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Herpes simplex virus type 1 (HSV-1) ICP0 directs the degradation of cellular proteins associated with
nuclear structures called ND10, a function thought to be closely associated with its broad transactivating
activity. Roscovitine (Rosco), an inhibitor of cyclin-dependent kinases (cdks), inhibits the replication of HSV-1,
HSV-2, human cytomegalovirus, varicella-zoster virus, and human immunodeficiency virus type 1 by inhibiting
specific steps or activities of viral regulatory proteins, indicating the broad and pleiotropic effects that cdks
have on the replication of these viruses. We previously demonstrated that Rosco inhibits the transactivating
activity of ICP0. In the present study, we asked whether Rosco also affects the ability of ICP0 to direct the
degradation of ND10-associated proteins. For this purpose, WI-38 cells treated with cycloheximide (CHX) were
mock infected or infected with wild-type HSV-1 or an ICP0� mutant (7134). After release from the CHX block,
the infections were allowed to proceed for 2 h in the presence or absence of Rosco at a concentration known
to inhibit ICP0’s transactivating activity. The cells were then examined for the presence of ICP0 and selected
ND10-associated antigens (promyelocytic leukemia antigen [PML], sp100, hDaxx, and NDP55) by immuno-
fluorescence. Staining for the ND10-associated antigens was detected in <20% of KOS-infected cells in the
presence or absence of Rosco, demonstrating that Rosco-sensitive kinases are not required for ICP0’s ability
to direct the dispersal or degradation of these antigens. In contrast, >90% of 7134- and mock-infected cells
stained positive for all ND10-associated antigens in the presence or absence of Rosco. Similar results were
obtained with a non-ND10-associated antigen, DNA-PKcs, a known target of ICP0-directed degradation. The
results of the PML and DNA-PKcs immunofluorescence studies correlated with a decrease in the levels of these
proteins as determined by Western blotting. Thus, the differential requirement for Rosco-sensitive cdk activ-
ities distinguishes ICP0’s ability to direct the dispersal or degradation of cellular proteins from its transac-
tivating activity.

The molecular mechanisms responsible for the activation of
herpes simplex virus (HSV) gene expression during productive
infection and reactivation from latency are not well under-
stood. Available evidence indicates, however, that the func-
tions of viral regulatory proteins that activate viral-gene ex-
pression are themselves activated by cell cycle regulatory
proteins. For example, two cellular proteins, HCF (36) and
TAF250 (84), whose expression and activities are cell cycle
associated, activate the functions of two viral regulatory pro-
teins, VP16 (36) and ICP4 (12), respectively, and cyclin-depen-
dent kinases (cdks), which drive the cell cycle, are required for
the synthesis and activities of HSV immediate-early (IE) reg-
ulatory proteins (75–77). Notably, inhibitors of cdks have been
shown to inhibit the replication of HSV type 1 (HSV-1) (74),
HSV-2 (74), human cytomegalovirus (9), varicella-zoster virus
(S. L. Taylor, P. R. Kinchington, A. Brooks, and J. F. Moffat,
personal communication), and human immunodeficiency virus
type 1 (74) at several steps in their life cycles by inhibiting,
either directly or indirectly, the functions of key viral regula-
tory proteins. These observations suggest that cdks may regu-
late common cellular proteins in viral pathways or processes
(e.g., viral transcription) necessary for their replication.

Among the HSV IE proteins whose regulatory functions
require the activities of cdks is ICP0 (2, 16), a strong activator
of any viral or cellular gene that exhibits a basal level of
transcription (11, 22, 26, 31, 32, 64, 69, 86). Although the
mechanism responsible for ICP0’s potent transactivating activ-
ity is unknown, transactivation occurs at a transcriptional or
pretranscriptional level that does not involve the binding of
ICP0 to a specific DNA sequence (29, 43), and one or more
cdks that are sensitive to the drug roscovitine (Rosco) (i.e.,
cdk-1, -2, -5, -7, and -9) are able to inhibit this activity (16).
Whatever the mechanism of transactivation, ICP0 mutants im-
paired in transactivating activity are also impaired in the ability
to direct the dispersal or degradation of selected cellular pro-
teins associated with nuclear structures called ND10 (23, 28,
58, 59, 67). ND10 structures were first observed by electron
microscopy �40 years ago and have since been linked to can-
cer, autoimmune diseases, and the replication of DNA-con-
taining viruses (reviewed in reference 66). Among the many
cellular proteins associated with ND10 are the promyelocytic
leukemia antigen (PML) (58), sp100 (59), hDaxx (41), NDP55
(6), CREB-binding protein (19), ISG20 (35), and Rb (4). These
proteins play roles in cellular transcription, proliferation, sur-
vival, and/or resistance to viral infection. ICP0 has been shown
to direct the degradation of PML, sp100, and their sumoylated
isoforms (14, 28, 67), as well as several non-ND10-associated
proteins (27, 48, 55, 68), via the ubiquitin-proteasome pathway.
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Consistent with this activity, ICP0 possesses E3 ubiquitin-li-
gase activity in vitro (8, 85). E3 ubiquitin-ligases attach ubiq-
uitin to cellular proteins, targeting them for degradation via
the proteasome pathway (33). Notably, the ubiquitin-protea-
some pathway is also required for ICP0’s transactivating activ-
ity, as inhibitors of the pathway block transactivation (30).
These findings, therefore, link ICP0’s E3 ubiquitin ligase ac-
tivity and its ability to direct the degradation of ND10-associ-
ated proteins directly to its transactivating activity. Although
the precise roles of ND10, the cellular proteins associated with
them, and the degradation of these proteins in HSV replication
are not clear, the genomes of several DNA-containing viruses
other than HSV, including human cytomegalovirus, Epstein-
Barr virus, adenovirus, and papillomavirus, localize to sites
immediately adjacent to ND10 upon infection, and each of
these viruses encodes a protein able to alter or direct the
degradation of ND10-associated proteins (reviewed in refer-
ence 24). During HSV replication, the ICP0-directed dispersal
or degradation of ND10-associated proteins appears to pro-
vide a unique cellular environment that promotes viral tran-
scription and DNA replication.

In addition to its transactivating activity, ICP0 has the ability
to reset the cell cycle clock to late G1/S and G2/M checkpoints
(20, 37, 54, 79), so that HSV-1 replication is independent of the
stage of the cell cycle (10). As for ICP0’s transactivating activ-
ity, ICP0 mutants unable to direct the dispersal or degradation
of ND10-associated proteins are also impaired in the ability to
reset the cell cycle clock (28, 37, 38, 54, 67). Consequently,

ICP0-directed dispersal or degradation of ND10-associated
proteins is likely a central event in both ICP0’s transactivating
and cell cycle-manipulating activities.

Having established that Rosco-sensitive cdks are required
for the transactivating activity of ICP0, we asked whether
Rosco-sensitive cdks are also required for ICP0’s ability to
promote the dispersal or degradation of ND10-associated pro-
teins. Our results demonstrate that Rosco-sensitive cdks are
not required for this activity. Based on these and other find-
ings, we propose a model in which the ICP0-directed dispersal
or degradation of ND10-associated proteins, which does not
require Rosco-sensitive cdks, precedes its transactivating ac-
tivity, which does require Rosco-sensitive cdks.

