early-passage cell lines
express EBNA1 as the sole viral protein (group I BL pheno-
type/type 1 latency). When group I BL cells are serially pas-
saged in vitro, they “drift” to express all the known latency-

associated viral proteins (group III BL phenotype/type 3
latency) and acquire many of the phenotypic characteristics of
the blast-like LCLs (16).

A central component of the overall EBV strategy and its role
in the development of related malignant disease is the ability of
the viral latent proteins to suppress the cellular apoptotic pro-
gram (3, 27). Group I BL cell lines and many EBV-negative BL
lines can readily be triggered into apoptosis, whereas group III
BL cell lines, like LCLs, are relatively resistant to a variety of
triggers of apoptosis including growth factor withdrawal, Ca21

ionophore treatment, and overexpression of the p53 tumor
suppressor gene (19, 38). EBV-negative BL cells converted to
the type 3 latency state by infection with the B95-8 strain of
EBV also display elevated thresholds of resistance to apoptotic
stimuli (17). Bcl-2 is the prototype of a family of related pro-
teins which can be categorized as either apoptotic death ago-
nists or antagonists. Transfection of individual EBV latent
genes into EBV-negative BL cell lines has shown that upregu-
lation of Bcl-2 expression correlates with the expression of
LMP1 (19, 31, 46) and possibly EBNA2 (13) and EBNA3B
(49). The significance of elevated levels of Bcl-2 in BL cells has
been demonstrated by experiments in which group I BL cells
that are stably transfected with the bcl-2 gene exhibit a degree
of resistance to apoptosis proportional to the level of Bcl-2
protein expressed (36). Several lines of evidence, however,
point to additional bcl-2-independent survival mechanisms be-
ing important in BL cells and during B-cell differentiation
within germinal centers (36, 41, 46). LMP1 has also been
shown to upregulate the expression of two other host stress
response proteins that prevent apoptosis, A20 and Mcl-1 (15,
28, 53), with the latter probably serving as a rapidly inducible,
transient, and short-term effector of cell viability before Bcl-2
induction.
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This study set out to investigate EBV-associated changes in
the expression of a panel of bcl-2-related genes in LCLs and
BL-derived cell lines by comparing mRNA levels transcribed
from the bclx-L, bclx-S, bfl-1, bik, bak, bax, bcl-2, and mcl-1
genes by using a multiprobe RNase protection assay (RPA).
DG75 and BL41 are EBV-negative BL cell lines (47), BL41-
B95-8 is a derivative of BL41 infected with the B95-8 strain
of EBV, IARC-171 is an LCL established from the same
patient from whom the BL41 cell line was derived, MUTU-I
and MUTU-III are isogenic stable group I/latency 1 and group
III/latency 3 cell lines, respectively (16), and Rael (34) and
Kem-BL (45) are EBV-positive BL lines that have retained the
group I/latency 1 phenotype. Cell lines were maintained as sus-
pension cultures in RPMI 1640 (Gibco) supplemented with
10% fetal bovine serum (HyClone), 2 mM glutamine, 100 mg
of streptomycin per ml, and 100 IU of penicillin per ml at 37°C
in a humidified atmosphere containing 5% carbon dioxide.
Total cellular RNA was prepared using RNA isolator solution
(Genosys) essentially as specified by the manufacturer. RPAs
were performed using the Riboquant multiprobe RPA system
as described by the manufacturer (Pharmingen). The multi-
probe hAPO-2 template set and T7 RNA polymerase were
used to synthesize 32P-labeled antisense riboprobes comple-
mentary to portions of transcripts from the apoptosis-related

genes bclx-L, bclx-xS, bfl-1, bik, bak, bax, bcl-2, and mcl-1 and
the housekeeping genes L32 and GAPDH. The labeled probe
set (2 3 105 cpm/ml) was hybridized to 15 mg of total RNA
sample in solution, and RNase-protected probe fragments
were then resolved on 6% denaturing polyacrylamide gels and
detected by autoradiography. Band intensities were quantified
by densitometric scanning of autoradiograms.

