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Varicella-zoster virus (VZV) infection of differentiated cells within the host and establishment of latency
likely requires evasion of innate immunity and limits secretion of antiviral cytokines. Here we report that its
immediate-early protein ORF61 antagonizes the beta interferon (IFN-B) pathway. VZV infection down-mod-
ulated the Sendai virus (SeV)-activated IFN-B pathway, including mRNA of IFN-B and its downstream
interferon-stimulated genes (ISGs), ISG54 and ISG56. Through a primary screening of VZV genes, we found
that ORF61 inhibited SeV-mediated activation of IFN-3 and ISRE (IFN-stimulated response element) pro-
moter activities but only slightly affected NF-«B promoter activity, implying that the IFN-f pathway may be
blocked in the IRF3 branch. An indirect immunofluorescence assay demonstrated that ectopic expression of
ORF61 abrogated the detection of IRF3 in SeV-infected cells; however, it did not affect endogenous dormant
IRF3 in noninfected cells. Additionally, ORF61 was shown to be partially colocalized with activated IRF3 in the
nucleus upon treatment with MG132, an inhibitor of proteasomes, and the direct interaction between ORF61
and activated IRF3 was confirmed by a coimmunoprecipitation assay. Furthermore, Western blot analysis
demonstrated that activated IRF3 was ubiquitinated in the presence of ORF61, suggesting that ORF61
degraded phosphorylated IRF3 via a ubiquitin-proteasome pathway. Semiquantitative reverse transcription-
PCR (RT-PCR) analysis demonstrated that the level of ISG54 and ISG56 mRNAs was also downregulated by
ORF61. Taken together, our results convincingly demonstrate that ORF61 down-modulates the IRF3-mediated
IFN-B pathway by degradation of activated IRF3 via direct interaction, which may contribute to the patho-

genesis of VZV infection.

Varicella-zoster virus (VZV) is ubiquitous in most of the
population worldwide and is an alphaherpesvirus restricted to
humans. Primary VZV infection begins with inoculation of the
respiratory mucosa, followed by cell-associated viremia and the
rash of chickenpox. During primary infection, the virus estab-
lishes latency in sensory ganglia and can subsequently reacti-
vate to cause shingles (herpes zoster) (3). The VZV genome
contains one copy of linear double-strand DNA approximately
125 kb in length and encodes about 70 unique proteins. Similar
to other alphaherpesviruses, the expression of VZV genes is
assorted temporally into three categories—immediate-early
(IE), early (E), and late (L)—and the IE proteins usually play
critical roles during VZV life cycles (29).

ORF61 encodes a 62- to 66-kDa phosphoprotein (45), which
is highly homologous to herpes simplex virus 1 (HSV-1) ICP0
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in the RING finger domain and can partially complement the
function of ICP0 in ICPO-null HSV-1 (28). Both proteins ex-
hibit regulatory functions, but the difference between them is
that ORF61 has either a transactivated or repressive function
(16, 31), while ICPO mostly shows transcriptional activation
(12, 14). Although ICPO can inhibit the innate immunity path-
way at many levels, such as IRF3 and PML (13, 26), little is
known about the function of ORF61 in interrupting the innate
immunity.

The innate immune system is an ancient and nonspecific
system that provides the first line of defense against infection.
One of the most effective innate antiviral responses is the
production of alpha/beta interferon (IFN-«/B) and the subse-
quent induction of interferon-stimulated genes (ISGs) (38).
Previous studies have demonstrated that VZV infection stim-
ulates innate immune responses mainly by the production of
IFN-a and IFN-y (1, 2, 27), while IFN-B is not detected in
serum of VZV-infected patients. This might be explained by
the evidence provided by one group that the production of
IFN-B may be blocked by ORF62 during VZV infection (40).

Increasing evidence has shown that ICP0O possesses various
antagonistic functions against the host innate immune system
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(33); however, little is known about the function of ORF61 in
interrupting innate immunity, especially in the IFN-f pathway.
In the present study, we tried to determine the molecular
mechanism by which ORF61 blocks the IFN-dependent anti-
viral response. We found that VZV infection could down-
modulate the Sendai virus (SeV)-activated IFN-B pathway,
and further study indicated that ORF61 inhibits SeV-mediated
activation of IFN-B promoter activity in HEK 293T cells.
ORF61 specifically blocks the IRF3-mediated innate immune
responses, and its RING finger is critical for this activity. In-
terestingly, ORF61 targets only activated IRF3 for protea-
some-mediated degradation by direct interaction. Two ISGs
downstream of IFN-B, ISG54 and ISG56, were sharply down-
regulated in response to SeV stimulation in the presence of
ORF61. These results expand our knowledge of both cellular
antiviral responses to virus infection and the countermeasures
adopted by VZV to ensure its successful replication and
spread.

(The abstract of this paper was presented at the Institute
Pasteur International Network Annual Scientific Meeting,
2010 [58]).

MATERIALS AND METHODS

Cells culture, virus infection, and reagents. HEK 293T cells and MeWo cells
were grown in Dulbecco’s modified minimum essential medium (DMEM; Gibco-
BRL) supplemented with 10% fetal bovine serum (FBS) and 100 U/ml of pen-
icillin and streptomycin. HeLa cells were maintained in Eagle’s minimum essen-
tial medium (Gibco-BRL) supplemented with 10% fetal calf serum (FCS).

