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ICP22 is a multifunctional herpes simplex virus 1 (HSV-1) regulatory protein that regulates the accumu-
lation of a subset of late (v,) proteins exemplified by U, 38, U; 41, and Ug11. ICP22 binds the cyclin-dependent
kinase 9 (cdk9) but not cdk7, and this complex in conjunction with viral protein kinases phosphorylates the
carboxyl terminus of RNA polymerase II (Pol II) in vitro. The primary function of cdk9 and its partners, the
cyclin T variants, is in the elongation of RNA transcripts, although functions related to the initiation and
processing of transcripts have also been reported. We report two series of experiments designed to probe the
role of cdk9 in infected cells. In the first, infected cells were treated with 5,6-dichloro-1-f3-p-ribofuranosylben-
zimidazole (DRB), a specific inhibitor of cdk9. In cells treated with DRB, the major effect was in the
accumulation of viral RNAs and proteins regulated by ICP22. The accumulation of «, 8, or y proteins not
regulated by ICP22 was not affected by the drug. The results obtained with DRB were duplicated in cells
transfected with small interfering RNA (siRNA) targeting cdk9 mRNAs. Interestingly, DRB and siRNA
reduced the levels of ICP22 but not those of other « gene products. In addition, cdk9 and ICP22 appeared to
colocalize with RNA Pol II in wild-type-virus-infected cells but not in AU, 13-infected cells. We conclude that
cdk9 plays a critical role in the optimization of expression of genes regulated by ICP22 and that one function

of cdk9 in HSV-1-infected cells may be to bring ICP22 into the RNA Pol II transcriptional complex.

The studies described in this report center on the role of
infected cell protein 22 (ICP22), an « (immediate early) pro-
tein in viral replication. Mutants lacking ICP22 yield reduced
levels of viral progeny in a cell-type-dependent manner (36).
The protein appears to perform several functions (24). A key
function expressed by the carboxyl-terminal domain (CTD) of
ICP22 in conjunction with the viral U, 13 protein kinase is to
enhance the synthesis of a subset of late (y,) proteins exem-
plified by the products of the U, 38, U; 41, and Ugl1 genes (2,
24, 31, 37). In earlier studies, this laboratory reported that
ICP22 and the U, 13 protein kinase mediate the activation of
cdc2 and degradation of its partners, cyclins A and B (3, 4).
cdc2 and its new partner, the viral DNA polymerase accessory
factor (U, 42), bind topoisomerase Ila in an ICP22-dependent
manner (1, 4). In addition, ICP22 and U, 13 mediate an inter-
mediate phosphorylation of the carboxyl terminus of RNA
polymerase II (Pol II) in Vero cells (14, 18, 34, 35).

Subsequent studies designed to elucidate the interaction of
ICP22 with RNA Pol II led to the discovery that ICP22 phys-
ically interacts with cyclin-dependent kinase 9 (cdk9) and that
the protein complex containing ICP22 and cdk9 phosphory-
lated the CTD of RNA Pol II in a viral Ug3 protein kinase-
dependent fashion in vitro (8). These studies also showed that
the CTD of RNA Pol II fused to glutathione S-transferase was
phosphorylated in reaction mixtures containing ICP22 or cdk9
immunoprecipitated from lysates of wild-type parent virus- or
AU, 13 mutant virus- but not from AU(3 mutant virus-infected
cells (8). The levels of cdk9 and its partner, cyclin T, were
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unaltered throughout the replicative cycle. These experiments
placed ICP22 and cdk9 in a complex with the CTD of RNA Pol
II. At the same time, we confirmed the requirement of ICP22
and the U 13 protein kinase in the posttranslational modifi-
cation of RNA Pol II that alters its electrophoretic mobility,
while Ug3 kinase appears to play a similar role but in a cell
type-dependent fashion (8). The focus of this report is on the
role of c¢dk9 in the expression of the subset of viral genes
regulated by ICP22. We found the following relevant to this
report.

cdk9 is a Ser/Thr proline-directed kinase that shares 47%
homology with other cdk’s (22). It was originally designated
PITALRE because of its similarity to the PSTAIRE-like cyclin
binding motif of cdc2, a motif that has been identified in all
cdk-related kinases (20, 23). cdk9 is ubiquitously expressed and
exists as two isoforms, i.e., cdk9,, and cdk9ss. cdk9s5 contains
a 13-kDa N-terminal Pro-Gly rich extension and is expressed
from a TATA-containing promoter, whereas cdk9,, is not (37).
The ratio of cdk9,,/cdk9ss is cell type dependent and most
likely regulated in a tissue-dependent manner (19, 37, 38).
However, both cdk9 isoforms have been found to localize to
the nucleus (27).

cdk9 interacts with a variety of T-type cyclins, T1, T2a, T2b,
and cyclin K (10, 26). c¢dk9 and its cyclin T partners bind
together and are referred to as positive transcription elonga-
tion factor b (P-TEFb). The various complexes that arise from
binding of different cyclins are likely to be cell-type specific and
differentiation and activation dependent (27). The P-TEFb
complexes function to phosphorylate the CTD of RNA Pol II
and positively regulate cellular transcription (21, 22, 26, 27).

