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The presence of Epstein-Barr virus (EBV) in the tumor cells of some EBV-associated malignancies may
facilitate selective killing of these tumor cells. We show that treatment of an EBV1 Burkitt’s lymphoma cell line
with 5-azacytidine led to a dose-dependent induction of EBV lytic antigen expression, including expression of
the viral thymidine kinase (TK) and phosphotransferase (PT). Azacytidine treatment for 24 h modestly
sensitized the cell line to all nucleosides tested. To better characterize EBV TK with regard to various
nucleoside analogues, we expressed EBV TK in stable cell clones. Two EBV TK-expressing clones were
moderately sensitive to high doses of acyclovir and penciclovir (PCV) (62.5 to 500 mM) and to lower doses of
ganciclovir (GCV) and bromovinyldeoxyuridine (BVdU) (10 to 100 mM) compared to a control clone and were
shown to phosphorylate GCV. Similar experiments in a transient overexpression system showed more killing
of cells transfected with the EBV TK expression vector than of cells transfected with the control mutant vector
(50 mM GCV for 4 days). A putative PT was also studied in the transient transfection system and appeared
similar to the TK in phosphorylating GCV and conferring sensitivity to GCV, but not in BVdU- or PCV-
mediated cell killing. Induction of EBV kinases in combination with agents such as GCV merits further
evaluation as an alternative strategy to gene therapy for selective killing of EBV-infected cells.

Epstein-Barr virus (EBV), a human gammaherpesvirus, is
associated with several malignancies, including AIDS-associ-
ated primary central nervous system lymphoma, nasopharyn-
geal carcinoma, nasal lymphoma, a subset of Hodgkin’s dis-
ease, posttransplant B-cell lymphoproliferative disease, and
African Burkitt’s lymphoma (BL) (31, 38, 51, 52, 54, 55). The
presence of viral genomes in malignancies offers unique op-
portunities for novel and specific approaches to therapy. The
herpesvirus prodrug-converting enzymes thymidine kinase
(TK) and phosphotransferase (PT) phosphorylate nucleoside
analogues, converting these drugs into intermediates able to
inhibit critical cellular processes (13, 14, 25, 34, 46). For ex-
ample, the nucleoside analogue ganciclovir (GCV) is very ef-
ficiently phosphorylated by the herpes simplex virus type 1
(HSV-1) TK but is less efficiently phosphorylated by cellular
enzymes (10). The phosphorylated compound inhibits the cel-
lular DNA polymerase, leading to cell death (16, 41). Gene
therapy studies illustrate the possible utility of herpesvirus
prodrug-converting enzymes in mediating selective cell killing.
The HSV-1 TK gene has been introduced into brain tumor
cells using retroviral vectors so that these transfected tumor
cells might be targeted by GCV (11). Similarly, allogeneic
lymphocytes used in adoptive immunotherapy programs have
been marked with a retroviral vector encoding HSV-1 TK so
that if graft-versus-host disease develops, the infused cells can
be selectively destroyed by treating with GCV (4).

EBV encodes a TK that shows sequence and functional
homology with HSV-1 TK (22, 24, 26, 27, 53). The EBV TK is
larger than the HSV-1 TK and encodes a 243-amino-acid N

terminus whose function is unknown (22, 26). The EBV pro-
tein, like its HSV-1 homologue, but unlike the homologues in
HSV-2 and varicella-zoster virus, has both TK and thymidylate
kinase activity (6, 19). The substrate specificity of the EBV TK
with regard to GCV has been the subject of conflicting reports,
although there is general agreement that GCV inhibits EBV
lytic replication (19, 24). In addition to EBV TK, EBV also
encodes a second kinase. The open reading frame in BGLF4
encodes a protein that is homologous to other herpesvirus PTs
(5, 47). The EBV protein autophosphorylates and phosphory-
lates viral protein substrates, including the EBV early antigen
EA-D and a DNA polymerase accessory factor (8).

In EBV-associated malignancies, there is little expression of
lytic cycle genes, including the TK gene. Studies from several
laboratories, including our own, however, have shown that
CpG methylation of the episome plays an important role in the
regulation of EBV gene expression. Viral genomes are meth-
ylated in a variety of EBV-associated tumors, including BL,
Hodgkin’s disease, nasopharyngeal carcinoma, and a subset of
posttransplant lymphomas (15, 23, 35, 43, 49). In vitro, inhib-
itors of DNA methyltransferase lead to lytic induction in some
BL cell lines (3, 35, 39). We sought to determine whether
azacytidine would activate expression of viral kinases and thus
sensitize EBV1 tumor cells to killing by antiviral nucleoside
analogues such as GCV.

