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Herpes simplex virus (HSV) stifles cellular gene expression during productive infection of permissive cells,
thereby diminishing host responses to infection. Host shutoff is achieved largely through the complementary
actions of two viral proteins, ICP27 and virion host shutoff (vhs), that inhibit cellular mRNA biogenesis and
trigger global mRNA decay, respectively. Although most cellular mRNAs are thus depleted, some instead
increase in abundance after infection; perhaps surprisingly, some of these contain AU-rich instability elements
(AREs) in their 3�-untranslated regions. ARE-containing mRNAs normally undergo rapid decay; however,
their stability can increase in response to signals such as cytokines and virus infection that activate the
p38/MK2 mitogen-activated protein kinase (MAPK) pathway. We and others have shown that HSV infection
stabilizes the ARE mRNA encoding the stress-inducible IEX-1 mRNA, and a previous report from another
laboratory has suggested vhs is responsible for this effect. However, we now report that ICP27 is essential for
IEX-1 mRNA stabilization whereas vhs plays little if any role. A recent report has documented that ICP27
activates the p38 MAPK pathway, and we detected a strong correlation between this activity and stabilization
of IEX-1 mRNA by using a panel of HSV type 1 (HSV-1) isolates bearing an array of previously characterized
ICP27 mutations. Furthermore, IEX-1 mRNA stabilization was abrogated by the p38 inhibitor SB203580.
Taken together, these data indicate that the HSV-1 immediate-early protein ICP27 alters turnover of the
ARE-containing message IEX-1 by activating p38. As many ARE mRNAs encode proinflammatory cytokines or
other immediate-early response proteins, some of which may limit viral replication, it will be of great interest
to determine if ICP27 mediates stabilization of many or all ARE-containing mRNAs.

Host protein synthesis is rapidly shut off during productive
infection with herpes simplex virus type 1 (HSV-1), thereby
tempering host responses to infection and allowing viral
mRNAs to dominate the host translational apparatus (69).
Host shutoff is achieved largely through the complementary
actions of ICP27 and the virion host shutoff (vhs) protein,
which inhibit host mRNA biogenesis and trigger accelerated
mRNA decay, respectively (26, 27, 41, 64, 75).

The immediate-early ICP27 protein is an essential multi-
functional regulator of viral and cellular gene expression, pos-
sessing both activating and repressive functions (47, 76). It
binds RNA (50) and shuttles between the nucleus and the
cytoplasm (46, 49, 59, 70, 77), properties that likely contribute
to its ability to activate expression of certain viral genes. In this
context, it has been proposed to aid in the transport of intron-
less viral messages to the cytoplasm via interactions with the
cellular mRNA transport factors Aly/Ref (7, 39) and/or TAP1
(8); however, the functional significance of the interaction with
Aly/Ref remains uncertain, as a mutation that eliminates the
interaction interface has a relatively minor effect on viral rep-
lication (46). ICP27 also binds components of the transcrip-
tional apparatus (31, 94) and translation initiation machinery
(25) and stimulates transcription and translation of viral and

reporter mRNAs (17, 30, 44). In addition to activating viral
gene expression, ICP27 inhibits the expression of most cellular
genes, at least in part by preventing the removal of introns
from primary RNA transcripts and down-regulating cellular
transcription (26, 27, 71, 76, 78).

vhs is a tegument protein that destabilizes cellular and viral
mRNAs (41, 42, 82), thus magnifying the repressive effects of
ICP27 on cellular gene expression. In contrast to ICP27, vhs is
dispensable for HSV-1 lytic replication in cell culture (24, 63,
64, 73); however, vhs-deficient viruses are highly attenuated in
animal models (80, 81). vhs displays amino acid similarity to
the FEN-1 family of cellular nucleases (14), and recent data
demonstrate that it functions as an endoribonuclease in the
absence of other cellular or viral proteins (86); in addition,
mutations in the nuclease domain of vhs eliminate its shutoff
activity (22). Although vhs accelerates the decay of both cel-
lular and viral mRNAs, other types of cytoplasmic RNA are
spared (42, 55, 93), implying that vhs employs an mRNA-
specific targeting mechanism. vhs binds host translation initi-
ation factors eIF4B and eIF4H, and these interactions have
been suggested to target vhs to mRNA substrates (13, 23). In
infected cells, vhs degrades the 5� end of the thymidine kinase
mRNA before the 3� end (35), while studies employing an in
vitro assay system using rabbit reticulocyte lysates provided
evidence that the initial endonucleolytic cleavage event occurs
near regions of translation initiation (15, 16) followed by 5�-
to-3� decay (57).