MATERIALS AND METHODS

Cells and viruses. An African green monkey kidney cell line (Vero) and
human embryonic lung cells (WI-38) were obtained from the American Type
Culture Collection (Manassas, Va.) and propagated in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf serum as described previously
(73). L7 cells, a Vero cell line stably transformed with the gene encoding ICP0
and able to complement the replication of ICP0 null mutants, were propagated
as described by Samaniego et al. (72). Low-passage (p11) HSV-1, strain KOS,
was used as the wild-type virus and was propagated and assayed as described by
Schaffer et al. (73). The HSV-1 recombinant KOS6� was grown and assayed as
described previously (16). The KOS-derived ICP0 null mutants, 7134 and dlx3.1,
were grown as previously described (10, 71), and titers of mutant stocks were
determined on L7 cell monolayers. 7134 contains the lacZ gene in place of the
open reading frame of ICP0, and dlx3.1 contains a large deletion (3.1 kb) that
eliminates the promoter and most of the open reading frame of ICP0 (Fig. 1).

FIG. 1. HSV-1 recombinant viruses used in this study. Diagram of the wild-type HSV genome (KOS; not drawn to scale) showing the unique
long (UL) and unique short (US) regions of the genome, each flanked by inverted repeat sequences (ab UL b�a� and a�c� US ca) shown as open
boxes. Beneath the diagram of the HSV-1 genome are shown short arrows indicating transcripts of relevant genes and the genomes of recombinant
viruses with their respective inserted lacZ cassettes and deletions (parentheses). The bent arrows indicate the transcription start sites of the
Escherichia coli lacZ cassettes (open boxes). KOS6� contains the ICP6 promoter-E. coli lacZ reporter cassette cloned into the BglII site between
the UL49 and UL50 genes of HSV (16). dlx3.1-6� contains the ICP6 promoter-E. coli lacZ reporter cassette cloned into the same site in the
background of the ICP0 null mutant, dlx3.1 (71). dlx3.1 contains a 3.1-kb deletion in both copies of the ICP0 gene (71), and 7134 contains the E.
coli lacZ cassette cloned in place of the complete open reading frames of both copies of ICP0 (11). The lacZ cassette is under the control of the
ICP0 promoter in 7134.
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Construction and characterization of dlx3.1-6�. L7 cells were cotransfected
with 1 �g of infectious dlx3.1 DNA, 2.5 �g of pUIClacZ (16), and 100 ng of the
ICP0 expression plasmid, pSH (as an inducer of recombination), as described by
Jordan and Schaffer (43). pUIClacZ contains the ICP6 promoter::lacZ cassette
cloned into the unique BglII site between the divergent promoters of the UL49
and UL50 genes of HSV-1 (16). Viral progeny of the cotransfection were plated
on L7 cells in medium containing 2% methylcellulose and the �-galactosidose
(�-Gal) chromogenic substrate X-Gal (5-bromo-4-chloro-3-indolyl-�-D-galacto-
pyranoside). Recombinants containing the ICP6 promoter::lacZ cassette pro-
duced blue plaques on L7 cells. One blue plaque (dlx3.1-6�) was isolated and
plaque purified three times. KOS6�, dlx3.1, and dlx3.1-6� viral DNAs were
isolated from infected Vero cells, digested with KpnI or SacI and PstI, and
subjected to Southern blot analyses as previously described for KOS6� (16) and
dlx3.1 (71). The KpnI digestion was used to test for the correct insertion of the
ICP6 promoter::lacZ cassette, and the SacI and PstI digestions were used to
determine whether deletion of the ICP0 locus characteristic of dlx3.1 was main-
tained. To compare the replication efficiencies of the two pairs of viruses, one-
step growth curves were performed with 5 PFU (each) of KOS, KOS6�, dlx3.1,
and dlx3.1-6�/cell in Vero cells as described by Cai and Schaffer (10).

Drugs. Rosco (CalBiochem, San Diego, Calif.) was prepared in dimethyl
sulfoxide (DMSO) as a 50 mM stock and used at various concentrations ranging
from 1 to 100 �M, or as indicated in the figure legends. Cycloheximide (CHX;
Sigma Chemical, St. Louis, Mo.) was prepared in serum-free Dulbecco’s modi-
fied Eagle’s medium as a stock solution of 20 mg/ml and used in WI-38 cell
medium at a concentration of 50 �g/ml.

Transactivation of the ICP6 promoter by ICP0. The design of the transacti-
vation experiments is illustrated in Fig. 2A. Briefly, WI-38 cells were plated in
24-well plates (5 � 104 cells per well). Twenty-three hours later, the cells were
treated with CHX for 1 h and either mock infected or infected with 5 PFU of
KOS6� or dlx3.1-6�/cell for 1 h at 37°C in the presence of CHX. After virus
adsorption (t � 1 h postinfection [p.i.]), the inoculum was removed, the mono-
layers were washed three times with phosphate-buffered saline (PBS) containing
CHX, 1 ml of WI-38 cell growth medium containing CHX was added to each
well, and the monolayers were incubated for an additional 4.5 h (t � 5.5 h p.i.).
At 5.5 h p.i., the cells were preincubated for 0.5 h in medium containing CHX in
the presence or absence of Rosco. At 6 h p.i., duplicate monolayers were either
harvested directly (t � 0 h postrelease [p.r.] of the CHX block) or washed with
PBS with or without Rosco and incubated in medium with or without Rosco for
an additional 6 h. At the end of the second 6-h treatment period (t � 12 h p.i.),
samples were harvested. For studies of the kinetics of ICP6 promoter activation,
KOS6�-infected cells were released into WI-38 cell growth medium, and samples
were harvested at 1-h intervals from 1 to 6 h p.r. of the CHX block. At the end
of the experiment, cell extracts were prepared and �-Gal assays were performed
as described below.

�-Gal and protein assays. Cell extracts were prepared by lysing cells in 50 �l
of cold Triton-Tris lysis buffer (1% Triton X-100, 20 mM Tris-HCl [pH 8.0], 150
mM NaCl, and fresh 1 mM dithiothreitol) (89). �-Gal activity was assayed as
described previously (70). Briefly, 10 �l of cell extract was added to 90 �l of a
solution containing 11 mM KCl, 88 mM sodium phosphate buffer (pH 7.3), 1 mM
MgCl2, 5 mM 2-mercaptoethanol, and freshly added 4.4 mM chlorophenol red–
�-D-galactopyranoside (Calbiochem). Reaction mixtures in 96-well plates were
incubated for 45 min at 37°C and for 14 to 18 h at room temperature. Optical
densities were read at 595 nm on a plate reader (Molecular Dynamics, Sunny-
vale, Calif.), and the amount of �-Gal activity was determined by a linear
standard curve. �-Gal assays were standardized relative to the protein concen-
tration (Bio-Rad [Hercules, Calif.] protein assay) according to the manufactur-
er’s protocol.