It can be seen from the RPA that significantly elevated
steady-state levels of bfl-1 and bcl-2 mRNAs were present in
BL cells expressing a group III phenotype (MUTU-III and
BL41-B95-8) and LCLs (IARC-171 and X50-7) relative to
those of the BL group I phenotype (MUTU-I and BL41; also
Rael and Kem-BL [data not shown]) (Fig. 1A). Quantitation
of the levels of bfl-1 transcript (after normalizing for GAPDH
and L32 mRNA levels) indicated an approximately 20-fold-
greater level in MUTU-III than in its isogenic counterpart,
MUTU-I. The observation of an elevated level of bcl-2 mRNA
in MUTU-III relative to MUTU-I is consistent with the find-
ings of others (19). Transcript from the gene encoding the pro-
apoptotic protein Bik is not detectable in the two LCLs, an
interesting observation in that it is also downregulated in
MUTU-BL upon drift to the group III phenotype. This does
not, however, appear to be a general feature of BL cells ex-
hibiting a group III phenotype, in that the level of bik mRNA

FIG. 1. LMP1 expression correlates with increased steady-state levels of bfl-1 mRNA in a B-cell background. (A) RPA autoradiogram (18-h exposure) in which
mRNA levels from the apoptosis-related genes bclx-L, bclx-S, bfl-1, bik, bak, bax, bcl-2, and mcl-1 were analyzed in a range of BL cell lines and LCLs. Unprotected
32P-labeled antisense riboprobes (5,000 cpm) (indicated as Probes) were loaded alongside RPA-processed samples and are shown linked to their smaller RNase-
protected fragments which correspond to the steady-state levels of the corresponding mRNA in the sample. The names of the cell lines used are given above each track.
The locations of protected fragments derived from bcl-2 and bfl-1 mRNAs are indicated by arrows. The MUTU-I and MUTU-III tracks are from a different RPA from
the other four tracks. (B) Western blot of DG75-tTA-LMP1 cells induced to express LMP1 by reculturing cells in the absence of tetracycline. Cells were harvested and
analyzed for LMP1 expression at various time points (indicated above each lane); also included was the reference LCL X50-7. (C) RPA performed using RNA samples
from the same experiment as that in panel B. Exposure to film was for 18 h. The numbers above the lanes correspond to the times (in hours) after LMP1 induction
at which RNA was harvested. Increases in the steady-state levels of bcl-2 and bfl-1 mRNAs are seen upon LMP1 induction.
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is significantly greater in BL41-B95-8 cells than in BL41 cells.
Additionally, although elevated levels of bak mRNA are seen
in MUTU-III relative to MUTU-I, this effect is also inconsis-
tent in that it is not observed in the BL41/BL41-B95-8 pair. We
then assessed the contribution of LMP1 to the regulation of
bfl-1 and bcl-2 mRNA levels by RPA using an established
tightly regulatable tetracycline-based system to express LMP1
in the EBV-negative BL cell line DG75 (DG75-tTA-LMP1
[14]). LMP1 levels were determined by Western blotting using
the anti-LMP1 CS1-4 antibody cocktail as described elsewhere
(44). Immunocomplexes were detected with alkaline phospha-
tase-conjugated sheep anti-mouse immunoglobulin G (Pro-
mega) and visualized with 5-bromo-4-chloro-3-indolylphos-
phate/nitroblue tetrazolium (BCIP-NBT) liquid substrate (as
were all other Western blots in this study). In this experiment,
LMP1 was detectable at 12 h postinduction and its level rose to
several times the level observed in a reference control LCL
(X50-7) by 96 h (Fig. 1B). Total RNA prepared at the same
time during the same experiment was used for RPA, and the
result is shown in Fig. 1C. The steady-state level of mRNA
from the bfl-1 gene rose significantly in response to LMP1
induction. bfl-1 upregulation was dramatic and was detectable
at 12 h postinduction (when the levels of LMP1 were compa-
rable to those seen in X50-7), and its increased level was
maintained for at least 96 h. Densitometric scanning indicated
that the degree of induction by 48 h was about 15-fold (relative
to the two internal control mRNAs). In the same experiment,
the bcl-2 mRNA level also rose, although in this case much
lower levels of transcript were present in the cell and an in-
crease was not clearly evident until after 48 h postinduction
upon prolonged exposure of the autoradiogram (data not
shown). The effects on bfl-1 and bcl-2 mRNA expression in this
system were specific to LMP1, since the level of expression of
these genes in the parental cell line DG75-tTA remained un-
changed in the absence of tetracycline (data not shown).

