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Tankyrase 1 is a poly(ADP-ribose) polymerase (PARP) which localizes to multiple subcellular sites, including telomeres and mi-
totic centrosomes. Poly(ADP-ribosyl)ation of the nuclear mitotic apparatus (NuMA) protein by tankyrase 1 during mitosis is
essential for sister telomere resolution and mitotic spindle pole formation. In interphase cells, tankyrase 1 resides in the cyto-
plasm, and its role therein is not well understood. In this study, we found that herpes simplex virus (HSV) infection induced ex-
tensive modification of tankyrase 1 but not tankyrase 2. This modification was dependent on extracellular signal-regulated ki-
nase (ERK) activity triggered by HSV infection. Following HSV-1 infection, tankyrase 1 was recruited to the nucleus. In the early
phase of infection, tankyrase 1 colocalized with ICP0 and thereafter localized within the HSV replication compartment, which
was blocked in cells infected with the HSV-1 ICP0-null mutant R7910. In the absence of infection, ICP0 interacted with
tankyrase 1 and efficiently promoted its nuclear localization. HSV did not replicate efficiently in cells depleted of both tankyrases
1 and 2. Moreover, XAV939, an inhibitor of tankyrase PARP activity, decreased viral titers to 2 to 5% of control values. We con-
cluded that HSV targets tankyrase 1 in an ICP0- and ERK-dependent manner to facilitate its replication.

Herpes simplex virus types 1 and 2 (HSV-1 and HSV-2), mem-
bers of the Herpesviridae family (17), possess large DNA ge-

nomes, share virion structures and replication mechanisms, and
establish lifelong latency in host cells. The HSV genome comprises
a 152-kb double-stranded DNA molecule that encodes approxi-
mately 80 gene products expressed in a temporally regulated cas-
cade (6, 68). HSV genes are classified into three groups:
immediate-early, early, and late genes. Immediate-early genes are
expressed first upon infection and encode several transactivators,
which in turn initiate transcription of the other early and some late
genes; the latter are called leaky late or �1 genes (12, 20, 48, 73).
Early gene products include viral DNA replication factors that
initiate viral DNA synthesis, which in turn stimulate expression of
�1 and true late (�2) genes, encoding mainly virion structural
proteins.

The immediate-early viral proteins ICP4, ICP27, ICP0, and
ICP22 allow the virus to create an environment conducive to in-
fection and counteract the intrinsic ability of cells to inhibit viral
infection (29, 34, 55, 59). ICP4 and ICP27 play essential roles in
stimulating robust viral gene expression (34). The immediate-
early protein ICP0 activates viral and cellular gene expression and
functions as an E3 ubiquitin ligase that degrades several cellular
proteins (29). ICP0 targets the promyelocytic leukemia protein
(PML), a major component of nuclear foci called ND10 bodies
that repress viral gene expression. ICP0 interferes with several
intrinsic host defense mechanisms, including the host interferon
responses (29), thereby playing a major role in establishing per-
missive conditions for viral infection. ICP22 is required for effi-
cient growth and expression of viral late genes in some, but not all,
cultured cells (59). It also plays a role in posttranslational modifi-
cation of cellular RNA polymerase II (see reference 27 and refer-
ences therein).

HSV replication dramatically reorganizes the nuclear structure
in the host cell (1). Incoming HSV genomes interact with ICP4
and ICP27 (24) and nucleate the formation of ND10/PML-like
bodies (23), which are subsequently disrupted by ICP0 (21). The
viral genomes then associate with several other viral and cellular
proteins, forming complexes that ultimately develop into large
structures called viral replication compartments (37, 39). HSVs
are believed to synthesize DNA (51) and RNA (49) and to perform
capsid assembly (36) in the replication compartments, defined by
the presence of the HSV single-stranded DNA-binding protein
ICP8 (40, 43). Other viral proteins known to accumulate within
replication compartments include the origin-binding protein
(UL9), heterotrimeric helicase-primase complex (UL5/UL8/
UL52) polymerase and its accessory factor (UL30/UL42), and
immediate-early ICP27, ICP4 viral transactivator, and ICP5 cap-
sid proteins (8, 13, 24, 42, 52, 66). Cellular proteins involved in
DNA replication, such as proliferating cell nuclear antigen, DNA
ligase, and replication protein A (RPA), as well as those involved
in DNA damage, such as ataxia-telangiectasia mutated and Rad3-
related-interacting protein, are also translocated to the replication
compartments (45, 53, 69, 70). The specific roles of these proteins
in HSV infection and replication have not been well characterized.
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Poly(ADP-ribose) polymerases (PARPs) mediate posttransla-
tional protein modification by poly(ADP-ribosyl)ation and cata-
lyze the transfer and polymerization of ADP ribose units from
NAD� to form branched ADP-ribose polymers covalently linked
to heterologous acceptor proteins or PARPs themselves (44).
Tankyrases 1 and 2 (TRF1-interacting, ankyrin [ANK]-related
ADP-ribose polymerases) belong to the PARP family. The central
domain of tankyrase 1 contains 24 ANK repeats and a 33-amino-
acid motif that mediates protein-protein interactions, and its
COOH-terminal region has homology to the catalytic domain of
PARP, a highly conserved nuclear enzyme found in most eu-
karyotes. The catalytic domain of tankyrase 1 resides within the
C-terminal region, which flanks a sterile alpha module (SAM)
(63). Tankyrase 1 interacts with multiple proteins, including telo-
mere repeat binding factor 1 (TRF1) (63), insulin-responsive ami-
nopeptidase (IRAP) (14), 182-kDa tankyrase-binding protein
(TAB182) (56, 60), and nuclear mitotic apparatus (NuMA) pro-
tein (10, 56). Tankyrase 2, a highly related paralogue, interacts
with TRF1 (33) and several additional cellular proteins, includ-
ing the aminopeptidase IRAP4, a vesicular protein that under-
goes regulated translocation to the cell surface (14). Tankyrases
1 and 2 have approximately 85% amino acid sequence identity
(35, 63) and interact via the SAM domains (18, 57). The role of
tankyrase 1 in telomere maintenance has been assessed exten-
sively (15), and it has been shown to be essential for sister
telomere resolution and mitotic spindle pole formation by
poly(ADP-ribosyl)ating (PARsylating) the NuMA protein dur-
ing mitosis (9). Despite its known effect on telomeres, its role
in interphase cells is not clearly understood. Only a fraction of
tankyrase colocalizes with telomeres (61), while most tankyrase
1 is found in the cytoplasm and the vicinity of centrosomes
(60), but its roles in the cytoplasm are also unclear.

