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Lytic infection with the two human gammaherpesviruses, Kaposi’s sarcoma-associated herpesvirus (KSHV)
and Epstein-Barr virus (EBV), leads to significant depletion of the cellular transcriptome. This host shutoff
phenotype is driven by the conserved herpesviral alkaline exonuclease, termed SOX in KSHV and BGLFS5 in
EBYV, which in gammaherpesviruses has evolved the genetically separable ability to target cellular mRNA. We
now show that host shutoff is also a prominent consequence of murine gammaherpesvirus 68 (MHV68)
infection, which is widely used as a model system to study pathogenesis of these viruses in vivo. The effector
of MHV68-induced host shutoff is its SOX homolog, here termed muSOX. There is remarkable functional
conservation of muSOX host shutoff activities with those of KSHV SOX, including the recently described
ability of SOX to induce mRNA hyperadenylation in the nucleus as well as cause nuclear relocalization of the
poly(A) binding protein. SOX and muSOX localize to both the nucleus and cytoplasm of infected cells. Using
spatially restricted variants of these proteins, we go on to demonstrate that all known host shutoff-related
activities of SOX and muSOX are orchestrated exclusively from the cytoplasm. These results have important
mechanistic implications for how SOX and muSOX target nascent cellular transcripts in the nucleus. Fur-

thermore, our findings establish MHV68 as a new, genetically tractable model to study host shutoff.

Efficient viral replication and immune evasion often require
manipulation of cellular gene expression either in a targeted or
in a global manner. Widespread inhibition of host gene expres-
sion, termed host shutoff, is a conserved feature of a diverse set
of viruses, including picornaviruses, coronaviruses, orthomyxo-
viruses, and herpesviruses (3, 13, 23, 32, 37). Host shutoff likely
confers a selective advantage to these viruses, perhaps by fa-
cilitating redirection of cellular resources toward the virus or
by dampening immune stimulatory signals that could restrict
viral replication. Within the herpesvirus family, both alphaher-
pesviruses (alpha-HVs) and gammaherpesviruses (gamma-
HVs) induce a prominent host shutoff phenotype (13). In-
terestingly, while both subfamilies potently decrease the
population of cellular mRNA, the viral host shutoff factors and
their mechanisms of action are distinct. Herpes simplex viruses
(HSV), of the alpha subfamily, encode an RNase termed vhs
that degrades cytoplasmic mRNA (6, 7, 26, 45, 53) as well as a
second factor, ICP27, which inhibits splicing of cellular mes-
sages later in infection (16, 17, 36, 42). Kaposi’s sarcoma-
associated herpesvirus (KSHV) and Epstein-Barr virus (EBV),
two oncogenic human viruses of the gamma subfamily, target
cellular mRNA via the activity of the viral alkaline exonuclease
(DNase), termed SOX in KSHV and BGLF5 in EBV (12, 41).
In contrast to vhs, SOX and BGLF5 lack in vitro RNase ac-
tivity and are presumed to instead promote host shutoff by
activating cellular mRNA turnover pathways. Thus, different
members of the herpesvirus family have independently evolved
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distinct mechanisms to deplete the cellular transcriptome.
Such an example of convergent evolution underscores the
likely importance of host shutoff for overall viral fitness.

The alkaline exonuclease gene is widely conserved across all
herpesviruses, where it participates in the resolution of com-
plex branched structures that arise during rolling circle repli-
cation of the viral DNA genome (14, 33, 38, 39). In KSHV and
EBYV, this protein has also evolved a genetically separable host
shutoff function (11, 54). While cellular mRNA turnover path-
ways targeted by SOX or BGLFS remain unknown, SOX has
recently been shown to induce two prominent phenotypes di-
rectly related to host shutoff. First, upon SOX expression,
nascent cellular mRNAs undergo poly(A) tail extension (hy-
peradenylation), and as a consequence they are likely retained
in the nucleus (28). Although hyperadenylation has not been
characterized in human cells, in yeast it is thought to be a
quality control mechanism arising as a consequence of aber-
rant mRNA 3’-end processing or nuclear export defects (19,
22, 30). The second SOX-induced phenotype is a striking re-
localization of cytoplasmic poly(A) binding protein (PABPC)
into the nucleus. PABPC has prominent roles in cytoplasmic
mRNA stability and translation, and its nuclear relocalization
by SOX during KSHYV infection is coincident with turnover of
reporter mRNAs in the cytoplasm (28). Thus, SOX may pre-
vent export of nascent nuclear messages and deplete preexist-
ing cytoplasmic mRNAs via distinct polyadenylation-related
mechanisms. SOX and BGLFS5 localize predominantly to the
nucleus but are also detectable to a lesser extent in the cyto-
plasm of transfected cells. The nuclear population is antici-
pated to participate in the viral genome processing function,
but it has been proposed that the cytoplasmic fraction of SOX
and BGLF5 contributes to mRNA turnover in that locale (11,
41). It has yet to be elucidated whether the recently character-
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TABLE 1. Primers used for plasmid construction

Construct Primer name Primer sequence
AmuSOX BAC ORF36-DsRed GGAAGGGTCGATTATTCTGGATTTTTTTGAAGCCTCCTCCGAGAACGT
CATC
AmuSOX BAC DsRed-ORF37 CGCCACCACCTGTTCCTGCCAGATAGTATTGTGTATGAAATAAAGTCC

