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Although herpes simplex virus (HSV) replicates in noncycling as well as cycling cells, including terminally
differentiated neurons, it has recently been shown that viral replication requires the activities of cellular
cyclin-dependent kinases (cdks) (L. M. Schang, J. Phillips, and P. A. Schaffer, J. Virol. 72:5626–5637, 1998).
Since we were unable to isolate HSV mutants resistant to two cdk inhibitors, Olomoucine and Roscovitine
(Rosco), we hypothesized that cdks may be required for more than one viral function during HSV replication.
In the experiments presented here, we tested this hypothesis by measuring the efficiency of (i) viral replication;
(ii) expression of selected immediate-early (IE) (ICP0 and ICP4), early (E) (ICP8 and TK), and late (L) (gC)
genes; and (iii) viral DNA synthesis in infected cultures to which Rosco was added after IE or IE and E proteins
had already been synthesized. Rosco inhibited HSV replication, transcription of IE and E genes, and viral DNA
synthesis when added at 1, 2, or 6 h postinfection or after release from a 6-h cycloheximide block. Transcription
of a representative L gene, gC, was also inhibited by Rosco under all conditions examined. We conclude from
these studies that cellular cdks are required for transcription of E as well as IE genes. In contrast, steady-state
levels of at least one cellular housekeeping gene were not affected by Rosco. The requirement of viral IE and
E transcription for cellular cdks may reflect either a requirement for specific cdk-activated cellular and/or viral
transcription factors or a more global requirement for cdks in the transcriptional activation of the viral
genome.

Herpes simplex virus (HSV) replicates in cycling as well as
noncycling cells, including terminally differentiated neurons.
HSV replication, however, has long been associated with cel-
lular functions known to be involved in cell cycle progression.
Thus, HSV replicates more efficiently in replicating than in
growth-arrested cells. Moreover, this difference in replication
efficiency is particularly prominent for viral mutants that do
not express active forms of certain viral proteins, such as ICP0
and VP16 (4, 7). The phenotypes of these mutants suggest that
one of the functions of these viral proteins is to induce or
replace cellular activities which are normally activated in a
cell-cycle-regulated manner. In addition to the impaired rep-
lication efficiency of ICP0 and VP16 mutants in noncycling
cells, wild-type HSV cannot replicate at the nonpermissive
temperature in several temperature-sensitive (ts) cell lines that
are growth arrested in G0/G1, implying that viral replication
requires one or more cellular functions activated in a cell-
cycle-dependent manner in noninfected cells (62, 67). The
cellular protein defective in one of these ts cell lines has been
identified as HCF, which is required for binding of a viral
transactivator, VP16, to viral immediate-early (IE) promoters.
Thus, in addition to its previously recognized role in HSV
replication (16, 67), HCF is an important regulator of cell cycle
progression (16, 65). The cellular proteins defective in other ts
cell lines that arrest in G0/G1 and do not support HSV repli-
cation have not yet been characterized but may potentially
include any of the cellular proteins involved in cell cycle pro-
gression that are also (i) required for efficient HSV replication

(16, 20), (ii) activated during HSV infection (25, 30), (iii)
localized to the sites of viral replication (11, 64), and/or (iv)
interactive physically with HSV DNA replication proteins (34).
Consistent with the involvement of certain cell-cycle-related
cellular activities in HSV infection, we have recently shown
that cyclin-dependent kinases (cdks) are required for HSV
replication, at least in cycling cells (54).

Cellular cdks are key regulators of cell cycle progression.
Although the precise mechanisms by which cdks accomplish
their regulatory roles are largely unclear, cdks are involved in
transcriptional regulation, DNA replication, and reorganiza-
tion of the cellular architecture. Thus, cdk-2, -3, -7, -8, and -9
are involved in transcriptional regulation. Specifically, cdk-2
and -3 are required to activate transcription factors (such as
E2F) that are important for cell cycle regulation (9, 10, 26).
cdk-7 and -8 are postulated to phosphorylate the carboxy-
terminal domain (CTD) of RNA polymerase II (51, 57, 58).
Finally, pTEFb (positive transcription elongation factor b),
which is required to overcome pausing of the transcriptional
complex, is a heterodimer containing and requiring cdk-9 (14,
68, 69, 72). Although the kinase activity of cdk-7, -8, or -9 is
disposable for transcription in certain artificial systems, it is
likely important in vivo, since phosphorylation of CTD is es-
sential for transcription in vivo (18, 70, 71).

In addition to their physiological roles in cells, cdks are also
involved in the replication of DNA-containing viruses. The
smaller DNA viruses that replicate only in cells in S phase
(parvo-, papova-, and adenoviruses) require cellular cdks for
their replication (21, 23, 60). Among larger DNA-containing
viruses, cdks have recently been shown to be required for
human cytomegalovirus replication (3). The involvement of
cdks in viral replication undoubtedly reflects the fact that viral
DNA replication of some viruses occurs only in S-phase nuclei,
and cdks are required for cellular progression into S phase. In
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addition, however, cdks are also directly involved in the viral
DNA replication process. For instance, the DNA replicative
functions of simian virus 40 and polyomavirus large T antigens
are activated by cdk-2 phosphorylation in vitro and by phos-
phorylation at consensus cdk sites in vivo (5, 21, 36). At this
writing, however, cdks are not known to be required for tran-
scription of any of the above-mentioned viruses.

Our previous results have demonstrated that cdks are re-
quired for HSV replication. Thus, two highly specific cdk in-
hibitors, Roscovitine (Rosco) and Olomoucine (Olo) (1, 8, 13,
39–42, 55, 63), blocked HSV replication, whereas other purine
derivatives and inhibitors of cell cycle progression that do not
inhibit cdks did not inhibit HSV replication (54). Rosco and
Olo are purine derivatives and display similar inhibitory pro-
files. They inhibit cdk-1/cyclin B, cdk-2/cyclin A or E, and
cdk-5/p25 and extracellular receptor-activated kinases 1 and 2
(which are inhibited at ;10- to 20-fold-higher concentrations
than the cdk targets). These inhibitors do not inhibit 35 other
enzymes tested, including protein serine/threonine or tyrosine
kinases, phosphatases, topoisomerases, DNA polymerases,
and a nucleoside kinase (63). Neither Olo nor Rosco signifi-
cantly inhibits the kinase activity of cdk-4 or -6, whereas the
effects of these drugs on cdk-3, -7, -8, and -9 have not been
examined (41, 63). As biological effects, Rosco blocks cell cycle
progression both in late G1/early S (when cdk-2 is required
prior to the onset of cellular DNA synthesis) and in M (when
cdk-1 is required for cell division) in a wide variety of mam-
malian cells, including Vero and HEL cells (54).

