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A Key early event in the replication of herpes simplex virus 1 (HSV-1) is the localization of infected-cell
protein no. 0 (ICP0) in nuclear structures knows as ND10 or promyelocytic leukemia oncogenic domains
(PODs). This is followed by dispersal of ND10 constituents such as the promyelocytic leukemia protein (PML),
CREB-binding protein (CBP), and Daxx. Numerous experiments have shown that this dispersal is mediated by
ICP0. PML is thought to be the organizing structural component of ND10. To determine whether the virus
targets PML because it is inimical to viral replication, telomerase-immortalized human foreskin fibroblasts
and HEp-2 cells were transduced with wild-type baculovirus or a baculovirus expressing the M, 69,000 form of
PML. The transduced cultures were examined for expression and localization of PML in mock-infected and
HSV-1-infected cells. The results obtained from studies of cells overexpressing PML were as follows. (i)
Transduced cells accumulate large amounts of unmodified and SUMO-I-modified PML. (ii) Mock-infected
cells exhibited enlarged ND10 structures containing CBP and Daxx in addition to PML. (iii) In infected cells,
ICPO colocalized with PML in ND10 early in infection, but the two proteins did not overlap or were juxtaposed
in orderly structures. (iv) The enlarged ND10 structures remained intact at least until 12 h after infection and
retained CBP and Daxx in addition to PML. (v) Overexpression of PML had no effect on the accumulation of
viral proteins representative of o, (3, or 'y groups and had no effect on the accumulation of infectious virus in
cells infected with wild-type virus or a mutant (R7910) from which the a0 genes had been deleted. These results
indicate the following: (i) PML overexpressed in transduced cells cannot be differentiated from endogenous
PML with respect to sumoylation and localization in ND10 structures. (ii) PML does not affect viral replication
or the changes in the localization of ICP0 through infection. (iii) Disaggregation of ND10 structures is not an

obligatory event essential for viral replication.

One of the early hallmarks of herpes simplex virus 1
(HSV-1) infection is structural changes in infected cells associ-
ated with the function of infected-cell protein no. 0 (ICPO) (re-
viewed in reference 51). Specifically, ICPO made immediately
after infection is transported to structures known as nuclear bod-
ies, promyelocytic leukemia oncogenic domains, Kr bodies, or
ND10 (reviewed in references 25, 36, and 41). In this report we
designate these bodies ND10 based largely on the preeminence of
this term in virological literature. Within hours after the localiza-
tion of the ICP0 protein in these structures, the contents of ND10
become dispersed (16, 39, 40). This dispersal has been linked
specifically to ICP0 inasmuch as these structures are also affected
in cells transfected with the ICPO gene in the absence of other
viral genes (44, 46). Following dispersal on ND10, ICPO is trans-
located to the cytoplasm (27, 35). The major constituent of ND10
structures is the promyelocytic leukemia protein (PML). Al-
though ND10 structures contain additional components such as
SP100, SP140, ISG20, SUMO-I, CREB-binding protein (CBP),
PRB, Daxx, BAX, HAUSP, P53, and nascent RNA (reviewed in
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references 10, 25, 30, 36, 41, and 67), PML is responsible for the
proper localization of all other ND10-associated proteins since
they are all dispersed in PML ™/~ cells (26, 65). The dispersal of
ND10 is accompanied by proteasome-dependent degradation of
sumoylated PML (7, 15, 44). One conclusion of the existing lit-
erature is that degradation of ND10 is essential for the translo-
cation of ICPO0 from the nucleus into the cytoplasm since in cells
treated with proteasomal inhibitors ND10 remains intact and
translocation does not ensue (7, 15). The argument that HSV-1
targets PML for degradation because it is inimical to viral repli-
cation is supported by the evidence that PML has been reported
to have an antiviral activity during infection with different viruses
such as vesicular stomatitis virus, adenovirus, and influenza virus
A (8, 9). Additional evidence that PML may play an inhibitory
role in viral replication is based on the known functions of PML
(reviewed in references 38, 41, and 50).

Briefly, PML is a RING finger, B-box, coiled-coil protein; it
contains a characteristic C3HC4 zinc (Ring) finger and two
additional cysteine-rich regions (B boxes) followed by a pre-
dicted coiled-coil region (for reviews see references 3, 4, and
52). PML has been implicated in a significant number of cel-
lular process including transcription (10, 22, 30, 32, 55, 56, 64,
66), cell proliferation, senescence, tumorigenesis, apoptosis,
resistance to virus infection (38, 50), and hormone signaling on
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the following bases. (i) In vitro experiments have shown that
PML can inhibit transformation induced by neu (c-erb2,
ERBB?2), Ha-ras, mutant p53, or Ha-ras plus c-myc (33, 42,
43). (ii) PML is involved in the regulation of p53-dependent
senescence upon oncogenic transformation (17, 48). (iii)
PML ™/~ mice develop more tumors than wild-type mice do
when challenged with carcinogens (60). (iv) PML /"~ mice and
PML /" cells grown in vitro are protected from caspase-de-
pendent apoptotic signals (60, 61). PML is also implicated in
caspase-independent apoptosis involving the activation and re-
localization of BAX or Daxx into the nuclear bodies (49, 54,
67). (v) PML is involved in the activation of CREB-binding
protein (CBP), suggesting an involvement in hormone signal-
ing (10, 30). (vi) Expression of nuclear body proteins PML,
ISG120, SP140, and SP100 and proteasome components is
increased in response to interferon (IFN) (19-21, 23, 31). The
PML promoter contains functional elements responsive to
IFN-o/B and IFN-y (53). Thus PML has been reported to be
the primary target of IFN. In addition to HSV-1, other viruses,
notably cytomegalovirus (CMV) (1) and adenoviruses (9),
cause drastic changes to ND10s and induce their disruption or
the relocalization of their constituents.