AmuSOX, AmuSOX MR BACs
AmuSOX, AmuSOX MR BACs
HA-NRS-muSOX

HA-NRS-muSOX
HA-ANRS-muSOX

HA-ANRS-muSOX
GFP-29aa (for ANRS)
GFP-29aa (for ANRS)
HA-UL12

HA-UL12
HA-ULI12-NLSmut
HA-UL12-NLSmut

HA-muSOX

BamHI-ORF36-fwd
ORF38-Notl-rev
KpnI-HA-NRS-fwd

EcoRI-NRS-rev
Kpnl- HA-ANRS-fwd

EcoRI- HA-ANRS-rev
EcoRI-GFP-29aa-fwd
EcoRI-GFP-29aa-rev
EcoRI-ULI12-fwd

NotI-UL12-rev
UL12-NLSmut-fwd
UL12-NLSmut-rev

EcoRI-HA-ORF37 fwd

AGATATAAG
ATTAGGATCCGACAGCACTGTACAAGGAGGC
TTAAGCGGCCGCGTGTTTGCCTCGTTCATATTCAATG
GGGGTACCATGGCTTACCCATACGATGTACCTGACTATGCGCCAAAA
GTGAACCGAGGAAAA
CGGAATTCTCCACTCTTAGAATTGAAGCC
GGGGTACCATGGCTTACCCATACGATGTACCTGACTATGCGAAACGA
TCTGCAGCGGAG
CGGAATTCTTTCGAGGGCACTACAGCCCG
GGGAATTCCAGGATGATGGCACGCTGCCC
CGGAATTCATTGATCCTAGCAGAAGCACA
GGAATTCATGGCTTACCCATACGATGTACCTGACTATGCGATGGAGT
CCACGGTAGGC
ATAGTTTAGCGGCCGCTCAGCGAGACGACCTCCC
CGTGGCCCCGACAGCCCCCCCGCGGCCCCCCGCCCTAACAGTCTTCCG
CGGAAGACTGTTAGGGCGGGGGGCCGCGGGGGGGCTGTCGGGGC
CACG
CGGAATTCATGGCTTACCCATACGATGTACCTGACTATGCGATGGAA

GGGTCGATTATTC

HA-muSOX NotI-ORF37 rev

ATAGTTTAGCGGCCGCTTAGGGGGTTATGGGTTTTCT

ized PABPC import and hyperadenylation activities are simi-
larly carried out by cytoplasmic SOX. This point is particularly
relevant for understanding the means by which SOX induces
nuclear hyperadenylation, as direct modulation of the RNA
3’-end processing machinery by SOX should require its pres-
ence in the nucleus.

While both KSHV and EBV are associated with significant
human disease (10, 40), they are difficult to manipulate, and
the potential for in vivo studies is limited due to their strict
species specificity. A third gamma-HV, murine gamma-HV 68
(MHV68), possesses a significantly more tractable genetic
system and has proven to be a robust tool for the study of
gamma-HV pathogenesis in both cell culture and murine mod-
els (47). MHV68 is therefore a potentially valuable model in
which to assess the role of host shutoff in gamma-HYV replica-
tion and maintenance.

Here we demonstrate that MHV68 infection induces a
global block to cellular gene expression that initiates early in
infection and is caused by the MHV68 SOX homolog, termed
muSOX. All known activities of SOX and BGLFS5 are mim-
icked by muSOX, underscoring a high level of functional con-
servation of this phenotype within the gamma-HV subfamily.
Using spatially restricted variants of SOX and muSOX, we go
on to show that, remarkably, all host shutoff-related activities,
including nuclear mRNA hyperadenylation, are orchestrated
exclusively by the cytoplasmic pool of SOX and muSOX. These
results have important implications for the mechanisms under-
lying gamma-induced host shutoff, as well as establish MHV68
as a new model to study the contributions of global inhibition
of cellular gene expression toward viral replication and patho-
genesis.

MATERIALS AND METHODS

Plasmids. Primers and restriction sites used for plasmid construction are
shown in Table 1. A hemagglutinin (HA) tag was introduced onto the N terminus
of muSOX by using PCR methods and cloned into the EcoRI/NotI sites of

pCDEF3, creating pCDEF3-HAmuSOX. The pCDEF3-SOX-NLS mutant
(NLSmut) construct has been previously described (11). An HA tag was intro-
duced onto the N terminus of the wild-type (WT) nuclear retention signal (NRS)
of hnRNP-C1 (amino acids [aa] 88 to 165) or mutant NRS (aa 98 to 146) (kindly
provided by Jens Lykke-Andersen) by standard PCR methods. To ensure that
the mutant NRS was the same size as the WT, an additional 29 aa from green
fluorescent protein (GFP) were incorporated to compensate for the deleted NRS
sequence. These PCR products were cloned into the N terminus of muSOX
using KpnI/EcoRI sites to generate pCDEF3-HA-NRS-muSOX and pCDEF3-
HA-ANRS-muSOX. An N-terminally tagged HSV-1 alkaline exonuclease (AE)
nuclear localization signal (NLS) mutant with alanines at amino acid residues 35
and 36 within the predicted NLS was generated by overlap extension PCR and
cloned into the EcoRI/Notl sites of pCDEF3 to generate pCDEF3-HA-AE-
NLSmut.

Cells, transfections, and viruses. 293T, NIH 3T3, NIH 3T12, and human
foreskin fibroblast (HFF) cells were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum (FBS). BHK-21 cells (clone
15) were propagated in RPMI 1640 medium (Invitrogen) supplemented with 5%
FBS. 293T cells were transfected with Effectene (Qiagen), following the manu-
facturer’s protocol. BHK and 3T3 cells were transfected with SuperFect
(Qiagen). KSHYV stocks were prepared from induced BCBL-1 cells as described
previously (2). KSHV infections of HFFs were carried out in the presence of
8 pg/ml Polybrene, and lytic reactivation was induced by superinfection with an
adenoviral vector expressing RTA (Ad-RTA) as described previously (2). Bac-
terial artificial chromosome (BAC)-derived MHV68 was generated by transfect-
ing 2 pg of BAC DNA per well of a six-well plate of NIH 3T3 using SuperFect
(Qiagen) and then propagated in NIH 3T12 cells, and the titer was determined
by using a plaque assay on NIH 3T3 cells. To harvest the virus, cells were passed
through a Dounce homogenizer and cellular debris was removed by pelleting and
passing the supernatant through a 0.45-um filter.

