JOURNAL OF VIROLOGY, Jan. 2004, p. 104-115
0022-538X/04/$08.00+0 DOI: 10.1128/JV1.78.1.104-115.2004

Vol. 78, No. 1

Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Inhibition of S-Phase Cyclin-Dependent Kinase Activity Blocks

Expression of Epstein-Barr Virus Immediate-Early and Early
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The induction of lytic replication of the Epstein-Barr virus (EBV) completely arrests cell cycle progression,
in spite of elevation of S-phase cyclin-dependent kinase (CDK) activity, thereby causing accumulation of
hyperphosphorylated forms of retinoblastoma (Rb) protein (A. Kudoh, M. Fujita, T. Kiyono, K. Kuzushima,
Y. Sugaya, S. Izuta, Y. Nishiyama, and T. Tsurumi, J. Virol. 77:851-861, 2003). Thus, the EBV lytic program
appears to promote specific cell cycle-associated activity involved in the progression from G, to S phase. We
have proposed that this provides a cellular environment that is advantageous for EBV productive infection.
Purvalanol A and roscovitine, inhibitors of S-phase CDKs, blocked the viral lytic replication when cells were
treated at the early stage of lytic infection, while well-characterized inhibitors of enzymes, such as mitogen-
activated protein kinase, phosphatidylinositol 3-kinase, and protein kinase C, known to be involved in BZLF1
gene expression did not. Inhibition of CDK activity resulted in the accumulation of the hypophosphorylated
form of Rb protein and inhibition of expression of EBV immediate-early and early proteins. Cycloheximide
block-and-release experiments clearly demonstrated that even in the presence of enough amounts of the BZLF1
protein, purvalanol A blocked expression of lytic viral proteins at transcription level. Furthermore, reporter
gene experiments confirmed that BZLF1-induced activation of early EBV promoters was impaired in the
presence of the CDK inhibitor. We conclude here that the EBV lytic program promotes specific cell cycle-
associated activity involved in the progression from G, to S phase because the S-phase-like cellular environ-
ment is essential for the expression of immediate-early and early genes supplying the viral replication proteins

and hence for lytic viral replication.

The Epstein-Barr virus (EBV) is a B-lymphotropic gamma-
herpesvirus which is a causative agent of infectious mononu-
cleosis known to be closely associated with several human
cancers, including Burkitt’s lymphoma and nasopharyngeal
carcinoma, as well as lymphoproliferative disorders (16). Al-
though infection by EBV occurs in most individuals, it is usu-
ally asymptomatic. The life cycle is quite distinct from those of
other herpesviruses, such as herpes simplex virus type 1
(HSV-1) or cytomegalovirus (CMV), for which full lytic repli-
cation can be accomplished by infection of certain cell types.
Such an efficient lytic replication system, however, does not
exist for EBV. The virus specifically infects resting B lympho-
cytes, inducing the continuous proliferation of B cells (16), and
the resulting lymphoblastoid cell lines (LCLs) express a limited
number of EBV gene products, including six nuclear proteins
(EBNA-1, EBNA-2, EBNA-3A, EBNA-3B, EBNA-3C, and
EBNA-LP), three membrane proteins (LMP-1, LMP-2A, and
LMP-2B), EBV-encoded small RNAs (EBER1 and EBER2),
and transcripts from the BamHI A region. They activate qui-
escent B cells to enter the cell cycle, maintain continuous
proliferation, and prevent cells from undergoing apoptosis.
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The viral genome is maintained as covalently closed circular
plasmids forming nucleosomal structures with histone proteins
in the nuclei of the LCLs. The number of copies is maintained
at 10 to 50 per cell, to be duplicated once during each cell
division cycle by the host cellular DNA replication machinery
(66).

Lytic replication differs from the latent amplification state in
that multiple rounds of replication are initiated within oriLyt
(23), and the replication process has a greater dependence on
EBV-encoded replication proteins (18). EBV encodes seven
viral replication genes. The BZLF1 protein acts as an oriLyt-
binding protein as well as the immediate-early transactivator
(50). The BALF5 gene encodes the DNA polymerase (Pol)
catalytic subunit (59), and the BMRF1 gene encodes the DNA
Pol accessory subunit (55-57). A single-stranded DNA-binding
protein is encoded by the BALF2 gene (58, 61). The remaining
three proteins encoded by the BBLF4, BSLF1, and BBLF2/3
genes form a tight complex (19, 67) and are predicted to act as
helicase, primase, and helicase-primase-associated proteins,
respectively, based on sequence homology to the HSV-1 ULS,
ULS52, and ULS genes (18). These viral replication proteins,
other than the BZLF1 protein, conceivably work together at
replication forks to synthesize leading and lagging strands of
the concatemeric EBV genome. Upon reactivation, the two
key EBV immediate-early lytic genes, BZLF1 and BRLF1, are
expressed. These genes encode transactivators that activate
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viral and certain cellular promoters and lead to an ordered
cascade of viral gene expression: activation of early gene ex-
pression followed by the lytic cascade of viral genome replica-
tion and late gene expression (16). In the viral productive cycle,
the EBV genome is amplified more than 100-fold. Intermedi-
ates of viral DNA replication are found as large head-to-tail
concatemeric molecules, probably resulting from rolling-circle
DNA replication (23), which are subsequently cleaved into unit
length genomes and packaged into virions in the nucleus.

The BZLF1 protein mediates the switch between the latent
and lytic forms of EBV infection and alone is sufficient to
activate the EBV lytic cascade (23). It has been demonstrated
that it inhibits host cell proliferation by causing cell cycle arrest
in Gy/G, in several epithelial tumor cell lines lacking the EBV
genome (7, 43). Such G,/G, arrest was found to result from
induction of the tumor suppressor protein p53 and the cyclin-
dependent kinase (CDK) inhibitors p21WVAFVCIPL and
p27¥!"! followed by accumulation of the hypophosphorylated
form of retinoblastoma (Rb) protein (7). Recently, it has been
reported that the BZLF1 protein by itself activates E2F-1,
cyclin E, and Cdc25A, which are involved in cell cycle progres-
sion in telomerase-immortalized human keratinocytes and pri-
mary tonsil keratinocytes but not in human fibroblasts (35).
Furthermore, the other immediate-early transactivator BRLF1
protein can induce contact-inhibited, quiescent human fibro-
blasts to enter the S phase with dramatic increase in the level
of E2F-1 (53). E2F-1 activates the transcription of many pro-
teins involved in cellular DNA synthesis and cell cycle progres-
sion (1) and probably the transcription of the EBV DNA Pol
gene as well (33). The available data suggest that E2F activity
is required for lytic viral DNA replication.

In a previous study seeking to characterize cellular circum-
stances suitable for lytic replication in LCLs, we established a
tetracycline-inducible expression system for the BZLF1 pro-
tein in the B95-8 B-lymphoblastoid cell line, which is latently
infected with EBV and possesses normal p53 pathway (15, 30).
The system is simple and highly efficient for conditional induc-
tion of the lytic replication program in the absence of any other
external stimuli. As a result, it could be clearly demonstrated
that induction of the BZLF1 protein results in arrest of cell
cycle progression and inhibition of replication of cellular DNA
simultaneous with induction of that for lytic viral DNA. Un-
expectedly, although Tet-BZLF1/B95-8 cells harbor functional
and responsive p53 and retain the ability to activate checkpoint
pathways (30), the levels of p53 and the CDK inhibitors
p21WAF-VCIP-L - yp7KIP-1 "and p16™%42 were found to be con-
stant before and after induction of the lytic program, in con-
trast to the results reported by Cayrol and Flemington (7).
Rather, activation of S-phase-promoting CDK, i.e., cyclin E/A-
CDK2, and accumulation of the hyperphosphorylated form of
Rb protein were observed. Therefore, we speculated that the
late G, or early S-arrested state induced by productive EBV
infection provides a cellular environment that is advantageous
for EBV replication in that metabolic precursors (i.e., nucleo-
tides) are abundantly available for viral replication. Since cel-
lular DNA synthesis is inhibited, there is no competition for
viral access to these precursors.