In essence PML and the ND10 structures have emerged as
components of the host defense system designed to thwart viral
infection, and, conversely, they are the targets of viral functions
designed to block the cell from blocking viral replication. The
involvement of ICPO in this process became more significant
with the accruing evidence that ICP0O mediates the destruction
of several cellular proteins and acts as a multiple ubiquitin
ligase (5, 13, 24, 57). To define better the role of PML, we
transduced human cells with a baculovirus expressing PML.
We report that (i) the induced PML is sumoylated and aggre-
gates with CBP and Daxx in enlarged ND10 structures. (ii)
Late in HSV-1 infection, the induced PML, CBP, and Daxx are
retained in ND10 structures. (iii) ICPO is distributed similarly
in treated and untreated cells. (iv) Finally, the overexpression
of PML has no effect on the accumulation of infectious virus or
of proteins representative of various kinetic classes of HSV-1.

MATERIALS AND METHODS

Cells and viruses. Telomerase-transformed human embryonic foreskin (pHF)
fibroblasts were obtained from Thomas Shenk (Princeton University, Princeton,
N.J.). HEp-2, U-2 Os (human osteosarcoma cells), and Vero cells were obtained
from the American Type Culture Collection (ATCC). pHF, HEp-2, and Vero
cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10 (pHF) or 5% (HEp-2 and Vero) fetal bovine serum (FBS). U-2
Os cells (HTB-96) were grown in McCoy medium (GIBCO-BRL) supplemented
with 10% FBS. HSV-1 strain F [HSV-1(F)], a limited-passage isolate, is the
prototype HSV-1 strain used in this laboratory (12). The construction and phe-
notypic properties of recombinant virus R7910, lacking both copies of the a0,
were described elsewhere (28).

Construction of recombinant baculovirus. The construction of the pAcCMV
baculovirus transfer vector, which contains the human CMV immediate-early
promoter/enhancer sequences, was described elsewhere (68). PML cDNA was
excised from a simian virus 40-PML plasmid encoding the M, 69,000 form of
PML (kindly provided by K. Borden, Mount Sinai School of Medicine, New
York, N.Y.) with Ncol and inserted into the Ncol site of pAcSG2 (PharMingen,
San Diego, Calif.) to generate the pAc-PML baculovirus transfer vector. The
Xhol-EcoRI fragment from pAcCMV containing the human CMV immediate-
early promoter/enhancer sequences was inserted into the XholI-EcoRI site of
pAc-PML to generate the pAcCMV-PML baculovirus transfer vector. Baculo-
virus encoding PML (Bac-PML) was generated by cotransfecting Sf9 cells with
BaculoGold linearized baculovirus DNA with the pAcCMV-PML transfer vector
according to the manufacturer’s instructions (PharMingen). Bac-PML and the
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wild-type baculovirus (PharMingen) were propagated in Sf9 cells grown in 150-
cm?® flasks in TNM-FH insect medium (PharMingen). Virus stocks were pre-
pared and titered as described by the manufacturer. In mammalian cells infected
with Bac-PML, the expression of PML is directed by the CMV promoter.

Infection of cells. HEp-2 cell grown in a 25-cm? flask were exposed to 20 PFU of
Bac-PML per cell or mock infected and incubated at 37°C for 2 h in TNM-FH insect
cell medium. The inoculum was replaced with fresh DMEM containing 10% FBS
and 5 mM sodium butyrate. Expression of PML was verified 24 h after baculovirus
infection. In coinfection experiments, pHF and HEp-2 cells were exposed to 20 PFU
of wild-type baculovirus or Bac-PML per cell and incubated at 37°C for 2 h in
TNM-FH insect cell medium. The inoculum was replaced with fresh DMEM con-
taining 10% FBS and 10 (pHF) or 5 mM (HEp-2) sodium butyrate for 10 h. The cells
were then exposed to 5 PFU of HSV-1(F) or 1 PFU of R7910 recombinant virus per
cell in mixture 199 (Gibco) supplemented with 1% calf serum (199V). At 2 h after
exposure to the virus, the inocula were replaced with fresh DMEM containing 10%
FBS and 10 mM sodium butyrate. The cells were harvested at various times after
herpesvirus infection as indicated in Results.

Virus titration. pHF or Hep-2 cells (4 X 10°) seeded on a 25-cm? flask were
infected with 20 PFU of wild-type or Bac-PML baculovirus for 2 h at 37°C. The
inocula were replaced by fresh DMEM containing 10% FBS and either 10 (pHF)
or 5 mM (HEp-2) sodium butyrate. After 10 h of incubation, the cells were
exposed to HSV-1(F) or the R7910 mutant for 2 h. At 2 or 24 h after infection,
the cells were rinsed three time with 199V and then harvested in 1.5 ml of
mixture 199V, frozen and thawed twice, sonicated, and titrated in Vero [(HSV-
1(F)] or U-2 Os (R7910 mutant) cell cultures.