The pOka strain VZV (wild type [wt]) and VZV-GFP viruses, gifts from Hua
Zhu (55), were grown in the human melanoma cell line MeWo. HEK 293T cells
were infected with VZV by coculture with VZV-infected MeWo cells at a 1:1
ratio for 1 h at 37°C. Then the inoculum was removed with fresh DMEM, and
HEK 293T cells were cultured in fresh medium.

The proteasome inhibitor MG132 was purchased from Sigma (St. Louis, MO).
Rabbit antisera against IRF3(S396) were described previously (10); the protease
inhibitor mixture cocktail and anti-Flag monoclonal antibody (MAb) were pur-
chased from CST (Boston, MA). Rabbit anti-IRF3 polyclonal antibody (PAb)
and anti-B-actin MAb were purchased from Proteintech (Wuhan, China). A
rabbit anti-enhanced yellow fluorescent protein (EYFP) PAb was purchased
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).

Plasmid construction. All enzymes used for cloning procedures were pur-
chased from Takara (Dalian, China) except T4 DNA ligase, which was obtained
from New England BioLabs (Beverly, MA). To construct ORF61-Flag, the
ORF61 gene was amplified from a VZV bacterial artificial chromosome (BAC)
(Oka strain) and cloned into the EcoRI and BamHI sites of the pCMV-Flag
vector (Beyotime, Shanghai, China) and the pEYFP-N1 vector (Clontech). A
point mutation (C19G) was introduced into ORF61-Flag to disrupt the RING
finger domain. Homo sapiens IRF3 was amplified from plasmid IRF3-GFP (21)
and cloned into the EcoRI and Kpnl sites of the pCMV-Flag vector (Beyotime)
and the pEYFP-NI1 vector (Clontech). Commercial reporter plasmids were
NF-kB-luc (Stratagene, La Jolla, CA) and pRL-TK plasmid (Promega). Plasmids
acquired as gifts included (PRDIII-I)4-Luc (11), ISRE (IFN-stimulated re-
sponse element)-luciferase reporter plasmid (24), pcDNA3.1-FlagTBK1 (36),
pcDNA3.1/Zeo-MAVS (36), pcDNA3.1-FlagIKKi (56), the IRF3-GFP plasmid
(21), pEF-FlagRIG-IN (52), the IRF3/5D plasmid (7), the IRF7(6D) plasmid, a
ubiquitin-hemagglutinin (HA) plasmid (36), pPCAGGS-NS1 (19), and an IFN-B
promoter reporter plasmid (22).

RNA isolation and semiquantitative RT-PCR. Total RNA was extracted from
HEK 293T cells with TRIzol (catalog no. 15596-018; Invitrogen) according to the
manufacturer’s manual. Samples were digested with DNase I and subjected to
reverse transcription-PCR (RT-PCR). RNA was reverse transcribed using an
oligo(dT) primer. A mock reaction was carried out with no reverse transcriptase
added. Ten percent of the resulting cDNA was used as a template for PCR using
specific primers for human ISG54 and ISG56. The GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) gene was used as a housekeeping gene to establish a
baseline against which target genes were compared between samples. Primer
sequences were as follows: 5'-GACACCCACTCCTCCACCTTT-3'" (forward)
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and 5'-ACCACCCTGTTGCTGTAGCC-3' (reverse) for hGAPDH, 5'-CAAA
TTGCTCTCCTGTTGTGCTTC-3' (forward) and 5'-AATGCGGCGTCCTCC
TTCT-3' (reverse) for hIFN-B, 5'-ACGCATTTGAGGTCATCAGGGTG-3'
(forward) and 5'-CCAGTCGAGGTTATTTGGATTTGGTT-3' (reverse) for
hISG54, 5'-GCTTTCAAATCCCTTCCGCTAT-3' (forward) and 5'-CTTGGC
CCGTTCATAATTCTTTC-3' (reverse) for hISG56. PCR products were ana-
lyzed on a 2% agarose gel.

Transfection and dual luciferase reporter (DLR) assay. The HEK 293T cells
were plated onto 24-well dishes (Corning, NY) in DMEM (Gibco-BRL) with
10% FBS at a density about 1 X 10° cells per well overnight before transfection.
Cells were then cotransfected with 500 ng of a reporter plasmid such as p125-luc
or pISRE-luc and 2 pg of expression plasmid as indicated by standard calcium
phosphate precipitation (17, 57). To normalize transfection efficiency, 50 ng of
the Renilla luciferase reporter plasmid pRL-TK was added to each transfection.
At 24 h posttransfection, cells were infected with SeV for 16 h, and luciferase
assays were performed with a dual-specificity luciferase assay kit (Promega,
Madison, WI). All reporter assays were carried out at least three times, and the
results shown are averages and standard deviations from one representative
experiment.