MATERIALS AND METHODS

Chemicals. 5-Azacytidine, (E)-5-bromovinyldeoxyuridine (BVdU), and acy-
clovir (ACV) were purchased from Sigma (St. Louis, Mo.). S-BVdU was a gift
from Erik De Clerq (Katholieke Universiteit Leuven, Leuven, Belgium). GCV
and penciclovir (PCV) were purchased from Hoffmann-La Roche Inc. (Nutley,
N.J.) and SmithKline Beecham Pharmaceuticals (Philadelphia, Pa.), respectively.
Azidodeoxythymidine (AZT) was purchased from Calbiochem (La Jolla, Calif.).
Hypoxanthine-aminopterin-thymidine (HAT) was purchased from Life Technol-
ogies (Gaithersburg, Md.) as a 1003 lyophilized supplement and diluted in water
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to a 103 working concentration. HAT diluted in water was added diluted 1:10 to
media.

Plasmids. The plasmid pEBVTK was generated by subcloning the BamHI
fragment of pUCX (from J. R. Arrand, Christie Hospital and Holt Radium
Institute, Manchester, United Kingdom) (24) into the BamHI site of the mam-
malian expression vector pcDNA3 (Invitrogen, Carlsbad, Calif.). In the recom-
binant plasmid, the EBV TK is expressed from a cytomegalovirus promoter. The
pcDNA3 parent was used as the vector control.

The plasmid pEBVPT was generated by PCR amplification of the EBV PT
gene using Pfu polymerase (Stratagene, La Jolla, Calif.), followed by cloning into
pcDNA3 at the BamHI site. The EBV PT is encoded by the open reading frame
within the BGLF4 fragment of EBV. Genomic DNA isolated from EBV1 B95.8
cells was used as template in the PCR amplification. The primers used for
amplification of the 1.3-kb BGLF4 insert were 59, 59-AGTCAGATCTATGGA
TGTGAATATGGCTGCGGA-39, and 39, 59-AATCAGATCTTCCTCGAGCT
CATCCACGTCG-39.

The plasmid pEBVmutTK was generated by site-directed mutagenesis using
the QuickChange site-directed mutagenesis kit (Stratagene) according to the
manufacturer’s instructions, with minor changes. The plasmid was amplified
using 25 ng of pEBVTK as template and complementary oligonucleotides, in
which the sequences, with the exception of a single point mutation, are identical
to that of the wild-type EBV TK, as primers. The sequences of the primers used
to generate pEBVmutTK were 59-CCATTTGCTGTCGACCTCCGTGGTTTT
CCC-39 and 59-GGGAAAACCACGGAGGTCGACAGCAAATGG-39. Input
plasmid DNA was digested with DpnI at 37°C for 1 h. The remaining plasmid
DNA containing a point mutation in the EBV TK gene was transformed into
Epicurian Coli XL1-Blue competent cells (Stratagene).

The plasmid pHSV1TK was generated by PCR amplification of the HSV-1 TK
gene from plasmid pHSV-106 (from G. Hayward, Johns Hopkins University)
containing the HSV-1 gene (tk) inserted at the BamHI site of pBR322 (Life
Technologies). Amplification was performed using Pfu polymerase and the fol-
lowing primers: 59, 59-TTAGGATCCCGTATGGCTTCGTAC-39, and 39, 59
ACTGGATCCGTTTCAGTTAGCCTC-39. The amplified HSV-1 TK gene was
then cloned into the BamHI site of pcDNA3.

Cloned sequences were confirmed by complete sequencing of both strands.
Cell culture and transfection. Rael and CA46 are EBV1 and EBV2 BL cell

lines, respectively (42). These were maintained in 1640 RPMI (Gibco BRL) with
10% fetal bovine serum, 100 U of penicillin/ml, 100 mg of streptomycin/ml, and
100 mM L-glutamine. The cell line 143b is derived from a human osteosarcoma
and was passaged in 15 mg of bromodeoxyuridine (Sigma)/ml to maintain the
cellular TK2 phenotype (33). 293T cells, a cellular TK1 cell line, are derived
from human kidney epithelial cells transformed with adenovirus E1A and E1B as
well as the simian virus 40 T antigen (40). These cells were obtained from W.
Burns (Medical College of Wisconsin). 143b and 293T cells were maintained in
Dulbecco’s modified essential medium supplemented with 10% fetal calf serum,
100 mM nonessential amino acids, 100 U of penicillin/ml, and 250 mg of strep-
tomycin/ml.

To create a stable cell line expressing the EBV TK, 143b cells were transfected
with pEBVTK. Cells were seeded at 2 3 105/ml into six-well plates and allowed
to adhere overnight. After adherence, cells were transfected using 2 mg of
plasmid DNA and 6 ml of Lipofectin reagent (Life Technologies). For stable cell
clones, selection was carried out in growth medium containing 400 mg of G418/
ml. Colonies were isolated and expanded. Colonies derived from cells transfected
with the pEBVTK plasmid were selected in 13 HAT for 1 week before exper-
imental use (TK143b.1 and TK143b.2). Colonies derived from cells transfected
with vector alone (pcDNA3) were maintained in G418 and 15 mg of bromode-
oxyuridine/ml (V143b.1).

