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Herpesviruses persist in their hosts through their ability to
establish latent infections and to periodically reactivate to produce infectious virus. To do this, herpesviruses antagonize host
immune responses through numerous mechanisms. In particular, gammaherpesviruses can establish lifelong latency within
lymphocytes and are associated with the development of lymphomas and other cancers (54). Murine gammaherpesvirus 68
(␥HV68) is closely related to primate gammaherpesviruses,
herpesvirus saimiri (HVS), rhesus rhadinovirus, Epstein-Barr
virus (EBV), and Kaposi’s sarcoma-associated herpesvirus
(KSHV) (15, 66). The similarity of these viruses, which all
cause latent infections in lymphocytes and the development of
tumors, indicates that they may share some basic pathogenic
mechanisms. ␥HV68 is a natural pathogen of murid rodents
and can infect inbred and outbred strains of mice (3, 4, 5, 49).
␥HV68 infections in mice result in acute, productive infections
of multiple organs, such as the lungs and the spleen. The acute
infections are cleared in about 2 to 3 weeks, followed by the
establishment of latent infections that persist for life. B cells,
macrophages, dendritic cells, and lung epithelial cells are the
likely sites of ␥HV68 latency (16, 55, 57, 59, 60, 70, 71). There
is a lack of small-animal models for human gammaherpesviruses such as EBV and KSHV. Thus, ␥HV68 infections of mice
can provide a genetically tractable animal model for the study
of gammaherpesvirus pathogenesis and for the development of
therapeutic strategies against human herpesviruses (46, 56).
Interferons (IFNs) are a family of cytokines that exhibit
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diverse biological effects, such as the inhibition of cell growth
and protection against viral infection. There are two major subtypes of IFNs, IFN-␣/␤ and IFN-␥. Both subtypes elicit similar
yet distinct biological activities. IFN-␣/␤ is a vital signal for the
host innate immune system to initiate an antiviral response,
provide the first line of innate immune defense against virus
infection, and additionally modulate the adaptive immune response (33). IFN-␥, which is produced by activated T cells and
natural killer cells, is primarily involved in the regulation of
specific immune responses, immune surveillance, and tumor
suppression (1, 2). IFNs carry out their responses through activation of the Janus kinase (JAK)-signal transducer and activator of transcription (STAT) signal pathway. Activation of the
STAT pathway leads to the formation of two major complexes,
namely, ␥-activated factor (GAF), which is composed of STAT1
dimers and induced by IFN-␥, and IFN-stimulated gene factor
3 (ISGF3), which consists of STAT1 (p84/91), STAT2 (p113),
and a DNA binding protein, p48, and is mainly induced by
IFN-␣/␤. The ISGF3 and GAF complexes translocate to the
nucleus, bind to the IFN-stimulated response element (ISRE)
and the ␥-activated sequence (GAS), respectively, and modulate gene transcription (12, 13, 17, 52, 53).
Most viruses have evolved immune system evasion strategies
to protect themselves against host IFN responses, elaborating
viral proteins as a counterdefense against the host IFN defenses. Recently, IFN antagonist strategies used by many viruses have been revealed, including the blocking of IFN signaling by the downregulation of JAK-STAT signal molecule
basal levels, the suppression of particular molecule modifications, and the prevention of molecule translocation (19, 21, 31,
72). The paramyxovirus family of viruses has been demonstrated to deregulate the STAT signaling pathway to circum-
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Upon viral infection, the major defense mounted by the host immune system is the activation of the
interferon (IFN)-mediated antiviral pathway. In order to complete their life cycle, viruses that are obligatory
intracellular parasites must modulate the host IFN-mediated immune response. Murine gammaherpesvirus 68
(␥HV68) infects a wide range of cell types and establishes latent infections in mice. Here we demonstrate that
the ␥HV68 latency-associated M2 protein has a cell-type-dependent localization pattern: M2 is present in the
cytoplasm and plasma membrane in lymphocytes, whereas it is present primarily in the nucleus in epithelial
and fibroblast cells. A mutational analysis indicated that the internal positively charged amino acids of M2 are
required for its nuclear localization in fibroblasts. Purification of the M2 complex showed that M2 specifically
interacts with the cellular p32 acidic protein through its central positively charged region and that this
interaction recruits the cellular p32 protein to the nucleus in fibroblasts. Regardless of its localization, M2
expression effectively induced the downregulation of STAT1 and/or STAT2 in both A20 B lymphocytes and NIH
3T3 fibroblasts, resulting in the inhibition of IFN-␣/␤- and IFN-␥-mediated transcriptional activation. Finally,
the M2 interaction with the p32 protein appeared to contribute to its ability to inhibit IFN-mediated transcriptional activation. These results indicate that ␥HV68 harbors a latency-associated M2 gene that antagonizes IFN-mediated host innate immunity and thus could play an important role in the establishment and
maintenance of viral latency in infected animals.
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MATERIALS AND METHODS

