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Herpes simplex virus (HSV) virion host shutoff protein (vhs) destabilizes cellular and viral mRNAs. Previous
work from several laboratories has indicated that vhs accelerates the turnover of most host mRNAs and
provided evidence that at least some of these are degraded via endonucleolytic cleavage near regions of
translational initiation followed by 5'—3’ decay. In contrast, several recent reports have argued that vhs is
selective, preferentially targeting a subset of mRNAs including some that bear AU-rich instability elements
(such as the stress-inducible IEX-1 mRNA). These reports concluded that vhs triggers deadenylation, 3’
cleavage, and 3’ =5’ decay of IEX-1 mRNA. However, we report here that HSV infection does not increase the
rate of degradation of IEX-1 mRNA; rather, actinomycin D chase assays indicate that the transcript is
stabilized relative to that in uninfected cells in both the presence and absence of functional vhs. Moreover,
deadenylated but otherwise intact IEX-1 mRNA was readily detected in uninfected cells cultured under our
experimental conditions, and its relative abundance did not increase following HSV type 1 (HSV-1) infection.
We confirm that HSV infection increases the relative abundance of a discrete 0.75-kb 3’-truncated IEX-1 RNA
species in a vhs-dependent manner. This truncated transcript was also detected (albeit at lower levels) in cells
infected with vhs mutants and in uninfected cells, where it increased in abundance in response to tumor
necrosis factor alpha, cycloheximide, and puromycin. We conclude that IEX-1 mRNA is not preferentially

degraded during HSV-1 infection and that HSV-1 instead inhibits the normal turnover of this mRNA.

Herpes simplex virus (HSV) rapidly shuts off expression of
most cellular genes during lytic infection in tissue culture (34).
Shutoff is a multitiered process that involves inhibition of host
mRNA biogenesis (19, 39), accelerated degradation of cyto-
plasmic mRNAs (23, 44), and selective translational repression
(18, 25). The virion host shutoff (vhs) protein encoded by the
gene ULA1 plays a key role in the shutoff process (24, 33) by
triggering inhibition of host protein synthesis and accelerated
decay of host and viral mRNAs (23, 30, 44; reviewed in refer-
ence 38). vhs displays amino acid sequence similarity to a
family of cellular nucleases (8, 14, 15), and G. S. Read and
colleagues have assembled strong genetic and biochemical ev-
idence that vhs has inherent RNase activity (15). It therefore
seems plausible that many or all of the regulatory properties of
vhs stem from its actions as a nuclease. vhs is dispensable for
virus replication in tissue culture (33, 37). However, vhs mu-
tants are severely attenuated in animal models of HSV infec-
tion (26, 41-43). Mounting evidence indicates that this atten-
uation stems from the inability of vhs mutants to effectively
quench certain host responses to infection, including the type
I interferon system (17, 28, 35, 45; reviewed in reference 38).

vhs is selective in that it degrades mRNA and spares other
cytoplasmic RNA species (22, 23, 30, 51). It binds host trans-
lation initiation factors eIF4B and eIF4H (7, 16), and these
interactions have been suggested to deliver vhs to mRNAs
(16). Consistent with this hypothesis, vhs appears to degrade
the 5" end of HSV thymidine kinase mRNA before the 3" end
in infected cells (20). In addition, vhs initiates RNA decay via
endonucleolytic cleavage near regions of translation initiation
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in an in vitro assay system derived from rabbit reticulocyte
lysates (10, 11). Recent studies have shown that subsequent
RNA decay in this system occurs in an overall 5'—3" direction
(31).

The vhs-dependent shutoff system is able to inhibit the syn-
thesis of the majority of the host proteins that can be detected
by one-dimensional sodium dodecyl sulfate-polyacrylamide gel
electrophoresis in assays conducted in the absence of ongoing
cellular or viral transcription (33), and vhs has been shown to
destabilize many host and viral mRNAs (23, 30). These obser-
vations have been taken to indicate that vhs displays little if any
selectivity, globally destabilizing most mRNAs. However, sev-
eral recent reports from the Roizman laboratory have argued
that mRNA decay triggered by vhs is highly selective, prefer-
entially targeting a subset of mRNAs including some that bear
AU-rich instability elements (AREs) (12, 13, 47). This hypoth-
esis emerged from studies of the effects of HSV type 1
(HSV-1) infection on the cellular stress-inducible ITEX-1
mRNA. IEX-1 mRNA was strongly induced following HSV-1
infection (46). However, two RNA bands corresponding to
IEX-1 degradation intermediates were also observed in the
infected cells: deadenylated but otherwise intact mRNA (band
B) and a 3'-truncated species lacking a portion of the 3" un-
translated region (UTR) (band C) (12, 47). These degradation
intermediates appeared to increase in relative abundance at
the expense of fully intact IEX-1 mRNA as HSV-1 infection
proceeded. The authors reported that bands B and C were not
present in uninfected cells or in cells infected with an HSV-1
vhs mutant. It was therefore concluded that vhs provokes deg-
radation of IEX-1 mRNA through deadenylation, endonucleo-
Iytic cleavage in the 3" UTR, and 3’ —5" decay of IEX-1 mRNA
(12). Similar vhs-dependent processes were proposed to target
the 3’ regions of the ARE-bearing mRNAs encoding IkBa and
c-fos. In contrast, no evidence for such vhs-dependent decay
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was obtained with several virus-induced cellular mRNAs that
lack AREs (12). Based on these findings, the authors suggested
that the vhs system selectively targets ARE-bearing transcripts,
thereby blocking a subset of the host responses to infection
(12). Consistent with this hypothesis, HSV infection was shown
to enhance the synthesis of tristetraprolin (13), a cellular pro-
tein that plays a key role in the turnover of some ARE-bearing
mRNAs (1). In addition, evidence was presented to suggest
that vhs binds tristetraprolin (13).