P-TEFb is required for phosphorylation of the CTD of RNA
Pol II and for RNA Pol II-dependent production of mature
mRNA transcripts from promoters in in vitro assays—activities
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that are inhibited by 5,6-dichloro-1-B-p-ribofuranosylbenzimid-
azole (DRB) (22).

The mammalian CTD of RNA Pol II consists of a 52-heptad
repeat of Tyr-Ser-Pro-Thr-Ser-Pro-Ser that can be phosphory-
lated on the different serine residues during transcription (17,
25). For transcription, a hypophosphorylated form of RNA Pol
II and other factors must bind to the promoter region of the
RNA template. Once bound, RNA Pol II is phosphorylated at
the Ser® position by cdk7, which leads to clearance from the
promoter and transcriptional initiation (22). Shortly after this
initiation step, DRB sensitivity-inducing factor and negative
elongation factor F bind to and pause RNA Pol II near the
promoter. To overcome this block, P-TEFb is recruited to
RNA Pol II to phosphorylate the SPT5 subunit of DRB sen-
sitivity-inducing factor and the RNA-binding subunit of nega-
tive elongation factor F, removing the repressive block on
RNA Pol II. P-TEFb then phosphorylates the CTD of RNA
Pol I, primarily at the Ser? residues, allowing for productive
elongation (17, 25).

In addition to its role in transcriptional elongation, cdk9 also
plays a role in RNA initiation and processing. Thus, P-TEFb
was reported in the preinitiation complexes of human immu-
nodeficiency virus and has been shown to induce transcription
complex assembly by recruiting the TATA-box-binding protein
(TBP) (32). In Saccharomyces cerevisiae, elongation of tran-
scripts by RNA Pol II takes place in the absence of the cdk9
homologue Ctk1, but the recruitment of polyadenylation fac-
tors and processing of the 3’ ends are defective (5, 7, 39).

Viral gene products have been reported to modify the func-
tion of cdk9. Thus, the human immunodeficiency virus Tat
protein interacts with P-TEFb and phosphorylates the CTD of
RNA Pol IT (12, 13, 21). Human cytomegalovirus infection has
been shown to induce the hyperphosphorylation of the CTD of
the large subunit of RNA Pol II. This modification is associ-
ated with changes in the abundance, activity, and localization
of cdk9 and cdk7, as shown previously by S. Tamrakar et al.
(40). This same group has also shown that the addition of cdk
inhibitors at the start of infection alters the levels and local-
ization of cdk9 and cdk7 (15). More recently, the Kaposi’s
sarcoma-associated herpesvirus K-cyclin protein has been
shown to interact with cdk9 (6).

In this report, we show by two different methods, i.e., inhi-
bition of cdk9 by DRB and reduction in the levels of cdk9 in
cells transfected with small interfering RNA (siRNA) targeted
to cdk9 mRNA, that cdk9 plays a role in the expression of the
subset of genes regulated by ICP22. We also noted a slight but
reproducible decrease in the accumulation of ICP22. In addi-
tion, we present evidence that cdk9 recruits ICP22 to the RNA
Pol II complex.

MATERIALS AND METHODS

Cells and viruses. U20S (HTB-96), HEK 293T, and HEp-2 cells were ob-
tained from the American Type Culture Collection (Manassas, VA) and grown
in McCoy medium (Gibco-BRL) and Dulbecco’s modified Eagle’s medium sup-
plemented with 10% fetal bovine serum, respectively. Herpes simplex virus 1 (F)
[HSV-1(F)] is the prototype HSV-1 wild-type strain used in this laboratory (9).
The recombinant virus R325 (Aa22) lacks 821 bp from the 3’ terminus of ICP22
of HSV-1(F) (30, 36). The R7356 mutant lacks AU 13 (31).

Cell infection. Cells grown in 25- or 75-cm? flasks were exposed to 10 PFU of
virus per cell in medium consisting of mixture 199V supplemented with 1% calf
serum. After 2 h of incubation at 37°C, the inoculum was replaced with growth
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medium alone or supplemented with different concentrations of DRB or di-
methyl sulfoxide (DMSO) as described in Results. The cultures were reincubated
at 37°C until harvested. Time zero is defined as the time of exposure of cells to
virus.