Cell culture, cytokine treatment, and transfection. Mouse NIH 3T3 fibroblast
cells and mouse A20 B cells were grown in Dulbecco’s modified Eagle’s medium
and RPMI 1460 medium, respectively, supplemented with 10% fetal bovine
serum and 1% penicillin-streptomycin (Gibco-BRL). Murine S11 tumor B cells
were maintained in RPMI 1460 medium supplemented with 2 mM L-glutamine
and 10% fetal bovine serum. Treatments of cells with IFN were performed as
indicated, with 1,000 U of IFN-␣/␤ per ml or 5 ng of IFN-␥ per ml. Lipofectamine 2000 (Invitrogen) or calcium phosphate (Clontech) was used for M2
expression in NIH 3T3 cells, and electroporation was used for M2 expression in
A20 and S11 B cells. A20 and NIH 3T3 cells expressing wild-type (wt) M2 or its
mutants were selected and maintained by the presence of puromycin (2 g/ml).
Plasmids. The M2 coding region was amplified from ␥HV68 genomic DNA by
a PCR with primers 1 (5⬘-CGCGGATCCATGGCCCCAACACCCCCACAAG3⬘) and 2 (5⬘-GTCGACTCGAGTTAACTTCCTGCAGGGTTAACTTC-3⬘),
which created 5⬘ BamHI and 3⬘ XhoI sites (underlined), respectively, for cloning
purposes. The amplified DNA fragment was cloned into the BamHI- and XhoIcut pGEX4T-1 vector (Stratagene) to yield the pGST-M2 fusion construct.
The plasmid pEBG/M2 was generated to express a glutathione S-transferase
(GST)–M2 fusion protein in mammalian cells. A PCR-amplified M2 fragment
with BamHI sites at both ends was cloned into the BamHI cloning site of the
pEBG vector to yield the pEBG/M2 construct. Deletions and point mutations in
the M2 coding sequence were generated by PCR-based mutagenesis. The mammalian expression construct pEF/M2-AU1, which was used to express the M2
gene, was constructed by use of a 5⬘ M2-specific primer (untagged) and a 3⬘
M2-specific primer (with an AU1 epitope tag sequence). All M2 constructs were
verified by DNA sequencing.
Protein purification and mass spectrometry. For the identification of M2binding proteins, [35S]methionine- and [35S]cysteine-labeled mouse A20 B cells
(107 cells) or 5 liters of A20 cells were resuspended in lysis buffer (0.15 M NaCl,
0.5% Nonidet P-40, and 50 mM HEPES buffer [pH 8.0]) containing protease
inhibitors. Precleared lysates were mixed with glutathione beads (Amersham
Bioscience) containing GST and the GST-M2 fusion protein for 4 h, and the
beads were then washed extensively with lysis buffer. Proteins bound to glutathione beads were eluted and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Protein bands isolated by SDS-PAGE
were analyzed by ion-trap mass spectrometry, and amino acid sequences were
determined by tandem mass spectrometry and database searches.
Immunofluorescence. Cells were fixed with 4% paraformaldehyde for 15 min
at room temperature and then permeabilized in ice-cold acetone-methanol (1:1)
for 20 min at 4°C. After three washes with phosphate-buffered saline (PBS), the
samples were blocked with 1% bovine serum albumin in PBS for 30 min at room
temperature, subsequently incubated with a 1:500 to 1:2,000 dilution of primary
antibody in PBS (plus 1% bovine serum albumin) for 1 h, and then incubated
with a 1:2,000 dilution of an Alexa 488- or Alexa 568-conjugated anti-rabbit or
anti-mouse antibody (Molecular Probes) for 1 h at room temperature. Topro-3
(Molecular Probes) was used for nuclear staining at a 1:3,000 dilution. Images
were obtained by use of a TCSSP confocal microscope (Leica Microsystems).
Reporter gene assays and RNA analysis. Luciferase assays were performed
according to the manufacturer’s instructions (Promega) by cotransfecting cDNA
expression plasmids, a reporter gene, and a cytomegalovirus lacZ-carrying plasmid as a control for transfection efficiency. At 24 h posttransfection, the cells
were treated with IFN for 8 h and then subjected to a luciferase assay. Values for
luciferase activity were normalized to those for ␤-galactosidase activity, and
mean values of triplicate experiments are given.
Total RNAs were isolated from the cells by the use of TRIzol reagent (Invitrogen) and were then subjected to cDNA synthesis with a first-strand cDNA
synthesis kit (SuperArray), followed by reverse transcription-PCR (RT-PCR)
with a MultiGene-12 RT-PCR profiling kit (SuperArray) used according to the
manufacturer’s instructions. The RT-PCR products were analyzed by 1% agarose gel electrophoresis and were detected by ethidium bromide staining and/or