Transient transfections were performed with 293T cells using the Lipo-
fectamine-PLUS reagent (Life Technologies) according to the manufacturer’s
protocol. Cells were seeded into the wells of six-well plates at a concentration of
4 3 105/ml in culture medium without antibiotics and allowed to grow until the
confluency was approximately 80%. Cells were transfected with 2 mg of DNA, 14
ml of PLUS reagent, and 7 ml of Lipofectamine per well in the absence of serum
and antibiotics. Twenty-four hours after transfection, cells were trypsinized,
counted, and prepared for immunohistochemistry and cell proliferation and
phosphorylation assays. To assay for gene expression and transfection efficiency,
cells were cytospun onto microscope slides for immunohistochemical analysis.
Transfection efficiency was determined by counting the number of EBV TK-
transfected cells expressing the EBV TK. The percentage of antigen-positive
cells was determined by averaging the number of cells expressing antigen in two
high-power fields relative to the total number of cells in those fields.

For analysis of cell proliferation and phosphorylation, the transiently trans-
fected cells were seeded into 96-well plates for 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyl tetrazolium bromide (MTT) (Sigma) cell proliferation assays and/or
were seeded into six-well plates for determination of GCV phosphorylation by
high-performance liquid chromatography (HPLC). After adherence overnight,
the transfected cells were treated with the appropriate concentrations of cold
nucleoside analogues and, where appropriate, [3H]GCV. MTT analysis was per-
formed after incubation with GCV for 4 days, while cells were extracted for
phosphorylation analysis 36 h after incubation with cold GCV and [3H]GCV.

Analysis of EBV TK and PT expression. The expression of EBV TK in TK143b
cells was monitored by [3H]thymidine incorporation and by immunoblotting. For
[3H]thymidine incorporation, cells were first seeded at 2 3 104/well into 96-well
plates, pulsed for 48 h with 1 mCi of [3H]thymidine/well, and then harvested onto
glass fiber filters. [3H]thymidine incorporation was measured by scintillation
counting. For immunoblotting, proteins were separated by sodium dodecyl sul-
fate–7.5% polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to
nitrocellulose filters (Schleicher & Schuell, Inc., Keene, N.H.). These were
blocked overnight in phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM
KCl, 10.1 mM Na2PO4, and 1.8 mM KPO4) with 5% dry milk–0.1% Tween 20
and then incubated for 1 h with a polyclonal rabbit antiserum (diluted 1:1,000 in
PBS with 5% dry milk–0.1% Tween 20) from a rabbit immunized with a synthetic
EBV TK peptide (GRHESGLDAGYLKSVNDAC). After washing, the filters
were incubated with goat anti-rabbit antibody conjugated to horseradish perox-
idase (Bio-Rad, Hercules, Calif.) (diluted 1:3,000 in PBS–0.1% Tween 20). The
filters were washed and the proteins were detected by ECL chemiluminescence
(Amersham, Arlington Heights, Ill.).

The EBV PT was detected by Northern blot analysis. Rael and CA46 cells
were treated with 1 mM 5-azacytidine overnight. RNA was extracted from
treated and untreated cells using Trizol (Life Technologies). Five micrograms of
RNA was electrophoresed through a 1% agarose–2 M formaldehyde gel. Fol-
lowing electrophoresis, the RNA was transferred to a Hybond-N1 nylon filter
(Amersham Pharmacia Biotech Limited) in 203 SSC (13 SSC is 0.15 M NaCl
and 0.015 M sodium citrate). A probe specific for the EBV PT was generated
from the BamHI fragment of pEBVPT using [a-32P]dCTP and the Ready-To-Go
DNA labeling kit (Pharmacia Biotech, Buckinghamshire, United Kingdom).
Prehybridization and hybridization were carried out at 42°C in a mixture of 50%
formamide, 1% bovine serum albumin, 5% SDS, 0.5 M sodium phosphate, and
100 mg of salmon sperm DNA/ml. After hybridization, the membrane was
washed once in 33 SSPE (13 SSPE is 0.18 M NaCl, 1 mM EDTA, 10 mM
NaH2PO4)–0.1% SDS at 65°C, once in 0.33 SSPE–0.1% SDS at 60°C, and once
in 0.13 SSPE–0.1% SDS at 42°C. Detection of the EBV PT was performed by
exposing the membrane to Kodak XAR-5 film at 270°C with screens.