Immunoblotting. Cell lysates for immunoblotting were prepared as follows:
the cell culture medium was removed and the cells were rinsed with phosphate-
buffered saline (PBS), scraped into 5 ml of 1% NP-40-1% deoxycholate in PBS
[PBS(A)], pelleted by centrifugation at 3,000 rpm, solubilized in high-salt lysis
buffer (20 mM Tris [pH 8.0], 1 mM EDTA, 0.5% NP-40, 400 mM NacCl, 0.1 mM
sodium orthovanadate, 10 mM NaF, 2 mM dithiothreitol, 100 g each of phen-
ylmethylsulfonyl fluoride and tolylsulfonyl phenylalanyl chloromethyl ketone and
leupeptin per ml), and stored on ice for 1 h. Insoluble materials were removed
by centrifugation as described above. Samples were mixed with equal volumes of
disruption buffer (2% sodium dodecyl sulfate, 50 mM Tris [pH 6.8], 2.75%
sucrose, 5% B-mercaptoethanol, and bromophenol blue) or solubilized in 200 pl
of disruption buffer and sonicated, boiled for 2 min, subjected to electrophoresis
on a 10% bisacrylamide gel, transferred to nitrocellulose membranes, blocked
for 2 h with 5% nonfat dry milk, and reacted with the appropriate primary
antibody overnight at 4°C. The next day, the blots were reacted at room tem-
perature for 1 h, rinsed three times in PBS, and reacted with the appropriate
secondary antibody for 2 h. The blots were developed (i) by incubation in
alkaline phosphatase (AP) buffer (100 mM Tris [pH 9.5], 100 mM NaCl, 5 mM
MgCl,), followed by incubation in AP buffer containing BCIP (5-bromo-4-
chloro-3-indolyphosphate) and nitroblue tetrazolium (the reaction was stopped
by immersing the blot in a solution containing 100 mM Tris [pH 7.6] and 10 mM
EDTA) or (ii) by enhanced chemiluminescence according to instructions sup-
plied by the manufacturer (Pierce).

Antibodies. The antibodies used in these studies were anti-actin (catalogue no.
A4700; Sigma), anti-cyclin T (catalogue no. sc-10750; Santa Cruz, Inc.), anti-
Cdk9 (catalogue no. sc-8338; Santa Cruz, Inc.), anti-RNA Pol II(8WG16) (cat-
alogue no. MM5-126R-500; Covance), and anti-RNA Pol II(ARAN3) used at
1:250 dilutions. The rabbit polyclonal antibody to ICP22 (36) was used at a 1:500
dilution in PBS containing 1% bovine serum albumin and 0.05% Tween 20.
Mouse monoclonal antibodies anti-ICP0, anti-ICP4, and anti-Ugl11 and rabbit
polyclonal antibody U; 38 were from the Goodwin Cancer Research Institute
(Plantation, FL) and used at a dilution of 1:1,000. Polyclonal antibody against
U 41 was prepared by Jossman (Napa, CA) and used at a 1:1,000 dilution.
Bound antibody was detected by using the following secondary antibodies: anti-
mouse immunoglobulin G (IgG) peroxidase (catalogue no. A4416; Sigma), anti-
rabbit IgG peroxidase (catalogue no. A0545; Sigma), anti-mouse IgG AP con-
jugate (catalogue no. 170-6520; Bio-Rad), and anti-rabbit IgG AP conjugate
(catalogue no. 170-6518; Bio-Rad) diluted 1:3,000.

Isolation of total RNA. U20S cells were mock treated or treated for 2 h with
50 uM of DRB or DMSO alone and exposed to virus as described above. Total
RNA extracted from cells harvested 10 h after infection with the aid of TRIzol
reagent (Life Technologies) according to the manufacturer’s instructions was
digested with DNase (Life Technologies), extracted with phenol-chloroform, and
precipitated with ethanol (Fisher Scientific) to remove possible DNA contami-
nation. Total RNA was used for Northern analysis and real-time PCR analysis.

Northern blot analysis. Total RNA (15 pg) extracted from treated or un-
treated U20S cells infected with wild-type virus as described above was loaded
onto a denaturing formaldehyde gel and probed with 3?P-labeled probes for the
viral proteins ICP4, ICP22, U, 38, and U, 41. The probes were PCR-amplified
from viral DNA with the following set of probes: for ICP22, oligonucleotide 5
(5'TGCGCCTTGTGTAAAAGC) and oligonucleotide 6 (5 TGTCGCTGCAC
GGATAGG); for ICP4, oligonucleotide 7 (5'GCTCATCGTGGTCAACACC)
and oligonucleotide 8 (5'CTTCCCAGTCCACAACTTCC); for U, 38, oligonu-
cleotide 9 (5'"CATCATCTAACCCGCCAAGT) and oligonucleotide 10 (5'GT
GAATCGTGTTGGTGATCC); and for U 41, oligonucleotide 11 (5’ATGAA
GTTTGCCCACACACA) and oligonucleotide 12 (5"CACGGAGGCGTAGGT
GTTAT). Prehybridization and hybridization were done with the ULTRAhyb
buffer (Ambion) supplemented with 200 pg of denatured salmon sperm DNA
per ml (Stratagene). The membrane was prehybridized at 42°C for 2 h and then
overnight after the addition of the *P-labeled probes. The membrane was rinsed
as suggested by the ULTRAhyb manufacturer and exposed to film for signal
detection.