Although most cellular mRNAs are depleted by the combined
actions of ICP27 and vhs, some instead increase in abundance
following infection (61, 84). We and others have provided evi-
dence that one such virus-induced mRNA, encoding the im-
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mediate-early stress-inducible IEX-1 protein, is actively stabi-
lized during HSV infection (18, 29). IEX-1, encoded by the
human IER3 gene, is a potent regulatory protein described to
have both pro- and antiapoptotic activities depending on cell
type and context (1, 72, 91, 92). IEX-1 mRNA is one of many
labile cellular messages that contain an AU-rich instability
element (ARE) in their 3�-untranslated regions (UTRs).
AREs are found in many mRNAs that code for inflammatory
cytokines, transcription factors, and growth factors and act as
cis signals to promote rapid mRNA degradation and regulate
translation (3, 4, 21). Over 950 human mRNAs contain ARE
motifs, which are grouped into several classes based on se-
quence (4). Degradation of ARE RNAs is typically initiated by
deadenylation, likely mediated by the sequential actions of the
poly(A) nucleases PAN2/3 and CCR4, followed by decay of the
mRNA body in a 3�-to-5� direction by the exosome, a large
RNase complex (reviewed in reference 52). Although AREs
are functionally diverse and thus display substantial regulatory
heterogeneity, many class II ARE mRNAs are stabilized in
response to proinflammatory cytokines which activate the
stress-inducible p38 mitogen-activated protein kinase (MAPK)
pathway (12, 90). Examples of such p38-stabilized ARE
mRNAs are those encoding cyclooxygenase-2 (10, 68), inter-
leukin-6 (53), tumor necrosis factor alpha (10), granulocyte-
macrophage colony-stimulating factor (20, 89), and many other
proteins involved in inflammation (reviewed in reference 9). In
vivo studies have shown that activated p38 blocks decay of
ARE mRNAs by inhibiting the initial deadenylation reaction
(11); however, the mechanisms involved have yet to be fully
defined. Activated p38 phosphorylates the downstream kinase
MK2, leading to phosphorylation of the ARE-binding protein
tristetraprolin, decreasing its ability to promote RNA decay
(79). However, tristetraprolin cannot be the only relevant tar-
get of the p38 pathway, as it is not expressed in HeLa cells
where p38 exhibits stabilizing activity (11). The Kaposi’s sar-
coma herpesvirus (KSHV) kaposin B protein activates the
p38/MK2 pathway and thus stabilizes certain ARE mRNAs, an
effect that may account for the enhanced production of proin-
flammatory cytokines by cells harboring latent KSHV (48).

The observation that HSV infection stabilizes IEX-1 mRNA
(18, 29) implies that one or more features of this transcript
render it resistant to vhs-mediated degradation and also raises
the possibility that HSV enhances the stability of many ARE
transcripts in a fashion similar to KSHV. Thus, elucidating the
mechanisms by which HSV stabilizes IEX-1 mRNA is of great
interest. Esclatine et al. concluded that vhs is the viral stabi-
lizing factor (18); in marked contrast, we found that vhs has
little if any effect on the stability of IEX-1 mRNA during HSV
infection (29). The hypothesis that vhs stabilizes IEX-1 mRNA
(18) is difficult to reconcile with the known activity of vhs as an
mRNA-destabilizing RNase; it also seems to conflict with con-
clusions drawn in other studies by the same group, where it was
argued that IEX-1 mRNA is a preferred target for degradation
by vhs (19, 85, 86), a conclusion that we have recently chal-
lenged (29). Inasmuch as vhs did not obviously stabilize (or
destabilize) IEX-1 mRNA in our experiments, our data im-
plied that one or more viral factors other than vhs are the
IEX-1 mRNA-stabilizing factors (29).

Previous studies have shown that ICP27 binds to the ARE
elements in the 3�-UTRs of beta interferon (IFN-�) and c-myc

mRNAs to increase their stability (6). Furthermore, ICP27
activates the Jun N-terminal protein kinase and p38 stress-
activated MAPK pathways (28), suggesting a possible mecha-
nism for stabilization of certain ARE mRNAs. Therefore, we
initiated the present studies to clarify the roles of vhs and
ICP27 in the stabilization of IEX-1 RNA during HSV-1 infec-
tion. Our results indicate that intact polyadenylated IEX-1
mRNA is stabilized at middle to late times postinfection and
that this effect requires ICP27, not vhs. Moreover, experiments
using both a panel of ICP27 mutant viruses and a p38 kinase
inhibitor suggest that ICP27 stabilizes this ARE mRNA by
activating the p38 MAPK pathway.

MATERIALS AND METHODS

Cells and viruses. HeLa and Vero cells were maintained at 37°C in a 5% CO2

atmosphere in Dulbecco’s modified Eagle’s medium containing 100 U of peni-
cillin and streptomycin per ml and 10% or 5% heat-inactivated fetal bovine
serum, respectively. V27 cells are Vero derived and were engineered to express
ICP27 upon HSV-1 infection (65). The HSV-1 wild-type strain used in this study
was KOS. The following mutant viruses were derived from KOS: �Sma, which
contains a 588-nucleotide deletion in the UL41 gene (63); GFP vhs�, in which
all but the last 7 codons of the UL41 open reading frame are deleted and
replaced with enhanced green fluorescent protein (eGFP) coding sequences (see
below); 5dl1.2, an ICP27 null mutant (47); and LJS1, an ICP27/vhs double
knockout virus generated by recombination between 5dl1.2 and �Sma. The
ICP27 deletion virus d27-1 was derived from KOS1.1, as were the ICP27 in-
frame deletions dLeu, d1-2, d2-3, d3-4, d4-5, d5-6, and d6-7 and the point
mutants M11 and M50T. These viruses have been described previously (46, 50,
51, 54, 58, 65–67), and all but M50T were kindly provided by Stephen Rice
(University of Minnesota). Virus absorption, infections, and mock infections
were carried out at 37°C in order to minimize stress-mediated induction of IEX-1
mRNA. All viruses were propagated and titers were determined in Vero cells,
except the ICP27 mutant viruses, for which V27 cells were used.