Immunofluorescence. Infections performed to examine the expression of ICP0
and individual cellular antigens were conducted essentially as described above
(see “Transactivation of the ICP6 promoter by ICP0”), except the cells were
plated on collagen-coated coverslips and mock infected or infected with wild-
type HSV-1 or 7134. At the time of harvest, the medium was removed, and the
coverslips were washed twice with PBS and either fixed and permeabilized as
described by Ascoli and Maul (6) for the staining of ICP0 and PML, sp100, or
NDP55 or fixed and permeabilized as described by Parkinson et al. (68) for the
staining of ICP0 and either hDaxx or DNA-PKcs. The following primary anti-
bodies (dilutions indicated in parentheses) were used for the dual staining of
each cellular antigen and ICP0: PML (1:500) (PML-14; Gerd Maul, Wistar
Institute, Philadelphia, Pa.) and ICP0 (1:500) (H1112; Rumbaugh-Goodwin In-
stitute for Cancer Research, Plantation, Fla.), hDaxx (1:10) (monoclonal anti-
body [MAb 514] [41]) and ICP0 (1:100) (J17 [89]), sp100 (1:10) (MAb 1150 [21])
and ICP0 (1:100) (J17), NDP55 (1:10) (MAb 138 [6]) and ICP0 (1:100) (J17),
and DNA-PKcs (1:10) (sc-5282; Santa Cruz Biotechnology, Santa Cruz, Calif.)

and ICP0 (1:100) (J17). The ICP0 rabbit polyclonal antibody, J17, used in dual
staining with all cellular antigens (except PML) was preadsorbed overnight at
4°C on 3.7% formaldehyde-fixed WI-38 cells prior to its use in immunofluores-
cence tests to reduce background staining of uninfected WI-38 cells. Primary

FIG. 2. Effect of Rosco on ICP0-mediated induction of �-Gal from
the ICP6 promoter in KOS6� and dlx3.1-6�. (A) Experimental design.
WI-38 cells were plated, pretreated with CHX for 1 h (t � �1 h p.i.),
and then either mock infected or infected with KOS6� or dlx3.1-6� (t
� 0 h p.i.) in the presence of CHX for 6 h (t � 6 h p.i.). The cells were
then harvested or released into non-Rosco-containing (� Rosco; nor-
mal) medium and harvested at 1-h intervals thereafter or released into
medium in the presence of the indicated concentrations of Rosco (�
Rosco) for an additional 6 h. At the end of the 6-h treatment period (t
� 12 h p.i.), cell extracts were prepared. �-Gal and total-protein
(Bradford) assays were performed on all samples. A�, polyadenylated
transcripts. (B) �-Gal activity in KOS6�-infected WI-38 cells. Negative
controls (Controls), kinetics of ICP6 promoter activity in the absence
of Rosco (Kinetics) from 0 to 6 h p.r. of the CHX block, and ICP6
promoter activity in the presence of Rosco (Rosco) at 6 h p.r. of the
CHX block are indicated by the brackets above and below the graph.
All samples were compared to mock-infected cells (t � �1 h p.i.) as a
control (far-left sample), which was given the arbitrary value of 1. �,
present; �, absent. (C) �-Gal activity in KOS6�- or dlx3.1-6�-infected
WI-38 cells. Infection conditions were as described for panel B; how-
ever, replicate cultures were infected with the HSV-1 recombinant,
dlx3.1-6�, and �-Gal activity was measured at 0 and 6 h p.r. of the
CHX block. Negative controls (Controls), activation of the ICP6 pro-
moter in the absence of Rosco (� R), and the presence of 50 �M
Rosco (� R) 6 h p.r. of the CHX block are indicated by the brackets
above and below the graph. All samples were compared to mock-
infected cells (t � �1 h p.i.) as a control (far-left sample), which was
given the arbitrary value of 1. In all cases, the data represent the means
of duplicate samples for each graph, and the error bars indicate the
standard deviation of the mean.
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antibodies against each cellular antigen and ICP0 were diluted together in PBS
containing 1% bovine serum albumin (BSA), and 75 �l was placed on each
coverslip. The coverslips were incubated for 1 h at room temperature in a
humidified chamber. They were washed twice with PBS containing 1% BSA at
room temperature, and 75 �l of secondary antibodies was placed on each cov-
erslip. All secondary antibodies described in this study were purchased from
Jackson ImmunoResearch, West Grove, Pa. The following secondary antibodies
(dilutions indicated in parentheses) were used for each primary antibody: PML
and ICP0 (J17) (1:100) (goat anti-rabbit immunoglobulin G [IgG] conjugated
with rhodamine red-X), hDaxx, sp100, DNA-PKCS, and ICP0 (H1112) (1:100)
(goat anti-mouse IgG conjugated with fluorescein isothiocyanate), and NDP55
(1:100) (goat anti-mouse IgM conjugated with fluorescein isothiocyanate). All
secondary antibodies were diluted individually in PBS containing 1% BSA, and
75 �l was added to each coverslip in the following order. First, the appropriate
secondary antibody which recognized each primary antibody against ICP0 was
added to the coverslips, and the coverslips were incubated for 40 min at room
temperature in a humidified chamber and washed two times with PBS containing
1% BSA. Second, the appropriate secondary antibody which recognized each
primary antibody against a given cellular antigen was added to the coverslips, and
the coverslips were incubated for 40 min at room temperature in a humidified
chamber, washed two times with PBS containing 1% BSA and two times with
distilled water, and mounted with 7 �l of Prolong Antifade Solution (Molecular
Probes, Eugene, Oreg.) per coverslip. The cells were viewed by fluorescence
microscopy with a Nikon Eclipse TE300 fluorescence microscope at �400 mag-
nification and photographed with an RT Slider digital camera (Diagnostic In-
struments, Sterling Heights, Mich.) with Photoshop software (Adobe Systems
Inc., Mountain View, Calif.). Images were assembled and labeled with Canvas 8
software (Deneba Systems, Miami, Fla.) and printed using a Fuji (Edison, N.J.)
Fujix Pictrography 3500 printer.

At least 200 cells from random fields were analyzed for each preparation, and
staining for a given cellular antigen and for ICP0 was noted. Each cell was
categorized into one of four groups: cells that stained positive (i) only for a given
cellular antigen, (ii) only for ICP0, (iii) for both, or (iv) for neither. The per-
centage of cells in each category was determined by dividing the number of cells
in a given category by the total number of cells counted in all four categories.

Preparation of infected cell lysates for PML and DNA-PKcs protein determi-
nation. WI-38 cells were plated at 2.0 � 106 per 100-mm-diameter plate in 10 ml
of WI-38 culture medium. Twenty-three hours later, the cells were treated with
10 ml of WI-38 medium containing CHX. One hour later, the cells were washed
with 5 ml of PBS containing CHX and mock infected or infected with 1 ml of
KOS or 7134 at a multiplicity of infection of 5 PFU/cell in WI-38 medium
containing CHX. After the 1-h adsorption period, the inoculum was removed,
the cultures were washed twice with 5 ml of PBS containing CHX, and 10 ml of
WI-38 medium containing CHX was added to each plate. After an additional
4.5-h incubation, the culture medium was aspirated and fresh medium containing
CHX and either DMSO (vehicle) or Rosco in DMSO was added to the cultures.
The monolayers were incubated for an additional 30 min, the medium was
removed, and the cultures were washed twice with PBS containing DMSO or
Rosco in DMSO. At this time, 0 h p.r. of the CHX block, and at selected intervals
(2, 4, or 8 h) thereafter, samples were washed with PBS, scraped into 5 ml of PBS,
and centrifuged at 4°C and 1,000 � g for 10 min. The supernatant was aspirated,
and the resulting pellet was flash-frozen in liquid N2 and thawed. To detect PML,
the cells were lysed in 30 �l of RIPA buffer (25 mM NaCl, 50 mM Tris [pH 7.5],
0.1% sodium dodecyl sulfate [SDS], 1% NP-40, and 0.5% deoxycholic acid)
containing 1 mM phenylmethylsulfonyl fluoride, 1 �g of aprotinin/ml, and 1 �g
of leupeptin/ml. To detect DNA-PKCS, the cell pellets were lysed in 1 ml of
RIPA buffer plus the protease inhibitors previously mentioned. The lysed ex-
tracts were sonicated by two 30-s pulses in a Misonix (Farmingdale, N.Y.)
Sonicator 3000 at 	105 W and held on ice.

