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Interaction of Herpes Simplex Virus ICP0O with ND10 Bodies: a
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On entry into the nucleus, herpes simplex virus 1 (HSV-1) DNA localizes to nuclear bodies known as ND10. Gene repression
imposed by ND10 is released by a viral protein, ICPO, via degradation of the ND10 constituents promyelocytic leukemia protein
(PML) and Sp100 and the subsequent dispersal of ND10 bodies. In order to understand the dynamic interaction between ICP0
and ND10, we carried out deletion mapping to identify the domains of ICP0 responsible for its association with ND10. Here, we
report the following. (i) An ND10 entry signal (ND10-ES), located between residues 245 and 474, is required for ICP0 to pene-
trate and fuse with ND10. ICP0 lacking ND10-ES adheres to the surface of ND10 but fails to enter. (ii) In the absence of ND10-
ES, the E3 ubiquitin ligase of ICPO facilitates the transient adhesion of the truncated ICP0 to the ND10 surface, whereas the pres-
ence of ND10-ES in ICP0 renders ND10 fusion regardless of the E3 ligase activity. (iii) The C terminus of ICPO0 is required for
retention of ICP0 in ND10 but plays no role in the recruitment process. (iv) The adverse effects of an inactive RING domain on
viral replication are partially reversed by deleting either ND10-ES or the C-terminal retention domain, suggesting that addi-
tional ICPO functions require the release of ICP0 from ND10. Based on these results, we conclude that association of ICP0 and
ND10 is a dynamic process, in which three sequential steps—adhesion, fusion, and retention—are adopted to stabilize the inter-

action. A faithful execution of these steps defines the ultimate productivity of the virus.

Following herpes simplex virus 1 (HSV-1) entry into cells, the
nucleocapsid is transported to the nuclear pore, where it re-
leases the viral DNA into the nucleus. Sensing the foreign inva-
sion, the infected cells attempt to immediately silence viral DNA
by intrinsic immune responses, which mobilize existing restric-
tion factors before the induction of additional antiviral molecules
(1). At least two multiprotein complexes, the REST/CoREST/
HDAC complex and nuclear domain 10 (ND10), have been de-
scribed as part of the intrinsic defenses that inhibit initial HSV-1
viral DNA expression (2-7).

ND10s, also known as promyelocytic leukemia protein (PML)
nuclear bodies or PML oncogenic domains, are dynamic nuclear
structures that contain the constant constituents PML and Sp100
and numerous transient components, including gene regulatory
proteins such as Daxx, CBP, p53, Rb, etc. (8-10). The dynamic
complexity of ND10 postulates the importance of ND10s in dif-
ferent aspects of cell life. Indeed, ND10s function in many cellular
regulatory processes, including cell cycle regulation, apoptosis,
DNA repair, cell senescence, and also antiviral defense (11-14).

The antiviral effects of ND10s were initially proposed based on
the observation that exposure of cells to interferon (IFN) increases
the number and size of ND10 bodies as well as the total amounts of
PML and Sp100 (15, 16). Knockout mice without PML are prone
to infections, while fibroblasts from PML /" mice fail to mount
antiviral responses following exposure to IFN (17, 18). The par-
ticipation of ND10s in IFN-induced viral inhibition, which re-
quires protein synthesis of IFN-responsive factors, is regarded as
part of the innate immune response. More recent studies indicate
that ND10s are also part of intrinsic antiviral defenses that use
cellular histones and their associated repressors to silence viral
DNA. Mounting evidence suggests that ND10s also serve as sites
for epigenetic regulation of foreign DNAs. For example, incoming
DNA, from viral infection or DNA transfection, is located in the
vicinity of ND10s and leads to enlarged ND10s (19-21). ND10
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components—Daxx and ATRX—are found to regulate histone
assembly on minigenes introduced into the cell (22). Moreover,
many chromatin-remodeling proteins such as CoREST and
CLOCK are recruited to ND10s upon infection (23, 24). Given the
fact that ND10 participates in multiple antiviral pathways, it is
considered one of the most important cell antiviral mechanisms
and a key target regulated by many different viruses (11).

For HSV-1, an « protein designated infected cell protein 0
(ICPO) is critical for viral countermeasures mounted against cell
intrinsic defenses (3, 6, 25, 26). ICPO gene is essential for viral
replication in low-multiplicity infection of cultured cells but is
dispensable at high multiplicity (25), which indicates that ICPO
functions through saturating cellular factors. ICP0 is a multifunc-
tional viral protein targeting diverse cellular pathways. One well-
characterized function of ICPO is the E3 ubiquitin ligase activity
located in its RING finger domain (27, 28). Upon HSV-1 infec-
tion, ICPO is responsible for the proteasomal degradation of many
cellular proteins, including PML and Sp100 (29, 30), some of the
centromeric proteins (CENPs) that are important for centromere
architecture (31, 32), DNA-PK (DNA-dependent protein kinase)
involved in DNA repair pathway (33), and the IFN-inducible pro-
tein IFI16 that is responsible for IFN induction triggered by for-
eign DNA (34). In addition to functioning through the E3 ligase
activity, ICPO also interacts with numerous cellular proteins to
regulate cell homeostatic status during infection. As exemplified
in Fig. 1A, frame 3, ICPO interacts with CoREST and disrupts the
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FIG 1 Schematic diagrams of ICP0 gene structure and ICPO mutants used in this study. (A) Line 1, HSV-1 genome, with the repeated sequences shown in
patterned boxes. Line 2, position of the two copies of ICP0 in the terminal and internal repeats and expanded illustration of ICPO gene, with three exons and two
introns. Frame 3, ICP0 cDNA used in constructing recombinant viruses. The positions of some known functional domains are illustrated: RING finger domain
(white R in black oval) (27, 28); nuclear localization sequence (NLS) (51); SUMO interaction motif (SIM) (56); USP7 interaction domain (USP7) (44); EF-18
interaction domain (EF-18) (40); ICPO dimerization domain (Dimer) (44); and amino acids important for interactions between ICP0 and cellular partners (thin
vertical rectangles). T67 is important for binding to RNF8 (37), D199 is involved in binding to cyclin D3 (38, 39), and D671/E673 are responsible for COREST
interaction (46). Line 4, amino acid positioning in ICP0 cDNA. (B1 to B3) ICPO0 truncations constructed and studied in this paper. The RING finger mutant of
C116G/C156A substitutions (RFm) is illustrated as a black oval with a white X. All constructs are tagged with mCherry (stars) at their N termini. The amino acid

inclusions or deletions are demonstrated in the parentheses following the virus names.