Immunofluorescence assay. Immunofluorescence assays were performed as
described in our previous study (51). In brief, HeLa cells were observed either
live or fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS; 0.137 M
NaCl, 0.003 M KCl, 0.008 M Na,HPO,, 0.001 M NaH,PO, [pH 7.4]) for 20 min,
washed three times with PBS, and permeabilized with 0.5% Triton X-100 in PBS
for 10 min. The cells were rinsed with PBS and then incubated with PBS
containing 5% bovine serum albumin (BSA) for 20 min at room temperature.
Subsequently, the cells were incubated with IRF3-specific polyclonal rabbit an-
tibody diluted in PBS containing 0.5% BSA for 2 h at 37°C, followed by incu-
bation with fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit IgG
(Sigma-Aldrich) in PBS containing 0.5% BSA for 1 h at 37°C. After each
incubation step, cells were washed extensively with PBS. Samples were analyzed
with a fluorescence microscope (Zeiss, Germany). Images were processed using
Adobe Photoshop.

Coimmunoprecipitation assay. The coimmunoprecipitation (co-IP) assay was
performed as described in our previous study (50). In brief, at 24 h posttrans-
fection, HEK 293T cells were washed twice with phosphate-buffered saline and
scraped in 500 to 800 pl of modified RIPA buffer [SO mM Tris-HCI (pH 7.4), 1%
NP-40, 0.5% Na-deoxycholate, 0.15 M NaCl, 1 mM EDTA] or in lysis buffer [20
mM Tris-HCl, 150 mM NaCl, 1% NP-40] and a protease inhibitor mixture
cocktail from CST (Boston, MA). After sonication, the supernatant was centri-
fuged at maximum speed on a tabletop centrifuge at 4°C for 15 min. Superna-
tants were collected and incubated with anti-Flag MAb or nonspecific control
mouse antibody (IgG) and protein G agarose beads (CST, Boston, MA) over-
night at 4°C with agitation. The mixture was washed three times with RIPA
buffer, once with 150 mM NaCl, and three times in PBS, and then the samples
were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and Western blot analysis.

Western blot analysis. Western blot analysis was performed as previously
described (35). Briefly, after transfection or SeV infection, whole-cell extracts
were subjected to 10% SDS-PAGE and transferred to nitrocellulose membranes,
followed by blocking with 5% nonfat milk in Tris-buffered saline-Tween (TBST;
50 mM Tris-HCI, 200 mM NaCl, 0.1% [vol/vol] Tween 20 [pH 7.5]), and probed
with corresponding primary antibodies at 37°C for 2 h. After being washed with
TBST, the membranes were incubated with alkaline phosphatase-conjugated
goat anti-rabbit IgG or goat anti-mouse IgG (1:10,000 dilution) at 37°C for 1 h.
Protein bands specific to the antibody were developed with 5-bromo-4-chloro-
3-indolylphosphate (BCIP)-nitroblue tetrazolium (NBT), and the process was
terminated by distilled water.

RESULTS

VZV infection inhibits the IRF3-mediated IFN-3 pathway.
To establish infections, viruses must subvert the antiviral re-
sponse, which is mounted mainly by the cellular interferon
system. A previous report demonstrated that VZV is extremely
sensitive to type I and type II IFNs (4), which indicates that
VZV needs to block the production of type I IFN during early
infection to establish successful infection. To determine whether
VZV infection could suppress the IFN-f pathway, DLR assays
were performed to measure whether VZV infection affected
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FIG. 1. VZV infection down-modulates the IRF3-mediated IFN-
pathway. (A) VZV infection inhibits SeV-activated IFN- promoter
activity. HEK 293T cells were cotransfected with the IFN-B reporter
plasmid p125-luc and the Renilla luciferase plasmid pRL-TK. Twenty-
four hours after transfection, HEK 293T cells were infected with 100
hemagglutinating units (HAU)/ml SeV or left uninfected, as indicated;
at 8 hpi, VZV-infected MeWo cells were added to the pretreated HEK
293T cells at a ratio of 1 to 1 for 1 h at 37°C. Then the inoculum was
removed with fresh DMEM, and HEK 293T cells were cultured in
fresh medium for another 12 h until the luciferase activity was
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the IFN-B promoter activity stimulated by SeV. VZV infection
inhibited SeV-mediated IFN-B promoter activity about 4-fold
(Fig. 1A). This is a crucial finding in the investigation of the
relationship between VZV infection and the host innate im-
mune response. Furthermore, semiquantitative RT-PCR was
performed to detect the mRNA level of IFN-B and down-
stream ISGs, ISG54 and ISG56, during VZV early infection.
As expected, IFN-B transcripts could not be detected during
VZV infection between 2 and 12 hours postinfection (hpi); this
indicates that neither ISG54 nor ISG56 mRNA was upregu-
lated upon VZV infection (Fig. 1D). It is well known that SeV
is a practicable model virus to evoke the host innate immune
response via the RIG-I/MDAS-IRF3-IFN-B pathway whose
infection is usually used as a positive control. The IFN-8
mRNA level was highly upregulated in SeV-infected cells com-
pared to noninfected cells, as well as the ISG54 and ISG56
mRNA levels (Fig. 1D). IRF3 is one of the most important
cellular transcription factors and plays a central role in the
IFN-B pathway. In resting cells, IRF3 usually localizes in the
cytoplasm, and in response to virus infection, IRF3 experiences
a sequential change: it is first phosphorylated by two kinases,
TBK1 and IKKi; next it undergoes dimer formation; and last,
it translocates into the nucleus as an activated transcription
factor. Accordingly, the subcellular localization of IRF3 was
investigated to determine the effect of VZV infection on
the IRF3-IFN-B signaling pathway. IRF3-EYFP localized in
the cytoplasm in resting MeWo cells, and it translocated to the
nucleus upon SeV infection (Fig. 1B). However, IRF3-EYFP
in VZV-infected cells remained in the cytoplasm during SeV
infection (Fig. 1B), suggesting that VZV infection abrogated
the translocation of IRF3 from the cytoplasm to the nucleus in
the IFN-@ signaling pathway. Usually, the phosphorylation of
IRF3-Ser396 is a typical response to virus infection. Western
blot (WB) analysis showed that phosphorylated IRF3 on
Ser396 was detectable during VZV early infection between 2
and 4 hpi with phosphospecific IRF3(S396) antibody; however,
no phosphorylated IRF3 was detected thereafter (Fig. 1C).
These results demonstrate that the IRF3-mediated IFN-8
pathway was blocked during VZV infection.

