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Herpes simplex virus (HSV) immediate-early protein ICPO is a transcriptional activator with E3 ubiquitin
ligase activity that induces the degradation of ND10 proteins, including the promyelocytic leukemia protein
(PML) and Sp100. Moreover, ICP0 has a role in the derepression of viral genomes and in the modulation of
the host interferon response to virus infection. Here, we report that ICP0 interacts with SIAH-1, a cellular E3
ubiquitin ligase that is involved in multiple cellular pathways and is itself capable of mediating PML
degradation. This novel virus-host interaction profoundly stabilized SIAH-1 and recruited this cellular E3
ligase into ICP0-containing nuclear bodies. Moreover, SIAH-1 mediated the polyubiquitination of HSV ICP0
in vitro and in vivo. After infection of SIAH-1 knockdown cells with HSV, higher levels of ICP0 were produced,
ICPO was less ubiquitinated, and the half-life of this multifunctional viral regulatory protein was increased.
These results indicate an inhibitory role of SIAH-1 during lytic infection by targeting ICP0 for proteasomal

degradation.

ICPO is a member of the class of immediate-early gene
products of herpes simplex virus 1 and 2 (HSV-1 and -2), with
homologs in other herpesvirus subfamilies. ICP0 is required
for the efficient initiation of viral lytic infection and reactiva-
tion from latently infected neurons (reviewed in references 22,
34, 35, and 65). ICPO appears to be a multifunctional regulator
of gene expression that directly and indirectly interacts with
numerous viral and cellular proteins. For example, these in-
clude the viral transcriptional activator ICP4, the cellular tran-
scription factor BMALI, the translation initiation factor la,
cell cycle regulators such as cyclins, and the tumor suppressor
p53 (6, 45-47, 81). ICPO is also a component of viral particles,
where it can be detected in a salt-resistant fraction of the
tegument, suggesting it to be an inner tegument protein closely
associated with the capsid (21, 53, 66).

Early in infection, newly synthesized ICPO localizes to dis-
crete subnuclear structures, which are characterized by the
presence of the promyelocytic leukemia protein (PML) and
are variously referred to as nuclear domain 10 (ND10), Kre-
mer bodies, PML nuclear bodies, or PML oncogenic domains
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(PODs). ND10 has been implicated in a variety of cellular
processes, including the regulation of growth control, senes-
cence, apoptosis, transformation, and antiviral responses (for
reviews, see references 4, 15, and 24). During the early stage of
infection, HSV genomes locate preferentially in the periphery
of ND10, and these nuclear areas are considered to be the sites
where viral transcription initiates (23, 55). Importantly, later in
infection the ND10 components PML and Sp100, which is
another major and constitutive component of ND10 (7, 12, 27),
are rearranged and disrupted by the E3 ubiquitin ligase activity
of ICPO, which is mediated by a zinc-binding RING finger
domain near its amino terminus (8, 28, 56, 57). Nevertheless,
ubiquitination of PML by ICP0 was not reconstituted in vitro
(7), suggesting additional proteins involved in this activity.
ICPO itself autoubiquitinates via its RING domain, a process
counteracted by the ubiquitin-specific protease USP7, which is
in turn subject to ICPO-mediated degradation (5, 10).

Furthermore, ICP0O counteracts silencing of viral DNA by
dissociating the histone deacetylases (HDAC) 1 and 2 from the
repressor complex CoOREST/REST, permitting progression of
viral gene expression from the immediate-early to the early
and late stages (33, 68). Nevertheless, these functions appear
to be dispensable for ND10 breakdown and the reactivation of
quiescent genomes (25, 29).

The cellular E3 ubiquitin ligase SIAH has been described to
target PML (31). In fact, STAH-1-mediated PML degradation
results in the loss of the transcriptional coactivating properties
of PML and the significant reduction of the number of ND10
(31). SIAH family members represent mammalian homologs
of the Drosophila SINA (seven in absentia) protein (11), of
which the two human homologs SIAH-1 and SIAH-2 have
been described (41). Through their intrinsic E3 ubiquitin ligase
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activity, they play an important role in the proteasome-medi-
ated degradation of various proteins involved in transcriptional
regulation, cell growth, tumorigenesis, and hypoxia signaling
(32, 38, 41, 51, 54, 59, 62, 82). SIAH-1 targets a constantly
growing number of proteins, including itself, for ubiquitination
and proteasome-dependent degradation (18, 31, 40, 41, 51, 54,
77, 80). Moreover, for many target proteins of SIAH, a con-
sensus binding motif was identified (36, 37).

SIAH-1 is expressed in various tissues, including neurons
(39, 61, 77). Interestingly, its highly related Drosophila ho-
molog SINA targets the transcriptional repressor Tramtrack,
which is a potent repressor of neuronal cell fate (11, 48, 73). It
therefore appears that STAH-1 and its homologs fulfill impor-
tant regulatory functions, particularly in neuronal tissues, the
site where HSV latent infection is established and reactivation
is initiated (69).

In the present study, we identified a consensus SIAH-1 in-
teraction motif in the HSV immediate-early gene product
ICP0. By coimmunoprecipitation, we found ICPO to be a novel
SIAH-1 interaction partner. Transient overexpression of ICPO
or infection with HSV profoundly stabilized STAH-1 by a post-
translational mechanism. The specific interaction of SIAH-1
and ICPO resulted in polyubiquitination of the latter, whereas
there was no apparent influence of SIAH-1 binding on the
ability of ICPO to mediate PML degradation. By constitutively
silencing STAH-1, we observed improved stability of ICPO dur-
ing infection. Therefore, we postulate that the interaction of
ICPO and SIAH-1 results in ubiquitination and proteasome-
mediated degradation of the viral ICPO regulatory protein. The
implication of this so-far-unknown virus-host interaction with
respect to the viral life cycle is discussed.

MATERIALS AND METHODS

Cells and viruses. HEK293T (ATCC CRL-11268) and U20S (ATCC HTB-
96) cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% fetal calf serum (FCS), 2 mM L-glutamine, and 3.75 mg/ml
sodium bicarbonate. Vero (ATCC CCL-81) and BHK-21 (ATCC CCL-10) cells
were maintained in MEM supplemented with 10% FCS, 2 mM L-glutamine, 10
mM HEPES, and 2.25 mg/ml sodium bicarbonate.

HSV-1, strain 17%, and the ICPO-negative d/7403 mutant (HSV-1AICPO0) (26)
were provided by Roger D. Everett (MRC, Glasgow, United Kingdom); HSV-2,
strain US, was provided by Andreas Sauerbrei and Peter Wutzler (Universitit
Jena, Germany). Wild-type HSV was propagated in BHK-21 cells, and HSV-
1AICPO in U20S cells. All viruses were plaque-titrated on U20S cells in the
presence of 25 pg/ml pooled human IgG (19). For a synchronized infection, cells
were inoculated for 2 h on ice in a small volume of virus to allow attachment of
virions followed by washing and incubation at 37°C for different amounts of time.

Expression constructs. The HSV-1 and HSV-2 ICP0 coding sequences (17)
were synthesized in vitro (Geneart, Regensburg, Germany) and ligated as car-
boxy-terminal Flag or green fluorescent protein (GFP) fusions between the
BamHI and Xhol site of the eukaryotic expression vector pcDNA3 (Invitrogen,
Darmstadt, Germany). The proteins will be referred to as ICPO(1) and ICP0(2),
respectively. Various internal ICP0O(2) deletion mutants were constructed by
removal of the respective nucleotides by PCR or via restriction sites, which were
introduced during the in vitro synthesis, and religation using the appropriate
oligonucleotide linkers. The ICPO(2)ARING mutant was derived by eliminating
nucleotides corresponding to codons 126 to 166 in the ICP0(2) coding sequence.
For bacterial expression of the amino-terminal hexahistidine-tagged fusion pro-
tein, the ICP0(2) coding sequence was inserted between the Nhel and Xhol sites
of pET-28b (Novagen, Darmstadt, Germany). The plasmids encoding hemag-
glutinin (HA)-ubiquitin, N-terminally HA-tagged SIAH-1, and inactive HA-
SIAH-1-C44S, the bacterial expression construct for GST-SIAH-1, were de-
scribed elsewhere (74, 75, 80).