CoREST-HDAC interaction (3). ICPO binds to USP7 (ubiquitin-
specific protease 7) to regulate the ubiquitin-proteasome pathway
(35, 36). It also interacts with RNF8 (37), cyclin D3 (38, 39), and
EF-138 (40), tuning various cell pathways such as DNA repair, cell
cycle, and protein translation. A fundamental question in HSV-
host interaction is how ICP0 achieves multitasking and coordi-
nates its multiple functions to ensure a robust HSV-1 infection.
During infection, ICPO undergoes dynamic trafficking. Newly
synthesized ICPO is first localized to ND10 nuclear bodies (41).
The next event observed is the degradation of ND10 proteins PML
and Sp100 (29, 30). Between 3 and 5 h after infection, PML essen-
tially disappears, leading to the dispersal of ND10, and subse-
quently ICPO diffuses throughout the nucleus (41, 42). Later on,
ICPO disappears from the nucleus and accumulates in the cyto-
plasm (43). The spatial-temporal trafficking of ICPO likely plays
an important role in coordinating the interactions between ICPO
and its multiple targets. In order to delineate ICPO functions, we
chose to investigate the first trafficking event—interaction with
ND10. We sought to apply reverse genetics to identify the do-
mains of ICPO that determine the interaction of ICP0 with ND10.
Previously, Meredith et al. have identified the C terminus of ICPO
as essential for the localization of ICP0 in ND10 (44). In this re-
port, we show that ICPO contains three domains that define adhe-
sion, fusion, and retention of ICP0O in ND10 bodies. In this con-
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text, the C terminus of ICPO functions as an anchor for retention
rather than recruitment of ICPO to the ND10 structures.

MATERIALS AND METHODS

Cells. Immortalized human embryonic lung (HEL) fibroblasts received
originally from Thomas E. Shenk (Princeton University) and human os-
teosarcoma U20S cells from ATCC were grown in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) and in McCoy’s 5A medium (Invitrogen) supplemented with 10%
serum, respectively.

Construction of recombinant viruses. For N-terminal deletions of
ICPO, forward primers 5'-GCAGGATCCGCAGACTACGTACCGCCCG
C-3',5'-GCAGGATCCGCGGTCTCGGGGGGGAGC-3', and 5'-GCAG
GATCCGGGCCCTCCCGCGGCGCCCC-3" were paired with reverse
primer for PCR amplification of ICPO0 truncations to construct recombi-
nant viruses RHG105, RHG106, and RHG107. For C-terminal deletions,
reverse primers 5'-GCAGTCGACTTACCCGGGCCCACCCTGGCCGC
G-3" and 5'-GCAGTCGACTTAGGGCAGGCAGTCCCCCGTG-3" were
paired with forward primer for PCR amplification of ICPO truncations to
construct recombinant viruses RHG104 and RHG103. For RHG110 and
RHGI118, plasmids containing full-length ICPO or ICP0 84 to 775 were
digested with SnaBI and Sall, whereas PCR products amplified with prim-
ers 5'-GGGCCCTCCCGCGGCGCCGCCCCCTC-3" and 5'-TATTGTT
TTCCCTCGTCCCG-3’ were digested with Sall. The blunt end generated
by SnaBI was ligated to amino acid 475. Additional RING finger muta-
tions C116G/C156A in recombinant viruses RHG120, RHG108,
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RHG109, RHG117,and RHG119 were constructed as described elsewhere
(45). The PCR fragment amplified with primers 5'-GCAGAATTCCCCG
CCCCGGATGTCTGGGTG-3' and 5'-GCAGTCGACTTACAGGTACC
GCGGGGCGAAC-3" was digested with Xhol plus Kpnl to swap for the
wild-type RING finger. The mCherry gene was PCR amplified with prim-
ers 5'-ATGGTGAGCAAGGGCGAGGAGG-3' and 5'-GCAGGATCCCT
TGTACAGCTCGTCCATG-3" and ligated in frame to the N termini of
the above ICPO deletions.

The above-described series of mCherry-ICPO deletions with their
flanking sequences were cloned into the KO5 plasmid as previously de-
scribed (46). The series of KO5 constructs were then electroporated into
the RR1 strain containing ICPO-null bacterial artificial chromosome
(BAC) (46). BAC DNAs extracted from positive colonies were transfected
into U20S cells to generate recombinant viruses. All viruses were plaque
purified at least three times on U20S cells. Viral DNAs were isolated and
verified for the existence of ICPO mutations in both terminal and internal
repeats.

Confocal microscopy. HEL cells grown on four-well glass slides
(Thermo Fisher Scientific) were exposed to 10 PFU/cell of recombinant
viruses for 1 h. Inocula were then removed, and cells were incubated in
growth medium. At the time points indicated in Results, the cells were
fixed in 4% paraformaldehyde, permeabilized with 0.2% Triton X-100,
and blocked with phosphate-buffered saline (PBS) containing 5% horse
serum and 1% bovine serum albumin. The cells were then allowed to react
with primary antibodies at 4°C overnight, rinsed, and subjected to reac-
tion with fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit
(Sigma) plus Texas Red-conjugated goat anti-mouse (Invitrogen) sec-
ondary antibodies or Alexa 488-conjugated goat anti-mouse plus Alexa
594-conjugated goat anti-rabbit secondary antibodies (Invitrogen). Im-
ages were taken with a Zeiss confocal microscope. Three-dimensional
(3D) images were constructed by Volocity 3D image analysis software.

