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The herpes simplex virus type 1 (HSV-1) immediate-early protein ICP0 interacts with several cellular
proteins and induces the proteasome-dependent degradation of others during infection. In this study we show
that ICP0 is required for the proteasome-dependent degradation of the ND10 protein Sp100 and, as with the
other target proteins, the ICP0 RING finger domain is essential. Further, comparison of the kinetics and ICP0
domain requirements for the degradation of PMI and Sp100 suggests that a common mechanism is involved.
Homologues of ICP0 are encoded by other members of the alphaherpesvirus family. These proteins show strong
sequence homology to ICP0 within the RING finger domain but limited similarity elsewhere. Using transfection
assays, we have shown that all the ICP0 homologues that we tested have significant effects on the immuno-
fluorescence staining character of at least one of the proteins destabilized by ICP0, and by using a recombinant
virus, we found that the equine herpesvirus ICP0 homologue induced the proteasome-dependent degradation
of endogenous CENP-C and modified forms of PML and Sp100. However, in contrast to ICP0, the homologue
proteins had no effect on the distribution of the ubiquitin-specific protease USP7 within the cell, consistent with
their lack of a USP7 binding domain. We also found that ICP0 by itself could induce the abrogation of SUMO-1
conjugation and then the proteasome-dependent degradation of unmodified exogenous PML in transfected
cells, thus demonstrating that other HSV-1 proteins are not required. Surprisingly, the ICP0 homologues were
unable to cause these effects. Overall, these data suggest that the members of the ICP0 family of proteins may
act via a similar mechanism or pathway involving their RING finger domain but that their intrinsic activities
and effects on endogenous and exogenous proteins differ in detail.

The herpes simplex virus type 1 (HSV-1) immediate-early
(IE) protein ICP0 (Vmw110) is a RING finger protein en-
coded by IE gene 1 and is a strong and promiscuous activator
of gene expression in transfection assays (reviewed in refer-
ence 18). Upon primary exposure, HSV-1 initiates a lytic in-
fection in the epithelium and subsequently establishes a life-
long latent infection in sensory neurons (reviewed in reference
67), and ICP0 has been implicated in the regulation of both the
lytic cycle and reactivation from latency. Several lines of evi-
dence indicate that ICP0 might play a specific role in the
control of the balance between the latent and lytic states, such
that in its presence the latter is favored (7, 11, 34, 46, 68, 75, 76,
86). It is likely that ICP0 carries out its role in activation of
transcription and reactivation from latency by interacting with
cellular proteins. Consistent with this, ICP0 has been found to
bind strongly and specifically to the cellular ubiquitin-specific
protease USP7 (formerly called herpesvirus-associated ubiq-
uitin-specific protease [HAUSP]) (24, 55, 56) and to interact
with and stabilize cyclin D3 (43). Furthermore, ICP0 induces
the proteasome-dependent degradation of a number of cellu-
lar proteins, which suggests that changes in the intranuclear
environment may be involved in the function of ICP0 (25, 27, 66).

At early times of infection ICP0 localizes to specific nuclear
structures called ND10 domains, PML nuclear bodies, or pro-
myelocytic oncogenic domains (PODs) (53). These domains of
unknown function are associated with the nuclear matrix and
contain at least six cellular proteins, of which the most widely
studied is PML (a protein implicated in promyelocytic leuke-
mia) (4, 5, 14, 44, 77). Interestingly, USP7 is a component of a

subset of ND10, and during infection the interaction of ICP0
with USP7 leads to an increased proportion of ND10 contain-
ing this USP (24). However, the consequence of the localiza-
tion of ICP0 at ND10 is their disruption (21, 54), and it has
recently been found that this correlates with the virus-induced
and ICP0-dependent degradation of several high-molecular-
weight isoforms of PML (25). Other recent studies have shown
that these isoforms of PML are very likely to comprise covalent
conjugates with the small ubiquitin-like protein SUMO-1 (also
known as GMP1, PIC1, Sentrin, and UBL-1 [reviewed in ref-
erences 39 and 70; see also references 25, 40, 62, and 74]) and
that virus infection leads to the degradation of a large number
of uncharacterized SUMO-1-conjugated proteins in an ICP0-
dependent manner (25). Other cellular proteins targeted for
degradation in an ICP0-dependent manner are the catalytic
subunit of the DNA-degradation protein kinase (45, 66) and
the centromeric protein CENP-C (27). Additionally Sp100,
another ND10 protein, is rapidly degraded in a proteasome-
dependent manner during HSV-1 infection (8). Although the
identification of the viral protein(s) which causes Sp100 deg-
radation was not determined, it is likely that ICP0 is involved,
especially as it has since been reported that in transfection
studies ICP0 abrogates the SUMO-1 modification of exoge-
nous Sp100 (63).

Homologues of ICP0 exist in other members of the alpha-
herpesvirus family: BICP0 in bovine herpesvirus 1 (BHV-1)
(84); the product of gene 63, Eg63, in equine herpesvirus 1
(EHV-1) (79); the product of gene 61, Vg61, in varicella-zoster
virus (VZV) (12); and EP0 in pseudorabies virus (PRV) (9).
The homologues are related to ICP0 by virtue of the location
of their genes within the viral genome and the fact that they
have all been shown to activate or influence gene expression
(18, 23, 58, 60, 64, 84). Additionally, the VZV and EHV ho-
mologues have been shown to fully and partially complement
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an ICP0-deficient virus, respectively (23, 57), and the growth
defect of a PRV EP0 deletion mutant is complemented in cells
expressing VZV Vg61 or HSV-1 ICP0 (60). However, se-
quence similarity between these proteins is very limited except
for the RING finger domain near their N termini. This region
in ICP0 has been found to be essential for its functions in
regulating gene expression, stimulating lytic infection and re-
activation from quiescence, disruption of ND10 and centro-
meres, induced proteasome-dependent degradation of cellular
proteins, and binding to and stabilization of cyclin D3 (17, 21,
22, 25, 26, 27, 34, 66, 81, 82).

Given this background, we set out to determine whether
ICP0 was responsible for the HSV-1-induced degradation of
Sp100 and if so, to compare the factors governing the degra-
dation of PML and Sp100. A second objective of this study, in
view of the importance of the RING finger in the functions of
ICP0, was to determine whether the alphaherpesvirus ICP0
homologues also have the same effect on cellular protein sta-
bility. In addition, since during infections ICP0 has been shown
to lead to an increased number of ND10 domains that contain
USP7 early in infection (24), we were interested in determining
whether transfected ICP0 and its homologues had any effect on
USP7 during transient transfection. Although no obvious se-
quence homology for the USP7 binding domain of ICP0 is
present in the other family members, in principle they could
still affect USP7 distribution by interacting through their own
different binding domains.