In this study, we show by various techniques that tankyrases,
especially tankyrase 1, are targeted by HSV to promote its replica-
tion. Tankyrase 1 but not tankyrase 2 was phosphorylated exten-
sively upon HSV infection. HSV-1 infection induced tankyrase 1
redistribution involving its nuclear recruitment and the forma-
tion of complexes resembling replication compartments.
Tankyrase 2 remained in the cytoplasm, similar to the case in
mock infection. Inhibition of viral DNA synthesis by phosphono-
acetic acid (PAA) prevented tankyrase 1 phosphorylation but not
its redistribution, suggesting that viral DNA synthesis and/or viral
�2 protein synthesis is necessary. Tankyrase 1 underwent extracel-
lular signal-regulated kinase (ERK)-dependent phosphorylation,
which could be blocked by U0126. Its nuclear translocation was
independent of ERK activity. In the early phase of infection,
tankyrase 1 colocalized with nuclear ICP0 foci. We found that in
the absence of infection, both HSV-1 and HSV-2 ICP0 proteins
interact with tankyrase 1. The HSV-1 ICP0-null mutant R7091
failed to induce redistribution and phosphorylation of tankyrase
1. Thus, HSV infection induces ERK-dependent phosphorylation
and ICP0-dependent nuclear accumulation of tankyrase 1. Deple-
tion of tankyrases 1 and 2 by RNA interference (RNAi) indicated
that they are required but functionally redundant for viral growth.
Finally, inhibition of tankyrase PARP activity by XAV939 sup-
pressed viral protein expression and decreased viral growth. We
concluded that PARP activity of tankyrase is required for efficient
HSV replication.

MATERIALS AND METHODS
Cells and viruses. Vero (African green monkey kidney) and HEp-2 (hu-
man laryngeal carcinoma) cell lines were obtained from the RIKEN
BioResource Center (Ibaraki, Japan). The U2OS (human osteosarcoma)
cell line was a gift from Bernard Roizman (University of Chicago, IL).
Vero cells were maintained in Eagle’s minimum essential medium
(MEM) supplemented with 8% calf serum (CS) (58), 100 U/ml penicillin,
100 �g/ml streptomycin, and 2 mM glutamine at 37°C in 5% CO2. HEp-2
and U2OS cells were maintained in Dulbecco’s modified Eagle’s medium
and McCoy’s 5A medium (Invitrogen, Carlsbad, CA), respectively, sup-
plemented with 10% fetal CS, 100 U/ml penicillin, 100 �g/ml streptomy-
cin, and 2 mM glutamine, at 37°C in 5% CO2. The HSV-1 wild-type virus
F and ICP0-null virus R7910 were kindly provided by Bernard Roizman
(University of Chicago, IL), and HSV-2 wild-type virus 186 was also used.
Virus stocks were propagated and titrated on Vero cell monolayers. UV-
irradiated HSV-1 (UV-F) was prepared by exposure to a germicidal lamp
(254 nm) for 3 min at a distance of 10 cm.

Plaque reduction assay. We determined the effect of XAV939 on
HSV-1 replication by using Vero cells in a plaque reduction assay. The

FIG 1 ERK-dependent phosphorylation of tankyrase 1 during HSV infection
is modified by inhibition of viral DNA synthesis. (A and B) Extensive modifi-
cation of tankyrase 1 (TNKS1) during HSV infection. HEp-2 cells were mock
infected (M) or infected with HSV-1 F (A) or HSV-2 186 (B) at an MOI of 3
PFU/cell. Cell lysates were collected at 5, 10, or 24 hpi and analyzed by Western
blotting. Mock-infected tankyrase 1 is indicated by black arrowheads, and the
faster-migrating band observed in lysates prepared from HSV-infected cells is
indicated by white arrowheads. (C) Proteasome-dependent degradation in-
volved in reduction of tankyrase 1. HEp-2 cells were mock infected (M) or
infected with HSV-1 F or HSV-2 186 in the absence or presence of MG132 (50
�M). Cell lysates were collected at 24 hpi and analyzed by Western blotting.
(D) Phosphorylation is involved in tankyrase 1 modification. Uninfected
HEp-2 cells (M) or HEp-2 cells infected for 14 h with HSV-1 at an MOI of 3
PFU/cell were harvested and dephosphorylated with Lambda PP (ppase) (�)
or incubated without it (�). (E) Tankyrase 1 phosphorylation is ERK depen-
dent and affected by the inhibition of viral DNA synthesis. HEp-2 cells were
mock infected or infected with HSV-1 strain F at an MOI of 3 PFU/cell in the
absence or presence of PAA (300 �g/ml). An equivalent amount of DMSO was
used as a control. For U0126 treatment, cells were pretreated with 30 �M
U0126 4 h before infection, and cells were infected with HSV-1 strain F at an
MOI of 3 PFU/cell with U0126. Cell lysates were collected 24 h after infection
and analyzed by Western blotting. The black arrowhead indicates the
tankyrase 1 band detected in lysates prepared from mock-infected cells. HSV
infection induced a faster-migrating band, and mitotic tankyrase 1 is indicated
by white arrowheads.
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assay was performed according to a previously described method, with
some modifications (65). In brief, Vero cells were grown as a monolayer in
a 6-well plate. Approximately 100 PFU of HSV-1 was added to the cells.
The plate was incubated at 37°C in 5% CO2 for 1 h, with intermittent
rocking at 15-min intervals, and then various amounts of XAV939 in
normal medium were added to the monolayers. After incubation for 1 day
at 37°C, the infected cells were fixed with 10% formalin, and the plaque
number and size were evaluated.

Preparation of mitotic cells. Exponentially growing HEp-2 cells were
supplemented with 250 �g/ml nocodazole (Sigma) and cultured for 15 h
to arrest cells at the mitotic phase. The cells undergoing mitosis were
released into the culture medium by extensive agitation of the culture
medium and vigorous shaking of the flasks (mitotic shake-off) (72). The
detached cells were harvested by centrifugation, washed, and designated
the mitotic fraction.