In vitro viability assays. Stable cell clones were seeded into 96-well plates,
cultured overnight, and incubated with the indicated nucleoside analogue for 7
days. Transiently transfected 293T cells were seeded 24 h after transfection and
incubated with GCV for 4 days. Rael (EBV1) and CA46 (EBV2) cells were
seeded into 96-well microtiter plates and treated with 0.5 mM 5-azacytidine for
24 h. After 24 h, the plates were centrifuged to pellet the cells, the medium was
removed, and cells were resuspended in medium containing the indicated nu-
cleoside analogue. After drug treatment, cell viability was measured using the
tetrazolium salt MTT in a colorimetric 96-well-plate assay (37). MTT was dis-
solved in PBS at a concentration of 1 mg/ml. Cells were incubated with the MTT
solution for 4 h at 37°C. The formazan crystals were solubilized in 0.04 N acid
isopropanol. Plates were assayed at 560 nm using a microplate reader (Cam-
bridge Technologies, Inc., Watertown, Mass.). Absorbance readings were stan-
dardized on untreated cells. Each experiment was repeated three times, with
each MTT absorbance value representing replicates of six wells. Each bar in the
figures represents the average of three experiments. Error bars represent the
standard errors of the means.

Immunohistochemistry. Lytic antigen expression was assessed in Rael cells by
immunochemical analysis of cytospin preparations from treated or untreated
cells. Cells (200 ml) diluted to 3 3 105 to 5 3 105 /ml in PBS were cytospun onto
positively charged microscope slides, fixed at 220°C in acetone-methanol (1:1)
for 10 min, and stored dry at 220°C. Before use, slides were hydrated in distilled
H2O, and endogenous peroxidase activity was blocked. Slides were then incu-
bated with monoclonal antibodies specific for either EBV Zta (1:200; Dako,
Carpinteria, Calif.) or EBV VCA (1:500; Chemicon International, Inc., Te-
mecula, Calif.). In transient transfection analysis, EBV TK expression was de-
tected using a polyclonal antiserum from a rabbit immunized with a synthetic
EBV TK peptide (described above; 1:200 dilution). Detection was performed by
standard indirect detection methods. The peroxidase-based Dako Duet system
(Dako) and 0.5 mg of diaminobenzidine (Sigma)/ml were used for detection of
Zta and VCA. The alkaline phosphatase-based Vectastain ABC-AP kit (Vector
Laboratories, Burlingame, Calif.) was used for detection of the EBV TK.
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Extraction of phosphorylated GCV and HPLC analysis. TK143b.1, TK143b.2,
and V143b.1 cells (2 3 106 to 3 3 106) were seeded into wells of six-well plates
and incubated with [3H]GCV (14.6 Ci/mmol; Moravek Biochemicals, Brea, Cal-
if.) and 2 to 16 mM GCV (final specific activity, 0.5 to 4 Ci/mmol) for 60 h at
37°C. Transfected 293T cells (1.5 3 106 to 2 3 106) were seeded into wells of
six-well plates incubated with [3H]GCV (14.6 Ci/mmol; Moravek Biochemicals)
and 8 mM GCV for 36 h at 37°C. Following incubation, the cells were trypsinized,
washed three times in PBS, and counted using a hemacytometer. [3H]GCV was
extracted by lysing the cells in 60% methanol at 280°C for 18 h. Cell lysates were
centrifuged at 13,000 3 g for 10 min at 4°C to remove cell debris and dried in a
speed vacuum. Dried extracts were stored at 280°C until analysis.

Phosphorylated forms of GCV were separated using HPLC with a strong-
anion-exchange column (Whatman Partisil 10-SAX) according to a previously
described procedure (14, 45), with minor modifications. Cell extracts were re-
constituted in 200 ml of HPLC-grade water and centrifuged at 13,000 3 g for 5
min at 4°C, and the supernatant was injected. Nucleotides were eluted with a
gradient of KH2PO4 buffer (pH 3.5) at a flow rate of 0.5 ml/min (0.02 M KH2PO4

[pH 3.5] for 10 min, followed by a linear gradient to 1 M KH2PO4 [pH 3.5] over
45 min and a final 15 min at 1 M KH2PO4 [pH 3.5]). Fractions were collected
every 1 min using an ISCO fraction collector (Lincoln, Nebr.). Radioactivity was
counted using Hydrofluor scintillation fluid (National Diagnostics, Atlanta, Ga.)
and a Beckman 5000TD scintillation counter (Fullerton, Calif.). Picomoles of
phosphorylated and nonphosphorylated drug were determined by measuring the
disintegrations per minute per picomole of GCV of the extract and of the
fractions after separation. Relative peak retention times for GCV metabolites
were as follows: GCV monophosphate (GCV-MP), 27 to 29; GCV diphosphate
(GCV-DP), 41 to 45; and GCV triphosphate (GCV-TP), 61 to 65. This proce-
dure had a detection limit of .0.02 pmol of [3H]GCV.

