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To evaluate the role of Epstein-Barr Virus (EBV) nuclear antigen 3A (EBNA3A) in the continuous prolif-
eration of EBV-infected primary B lymphocytes as lymphoblastoid cell lines (LCLs), we derived LCLs that are
infected with a recombinant EBV genome that expresses EBNA3A fused to a 4-hydroxy-tamoxifen (4HT)-
dependent mutant estrogen receptor hormone binding domain (EBNA3AHT). The LCLs grew similarly to
wild-type LCLs in medium with 4HT despite a reduced level of EBNA3AHT fusion protein expression. In the
absence of 4HT, EBNA3AHT moved from the nucleus to the cytoplasm and was degraded. EBNA3AHT-infected
LCLs were unable to grow in medium without 4HT. The precise time to growth arrest varied inversely with cell
density. Continued maintenance in medium without 4HT resulted in cell death, whereas readdition of 4HT
restored cell growth. Expression of other EBNAs and LMP1, of CD23, and of c-myc was unaffected by EBNA3A
inactivation. Wild-type EBNA3A expression from an oriP plasmid transfected into the LCLs protected the
EBNA3AHT-infected LCLs from growth arrest and death in medium without 4HT, whereas EBNA3B or
EBNA3C expression was unable to protect the LCLs from growth arrest and death. These experiments indicate
that EBNA3A has a unique and critical role for the maintenance of LCL growth and ultimately survival. The
EBNA3AHT-infected LCLs are also useful for genetic and biochemical analyses of the role of EBNA3A domains
in LCL growth.

Epstein-Barr virus (EBV), a human gammaherpesvirus, can
cause lymphocyte-proliferative diseases in immune-deficient
people and is also etiologically associated with Burkitt’s lym-
phoma, Hodgkin’s disease, other B- and T-cell lymphomas,
anaplastic nasopharyngeal carcinoma, and a small fraction of
gastric carcinomas (for a review see reference 47). When EBV
infects primary human B lymphocytes, they are efficiently
transformed into continuously proliferating lymphoblastoid
cell lines (LCLs) (19, 44). In LCLs EBV expresses six nuclear
proteins (EBNA1, -2, -3A, -3B, -3C, and -LP), three integral
membrane proteins (LMP1, -2A, and -2B), two small non-
polyadenylated RNAs (EBER1 and EBER2), and Bam A
rightward transcripts (for a review see reference 30). EBNA1,
-2, -3A, -3C, and -LP and LMP1 are necessary for LCL out-
growth, whereas the rest of the EBV genome is dispensable.

EBNA2 and EBNALP are expressed first in primary B-
lymphocyte infection and coactivate transcription from cell and
viral promoters (1, 17, 40). EBNA2 associates with the se-
quence-specific DNA binding protein RBP-J�/CBF-1/CSL and
activates transcription from promoters containing RBP-J�
binding sites (14, 18). EBNA2 activates the cell CD21, CD23,
c-fgr, and c-myc promoters and the viral EBNA and LMP
promoters and thereby has a crucial role in the conversion of
primary human B lymphocytes into LCLs (1, 3, 8–10, 13, 16, 24,
31, 36, 37, 42, 43, 57–60, 64). EBNALP coactivates transcrip-
tion with EBNA2 (1, 17, 40).

The role of EBNA3A, EBNA3B, and EBNA3C in LCL

outgrowth and continued proliferation is only partially de-
lineated. EBNA3A, EBNA3B, and EBNA3C are encoded by
three related, tandem genes (for a review see reference 30).
EBNA3A and EBNA3C are essential for EBV-mediated pri-
mary B-lymphocyte conversion to LCLs, whereas EBNA3B is
dispensable (29, 52, 53). Like EBNA2, EBNA3A, EBNA3B,
and EBNA3C stably associate with RBP-J� (22, 32, 39, 45, 48,
49, 56, 62). Altogether, EBNA2, EBNA3A, EBNA3B, and
EBNA3C are associated with most of the cell’s RBP-J� (8, 22,
39). This association potentially limits EBNA2 transcriptional
up-regulation (8, 22). In transient-transfection assays, EBNA3A,
EBNA3B, and EBNA3C reduce EBNA2 activation of the EBNA
Cp promoter (6, 12, 34, 39, 45, 56). Furthermore, three- to five-
fold overexpression of EBNA3A in an LCL disrupts EBNA2
association with RBP-J�, down-regulates c-myc, CD21, and
CD23, and causes G0/G1 growth arrest (8). EBNA3C and to
a lesser extent EBNA3A and EBNA3B can also coactivate
the LMP1 promoter with EBNA2 (2, 35, 39, 63). EBNA3A,
EBNA3B, and EBNA3C have EBV type common and evolu-
tionarily conserved domains (12, 21, 50, 61). EBNA3A and
EBNA3C have domains that can activate or repress transcrip-
tion when fused to the Gal4 DNA binding domain in reporter
assays with promoters that have multiple upstream Gal4 bind-
ing sites (4–6, 12, 39, 46). EBNA3A and -3C interact with cel-
lular proteins that may mediate transcriptional activation or re-
pression or affect cell growth (11, 15, 20, 26–28, 35, 41, 46, 51).

The experiments reported here focus on the role of
EBNA3A in continued LCL proliferation. While recombinant
genetic analyses placing a nonsense codon after codon 302 of
the EBNA3A gene indicate that EBNA3A is critical for EBV-
induced LCL outgrowth, two LCLs that have only a mutant
EBNA3A were derived (29, 53). The growth properties of
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these LCLs were not characterized (29). An EBV-infected cell
line derived from a leukemic patient also lacks EBNA3A,
although the growth of these cells has not been shown to be
dependent on EBV gene expression (33). Thus, EBNA3A may
be required for initial LCL outgrowth but may not be required
for continued LCL proliferation.

To investigate the role of EBNA3A in maintaining LCL
growth, we have derived LCLs infected with an EBV recom-
binant genome that expresses a conditionally active EBNA3A.
The EBNA3A open reading frame was fused in frame to a
4-hydroxy-tamoxifen (4HT)-dependent mutant estrogen re-
ceptor hormone binding domain (ERTM) (38) to create an
open reading frame that encodes putative conditionally active
EBNA3A EBNA3AHT. ERTM was preferred over ER be-
cause ERTM is not responsive to estrogen in serum or to phe-
nol red dye in tissue culture medium and 4HT does not activate
endogenous estrogen receptors (38). EBNA3AHT is antici-
pated to be docked, inactive, and possibly destabilized in the
cytoplasm in the absence of 4HT added to cell culture medium
and active in the cell nucleus in response to 4HT addition to
the cell culture medium. We have also explored whether con-
ditional EBNA3AHT expression in an LCL may be useful for
genetic analysis of the role of EBNA3A in LCL growth.