Immunoprecipitations. To detect DNA-PKCS in infected cell cultures, 1 �g of
undiluted anti-DNA-PKCS monoclonal mouse IgG antibody (no. sc-5282; Santa
Cruz Biotechnology) was added to each 1 ml of lysate prepared as described
above and incubated overnight at 4°C with gentle agitation. The next day, sam-
ples were incubated with 20 �l (	10 mg) of protein A-agarose (Invitrogen Life
Technologies, Carlsbad, Calif.) for 2 h at 4°C with gentle agitation and then
centrifuged for 2 min at 3,300 � g at 4°C. The protein A-agarose pellet was
washed twice in RIPA buffer containing protease inhibitors. To elute DNA-
PKCS, the final pellet was resuspended in 20 �l of 1� Laemmli buffer (46),
heated for 5 min at 95°C, and centrifuged for 10 min at 16,100 � g at room
temperature. The supernatant from each sample was then subjected to Western
blot analysis.

Western blotting. To detect PML in cell lysates, 5 �l of 4� Laemmli buffer was
added to 15 �l of each cell lysate and heated at 95°C for 5 min. Proteins were

separated by SDS-polyacrylamide gel electrophoresis (PAGE) (8 and 6% acryl-
amide for PML and DNA-PKCS, respectively; 29:1 bisacrylamide-acrylamide) at
30 V for 16 h. The proteins were transferred onto nitrocellulose membranes
(Osmonics, Westborough, Mass.) by using a Mini Trans-Blot cell (Bio-Rad
Laboratories, Hercules, Calif.) at 4°C and 70 V. The membranes were blocked
for 2 h at room temperature with 5% nonfat dry milk in Tris-buffered saline with
0.1% Tween 20 (TBS-T). Primary-antibody incubations were performed in 5%
nonfat dry milk in TBS-T for 2 h at room temperature with antibodies directed
either against PML (no. sc-5621 [rabbit polyclonal IgG diluted 1:500]; Santa Cruz
Biotechnology) or DNA-PKCS (no. sc-5282 [mouse monoclonal IgG diluted
1:500]; Santa Cruz Biotechnology). The membranes were washed six times in 1 h
in TBS-T (20 ml per wash). For the secondary antibody, goat anti-rabbit IgG- or
goat anti-mouse IgG-horseradish peroxidase (Pierce Biochemicals, Rockford,
Ill.) was diluted 1:20,000 in 5% nonfat dry milk in TBS-T for PML and DNA-
PKCS, respectively, and the membranes were incubated for 30 min at room
temperature. The membranes were then washed six times in 1 h in TBS-T (20 ml
per wash) and exposed to film (Hyperfilm ECL; Amersham Pharmacia Biotech,
Little Chalfont, Buckinghamshire, England) by using Western Lightning Chemi-
luminescence Reagent Plus (Perkin-Elmer Life Sciences, Boston, Mass.). The
film was developed in a Kodak M35A X-OMAT processor. Exposures were
scanned (Arcus II scanner; AGFA, Mortsel, Belgium), assembled, and printed by
using Adobe Photoshop. To quantitate the relative levels of PML or DNA-PKCS,
autoradiographs were scanned by using a Bio-Rad Fluor-S MultiImager, and
band intensities were calculated with Multi-Analyst software.

RESULTS

Kinetics of ICP0-mediated transactivation of the ICP6 pro-
moter in WI-38 cells. It was shown previously in Vero cells that
Rosco-sensitive cdks are required for the transactivating activ-
ity of ICP0 and for its posttranslational modification state (16,
77). Because ICP0’s transactivating activity is thought to be
linked to its ability to target ND10-associated proteins for
dispersal or degradation, we wanted to determine whether
Rosco-sensitive cdks are also required for this activity by using
immunofluorescence tests and Western blotting assays. Be-
cause most antibodies directed against ND10-associated pro-
teins recognize only human forms of these proteins, it was
necessary to perform the proposed studies with a human cell
line. WI-38 cells were chosen for the tests. Prior to examining
the effects of Rosco on ICP0’s ability to target ND10-associ-
ated proteins for dispersal or degradation, we determined the
kinetics and levels of ICP0-mediated transactivation and the
concentration of Rosco needed to inhibit this activity in WI-38
cells.

As in our previous studies with Vero cells, we utilized ICP6
promoter activity as a measure of the transactivating activity of
ICP0, as ICP0 has been shown to be a unique and potent
transactivator of this promoter (15, 17, 34, 72, 81–83). These
tests were performed using the HSV-1 recombinant KOS6�,
which contains an ICP6 promoter::lacZ reporter cassette in-
serted into the HSV-1 genome between the divergently tran-
scribed genes UL49 and UL50 (Fig. 1). A protocol designed to
measure the kinetics of ICP0-mediated induction of �-Gal
activity from the ICP6 promoter in KOS6�-infected cells after
the release of a CHX block was used in these tests (Fig. 2A)
(16). Briefly, the presence of CHX in infected cultures results
in the accumulation of IE viral transcripts, which are subse-
quently translated into IE proteins when CHX is removed.
When CHX is removed in the absence of Rosco, fully func-
tional ICP0 is synthesized and induces transcription of the
ICP6 promoter::lacZ cassette. When CHX is removed in the
presence of Rosco, the effect of Rosco on ICP0’s transactivat-
ing activity can be assessed. This protocol was developed spe-
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cifically because Rosco inhibits the synthesis of IE transcripts,
including those specific for ICP0 (76, 77). As shown in Fig. 2B
(Kinetics), in the absence of Rosco, the levels of ICP0-induced
�-Gal activity controlled by the ICP6 promoter increased as a
function of time postrelease of the CHX block. Measurable
increases in �-Gal activity were observed from 2 (�5-fold) to
6 (�380-fold) h p.r. of the CHX block compared to mock-
infected cells or KOS6�-infected cells treated only with CHX
(Fig. 2B, Controls). In previous studies, a similar increase in
ICP6 promoter activity (110-fold) was observed in KOS6�-
infected Vero cells from 0 to 6 h p.r. of the CHX block (16).
Because the maximal level of �-Gal activity was observed 6 h
p.r. of the CHX block, this time point was chosen to examine
the effect of Rosco on the transactivating activity of ICP0 in
WI-38 cells.

Effect of Rosco on ICP0-mediated transactivation of the
ICP6 promoter in WI-38 cells. Although 100 �M Rosco inhib-
its ICP0’s transactivating activity 50-fold in Vero cells (16), the
concentration of Rosco able to inhibit ICP0’s transactivating
activity in WI-38 cells was unknown. To address this question,
concentrations of Rosco ranging from 1 to 100 �M were added
to WI-38 cell cultures after release of the CHX block, and
�-Gal assays were performed 6 h later. Concentrations ranging
from 1 to 100 �M inhibited ICP0’s ability to induce �-Gal
activity from the ICP6 promoter (Fig. 2B, Rosco) �2-, �13-,
�21-, and �28-fold (Fig. 2B, Kinetics). Thus, in WI-38 cells,
Rosco inhibited ICP0-mediated transactivation of the ICP6
promoter at all concentrations tested. Because 50 �M Rosco
was as effective as 100 �M Rosco, 50 �M was utilized in
subsequent tests.