Construction of mutant viruses. The HSV-1 strain KOS vhs null mutant GFP
vhs� was constructed as follows. First, the vhs open reading frame present in the
2.3-kb PstI-HincII fragment of viral DNA carried by pUC8 vhs Xba2 (33) was
altered by site-directed mutagenesis to create an NcoI cleavage site at the vhs
initiation codon. Specifically, the A residue at the �2 position relative to the
initiating ATG was converted to C by use of the QuikChange system (Strata-
gene), generating pUC8 vhs Xba2 NcoI. An NcoI-NotI fragment bearing eGFP
coding sequences isolated from peGFP-N1 (Clontech) was then cloned between
the NcoI and AatII sites of pUC8 vhs Xba2 NcoI, substituting the vhs open
reading frame for eGFP coding sequences. The resulting construct bears eGFP
coding sequences linked to the vhs promoter and lacks all but the last 7 codons
of the vhs open reading frame. The remaining 7 vhs codons are located down-
stream of the eGFP termination codon and thus cannot be translated readily.
The vhs deletion/substitution mutation was then transferred to the vhs locus of
the intact HSV-1 KOS genome by in vivo homologous recombination using
standard methods (74). Candidate recombinants were identified as green fluo-
rescent protein-positive plaques and then screened by Southern blot hybridiza-
tion to verify acquisition of the desired mutation at the vhs locus. One such
isolate was designated GFP vhs�. The ICP27/vhs double mutant LJS1 was
derived by in vivo recombination between 5dl1.2 and �Sma, essentially as pre-
viously described (43), with the exception that the in vivo recombination and
plaque purification of candidate recombinants were done in V27 cells. The
KOS1.1 ICP27 mutant M50T was derived as follows. First, the ICP27 coding
sequences present in pM27 (67) were altered by converting codon 50 from ATG
to CCG, as described above. The resulting plasmid was then used to rescue the
lethal phenotype of d27-1 by use of standard methods, and one plaque-purified
rescue product was amplified and designated M50T. As previously described
(54), the M50T mutation confers resistance to 10 ng/ml leptomycin B.

Antibodies and inhibitors. H1113 is a mouse monoclonal antibody that rec-
ognizes residues 109 to 137 of HSV-1 ICP27 (Rumbaugh-Goodwin Institute for
Cancer Research). Rabbit polyclonal anti-p38 and anti-phospho-p38 were from
Cell Signaling Technologies. Actinomycin D was from Sigma. The SB203580
inhibitor of p38 kinase activation was obtained from Calbiochem.

RNA preparation and Northern blotting. Total RNA was isolated from cells in
60-mm culture dishes by use of TRIzol reagent (Invitrogen) according to the
manufacturer’s instructions. RNA samples (10 �g) were subjected to 1.2% aga-
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rose-formaldehyde gel electrophoresis and transferred to a Genescreen mem-
brane (NEN). Blots were hybridized to a radiolabeled probe specific for IEX-1
that was generated by random priming of the 710-bp EcoR1-XhoI fragment from
the previously described IEX-1 cDNA IMAGE clone (29). Hybridization was
performed at 68°C in ExpressHyb solution (Clontech) according to the user’s
manual. All quantification was performed with a STORM 860 phosphorimager
(Molecular Dynamics). The signal of IEX-1 RNA band A was quantified inde-
pendently from that of band B, and the averages � standard errors of three
independent experiments were calculated.

Protein preparation and Western blotting. Six-well plates of mock-infected or
infected cells were washed once with phosphate-buffered saline and lysed directly
in 1� sodium dodecyl sulfate (SDS) sample buffer. Proteins were denatured by
boiling. Equivalent amounts of protein were subjected to SDS-10% polyacryl-
amide gel electrophoresis and transferred to nitrocellulose membranes (Amer-
sham). Membranes were blocked in Tris-buffered saline–Tween containing 5%
milk and probed overnight in Tris-buffered saline–Tween at 4°C with anti-ICP27
(1:2,000), anti-p38 (1:1,000), or anti-phospho-p38 (1:1,000). Horseradish perox-
idase-conjugated goat anti-rabbit and anti-mouse immunoglobulin secondary
antibodies were purchased from Sigma and used at a 1:5,000 dilution. Secondary
antibody was detected using ECL Plus detection reagents (Amersham Bio-
sciences) according to the manufacturer’s instructions.

RESULTS AND DISCUSSION

ICP27, not vhs, is required for HSV-mediated stabilization
of intact IEX-1 mRNA. As reviewed in the introduction, pre-
vious studies from another laboratory have reached varied and
seemingly conflicting conclusions about the effects of HSV
infection and vhs on the stability of the cellular stress-inducible
IEX-1 transcript (18, 19, 85): two early reports argued that
HSV infection causes selective vhs-dependent degradation of
IEX-1 mRNA (19, 85), while a more recent report suggested
instead that the mRNA is stabilized in a vhs-dependent fashion
in HSV-infected cells (18). As reported previously, we also
found that IEX-1 mRNA is stabilized following HSV-1 infec-
tion; however, our data indicated that vhs is not required for
this effect (29). The present study was initiated to investigate
the discrepancies between our results and those of Esclatine et
al. (18) and, if warranted, to identify viral factors other than
vhs that contribute to stabilization of IEX-1 mRNA.

One possibly relevant difference between our study (29) and
that of Esclatine and coworkers (18) was the use of different
vhs mutants. Esclatine et al. used R2621 (60), an HSV-1 strain
F construct in which the first 343 residues of the 489-residue
vhs (UL41) protein are fused in frame to Escherichia coli
�-galactosidase; in contrast, we used the HSV-1 strain KOS
mutant �Sma (63), which bears an in-frame deletion of UL41
codons 148 to 343. Although both mutations inactivate the host
shutoff function of vhs, it was conceivable that the C-terminal
region of the internally deleted protein encoded by �Sma
retains an IEX-1 mRNA-stabilizing function that is absent
from the truncated protein specified by R2621. We therefore
examined the effects of deleting the majority of the UL41 open
reading frame. To this end, we employed GFP vhs�, an HSV-1
KOS mutant in which vhs codons 1 to 483 are replaced with
eGFP coding sequences (see Materials and Methods). Note
that the 7 remaining vhs codons present in GFP vhs� are
located downstream of the eGFP termination codon and thus
cannot be translated readily.