MATERIALS AND METHODS

Cells. BJAB is an EBV-negative B-lymphoma cell line. The HH514-16 sub-
clone of the EBV-infected P3HR-1 (clone 16) Burkitt’s lymphoma cell line (a gift
from G. Miller) contains a type 2 EBV genome that has the EBNA2 open
reading frame and part of the EBNALP open reading frame deleted, rendering
it nontransforming. IB4 is a lymphoblastoid cell line transformed with type 1
EBV. Stable IB4 transfectants which express FLAG-tagged EBNA3A fused to
the 4HT-dependent estrogen receptor hormone binding domain (IB4-fE3AHT)
were made by cotransfecting PvuI-digested pcDNA3 (Invitrogen) and PvuI-
digested pSG5-fE3AHT into IB4 cells, followed by selection with 0.8 mg of
G418/ml. After identification, IB4-fE3AHT-expressing cells were maintained in
RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS), L-
glutamine, streptomycin, penicillin, and 0.4 mg of G418/ml. Primary human
mononuclear cells were obtained from the blood of healthy adults or normal
placentas by centrifugation over a cushion of Lymphoprep (Axis-Shield). Newly
transformed EBNA3AHT LCLs were maintained in RPMI 1640 medium sup-
plemented with 15% FBS, L-glutamine, streptomycin, penicillin, and 200 nM
4HT. Newly transformed control LCLs were maintained in the same medium,
except for the absence of 4HT. All other cell lines were maintained in RPMI
1640 medium supplemented with 10% FBS, L-glutamine, streptomycin, and
penicillin. Viable-cell numbers were determined by hemocytometer based on
trypan blue exclusion.

Plasmids and cosmid construction. pSG5-flagEBNA3A, -EBNA3B, and
-flagEBNA3C have been described previously (8, 35, 48, 49). The EBNA3A gene
stop codon in pSG5-flagEBNA3A was replaced with a BamHI site by PCR. A
BamHI-SalI fragment encoding the 4HT-responsive modified estrogen receptor
hormone binding domain (HTER) from pBSKS�ERTM (a gift from T. Little-
wood) was subcloned into the BamHI and XhoI sites of this modified pSG5-
flagEBNA3A (pSG5-fE3AHT), resulting in in-frame fusion of FLAG-EBNA3A
and HTER genes. Cosmid XF contains an XbaI (B95-8 bp 81853)-to-FseI (B95-8
bp 118079) fragment of B95-8 EBV DNA. A BssHII (B95-8 bp 94051)-to-StuI
(B95-8 bp 95158) fragment of cosmid XF was replaced by a BssHII-EcoRV
fragment of pSG5-fE3AHT which contains the coding sequence for the
EBNA3A C terminus fused in frame to the HTER hormone binding domain
(XF-EBNA3AHT). For creation of EBV recombinants, EcoRI A was used to
marker rescue the P3HR1 EBV EBNA2 and EBNALP deletion mutation in
P3HR-1 clone 16 cells. A cosmid that bridges between the mutated EBNA3A
cosmid XF-EBNA3AHT and EcoRI A, pSEC�HpaI, has an HpaI-to-HpaI de-
letion (B95-8 bp 86020 to 101932) made with SalI E/C; the deleted segment
contains EBNA3 genes. Lytic EBV replication was induced with pSVNaeI Z. To
make the oriP plasmids expressing FLAG, enhanced green fluorescent protein
(EGFP), FLAG-EBNA3A, EBNA3B, or FLAG-EBNA3C under the control of
the simian virus 40 (SV40) promoter, SalI fragments containing SV40 promoter-

driven FLAG, EGFP, FLAG-EBNA3A, EBNA3B, or FLAG-EBNA3C cassettes
from pSG5-flag, -EGFP, -flagEBNA3A, -EBNA3B, or -flagEBNA3C, respec-
tively, were subcloned into the SalI-digested pCEP4 vector (Invitrogen).

Generation of recombinant EBV. Ten micrograms of linearized cosmid EcoRI
A DNA, 40 �g of linearized cosmid XF-EBNA3AHT, and 20 �g of pSEC�HpaI
were mixed with 40 �g of pSVNaeI Z and electroporated into 107 P3HR-1 clone
16 log-phase cells in 400 �l of complete medium in a cuvette (0.4-cm gap;
Bio-Rad). Following 10 min at room temperature, the culture was pulsed with
200 V at 960 �F. Transfected P3HR-1 cells were cultured in 14 ml of complete
medium for 5 days to allow EBV replication and release of virus into the culture
medium. Lytic EBV infection was induced in B LCLs by transfection with 40 �g
of pSVNaeI Z under similar conditions.

Primary B-lymphocyte infections. Cell-free virus was prepared from trans-
fected P3HR-1 or LCL cells by rapid freeze-thaw and centrifugation to remove
cell debris. Primary human mononuclear cells were infected with virus at 37°C
for 1 to 2 h, washed, and resuspended in complete medium containing 4HT.
Aliquots of 200 �l were distributed into each well of 96-microwell plates (5 � 104

to 20 � 104 cells per well). Every 7 days after plating, 50% of the medium was
replaced with fresh complete medium containing 4HT. LCLs were macroscopi-
cally visible 3 to 5 weeks after plating. LCL subclones singly infected with
recombinant EBV were obtained from coinfected LCLs by limiting dilution. One
or 10 LCL cells were cultured with 104 irradiated (8,800 cGy) IB4 cells in
complete medium containing 4HT in 96-microwell plates. Every 7 days after
plating, 50% of the medium was replaced with fresh complete medium contain-
ing 4HT. LCL subclones emerged at between 3 and 4 weeks after plating.
Alternatively, recombinant EBV was segregated from the coinfecting P3HR-1
EBV by infection of primary B lymphocytes with cell-free virus from coinfected
LCLs. Progeny LCLs were visible 3 to 5 weeks after plating.

PCR analyses. Oligonucleotide primers for amplification of distinctive frag-
ments from type 1 versus type 2 EBNA3A, -3B, or -3C have been described
(50). Oligonucleotides 5�-E3AHT (ACATGTGTCAGGATGACGAG) and
3�-E3AHT (CTGAAGGGTCTAGAAGGATC) were used to amplify the junc-
tion between EBNA3A- and HTER-encoding DNA. Cell DNA was prepared for
PCR, amplified for 40 cycles with annealing at 58°C, and analyzed by electro-
phoresis.

Western blot and immunofluorescence analyses. Total cell proteins were sep-
arated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, blotted
onto a nitrocellulose membrane (Bio-Rad), and reacted with EBV-immune
human sera, rabbit anti-estrogen receptor � polyclonal antibody MC20 (Santa
Cruz Biotechnology), sheep anti-EBNA3A polyclonal antibodies (Exalpha Bio-
logicals), rabbit anti-c-myc polyclonal antibody N-262 (Santa Cruz Biotechnolo-
gy), or mouse anti-LMP1 monoclonal antibody S12. Membranes were reacted
with horseradish peroxidase-conjugated species-specific secondary antibodies
(Santa Cruz Biotechnology) and developed with a chemiluminescence reagent
(NEN). For immunofluorescence, cells were smeared on glass slides, air dried,
fixed in 1:1 methanol-acetone at �20°C for 3 min, blocked with 20% goat serum
(Gemini)–phosphate-buffered saline, incubated with rabbit anti-estrogen recep-
tor � polyclonal antibodies, and then incubated with fluorescein isothiocyanate-
conjugated goat anti-rabbit immunoglobulin G (Jackson ImmunoResearch).