Immunoblotting of electrophoretically separated cell lysates. Cells grown in
25-cm?® flasks were infected as described in Results. At various intervals the
medium was replaced with ice-cold phosphate-buffered saline (PBS; 0.15 M
NaCl, 0.01 M Na,HPO,, 0.01 M NaH,PO,, pH 7.4) and the cultures were stored
on wet ice for 10 min and then harvested by scraping. After centrifugation the
cell pellet was rinsed and the cells were pelleted again by centrifugation in 1 ml
of PBS and then lysed in a 1:3 mixture of buffer I (5% sodium dodecyl sulfate
[SDS], 0.15 M Tris-HCI [pH 6.8], 30% glycerol) and buffer II (25 mM Tris-HCI
[pH 8.3], 50 mM NaCl, 0.5% NP-40, 0.5% deoxycholate, 0.1% SDS, and protease
inhibitors). The lysate was sonicated briefly, centrifuged for 10 min at 13,000 rpm
at 4°C (Biofuge pico, 3325 Heraeus rotor; Sorvall, Norwalk, Conn.). The super-
natant fluid was transferred into a tube containing [1/4] volume of 4 X disruption
buffer (8% SDS, 200 mM Tris [pH 6.8], 12% sucrose, 20% B-mercaptoethanol,
and bromophenol blue). The extracts were boiled for 5 min, and 50 pg of protein
per lane was subjected to electrophoresis on an SDS-10% N,N'-diallyltardiam-
ide—acrylamide gel and then transferred to nitrocellulose membranes. The mem-
branes were blocked for 1 h with PBS containing 5% nonfat dry milk and 0.05%
Tween 20, rinsed, and reacted overnight at 4°C with the appropriate primary
antibody in PBS containing 1% bovine serum albumin (BSA) and 0.05% Tween
20. Mouse monoclonal antibodies to PML (Santa Cruz Biotechnology, Santa
Cruz, Calif.), SUMO-I (Santa Cruz Biotechnology), actin (Sigma), ICP4, and
ICP0O (H1083) were used at 1:500, 1:400, 1:200, 1:1,000, and 1:1,000 dilutions,
respectively. The rabbit polyclonal antibodies against PML (Santa Cruz Biotech-
nology), ICP22, the product of U, 38, and thymidine kinase (TK) were used at
1:500 dilutions. The rabbit polyclonal antibodies against SUMO-I (Santa Cruz
Biotechnology) and ICPO (28) were used at 1:200 and 1:1,000 dilutions, respec-
tively. The membrane was rinsed and then reacted with secondary antibodies.
Goat anti-mouse and goat anti-rabbit peroxidase-conjugated antibodies (Sigma)
and goat anti-mouse and goat anti-rabbit alkaline phosphatase-conjugated anti-
bodies (Bio-Rad, Hercules, Calif.) were used at 1:1,000, 1:1,000, 1:3,000, and
1:3,000 dilutions, respectively. All rinses were done in PBS and 0.05% Tween 20.
Immunoblots were developed either with alkaline phosphatase or through en-
hanced chemiluminescence detection according to the instructions of the man-
ufacturer (ECL and RPN2209; Amersham Pharmacia Biotech, Little Chalfont,
Buckinghamshire, United Kingdom).

Preparation of pHF fibroblast cultures for immunofluorescence. pHF cells
were seeded onto glass slides (Cell-line, Newfield, N.J.) at 10* cells per well. One
day after the seeding the cultures were exposed to 40 PFU of Bac-PML or
wild-type baculovirus per cell and incubated at 37°C for 2 h in TNM-FH insect
medium. Then the inoculum was replaced with fresh DMEM containing 10%
FBS and 10 mM sodium butyrate. Cells were fixed at 15 h after infection in
ice-cold methanol. In coinfection experiments, after exposure to baculovirus for
2 h and incubation for an additional 10 h in DMEM containing 10% FBS and 10
mM sodium butyrate, the cells were exposed to 20 PFU of HSV-1(F) per cell for
2hin 199V. The inocula were replaced with fresh DMEM containing 10% FBS
and 10 mM sodium butyrate. Cells were fixed at the times indicated in Results
after infection with HSV-1(F).
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FIG. 1. PML cloned in a plasmid or baculovirus is expressed and modified by SUMO-I. (A and B) HEp-2 cells were transfected with pAcCMV
(lanes 4 and 8) or pAcCMV-PML (lanes 1, 2, 5, and 6) or were untransfected (lanes 3 and 7). After 48 h of incubation the cells were harvested,
solubilized, subjected to electrophoresis in denaturing gels, and reacted with a mouse monoclonal antibody to PML (A) or with a rabbit polyclonal
antibody to SUMO-I (B). (C) Lysates of cells infected with two different preparations of Bac-PML (lanes 9 and 10) were solubilized, subjected
to electrophoresis in denaturing gels, and reacted with a mouse monoclonal antibody to PML. Because of the large amount of PML expressed in
these cells, the exposure to the antibody was very short, too short to detect endogenous PML in panel A, lanes 3 and 4.

Immunofluorescence analyses. At the times indicated in Results, the slide
cultures were rinsed five times in DMEM, fixed with cold methanol for 2 h, and
blocked for 1 h in PBS containing 1% BSA and 20% normal human serum. The
primary antibodies were diluted in PBS containing 1% BSA and 10% normal
human serum. The mouse monoclonal antibodies to PML (Santa Cruz Biotech-
nology) and glycoprotein D (gD) were used at 1:400 and 1:1,000 dilutions,
respectively. The rabbit polyclonal antibodies to ICPO (28), CBP, and Daxx
(Santa Cruz Biotechnology) were used at dilutions of 1:1,000, 1:400, and 1:400,
respectively. After reaction overnight at 4°C, the slide cultures were rinsed at
least five times with PBS and exposed to the secondary antibodies in PBS
containing 1% BSA and 10% normal human serum. Goat anti-rabbit and goat
anti-mouse secondary antibodies coupled with Texas red (Molecular Probes,
Eugene, Oreg.) were used at a 1:400 dilution, and goat anti-rabbit and goat
anti-mouse antibodies coupled with fluorescein isothiocyanate (FITC; Sigma)
were used at 1:160 and 1:64 dilutions, respectively. After 1 h of reaction with the
secondary antibody, the slide cultures were again rinsed at least five times with
PBS and mounted in 90% glycerol containing 1 mg of 1-4-phenylenediamine per
ml (Aldrich Chemical Co., Milwaukee, Wis.). The slides were examined in Zeiss
confocal microscope. Digitized images of the fluorescent antibody-stained cells
were taken with a Zeiss camera (AxioCam) or with confocal laser technology
(Zeiss) and were acquired with software provided by Zeiss.