Since RPA gives no indication about the size of a particular
mRNA species, the same bfl-1 and bcl-2 riboprobes were used
for Northern blotting with RNA samples from the same ex-
periment. Samples (30 mg) of total RNA were size fractionated
in a 1.3% formaldehyde–agarose gel and then transferred to
nitrocellulose (BDH). Labeled riboprobes were synthesized as
described above by in vitro transcription followed by size frac-
tionation in denaturing polyacrylamide gels. Probes were lo-
cated by autoradiography and eluted from the polyacrylamide
gel in 0.5 M ammonium acetate–10 mM magnesium acetate–1
mM EDTA (pH 8.0)–0.1% sodium dodecyl sulfate (SDS) by
the crush-and-soak method (32). Filters were hybridized to
32P-labeled probes (106 cpm/ml) in 63 SSC (13 SSC is 0.15 M
NaCl plus 0.015 M sodium citrate)–50% formamide–1% SDS–
0.1% Tween 20–100 mg of Escherichia coli tRNA for 16 to 24 h
at 55°C. The filters were washed twice in 13 SSC–0.1% SDS at
room temperature for 30 min and then twice in 1 3 SSC–0.1%
SDS at 65°C for 30 min prior to exposure to X-ray film at
270°C. It can be seen in this experiment (Fig. 2A and B) that
(i) only one bfl-1 mRNA, of 0.8 to 0.85 kb, was expressed in all
cases, in agreement with the previously reported size of the
transcript from this gene (26); (ii) the level of bfl-1 mRNA in
MUTU-III was at least twice as high as that detected in DG75-
tTA-LMP1 cells at 48 h after induction of LMP1 (normalized
to GAPDH mRNA levels), indicating that other EBV latent
proteins may serve to further enhance bfl-1 expression; and
(iii) the level of bcl-2 mRNA again rose in response to LMP1
expression, and this did not occur until 48 h after induction of
the EBV protein. In this case, densitometric scanning indicated
that the extent of upregulation by 96 h was threefold. We were
unable to extend this work to include an analysis of Bfl-1

protein due to the lack of a suitable antibody for use in West-
ern blotting. Analysis of the levels of Bcl-2 protein in the same
experiment showed that upregulation was detectable at 24 h
and that the levels rose further thereafter for the duration of
the experiment (Fig. 2C). The observation that the upregula-
tion of Bcl-2 protein occurred earlier than that of bcl-2 mRNA
suggests that both transcriptional and translational mecha-
nisms may be involved in the control of Bcl-2 expression by
LMP1. We did not detect upregulation of bfl-1 mRNA levels in
either a tetracycline-regulated LMP1-expressing clone (M.
Rowe, unpublished data) derived from the Jurkat T-cell line
(6; our unpublished data) or a stably transfected LMP1-ex-
pressing clone of the epithelial cell line C33A (references 15

FIG. 2. (A) Northern blot analysis of bfl-1 mRNA levels upon induction of
LMP1 in DG75-tTA-LMP1 cells (upper panel). Total RNA was prepared at
various times after LMP1 induction (indicated in hours above each lane for all
blots in this figure) and also from MUTU-I and MUTU-III cells. RNA samples
(30 mg) were loaded onto the gel, which was then blotted and probed with
antisense bfl-1 riboprobe as described in the text. The blot was exposed to film for
20 h. The lower panel shows the same blot stripped and reprobed with a GAPDH
antisense riboprobe. (B) Northern blot analysis of bcl-2 mRNA levels after
LMP1 induction (upper panel). The blot was exposed to film for 24 h. The lower
panel shows the same blot stripped and reprobed with GAPDH riboprobe. (C)
Western blot analysis of Bcl-2 levels at various times after LMP1 induction. The
blot was probed with anti-Bcl-2 antibodies (Bcl-2 100/124) (19).
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and 35 and data not shown), indicating that the LMP1 effect
may be specific to B cells.