Fluorescence-activated cell sorter analyses for cell DNA and surface expres-
sion of CD21, CD23, and CD54. Approximately 106 cells were fixed and stained
with propidium iodide (Molecular Probes) or incubated live with phycoerythrin-
conjugated CD21, CD23, or CD54 antibodies (Pharmingen) for 30 min and
washed in phosphate-buffered saline supplemented with 2% FBS at 4°C. Cells
were analyzed with a FACSCalibur (Becton Dickinson).

LCL growth. LCL cells (2 � 105, 1 � 105, or 5 � 104) were cultured in 24-well
plates in 1 ml of complete medium with or without 4HT. After 7 days, 1 ml of
fresh medium was added; then every 3 or 4 days, 50% of the medium was
replaced with fresh medium. Cells were counted every 3 or 4 days. In other
experiments, 2 � 106 LCL cells were cultured in 25-cm2 culture flasks in 10 ml
of complete medium (2 � 105 cells/ml) with or without 4HT. Every 3 or 4 days,
the viable cell number was determined and cultures were diluted to 2 � 105

cells/ml with fresh medium to maintain optimum growth. Total cell numbers
were calculated based on the expansion from the initial 2 � 106 cells.

Complementation experiments. EBNA3AHT-infected LCLs (107) were trans-
fected with 30 �g of oriP plasmid DNA expressing FLAG-EBNA3A, EBNA3B,
FLAG-EBNA3C or a control oriP plasmid. In some experiments, 10 or 3 �g of
plasmid DNA was used. For electroporation, LCLs were harvested during log-
phase growth, washed once with complete medium, and resuspended in 400 �l of
complete medium with DNA in a cuvette (0.4-cm gap; Bio-Rad). Following a
10-min incubation at 25°C, the culture was pulsed with 220 V at 960 �F. Trans-
fected LCLs were cultured in 14 ml of LCL-conditioned medium with 4HT for
3 to 7 days. Cells were then washed, and 0.5 � 106 to 2 � 106 cells were cultured

10438 MARUO ET AL. J. VIROL.



in 10 ml of complete medium with or without 4HT in a 25-cm2 culture flask.
Every 3 to 8 days, cells were counted, cultures were split, and total cell numbers
relative to those of the initial culture were calculated.

RESULTS

Reverse-genetic derivation of a recombinant EBV genome
that expresses conditionally active EBNA3A. To evaluate wheth-
er the EBNA3A open reading frame fused in frame with DNA
encoding the 4HT-dependent mutant estrogen receptor hor-
mone binding domain (HTER) would encode a stable fusion
protein, a FLAG epitope-tagged wild-type EBNA3A fused
through the EBNA3A C terminus to the N terminus of HTER
(FLAG-EBNA3AHT) was expressed in B lymphocytes under
the control of the SV40 promoter. When cells were grown in
medium supplemented with 4HT, the fused open reading
frames expressed a stable protein of 	180 kDa, the size ex-
pected for a FLAG-EBNA3AHT fusion protein (data not
shown). A single protein was readily detected on Western blots
with FLAG-, EBNA3A-, and ER-specific antibodies, indicat-
ing that the N- and C-terminal parts of the fusion protein
remain stably joined when the fusion protein is expressed in
human B lymphocytes (data not shown). Without the addition
of 4HT to cell culture medium, FLAG-EBNA3AHT was
barely detectable, indicating that EBNA3AHT stability is de-
pendent on 4HT (data not shown).

To derive an EBV genome that expresses EBNA3AHT in-
stead of wild-type EBNA3A, DNA encoding the EBNA3A C
terminus was replaced with that encoding the C terminus of
FLAG-EBNA3AHT in a 40-kbp type 1 EBV DNA cosmid
clone. The recombinant XF-EBNA3AHT cosmid DNA was
transfected into P3HR-1 cells, which are infected with a rep-
lication-competent and transformation-incompetent type 2
EBV, together with EBV EcoRI A DNA, which can recombine
with the P3HR-1 EBV and restore transformation compe-
tence, plasmid SEC�HpaI, which can recombine with EcoR1
A and XF-EBNA3A to facilitate the incorporation of XF-
EBNA3A, and pSVNaeZ, which induces lytic EBV replication
(7, 52–54). The resultant virus was used to infect primary
human B lymphocytes. Infected cells were plated in complete
medium supplemented with 4HT in microwells at the antici-
pated end point dilution of recombinant transforming virus so
as to enable the clonal outgrowth of infected LCLs. The LCLs
were screened by PCR using primers which distinguish be-
tween the P3HR-1 type 2 and XF-EBNA3AHT type 1 EBV
DNAs. Approximately 9% (4 of 46) of the LCLs were positive
for type 1 EBNA3A (data not shown). All four LCLs were also
infected with parental P3HR-1 EBV, which is produced in vast
excess and has type 2 EBNA3A DNA.

To segregate the type 1 EBNA3AHT-expressing recombi-
nant EBV genome from the coinfecting P3HR-1 EBV genome,
LCL 41, which had recombinant EBV and P3HR-1 EBV at a
molar ratio of 1:1, was subcloned by limiting dilution in irra-
diated IB4 cells in complete medium supplemented with
4HT. Of 46 subclones, 19 contained only recombinant type 1
EBNA3A. The other LCLs all contained both type 1 and type
2 EBNA3A (data not shown). Only 7 of the 19 LCL subclones
could be expanded continuously in complete medium with
4HT. Subclones 41-3 and 41-13 were used for further analyses.
Other LCLs infected with putative EBNA3AHT-expressing

recombinant virus were obtained by inducing lytic-virus repli-
cation in the coinfected LCL 41 cells and infecting primary
human B lymphocytes with the resultant virus. An LCL that
was coinfected with recombinant virus and P3HR-1 EBV and
that was permissive for virus replication after transfection with
pSVNAEZ was obtained. Infection of primary B lymphocytes
with the resultant virus resulted in 182 progeny LCLs, of which
13 were infected with only type 1 EBNA3A DNA, 127 con-
tained only type 2 EBNA3A DNA, and 42 contained both type
1 and type 2 DNAs (data not shown). Five of the 13 LCLs that
had only type 1 EBNA3A were successfully expanded. Three of
these, LCLs 83, 124, and 163, were used for further analysis.
Since wild-type recombinant virus-infected LCLs can usually
be continuously expanded in culture, successful continuous
expansion of only 7 of 19 LCL 41 subclones and of only 5 of 13
other LCLs infected with EBNA3AHT-expressing recombi-
nant EBV may indicate that LCLs infected with EBNA3AHT-
expressing recombinant EBV are relatively deficient in out-
growth.