ORF61 inhibits SeV-mediated activation of IFN-3 promoter
activity. During VZV infection, the innate immunity response

measured. Data are expressed as means and standard deviations from
three independent experiments performed in duplicate. (B) MeWo
cells were transfected with pEYFP or IRF3-EYFP; 24 h after trans-
fection, cells were treated with 100 HAU/ml SeV or left uninfected. At
8 hpi, VZV-infected MeWo cells were added to the pretreated MeWo
cells at a ratio of 1 to 1 for 1 h at 37°C. Then the inocula were removed
with fresh DMEM, and the infected cells were cultured in fresh me-
dium for another 12 h before fluorescence microscopy analysis. (C)
Activated IRF3 during VZV infection. HEK 293T cells were seeded
onto 35-mm cell culture plates; after 24 h, VZV-infected MeWo cells
were added to the cells at a ratio of 1 to 1 for 1 h at 37°C. Then the
inoculum was removed with fresh DMEM, and HEK 293T cells were
cultured in fresh medium. Whole-cell extracts were collected at the
indicated time points for Western blot analysis of IRF3-Ser396. (D)
VZV infection downregulates the levels of mRNAs of IFN-B and
downstream ISGs. HEK 293T cells were infected with VZV as de-
scribed for panel B. Total RNA was extracted at the indicated time
points for semiquantitative RT-PCR analysis.
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FIG. 2. ORF61 protein inhibits SeV-mediated activation of the
IFN-B promoter. HEK 293T cells were cotransfected with IFN-f re-
porter plasmid p125-luc (A), NF-kB-luc (C), or (pRDIII-I)4-Luc
(D) and with the Renilla luciferase plasmid pRL-TK and pCMV-Flag
empty vector or with plasmids encoding the indicated viral proteins.
Twenty-four hours after transfection, cells were infected with 100
HAU/ml SeV or left uninfected, as indicated, and luciferase activity
was measured 16 hpi. (B) ORF61-Flag inhibits IFN-B promoter activ-
ity in a dose-dependent manner. Data are means and standard devia-
tions from three independent experiments performed in duplicate.
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FIG. 3. The inhibition of IFN-B promoter activity by ORF61 is
RING finger dependent. (A) Schematic representation of wild type
and RING finger mutant (C19G) of ORF61; (B) activation of the
IFN-B promoter following SeV infection, measured by DLR assays in
the presence of wild-type or mutant ORF61. Data are means and
standard deviations from three independent experiments performed in
duplicate.

is activated, and type I IFNs can limit VZV replication severely
(4, 9, 32), while IFN-B production is not detected in response
to poly(I - C) stimulation in VZV-infected human embryonic
lung fibroblasts (HELF) (40). During VZV early infection,
ORF61 and ORF62 appeared within 1 h (37), which implies
that they might play important roles in evasion of innate im-
munity. To determine the ability of ORF61 to inhibit SeV-
mediated activation of IFN-B gene transcription, a Flag-tagged
ORFo61-expressing plasmid was cotransfected into HEK 293T
cells with an IFN-B promoter construct, and the ability of
ORF61 to inhibit IFN-B reporter gene activity was examined.
SeV infection induced strong IFN- reporter activity (Fig. 2A).
In contrast, ectopic expression of ORF61 or NSI almost en-
tirely inhibited SeV-mediated activation of IFN-B promoter
activity, and the inhibition effect was approximately 50-fold
relative to vector (Fig. 2A). Additionally, ORF61 inhibited
the IFN-B promoter activity in a dose-dependent manner
(Fig. 2B).