Cellular CDKs comprise a family of serine-threonine pro-
tein kinases whose activity is regulated by association with
specific cyclin partners, phosphorylation, and interaction with
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CDK inhibitors such as p21™fV/ePl po7kipl - piginkda and
pl15™k4* whose expression is itself tightly controlled. With re-
gard to the involvement of CDKSs in DNA synthesis, activation
of CDK-2 is necessary for expression of many cellular DNA
replication proteins and CDK-2 phosphorylates and activates
several of the cellular proteins that are required for DNA
synthesis. Among the CDK2 targets, the Rb protein is most
important for cell cycle progression. The present paradigm for
phosphorylation regulation of Rb protein is as follows (6, 24,
27, 29). During early G;, Rb is phosphorylated by cyclin
D-CDK4/6, leading to cyclin E expression. Near the end of G,
it becomes maximally hyperphosphorylated by cyclin E/CDK2,
allowing cells to enter into S phase, and the hyperphosphory-
lated state is maintained by cyclins A/E-CDK2. In a previous
study, Kudoh et al. found that hyperphosphorylated Rb pro-
teins accumulate as lytic EBV infection proceeds (30). In par-
ticular, CDK2 phosphorylation of Ser612 in Rb continued to
increase. Based on these observations, we speculated that cell
cycle-related factors normally active in uninduced cells in the
late G, or early S phase may be required for lytic replication of
EBV. If this is indeed the case, inhibition of their activity
should block viral replication. To test this hypothesis, we mea-
sured the effects on viral replication of two recently described
CDK inhibitors, purvalanol A and roscovitine (22, 36). Both
drugs inhibit CDK2 and CDKI1 but not CDK4 or CDK6 or a
large number of other kinases. They compete with ATP for
binding to the ATP-binding pocket of the target CDKs, and all
known effects of purvalanol A and roscovitine on cells can be
attributed to the resultant inhibition of kinase activity of CDK2
and CDK1 (17, 21, 36, 51).

In the present study, we found that both purvalanol A and
roscovitine block EBV lytic replication while well-character-
ized inhibitors of other protein kinases, such as mitogen-acti-
vated protein (MAP) kinase, phosphatidylinositol (PI) 3-ki-
nase, and protein kinase C, do not. The effects of purvalanol A
can be shown to be due to inhibition of expression of viral
immediate-early and early proteins, including the replication
proteins encoded by the BALF2, BALF5, BMRFI, and
BBLF2/3 genes. We conclude that the EBV lytic program
promotes specific cell cycle-associated activity involved in the
progression from G, to S phase, because S-phase CDK activity
appears to be essential for the expression of viral immediate-
early and early lytic proteins and hence for lytic viral replica-
tion.

MATERIALS AND METHODS

Materials. Purvalanol A was purchased from Calbiochem (San Diego, Calif.)
and roscovitine was obtained from Promega (Madison, Wis.), with stock solu-
tions being prepared at concentrations of 10 mM in dimethyl sulfoxide (DMSO).
Both are selective inhibitors of CDKs and have the following characteristics:
purvalanol A, 2-(1-R-isopropyl-2-hydroxyethylamino)-6-(3-chloroanilino)-9-iso-
propylpurine, molecular weight of 388.9, 50% inhibitory concentrations (ICsqs)
of 4 nM for CDKl/cyclin B, 70 nM for CDK2/cyclin A, 35 nM for CDK2/cyclin
E, and 75 nM for CDK5/p35 (22); roscovitine, 2-(1-p,L-hydroxymethylpro-
pylamino)-6-benzylamino-9-isopropylpurine, molecular weight of 354.4, ICsqs of
65 nM for CDKl/cyclin B, 700 nM for CDK2/cyclin A, 700 nM for CDK2/cyclin
E, and 200 nM for CDKS5/p35. Roscovitine exhibits reduced sensitivity towards
related kinases, including ERK1 and ERK2 (ICsqs of 30 and 14 M, respectively)
and does not significantly affect the activities of other protein kinases, including
CDK4/cyclin D and CDKo6/cyclin E, even at a concentration of 100 pM (3, 36).
LY-294002, mevinolin, bisindolylmaleimide I, and cycloheximide were purchased
from Sigma. LY-294002 [2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-one], a
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specific PI 3-kinase inhibitor, was dissolved in DMSO at a concentration of 20
mM. Mevinolin, a drug that specifically inhibits MAP kinase (ERK1 and ERK2)
but not CDKs, was diluted in ethanol to a concentration of 20 mM. Bisindolyl-
maleimide I {2-[1-(3-dimethylaminopropyl)-1H-indol-3-yl]-3-(1H-indol-3-yl)-
maleimide} (molecular weight, 412.5), a broad-spectrum protein kinase C inhib-
itor that is structurally similar to staurosporine, was stored in DMSO at a
concentration of 10 mM. It shows high selectivity for protein kinase C (K; = 10
nM) and may inhibit protein kinase A at a much higher concentration (K; = 2
M) (54). Cycloheximide, a specific inhibitor of protein synthesis which works by
preventing translocation of ribosomes, was diluted in ethanol to a concentration
of 50 mg/ml.

Stocks of all drugs were aliquoted and kept at —20°C until use. The final
concentration of each drug used is indicated in the figure legends.

Cells. Kudoh et al. previously reported that the exogenous BZLF1 protein is
conditionally expressed under the control of a tetracycline-regulated promoter in
Tet-BZLF1/B95-8 cells, a marmoset B-cell line latently infected with EBV (30).
Tet-BZLF1/B95-8 cells and Tet-BZLF1/Akata cells were maintained in RPMI
medium supplemented with 1 wg of puromycin/ml, 250 pg of hygromycin B/ml,
and 10% tetracycline-free fetal calf serum at 37°C in a humidified atmosphere
containing 5% CO,. To induce lytic EBV replication, the tetracycline derivative
doxycycline was added to the culture medium at a final concentration of 1 to 5
pg/ml.

Establishment of Tet-BZLF1/Akata cells. Akata cells, human EBV-positive
Burkitt’s lymphoma cells, were infected with the stocks of recombinant retrovi-
rus, rv-BZLF1 and rv-rtTA, as described previously (30). Clones resistant to
puromycin and hygromycin B were isolated by limiting dilution and checked for
expression of the BZLF1 and BALF?2 proteins with doxycycline by Western blot
analysis.

Establishment of Tet-BZLF1/HeLa. The plasmid pCMSCV-RevTRE(hyg)-
BZLF1 (30) was transfected into HeLa Tet-on cells expressing rtTA (Clontech).
One day later, cells were plated in selective medium containing 250 ug of
hygromycin B/ml and 100 pg of G418/ml. Several clones expressing BZLF1
protein with doxycycline were isolated, and one was used for the present study.
The Tet-BZLF1 HeLa cell was cultured in Dulbecco’s modified Eagle’s medium
containing 10% tetracycline-free fetal calf serum, hygromycin B (250 pg/ml), and
G418 (100 pg/ml). To induce BZLF1 protein expression, doxycycline was added
to the culture medium at a final concentration of 5 pg/ml.