Western blotting. HEL cells were mock infected or infected with 10
PFU/cell of recombinant viruses for 1 h. Inocula were then removed, and
cells were incubated in DMEM supplied with 10% newborn calf serum. At
the hours indicated, the cells were harvested, washed, and lysed in radio-
immunoprecipitation assay (RIPA) buffer (50 mM Tris, pH 7.4, 150 mM
NaCl, 1 mM EDTA, 0.1% SDS, 1% NP-40, 0.25% sodium deoxycholate, 1
mM phenylmethylsulfonyl fluoride). The total cell lysate was sonicated,
electrophoretically separated on SDS-PAGE, and then transferred to poly-
vinylidene difluoride membrane. The membrane was blocked with 1X
TBST (20 mM Tris, pH 7.5, 150 mM NaCl, 0.5% Tween 20) containing
5% nonfat dry milk and probed with primary antibodies as indicated in
Results. The membrane was then incubated with horseradish peroxidase-
conjugated goat anti-mouse or goat anti-rabbit secondary antibody
(Sigma) and visualized with ECL Western Blotting Detection Reagent (GE
Healthcare).

Antibodies. Polyclonal anti-ICP0 exon 2 antibody was a generous gift
from Bernard Roizman (University of Chicago), polyclonal and mono-
clonal anti-PML antibodies were purchased from Santa Cruz Biotechnol-
ogy, Inc., polyclonal anti-actin antibody was purchased from Rockland
Immunochemicals Inc., and polyclonal and monoclonal anti-mCherry
antibodies were purchased from Clontech.

One-step growth curve. HEL cells were infected with viruses at 0.1 or
2 PFU/cell for 1 h. Inocula were then removed, and cells were incubated in
DMEM supplied with 10% newborn calf serum. At the time points indi-
cated in Results, cells were harvested and resuspended in milk. To titrate
viral yields, cells harvested at different time points were sonicated, diluted,
and plated on U20S cells. After 2 h of incubation, the inocula were re-
moved and the cells were cultured in McCoy’s 5A medium supplemented
with 10% newborn calf serum and 0.1% human gamma globulin.

qPCR. HEL cells were infected with viruses at 0.1 or 2 PFU/cell for 1 h.
Inocula were then removed, and cells were incubated in DMEM supplied
with 10% newborn calf serum. At 2 and 24 h postinfection, total DNA was
isolated from infected cells by phenol-chloroform extraction and sub-
jected to quantitative PCR (qPCR) assay using ABsolute gPCR SYBR
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green ROX mix (Thermo Scientific) and a Stratagene Mx3005P Thermo-
cycler. Primers 5'-GCAGCTAGCATGGCGACTGACATTGATATG-3'
and 5'-GCAGAATTCCTAAAACAGGGAGTTGCAATA-3' targeting the
ICP27 gene were used for viral DNA quantitation. The QuantumRNA
Universal 18S internal standard purchased from Invitrogen Life Technol-
ogies was used as an endogenous control to normalize the DNA amount.
The DNA fold increase from 2 hours postinfection (hpi) to 24 hpi was
calculated by comparative AAC analysis.

RESULTS

Construction of viruses with specific deletions or point muta-
tions in ICPO. In order to define the sequence requirements for
the association of ICPO with ND10, we performed systematic de-
letion mapping of ICPO in the context of HSV-1 infection. As
shown schematically in Fig. 1, we generated a recombinant virus,
RHG101, in which a cDNA copy of ICP0 (47, 48) was tagged with
mCherry and cloned to replace the ICPO gene in the HSV-1 ge-
nome, using the BAC technique as described elsewhere (46, 49).
Then, a series of recombinant viruses carrying deletions or muta-
tions in ICPO were constructed in the same fashion. The ICP0O
mutant viruses (Fig. 1) were grouped into C-terminal truncations
(Fig. 1B1), N-terminal truncations (Fig. 1B2), and internal trun-
cations (Fig. 1B3). The localization of mutant ICP0Os was deter-
mined with the aid of confocal microscopy.

The C terminus of ICPO0 is required for retention but not for
recruitment of ICPO to ND10. Meredith et al. reported that a
deletion of the C-terminal residues 594 to 775 led to a diffused
nuclear distribution of ICP0 and a mild decrease in viral replica-
tion. They concluded that the C-terminal domain is required for
ICPO localization to ND10 nuclear bodies (44). Consistent with
these observations, we also found that ICPO containing C-termi-
nal deletions in recombinant viruses RHG103 and RHG104 were
dispersed throughout the nucleus at early times postinfection
(Fig. 2B). Panels a through c of Fig. 2A show that full-length ICPO
with an N-terminal mCherry-tag was localized to ND10, just like
wild-type ICPO or ICPO tagged at the C terminus reported else-
where (41, 45). At 1 h postinfection, ND10 nuclear bodies stained
with PML antibody were generally intact in cells infected by
RHG103 and RHG104, whereas the barely detectable ICPO trun-
cations were clearly diffused throughout the nucleus (Fig. 2B, pan-
els a through f). At 3 h postinfection, the ND10 structures were
barely visible or had disappeared altogether (Fig. 2B, panels g and
j). The ICPO truncations, despite the elevated level, were still dif-
fused throughout the nucleus (Fig. 2B, panels h and k). To deter-
mine whether the disappearance of ND10s in Fig. 2B was the con-
sequence of PML degradation but not of PML disaggregation, we
measured the amounts of PML by Western blot analyses. As
shown in Fig. 3, at 8 h after infection, PMLs in HEL cells infected
with viruses RHG103 and RHG104 were degraded to the same
extent as in cells infected with full-length ICPO (Fig. 3, top panel,
lanes 5, 3, and 2, respectively). The full-length ICP0 had the lowest
steady-state level (Fig. 3, bottom panel, lane 2), consistent with the
quick turnover of wild-type ICPO reported elsewhere (45). Anti-
actin antibody was used as a loading control.