In this paper we show that ICP0 is indeed required for the
effect on Sp100 and that the time course and ICP0 sequence
requirements for the degradation of Sp100 and PML are in-
distinguishable. Because these proteins are related only by
their modification by SUMO-1, we suggest that degradation
occurs via a common pathway rather than by specific targeting
of the individual susceptible proteins. Transfection experi-
ments using epitope-tagged versions of the ICP0 homologue
proteins demonstrated that all had some effect on the intra-
cellular distribution of at least one of the proteins affected by
ICP0 and that in the case of the EHV-1 homologue, this was
due to induced proteasome-mediated degradation. Finally, we
found that in addition to its ability to induce the abrogation of
SUMO-1 conjugation of exogenous PML in transfection assays
(63), ICP0 by itself is able to induce the subsequent degrada-
tion of the unmodified exogenous PML in a RING finger-
dependent manner. Surprisingly, despite their effects on en-
dogenous PML, the ICP0 homologue proteins were unable to
affect either the SUMO-1 conjugation or stability of exogenous
PML in our assays. These results suggest that there are many
similarities between the biological activities of the ICP0 family
of proteins, probably as a consequence of their conserved
RING finger domains, but that their intrinsic activities differ in
detail.

MATERIALS AND METHODS

Cells and viruses. HEp-2 cells were grown in Dulbecco’s modified Eagle’s
medium with 10% fetal calf serum and 100 U of penicillin/ml and 100 mg of
streptomycin/ml. Human fetal lung (HFL) cells (Flow Laboratories) were grown
in Dulbecco’s modified Eagle’s medium, 5% fetal calf serum, 5% newborn calf
serum, 4 mM glutamine, nonessential amino acids, and antibiotics as described
above. All viruses were grown and titrated in baby hamster kidney (BHK) cells
propagated in Glasgow modified Eagle’s medium supplemented with 10% new-
born calf serum, 10% tryptose phosphate broth, and antibiotics as described
above. Viruses used were the wild-type HSV-1 strain 17syn1; 17Eg63, a recom-
binant 17syn1 virus containing the EHV-1 g63 gene in the place of the HSV-1
IE1 gene (23); and the ICP0 mutant 17syn1 viruses dl1403 FXE, E52X, D14,
and M1 (17, 26, 56, 76).

Plasmids. pp65-ICP0 was created by cloning a human cytomegalovirus
(HCMV) pp65 epitope tag (produced by annealing the following primers, 59C
ATGACTGAGCGCAAGACGCCCCGCGTCACCGGCGGCAC39 and 59CAT

GGTGCCGCCGGTGACGCGGGGCGTCTTGCGCTCAGT39) into the NcoI
site at the ATG of the ICP0 coding region of plasmid p111 (15) to create plasmid
pp65-ICP0. The design of the 59 and 39 ends of the tag was such that upon its
insertion into p111, the original NcoI site at the initiation codon of ICP0 was
destroyed, while a new NcoI site was introduced with a second in-frame ATG
downstream of the tag. This therefore maintained all IE1 59 sequences. Plasmid
pp65-ICP0 also contains a HincII site close to the end of the ICP0 coding region.
This enabled the ICP0 coding sequence of pp65-ICP0 to be removed as a
NcoI-HincII fragment, leaving the 59 sequences upstream and 39 sequences
downstream intact and allowing insertion of another open reading frame (ORF)
into the IE1 transcription unit. The fragments to be inserted were selected to use
either the NcoI site naturally occurring at the initiating ATG of the homologues
or an NcoI site engineered into this position and a blunt-ended restriction site 39
of the ORF. These were as follows: (i) an NcoI partial-EcoRV DNA fragment
from pEHVg63 (23) containing EHV-1 gene 63 to create pp65-Eg63, (ii) an
NcoI-BssHI fragment from the PRV genomic KpnI F fragment (a gift from A.
Davison) containing the PRV EP0 gene to create pp65-EP0, (iii) an NcoI partial-
AccI DNA fragment from VZV KpnI 23 (a gift from A. Davison) containing
VZV gene 61 to create pp65-Vg61, and (iv) an NcoI-StuI PCR fragment of the
N terminus of the BHV-1 BICP0 gene in plasmid pBCMV26 (a gift from M.
Schwyzer) (created using oligonucleotide primers complementary to the 59 ter-
minus of the BHV-1 BICP0 gene containing an engineered NcoI site at the
initiation codon and complementary to antisense sequences around and includ-
ing the StuI site present in the BICP0 gene), and a StuI-SspI fragment from the
C terminus of the BICP0 gene pBCMV26 to create pp65-BICP0. The resulting
plasmids have the IE1 promoter and 59 untranslated region, an initiating ATG
followed by the tag region linked in frame to the complete homologue ORF,
followed by the IE1 39 region and regulatory signals. Further plasmids used were
pPML(F), which expresses F-tagged PML [PML(F)] (43); pCIPIC1, which ex-
presses myc-tagged SUMO-1 (25); pCIUSP7, which expresses the USP7 coding
region (24) from the pCIneo vector (Promega); pCIM1, which expresses ICP0
with R623L and K621I mutations in the USP7 binding domain (26); p110FXE,
which expresses an ICP0 RING finger mutant (16); p110D12, which expresses
ICP0 with amino acids 594 to 632 deleted (16); p110 RING finger single-point
mutations p110K144E, p110N151D, and p110Q148E; and double-point muta-
tions p110K144E N151D, and p110K144E Q148E (22). pCImyc-Sp100 express-
ing myc-tagged Sp100 was made by cloning the Sp100 coding region as NcoI-
XhoI and XhoI-EcoRV fragments into the NcoI-HindIII site of plasmid pmyc-
ICP0, a pUC9 vector expressing myc epitope-tagged ICP0, to create plasmid
pmyc-Sp100. This digest of pmyc-ICP0 removed the ICP0 ORF while leaving the
myc epitope tag with an NcoI at its 39 end. The tagged Sp100 was then removed
from pmyc-Sp100 as an EcoRI-PuvII fragment and cloned into pCIneo cut with
EcoRI and SmaI, creating pCImyc-Sp100.

Antibodies. Anti-ICP0 monoclonal antibody (MAb) 11060, anti-ICP4 MAb
10176, and polyclonal anti-USP7 r201 have been described elsewhere (19, 20,
24). Polyclonal anti-ICP0 r190 was raised against a glutathione S-transferase
fusion protein containing residues 594 to 775 of ICP0, and MAb anti-USP7
16613 recognizes an epitope in the N-terminal 193 amino acids of USP7 (66).
MAb anti-pp65 was obtained from Capricorn Products, Inc., and anti-c-myc
MAb 9E10 from Santa Cruz Biotechnology, Inc. Other antibodies used were
polyclonal anti-BICP0 peptide serum 11 (31), anti-PML antibodies MAb 5E10
(77) and rabbit serum r8 (5), polyclonal anti-CENP-C rabbit serum r554 (69),
polyclonal anti-Sp100 rabbit serum SpGH (73), and anti-F tag MAb F3 (3).