autoradiography.
For Northern blot analyses, total RNAs were isolated from S11 tumor cells at
48 h posttransfection with M2-specific small inhibitory RNAs (siRNAs) or nonspecific scrambled siRNAs. A digoxigenin-labeled DNA probe specific for M2
was generated from pEF/M2-AU1 by use of a DNA high-prime random labeling
kit (Roche), subjected to Northern blot analysis, and analyzed by chemiluminescence with a Fuji phosphorimager.
Cell extracts, immunoprecipitations, and immunoblots. For preparations of
cell extracts for precipitation (6), transfected cells grown in 100-mm-diameter
dishes were washed with ice-cold PBS and lysed with 1 ml of lysis buffer (150 mM
NaCl, 1% Nonidet P-40, 50 mM Tris [pH 7.5], 0.2 mM EDTA) supplemented
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vent the IFN response (14, 18, 20, 22, 23, 35, 50, 51). Herpesviruses have also been shown to antagonize IFN responses
through numerous mechanisms. Herpes simplex virus (HSV)
encodes at least two modulators of the IFN response, US11
and infected cell protein 34.5 (ICP34.5). Both viral genes target the double-stranded RNA-dependent protein kinase R
pathway to inhibit the IFN response (8). A recent study has
also shown that HSV infection occludes IFN signaling at multiple steps, including the inhibition of STAT1 tyrosine phosphorylation and the downregulation of JAK1 and STAT2, and
that this activity is partially mediated by the HSV UL41 gene
(11). Furthermore, HSV type 1 (HSV-1)-infected cell protein
0 (ICP0) expression in infected cells has been shown to be
critical for determining whether host IFNs repress the HSV-1
genome, suggesting its potential relevance to the establishment
of latent HSV-1 infections (26). Various human cytomegalovirus proteins have been demonstrated to induce cellular IFN
response genes (32). EBV also blocks the antiviral IFN response through the downregulation of IFN-␥ receptor gene
expression by BZLF1, an immediate early gene product (45).
KSHV has developed a unique mechanism for antagonizing
cellular IFN-mediated antiviral activity by incorporating viral
homologs to several cellular regulatory genes into its genome.
One of the important pirated genes, encoded by the K9 open
reading frame (ORF), is a viral homolog of the interferon
regulatory factors (vIRF-1), a family of cellular transcription
proteins that regulate the expression of genes involved in the
pathogen response, immune modulation, and cell proliferation. vIRF-1 has been shown to downregulate IFN- and IRFmediated transcriptional activation by interacting with CBP/
p300 coactivators (37, 39). This indicates that herpesviruses
deregulate IFN-mediated innate immunity in various ways to
establish and/or maintain persistent infections.
Analyses of ␥HV68 gene expression have defined four
unique open reading frames (M1, M2, M3, and M4) in the left
end of the genome. These genes share no homology with those
of other gammaherpesviruses (46, 66). Of particular interest is
the M2 protein, which has been identified as a latency-associated gene and a target for the host cytotoxic T-lymphocyte
response (29). M2 expression has been detected within all
latently infected cells in vitro, in lungs within the first month
postinfection (29, 42, 62), and in splenocytes in latently infected mice (29, 41, 67). The loss of the M2 gene does not
affect the ability of ␥HV68 to replicate in culture, nor does it
affect the acute phase of viral replication in mice after intranasal inoculation (30). However, M2 mutant viruses exhibit a
significant decrease in the establishment of latency and reactivation from latency, suggesting that M2 has an important role
in latent viral infections (30, 41). Here we demonstrate that the
M2 protein has a cell-type-dependent localization and effectively inhibits IFN-mediated signal transduction. Furthermore,
we found that M2 interacts with the cellular p32 (also called
SF2A-p32) acidic protein (28), and this interaction appears to
be involved in the inhibition of IFN-mediated signal transduction. These results indicate that ␥HV68 may harbor a latently
expressed M2 gene that disrupts IFN-mediated host innate
immunity and ultimately contributes to the establishment and
maintenance of a latent infection.