Electron microscopy. pHF cells were harvested 15 h after infection with Bac-
PML and 3 h after infection with HSV-1(F), rinsed, and fixed in 4% parafor-
maldehyde-0.1% gluteraldehyde in PBS for 1 to 2 h at 4°C. The fixed cells were
then pelleted by centrifugation, rinsed, resuspended in PBS, dehydrated, infil-
trated, and embedded at low-temperature (E. Kellenberger, E. Carlemaln, W.
Villiger, J. Roth, and R. M. Garavito, Law denaturation embedding for electron
microscopy of thin sections, Chemische Werke Lowi GMbH, Waldkraiburg,
Germany, 1980) in Lowicryl K4M (Polysciences, Inc., Warrington, Pa.) by the
technique of progressive lowering of temperature, as described in detail else-
where (6). Sections 80 to 90 nm thick were cut on a Sorvall MT-2 ultramicrotome
with a diamond knife (Diatome, Fort Washington, Pa.) and collected onto 300
mesh nickel grids (Ted Pella Inc., Redding Calif.). The procedure for immuno-
electron microscopy has been reported elsewhere (2). Briefly, grids were floated
on microdrops (25 to 50 wl) for the following procedures, except where exhaus-
tive rinsing was involved. Sections collected on grids were quenched with 0.5 M
ammonium chloride, pH 5.5, for 1 h, and then transferred directly for blocking
with 10% normal goat sera (PBS, 1% BSA, 1% Triton X-100) for 15 min at room
temperature. Grids prepared in this manner were then incubated on microdrops
of dilutions (e.g., 1:5 to 1:100 in PBS-1% BSA-1% Triton X-100) of primary
antibodies and reacted overnight in a humidified chamber at 4°C. Following
incubation, grids were rinsed briefly over a series of 7 microdrops of PBS
containing 1% BSA and 1% Triton X-100 at room temperature. Reaction mix-
tures with secondary antibodies conjugated with colloidal gold and diluted 1:75

(PBS, 1% BSA, 1% Triton X-100) were incubated for 1 h in a humidified
chamber at room temperature. The secondary antibodies used were a goat
anti-rabbit antibody conjugated with 5-nm colloidal gold (GFAR-5) and a goat
anti-mouse antibody conjugated with 5- (GFAM-5) or 15-nm (GMHL-15) col-
loidal gold (Ted Pella). The grids were rinsed exhaustively in three successive
50-ml beakers of distilled water, air dried at room temperature, and very lightly
stained with 2% aqueous uranyl acetate for 10 min to enhance the visualization
of colloidal gold and then viewed in a Elmiskop 201 (Siemens) electron micro-
scope. Photography was done with Kodak OS-163 film and the plates shown are
without image processing.

RESULTS

PML encoded in baculoviruses is expressed and sumoy-
lated. As described in Materials and Methods, the cDNA en-
coding the 69-kDa form of human PML driven by the CMV
immediate-early promoter was cloned into baculovirus transfer
vector pAcCMYV to generate pAcCMV-PML. To verify that
the pAcCMV-PML-encoded 69-kDa form of PML is sumoy-
lated, HEp-2 cells were transfected with pAcCMV-PML or
empty vector pAcCMV. The cells were harvested 48 h after
transfection, lysed, subjected to electrophoresis on an SDS-
denaturing 10% polyacrylamide gel, transferred to a nitrocel-
lulose membrane, and reacted with a rabbit polyclonal anti-
body against PML. As shown in Fig. 1A, the transfected cells
accumulated a protein with an apparent M, of 69,000 and
higher-molecular-weight forms that reacted with the anti-PML
antibody (Fig. 1A). The same membrane was reacted with a
mouse monoclonal antibody to SUMO-I (Fig. 1B). Some of
the higher-molecular-weight forms of PML correspond to
SUMO-I-modified PML since the corresponding bands could
be also detected with the SUMO-I antibody only in cells trans-
fected with pAcCMV-PML (compare Fig. 1A and C).

The pAcCMV-PML vector was used to generate baculovirus
Bac-PML after cotransfection of Sf9 insect cells with the bacu-
loGold linearized DNA as described in Materials and Meth-
ods. To verify that the Bac-CMV baculovirus is also able to
express PML in mammalian cells, HEp-2 cells in a 25-cm? flask
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were mock infected or exposed to 20 PFU of Bac-PML per cell
for 2 h and then incubated at 37°C. The cells harvested 24 h
after exposure to baculoviruses were processed as described
above. As shown in Fig. 1C, the cells exposed to Bac-PML
expressed large amounts of PML and more slowly migrating
forms corresponding in electrophoretic mobility to sumoylated
PML. Because of very high levels of PML produced in these
cells, the reaction time with the anti-PML antibody was very
short, too short for detection of endogenous PML in lanes 3
and 4 of Fig. 1A.

Overexpression of PML causes the formation of large ND10
structures. The objective of this series of experiments was to
verify by immunofluorescence microscopy that the exogenous
PML, encoded by the Bac-PML baculovirus, was correctly local-
ized in NDI10 structures of cells not infected with HSV-1. To
localize ND10 structures, we used antibodies to two known ND10
components, Daxx and CBP (10, 30, 67). As detailed in Materials
and Methods, replicate slide cultures seeded with 10* pHF cells
were exposed to 40 PFU of wild-type or Bac-PML baculovirus per
cell for 2 h. After 13 h of additional incubation, the cells were
fixed in ice-cold methanol for 2 h and then reacted first with a
mouse monoclonal antibody to PML and a rabbit polyclonal
antibody to Daxx or CBP and then with a goat anti-mouse anti-
body coupled with FITC and a goat anti-rabbit antibody coupled
with Texas red. The results, shown in Fig. 2, were as follows. (i) In
mock-infected cells, PML, CBP, and Daxx colocalized in struc-
tures defined in the literature as ND10 (Fig. 2a to c and g to i). (ii)
In cells exposed to Bac-PML, PML aggregated in large nuclear
punctate structures more prominent than those present in cells
exposed to wild-type baculovirus (Fig. 2, compare b and h to e and
k). (iif) CBP and Daxx colocalized with the exogenous PML in the
large nuclear punctate structures (Fig. 2d to f and j to 1). We
conclude from these two series of experiments that the PML gene
carried by Bac-PML was expressed, that PML product was
sumoylated, and that the exogenous PML correctly colocalized
with CBP and the Daxx protein in enlarged ND10 structures.