Transfections. HEp-2 cells were transfected using either Tfx50 (Promega) or
Lipofectamine PLUS (Gibco) according to the manufacturer’s instructions. With
Tfx50, 105 HEp-2 cells on coverslips in 24-well plates were transfected with 1 mg
of DNA at a DNA-to-Tfx50 ratio of 4.5:1. The DNA-medium-Tfx mix was
applied to the cells for 30 min before 1 ml of complete medium was added for an
additional 2 h and then replaced with fresh complete medium. Using Lipo-
fectamine PLUS, 0.75 3 106, 0.25 3 106, or 105 HEp-2 cells in 60- or 35-mm
dishes or on coverslips in 24-well plates, respectively, were transfected with a
total of 2, 1, or 0.4 mg of DNA in serum-free medium according to the manu-
facturer’s protocol. The DNA–serum-free medium-Lipofectamine PLUS mix
was applied to the cells for 3 h before an equal volume of medium containing
twice the normal amount of serum and antibiotics was added. When transfec-
tions were in 60- or 35-mm dishes, the cells were trypsinized 8 h posttransfection
and counted, and then 105 cells were placed on coverslips in 24-well plates for
microscopy studies or 2 3 105 cells were placed in 24-well plates for Western blot
analysis. Cells were either processed for microscopy or washed in phosphate-
buffered saline (PBS) and then harvested into sodium dodecyl sulfate (SDS)-gel
loading buffer for immunoblot analysis at 24 h posttransfection. When the effect
of MG132 on transfected proteins was determined, the medium on the trans-
fected cells was replaced at 24 h posttransfection with medium containing 5 mM
MG132 in 1% dimethyl sulfoxide (DMSO) and the cells were harvested at set
intervals thereafter.

Virus infections. HFL cells at 105 cells per well in 24-well plates were infected
with virus at 10 PFU per cell. After a 1-h adsorption period, medium was added
and the infections were continued for the desired time period. When proteasome
inhibitors were used, medium containing 1% DMSO alone or 1% DMSO with
MG132 to give a final concentration of 5 mM was used. When required, the
medium was removed from the infected cells, the cell monolayer was washed in
PBS, and the cells were harvested directly in SDS-gel loading buffer.
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Western blot (immunoblot) analysis. Proteins in cell extracts were analyzed by
separation on SDS–7.5% polyacrylamide gels prepared and run in the Bio-Rad
MiniProtean II apparatus and were then electrophoretically transferred to ni-
trocellulose membranes, using the compatible Bio-Rad equipment according to
the manufacturer’s instructions. After transfer, the membranes were blocked
overnight in PBS containing 0.05% Tween 20 (PBST) and 5% dried milk at 4°C
and then incubated with the primary antibody in PBST–5% dried milk at room
temperature for 2 h and washed in PBST and incubated for a further hour at
room temperature in PBST–5% dried milk containing horseradish peroxidase-
conjugated secondary antibody. After further washing in PBST, membranes were
processed by the enhanced chemiluminescence method (NEN or Amersham).
Antibodies were stripped from membranes following the Amersham protocol,
and the membranes were reprobed as required.

Confocal microscopy. Cells seeded onto glass coverslips were prepared for
immunofluorescence and examined by confocal microscopy as previously de-
scribed (27, 66), except that samples were fixed with either formaldehyde (5%
[vol/vol] of the 30% stock solution in PBS containing 2% sucrose) for 10 min or
70% acetone–30% methanol (stored at 220°C) for 5 min at room temperature
and then permeabilized with 0.5% Nonidet P-40 in PBS with 10% sucrose for 5
min at room temperature. Secondary antibodies used were fluorescein isothio-
cyanate (FITC)-conjugated goat anti-rabbit or goat anti-mouse immunoglobulin
G (IgG) (Sigma) at 1/100; cy3-conjugated goat anti-mouse or goat anti-rabbit
IgG at 1/1,000 and 1/5,000, respectively; or cy5-conjugated goat anti-mouse IgG
at 1/500 (Amersham). Stained cells were examined using a Zeiss LSM 510
confocal microscope system, with three lasers giving excitation lines at 488 nm
(FITC) and 543 nm (cy3) or 633 nm (cy5).

RESULTS

Comparison of the degradation of Sp100 and PML induced
by ICP0 during HSV-1 infection. We were initially interested
in determining whether, as suggested from the work of Chelbi-
Ali and de Thé (8), the induced degradation of Sp100 during
HSV-1 infection is dependent on the expression of ICP0. We
confirmed that Sp100 was degraded during HSV-1 infection
(Fig. 1, compare mock and wild-type tracks) and found that
ICP0 was indeed required for this effect, since both ICP0 null
mutant dl1403 and RING finger deletion mutant FXE were
unable to induce the degradation (Fig. 1 and see also Fig. 7B).
The most striking effect of ICP0 was on the higher-molecular-
weight isoforms of Sp100 (those demonstrated to be modified
by conjugation to SUMO-1 [74]), while in these experiments at
this time point there was no reduction in the presumed un-
modified form of Sp100.

To analyze this induced degradation of Sp100 in more detail,
we compared the effects of various mutations in ICP0 on the
degradation of PML and Sp100 in parallel and also monitored
the time course of these effects. HFL cells were infected with
strain 17syn1 and a panel of ICP0 mutant viruses, and then
total cell proteins were analyzed by Western blotting. Probing
for PML confirmed previous results (25), demonstrating that
all isoforms of PML are sensitive to ICP0 during infection of
this cell type (Fig. 1 and see also Fig. 7A, compare mock,
wild-type, and null mutant tracks); the loss of protein was
inhibited by the proteasome inhibitor MG132 and required the
RING finger of ICP0. Mutations in the C-terminal region of
ICP0 E52X (deletion of residues 594 to 775), M1 (a double-
substitution mutant inactivating the USP7 binding motif), and
D14 (a deletion affecting ICP0 multimerization) all induced
degradation of the PML isoforms but at a lesser efficiency.
Reprobing of the blot for Sp100 gave an identical pattern of
results, which suggests that PML and Sp100 are degraded by
the same ICP0-dependent mechanism. However, as with the
wild-type virus, the modified forms of Sp100 were more sensi-
tive to degradation than the presumed unmodified form. The
implications from these results were supported by examination
of the time course of degradation of PML and Sp100 during
wild-type virus infection (Fig. 2). Careful examination of the
Sp100 data from these and other repeat experiments suggested
that the presumed unmodified form of Sp100 was in fact
slightly increased in intensity at the early time points shown,

rather than being degraded; this suggests that the SUMO-1-
modified forms of Sp100 are particularly sensitive to the effects
of ICP0 and that deconjugation of SUMO-1 without degrada-
tion can occur.