12417

12418

LIANG ET AL.

J. VIROL.

with a protease inhibitor cocktail (Roche). The lysates were incubated on ice for
20 min prior to centrifugation for 30 min at 16,200 ⫻ g at 4°C. Supernatants with
GST-M2 or M2 mutant fusion proteins were precipitated with glutathioneSepharose beads for 2 h at 4°C. The precipitates were washed with lysis buffer
five times, subjected to SDS-PAGE and immunoblotting with specific antibodies,
and detected by chemiluminescence and a Fuji phosphorimager.
Reagents and antibodies. Mouse IFN-␣, IFN-␤, and IFN-␥ were purchased
from R&D Systems. STAT1, STAT2, STAT3, ISGF p48, JAK1, JAK2, Tyk2,
tubulin, and p32 antibodies were purchased from Santa Cruz Biotechnology
(Santa Cruz, Calif.). An anti-AU1 antibody was purchased from Bethyl Laboratories (Montgomery, Tex.).

RESULTS

Downloaded from http://jvi.asm.org/ on December 1, 2020 by guest

Localization of M2 protein depends on cell type. To investigate the biological role of M2, we stably expressed the AU1tagged M2 protein in mouse NIH 3T3 fibroblast cells and A20
B lymphocytes. As previously shown (29), the M2 protein migrated at an apparent molecular mass of 30 kDa for both cell
types (Fig. 1A). Confocal microscopy was used to examine the
intracellular localization of M2 in both cell types. Surprisingly,
M2 showed different areas of localization (Fig. 1B). As previously shown (41), M2 was present in the cytoplasm and plasma
membrane, with a low level of nuclear localization, in A20 B
lymphocytes (Fig. 1B). In contrast, M2 was present primarily in
the nucleus, with a detectable level of cytoplasmic and plasma
membrane localization, in NIH 3T3 cells (Fig. 1B). These
different localization patterns for M2 were also detected in
other cell types: M2 was located in the cytoplasm and plasma
membrane in mouse WEHI231 T/B hybrid lymphocytes and
human BJAB B lymphocytes, whereas it showed predominantly nuclear localization in human 293T epithelial cells and
EC5 endothelial cells (Fig. 1B). These results demonstrate that
the M2 protein is present in the cytoplasm and plasma membrane, with a low level of nuclear localization, in lymphocytes,
whereas it is present primarily in the nucleus, with a low level
in the cytoplasm and plasma membrane, in fibroblast, epithelial, and endothelial cells.
The central proline and positively charged amino acids of
M2 contribute to its nuclear localization. Despite its small
coding sequence, M2 contains distinct regions, namely, four
proline-rich regions and a central positively charged region.
The multiple proline-rich regions are the N-terminal amino
acids (aa) 3 to 15 (P3 to P15), the central aa 67 to 78 (P67 to P78)
and 95 to 115 (P95 to P115), and the C-terminal aa 154 to 179
(P154 to P179). The central positively charged region at aa 66 to
99 contains 12 arginine and lysine residues (RK region). This
region also overlaps with one of the central proline-rich regions. To identify the potential nuclear localization signal in
the M2 coding sequence, we generated deletion mutants of M2
as N-terminal fusions with GST. These GST-M2 mutants were
M2 (1-150), M2 (1-100), M2 (50-100), M2 (100-192), M2 (150), and M2 (50-150) (Fig. 2A). GST fusion proteins were
expressed in NIH 3T3 cells, and their localization was determined by immunostaining with an anti-GST antibody followed
by confocal microscopy. The M2 (1-150) and M2 (50-150)
mutants showed the similar intracellular localization pattern as
GST-wt M2, being present primarily in the nucleus, with a low
level of cytoplasmic and membrane localization (Fig. 2B). In
contrast, the M2 (1-100), M2 (100-192), M2 (1-50), and M2
(50-100) mutants were localized primarily in the cytoplasm and
plasma membrane, with much less nuclear localization (Fig.

2B). Finally, GST-M2 fusion protein showed essentially the
same localization pattern as wt M2 in NIH 3T3 and A20 cells,
indicating that the GST fusion did not affect M2 localization
(Fig. 2B and data not shown). These results suggest that neither the N-terminal nor C-terminal proline-rich regions of M2
play a significant role in its nuclear localization, whereas the
central region (aa 50 to 150) of M2 is not only required but is
also sufficient for its nuclear localization (Fig. 2B).
The central region of M2 contains multiple proline residues
and positively charged amino acids. To further investigate the
roles of these amino acids in M2 nuclear localization, we introduced point mutations at the central proline residues or
positively charged amino acids of M2. These mutants were M2
(P67-78/A), which contained alanine residues in place of proline residues 67, 70, 71, 73, and 78; M2 (P95-115/A), which
contained alanine residues in place of proline residues 95, 98,
100, 102, 104, 106, 111, and 115; and M2 (RK/E), which contained glutamic acid residues in place of the positively charged
arginine and lysine residues 66, 69, 74, 76, 79, 82, 83, 87, 88, 93,
97, and 99. GST-M2 fusion mutants were then expressed in
NIH 3T3 cells, and their localization was determined by confocal microscopy. GST-M2 (P95-115/A) showed primarily nuclear localization, as was seen with GST-M2; GST-M2 (P6778/A) exhibited both nuclear and cytoplasmic localization; and
GST-M2 (RK/E) was present exclusively in the cytoplasm and
the plasma membrane (Fig. 2). These results indicate that the
central basic amino acids of M2 are essential for its nuclear
localization, whereas the prolines (P67-78) within the central
basic region also affect its nuclear localization.
Cellular p32 protein interacts with the central positively
charged region of M2. To identify proteins that interacted with
M2, we used the bacterially purified GST-M2 fusion protein in
an affinity column for 35S-labeled lysates of A20 B cells. A
polypeptide with an apparent molecular mass of 32 kDa specifically interacted with the GST-M2 fusion protein, whereas it
did not interact with the GST protein (Fig. 3A). To further
characterize this cellular protein, we purified it from 10 liters of
A20 B cells and analyzed it by mass spectrometry. The resulting protein was microsequenced and matched to known sequences. The 32-kDa band was identified as cellular acidic p32.
p32 is a small acidic protein that has a broad range of distinct
functions and associates with a wide array of cellular, viral, and
bacterial proteins (7, 11, 25, 34, 40, 43, 44, 48, 65, 68, 73).
In vitro GST pull-down assays with lysates of A20 cells and
immunoblotting with an anti-p32 antibody confirmed the interaction of M2 with p32 (data not shown). Additionally, the
GST-M2 fusion was expressed in NIH 3T3 cells and then
subjected to a mammalian GST pull-down assay followed by
immunoblotting with an anti-p32 antibody. This also showed
that GST-M2 interacted with the cellular p32 protein in NIH
3T3 cells (Fig. 3B). Furthermore, coimmunoprecipitation
showed that the full-length M2 protein efficiently interacted
with p32 in NIH 3T3 and A20 cells (Fig. 3C). To further
delineate this interaction, we used GST-M2 mutants for GST
pull-down assays with living cells. The GST-M2 (P67-78/A),
GST-M2 (P95-115/A), GST-M2 (1-150), GST-M2 (1-100),
GST-M2 (50-100), and GST-M2 (50-150) mutants interacted
with the cellular p32 protein as efficiently as wt GST-M2 did,
whereas GST-M2 (100-192) and GST-M2 (1-50) did not interact with the cellular p32 protein (Fig. 2A and 3D). Finally, the
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FIG. 1. ␥HV68 M2 expression and localization. (A) M2 expression. AU1-tagged M2 was stably expressed in NIH 3T3 and A20 cells. The M2
protein was detected by immunoprecipitation and immunoblotting with an anti-AU1 antibody. (B) Localization of M2. NIH 3T3 and A20 cells
stably expressing AU1-tagged M2 were fixed, permeabilized, and incubated with an anti-AU1 antibody. Mouse WEHI231 T/B cells, human BJAB
B cells, human epithelial cells, and human EC5 endothelial cells were transfected with the AU1-M2 expression vector. At 48 h posttransfection,
the cells were fixed, permeabilized, and incubated with an anti-AU1 antibody. M2 localization in these cells was determined by confocal
microscopy. Topro-3 was used for nuclear counterstaining.