Transfections and CAT assays. Approximately 5 X 10° Tet-BZLF1/HeLa cells
were plated in 60-mm-diameter dishes. Cells were transfected with 2 pg of
pBMRFI1-CAT or pBHRF1-CAT (8, 68) by using Lipofectamine with Plus re-
agent (Invitrogen) according to the manufacturer’s instructions. Media were
replaced at 16 h posttransfection with fresh media containing or free of purv-
alanol A (20 pM). Twenty hours posttransfection, doxycycline was added to a
final concentration of 5 pwg/ml or not. Forty-eight hours after addition of doxy-
cycline, cells were harvested and treated with Reporter lysis buffer (Promega) for
15 min. After incubation, the samples were heated at 60°C for 10 min to inac-
tivate endogenous deacetylase activity. Chloramphenicol acetyltransferase
(CAT) activity was assayed by incubating each sample with n-butyryl coenzyme
A and ['*C]chloramphenicol at 37°C for 3 h according to the manufacturer’s
instructions (Promega). The reaction product, n-butyryl [*C]chloramphenicol,
was selectively extracted with 300 pl of xylene. The xylene phase was mixed with
scintillation cocktail, and the radioactivity of the product was measured with a
scintillation counter.

Quantification of viral DNA synthesis during lytic replication. Tet-BZLF1/
B95-8 cells were incubated with or without 1 pg of doxycycline/ml in the presence
or absence of the indicated drugs and harvested at the indicated times. Total
DNAs from a total of 3.5 X 10° Tet-BZLF1/B95-8 cells were purified with a
DNeasy Tissue kit (Qiagen) and quantified. Diluted amounts of DNA samples
were dot-blotted on a Hybond-N membrane (Amersham) and hybridized with a
32p-labeled DNA fragment consisting of a portion of the EBV EBNAI1 coding
region (EBV nucleotides 109110 to 109379). Signal intensity was quantified with
an Image guider (BAS2500; Fujifilm). A standard curve for viral DNA quanti-
fication was obtained from serial dilutions of a plasmid, p500, which harbors an
EBNA1 coding region. The copy numbers of viral genome per cell were deter-
mined from the standard curve and serial dilutions of DNA from Raji cells in
which about 45 copies of viral genome per cell are present (11). DNA from BJAB
cells was also used as a negative control.

Quantification of viral and host RNA transcripts during lytic replication.
Tet-BZLF1/B95-8 cells were incubated with 5 pg of doxycycline/ml in the pres-
ence or absence of the indicated drugs and harvested at the indicated times.
Total RNA was isolated from a total of 107 cells with an RNeasy mini kit
(Qiagen). The RNA concentration was measured spectrophotometrically, as-
suming that 1 4,4, is equal to a concentration of 40 pg/ml. Samples were stored
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at —80°C without detectable signs of degradation. RNA samples (5 pg) were
size-fractionated on a 1.2% formaldehyde-agarose gel in morpholinepropane-
sulfonic acid (MOPS) running buffer and transferred to a Hybond-N+ mem-
brane (Amersham). The membrane filters were hybridized at 65°C with 32P-
labeled probes obtained by PCR amplification of each viral and cellular DNA
with the following primers: BZLF1, 5'-caccgggaccgatccageet-3' and 3'-atcgatgtt
aacaagcttg-5'; BRLF1, 5'-gttccagactatggtctcgt-3' and 3'-tatccaaggetgttcaggtt-5';
BALFS, 5'-ccccaactccagatgetcaagggt-3' and 3'-agcagatccatgaccagg-5'; BMRF1,
5'-cgggatccatggaaaccactcagactetc-3' and 3'-gtggtacaahagegttegettaagg-5'; 36B4,
5'-ctggagaaactgctgectcatatecg-3' and 3'-ccaaatcccatatectegtecga-5'. Signal inten-
sity was quantified with an Image guider (BAS2500; Fujifilm). The levels of the
specific viral and cellular gene transcripts were plotted and compared with those
prior to treatment with the drugs.

Protein preparation. Tet-BZLF1/B95-8 cells were harvested at the indicated
times postinduction with or without doxycycline, washed with phosphate-buff-
ered saline (PBS), and treated with lysis buffer (0.02% sodium dodecyl sulfate
[SDS], 0.5% Triton X-100, 300 mM NaCl, 20 mM Tris-HCI [pH 7.6], 1 mM
EDTA, 1 mM dithiothreitol, 10 pg of leupeptin/ml, 5 pg of pepstatin A/ml) for
20 min on ice. Samples were centrifuged at 18,000 X g for 10 min at 4°C, and the
clarified cell extracts were measured for protein concentrations by using a Bio-
Rad protein assay kit.

Immunoblot analysis. Twenty micrograms of proteins was loaded in each lane
for SDS-10% polyacrylamide (acrylamide/bisacrylamide ratio = 29.2:0.8) gel
electrophoresis (PAGE). To separate phosphorylated forms of Rb proteins,
proteins were subjected to SDS-7.5% PAGE (acrylamide/bisacrylamide ratio =
60:1) and then transferred to polyvinylidene difluoride membranes. The mem-
branes were washed with blotting buffer (1X PBS containing 0.1% Tween 20),
blocked for 60 min in blotting buffer containing 10% low-fat powdered milk,
washed once with blotting buffer, and incubated at room temperature for 60 min
with primary antibodies in blotting buffer containing 5% low-fat powdered milk.
They were then further washed in blotting buffer and incubated with horseradish
peroxidase-conjugated secondary antibody at room temperature for 60 min. The
target proteins were detected with an enhanced chemiluminescence detection
system (Amersham). Images were processed by LumiVision PRO (Aisin/Taitec,
Inc.) with a cooled charge-coupled device (CCD) camera and assembled using an
Apple G4 computer with Adobe Photoshop 5.0. Signal intensities were quanti-
fied with a LumiVision image analyzer. The system used in this study features a
cooled CCD camera that has a 16 bit = 65,535 grayscale wide dynamic range.
The accuracy of the quantitative analysis was enhanced up to 100 times com-
pared with the standard quantitative analysis scanning X-ray film.

Antibodies. Preparation and specificities of the anti-BZLF1 protein-specific,
anti-BALF2 protein-specific, anti-BALF5 protein-specific, and anti-BBLF2/3
protein-specific polyclonal antibodies were described previously (59, 60, 67). An
anti-BMRF1 protein-specific monoclonal antibody, clone name R3, was pur-
chased from Chemicon, and an anti-BRLF1-specific antibody was obtained from
Argen, Inc. The anti-Rb-specific monoclonal antibody was purchased from Bec-
ton Dickinson Transduction Laboratories and the anti-phospho-Rb (Ser612)-
specific monoclonal antibody was the kind gift of Katsuyuki Tamai (MBL, Inc.).
Anti-PCNA antibody was commercially obtained from MBL, Inc.

RESULTS

In a recent study, Kudoh et al. isolated Tet-BZLF1/B95-8
cells in which the exogenous BZLF1 protein was conditionally
expressed under the control of a tetracycline-regulated pro-
moter (30). More than 80% of Tet-BZLF1/B95-8 cells became
positive for BZLF1 and BMRF1 proteins 48 h after doxycy-
cline annexation. The copy number of the viral genome in the
cells was significantly amplified after 24 h postinduction. Thus,
the system is simple and highly efficient for conditional induc-
tion of the lytic replication program in the absence of any other
external stimuli, allowing use for further analyses.