ICP0 homologue protein sequence comparisons. Sequence
comparisons of ICP0 and its alphaherpesvirus homologues
have previously revealed the presence of homologous RING
finger domains but no other obvious similarities. Recently
other regions of importance have been more precisely located
within the sequence of ICP0, namely the nuclear localization
signal, the USP7 binding domain (594 to 633) (55), and the
multimerization C-terminal sequences (633 to 711) (10, 56).
Thus, to determine more specifically the extent of sequence
similarity between ICP0 and its homologues BICP0, Eg63,
Vg61, and EP0, the amino acid sequences were searched for
homology to these regions of ICP0. RING finger domains were
identified in all the homologues (Fig. 3), as were nuclear lo-
calization signals, but no other regions of similarity were
found, and in particular, none of the ICP0-related proteins
contained a sequence similar to the now well-defined USP7
binding region. This analysis confirms that outside the RING
finger domains, the related proteins expressed by the other
alphaherpesviruses are not at all similar to ICP0.

Construction and characterization of epitope-tagged ICP0
proteins. As the RING finger domain of ICP0 is required for
the ICP0-induced degradation of several nuclear proteins, it is
possible that the RING finger regions of the homologues also

FIG. 1. Comparative demodification and degradation of PML and Sp100
induced by ICP0 during HSV-1 infection. HFL cells were mock infected (lane M)
or infected at 10 PFU per cell with HSV-1 strain 17syn1 in the absence (lane wt)
or presence (lane MG132 wt) of proteasome inhibitor MG132 (5 mM final
concentration) and the ICP0 mutant viruses FXE, E52X, M1, and D14, as
indicated. The cells were harvested for Western blotting 4 h postabsorption.
Western blots were probed for PML using MAb 5E10 at a dilution of 1/5 (upper
panel), and the filter was then stripped and reprobed for Sp100 using rabbit
serum SpGH at a dilution of 1/1,000 (lower panel). To the left of the panels, the
short dashes indicate the major SUMO-1-modified isoforms of PML and Sp100
and the longer ones indicate the major, presumed unmodified, forms of the
proteins. The positions of the 220-, 97-, and 66-kDa molecular mass markers are
indicated to the right.
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serve this function. To determine the effect of the individual
viral proteins in the absence of a viral infection, plasmids
encoding HCMV pp65 epitope-tagged versions of the proteins
were created. Briefly, a pp65 epitope tag was inserted into the
plasmid p111 (15) upstream and fused in frame to the ICP0
coding region, creating plasmid pp65-ICP0 (see Materials and
Methods). The ICP0 coding region was then replaced with
DNA encoding the other ICP0 family members, creating plas-
mids which express these proteins with an N-terminal pp65 tag.
Western blot analysis of transfected HEp-2 cells indicated that
tagged proteins of the expected size were produced from the
plasmids (Fig. 4A), although the level of expression of full-
length pp65-Vg61 was low and a number of apparent degra-
dation products were produced. Figure 4B shows a longer
exposure of the pp65-Vg61 track with the pp65-Eg63 track for
comparison.

The location of the tagged proteins within transfected
HEp-2 cells was also determined by confocal microscopy (Fig.
5). The distribution of tagged ICP0 was indistinguishable from
that of untagged ICP0, giving a number of punctate foci within
a diffuse nuclear background, although the level of expression

varied between cells and in those with very high levels of
expression, ICP0 could be found in large globs in the cytoplasm
and nucleus. These latter cells were not analyzed in later mi-
croscopic studies. BICP0, Eg63, Vg61, and EP0 were generally
expressed diffusely throughout the nucleus but with some local
accumulations or dots, and again the level of expression varied
between cells. Staining was identical with both formaldehyde
or acetone-methanol fixation conditions, except that nuclear
dots, especially in some cells transfected with BICP0, Eg63,
and Vg61, were easier to distinguish after acetone-methanol

FIG. 2. Time course of demodification and degradation of PML and Sp100
induced by HSV-1 infection. HFL cells were infected with HSV-1 strain 17syn1
at 10 PFU per cell and then harvested 30, 60, 90, and 120 min postabsorption, as
indicated. The lane marked 0 contains proteins from a mock-infected sample.
Total cell proteins were analyzed for PML and Sp100, and the results were
annotated as described for Fig. 1.

FIG. 3. Comparisons of ICP0 and the alphaherpesvirus homologues. (A)
Diagram to show the position of the RING finger domain in ICP0 and the
homologues. (B) Alignment of the RING finger domains. The first and last
cysteine residues of the ICP0 RING finger are numbered, and the conserved
residues and positions of similar hydrophobic residues (p) are shown underneath.

FIG. 4. Expression of tagged ICP0 homologues. (A) HEp-2 cells were trans-
fected with pUC9 (lane M) or plasmids expressing pp65-ICP0 or the pp65
homologues, as indicated. Samples were harvested into SDS-gel loading buffer at
24 h posttransfection and analyzed by Western blotting using MAb anti-pp65 at
a dilution of 1/750. The positions of the molecular weight markers are indicated.
(B) Longer exposure of the EHV and VZV tracts of the blot.
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fixation as the nuclear diffuse staining was reduced (data not
shown).

The ICP0 homologues affect cellular proteins. The centro-
mere protein CENP-C and the ND10 proteins PML and Sp100
are degraded in an ICP0-, RING finger-, and proteasome-
dependent manner during HSV-1 infection. To determine the
effect of the homologues on these proteins, HEp-2 cells were
transfected with the tagged plasmids and analyzed by confocal
microscopy.

Epitope-tagged ICP0 affected cellular proteins in a manner
similar to that shown in published results for untagged protein;
however, in all experiments there was a dose-dependent effect

such that intermediate results were seen in cells expressing low
amounts of the protein (Fig. 5A to C). Minor foci of undis-
persed PML remained in some transfected cells (Fig. 5A, in-
set), while CENP-C was generally completely dispersed in
transfected cells (Fig. 5C, lower inset), although in cells ex-
pressing lesser amounts of tagged ICP0, association of ICP0
with remaining centromeres could occasionally be seen (Fig.
5C, middle cell main panel; upper inset shows a region of this
cell magnified). Sp100 was also completely dispersed and its
staining disappeared (Fig. 5B), strongly supporting the obser-
vations on the effect of ICP0 on Sp100 degradation during
HSV-1 infection (Fig. 1 and 2) (see also Fig. 7B) (8).