RESULTS

Induction of EBV lytic antigen expression and activity of the
viral TK. Induction of lytic viral antigen expression was eval-
uated after exposure of the EBV1 BL cell line Rael to various
concentrations of 5-azacytidine for 6 h. Expression of EBV
Zta, VCA, and TK was dose dependent. Treatment with 15
mM 5-azacytidine induced expression of the immediate early
antigen Zta in 80% of the cells and expression of the late lytic
antigen VCA in 20% of the cells at 48 h (Fig. 1A). Immuno-
reactivity with antiserum to an EBV TK peptide was detected
in induced cells as a 70-kDa protein (Fig. 1B), consistent with
previous reports of EBV TK detection by immunoblotting (19,
22, 24). The antiserum worked well for the immunoblot format
but not for immunohistochemical assays, and therefore it was
not possible to directly assess the percentage of cells expressing
TK in induction experiments.

To determine whether the expression of EBV TK might
sensitize cells to nucleoside analogues, we transfected the TK2

143b osteosarcoma cell line with an EBV TK expression vector
and a control vector as described in Materials and Methods.
An immunoblot showed reactivity in the TK-transfected clones
(TK143b.1 and TK143b.2) but not in the control clone
(V143b.1) (Fig. 2A). EBV TK is functional in these cell clones,
as evidenced by the ability to grow in HAT and by [3H]thymi-
dine incorporation (Fig. 2B). We measured the sensitivity of
EBV TK-expressing cells and control cells to several nucleo-
side analogues. TK143b cell clones were moderately more sen-
sitive to high doses of ACV and PCV (62.5 to 500 mM) and to
lower doses of GCV and BVdU (10 to 100 mM) than was the
control (V143b.1 [TK2]) clone (Fig. 3). Some sensitivity to
AZT was found, but there was no dose-response relationship.
This result is consistent with a previous report that EBV TK
sensitizes NIH 3T3 cells to BVdU, but poorly sensitizes them
to ACV and GCV (28).

We carried out further experiments to exclude the possibility

that our results were an artifact of clonal selection. The sen-
sitivity to GCV was also assessed by the transient transfection
of cellular TK1 293T cells with pEBVTK. Historically, high
transfection efficiencies can be achieved using this system, and
no selection is employed. The sensitivity of cellular TK1 293T
cells transfected with pEBVTK, but not empty control vector
DNA, to GCV (Fig. 4) supports the hypothesis that the differ-
ence in sensitivity to nucleoside analogues between EBV TK-
expressing cells and control cells is due specifically to the
presence of an overexpressed protein. Previous investigators
have reported various conflicting results in this regard (6, 19,
24, 28, 53). We sought to determine whether the sensitivity of
EBV TK-expressing cells to GCV reflected the specific enzy-
matic activity of EBV TK or reflected a nonspecific cellular
toxicity, possibly associated with foreign protein overexpres-
sion, or cellular activation of GCV. To this end, we introduced

FIG. 1. Induction of lytic antigens by 5-azacytidine. (A) The EBV1

Burkitt’s cell line Rael was incubated with the indicated concentrations
of 5-azacytidine for 6 h, washed three times, and resuspended in
complete medium. Cells were fixed in acetone-methanol 48 h after
incubation with 5-azacytidine. Zta and VCA were detected by immu-
nohistochemistry. The percentage of antigen-positive cells was deter-
mined by averaging the number of cells expressing antigen in two
high-power fields relative to the total number of cells in those fields.
(B) Detection of EBV TK protein in 5-azacytidine-induced Rael cells
by immunoblot. Rael cells were treated with the indicated concentra-
tions of 5-azacytidine for 6 h and washed three times, and total cellular
protein was isolated 48 h later. Fifty micrograms of protein per lane
was separated by SDS–7.5% PAGE.
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a point mutation (A398T) into EBV TK in the nucleotide-
nucleoside binding site inferred on the basis of homology
with HSV-1 TK (18). Cells transfected with this plasmid
(pEBVmutTK) qualitatively expressed TK, as assessed by im-
munohistochemistry (not shown), but were not sensitized to
GCV (Fig. 4). Cells transfected with HSV-1 TK (pHSV1TK)
showed more sensitivity to GCV than those transfected with
EBV TK, consistent with data from other laboratories (6, 20,
28). Note that at high levels of GCV (50 mM) both the EBV
and HSV-1 TKs result in the killing of ;70% of the cells in the
transfection experiment, while at lower levels of GCV (6.25
mM), EBV TK leads to little or no killing and HSV-1 TK leads
to the killing of ;60% of the cells, consistent with a transfec-
tion efficiency of ;70 to 75% (Fig. 4).

To directly confirm that EBV TK expression resulted in the
phosphorylation of GCV, we performed HPLC analyses on
lysates of EBV TK-expressing 143b cells and control cells in-
cubated with [3H]GCV. Lysates from EBV TK-expressing cells
had 1 to 9 pmol of GCV-TP/106 cells, which was four- to
fivefold more than non-EBV TK-expressing V143b.1 control
cells, when exposed to 2 to 16 mM GCV for 60 h (Fig. 5A). This
phosphorylation was dose dependent, consistent with cell kill-
ing due to GCV-TP accumulation at higher concentrations of
GCV. Similarly, in the transient transfection of 293T cells with
pEBVTK, phosphorylation of GCV was confirmed by HPLC
(Fig. 5B). In further experiments, transfection with HSV-1 TK
was associated with higher levels of GCV phosphates (15, 94,
and 450 pmol of GCV/106 cells detected for GCV-MP, -DP,
and -TP, respectively) than EBV TK, while transfection with

EBVmutTK was associated with negligible levels (data not
shown). Thus, the results of these experiments parallel the
killing experiments.