Two hypotheses could explain the observation that PML was
degraded in the apparent absence of accumulation of ICPO at
ND10 bodies. The first hypothesis postulates that PML cycles in
and out of ND10 and can be degraded during its sojourn outside
ND10. Therefore, C-terminal truncations meet and degrade PML
without being localized to ND10. The alternative hypothesis is
that ICPO enters ND10 and degrades PML inside ND10. In this
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FIG 2 Localization of ICPO C-terminal truncations. (A) HEL cells were in-
fected with RHG101 at 10 PFU/cell. At 3 h postinfection, cells were fixed and
stained with polyclonal anti-PML and monoclonal anti-mCherry antibodies.
Representative pictures of the infected cells were taken with a Zeiss 780 con-
focal microscope. (B) HEL cells were infected with RHG103 or RHG104 at 10
PFU/cell. At 1 or 3 h postinfection, cells were stained and photographed as
described for panel A. (C) HEL cells were infected with RHG120, RHG108, or
RHG109 at 10 PFU/cell. At 3 h postinfection, cells were stained and photo-
graphed as described for panel A.

scenario, the C terminus of ICPO acts as a retention anchor in
ND10 bodies. The deletion of the C terminus shortens its sojourn
in ND10 bodies. To differentiate between the two hypotheses, we
constructed the mutant viruses RHG108 and RHG109, in which
the ICPOs are truncated at the C terminus and which at the same
time contain the C116A and C156G substitutions in the RING
finger domain. ICPO with substitutions of C116G and C156A
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FIG 3 PML degradation by ICPO C-terminal truncations. HEL cells were
either mock infected or infected with 10 PFU/cell of mutant viruses as indi-
cated. At 8 h postinfection, total cell lysates were separated on denaturing
polyacrylamide gel and blotted for proteins as indicated in each gel panel. The
asterisk (*) points to a nonspecific cellular protein that cross-reacts with the
polyclonal anti-mCherry antibody. EZ-Run prestained Rec protein ladder
from Fisher was used as a marker.

completely abolishes the E3 ligase activity and fails to degrade
PML (46, 50). The full-length ICPO protein carrying the C116G/
C156A substitutions is sequestered in ND10 bodies due to its fail-
ure in completing the E3 enzymatic reaction (46). The mCherry
tag at the N terminus did not change the sequestration of C116G/
C156A mutant in ND10 (Fig. 2C, panels a to ¢). However, ICP0Os
carrying the RING finger substitutions and lacking the C-terminal
domains encoded by RHG108 and RHG109 entered into and were
sequestered in the ND10 bodies, as shown in Fig. 2C, panels d to i.
These results indicate that (i) the absence of the C-terminal do-
main did not impair the recruitment of ICP0 to ND10 and (ii)
upon entry into ND10, the additional RING finger mutation se-
questered the enzymatic reaction in a transition state and blocked
mutant ICPO from cycling out of ND10s. Based on these observa-
tions, we conclude that the rapid dispersal of ICP0 throughout the
nucleus—a characteristic of ICP0O encoded by RHG103 and
RHG104 (Fig. 2B, panels b, e, h, and k)—is the result of a lack of
ICPO retention. Therefore, the function of ICPO C-terminal resi-
dues 689 to 775 is to serve as an anchor for retention rather than
recruitment of ICPO to ND10 bodies.

ICPO with deletions encompassing amino acids 245 to 474 is
recruited to ND10 surface but fails to enter. The nuclear local-
ization sequence (NLS) of ICPO has been mapped to residues be-
tween 475 and 549 (51). In order to determine the sequence re-
quired for recruiting ICPO to ND10, we systematically truncated
ICPO from the N terminus but left NLS intact (Fig. 1B2). Cells
infected with recombinant viruses RHG105, RHG106, and
RHG107 containing ICP0O with N-terminal truncations are shown
in Fig. 4. Compared to the wild-type ICPO (Fig. 2A, panels a to ¢),
deletion of the first 83 or 241 amino acids did not affect the ability
of the truncations to localize at ND10 (Fig. 4A and B, panelsa to f).
However, further deletion of residues 242 to 474 led to a complete
dispersal of ICPO, at both 1 h and 3 h postinfection (Fig. 4A and B,
panels g to i). As expected, the ability of ICPO to degrade PML
correlated with the presence of the RING finger domain located
between amino acids 84 and 241 (Fig. 4C). ICPO undergoes pro-
teasome-dependent degradation and proteasome-independent
proteolytic cleavage during HSV-1 infection (45). The smaller
bands on the mCherry blot (Fig. 4C) are likely the degradation
intermediates.

Although both RHG106 and RHG107 caused little degradation
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FIG 4 Localization and ability to degrade PML of ICP0O N-terminal truncations. (A and B) HEL cells were infected with 10 PFU/cell of recombinant viruses as
indicated. At 1 h (A) or 3 h (B) postinfection, cells were stained and photographed as described above. (C) HEL cells were either mock infected or infected with
10 PFU/cell of mutant viruses as indicated. At 8 h postinfection, total cell lysates were separated and blotted for proteins as indicated. Red arrowheads indicate

the full-length or truncated ICPOs. The Precision Plus protein standards system from Bio-Rad was used as a marker.

of PML (Fig. 4C, lanes 4 and 5), there was a dramatic change in the
ICPO distribution, from a distinct ND10 localization in RHG106-
infected cells (Fig. 4A and B, panels d to f) to a complete diffusion
throughout the nucleus in cells infected by RHG107 (Fig. 4A and
B, panels g to i). As discussed above, upon interacting with its
substrates in ND10, ICP0 with inactive E3 ubiquitin ligase is se-
questered and unable to release itself from the enzymatic transi-
tion state. The fact that neither RHG106 nor RHG107 contained
the RING finger domain but only RHG106 showed a sequestra-
tion of ICPO truncation at ND10 led us to conclude that residues
242 to 474 are responsible for recruiting ICP0 into ND10. Without

RHGHO

the domain encompassing residues 242 to 474, ICPO cannot be
recruited to meet with its substrates residing within the ND10
bodies. Thus, enzymatic sequestration does not occur.