To investigate the functional role of Bfl-1 in BL cells,
MUTU-I cells expressing hemagglutinin (HA)-tagged Bfl-1
(HABfl-1) or HA were established by electroporation of 10 mg
of pcDNA3HABfl-1 (11) or pcDNA3HA (constructed by ex-
cising the bfl-1 cDNA from pcDNA3HABfl-1 with BamHI and
XhoI, conversion of the restricted sites to blunt ends, and
subsequent religation of the vector) at 270 V in 500 ml of
growth medium in a 0.4-mm cuvette and selection with 1,400
mg of active G418 per ml. Antibiotic selection was continued
for 21 days until all of the mock-transfected cells were killed.
The MUTU-I cell line was chosen for this purpose because it
expresses very low levels of bfl-1 mRNA (Fig. 1A) and is
sensitive to apoptosis (17). Northern blot analysis showed that
bfl-1 mRNA was expressed only in the pcDNA3HABfl-1-trans-
fected pool (Fig. 3A). HA-tagged Bfl-1 was then detected by
Western blotting as follows. Cells were lysed at 4°C for 30 min
in a buffer containing 1% NP-40, 0.5% sodium deoxycholate,
1% Triton X-100, 150 mM NaCl, 50 mm Tris (pH 8.0), 1 mM
sodium orthovanadate, 100 mg of phenylmethylsulfonyl fluo-
ride per ml, and 2 mg of leupeptin per ml. Lysates were clari-

fied by centrifugation at 13,000 rpm in a microcentrifuge
(Biofuge 13; Heraeus) for 15 min at 4°C. Protein from 106 cells
was separated by discontinuous SDS-polyacrylamide gel elec-
trophoresis (5 to 15% polyacrylamide) and blotted onto a
nitrocellulose filter. The filter was probed overnight at 4°C with
rabbit polyclonal antibodies to HA diluted 1:1,000 in Blotto. In
this experiment, a novel band at 20 kDa, corresponding to that
expected for HABfl-1, was visible only in the pool transfected
with pcDNA3HABfl-1 (Fig. 3B). The growth kinetics of the
Bfl-1-transfected and control-transfected pools were then com-
pared under optimal (10% fetal bovine serum [FBS]) and
suboptimal (0.1% FBS) culture conditions (Fig. 3C). In 10%
FBS, after an initial lag phase, both pools of transfected cells
exhibited rapid growth to a high saturation density followed by
a slight fall in viability. However, in 0.1% FBS, the behavior of
the two pools differed significantly in that while the control
cells showed a rapid decline in viability with time, the Bfl-1-
expressing cells exhibited a slight increase in proliferation over
the first 72 h in culture followed by a gradual decline in via-
bility. The decline in viability of the control cells cultured in the
presence of 0.1% FBS was due to apoptotic death, since there
was a marked increase in DNA fragmentation when the cells