In our previous experiments, we showed that accumulation
of the ICP4 IE transcript is inhibited in the presence of Rosco
or Olo (54). Accumulation of two HSV early (E) transcripts
(those of the ICP8 and TK genes) and viral DNA replication
were also shown to be inhibited by these drugs. Neither tran-
scription of E genes nor DNA replication, however, occurs in
the absence of IE gene expression during lytic infection of
nonneuronal cells. Therefore, the inhibition of E transcript
accumulation and viral DNA replication may have been sec-
ondary to the block in IE gene expression. Alternatively, inhi-
bition of E transcript accumulation and HSV DNA replication
by Rosco or Olo may have been a direct result of inhibition of
cellular cdk activities required for these critical processes.

Since wild-type HSV could replicate in the presence of Olo
in cells partially resistant to this drug, and because we were
unable to isolate viral mutants resistant to Rosco and Olo, we
concluded that Rosco most likely does not act on a virally
encoded enzyme but rather on cell-encoded cdks (54). Fur-
thermore, we postulated that cellular cdk activities may be
required for more than one viral function. More specifically,
we hypothesized that cdks may be required for viral functions
that occur after IE proteins are expressed. To test this hypoth-
esis, we measured the effects of Rosco on HSV replication,
DNA synthesis, and viral transcription under conditions in
which IE gene products had already been expressed. If our
hypothesis were correct, addition of cdk inhibitors after ex-
pression of IE proteins should still block HSV replication.
Here we report that Rosco inhibits HSV replication even when
added at 6 h postinfection (hpi), after IE and E gene products
had already been synthesized. Moreover, Rosco also inhibits
HSV replication efficiently after release from a 6-h block in
protein synthesis induced by cycloheximide (CHX). In these
conditions, inhibition of viral replication occurred at the levels
of transcription of both IE and E genes, while translation and
stability of viral RNAs were not significantly impaired. Fur-
thermore, transcription of at least one cellular housekeeping
gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
was not dependent on the activities of Rosco-sensitive cdks.

Hence, transcription of both HSV IE and E genes requires
cellular cdk activity, a requirement not shared by at least one
cellular gene.

MATERIALS AND METHODS

Cells, virus, plasmids, and drugs. Methods used for the propagation and
maintenance of Vero cells have been described previously (54). A plaque-puri-
fied, low-passage (p9) stock of HSV-1, strain KOS, was used throughout these
studies and prepared as described previously (54). The construction of plasmids
prpTK, prp8, prp4, and prpgC used to synthesize the riboprobes used in this
study has been described (31).

Rosco was prepared and diluted as described previously (54). CHX was pre-
pared in phosphate-buffered saline (PBS) as a stock solution at a concentration
of 20 mg/ml. Stock CHX solution was diluted to working concentrations in
Dulbecco’s minimal essential medium containing 10% fetal bovine serum. Final
concentrations of drugs were 100 mM Rosco and 50 mg of CHX/ml in all
experiments.

Infections. Vero cells (2 3 105 cells) were infected with 3 PFU of HSV-1 strain
KOS diluted in serum-free medium per cell. After adsorption for 1 h at 37°C, the
inoculum was removed, monolayers were washed twice with cold PBS, and
standard medium or medium containing drugs was added. When indicated,
medium overlaying infected cells was replaced with fresh drug-containing or
control (drug-free) medium. Infected cells were scraped into the medium at the
indicated times after infection (where time zero is the time of addition of
inoculum), and the entire infected cell suspension was transferred to a 5.0-ml
tube and frozen at 270°C. After thawing, cells were sonicated for 45 s, and
infectious virus was titrated by standard plaque assay. For the experiments in
which the time of the addition of Rosco was varied (presented in Fig. 1 to 4),
drug-free medium was removed from infected cells at 2 or 6 hpi and replaced
with 2 volumes of drug-containing medium. For the drug-replacement and drug-
release experiments shown in Fig. 5 to 9, drug-containing medium was removed
from infected monolayers at the indicated times postinfection. Infected cells
were then washed twice with PBS containing the same concentration of drug to
be added to the respective well after the washes. After washing, 2 volumes of
drug-free medium or medium containing 50 mg of CHX/ml or 100 mM Rosco was
added to each monolayer. Two volumes of medium were added to dilute any
residual drug remaining on the monolayers after the washes.

Probes. Plasmids prpgC, prpTK, prp8, prp4 (31), p0Hc-Xh (the generous gift
of Robert Jordan, University of Pennsylvania School of Medicine), and pTRI-
GAPDH (Ambion, Austin, Tex.) were linearized with BsgI, HindIII, NcoI, XcmI,
NruI, and HindIII, respectively. Riboprobes were synthesized using the Ribo-
probe in vitro Transcription System (Promega, Madison, Wis.), following the
manufacturer’s instructions, except that 5 ml of [a-32P]GTP (800 Ci/mmol) was
used for labeling, and no cold GTP was included in the transcription mix.
Labeled probes were separated from nonincorporated nucleotides using Nuc-
Trap probe purification columns according to the manufacturer’s instructions
(Stratagene, La Jolla, Calif.).

RNase protection assays. RNase protection assays were performed using the
DirectProtect kit (Ambion) as previously described (54), with minor modifica-
tions. Briefly, 4.5 3 106 Vero cells were infected with 3 PFU of HSV-1 per cell
in the presence of the indicated drug or in control, drug-free medium. Medium
with or without drug was replaced as indicated in the figures for each experiment.
At various times after infection, medium was removed, monolayers were washed
twice with cold PBS and scraped into 600 ml of RNA extraction buffer (Direct-
Protect; Ambion), and the resulting cell extracts were transferred to Eppendorf
tubes. Aliquots (45 ml) of each sample were annealed with 6 3 105 cpm of each
of the virus-specific probes at 55°C. As a control for equal loading, another 45 ml
of aliquot of each sample was annealed with 5 3 105 cpm of the GAPDH-specific
probe at 37°C. Preliminary experiments had determined that the amount of
probe used was saturating at this ratio of cell extract to probe. All annealing
reactions were performed overnight in a volume of 50 ml. RNase and proteinase
digestions were performed according to manufacturer’s instructions, and the
protected fragments were resolved by electrophoresis in 6% denaturing poly-
acrylamide gels. Dried gels were exposed and analyzed using a Storm Phosphor-
Imager system (Molecular Dynamics, Sunnyvale, Calif.).