siRNA transfections. cdk9-directed siRNA was obtained from Ambion (cata-
logue no. 103567-103 and 103567-104). Cells were transfected with siRNA 24 h
after seeding according to Dharmacon’s Dharmafect transfection reagent pro-
tocol. The medium was replaced after 24 h, and the cells were infected 48 h after
transfection and harvested 10 h later. The cell lysates were subjected to extrac-
tion for RNA or solubilized for immunoblot analyses.
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FIG. 1. DRB causes a decrease in the accumulation of ICP22-regulated proteins. U20S cells were mock infected (Mock) or exposed to
HSV-(F). Two hours after infection, the inoculum was replaced with medium alone, medium plus different concentrations of DRB, or medium plus
DMSO. The cells were harvested 10 h after infection, lysed, subjected to electrophoresis in denaturing gels, transferred to a nitrocellulose

membrane, and reacted with an antibody to various viral proteins.

Real-time PCR. cdk9 RNA was quantified using the ABI TagMan assays, as
described by Randall et al. (33) (Applied Biosystems). Specifically, 2 ul of DNase
I-treated total RNA was reverse transcribed with SuperScript IT (Invitrogen) and
oligo(dT) for 1 h at 42°C and then heat inactivated at 80°C for 20 min. One-
twentieth of the cDNA mix was mixed with an equal volume of 2 ul SYBR Green
master mix (Applied Biosystems) and the appropriate primers. PCR conditions
were as follows: 50°C for 2 min and 95°C for 10 min (95°C for 15 s and 55°C for
1 min) for 40 cycles. Results were analyzed with SDS 1.7 software (Applied
Biosystems). Relative cdk9 RNA levels were normalized to GAPDH (glyceral-
dehyde-3-phosphate dehydrogenase) RNA levels.

Immunofluorescence. For the infection experiments, HEp-2 cells grown on
four-well confocal slides (Erie Scientific) were exposed to 10 PFU of wild-type or
mutant viruses per cell for 2 h. After incubation at 37°C for a total of 10 h, the
cells were fixed in 4% paraformaldehyde. After fixation, the cells were neutral-
ized with 100 mM of glycine in PBS, permeabilized with 0.1% Triton X-100 in
PBS in the presence of 2 mg/ml bovine serum albumin (PBS-TB), and reacted
with primary antibodies, diluted in PBS-TB, for 2 h at room temperature. The
anti-cdk9 rabbit polyclonal antibody (H-79; Santa Cruz, Inc.) was used in a
dilution of 1:500; the anti-RNA Pol II mouse monoclonal antibody (§WG16)
(catalogue no. MMS5-126R-500; Covance) was used in a dilution of 1:1,000. The
samples were then rinsed several times with PBS-TB and reacted with Alexa
Fluor 594-conjugated goat anti-rabbit and Alexa Fluor 488-conjugated goat
anti-mouse secondary antibodies (Molecular Probes), diluted 1:1,000 in PBS-TB,
for 40 min at room temperature. After several washes, first with PBS-TB and
then with PBS, the samples were mounted in Vectashield mounting medium for
fluorescence (Vector Laboratories) and examined in a Zeiss confocal microscope
equipped with software provided by Zeiss.

RESULTS

DRB causes a reduction in the accumulation of ICP22 and
of selected late proteins in cells infected with wild-type virus.
In this series of experiments, U20S cells grown in a 25-cm?
flask were mock infected or exposed to 10 PFU of HSV-1(F)
per cell and then incubated in medium without additives or in
medium containing 25 or 50 pM DRB or a concentration of
DMSO corresponding to the concentration of DMSO in the
medium of cells exposed to S0 wM DRB. The cells were har-
vested at 10 h after infection, lysed, denatured, subjected to

electrophoresis in denaturing gels, and then reacted with an-
tibodies as described in Materials and Methods. The results
shown in Fig. 1A and B are as follows. We have repeatedly
observed a slight reduction in the levels of ICP22 and partic-
ularly in the fast-migrating forms of the protein. We have also
observed significant decreases in the accumulation of U, 41,
U, 38, and Ugl1 proteins in cells exposed to either 25 or 50 uM
DRB. We did not observe a decrease in the levels of ICP4,
ICPO, ICP27, gB, gC, gD, or thymidine kinase. The results
indicate that DRB has a profound effect on the accumulation
of the subset of proteins whose accumulation is dependent on
ICP22. Concomitantly, we have observed a decrease in the
levels of processed forms of ICP22. A similar loss was observed
in infected cell cultures exposed to DRB as late as 6 h after
infection (data not shown).