The localization of ICP0 is not dependent on the localization
of PML. Numerous reports from this and other laboratories
have shown that ICPO expressed by open reading frames in-
troduced into cells by infection or transfection initially colo-
calizes with ND10 structures and then causes the disappear-
ance of sumoylated PML and the dispersal of ND10
components in a proteasome-dependent manner (7, 15, 16, 39,
40, 44). Thus addition of a proteasome inhibitor, such lacta-
cystin or MG132, prior to or early in infection blocks the
dispersal of ND10 components (7, 15). In these cells ICPO
remains associated with ND10 for the duration of infection,
suggesting that the dispersion of ND10 is required for the
translocation of ICPO from the nucleus to the cytoplasm (27,
35). The purpose of this series of experiments was therefore
twofold. The first objective was to determine the fate of the
enlarged NDI10 structures after infection with wild-type
HSV-1. The second objective was to determine whether the
expression and translocation of ICP0 was affected by overex-
pression of PML. In this series of experiments coverslip cul-
tures of pHF cells were exposed to 40 PFU of wild-type or
Bac-PML baculovirus per cell for 2 h. After 10 h of additional
incubation, the cells were either mock infected or exposed to
20 PFU of HSV-1(F) per cell for 2 h. Replicate cultures were
fixed and reacted with the antibody at 3, 7, or 12 after HSV-1
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infection as described in Materials and Methods and in the
preceding section. The results (Fig. 3) were as follows. (i) In
pHF cells exposed to wild-type baculovirus and infected with
HSV-1(F), ICPO localized in nuclear punctate structures at 3 h
after infection. ICPO was then detected as diffuse fluorescence
in both the nucleus and cytoplasm between 3 and 7 h after
infection and was primarily cytoplasmic at 12 after infection
(Fig. 3g, m, and s). (ii) In cells overexpressing PML, at 3 h after
infection, ICP0 appeared to colocalize with PML in the large
punctate structures seen in Fig. 2 (Fig. 3j to 1 and 4a to c). At
higher magnification, however, the colocalization appeared to
be imperfect. In essence, ICP0 appeared to form dense aggre-
gates surrounded by a halo of fluorescent PML (Fig. 4d to f).
(iv) At late times after infection ICPO increased in amount and
was dispersed throughout the cell (Fig. 3p to r and v to x). In
contrast PML remained totally contained in the enlarged punc-
tate structures (Fig. 3k, g, and w) throughout the experimental
interval (3 to 12 h after infection). Because of the large
amounts of ICPO present at late times after infection, it was not
possible to ascertain definitively whether any ICP0O remained
associated with PML in the enlarged punctate structures. The
appearance of the punctate structures suggested that they did
not contain amounts of ICPO greater than the surrounding
cellular compartments.

We conclude from this series of experiments that in pHF
fibroblasts exogenous PMLs were localized throughout infec-
tion in punctate structures similar to those seen in uninfected
cells throughout infection and that the localization of ICPO was
independent of and not hindered by the presence or localiza-
tion of exogenously produced PMLs.

Overexpression of PML blocks the dispersal of CBP and
Daxx induced by HSV-1. As shown in Fig. 1, overexpression of
PML by Bac-PML led to the enlargement of ND10 structures,
which contain CBP and Daxx in addition to PML. In wild-type
virus-infected cells, the components of ND10 are dispersed in
an ICPO- and proteasome-dependent manner. The results
shown in Fig. 3 and 4 indicated that, in pHF cells transduced
with Bac-PML, PML remained associated with the enlarged
punctate bodies throughout the viral replicative cycle. To verify
that these structures contain other components of ND10, the
experiment described above was repeated except that the
transduced, infected slide cultures were probed with a poly-
clonal rabbit antibody against CBP or Daxx. In addition, to
visualize more clearly the nuclei of infected cells, the cells were
also reacted with monoclonal antibody anti-gD. This antibody
was chosen because gD accumulates largely in cytoplasmic
membranes and would not interfere with the visualization of
ND10 or its components. The procedures were as described in
Materials and Methods. The results (Fig. 5) were as follows. (i)
As expected, in control cultures both CBP and Daxx localized
in small punctate structures in nuclei of mock-infected cells. In
this and other experiments, CBP and Daxx also formed a
diffuse layer throughout the cell (Fig. 5a to ¢ and m to o). In
cells exposed to Bac-PML, the punctate structures were signif-
icantly larger and, moreover, the diffuse material seen in con-
trol cells was less apparent (Fig. 5d to f and p to r). (ii) In
cultures of cells fixed 12 h after infection, CBP and especially
Daxx appeared to be dispersed from the punctate structures
(Fig. 5g to i and s to u). (iii) In cells exposed to Bac-PML and
fixed 12 h after infection with HSV-1(F) both CBP and Daxx



FIG. 2. Overexpression of PML results in the formation of large nuclear structures (ND10) containing CBP and Daxx. pHF fibroblast slide
cultures were infected with Bac-PML (d to f and j to 1) or wild-type baculovirus (a to ¢ and g to i) as described in Materials and Methods. The
cells were fixed and reacted with a mouse monoclonal antibody to PML (b, c, e, f, h, i, k, and 1) or a rabbit polyclonal antibody to CBP (a, c, d,
and f) or Daxx (g, i, j, and 1). The secondary antibodies were anti-mouse immunoglobulin G (IgG) conjugated to fluorescein isothiocyanate and
an anti-rabbit IgG conjugated to Texas red. Left and middle columns, single-color images captured separately; right column, merged images. The
yellow visualized in the overlaid images represents colocalization of PML and CBP or PML and Daxx. The images were captured with a Zeiss
camera (AxioCam) and software provided by Zeiss. The digitized images were not modified subsequent to capture.
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Untreated

HSV-1(F) 7h

[

FIG. 3. Overexpressed PML remains associated with enlarged ND10 structures but does not affect the localization of ICPO in the course of
infection of pHF fibroblasts. pHF fibroblast slide cultures were infected with Bac-PML (d to f, j to 1, p to 1, and v to x) or wild-type baculovirus
(atoc, gtoi, mtoo,ands tou) and then either mock infected (a to f) or infected with HSV-1(F) (g to x) as described in Materials and Methods.
The cells were fixed at the indicated times and reacted with a mouse monoclonal antibody to PML and a rabbit polyclonal antibody to ICP0 as
indicated at the top of each column. The secondary antibodies were anti-rabbit immunoglobulin G (IgG) conjugated to Texas red and an
anti-mouse IgG conjugated to FITC. The images were captured as described in the legend to Fig. 2 and were not modified subsequent to capture.