S-phase CDK inhibitors purvalanol A and roscovitine com-
pletely inhibit lytic EBV replication. The previous study by
Kudoh et al. indicated that the EBV lytic program promotes
post-restriction point characteristics, including high CDK2 ac-
tivity and hyperphosphorylation of the Rb protein (30). This
finding suggests the possibility that S-phase CDK activity or
free E2F released from the Rb-E2F complex due to hyper-
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phosphorylation of the Rb protein is required for lytic EBV
replication. If this were the case, then inhibition of CDK2
activity, which would thereby prevent phosphorylation of Rb
protein, would result in inhibition of EBV productive infec-
tion. Roscovitine (36) and purvalanol A (22) are the 2,6,9-
trisubstituted purine-derived pharmacological CDK inhibitors
which have been best characterized so far. Both drugs inhibit
CDKs 1 and 2 with high potency, but they do not inhibit CDKs
4 or 6 or a number of other kinases.

To clarify the effects of purvalanol A and roscovitine on the
progression of EBV lytic replication, Tet-BZLF1/B95-8 cells
were treated with doxycycline in the presence or absence of
either drug. Total DNA was extracted from the cells, and the
EBV DNA-specific signal was quantitated. The copy number
of the EBV genome per Tet-BZLF1/B95-8 cell was calculated
to be about 40 before treatment with doxycycline. In the ab-
sence of kinase inhibitors, the copy number of the viral DNA
was amplified to more than 9,000 per cell after 72 h postin-
duction. As shown in Fig. 1A, 15 pM purvalanol A and 50 pM
roscovitine blocked lytic replication of EBV almost completely
throughout the 72-h period. No obvious cytotoxic effects were
observed by microscopic evaluation when uninduced Tet-
BZLF1/B95-8 cells were treated with concentrations of purv-
alanol A up to 50 pM (data not shown).

The specificities of purvalanol A and roscovitine have been
evaluated so extensively that these drugs are presently used to
confirm the involvement of CDKs in biological processes (4,
17, 21, 36, 46, 47, 49, 51). However, it remained a theoretical
possibility that our findings with purvalanol A and roscovitine
were the consequence of a block of another cellular protein
serine/threonine kinase(s) such as protein kinase C, PI 3-ki-
nase, or MAP kinase. These are known to be activated on the
occasion of a switch from latent to lytic infection of EBV,
leading to expression of the BZLF1 protein in vivo (9, 20).
Indeed, roscovitine also inhibits MAP kinase (ERK1 and -2)
(although ~20- and ~10-fold less efficiently, respectively, than
for CDKs). We also investigated whether these kinases are
required for lytic EBV replication in the Tet-on expression
system. As shown in Fig. 1A, mevinolin, a drug that specifically
inhibits ERK1 and -2 but not CDKs (14), did not inhibit EBV
lytic replication at a concentration of 20 wM. Similarly, the PI
3-kinase inhibitor L'Y-294002 did not block the lytic replication
at all at a concentration of 15 wM. Further, there appeared to
be a moderate inhibition of EBV lytic infection with bisindolyl-
maleimide I, a broad-spectrum protein kinase C inhibitor, at a
concentration of 10 wM. Since protein kinase C increases early
in lytic cycle promoter activity (32), the addition of protein
kinase C inhibitor to the culture appears to hinder the produc-
tive replication moderately. As shown in Fig. 1B, purvalanol A,
mevinolin, LY-294002, and bisindolylmaleimide I did prevent
cell proliferation completely at the concentrations utilized.

Thus, lytic EBV replication was inhibited only by inhibitors
of S-phase CDKs and not by those of PI 3-kinase, MAP kinase,
and protein kinase C.

Inhibition of lytic EBV replication by purvalanol A is not
mediated by irreversible drug-induced cytotoxicity. Although
purvalanol A and roscovitine did not induce detectable cyto-
pathology, as determined by microscopic evaluation, at the
concentrations used to block EBV replication (data not
shown), it remained a possibility that more subtle but irrevers-
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FIG. 1. (A) Specific inhibition of EBV lytic replication by the CDK
inhibitors roscovitine and purvalanol A. Tet-BZLF1/B95-8 cells were
cultured in the presence of 1 wg of doxycycline/ml with drug-free
medium (control) or media containing each indicated drug and har-
vested at the indicated times. The drug concentrations used in the
experiments were as follows: 10 uM bisindolylmaleimide I, 15 pM
LY-294002, 20 pM mevinolin, 50 uM roscovitine, and 15 uM purv-
alanol A. To determine viral DNA synthesis, slot blot assays for viral
DNA were performed as described in Materials and Methods. Signal
intensity was quantified with an Image guider (Fujifilm), and the copy
numbers of viral genome per cell were calculated. (B) Effect of bisin-
dolylmaleimide I, LY-294002, mevinolin, and purvalanol A on the
proliferation of Tet-BZLF1/B95-8 cells. Tet-BZLF1/B95-8 cells were
seeded in flasks (107 cells/flask) with drug-free medium (control) or
media containing each indicated drug. The numbers of cells were
counted with a hemocytometer at the indicated times, and the data
were plotted in the graph. The drug concentrations used in the exper-
iments were the same as those described for panel A.
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FIG. 2. Inhibition of EBV lytic replication by purvalanol A is re-
versible. Tet-BZLF1/B95-8 cells were cultured with doxycycline (1
pg/ml) in the presence (O, @) or absence () of purvalanol A (15
wM). Aliquots of cells treated with purvalanol A were also transferred
to purvalanol A-free fresh medium at 24 h postinduction (dashed line).
This medium change is indicated by the arrow. Cells were harvested at

the indicated times, and viral DNA synthesis was determined by slot
blot assay as described in Materials and Methods.

ible toxic effects of these drugs may have compromised the
ability of cells to support lytic EBV replication. To determine
whether this was the case, we performed a purvalanol A re-
versal experiment. Purvalanol A was selected for these exper-
iments because it inhibits EBV replication efficiently at a lower
concentration than does roscovitine. Tet-BZLF1/B95-8 cells
treated with doxycycline were cultured in the presence of 15
M purvalanol A for 24 h, and the medium was replaced with
purvalanol A-free fresh medium. At the indicated times, cells
were harvested and the copy numbers of viral genome DNA
were calculated by a standard Southern blot hybridization as-
say (Fig. 2). When the medium was replaced with fresh me-
dium containing purvalanol A, the copy number of the viral
genome per cell did not increase. In contrast, after release
from the purvalanol A block, resumption of EBV lytic repli-
cation was evident in the cells (Fig. 2).

We conclude from these experiments that purvalanol A-in-
duced inhibition of EBV lytic replication is not mediated by
irreversible drug-induced toxicity in Tet-BZLF1/B95-8 cells.

Purvalanol A prevents cell proliferation in inverse propor-
tion to the phosphorylation state of Rb protein. As shown in
Fig. 3A, proliferation of Tet-BZLF1/B95-8 cells was inhibited
by the CDK inhibitor purvalanol A at concentrations greater
than 5 pM. Since the compound inhibits CDK2 and CDK1
activity selectively, the phosphorylation states of Rb protein in
Tet-BZLF1/B95-8 cells were drastically changed as the con-
centration of purvalanol A was increased in the medium (Fig.
3B), i.e., the hypophosphorylated form of Rb protein was in-
creased in a dose-dependent manner (Fig. 3B). Cell growth
inhibition by purvalanol A appeared to be in proportion to the
ratio of the hypophosphorylated to hyperphosphorylated forms
of the Rb protein (compare Fig. 3A and B). More than 90
percent of the Tet-BZLF1/B95-8 cells treated with purvalanol
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FIG. 3. (A) Dose dependence of purvalanol A effects on the pro-
liferation of Tet-BZLF1/B95-8 cells. Tet-BZLF1/B95-8 cells were
seeded in 35-mm-diameter petri dishes (1.0 X 10° cells/dish). The cells
were incubated for 48 h in RPMI 1640 medium containing the indi-
cated concentrations of purvalanol A. The cells were harvested, and
total cell numbers were counted with a hemocytometer. (B) Effects of
purvalanol A on the phosphorylation state of Rb protein. Cells were
cultured in the presence of indicated concentrations of purvalanol A
and harvested after 48 h. Clarified cell lysates were prepared, sepa-
rated by SDS-7.5% PAGE, and applied for Western blot analyses with
anti-Rb protein polyclonal antibody. pRB and ppRB are slower-mi-
grating hyperphosphorylated forms of Rb protein. The faster-migrat-
ing band is the hypophosphorylated form of Rb protein and is desig-
nated as RB.