Viral DNA replication assays. A total of 4.0 3 106 Vero cells were infected
with 3 PFU of HSV-1 KOS per cell and overlaid with drug-free control medium.
Medium was replaced as described for each experiment. At the indicated times
after infection, medium was removed, monolayers were washed with cold PBS,
and cells were scraped into 360 ml of DNA extraction buffer (Buffer ATL,
QIAamp tissue kit; QIAgen, Hilden, Germany). DNA was extracted as recom-
mended by the manufacturer and resuspended to a final concentration of ;50
ng/ml. Five micrograms of DNA from each sample was diluted to 400 ml with TE
(10 mM Tris, 1 mM EDTA [pH 7.6]), blotted, and hybridized as previously
described (54), except that a pool of TK, ICP8, and gC riboprobes (3 3 106 cpm
of each probe/ml) was used for hybridization.

Metabolic labeling of viral proteins. A total of 5 3 105 Vero cells were seeded
in 60-mm dishes and infected 24 h later with 6 PFU of HSV-1 KOS per cell in
the presence of the indicated drugs or in drug-free medium. Medium was re-
placed for each experiment. At various times after infection, medium was re-
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moved, monolayers were washed with warm methionine-free medium (Gibco
BRL, Gaithersburg, Md.), and cells were overlaid with 2.0 ml of methionine-free
medium supplemented with 100 mCi of [35S]methionine (.1,000 mCi/mmol;
DuPont-NEN, Boston, Mass.). At various times after the addition of the label,
medium was removed, monolayers were washed once with 1.0 ml of cold PBS,
and cells were scraped into 800 ml of cold PBS. Cells in suspension were spun
down at 2,000 rpm for 5 min in a Microfuge, and the pellet was resuspended in
45 ml of cell lysis buffer (150 mM NaCl, 50 mM Tris [pH 7.5], 0.1% sodium
dodecyl sulfate [SDS], 1% Nonidet P-40, 0.5% deoxycholate supplemented with
5 mM phenylmethylsulfonyl fluoride, 100 mg of aprotinin/ml, and 10 mM leu-
peptin). An aliquot of 25 ml of each cell extract was diluted with 25 ml of 23
gel-loading buffer (100 mM Tris [pH 6.8], 200 mM dithiothreitol, 4% SDS, 0.2%
bromophenol blue, 20% glycerol), denatured by boiling for 3 min and loaded
onto discontinuous 6% (see Fig. 9) or 9% (see Fig. 5) polyacrylamide gels (29:1;
acrylamide:bis-methyl acrylamide). Following electrophoresis, gels were dried,
and bands were quantified by PhosphorImager (Molecular Dynamics) analysis.

RESULTS

Rosco inhibits HSV replication when added at 1, 2, or 6 hpi.
To determine whether cdks are required for essential HSV
functions that occur after transcription of IE genes, we evalu-
ated the effects on viral replication of adding Rosco at selected
times after infection. We have shown previously that Rosco
inhibits HSV replication in immortalized African green mon-
key cells (Vero) as efficiently as in primary human cells (HEL)
(54). Since Vero cells are more widely available than HEL
cells, we chose the former for all experiments presented
herein. Vero cells were infected with 3 PFU of HSV-1/cell.
After 1 h of adsorption, inoculum was removed, and monolay-
ers were washed and overlaid with drug-free, control medium
or medium containing 100 mM Rosco. At 2 and 6 hpi, medium
was removed from a replicate series of monolayers infected in
drug-free medium and replaced with medium containing 100
mM Rosco. Two types of control infections were also per-
formed. In one, infected monolayers were left in drug-free
medium throughout the experiment. In the other, drug-free
medium was replaced with fresh drug-free medium at 6 hpi to
control for the effect of medium change on HSV replication.

As shown previously (54), the addition of Rosco immedi-
ately after adsorption resulted in an almost total block in HSV
replication (Fig. 1). The addition of Rosco at 2 hpi had a nearly
identical inhibitory effect on viral replication (Fig. 1). When
Rosco was added at 6 hpi, however, 3, 1.5, and 0.4% of wild-
type levels of HSV replication were observed at 12, 18, and 24
hpi, respectively. Thus, HSV titers at 24 hpi in the series to
which Rosco was added at 6 hpi were more than 2 orders of
magnitude below the titers in untreated cultures (Fig. 1). Re-
placing drug-free medium at 6 hpi with fresh drug-free me-
dium had no measurable effect on the efficiency of HSV rep-
lication (Fig. 1). Thus, Rosco inhibits HSV replication even
when added after the time of IE protein synthesis (see Fig. 5
below).

Rosco inhibits HSV DNA replication when added at 1, 2, or
6 hpi. We have shown previously that Rosco inhibits HSV
DNA replication when added immediately after adsorption (1
hpi) (54). This block, however, could be a consequence of
blocking IE and/or E gene expression. Since Rosco inhibits
HSV replication even when added at 6 hpi (Fig. 1), we hypoth-
esized that Rosco may also inhibit a (relatively) late viral func-
tion. Since viral DNA synthesis requires previous IE and E
gene expression and consequently occurs later in the infection
cycle, we investigated whether the efficiency of viral DNA
replication was affected by Rosco added at 6 hpi. In these tests,
Vero cells were infected with 3 PFU of HSV-1/cell, and Rosco
was added to infected cultures at 1, 2, and 6 hpi as described
above. No Rosco was added to control cultures. Cells were
harvested at the indicated times postinfection, total infected

cell DNA was extracted, and levels of viral DNA were deter-
mined by slot blot hybridization (Fig. 2).

Rosco added immediately after adsorption (1 hpi) inhibited
HSV DNA replication efficiently throughout the 24-h experi-
ment (Fig. 2A and B). Consistent with its inhibitory effect on
viral replication, Rosco added at 2 hpi (1 h after adsorption)
inhibited HSV DNA replication nearly as efficiently as when
added immediately after adsorption (1 hpi) (Fig. 2A and B).
When Rosco was added at 6 hpi, however, HSV DNA repli-
cation was only partially inhibited (Fig. 2). Thus, as shown in
Fig. 2B, the total amount of HSV DNA and the rate of HSV
DNA replication were reduced by approximately 50% when
Rosco was added at 6 hpi (Fig. 2B). This experiment, however,
did not allow us to determine whether inhibition of viral DNA
replication is a direct effect of Rosco or whether it results from
the reduced levels of E DNA replication proteins as a result of
Rosco treatment. The following experiments were designed to
directly determine whether E gene expression was impaired by
Rosco added at 6 hpi.