LCLs 41-3, 41-13, 83, 124, and 163, which were infected with
putative type 1 EBNA3AHT-expressing recombinant EBV, were
reanalyzed by PCR for the presence of type 1 EBNA3AHT
and surrounding DNA (Fig. 1). These LCLs contain type 1
EBNA3A and EBNA3B DNA, lack type 2 EBNA3A and
EBNA3B DNA, and have only type 2 EBNA3C DNA, indi-
cating that homologous recombination between the EBNA3B
and EBNA3C primer sites had occurred (Fig. 1B to D). All five
LCLs contain the EBNA3AHT fusion DNA, as determined by
PCR with primers from EBNA3A and HTER (Fig. 1E). Thus,
each of the five LCLs infected with EBNA3AHT expressing
recombinant EBV has only type 1 EBNA3A and EBNA3B and
type 2 EBNA3C.

Western blot analyses using EBV-immune human serum
confirmed that the five EBNA3AHT-infected LCLs do not
express either wild-type 1 or 2 EBNA3A, both of which are
	130 kDa, and express only a larger EBNA3AHT, 	180 kDa,
which is also specifically recognized by estrogen receptor �
and EBNA3A antibodies (Fig. 2 and data not shown). When
these five LCLs were grown in the presence of 4HT,
EBNA3AHT expression was 	25% of that of the wild-type
EBNA3A protein in control LCLs, as established by compar-
ative twofold dilution and Western blotting (data not shown).
Note that in Fig. 2A the amounts of EBNA3AHT in the 41-3,
41-13, 83, 124, and 163 LCLs are substantially less than the
amount of EBNA3A in the 1c12 LCL; the 1c12 LCL lane is
also underloaded, as is evident from the smaller amount of
EBNA3B in the 1c12 LCL than in the EBNA3AHT-infected
LCLs. The lower level of EBNA3AHT in the LCLs infected
with recombinant EBV expressing EBNA3AHT than of
EBNA3A in LCLs infected with wild-type EBV expressing
wild-type EBNA3A is likely due to a destabilizing effect of
HTER fusion with EBNA3A.

EBNA3AHT localized to cell nuclei when cells were grown
in medium supplemented with 4HT and relocalized to the
cytoplasm when cells were grown in complete medium without
4HT (Fig. 3A and data not shown). Background cytoplasmic
fluorescence in control cells that lack EBNA3AHT was mini-
mal. EBNA3AHT decreased more than 50% within 1 day of
incubation of EBNA3AHT-infected LCLs in medium without
4HT and was barely detectable after 2 days in culture medium
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without 4HT (Fig. 3B). When cells were transferred to medium
with 4HT, EBNA3AHT reaccumulated over 	4 days to 	50%
of stable expression levels and reached stable expression levels
between 7 and 11 days (Fig. 3B). Overall, these data indicate
that EBNA3AHT stability and nuclear localization are depen-
dent on 4HT. In summary, EBNA3AHT levels in recombinant
EBV-infected LCLs in the presence of 4HT are only 	25% of
EBNA3A levels in wild-type LCLs and growth in medium
without 4HT results in at least a 75% additional decrease in
EBNA3AHT levels as well as dislocation of EBNA3AHT
from the nucleus to the cytoplasm. In the absence of 4HT,
EBNA3AHT is dislocated to the cytoplasm and expressed at
levels that are less than 10% of the EBNA3A levels in wild-
type LCLs. Thus, EBNA3AHT-infected LCLs maintained in
the absence of 4HT are nearly completely EBNA3A deficient.

Growth of EBNA3AHT-expressing LCLs is 4HT dependent.
The growth of the EBNA3AHT-expressing LCLs in complete

medium with or without 4HT was assessed. Cells were seeded
at 0.5 � 105 to 2 � 105 cells/ml in complete medium with or
without 4HT, and the live-cell number was determined every
several days for 3 weeks. Cultures were fed weekly with an
equal volume of fresh medium as is appropriate for LCLs
unless they are in maximum-log-phase growth, wherein they
double every 24 to 48 h. LCLs reach saturation at 	0.8 �
106 to 1 � 106 cells/ml. When seeded at 2 � 105 cells/ml,
EBNA3AHT- and wild-type EBNA3A-expressing cells grew
at similar rates for 6 to 8 days in medium with or without
4HT (Fig. 4 and data not shown). Thereafter, the growth of
EBNA3AHT-expressing cells slowed in medium without 4HT,
relative to the growth of EBNA3AHT-expressing cells in me-
dium with 4HT or to that of wild-type EBNA3A-expressing
cells (Fig. 4 and data not shown). EBNA3A- and EBNA3AHT-
expressing, 4HT-treated cells continued to grow to more than
20 � 105 total cells (106 cells/ml) and subsequently decreased
(Fig. 4), because the cells were then at saturation density.
When these cells were fed more frequently, they contin-
ued in log phase indefinitely (data not shown). In con-
trast, EBNA3AHT-expressing cells never grew beyond 15 �
105 total cells (	8 � 105 cells/ml) in medium without 4HT.
When these cells were fed more frequently, they stopped
growing sooner. These data indicate that the growth of cells

FIG. 1. PCR analyses of the EBNA3A, EBNA3B, and EBNA3C
genotypes of LCLs 41-3, 41-13, 83, 124, and 163, which were infected
with recombinant EBV genomes that express EBNA3A fused in frame
to EBNA3AHT. (A) Schematic representation of the EBV genome
EBNA3 region within the targeting construct and location of the PCR
primers. (B to D) Specific primer pairs distinguish between EBV type
1 and type 2 EBNA3A, -3B, and -3C genes in the EBV type 1-infected
IB4 LCL and the EBV type 2-infected P3HR-1 Burkitt tumor cell (50).
The EBNA3A (E3A) primers result in the amplification of 237- or
276-bp fragments from type 2 (T2) or type 1 (T1) DNA, respectively.
The EBNA3B (E3B) primers result in amplification of 218- or 183-bp
fragments from type 2 or type 1 DNA, respectively. The EBNA3C
(E3C) primers result in the amplification of 179- or 158-bp fragments
from type 2 or type 1 DNA, respectively. (E) Use of primers for
amplification of the junction between EBNA3A and HTER genes
(E3AHT primers). Lane 1, control amplification with primers only;
lanes 2 and 3, amplifications with DNA from EBV type 2- and type
1-infected cells; lanes 4 to 8, amplifications of EBNA3AHT-infected
LCL genomic DNA; lane 9, amplification of DNA from a stable IB4
cell line transfected with and expressing a FLAG-tagged EBNA3AHT
fusion protein (IB4-fE3AHT).