were retained in the enlarged punctate bodies (Fig. 5j to 1 and
v to x). Except for the expression of gD, the appearance of the
nuclei was very similar to that of nuclei of uninfected cells
overexpressing PML (compare Fig. 5d to f and p to r with j to

1 and v to x). We conclude from these experiments that, in pHF
fibroblasts overexpressing PML, the components of ND10
structures assayed in these experiments are not dispersed as
late as 12 h after infection with wild-type virus.
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Bac -PML
ICPO

FIG. 4. ICPO colocalizes, but does not overlap, with PML. pHF fibroblast slide cultures were infected with Bac-PML and HSV-1(F) at 3 h after
HSV-1 infection and were treated as indicated in the legend for Fig. 2. The images were captured with a Zeiss confocal microscope with the aid
of software provided by the manufacturer and were not modified subsequent to capture.

SUMO-I-modified proteins accumulate late in infection in
cells transduced with PML. The correct modification of PML
by SUMO-I has been reported to be important for its local-
ization in ND10 structures and for the formation of mature
ND10 (11, 29, 45, 65). ICPO has been shown to induce the
disappearance of sumoylated PML and the dispersion of ND10
(7, 15, 16, 39, 40, 44). In this report we have shown that that
overexpression of PML led to the persistence of PML, Daxx,
and CBP in enlarged ND10 structures late in HSV-1 infection.
To test if sumoylated protein persisted late in infection, pHF
fibroblasts grown in a 25-cm? flask, were exposed to 20 PFU of
Bac-PML or wild-type baculovirus for 2 h. After 10 additional
hours of incubation at 37°C, the cells were exposed for 2 h
either to HSV-1(F) (Fig. 6A) or the ICPO-null mutant, R7910
(Fig. 6B). The cells were harvested at 2, 4, 8, or 12 h later,
processed as described in Materials and Methods, and reacted
with a mouse monoclonal antibody to PML and a rabbit poly-
clonal antibody to SUMO-I. The results were as follows. (i)
The amounts of sumoylated proteins decreased during the
course of the infection both in wild-type and ICP0O-null mutant
virus-infected cells. The disappearance of sumoylated proteins
appeared to be more dramatic in cells infected with wild-type
virus than in cells infected with the R7910 mutant. (ii) There
was at least as much sumoylated protein in cells transduced
with Bac-PML at late times after HSV-1 infection as in mock-

infected cells. We conclude that sumoylated proteins persist
throughout the course infection.

Electron-microscopic studies of enlarged ND10 structures
in cells exposed to Bac-PML and infected with HSV-1. The
objective of this series of experiments was to examine the
ND10 structures by electron microscopy in order to determine
whether PML and ICP0O form topologically identifiable aggre-
gates. The procedures were as described in Materials and
Methods. Briefly, the cells were harvested at 3 h after infection
with HSV-1(F). Thin sections were reacted with antibodies to
PML or PML and ICPO and then with secondary antibodies
conjugated with 15-nm gold particles for PML and 5-nm gold
particles for ICP0. Examinations of thin sections showed that
the 15-nm gold particles were present in roughly circular elec-
tron-translucent areas of this section. Some thin sections con-
tain numerous such electron-translucent areas (Fig. 7A). The
3-h time point was selected to insure that ICPO colocalized
predominantly with ND10 structures. As shown in Fig. 7C, the
5-nm gold particles were present in clusters but were also
singly dispersed throughout the ND10 structures. There was no
apparent clustering of ICP0O with PML. ICPO is also seen in the
electron-dense material immediately to the right of the elec-
tron-translucent area. The PML (15-nm gold particles) at the
lower right portion of Fig. 7C may represent a portion of
another ND10 structure. We conclude that the electron-micro-
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FIG. 6. In cells overexpressing PML, sumoylated proteins decrease
with time but are detectable late in infection. Replicate cultures of
pHF fibroblasts were exposed to wild-type baculovirus (PML —) or
baculovirus expressing PML. After 10 h of incubation, the cells were
mock infected or exposed to 5 PFU of HSV-1(F) (A) or 1 PFU of the
R7910 («0) mutant (B) per cell. The cultures were harvested at 2, 4, 8,
or 12 h after infection, solubilized, and subjected to electrophoresis in
denaturing polyacrylamide gels, and the products were transferred to
a nitrocellulose sheet and reacted with a monoclonal antibody to PML
(left) or a rabbit polyclonal antibody to SUMO-I (right).

scopic examination of cells overexpressing PML and showing
enlarged ND10 structures does not show unequivocal aggre-
gation of ICP0O with PML in organized structures.
Overexpression of PML does not have any effect the accu-
mulation of viral proteins expressed by wild-type virus HSV-
1(F) or the a0-null mutant, R7910. The objectives of this series
of experiments were to determine the effect of overexpression of
PML on the accumulation of viral proteins representative of
(e.g., ICPO, ICP4, and ICP22), 8 (TK), and -y (U, 38) groups. The
procedures were as described in Materials and Methods. In the
first series of experiments (Fig. 8A and B), pHF fibroblasts grown
in a 25-cm? flask were exposed to 20 PFU of Bac-PML or wild-
type baculovirus for 2 h at 37°C and incubated in fresh DMEM
containing 10% FBS and 10 mM sodium butyrate for 10 addi-
tional hours. Then cells were exposed to HSV-1(F) (Fig. 8A) or
R7910 (Fig. 8B) for 2 h. The cells were harvested at 2,4, 8, or 12h
after the end of the 2-h adsorption interval and processed as
described in Materials and Methods and the legend to Fig. 8. The
experiment was repeated with HEp-2 cells and HSV-1(F) (Fig.
8C). The results, shown in Fig. 8, were as follows. (i) There were
no significant differences in the accumulation of tested viral pro-
teins throughout the 12-h interval after infection between control
cells and HEp-2 cells overexpressing PML (Fig. 8C). The slightly
decreased amounts of ICPO and ICP4 at 4 h after infection of
pHF cells with wild-type virus were not discernible at 12 h, and no
apparent differences in the accumulations of U; 38 and TK were
noted (Fig. 8A). It is of interest that the slowest-migrating form of
overexpressed PML (Fig. 8A, lanes 2, 4, and 6) decreased in