Rosco inhibits transcription of IE, E, and L genes when
added at 1, 2, or 6 hpi. In these tests, we investigated whether
the accumulation of viral IE, E, and late (L) transcripts was
affected when Rosco was added at 1, 2, or 6 hpi. For this
purpose, Vero cells were infected with 3 PFU/cell, incubated
for 1 h at 37°C, washed, and overlaid with drug-free (control)
or Rosco-containing medium. At 2 and 6 hpi, replicate infected
cultures in drug-free medium were transferred into medium
containing Rosco. At the indicated times after infection, in-

FIG. 1. HSV replication in the presence of Rosco added at 1, 2, or 6 hpi.
Vero cells were infected with 3 PFU of HSV-1/cell. After 1 h of adsorption, cells
were washed and overlaid with drug-free medium or medium containing 100 mM
Rosco (RO 1). At 2 (RO 2) and 6 (RO 6) hpi, drug-free medium was removed
from replicate series of infected monolayers and replaced with medium contain-
ing 100 mM Rosco. An additional series of infected monolayers was incubated
continuously in drug-free medium (Control). Medium from yet another series of
monolayers was replaced at 6 hpi with fresh drug-free medium (Control 6). At 6,
12, 18, and 24 hpi, cultures were harvested and viral titers were measured by
standard plaque assays. Viral titers are plotted against time postinfection (hpi).
Each time point indicates the average and range of two independent experi-
ments.
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fected cells were harvested, and total infected cell RNA was
extracted. Levels of two IE (ICP0 and ICP4), two E (ICP8 and
TK), and one L (gC) viral transcript were measured by RNase
protection assays as described previously (54). Equal loading
was monitored by measuring the levels of a cellular housekeep-
ing transcript, GAPDH.

As previously observed with HEL cells (54), Rosco inhibited
accumulation of HSV IE and E transcripts efficiently when
added to Vero cells immediately after adsorption (Fig. 3A and
B). Indeed, the inhibition ranged from 25-fold (for ICP4) to
more than 1,000-fold (for TK) (Fig. 4A and B). Not surpris-
ingly, levels of an L transcript, whose expression is dependent
upon IE and E gene functions, as well as DNA replication,
were also very low under these conditions (;1,000-fold lower
than in control infections) (Fig. 3C and 4C). The same or
slightly higher levels of all five transcripts examined were ob-

FIG. 2. HSV DNA replication in the presence of Rosco added at 1, 2, or 6
hpi. Vero cells were infected with 3 PFU of HSV-1/cell, and drug-free medium
was replaced with Rosco-containing medium at 1, 2, and 6 hpi as described in the
legend to Fig. 1. A second series of infected monolayers was left in drug-free
medium throughout the 18-h experiment (Control). At 1, 2, 6, 9, 12, 18, and 24
hpi, cells were harvested and total cellular DNA was extracted, blotted on a nylon
membrane (GeneScreen; New England Nuclear Research Products, Boston,
Mass.), and hybridized to a pool of HSV-specific riboprobes. The membrane was
then visualized by PhosphorImager analysis (A). The signal that hybridized to
each slot was quantitated, and the amount of viral DNA in each sample was
plotted as a function of hours postinfection (hpi) after subtraction of background
counts (B).

FIG. 3. Levels of HSV IE, E, and L transcripts which accumulated in the
presence of Rosco added at 1, 2, or 6 hpi. Vero cells were infected and medium
was changed at selected times postinfection as described in the legend to Fig. 1.
At 1, 2, 6, 9, 12, and 18 hpi, cells were harvested, and viral and cellular RNA was
extracted. RNA was also extracted from mock-infected cells (MI) as a negative
control. Levels of IE transcripts ICP0 and ICP4 (A), E transcripts ICP8 and TK
(B), and an L transcript, gC, (C) were evaluated by RNase protection assays.
Levels of GAPDH were also measured to ensure equal loading of samples (C).
The apparent drop in the level of ICP8 mRNA at 12 hpi in the control (B) is a
technical artifact not observed in repeat experiments.
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served when Rosco was added at 2 hpi (Fig. 3 and 4). When
Rosco was added at 6 hpi, however, the levels of IE transcripts
continued to increase between 6 and 18 hpi, although their
levels at 18 hpi were still ;1.8-fold (ICP4) to ;4.6-fold (ICP0)
lower than in the absence of drug (Fig. 3A and 4A). The levels
of the E transcripts, ICP8 and TK, increased even less than the
levels of the IE transcripts after Rosco was added at 6 hpi,
relative to the levels attained immediately before the addition
of the drug (Fig. 3B and 4B). The levels of an L transcript
continued to increase after addition of Rosco at 6 hpi, al-

though the rate of accumulation in the presence of Rosco was
significantly lower than in the absence of drug (Fig. 3C and
4C). Consequently, when Rosco was added at 6 hpi, the levels
of gC transcripts at 18 hpi were approximately sevenfold lower
than in control infections (Fig. 4). Finally, the levels of the
GAPDH transcript demonstrated that loading was equal and
that Rosco has no significant effect on the steady-state levels of
the transcripts of this representative cellular housekeeping
gene (Fig. 3C). The decrease observed in the levels of GAPDH
in drug-free (control) infections at late times postinfection is

FIG. 4. Quantitation of the levels of HSV IE, E, and L transcripts which accumulated in the presence of Rosco added at 1, 2, or 6 hpi. Bands in the gels shown
in Fig. 3 were quantitated using the ImageQuant software package (Molecular Dynamics). After the subtraction of background counts, levels of individual viral
transcripts were expressed and plotted as counts at the indicated times postinfection (hpi). Although absolute values for levels of individual transcripts in these
experiments are comparable, comparisons between the absolute values obtained for different transcripts cannot be made. As noted in the legend to Fig. 3, the apparent
drop in the level of ICP8 mRNA at 12 hpi is artifactual and not reproducible.
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consistent with previous reports of cellular gene expression in
HSV-infected cells (31, 54). The relative effects of Rosco on
the accumulation of viral transcripts can be seen more clearly
in Fig. 4, in which the levels of the viral transcripts shown in
Fig. 3 were quantified.

We conclude from these experiments that accumulation of E
transcripts is impaired by Rosco even when the drug is added
after IE proteins should have been synthesized (see Fig. 5
below), suggesting that Rosco has a direct effect on E gene
transcription.

Rosco does not inhibit synthesis of HSV IE proteins when
added at 6 hpi. We next examined whether, as expected, nor-
mal levels of IE proteins were synthesized in the presence of
Rosco when the drug was added at 1 or 6 hpi. For this purpose,
metabolic labeling experiments were performed. Vero cells
were infected with 6 PFU/cell, incubated for 1 h at 37°C, and
overlaid with control drug-free or Rosco-containing medium
supplemented with [35S]methionine (Fig. 5A). For compari-
son, mock-infected cells were labeled in parallel in the absence
of drug. Preliminary experiments had established that Rosco
has no detectable effect on the pattern of protein synthesis in
mock-infected cells (data not shown). Drug-free medium was
removed from two infected monolayers at 6 hpi and replaced
with either Rosco-containing medium or fresh drug-free me-
dium supplemented with [35S]methionine (Fig. 5B).