DNA transfection. 293T cells were transfected using polyethylenimine (PEI;
Polysciences, Eppelheim, Germany) at a microgram ratio of PEI and DNA of
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6:1. Vero cells were transfected using Lipofectamine 2000 (Invitrogen) or
TransIT (Mirus Bio, Madison, WI) according to the manufacturer’s protocol.
When required, the amount of total input DNA in each transfection was kept
constant by the addition of the respective parental vector.

Reagents and primary antibodies. Protein G Sepharose was obtained from GE
Healthcare (Freiburg, Germany). GFPtrapA beads consist of a single-chain GFP
antibody immobilized on agarose beads (Chromotek; Martinsried, Germany).
Proteasome inhibitor MG132 was purchased from Sigma (Munich, Germany),
and TriFast reagent was purchased from Peqlab (Erlangen, Germany). The
following primary antibodies were used: anti-Flag M2, anti-tubulin DM1A,
mouse IgG (all from Sigma); anti-GFP antibody (Innogenetics, Gent, Belgium);
anti-PML H-238, anti-HA Y-11, anti-SIAH-1 N-15, anti-HSV-1 ICP0 11086,
anti-HSV-1/2 ICP4 H943, anti-ubiquitin P4D1 (Santa Cruz, CA); anti-HSV-1/2
VPS5 H1.4 (Acris, Herford, Germany); and anti-GST-DX700, anti-HA-DX700,
and anti-His-DX-700 antibody (IRDye-labeled antibodies; Rockland Immuno-
chemicals, Gilbertsville, CA).

Immunoprecipitation studies. 293T cells were harvested 1 or 2 days posttrans-
fection and washed twice in phosphate-buffered saline (PBS). Subsequently, the
cells were resuspended in E1A lysis buffer (300 mM NaCl, 50 mM HEPES [pH
7.5], 5 mM EDTA, 0.5% NP-40) or radioimmunoprecipitation assay (RIPA)
buffer (150 mM NaCl, 50 mM Tris-Cl [pH 8.0], 1% NP-40, 0.5% sodium deoxy-
cholate, 0.1% SDS), both containing protease inhibitors (5 pg/ml aprotinin, 5
pg/ml leupeptin, 5 pg/ml pepstatin, and 125 wg/ml Pefabloc), and incubated on
ice for 30 min. The lysates were centrifuged for 15 min at 20,000 X g, and the
supernatant was transferred to a new tube. For preclearing, protein G Sepharose
beads, which were three times equilibrated in E1A wash buffer (150 mM NaCl,
50 mM HEPES [pH 7.5], 5 mM EDTA, 0.5% NP-40), were added to the lysates
and the tubes were placed on an overhead mixer at 4°C. After 60 min, the beads
were sedimented by centrifugation at 100 X g and the supernatant was divided
and transferred to new tubes. Fresh protein G Sepharose beads, together with 5
g of specific antibody, were added to one half of the supernatant. As a control,
5 g rabbit or mouse IgGs and fresh beads were added to the other half.
Alternatively, washed GFPtrapA beads were added to the cell lysates after
centrifugation without further preclearing. After overnight incubation on an
overhead mixer at 4°C, the beads were sedimented by centrifugation at 100 X g
and washed three times in E1A wash buffer. SDS sample buffer (2X) was added
to the precipitates and boiled for 10 min at 95°C, and analysis was performed by
SDS-PAGE and immunoblotting.

Pulse-chase experiments. At 24 h posttransfection, 293T cells were washed
once with cell culture medium without cysteine and methionine and incubated
further in the same medium for 1 h before 20 wCi TRAN*>S-LABEL (MP
Biomedicals, Eschwege, Germany) was added for 30 min. Subsequently, cells
were washed twice and further incubated in DMEM. At various time points, cells
were lysed and equal amounts of the respective total protein extracts were used
for immunoprecipitation as described before. The labeled proteins were ana-
lyzed by SDS-PAGE and autoradiography. The degree of SIAH-1 expression was
quantified by densitometric analysis of the respective signals using AIDA image
software (Raytest, Straubenhardt, Germany).

Western blot analyses. For whole-cell lysates, cells were washed twice with
PBS and lysed. After sonication, 1X SDS sample buffer was added to the cell
lysates and equal amounts of total protein were separated by SDS-PAGE. Al-
ternatively, cells were washed with PBS and directly scraped into hot sample
buffer containing protease inhibitors. Proteins were transferred to nitrocellulose
membrane (Schleicher & Schuell) by immunoblotting, followed by enhanced
chemiluminescence (ECL) detection (GE Healthcare) after applying the appro-
priate antibodies. Alternatively, IRDye700- or IRDye800-labeled secondary an-
tibody (Rockland) was applied and fluorescence detected with an Odyssey Im-
ager (LI-COR Biosciences, Bad Homburg, Germany).

Overexpression and purification of recombinant ICP0(2) and SIAH-1. Over-
night-grown Escherichia coli BL21(DE3) CodonPlus-RIPL cells, harboring the
pET28b-ICPO plasmid, were taken to inoculate 500 ml of LB medium containing
kanamycin (100 pg/ml) and grown for 2 h at 37°C. The culture was induced with
0.5 mM IPTG (isopropyl-B-p-thiogalactopyranoside) and incubated for another
6 h at 22°C. The purification was carried out according to Canning and coworkers
(10) with slight modifications. Briefly, the cells from the induced culture were
harvested by centrifugation and resuspended in buffer A (100 mM Tris-Cl [pH
8.0], 500 mM NaCl, 10% glycerol, 2 mM dithiothreitol [DTT], 0.1% Nonidet
P-40, and 0.1 Triton X-100) in the presence of complete EDTA-free protease
inhibitor cocktail (Roche, Mannheim, Germany) and lysed by sonication. Insol-
uble debris was removed by centrifugation, and subsequently cleared lysate was
filtered through a 0.22-um filter. The filtrate was directly loaded to a 2-ml
Ni-nitrilotriacetic acid (NTA) bead column, preequilibrated with buffer A. The
column was washed with 100 ml of buffer B (100 mM Tris-Cl [pH 8.0], 250 mM
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NaCl, 5% glycerol, 20 mM imidazole [pH 8.0]). The protein was eluted from the
column in 5 ml of buffer C (100 mM Tris-HCI [pH 8.0], 250 mM NaCl, 5%
glycerol, 2 mM DTT, and 300 mM imidazole [pH 8.0]). The 5-ml fraction was
concentrated to 1 ml using an Amicon Ultra-15 (Millipore) membrane with a
molecular weight cutoff of 50. Imidazole was removed by dialyzing the protein
sample twice in 1 liter of buffer D (50 mM Tris-Cl [pH 8.0], 300 mM NaCl, 10%
glycerol, 2 mM DTT, and 2.5 mM MgCl,) and stored at —20°C until further use.
The purity of the protein was determined by 10% SDS-PAGE.

For purification of SIAH-1, overnight cultures of E. coli BL21 Gold (DE3)
pLysS harboring the plasmid encoding GST-SIAH-1 were used to inoculate 500
ml of LB medium containing ampicillin (100 wg/ml) and grown for 2 h at 37°C
(optical density at 600 nm [ODy,] = 0.65). The cultures were induced with 0.5
mM IPTG and incubated for another 4 h at 30°C. The cells from the induced
cultures were harvested by centrifugation and resuspended in 20 ml of lysis buffer
(1X PBS [pH 7.4], containing complete protease inhibitor cocktail tablets from
Roche). The cells were lysed by sonication, and the lysate was then centri-
fuged for 30 min at 14,000 rpm at 4°C. To the supernatants, 500 pl of
glutathione S-transferase (GST) beads preequilibrated with PBS (pH 7.4) was
added, and the mixture was incubated for 1 h at 4°C in an end-to-end rotor.
After 1 h, the mixture was loaded to gravity flow columns and the unbound
sample was collected. The column containing beads was then washed with 2
column volumes of PBS. The column was further washed with 3 column
volumes of 50 mM Tris-Cl (pH 8.0) and 300 mM NaCl. Finally, the protein
was eluted in 2 ml with 50 mM Tris-Cl (pH 8.0), 300 mM NaCl, and 20 mM
reduced glutathione. The purified fractions were dialyzed against 50 mM
Tris-Cl (pH 7.4), 5 mM MgCl,, and 2 mM DTT.