HeLa cells were infected with 5 PFU/cell of GFP vhs�, as
well as �Sma and the parental wild-type HSV-1 strain, KOS.
Actinomycin D was added 6 h postinfection (hpi) to prevent de
novo transcription, and total RNA harvested at various times
thereafter was analyzed by Northern blotting using a radiola-

beled probe corresponding to the 3�-UTR of the IEX-1 tran-
script in order to assess transcript stability (Fig. 1A). As
described previously (19, 29, 85), three classes of IEX-1 tran-
scripts are observed in cells infected with wild-type HSV-1: a
diffuse band of 1.3 kb representing full-length poly(A)� IEX-1
mRNA displaying various poly(A) tail lengths (band A), a
discrete 1.1-kb band corresponding to deadenylated but
otherwise intact mRNA (band B), and a 0.75-kb species cor-

FIG. 1. ICP27, not vhs, is required for HSV-mediated stabilization
of IEX-1 RNA. (A) HeLa cells were mock infected or infected with
wild-type HSV-1 (strain KOS), either of two different vhs deletion
mutants of KOS (�Sma or GFP vhs�), or a deletion mutant of KOS1.1
(d27-1) at a multiplicity of infection of 5. Actinomycin D was added at
6 hpi, and total RNA was extracted at the indicated times. The IEX-1
transcript was visualized by Northern blotting. Letters at right indicate
bands A, B, and C. (B and C) The relative intensities of band A and
band B at each time at were quantified by phosphorimager analysis in
three independent experiments. The averages � standard errors are
plotted.
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responding to a truncated fragment lacking sequences 3� of the
ARE (band C) (Fig. 1A; see also Fig. 2 and 3). All of these
transcript classes are also present in uninfected cells (29) but
increase markedly in abundance following HSV infection. We
quantified the intensities of bands A and B in three indepen-
dent experiments and plotted the results as a function of time
after addition of actinomycin D (Fig. 1B and C). Bands A and
B both decayed rapidly in uninfected cells, with estimated
half-lives of approximately 25 and 45 min, respectively (Fig. 1B
and C). In contrast, bands A and B decayed much more slowly
in cells infected with wild-type HSV-1 KOS, with estimated
half-lives of 90 and 120 min. Previous studies of HSV-induced
stabilization of IEX-1 mRNA did not distinguish between the
stabilities of bands A and B (18, 29). The present data revealed
that wild-type HSV-1 stabilizes both RNA species (see also
Fig. 2, 3, and 5). Thus, HSV-1 infection appears to interfere
with the initial deadenylation reaction as well as the subse-
quent decay of the deadenylated mRNA body, implying that
two or more steps in the IEX-1 mRNA decay pathway are
inhibited. Both bands A and B were also stabilized following
infection with the vhs-deficient mutants �Sma and GFP vhs�;
however, in these cases the relative abundance of band C was
somewhat reduced compared to levels after infection with
wild-type KOS (Fig. 1A), as noted in earlier studies (29, 85).
These data confirm that HSV infection stabilizes IEX-1
mRNA and support our previous conclusion that vhs plays
little if any role in this process. In particular, the results ob-
tained with GFP vhs� exclude the possibility that the discrep-
ancy between our data and those obtained by Esclatine et al.
(18) stems from residual activity of the internally deleted
polypeptide specified by �Sma.

As noted in the introduction, the immediate-early protein
ICP27 has been implicated previously in stabilizing certain
cellular ARE mRNAs (6) and also has been shown to activate
the p38 stress kinase signaling pathway (28). We therefore
included the ICP27 null mutant d27-1, derived from HSV-1
KOS1.1, in the experiments depicted in Fig. 1. Strikingly, d27-
1-infected cells failed to stabilize IEX-1 band A relative to
uninfected cells, while band B was as stable as in cells infected
with wild-type KOS (compare Fig. 1B to C; see also Fig. 3 and
5) or KOS1.1 (data not shown). These data indicate that ICP27
is required for stabilization of the full-length polyadenylated
form of IEX-1 RNA (band A), an effect that likely stems from
inhibition of the initial deadenylation step in the IEX-1 mRNA
decay pathway. The data further suggest that one or more viral
factors other than ICP27 and vhs are responsible for the en-
hanced stability of the deadenylated decay product of the
IEX-1 transcript (band B) in infected cells.

Another possibly relevant difference between our previous
study (29) and that of Esclatine et al. (18) was the time after
infection when the actinomycin D chase was initiated: we
added actinomycin D 6 h postinfection, compared to 3 h in the
study by Esclatine et al. To determine if this difference con-
tributed to the discrepancies between the two studies, we ex-
amined the time course of IEX-1 RNA stabilization following
infection. HeLa cells were infected with wild-type HSV-1 KOS,
�Sma, 5dl1.2 (a KOS-derived ICP27 null mutant), and LJS1 (a
vhs�/ICP27� virus that combines the �Sma and 5dl1.2 muta-
tions [see Materials and Methods]); IEX-1 bands A and B were
then quantified following the addition of actinomycin D at 3, 6,

9, and 12 h postinfection (Fig. 2). None of the viruses, includ-
ing wild-type KOS, stabilized intact IEX-1 mRNA early in
infection (3 hpi) (Fig. 2A), as the half-life of band A did not
differ from that observed for mock-infected cells (Fig. 2B).
However, at middle to late infection times (6 to 12 hpi), the