Transactivation of the ICP6 promoter by ICP0. Although
others have reported that ICP0 is a specific and potent trans-
activator of the ICP6 promoter, we wanted to test the validity
of these observations in WI-38 cells. For this purpose, we
compared the �-Gal activity of KOS6� with that of the recom-
binant virus dlx3.1-6� (Fig. 1). dlx3.1-6� was constructed in the
same manner as KOS6� except that the ICP6 promoter::lacZ
cassette was inserted in the genetic background of the ICP0
null mutant, dlx3.1 (71) (Fig. 1). The site of insertion of the
ICP6::lacZ cassette and retention of the ICP0 deletion were
verified by Southern blot analysis (data not shown). In one-step
growth curves in Vero cells, the replication efficiencies of
dlx3.1-6� and dlx3.1 were comparable (data not shown), indi-
cating that insertion of the ICP6 promoter::lacZ cassette had
no major effect on the replication of dlx3.1-6� relative to dlx3.1
in cell culture.

Using KOS6�, dlx3.1-6�, and the CHX block protocol (Fig.
2A), we asked whether ICP0 is a specific transactivator of the
ICP6 promoter in WI-38 cells. As shown in Fig. 2C, in the
absence of Rosco, a 20-fold reduction in �-Gal activity was
observed 6 h p.r. of the CHX block in extracts of cells infected
with dlx3.1-6� compared to cells infected with KOS6�. The
presence of 50 �M Rosco also produced a 20-fold reduction in
�-Gal activity in KOS6�-infected cells relative to the “no-
drug” control 6 h p.r. of the block. In contrast, the basal �-Gal
activity in dlx3.1-6�-infected cells was unaffected by Rosco.
These results demonstrate that ICP0 is the primary transacti-
vator of the ICP6 promoter and that Rosco effectively inhibits
this activity in WI-38 cells, confirming previous reports that
ICP0 is a specific and potent transactivator of the ICP6 pro-

moter (15, 17, 34, 72, 81–83) and that Rosco did not affect the
basal activity of the ICP6 promoter (16).

Effects of Rosco on ICP0-directed degradation of the ND10-
associated antigen PML. ICP0 alters nuclear structures called
ND10, in part by targeting cellular proteins associated with
these structures for degradation (14, 28, 58, 59, 67). It has been
shown that the proteasome pathway is required for the tar-
geted degradation of these proteins by ICP0, which is in turn
required for ICP0’s transactivating activity (28). Since Rosco
inhibits ICP0’s transactivating activity, we asked whether
Rosco also affects the ability of ICP0 to degrade the prototypic
ND10-associated antigen, PML, during viral infection. For this
purpose, WI-38 cells were mock infected or infected with wild-
type KOS or the ICP0 null mutant 7134 (Fig. 1) using the CHX
block protocol. The infected cells were fixed and permeabilized
at the time of release of the CHX block or 2 h p.r. into medium
with or without Rosco. The 2-h time point was chosen because
ICP0 has been shown to induce the loss of ND10-associated
antigen-specific staining by �90% within 2 h p.r. of the CHX
block in HSV-1-infected cells (59). In the present tests, PML
staining was nuclear and punctate at the time of release of the
CHX block, as expected of an ND10-associated antigen in cells
that do not express ICP0 (Fig. 3A, 0 h p.r.). By 2 h p.r.,
however, PML-specific staining in KOS-infected cells (cells
staining positive for ICP0) was either undetectable or greatly
reduced in both the presence and absence of Rosco. In con-
trast, 7134-infected (Fig. 3A, 2 h p.r.) and mock-infected (data
not shown) cells exhibited abundant PML-specific staining but
no ICP0-specific staining in the absence or presence of Rosco.

To quantify this effect, the kinetics of the disappearance of
PML staining relative to ICP0 staining was measured by count-
ing individual cells that stained positive for PML, ICP0, both,
or neither antigen at 1-h intervals from 0 to 3 h p.r. of the CHX
block in KOS- (Fig. 3B), mock-, or 7134-infected cells (data
not shown). At 0 h p.r., PML staining was observed in 98% of
KOS-infected cells in untreated or Rosco-treated cells. After 1
and 2 h p.r., however, only 8 to 14% of the cells stained positive
for PML, whereas 74 to 80% of the cells stained positive for
ICP0, in both the absence and presence of Rosco. Thus, ICP0’s
ability to reduce PML staining was not affected by Rosco. By
3 h p.r. in the absence of Rosco, only 8% of cells stained
positive for PML, 80% stained positive for ICP0, and 12% did
not stain for either antigen. In contrast, by 3 h p.r. in the
presence of Rosco, 20% of cells were PML positive, only 22%
were ICP0 positive, and 58% did not stain for either antigen.
Thus, in the presence of Rosco, the percentage of cells exhib-
iting PML staining actually increased over time, the percentage
of cells staining positive for ICP0 decreased, and the percent-
age of cells staining negative for both antigens increased mark-
edly. These observations suggest that Rosco inhibited ICP0
synthesis by 3 h p.r., an effect that correlates with a previously
observed decrease in IE transcript accumulation after release
from the CHX block in the presence of Rosco (77). Alterna-
tively or simultaneously, the absence of the activities of Rosco-
sensitive cdks may affect the stability of ICP0. While others
have observed transient or limited colocalization between
ICP0 and PML during HSV-1 infection (58, 59), colocalization
was not observed in this study. Our inability to detect the
colocalization of ICP0 and PML is likely due to the time points
and/or cell type used in this experiment. As expected, at all
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FIG. 3. PML- and ICP0-specific immunofluorescence in WI-38 cells infected with wild-type KOS (ICP0�) or 7134 (ICP0�). (A) At 0 and 2 h
p.r. of the CHX block in the absence (�) and presence (�) of Rosco (R), infected cells were washed, fixed, permeabilized, and probed with primary
and secondary antibodies to detect PML and ICP0 by immunofluorescence. (B) Percentages of KOS-infected cells staining positive for PML, ICP0,
or neither protein at 0, 1, 2, and 3 h p.r. of the CHX block in the absence (�) and presence (�) of Rosco. At least 200 cells were counted per
time point per treatment group. The results obtained for mock- and 7134-infected cells at 0, 1, 2, and 3 h p.r. (data not shown) were
indistinguishable from those for KOS-infected cells at 0 h p.r. of the CHX block.
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time points tested, the percentages of cells staining positive for
PML in mock- and 7134-infected cells (	95%) (data not
shown) were similar to that in KOS-infected cells at 0 h p.r.
Individual cells that stained positive for both ICP0 and PML
were not observed.

ICP0-directed degradation of PML: Western blot analysis.
Previous studies have demonstrated that the ICP0-directed
reduction in PML staining of ND10 during HSV-1 infection
correlates with the degradation of the PML protein via the
ubiquitin-proteasome pathway and not simply the dispersal
and antigenic alteration of PML (28). To measure levels of
PML protein, we performed Western blot analysis. WI-38 cells
were mock infected or infected with KOS or 7134 and har-
vested 0 and 2 h p.r. of the CHX block. Western blots of these
samples showed a marked decrease in the level of an 	127-
kDa isoform of PML in KOS-infected cells 2 h p.r., both in the
absence and presence of Rosco (Fig. 4), compared to mock-
and 7134-infected cells. In two independent tests, PML levels
in KOS-infected cells 2 h p.r. decreased to an average of 10%
in the absence of Rosco and 17% in the presence of Rosco
compared to KOS-infected cells at 0 h p.r., set at 100%. No
major reduction in the levels of this PML isoform was observed
in mock- or 7134-infected cells at 2 h p.r. Minor variations in
the levels of PML in some mock- and 7134-infected samples
(e.g., Fig. 4, lane Mock, at 0 and 2 h p.r. in the absence of
Rosco) were not reproducible in repeat experiments. Thus,
Rosco did not affect the ability of ICP0 to direct the degrada-
tion of at least one PML isoform. Notably, although different
antibodies to PML were used in the immunofluorescence and
Western blot assays, both antibodies recognize the 	127-kDa
isoform of PML that is degraded in KOS-infected cells, as
determined by Western blotting (data not shown), supporting
the results of both immunofluorescence and Western blot as-
says.