In vitro ubiquitination assay. Recombinant human ubiquitin-activating en-
zyme UBEIL, ubiquitin-conjugating enzyme UbcH5b, and ubiquitin were pur-
chased from Boston Biochem (Cambridge, MA). The in vitro ubiquitination
reaction was set up in a total volume of 30 pl with 100 nM UBE]1, 392 nM
UbcH5b, 39.2 uM ubiquitin, 8.3 ng/pl SIAH-1, 17 to 170 wg/pl ICPO in reaction
buffer (50 mM NaCl, 2 mM DTT, 5 mM MgCl,, 50 mM Tris-Cl [pH 7.4], 5 mM
ATP) (10, 18, 80). After 1 h of incubation at 37°C, 6 pl 6X SDS-PAGE buffer was
added and the samples were analyzed by SDS-PAGE and Western blotting.

Immunofluorescence staining and microscopy. Vero cells were seeded onto
10-mm glass coverslips in 24-well plates at a density of 7.5 X 10* cells per well.
After transfection and/or infection with HSV, they were washed with PBS and
subsequently fixed in 3% paraformaldehyde (PFA) for 20 min. Following wash-
ing with 50 mM NH,CI-PBS, cells were permeabilized with 0.1% Triton X-100-
PBS for 5 min and blocked with 0.5% bovine serum albumin (BSA)-PBS for 30
min. Proteins were immunolabeled in 0.5% BSA-PBS using the respective pri-
mary antibodies, followed by fluorescence-coupled secondary antibodies (Mo-
lecular Probes, Invitrogen). Nuclear DNA was visualized by Draq5 (Enzo Life
Sciences, Lorrach, Germany). Samples were analyzed on an Axiovert 200 M
microscope equipped with an LSM 510 META confocal laser scanning unit
(Zeiss, Jena, Germany) using a Plan-Apochromatic X63 oil immersion objective
lens with a 1.4 numeric aperture. Image acquisition and processing were per-
formed by using the Zeiss LSM imaging software and Adobe Photoshop CS3
(Adobe Systems, San Jose, CA).

Viral complementation assay. (i) Viral gene expression. 293T cells were plated
at 5 X 10° cells per well in a 32-mm-diameter plate. The next day, the cells were
transfected using PEI with 0.5 pg of HSV-1AICPO DNA isolated from capsids
(52) and 0.5 pg of pcDNA3 encoding either GFP, ICPO(2)-GFP, or
ICP0(2)A410-420-GFP. After 2 days, cells were harvested and analyzed by West-
ern blotting.

(i) Virus reconstitution. The capability of ICP0(2) to complement HSV-
1AICPO was analyzed as described before (9, 16). Vero cells were plated at 2 X
10° cells per well in a 6-well plate. The next day, the cells were transfected using
Fugene 6 (Roche) with a total of 3 pg DNA [0.5 g HSV-1AICP0 DNA, salmon
sperm DNA, and 0.075 pg of pcDNA3 encoding either GFP, ICP0(2)-GFP, or
ICP0(2)A410-420-GFP]. Transfected cells were harvested 48 h after transfec-
tion, lysed by freeze-thawing, and plaque titrated on U20S cells. Alternatively,
the cells were cultured after transfection for 48 h in medium with 25 pg/ml
pooled human IgG, and plaques were immunostained after methanol fixation
using anti-VP5 antibody together with IRDye detection (Li-COR Biosciences).

RNA isolation, cDNA synthesis, and quantitative PCR. Total RNA was iso-
lated using TriFast (Peqlab) according to the manufacturer’s instructions. RNA
samples were reversely transcribed using the first-strand cDNA synthesis kit for
reverse transcription (RT)-PCR (Moloney murine leukemia virus [MMLV];
Promega) according to the manufacturer’s instructions. Primers and probes for
cDNA analysis by quantitative PCR (TagMan; ABI) were purchased from
Sigma. For glyceraldehyde-3-phosphate dehydrogenase (GAPDH) detection, we
used GTC ATC AAT GGA AAT CCC ATC A and TGG TTC ACA CCC ATG

J. VIROL.

ACG AA as primers and 5'-(6-tetramethyl rhodamire [FAM])-TCT TCC AGG
AGC GAG ATC CCT C-(tetramethylrhodamine [TAMRA])-3" as the probe.
For SIAH-1 detection, we used TAA ATG GTC ATA GGC GAC GA and GCA
ATG CTG GTG TCA AAG AC as primers and 5'-(FAM)-CGA GGA GTC
GCT TCC CAA GTC A-(TAMRA)-3" as the probe.

Lentiviral-based RNAi. Replication-incompetent and self-inactivating lentivi-
ral vectors (adapted from references 20 and 70) that express GFP together with
either SIAH-1-specific short hairpin RNA (shRNA) (targeting nucleotides 203
to 221 in the SIAH-1 open reading frame [ORF]; GenBank accession no.
NM_003031) or off-target (luciferase-specific) shRNA under the control of the
histone 1 gene promoter were used for RNA interference (RNAi). For produc-
tion of lentiviral pseudotypes, 2.5 X 10° 293T cells were cotransfected with either
3 ug of the SIAH-1 or luciferase-specific lentiviral vector together with 1.5 ug
pMDLg/pRRE, 0.75 ug pRSV-Rev, and 0.75 ug pCMV-VSV-G (vesicular sto-
matitis virus glycoprotein) (3, 20) using PEI At 48 h posttransfection, the culture
supernatants containing lentiviral particles were harvested and passed through
0.45-pm-pore-size filters, and viral p249¢ antigen levels were determined by
enzyme-linked immunosorbent assay (ELISA; Innogenetics N.V.). Subsequently,
Vero cells were transduced by spinoculation as previously described (63) using
virus-containing supernatants equivalent to 500 ng of p24 antigen per 5 X 10°
cells. GFP-positive cells were enriched by their fluorescence on a BD FACSAria
cell sorter (BD, Heidelberg, Germany).

RESULTS

ICPO associates with SIAH-1. The ICPO homologs in the
genus Simplexvirus in the Alphaherpesvirinae subfamily of her-
pesviruses contain the consensus SIAH-1 binding motif
PXAXVXPXXR, which is present in many functionally diverse
SIAH-1 targets. The most important core residues, VXP (36,
37), are conserved in all homologs as analyzed by ClustalW
alignment (see Fig. S1A in the supplemental material). There-
fore, we analyzed whether the ICPO homologs of herpes sim-
plex virus 1 and 2, ICPO(1) and ICP0(2), respectively, formed
a complex with SIAH-1 by coimmunoprecipitation assays.
293T cells were transfected with expression vectors encoding
GFP-tagged ICPO together with HA-tagged SIAH-1 or empty
vector (Fig. 1A). If not otherwise stated, the transfections were
conducted in the presence of the proteasome inhibitor MG132
to increase the amount of SIAH-1, as this protein is very
unstable, due to self-ubiquitination (40) (see below). HA-
SIAH-1 was clearly detected in immunoprecipitates of both
ICPO homologs. Endogenous SIAH-1 was also detected in the
immunoprecipitates, suggesting a physiological relevance of
this interaction. With ICPO(1), however, less (HA)SIAH-1 co-
immunoprecipitated than with ICPO(2). Due to the low abun-
dance and detection difficulties of endogenous SIAH-1, most
experiments analyzing the interaction of SIAH-1 and ICPO
were performed with HA-tagged STAH-1.