FIG. 2. ICP27 stabilizes IEX-1 RNA at middle to late times after
HSV-1 infection. HeLa cells were mock infected or infected with
wild-type HSV-1 (strain KOS), a vhs deletion mutant of KOS (�Sma),
an ICP27 deletion mutant of KOS (5dl1.2), or a vhs and ICP27 double
knockout of KOS (LJS1) at a multiplicity of infection of 5. Actinomy-
cin D was added at 3, 6, 9, or 12 hpi. Total RNA was extracted at the
indicated times and blotted for the IEX-1 transcript. (A) Representa-
tive blots are shown when actinomycin D was added at 3 (top panel),
6 (middle panel), or 9 (bottom panel) hpi. Letters at right indicate
bands A, B, and C. (B and C) The half-lives of IEX-1 RNA bands A
and B at various infection times were determined from phosphor-
imager analyses of three independent experiments, and the averages �
standard errors are plotted, except for the 12-h infection, where the
averages of two independent experiments are plotted.
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stability of IEX-1 band A increased in both KOS- and �Sma-
infected HeLa cells, albeit perhaps more slowly in the case of
�Sma; in contrast, band A was not stabilized significantly at
any time postinfection with the ICP27-deficient viruses 5dl1.2
or LJS1 (Fig. 2B). A somewhat different pattern was observed
for band B, which was significantly stabilized by 3 hpi with
wild-type virus (Fig. 2C). However, stabilization of band B was
delayed during infection with �Sma. These data document that
bands A and B are both progressively stabilized as infection
proceeds, with band B being stabilized more rapidly. The data
also indicate that stabilization of band B, and possibly that of
band A, is somewhat delayed in the absence of vhs, perhaps
accounting for the conclusion of Esclatine et al. (18) that vhs is
required for stabilization of IEX-1 mRNA. In this context, we
note that Escalatine et al. (18) monitored IEX-1 mRNA sta-
bility via reverse transcriptase PCR using probes for IEX-1
coding sequences and thus did not distinguish between the
intact IEX-1 mRNA (band A) and its decay intermediates
(bands B and C). 5dl1.2 was less effective at stabilizing band B
than KOS or �Sma, in contrast to d27-1. The reason for this
difference has yet to be determined.

In summary, the data presented in this section document
that HSV-1 infection stabilizes both intact IEX-1 mRNA
(band A) and its deadenylated decay product (band B), imply-
ing that HSV-1 interferes with both the initial deadenylation
reaction and the subsequent degradation of the deadenylated
mRNA body. ICP27 is required for the stabilization of intact
IEX-1 mRNA (band A) whereas vhs is dispensable, and nei-
ther ICP27 nor vhs is absolutely required for stabilization of
band B. However, stabilization of band B appears to be de-
layed in the absence of vhs.

ICP27-dependent activation of p38 correlates with IEX-1
mRNA stabilization. ICP27 displays several characteristics that
could potentially contribute to its ability to stabilize IEX-1
mRNA. ICP27 is an RNA-binding protein that shuttles be-
tween the nucleus and cytoplasm (76), and it has previously
been shown to enhance the stability of the IFN-� transcript by
directly binding the 3�-UTR (6). In addition, ICP27 is the viral
protein responsible for the activation of p38 MAPK and its
downstream targets MK2 and MSK1 observed during HSV

infection (28). As noted above, activation of the p38 MAPK
pathway plays an important role in enhancing the stability
of many ARE mRNAs (12, 79, 90) by blocking the initial
deadenylation reaction (11). Moreover, KSHV has been shown
to modulate the stability of a number of ARE-containing cy-
tokine mRNAs via the activation of p38 and MK2 (48).

To investigate which regions of ICP27 are required for sta-
bilization of IEX-1 mRNA, we examined cells infected with a
panel of HSV-1 strain KOS1.1 ICP27 mutants, each of which
encodes a different mutated version of ICP27. The properties
of these mutants and their effects on viral replication are sum-
marized in Table 1 and described below. The 512-residue
ICP27 protein can be divided into several functional regions.
The amino-terminal domain of the protein contains a leucine-
rich nuclear export signal (NES) (amino acids 5 to 17), an
acidic region (amino acids 12 to 63), a nuclear localization
signal (NLS) (amino acids 110 to 137), and an RGG box
(amino acids 138 to 152) responsible for RNA binding (17, 46,
76). The C-terminal domain (amino acids 262 to 512) is highly
conserved and responsible for the transactivation and transre-
pression functions of ICP27 (67). The mutant panel included a
number of in-frame deletion mutations that span the amino-
terminal portion of the protein (dLeu, d1-2, d2-3, d3-4, d4-5,
d5-6, and d6-7) and M50T and M11, which alter 1 and 2 amino
acid residues, respectively (Table 1). Of these, dLeu is missing
the leucine-rich NES, and d1-2, d3-4, and d4-5 lack the acidic
region, NLS, and RGG box, respectively. M11 contains two
mutations in the C-terminal domain (R340L and D341E) that
prevent the expression of certain 	2 genes (67), and the single
amino acid change in M50T renders the virus resistant to
leptomycin B without altering the growth properties of the
virus (54). Hargett et al. (28) have analyzed many of these
mutants for their abilities to induce phosphorylation of the p38
MAPK in infected CV-1 cells, and their data are summarized
in Table 1.