Effect of Rosco on ICP0-directed dispersal and/or degrada-
tion of ND10-associated hDaxx-, sp100-, and NDP55-specific
staining. Because the ICP0-directed degradation of PML was
unaffected by Rosco, we next asked whether Rosco affects
ICP0’s ability to affect the staining of three other ND10-asso-

ciated antigens, hDaxx, sp100, and NDP55, using the same
experimental approach used for PML. ICP0 reduced hDaxx-
specific (Fig. 5A), sp100-specific (Fig. 5B), and NDP55-specific
(Fig. 5C) staining in KOS-infected cells in the presence and
absence of Rosco at 2 h p.r., relative to 7134-infected (Fig. 5A
to C) and mock-infected (data not shown) cells. Similar to
PML, the staining patterns of these three antigens were nu-
clear and punctate in cells that did not express ICP0.

The percentage of cells staining positive for hDaxx, sp100,
and NDP55 relative to those staining positive for ICP0 was
determined at 0 and 2 h p.r. in mock-, KOS-, or 7134-infected
cells. hDaxx (Fig. 5D), sp100 (Fig. 5E), and NDP55 (Fig. 5F)
staining was observed in 92, 95, and 92% of all KOS-infected
cells, respectively, at 0 h p.r. in the absence of Rosco. Similar
results were obtained in the presence of Rosco. No ICP0-
specific staining was detected in these cells at 0 h p.r. At 2 h
p.r., however, only 4 to 7% of KOS-infected cells stained pos-
itive for hDaxx (Fig. 5D), sp100 (Fig. 5E), or NDP55 (Fig. 5F),
while 86 to 93% of these cells were positive for ICP0 in the
absence or presence of Rosco. Of the three ND10-associated
antigens examined, only NDP55 was detected in the same
KOS-infected cells as ICP0, and these costained cells repre-
sented only 1% of all cells counted (Fig. 5F). The percentages
of hDaxx, sp100, and NDP55 staining in mock- and 7134-
infected cells at 0 and 2 h p.r. were similar to those observed in
KOS-infected cells at 0 h p.r. in untreated and Rosco-treated
cells (between 91 and 95% [data not shown]). The results
observed for sp100 are similar to immunofluorescence and
Western blotting results reported previously (14, 58, 65, 67).
Efforts to measure levels of hDaxx, sp100, and NDP55 by
Western blot analysis utilizing the same primary antibodies
used in immunofluorescence tests were unsuccessful. Conse-
quently, confirmatory Western blot tests were not performed.
The results of tests for hDaxx-, sp100-, and NDP55-specific
staining (Fig. 5) correlate with those of PML immunofluores-
cence tests (Fig. 3) and indicate that Rosco does not inhibit
ICP0’s ability to disperse and/or reduce the expression of at
least four ND10-associated antigens in HSV-1-infected cells.

Effect of Rosco on ICP0-directed degradation of DNA-PKCS.
We next asked whether Rosco-sensitive cdks are required for
ICP0 to direct the degradation of a cellular protein not asso-
ciated with ND10, DNA-PKCS (48, 68). In immunofluores-
cence tests, cells were fixed and permeabilized at 0, 4, and 8 h
p.r. of the CHX block. We chose these time points because
ICP0-mediated degradation of DNA-PKCS has been reported
to be delayed relative to the degradation of ND10-associated
proteins (48, 68). The outcomes of these tests demonstrate that
in the presence of ICP0, the number of KOS-infected cells
staining positive for DNA-PKCS decreased gradually from 0 to
8 h p.r. (Fig. 6A), in both the absence and presence of Rosco,
relative to 7134-infected (Fig. 6A) and mock-infected (data not
shown) cells. In contrast to the staining of ND10-associated
antigens, DNA-PKCS staining was diffuse throughout the nu-
cleus, and many cells stained positive for both ICP0 and DNA-
PKCS at 4 h p.r. of the CHX block in the absence or presence
of Rosco (Fig. 6A). In some costained cells, a diminution in the
intensity of DNA-PKCS staining was apparent relative to
DNA-PKCS staining in 7134-infected cells at 4 h p.r. (Fig. 6A).

As shown in Fig. 6B, DNA-PKCS staining was observed in
93% of KOS-infected cells at 0 h p.r. in the absence or pres-

FIG. 4. Western blot analysis of PML from mock-, KOS-, and 7134-
infected WI-38 cells. WI-38 cells were pretreated with CHX (50 �g/ml)
for 1 h, mock infected or infected with 5 PFU of KOS or 7134/cell in
CHX-containing medium for 6 h, and harvested at 0 (top) and 2
(bottom) h p.r. of the CHX block in the absence (�) or presence (�)
of Rosco. Cell extracts were prepared and analyzed by SDS-PAGE and
Western blotting. The numbers on the right indicate the molecular
mass marker (in kilodaltons), and the arrows on the left indicate the
PML isoform (	127 kDa) of interest.
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FIG. 5. hDaxx-, sp100-, NDP55-, and ICP0-specific immunofluorescence in WI-38 cells infected with KOS or 7134. (A to C) At 2 h p.r. of the
CHX block in the absence (�) and presence (�) of Rosco (R), infected cells were washed, fixed, permeabilized, and probed with primary and
secondary antibodies to detect hDaxx and ICP0 (A), sp100 and ICP0 (B), or NDP55 and ICP0 (C) by immunofluorescence. (D to F) Percentages
of KOS-infected cells staining positive for hDaxx and ICP0 (D), sp100 and ICP0 (E), or NDP55 and ICP0 (F) at 0 and 2 h p.r. of the CHX block
in the absence (�) and presence (�) of Rosco. At least 200 cells were counted per time point per treatment group. The results obtained for mock-
and 7134-infected cells at 0 and 2 h p.r. (data not shown) were indistinguishable from those for KOS-infected cells 0 h p.r. of the CHX block.
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ence of Rosco. A gradual decrease in the percentage of cells
staining positive for DNA-PKCS (the sum of DNA-PKCS

�/
ICP0� and DNA-PKCS

�) was observed between 2 and 10 h p.r.
(85 to 10 and 80 to 15% in the absence and presence of Rosco,
respectively). In contrast to results obtained with the ND10-
associated antigens, DNA-PKCS and ICP0 immunoreactivities
were detected simultaneously in a large number of cells at 2
and 4 h p.r. ICP0 staining (the sum of DNA-PKCS

�/ICP0� and
ICP0�) in untreated cells remained constant (	80%) from 2
to 10 h p.r.; in contrast, ICP0 staining in Rosco-treated samples
gradually decreased from 78 to 13%, and the percentage of
cells that did not stain for either antigen increased from 11 to
72%. The reduction in the number of ICP0-positive cells and
the increase in cells that did not stain for either antigen in the
presence of Rosco are similar to the findings made in the
studies of PML in the presence of Rosco (Fig. 3B). It is clear
from these studies that expression of ICP0 correlated with a
reduction in the number of DNA-PKCS-positive cells but that
relative to studies of the ND10-associated antigens, this reduc-
tion occurred over a longer period (0 to 8 h p.r.) and a greater
percentage of cells exhibited both DNA-PKCS and ICP0 stain-
ing.