Phosphatase assays. HEp-2 cells infected for 16 h with HSV at a mul-
tiplicity of infection (MOI) of 3 PFU/cell were washed in cold, sterile
phosphate-buffered saline (PBS), harvested in Nonidet P-40 (NP-40) lysis
buffer (10 mM Tris-HCl [pH 7.8], 150 mM NaCl, 1% NP-40, 1 mM
EDTA, and protease inhibitor cocktail [Sigma]), and kept on ice. After 10
min, the lysates were centrifuged at 14,000 � g for 10 min at 4°C, and the
supernatants were transferred to a fresh tube. Next, phosphatase buffer
and MnCl2 were added to the lysates and dephosphorylated with 2,000 U
of protein phosphatase (Lambda PP; New England BioLabs) for 30 min at
30°C. The reaction was terminated by the addition of 4� sodium dodecyl

sulfate (SDS) buffer (1� final concentration), and the samples were
boiled and analyzed by 7% SDS-polyacrylamide gel electrophoresis (11)
and Western blotting with an anti-tankyrase (TNKS1) polyclonal anti-
body.

Extraction of cell lysates and Western blot analysis. For subcellular
fractionation, infected HEp-2 cells were washed once in sterile PBS, har-
vested, and pelleted. Nuclear and cytoplasmic extracts were prepared with
NE-PER nuclear and cytoplasmic extraction reagents (Thermo) accord-
ing to the manufacturer’s instructions. For blotting, cells were lysed di-
rectly with SDS sample buffer containing 50 mM Tris-HCl, pH 6.8, 2%
SDS, 10% glycerol, 6% 2-mercaptoethanol, and 0.0025% bromophenol
blue. Cell lysates were separated by SDS-PAGE and transferred to polyvi-
nylidene difluoride membranes (Immobilon-P membranes; Millipore).
Membranes were blocked with blocking buffer (5% skim milk, 0.1%
Tween 20 in PBS) for 1 h at room temperature. After incubation with
appropriate primary antibodies for 1 h at room temperature, membranes
were incubated with horseradish peroxidase-conjugated secondary anti-
bodies, detected using Westone (iNtRON Biotechnology). One mem-
brane was sequentially incubated with different primary antibodies in
Restore Plus Western blot stripping buffer (Thermo), blocked, and
probed with secondary antibodies.

Immunofluorescence microscopy. Cells grown on coverslips were
washed in PBS three times and fixed for 10 min in 4% paraformaldehyde
in PBS at room temperature. For indirect immunofluorescence micros-
copy, fixed cells were permeabilized in 1% Triton X-100 in PBS for 5 min

FIG 2 Nuclear translocation of tankyrase 1 in HSV-1-infected cells. (A) Tankyrase 1 is recruited into the nucleus and localized in the replication compartment
in HSV-1-infected cells. The intracellular localization of tankyrase 1 in HSV-1-infected cells (MOI of 1) was analyzed by indirect immunofluorescence using
antibodies against tankyrase 1 (N-20) (green) and a marker of the HSV replication compartment (ICP8) (red). Arrows indicate infected cells, and arrowheads
indicate uninfected cells. (B) Nuclear localization of tankyrase 1 was not due to channel overlap. HEp-2 cells were infected with the F strain for 6 h and subjected
to indirect immunofluorescence analysis using anti-tankyrase 1 (N-20) (green) or anti-ICP8 (red) antibody. (C) Subcellular localization of tankyrase 1 in infected
cells (MOI of 3). Nuclear and cytoplasmic extracts of infected cells were analyzed by Western blotting using the indicated antibodies. (D) Effect of infection on
tankyrase 2 localization. Intracellular localization of tankyrase 2 in HSV-1-infected cells (MOI of 1) was analyzed by indirect immunofluorescence using
antibodies against tankyrase 2 (green) and ICP8 (red). Imaging was performed using a Zeiss LSM 510 Meta confocal microscope with a 64� objective lens. Images
were acquired at a 2� or 4� digital zoom.

Li et al.

494 jvi.asm.org Journal of Virology

http://jvi.asm.org


at room temperature. The coverslips were inverted and touched to drop-
lets (20 �l) of blocking buffer (4% goat serum, 1% bovine serum albumin
in PBS-Tween [0.05%]) on a clean Parafilm sheet for 45 min at room
temperature. Primary and Alexa Fluor-conjugated secondary antibodies
(Molecular Probes) were diluted in blocking buffer and incubated for 60
min at room temperature. Coverslips were additionally incubated with
DRAQ5 (Biostatus, Leicestershire, United Kingdom) for 20 min at room
temperature to stain nuclear DNA. Samples were examined under a Zeiss
LSM 510 confocal immunofluorescence microscope.

Plasmids and transfection. The expression plasmid pCMV-Myc
HSV-1 ICP0 was constructed for expression of the HSV-1 ICP0 gene in
cultured cells. To construct pCMV-Myc HSV-1 ICP0, the HSV-1 ICP0
coding sequence was amplified by PCR with the primers HSV1 ICP0
EcoRI U (CGGAATTCCCATGGAGCCCCGCCCCGGAGCG) and
HSV1 ICP0 BglII L (GCTCTAGATCTTATTGTTTTCCCTCGTCCCG;
reverse primer). EcoRI and BglII sites were incorporated into the forward
and reverse primers, respectively, to facilitate cloning. The PCR product
was digested with EcoRI and BglII and cloned into pCMV-Myc (Clon-
tech). The Myc-HSV-2 ICP0 expression plasmid was kindly provided by
Yoko Ushijima (Nagoya University, Nagoya, Japan). In transfection ex-
periments, cells were plated in 35-mm dishes and incubated for 24 h
before transfection. Cells were transfected with 1 �g of each plasmid by
use of Lipofectamine 2000 (Invitrogen) following the manufacturer’s rec-
ommendations. The medium was replaced with growth medium (without
antibiotics) 5 h after transfection. Cells were subjected to Western blotting
and immunofluorescence analyses at the indicated times.

Coimmunoprecipitation assay. In assays with transfected cells,
HEp-2 cells in 60-mm dishes were transfected with plasmids encoding the
HSV-1 or HSV-2 ICP0 protein, harvested at 18 h posttransfection, and
washed twice in PBS. Harvested cells were lysed with 1 ml of NP-40 cell
lysis buffer (Invitrogen) with protease inhibitor cocktail (Sigma) and clar-
ified by centrifugation at 15,000 rpm for 15 min at 4°C. Immunoprecipi-
tation was performed using Dynabeads protein G (Invitrogen) according
to the manufacturer’s instructions. Lysed protein was immunoprecipi-
tated with Dynabeads protein G for 1 h at 4°C after coating with anti-c-
Myc (Santa Cruz Biotechnology) antibody or normal rabbit IgG. Protein
complexes were eluted with SDS sample buffer and subjected to Western
blot analysis.