HeLa cells were infected with each of the mutant viruses at
10 PFU/cell, actinomycin D was added at 7.5 hpi, and total
RNA samples were extracted at various times thereafter.
IEX-1 RNA stability was then determined by Northern blot-
ting, and the results of two representative experiments are

TABLE 1. ICP27 mutants used in this study

Mutant Residue(s) altered Region(s)
affected

Competency or deficiencya

Replicationb
pp38 inductionc

mRNA
stabilizationPrevious study This study

d27-1 �1–512 Entire ORFd � � � �
dLeu �6–19 NES � � � �
M50T M50T � ND � �
d1-2 �12–63 Acidic, NES �/� � � �
d2-3 �64–109 � � �/� �/�
d3-4 �109–138 NLS � �/� � �
d4-5 �139–153 RGG box �/� � � �
d5-6 �154–173 � � � �
d6-7 �174–200 � � � �
M11 R340L and D341E � � � �

a �, deficient; �/�, intermediate; �, competent; ND, not determined.
b Replication in Vero cells as determined in references 46, 54, and 67.
c Phospho-p38 (pp38) levels determined in reference 28 compared to those determined in this study.
d ORF, open reading frame.
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shown in Fig. 3A and B. As expected on the basis of previous
results, all of the mutant viruses stabilized IEX-1 band B rel-
ative to uninfected cells. However, the levels of stability of
band A varied among the isolates, and based on visual inspec-
tion of the Northern blots four phenotypes could be discerned.
First, three of the mutants stabilized band A as well as wild-
type KOS: M50T, d5-6, and d6-7. These three viruses are all
replication competent in cell culture. Second, one recombi-
nant, d2-3, displayed an intermediate ability to stabilize band
A. Third, d27-1, dLeu, d1-2, and M11 failed to stabilize band
A; in addition, in many but not all experiments these mutants
induced the accumulation of significant quantities of a larger,
more stable, ca.-1.7-kb IEX-1-related band that migrates just
below 18S rRNA. We have termed this RNA band A*. Finally,
two mutants, d3-4 and d4-5, failed to stabilize band A but did
not induce the appearance of band A*.

We have not yet determined the structure of the transcript
that gives rise to band A* and presently do not understand why
it appears in cells infected with some ICP27 mutants and not
others or why it varies in relative abundance between experi-
ments. Oddly, when it is present it can be detected in prepa-

rations of both total cellular and cytoplasmic RNA, but it is not
evident in poly(A)� RNA prepared by oligo(dT) cellulose
chromatography (data not shown). Thus, band A* does not
appear to correspond to a discrete poly(A)� transcript. Band
A* complicated our analysis, because when it was present it
interfered with accurate quantification of band A. In addition,
band A was difficult to accurately quantify in cases where its
intensity (steady-state level) prior to the addition of actinomy-
cin D was reduced relative to that upon infection with wild-
type virus (e.g., d1-2, M11, and d27-1). For these reasons, we
were unable to accurately determine the half-life of band A for
some of the mutants analyzed in this series of experiments and
therefore relied on visual inspection to categorize the mutant
phenotypes.

All of the ICP27 mutants that displayed severe defects in
stabilizing IEX-1 band A (d27-1, dLeu, d1-2, d3-4, d4-5, and
M11) also showed a noticeable increase in the ratio of band B
to band A prior to the addition of actinomycin D (Fig. 3A and
B). Inasmuch as band B is derived from band A by deadeny-
lation, this finding provides additional evidence that these mu-
tants display a reduced ability to stabilize band A relative to
the ability of wild-type HSV-1. Taken in combination, these
data indicate that multiple regions of ICP27, including se-
quences located at both the amino- and carboxy-terminal por-
tions of the polypeptide, are required for stabilization of IEX-1
band A.

We next asked if the mRNA stabilization phenotypes of the
various ICP27 mutants correlate with their abilities to induce
phosphorylation of p38. At first glance this seemed unlikely, as
the mRNA stabilization patterns of the mutants differed signifi-
cantly from their previously published p38 activation profiles (28)
(summarized in Table 1). For example, Hargett et al. reported
that dLeu, d4-5, and M11 are all competent to activate p38
(28), while we found that these mutants fail to stabilize IEX-1
band A (Fig. 3; Table 1). However, the experiments of Hargett
et al. were conducted with African green monkey CV-1 cells
whereas our mRNA stabilization assays were done with human
HeLa cells. We therefore determined the p38 activation pro-
files of the mutants in HeLa cells (Fig. 4). The various mutant
viruses expressed approximately equivalent amounts of ICP27
as detected by Western blotting with H1113 monoclonal anti-
body, and the protein migrated at its expected molecular
weight (Fig. 4, top panel), except, as expected, with d27-1 and
d3-4, both of which lack the sequences encoding the epitope
recognized by the H1113 antibody (28, 46). However, cells
infected with d3-4 have been shown previously to express the
ICP27 protein by use of the H1119 monoclonal antibody (28,
46). The infected-cell lysates were then immunoblotted for
phospho-p38 (the active form) and total p38 (Fig. 4, middle
and bottom panels, respectively). These experiments revealed
a strong correlation between p38 phosphorylation and IEX-1
mRNA stabilization (summarized in Table 1). Specifically, all
of the mutants that failed to stabilize IEX-1 band A (Fig. 3A
and B) also failed to induce phosphorylation of p38 (Fig. 4,
middle and bottom panels). These included d27-1, dLeu, d1-2,
d3-4, d4-5, and M11. The mutant d2-3 displayed an interme-
diate ability to trigger phosphorylation of p38, consistent with
the intermediate level of IEX-1 turnover in these cells. The p38
activation spectrum obtained in these experiments differs sig-
nificantly from that reported by Hargett et al. (28) obtained

FIG. 3. Regions of ICP27 required for stabilization of IEX-1 RNA
band A. (A and B) HeLa cells were mock infected or infected with
wild-type HSV-1 (strain KOS), the ICP27 null mutant of KOS (d27-1),
one of the in-frame deletion mutants dLeu, d1-2, d2-3, d3-4, d4-5, d5-6,
or d6-7, or one of the point mutants M50T or M11 at a multiplicity of
infection of 10. Actinomycin D was added to the infected cultures at
7.5 hpi, and total RNA was extracted and blotted for the IEX-1 tran-
script as described in the legend for Fig. 1. Results from two repre-
sentative experiments are displayed. Letters at right indicate bands A*,
A, B, and C.
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using the same collection of ICP27 mutants (Table 1). We
suspect that the different cell types used (HeLa versus CV-1) in
the two studies may contribute to these discrepancies.