FIG. 2. EBNA3 protein expression in LCLs infected with
EBNA3AHT-expressing EBV recombinants. Immunoblots were incu-
bated with EBV-immune human serum (A), sheep anti-EBNA3A
polyclonal antibodies (B), or rabbit anti-estrogen receptor � polyclonal
antibodies (C). Lane 1, lysates from EBV-negative BJAB human B
lymphoblasts as a negative control; lanes 2 to 4, lysates from IB4 LCLs
stably transfected with a FLAG-tagged EBNA3AHT (IB4-fE3AHT),
IB4 cells, and P3HR-1 cells, respectively; lanes 5 and 6, lysates from
LCLs 114 and 31-5, with type 2 wild-type EBNA3A-infected LCLs;
lane 7, type 1 wild-type EBNA3A-infected LCL 1c12; lanes 8 to 12, five
EBNA3AHT-infected LCLs. All LCLs, except for 114, expressed type
1 EBNA3B (E3B). All five EBNA3AHT-infected LCLs expressed a
large EBNA3AHT (E3AHT) fusion protein and did not express wild-
type 1 or 2 EBNA3A (E3A). Type 2 EBNA3C (E3C) is just below a
background control band and was faintly detected by this EBV-im-
mune human serum.
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infected with EBNA3AHT-expressing recombinant EBV be-
comes EBNA3A dependent within 6 to 9 days after 4HT is
withdrawn, even when the initial cell density is sufficient for
rapid entry into log-phase growth. Although EBNA3AHT is

inactivated and degraded within 2 days without 4HT, the
effect of EBNA3AHT inactivation on cell growth is not evi-
dent for several days thereafter.

The onset of the growth defect that accompanies EBNA3AHT

FIG. 3. Regulation of EBNA3AHT fusion protein by 4HT. (A) Immunofluorescent staining of stable IB4 transfectants expressing a FLAG-
tagged EBNA3AHT fusion protein (IB4-fE3AHT) with an anti-estrogen receptor � antibody and a fluorescein isothiocyanate-conjugated
secondary antibody. IB4-fE3AHT cells cultured in the presence (left) or absence (right) of 4HT for 3 days were dried onto glass slides, fixed, and
stained. (B) Immunoblot of EBNA3AHT expression in lysates of LCL 41-3 infected with EBV expressing recombinant EBNA3AHT. The LCL
had been maintained in complete medium for 7 days with or without 4HT and then switched for the indicated number of days to complete medium
without (left) or with (right) 4HT, respectively. Protein lysates from cells at each time point were resolved by sodium dodecyl sulfate–6%
polyacrylamide gel electrophoresis, transferred to nitrocellulose membranes, and probed with an EBV-immune human serum which recognizes
EBNA3s (�-E3) or with an anti-estrogen receptor � antibody (�-ER).

FIG. 4. Comparison of growth rates of EBNA3AHT-infected LCLs in the presence and absence of 4HT. Five LCLs infected with EBV
expressing recombinant EBNA3AHT (E3AHT LCLs) and two control LCLs were cultured with (open circles) or without (solid circles) 4HT in
24-well plates as described in Materials and Methods. Total cell numbers in each well were plotted at each time point. ND, not done. Each growth
curve experiment was done twice with similar results.
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inactivation was more rapid when cells were cultured at 0.5 �
105 to 1 � 105 cells/ml. EBNA3AHT- and wild-type EBNA3A-
expressing LCLs were similar in their delayed growth when
plated at 0.5 � 105 to 1 � 105 cells/ml of complete medium.
After a 3- to 6-day delay at 105 cells/ml or a 6- to 9-day delay
at 0.5 � 105 cells/ml, during which the cells conditioned the
medium, wild-type EBNA3A- and EBNA3AHT-expressing cells
in medium with 4HT grew at the same rate as cells plated
at 2 � 105 cells/ml. In marked contrast, EBNA3AHT-ex-
pressing cells plated at 0.5 � 105 or 1 � 105 cells/ml of
complete medium without 4HT failed to grow or grew poorly.
EBNA3AHT-expressing-cell growth was minimal or stopped
after 6 to 12 days in medium without 4HT, and cell numbers
slowly decreased thereafter (Fig. 4 and data not shown). Thus,
the role of EBNA3A in cell growth is evident within 6 to 8 days,
when cells are plated at 1 � 105 or 0.5 � 105 cells/ml.

The effect of 4HT withdrawal on the cell cycle distribution of
EBNA3AHT-expressing LCLs over the ensuing 20 days after
plating at 105 cells/ml in medium without 4HT was assessed
by propidium iodide staining and fluorescence-activated cell
sorter analysis (Fig. 5 and data not shown). In the presence of
4HT 	73% of the cells were in G0/G1, 7% were in S, and 13%
were in G2/M, with 7% hypodiploid at days 7, 14, and 20 after
plating. In contrast, in the absence of 4HT, the percentage in
G0/G1 fell from 74 to 66%, the percentage in S fell from 6 to
3%, and the percentage in G2/M fell from 10 to 7%, while
the percentages of hypodiploid cells increased to 10, 13, and
24% at days 7, 14, and 20, respectively, after plating. Thus,
EBNA3A inactivation resulted in 50% fewer cells in S or G2/M
and three times as many hypodiploid cells at day 20. Thus,
EBNA3A inactivation results in decreased cell cycle entry and
increased apoptosis.

To further examine the role of EBNA3A in cell growth at
optimum cell density, which is between 2 � 105 and 6 � 105

cells/ml, EBNA3AHT-expressing cells were seeded into me-
dium at 2 � 105 cells/ml with or without 4HT. The cell density
was readjusted every several days to 2 � 105 cells/ml of par-
tially new medium with or without 4HT. All five EBNA3AHT-
expressing LCLs grew exponentially in medium with 4HT, but
the same cells gradually stopped growing after 6 to 12 days in
medium without 4HT. In medium without 4HT, the viable-cell

count began to decrease at 16 to 20 days (Fig. 6A). The growth
of wild-type EBNA3A-expressing control LCLs was similar to
that of the EBNA3AHT-expressing LCLs growing with 4HT
and was unaffected by the presence or absence of 4HT (Fig.
6A). These experiments further indicate that EBNA3A has a
critical role in LCL growth.

To determine whether cells that survive under conditions
of EBNA3AHT inactivation can be restored to growth by
EBNA3AHT activation, EBNA3AHT-expressing LCLs were
cultured in the absence of 4HT for 7 days and then resus-
pended at 2 � 105 cells/ml of complete medium with or without
4HT. After 7 days in medium without 4HT, the cells remained
growth arrested for 9 days in the presence or absence of 4HT.
Thereafter, the EBNA3AHT-expressing cells which were in
medium with 4HT grew in log phase at a rate similar to that for
wild-type EBNA3A-expressing LCLs, whereas cells in medium
without 4HT died at a substantial rate. These experiments
indicate that EBNA3AHT reactivation can restore growth
to cells that have stopped growing as a consequence of
EBNA3AHT inactivation. Since cell growth in new medium
at 2 � 105 cells/ml is delayed for 2 to 3 days to condition the
medium (Fig. 5) and since complete reactivation of EBNA3AHT
levels requires at least 7 days (Fig. 3), both factors probably
contribute to the 9- to 12-day delay in cell growth after plating in
medium with 4HT.