TNKS1 and TNKS2 siRNA transfection. Stealth short interfering
RNAs (siRNAs) for silencing the expression of the tankyrase 1 (siTNKS1)
and 2 (siTNKS2) target genes and a nontarget gene (siCON) (as a control)
were purchased from Invitrogen. HEp-2 cells were seeded at 1 � 105 cells
per dish into 35-mm culture dishes and transfected with 4 �l siRNA and 5
�l Lipofectamine 2000 (Invitrogen) in 500 �l Opti-MEM (Gibco) the
next day. The medium was replaced with growth medium (without anti-
biotics) 5 h after transfection. The cells were analyzed at 3 days posttrans-
fection. For normalization of the viral yield per cell, infected cells were
trypsinized and counted. Each viral PFU result was normalized to 106

cells.
Antibodies. Anti-tankyrase 1 (N-20) and anti-tankyrase 1/2 (H-350)

polyclonal antibodies were purchased from Santa Cruz Biotechnology.
Anti-NuMA polyclonal antibody was purchased from Novus, and anti-

FIG 3 Tankyrase 1 phosphorylation is not essential for nuclear translocation in HSV-1-infected cells. (A) Subcellular localization of ERK2 and active ERK
(p-ERK) in infected cells. HEp-2 cells were mock infected (M) or infected with HSV-1 strain F at an MOI of 1 PFU/cell, and the intracellular localization of ERK2
and p-ERK was analyzed by indirect immunofluorescence using antibodies against ICP8 (red) and ERK2 or p-ERK (green) at the indicated times. (B) ERK
activity and tankyrase 1 phosphorylation are inhibited by U0126. HEp-2 cells were treated with 30 �M U0126 4 h before infection, and cells were then infected
with HSV-1 strain F at an MOI of 3 PFU/cell with U0126. Cell lysates were collected at the indicated times after infection and were analyzed by Western blotting.
(C) Phosphorylation is not required for tankyrase 1 nuclear translocation during HSV-1 infection. HEp-2 cells were treated with 30 �M U0126 4 h before
infection, and cells were then infected with HSV-1 strain F at an MOI of 1 PFU/cell with U0126 for 8 h. Cells were then fixed, and localization of tankyrase 1 was
determined by indirect immunofluorescence using anti-tankyrase 1 (N-20) (green) and anti-ICP8 (red) antibodies. The arrow indicates infected cells, and
imaging was performed using a Zeiss LSM 510 Meta confocal microscope with a 64� objective lens. Images were collected at a 2� digital zoom.
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p42 mitogen-activated protein kinase (MAPK; ERK2) and anti-phospho-
p44/42 MAPK (Erk1/2) polyclonal antibodies were purchased from Cell
Signaling Technology. Monoclonal antibodies and their sources were as
follows: anti-ICP0, Virusys; anti-VP5, anti-ICP8, anti-PAR, and anti-�-
actin, Abcam; and anti-c-Myc, Santa Cruz Biotechnology. Normal rabbit
serum was obtained from Dako.

Chemicals. PAA, nocodazole (Sigma), XAV939 (Sigma), and U0126
(Calbiochem) were all solubilized in dimethyl sulfoxide (DMSO; Wako,
Osaka, Japan) and filter sterilized before use.

RESULTS
HSV infection induces phosphorylation of tankyrase 1.
Tankyrase 1 is modified extensively by glycogen synthase kinase 3
(GSK3) and ERK signaling in mitotic cells (72). To determine
whether tankyrase 1 is modified in HSV-infected cells, HEp-2 cells
were infected with HSV-1 or HSV-2 at an MOI of 3 PFU/cell. Cells
were harvested at various intervals, and the expression and phos-
phorylation state of tankyrases 1 and 2 were determined by West-
ern blotting using anti-tankyrase 1/2 (H-350) antibody. The elec-
trophoretic mobility of tankyrase 1 (Fig. 1A and B, top panels), but
not that of tankyrase 2 (Fig. 1A and B, second panels), gradually
decreased as infection proceeded. This effect on tankyrase 1 was
observed earlier and to a greater extent in HSV-2-infected cells
(Fig. 1B, top panel, lanes 1 to 4) than in HSV-1-infected cells (Fig.
1A, top panel, lanes 1 to 4). Furthermore, the amount of tankyrase

1 reduced greatly as the infection proceeded (Fig. 1A and B, lanes
1 and 4), suggesting that infection led to tankyrase 1 instability.
When cells were infected with HSV in the presence of the protea-
some inhibitor MG132, tankyrase 1 was observed as double bands,
and its stability increased dramatically (Fig. 1C, lanes 2 to 5). Thus,
tankyrase 1 was degraded in a proteasome-dependent manner
during HSV infection.

To examine if phosphorylation was responsible for the slower-
migrating population of tankyrase 1, lysates prepared from unin-
fected and infected cells were treated with Lambda protein phos-
phatase. Tankyrase 1 migrated faster in phosphatase-digested
extracts prepared from HSV-infected cells than in nondigested
samples (Fig. 1D, lanes 3 and 4), indicating that tankyrase 1 was
phosphorylated during infection.

Tankyrase 1 phosphorylation is ERK dependent and affected
by viral DNA synthesis inhibition. Tankyrase is a signaling target
of MAPK and is stoichiometrically phosphorylated upon insulin
stimulation (14). To investigate the role of the ERK pathway in
tankyrase 1 phosphorylation in HSV-infected cells, we used the
MAPK kinase inhibitor U0126. In lysates prepared from U0126-
treated cells, tankyrase 1 migrated faster than in control cells (Fig.
1E, lanes 2 and 3). Interestingly, ERK-dependent phosphorylation
did not enhance degradation of tankyrase 1 (Fig. 1E, lanes 1 and
3). Tankyrase 1 from HSV-infected cells migrated faster than that