The foregoing data were consistent with the hypothesis that
ICP27-induced activation of the stress-induced kinase p38 is
responsible for the enhanced stability of IEX-1 mRNA in
HSV-1-infected cells. To test this hypothesis more directly,
HeLa cells were infected with KOS or d27-1 in the presence or
absence of the p38 kinase inhibitor SB203580. The inhibitor
blocked the ability of KOS to stabilize IEX-1 band A com-
pared to untreated, KOS-infected cells and thus gave rise to an
IEX-1 mRNA turnover profile similar to that of the ICP27
knockout d27-1 (Fig. 5). Indeed, the drug greatly reduced the
level of band A and increased the level of band B in KOS-
infected cells even in the absence of actinomycin D, suggesting
that it specifically enhances IEX-1 mRNA deadenylation with-
out affecting the rate of turnover of the deadenylated product.
Consistent with this hypothesis, SB203580 had no effect on the
stability of band B in cells infected with d27-1. Taken together,
these data indicate that HSV-1 infection activates the p38
MAPK pathway, resulting in altered turnover of the ARE-
containing RNA IEX-1, and that ICP27 is necessary for this
process.

Although our experiments establish that ICP27 is required
for stabilization of IEX-1 mRNA during HSV-1 infection, this
finding does not necessarily indicate that ICP27 is the stabiliz-
ing factor. Indeed, ICP27 is required for the expression of
certain early and late viral genes (17, 30, 47, 88), and it is
therefore possible that ICP27 acts indirectly by inducing the
synthesis of another viral protein that serves as the stabilizing
factor. Unfortunately, our attempts to date to use transfection-
based assays to determine if ICP27 is able to stabilize IEX-1

mRNA in the absence of other HSV gene products have been
unsuccessful, as IEX-1 mRNA appears to be stabilized by the
stresses associated with the transfection protocol (data not
shown). Nonetheless, for the following reasons, we currently
favor the hypothesis that ICP27 is directly responsible for the
altered turnover of IEX-1. First, the ICP27 mutants d1-2, d2-3,
d3-4, and d4-5 permit close-to-wild-type levels of early and late
gene expression and yet these mutants fail to stabilize IEX-1
RNA (2, 46), thereby uncoupling the gene activation function
mediated by ICP27 from that of stabilization. Along the same
lines, SB203580 abrogates ICP27-dependent mRNA stabiliza-
tion and yet has no detectable effect on the viral transcription
program (34). Second, ICP27 has been shown previously to be
both necessary and sufficient for the ability of HSV-1 infection
to activate the MAPK p38 (28). These authors used a collec-
tion of recombinant viruses and inhibitors to eliminate other
HSV-1 immediate-early, early, or late gene products as being
responsible for p38 phosphorylation. Thus, if the sole mecha-
nism utilized by ICP27 to stimulate ARE RNA stability is via
p38 activation, it is likely the only viral protein product re-
quired for this effect. Third, although ICP27 is expressed at
high levels at very early times, it is not observed in the cyto-
plasm until approximately 6 hpi (8, 46). Thus, the increase in
IEX-1 RNA stability correlates with the time during infection
when ICP27 accumulates in the cytoplasm. Further, the recom-
binant viruses dLeu and d1-2, which lack all or a portion of the
NES, respectively, are restricted to the nucleus (8, 46) and
cannot stabilize IEX-1 (Fig. 3). Fourth, the mutant form of
ICP27 encoded by d4-5, which lacks the RNA-binding domain,
is cytoplasmically located but cannot bind RNA; d4-5 also does
not alter IEX-1 RNA turnover (Fig. 3). Brown et al. (6) dem-
onstrated that ICP27 bound to the ARE-containing RNAs
IFN-� and c-myc in vitro and suggested that this binding di-
rectly promotes RNA stability, though this binding specificity
could not be replicated by others (50). These considerations
raise the possibility that the RNA-binding activity of ICP27
may also contribute to the modulation of RNA stability in
infected cells. However, it seems likely that cytoplasmic local-
ization and RNA binding by ICP27 are insufficient for p38
activation and mRNA stabilization, as d3-4, which can be de-
tected in the cytoplasm (46) and contains an intact RRG box,
is devoid of these activities. Similarly, although to our knowl-
edge the shuttling and RNA-binding activities of M11 have not

FIG. 4. Effects of ICP27 mutations on activation of p38 MAPK.
HeLa cells were mock infected or infected with wild-type HSV-1
(strain KOS), the ICP27 null mutant of KOS (d27-1), one of the
in-frame deletion mutants dLeu, d1-2, d2-3, d3-4, d4-5, d5-6, or d6-7,
or one of the point mutants M50T or M11 at a multiplicity of infection
of 10. Infected cells were lysed at 7.5 to 8 hpi, and then total protein
was separated by SDS-10% polyacrylamide gel electrophoresis and
immunoblotted to verify the accumulation of ICP27 by use of the
monoclonal antibody H1113 (top panel). A second blot was probed
sequentially for the phosphorylated (pp38, middle panel) and non-
phosphorylated (p38, bottom panel) forms of p38 kinase.

FIG. 5. Effects of the p38 inhibitor SB203580 on HSV-induced
stabilization of IEX-1 RNA band A. HeLa cells were pretreated for 30
min with either SB203580 (10 mM in dimethyl sulfoxide) (�) or an
equivalent volume of dimethyl sulfoxide (�) and then mock infected
or infected with wild-type HSV-1 KOS or d27-1 at a multiplicity of
infection of 10. Inhibitor treatment was continued throughout the
infection. Actinomycin D was added to the infected, treated cultures at
7.5 hpi, and total RNA was extracted and blotted for the IEX-1 tran-
script as described in the legend for Fig. 1. A representative blot is
shown. Letters at right indicate bands A, B, and C.