FIG. 5. EBNA3AHT inactivation results in a progressive decrease
of cells in S or G2/M and an increase in hypodiploid cells. EBNA3AHT-
infected LCL 41-13 cells were plated at 105 cells/ml in the presence
(�4HT) or absence (�4HT) of 4HT. Cells were fed every 3 or 4 days.
At 7, 14, and 20 days after plating, cells were fixed, stained with
propidium iodide, and analyzed by FACSCalibur.

FIG. 6. Growth and survival of LCL cells infected with EBV ex-
pressing recombinant EBNA3AHT are dependent on 4HT. (A) LCLs
infected with EBV expressing recombinant EBNA3AHT (E3AHT
LCLs) and wild-type control LCLs were cultured at 2 � 105 cells/ml in
10 ml of complete medium with (open circles) or without (solid circles)
4HT in 25-cm2 culture flasks. Every 3 to 4 days, cultures were split as
described in Materials and Methods. Cells were counted at the charted
intervals, and total cell numbers derived from the initial cultures were
calculated and plotted at each time point. (B) LCLs infected with EBV
expressing recombinant EBNA3AHT and control LCLs were cultured
in the absence of 4HT for 7 days. Cells were then cultured with (open
circles) or without (solid circles) 4HT as in panel A, and total cell
numbers were plotted at each time point. Each experiment was done
twice with similar results.
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EBNA3AHT inactivation does not affect expression of oth-
er EBNAs or LMP1. Since EBNA3A can affect the EBV Cp
EBNA or the LMP1 promoter, EBNA3AHT activation or in-
activation could alter EBNALP, EBNA2, EBNA3C, EBNA1,
or LMP1 expression and thereby affect LCL growth and sur-
vival. We therefore compared EBNA and LMP1 expression in
EBNA3AHT-expressing LCLs that had been growing for 11
days in the presence and absence of 4HT with EBNA expres-
sion in wild-type EBNA3A-expressing LCLs (Fig. 7 and data
not shown). In the presence and in the absence of 4HT,
EBNA3AHT-expressing LCLs expressed EBNA1, -2, and -3B
and LMP1 at levels which were indistinguishable from those
expressed by control LCLs, even though EBNA3AHT was
barely detectable in the EBNA3AHT-expressing LCLs by 2
days after 4HT withdrawal. Since all EBNA mRNAs in LCLs
are splice products of the transcripts from the same Cp or Wp
EBNA promoters and since EBNA1, EBNA2, EBNA3B, and
LMP1 protein levels do not change over 11 days of EBNA3A
inactivation, EBNA3AHT inactivation does not directly affect
EBNA or LMP1 expression.

EBNA3AHT inactivation does not affect CD23 or c-myc
expression but may have a small affect on CD21 expression.
Since EBNA3A associates with RBP-J� and can affect EBNA2-
mediated cell gene transcription, we investigated the effect of
EBNA3AHT inactivation on levels of CD21, CD23, and c-myc
expression, which are EBNA2 regulated. EBNA3AHT-ex-
pressing LCLs were cultured with or without 4HT for 11 days.
Levels of cell surface expression of CD21 and CD23 on
EBNA3AHT-expressing LCLs cultured with or without 4HT
for 7 days were compared by flow cytometry (Fig. 8). Mean
CD21 expression decreased slightly but reproducibly in the
41-3 and 41-13 subclones, whereas expression of CD23 and a
putative control surface marker, CD54, did not change. Ex-
pression of CD21 after 14 days of culture was similarly de-

creased to that after 7 days of culture, and CD23 expression
remained unchanged (data not shown). There were also small
changes in LCL 83 and 124 CD21 RNA, but not in LCL 163
RNA, after 4 days of growth in medium without 4HT. Like
expression of CD23, expression of c-myc was unaffected by
EBNA3AHT activation or inactivation; levels of c-myc expres-
sion in EBNA3AHT-expressing LCLs cultured with or without
4HT for 11 days were not different (Fig. 8B). Thus, EBNA3A
does not affect c-myc or CD23 expression but may have a small
role in CD21 expression.

Wild-type EBNA3A expression can enable the growth of
EBNA3AHT-infected LCLs in medium without 4HT. Having
established that EBNA3AHT-infected LCLs are conditionally
dependent on 4HT for proliferation, we evaluated whether
these cells are formally dependent on wild-type EBNA3A for
their growth since that would enable them to be used for
genetic analyses of the components of EBNA3A necessary for
cell growth. To evaluate whether heterologous EBNA3A ex-
pression can complement EBNA3AHT inactivation and en-
able EBNA3AHT LCL growth in medium without 4HT, LCLs
were transfected with an oriP plasmid expressing wild-type
FLAG-tagged EBNA3A or with an oriP plasmid control. The
LCL transfection efficiency at day 3 with a control oriP plasmid
that expresses EGFP in the place of FLAG-tagged EBNA3A
was 20 to 40%, as estimated from the number of EGFP-posi-
tive cells. The efficiency of transfection as estimated from the
number of EGFP-positive cells after transfection with an oriP
plasmid that expresses EGFP fused in frame with the N ter-
minus of EBNA3A was 	30%. Having established that trans-

FIG. 7. EBNA3AHT inactivation has minimal effect on latent EBV
gene expression. LCL 41-13 cells infected with EBV expressing recom-
binant EBNA3AHT were washed and cultured with (�4HT) or with-
out (�4HT) 4HT for indicated numbers of days. Protein lysates were
prepared from EBNA3AHT-infected LCL cells (E3AHT LCLs) or
from control LCL 1c12 cells (wt LCL), and Western blot analyses used
EBV-immune human serum to detect EBNA3AHT (A), EBNA3B
(B), and EBNA2 and EBNA1 (C) and used the S12 monoclonal
antibody to detect LMP1 (D).