FIG 4 Localization of tankyrase 1 in cells treated with PAA or infected with the UV-F strain. (A and B) Viral DNA synthesis is not essential for tankyrase 1
translocation in HSV-infected cells. (A) HEp-2 cells were infected with HSV-1 strain F at an MOI of 3 PFU/cell in the absence or presence of PAA (300 �g/ml).
An equivalent amount of DMSO was used as a control. Cell lysates were collected 15 h after infection, and inhibition of viral DNA synthesis was monitored by
Western blotting. (B) HEp-2 cells were mock infected (M) or infected with the F strain at an MOI of 1 PFU/cell in the presence of PAA (300 �g/ml) or DMSO.
Cells were fixed 8 h after infection and stained for ICP8 (red) and tankyrase 1 (green). (C and D) Tankyrase 1 shows no modification or nuclear redistribution
in UV-F-infected cells. (C) HEp-2 cells were mock infected (M) or infected with the UV-F strain at an MOI of 10 PFU/cell, and cell lysates were analyzed by
Western blotting at the indicated times. (D) HEp-2 cells were mock infected (M) or infected with the UV-F strain at an MOI of 10 PFU/cell and fixed for indirect
immunofluorescence using tankyrase 1 (green) and ICP8 antibodies at 12 hpi. Active ERK1/2 was stained at 30 min postinfection, using p-ERK1/2 antibody.
Imaging was performed using a Zeiss LSM 510 Meta confocal microscope with a 64� objective lens. Images were collected at a 2� digital zoom.
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from a mitotic cell extract (Fig. 1E, lanes 2 and 5). U0126 treat-
ment did not reduce the phosphorylation of tankyrase 1 in mitotic
extracts (data not shown), indicating that ERK activity was dis-
pensable for tankyrase 1 phosphorylation during mitosis (72).

PAA is a potent inhibitor of HSV polymerase. Inhibiting HSV
DNA synthesis reduces the expression of viral late �1 proteins and
blocks �2 proteins completely. PAA treatment of infected cells
resulted in faster migration of tankyrase 1 than that in untreated
infected cells (Fig. 1E, lanes 2 and 4), suggesting that viral DNA
synthesis and/or viral �2 protein synthesis promoted the phos-
phorylation of tankyrase 1. At 24 h postinfection (hpi), tankyrase
1 was degraded (Fig. 1E, lanes 1 and 4). Collectively, these data
indicate that tankyrase 1 phosphorylation did not occur efficiently
when viral DNA synthesis was inhibited.

Tankyrase 1 but not tankyrase 2 is redistributed in response
to HSV-1 infection. We examined the intracellular localization of
tankyrase 1 in HSV-1-infected cells. HEp-2 cells were infected
with HSV-1 at an MOI of 1 PFU/cell, fixed at various intervals, and
then prepared for indirect immunofluorescence microscopy us-
ing polyclonal anti-TNKS1 and monoclonal anti-ICP8 antibod-
ies. ICP8 is the major DNA-binding protein of HSV and acts as a
marker for replication compartments. Tankyrases 1 and 2 local-
ized predominantly to the cytoplasm of uninfected interphase
cells (Fig. 2A, panel a, and D, panel a). HSV infection induced
recruitment of tankyrase 1 to the nucleus (Fig. 2A, panels d, g, and
j), whereas tankyrase 2 remained unaffected (Fig. 2D, panels d and
g). During the early phase of infection, punctate staining of
tankyrase 1 that partially associated with ICP8 was observed in the
nucleus (Fig. 2A, panel j). These puncta were later localized within
the replication compartment (Fig. 2A, panel g). We stained only
for tankyrase 1, and a similar signal consistent with recruitment
into replication compartments was detected (Fig. 2B, panel k). In
addition, the results of single staining of ICP8 indicated no cross-
reactivity between the anti-tankyrase 1 and anti-ICP8 antibodies
(Fig. 2B, panels k and n). However, the accumulation of tankyrase
1 in the perinuclear region is likely a nonspecific signal, as it is
known that viral glycoprotein Fc receptors also accumulate in this
compartment (26).

Next, we took a biochemical approach to analyze the subcellu-
lar localization of tankyrase 1 in infected cells (Fig. 2C). A small
fraction of tankyrase 1 localized to the nucleus in uninfected cells
(Fig. 2C, lane 5), consistent with the indirect immunofluorescence
microscopy data (Fig. 2A, panel a). The nuclear fraction of phos-
phorylated tankyrase 1 increased at 4 hpi (Fig. 2C, lane 6) and 8
hpi (lane 7). Therefore, HSV-1 infection induces tankyrase 1
phosphorylation and its translocation to the nucleus.

Nuclear localization of tankyrase 1 is independent of its
phosphorylation. Cell fractionation showed that the level of
phosphorylated tankyrase 1 in the nucleus increased during the
early phase of HSV-1 infection. Was phosphorylation required for
nuclear translocation of tankyrase 1 in HSV-1-infected cells? We
first examined the localization of ERK2 and p-ERK1/2 (Fig. 3A).
In mock-infected cells, ERK2 showed nuclear staining with a weak
cytoplasmic signal (Fig. 3A, panel a). Thirty minutes after expo-
sure of cells to HSV, staining of ERK2 remained unchanged (Fig.
3A, panel d). At 3 hpi, however, ERK2 was excluded from the
nuclei of many infected cells (Fig. 3A, panel g). In contrast, in
mock-infected cells, active ERK (p-ERK1/2) was observed faintly
in the nucleus (Fig. 3A, panel j). As early as 30 min after infection,
active ERK was detected in both the cytoplasm and the nucleus

(Fig. 3A, panel m). At 3 hpi, it was observed juxtaposed to the
nuclei of most cells (Fig. 3A, panel p). These data are consistent
with previous reports that the US2 protein present in the incom-
ing virion is capable of sequestering activated ERK in the cyto-
plasm (40a). We next used U0126 to inhibit ERK1/2 and down-
stream tankyrase 1 phosphorylation (Fig. 3B, top panel) and
performed Western blotting to determine ERK1/2 activity (Fig.
3B, second panel). ICP8 was used as a marker of infection (Fig. 3B,
third panel), and ERK2 was used as a loading control (Fig. 3B,
bottom panel). HEp-2 cells were infected with HSV-1 in the pres-
ence or absence of U0126 and fixed at 8 hpi. The drug did not
block nuclear translocation of tankyrase 1, indicating that ERK-
dependent phosphorylation was not required (Fig. 3C, panel d).