To better define the domain within residues 242 to 474, we
constructed a recombinant virus RHG110, in which the codon
244 of ICPO was fused in frame to codon 475. The deletion of
residues 245 to 474 brought the RING finger domain in close
proximity to the nuclear localization sequence (Fig. 1B3). Immu-
nofluorescence studies revealed that in approximately 30% of the
RHG110-infected cells, the ICP0 encoded by RHG110 aggregated
in dot structures that were juxtaposed to rather than coincided
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FIG 5 Docking of ICP0 at ND10 in the absence of ND10-ES. (A and B) HEL cells were infected with RHG110 at 10 PFU/cell for 3 h. The infected cells were fixed

and stained with polyclonal anti-PML and monoclonal anti-mCherry antibodies. (A) Representative images taken with a Zeiss 780 confocal microscope.
Arrowheads point to the juxtaposition between ND10 and the ICPO lacking ND10-ES. (B) Three-dimensional images of cells infected with RHG110, RHG120,
or HSV-1(F). (C) HEL cells were mock infected or infected with 10 PFU/cell of recombinant viruses RHG101 or RHG110. At 8 h postinfection, total cell lysates
were separated and blotted for proteins as indicated. (D) HEL cells were infected with RHG110 at 20 PFU/cell for 1.5 and 3 h. The infected cells were stained as
described above. About 400 cells were tabulated for ICPO subcellular distribution and categorized as cytoplasmic, juxtaposed to ND10, or dispersed throughout
the nucleus. The percentage of each ICPO distribution was then plotted with Microsoft Excel.
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FIG 6 Involvement of the ubiquitination-proteasome pathway in recruiting ICP0O to ND10. (A) Duplicated HEL cells were infected with RHG110 or RHG117
at 10 PFU/cell for 3 h. The infected cells were fixed and stained with either monoclonal anti-PML plus polyclonal anti-mCherry antibodies (a to f) or polyclonal
anti-PML plus monoclonal anti-mCherry antibodies (g to 1). Representative pictures of the infected cells were taken with a Zeiss 780 confocal microscope. (B)
HEL cells were pretreated with 10 uM MG132 for 1 h before being infected with RHG110 or RHG117 at 10 PFU/cell for 3 h in the presence of MG132. The cells
were then stained and photographed as described above. (C) HEL cells were infected with RHG118 and RHG119 at 10 PFU/cell for 3 h. The cells were stained and

photographed as described above.

with the ND10 bodies (Fig. 5A, panel ¢, arrowheads). The juxta-
position of the internal truncation and ND10 was unmistakably
clear in the 3D image reconstructed through z-sectioning (Fig. 5B,
panel a). Under the same imaging conditions, RHG120, whose
ICPO contains C116G/C156A substitutions and is sequestered in
ND10, showed the perfect colocalization (Fig. 5B, panel b). We
also examined ICPO in prototype strain HSV-1(F), and wild-type
ICPO0 was perfectly colocalized with ND10 under the same imag-
ing conditions (Fig. 5B, panel ). To exclude potential artifacts, the
experiment was validated by staining duplicated slides with
monoclonal anti-PML plus polyclonal anti-mCherry antibodies
or with polyclonal anti-PML plus monoclonal anti-mCherry an-
tibodies. In both sets of experiments, ICP0 was found juxtaposed
to ND10 in one-third of the RHG110-infected cells (Fig. 6A, pan-
els a to cand g to i), indicating that the domain of residues 245 to
474 in fact contains a sequence necessary for ICP0 to penetrate and
comingle with the components of the ND10 bodies. We define this
domain as the ND10 entry signal (ND10-ES). ICPO without
ND10-ES docks at the ND10 surface but does not enter the ND10
nuclear bodies.

In the remaining 70% of RHG110-infected cells, ICPO lacking
the ND10-ES domain was diffused throughout the nucleus with
an elevated expression level at early times postinfection (Fig. 5A,
panels d to f). Quantitative assessment of RHG110-infected cells
further revealed that prolonged infection time caused a decrease
in the number of cells containing juxtaposed ICPO. In Fig. 5D,
HEL cells infected with RHG110 at 20 PFU/cell were tabulated. At
both 1.5 and 3 h postinfection, about one-half of the 400 cells
counted in this study contained ICPO at a detectable level. Within
these infected cells, a decrease from 28% at 1.5 hpi to 17% at 3 hpi
was observed for cells containing juxtaposed ICPO (Fig. 5D). Fur-
ther incubation by RHG110 at this multiplicity of infection
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showed extensive cytoplasmic localization of ICPO (data not
shown). These results suggest that the juxtaposition of ICPO to the
ND10 bodies is transient and can be observed only in a fraction of
the infected cells shortly after the initiation of ICP0 accumulation
under current sensitivity for detection.

ICPO without ND10-ES in RHG110-infected cells did not de-
grade PML (Fig. 5C, lane 3) either because the domain of entry
signal was required for the E3 ubiquitin ligase activity or because
there was no contact between ICP0 adhering to the ND10 surface
and PML in the interior of ND10 bodies.

The active RING finger domain stabilizes the adhesion of
ICPO at the ND10 surface in the absence of ND10-ES. The strik-
ing differences in the subcellular distribution of mutant ICP0s in
cells infected by RHG107 (Fig. 4A and B, panels g to i) and
RHGI110 (Fig. 5) indicated that not only is the ND10-ES within
residues 245 to 474 important but the upstream sequence, includ-
ing the RING finger, is also involved in recruiting ICP0 to ND10.
When both N terminus and ND10-ES domains were deleted in
RHG107, ICPO completely lost its interaction with ND10, being
dispersed throughout the nucleus with no aggregation observed
(Fig. 4A and B, panels g to i). To determine whether the RING
finger domain is involved in recruiting ICP0 to ND10, we con-
structed mutant virus RHG117 (Fig. 1B3), in which ICPO is trun-
cated at ND10-ES and at the same time carries the C116G and
C156A substitutions as described above. In cells infected with
RHGI117, the mutant ICP0 was evenly distributed throughout the
nucleus early in infection, an observation verified by reciprocal
antibody staining (Fig. 6A, panels d to fand j to1). Cell tabulation
showed that over 99% of cells infected by RHG117 contained dis-
persed ICPO, consistent with the results in cells infected by recom-
binant virus RHG107 (Fig. 4A and B, panels g to i). Therefore, a
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functional RING domain is necessary for ICPO to adhere at the
ND10 surface.