The GFP-expressing MHV68 BAC infectious clone has been described pre-
viously elsewhere (1). Mutants were generated by allelic exchange as described
previously (46). To generate the AmuSOX BAC, a targeting region consisting of
a DsRed coding sequence flanked upstream by the terminal 979 nucleotides (nt)
of the open reading frame 36 (ORF36) coding region (including the first 33 nt of
the ORF37 coding region) and downstream by 756 nt of the 3’ end of the ORF37
coding region, followed by 178 nt of the ORF38 coding region, was generated by
splicing by overlap extension PCR. The product was ligated into pGS284 be-
tween the Bglll and Notl sites and electroporated into the S17\pir strain of
Escherichia coli. The targeting vector for the rescue BAC was generated by
ligating the WT region of the BAC into pGS284. Targeting vector-containing
cells were cross-streaked with BAC-containing GS500 cells, and successful re-
combinants were identified by colony PCR. BAC DNA was isolated from positive
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clones using the Qiagen large-construct kit (Qiagen). BAC variants were verified
by diagnostic restriction digestion with EcoRI and Pvull and sequencing of the
region surrounding the recombination site.

qPCR. RNA was isolated from transfected cells using RNA-Bee reagent (Tel-
Test) or the Zymo Mini RNA II isolation kit (Zymo Research). RNA samples
were DNase-treated and reverse transcribed using AMV RT (Promega) and an
oligo(dT) or 18S-specific primer. GFP mRNA copies were quantified by quan-
titative PCR (qPCR) on the resulting cDNA as described previously (28). GFP
cDNA copies were normalized to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) c¢DNA copies using rodent GAPDH endogenous controls or to 18S
c¢DNA copies using ribosomal control reagents (Applied Biosystems).

Plasmid DNA was analyzed for degradation by transfecting 293T cells with
pCDEF3-GFP and pCDEF3 or pCDEF3-HAmuSOX. At 24 h posttransfection,
cells were washed in phosphate-buffered saline and treated with micrococcal
nuclease for 30 min at 37°C (15 U/l in 50 mM NaCl, 10 mM Tris, pH 7.5, 5 mM
MgCl,, and 1 mM CaCl,). The reaction was stopped by adding EDTA to 5 mM.
DNA was isolated by lysing the cells in 20 mM Tris, pH 8.0, 50 mM EDTA, 200
mM NaCl, and 1.2% sodium dodecyl sulfate (SDS), followed by phenol-chloro-
form extraction. Samples were diluted to 0.15 pg/pl and quantitated by qPCR as
described above.

DNase assays. Proteins analyzed for DNase activity were in vitro transcribed
and translated (IVT) using the rabbit reticulocyte lysate system (Promega). From
each reaction mixture, 8 pl of protein was incubated with 200 ng of Notl-
linearized pCDEF3 plasmid DNA in 42 pl of degradation assay buffer (0.1 M
MgCl,, 0.5 M Tris, pH 9.0, 100 pg/ml bovine serum albumin, 5 mM B-mercap-
toethanol) at 37°C for the indicated time period and then phenol-chloroform
extracted. Pellets were resuspended in 20 pl of water, resolved on a 1% agarose
gel, and visualized by ethidium bromide staining. One-third of each IVT reaction
was also resolved by SDS-polyacrylamide gel electrophoresis (PAGE), and gels
were fixed, dried, and visualized by autoradiography to verify equivalent protein
expression.

Cell extracts, Western blots, and Northern blots. For metabolic labeling ex-
periments, infected 3T3 cells were incubated in methionine- and cysteine-free
Dulbecco’s modified Eagle’s medium containing 10% FBS for 1 h and then pulse
labeled in the same medium containing 0.1 mCi/ml *>S-labeled EasyTag Express
protein labeling mix (PerkinElmer) for 30 min. For this and other experiments,
cell lysates were prepared in RIPA buffer (50 mM Tris-HCI, pH 7.4, 150 mM
NaCl, 2 mM EDTA, 1% Nonidet P-40, 0.1% SDS) containing protease inhibitor
cocktail (Roche) and quantified by the Bradford assay (Bio-Rad). Equivalent
masses of each sample were resolved by SDS-PAGE and either dried and
exposed to film or transferred to a polyvinylidene difluoride membrane and
Western blotted with either HA 12CAS monoclonal antibodies (MAbs) (1:4,000;
Abcam), SOX MADs (1:1,000), or muSOX polyclonal antibodies (pAbs) (1:250)
and either horseradish peroxidase-conjugated goat anti-rabbit or goat anti-
mouse secondary antibodies (1:5,000; Southern Biotechnology Associates). Rab-
bit pAbs were raised against a maltose binding protein (MBP)-tagged full-length
muSOX by standard methods (18). Serum was then affinity purified over MBP-
muSOX and MBP columns. To generate SOX MAb, MBP-tagged SOX was
purified with amylose resin and subsequently cleaved with FactorXa (New En-
gland Biolabs) to remove the MBP moiety. BALB/c mice were injected intra-
peritoneally with 10 pg of SOX in Ribi adjuvant at 8 weeks, 4 weeks, and 4 days
prior to the fusion of splenocytes with P3X63-Ag8.653 myeloma cells. Hybrid-
omas were selected in hypoxanthine-aminopterin-thymidine medium for 2
weeks, followed by enzyme-linked immunosorbent assay screening using SOX-
transfected 293T cell lysates or vector-transfected lysates. Positive wells were
rescreened using immunofluorescence assays (IFA) and Western blotting, fol-
lowed by two rounds of cloning and retesting by enzyme-linked immunosorbent
assay, IFA, and Western blotting. The SH5 hybridoma supernatants were col-
lected once per week. The MAb was purified by protein G chromatography (GE
Healthcare), and purity was confirmed by SDS-PAGE, followed by Coomassie
blue staining.

For Northern blotting, total RNA was harvested using RNA-Bee (Tel-Test)
and analyzed by agarose-formaldehyde gel electrophoresis. RNAs were trans-
ferred to a 0.45-pwm nylon membrane and probed with 3?P-labeled DNA probes
generated using the Rediprime IT random prime labeling system (GE Health-
care). RNase H digests were performed by combining 5 pug of RNA with 500
pmol of oligo(dT),s primer in a 25.8-ul reaction volume and then incubating at
65°C for 8 min. Samples were then incubated at 37°C for 30 min in the presence
of 1 U RNase H (New England Biolabs), 1X RNase H buffer, and 40 U RNasin
(Promega); reactions were terminated by the addition of 1 wl of 0.5 M EDTA,
pH 8.0, and the RNA was ethanol precipitated.