ICP0-directed degradation of DNA-PKCS: Western blot
analysis. To validate the observation that Rosco had no effect
on the ability of ICP0 to direct the degradation of DNA-PKCS,
extracts of mock-, KOS-, and 7134-infected cells were analyzed
for DNA-PKCS protein levels by Western blotting (Fig. 7).
Approximately equivalent levels of DNA-PKCS protein were
detected at 0 h p.r. in the absence or presence of Rosco in
mock-, KOS-, and 7134-infected cells. A decrease in the levels
of the DNA-PKCS protein was detected only in KOS-infected
cells at 4 and 8 h p.r., in both the absence and presence of
Rosco. In two independent experiments, the levels of DNA-

PKCS in KOS-infected cells at 4 h p.r. decreased to an average
of 49% (without Rosco) and 14% (with Rosco) relative to
KOS-infected cells at 0 h p.r. (100%). This decrease was fur-
ther enhanced or maintained at 8 h p.r. to an average of 14%
(without Rosco) and 16% (with Rosco) relative to KOS-in-
fected cells at 0 h p.r. (100%). The levels of two polypeptides
with increased electrophoretic mobilities relative to full-length
DNA-PKCS also decreased gradually from 4 to 8 h p.r. in all
KOS-infected samples. Previous reports suggested that these
smaller polypeptides are proteolytic products of full-length
DNA-PKCS (52, 60, 80).

Taken together, the results of immunofluorescence tests and
Western blot analysis indicate that, as for PML and sp100 (14,
58, 65, 67), Rosco-sensitive cdks are not required for the ICP0-
directed degradation of DNA-PKCS. On the other hand, the
ICP0-directed degradation of DNA-PKCS in the absence of
Rosco proceeded more slowly than the degradation of ND10-
associated antigens in the absence of Rosco, and cells staining
for both ICP0 and DNA-PKCS were common.

DISCUSSION

Rosco-sensitive cdks are required for the transactivating
activity of ICP0 but not for its ability to direct the dispersal or
degradation of cellular proteins. Because a strong link exists
between the transactivating activity of ICP0, which requires
Rosco-sensitive cdks, and its ability to disperse or degrade
ND10-associated proteins (3, 28, 58, 59, 67), we asked whether
the mechanism by which Rosco inhibits ICP0’s transactivating
activity is by blocking ICP0-directed degradation of ND10-
associated proteins. Our results demonstrate that in WI-38
cells, Rosco-sensitive cdks do not play a role in ICP0-directed
dispersal or degradation of several ND10-associated antigens
or of a non-ND10-associated antigen. (Note that while the
present study focused on the roles of Rosco-sensitive cdks [i.e.,
cdk-1, -2, -5, -7, and -9] in ICP0-targeted degradation of cel-
lular proteins, it is possible that this activity may require cdks
that are not sensitive to Rosco [i.e., cdk-4, -6,and -8]).

An additional point should be made prior to discussing the
implications of ND10-associated protein degradation for the
functions of ICP0. The two kinds of tests used in these studies
assess different properties of the cellular proteins whose deg-
radation was examined. Immunofluorescence analysis detects
the presence and locations of protein or antigen isoforms by
antibody-antigen interactions, whereas Western blot analysis
detects the levels of these isoforms. Although we have shown
by both immunofluorescence and Western blotting that ICP0
directs the degradation of one PML isoform, we were unable
to demonstrate by Western blotting that ICP0 promotes the
degradation of hDaxx, sp100, and NDP55. In this regard, it has
been shown that the degradation of PML and sp100, and even
more so, their sumoylated isoforms, is directed by ICP0 (as
determined by Western blotting), correlating with the loss of
PML and sp100 staining as determined by immunofluores-
cence analysis (14, 28, 67). For PML, because its isoforms and
their stabilities vary with cell type and species in the presence
of ICP0, it is unclear if the degradation of all or selected PML
isoforms is important for the transactivating activity or other
functions of ICP0 (24). The results of the sp100 immunofluo-
rescence tests in the present study (Fig. 5B and E) are consis-

FIG. 5—Continued.
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FIG. 6. DNA-PKCS- and ICP0-specific immunofluorescence in WI-38 cells infected with KOS or 7134. (A) At 0, 4, and 8 h p.r. of the CHX block
in the absence (�) and presence (�) of Rosco (R), infected cells were washed, fixed, permeabilized, and probed with primary and secondary
antibodies to detect DNA-PKCS and ICP0 by immunofluorescence. Individual KOS-infected cells which stained positive for both DNA-PKCS and
ICP0 (t � 4 h p.r. of the CHX block) are indicated by the arrows. (B) Percentages of DNA-PKCS�/ICP0�, DNA-PKCS

�, ICP0�, and DNA-
PKCS

�/ICP0� staining in KOS-infected cells at 0, 2, 4, 6, 8, and 10 h p.r. of the CHX block in the absence (�) and presence (�) of Rosco. At least
200 cells were counted per time point per treatment group. The results obtained for mock- and 7134-infected cells at 0, 2, 4, 6, 8, and 10 h p.r.
(data not shown) were indistinguishable from those for KOS-infected cells at 0 h p.r. of the CHX block.
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tent with the likelihood that Rosco does not affect ICP0-di-
rected degradation of sp100. The levels of hDaxx and NDP55
during HSV infection have not been examined by Western blot
analysis, so it remains to be determined if ICP0 directs the
degradation of these two proteins or simply alters the subcel-
lular distribution of antigenically altered isoforms.

Western blot analysis of PML and DNA-PKCS in cells ex-
pressing ICP0 in the absence of Rosco revealed that ICP0
rapidly induced the degradation of one isoform of PML by 2 h
p.r. of the CHX block (Fig. 4), whereas degradation of DNA-
PKCS was not apparent until 8 h p.r. (Fig. 7). This difference in
the rates of degradation of the two proteins suggests possible
differences in the mechanisms of their degradation, even
though ICP0 has been shown to induce the degradation of both
antigens via the ubiquitin-proteasome pathway (28, 68). The
pattern of nuclear staining and the time required for degrada-
tion of DNA-PKCS differ from that of PML, which suggests the
possibility that ICP0 may preferentially direct the degradation
of ND10-associated antigens. In support of this concept, avail-
able evidence indicates that components of the ubiquitin-pro-
teasome pathway localize to ND10 in the absence or presence
of ICP0 (5, 25, 47). Because ICP0 (i) localizes transiently to
ND10 prior to its targeted degradation of ND10-associated
proteins (59) and (ii) possesses E3 ubiquitin ligase activity (8,
85), a link may exist between the association of proteins with
ND10 and their preferential degradation directed by ICP0.