FIG. 5. Effect of tagged ICP0 and the tagged homologues on cellular proteins seen by confocal microscopy. HEp-2 cells were transfected with pp65-ICP0 (A to C),
pp65-BICP0 (D to F), pp65-Eg63 (G to I), pp65-EP0 (J to L), or pp65-Vg61 (M to O). At 24 h posttransfection, cells were processed for confocal microscopy and
costained with MAb anti-pp65 at a dilution of 1/1,000 and either polyclonal anti-PML r8 at a dilution of 1/1,000 (A, D, G, J, and M), polyclonal anti-Sp100 SpGh at
a dilution of 1/1,000 (B, E, H, K, and N), or polyclonal anti-CENP-C r554 at a dilution of 1/500 (C, F, I, L, and O). Secondary antibodies used were FITC-conjugated
goat anti-rabbit IgG (Sigma) at 1/100 and Cy3-conjugated goat anti-mouse (Amersham) at 1/1,000.
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Of the homologues, BICP0 had an effect similar to that of
ICP0 (Fig. 5D to F), except that in some cells PML was redis-
tributed into strange, globular, sometimes arc-like structures,
some of which were coincident with BICP0 (Fig. 5D, upper
inset; also data not shown). Punctate Sp100 and CENP-C
staining was always lost from transfected cells, even when low
amounts of BICP0 were expressed (Fig. 5E and F; the inset
shows the CENP-C staining alone of the transfected cell in the
main panel). In turn, Eg63 had a similar effect to BICP0, with
PML remaining in abnormal foci in some transfected cells
(Fig. 5G, inset) but extensively dispersed in others (Fig. 5G,
main panel). Remaining PML, however, was never associated
with Eg63 nuclear foci. Sp100 staining was always lost in pp65-
Eg63-expressing cells (Fig. 5H), but punctate CENP-C staining
was retained at lower intensity in some (Fig. 5I, inset). In
contrast, EP0 associated with PML foci in some cells and
redistributed PML in others but in general had a less dramatic
effect than ICP0, BICP0, and Eg63 (Fig. 5J). The insets show
other examples of EP0-expressing cells. Sp100 was either com-
pletely (Fig. 5K, inset) or partially (Fig. 5K, main panel) dis-
persed, while CENP-C was either unaffected or displayed re-
duced intensity (Fig. 5L, inset). Finally, Vg61 was the least
active of the proteins in these assays. Many transfected cells
had no obvious abnormality in PML staining (Fig. 5M), al-
though Vg61 associated with some PML foci, but Sp100 was
affected to a greater degree, although most cells retained some
Sp100 foci (Fig. 5N). Any effect on CENP-C was limited to
apparent reduced intensity in some transfected cells (Fig. 5O,
inset).

All the proteins exhibited dose-dependent effects, and while
EP0 and Vg61 were the least active in these assays, they were

also the least efficiently expressed. However, the results show
that all the homologues have significant effects on the immu-
nofluorescence staining character of at least one of the pro-
teins destabilized by ICP0.

Only ICP0 affects the distribution of USP7. The effect of
ICP0 on USP7 has been assessed during viral infections (24)
but not during transient transfections. To investigate this,
HEp-2 cells were transfected with tagged ICP0, untagged
ICP0, the ICP0 RING finger mutant FXE (which binds USP7
and accumulates at ND10 domains but fails to cause their
redistribution [21]), or the ICP0 point mutant M1 (which fails
to interact with USP7 in binding assays [26]). Tagged and
untagged ICP0 had a marked and similar effect on the distri-
bution of USP7 in the cell (Fig. 6B, tagged ICP0). The USP7
staining pattern changed from being nuclear diffuse with a few
dots to punctate nuclear, and the majority of dots coincided
with ICP0 dots (Fig. 6, compare the central transfected cell
with the untransfected cells). This reorganization of USP7 was
dramatically seen with FXE (data not shown), while in contrast
the USP7 ICP0 binding mutant M1 failed to reorganize USP7,
indicating that the binding of ICP0 to USP7 is essential for this
effect to occur (Fig. 6D). Similar transfections using the tagged
homologues showed that none had any effect on the distribu-
tion of USP7 (data not shown), a result that is consistent with
the lack of any obvious USP7 binding motif in these proteins.
This verifies that direct binding to USP7 is required for its
redistribution to occur (24), and although the effect of the
homologues on USP7 was not investigated in the context of a
viral infection, it is likely that the corresponding alphaherpes-
viruses fail to affect USP7, as in HSV-1 infections only ICP0
was found to bind USP7. Thus, HSV-1 is unique in this respect

FIG. 5—Continued.
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amongst the alphaherpesviruses studied, and its effect on USP7
presumably reflects a difference in its life cycle.

EHV gene 63 proteasome-dependent degradation of cellular
proteins during infection. The loss of staining of the nuclear
proteins described above could be due to an alteration in the
stability of the proteins and their modified forms caused by the
ICP0 homologues. However, the transfection approach is lim-
ited to visualizing only the effect on the immunofluorescent
staining pattern and intensity of the endogenous cellular pro-
teins, since insufficient cells are transfected to allow analysis by
Western blotting. In a previous study, we had constructed a
variant of HSV-1 strain 17syn1 which expresses Eg63 in place
of ICP0 (17Eg63) (23); therefore in this case, the fate of the
cellular proteins during infection could be studied by Western
blotting. HFL cells were mock infected or infected with wild-
type 17syn1, 17Eg63, FXE, or dl1403 (ICP0 deletion mutant)
viruses in the presence or absence of the proteasome inhibitor
MG132 and analyzed by Western blotting (Fig. 7).

The results showed that, similar to the wild-type 17syn1
virus, virus 17Eg63 induced the degradation of CENP-C and
the PML and Sp100 isoforms during infection (albeit less ef-
ficiently than strain 17syn1) and that this was dependent on
proteasome activity (Fig. 7A and B and data not shown for
inhibition for Sp100 degradation by MG132). Since the ICP0
null mutant dl1403 does not induce degradation (although in
this experiment dl1403 slightly altered the mobility of CENP-
C-related bands), this effect must be due to the expression of
Eg63 by this virus. Reprobing of the blot for ICP4 indicated
that the cells had been successfully infected and that the in-
fections had not been inhibited by MG132 at the high multi-
plicities used. However, expression of ICP4 by 17Eg63 was
consistently lower than that of the other viruses despite the
identical amount of titered input virus used; this may reflect

the failure of Eg63 to completely complement for the absence
of ICP0 (22).

Effect of ICP0 and its homologues on the SUMO-1 conju-
gations of exogenous PML. As previously mentioned, ICP0 has
been shown to abrogate the SUMO-1 modification of Sp100
and PML during transfection (63). We were interested in de-
termining whether the homologues also have this effect, since
if so, this would indicate that they function via a common
pathway or mechanism. To this end, HEp-2 cells were trans-
fected with plasmid pPML(F), which expresses an F epitope-
tagged version of PML [PML(F)] (42), together with plasmids
expressing either pp65-ICP0, the pp65-homologues, or pUC9
control. Transfections were checked by immunofluorescence
to determine that the exogenously expressed PML was cor-
rectly targeted to the nucleus and the ND10 domains, indicat-
ing that it had been SUMO-1 conjugated (62) and that the
homologues were sufficiently expressed. Controls of trans-
fected cells costained for either ICP0 or BICP0 and exogenous
PML showed that cotransfection was successful (costaining
was not possible for the other homologues due to the lack of a
suitable antibody). Cellular extracts were analyzed by immu-

FIG. 6. Effect of ICP0 on USP7. HEp-2 cells were transfected with pp65-
ICP0 (A and B) or pCIM1 (C and D), processed for confocal microscopy after
24 h, and costained with MAb anti-ICP0 11060 at 1/5,000 (A and C) and
polyclonal anti-USP7 r201 at 1/200 (B and D). Secondary antibodies used were
FITC-conjugated goat anti-rabbit IgG (Sigma) at 1/100 and Cy3-conjugated goat
anti-mouse (Amersham) at 1/1,000 or Cy5-conjugated goat anti-mouse (Amer-
sham) at 1/500.