We next infected HA-SIAH-1-transfected 293T cells with
HSV-1 at a multiplicity of infection (MOI) of 10 for 6 h to
probe the interaction of ICPO(1) and SIAH-1 in the context of
viral infection. This experiment was conducted in the absence of
MG132. Also from infected cell lysates, immunoprecipitation us-
ing an antibody against ICPO(1) revealed an interaction of HSV-1
ICPO and SIAH-1 (Fig. 1B). Endogenous SIAH-1 was detected in
ICPO(1) immunoprecipitates of infected cells, after the intracel-
lular amount of SIAH-1 was enhanced by application of the
proteasome inhibitor MG132 (25 pM) (Fig. 1C).

The interaction of ICP0 and SIAH-1 is specific. The pre-
dicted SIAH-1 binding motif is located at amino acid residues 410
to 420 in ICPO(2). We constructed a GFP-tagged mutant lacking
these residues, ICP0(2)A410-420, and analyzed whether it was
still able to interact with STAH-1. Deletion of residues 410 to
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FIG. 1. ICPO associates with SIAH-1. (A) SIAH-1 interacts with ICP0. 293T cells (2.5 X 10°) were transfected with 3 pg expression vector
encoding either ICP0O(1)-GFP or ICP0(2)-GFP and 3 ng of HA-SIAH-1. Alternatively, the cells were transfected alone with 6 pg expression vector
encoding either ICPO(1)-GFP or ICP0(2)-GFP. The cells were harvested after 2 days. Eight hours before cell lysis, 25 pM MG132 was added to
the cultures. Immunoprecipitation was performed using anti-GFP immunobeads. Proteins in the immunoprecipitates and the input controls were
detected by Western blotting with anti-GFP, anti-ICP0(1), anti-HA, or anti-SIAH-1 antibodies. (B) HA-SIAH-1 interacts with ICP0O of HSV-1
during infection. 293T cells were transfected overnight with HA-SIAH-1 or left untreated and infected with HSV-1 at an MOI of 10 for 6 h.
Immunoprecipitation was performed with anti-ICP0(1) antibody, and precipitates were subjected to SDS-PAGE. Proteins in the immunoprecipi-
tates or the input controls were analyzed by Western blotting using anti-ICP0O(1) and anti-HA antibodies. (C) ICPO also precipitates endogenous
SIAH-1 after HSV-1 infection. 293T cells were infected with HSV-1 at an MOI of 10 for 6 h in the presence or absence of 25 pM MG132. After
ICPO(1) immunoprecipitation, proteins in the immunoprecipitates or the input controls were analyzed by Western blotting using anti-ICP0(1) and
anti-SIAH-1 antibodies. (D) Amino acid residues 410 to 420 of ICP0(2) are necessary for efficient binding to endogenous STAH-1. 293T cells (2.5 X
10°) were transfected with 6 pg expression vector encoding either ICPO(2)-GFP or ICP0(2)A410-420 and analyzed by immunoprecipitation and
Western blotting as described before. Eight hours before cell lysis, 25 puM MG132 was added to the cultures. (E) Schematic representation of
HSV-2 ICPO mutants tested for their ability to bind SIAH-1. The amino-terminal RING finger domain, the predicted SIAH-1 binding motif, and
the nuclear localization signal (NLS) of ICP0 are indicated by solid boxes. WT, wild type; A, internal deletion. (F) 293T cells (2.5 X 10°) were
cotransfected with 3 pg ICPO-GFP and 3 pg of HA-SIAH-1 expression vector. Before harvesting, the cells were exposed to 25 pM MG132 for
8 h. The cell lysates were subjected to immunoprecipitation (IP) using anti-GFP beads. Immunoprecipitates were examined by Western blotting
using HA and GFP antibodies. (G) Quantification of SIAH-1 binding capability. The signal ratios of coimmunoprecipitated ICP0(2)-GFP and
HA-SIAH-1 from three independent experiments were determined using the Li-COR software. (H, I) The C-terminal substrate binding domain
of SIAH-1 is required and sufficient for interaction with ICPO. 293T cells (2.5 X 10°) were cotransfected with 3 pg ICP0(2)-Flag and 3 pg of
HA-SIAH-1A141-282 (H) or HA-SIAH-1A1-140 (I) expression vector. The cell lysates were subjected to immunoprecipitation using anti-Flag
antibody or control mouse IgGs. Western blots were examined by Western blot analysis using Flag and HA antibodies. I, input; C, control IgG;
IP, Flag; P, insoluble pellet.
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420 resulted in a reduced amount of endogenous SIAH-1 in
GFP immunoprecipitates compared to that in full-length
ICPO(2) (Fig. 1D). This suggests that the predicted interaction
motif is essential for the efficient interaction of both proteins.

As shown in Fig. 1E, we tested further GFP-tagged ICP0(2)
mutants with deletions of the RING domain, the nuclear local-
ization signal (NLS), the predicted SIAH-1 interaction motif,
or larger truncations in a coimmunoprecipitation assay with
HA-SIAH-1. HA-SIAH-1 was clearly detected in GFP immu-
noprecipitates of those ICP0(2) mutants containing the
predicted SIAH-1 interaction motif (Fig. 1F). The extent of
interaction was determined by calculating the ratio of coim-
munoprecipitated HA-SIAH-1 and GFP-ICPO(2) from three
independent experiments (Fig. 1G). For the ICP0(2)1-353 and
ICP0(2)A410-420 mutants, a residual interaction was observed
in the Western blots (Fig. 1F) or in comparison to the amount
of immunoprecipitated ICP0(2)-GFP (Fig. 1G). Although both
lacked the STAH-1 interaction motif at residues 410 to 420, this
interaction may be mediated by a PAVAAVVPRVA motif at
residues 311 to 320, which shares some similarity with the
“canonical” binding motif and might thus provide weak bind-
ing to SIAH-1 (see Fig. S1B and S2 in the supplemental ma-
terial).

The substrate binding domain of STAH-1 is located in the
C-terminal portion of the protein (37). When we cotrans-
fected Flag-tagged ICP0(2) and an SIAH-1 mutant with a
C-terminal deletion (HA-SIAH-1A141-282), no interaction
of the two proteins was observed after Flag-specific immu-
noprecipitation (Fig. 1H). On the other hand, the C-termi-
nal fragment (HA-SIAH-1A1-140) was sufficient for binding
to ICPO(2)-Flag (Fig. 1I). The C-terminal substrate binding
domain of human SIAH-1 shares 90% sequence homology
to the human SIAH-2 homolog (see Fig. S3 in the supple-
mental material). Residues important for efficient interac-
tion, such as T156, L158, L166, and M180 (37), are con-
served between the two homologs. Thus, we predict that
SIAH-2 should also interact with ICPO.

Taken together, the viral ICPO and the cellular SIAH-1
interact specifically via the substrate binding domain in
SIAH-1 and a conserved SIAH-1 interaction motif in ICPO.

ICPO affects the stability of SIAH-1. During the immuno-
precipitation experiments shown above, we noted a potential
influence of ICP0O on SIAH-1 abundance. To examine this, we
cotransfected 293T cells with HA-SIAH-1 and either full-
length ICP0(2)-GFP or the mutant lacking the STAH-1 binding
motif ICP0(2)A410-420. All these experiments were conducted
without proteasome inhibition. Whole-cell lysates were ana-
lyzed by Western blotting (Fig. 2A). In the absence of ICP0(2),
SIAH-1 was barely detectable, whereas an SIAH-1-specific
signal was clearly visible when full-length ICPO(2) but not
when ICP0(2)A410-420 was coexpressed. Quantification of
SIAH-1 signals from 8 independent experiments indicated that
SIAH-1 abundance in the presence of full-length ICP0(2) was
increased 4-fold, whereas with ICP0(2)A410-420, the amount
was not significantly increased (Fig. 2B). ICPO has been pre-
viously described to act as a transactivator of gene expression
at the level of initiation of mRNA synthesis (22, 44). This
suggested that the observed increase of SIAH-1 in response to
overexpression of ICP0(2) may have resulted from ICPO-me-
diated activation of the cytomegalovirus immediate-early
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(CMV-IE) promoter in our HA-SIAH-1 expression vector. To
test this possibility, we determined the amount of SIAH-1
mRNA in the presence of full-length and mutant ICP0(2) by
quantitative real-time RT-PCR. Indeed, in our experimental
setup, SIAH-1 transcript levels were enhanced in the presence
of ICP0(2). However, this was observed to the same extent in
the presence of ICP0(2)A410-420 (Fig. 2C). Therefore, the
ICP0-dependent detection of SIAH-1 observed before appears
to involve a posttranscriptional mechanism and depends on the
efficient interaction of the two proteins.