9726 CORCORAN ET AL. J. VIROL.



been determined, the mutation is located outside the domains
required for these activities and yet the mutant protein fails to
activate p38 or stabilize IEX-1 mRNA.

The foregoing data indicate that the mRNA-stabilizing ac-
tivity of ICP27 depends on its ability to activate p38, but they
do not exclude the possibility that other mechanisms, including
direct binding of ICP27 to ARE RNAs (6), also contribute to
the effect. The ARE-binding and -destabilizing protein tristet-
raprolin modulates the stability of certain ARE-containing
messages by altering the location of the target RNA in re-
sponse to extracellular signals (79). As an RNA-binding pro-
tein, ICP27 might similarly modulate the association of ARE
messages like IEX-1 with the cytoplasmic depots that form in
response to stress (stress granules) or with sites of RNA decay
(P or GW bodies) (36, 37). Recently, certain players of the
RNA interference pathway (Dicer, Ago1, and miR16) have
been implicated in the normal turnover of ARE-containing
messages (32, 87). Indeed, the miR16 microRNA interacts
with the ARE and tristetraprolin to trigger mRNA decay (32).
Though these findings raise the possibility that ICP27 might
enhance the stability of ARE RNAs by interfering with RNA
silencing in a fashion similar to other recently described viral
suppressors of RNA silencing that function in mammalian cells
(5, 45, 83), we have not be able to demonstrate such activity by
using a reporter assay system developed by Sullivan and
Ganem (83) (data not shown).

Concluding remarks. ICP27 is a highly conserved and es-
sential immediate-early protein and a prominent player in
herpesvirus-induced shutoff of cellular gene expression. This
report elucidates a new role for this multifunctional protein in
mediating the stabilization of the normally labile IEX-1
mRNA. The ability of ICP27 to activate the p38 MAPK path-
way is necessary for this effect. Activated p38 is able to stabilize
a large number of ARE mRNAs encoding proinflammatory
proteins (9), raising the possibility that HSV infection stabi-
lizes many of these ordinarily labile mRNAs; however, this has
yet to be determined directly. What is also not yet clear is why
HSV-1 infection augments the accumulation of IEX-1 and
perhaps other ARE mRNAs, some of which encode proteins
that may limit viral replication.

The IEX-1 gene product is a potent regulator with the ability
to alter cell survival in response to stress signals (1, 72, 91, 92).
In some cell types, expression of IEX-1 promotes apoptosis
(1), while in others, it is protective (92). The protein is found
to be associated with ND10 domains (40) and shuttles between
the nucleus and the cytoplasm in response to certain stimuli
(38). Even though IEX-1 mRNA is up-regulated and stabilized
in HSV-infected cells, Taddeo and colleagues report that the
protein is not detectable later than 1 h after infection (85),
implying that the protein is degraded and/or its mRNA is not
translated. These authors suggested that the IEX-1 gene prod-
uct might be detrimental to viral replication but demonstrated
that overexpression of the protein has no effect on the repli-
cation or late gene expression of HSV (85). These data make
it unclear whether the increased stability of IEX-1 RNA leads
to enhanced protein production and, if so, whether the IEX-1
protein helps or hinders replication of HSV-1.

The latent KSHV gene product kaposin B increases the
expression of certain cytokines by blocking the degradation of
ARE-containing mRNAs via a mechanism that involves bind-

ing and activating the MK2 kinase, a target of activated p38
(48). This observation links the elevated levels of proinflam-
matory cytokines found in Kaposi’s sarcoma tumor sites in vivo
and the requirement for certain cytokines for the growth of
Kaposi’s sarcoma spindle cells in vitro with virus infection. It
has also been shown that pseudorabies virus infection elevates
the levels of the ARE-containing message for cyclooxygen-
ase-2. This enzyme is required for virus replication, as cyclo-
oxygenase-2 inhibitors abrogate virus production in cell culture
(62). These recent observations suggest that diverse herpesvi-
ruses may have evolved the ability to modulate cellular gene
expression by interfering with the decay of certain cellular
mRNAs and, even more surprisingly, that the result of these
efforts is the increased expression of proteins generally consid-
ered antiviral. Perhaps host inflammatory responses directly
benefit herpesviruses by promoting host survival and establish-
ing latency, features that are key to the maintenance of this
group of viruses within host populations.

Finally, the work described in this study establishes that,
contrary to a previous report (18), vhs is not the viral protein
responsible for stabilizing IEX-1 mRNA. However, we also
find that vhs does not destabilize IEX-1 mRNA detectably
during middle to late times (6 to 12 hpi) of HSV-1 infection.
Though we previously observed that �Sma-infected cells accu-
mulate the IEX-1 transcript to greater amounts at 12 and 24
hpi than cells infected with the wild-type virus (29), we suspect
that this difference may result from the increased levels of
ICP27 mRNA and protein found in cells infected with vhs
mutants (56) rather than from direct action of vhs on IEX-1
mRNA. Thus, it is very intriguing that the IEX-1 RNA sub-
strate may be resistant to the RNase activity of vhs in vivo, as
vhs is generally believed to target all mRNAs indiscriminately
and can cleave the IEX-1 RNA substrate in vitro (86). It is
unclear at this point why the IEX-1 RNA is resistant to the
activity of vhs in HSV-infected cells. Determining the molec-
ular basis for this immunity will be of great interest.
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