FIG. 7. Effect of 17Eg63 on cellular proteins. (A) HFL cells were mock
infected or infected with wild-type 17syn1 virus (lane WT) or ICP0 mutants and
recombinant as shown at 10 PFU per cell in the presence (1) or absence (2) of
5 mM MG132. Cells were harvested into SDS-gel loading buffer at 4 h postad-
sorption and analyzed by Western blotting. The blot was probed with anti-PML
antibody E510 at 1/5 and reprobed with anti-CENP-C antibody r554 at 1/1,000
and anti-ICP4 MAb 10176 at 1/5,000. (B) A further blot was probed with
polyclonal anti-Sp100 SpGH at 1/1,000 and reprobed with MAb anti-ICP4 10176
at 1/5,000. The positions of the PML and Sp100 isoforms and CENP-C are
indicated, as are molecular weight markers. Long and short dashes indicate
unmodified and modified proteins, respectively.
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noblotting with antibodies to detect PML(F) and the tagged
ICP0 and its homologues.

When a pUC plasmid was introduced with pPML(F), five
exogenous modified PML bands were observed (Fig. 8A, indi-
cated by short bars). These have previously been interpreted as
SUMO-1 or SUMO-1-like modified PML (40, 62, 74). Co-
transfection of a plasmid expressing tagged ICP0 with
pPML(F) caused, as expected, a significant decrease in the
intensity of modified PML(F) bands. Muller and Dejean re-
ported that the presumedly unmodified form of PML was not
affected by cotransfected ICP0 (63). However, we found that if
PML(F) expression levels were decreased to low levels by
reducing the amount of plasmid pPML(F), a clear reduction in
the amount of unmodified PML(F) was observed in the ICP0
cotransfection (indicated by long bars in Fig. 8A). Further-
more, there appeared to be microheterogeneity and smearing
of the unmodified PML(F) material, which implies that ICP0
may be affecting other aspects of PML, such as phosphoryla-
tion. These important results suggest that ICP0 alone is re-
sponsible for inducing the abrogation of SUMO-1 conjugation
of PML and the subsequent degradation of unmodified PML.

As a further control to show that the effect of ICP0 on
PML(F) was not due to inhibition of transcription or transla-
tion from plasmid pPML(F), cotransfected cells were prepared
as described above and then treated with MG132 to inhibit
proteasome activity, at a time when ICP0 had abrogated the
SUMO-1 conjugation and led to degradation of PML(F).
Analysis of PML(F) expression at various times after MG132

treatment showed a time-dependent increase in both unmod-
ified and modified forms of PML(F) (Fig. 8B). This suggests
that there is continued transcription and translation from plas-
mid pPML(F) but that in the presence of ICP0 the newly
synthesized PML(F) protein is subject to degradation.

Analysis of the effects of the ICP0 homologue proteins in
this assay revealed that none were able to affect either the
expression of modified or unmodified forms of PML(F) (Fig.
8A). Except in the case of Vg61, this result could not be
explained by poor expression of the homologues, as all were
expressed at high levels (data not shown), nor was it due to
saturation by overexpression of PML(F), as no effect was seen
even when PML(F) expression was reduced to the lowest pos-
sible levels. Costaining by immunofluorescence showed that
virtually all cells which were transfected with pPML(F) were
also expressing ICP0 or BICP0 in the relevant experiments,
and although it was not possible to detect coexpression of EP0
and Eg63 in this system because of a lack of suitable antibod-
ies, the proportions of transfected cells expressing all these
proteins in transfections stained singly were similar.

Further, HEp-2 cells were triple transfected with plasmids
pPML(F); pCIPIC1, a plasmid expressing a myc-tagged ver-
sion of SUMO-1 (25); and pp65-ICP0 to determine whether
overexpression of SUMO-1 altered the effect of ICP0 on
PML(F). In these triple transfections it is clear that the size of
PML(F) is altered by the exogenous SUMO-1 (Fig. 9, bands in
track T pUC indicated by short bars) and that ICP0 affects this
SUMO-1-conjugation of PML(F) (Fig. 9, compare track T
pUC with track T ICP0), although not to such a dramatic effect
as for the double transfection without the SUMO-1 plasmid
(Fig. 9, tracks D). This is probably due to the increased
SUMO-1 in the cell affecting the equilibrium of the reaction. It
was also interesting to note that the size of the SUMO-1-
conjugated PML(F) bands is altered in the presence of exog-
enous SUMO-1. The reason for this effect is unclear, although
it could reflect increased multiply modified forms of PML

FIG. 8. Effect of ICP0 and its homologues on the SUMO-1 conjugation of
PML. Using Lipofectamine PLUS, HEp-2 cells were (A) cotransfected with
pPML(F) and either pUC9 (lane pUC), pp65-ICP0 (lane ICP0), or the pp65-
homologue plasmids (remaining lanes) shown, and harvested into SDS-gel load-
ing buffer at 24 h posttransfection and analyzed by Western blotting using MAb
anti-F at a dilution of 1/5,000 or (B) cotransfected with pPML(F) and either
pUC9 or pp65-ICP0 and treated with 5 mM MG132 at 24 h posttransfection and
harvested over the hourly time course as indicated. The positions of unmodified
and SUMO-1-conjugated PML(F) bands are indicated by the long and short
bars, respectively, in panel A, and the arrow (A) indicates a background anti-
body-detected band present in untransfected cells.

FIG. 9. Effect of ICP0 on the SUMO-1 conjugation of PML in the presence
of exogenous SUMO-1. Using Lipofectamine PLUS, HEp-2 cells were cotrans-
fected with pPML(F) and either pUC9 or pp65-ICP0 (lanes D) or triple trans-
fected with pPML(F), pCIPIC1, and either pUC9 or pp65-ICP0 (lanes T).
Samples were harvested into SDS-gel loading buffer at 24 h posttransfection and
analyzed by Western blotting using MAb anti-F at a dilution of 1/5,000. The
positions of unmodified PML(F) and PML(F) modified by exogenous SUMO-1
in the triple transfections are indicated by long and short bars, respectively.
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created by unexplained posttranslational modification or it
could be that the exogenous SUMO-1 imparts a different mo-
bility shift on PML due to the presence of the tag sequence.
Once again the homologues failed to have any effect on the
SUMO-1 conjugation of this modified PML(F) (data not
shown).