When infected cells were overlaid with Rosco-containing
medium at 1 hpi, no viral proteins were synthesized subse-
quently, whereas the synthesis of cellular proteins was largely
unaffected (Fig. 5A). In contrast, and as expected, cells in-
fected in drug-free medium synthesized IE as well as E and L
proteins during the same period (Fig. 5A). When Rosco was
added to infected cells at 6 hpi, however, the pattern of viral
protein synthesis from 1 to 9 hpi was unaffected relative to
infections performed in the absence of drug (Fig. 5B). Thus,
and as expected, Rosco added at 6 hpi did not impair the
synthesis of IE proteins, which are synthesized largely in the
first 4 h of infection. Moreover, Rosco added at 6 hpi did not
inhibit translation from the E or L viral RNAs synthesized
before addition of the drug (Fig. 5). From these experiments,
we postulated that Rosco inhibited E transcript accumulation
(Fig. 3 and 4) in the presence of normal levels of IE proteins
(Fig. 5). To determine unequivocally whether Rosco inhibits
any essential viral function that occurs after IE gene expres-
sion, the following experiments were performed.

Rosco inhibits HSV replication after removal of a 6-h CHX
block. Although the infections that produced the findings
shown in Fig. 1 to 5 were synchronous, it is technically impos-
sible to evaluate the direct effects of Rosco on E gene expres-
sion by adding the drug at different times after infection be-
cause of the overlap in the times of expression of HSV IE and
E proteins. The effects of Rosco on specific stages of the HSV
replication cycle can be determined, however, by blocking the
progress of infection using drugs with known mechanisms of
action and then releasing the block in the presence or absence
of Rosco.

Using this approach, we examined the effects of addition of
Rosco on viral replication when high levels of IE transcripts
had already been expressed. For this purpose, a CHX release
experiment was performed (Fig. 6). CHX is a general inhibitor
of translation; hence, during infections performed in the pres-
ence of this drug, IE transcripts accumulate but are not trans-
lated. Consequently, E promoters are not activated, E tran-
scripts and proteins are not expressed, DNA replication does
not occur, and infectious virus is not produced. CHX inhibition
is, however, reversible such that when the drug is removed, IE
proteins are translated from the accumulated transcripts and

the replication cycle of the virus resumes. Thus, if cdks are
required for HSV replication functions which occur after IE
transcript accumulation, Rosco should inhibit viral replication
when added after the reversal of a CHX block.

To test this possibility, Vero cells were pretreated with CHX
for 1 h, infected with 3 PFU of HSV-1/cell, and overlaid with
medium containing 50 mg of CHX/ml. The concentration of
CHX used in these and subsequent reversal experiments was
minimized to permit efficient reversal. Six hours later, medium
was removed, and monolayers were washed twice with PBS and
overlaid with fresh medium containing no drug (control), 50 mg
of CHX/ml, or 100 mM Rosco. The PBS used for the washes

FIG. 5. Expression of viral proteins in the presence of Rosco added at 1 or 6
hpi. (A) Vero cells were infected with 6 PFU of HSV-1 KOS/cell and overlaid
with medium containing [35S]methionine and 100 mM Rosco (RO) or no drug
(C). Six hours later, cells were harvested, and proteins were resolved in a dis-
continuous 9% polyacrylamide gel. For comparison, mock-infected cells were
also labeled in control, drug-free medium (MI). (B) Vero cells were infected and
overlaid with drug-free medium containing [35S]methionine. Six hours later, the
medium was removed and fresh medium containing [35S]methionine and 100 mM
Rosco (RO) or no drug (C) was added. Three hours after the change of medium,
cells were harvested, and proteins were resolved in a discontinuous 9% poly-
acrylamide gel. Thus, infected cells were labeled for 9 h, either for the entire
period in drug-free control medium (C) or in control medium for the first 6 h and
in Rosco-containing medium for the last 3 h (RO). Molecular weights, estimated
from the mobility of markers, are indicated to the left of the gels. On the right,
solid arrowheads indicate IE proteins (ICP0, ICP22, and ICP27, from top to
bottom [ICP4 and ICP47 are not visible in these gels]). Open arrowheads indi-
cate E and L proteins.
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contained the same drugs as the media added after the washes.
Twenty-four hours after the change of medium, cells were
harvested, and infectious virus was measured by standard
plaque assay.

The results presented in Fig. 6A demonstrate that Rosco
inhibits HSV replication efficiently when added after removal
of CHX at 6 hpi. Indeed, inhibition of HSV replication by
Rosco under these conditions was almost as efficient as when
CHX itself was added back after removal of CHX at 6 hpi. For
comparison, cells in three dishes were infected for 24 h without
change of medium. Infected cells in one dish were incubated
for 24 h in drug-free medium, infected cells in a second dish
were incubated in the presence of CHX from 1 h before in-
fection through 24 hpi, and cells in a third dish were incubated
in the presence of Rosco from 1 to 24 hpi (Fig. 6B). A com-
parison of Fig. 6A and B demonstrates that Rosco added after
removal of CHX at 6 hpi inhibited HSV replication nearly as
efficiently as when it was added immediately after infection.

The inhibitory effect of Rosco on HSV replication after
reversal of a CHX block could be the result of inhibition of
translation of IE proteins, of E or L gene transcription, DNA
replication, encapsidation, viral egress, or other viral replica-
tion processes. Therefore, we next investigated whether tran-
scription of E genes in the presence of IE proteins required
cdk activities.

Rosco inhibits HSV transcription when added after removal
of CHX at 6 hpi. To determine if Rosco inhibits transcription
of viral genes after removal of a 6-h CHX block, we measured
the levels of representative viral IE, E, and L transcripts at
selected times after the release of the CHX block in the pres-
ence or absence of Rosco. For this purpose, Vero cells were
pretreated with CHX for 1 h, HSV infected, overlaid with
CHX-containing medium, and released as described above. At
the time of the change of medium (time zero) and 3, 6, and 9 h
after the change of medium cells were harvested, and total
RNA was extracted and measured as previously described (54).