The increased amount of STAH-1 observed during transient
expression of ICP0(2) prompted us now to investigate the level
of STAH-1 expression during viral infection. Vero cells trans-
fected with HA-SIAH-1 were infected for 6 h at an MOI of 10
with HSV-1 or with the ICPO deletion mutant HSV-1AICPO.
Subsequently, viral infection was analyzed by Western blotting
using antibodies directed against the immediate-early proteins
ICP0O(1) and ICP4 (Fig. 2D). As expected, extracts derived
from cells infected with HSV-1AICPO lacked an ICPO-specific
signal. HA-SIAH-1 itself was strongly detected migrating at 34
kDa in HSV-1-infected but not in HSV-1AICPO-infected cells
(Fig. 2D and E). The staining of ICP4 revealed a comparable
onset of infection with the two viruses. Thus, the levels of
SIAH-1 were also increased in an ICPO-dependent manner
during viral infection. The quantification of STAH-1 transcripts
further supported the finding that HSV-1 infection of HA-
SIAH-1-transfected cells resulted in increased SIAH-1 mRNA
levels. Importantly, this effect was also observed using ICPO-
deficient HSV-1 (HSV-1AICPO), suggesting that this effect is
caused by an ICP0O-unrelated viral activity.

To examine the possibility that ICPO caused elevated
SIAH-1 levels by slowing down the turnover of this cellular
protein, we performed a pulse-chase experiment using trans-
fected 293T cells (Fig. 2G). Quantification of the obtained data
revealed that in the absence of ICP0(2), SIAH-1 turns over
rapidly, resulting in a half-life (t,,) of ~3 min (Fig. 2H).
However, coexpression of ICP0(2) obviously decreased the
SIAH-1 turnover rate, which is indicated by an elevated pro-
tein half-life of ~18 min.

In conclusion, the ICPO-dependent abundance of SIAH-1
protein appears to involve a posttranscriptional mechanism,
most likely by inhibition of SIAH-1 autoubiquitination.

SIAH-1 colocalizes with ICP0 in nuclear compartments.
SIAH-1 has been previously reported to localize to both the
nuclear and cytoplasmic compartments (11, 41). In contrast,
early in infection, ICPO particularly accumulates in ND10 and
subsequently disrupts these specific nuclear structures (28, 56,
57). Afterwards (at ~5 to 9 h postinfection), ICPO translocates
to the cytoplasm (2).

Since the data raised in the present study demonstrated an
interaction of STAH-1 and ICPO (Fig. 1), we next analyzed the
localization of SIAH-1 by immunofluorescence microscopy.
We therefore cotransfected Vero cells with HA-SIAH-1 and
either GFP as the control (Fig. 3A to C) or ICP0O(2)-GFP (Fig.
3D to F). Again, we were unable to detect the highly unstable
SIAH-1 protein in the absence of ICPO (Fig. 3B; the minor
nucleolar staining appears to be a cross-reaction of the HA
antibody). Cotransfection of ICPO(2) strongly stabilized
SIAH-1, and HA-SIAH-1 perfectly colocalized with ICP0(2)
in nuclear speckles (Fig. 3D to F). Moreover, HA-SIAH-1 was
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FIG. 2. ICPO affects the stability of STAH-1. (A) 293T cells (5 X 10°) were cotransfected with 0.5 pg HA-SIAH-1 and 0.5 pg of either empty
vector, full-length ICP0O(2)-GFP, or the ICP0(2)A410-420-GFP mutant. At 1 day after transfection, cells were harvested and equal amounts of the
respective cellular extracts were subjected to Western blot analyses using anti-GFP, anti-HA, and anti-tubulin antibodies. (B) The corresponding
HA-SIAH-1 signal from 8 independent experiments was quantified using the Li-COR software and normalized to the HA-SIAH-1 signal obtained
without coexpression of ICP0(2). The statistical significance (P values as indicated) was determined by the Student’s ¢ test. (C) Quantification of
SIAH-1 cDNA (n = 4) by quantitative real-time RT-PCR. The values were adjusted to GAPDH cDNA and normalized. (D) Vero cells (5 X 10°)
were transfected with 2 pug of HA-SIAH-1 expression vector. At 16 h posttransfection, the transfected cells were infected with HSV-1 or
HSV-1AICPO0 at an MOI of 10 for 6 h. Western blotting of cell lysates was performed with antibodies recognizing HA, ICP0(1), ICP4, or tubulin.
SIAH-1 was detected predominantly in HSV-1-infected cells. (E) Quantification of the corresponding HA-SIAH-1 signal intensities (n = 4).
(F) Quantification of GAPDH-adjusted SIAH-1 cDNA by quantitative real-time RT-PCR (n = 4). (G) ICP0(2) increases the half-life of SIAH-1.
293T cells (2.5 X 10°) were cotransfected with 3 pg HA-SIAH-1 and either 3 pg of the empty vector or ICPO(2)-Flag vector. At day 1
posttransfection, the cell cultures were pulsed with [*S]methionine for 30 min. Subsequently, the cells were washed and further cultured in
[**SImethionine-free medium (chase). Cellular extracts were prepared at the indicated time points and analyzed by fluorography after immuno-
precipitation of HA-SIAH-1. (H) Quantification of the obtained data.

present also in cytoplasmic spots, which did not colocalize with
ICPO(2). To investigate the stabilization and interaction of
SIAH-1 and ICP0O(1) in HSV-1-infected cells, we transfected
Vero cells with HA-SIAH-1. At 24 h posttransfection, cells
were infected with HSV-1 at an MOI of 10 for 2 h before
fixation and immunofluorescence labeling using HA- and
ICPO(1)-specific antibodies (Fig. 3G to I). As shown, HA-
SIAH-1 and viral ICPO(1) also colocalized in the nucleus in
infected cells, although some ICPO spots did not colocalize
with HA-STAH-1.

The exact localization of the ICPO- and SIAH-1-containing
nuclear bodies was determined by staining cells transfected
with ICPO(2)ARING-GFP against endogenous SIAH-1 and
the PML protein (Fig. 3] to M). For this, we utilized the
ICPO(2)ARING mutant to prevent dispersal and degradation

of PML nuclear bodies by the E3 ligase activity of ICPO.
ICPO(2)ARING, SIAH-1, and PML colocalized, suggesting
that the observed nuclear interaction of ICPO and SIAH-1
occurs at PML nuclear bodies.

Thus, this intracellular virus-host interaction does not only
stabilize the otherwise highly labile SIAH-1 but also recruits
this cellular E3 ubiquitin ligase into ICPO-containing nuclear
compartments.