GST-M2 (RK/E) mutant showed no detectable interaction
with the cellular p32 protein (Fig. 2A and 3D). These results
indicated that the central positively charged amino acids of M2
are necessary for the interaction with p32. This conclusion was

further confirmed by the loss of the interaction of the fulllength M2 (RK/E) mutant with the cellular p32 protein in NIH
3T3 cells (Fig. 3C). Thus, the basic amino acids within the M2
central region are essential for its interaction with p32.
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FIG. 2. Identification of M2 nuclear localization domain. (A) Summary of M2 mutations and their localization and p32 binding. The details for
each M2 mutant are given in the text. All M2 mutants were cloned into the pEBG vector to yield GST fusion proteins for expression in mammalian
cells. Nuclear ⬎⬎ cytoplasm, primarily nuclear localization; nuclear ⬎ cytoplasm, more localization in the nucleus than in the cytoplasm; nuclear
and cytoplasm, even localization between the nucleus and the cytoplasm. (B) Characterization of M2 nuclear localization. NIH 3T3 cells
transfected with M2, GST-wt M2, and GST-M2 mutants were fixed, permeabilized, incubated with an anti-GST antibody, and subjected to confocal
microscopy.
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M2 colocalizes with p32. The cellular p32 protein has been
found in each of the main cellular compartments, including
mitochondria, the nucleus, and the cytoplasm; it is also thought
to be located at the plasma membrane and to be secreted into
the extracellular matrix (7, 43, 63). Particularly, the EBV
EBNA1, HVS ORF73, and HSV ICP27 (IE63) proteins have
been shown to interact with p32 and to translocate p32 from
the cytoplasm to the nucleus (7, 11, 25, 68). We found that the
p32 protein was principally located in the cytoplasmic regions
of A20 and NIH 3T3 cells (Fig. 4). Since the M2 protein had
a cell-type-dependent localization and efficiently interacted
with p32, we tested whether M2 colocalized with p32 in A20
and NIH 3T3 cells and whether M2 ultimately recruited p32
into the nucleus in NIH 3T3 cells. A20 and NIH 3T3 cells
expressing AU1-tagged M2 were fixed, permeabilized, and incubated with anti-AU1 and anti-p32 antibodies. When M2 was
expressed in A20 B cells, M2 and p32 showed extensive colocalization primarily in the cytoplasm (Fig. 4). However, when
M2 was expressed in NIH 3T3 cells, M2 was not only located
primarily in the nucleus, but also efficiently recruited p32 into
the nucleus, resulting in the extensive colocalization of M2 and
p32 in the nucleus (Fig. 4). In striking contrast, when the M2
(RK/E) mutant was expressed in NIH 3T3 cells, both M2
(RK/E) and p32 were present in the cytoplasmic region, with
little colocalization (Fig. 4). These results indicate that M2
extensively colocalizes with p32 in both A20 and NIH 3T3 cells
and that the M2 interaction subsequently recruits p32 into the
nucleus in NIH 3T3 cells.