A were in G, phase by fluorescence-activated cell sorter anal-
ysis (data not shown). Collectively, these observations indicate
that the cellular condition of G, phase induced by purvalanol
A is not favorable for induction of lytic replication of EBV.
Purvalanol A and roscovitine inhibit EBV lytic replication
when added until 9 h postinduction. To determine whether
CDKs are required for essential EBV functions that occur
after expression of the BZLF1 protein, we evaluated the effects
on viral replication of adding purvalanol A at selected times
after annexation of doxycycline. Two recognized cellular tar-
gets of purvalanol A are CDK-1 and CDK-2. Since CDK-2 is
involved in cellular DNA replication (12), we determined
whether CDK-2 might also participate in viral DNA replica-
tion directly. If this were the case, then purvalanol A or rosco-
vitine would inhibit the lytic phase of viral DNA replication
even in the presence of viral replication proteins. To test this
hypothesis, after addition of doxycycline to the culture me-
dium, either purvalanol A or roscovitine was added at the
indicated times. Cells were harvested at 72 h posttreatment
with doxycycline, and the copy number of EBV genomes was
calculated (Fig. 4). No CDK inhibitor was added to control
cultures. As shown in Fig. 4, the addition of purvalanol A or
roscovitine immediately after doxycycline treatment resulted in
an almost total block in EBV lytic replication throughout the



VoL. 78, 2004

A

6000 Purvalanol A

7000 |

6000

5000 |

4000

3000 |

2000 |

Copy Number per Cell

1000 |

0 24 48 72
Hours Postinduction

Roscovitine
8000

7000 |

6000

5000

3000

2000 |

Copy Number per Cell
B
o

1000 |

4 48
Hours Postinduction

FIG. 4. The CDK inhibitors purvalanol A and roscovitine inhibit
EBV lytic replication when added at least until 9 h postinduction.
Tet-BZLF1/B95-8 cells were treated with 1 pg of doxycycline/ml for
72 h. Purvalanol A (15 pM) (A) or roscovitine (50 pM) (B) was added
at the indicated times (0, 3, 6, 9, 24, and 48 h) postinduction, and the
cells were harvested at 72 h postinduction and viral DNA synthesis was
determined by slot blot assay as described in Materials and Methods
(dashed lines, O). Signal intensity was quantified with an Image guider
(Fujifilm). An additional series of Tet-BZLF1/B95-8 cells with produc-
tive infection was incubated continuously in CDK inhibitor-free me-
dium and harvested at the indicated times (control; @).

72-h period. The addition of purvalanol A or roscovitine at 3,
6, and 9 h postinduction had nearly identical inhibitory effects
on viral replication (Fig. 4). However, viral genome synthesis
by Iytic EBV replication was not markedly inhibited when
purvalanol A was added to the culture medium 24 h postan-
nexation, although there was a moderate inhibition of viral
genome synthesis at 24 h postinduction with roscovitine (Fig.
4). Until 24 h postinduction, viral replication proteins were
expressed at near plateau levels sufficient for synthesis of the
viral genome in Tet-BZLF1/B95-8 cells (Fig. 5B, lanes 5 and
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6). These results strongly suggest that cellular CDKs sensitive
to drugs are not directly involved in the lytic phase of viral
DNA replication after viral replication proteins are already
expressed but rather affect viral function(s) at early stages of
the lytic replication.

Accumulation of viral immediate-early and early proteins is
significantly reduced in the presence of purvalanol A. Since
purvalanol A inhibits lytic EBV replication when added at least
until 9 h after induction of the lytic program (Fig. 4A), we
hypothesized that it may inhibit an (relatively) early stage of
viral function. Lytic viral DNA synthesis requires previous im-
mediate-early and early gene expression for supply of viral
replication proteins and consequently occurs later in the infec-
tion cycle. To determine whether viral gene expression was
impaired by purvalanol A, the following experiments were
designed. Tet-BZLF1/B95-8 cells were treated with doxycy-
cline in the presence or absence of purvalanol A, and total cell
extracts were prepared at the indicated times postinduction. As
shown in Fig. 5A, the phosphorylation states of Rb protein
drastically changed in Tet-BZLF1/B95-8 cells treated with
doxycycline as well as untreated cells (Fig. 3). In the absence of
purvalanol A, almost all Rb protein became hyperphosphory-
lated at 48 h postinduction, as was observed previously (30).
Ser612 of Rb protein is known to be preferentially phosphor-
ylated by cyclin E/A-CDK2 (52). As shown in Fig. 5B, lane 6,
phosphorylation of Ser612 in Rb protein was conspicuous. In
contrast, with the addition of purvalanol A, Rb protein was
hypophosphorylated within 4 h after treatment and this con-
tinued throughout 48 h postinduction in both the doxycycline-
treated and untreated Tet-BZLF1/B95-8 cells (Fig. 5A, com-
pare lane 1 with lanes 4 and 5 or lanes 6 and 7). Also,
phosphorylation of Ser612 in Rb protein was clearly inhibited
by purvalanol A treatment (Fig. 5B, compare lane 6 with lane
7). On the other hand, levels of PCNA (as a control) were
constant in the presence or absence of purvalanol A (Fig. 5B).

As shown in Fig. 5B, lane 7, the BZLF1 protein was ex-
pressed in the presence of purvalanol A, although the level was
somewhat reduced compared with that in the absence of the
drug. It should be noted that, since the BZLF1 protein itself
activates expression of its own gene (2), the total amount is a
sum of the Tet-on and endogenously expressed protein. Thus,
it appears that the former conditional expression is not mark-
edly affected by purvalanol A.