FIG. 8. Inactivation of EBNA3AHT in LCLs infected with EBV
expressing recombinant EBNA3AHT does not substantially alter
CD23 or c-myc expression but may slightly reduce CD21 expression.
(A) LCL 41-13 cells infected with EBV expressing recombinant
EBNA3AHT were washed and cultured with (�HT) or without
(�HT) 4HT for 7 days. Cells were incubated with phycoerythrin-
conjugated CD21 or CD23 monoclonal antibodies or with putative
control CD54 monoclonal antibodies (solid lines) or without antibod-
ies (dotted lines) and analyzed by flow cytometry. (B) EBNA3AHT-
infected LCL 41-13 cells were cultured with or without 4HT for the
indicated numbers of days. Protein lysates were prepared from cells at
each time point, and Western blot analysis was performed with an
anti-c-myc antibody.
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fection of LCLs with oriP-based expression vectors resulted in
expression of EBNA3A in a substantial fraction of the trans-
fected cells, EBNA3AHT-infected LCLs were transfected with
a vector control or FLAG-tagged wild-type EBNA3A oriP
expression plasmid, cultured in medium with 4HT for 7 days,
and transferred to fresh medium with or without 4HT. After
seven additional days, control vector-transfected cells contin-
ued to grow in the presence of 4HT but died in the absence of
4HT (Fig. 9). In contrast, wild-type-EBNA3A-transfected cells
grew almost as well in the absence of 4HT as in the presence
of 4HT (Fig. 9A). Over 21 days in culture without any selection
other than 4HT withdrawal, wild-type EBNA3A expression
stabilized at a higher level in cells growing in the absence of
4HT than in cells growing in the presence of 4HT, further
evidence that wild-type EBNA3A expression particularly en-
hances the proliferation of EBNA3AHT-infected LCLs in the
absence of 4HT (Fig. 9). The level of wild-type EBNA3A in the
EBNA3AHT-infected LCLs growing in the absence of 4HT at
day 21 was slightly higher than the level of EBNA3A in wild-
type LCLs or in EBNA3AHT-infected LCLs growing in the
presence of 4HT, even when EBNA3AHT is included (Fig. 9
and data not shown). Similar growth-complementing effects of
wild-type EBNA3A expression were demonstrated in the three
other EBNA3AHT-infected LCLs grown in medium without
4HT (data not shown). Experiments done with an oriP plasmid
that expresses EGFP fused in frame with wild-type EBNA3A
resulted in at least 50% EGFP-positive cells at day 21 or
29 after transfection and plating in medium without 4HT
(data not shown). Thus, by day 21 or 29 most or all of the
EBNA3AHT-infected cells that were maintained in the ab-
sence of 4HT had selected for expression of wild-type EBNA3A.
As expected, transfection of the four EBNA3AHT-infected LCLs

with the vector control plasmid did not enable cell growth in
medium without 4HT (Fig. 9 and data not shown). These data
indicate that the growth defect of EBNA3AHT-infected LCLs
under conditions of EBNA3AHT inactivation can be transcom-
plemented by expression of wild-type EBNA3A; the growth effect
of wild-type EBNA3A is evident within 2 weeks of transfection.
Thus, transfection of EBNA3AHT-infected LCLs with a wild-
type EBNA3A expression plasmid and transfer to medium
without 4HT constitute a rapid and robust assay for wild-type
EBNA3A’s role in LCL proliferation and survival.

Wild-type EBNA3A expression enables the growth of
EBNA3AHT-infected LCLs in medium without 4HT, but
EBNA3B or EBNA3C do not. To assess whether additional
EBNA3B or EBNA3C expression can substitute for EBNA3A
expression in sustaining LCL proliferation, EBNA3B, EBNA3C,
and EBNA3A were compared for their ability to complement
the growth defect caused by EBNA3AHT inactivation (Fig.
10). Transfection of EBNA3AHT-infected LCLs with 3, 10, or
30 �g of wild-type EBNA3A expression plasmid resulted in
dose-dependent increases in EBNA3A expression, as revealed
by Western blotting done 3 days after transfection. All doses
had similar positive effects and enabled continued LCL prolif-
eration in medium without 4HT. In multiple experiments,
transfection with similar amounts of EBNA3B and EBNA3C
expression plasmids did not enable LCL growth in medium
without 4HT, despite levels of FLAG-tagged-EBNA3B or
-EBNA3C expression with 30 �g of expression vector that were
comparable to levels of FLAG-tagged-EBNA3A expression
with 10 �g of the expression vector (Fig. 10 and data not
shown). In some experiments, transfection of EBNA3AHT-
infected LCLs with an EBNA3C expression plasmid enabled a
transient positive partial effect on EBNA3AHT-infected LCL

FIG. 9. Expression of wild-type EBNA3A enables the continuous proliferation of LCLs infected with EBV expressing recombinant
EBNA3AHT in medium without 4HT. (A) EBNA3AHT-infected LCL 41-3 cells were transfected with 30 �g of the oriP plasmid expressing
FLAG-EBNA3A (oriP-fE3A) or a control oriP plasmid expressing EGFP (oriP-cont) and cultured in conditioned medium with 4HT for 7 days.
Then, cells were washed and resuspended at 2 � 106 cells/10 ml of complete medium with (�4HT) or without (�4HT) 4HT in 25-cm2 culture flasks
(day 0). Every 7 days, cells were counted and all cultures were split. The total cell numbers derived from the initial cultures were calculated and
plotted at each time point. Protein lysates were prepared from these cells, and Western blot analyses (B) were performed using EBV-immune
human serum. The data are representative of five similar experiments.
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growth in medium without 4HT. Overall, these experiments
indicate that EBNA3B or EBNA3C overexpression cannot
substitute for EBNA3A expression in maintaining LCL growth.
Thus, EBNA3A has unique effects that are critical for LCL cell
growth.

DISCUSSION

These experiments indicate that EBNA3A has a critical role
in maintaining the proliferation of EBV-infected primary B
lymphocytes as LCLs. The transformation-defective P3HR-1
genome was used as the genetic background for isolation of a
recombinant EBV genome which homologously incorporated
a transfected DNA fragment that restored exons encoding part
of EBNALP and all of EBNA2 and which is therefore able to
transform human B lymphocytes into LCLs. LCL 41 was iden-
tified as a cell line infected with an EBV genome that had also
homologously recombined with a second transfected EBV

DNA fragment, which had genomic EBNA3A DNA fused in
frame to 4HT-dependent estrogen receptor hormone binding
domain DNA (38). This LCL was coinfected with the parental
P3HR-1 virus. Subclones which had only the recombinant
EBNA3AHT EBV genome were isolated in complete medium
supplemented with 4HT. Multiple other cell lines were de-
rived by sequential infection and growth transformation of
primary human B lymphocytes with virus from the original
dually infected LCL 41. Many of these LCLs grew in me-
dium supplemented with 4HT and were infected with only
an EBNA3AHT-expressing recombinant EBV genome.

Incubation of LCLs infected with EBV expressing recombi-
nant EBNA3AHT in medium without 4HT caused EBNA3AHT
to localize to the cytoplasm and to be degraded. EBNA3AHT
inactivation in LCLs infected with EBV expressing recombi-
nant EBNA3AHT, including two subclones of the original cell
line and three independently infected LCLs, resulted in inhi-
bition of cell growth and ultimately in decreased cell survival.
Following EBNA3AHT inactivation, the LCL cells continued
to proliferate without EBNA3A for several days but then
stopped growing and slowly died. c-myc levels remained
high despite the absence of EBNA3A. These data indicate
that EBNA3A is an essential modulator of one or more bio-
chemical processes, which can remain functionally adequate
for more than a complete cell cycle before the putative pro-
cess(es) deteriorates below a level that is consistent with cell
growth and cell survival.