IFA and oligo(dT) in situ hybridization. 293T cells grown on coverslips were
fixed in 4% formaldehyde and processed for IFA as described previously (31). In
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situ samples were processed as described previously (http://www.singerlab.org
/protocols) using 2 ng/ul of Alexa Fluor 546-labeled oligo(dT),s (Molecular
Probes). After oligonucleotide hybridization, samples were incubated with either
anti-SOX or anti-HA (Abcam) MAbs at a 1:100 or 1:500 dilution, respectively,
in 2X SSC (1X SSCis 0.15 M NaCl plus 0.015 M sodium citrate) and 0.1% Triton
X-100 for 3 h at 37°C and subsequently with Alexa Fluor 488-labeled goat anti-
mouse secondary antibodies (Molecular Probes) and mounted with 4',6-diamidino-
2-phenylindole (DAPI)-containing VectaShield mounting medium (Vector Labs,
Inc.). IFA not involving in situ hybridization was done as described previously (31)
using anti-SOX MAbs (1:100 dilution), rabbit polyclonal anti-PABPC pAbs (1:25
dilution) (Cell Signaling Technology), or rabbit anti-muSOX pAbs (1:25 dilution)
and Alexa Fluor 488- or 546-labeled goat anti-rabbit or anti-mouse secondary
antibodies (1:1,500 dilution) (Invitrogen).

RESULTS

MHYV68 lytic replication induces a shutoff of host gene ex-
pression. Lytic infection with KSHV and EBV leads to a pro-
found reduction in host gene expression driven by enhanced
cellular mRNA turnover (12, 41), suggesting that host shutoff
may be a phenotype conserved among gamma-HVs. We there-
fore sought to determine whether infection with the related
murine herpesvirus 68 (MHV68) resulted in a similar reduc-
tion in host gene expression. MHV6S represents an attractive
model system to explore gamma-HV biology, as unlike the
human gamma-HVs, it possesses highly tractable genetics (1).
Global efficiency of cellular protein synthesis was monitored by
[*S]Cys/Met metabolic labeling of 3T3 cells either mock in-
fected or infected with MHV68 (Fig. 1A). At 21 h postinfec-
tion, there was a clear reduction in overall cellular protein
synthesis, indicative of host shutoff. Proteins accumulating af-
ter infection are presumably viral, as many of these are not
present in the uninfected sample. Both KSHV and EBV pro-
mote host shutoff by degrading mRNA (12, 41); therefore, we
assayed the levels of select host transcripts during a time
course of MHV68 infection by Northern blotting (Fig. 1B). By
12 h postinfection, the level of GAPDH mRNA decreased
threefold, and by 20 h, the magnitude of its reduction increased
to fivefold relative to that of mock-infected samples (Fig. 1B).
Similar results were observed for B-actin mRNA (data not
shown). To determine whether MHV68-induced host shutoff
manifested as a result of early or late viral gene expression, we
also infected cells in the presence of phosphonoacetic acid
(PAA), which blocks viral genome replication, thereby prohib-
iting the expression of late viral genes (35). PAA treatment had
no effect on host shutoff, indicating that this phenotype is
caused by an early viral gene(s) (Fig. 1B).

In other gamma-HVs, the host shutoff function maps to the
alkaline exonuclease homolog (named SOX in KSHV and
BGLFS in EBV). This protein, termed muSOX and encoded
by ORF37 in MHV68, represents the most likely candidate for
the MHV68 host shutoff factor. We therefore generated and
affinity purified pAbs against muSOX to monitor its expression
during infection. Western blotting showed that muSOX ex-
pression initiates approximately 8 h postinfection and peaks by
12 h postinfection (Fig. 1C). In agreement with viral microar-
ray data (5, 34), muSOX is an early gene, as its expression is
uninhibited by PAA (Fig. 1C). Thus, muSOX expression is
contemporaneous with the reduction in cellular mRNAs.

muSOX induces mRNA degradation. We hypothesized that,
similar to SOX and BGLF5, muSOX could promote mRNA
turnover. To test this hypothesis directly, we measured by
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FIG. 1. MHV68 promotes host shutoff. 3T3 cells were either mock infected or infected with MHV68 at a multiplicity of infection of 10. (A) At
the indicated times postinfection, cells were pulse-labeled with [**S]-labeled Cys/Met and lysates were resolved by SDS-PAGE. The gel was then
dried and visualized by autoradiography. (B) RNA was harvested from uninfected cells or cells infected for the indicated times and Northern
blotted with GAPDH and 18S (loading control) probes. Quantification (normalized to 18S levels) is shown, with the level of GAPDH mRNA in
the uninfected sample set to 1.0. PAA indicates the sample infected and cultured in the presence of 200 wg/ml PAA. (C) Lysates were harvested
from either uninfected cells or cells infected with MHV68 for the indicated times and Western blotted with anti-muSOX antibodies. All figures
are representative of three independent experiments. hpi, hours postinfection; «-muSOX, anti-muSOX.

Northern blotting the mRNA levels of a GFP reporter in 293T
cells cotransfected with empty vector or a muSOX expression
plasmid. As predicted, Northern blotting revealed a significant
muSOX-induced reduction in reporter mRNA levels (Fig. 2A).
RNA half-life measurements performed in the presence of
actinomycin D (ActD) subsequently confirmed that the de-
creased GFP mRNA levels in muSOX-expressing cells were a
result of enhanced mRNA degradation, as the message half-
life decreased from 55 h to 3 h in the presence of muSOX (Fig.
2B). Given that muSOX possesses DNA exonuclease activity
like its homologs (Fig. 2C), we wanted to ensure that these
results were not an indirect effect of muSOX degrading GFP
plasmid DNA. We therefore simultaneously measured the lev-
els of the GFP reporter plasmid DNA and mRNA in the
presence or absence of muSOX by qPCR (Fig. 2D). Cells were
treated with micrococcal nuclease just prior to lysis to remove
any extracellular nucleic acid. Importantly, muSOX expression
resulted in a significant decrease in GFP mRNA but not DNA
levels (Fig. 2D). This result is in agreement with prior obser-
vations, indicating that the analogous DNase activity of SOX
does not contribute measurably to its host shutoff function
(12).