M2 antagonizes IFN-␣/␤- and IFN-␥-mediated transcriptional activation. Previous studies have shown that IFN-␣/␤ is
essential for the control of acute ␥HV68 infections, while
IFN-␥ has a vital role in regulating chronic ␥HV68 infections
(69). Furthermore, M2 is a latency-associated gene and is differentially required for viral latency and reactivation, indicating its potential role in the establishment and maintenance of
a ␥HV68 latent infection in the face of an active host immune
response, such as IFN control. Based on these facts, we hypothesized that M2 might play a role in controlling IFN-mediated antiviral signaling. To test the potential role of M2 as an
IFN antagonist, we measured the transcriptional activities of
IFN-regulated promoters by using a luciferase reporter gene.
Since IFN-␣/␤ and IFN-␥ act on overlapping but distinct sets
of cis-acting elements (36), we employed two luciferase constructs that contained the different cis-acting elements, i.e., the
IFN-stimulated response element (ISRE) of the IFN-stimulated gene ISG15 (ISG15-ISRE) and the IFN-␥ activation site
(GAS). A20 and NIH 3T3 cells expressing the vector only or
M2 were transfected with a luciferase reporter plasmid and a
control ␤-galactosidase plasmid, pGK-␤-Gal. At 24 h posttransfection, the cells were incubated for 8 h in the presence or
absence of IFN-␣, IFN-␤, or IFN-␥. Luciferase activities were
normalized for transfection efficiency by use of the ␤-galactosidase activity. ISG15-ISRE activity was induced approximately 10-fold in vector-expressing A20 cells upon IFN-␣ stimulation, whereas it was not induced or was minimally induced
in M2-expressing A20 cells under the same conditions (Fig.
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FIG. 3. M2 binding to cellular p32 protein. (A) Purification of M2-binding cellular proteins. The GST-M2 fusion protein purified from
Escherichia coli was mixed with [35S]methionine- and [35S]cysteine-labeled extracts of A20 B cells. The precipitated complexes were separated
through 4 to 12% Tris-Bis gels and autoradiographed by use of a phosphorimager. The arrow indicates the p32 protein. (B) GST-M2 interaction
with p32 in NIH 3T3 cells. NIH 3T3 cells were transiently transfected with a GST or GST-M2 expression vector. At 48 h posttransfection, cell
lysates were used for GST pull-down assays with a glutathione-Sepharose column (IP). Purified proteins were separated by SDS-PAGE and
analyzed by immunoblotting (IB) with an anti-p32 antibody. Whole-cell lysates (WCL) were used to detect GST and GST-M2 proteins (arrows).
(C) Interaction of full-length M2, but not the M2 (RK/E) mutant, with cellular p32. NIH 3T3 cells stably expressing vector alone (lane 1), wt M2
(lane 2), or the M2 (RK/E) mutant (lane 3) and A20 cells stably expressing vector (lane 1) or wt M2 (lane 2) were used for immunoprecipitation
with an anti-p32 antibody, followed by immunoblotting with an anti-AU1 antibody. Whole-cell lysates were used to detect endogenous p32, wt M2,
and the M2 (RK/E) mutant. (D) Mapping of p32 interacting region in M2. At 48 h posttransfection with GST, GST-M2, or GST-M2 mutants, NIH
3T3 cells were used for GST pull-down assays, followed by immunoblotting with an anti-p32 antibody. Whole-cell lysates were used to detect GST
and GST-M2 fusion proteins. Arrows indicate p32, GST, and GST-M2 proteins.
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5A). The level of IFN-␤-activated ISG15-ISRE activity in M2expressing NIH 3T3 cells was also repressed approximately
10-fold in the absence of IFN compared to that in vectorexpressing NIH 3T3 cells (Fig. 5B). Furthermore, IFN-␤ treatment had almost no effect on ISG15-ISRE activity in M2expressing NIH 3T3 cells, whereas it induced detectable
ISG15-ISRE activity in vector-expressing NIH 3T3 cells (Fig.
5B). Similarly, GAS activity was also strongly induced in vector-expressing A20 cells upon IFN-␥ stimulation, whereas its
level of activation was drastically repressed in M2-expressing
A20 cells under the same conditions (Fig. 5A). Finally, M2
expression also showed a strong inhibition of IFN-␥-activated
GAS activities in NIH 3T3 cells (Fig. 5B). No luciferase was
detected in either cell type transfected with the GASmutant
element, which lacks binding to the STAT1 transcriptional
factor (38; also data not shown). In striking contrast, the M2
(RK/E) mutant was incapable of inhibiting IFN-mediated transcriptional activation in either A20 or NIH 3T3 cells, suggesting that the M2 interaction with p32 may play a role in its
inhibition of IFN-mediated transcriptional activation (Fig.