Expression of the other immediate-early protein, BRLFI,
and early viral proteins such as the BALF2, BALF5, BBLF2/3,
and BMRF1 proteins was, however, greatly inhibited by purv-
alanol A treatment, whereas the cellular protein PCNA was
largely unaffected (Fig. 5B, compare lane 6 with lane 7). As
expected, cells in purvalanol A-free medium synthesized viral
immediate-early as well as early proteins during the same pe-
riod (Fig. 5B, lane 6). Also, when cells treated with doxycycline
were overlaid with purvalanol A-containing medium at 3 h
postannexation, viral protein synthesis was significantly pre-
vented for 48 h (Fig. 5B, lane 8). When purvalanol A was
added to the culture at 9 h postinduction, BRLF1, BALF2,
BALFS5, BBLF2/3, and BMRF1 proteins were expressed to
some extent but at low levels. At 9 h posttreatment with doxy-
cycline in the absence of purvalanol A, the levels of the
BRLF1, BALF2, BALF5, BBLF2/3, and BMRF1 proteins
were very low (Fig. 5B, lane 4). Since viral immediate-early and
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FIG. 5. Effects of purvalanol A on the expression of lytic viral
proteins and phosphorylation of Rb protein during EBV lytic infec-
tion. (A) Tet-BZLF1/B95-8 cells were treated with (+) or without (—)
5 pg of doxycycline/ml for 48 h and purvalanol A (20 wM) was added
to the culture immediately thereafter (0 h). The cells were harvested at
the indicated times, and clarified cell lysates were prepared. Phosphor-
ylation states of the Rb protein were analyzed by Western blotting with
anti-Rb protein monoclonal antibody. pRB and ppRB are slower-
migrating hyperphosphorylated forms of Rb protein. The faster-mi-
grating band is the hypophosphorylated form of Rb protein and is
designated as RB. (B) Purvalanol A (20 uM) was added to the culture
of doxycycline-treated Tet-BZLF1/B95-8 cells at 0, 3, 6, 9, and 24 h
postinduction, and the cells were harvested at the indicated times.
Clarified cell lysates were separated by SDS-PAGE and applied for
Western blot analyses with each antibody as indicated on the right. The
proteins were detected with an enhanced chemiluminescence detec-
tion system (Amersham). Images were processed by LumiVision PRO
(Aisin/Taitec, Inc.) with a cooled CCD camera and assembled using an
Apple G4 computer with Adobe Photoshop 5.0. Signal intensity was
quantified with a LumiVision image analyzer as described in Materials
and Methods. IE, immediate-early proteins; E, early proteins. (C) Tet-
BZLF1/AKATA cells were treated with (+) or without (—) 3 pg of
doxycycline/ml and cultured for 48 h in the absence or presence of
purvalanol A (5 wM). Lane 1 shows the sample prepared when the
cells were treated with doxycycline at time zero. The cells were har-
vested, and clarified cell lysates were prepared and applied for West-
ern blot analyses with each antibody as indicated on the right.
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early proteins were synthesized largely during the first 24 h of
induction (Fig. 5B, lane 5), relatively large amounts of viral
replication proteins had already been expressed when purvala-
nol A was added at 24 h postinduction (Fig. 5B, compare lane
6 with lane 11). Purvalanol A had no effects on lytic viral
replication 24 h postinduction as shown in Fig. 4A. Thus,
purvalanol A does not inhibit lytic EBV replication when
added after viral replication proteins are already expressed.
These results led us to the conclusion that purvalanol A blocks
an (relatively) early stage of viral productive infection due to
impairment of viral immediate-early and/or early gene expres-
sion. We speculate that the cellular environment in which the
Rb protein is underphosphorylated is inappropriate for viral
transcription since under such conditions the level of free E2F
transcription factor may be very low.

To confirm whether purvalanol A impairs viral immediate-
early and/or early gene expression in other EBV latently in-
fected B cells, we examined the effect of the drug in Akata
cells, an EBV-positive B-cell line derived from Burkitt’s lym-
phoma. It has previously been reported that induction of lytic
replication by anti-immunoglobulin G treatment in Akata cells
resulted in hyperphosphorylation of Rb protein, as is the case
with Tet-BZLF1/B95-8 cells (33). We also constructed Tet-
BZLF1/Akata cells in which the exogenous BZLF1 protein is
conditionally expressed under the control of a tetracycline-
regulated promoter. As shown in Fig. 5C, lane 2, treatment of
the Tet-BZLF1/Akata cells with doxycycline resulted in a sig-
nificant expression of EBV lytic proteins at 48 h postinduction.
In contrast, in the presence of purvalanol A, expression of lytic
viral proteins besides the BZLF1 protein was hardly observed
(Fig. 5C, lane 3). Thus, it was confirmed that inhibition of
S-phase CDK activity impairs viral immediate-early and early
gene expression in Akata cells as well as in B95-8 cells.

Purvalanol A inhibits expression of the BRLF1 and viral
early proteins even in the presence of sufficient BZLF1 pro-
tein. It is technically difficult to evaluate the direct effects of
purvalanol A on viral early gene expression by adding the drug
at different times after induction because of the overlap in the
times of expression of EBV immediate-early and early pro-
teins. The effects of purvalanol A on specific stages of the EBV
replication cycle can be determined, however, by blocking the
progress of lytic infection by using cycloheximide to inhibit
translation of the BZLF1 transcripts and then releasing the
block in the presence or absence of purvalanol A. Using the
cycloheximide block-and-release experiment, we examined the
effects of addition of purvalanol A on the expression of the
other immediate-early (BRLF1 protein) and early viral pro-
teins when high levels of the BZLF1 protein had already been
expressed (Fig. 6). Cycloheximide is a general inhibitor of
translation; hence, during infections in the presence of this
drug, the BZLF1 transcripts accumulate but are not translated.
Since viral early promoters are not activated, viral early tran-
scripts and proteins are not synthesized and consequently EBV
lytic replication does not occur. Further, cycloheximide inhibi-
tion is reversible. Thus, if S-phase CDK activity is required for
EBV replication functions that occur after accumulation of
sufficient BZLF1 protein, purvalanol A would inhibit expres-
sion of early viral proteins when added after the reversal of a
cycloheximide block.

To test this possibility, cycloheximide was added to culture
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FIG. 6. Effects of purvalanol A on expression of EBV immediate-
early and early proteins after release from a cycloheximide block.
(A) Illustration of the experimental protocol. Tet-BZLF1/B95-8 cells
were treated with doxycycline (1 pg/ml). Three hours later, 50 pg of
cycloheximide (CHX)/ml was added to the culture. The cells were
incubated for 9 h and then removed from the CHX block by replacing
the medium with drug-free medium and culturing for a further 2 h.
Subsequently, the medium was replaced with one containing no drug
(CHX-None), 1 pg of doxycycline/ml (CHX-Dox), 1 wg of doxycy-
cline/ml plus 15 puM purvalanol A (CHX-Dox+Purv), or 1 pg of
doxycycline/ml plus 50 ng of cycloheximide/ml (CHX-Dox+CHX),
and the cells were cultured for 48 h and harvested (lanes 2, 3, 4, and 5
of panel B, respectively; lane 1 of panel B represents the sample
prepared when the cells were treated with doxycycline at time zero).
(B) Clarified lysates were prepared and applied for Western blot anal-
yses with each specific antibody as indicated on the left. The proteins
were detected by an enhanced chemiluminescence detection system
(Amersham). Images were processed by LumiVision PRO (Aisin/
Taitec, Inc.) with a cooled CCD camera and assembled using an Apple
G4 computer with Adobe Photoshop 5.0. Signal intensity was quanti-
fied with a LumiVision image analyzer as described in Materials and
Methods. IE, immediate-early proteins; E, early proteins.

medium of the Tet-BZLF1/B95-8 cells at 3 h postinduction
(Fig. 6A), because within 3 h postinduction, no expression of
the BZLF1 protein was detected and the expression level of
the BZLF1 protein in this case was higher than that seen with
simultaneous treatment with cycloheximide and doxycycline
(data not shown). Medium was removed 9 h later, and the cells
were washed twice with PBS and overlaid with cycloheximide-
free fresh medium followed by incubation for 2 h to accumu-
late sufficient amounts of the BZLF1 proteins in cells. After
that, no drug (control), 50 ng of cycloheximide/ml, or 15 uM
purvalanol A was added to the culture medium containing
doxycycline. At 48 h after the change of medium, cells were
harvested, and the cellular extracts were prepared, followed by
Western blot analysis (Fig. 6).

Before the Tet-BZLF1/B95-8 cells were treated with doxy-
cycline, no lytic viral protein was detected (Fig. 6B, lane 1).
After the cycloheximide block, the cells were cultured in pur-
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valanol A-free medium with doxycycline and several EBV early
proteins as well as the BRLF1 protein were fully expressed
(Fig. 6B, lane 3). Figure 6B, lane 2, shows the results when the
cells were cultured in purvalanol A-free medium without doxy-
cycline after cycloheximide block. Although the level of the
BZLF1 protein was low compared with that in the case of lane
3, it should be noted that the expression level was enough for
the expression of other immediate-early and early proteins. In
contrast, expression of the BRLF1 protein and early viral pro-
teins was drastically prevented in cells released from the 9-h
cycloheximide block into purvalanol A-containing medium
with doxycycline, although relatively large amounts of the
BZLF1 protein accumulated (Fig. 6B, compare lane 4 and lane
2). When cycloheximide was added in place of purvalanol A,
the expression level of the BZLF1 was low and there were very
low expression levels of lytic viral proteins (Fig. 6B, lane 5). As
the BRLF1 protein is also an important transactivator of early
genes (33, 41), inhibition of its synthesis by purvalanol A may
provide another plausible explanation as to why viral early
gene expression is also inhibited. Thus, the inhibitory effect of
purvalanol A on EBV replication after reversal of a cyclohex-
imide block could be the result of inhibition of expression of
the viral replication proteins.