As expected, when infected cells were released from the
CHX block into drug-free medium, levels of both IE tran-
scripts remained stable for 9 h (Fig. 7A and 8A). Moreover,
when fresh CHX-containing medium was added immediately
after release of the 6-h CHX block, IE transcripts continued to
accumulate such that their levels increased 1.7-fold (ICP4) and
2.3-fold (ICP0) in 9 h (Fig. 7A and 8A). In contrast, when
infected cells were released into Rosco-containing medium,
levels of ICP4 and ICP0 decreased approximately 2.5- to four-
fold, respectively, through the 9-h test period (Fig. 7A and 8A).

When the levels of two E transcripts were measured, tran-
script accumulation in the presence of CHX was minimal (Fig.
7B and 8B) but both transcripts accumulated more than 1,000-
fold above prerelease levels within the first 6 h following re-
lease into drug-free medium (Fig. 7B and 8B), as expected.
Recall that the concentration of CHX was minimized to allow
for efficient reversal and hence CHX did not block transcrip-
tion of E genes completely, as seen in Fig. 7B. After release of
the CHX block into Rosco-containing medium, E transcripts
accumulated only to low levels, and levels of the two transcripts
increased only modestly at later times postrelease (Fig. 7B and
8B). Thus, the levels of E transcripts in infections released into
Rosco were approximately sevenfold lower than in infections
released into drug-free medium (Fig. 8B).

Consistent with the inhibition of accumulation of E or IE
and E transcripts, the levels of a representative L transcript
remained very low during the 9-h period following release into
CHX- or Rosco-containing medium but reached high levels
when released into drug-free medium (Fig. 7C and 8C; gC).
Thus, the levels of gC transcripts were ;75-fold lower when
infected cells were released into Rosco-containing medium
than when they were released into drug-free medium.

In contrast to viral transcripts, the levels of a cellular tran-
script, that of the GAPDH gene, were not reduced in infected

FIG. 6. HSV replication in the presence of Rosco added after removal of
CHX at 6 hpi. (A) Vero cells were pretreated with CHX for 1 h, infected with 3
PFU of HSV-1/cell, washed, and overlaid with medium containing 50 mg of
CHX/ml. At 6 hpi, CHX-containing medium was removed, cells were washed
twice with PBS, and fresh medium containing no drug (C), 50 mg of CHX/ml, or
100 mM Rosco (RO) was added. The PBS used for the washes contained the
same drugs at the same concentrations as the medium added to respective
cultures after washing. Twenty-four hours after the change of medium, cells were
harvested, and viral titers were measured by standard plaque assay. Each bar
represents the average and range of two experiments. (B) Vero cells were
infected with 3 PFU of HSV-1/cell, washed, and overlaid with medium contain-
ing no drug (C), 50 mg of CHX/ml, or 100 mM Rosco (RO). Cells infected in the
presence of CHX had been pretreated with the same drug for 1 h before
infection. Twenty-four hours after infection, cells were harvested, and viral titers
were measured by standard plaque assay. Each bar represents the average and
range of two experiments.
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cultures released into CHX or Rosco relative to those released
into drug-free medium. In fact, and as observed in previous
experiments (reference 54 and Fig. 3 and 4), levels of GAPDH
transcripts decreased approximately threefold as infection pro-
gressed in cultures released into drug-free medium (Fig. 7C
and 8C). In contrast, the levels of the GAPDH transcripts were
not significantly affected following release of the CHX block
into CHX- or Rosco-containing media (Fig. 7C and 8C), likely
as a result of the block in viral replication.

The inhibition of accumulation of E (and L) transcripts
when Rosco was added after a 6-h CHX block could be me-
diated either by direct inhibition of E gene transcription or by
the inhibition of IE protein synthesis from the accumulated IE
transcripts. We tested the latter possibility.

Rosco inhibits accumulation of E but not IE proteins when
added after removal of CHX at 6 hpi. Although the cdks
known to be inhibited by Rosco have not been reported to be
required for translation, this remained a theoretical possibility.
Thus, we determined if the IE transcripts detected in the ex-
periments shown in Fig. 7 and 8 were indeed translated into
proteins in the presence of Rosco. For this purpose, we per-
formed a metabolic labeling experiment. Vero cells were
treated with CHX for 1 h, infected with 6 PFU of HSV/cell,
and maintained in the presence of CHX for 6 h. At 6 hpi,
CHX-containing medium was removed, and cells were washed
with PBS containing either no drug or 100 mM Rosco as re-
quired. After washing, medium containing [35S]methionine
and 100 mM Rosco or no drug was added to the monolayers.
Six and 12 h after release from the CHX block in the presence
of label and drug, cells were harvested and labeled proteins
were resolved by SDS-polyacrylamide gel electrophoresis. For
comparison, mock-infected cells were blocked with CHX for
6 h and released in the presence of label-containing, drug-free
medium. In preliminary experiments, we had determined that
Rosco has no visible effect on cellular protein synthesis in
uninfected cells after release from a 6-h CHX block (data not
shown).

Six hours after release into Rosco-containing medium, the
majority of the labeled proteins comigrated with cellular pro-
teins in the SDS-polyacrylamide gel (Fig. 9). At least four
labeled bands derived from infected cells released into Rosco-
containing medium, however, comigrated with labeled bands
derived from infected cells released into drug-free medium
(Fig. 9). Based on the molecular weights and migration pat-
terns of these bands, the four proteins were identified as IE
proteins ICP0, ICP4, ICP22, and ICP27. Notably, the levels of
these proteins in infected cells released into Rosco-containing
and drug-free medium were similar (Fig. 9). Thus, the levels of
ICP0 and ICP4 synthesized in the presence of Rosco were
;85% of the levels synthesized in drug-free medium, as mea-
sured by PhosphorImager analysis. Only the levels of ICP22
were slightly reduced in the presence of Rosco (;65% of levels
in drug-free medium in the experiment presented in Fig. 9).
Although the half-lives of the IE proteins in the presence or
absence of Rosco were not measured, any change in half-life
would be physiologically irrelevant, as it would not affect the
total amount of protein that accumulated in the first 6 h after
release from the CHX block.

In infected cells released into drug-free medium, several E
and L, as well as IE, proteins were detected 6 h after release
(Fig. 9), and the levels of most of these proteins increased
during the first 12 h after release. In contrast, in the infections
released in the presence of Rosco, the levels of (IE) viral
proteins did not increase after 6 h postrelease (Fig. 9). In both
control and Rosco-treated cultures, the levels of IE proteins
were lower when cells were labeled for 12 h after release than
when they were labeled for 6 h. Therefore, as expected, syn-
thesis of IE proteins was not maintained indefinitely after
release. Moreover, the enhanced decrease in levels of IE pro-
tein synthesis at later times after release of the CHX block in
the presence of Rosco (Fig. 9) correlated with the previously
observed decrease in the steady-state levels of IE transcripts
(Fig. 7A and 8A). No E or L proteins were detected in cells
released from the 6-h CHX block into Rosco-containing me-
dium (Fig. 9), consistent with the low levels of E and L tran-
scripts that accumulated under these conditions (Fig. 7B and C
and Fig. 8).