DRB affects the accumulation of U; 41, U, 38, and Ug11 viral
mRNAs but not that of ICP22, gC, or ICP4. In this series of
experiments, U20S cells grown as described above were ex-
posed to 10 PFU of HSV-1(F) per cell. At 24 h after infection,
the cultures were replenished with medium without additives
or medium containing 25 or 50 pM DRB or DMSO at a
concentration identical to that in medium containing 50 uM
DMSO. The cells were harvested 10 h after infection. The
RNA was then harvested, electrophoretically separated under
denaturing conditions, and reacted with specific probes as de-
scribed in Materials and Methods. Figure 2 shows the results of
four experiments that may be summarized as follows. DRB had
no effect on the accumulation of ICP4, ICP22, (Fig. 2A), gC
(Fig. 2B), or thymidine kinase (Fig. 2D) mRNAs. On the other
hand, both 25 and 50 uM DRB had a profound effect on the
accumulation of U, 38, U;41, (Fig. 2A), Ugll (Fig. 2B), or
U, 13 (Fig. 2C) mRNAs. We conclude that the inhibition of
accumulation of late (y) mRNAs is selective. DRB inhibited
the accumulation of mRNAs dependent on ICP22 (e.g., U; 38,
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FIG. 2. DRB affects the accumulation of U 41, U; 38, and Ugll
viral mRNAs but not the accumulation of those of ICP22, gC, or ICP4.
Total RNA was harvested from U20S cells that were exposed to
HSV-1(F) alone (lane 1) or treated with DMSO (lane 2) or different
concentrations of DRB as shown (lanes 3 and 4) at 10 h after infection.
The RNAs (15 pg/lane) were subjected to electrophoresis in denatur-
ing formaldehyde gels and probed with **P-labeled probes for ICP4
(A), ICP22 (A), U 38 (A), U 41 (A), thymidine kinase (tk) (D), Ugll
(B), gC (B), or U; 13 (C) mRNAs. Panels A to D show autoradio-
graphic images of **P-labeled probes hybridized to the electrophoreti-
cally separated RNA. Et Br, ethidium bromide.

U; 41, or Ugll) but not the mRNA of a late (vy,) gene (gC)
whose expression is not dependent on ICP22. The effect of
DRB on the accumulation of U; 13 mRNA was unexpected,
but since U 13 kinase is a major modifier of ICP22 and is
required for the expression of U, 38, U, 41, or Ugll, the ab-
sence of Uj 13 could explain the absence of the slow-migrating,
posttranslationally modified forms of ICP22 (Fig. 1).
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FIG. 3. The decrease in accumulation of Ugl1 and ICP22 protein is
not due to proteolytic digestion by common proteases. U20S cells
were either mock infected or exposed to 10 PFU of wild-type HSV-
1(F) per cell for 2 h. The inoculum was then replaced with medium
alone, medium plus 50 wM of DRB, or medium plus DMSO. The cells
were incubated at 37°C for three additional hours before being ex-
posed to the proteasome or protease inhibitors in the presence (lanes
4 to 8) or absence (lanes 9 to 11) of 50 .M DRB. Cells were harvested
10 h after infection, and the electrophoretically separated proteins
were immunoblotted for ICP22 and Ugl1.

The decrease in accumulation of Ugl1 and ICP22 protein is
not due to degradation by a common protease. Replicate cul-
tures of U20S cells were either mock infected or exposed to 10
PFU of wild-type HSV-1(F) per cell for 2 h. The inoculum was
then replaced with medium without additives (Fig. 3, lanes 1, 2,
and 6), with DMSO (Fig. 3, lanes 4 and 7), with 50 mM DRB
(Fig. 3, lanes 5 and 8), with DMSO plus a proteasome inhib-
itors (MG132 or lactacystin) (Fig. 3, lanes 9 and 10), or with
DRB plus one of the proteasome inhibitors (Fig. 3, lanes 11
and 12) or single individual inhibitors (Fig. 3, lanes 13 and 14).
One infected culture (Fig. 3, lane 2) was harvested at 2 h after
infection. Another set (Fig. 3, lanes 3, 4, and 5) was harvested
at 4 h after infection. All other cultures were harvested at 10 h
after infection, solubilized, subjected to electrophoresis in de-
naturing gels, and probed with antibodies against either ICP22
or Ugll protein.

The results were as follows. (i) The levels of ICP22 at 4 h
after infection increased relative to those at 2 h (Fig. 3, com-
pare lanes 3 and 2). At 4 h after infection, exposure of the
infected cells for 2 h to DMSO had no effect on accumulation
of ICP22 (Fig. 3, compare lanes 3 and 4). In contrast, exposure
of the infected cells for 2 h to DRB resulted in a decrease in
the accumulation of ICP22 (Fig. 3, compare lanes 4 and 5).

(ii) At 10 h after infection, the cells exposed to DRB for 8 h
accumulated significantly less ICP22 than untreated cells (Fig.
3, compare lanes 8 and 6). In contrast, DMSO had no effect on
the accumulation of ICP22 over the same time interval (Fig. 3,
compare lanes 8 and 7).

(iii) If the decrease in the accumulation of ICP22 in infected
cells treated with DRB were due to proteasome dependent
degradation, it could be expected that cells treated with
MG132 or lactocystin would have accumulated more ICP22
than cells treated with DRB alone. A comparison of lanes 11
and 12 with lane 8 in Fig. 3 does not support this expectation.