The importance of an active RING finger implicated a potential
involvement of the ubiquitination-proteasome pathway in the ND10
recruitment of ICPO. To test this hypothesis, we conducted RHG110
infection in the presence of the proteasome inhibitor MG132. As
shown in Fig. 6B, panels a to ¢, inhibition of the proteasome pathway
dispersed ICPO lacking ND10-ES in all RHG110-infected cells. In
contrast, addition of MG132 had no effects on the subcellular distri-
bution of ICPO lacking ND10-ES but containing C116G/C156A mu-
tations (Fig. 6B, panels d to f). The fact that MG132 treatment alters
the distribution of ICPO truncation indicates that the ND10 juxtapo-
sition of ICPO lacking ND10-ES is not simply the result of aggregation
of misfolded proteins.

Based on the studies described above, we conclude that in the
absence of ND10-ES, the ubiquitin-proteasome pathway is re-
quired to stabilize the transient adhesion of ICP0 at the ND10
surface. Either inactivation of the ICP0 RING finger or inhibition
of proteasome causes ICPO0 lacking ND10-ES to lose its ability to
aggregate at the ND10 surface and results in the failure to recruit
the truncated ICPO to ND10. In the presence of ND10-ES, ICPO
entered ND10 regardless of the E3 ligase activity (Fig. 2C and 4A
and B, panels a to f), suggesting that the ND10-ES of ICPO is a
dominant driving force for recruitment of ICP0 into ND10 bod-
ies. A transient adhesion process of ICPO at the ND10 surface can
be captured by fluorescence staining only when ND10-ES is de-
leted (Fig. 5A and B).

The first 83 amino acids do not play a role in ICPO recruit-
ment to ND10. As shown in Fig. 4A and B, panels a to ¢, we found
that deletion of the first 83 amino acids of ICP0 in RHG105 had no
effects on ICPO localization at ND10. In order to determine
whether the dominant entry force of ND10-ES obscured any po-
tential domains residing within residues 1 to 83, we constructed
recombinant virus RHG118, in which both N-terminal residues 1
to 83 and the ND10-ES domain were deleted (Fig. 1B3). As shown
in Fig. 6C, panels a to ¢, ICP0 was juxtaposed to the ND10 bodies,
exhibiting the same distribution pattern as observed in RHG110-
infected cells (Fig. 6A, panels a to c and g to 1). Consistent with this
observation, additional point mutations of C116G and C156A in
the RHG119 virus caused dispersal of ICPO (Fig. 6C, panels d to f),
just like what the mutations did to RHG117 virus (Fig. 6A, panels
dto fandj to1). These results and the results from RHG105 (Fig.
4A and B, panels a to ¢) led to a conclusion that the first 83 amino
acids are dispensable in the recruitment of ICP0 to ND10 bodies.

Furthermore, RHG110, RHG117, RHG118, and RHG119 are
recombinant viruses independently developed by the BAC system.
The consistent results from comparison of RHG110 to RHG118
and of RHG117 to RHG119 validated our conclusion that
ND10-ES is required for ICP0 to comingle with ND10 compo-
nents whereas a functional RING finger stabilizes the adhesion of
ICPO at the ND10 surface in the absence of ND10-ES.

Failure of releasing ICP0 from ND10 severely blocks viral
replication. To further investigate the effects of ND10 fusion and
ND10 retention on viral replication, we performed one-step growth
curve analysis for mutant viruses RHG101, RHG120, RHG110,
RHG117,RHG103,and RHG108 (Fig. 7A). In cultures exposed to 0.1
PFU/cell (Fig. 7A), the replication of RHG101 appeared to be com-
parable to that of the wild-type HSV-1(F), as we reported elsewhere
(3), suggesting that the insertion of the mCherry tag at the N terminus
of ICP0 and the disruption of thymidine kinase gene by BAC did not
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FIG 7 Viral replication of mutant viruses defective in ND10 retention or
ND10 fusion. (A and B) One-step growth curves for the mutant viruses indi-
cated. HEL cells were infected with the indicated viruses at either 0.1 PFU/cell
(A) or 2 PFU/cell (B). At 2, 8, 24, and 48 hours postinfection, cells were har-
vested and lysed for titration. The viral yields were plotted against infection
times using Microsoft Excel. (C and D) HEL cells were infected with the indi-
cated viruses at 0.1 PFU/cell. At 2 and 24 h postinfection, total DNAs were
extracted and comparative qPCR was performed using primers targeting
ICP27 or 18S rDNA. Viral DNA fold increases of the 24-h samples relative to
the 2-h samples were plotted by the AAC; method (C). The cycle numbers for
2-h viral DNA normalized against 18S rDNA (AC;) were plotted (D).

affect viral replication in cultured cells (solid line with diamond).
Consistent with the previous report (44), deletion of the C terminus
of ICP0 in RHG103 had a <10-fold decrease in viral yields (Fig. 7A,
solid line with triangle). For RHG108, the C156G/C156A substitu-
tions in addition to the C-terminal deletion further impaired viral
replication (dashed line with triangle), causing an ~100-fold de-
crease compared to RHG101. The deletion of ND10-ES in recombi-
nant virus RHG110 rendered a larger delay in the first 24 h, generat-
inga >100-fold reduction in viral yields compared to RHG101 (solid
line with circle). The delays in replication of RHG103, RHG108, and
RHG110 were overcome between 24 to 48 h, with viral titers rising to
levels comparable to those of RHG101 at 48 h postinfection. Addi-
tional C116G/C156A mutations in recombinant virus RHG117 fur-
ther decreased viral yields to about 1,000-fold at 24 h, and the delay
was sustained at 48 h (dashed line with circle). Interestingly, RHG120,
which carries the C116G/C156A substitutions in full-length ICPO,
generated the least viral growth within the first 24 h (dashed line with
diamond). At 24 h postinfection, RHG120 produced 10-fold fewer
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FIG 8 ICP0-ND10 interaction is a sequential process of adhesion, fusion, and retention. (A) Wild-type ICP0 adheres to the surface of ND10. This is a transient process
that quickly leads to the fusion of ICPO to ND10 bodies. PML and Sp100 are degraded, while ICPO0 is retained at ND10. ND10 is subsequently dispersed. (B) ICPO lacking
the retention sequence adheres to the surface of ND10 and also rapidly fuses with ND10. The lack of retention sequence leads to accelerated cycling of ICP0 in and out
of ND10. PML can be degraded without retention. (C) ICPO0 lacking the entry signal adheres to the surface of ND10. The RING domain of ICP0 interacts with an
unknown surface component(s) of ND10 in a proteasome-dependent manner. This interaction is unstable, and ICPO is released without degrading PML.