FIG 5 Tankyrase 1 colocalizes with ICP0 during the early phase of HSV-1
infection. (A) HEp-2 cells were mock infected (M) or infected with HSV-1
strain F at an MOI of 1 PFU/cell. Intracellular localization of tankyrase 1 and
ICP0 in HSV-1-infected cells was analyzed using indirect immunofluores-
cence with tankyrase 1 (green) and ICP0 (red) antibodies. Imaging was per-
formed using a Zeiss LSM 510 Meta confocal microscope with a 64� objective
lens. Images were collected at a 3� digital zoom. (B) Percentages of ICP0 foci
colocalized with tankyrase 1 in HSV-1-infected cells. HEp-2 cells were infected
with strain F and fixed for immunofluorescence at various time points between
2 and 8 h postinfection. Infected cells were stained with anti-ICP0 monoclonal
antibody and anti-tankyrase 1 polyclonal antibody. Over 50 cells for each time
point were counted, and results are shown as means � standard deviations.
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We next examined the effect of viral DNA synthesis on
tankyrase 1 localization (Fig. 4A and B). At 15 hpi, PAA blocked
the expression of the major capsid protein VP5 (Fig. 4A, second
panel, lanes 2 and 4), but tankyrase 1 phosphorylation was not
significantly decreased (Fig. 4A, top panel, lanes 2 and 4). Nuclear
translocation of tankyrase 1 was not blocked (Fig. 4B, panel d),
suggesting that viral DNA synthesis and/or viral �2 protein syn-
thesis was not required for tankyrase 1 redistribution. In addition,
tankyrase 1 seemed significantly more stable with PAA treatment
than with DMSO treatment (Fig. 4A, lanes 2 and 4), whereas it was
degraded at 24 hpi (Fig. 1E, lanes 3 and 4).

To determine the effect of viral attachment to the cell surface or
viral internalization on tankyrase 1, we prepared a UV-irradiated
HSV-1 F strain (UV-F). In the UV-F-infected cells, ICP0 expres-
sion was blocked, as was tankyrase phosphorylation (Fig. 4C, top
panel), while ERK activity was observed at 30 min postinfection
(Fig. 4D, panel g). Tankyrase 1 remained in the cytoplasm of UV-
F-infected cells (Fig. 4D, panel d). These data indicate that de novo
viral protein expression is required for nuclear translocation of
tankyrase 1 and for its phosphorylation by ERK.

Tankyrase 1 colocalizes with ICP0 during the early phase of
HSV-1 infection. The HSV genome encodes 5 immediate-early
proteins: ICP0, ICP4, ICP22, ICP27, and ICP47. ICP4 and ICP27
are essential gene products that activate expression of early and
late viral gene products (54). ICP0 is a multifunctional protein
that enhances replication, especially at low MOIs, partly by its
ability to block chromatin silencing of viral lytic genes (16, 28).
ICP0 possesses E3 ubiquitin ligase activity (29) and has been

shown to induce in vivo degradation of a number of cellular pro-
teins, including the major ND10 proteins PML and Sp100 and the
catalytic subunit of DNA protein kinase, in a proteasome-
dependent manner (5, 22, 67), thereby playing a major role in
establishing permissive conditions for viral infection.

We next determined the intracellular localization of ICP0 and
tankyrase 1 in HSV-1-infected cells. ICP0 was not detected in
mock-infected cells (Fig. 5A, panel b), while tankyrase 1 was de-
tected mostly in the cytoplasm (Fig. 5A, panel a). In the early phase
of HSV-1 infection, punctate staining of tankyrase 1 colocalized
with ICP0 in the nucleus (Fig. 5A, panels d and g). Thereafter,
tankyrase 1 localized within the replication compartment, while
ICP0 was observed partially in the cytoplasm. The levels of colo-
calization of ICP0 with tankyrase 1 were 38% (2 hpi), 74% (4 hpi),
37% (6 hpi), and 20% (8 hpi) (Fig. 5B). In addition, we observed
at early times of infection that approximately 15% of tankyrase 1
foci associated with ICP8, while 90% colocalized with ICP0 (Fig.
2A and 5A; data not shown). These data suggest that incoming
tankyrase 1 is associated more closely with ICP0 than with ICP8
protein during the early phase of infection.

HSV ICP0 interacts with tankyrase 1 and mediates its nu-
clear translocation. We next examined whether ICP0 expression
regulated tankyrase 1 distribution in the absence of infection.
HEp-2 cells were transfected with a Myc-tagged HSV-1 or HSV-2
ICP0 expression plasmid, and the localization of endogenous
tankyrase 1 was determined by indirect immunofluorescence con-
focal microscopy 18 h after transfection (Fig. 6A). Tankyrase 1 was
detected mainly in the cytoplasm in nontransfected cells (Fig. 6A,

FIG 6 ICP0 interacts with tankyrase 1 and is sufficient to redistribute tankyrase 1 in ICP0-transfected cells. (A) HEp-2 cells were mock transfected (control) or
transfected with plasmids carrying the ICP0 gene (HSV-1 or HSV-2). Cells were obtained using tankyrase 1 (green) and anti-Myc (red) antibodies. Merged
images of the transfected cells are shown in the right panels. Imaging was performed using a Zeiss LSM 510 Meta confocal microscope with a 64� objective lens.
Images were collected at a 3� digital zoom. (B) Western blotting. Transfected cells were collected at 12, 24, and 36 h posttransfection and analyzed by Western
blotting using the indicated antibodies. (C) Coimmunoprecipitation assay. Transfected cells were collected at 24 h posttransfection, and whole-cell lysates (WCL)
were immunoprecipitated (IP) with anti-Myc antibodies or subjected directly to Western blotting with the indicated antibodies. Normal rabbit IgG was used as
a negative control for immunoprecipitation. Immunoprecipitated ICP0 was Western blotted using anti-Myc and HSV-1 ICP0 antibodies.
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panel a). In cells expressing either HSV-1 or HSV-2 ICP0-Myc,
tankyrase 1 translocated completely to the nucleus and colocalized
with ICP0 (Fig. 6A, panels d to f and g to i). Thus, ICP0 was
sufficient to recruit tankyrase 1 to the nucleus.

When we performed Western blotting with HSV ICP0-
transfected cell lysates (Fig. 6B), there was no significant alteration
in the electrophoretic mobility of tankyrase 1. However, tankyrase
1 levels seemed to increase gradually in HSV-2 ICP0-transfected
cells but not in HSV-1 ICP0-transfected cells (Fig. 6B, top panel,
lanes 4 to 6 and lanes 7 to 9, respectively). ICP0 was sufficient to
relocalize tankyrase 1 to the nucleus and increase its stability in the
absence of infection, whereas the phosphorylation of tankyrase 1
apparently required additional viral proteins.

These observations prompted us to examine whether
tankyrase 1 interacted with ICP0. We carried out coimmunopre-
cipitation assays with lysates obtained from HEp-2 cells overex-
pressing Myc-tagged HSV-1 or HSV-2 ICP0. Lysates were immu-
noprecipitated using an anti-Myc antibody or normal rabbit IgG
as a control. The anti-Myc antibody specifically precipitated ICP0
and endogenous tankyrase 1 (Fig. 6C, lanes 3 and 4). The control
rabbit IgG precipitated neither (Fig. 6C, lane 5). Therefore,
tankyrase 1 interacted with both HSV-1 and HSV-2 ICP0 pro-
teins.