(iv) In parallel assays, we examined the accumulation of
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FIG. 4. siRNA targeted against cdk9 results in a reduction of cdk9
mRNA accumulation but not a reduction of cdk7 mRNA. HEK-293
cells were infected with HSV-1(F) 48 h after transfection with Dhar-
macon’s Dharmafect (DHF) transfection reagent 1, either alone or
mixed with a random siRNA or different concentrations of two differ-
ent siRNAs targeted against cdk9, as shown. After 10 h of incubation,
the cells were harvested and the total RNA extracted from the cells
was analyzed by real-time PCR for cdk9 and cdk7 mRNAs as described
in Materials and Methods.

Ugl1. This protein was not detected in cells harvested at 2 or
4 h after infection (Fig. 3, lanes 2 to 5). It was absent or barely
detectable in cells treated with DRB and harvested at 10 h
after infection (Fig. 3, lane 8). Neither MG132 nor lactosystin
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Mock  None DHF DHF DHF

ICP4
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ICP22
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FIG. 5. In infected cells transduced with cdk9 siRNA, there is a
decrease in the accumulation of U; 38 mRNA but not in that of ICP22
or ICP4 mRNAs. HEK-293 cells were infected with HSV-1(F) 48 h
after transfection with the siRNA targeted against cdk9 or the trans-
fection reagent Dharmafect (DHF). Total RNA extracted 20 h after
infection was subjected to electrophoresis in a denaturing formalde-
hyde gel (15 pg/lane) and probed with **P-labeled fragments of ICP4
(A), 18S (B), ICP22 (C), and U, 38 (D).
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FIG. 6. In infected cells transfected with cdk9 siRNA, there is a

decrease in the accumulation of ICP22, U, 38, and Ugl1 proteins. The

procedures were the same as those described in the legend for Fig. 5,

except that the cell lysates were subjected to electrophoresis in a

denaturing polyacrylamide gel and reacted with antibodies against
ICP4, ICPO, ICP22, U, 38, Ugl1, cdk9, or actin.

had an effect on the accumulation of this protein (Fig. 3,
compare lanes 11 and 12 with lane 8).

On the basis of the results presented in Fig. 2 and 3, we
conclude that the major effect of DRB is on the accumulation
of mRNAs encoding a subset of late proteins whose synthesis
is regulated by ICP22 and the U, 13 protein kinase. It is note-
worthy that the ICP22 mRNA is not affected by DRB. The
effect of DRB on ICP22 may well reflect a lack of posttrans-
lational processing resulting from the reduction in the synthe-
sis of U; 13 protein kinase.

cdk9 siRNA selectively inhibits the accumulation of cdk9
mRNA but not cdk7 mRNA. In this series of experiments,
replicate cultures of HEK-293 cells were mock treated or
transfected with Dharmafect transfection reagent 1 (Dharma-
con) alone, 25 or 50 nM of siRNA 103, 25 or 50 nM of siRNA
104, or random siRNA. siRNAs 103 and 104 were directed
against cdk9. The cells were exposed to 10 PFU of HSV-1(F)
per cell at 48 h after transfection and were maintained at 37°C
for 10 h. At that time, the cells were harvested and total RNA
was extracted and analyzed by real-time PCR as described in
Materials and Methods for the presence of cdk9 and cdk7
mRNAs. The amounts of cdk9 and cdk7 mRNAs were nor-
malized with respect to the levels of the mRNAs in uninfected,
untreated cells.

The results were as follows. (i) A 20% reduction in the levels
of cdk9 mRNA was observed in untreated infected cells (Fig.
4, lane 2), in cells exposed to reagent and then infected (Fig. 4,
lane 3), and in cells transfected with random siRNA and then
infected (lane 8). Cells transfected with 103 or 104 siRNA and
then infected exhibited a >70% reduction in the levels of cdk9
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FIG. 7. cdk9 and RNA Pol II colocalize at late times after infection. HEp-2 cells grown in four-well slides were mock infected or exposed to
HSV-1(F). After 6 or 10 h of infection, the cells were fixed in 4% paraformaldehyde. After fixation, the cells were neutralized with 100 mM of
glycine in PBS, permeabilized with 0.1% Triton X-100, and reacted with antibodies to cdc9 and RNA Pol II. Slides were examined in a Zeiss
confocal microscope equipped with software provided by Zeiss. Panels A, E, and I show mock-infected cells and cells infected with the wild-type
virus for 6 h and 10 h, respectively, stained with the anti-cdk9 antibody. Panels B, F, and J show mock infected cells and cells infected with the
wild-type virus for 6 h and 10 h, respectively, stained with the anti-RNA Pol II antibody. Panels C, G, and K show the merged images of the cdk9
and RNA Pol II stains. Panels D, H, and L show an enlargement of the boxed areas in panels C, G and K, respectively.

mRNA (Fig. 4, lanes 4 to 7). We note in particular that cells
transfected with 50 nM of 104 siRNA exhibited a 90% reduc-
tion in the level of cdk9 mRNA.