In sum, although the levels of IE proteins synthesized in the
presence of Rosco after a 6-h CHX block were not significantly
lower than in infected cells released into control medium (Fig.

FIG. 7. Levels of HSV IE, E, and L transcripts in the presence of Rosco
added after removal of CHX at 6 hpi. Vero cells were infected with 3 PFU of
HSV-1/cell, washed, and overlaid with medium containing 50 mg of CHX/ml. At
6 hpi, medium was removed, cells were washed twice with drug-containing PBS,
and fresh medium containing 50 mg of CHX/ml, no drug (Control), or 100 mM
Rosco (RO) was added. Immediately before (0), and at 3, 6, and 9 h postrelease
(hpr) of the CHX block and addition of the secondary drug, cells were harvested
and RNA extracted. RNA was also extracted from mock-infected cells as a
negative control (MI). Levels of ICP0 and ICP4 (IE), ICP8 and TK (E), and gC
(L) transcripts were evaluated by RNase protection. Levels of GAPDH were also
measured to ensure equal loading of individual samples (C).

2168 SCHANG ET AL. J. VIROL.



9), E transcript accumulation was significantly impaired by
Rosco under these conditions (Fig. 7 and 8). Based on a com-
parison of the results presented in Fig. 7, 8, and 9, we conclude
that Rosco inhibits transcription of E genes in the presence of
normal levels of IE proteins.

DISCUSSION

cdks are required for HSV transcription. We have shown
previously that cellular cdks are required for HSV replication
(54). In the experiments reported in this manuscript, we have
established that at least two viral functions require cellular
cdks during HSV replication in cycling cells. Thus, accumula-

tion of both IE and E transcripts was dependent on cdk activ-
ity. The effects of Rosco on L gene transcription, on the other
hand, may well reflect secondary effects of the inhibition of E
gene expression, and consequently viral DNA replication,
given that expression of gC is directly dependent on these viral
functions. As an alternative explanation, Rosco may have in-
hibited some yet-unknown viral or cellular kinase whose func-
tion is required for HSV IE, E, and L transcription. Notably,
however, none of the three acknowledged or putative viral
protein kinases is required for expression of all five viral genes
tested in the experiments presented in this article (15, 38, 47,
48).

Inhibition of HSV transcription by Rosco added 6 h after

FIG. 8. Quantitation of HSV IE, E, and L transcripts in the presence of Rosco added after removal of CHX at 6 hpi. The transcripts shown in Fig. 7 were quantitated
with the ImageQuant software package (Molecular Dynamics). After subtraction of background, levels of individual transcripts were plotted as counts as a function
of hours postrelease (hpr). Comparisons should be made not between the absolute values obtained for different transcripts but rather between levels of a given transcript
after different drug treatments.
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infection (Fig. 3 and 4) or after release of a CHX block (Fig.
7 and 8) proves that the effects of Rosco on transcription, and
hence on HSV replication, are not due to a block in the
transport of capsids to the nucleus or to a defect in uncoating.
Moreover, Rosco does not appear to inhibit transcript accu-
mulation by stimulating RNA degradation, in that the levels of
two E transcripts (ICP8 and TK) and one L transcript (gC)
remained stable or increased slightly after addition of Rosco
(Fig. 3, 4, 7, and 8). On the other hand, the levels of ICP0 (and
to a lesser extent ICP4) transcripts decreased after the addition
of Rosco following release of a 6-h CHX block (Fig. 7 and 8).
In these experiments, the estimated half-life of ICP0 mRNAs
was ;4.5 h and that of the ICP4 mRNAs was slightly longer.
Although our experimental conditions preclude precise deter-
mination of the half-lives of ICP0 or ICP4 transcripts, the
stability of both transcripts in the presence of Rosco is consis-
tent with their previously documented half-lives, which are
estimated to be between 1.5 and 5 h (24, 44). More impor-
tantly, the estimated half-lives are inconsistent with the hy-
pothesis that the low levels of these mRNAs can be explained
by a decrease in their half-lives. The apparently long half-lives
of E and L transcripts in the presence of Rosco added after
release of a 6-h CHX block may be due either to indirect

stabilization resulting from Rosco treatment or to low levels of
transcription of these genes upon addition of Rosco. These
(and other) viral transcripts may have been stabilized indirectly
by Rosco inhibition of vhs expression, as vhs itself is an L gene
product. Consistent with this possibility, the half-lives of ICP0,
ICP4, TK, ICP8, and other HSV mRNAs increased from ;1.5-
fold to ;4.5-fold in 8 h during infection with a vhs2 HSV
mutant (44).

We hypothesized previously that inhibition of IE transcrip-
tion by Rosco or Olo might be mediated by inhibition of
cdk-mediated phosphorylation of one or more of the proteins
required for transcription of IE genes (54). These proteins
include members of the basal cellular transcriptional complex
as well as promoter-specific viral and cellular transactivators.
Notably, the proteins that activate HSV IE promoters do not
activate E promoters during infection. Consequently, if Rosco
inhibited transcription of IE genes exclusively by inhibiting
phosphorylation of promoter-specific transactivators, the re-
quirement of E gene transcription for cdks would indicate that
cdks activate at least two independent transcriptional activities
required for HSV replication. For instance, HSV IE proteins,
which activate E promoters and are themselves phosphory-
lated, may be directly or indirectly regulated by cdk phosphor-
ylation. Interestingly, the relative mobilities of the IE proteins
after release from a CHX block in the presence of Rosco were
distinct from the mobility of the same viral proteins after re-
lease in drug-free medium (Fig. 9). Experiments to determine
whether this change in migration pattern reflects differences in
the phosphorylation states of these proteins are in progress.

Potential roles of cellular cdks in HSV transcription. Since
cdks are involved in regulating the activities of specific cellular
transcription factors (reviewed in reference 9), phosphoryla-
tion of these cellular factors could explain the requirement of
HSV transcription for cdks. For instance, the activity of oct-1,
which is required for HSV IE gene expression, is regulated by
cdk phosphorylation (19, 53). Other cellular transcription fac-
tors, including E2F, are further regulated by cdk-2 through
more complex mechanisms (2, 10, 12, 32, 43, 45, 52, 66). It has
been reported that the HSV TK promoter is activated by E2F
in transient transfection assays through a cell cycle-indepen-
dent process (59). Interestingly, free E2F and E2F in com-
plexes resembling those present in cycling cells at the G1/S
transition are induced during HSV infection (25). Although
the precise mechanism leading to E2F induction during HSV
infection has not been characterized (25), free E2F and E2F in
G1/S-specific complexes are physiologically induced by cdks (2,
10, 43).