To verify that muSOX-induced mRNA turnover was not just
an artifact specific to the exogenously expressed GFP reporter,
we also measured the half-life of endogenous GAPDH and
B-actin mRNAs in cells transfected with muSOX or empty
vector (Fig. 2E and F). Indeed, both messages were degraded
four- to eightfold more rapidly in muSOX-expressing cells. We
anticipate this to be a conservative estimation of the rate of
endogenous mRNA turnover by muSOX, because the ~20%
to 30% of untransfected cells present in the muSOX samples
will inflate the estimated mRNA half-life. We conclude that
muSOX expression induces host shutoff via enhanced mRNA

degradation and that it is a true functional homolog of SOX
and BGLFS5.

muSOX is necessary for viral replication and host shutoff.
We next examined the contribution of muSOX toward
MHV68-induced host shutoff. To this end, we sought to gen-
erate an MHV68 muSOX deletion mutant virus (MHV68
AmuSOX) and the corresponding marker rescue (MR) virus
(MHV68AmuSOX-MR) using an MHV68 BAC-based infec-
tious clone (Fig. 3A) (1). We were unable to recover any virus
following transfection of the deletion mutant BAC genome
into 3T3 cells, whereas the WT and the MR BAC generated
high viral titers (Fig. 3B). This result was not unexpected, as
the muSOX homologs HSV-1 UL12 (AE) and EBV BGLF5
have been shown to be essential due to their roles in viral
genome processing during DNA replication (9, 15, 33). Indeed,
we observe in vitro DNase activity for muSOX, as has been
reported for other herpesviral AE proteins (Fig. 2C). We pre-
sume that this genome processing activity by muSOX is simi-
larly required for MHV68 replication, although host shutoff
activity may also contribute to efficient virus production.

Failure of the MHV68AmuSOX BAC to produce virus, cou-
pled with low transfection efficiency of the BAC DNA, pre-
vented measurement of endogenous cellular mRNA stability in
the presence of this mutant. We therefore opted to compare
the half-life of the BAC-derived GFP message in BHK-21 cells
transfected with WT, MHV68AmuSOX, and MHV68AmuSOX-
MR BAC DNAs. To eliminate any complicating effects of viral
DNA replication, experiments were conducted in the presence
of PAA. Cells were treated with ActD at 18 h posttransfection,
and RNA was isolated at the indicated time points thereafter.
Significantly, there was a marked increase in the half-life of the
GFP transcript in cells transfected with the AmuSOX BAC
relative to those in WT and MR BAC-transfected cells (Fig.
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FIG. 2. muSOX enhances mRNA degradation. (A) 293T cells were transfected with the indicated plasmids for 24 h. Total RNA was then
isolated and analyzed by Northern blotting with GFP and 18S probes. Quantification (normalized to 18S levels) is shown, with the level of GFP
mRNA in the absence of muSOX set to 1.0. (B) Cells were transfected as described above, and the GFP mRNA half-life was calculated by gPCR
at different time points post-ActD (2 wg/ml) treatment. (C) IVT muSOX or GFP (as a negative control) was incubated for 1 or 15 min with linear
plasmid DNA in degradation assay buffer at 37°C. The DNA was then extracted, resolved by agarose gel electrophoresis, and visualized by ethidium
bromide staining. (D) 293T cells were transfected with empty vector or with pCDEF3-GFP alone or together with pCDEF3-muSOX. With the
exception of the control (—MNase), all samples were treated with micrococcal nuclease prior to cell lysis to remove extracellular nucleic acids.
Samples were then divided in half and harvested for either total cellular DNA or RNA. GFP DNA and mRNA levels were then calculated via
qPCR. (E and F) Cells were transfected as described for panel A. The endogenous GAPDH (E) or B-actin (F) mRNA half-life was then calculated
via quantification of Northern blots (normalized to 18S) at different time points post-ActD treatment. Errors bars show the standard error between
samples. All graphs represent a compilation of at least three independent experiments. t, ,, half-life.

3C). Collectively, these data indicate that muSOX plays a
prominent role in MHV68-induced host shutoff.

SOX homologs localize to both the nucleus and cytoplasm.
All herpesvirus AE homologs examined to date localize pre-
dominantly or exclusively to the nucleus, in agreement with
their roles in processing and packaging newly replicated viral
DNA (14, 33, 38, 39). However, several lines of evidence sug-
gest that cytoplasmic localization of the gamma-HV SOX ho-
mologs plays an important role in host shutoff. First, KSHV
SOX and EBV BGLFS5 localize both to the nucleus and cyto-
plasm of cells, whereas HSV-1 AE, which lacks host shutoff
activity, is constrained to the nucleus (12, 41). Second, a SOX
NLS mutant retains WT mRNA turnover activity in trans-

fected cells (11). Finally, mRNA half-life studies demonstrated
that cytoplasmic messages are destabilized in SOX-expressing
cells (28).

We therefore predicted that MHV68 muSOX would also
exhibit partial cytoplasmic localization, which might be integral
to its host shutoff function. Indeed, similar to its KSHV and
EBYV homologs, HA-tagged muSOX was detected in both the
nucleus and cytoplasm of transfected 293T cells, whereas
HSV-1 AE remained exclusively nuclear (Fig. 4A). The ab-
sence of antibodies against any gamma-HV SOX homologs
that function in IFA had previously prevented confirmation of
this partial cytoplasmic SOX localization during viral infection.
Given that plasmid-based overexpression does not always
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faithfully mimic endogenous protein localization, we generated
both MAbs against KSHV SOX and affinity-purified pAbs
against MHV68 muSOX to monitor their localization through-
out the course of infection. The localization and kinetics of
expression of SOX and muSOX were examined by IFA in HFF
and 3T3 cells lytically infected with KSHV and MHV6S, re-
spectively (Fig. 4B and C). Expression of both SOX and
muSOX was detected beginning at 8 h postinfection, in agree-
ment with previous results (Fig. 1C) (12), and expression was
maintained throughout the lytic cycle. Importantly, SOX and

muSOX localized to both the nucleus and the cytoplasm dur-
ing viral infection, although, in agreement with the localization
of the overexpressed proteins, the majority of SOX and
muSOX exists in the nucleus (Fig. 4B and C; a magnified view
of representative muSOX-expressing cells is shown in the bot-
tom panels of Fig. 4C).