(ii) In contrast, infection with HSV-1(F) alone or after trans-
duction with 103 or 104 siRNAs had little, if any, effect on the
levels of cdk7 mRNA (Fig. 4B, lanes 1 to 8).

siRNA targeted to cdk9 causes a decrease in U;38 viral
mRNA but not in ICP22 or ICP4. In this series of experiments,
HEK-293 cells were transfected with 25, 50, or 100 nM of cdk9
siRNA 104, with random siRNA, or with Dharmacon’s Dhar-
mafect transfection reagent 1. After 48 h, the cells were mock
infected or exposed to 10 PFU of HSV-1(F) per cell. The RNA
extracted from cells 10 h after infection (15 pg/sample) was
subjected to electrophoresis in a denaturing formaldehyde gel
and probed with *?P-labeled probes for ICP4 (Fig. 5A), 18S
(Fig. 5B), ICP22 (Fig. 5C), or U;38 (Fig. 5D) mRNAs. As
shown in Fig. 5, there was a decrease in the accumulation of
U, 38 but not of ICP22 or ICP4 mRNA:s.

ICP22 accumulates in smaller amounts in cells transfected
with siRNA targeted against cdk9. In this series of experi-
ments, HEK-293 cells were transfected with 25, 50, or 100 nM
of 104 siRNA, with random siRNA, or with Dharmacon’s
Dharmafect transfection reagent 1. After 48 h, the cells were
mock infected or exposed to 10 PFU of HSV-1(F) per cell. At
10 h after infection, the cells were harvested, lysed, subjected

to electrophoresis in denaturing gels, transferred to a nitrocel-
lulose sheet, and probed with antibodies to ICP4, ICP22, cdk9,
and actin. As shown in Fig. 6, in cells transfected with cdk9
siRNA 104, there was a reduction in the accumulation of
I1CP22, U, 38, Ugll, and, as expected, in that of cdk9, but not
in the accumulation of ICP4 or ICPO.

Colocalization of cdk9 and RNA Pol II in cells infected with
wild-type and mutant viruses. Two series of experiments were
done. In the first, HEp-2 cells grown in four-well slides were
mock infected or exposed to HSV-1(F). After 6 or 10 h of
infection, the cells were fixed and reacted with antibodies to
cdk9 and RNA Pol II. As shown in Fig. 7E to L, the images of
cdk9 and RNA Pol II colocalize. This is clearly evident from
the coincidence of red and green pixels in the enlargements
shown in Fig. 7H and L. The foci of coincident Pol II and cdk9
evolved from punctate structures and coalesced into large
structures with time after infection (compare Fig. 7G and K,
containing images collected at 6 and 10 h after infection). In
the second series of experiments, we examined the distribution
of cdk9 and RNA Pol II in cells fixed 10 h after infection with
HSV-1(F), AICP22 (R325), or AU, 13 (R7356). As expected,
cdk9 and RNA Pol II colocalized in cells infected with HSV-
1(F) (Fig. 8E to H). In the images shown here, a portion of the
nuclei was enlarged in order to observe the individual pixels.
Thus, cdk9 and RNA Pol II colocalized in HSV-1(F)-infected
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Enlargement

FIG. 8. cdk9 and RNA Pol II colocalize in cells infected with wild-type but not mutant viruses. The procedures were the same as those described
in the legend for Fig. 7. Panels A, E, I, and M show mock-infected cells and cells infected with wild-type viruses R325 and R7356, respectively,
stained with the anti-cdk9 antibody. Panels B, F, J, and N show mock-infected cells and cells infected with wild-type viruses R325 and R7356,
respectively, stained with the anti-RNA Pol II antibody. Panels C, G, K, and O show the merged images of the cdk9 and RNA Pol II stains. Panels
D, H, L, and P show an enlargement of the boxed areas in panels C, G, K, and O, respectively.

cells (Fig. 8G and H). In contrast, the green and red pixels are
separated in enlargements of nuclei of cells infected with R325,
indicating that in the absence of ICP22, cdk9 and RNA Pol II
did not colocalize. In the case of cells infected with AU, 13
mutant R7356, the green and red pixels appear to be separated
in most cells. Even with the nucleus enlarged (Fig. 80 and P),
the colocalization is not nearly as compelling as that seen in
Fig. 8G and H.