5). Furthermore, RT-PCR analysis showed that the induction
level of IFN-induced protein with tetratricopeptide repeats 1
(IfiT1) was lower in M2-expressing cells upon IFN-␣ stimulation than in control cells (Fig. 5C). These results demonstrate
that M2 expression in both A20 and NIH 3T3 cells leads to a
marked repression of IFN-␣/␤- and IFN-␥-mediated transcriptional activation.
M2 downregulates STAT 1 and/or STAT2 expression. While
STAT proteins are normally long-lived, herpesvirus infections
often result in the effective loss of IFN-responsive STAT expression. To elucidate the potential M2-mediated inhibitory
mechanism of IFN signal transduction, we compared the expression levels of JAK/STAT signaling components in M2expressing cells with those in control cells. Equivalent amounts
of protein extracts from A20-vector, A20-M2, NIH 3T3-vector,
and NIH 3T3-M2 cells were used for immunoblot assays with
various antibodies that react with JAK/STAT pathway components. A20 and NIH 3T3 cells expressing the M2 (RK/E)
mutant were also included in these assays. The amounts of
STAT2 protein were considerably reduced in both NIH
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FIG. 4. M2 and p32 localization in A20 and NIH 3T3 cells. (Left panel) The cytoplasmic localization of p32 was detected in A20 and NIH 3T3
cells. (Right panel) M2 and p32 were detected in A20-M2, NIH 3T3-M2, and NIH 3T3-M2 (RK/E) cells. The cells were costained with anti-AU1
(green) and anti-p32 (red) antibodies. Yellow areas in the merged panels indicate colocalization of the red and green labels.
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3T3-M2 and A20-M2 cells compared to those in NIH 3T3vector and A20-vector cells, whereas a reduction in STAT1
was detected only for NIH 3T3-M2 cells, not A20-M2 cells
(Fig. 6A and B). No detectable alteration in the amount of
JAK1/2 kinases, TYK2 kinase, or ISGF p48 was observed for
either A20-M2 or NIH 3T3-M2 cells (Fig. 6A and B). Furthermore, the expression of the M2 (RK/E) mutant, which was
not able to inhibit IFN-mediated transcriptional activation,
showed no effect on STAT1 and/or STAT2 protein expression
in either A20 or NIH 3T3 cells (Fig. 6A and B).
To correlate M2 expression with the reduction in the
amount of STAT2 protein, we transfected an M2-specific
siRNA or a nonspecific scrambled siRNA into latently ␥HV68infected S11 B lymphoma cells. At 48 h posttransfection with
the siRNA, total RNAs were used to show the depletion of M2
mRNA in siRNA-treated S11 cells (Fig. 6C). Cellular extracts
were also used for an immunoblot analysis to examine STAT2
expression. This analysis showed that the suppression of M2
expression in S11 cells resulted in the restoration of STAT2
expression (Fig. 6C). This effect was specific because the suppression of M2 expression by the siRNA did not affect tubulin
expression under the same conditions (Fig. 6C). This result
shows the inverse correlation between M2 expression and
STAT2 expression in virus-infected B lymphoma cells.
To further define the molecular mechanism of STAT downregulation induced by the ␥HV68 M2 protein, we compared
the transcriptional profiles of mouse JAK and STAT family
genes between vector-expressing control cells and M2-expressing target cells. While the transcription profiles of most JAK/
STAT family genes were not affected by M2 expression, the
levels of STAT2 and STAT6 mRNAs were reduced in NIH
3T3-M2 and A20-M2 cells compared to those in NIH 3T3vector and A20-vector cells (Fig. 6D). In contrast, M2 (RK/E)
mutant expression showed no downregulation of the STAT2
and STAT6 mRNA levels (Fig. 6D). Interestingly, the level of
STAT1 mRNA was not altered by M2 expression in both cell
types, suggesting that the M2-mediated downregulation of
STAT1 expression occurs at the posttranscriptional level (Fig.
6D). This notion was further supported by a treatment with the
proteasome inhibitor MG132 that substantially enhanced the
amount of STAT1 protein, but not STAT2 protein, in M2expressing cells (Fig. 6E). These results collectively showed
that M2 expression downregulates STAT1 expression at the
posttranscriptional level, whereas it downregulates STAT2/6
expression at the transcriptional level.
DISCUSSION
Upon viral infection, the major counterassault mounted by
the host immune system is the activation of the IFN-mediated
antiviral pathway as a mechanism to restrict viral replication.
In this report, we demonstrated that the latency-associated M2
gene of ␥HV68 functions as a repressor to inhibit IFN-mediated transcriptional activation. Interestingly, the M2 protein
displayed a cell-type-dependent localization: it was primarily
localized in the cytoplasm and plasma membrane in lymphocytes and in the nucleus in fibroblast and epithelial cells. Furthermore, we showed that M2 interacted with the cellular p32
acidic protein through its central basic region and that this
interaction possibly correlates with its ability to inhibit IFN-
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FIG. 5. Inhibition of IFN-␤ and IFN-␥ signaling by M2 expression.
A20 cells (A) and NIH 3T3 cells (B) expressing either M2 or the M2
(RK/E) mutant were transfected with an IFN-␣/␤-responsive ISREluciferase reporter gene or a IFN-␥-responsive GAS-luciferase reporter gene together with pGK-␤-Gal. Transfected cells were then
treated with 1,000 U of IFN-␣/␤ per ml or with 5 ng of IFN-␥ per ml
for 8 h prior to lysis and luciferase assays. Luciferase values were
normalized to ␤-galactosidase activities. Relative induction is expressed compared with the luciferase activity of IFN-treated A20vector and NIH 3T3-vector cells, which was set at 100-fold. The results
represent average values from three individual experiments, and the
error bars indicate standard deviations. (C) Analysis of interferoninduced cellular gene expression. Total RNAs were isolated from NIH
3T3-vector, NIH 3T3-M2, A20-vector, and A20-M2 cells with or without IFN-␣ treatment (1,000 U per ml) and were subjected to RT-PCR
analysis for IfiT1 expression (lanes 1). GAPDH expression (lanes 2)
was included as a control. Amplified DNA fragments were separated
in a 1% agarose gel and then photographed.
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mediated transcriptional activation. Finally, the downregulation of STAT expression was the likely mechanism underlying
the M2-mediated inhibition of IFN signaling. These results
demonstrate for the first time that ␥HV68 may harbor a latency-associated M2 gene to antagonize IFN-mediated host innate immunity and may play an important role in the establishment and maintenance of viral latency in infected animals.
Several reports have shown that ␥HV68 M2 is a latencyassociated gene and that its transcripts are detected in latently
infected splenocytes and peritoneal exudate cells as well as in
a latently ␥HV68-infected B-lymphoma cell line (29). While
mutation of the M2 gene did not affect the ability of the virus
to replicate in tissue culture, mutant virus acute-phase replication in the spleen has been shown to be lower than that of
wild-type and marker rescue viruses after intraperitoneal inoculation (30). Upon intranasal inoculation, however, M2 mutant
viruses exhibited a significantly lower level of latency establishment and reactivation frequency in the spleen (30, 41). Despite
these detailed studies, however, the biochemical function of
M2 has not been assessed. The human gammaherpesviruses
EBV and KSHV have both been shown to efficiently block the