FIG. 3. Functional analysis of Bfl-1 expression in MUTU-I BL cells. MUTU-I cells were transfected with either pcDNA3HABfl-1-expressing HA-tagged Bfl-1 or
control vector (pcDNA3HA) and subjected to selection for 21 days with G418. Total RNA and proteins were then prepared for analysis. (A) The upper panel shows
a Northern blot analysis of bfl-1 mRNA in IARC-171 (lane 1), cell pools transfected with pcDNA3HA (lane 2) and pcDNA3HABfl-1 (lane 3), and MUTU-I (lane 4).
The lower panel is a photograph of the 18S rRNA band from the same ethidium bromide-stained gel used for blotting. The location of bfl-1 mRNA is indicated. (B)
Western blot analysis using polyclonal anti-HA antibodies to detect HABfl-1 expression in cell extracts from the same transfected MUTU-I cell pools (lane 1,
pcDNA3HA; lane 2, pcDNA3HABfl-1) as shown in panel A. The location of HABfl-1 is indicated. (C) Growth curves of MUTU-I cells transfected with either control
(pcDNA3HA [solid symbols]) or HABfl-1 expression vector (pcDNA3HABfl-1 [open symbols]). Cells from exponentially growing MUTU-I parent cultures transfected
with these plasmids were seeded at 2 3 105 cells per ml of growth medium containing either 10% FBS (circles) or 0.1% FBS (triangles) and assessed at daily intervals
for viable-cell numbers by trypan blue exclusion. (D) DNA fragmentation assay carried out on transfected MUTU-I cells from panel C above and cultured in medium
containing either 10% FBS (lanes 1 and 3) or 0.1% FBS (lanes 2 and 4) for 72 h; lanes 1 and 2 contain cells transfected with control plasmid (pcDNA3HA), and lanes
3 and 4 contain cells transfected with pcDNA3HABfl-1.
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were grown under low-serum conditions (Fig. 3D, compare
lanes 1 and 2) (17). In contrast, the HA-Bfl-1-transfected cells
exhibited much less DNA fragmentation when grown under
low-serum conditions (compare lanes 2 and 4). The ability of
Bfl-1 to promote cell survival during growth factor deprivation
was further supported by the observation that while .80% of
the control cells exhibited chromatin condensation on staining
with acridine orange (final concentration, 5 mg/ml) after 72 h
of culture in 0.1% FBS, approximately 35% of HABfl-1-trans-
fected cells contained condensed chromatin under similar cul-
ture conditions (17). In 10% FBS, approximately 7% of the
cells in both pools of transfectants exhibited chromatin con-
densation. Based on these observations, it is clear that Bfl-1
can protect BL cells from apoptotic death induced by serum
deprivation. The fact that a minority of cells in the HABfl-1-
expressing pool continue to undergo apoptotic death in re-
sponse to serum deprivation is likely to reflect heterogeneity in
HABfl-1 levels between individual transfected cells, some of
which may express this protein at very low levels or not at all.
Indeed, the overall bfl-1 mRNA level in the transfected pool
was lower than that in MUTU-III or IARC-171 cells (Fig. 3A).
In addition to promoting cell survival, Bfl-1 has cell prolifera-
tion properties (10), and this may explain the significant in-
crease in cell numbers seen in the Bfl-1 expressing pool over
the first 72 h at the lower serum concentration.

bfl-1 has already been classified as an immediate-early re-
sponse gene (22, 30, 37). Since many early response genes are
regulated at the level of mRNA stability, we investigated wheth-
er this was a factor in regulating bfl-1 expression in B cells with
a latency group III phenotype and in response to LMP1 ex-
pression. The rate of decay of bfl-1 mRNA was monitored by
Northern blotting after treatment of cells seeded at 106 cells
per ml with an inhibitor of RNA synthesis, actinomycin D
(5 mg/ml; Sigma). bfl-1 mRNA levels in treated cells were de-
termined by densitometric analysis of autoradiograms after
Northern blotting, and values were corrected for variations due
to loading after estimation of the 18S rRNA levels in each lane
(as determined by densitometric analysis of ethidium bromide-
stained gels). Values thus obtained were expressed as a per-
centage of the bfl-1 mRNA level seen in untreated cells (taken
as 100%). The half-life of bfl-1 mRNA was then determined
from the best-fit semilogarithmic line of the graph of these
values plotted against time (hours) of exposure to actinomycin
D (Fig. 4). The half-life of bfl-1 mRNA in BL41 cells was found
to be approximately 1 h, which was increased to 7.4 h in
BL41-B95.8 cells and 5.2 h in the corresponding LCL IARC-
171 (Fig. 4A). Under similar experimental conditions, the sta-
bility of bfl-1 mRNA in uninduced DG75-tTA-LMP1 cells was
4.25 h, and this subsequently increased to 11.5 h on induction
of LMP1 (Fig. 4B). It is not clear why the stability of bfl-1
mRNA in uninduced DG75-tTA-LMP1 cells was higher than
that in BL41 cells, although both are EBV-negative BL cell
lines. It is possible that the rate of inhibition of RNA synthesis
by actinomycin D differs between the two cell lines. Neverthe-
less, against a similar cellular background, EBV infection or
LMP1 expression resulted in significant increases in the stabil-
ity of bfl-1 mRNA. A major determinant in the stability of
several mRNAs, including those from c-fos and c-myc, which
are known to be controlled at this level, has been shown to
reside in their 39 untranslated regions. In particular, such genes
contain few to several copies of an AUUUA motif which serve
as binding sites for proteins that regulate mRNA stability (7).
An examination of the 39 untranslated region of the human
bfl-1 gene failed to reveal the presence of an AUUUA motif
and therefore excludes this element as a target for control of
bfl-1 mRNA stability.