DISCUSSION

The interest of this laboratory in the function of ICP22 stems
from the fact that 22, the gene encoding this protein, was the
first gene deleted by genetic engineering using selectable mark-
ers (30). Numerous reports that followed this observation still
left a gap in our understanding of the function of ICP22. What
is known is that the deletion mutant grows moderately well in
continuous human or primate cell lines but grows poorly in
primary cell lines or in rodent cell lines (36). In the absence of
ICP22, a subset of late protein exemplified by U, 38, U, 41, and
Ugll accumulates in smaller amounts (2, 24, 31, 37). A key

viral protein required for this function of ICP22 is the U, 13
protein kinase (2, 24, 31). This function maps near the carboxyl
terminus of ICP22, as it is at least one of possibly several U, 13
phosphorylation sites. Additional phenotypic properties of the
protein have also been described previously (18, 24, 28, 29, 35).
The regulation of the subset of late proteins has been linked to
two series of events. First, as noted in the introduction, ICP22
mediates the degradation of cyclins A and B (1, 3). In the
process, cdc2 acquires a new partner, the U; 42 DNA polymer-
ase accessory factor, and cdc2 together with U, 42 binds and
posttranslationally modifies topoisomerase Ila, all in an
ICP22-dependent fashion (4). In a possibly related series of
events, cdk9 interacted with ICP22 in a Ug3 protein kinase-
dependent fashion, and this complex phosphorylated the CTD
of RNA Pol II in vitro (8). These results raised two questions.
The foremost question is the role of cdk9 in the expression of
viral genes and in particular the significance of its interaction
with ICP22. To address this question, we performed three
series of experiments.

In the first experiment, we blocked the function of cdk9 by
exposing cells to DRB. These studies showed that in the pres-
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ence of DRB, the accumulations of ICP22-regulated proteins
and mRNAs were reduced, whereas the accumulation of thy-
midine kinase, a B gene product, and the accumulation of ICP0
and ICP4, o proteins, were unaffected. We also noted a de-
crease in ICP22 protein but not mRNA and a decrease in the
levels of U; 13 mRNAs. As shown in Fig. 3, we cannot relate
the decrease in ICP22 protein levels to protease activity as
tested to date.

In the second series of experiments, we blocked the synthesis
of cdk9 with the aid of siRNA directed against cdk9. In these
studies, we observed a 75 to 90% reduction in the levels of
cdk9, but this had no significant effect on cdk7. The siRNA
caused a reduction in the levels of U; 38 mRNA, a represen-
tative of the genes regulated by ICP22, but not of those of
ICP22. At the protein levels, we observed a reduction in the
accumulation of ICP22- and ICP22-regulated proteins U; 38
and Ugll but not in the accumulation of those of ICP0O or
ICP4. We conclude from these two series of experiments that
cdk9 is required for the optimal accumulation of mRNAs and
proteins regulated by ICP22. The puzzling feature of the re-
sults is the decrease in the level of ICP22 protein but not ICP22
mRNA in cells treated with DRB or cells in which the level of
cdk9 was reduced by siRNA. One hypothesis that remains to
be tested is that the stability of ICP22 depends on the U, 13
protein kinase and that in the absence of cdk9, the levels of
U, 13 decrease concomitantly with the decrease in the levels of
U, 13 mRNA in cells treated with DRB. We should stress that
the studies with the inhibitors of selected proteases failed to
produce convincing evidence of turnover of ICP22 protein.

The third series of experiments focused on the localization
of cdk9 and ICP22 in infected cells. Our results show that in
wild-type virus-infected cells, cdk9 and RNA-Pol II colocalize.
In cells infected with the AICP22 mutant or in cells infected
with the AU; 13 mutant, cdk9 and RNA Pol II are in close
proximity but do not colocalize.

The second question raised by preceding (8) and current
studies is the apparent discrepancy in the roles of the viral
protein kinases Ug3 and U, 13 in the phosphorylation of RNA
Pol II. Earlier studies have shown that the expression of the
subset of genes regulated by ICP22 requires, in addition, a
functional U, 13 protein kinase (31) and that this enzyme is
also required for the shift in the electrophoretic mobility of
RNA Pol II observed by Rice et al. (35) in wild-type, virus-
infected Vero cells. On the other hand, we reported that RNA
Pol II was phosphorylated by the complexes immunoprecipi-
tated by ICP22 and cdk9 from wild-type, virus-infected cells, to
a lesser extent from AU, 13-infected cells, and not at all from
AUg3-infected cells. In this study, we report that cdk9 colocal-
ized poorly if at all with RNA Pol II in cells infected with
AU, 13 mutant virus. One explanation of the results presented
here is that the viral protein kinases perform multiple func-
tions defined in part by posttranslational modification. Thus,
U, 13 has been shown to phosphorylate the Ug3 kinase (16,
29), and very likely U, 13 kinase is similarly phosphorylated by
both cellular and viral kinases. Given this complexity, the roles
of the protein kinases may have to be defined by direct inter-
action of suitably modified, purified kinases with RNA Pol II
and its cellular and viral partners.

Our studies indicate that cdk9 plays a key role in the accu-
mulation of the subset of late gene products whose abundance

J. VIROL.

is regulated by ICP22. The precise mechanism by which cdk9
acts is unclear. The results suggest, however, that cdk9 is in the
same complex with RNA Pol II in wild-type, virus-infected
cells. One hypothesis that is consistent with all available data is
that cdk9 brings posttranslationally modified ICP22 into the
transcriptional complex.
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