SIAH-1 mediates polyubiquitination of ICP0 in vivo and in
vitro. SIAH-1 has been demonstrated to specifically mediate
degradation of its substrate proteins through the proteasomal
pathway (41). In light of the data raised above, we next inves-
tigated whether SIAH-1 is also able to mediate ubiquitination
of ICP0. Importantly, it has been previously shown that ICP0O
of HSV-1 is able to ubiquitinate itself via its RING domain (5,
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FIG. 3. SIAH-1 colocalizes with ICP0 in nuclear compartments. Vero cells (7.5 X 10*) were cotransfected on coverslips in 24-well plates with
0.5 g HA-SIAH-1 and either 0.5 pg GFP (A to C) or 0.5 g of ICP0O(2)-GFP (D to F) expression vector. At 24 h posttransfection, cells were
fixed, permeabilized, immunolabeled against HA (B and E; red labels in panels C and F), and examined by confocal laser scanning microscopy.
SIAH-1 colocalizes with ICP0(2) in the nucleus. The nucleolar HA signal (B) is a cross-reaction of the HA antibody. Alternatively, cells were
transfected with 1 ng of HA-SIAH-1 expression vector and infected the next day with HSV-1 at an MOI of 10 PFU/cell for 2 h (G to I).
Immunolabeling was carried out against ICPO(1) (G; green label in panel I) and HA (H; red label in panel I). The arrowhead indicates
colocalization of ICPO(1) and HA-SIAH-1. Endogenous SIAH-1 colocalizes with ICP0 at PML nuclear bodies. Vero cells (7.5 X 10*) were
transfected on coverslips in 24-well plates with 1 pg ICPO(2)ARING-GFP expression vector (J; green label in panel M). At 24 h posttransfection,
cells were fixed, permeabilized, immunolabeled against SIAH-1 (K; red label in panel M) and against PML (L; blue label in panel M), and
examined by confocal laser scanning microscopy. The arrowhead indicates colocalization of ICPO(2)ARING and SIAH-1 at a PML nuclear body.

Scale bars, 5 pm.

10). Therefore, to prevent autoubiquitination of ICP0, we em-
ployed the RING domain-deficient mutants ICPO(2)ARING
and ICPO(2)ARINGA410-420 in the following experiment.
Cultures of 293T cells were transfected with plasmids express-
ing the respective GFP fusion proteins together with a vector
encoding HA-tagged ubiquitin. In addition, control (empty)
vector or constructs expressing either HA-SIAH-1 or the in-

active mutant HA-SIAH-1-C44S (80) were cotransfected in
various combinations. After overnight culturing, the trans-
fected cells were lysed and ICP0(2) was enriched by binding to
GFP immunobeads. Bound proteins were subsequently ana-
lyzed by Western blotting using GFP- and HA-specific anti-
bodies. Inspection of the GFP-specific signals revealed that
larger amounts of ICPO(2) protein were recovered from
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FIG. 4. SIAH-1 mediates ubiquitination of ICP0O in vivo and in
vitro. (A) 293T cells (2.5 X 10°) were cotransfected with expres-
sion vectors encoding GFP-tagged versions of ICPO(2)ARING or
ICPO(2)ARINGA410-420. The respective cell lysates were immuno-
precipitated (IP) using GFPtrapA beads and subjected to Western
blotting using GFP- and HA-specific antibodies. (B) Quantification of
the data shown in panel A depicting the signal ratio of HA-ubiquitin/
GFP-ICPO(2). (C) For in vitro ubiquitination analysis, recombinant
His-tagged ICP0(2) and GST-tagged SIAH-1 were incubated with
purified components of the ubiquitin conjugation machinery, including
recombinant ubiquitin (Ub-mix). Reactions were analyzed by SDS-
PAGE and immunoblotting using antibodies specific for His, GST, and
ubiquitin.

ICPO(2)ARINGA410-420-GFP-expressing cultures than in
cells expressing the ICPO(2)ARING-GFP protein (cf. Fig. 4A
and 1E). When HA-specific antibodies were applied, a weak
signal of comparable molecular mass (134 kDa) and high-
molecular-weight signals were observed in the experiment ex-
pressing either the ICPO(2)ARING-GFP fusion protein alone
or together with the inactive SIAH-1 mutant (C44S). In con-
trast, this signal was clearly enhanced when intact STAH-1 was
overexpressed. Furthermore, analysis of ICPO(2)ARINGA410-
420-GFP resulted generally in weaker HA-specific signals,
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particularly when the above-mentioned differences in the over-
all recovery of GFP fusion protein were considered. This be-
came even more obvious when these signals were quantified
and adjusted to ICPO(2)-GFP in each reaction (Fig. 4B). These
data therefore indicated that the viral ICPO may serve as a
target for SIAH-1-mediated ubiquitination.

To directly verify this notion, we next analyzed ICP0O ubig-
uitination in vitro. His-tagged ICPO of HSV-2 and GST-
SIAH-1 were expressed and purified from E. coli and incu-
bated with recombinant ubiquitin, E1 ubiquitin-activating
enzyme, and the E2 ubiquitin transferase UbcS5B in the pres-
ence of ATP (Fig. 4C). Reactions were analyzed by Western
blotting using His-, GST-, and ubiquitin-specific antibodies. As
shown, a pronounced signal representing ubiquitinated
ICPO0(2) was observed only in the reaction mixtures containing
SIAH-1.

Taken together, the data raised in transfected cells and by
enzyme assays demonstrated that the cellular E3 ligase STAH-1
is able to ubiquitinate the ICP0 regulator protein of herpes
simplex virus.

SIAH-1 binding is dispensable for ICP0-mediated PML deg-
radation. Our finding that ICPO interacts and stabilizes the
cellular E3 ubiquitin ligase SIAH-1 and a previous report dem-
onstrating that SIAH-1 is able to degrade PML by direct as-
sociation with this protein (31) prompted us to investigate
whether SIAH-1 plays a role in the ICP0O-induced PML redis-
tribution and degradation (8, 12, 27, 60, 64). Hence, we trans-
fected Vero cells with expression vectors encoding full-length
and mutant GFP-tagged ICP0(2) and immunolabeled the re-
spective cultures for endogenous PML (Fig. 5A). In confocal
sections of control cells transfected with GFP alone, we ob-
served around 5 to 20 PML bodies per nucleus (Fig. SA, panels
a to c). After expression of ICP0(2)-GFP, the number of PML
bodies was drastically reduced, and only isolated PML accu-
mulations colocalizing with ICP0O were observed, whereas the
nucleus was filled with ICPO-containing dots (Fig. 5A, panels d
to f). The same result was obtained after expression of the
SIAH-1 binding-deficient mutant ICP0(2)A410-420 (Fig. 5A,
panels g to i). As a negative control, we transfected RING
domain-deficient ICP0O [ICPO(2)ARING], which was unable to
reduce the number of PML bodies, although it colocalized with
PML in large nuclear dots (Fig. 5A, panels j to 1). Infection
with HSV-1 at an MOI of 10 for 3 h (Fig. 5A, panels m to 0)
resulted in the same dispersal of PML as that observed after
transfection with the ICP0(2) expression vector (Fig. 5A, pan-
els d to f).

To visualize the degradation of PML in an independent
experiment, we cotransfected Vero cells with an expression
vector encoding the Flag-tagged PML isoform IV (Flag-PML
IV) together with a vector encoding either ICP0(2)-GFP or
ICP0(2)A410-420-GFP. Protein expression was analyzed at
48 h after transfection by Western blotting using Flag-, GFP-,
and tubulin-specific antibodies. As shown (Fig. 5B), PML deg-
radation clearly occurred in an ICPO-dependent manner but
was more efficient in the presence of the ICP0(2)A410-420
mutant, which lacks the SIAH-1 core binding motif. As ex-
pected, the ICPO(2)ARING mutant failed to reduce Flag-PML
levels. Quantitative analysis of several transfection experi-
ments at different time points revealed that the enhanced ef-
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FIG. 5. SIAH-1 binding is dispensable for ICP0-mediated PML degradation. (A) Vero cells (7.5 X 10*) were transfected with 1 p.g of a vector
expressing GFP (a to c), ICP0O(2)-GFP (d to f), or various ICP0(2)-GFP mutants (g to I; green label in panels f, i, and 1). After 24 h, the cells were
fixed and immunolabeled for endogenous PML protein (b, e, h, k; red label in panels ¢, f, i, 1) and analyzed by confocal laser scanning microscopy. Cells
expressing ICP0(2) or ICP0(2)A410-420 displayed reduced numbers of PML nuclear bodies, whereas in cells expressing ICPO(2)ARING, PML size was
enlarged but no degradation occurred. Likewise, cells were infected with HSV-1 at an MOI of 10 PFU/cell for 3 h (m to o) and immunolabeled for
ICP0O(1) (m; green label in panel o) and PML (n; red label in panel o). Cellular DNA was stained with Draq5 (blue label in panels ¢, {, i, 1, 0). (B) Vero
cells (2.5 X 10°) were cotransfected with an expression vector encoding the Flag-tagged PML isoform IV and either ICPO(2)-GFP vector or ICP0(2)A410-
420-GFP vector. At 48 h posttransfection, whole-cell lysates were analyzed by Western blotting using antibodies directed against Flag, GFP, or tubulin
(loading control). (C) Quantitative analysis of three independent experiments. The Flag-PML signal in the absence of ICP0 was normalized to 1. The
statistical significance (P value as indicated) was determined by the Student ¢ test.

ficiency in PML degradation of ICPO(2) lacking the SIAH-1
binding motif was significant (Fig. 5C).