Restriction of muSOX to the nucleus abolishes its shutoff
activity. Having shown that both SOX and muSOX exhibit
partial cytoplasmic localization during lytic infection, we next
sought to determine whether this cytoplasmic fraction was
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FIG. 4. SOX homologs of gamma-HVs localize to both the nucleus
and cytoplasm. (A) 293T cells were transfected with empty vector or
HA-tagged SOX (KSHV), muSOX (MHV68), BGLF5 (EBV), and
AE (HSV-1). Twenty-four hours posttransfection, cells were subjected
to IFA with anti-HA antibodies. (B) HFF cells were either mock
infected or infected with KSHV and lytically reactivated with an ad-
enoviral vector expressing RTA. At the indicated times, samples were
subjected to IFA with anti-ORF45 (KSHYV lytic marker) (center pan-
els) and anti-SOX (bottom panels) antibodies. (C) 3T3 cells were
either mock infected or infected with BAC-derived MHV68. At the
indicated times, samples were subjected to IFA with anti-muSOX
antibodies. GFP is encoded by the BAC and serves as a marker of
infection. Bottom panels show a magnified view of representative
muSOX-expressing cells at each time point. All samples were
costained with DAPI to visualize nuclei. «, anti.

necessary for host shutoff. A SOX nuclear localization signal
mutant (SOX-NLSmut) had previously been shown to be pre-
dominantly cytoplasmic and to retain mRNA turnover activity
(11). We initially attempted to generate a similar NLS mutant
in muSOX to explore the level of phenotypic conservation
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between these homologs. However, we found that unlike the
monopartite SOX NLS, muSOX possesses a bipartite NLS (aa
314 to 318 and aa 409 to 412), the latter component of which
resides in a highly conserved region of the protein that cannot
be mutated in either SOX or muSOX without destroying both
DNase and host shutoff activity (unpublished observations).

We therefore pursued the converse approach of restricting
muSOX to the nucleus by fusing it to an NRS derived from
the heterogeneous nuclear ribonucleoprotein C1 (HA-NRS-
muSOX) (44). As a control, we fused muSOX to a mutant
NRS peptide of identical length that is incapable of nuclear
restriction (HA-ANRS-muSOX). IFA staining confirmed that
the HA-NRS-muSOX fusion was constrained to the nucleus,
whereas the WT HA-muSOX and the HA-ANRS-muSOX fu-
sion were present both in the nucleus and the cytoplasm (Fig.
5A). We then measured host shutoff by testing the ability of
these fusions to block expression of GFP. We observed no
shutoff of GFP expression in cells coexpressing HA-NRS-
muSOX, whereas GFP protein expression was strongly inhib-
ited in cells coexpressing HA-muSOX or HA-ANRS-muSOX
(Fig. 5B). Northern blot analysis of the GFP message con-
firmed that the inability of HA-NRS-muSOX to block GFP
protein expression was due to its failure to promote mRNA
turnover, even at high concentrations (Fig. 5C). Western blot-
ting of the muSOX variants shows that transfecting increased
amounts of HA-muSOX or HA-ANRS-muSOX does not lead
to a significant increase in their protein levels, presumably
because they are inducing degradation of their own transcripts
(Fig. 5C). This is not the case with HA-NRS-muSOX, whose
protein levels continually increase as more plasmid DNA is
transfected, further supporting the observation that this pro-
tein is defective for RNA turnover. Notably, the inability of
HA-NRS-muSOX to promote RNA turnover is not due to
gross misfolding of the protein, since this fusion retains enzy-
matic activity in DNase assays (Fig. SD). As this was not the
case for NRS-tagged SOX from KSHV, which lost all activity
upon fusion to any large tag, we were unable to perform similar
experiments with SOX (data not shown). Thus, we conclude
that the nuclear fraction of muSOX does not contribute ap-
preciably to mRNA turnover, whereas the cytoplasmic fraction
is critical for this function.

Given that cytoplasmic localization is critical for host shutoff
activity, we considered the possibility that HSV-1 AE fails to
promote mRNA turnover simply because it is not present in
the cytoplasm. We therefore sought to create an HSV-1 AE
mutant that localized to the cytoplasm, similar to its
gamma-HV homologs. An HSV-1 AE NLS has previously
been mapped to the N terminus of the protein (aa 1 to 126)
(38). Two point mutations (in bold) were introduced into the
predicted AE NLS (5;PPKRPR 4 to ;;PPAAPR ;) to generate
HA-AE-NLSmut, and the protein localization was monitored
by IFA in 293T cells (Fig. 6A). The HA-AE-NLSmut protein
exhibited partial cytoplasmic localization, very similar to WT
SOX. Despite its presence in the cytoplasm, this mutant was
unable to promote host shutoff, as measured by GFP protein
and mRNA accumulation (Fig. 6B and C). HA-AE-NLSmut
retained WT enzymatic activity in DNase assays (Fig. 6D),
indicating that failure of this mutant to induce host shutoff was
not likely due to gross misfolding of the protein. We therefore
conclude that cytoplasmic localization of the AE homologs,
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plasmid was incubated with aliquots of the indicated IVT protein for 1 or 15 min in degradation assay buffer at 37°C. The DNA was then extracted,
resolved by agarose gel electrophoresis, and visualized by ethidium bromide staining. «, anti; Vec, vector.