A second EBV GCV kinase. Herpesviruses such as cytomeg-
alovirus, while lacking a TK, are nonetheless able to phosphor-
ylate GCV (21, 48). The cytomegalovirus GCV kinase (UL97)
has been identified as a PT with homologues throughout the
herpesvirus family (1, 47). Recently we have shown that human
herpesvirus 8 open reading frames with homology to herpes-
virus TKs and PTs both phosphorylate GCV (5). In order to
determine whether the EBV PT homologue, BGLF4, also sen-
sitizes cells to GCV, we transiently transfected 293T cells with
an EBV PT expression vector as described in Materials and
Methods. EBV PT RNA can be induced by 5-azacytidine in
Rael cells (Fig. 6A). Though expression from pEBVPT was not
assessed, as shown in Fig. 6 transient transfection of the plas-
mid pEBVPT into 293T cells was associated with phosphory-
lation of GCV and sensitization to GCV-mediated cell killing
(25 mM GCV for 4 days, compared with an empty plasmid
control). A comparison with UL97 was not performed. In con-
trast to pEBVTK, the putative EBV PT did not sensitize cells
to BVdU or, interestingly, to PCV (data not shown).

To determine whether induction of the kinases led to in-
creased sensitivity to antiviral nucleoside analogues in EBV1

BL cell lines, we compared the effects of 5-azacytidine on an
EBV1 and an EBV2 Burkitt’s cell line in the presence and
absence of various antiviral nucleoside analogues. EBV1 Rael
cells treated with 0.5 mM 5-azacytidine are induced to express
EBV TK, as demonstrated by an immunoblot (Fig. 7A). EBV1

Rael cells were more sensitive than EBV2 CA46 cells to the
cytotoxic effects of 5-azacytidine, perhaps as a result of the
induction of lytic viral antigen expression, reducing cell num-
bers by half in the absence of nucleosides and hampering
evaluation of nucleoside effects. The data suggested that 5-aza-
cytidine sensitized an EBV1, but not an EBV2, BL cell line to
killing by GCV, PCV, BVdU, S-BVdU, and AZT (Fig. 7B).
The effects were not as pronounced as in the transfected cells
(Fig. 3), and with the exception of AZT, high concentrations of
drug were necessary to see an effect of 50% or greater. No
nucleoside that did not sensitize cells was identified.

DISCUSSION

The investigations presented here suggest that pharmaco-
logic activation of viral kinase gene expression may render cells
carrying EBV genomes selectively sensitive to high doses of
several nucleoside antiviral agents. EBV TK appeared to sen-
sitize cells to killing by GCV, PCV, BVdU, and AZT. A pu-
tative PT sensitized cells to GCV but not to BVdU or PCV.

The ability of EBV TK to sensitize cells to killing by GCV
has been the subject of recent conflicting reports (6, 19, 24, 28,
53). Four previous studies examined the activity (phosphory-
lation) and substrate specificity (competition) of purified or
partially purified EBV TK expressed as fusion proteins in bac-
teria, and all documented TK function. Three studies further
examined GCV: two of the studies showed no significant thy-
midine competition by nor phosphorylation of GCV, whereas
one study showed GCV to compete 10-fold more efficiently for
EBV TK than for HSV-1 TK, a result that has not been
generally confirmed. Because it was possible that purified EBV

FIG. 2. (A) Immunoblot detection of EBV TK expression in
EBV TK-expressing cell clones (TK143b.1 and TK143b.2). One hun-
dred micrograms of total cell protein per lane was separated by SDS–
7.5% PAGE. (B) Incorporation of [3H]thymidine in TK-expressing
(TK143b.1 and TK143b.2) and control (V143b.1) cell clones. Incorpo-
ration into V143b.1 cells is similar to background (medium alone
without cells).
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FIG. 3. Treatment of EBV TK-expressing cells and control cells with nucleoside analogues in vitro. Cells were seeded into 96-well microtiter
plates at 103 cells/well. After allowing cells to adhere overnight, cells were incubated with GCV (A), PCV (B), ACV (C), BVdU (D), S-BVdU (E),
or AZT (F) for 7 days. A colorimetric assay measuring the conversion of MTT to formazan was used to determine the fraction of cells surviving
relative to untreated controls (100% viable). Each experiment was repeated three times, with each MTT absorbance value representing replicates
of six wells. Each bar represents the average of three experiments, with error bars representing the standard errors of the means.