The activation of IFN-$ gene transcription depends on syn-
ergistic interactions among NF-«kB, IRFs, and other transcrip-
tion factors that bind to distinct regulatory domains in the
promoter. To examine the role of ORF61 in inhibition of
SeV-mediated activation of IRFs and NF-kB, we measured the
expression of luciferase reporter genes driven by tandem IRF
binding sites in the IFN-B promoter [(pRDIII-I)4-Luc] or
NF-kB elements (NF-kB-Luc). SeV infection resulted in
strong induction of both NF-kB-Luc and (pRDIII-I)4-Luc re-
porter activities (Fig. 2C and D). Activation of (pRDIII-1)4
reporter gene construct, which depends on the function of
IRFs, was significantly reduced in the presence of ORF61 (Fig.
2D). In contrast, coexpression of ORF61 only slightly affected
NF-«kB-Luc activity (Fig. 2C). Taken together, these results
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FIG. 4. ORF61 protein inhibits IFN-B promoter activity at the level of IRF3. HEK 293T cells were cotransfected with RIG-IN (A), IPS-1 (B), TBK1
(C), IKKi (D), or IRF3/5D (E) and with the IFN-B reporter plasmid p125-luc and the Renilla luciferase reporter plasmid pRL-TK. Thirty-six hours after
transfection, luciferase assays were performed. Data are means and standard deviations from three independent experiments performed in duplicate.
(F) The IFN-B pathway. The caspase recruitment domains (CARDs) of RIG-I recruit the signaling adaptor protein IFN-B promoter stimulator 1 (IPS-1)
after the binding of double-stranded RNA to the helicase domain. IPS-1 resides at the outer mitochondrial membrane and interacts with RIG-I through
its CARD. This interaction results in the activity of the TRAF3 and TRAF6 complexes, which leads to the activation of IRF3 and NF-kB, respectively.



11084 ZHU ET AL.

demonstrate that ORF61 specifically targets IRFs activation
but not the NF-kB pathway.

The inhibition of SeV-mediated activation of IFN-f pro-
moter activity by ORF61 is RING finger dependent. ORF61
bears a C3H4 zinc RING finger domain in the N terminus (Fig.
3A). The RING finger domain is conservative among alpha-
herpesviruses, and the role of ICP0 in suppressing the host
innate immunity is RING finger dependent (23). To determine
whether the RING finger domain is also responsible for the
ability of ORF61 to inhibit SeV-mediated induction of IFN-3
promoter activity, a RING finger mutant of ORF61 was gen-
erated by mutation of Cys-19 to Gly (Fig. 3A), a mutation
which has been shown to disrupt the RING finger domain (49).
The wild-type (wt) ORF61 inhibited SeV-mediated induction
of the IFN-B promoter more than 10-fold. However, the C19G
mutation of the RING finger domain abrogated the inhibition
effect of ORF61 (Fig. 3B), suggesting that the RING finger is
critical for the inhibition activity of wt ORF61.

ORF61 inhibits IRF3-mediated transactivation. To further
investigate the level at which ORF61 inhibited IFN-f3 promoter
activation, a dose-response curve was performed with increasing
amounts of ORF61 and RIG-IN, IPS-1, IKKi, TBKI, and
IRF3/5D expression plasmids (Fig. 4). RIG-IN (100 ng) re-
sulted in 100-fold induction of the IFN-B promoter, whereas
ORF61 significantly inhibited RIG-IN-mediated activation in a
dose-dependent manner (Fig. 4A). When IPS-1, IKKi, TBKI,
or IRF3/5D signaling components or transcription factors were
applied to activate IFN-B promoter activity (500-, 120-, 800-,
and 400-fold, respectively), ORF61 markedly inhibited IPS-1-,
IKKi-, TBK1-, or IRF3/5D-mediated IFN-B promoter activity
in an essentially similar manner (Fig. 4B to E). The IFN-B
pathway is shown in Fig. 4F.

IRF3/5D was also used to activate the ISRE promoter and
assess the inhibition activity mediated by ORF61. Similar re-
sults were obtained, demonstrating the direct effect of ORF61
on IRF3-mediated transactivation (Fig. 5A). In contrast,
ORF61 had no effect on the activity of the ISRE promoter
activated by IRF7(6D) (Fig. 5B). Collectively, these results
demonstrated that ORF61 inhibited IFN-B promoter activity
at the level of IRF3.

ORF61 targets activated IRF3 for proteasome-mediated
degradation. Dormant IRF3 is activated by C-terminal phos-
phorylation, which promotes dimerization, cytoplasm-to-nu-
cleus translocation, DNA binding, association with CBP/p300
histone acetyltransferases and transactivation of downstream
target genes (53). The data presented above prompted us to
dissect the molecular mechanism of the attenuation effect of
ORF61 on IRF3. HeLa cells were transiently transfected with
ORF61 or ORF61(C19G) or left untransfected; 24 h later, the
cells were infected with SeV or left uninfected, and an immu-
nofluorescence assay was performed at 8 hpi to detect the
nuclear translocation of endogenous IRF3. In noninfected
cells, IRF3 localized exclusively to the cytoplasm, and ORF61
did not affect the expression or subcellular localization of IRF3
(Fig. 6A). Interestingly, in SeV-infected cells, endogenous
IRF3 could not be detected in either the cytoplasm or the
nucleus in the presence of ORF61, whereas in the absence of
ORFo61, IRF3 translocated to the nucleus (Fig. 6B). Strikingly,
ORF61(C19G) does not affect the subcellular localization of
IRF3 in SeV-stimulated cells (Fig. 6D). It has been demon-
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FIG. 5. ORF61 protein suppresses the ISRE promoter activity ac-
tivated by IRF3 but not IRF7. HEK 293T cells were cotransfected with
IRF3/5D (A) or IRF7(6D) (B) and with the ISRE reporter plasmid
ISRE-luc and the Renilla luciferase reporter plasmid pRL-TK. At 36 h
after transfection, DLR luciferase assays were performed. Data are
means and standard deviations from three independent experiments
performed in duplicate.