while critical for activity, is not the sole determinant of host
shutoff and that the gamma-HV SOX proteins have indeed
evolved additional functions not present in HSV-1 AE.
Cytoplasmic fraction of muSOX and SOX drives mRNA
hyperadenylation and PABPC nuclear import. It has recently
been shown that SOX induces aberrant hyperadenylation of
nascent cellular messages within the nucleus (28). The mech-
anism by which SOX causes such mRNA 3’-end processing
defects has not been elucidated, yet this activity is dependent
on its host shutoff function (28). We observed that muSOX
similarly promotes mRNA hyperadenylation, as measured
both by oligo(dT) staining to detect accumulation of endoge-
nous nuclear poly(A) RNA and by Northern blotting to show
an increased mRNA length (Fig. 7A and B). Similar to our
previous observations with KSHV SOX (28), the increased

poly(A) RNA signal in muSOX-expressing cells occurred only
in the nucleus, whereas the cytoplasm was depleted of poly(A)
RNA (Fig. 7A, right). To confirm that the GFP mRNA size
difference observed in the presence of muSOX was due to
hyperadenylation, we removed the mRNA poly(A) tails by
hybridizing the RNA to oligo(dT) and digesting with RNase H.
Indeed, after deadenylation, the size of the GFP mRNA was
identical in the presence or absence of muSOX (Fig. 7C).
Given that hyperadenylation occurs within the nucleus, we
reasoned that direct modulation of the cellular mRNA pro-
cessing machinery would necessarily involve the nuclear frac-
tion of muSOX or SOX. Conversely, if the nuclear population
of SOX were dispensable for hyperadenylation, this would be
indicative of SOX indirectly altering mRNA 3’-end processing
in the nucleus via one or more of its cytoplasmic activities. We



9562 COVARRUBIAS ET AL.

A. HA-AE-wt

<
+
5
=
o
<
[a)]

J. VIROL.

HA-AE-NLSmut

GFP
HA-muSOX
HA-AE-wt
HA-AE-NLSmut

min: 1 15 115 1 15 1 15

-

B. HA-AE-NLSmut
C. 5
y 5
% E =
> w L
& £ < <
5} < << <<
> T T __ =
probe:
GFP [ b Al
probe:
18S
WB:
a-HA

FIG. 6. Partial relocalization of HSV-1 AE into the cytoplasm is not sufficient to induce mRNA turnover. (A) 293T cells were transfected with
plasmids expressing either WT HSV-1 AE or AE-NLSmut for 24 h and then subjected to IFA with anti-HA antibodies. DAPI staining was used
to visualize nuclei. (B) 293T cells were transfected with a GFP reporter plasmid alone or together with the indicated AE construct for 24 h and
then subjected to IFA with anti-HA (a-HA) antibodies. (C) 293T cells were transfected with increasing quantities of the indicated plasmids (100
to 300 ng). Total RNA was harvested 24 h posttransfection and Northern blotted with GFP and 18S probes. AE and muSOX levels were assessed
by Western blotting with anti-HA antibodies. (D) The linearized pCDEF3 plasmid was incubated with aliquots of the indicated IVT protein for
1 or 15 min in degradation assay buffer at 37°C. The DNA was then extracted, resolved by agarose gel electrophoresis, and visualized by ethidium
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therefore assessed the ability of the muSOX NRS fusions, as
well as that of the SOX NLS mutant, to promote mRNA
hyperadenylation. Surprisingly, we observed that nucleus-re-
stricted HA-NRS-muSOX was deficient for nuclear hyperade-
nylation, as measured by both oligo(dT) in situ hybridization
and Northern blotting (Fig. 7A and B). In contrast, the cyto-
plasmic NLS mutant of SOX and the control HA-ANRS-mu-
SOX retained WT nuclear hyperadenylation activity (Fig. 7A
and B). RNase H-mediated poly(A) tail removal confirmed
that the increased GFP mRNA size in the presence of HA-
ANRS-muSOX, SOX, and SOX-NLSmut was due to hypera-

denylation (Fig. 7C). These data indicate that SOX and
muSOX do not directly target nuclear mRNA processing ma-
chinery, but instead must indirectly alter its regulation to pro-
mote hyperadenylation in the nucleus.

An additional prominent activity of SOX is to promote the
relocalization of PABPC from the cytoplasm into the nucleus
of cells in a host shutoff-dependent manner (28). We first
confirmed by IFA that muSOX expression also induces nuclear
relocalization of endogenous PABPC (Fig. 7D). We then ex-
plored whether PABPC relocalization was dependent on the
cytoplasmic or nuclear activities of muSOX. Again, we ob-
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served that HA-NRS-muSOX was unable to alter PABPC lo-
calization, whereas HA-ANRS-muSOX and SOX-NLSmut in-
duced PABPC nuclear import as efficiently as WT SOX and
muSOX (Fig. 7D). In summary, our data support the conclu-
sion that all known host shutoff-related activities of the
gamma-HV proteins are orchestrated exclusively from the cy-
toplasm of cells.

DISCUSSION

The ability to severely restrict cellular gene expression is a
conserved phenotype within the gamma-HV subfamily and
therefore presumably plays an important role in viral replica-
tion and/or fitness. Within the alpha-HV, vhs host shutoff
activity influences viral pathogenesis and contributes to the
establishment of HSV latency and reactivation in mice (29,
49-51). Host shutoff is likely to similarly participate in gener-
alized immune evasion during gamma-HYV infection, perhaps
as a complement to viral proteins with specific immune evasion
functions, such as inhibition of major histocompatibility com-
plex class I presentation (4, 21, 48). Analysis of the role of host
shutoff during human gamma-HYV infection has been ham-
pered by difficulties in generating and propagating KSHV and
EBV mutants. Our demonstration that host shutoff is pheno-
typically mimicked in MHV68, which is far more genetically
tractable, indicates that this virus presents a robust model to
dissect the contribution of host shutoff toward gamma-HV
replication and maintenance both in cultured cells and in vivo.
However, in addition to its role in cellular mRNA turnover,
muSOX is also likely essential for viral DNA processing, as has
recently been described in detail for the EBV homolog BGLF5
(9). We predict that our failure to recover virus from a muSOX
deletion mutant BAC is due in large part to an inability of this
virus to process and package newly replicated viral DNA.
Thus, specific examination of the host shutoff function of
muSOX during infection will require generation of single-func-
tion mutants that retain the DNA processing activity. Such
mutants have successfully been isolated for SOX and BGLF5
(11, 54), and efforts are currently under way to identify similar
single-function muSOX mutants.