Taken together, the disruption of PML nuclear bodies oc-
curred in an ICP0O-dependent but SIAH-1-independent man-
ner. As reported previously (8, 28, 56, 57), the N-terminal
RING domain of ICP0O was strictly required. Importantly, a
lack of SIAH-1 interaction was beneficial for the PML degra-
dation capability of ICPO.

The SIAH-1 binding motif in ICP0 is located in a region
involved in transcriptional activation. We tested the ability of
ICPO(2) to induce expression of HSV-1 genes and whether
deletion of the SIAH-1 binding motif influenced this activity.
Therefore, naked viral DNA of the HSV-1AICPO mutant was
cotransfected together with plasmids encoding GFP, ICP0(2)-
GFP, or ICP0(2)A410-420-GFP. After 2 days, cell lysates

were analyzed by Western blotting for ICP4, VPS5, GFP, and
tubulin (Fig. 6A). In the absence of ICP0(2), very little
expression of ICP4 and no VPS5 expression were observed,
whereas both were clearly detected with ICP0(2)-GFP.
ICP0(2)A410-420 induced expression to a somewhat lesser
extent than full-length ICP0(2).

Both ICP0(2) variants were also tested for their ability to
induce productive infection from naked viral DNA. Therefore,
Vero cells were transfected with HSV-1AICP0O DNA together
with plasmids encoding GFP, ICP0(2)-GFP, or ICP0(2)A410-
420-GFP. After 2 days, the cells were harvested and plaque
titers were determined on U20S cells (Fig. 6B). Transfected
together with empty control plasmid, HSV-1AICPO DNA re-
sulted in a titer of 2.9 X 10 PFU/ml after 2 days. On the other
hand, ICP0(2) enhanced the production of infectious particles
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FIG. 6. Complementation of HSV-1AICPO by ICP0(2). (A) 293T cells (5 X 10°) in 32-mm-diameter-well dishes were transfected with 0.5 pg of
naked HSV-1AICP0O DNA and 0.5 pg of pcDNA3 encoding GFP or the indicated GFP-tagged ICP0(2) variants. After 2 days, the cells were harvested
and analyzed by Western blotting. (B) Vero cells in 32-mm-diameter dishes were transfected with 0.25 ug HSV-1AICP0O DNA and 0.0375 pg of pcDNA3
encoding GFP or the indicated GFP-tagged ICP0(2) variants. Two days after transfection, the cells were harvested, freeze-thawed, and plaque titrated
in triplicates on U20S cells. (C) Here, the Vero cells were incubated for 2 days after transfection with 25 pg/ml human IgGs, before they were fixed with
methanol and immunolabeled against VP5. Infected cell foci and plaques were detected using IRDye fluorescence (Li-COR).

to 3.5 X 10* PFU/ml, whereas for ICP0(2)A410-420 the titer
was 2.0 X 10* PFU/ml (Fig. 6B). In a parallel experiment, the
Vero cells were fixed and immunostained against VP5 to visu-
alize the plaques and foci of infected cells (Fig. 6C). The
number of infected cell foci on transfected cells was increased
in the presence of ICP0(2). Again, ICP0(2)A410-420 comple-
mented less well than the full-length protein (Fig. 6C).

In summary, we have shown that, like ICP0O(1), ICPO(2) is
also able to complement an HSV-1AICP0O mutant. The region
in ICP0(2) containing the STAH-1 binding motif is not essen-
tial for induction of viral gene expression, although its deletion
resulted in reduced activation and infectious titers.

SIAH-1-mediated ubiquitination affects the half-life of ICP0
during infection. To analyze HSV infection in the presence of
reduced SIAH-1 levels, we knocked down SIAH-1 in Vero
cells using VSV-G-pseudotyped lentiviral vectors expressing
GFP and shRNA either directed against SIAH-1 mRNA or
luciferase mRNA as the control. After transduction, the cells
were sorted for GFP expression. Since SIAH-1 is highly labile
and, therefore, at steady state, difficult to detect (Fig. 1A and
2A and D), we employed quantitative real-time PCR to dem-
onstrate reduced levels of STAH-1 transcripts in these lentiviral
vector-transduced cells (Fig. 6A). SIAH-1 transcript levels were
stably reduced to ~40% at days 7 to 11 after transduction, the
time period in which the following experiments were conducted
(Fig. 7A). We aimed to analyze ICPO levels during infection in the
presence or absence of SIAH-1. Therefore, we infected our stable
SIAH-1 knockdown or control Vero cells with HSV-1 at an MOI

of 1 for up to 8 h. At different time points after infection, cells
were harvested and analyzed for ICPO(1) expression by Western
blotting (Fig. 7B). ICPO(1) was detected as early as 2 h postin-
fection (p.i.), and the levels increased constantly during the fol-
lowing hours. Compared to the control cells, the increase in
ICPO(1) was more pronounced in cells in which SIAH-1 was
knocked down (Fig. 7B). This became particularly evident when
the Western blots from five independent experiments were quan-
tified (Fig. 7C), demonstrating significantly enhanced ICPO(1)
levels in SIAH-1 knockdown cells.

We thus assumed that SIAH-1 knockdown could result in a
reduced ubiquitination of ICPO during HSV-1 infection. When
we immunoprecipitated ICPO(1) from control or SIAH-1 knock-
down cells at 6 h p.i. and analyzed the immunoprecipitates
for endogenous ubiquitin, we noted that in cells with re-
duced SIAH-1 levels, the ICP0-associated ubiquitin-specific
signal (compare Fig. 4A and C) was also diminished (Fig.
7D). In these experiments, we employed the proteasome
inhibitor MG132 to enhance the amount of ubiquitinated
ICPO species.

SIAH-1-mediated ubiquitination and subsequent protea-
somal degradation should affect the half-life of ICP0O in HSV-
1-infected cells. We therefore infected the SIAH-1 knockdown
or control Vero cells with HSV-1 at an MOI of 5 for 3 h. At this
time point, the respective cultures were supplemented with 100
pg/ml cycloheximide to arrest de novo protein synthesis for up
to 3 h (chase time). ICPO levels were then analyzed at the
individual time points by Western blotting, as before (Fig. 7E).
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FIG. 7. SIAH-1-mediated ubiquitination affects the half-life of ICPO during infection. (A) Vero cells were transduced with lentiviral pseudotypes
encoding hairpin shRNA directed against SIAH-1 (shSIAH-1) or luciferase (shLuc). The extent of SIAH-1 knockdown was estimated by quantitative
real-time PCR of cDNA preparations at 7 or 11 days after transduction (d p.t.). SIAH-1 was knocked down to ~ 40%. (B) Control cells (5 X 10°) or
stable SIAH-1 knockdown cells were inoculated with HSV-1 at an MOI of 1 PFU/cell for up to 8 h. Cells were harvested at the indicated time points
p.i., and lysates were analyzed by Western blotting with antibodies raised against ICP0 and tubulin. (C) Quantification of ICPO signal intensity from 5
independent experiments as shown in panel A. The ICPO intensity was adjusted to tubulin signal strength and normalized to the 8-h-p.i. signal of ICP0
in control cells. P values were determined using the Student ¢ test. (D) Control cells (2.5 X 10°) or stable SIAH-1 knockdown cells were inoculated with
HSV-1 at an MOI of 5 PFU/cell for up to 6 h in the presence or absence of 25 puM MG132. Cells were lysed, and ICPO(1) was immunoprecipitated. The
immunoprecipitates were analyzed by Western blotting against ICP0(1) and ubiquitin. (E) Control or SIAH-1 knockdown Vero cells were inoculated with
HSV-1 at an MOI of 5 PFU/cell. At 3 h p.i., 100 pg/ml cycloheximide was added to the medium, and the cells were incubated for an additional 3 h. At
the indicated time points, cells were harvested and lysates were analyzed by Western blotting with antibodies specific for ICPO and tubulin. (F) Quan-
tification of ICPO signal intensity from 4 independent experiments, as shown in panel A. The ICPO intensity was adjusted to tubulin signal strength and
normalized to the 3-h-p.i. signal. P values were determined using the Student ¢ test.