2086 MOORE ET AL. ANTIMICROB. AGENTS CHEMOTHER.



TK lost its ability to selectively phosphorylate GCV, though
not thymidine or thymidine analogues, when compared with
EBV TK protein expressed in cells, we examined GCV phos-
phorylation as well as sensitization to various nucleoside
analogues. Our results parallel those of Loubiere et al., who
calculated a selectivity index as the ratio of the drug concen-
trations required to reduce thymidine incorporation by 50% in
untransfected parental and EBV TK-transfected NIH 3T3 cells
(28). The selectivity index was 4 for ACV, 12 for GCV, and
1,375 for BVdU. Although the thymidine analogue was .1,000
times more selective sensitization to purine analogues was
suggested. The goal of this study was to compare two efficient
TKs for gene therapy, with EBV TK serving as a negative
control. Since comparisons were made to a parental line that
was neither transfected nor selected with toxic drug and in the
absence of an analysis of protein expression or GCV phosphor-
ylation, these results are less conclusive. Gustafson et al.
showed that lysates from an EBV TK1 clone of 143b TK2 cells
phosphorylated GCV twice as well as a TK2 control clone but
;1,000 times less well than an HSV-1 TK-expressing clone
analyzed under the same conditions. However, they did not see
sensitization to GCV or ACV, although they used a system
closely parallel to that used in our studies (19, 20). Some of the
discrepancies might be explained by a loss of viral TK expres-
sion, with partial reversion of cells to a TK1 phenotype, if
periodic assessment were not performed. Such reversion has
sometimes been noted in HAT-selected lines (2, 17, 32). To
help prevent this problem, our EBV TK-expressing cell clones
were selected in HAT for only 1 week prior to experimenta-
tion. Periodic immunoblotting of total TK143b cell protein
with a polyclonal rabbit antiserum from a rabbit immunized
with an EBV TK peptide confirmed that the EBV TK was
being expressed in TK143b cell clones over time (data not
shown). Our sensitization results using two stable (cellular
TK2) clones were parallel to those of a transient (cellular
TK1) transfection system that overexpressed EBV TK. How-
ever, we were unable to determine transfection efficiencies,

and sensitization was modest (50% at 50 mM GCV for 4 days
when EBV TK and EBVmutTK were compared). Our HPLC
analysis of a cell clone that constitutively expressed the EBV
TK and of a transiently transfected cell line overexpressing
EBV TK compared with an empty vector control suggested
that the EBV TK does phosphorylate GCV. Our experiments
further raised the possibility that, as suggested by Gustafson et
al. (19), another EBV kinase, the EBV PT, might phosphory-
late and sensitize cells to GCV. Though overall activity was
low, together these experiments suggest that the presence of
viral enzymes could contribute to phosphorylation of and sen-
sitization of cells to GCV.

Is the use of a combination of a lytio-inducing agent and an
antiviral prodrug appropriate for consideration in the clinical
setting in view of the high doses of antiviral drug that may be

FIG. 4. Sensitivity of EBV TK-expressing, cellular TK1 293T cells
to GCV. 293T cells were transfected with pEBVTK (293-EBV TK),
pHSV1TK (293-HSV1 TK), pEBVmutTK (293-EBVmutTK), or con-
trol vector DNA (293-p0 cells). Following transfection, cells were
seeded into a 96-well plate and treated with GCV for 4 days, and
viability was determined by the MTT assay. For each experiment,
concentrations were analyzed in replicates of six wells. Bars represent
the averages of three experiments. Error bars show the standard errors
of the means.

FIG. 5. (A) Phosphorylation of GCV in TK143b and V143b cells as
determined by HPLC. Cells were incubated with 2 to 16 mM GCV for
60 h. [3H]GCV was added as a tracer, and phosphorylated products
were separated by HPLC. (B) Phosphorylation of GCV in 293T cells
transfected with pEBVTK. Following transfection, cells were treated
with 8 mM GCV using 3[H]GCV as a tracer, incubated for 36 h at 37°C,
and analyzed for GCV phosphorylation by HPLC. Bars represent the
averages of three experiments. Error bars show the standard errors of
the means.
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required? The susceptibility of EBV-associated disease in vivo
to the combination of an EBV-inducing agent and GCV has
been reported (36; H. Oettle, F. Wilborn, C. A. Schmidt, and
W. Siegert, Letter, Blood 82:2257–2258, 1993), supporting the
hypothesis that EBV-associated malignancies can be targeted
with an inducing agent in combination with a prodrug. Al-
though the levels of GCV required for killing in combination
with 5-azacytidine in vitro are higher than those achieved with
standard doses of these drugs in vivo, those standard doses are
based on regimens that involve chronic administration. 5-Aza-

cytidine-induced EBV1 cells were sensitive to GCV when
treated with concentrations of GCV at 25 to 50 mM for several
days. Peak plasma concentrations of GCV can reach 30 to 40
mM after an intravenous dose of 5 mg of GCV/kg of body
weight (12). The limiting toxicity associated with chronic GCV
administration is myelotoxicity; neutropenia has been associ-
ated with peak plasma levels of GCV exceeding 30 to 50 mM in
patients treated for cytomegalovirus pneumonia (44). GCV
administered at very high doses in a short-term regimen, how-
ever, might be associated with tolerable myelotoxicity when
used in combination with myeloid growth factors. Alternative
cancer therapies are consistently associated with neutropenia.
With regard to PCV (active metabolite of the parent com-
pound famciclovir), no dose-limiting toxicity has been defined
in any regimen and substantially higher plasma levels might be
achieved than are associated with current regimens.