Purvalanol A inhibits EBV immediate-early and early gene
expression at the transcription level. To determine whether
purvalanol A inhibits viral gene expression at the transcription
level in the presence of a sufficient amount of the BZLF1
protein, we measured the levels of representative viral imme-
diate-early (BZLF1 and BRLF1), early (BALF5 and BMRF1),
and cellular housekeeping gene (36B4) transcripts accumu-
lated during the 48 h after the release of the cycloheximide
block in the presence of purvalanol A. Total RNAs were ex-
tracted from the cells, and the levels of the specific viral and
cellular gene transcripts relative to those before treatment with
the drugs were compared by Northern blot analyses (Fig. 7A).

It must be noted that the BZLF1 transcripts had already
accumulated during the first 9-h cycloheximide block by doxy-
cycline annexation (Fig. 7B, lane 1). As shown in Fig. 7B, when
the lytic program-induced cells were released from the cyclo-
heximide block into fresh medium containing only doxycycline,
the level of BZLF1 gene transcripts increased fivefold during
the 48-h cultivation (Fig. 7C, panel a, column 2). Since the
BZLF1 protein itself activates expression of its own gene (2),
the total amount of the BZLF1 transcripts would be the sum of
the doxycycline-induced transcripts and the endogenously ex-
pressed one. When purvalanol A-containing medium was over-
layed 2 h after release of the 9-h cycloheximide block, the
BZLF1 gene transcripts also accumulated.

Next, the levels of other lytic transcripts were measured.
When the cells were released into fresh medium containing
only doxycycline after release of the cycloheximide block,
BRLF1, BALFS5, and BMRF1 transcripts accumulated more
than 42-, 430-, and 8-fold, respectively, compared to prerelease
levels (Fig. 7C), as expected. After release of the cyclohexi-
mide block into purvalanol A-containing medium, the levels of
the BRLF1, BALFS, and BMRF1 transcripts were very low.

In contrast to that of viral transcripts, the levels of a cellular
housekeeping gene (36B4) transcript were not significantly af-
fected following release of the cycloheximide block into cyclo-
heximide- or purvalanol A-containing medium relative to what
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FIG. 7. Effects of purvalanol A on transcription of EBV immedi-
ate-early and early genes after release from a cycloheximide block.
(A) Illustration of the experimental protocol. Tet-BZLF1/B95-8 cells
were treated with doxycycline (1 pg/ml). At 3 h thereafter, 50 pg of
cycloheximide (CHX)/ml was added to the culture. The cells were
incubated for 9 h and then removed from the CHX block by replacing
the medium with drug-free medium and culturing for a further 2 h.
Subsequently, the medium was replaced with fresh medium containing
1 pg of doxycycline/ml and cultured for 48 h in the absence or presence
of 15 uM purvalanol A [(2) and (3), respectively] and then harvested.
As a control, cells were harvested before 48 h cultivation [(1)]. (B) To-
tal RNA was extracted and applied for Northern blot analyses as
described in Materials and Methods. (C) Levels of BZLF1-, BRLF1-,
BALFS-, BMRF1-, and 36B4-specific transcripts (panels a to e, respec-
tively, in Fig. 7C) were measured by Northern hybridization with **P-
labeled probes obtained by PCR amplification of each viral and cellu-
lar DNA. Signal intensity was quantitated with an Image guider
(BAS2500; Fujifilm). The levels of the specific viral and cellular gene
transcripts relative to the pretreatment values were calculated and
plotted in the graphs.
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occurred upon release into drug-free medium (Fig. 7C, panel
e).

Based on a comparison of the results presented in Fig. 6 and
7, although the level of the BZLF1 protein synthesized in cells
released from the 9-h cycloheximide block into purvalanol
A-containing medium was higher than in cells released into
drug-free medium (Fig. 6B, compare lane 2 with lane 4), viral
early transcript accumulation was significantly impaired by
purvalanol A under these conditions (Fig. 7C). We conclude
that purvalanol A inhibits transcription of immediate-early and
early genes even in the presence of sufficient levels of the
BZLF1 protein.

Purvalanol A inhibits BZLF1-induced activation of early
EBYV promoters pBMRF1 and pBHRF1. To determine whether
the BZLF1 transactivator function is impaired in purvalanol
A-treated cells lacking EBV genome, we performed reporter
gene transfection studies with Tet-BZLF1/HeLa cells by using
CAT gene constructs driven by two different early EBV pro-
moters: the BMRF1 promoter and the BHRF1 promoter. The
BMRF1 promoter drives expression of the BMRF1 gene prod-
uct, whereas the BHRF1 promoter is within oriLyt. Each of
these promoters has been previously shown to be directly
bound and transcriptionally activated by the BZLF1 protein (8,
68). In Tet-BZLF1/HeLa cells, the exogenous BZLF1 protein
is conditionally expressed under the control of a tetracycline-
regulated promoter. As shown in Fig. 8B, the BZLF1 protein
was conditionally expressed in the Tet-BZLF1/HeLa cells by
the addition of doxycycline in the presence or absence of pur-
valanol A. As shown in Fig. 8A, the BZLF1 protein produced
a stimulatory activation in the constitutive expression of the
BMRF1 and BHRF1 promoters in the absence of purvalanol
A. However, it was clearly demonstrated that purvalanol A had
an inhibitory effect on the BZLF1-induced transcriptional ac-
tivation of early EBV promoters pPBMRF1 and pBHRF1 even
in the presence of the BZLF1 protein (Fig. 8A). Further,
purvalanol A appeared to inhibit the basal activity of the
BMRF1 promoter in HeLa cells (Fig. 8A, compare the left and
right columns of the pPBMRF1-CAT samples). We speculate
that the BHRF1 and BMRF1 promoters might contain binding
sites of S-phase CDK-responsive cellular transcription fac-
tor(s).

DISCUSSION

The lack of elevation of the cellular CDK inhibitors
p21CIPYWAEL and p27%TP-! and instead the accumulation of
hyperphosphorylated forms of Rb protein in EBV productive
infection-induced LCLs, indicated that the p21<'PVWAFL and
p27'"sensitive CDKs might play an important role in EBV
productive replication. The results of a previous report (30)
prompted us to ask whether EBV lytic infection could specif-
ically be inhibited by chemical drugs that function similarly to
p21CTPYWAFL and p27¥TP-!, Several purine derivative drugs,
including roscovitine and purvalanol A, that inhibit specific
types of CDK activity have recently been described (21, 37). At
low concentrations, their inhibitory effects are highly specific
for CDKl/cyclin B, CDK2/cyclin A, and CDK2/cyclin E and
none can significantly inhibit CDK4 and CDKG6 activities. In
this study, it was revealed that these chemical CDK inhibitors
block EBV lytic replication significantly, providing evidence
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FIG. 8. Purvalanol A prevents BZLF1-induced transcriptional ac-
tivation of the early EBV promoters pPBMRF1 and pBHRFI. Tet-
BZLF1/HeLa cells were transfected with 2 pg of pPBMRF1-CAT or
pBHRF1-CAT and media were replaced with fresh media containing
or free of purvalanol A (20 uM) at 16 h posttransfection. Twenty hours
posttransfection, doxycycline was added to a final concentration of 5
wg/ml or not. Forty-eight hours after addition of doxycycline, cells were
harvested and some of them were used for a CAT enzyme assay.
(A) CAT activity was assayed by using the Promega CAT enzyme assay
system. The total amount of n-butyryl [**C]chloramphenicol (in pico-
moles) was measured and plotted on the graph. Data represent aver-
ages from three independent experiments. (B) The rest of the cells
were treated with lysis buffer, and clarified cell lysates were prepared.
Clarified cell lysates were separated by SDS-10% PAGE and applied
for Western blot analyses with the BZLF1 protein-specific antibody.
The proteins were detected by an enhanced chemiluminescence de-
tection system (Amersham). The slower-migrating band is a phosphor-
ylated form of the BZLF1 protein. The faster-migrating band is the
hypophosphorylated form.