Complexes of transcription factors, which generally contain
E2F and cdk-2, bind to cellular promoters in a constitutive
manner, but activate transcription only under certain circum-
stances (37). Cyclin A and p107 bind to some of these tran-
scription factor complexes in an inducible manner (37). In
theory, binding of cyclin A should activate cdk-2 already bound
to the promoter. Complexes containing cdk-2 bound to cyclin
A and p107/p130 have unique substrate specificity (22). The
altered substrate specificity of cdk-2 in such complexes has
been postulated to indicate that cdk-2 bound to promoters
through its interaction with p107/p130 may specifically activate
transcription factors constitutively bound to the same promot-
ers, thus explaining the inducibility of these promoters (22, 37).
It is possible, therefore, that a Rosco-sensitive cdk binds indi-
rectly to HSV promoters during infection and activates other
viral or cellular transcription factors already bound to these
promoters.

Considering the results of the experiments reported herein,
we must now consider an alternative but not mutually exclusive

FIG. 9. Expression of HSV proteins in the presence of Rosco added after
removal of CHX at 6 hpi. Vero cells were infected with 6 PFU of HSV-1/cell for
6 h in the presence of CHX, followed by removal of the drug and incubation in
drug-free medium (C) or in medium containing 100 mM Rosco (RO) as de-
scribed in the legend to Fig. 6. At the time of release, [35S]methionine was added
to cultures. For comparison, mock-infected cells were also released and labeled
for 6 h (MI). At 6 (0–6 hpr) and 12 (0–12 hpr) h postrelease, cells were harvested,
and proteins were resolved in a discontinuous 6% polyacrylamide gel. The
regions of the gel labeled 0 to 6 hpr highlighted with vertical lines are shown
expanded on the left, where the relevant IE proteins are indicated by arrows. The
ratios beneath each protein designation indicate the amount of the indicated
protein synthesized in the presence of Rosco relative to the amount synthesized
in drug-free medium. Molecular weights, estimated from the mobility of markers,
are indicated between the two main gels (0–6 and 0–12 hpr). On the right side of
these gels, solid arrowheads indicate IE proteins (from top to bottom: ICP4,
ICP0, ICP22, and ICP27, which comigrates with a cellular protein in this con-
centration of polyacrylamide [ICP47 is not visible in these gels]). Open arrow-
heads indicate E and L proteins.
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explanation for the requirement of both IE and E transcription
for cellular cdk. cdks may be required for global transcriptional
activation of the viral genome. Interestingly, a uniquely phos-
phorylated form of the CTD of RNA Pol II appears to be
required for the switch from cellular to viral transcription dur-
ing infection (49, 50). Physiologically, the CTD is phosphory-
lated by cdk-7, -8, and -9 (33, 51, 57, 58, 61, 68). The kinase that
catalyzes the unique phosphorylation of the CTD during HSV
infection has not been identified. Given that the vast majority
of the phosphorylation sites in the CTD are cdk sites (6),
however, the infection-specific phosphorylation of the CTD is
likely also catalyzed by a cdk. We previously performed an
analysis of the published structure and sequence data of cdk-7
and -8 to evaluate whether they may be inhibited by Rosco
(54). Considering the results presented herein, it is now im-
perative to determine experimentally whether Rosco inhibits
cdk-7 or -8. Experiments to address this issue are currently in
progress.

In addition to RNA Pol II itself, most, if not all, components
of the basal transcriptional complex are differentially phos-
phorylated (17). Furthermore, the activities of many of these
components are regulated by phosphorylation, and in some
cases, cdks have been identified as the relevant kinases (17, 35,
56). In addition to the basal transcription complex, transcrip-
tional coactivators, such as CBP and p300, are also regulated
by cdk phosphorylation (46). Therefore, differential phosphor-
ylation of one or more of the components of the basal or
inducible transcriptional complexes by cdks may be required
for transcription of the viral genome. Notably, cellular protein
synthesis is not grossly affected by Rosco (Fig. 5 and 9), sug-
gesting that transcription of most cellular genes does not re-
quire a Rosco-sensitive cdk (Fig. 3 and 7).

Involvement of cdks in viral functions. Cellular cdks have
long been known to be involved in the replication of DNA-
containing viruses (21, 23, 60). For example, the replication of
simian virus 40 and polyomavirus DNAs is activated by cdk-2
(5, 21, 36), and human cytomegalovirus DNA replication is
inhibited by both Rosco and Olo (3). HSV appears to be
unique, however, in that it requires cellular cdks for transcrip-
tion of both IE and E genes. Since IE and E proteins are
required for HSV DNA replication, we have not yet deter-
mined whether cdks are also required for this latter viral func-
tion. Experiments designed to address this issue are in
progress. All experiments presented here and in our previous
article (54) have been performed in cycling cells. Of the cdks
known to be sensitive or which may be sensitive to Rosco,
cdk-1, -2, and -7 are active in cycling cells. Moreover, cdk-3 and
-5 are expressed at high levels in these cells and may also be
active, although currently available techniques do not allow
detection of cdk-3- or -5-dependent kinase activity in cycling
cells. We must emphasize that we do not yet know which of the
Rosco-sensitive cdks is required for each specific HSV repli-
cation function; thus, we cannot yet determine whether these
cdks are specifically induced during infection. If the required
cdks are in fact those that are activated in a cell-cycle-specific
manner, one would predict that HSV infection of cells in stages
of the cell cycle in which these cdks are inactive should induce
them efficiently and rapidly to facilitate full viral gene expres-
sion and successful lytic infection. This hypothesis further sug-
gests that HSV infection of neurons, in which several of the
Rosco-sensitive cdks are inactive or not expressed, may well
lead to a latent state in which most viral transcription is re-
pressed.

Since at least two distinct HSV functions require the activ-
ities of cellular cdks (transcription of IE and of E genes),
resistance of HSV replication to cdk inhibitors would require

multiple mutations. The results presented herein are therefore
consistent with our previously reported inability to isolate HSV
variants resistant to Rosco or Olo (54). Both our inability to
isolate drug-resistant mutants and the ability of these drugs to
prevent the inflammatory and immune responses required for
controlling and clearing viral infections suggest that cdk inhib-
itors may be useful as anti-(herpes)viral drugs. Knowledge of
the processes that require cdk activity should provide an inter-
esting new series of molecular targets for the development of
novel antiviral compounds.
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