Roles of ND10-associated proteins (hDaxx, sp100, NDP55,
and PML) in ICP0 function. The fact that the genomes of
several DNA-containing viruses localize to sites adjacent to
ND10 prior to the initiation of viral transcription and DNA
replication is well established (reviewed in reference 24). Many
of these viruses encode proteins with ND10-altering activities
similar to that of ICP0, suggesting that they may utilize a
common strategy to initiate replication. Despite these common
features, the role(s) that dispersal or degradation of individual
ND10-associated proteins plays at the molecular level in facil-
itating viral replication and, specifically, in ICP0’s transactivat-
ing and cell cycle-altering activities, is poorly understood. Sev-
eral studies suggest that hDaxx, sp100, and PML are linked
with activities that suppress transcription (4, 39, 49, 50, 53, 78,
88), whereas the biological activity of NDP55 remains to be
characterized. In the cases of hDaxx, sp100, and PML, ICP0
may relieve the transcription-repressive activities of these pro-

teins through their dispersal or degradation to activate viral-
gene expression. Of the four ND10-associated proteins exam-
ined in this study, PML is the best characterized. In addition to
its altered nuclear localization as a fusion protein with retinoic
acid receptor 
 in acute promyelocytic leukemia (18, 45), PML
is apparently necessary for the formation of ND10 (41). In a
recent report examining the significance of PML in HSV-1
infection, Lopez et al. hypothesized that overexpression of
PML would lead to a block in the ability of ICP0 to alter
ND10-associated proteins, resulting in the inhibition of HSV
gene expression and reduced replication efficiency (56). Con-
trary to their prediction, overexpression of PML in the pres-
ence of ICP0 did not result in alteration of ND10, diminished
HSV gene expression, or reduced replication. The authors
concluded that the alteration of ND10 is not necessary for
HSV replication. Two potential problems with the interpreta-
tion of these experiments are that (i) excessive amounts of
PML may not alter the intrinsic structure of ND10 and (ii)
ICP0 is likely able to induce the dispersal or degradation of
selected ND10-associated proteins despite the overexpression
of PML. While this report examined the effects of overexpres-
sion of PML on ICP0 function, the same group has recently
reported that the absence of PML also has no apparent effect
on HSV-1 replication but is essential for the antiviral effects of
interferon on HSV-1 replication (13). This observation sug-
gests that PML (and potentially other ND10-associated pro-

FIG. 7. Immunoprecipitation and Western blot analyses of DNA-
PKCS from mock-, KOS-, and 7134-infected WI-38 cells. WI-38 cells
were pretreated with CHX (50 �g/ml) for 1 h, mock infected or
infected with 5 PFU of KOS or 7134/cell in CHX-containing medium
for 6 h, and harvested at 0, 4, and 8 h p.r. of the CHX block in the
absence (�) or presence (�) of Rosco. Extracts and immunoprecipi-
tations of harvested cells were prepared and analyzed by SDS-PAGE
and Western blotting. The molecular mass markers (in kilodaltons),
bands specific for full-length DNA-PKCS (arrows), and bands specific
for degradation products of DNA-PKCS (dots) are indicated on the
left.

FIG. 6—Continued.

VOL. 77, 2003 TWO FUNCTIONS OF HSV-1 ICP0 12613



teins) may not play a role in the transactivating activity of ICP0
in cell culture; however, these data do not exclude a role for
other ND10-associated proteins or for PML in ICP0’s trans-
activating activity in vivo.

Role of Rosco-sensitive cdks in regulating ICP0 function: a
model. To provide a possible explanation for the mechanism by
which Rosco-sensitive cdks differentially affect ICP0’s ND10-
altering and transactivating functions, a model based on exist-
ing evidence is proposed (Fig. 8). Upon HSV-1 infection of
cycling cells, ICP0 is expressed and cdks alter the posttransla-
tional modification state of ICP0, either directly or indirectly,
to yield multiple ICP0 isoforms which localize to ND10 (Fig. 8a
and b) (40). The cdk-dependent, posttranslationally modified
forms of ICP0 are essential for its transactivating activity.
ICP0’s E3 ubiquitin-ligase activity (8, 85) promotes the ubiqui-
tination of selected ND10-associated proteins, targeting them
for degradation via the proteasome pathway (14, 28, 67) (Fig.
8c). This process may play a role in ICP0’s transactivating
activity (30) (and possibly in its cell cycle-modulatory activity).
Because ICP0 activates transcription in a DNA sequence-in-
dependent manner (29, 43), it is likely that the activation of
and/or interactions between cdk-modified ICP0 isoforms and
cellular proteins serve to induce transcription of viral and cel-
lular genes (Fig. 8d) (40).

Based on this model, how do Rosco-sensitive cdks affect the
functions of ICP0? From the collective studies of ICP0 func-
tions in the presence of Rosco, the activities of Rosco-sensitive
cdks are not required for ICP0’s nuclear localization and as-
sociation with ND10 (Fig. 8e) (16, 77). They are, however,
required for ICP0’s posttranslational processing (Fig. 8e) (16,
77). Rosco-sensitive cdks are also dispensable for ICP0’s E3
ubiquitin-ligase activity and proteasome-mediated degradation
or dispersal of ND10-associated proteins (Fig. 8f; also see Fig.
3 to 5). Following the degradation or dispersal of ND10-asso-
ciated proteins, isoforms of ICP0 not modified by cdks are
unable to interact with and/or activate cellular factors involved

in transcriptional transactivation (Fig. 8g). Notably, cdk-medi-
ated posttranslational modification of ICP0 may occur either
before or after the degradation of ND10-associated proteins, a
modification that could protect ICP0 from self-mediated deg-
radation. Whether cdks are required for ICP0’s cell cycle-
blocking activity is unclear, as both Rosco and ICP0, indepen-
dently, are able to inhibit cell cycle progression (37, 54, 63). An
alternative (but not mutually exclusive) model to that just
presented is that Rosco-sensitive cdks alter the activities or
levels of cellular proteins (Fig. 8d and g) that play pivotal roles
in ICP0’s transactivating activity, thus inhibiting ICP0-medi-
ated transactivation through effects on cellular proteins. At
present, the cellular proteins targeted by Rosco-sensitive cdks,
as they relate to ICP0 function, have not been identified. Be-
cause Rosco also inhibits virion-induced activation of HSV-1
IE gene expression (44, 76, 77) and the ability of the HSV-1
major IE transactivator, ICP4, to activate gene expression (77),
Rosco-sensitive cdks could, in theory, regulate a common set
of cellular proteins required for HSV transcription.

Based on the model shown in Fig. 8, we hypothesize that
Rosco-sensitive cdks are essential for the appropriate posttrans-
lational modification of ICP0, which is in turn required for its full
biological activity. Consistent with this hypothesis, the activities of
many regulatory proteins of DNA-containing viruses are post-
translationally modified by cellular cdks. For example, cdk-medi-
ated posttranslational modification of the papillomavirus replica-
tion initiation protein, E1, is important for viral DNA replication
(51, 57, 61), and similar modifications of simian virus 40 large T
antigen are important for its nuclear import and for viral DNA
replication (42, 62). In a previous study, the posttranslational
modification state of ICP0 mediated by Rosco-sensitive cdks ap-
peared to occur by mechanisms other than, or in addition to,
phosphorylation (16). Amino acid sequence analysis of ICP0
(MacVector; Genetics Computer Group, Madison, Wis.) suggests
that it is potentially posttranslationally modified in multiple ways,
including phosphorylation, nucleotidylylation, acetylation, glyco-

FIG. 8. Model of the role of Rosco-sensitive cdks in regulating ICP0 function. Shown is a temporal model outlining the role of cdks in ICP0 function
during an HSV infection either in the absence (b to e) or in the presence (f to i) of Rosco using the CHX block protocol shown in Fig. 2A.
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sylation, and myristoylation. Phosphorylation and nucleotidylyla-
tion are the only modifications of ICP0 reported to date (1, 7, 87).
Of these, only the phosphorylation state of ICP0 has been exam-
ined in the presence of Rosco or Rosco-sensitive cdks. In one
report, cdk-1, a Rosco-sensitive cdk, was shown to phosphorylate
ICP0 directly in vitro (3), and the phosphorylation state of ICP0
was shown to be sensitive to Rosco (2). In our hands, a 33%
reduction in the level of phosphorylation of ICP0 synthesized in
the presence of Rosco was observed (16). Structure-function stud-
ies have not yet established whether Rosco-sensitive cdks phos-
phorylate ICP0 directly or indirectly in vivo. Ultimately, deter-
mining how cdks modify ICP0 will be critical to understanding the
roles of these modifications in the many functions of ICP0.
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