The human bfl-1 gene was identified by computer analysis of
expressed sequenced tag databases (8). Although bfl-1 has 72%
sequence homology to its murine homolog, A1, currently avail-
able data suggest that they differ in their expression in tissues;
while the expression of the murine gene is restricted to hema-
topoietic tissue, the expression of the human homolog would
appear to have a more widespread distribution (22, 26, 30).
Expression of the bfl-1 gene is upregulated in cultured endo-
thelial and leukemic cells by phorbol ester and the inflam-
matory cytokines tumor necrosis factor alpha (TNF-a) and
interleukin-1, suggesting a protective role for Bfl-1 during
inflammation (22, 23, 37). bfl-1 expression is also upregulated
during differentiation of leukemic cells to granulocytes and
macrophages (37). bfl-1 encodes a 175-amino-acid protein that
shares the highly conserved Bcl homology 1 (BH1), BH2, and
BH3 domains with other members of the Bcl-2 family of pro-
teins. Bfl-1 suppresses p53-mediated apoptosis, and it exhibits
cell proliferation and transforming activities in vitro (10, 11).
Furthermore, functional dissection of the protein suggests that
its antiapoptotic and transforming activities may be linked
(10). Northern analysis has revealed elevated levels of expres-
sion of bfl-1 in a significant proportion of stomach and colon
cancers (8, 40); however, in situ hybridization studies have

FIG. 4. Stability of bfl-1 mRNA. The graphs show the best-fit semilogarith-
mic lines generated from the relative amounts of bfl-1 mRNA as determined
from Northern blots of total RNA extracted at 0, 2, 4, 6, 8, 12, and 24 h after
exposure of cells to actinomycin D and plotted against time of exposure to
actinomycin D. All values were normalized for loading based on the intensity of
the 18S rRNA band on the corresponding ethidium bromide-stained gels. (A)
Relative levels of bfl-1 mRNA as determined in BL41 (E), BL41B95.8 (h), and
IARC-171 (F). (B) Relative levels of bfl-1 transcript in uninduced DG75-tTA-
LMP-1 (‚) and at 36 h after LMP1 induction 1 (Œ).
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indicated that expression in tumor tissues is preferentially de-
tected in infiltrating inflammatory cells rather than in cancer
cells (21). This discrepancy may explain the low rate of expres-
sion of bfl-1 observed in established stomach and colon cancer
cell lines (40). However, it appears that cell lines derived from
leukemias and lymphomas exhibit high levels of expression of
bfl-1 (8, 26). Our results extend this list to include EBV-posi-
tive BL cell lines exhibiting a group III phenotype and provide
the first evidence for the control of expression of bfl-1 by a viral
protein. Furthermore, the ability of LMP1 to regulate gene
expression at the level of mRNA stability is also a novel
finding. A 1.4-kb DNA sequence from the 59 transcriptional
regulatory region of the human bfl-1 gene has recently been
cloned and demonstrated to be responsive to TNF-a in pro-
moter-reporter assays (55). Our preliminary results indicate
that LMP1 can also stimulate reporter gene expression driven
from this promoter fragment by approximately three- to five-
fold in transient-transfection assays of EBV-negative BL cell
lines including DG75. Furthermore, coexpression of a domi-
nant IkBa mutant (29) completely abolished trans-activation,
suggesting that the LMP1-mediated increase in bfl-1 promoter
activity is NF-kB dependent. It is interesting that the receptors
for two cytokines, TNF-a and interleukin-1, that can regulate
bfl-1 mRNA expression belong to a superfamily of proteins
that includes LMP1 (5, 50). One common feature of members
of this family is their ability to activate the transcription factor
NF-kB. A role for NF-kB in mediating the upregulation of
bfl-1 expression by TNF-a and lipopolysaccharide has been
demonstrated (20, 55).