strated that virus-dependent phosphorylation of IRF3 consti-
tutes a signal for subsequent proteasome-mediated degrada-
tion (53). To determine whether the expression of ORF61
promoted proteasome-mediated degradation of IRF3, SeV-in-
fected cells were treated with the proteasome inhibitor MG132.
As shown in Fig. 6C, the treatment of MG132 blocked virus-
induced IRF3 degradation, and IRF3 was detected in the nu-
cleus (Fig. 6C). These results indicated that ORF61 targets the
active form of IRF3 for degradation. Ser-396 is targeted in vivo
for phosphorylation following virus infection and plays an es-
sential role in IRF3 activation (42). Therefore, the phosphoryla-
tion state of IRF3 following SeV infection was evaluated by im-
munoblotting using the phospho-specific IRF3(S396) antibody.
SeV induced the accumulation of Ser-396 phosphorylation
(Fig. 7A, lane 2), and SeV-induced Ser-396 phosphorylation
was almost completely blocked by ORF61 (Fig. 7A, lane 4). In
contrast, treatment of the cells with MG132 abrogated the
degradation of phosphorylated IRF3 (Fig. 7A, lane 5). Fur-
thermore, ORF61(C19G) could not promote degradation of
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FIG. 6. ORF61 protein targets activated IRF3 for degradation. HeLa cells were cotransfected with the ORF61-Flag (A, B, and C) or the
ORF61 RING finger mutant (D) expression plasmid; 24 h after transfection, cells were infected with 100 HAU/ml SeV (B, C, and D) or left
uninfected (A), and the proteasomal inhibitor MG132 (10 pM) was added (C) at 1 hpi and maintained in the medium until fixation at 8 hpi. The

cells were stained with rabbit anti-IRF3 PAb.

phosphorylated IRF3(S396) (Fig. 7A, lane 6 and lane 7), which
confirmed that Cys-19 is a critical amino acid for the RING
finger domain of ORF61.

Protein degradation is mostly mediated by the ubiquitin-
proteasome system, and E3 ligase usually determines substrate
specificity; therefore, as an E3 ubiquitin-protein ligase bearing
a typical Cys3-His-Cys4 RING finger domain, ORF61 may
mediate the ubiquitination of activated IRF3, according to the
results shown in Fig. 7A. Therefore, we tested whether the
endogenous activated IRF3 stimulated by SeV underwent
ubiquitination in the presence of ORF61. HEK 293T cells were
cotransfected with a ubiquitin-HA plasmid and an ORF61-
Flag plasmid or left untransfected (Fig. 7B) or were cotrans-
fected with ubiquitin-HA plasmid and ORF61(C19G) or left
untransfected (Fig. 7C). Twenty-four hours later, cells were
infected with SeV or left uninfected (Fig. 7B and C); cells were
also treated with MG132 or left untreated (Fig. 7B and C).
After 16 h, cells were collected with lysis buffer, and samples
were subjected to WB analysis. Interestingly, when MG132
treatment was used, activated IRF3 in SeV-infected cells
was ubiquitinated in the presence of ORF61 and ubiquitin
(Fig. 7B, lane 5), while without MG132 treatment, ubiquiti-
nated IRF3 could not be detected (Fig. 7B, lane 4). In addition,
ORF61(C19G) failed to promote ubiquitination of IRF3 in any
condition. These results demonstrated that only activated
IRF3 could be ubiquitinated in the presence of ORF61 with an
intact RING finger domain.

Taken together, these results demonstrated that ORF61

specifically promotes phosphorylated IRF3 for proteasome-
mediated degradation.

ORF61 mediates the degradation of activated IRF3 via di-
rect interaction. According to the results in Fig. 6C, ORF61
colocalized partly with IRF3 in the nucleus, which led us to
further investigate whether ORF61 interacted with phosphor-
ylated IRF3. HEK 293T cells were cotransfected with ORF61-
EYFP and IRF3-Flag plasmids; 24 h later, cells were infected
with SeV and treated with MG132 at the same time. After 16 h,
cells were collected and subjected to a co-IP assay. ORF61
interacted with IRF3 in vivo (Fig. 8A). Co-IP assay was also
performed to further determine whether ORF61 specifically
interacted with phosphorylated IRF3 or unphosphorylated
IRF3. ORF61 interacted with phosphorylated IRF3 (with SeV
infection) (Fig. 8B) but not unphosphorylated IRF3 (without
SeV infection) (Fig. 8C). The results suggested that ORF61
targets only phosphorylated IRF3 for degradation by direct
interaction.