Importance of the RING finger of ICP0 on modification
and stability of PML. To investigate further the degradation
of modified and unmodified forms of PML caused by ICP0,
HEp-2 cells were transfected with pPML(F) and either pCIneo,
p111 (untagged ICP0), p110FXE (RING finger mutant),
p110K144E, p110N151D, p110Q148E, (single-point mutations
in the RING finger), p110K144E N151D, or p110K144E
Q148E (double-point mutations in the RING finger). Un-
tagged ICP0 abrogated PML(F) conjugation and induced its
degradation, as did mutant ICP0 RING finger mutant
p110Q148E (Fig. 10). In contrast, deletion of the RING finger
domain and mutation of RING finger amino acid residues
K144E and N151D, either singly or in combination with other
RING finger point mutations, eliminated the effect of ICP0 on
PML SUMO-1 conjugation. This indicates that the RING fin-
ger and specific critical residues within it are important in
abrogating the SUMO-1 conjugation of PML and causing its
subsequent destabilization.

To determine the effect of USP7 binding to ICP0 on
PML(F) stability, we used plasmids pCIM1 and p110D12,
which contain substitutions and deletions in the USP7 binding
regions, respectively. ICP0 mutant protein D12 gave results
similar to those of the wild-type ICP0 in this assay, but the
point mutant M1 was surprisingly exceptionally active, rou-
tinely almost completely eliminating PML(F) protein accumu-
lation (Fig. 11). As with wild-type ICP0, addition of MG132
allowed the reaccumulation of PML(F) in pCIM1-cotrans-
fected cells (data not shown), which confirms that the effect is
on protein stability rather than on transcription and transla-
tion. Although mutant D12 gave similar results to the wild
type, the behavior of mutant M1 suggests that binding to USP7
might in some way regulate ICP0 activity. Cotransfection of
USP7 itself had no effect on the PML(F).

DISCUSSION

This paper demonstrates that the homologues of HSV-1
protein ICP0 expressed by the related alphaherpesviruses

BHV-1, EHV-1, PRV, and VZV all, like ICP0, cause changes
to ND10 structures in transfected cells and, with the possible
exceptions of PRV EP0 and VZV Vg61, also disrupt centro-
meres. Further, of the cellular proteins studied, all the ICP0
proteins affected the ND10 protein Sp100 more readily than
they affected PML and even more so than they affected
CENP-C. The severity of these effects, however, varied be-
tween the different ICP0 homologous proteins and was dose
dependent; the apparently lesser effects of VZV Vg61 may be
due to the poor expression of this protein in our systems.
Previous observations that these ICP0 family members regu-
late gene expression and can in some cases at least partially
complement one another may be related to our current find-
ings on their similar effects on cellular nuclear structures.

To investigate the basis of these effects, we have expanded
the studies on cellular protein stability and have shown that
ICP0 induces the proteasome-dependent degradation of
Sp100, particularly its SUMO-1-modified isoforms during in-
fection and that this mirrors in both time course and sequence
requirements the induced degradation of PML. Recombinant
virus 17Eg63 demonstrated that EHV-1 protein Eg63 has an
effect similar to that of ICP0 on cellular proteins PML, Sp100,
and CENP-C during virus infection, which suggests that the
effect of transfected Eg63 on ND10 and centromere structures
may also be due to induced proteasome-dependent degrada-
tion of the endogenous cellular proteins. The RING finger
domain of ICP0 is essential to induce the proteasome-depen-
dent degradation of the cellular proteins (25, 27, 66). It is
possible that this region interacts with other cellular proteins
leading to the activation of the degradation pathway (discussed
below). The fact that the homologues also affect, to differing
extents, these cellular proteins and that the only region of
homology between them is the RING finger domain indicates
that this region is of major importance in the induced disrup-
tion. This suggests that a similar or related pathway may be
involved in all cases.

The homologues are thus related to ICP0 in function but are
not identical. This is hardly surprising, due to their limited
homology outside the RING finger domain, as demonstrated
by the fact that only ICP0 has a USP7 binding domain and
through this domain alters the distribution of USP7 in trans-
fected cells. The RING finger could act as an instability-induc-
ing domain targeting a protein instability pathway, with differ-
ences in its sequence accounting for the different intrinsic

FIG. 10. The RING finger of ICP0 is required for abrogation of SUMO-1
conjugation of PML. HEp-2 cells were cotransfected with plasmids as shown and
pPML(F), using Lipofectamine PLUS. Samples were harvested into SDS-gel
loading buffer at 24 h posttransfection and analyzed by Western blotting using
MAb anti-F at a dilution of 1/5,000. p110N151D caused a significant level of
transfected-cell mortality in this experiment, which explains why the level of
PML(F) is reduced in this lane (lane N151D); however, staining for ICP0 indi-
cated that the remaining cotransfected cells expressed ICP0.

FIG. 11. Effect of ICP0 USP7 binding mutants on the SUMO-1 conjugation
of PML. HEp-2 cells were cotransfected with pPML(F) and the plasmids as
shown, using Lipofectamine PLUS. Samples harvested 24 h posttransfection
were analyzed by Western blotting using MAb anti-F at a dilution of 1/5,000.
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activity of the homologues, while other regions of the proteins
could be important for the specificity of proteins targeted for
degradation. Indeed, there is evidence from domain swap chi-
mera experiments that the RING finger domain might have to
be in the context of a larger portion of the parent protein in
order to be active (59). So although targeting of a protein
instability pathway or function is likely to be a common func-
tion of ICP0 family members, there is variation in subsequent
substrate specificity. The difference in the specificity of the
homologues probably has a biological basis and could reflect
the differences in the hosts and cell types infected by the
viruses and their pathological properties.

In support of our general hypothesis that ICP0 functions via the
ubiquitin-proteasome pathway is the increasing evidence that
many RING finger proteins participate in E3 ubiquitin ligase
complexes in the ubiquitin-dependent protein degradation path-
way (reviewed in references 6 and 32) (35, 36, 38, 41, 50, 52, 61,
65, 71, 85). For example, the c-Cbl RING finger protein binds the
target substrate and recruits (and possibly activates) a ubiquitin-
conjugating E2 enzyme (38, 85). Other RING finger proteins,
such as Rbx-1 and APC11, are components of multisubunit E3
ubiquitin ligases and are involved in E2 binding only, with other
subunits binding the substrates (41, 65, 71, 72, 80). In all cases the
RING finger domain is responsible for E2 interaction. It is likely
that ICP0 and its homologues function in a similar manner, with
their RING finger domains interacting with an E2 ubiquitin-
conjugating enzyme and other regions interacting with substrate
or other components of an E3 complex. Consistent with these
suggestions, we have found that in both transfected and infected
cells, foci of accumulated ICP0 contain enhanced levels of con-
jugated ubiquitin (29). This occurs in a RING finger-dependent
manner, consistent with ICP0 functioning as or stimulating E3
ligase activity. Although the RING finger domains of the homo-
logues do not appear to function exactly as does that of ICP0, it
would be interesting to determine whether the homologues have
the same effect on conjugated ubiquitin in transfected cells. Pre-
liminary evidence with BICP0 suggests that this may be so (data
not shown), but more reagents will be required for definitive
studies, because the available antibodies do not permit this ap-
proach with the other homologues.