that G, is an unsuitable period in the cell cycle for EBV
productive infection and confirming the requirement for the
environment of the late G,/S boundary or beyond.

Although the mechanism by which CDK2 and/or CDK1
activate EBV gene expression is unknown at the present time,
it has been shown that transcription of the EBV DNA Pol is
activated by the E2F transcription factor (33). There are sev-
eral putative E2F-binding motifs in the promoters of viral
genes such as BRLF1 (42), BALF5 (33), BALF4, BRRF2,
BVRFI, and BPLF1 (A. Kudoh and T. Tsurumi, unpublished
results). Also, E2F putative binding sites have been identified
within the promoter of the cellular transcription factor Spl
(40) and E2F exerts an additive effect on its overexpression.
Within the EBV lytic gene promoters are many Spl binding
sites. CDK2 and/or CDK1 act in part by phosphorylating the
Rb protein, which results in the release of the transcription
factor E2F (39), which can then transcriptionally activate genes
that are required for efficient lytic EBV DNA synthesis. EBV
DNA replication is not completely independent of cellular
replication proteins; e.g., DNA ligase I and FEN 1 may be
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required. It is conceivable that the activities of these cellular
replication proteins may be promoted under S-phase condi-
tions, when energy generation and other resources may sup-
port viral replication.

Purvalanol A induces a reversible arrest in progression
through the G, and G, phases of the cell cycle. Its inhibitory
effects are highly specific for CDK1, CDK2, and CDKS. Al-
though CDKS is a member of the CDK family of cell cycle
regulators with important roles in neuronal differentiation, it
has no observed function in the regulation of cell proliferation.
Its protein kinase activity is only detected in postmitotic neu-
rons. Although influence on CDK7 and CDKO9 has not previ-
ously been determined, it has been reported recently that
roscovitine inhibits CDK7 and CDK9 but not CDKS (45, 63).
The target of CDK?7 and -9 is known to be the C-terminal
domain of RNA Pol II, which regulates gene transcription.
Villerbu et al., however, have reported that purvalanol A does
not inhibit transcription under cell-free conditions and that the
level of the CDK inhibitory protein p21(WAF1/CIP1) is in-
creased in cells incubated with purvalanol A (62). Remarkably,
it has been demonstrated that roscovitine inhibits HSV-1 tran-
scription but not cellular transcription (which requires CDK7
and CDK9) (31, 38, 47, 49), and in this study, purvalanol A did
not inhibit the conditional expression of the BZLF1 protein
with doxycycline. Thus, purvalanol A does not cause a general
inhibition of gene expression and the specificity of action of the
drug is supported by the selective inhibition of the phosphor-
ylation of CDK substrates such as Rb protein and cyclin E.

The potential applications of CDK inhibitors have been ex-
plored for infections with HSV (47-49), CMV (4), human
T-cell leukemia virus type 1 (64), and human immunodefi-
ciency virus (63). Like EBV, these viruses might have evolved
various means to perturb the cell cycle to optimize the cellular
conditions in favor of their own replication. Although attempts
have been made to identify viruses resistant to the CDK in-
hibitor, almost no resistant HSV-1 or CMV strains could be
isolated (4, 47). However, we cannot preclude the possibility
that, in addition to cellular CDKs, the inhibitor could inhibit
any of the EBV-encoded kinases. Indeed, the EBV BGLF4-
encoded protein kinase mediates hyperphosphorylation of cel-
lular elongation factor 18 (EF-18). The BGLF4 protein and
CDKI1 target the same phosphorylation site (Ser133) in EF-13
(28). Given that the BGLF4 protein may have the potential to
phosphorylate Rb protein followed by release of free E2F,
cellular CDKs and viral protein kinase might act to phosphor-
ylate Rb protein synergistically. However, at least cellular
CDK activity would be essential for EBV lytic replication since
the viral protein kinase(s) belongs to an early or late protein
group and is not expressed in the early stage of EBV produc-
tive infection.

The present findings clearly demonstrated the requirement
for CDK activity in the replication of EBV. Thus, inhibition of
CDK activity by drugs blocks EBV replication. We hypothe-
sized that CDK2 in particular may be required to phosphory-
late the Rb protein, allowing for release of E2F and subse-
quently transcription of cellular and/or viral genes required for
EBV replication. To investigate this hypothesis further, it will
be necessary to determine whether upon phosphorylation of
Rb protein, subsequent release of E2F enhances synthesis of
viral immediate-early and early proteins. Alternatively, CDK2
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activity may also play another role in EBV productive replica-
tion. CDK2 activity has been reported to be involved in the
initiation of cellular DNA synthesis at origins of replication
(25). It is entirely possible that CDK2 activity may also play a
similar role in initiating EBV lytic replication. Purvalanol A-
sensitive  CDKs might possibly regulate BZLF1-mediated
transactivation of EBV immediate-early and early genes, as the
CDK activity clearly plays a role in BZLF1-mediated transac-
tivation based on the data shown in Fig. 6 and 7. There is a
possibility that purvalanol A-sensitive CDKs might directly
phosphorylate the BZLF1 protein, which, in turn, is required
for its function, and/or regulate downstream effectors of the
BZLF1 protein. It should be noted that roscovitine impaired
the activities of immediate-early proteins from human CMV
(HCMV) and HSV-1 (5, 10, 46), thus supporting one hypoth-
esis that purvalanol A might directly inhibit BZLF1 function.
However, when the BZLF1 protein was expressed in Tet-
BZLF1/HeLa cells with doxycycline, purvalanol A did not in-
hibit the phosphorylation of the protein (Fig. 8B). Also, the
fact that inhibition of CDK activity by purvalanol A blocks
EBYV lytic replication sometime after the BZLF1 gene expres-
sion, but prior to initiation of viral DNA synthesis, supports the
former hypothesis.

A setting similar to the cellular environment evoked by EBV
lytic replication has been observed for HCMV infection. A
number of studies have revealed that productive HCMV in-
fection stimulates arrested cells to enter the cell cycle (5, 13,
34, 44). Recent studies have confirmed these early observa-
tions and demonstrated that productively infected cells tra-
verse the cell cycle through at least late G, with induction of
cyclin E/CDK2 activity and hyperphosphorylation of Rb pro-
tein (4, 5, 26, 65). HCMV infection reduces the abundance of
two CDK?2 inhibitors (p21WAF1/CIP1 and p27KIP1). In cells
stimulated to traverse the cell cycle by serum growth factors,
cyclin E/CDK?2 acts in part by phosphorylating pRB protein,
which results in the release of the transcription factor E2F.
These findings suggest an important role for S-phase CDK
activity in HCMV replication as well as the lytic phase of EBV
DNA replication.
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