ORF61 downregulates the mRNA level of ISGs downstream
of IFN- signaling pathway. To determine the effect of ORF61
on downstream IFN signaling, a semiquantitative RT-PCR
assay was performed to measure the mRNA level of ISG54 and
ISG56 (Fig. 9). As a result, ORF61 significantly reduced the
levels of ISG54 and ISG56 mRNAs (Fig. 9, lane 3), while the
treatment of MG132 abrogated the inhibition function of
ORF61 (Fig. 9, lane 2), which correlated with the results
above. These results demonstrated that ORF61 represses the
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FIG. 7. ORF61 targets phosphorylated IRF3 for proteasome-
mediated degradation. (A) HEK 293T cells were transfected with
ORF61-Flag (lanes 3, 4, and 5) or ORF61(C19G) (lanes 6 and 7)
plasmids or with vector (lane 2) or left untransfected (lane 1). Twenty-
four hours after transfection, cells were infected with SeV or left
uninfected, and the proteasomal inhibitor MG132 (10 pM) was
added (lanes 5 and 7) at 1 hpi and maintained in the medium for
8 h. Whole-cell lysates were separated by SDS-PAGE and detected
with phospho-specific antibodies against IRF3(S396). Whole IRF3
was detected together with phosphorylated IRF3 by WB analysis in
the same membrane. Actin was detected as a loading control.
(B) HEK 293T cells were cotransfected with an HA-ubiquitin ex-
pression plasmid and an ORF61-Flag expression plasmid (lanes 3,
4, and 5) or left untransfected (lanes 1 and 2). Twenty-four hours
after transfection, cells were infected with SeV (lanes 2, 4, and 5) or
left uninfected (lanes 1 and 3), and the proteasomal inhibitor
MG132 (10 pM) was added (lanes 2 and 5) at 1 hpi and maintained
in the medium for 8 h. Then, whole-cell extracts were collected for
Western blot analysis of endogenous IRF3. Actin was detected as a
loading control. (C) HEK 293T cells were cotransfected with an
HA-ubiquitin expression plasmid and an ORF61(C19G) plasmid
(lanes 2, 3, and 4) or left untransfected (lane 1). The assay was
performed as described for panel B, and actin was detected as a
loading control.

IFN downstream signaling pathway via its effect on IRF3 func-
tion.

DISCUSSION

Innate immunity is the first line of defense that protects
hosts from attacks by pathogenic microbes, and a critical com-
ponent of this host response is the type I IFN system, including
the induction of type I IFNs (o/ IFN), IFN-mediated signal-
ing, and amplification of IFN response. This provides the host
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FIG. 8. ORF61 degrades activated IRF3 via direct interaction.
(A) HEK 293T cells were cotransfected with ORF61-EYFP and IRF3-
Flag plasmids 24 h prior to SeV infection. At the same time, the
proteasome inhibitor MG132 (50 uM) was added to medium. At 16
hpi, cells were lysed and subjected to a co-IP assay. Co-IP was also
performed with nonspecific antibody (IgG). (B) An ORF61-EYFP
plasmid was transfected into HEK 293T cells 24 h prior to SeV infec-
tion; MG132 treatment was performed and the co-IP assay was per-
formed as described for panel A. (C) HEK 293T cells were cotrans-
fected with ORF61-EYFP and IRF3-Flag plasmids without SeV
infection. The co-IP assay was performed as described for panel A.

with an immediate countermeasure during acute infection to
limit initial viral replication and to facilitate an appropriate
adaptive immune response (30, 38). In the IFN-B pathway,
although the starting point may be different due to various
pattern recognition receptors, all signals ultimately converge at
IRF3 or IRF7 (8). As reported previously, many viruses can
evade host innate immunity at the level of IRF3 and subvert
the IFN-B pathway (15, 23). However, little is known about
how VZV escapes innate immunity. Results obtained with
another alphaherpesvirus, HSV-1, may yield some clues (34).
The mechanisms involved in HSV-1 evasion of the host anti-
viral response have been well elucidated, especially the strat-
egy used by the multifunctional regulated protein ICPO (6, 18,
23, 26, 43, 46, 54). The function of ICPO0 is mostly RING finger
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FIG. 9. ORF61 downregulates mRNA of IFN-B and its down-
stream ISGs. HEK 293T cells were transfected with ORF61-Flag plas-
mid (lanes 2, 3, and 4); 24 h after transfection, cells were infected with
100 HAU/ml SeV or left uninfected, and the proteasomal inhibitor
MG132 (10 nM) was added (lane 2) at 1 hpi and maintained in the
medium for 8 h. Semiquantitative RT-PCR analysis was then per-
formed.

dependent, and the ORF61 protein from VZV is homologous
to ICPO, indicating that ORF61 may function similarly to ICP0O
in many respects, including antagonizing innate immunity.