EFFECT OF OVEREXPRESSION OF PML ON HSV-1 9363

relative amounts at 8 h after infection and disappeared entirely at
12 h after infection. (ii) In pHF fibroblasts infected with the
o0-null mutant, R7910, there was a decrease in the amounts of
accumulated ICP4 at 8 h, but not at 12 h, after infection of cells
overexpressing PML. This observation was reproduced in differ-
ent experiments. Also, we noted the disappearance of the fast-
migrating form of PML (Fig. 8B, compare lanes 1 and 3 with 5, 7,
and 9). We conclude that overexpression of PML had no appre-
ciable effect on the expression of proteins encoded by wild-type or
ICPO-null mutant virus.

Overexpression of PML does not repress replication of
HSV-1(F) or the R7910 mutant. Inasmuch as overexpression of
PML had no significant effects on the accumulation of viral
proteins, it was of interest to determine whether overexpres-
sion of the protein interferes with viral replication. In this
series of experiments replicate cultures of pHF or HEp-2 cells
were exposed to 20 PFU of wild-type baculovirus or Bac-PML
for 2 h at 37°C. The inoculum was then replaced with fresh
medium and incubation continued for another 10 h. At that
time the cells were infected with 5§ PFU of HSV-1(F) or 1 PFU
of R7910 per cell. After 2 h of adsorption, the cells were rinsed
and incubated in fresh medium for either 2 or 24 h at 37°C. At
2 and 12 h after infection cells were harvested and titered in
Vero cells [HSV-1(F)] or U-2 Os (R7910 mutant virus) as
reported elsewhere (62). The procedures were as described in
Materials and Methods. The 2-h time point measured the
amount of virus that attached to but did not penetrate the cells
and represents the background amounts of the virus. The re-
sults, summarized in Table 1, indicate that overexpression of
PML had no effect on the accumulation of infectious virus. As
expected, the a0-null mutant, R7910, replicated less well than
its parent virus, HSV-1(F), in both pHF and HEp-2 cells. In
other experiments, not shown, we measured the effect of over-
expression of PML on cells exposed to 1 PFU of HSV-1(F) per
cell with similar results (data not shown)

DISCUSSION

A significant fraction of the functions encoded by HSV-1
concern themselves with blocking potential cellular responses
to infection. Thus HSV-1 blocks cellular protein synthesis,
cellular RNA synthesis, the processing of cellular mRNA, ac-
tivation of cellular pathways that lead to programmed cell
death, presentation of antigenic peptides to the immune sys-
tem on the surfaces of infected cells, and activation of IFN
pathways that mediate shutoff of protein synthesis (for a review
see reference 51). The evidence that HSV-1 targets for de-
struction the ND10 structures suggested the possibility that
these structures are components of the cellular armamentar-
ium evolved to combat viral infections. Several studies have
shown that SUMO-I PML is a targeted for proteasome-depen-
dent disappearance mediated by ICPO, and indeed the func-
tions attributed to PML listed in the introduction suggest that
this protein may pose a threat to viral replication, and hence
the virus could be expected to evolve the means to block it (7,
15, 44). The rationale of the studies described in this report is
that, if PML expresses antiviral activity, then overexpression of
PML would be expected to affect viral replication as reflected
in decreased accumulation of viral proteins and diminished
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FIG. 8. Overexpression of PML does not affect the expression of viral proteins. Replicate cultures of pHF fibroblasts were exposed to wild-type
baculovirus (PML —) or baculovirus expressing PML (PML +). At 10 h later, the cells were mock infected or exposed to 5 PFU of HSV-1(F) (A) or
1 PFU of the R7910 («0-null) mutant (B) per cell. The cells were harvested at 2, 4, 8, or 10 h after the 2-h adsorption interval, solubilized, subjected
to electrophoresis in denaturing gels, and reacted with antibodies as described in Materials and Methods. (C) Same procedures as for panels A

and B with HEp-2 cells.

viral yields. This effect would be expected to be magnified in
cells infected with an «0-negative mutant.

The experimental design employed in these studies was to
transduce cells with a baculovirus expressing PML. The evi-
dence presented in this report suggests that the product of the
open reading frame cloned into the baculovirus is an authentic
PML. Specifically, the electrophoretic mobility of the protein
was the expected molecular weight of authentic PML, the
protein was sumoylated, and, in addition, it accumulated in
structures containing CBP and Daxx proteins known to be
contained in ND10 structures (10, 30, 67). The key conclusion
of the studies presented here is that overexpression of PML
had no effect on viral replication or the accumulation of viral
proteins in cells infected with either wild-type virus or virus
lacking the ICPO gene.

The published literature indicates that ICPO targets sumoy-
lated proteins for destruction (7, 15, 44). The results presented
in this report show the accumulation of sumoylated protein
bands in cells overexpressing PML. The results also show that,
at middle times after infection, the amounts of sumoylated
proteins decrease (Fig. 6). However, while the decrease was
more dramatic in wild-type virus-infected cells than in cells
infected with the «0 mutant, R7910, we noted that there was a
decrease in both ICP0™ and in wild-type virus-infected cells. It
is also noteworthy that, at the end of the assay interval, i.e.,

12 h after infection, the levels of sumoylated proteins were
significantly higher than those in mock-infected cells (Fig. 6).