Quantification of these Western blots (Fig. 7F) revealed that appears to be caused by SIAH-1-mediated ubiquitination of
after the addition of cycloheximide, ICPO levels developed ICPO and its subsequent proteasomal degradation.
differently in SIAH-1 knockdown and control cells. In STAH-1

knockdown cells, ICPO levels increased for 1 h before drop-
g DISCUSSION
ping, whereas the relative ICPO levels in control cells declined
immediately with a half-life of ~2 h. The presented data identify a novel and up-to-now-unknown

In sum, the presented data suggest that SIAH-1 restricts the interaction between the HSV regulator protein ICPO and cel-
amount of ICPO0 in infected cells by lowering its half-life, which lular STAH-1. Both proteins belong to the group of E3 RING
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ubiquitin ligases which induce proteasome-dependent degra-
dation of several cellular proteins (42, 43, 76). Our study dem-
onstrated reciprocal activities between ICP0 and SIAH-1.
ICPO stabilized STAH-1 by specific interaction and colocalized
with this cellular protein in nuclear domains. In the absence of
ICPO, or in the presence of ICPO mutants lacking the consen-
sus binding motif (36, 37), SIAH-1 was almost undetectable
due to its high turnover, which is caused by dimerization,
self-ubiquitination, and subsequent proteasomal degradation
(40). In contrast, SIAH-1 facilitated via its RING finger do-
main the polyubiquitination of ICPO via specific interaction.
This ubiquitination adds up to the previously reported intrinsic
autoubiquitination of ICP0, which is counteracted by the cel-
lular ubiquitin-specific protease USP7 (5, 10). Already a mod-
est knockdown of SIAH-1 by RNAI resulted in increased
amounts of ICP0 produced during early infection, concomitant
with an increased protein half-life.

Initial analyses of ICPO function in the absence of an
SIAH-1 binding motif revealed that dispersal of PML nuclear
bodies by ICP0 was independent of ICPO-SIAH-1 interaction.
This finding was further supported by the observation that an
ICP0O mutant lacking the SIAH-1 binding motif was even more
efficient in mediating PML degradation after transfection.

It is well established that incoming viral genomes and early
replication compartments are associated with ND10 (58).
However, the exact function of ND10 in the context of HSV
replication is still largely unknown. It has been proposed that
disruption of ND10 by ICPO releases host cell factors that are
required for productive infection or, alternatively, that this
process prevents the establishment of an antiviral host cell
status that is otherwise maintained by the interferon-induced
expression of the major ND10 component PML (reviewed in
references 15, 22, and 67). Our analysis of the role of SIAH-1
during HSV infection was originally triggered by a report
showing that this protein is able to bind and target PML to
degradation by the 26S proteasome, which thereby reduces
noticeably the cellular abundance of ND10 (31). Furthermore,
it has been also reported that no ubiquitination of PML by
ICPO could be observed in in vitro assays using purified com-
ponents (7), suggesting that additional factors are required.
Therefore, we originally speculated that SIAH-1 may be in-
volved in the ICPO-mediated degradation of PML. However,
our analyses revealed that STAH-1 does not directly participate
in ICPO-mediated PML degradation. In that respect, the effect
of SIAH-1 appears to be rather indirect and modest by affect-
ing ICPO stability.

In a recent study, RNAi technology was employed to deplete
PML in human fibroblasts (30). That investigation demon-
strated that the lack of PML significantly increases HSV-1
gene expression and plaque formation in the absence of ICPO0.
Therefore, PML appears to be a component of an innate virus
restriction mechanism that targets viral genomes and, in the
case of HSV, is antagonized by ICP0 (24). Taking our results
into account, SIAH-1 then again appears to counteract and to
slow down HSV infection by inducing degradation of ICPO,
thus posing another barrier for HSV lytic infection.

The SIAH-1 interaction motif (36, 37) is conserved in the
Simplexvirus ICP0 homologs and does not seem to be subject to
evolutionary pressure to evade this putative cellular defense
mechanism. Notably, the region of ICPO in which the consen-
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sus SIAH-1 binding motif is located does not overlap with
ICP0 domains reported to be important for E3 ubiquitin ligase
activity, nuclear localization, derepression of latent genomes,
or binding to USP7 or CoREST (29, 33). The ICP0 homolog of
varicella-zoster virus (human herpesvirus 3), another alphaher-
pesvirus from the Varicellovirus genus, lacks a “canonical”
SIAH-1 interaction motif, as do the betaherpesviruses human
cytomegalovirus and human herpesvirus 6 in their respective
IE1 proteins, which have been described to exhibit functions
similar to those of ICPO of herpes simplex virus (60, 72).
SIAH-1, however, has been recently shown to interact with and
ubiquitinate the ORF45 protein of Kaposi’s sarcoma-associ-
ated herpesvirus (KSHV) (1), an immediate-early protein that
appears to antagonize type I interferon antiviral responses
(83). We observed that ICP0(2) with a deleted SIAH-1 binding
motif is slightly impaired in supporting gene expression of an
HSV-1AICPO mutant. This is consistent with previous data of
ICPO(1) mutants with deletions in that region. In HSV-1, the
SIAH-1 binding motif is located at amino acids 400 to 410 (see
Fig. S2 in the supplemental material). Previous studies have
shown that an ICPO (1)A400-460 mutant had slight defects in
inducing expression from different classes of HSV-1 promoters
(14). Moreover, replacement of ICP0O in HSV-1 with this mu-
tant resulted in 2- to 10-fold-reduced titers dependent on cell
type and MOI (13). Although this region in ICPO is not essen-
tial for transcriptional activity, its deletion appears to have
adverse effects on viral fitness. This may explain why this
region, containing the binding site for a potentially antiviral
protein like SIAH-1, is so well conserved between different
simplexviruses.

Another role of the interaction of ICPO and SIAH-1 could
be proposed for the transition from latent infection to lytic
reactivation, a mechanism strictly requiring ICPO (22, 34, 35,
65). Of note, it was reported that lytic infection with HSV
induces a DNA damage response in the host cell (49, 50, 71,
78). ICPO can inhibit the function of the checkpoint kinase
ATR by dissociating it from its recruitment factor ATRIP and
thus blocks a cellular damage response during lytic infection
(79). On the other hand, HSV takes advantage of the ATM
DNA damage signaling machinery in establishing viral repli-
cation compartments in a newly infected cell (49). Both ATM
and ATR induce the phosphorylation of STAH-1 at amino acid
residue S19 upon DNA damage, followed by its dissociation
from the cell death regulator HIPK2 (80), which in turn is
stabilized due to absence of SIAH-mediated ubiquitination
and proteasomal degradation. One may now speculate that
DNA damage may trigger escape of HSV from latency by a
similar mechanism, in which the ubiquitination-mediated sup-
pression of ICP0O by SIAH-1 is counteracted.

In summary, we postulate that during lytic infection the
interaction of cellular STAH-1 with the HSV immediate-early
protein ICPO followed by the polyubiquitination and likely
degradation of the latter may counteract efficient viral gene
expression and virus-induced ND10 disruption. Clearly, the
identification of SIAH-1 as being a so-far-unknown cellular
target of ICPO provides new possibilities to analyze now in
more detail how HSV interferes with the metabolism of its host
cell and hijacks the cellular DNA damage response for the
transition from latent to productive infection.
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