antiviral IFN response through distinct mechanisms (38, 39,
45). We also found that ␥HV68 harbors the latency-associated
M2 protein to inhibit IFN-mediated transcriptional activation.
However, the modes of action of these viruses for the inhibition of IFN-mediated transcriptional activation are likely different from each other: EBV BZLF1 downregulates IFN-␥
receptor gene expression (45), KSHV vIRF1 interacts with and
inhibits the p300 transcriptional coactivator (37, 39), and
␥HV68 M2 downregulates STAT expression. Furthermore,
M2 showed divergent phenotypes in B lymphocytes and fibroblast cells due to its differential localization patterns: M2
downregulated STAT1 and STAT2 expression in fibroblast
cells, whereas it downregulated only STAT2 expression in B
lymphocytes. The STAT2 mRNA level was downregulated to a
detectable degree in both M2-expressing A20 and NIH 3T3
cells, suggesting that STAT2 expression is likely regulated by
M2 at the transcriptional level. In contrast, the M2 (RK/E)
mutant, which eliminated p32 binding activity, neither suppressed the STAT2 mRNA level nor downregulated the
STAT2 protein level, indicating that the interaction with the
p32 protein may play a role in the downregulation of STAT2
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FIG. 6. Downregulation of STAT expression by M2. (A and B) Immunoblot analysis of JAK/STAT family proteins. Approximately 20 g of
cell extracts of A20-vector, A20-M2, A20-M2 (RK/E), NIH 3T3-vector, NIH 3T3-M2, and NIH 3T3-M2 (RK/E) cells were separated by SDSPAGE and analyzed by immunoblotting with antibodies against STAT1, STAT2, ISGF p48, JAK1, JAK2, Tyk2, tubulin, and AU1-tagged M2. (C)
Suppression of M2 expression by siRNA treatment. S11 cells were transfected with nonspecific scrambled siRNAs (lanes 1) or M2-specific siRNAs
(lanes 2). At 48 h posttransfection, whole-cell lysates and total RNAs were used for immunoblot analysis with anti-STAT2 and anti-tubulin antibodies (left) and for Northern blot analysis with an M2-specific probe (right), respectively. 18S was included as a loading control in Northern blots
(bottom of right panel). (D) RT-PCR analysis of JAK/STAT family gene expression. Total RNAs isolated from A20-vector, A20-M2, A20-M2
(RK/E), NIH 3T3-vector, NIH 3T3-M2, and NIH 3T3-M2 (RK/E) cells were subjected to quantitative RT-PCRs with a mouse JAK-STAT MultiGene profiling kit. Amplified DNA fragments were separated in a 1% agarose gel and then photographed. (E) STAT expression upon MG132 treatment. After 6 h of treatment with or without the proteasomal inhibitor MG132, whole-cell lysates were prepared from NIH 3T3-vector and NIH
3T3-M2 cells, separated by SDS-PAGE, and subjected to immunoblotting with anti-STAT1, anti-STAT2, anti-tubulin, and anti-AU1 antibodies.
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that interact with p32 also contain arginine-rich repeats. We
showed that M2 interacted with p32 through the central arginine- and lysine-rich basic region and that this interaction
induced the translocation of p32 to the nucleus. Despite the
equivalent levels of interaction of M2 with p32 in both NIH
3T3 and A20 cells, the nuclear localization of M2 and p32 was
detected predominantly in NIH 3T3 cells, not A20 cells. This
differential localization pattern of the M2 and p32 complex
may ultimately cause different effects on STAT protein expression. Interestingly, the cellular p32 protein has been shown to
occasionally undergo multiple posttranslational processing
steps, resulting in three different forms: the full-length form
(aa 1 to 282), a partially mature form (aa 33 to 282), and a fully
mature form (aa 81 to 282) (68). More interestingly, the fulllength form of p32 remains in the cytoplasm, the partially
mature form displays diffused localization over both the cytoplasm and the nucleus, and the fully mature form is present
predominantly in the nucleus (68). This suggests that M2 may
interact with the different forms of p32 protein in different cell
types, which ultimately dictates their localization. On the other
hand, additional cellular proteins that are present only in adherent cells but not in cells in suspension may be involved in
the interaction of M2 with p32 and thereby in their nuclear
localization in adherent cells. Furthermore, our mutational
analysis indicated that the central basic amino acids of M2 are
required for its nuclear localization. It is also possible that
differential modifications, such as phosphorylation and ubiquitination, of this basic region of M2 in fibroblast and epithelial
cells may direct its nuclear localization or that other cellular
factors are recruited to shuttle M2 between the nucleus and
the cytoplasm. The detailed molecular mechanism of the nuclear localization of M2 needs to be further characterized.
Furthermore, the connection of M2 localization, the M2 interaction with p32, and M2 inhibition of the IFN signaling pathway still needs to be investigated in more detail.
In summary, we demonstrated that ␥HV68 latency-associated M2 inactivates IFN-mediated host innate immunity by
targeting STAT expression. This effect may create a favorable
milieu for the establishment and/or maintenance of viral latency. Although the full significance of M2-mediated effects
on IFN signal transduction needs to be studied further, our
study provides a possible insight into the latency mechanism
of ␥HV68. Future studies of the molecular mechanisms of
␥HV68 M2-mediated inhibition of IFN signal transduction
may lead to a better understanding of viral latency and also
may provide a novel means for investigating cellular IFN regulatory systems.
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