LMP1 upregulates the expression of several other antiapo-
ptotic proteins such as Bcl-2, A20, and Mcl-1. In contrast to
bcl-2, the induction of bfl-1 mRNA appears to be an immediate
and direct effect of LMP1 function, as is the case with A20 (28).
The observation that LMP1 regulates bcl-2 expression by both
transcriptional and translational mechanisms is a novel finding.
Indeed, there is evidence for the action of both of these mech-
anisms in the control of bcl-2 expression during normal B-cell
development and differentiation. Changes in the rate of tran-
scription regulate bcl-2 mRNA levels during B-cell develop-
ment (48, 54). Also, in hematopoietic tissue in vivo, although
Bcl-2 protein can be detected in the mantle zone but not in the
germinal center, its mRNA can be detected in both of these
regions, implying that translational mechanisms can also con-
tribute to the regulation of bcl-2 expression (2, 9). In addition,
a cis-acting element within the 59 untranslated region of the
bcl-2 gene is necessary for regulating bcl-2 expression at the
level of translation (18). Elevated levels of several antiapo-
ptotic proteins would increase the range of apoptotic stimuli
against which the host cell can protect itself, since the overlap
in the range of apoptotic stimuli to which different antiapopto-
tic proteins can respond is not always complete. For instance,
although Bcl-2 and A20 can independently protect cells against
a number of different apoptotic stimuli, Bcl-2 but not A20 is
effective against glucocorticoid-induced apoptosis (39). In
addition to protecting against p53-mediated apoptosis, Bfl-1
protects against apoptosis induced by serum deprivation and
TNF-a-induced cytotoxicity (11, 23, 55). p53 is known to be an
important regulator of apoptosis in BL cells. Wild-type p53
appears to function by arresting or slowing cell proliferation
and induces apoptosis when introduced into BL cells carrying
mutant p53 (43). The fact that LMP1 can upregulate all these
three antiapoptotic proteins in the same cellular context ques-
tions the relative contribution made by these proteins in pro-
tecting against p53-mediated apoptosis. Additionally, in the
case of Bfl-1, upregulation may involve the recruitment of both
antiapoptotic and cell proliferation functions.

In lymphoid follicles, bfl-1 transcript has been detected in
the germinal centers, which are the sites of B-cell proliferation
and differentiation (21). Bcl-2 protein has the opposite expres-
sion pattern, in that it is absent from the proliferating Ki-67-
positive germinal center B cells but detectable in the follicular
mantle zone (41). The observation that Bfl-1 expression can
protect MUTU-I cells from apoptosis lends further support to
a role for Bfl-1 in promoting the survival of germinal center B
cells during the process of antigen-driven selection, since such
BL lines exhibit phenotypic features of germinal center B cells.
Although resting B cells already express a high level of Bcl-2,
which is only slightly elevated following infection with EBV
(33), the Bfl-1 status of these cells before and after infection
remains unknown and therefore merits investigation. Since
mitogenic activation of lymphocytes in vitro results in de-
creased Bcl-2 expression (1), it is possible that depending on
the type of B cell that the virus infects, the expression of LMP1
may serve to transiently upregulate or maintain Bfl-1 and Bcl-2
levels during the EBV-associated mitogenic stimulation that
cells undergo upon infection and during the critical period
prior to entry of the virus-infected cell into the long-lived mem-
ory B-cell pool. The induction of bfl-1 expression by LMP1 in
B lymphocytes has implications for the biology of EBV. LMP1-
mediated upregulation of bfl-1 expression may contribute to
the survival of EBV-infected B cells, since cells similar to LCLs
are present in the circulation during primary infection by EBV
(42, 51). Additionally, the effect on bfl-1 may contribute to the
development of EBV-associated B-cell malignancies such as
posttransplantation lymphoproliferative disorders and BL tu-
mor metastases in which LMP1 is expressed. Mechanistic stud-
ies of the contribution of Bfl-1 to cell survival will provide
important information about both normal B-cell development
and potential routes to B-cell and non-B-cell malignancy.
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