A variety of lytic inducers have been studied in the labora-
tory. These include phorbol esters, anti-immunoglobulin anti-
bodies, butyrate, and DNA methyltransferase inhibitors (3, 30,
50, 56). For the studies described here, we chose to study a
DNA methyltransferase inhibitor because there is a large
amount of clinical experience with this agent in other settings
(7, 9, 29). 5-Azacytidine has been used clinically in the treat-
ment of leukemia, myelodysplasia, and hemoglobinopathies
for more than two decades at doses that achieve concentration
ranges similar to the concentrations studied. In a recent clinical
trial, 5-azacytidine administered at a dose of 75 mg/m2 per day
for 5 to 7 days was associated with demethylation of EBV
genomes in an EBV1 AIDS lymphoma and in nasopharyngeal
carcinoma as assessed by biopsy within 72 h after treatment
(Ambinder, unpublished data). This suggests that administra-

FIG. 6. EBV PT induction and activity. (A) The EBV PT transcript
was detected in Rael cells by Northern blotting after exposure to 1 mM
5-azacytidine overnight. (B) Expression of EBV PT in 293T cells sen-
sitizes cells to GCV cell killing (25 mM for 4 days), as shown by MTT
analysis. (C) Phosphorylation of GCV as shown by HPLC analysis.
293T cells expressing EBV PT were treated with 8 mM GCV using
[3H]GCV as a tracer as described in Materials and Methods. Bars
represent the averages of three experiments. Error bars represent the
standard errors of the means.

FIG. 7. Sensitivity of 5-azacytidine-treated cells to nucleoside ana-
logues. In separate experiments, Rael (EBV1) and CA46 (EBV2) cells
were treated with 0.5 mM 5-azacytidine for 24 h. (A) Detection of EBV
TK protein in 5-azacytidine-induced Rael cells by immunoblot analy-
sis. Cells were treated and washed three times, and total cellular
protein was isolated. Five micrograms of protein per lane was sepa-
rated by SDS–7.5% PAGE. (B) Cells were seeded into 96-well micro-
titer plates at 104 cells/well. Cells were then treated with 0.5 mM
5-azacytidine for 24 h. After 24 h, the plates were centrifuged to pellet
the cells, the medium was removed, and cells were resuspended in
medium containing GCV (a), PCV (b), BVdU (c), S-BVdU (d), or
AZT (e). Plates were incubated for an additional 7 days. Viability was
determined by the MTT assay. The values of cells treated with drug are
presented as the fractions of cells surviving relative to untreated con-
trols (100% viable). Experiments for panels a to d were performed at
the same time, while the experiment for panel e was performed at a
later date. Each experiment was repeated three times, with each MTT
absorbance value representing replicates of six wells. Each bar repre-
sents the average of three experiments, with error bars representing
the standard errors of the means.
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FIG. 7—Continued.
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tion of agents that impact on patterns of gene expression in
vitro may also impact on viral gene regulation in vivo.

To implement this therapy in vivo, a large percentage of
EBV1 tumor cells need to be induced. As shown in Fig. 1,
approximately 60% of Rael cells were induced by 5-azacytidine
(25 mM) to express the immediate early lytic protein Zta. The
ability of 5-azacytidine to induce lytic EBV infection is not
limited to one particular cell line. The Burkitt’s-derived Akata
cell line and the nasopharyngeal carcinoma C666 cell line also
show lytic activation following treatment with this agent (un-
published data). Greater levels of induction are likely to be
required in order to target tumors. Other inducing agents or a
combination of inducing agents, such as the combination of a
methyltransferase inhibitor and a histone deacetylase inhibitor,
may be able to induce levels of EBV TK closer to 100%.
Further investigation to optimize induction strategies for spe-
cific EBV-associated tumors is underway.

The principle that EBV-infected cells can be selectively
killed by the combination of an inducer of lytic cycle viral gene
expression with an antiviral nucleoside analogue merits further
evaluation. In contrast to gene therapy approaches for treating
EBV1 tumors, the approach we suggest eliminates the require-
ment for the introduction of foreign genes. The demonstration
that the EBV TK and PT can be pharmacologically induced in
EBV1 tumor cells and that these induced cells are sensitive to
antiviral nucleoside analogues suggests a pharmacologic ap-
proach which specifically targets EBV-associated tumor cells.
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