The salient features of the results obtained in this report
were as follows. (i) The sizes of the ND10 structures were not
fixed but rather appeared to be dependent on the amounts of
PML expressed in both infected and uninfected cells. These
observations are consistent with the reports that PML is a
determinant of the assembly of ND10 (26, 65). (ii) The ND10
structures contained in cells transduced with Bac-PML were
stable throughout the 12 h of infection with wild-type virus, in
sharp contrast to the fate of ND10 structures in cells trans-
duced with wild-type baculovirus. However, the failure of
ND10 structures to disperse had no effect on the replication or
viral gene expression of wild-type virus or of the R7910 (ICPO-
null) mutant (Fig. 8 and Table 1). The implication of this
observation is that the degradation on the ND10 structures is
not essential for viral replication. (iii) The increase in the size
of the ND10 structures permitted a higher resolution of the
interaction between ICP0 and the PML. The results presented
in this report do not support the hypothesis that PML and
ICPO interact. The results of confocal microscopy suggest that
ICPO and PML are contained in the same structures but do not
fully overlap (Fig. 4). The immunoelectron-microscopic exper-
iments illustrated in Fig. 7 do not support the hypothesis that
PML and ICPO form orderly structures in which the two pro-

FIG. 7. Electron photomicrographs of enlarged ND10 structures overexpressing PML and infected with HSV-1(F). pHF fibroblasts were
harvested 3 h after infection with HSV-1(F) and processed for immunoelectron microscopy as described in Materials and Methods. Thin sections
of cells were labeled with a mouse monoclonal antibody to PML (Santa Cruz Biotechnology) and then reacted with a goat anti-mouse
immunoglobulin G (IgG) antibody conjugated with 15-nm colloidal gold (GMHL-15) as a secondary antibody (Ted Pella). (A) Low magnification
of a cell showing multiple ND10 structures delineated by circles and containing multiple 15-nm gold particles. (B) Higher magnification showing
individual ND10 structures delineated by the circles and containing 15-nm gold particles indicating the presence of PML. (C) Thin sections of cells
were labeled simultaneously with a mouse monoclonal antibody to PML and a rabbit antibody to ICPO and then reacted with a goat anti-mouse
IgG antibody conjugated with 15-nm colloidal gold as a secondary antibody and a goat anti-rabbit IgG antibody conjugated with 5-nm colloidal
gold (GFAR-5). This high magnification of a single ND10 structure shows the presence of both ICP0O (5-nm) and PML (15-nm) particles.
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TABLE 1. Effect of overexpression of PML on the replication of
wild-type and Aa0 mutant viruses

Virus yield (PFU) at
indicated hours

Virus Cell line Baculovirus after infection
2 24
HSV-1(F) pHF WT“ 1.92 x 10* 2.5 x 107
Bac-PML 2.63 x 10* 1.3 x 107
HEp-2 WT 35 %x10° 7 X 108
Bac-PML 4 x10° 5.5 x 108
R7910 pHF WT 147 X 10° 6.8 X 10°
Bac-PML 1.48 X 10° 7 X 10°
HEp-2 WT 1.35 x 10° 1.5 x 107
Bac-PML 1.1 X 10° 9 % 10°
“WT, wild type.

teins are juxtaposed. (iv) In untreated wild-type virus-infected
cells, ICPO mediates the dispersal of ND10 components. ICP0O
then becomes dispersed throughout the nucleus and ultimately
becomes translocated to the cytoplasm. Exposure of cells to
proteasomal inhibitors early in infection blocks the dispersal of
ND10 components and retains ICP0 in the nucleus. The results
presented here indicate that the compartmentalization of ICP0
in the infected cells is totally independent of the stability of the
ND10 structures (Fig. 3).

The results presented in this report raise several questions. The
first is that, in the absence of a specific interaction between PML
and ICP0, what causes the translocation of the newly made ICP0O
to the ND10 structures? We can exclude cyclin D3 since the
D199A mutant, which does not bind cyclin D3, also localizes with
the ND10 structures early in infection (59). One interesting al-
ternative is that ICPO interacts early with one subunit of the
proteasomes that aggregate in or near the ND10 structures (29,
37). This hypothesis is consistent with the observation that ICP0O
colocalizes with components of the ubiquitin-proteasome system
at the early stages of infection (13, 57).

The second relevant question relates to the role of ICPO in
mediating the degradation of SUMO-I-modified PML and the
dispersal of ND10 components. Is SUMO-I-modified PML the
intended target or is it affected because it shares properties
with an as yet unknown target of ICP0? ICP0O mediates the
degradation of several seemingly unrelated proteins. These
include centromeric proteins A and C, DNA-dependent pro-
tein kinase SP100, etc. (7, 14, 34, 47). If PML is the intended
target of ICP0, one possible explanation for the failure of the
overexpressed PML to inhibit HSV-1 replication is that the
virus blocks PML-mediated repression by several mechanism.
One such alternative mechanism is posttranslational modifica-
tion of the protein. It is noteworthy for example, that in pHF
fibroblasts infected with wild-type or R7910 mutant virus the
fast-migrating form of PML present in mock-infected cells and
in infected cells early in infection disappears at later times after
infection (Fig. 7). An alternative hypothesis is that the ubig-
uitin-conjugating enzymes conscripted by the ubiquitin ligase
function of ICPO regulate the degradation of several proteins
including that of PML. One notable example of such an asso-
ciation is related to the observation that ICPO mediates the
stabilization of both cyclin D3 and cyclin D1 (58, 59). While
cyclin D3 interacts with ICP0 and has been shown to play a role

J. VIROL.

in the phenotypic properties of ICP0, no such an interaction
has been shown for cyclin D1 (59). However, ICP0 appears to
target for destruction UbcH3 (cdc34), the ubiquitin-conjugat-
ing enzyme know to regulate the turnover of D cyclins (18, 24,
63). In this instance the stabilization of cyclin D1 reflects the
viral requirement to block the turnover of cyclin D3.

In essence, we have demonstrated that viral replication does
not depend on or require the destruction of ND10. The true
function of ICPO in the ND10 structures remains to be deter-
mined.
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