It is notable that GFP mRNA expressed from a pCDEF3
plasmid in the absence of muSOX had a 55-h half-life, but
when expressed from the AmuSOX BAC its half-life was only
18 h (compare Fig. 2B and 3C). We anticipate that the differ-
ence in the half-life of the GFP message in these two experi-
ments may be due to a combination of factors. First, these are
not identical transcripts; the mRNA in the muSOX transfec-
tions contains extra sequences in the coding region that control
GFP protein stability, whereas the GFP mRNA derived from
the BAC lacks these sequences. Furthermore, there are exten-
sive sequence differences within the 5" untranscribed regions of
these two transcripts, and they are transcribed from different
promoters: pCDEF3 contains an EF-1a promoter, and the
BAC-derived GFP is expressed from a cytomegalovirus pro-
moter. Collectively, these differences may affect the overall
stability of the mRNAs. Alternatively, the difference in these
GFP mRNA half-lives may indicate that there are additional
viral host shutoff factors contributing to instability of the BAC-
derived GFP. Future experiments will address whether either
of these possibilities is correct.

J. VIROL.

Homologs of SOX are found throughout the herpesvirus
family, yet only in gamma-HVs have these proteins evolved the
ability to induce cellular mRNA turnover. A notable difference
between these proteins in alpha-HV versus gamma-HVs is
their subcellular localization; gamma-HV SOX proteins are
present in both the nucleus and the cytoplasm, whereas al-
pha-HV AE is exclusively nuclear. However, while cytoplasmic
localization is clearly necessary for the host shutoff function of
these proteins, partial redirection of HSV-1 AE to the cyto-
plasm is not sufficient to induce mRNA turnover. Thus,
gamma-HV SOX homologs have evolved additional activities
required for host shutoff. The fact that SOX lacks apparent
RNase activity and can function in the absence of other viral
factors suggests that it must interface with one or more cyto-
plasmic cellular factors not targeted by HSV-1 AE to trigger
mRNA turnover. Thus far, however, no cellular proteins have
been identified that physically interact with either SOX or
muSOX during infection. Although PABPC is specifically tar-
geted for relocalization by the gamma-HV SOX proteins and
not by HSV-1 AE, we have not detected an interaction be-
tween SOX and PABPC (unpublished observations). PABPC
localization must therefore be regulated by another SOX or
muSOX cytoplasmic target.

While cytoplasmic localization is clearly important for host
shutoff, one possibility is that the SOX homologs are nuclear-
cytoplasmic shuttling proteins whose shuttling activity is also
required to promote mRNA turnover. However, we have ob-
served that while treatment with the CRM1-mediated nuclear
protein export inhibitor leptomycin B increases the concentra-
tion of SOX in the nucleus (28), the elevated nuclear popula-
tion of SOX does not decrease upon drug removal (unpub-
lished observations). Thus, while we cannot yet formally rule
out shuttling activity, this observation suggests that once SOX
enters the nucleus it is very inefficiently (if at all) transported
back into the cytoplasm. Presumably, one or more cellular
factors must retain a portion of SOX in the cytoplasm, thereby
facilitating host shutoff.

SOX-induced host shutoff is tightly linked to its ability to
promote hyperadenylation of nascent messages in the nucleus
(28). mRNA polyadenylation is normally carried out by cellu-
lar poly(A) polymerase II (PAPII) in concert with nuclear
poly(A) binding protein (PABPN) (24, 25, 52). PABPN is
proposed to participate in tail formation and length control by
facilitating interactions between PAPII and the cleavage and
polyadenylation specificity factor complex over a defined tail
length (27). Similar to cellular mRNAs, SOX-induced hyper-
adenylation requires both PAPII and PABPN, and the result-
ing aberrantly processed mRNAs fail to be exported for trans-
lation (28). In yeast, hyperadenylated mRNAs accumulate at
their site of transcription in mutants defective in either 3’-end
processing or export (19, 22, 30). Hyperadenylation may there-
fore be viewed as a quality control signal to retain improperly
processed messages in the nucleus and, additionally, may occur
on mRNAs whose nuclear biogenesis and export do not take
place in a timely manner. Because mRNA processing and
export are tightly linked processes (8), it is difficult to dissect
which of these events is targeted primarily by SOX and
muSOX to promote hyperadenylation. However, our results
demonstrate that hyperadenylation is orchestrated by SOX
and muSOX from the cytoplasm. Given that hyperadenylation
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is a nuclear event, we conclude that these viral host shutoff
factors do not directly target the cellular polyadenylation ma-
chinery or any other nuclear RNA processing factors. Instead,
their ability to extend the poly(A) tail length must be indirect,
perhaps mediated by one or more cellular targets within the
cytoplasm that either directly affect RNA processing or partic-
ipate in RNA export. It is possible that PABPC may contribute
to this phenotype, as it associates with nuclear pre-mRNAs and
poly(A) polymerase-y (20) and has recently been found to be
a component of the mRNA 3’-end processing machinery (43).
Like hyperadenylation, PABPC import is similarly mediated by
the cytoplasmic fraction of SOX and muSOX. However,
siRNA-mediated knockdown of the predominant PABPCI1 iso-
form does not prevent SOX-induced hyperadenylation (28),
perhaps indicating that other factors participate in this pheno-
type as well. Identification of these factors, and how they or-
chestrate mRNA turnover in the nucleus and cytoplasm, will
undoubtedly shed light on mechanisms of global repression of
gene expression, either during viral infection or in response to
other physiological stimuli. Additionally, we anticipate that
SOX and its homologs will be powerful tools to help dissect
RNA metabolism in metazoans.
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