infectious particles than RHG117, which carries the same mutations
but is truncated at ND10-ES, and 100-fold fewer than RHG108,
which carries the same mutations but is truncated at the retention
sequence. To confirm these results, we performed quantitative PCR
to directly measure DNA replication. As shown in Fig. 7C, within 24
h after infection, the viral DNA fold increase in cells infected with 0.1
PFU/cell of RHG120 was about 5 times less than that of RHG117 and
was 45 times less than that of RHG108, suggesting that RHG120 had
the least DNA replication. Figure 7D shows the relative cycle numbers
of input viral DNAs normalized to cellular 18S rDNA. The lesser AC;-
value of RHG120, which reflects the presence of more viral DNA at
initial infection, is likely due to a higher particle-to-PFU ratio in
RHG120 replication. All recombinant viral stocks studied here are
generated in U20S cells under the same culture conditions. The
higher DNA-to-PFU ratio again reflects the severe defect of RHG120
replication, even in U20S cells.

The above results suggest that RING domain mutations
C116G/C156A had detrimental effects on HSV-1 replication,
which can be explained by two potential mechanisms: (i) ICPO
carrying an inactive RING finger is unable to degrade cellular
restrictive proteins, including PML; and (ii) mutated ICPO0 is com-
pletely sequestered at ND10 and unable to carry out additional
functions designated to occur outside ND10. Our observations
that among the viruses RHG120, RHG117, and RHG108, all of
which contain the C116G/C156A mutations and are incapable of
PML degradation, the ones that are defective in ND10 recruitment
(RHGL117 [Fig. 6A]) or retention (RHG108 [Fig. 2C]) replicated
better support the second scenario. Theoretically, protein seques-
tration can be overcome by saturating the sequestering factor(s).
To test whether we can eliminate the difference in RHG117 and
RHG120 replications by accelerating ICPO expression, we per-
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formed growth curve analysis with cultures exposed to 2 PFU/cell
of viruses. We found that with the increased multiplicity of infec-
tion the difference between RHG120 and RHG117 replications
was greatly reduced (Fig. 7B), suggesting that the elements re-
stricting RHG120 replication can be saturated by increasing the
multiplicity of infection.

Compared to viruses containing the wild-type RING finger
(RHG101, RHG103, and RHG110), replications of counterpart vi-
ruses lacking the RING finger (RHG120, RHG108, and RHG117)
had less replication at both 0.1 and 2 PFU/cell, suggesting that the E3
ligase activity is the most important function of ICP0. However, ad-
ditional functions of ICP0 occurring outside the ND10 structures also
greatly affect the overall outcome of HSV-1 infection. Defect in ICPO
recruitment led to complete diffusion of ICP0O throughout the nu-
cleus (Fig. 6A, panels d to f), whereas defect in ICPO retention caused
partial diffusion of ICPO (Fig. 2C, panels g to i). In both cases, the
incomplete ND10 sequestration partially reversed the adverse effects
of the mutant RING finger on viral replication, suggesting that func-
tions in addition to the E3 ligase activity rely heavily on the ability of
ICPO to be freed from the ND10 restraint.

DISCUSSION

The objective of this study is to define the interaction between
ICP0 and ND10 nuclear bodies and the biological outcome of this
interaction. We conducted deletion mapping in the context of
HSV-1 infection, which allows us to study the ICPO-ND10 inter-
action with biological relevance and to dissect the dynamic pro-
cess in infected cells. Truncations and mutations of ICP0 blocked
some of the dynamic interactions in their transitional phases and
revealed three consecutive steps in ICP0-ND10 association that
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are otherwise too transient to be observed. These steps are adhe-
sion, fusion, and retention, as shown in Fig. 8A.

The consecutive steps of adhesion and fusion occur so rapidly
that only the fused ICPO, or ICP0-ND10 colocalization, has been
reported in the literature thus far (41). We identified the ND10-ES
domain located between residues 245 and 474 that is responsible
for the adhered ICP0 comingling with ND10 components. Dele-
tion of ND10-ES blocks the fusion of ICPO with ND10, which
prolongs the duration of adhesion so that ICP0 juxtaposed to
ND10 is observed (Fig. 8C). The affinity of ICPO lacking ND10-ES
to the ND10 surface is not very strong. Only a fraction of mutant
ICPO actually decorates the surface of ND10 bodies, whereas pro-
longed infection leads to less ICPO juxtaposing to the ND10 sur-
face. This suggests that the truncated ICP0 excluded from entering
NDI10 lingers at the surface only briefly and is disseminated
quickly afterwards. Since the infection process is not synchronized
from cell to cell, about one-third of the infected cells are captured
with juxtaposed ICP0 under current experimental conditions and
sensitivity.