The question of whether IFN-B is involved in the host de-
fense of VZV infection an important, because IFN- is one of
the most important cytokines in innate immunity, and its role
during VZV infection is not well characterized. According to
the literature, IFN-« but not IFN- has been detected in serum
during the early phase of VZV infection (20, 40). This raises
the question of whether IFN-B was not induced during VZV
infection or whether VZV has evolved strategies to block the
production of IFN-B. Recently, it was demonstrated that the
VZV protein IE62 could block TBK1-mediated IFN-B secre-
tion by targeting IRF3 activation (40); that study was the first
report to demonstrate the importance of VZV protein in the
control of IFN-B production and uncover a new mechanism
among herpesviruses for blocking IRF3 phosphorylation at key
serine residues. Another recent publication demonstrated that
a highly conserved kinase among herpesviruses named ORF47
could physically interact with IRF3 and induce atypical phos-
phorylation of IRF3 during VZV infection (48). Interestingly,
both publications revealed the important role of VZV proteins
in antagonism of the IFN-B pathway at the level of IRF3. IE62
and ORF61 were detected in VZV-infected cells 1 hpi, sug-
gesting that ORF61 might also play an important role in VZV
early infection. As we know, in the IFN-B production signal
pathway, all signals ultimately converge at IRF3 or IRF7; if a
virus has not evolved mechanisms to evade the pathway up-
stream of IRF3, it may make efforts to inhibit the production
of IFN-B in the terminal position, especially an IFN-sensitive
virus like VZV. Until recently, no VZV proteins were reported
to disturb the IFN-B pathway except IE62. IE62 blocks IRF3
phosphorylation at key serine residues, but the blocking may
be incomplete, and part of IRF3 may still be functional during
VZV infection; therefore, the new role of ORF61 we reveal
here could be a supplemental mechanism for VZV, allowing it
to thoroughly block the IFN-B pathway at the IRF3 level. That
is, ORF61 may cooperate with IE62 to conquer the innate
immunity pathway at the point of IRF3.
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Our preliminary screening results (data not shown) demon-
strated that ORF61 is the most likely candidate VZV protein
in the inhibition of SeV-mediated induction of IFN-B pro-
moter activity in reporter assays. Subsequently, we found that
ORF61 can inhibit RIG-IN-, TBK1-, IKKi-, IPS-1-, or IRF3/
5D-mediated activation of IFN-B promoter activity. We there-
fore focused on the effect of ORF61 on IRF3 activation. As
demonstrated previously, IRF3 plays a critical role in the host
innate immune response, and phosphorylation at a cluster of
Ser/Thr residues at the C-terminal end of the protein plays an
essential role in its dimerization and activation in the nucleus
(41, 47). That may be why so many viruses have evolved strat-
egies to disrupt the innate immune response at the level of
IRF3. For example, HSV-1 ICPO is involved in binding to host
IRF3 directly and sequestering it in nuclear bodies away from
its normal binding sites on host genes (26). E3L from vaccinia
virus exerts its anti-IFN effect by inhibiting the phosphoryla-
tion of IRF3 (44). NSP1 of rotavirus is an E3 ubiquitin ligase
and causes the degradation of IRF3 by the ubiquitin-protea-
some pathway (5). The papain-like protease (PLpro) of SARS
coronavirus interacts with IRF3 directly and inhibits its
dimerization, thus blocking IRF3 activation (10).

As the conserved E3 ubiquitin ligase among alphaherpesvi-
ruses (49), ORF61 may degrade the activated IRF3 via the
ubiquitin-proteasome pathway, because the ORF61 mutant
with a point mutation in the RING finger domain (C19G) did
not affect subcellular localization or protein level (data not
shown) of activated IRF3, as shown in Fig. 6D. The fact that
ORF61 affects only phosphorylated activated IRF3 may be
explained by one of two possibilities. One is that ORF61
mainly localizes in the nucleus, which indicates that the right
subcellular localization may correlate with its function. Space
consistency may be the crucial factor, because only phosphor-
ylated and activated IRF3 could translocate into the nucleus
from the cytoplasm and interact with ORF61. The other pos-
sibility is the substrate specificity in the ubiquitin system, in
which only activated IRF3 can be a target of ORF61-mediated
degradation via the ubiquitin-proteasome pathway. A good
example is the degradation of IkB in the NF-kB pathway. In
resting cells, NF-kB is usually kept inactive by being seques-
tered by an inhibitory protein, IkB. But exogenous stimulation
leads to the rapid phosphorylation of IkB by a kinase complex
called IkB kinase (IKK), and then phosphorylated IkB is re-
cruited to a ubiquitin ligase complex, resulting in degradation
(25). Furthermore, co-IP results suggested that ORF61 could
mediate the degradation of activated IRF3 via direct interac-
tion. However, bICPO, the bovine herpesvirus 1 homologue of
ICP0O (HSV-1) and ORF61 (VZV), induced the degradation of
dormant IRF3 (39). Although ICPO was also reported to dis-
turb the IFN-B pathway at the IRF3 level, its mechanism of
action remains to be fully elucidated. While HSV-1 expressing
ICPO enhances Sendai virus-mediated degradation of IRF3 in
a coinfection model (26a), no degradation of IRF3 or constit-
uents of the IRF3 pathway have been observed in the context
of a single HSV-1 infection (23, 33). Furthermore, nuclear
ICPO failed to block IRF3-dependent induction of ISGs me-
diated by dsRNA (13a). Thus, the precise molecular mecha-
nism of ORF61 for evading the IFN-B pathway may be distinct
from that of ICPO and bICPO.

ORF61 may be one of the elements used by VZV to inter-
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rupt the innate immunity, and more work should be done to
reveal the comprehensive mechanisms used by VZV to subvert
the host immune response. In conclusion, we have demon-
strated that ORF61 mediates the degradation of activated
IRF3 in the nucleus via a proteasome-dependent pathway. The
mechanism of VZV evasion of the early host antiviral response
differs subtly from that of other alphaherpesvirus homologues,
suggesting that related viruses within a family evolve evasion
mechanisms specific to their particular environment.
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