ICP0 is essential for tankyrase 1 redistribution in HSV-1-
infected cells. To determine the role of ICP0 in the redistribution
of tankyrase 1 in the context of HSV infection, we used HSV-1
R7910, a strain that lacks both copies of ICP0 (38). Tankyrase 1

was not phosphorylated, even at 24 hpi, and degradation of
tankyrase 1 was not observed as the infection proceeded (Fig. 7A,
top panel). Tankyrase 1 was detected in the nucleus and replica-
tion compartments in wild-type-infected cells (Fig. 7B, panels a, c,
e, and g). In R7910-infected cells, tankyrase 1 remained mostly in
the cytoplasm, similar to that in mock-infected cells (Fig. 7B, pan-
els b, d, f, and j). Even as late as 15 hpi, tankyrase 1 was predomi-
nantly cytoplasmic (Fig. 7B, panel m), and we therefore concluded
that tankyrase 1 requires ICP0 for nuclear accumulation. How-
ever, a trace of tankyrase 1 was detectable in the R7910-infected
cells (Fig. 7B, panel m), so we do not exclude the possibility that
other viral proteins also promote the nuclear translocation pro-
cess. Our observations also suggest that in the context of infection,
tankyrase 1 is apparently degraded only after it is translocated into
the nucleus (Fig. 1E).

Tankyrases 1 and 2 are essential but redundant for efficient
HSV replication. To investigate whether tankyrase 1 was required
for HSV-1 replication, we examined the effect of tankyrase 1 de-
pletion on viral growth. HEp-2 cells were transfected with siRNA
targeting tankyrase 1 (siTNKS1) or tankyrase 2 (siTNKS2) or with
a control siRNA (siCON). The depletion of target proteins proved
to be highly efficient 3 days after transfection (Fig. 8A). No cell
toxicity was observed (data not shown). Using the plaque assay,
we analyzed the viral titers of HSV-1 in the tankyrase-depleted
cells at 24 hpi (Fig. 8B). Depletion of either tankyrase 1 or
tankyrase 2 decreased the viral titers moderately, to 82% and 80%
of control levels, respectively. However, simultaneous depletion

FIG 7 ICP0 is essential for tankyrase 1 redistribution and phosphorylation in HSV-1-infected cells. (A) HEp-2 cells were mock infected (M) or infected with
R7910 at an MOI of 3 PFU/cell. Cell lysates were collected 5, 10, or 24 h after infection and analyzed by Western blotting using the indicated antibodies. (B) HEp-2
cells were infected with HSV-1 strain F (left) or the mutant virus R7910 (right) at an MOI of 3 or 1 PFU/cell, respectively. Cells were fixed at the indicated times,
and tankyrase 1 localization was analyzed using indirect immunofluorescence with tankyrase 1 (green) and ICP8 (red) antibodies. Imaging was performed using
a 64� objective lens and a Zeiss LSM 510 Meta confocal microscope. Images were acquired at a 3� digital zoom.
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of both tankyrases 1 and 2 resulted in stronger impairment of viral
replication. The viral titer decreased to 34% (P � 0.02) compared
to that of control cells. This observation is consistent with a pre-
vious study showing that there is substantial redundancy between
tankyrases 1 and 2 (15). This indicates that efficient HSV replica-
tion requires tankyrase function, but tankyrases 1 and 2 are appar-
ently redundant.

Efficient HSV-1 replication requires PARP activity. To inves-
tigate whether the PARP activity of tankyrases is required for HSV
infection, we used the small-molecule inhibitor XAV939, which
specifically inhibits tankyrase PARP activity by binding the con-
served catalytic domains of both tankyrases (31). We first analyzed
the cell-to-cell spread of HSV-1 in the presence of XAV939 (Fig.
9A and B). The plaques were significantly smaller in XAV939-
treated cells than in DMSO-treated control cells. XAV939 reduced
cell-to-cell spread even at a concentration of 100 nM (Fig. 9A,
panels b and g). The plaque numbers decreased to 58% (0.8 �M
XAV939), 50% (4 �M), and 30% (20 �M) compared to that of
control cells (Fig. 9B). When HSV-1 was used to infect cells at an
MOI of 3 PFU/cell in the presence of 1 �M XAV939 (Fig. 9C),
ICP8 expression was significantly delayed (Fig. 9C, third panel,
lanes 3, 4, 7, and 8), but ICP0 expression was not (Fig. 9C, second
panel). PARP activity of tankyrases was apparently required for
the temporal expression of viral proteins. Finally, we analyzed the

effect of the drug on HSV-1 replication. XAV939 (1 �M)-treated
HEp-2 cells were infected with HSV-1 at an MOI of 0.001 PFU/cell
(Fig. 9D). The reduction in overall virus yield was approximately
20- to 50-fold. XAV939 also suppressed one-step virus replication
in cells infected at an MOI of 3 PFU/cell. The average total viral
yields at 24 hpi were (1.7 � 0.4) � 108 and (7.9 � 1.3) � 106

PFU/ml for DMSO- and XAV939-treated cells, respectively. These
data indicate that PARP activity of tankyrase is essential for effi-
cient HSV replication.

DISCUSSION

HSV often manipulates infected host cell proteins to promote
their replication. For example, ND10 proteins are disrupted
upon HSV-1 infection and translocate to sites associated with
viral genome complexes (23, 25). US3 induces protein kinase A
(PKA) activity in HSV-1-infected cells by upregulating PKA
expression (2). Multiple cellular proteins, including p53, are
recruited to the HSV-1 DNA replication compartment in re-
sponse to infection (4, 45).

We showed previously that HSV infection specifically targets
NuMA, a nuclear matrix apparatus protein which is hyperphos-
phorylated upon infection and becomes solubilized, a phenome-
non normally observed in noninfected cells only during mitosis
(71). In the present study, we discovered tankyrase 1, a telomere
length regulator, as a new target of HSV. There were multiple
effects of HSV-1 on tankyrase 1, such as phosphorylation, nuclear
translocation, and degradation. Efficient HSV-1 replication re-
quired tankyrase PARP activity. ICP0 interacted with tankyrase 1
and apparently plays a key role in its nuclear import, although the
biological significance of the interaction remains unclear. Does
ICP0 regulate tankyrase 1 function? This remains unknown, but
ICP0 could, for example, prime the infected cell for efficient rep-
lication by recruiting tankyrase 1 to viral replication compart-
ments.