An active RING domain is essential for the adhesion of ICP0
lacking ND10-ES at the ND10 surface, whereas MG132 treatment
also abolishes the association, suggesting that some part of the
proteasome pathway is required for the transient adhesion. The
fact that MG132 treatment completely disaggregates the internal
truncation indicates that adhesion of ICPO to the ND10 surface is
not simply the result of protein misfolding. The truncated ICPO
also undergoes normal nuclear import at early infection and
translocates to the cytoplasm in late infection just like the wild-
type ICPO, suggesting that in the absence of ND10-ES certain parts
of ICP0 maintain regular function to sustain the cellular traffick-
ing. Cuchet-Lourenco et al. recently reported a direct interaction
between ICP0 241 to 388 and PML isoform I in a yeast 2-hybrid
system (52), which coincides with ND10-ES described in our
study. However, in the infection context they reported ICPO in-
teracting with ectopic PML I only in cells depleted of all endoge-
nous PML isoforms but not in regular cell cultures (52), which
implies that in the absence of other PML isoforms the biochemical
and functional properties of ectopic PML I have likely changed.
Therefore, additional studies are needed to verify whether PML I
interacts with ICPO under natural conditions and whether PML I
is the cellular factor important for ICPO for entry into ND10.

Everett et al. has previously reported the juxtaposition of ICP4
and PML in the live imaging of HSV-1-infected cells (53), suggest-
ing a potential juxtaposition of viral DNA to ND10 early in infec-
tion. Our results clearly indicated a transient state in which ICP0O
also attaches to the surface of ND10. The relative interactions
among viral DNA, ICP4, and ICPO at the surface of ND10 are not
clear at this point. The involvement of the proteasome pathway in
stabilizing the surface interaction of ICP0 lacking ND10-ES cer-
tainly raises interesting questions, such as what might be ubiquiti-
nated or degraded at the ND10 surface and the significance of
modifying these surface proteins in the interaction between viral
DNA and ND10 nuclear bodies.

At first glance, ICPO mutants lacking the C termini appear as if
they do not localize to ND10. In fact, the C-terminal third of ICPO
has been described as a sequence required for ND10 localization
(44, 52). In our study, we found that ICPO mutants containing
C-terminal truncation as well as the C116G/C156A substitutions
are capable of being recruited to and sequestered at ND10. We
postulate that the RING finger mutation traps ICP0 truncation in
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the enzymatic transition state and blocks it from cycling out of the
ND10 bodies. Interestingly, Cuchet-Lourenco et al. also demon-
strated that ectopic PML isoform I partially restored the associa-
tion of a C-terminal truncation at ND10 when all endogenous
PML isoforms were knocked down (52). The fact that interaction
between the endogenous PML I and C-terminal truncation in a
normal infection, if it exists, is not enough to retain the truncation
at ND10 (Fig. 2B and reference 44) implies that the phenomenon
described by Cuchet-Lourenco et al. is likely the result of seques-
tration of an enzymatic transition state caused by an impeded E3
reaction, the consequence of a changed biochemical property of
ectopic PML I in the absence of other PML isoforms.

Therefore, we conclude that there is a dynamic equilibrium
between ICPO contained in the ND10 bodies and that in the nu-
cleoplasm. The function of the C terminus is to retain ICPO at
ND10 for a certain duration, likely to engage in additional ac-
tion(s) other than the PML degradation. Loss of the C terminus
abrogates that function and accelerates the cycling of ICP0 in and
out of the ND10 bodies, as shown in Fig. 8B. Our observation that
a shortened sojourn of ICP0 inside ND10 does not substantially
change the rate of PML degradation suggests that the dynamic
cycling of ICPO in and out of ND10 does not affect substrate rec-
ognition and binding of ICPO when it comes to PML.

As shown in Fig. 1A, the retention domain coincides with
the CoREST interaction motif (46). We have previously reported
that CoREST is recruited to ND10 during infection (23), whereas
CoREST-ICPO interaction is critical for dislodging HDAC-1 and
-2 from the REST/CoREST/HDAC repressor complex (2, 46). It
will be worthy of investigation to find out whether ICPO finds and
interacts with CoREST inside the ND10 nuclear bodies for dere-
pression. The ND10 retention domain also overlaps the ICPO
dimerization domain located between amino acids 633 and 775
(44). Previous reports have demonstrated that ICPO dimerization
alters the cellular distribution of ectopically expressed ICPO in
transfected cells (54, 55). It needs to be verified whether the
dimerization exists in infected cells and whether it plays a role in
ICP0-ND10 association.

By homologous analysis, Boutell et al. identified seven SUMO
interaction motif-like sequences (SLS) in ICP0. ICP0 was demon-
strated to interact with SUMO 2/3 but not SUMO 1 in yeast 2-hy-
brid analysis. Among the most conserved SLSs, mutations in SLS4
completely disrupted the interaction of ICP0 with SUMO 2/3 in
vitro, whereas mutations in SLS5 and SLS7 had no effect (56). SLS4
is located in the middle of ND10-ES. The involvement of SUMO
interaction in the ND10 entry of ICP0 remains an important ques-
tion to be answered.

In wild-type HSV-1 infection, ICPO is released from ND10 after
the ND10 dispersal. Our results suggest that this release is essential for
viral replication. The RING finger mutation of RHG120, of which the
ND10 sequestration of ICPO0 is more thorough than those with de-
fects in either recruitment or retention, has the most detrimental
effect on overall viral production. The release of ICP0 indicated that
additional functions carried out in the nucleus or in the cytoplasm are
also important for a full-blown infection.

ND10 and its organizer PML have been a hot spot for viral onco-
genic studies (57-61). As a tumor suppressor gene, PML deficiency
and subsequent ND10 loss have been observed in many cancer types,
including viral-infection-related cancers. For example, PML is down-
regulated in cervical carcinogenesis caused by human papillomavirus
(58) and gastric carcinoma associated with Epstein-Barr virus (EBV)
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(61). HSV infection in a healthy individual establishes latency and is
sporadically reactivated to cause recurrent skin lesions. HSV has not
been considered a tumorigenic virus until recently, partly due to the
extensive PML degradation caused by HSV infection. A few studies
have been conducted to assess the cancer risk for HSV patients, and
mild increases of oral cancer have been linked to HSV infection (62,
63). Unlike the nuclear antigen EBNA1 of EBV, which is constantly
expressed in latent EBV infection, ICPO expression cannot be de-
tected during the latent infection of HSV. However, frequent HSV
reactivation, especially in immunosuppressed patients, may increase
the chance of constant PML deficiency and potentially the risk of
cancer.
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