Further evidence of the ability of ICP0 to induce protea-
some-dependent degradation of selected target proteins comes
from the cotransfection studies reported here. Our experi-
ments in part confirmed the previous results of Muller and
Dejean (63), but by exploring the assay conditions we have
demonstrated that ICP0 not only causes the abrogation of
SUMO-1 conjugation of PML but also induces the protea-
some-dependent degradation of unmodified PML protein.
This is the first experiment to demonstrate directly that ICP0
acts in this way in the absence of other viral protein expression.
The more detailed investigation of the role of the ICP0 RING
finger in SUMO-1 abrogation and subsequent degradation of
exogenous PML indicated that, of the amino acid substitutions
in the ICP0 RING finger studied, only Q148E retains wild-type
ICP0 activity. The behavior of the RING finger substitutions
studied in this assay is consistent with their activity in other
assays of ICP0 function (22, 29), indicating that the RING
finger and, more specifically, certain residues within it are very
important for a wide range of properties of ICP0.

In contrast, however, none of the ICP0 homologues had any
effect on exogenous PML in the cotransfection assay. Given
the effect of these proteins on endogenous PML in transfected
cells (Fig. 5) and the effect of virus 17Eg63 on PML in infected
cells (Fig. 7A), these results are surprising. Also surprising in
view of the data from infected cells was our finding that in
similar cotransfection experiments, wild-type ICP0 had little

effect on exogenous Sp100, apart from a slight and variable
alteration to the ratio between the modified and unmodified
forms (data not shown). Muller and Dejean (63) reported that
ICP0 reduced SUMO-1 conjugation of cotransfected Sp100,
although their published data suggest that the effect was less
dramatic than that seen with PML(F). However, ICP0 has the
potential to affect exogenous Sp100 in cotransfection assays,
since mutant M1, like its effect on PML(F), caused dramatic
instability of all forms of exogenous Sp100 which could be
reversed by the addition of MG132 (data not shown). Again,
none of the ICP0 homologues affected exogenous Sp100 in
cotransfection assays despite their effects on endogenous
Sp100 distribution.

These results suggest that some aspects of the activities of
ICP0 and its homologues in infected and transfected cells are
as yet poorly understood. All the members of the ICP0 family
of viral proteins clearly affect ND10, yet only ICP0 affected
exogenous PML in cotransfection assays and exogenous Sp100
was affected only by a mutant form of ICP0. We can suggest a
number of mutually inexclusive explanations for these obser-
vations.

Nonequivalence of endogenous and exogenous proteins.
Both PML and Sp100 are highly complex proteins, being mul-
tiply posttranslationally modified and derived from large fam-
ilies of alternatively spliced transcripts. Exogenously expressed
protein represents only one of the alternatively spliced forms,
may not be properly modified in all respects, and may be
expressed at unnaturally high levels in the transfected cells.
These factors will influence not only the quality of the exoge-
nous protein but also its localization and assembly into the
correct macromolecular complexes. If this is the case, it is not
difficult to envisage differing responses of endogenous and
exogenous proteins to ICP0 and to suppose that these re-
sponses would be affected by individual variations among the
ICP0 family members.

Dominant effects of initial disruption of endogenous ND10.
We observed that in all ICP0- and some BICP0-cotransfected
cells, exogenous Sp100 was not present in ND10 but was dif-
fuse throughout the nucleus, which is not surprising, given the
effects of ICP0 and BICP0 on endogenous PML and ND10
domains. Recent evidence suggests that PML may be essential
for ND10 domain integrity (37) and that in its absence or
deconjugation from SUMO-1, the ND10 domains disintegrate.
The diffuse localization of exogenous Sp100 in cells also ex-
pressing ICP0 is likely to be due to loss of endogenous PML
and ND10 domains; the failure of ICP0 and its homologues to
degrade the exogenous Sp100 could be because it is no longer
targeted to the appropriate macromolecular complexes.

The ICP0 homologues could affect an ND10 component
other than PML. While it has been shown that PML is essen-
tial for ND10 domain integrity (37), it is also possible that
some other component as yet unidentified is similarly essential.
If the ICP0 homologues preferentially targeted this compo-
nent, it would explain why they disrupt ND10 without appar-
ently affecting PML and Sp100 in the cotransfection assay.

Differential effects on SUMO-1-specific proteases. Recently
a number of cellular SUMO-1-specific proteases have been
identified. These enzymes remove SUMO-1 from conjugated
proteins (including PML) but do not themselves cause the
degradation of these proteins (33, 48, 49, 78). ICP0 could
possibly interact with or cause a SUMO-1 protease to decon-
jugate exogenous PML. Subsequently, ICP0 would induce the
degradation of the unconjugated protein via the proteasome
pathway. There is precedence for this model: SUMO-1-conju-
gated IkBa is resistant to degradation by the proteasome, and
before it can be ubiquitinated and degraded, it must first be
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deconjugated (13). It is possible that the ICP0 homologues fail
to target exogenous PML, because for some reason they are
unable to influence SUMO-1 protease activity on the exoge-
nous protein.

The concept that different regulatory proteins could interact
with and disrupt ND10 by different mechanisms is not without
precedent. For example, although the HCMV IE1 protein has
been reported to abrogate the SUMO-1 modification of PML
in transfection assays (63), its role in the disassembly of ND10
structures during HCMV infection appears to involve direct
binding to PML and its sequestration elsewhere, rather than
altered modification (1, 2). Furthermore, E4orf3 expression
during adenovirus infection disrupts ND10, eventually giving
rise to SUMO-1 demodification and the appearance of novel
modified forms of PML (47), although the E4orf3 protein itself
in transfection assays has no apparent effect on PML modifi-
cation (63). The differences between the transfection and in-
fection approaches in these other systems emphasize that
transfected cells do not necessarily recapitulate the situation of
endogenous proteins, in ways that are as yet not understood.

The fact that different viral regulatory proteins target the
same nuclear structures via different mechanisms strongly im-
plies that the ND10 structures have an important general role
in the biology of virus-cell interactions. We have discussed in
detail elsewhere the working hypothesis that ICP0 inactivates a
cellular repression mechanism by inducing the degradation of
selected cellular proteins (27, 28, 30) and we note that this
hypothesis is analogous to what may be a generally common
cellular regulatory strategy (6, 32, 51). The next challenges are
to understand the consequences of the degradation of cellular
proteins brought about by ICP0 and its homologues and to
determine the precise molecular mechanisms by which the
degradation is achieved.
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