HSV-1 replication was impaired when both tankyrases 1 and 2
were codepleted using siRNAs or deprived of their enzymatic ac-
tivity with the inhibitor XAV939. Therefore, HSV-1 replication
was promoted by the PARP activity of tankyrases. ICP8 expression
was significantly delayed (Fig. 9B). Although it has been shown
that HSV ICP4 is PARsylated (3, 50), its significance to the viral
life cycle is not known. We also observed that in HSV-1-infected
HEp-2 cells, TRF1 localization was affected (not shown). TRF1 is
a substrate of tankyrase and is important for telomere structure
and stabilization (46, 47). It is possible that PARsylation redistrib-
utes cellular proteins to favor viral gene transcription and/or DNA
synthesis. However, we cannot exclude the possibility that cyto-
plasmic tankyrase also promotes viral replication.

It is known that the PARP activity of tankyrase is enhanced by
ERK-dependent phosphorylation (14). Mitotic phosphorylation
of tankyrase does not seem to alter its PARP activity, based on in
vitro auto-PARsylation assays (10). We have shown that HSV in-
fection induces hyperphosphorylation and solubilization of
NuMA, which is a substrate of tankyrase (71). Tankyrase 2 shares
83% sequence identity with tankyrase 1 but lacks the N-terminal
HPS (homopolymeric runs of His, Pro, and Ser) domain (41). It is
unclear why tankyrase 2 is not modified during HSV infection,
despite the fact that it is required for efficient replication. The lack
of tankyrase 2 phosphorylation could be due to this discrepancy.
Our results suggest that cytoplasmic activity of tankyrase 2 is re-
quired for efficient HSV replication.

FIG 8 siRNA-mediated tankyrase knockdown inhibits HSV growth. (A)
siCON-, siTNKS1-, siTNKS2-, or siTNKS1-plus-siTNKS2 (siTNKS)-
transfected HEp-2 cells were analyzed at 3 days posttransfection for protein
expression. Tankyrase levels were greatly decreased in siRNA-treated cells,
whereas actin levels were constant. (B) Analysis of viral growth in siRNA-
treated cells. HEp-2 cells transfected with siCON, siTNKS1, siTNKS2, and
siTNKS were infected with F at an MOI of 3, cells were collected at 24 hpi and
lysed by a freeze-thaw cycle, and progeny viruses were titrated on Vero cells.
Results for three independent experiments are shown as means with standard
deviations.
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FIG 9 Inhibition of tankyrase PARP activity significantly impairs viral replication. (A) Plaque size depends on XAV939 concentration. Vero cell monolayers were
infected with approximately 100 PFU of HSV-1 in the presence of the indicated concentration of XAV939 or DMSO (control). (B) The cells were fixed at 24 hpi,
and plaque size and number were determined to assess viral spread. Results for three independent experiments are shown as means � standard deviations, and
P values were determined by the two-tailed t test. (C) Inhibition of tankyrase 1 PARP activity results in defective viral protein expression. HEp-2 cells were
infected with HSV-1 strain F at an MOI of 3 PFU/cell in the absence (DMSO) or presence of XAV939 (1 �M), and then lysates were analyzed by Western blotting.
(D) Multistep growth curve of HSV-1 in XAV939-treated HEp-2 cells. The results shown are representative of 3 independent experiments. After similar
treatment with XAV939 (1 �M) or DMSO, HEp-2 cells were infected with HSV-1 at an MOI of 0.001 PFU/cell. The virus replication kinetics was significantly
diminished when PARP activity was inhibited.

Effects of HSV Infection on Tankyrase 1

January 2012 Volume 86 Number 1 jvi.asm.org 501

http://jvi.asm.org


Tankyrase 1 was degraded during the late phase of HSV infec-
tion, in a proteasome-dependent manner. Infection is required to
trigger the degradation process. The results from experiments us-
ing PAA and U0126 indicated that there was no clear correlation
between phosphorylation of tankyrase 1 and its degradation (Fig.
1E). Neither PARsylation of ICP0 nor ubiquitination of tankyrase
1 was detected in ICP0-transfected cells (not shown). It is known
that overexpression of tankyrase 1 releases TRF1 from telomeres,
and long-term overexpression of tankyrase 1 in telomerase-
positive human cells results in a gradual and progressive elonga-
tion of telomeres (62). This suggests that accumulation of
tankyrase 1 in the nucleus is not favorable for the host cell. Infec-
tion with the ICP0-null mutant R7910 showed that tankyrase 1 is
degraded only following a nuclear translocation event. Viral DNA
synthesis and late gene expression were not required for degrada-
tion. The stability of tankyrase 1 also increased when HSV-2 ICP0
was overexpressed. Therefore, ICP0 may stabilize tankyrase 1 in
the nucleus at the onset of infection, which is later followed by
proteasome-dependent degradation.

Early in infection, ICP0 performs two key functions: it en-
hances viral gene expression and replication, which are essential at
low MOIs (64), and it inhibits the silencing of viral DNA by cel-
lular proteins and the interferon-stimulated host response (32).
During the course of infection, ICP0 localizes to the nucleus and
disrupts ND10 bodies, followed by inhibition of host chromatin
silencing mechanisms that in turn block the transition from
immediate-early to early gene expression. At high MOIs, viral rep-
lication appears to circumvent the requirements of ICP0, because
under these conditions, replication is not dependent on ICP0
(67). A previous study reported that HSV-1 ICP0 interacts specif-
ically with transforming growth factor-activated protein kinase 1
and stimulates c-Jun N-terminal kinase activity but has no effect
on ERK activity (19). Our results are consistent with this report;
tankyrase 1 was not phosphorylated in ICP0-overexpressing cells.
ICP0 does not contain tankyrase 1 binding motifs (30), and the
interaction between ICP0 and tankyrase 1 could be indirect. It has
been shown that Hsc70 is also redistributed to punctate nuclear
dots upon ICP0 overexpression (7), similar to what we observed
for tankyrase 1.

In summary, we found that HSV manipulates tankyrase 1 by
hyperphosphorylation, by its nuclear transport and retention via
ICP0, and, finally, by inducing its degradation in a proteasome-
dependent manner during the late phase of infection. Most im-
portantly, efficient viral replication, especially at low MOIs, re-
quires the PARP activity of tankyrases. Given the importance of
tankyrases in the viral life cycle, studies of other tankyrase sub-
strates are under way.
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