This delayed effect of EBNA3AHT inactivation on cell
growth may be due to an effect on a promoter of a cell gene
important for growth since the protein product of that gene
could have a long half-life or a substantial reservoir. The
growth of LCLs is dependent on secreted and nonsecreted
growth factors, including interleukin-6 (IL-6) and tumor ne-
crosis factor; IL-6 transcription can be dependent on regula-
tion through an upstream RBP-J� site (25, 55). The onset of
the growth defect following EBNA3AHT inactivation in LCLs
infected with EBV expressing recombinant EBNA3AHT is
dependent on cell concentration, as would be expected for a
growth factor effect. However, LCL growth is in general cell
concentration dependent, and plating at lower cell density
may indirectly exacerbate the effects of EBNA3AHT inactiva-
tion. Our attempts to prevent the growth-inhibitory effects of
EBNA3AHT inactivation by frequent feeding with LCL-con-
ditioned medium or by mixing these recombinant EBV-in-
fected LCLs with irradiated wild-type LCLs have so far failed
to complement and provide sustained LCL growth following
EBNA3AHT inactivation.

The EBNA3AHT fusion protein is somewhat destabilized
by the HTER domain, and levels in the presence of 4HT are
only 	25% of wild-type EBNA3A levels. Despite the lower
EBNA3AHT levels, EBNA3AHT in the presence of 4HT has
seemingly wild-type effects on cell growth. Thus, either wild-
type EBNA3A levels are in excess of levels required for wild-
type effects or the EBNA3AHT fusion is a “relative gain of
function” that enables less protein to function at wild-type
levels. The observation that 10-fold-different amounts of wild-
type EBNA3A expression vector and substantially different
amounts of EBNA3A protein can transcomplement LCL pro-
liferation when EBNA3AHT-infected recombinant LCLs are
grown in the absence of 4HT indicates that LCL proliferation

FIG. 10. EBNA3B or EBNA3C overexpression cannot substitute
for EBNA3A to complement the growth deficiency of LCL cells in-
fected with EBV expressing recombinant EBNA3AHT evident follow-
ing transfer to complete medium without 4HT. (A) EBNA3AHT-
infected LCL 41-13 cells were transfected with the indicated amount
of the oriP plasmid expressing FLAG-EBNA3A (fE3A), EBNA3B
(E3B), or FLAG-EBNA3C (fE3C) or with a control oriP plasmid
(Cont) and cultured in conditioned medium with 4HT for 3 days. The
cells were washed, and 5 � 105 cells were cultured in 10 ml of complete
medium with (�4HT) or without (�4HT) 4HT in 25-cm2 culture flasks
(day 0). Every 5 to 7 days, cells were counted and cultures were fed
with similar amounts of fresh medium. Total numbers of cells derived
from the initial cultures were calculated and plotted at each time point.
(B) Protein lysates from these cells 3 days after transfection were
Western blotted with EBV-immune human serum to detect EBNA3A,
EBNA3B, and EBNA3C. The data are representative of five similar
experiments. Arrowheads indicate fE3A, E3B, or fE3C.
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can be sustained by a range of wild-type EBNA3A expression
levels in the absence of a potentially confounding effect of the
EBNA3AHT fusion protein. Interestingly, in multiple experi-
ments, wild-type EBNA3A expression levels were maintained
over many weeks in culture at nearly wild-type levels only in
the setting of 4HT withdrawal, consistent with intrinsic selec-
tion for optimal EBNA3A expression levels. Indeed, EBNA3A,
under conditions of forced more-than-threefold overexpres-
sion in an LCL, causes growth arrest by binding to RBP-Jk, by
dissociating EBNA2 from RBP-J�, and by down-regulating
c-myc (8). In contrast to growth arrest induced by EBNA3AHT
inactivation, which is associated with continued c-myc expres-
sion and apoptosis, growth arrest induced by EBNA3A over-
expression is associated with substantially inhibited c-myc ex-
pression and is not followed by apoptosis, unless c-myc is
activated (8). Thus, one function of EBNA3A may be to pro-
tect against the proapoptotic effects of c-myc expression (23).

At normal EBNA3A levels in LCLs, EBNA3A extensively
associates with the cellular transcription factor RBP-J� and is
presumed to modulate RBP-J�-mediated transcription (6, 8,
12, 22, 34, 49, 62). EBNA3A has a weak repressive effect on a
multimerized Cp promoter when expressed in the absence of
other EBNAs (6). EBNA3A domains that repress or activate
transcription when fused to a Gal4 DNA binding domain have
been identified; however, EBNA3A association with RBP-J�
may inhibit binding to cognate DNA (5, 6, 56). The most
profound transcriptional effects of EBNA3A have been evi-
dent when it is coexpressed with EBNA2 in transient-transfec-
tion assays in the presence of an EBNA2-dependent reporter.
In such assays, EBNA3A expression strongly represses EBNA2
activation of the EBV Cp EBNA promoter and slightly coac-
tivates expression from the EBV LMP1 promoter with EBNA2
(34, 35, 56, 62). Effects on cell or viral gene expression at
physiologically appropriate levels have not been investigated.
If EBNA3A’s role in transcriptional regulation is to “fine tune”
the effects of EBNA2, studies of EBNA3A would be particu-
larly dependent on physiologic concentrations of the other
EBNA proteins. In this regard, EBNA3AHT-infected recom-
binant LCLs are a potentially useful system for studying the
putative transcriptional effects of EBNA3A. The data pre-
sented here indicate that EBNA3AHT inactivation in LCLs
does not affect viral EBNA or LMP1 expression or cellular
CD23 or c-myc expression, although CD21 expression may be
slightly down-regulated by EBNA3AHT inactivation. Studies
are in progress to identify the putative effects of EBNA3A on
cell gene transcription through transcriptional profiling of
EBNA3AHT-infected LCLs that have been switched to me-
dium with or without 4HT.

An important aspect of these experiments is that they dem-
onstrate for the first time that EBNA3A has a role in LCL
growth that is unequivocally distinct from that of EBNA3B and
EBNA3C. Expression of EBNA3A at several levels prevented
growth arrest following EBNA3AHT inactivation, whereas
similar levels of additional EBNA3B or EBNA3C had mini-
mal or no effect. Thus, EBNA3A has a unique and important
role in LCL growth and survival. The ability to complement
EBNA3AHT inactivation in these LCLs with oriP-based ex-
pression vectors provides a new genetic system to rapidly assess
the requirement for specific EBNA3A domains and amino
acids in LCL proliferation and survival. This should facilitate

the identification of those biochemical interactions that are
critical for the EBNA3A role(s) and may identify EBNA3A
domains that promote B-cell proliferation by unexpected
mechanisms.
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