AREs are present in the 3'UTRs of a large number of
inherently unstable cellular mRNAs, where they serve to reg-
ulate mRNA function at the levels of RNA degradation and
translation (5, 49, 52). Examples of ARE-bearing mRNAs in-
clude those encoding cytokines (e.g., tumor necrosis factor
alpha [TNF-a] and type I interferons), immediate-early re-
sponse transcription factors (e.g., c-fos and c-myc), and regu-
lators of apoptosis (eg., Bcl-2). Although AREs are function-
ally diverse and appear to vary in the mechanisms used to
engage the cellular mRNA turnover machinery, intensive stud-
ies have shown that degradation of many ARE-bearing
mRNAs proceeds through deadenylation followed by 3'—5'
decay (49). AREs serve to control mRNA stability in response
to external signals, and several proinflammatory cytokines are
able to stabilize select ARE-bearing transcripts by activating
the p38 mitogen-activated protein kinase signaling pathway
and the downstream MK2 kinase (21, 50). Recent data indicate
that stabilization is achieved at least in part via MK2-mediated
phosphorylation of tristetraprolin (40).

The hypothesis that HSV infection and vhs selectively target
ARE-bearing mRNAs for destruction is very intriguing, be-
cause as noted above, most cytokine mRNAs (including beta
interferon [IFN-B]) bear AREs. The hypothesis might there-
fore provide an elegant explanation for the role of vhs in
blunting the type I IFN response and other aspects of innate
immunity summarized above. However, the hypothesis appears
to conflict with an earlier report indicating that HSV infection
actively stabilizes certain ARE-bearing mRNAs including
IFN-B, a process accompanied by binding of the viral imme-
diate-early protein ICP27 to the 3’ ARE (2). Moreover, we
noted that the evidence for vhs-induced destabilization of
IEX-1 mRNA was based mostly on detecting increased quan-
tities of presumed mRNA degradation intermediates in situa-
tions where the overall levels of the transcript were enhanced
rather than on more-direct measures of the rate of mRNA
degradation. We therefore reevaluated the effects of HSV in-
fection and vhs on IEX-1 mRNA. We found that HSV infec-
tion stabilizes IEX-1 mRNA relative to results with uninfected
cells and that vhs has little effect on this stabilization process.
We confirmed the previous reports that the presence of func-
tional vhs increases the relative abundance of a specific 3'-
truncated IEX-1 RNA species (band C) and conclude that
HSV-1 infection and possibly vhs interfere with the normal
turnover of IEX-1 mRNA.

MATERIALS AND METHODS

Cells and viruses. HeLa cells were maintained in Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum. HEL cells (obtained from the
American Type Culture Collection) were cultured in Dulbecco’s modified Ea-
gle’s medium containing 10% fetal bovine serum and 1 mM sodium pyruvate.
The HSV-1 strains used in this study were KOS, F (originally from B. Roizman),
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and the KOS-derived vhs mutant virus ASma, which contains a 588-nucleotide
deletion in the UL41 gene (32). Virus absorption, infections, and mock infections
were carried out at 37°C in order to minimize stress-mediated induction of IEX-1
mRNA (47). Care was taken to limit the time that cultures were handled at room
temperature to less than 2 min. Control experiments demonstrated that the
mock-infection protocol did not increase IEX-1 mRNA levels in HeLa cells. UV
inactivation of HSV-1 was performed by using a UV-Stratalinker 2400 (Strat-
agene) for 1 min. This method of preparing UV-inactivated viruses has previ-
ously been reported to reduce titers of virus by a factor of ~10* (27).

IEX-1 plasmid and probes. An IMAGE cDNA clone containing nucleotides
523 to 1236 of IEX-1 mRNA (5481250; Invitrogen) was used to generate probes
for Northern blot analysis of IEX-1 RNA. The authenticity of the IMAGE clone
was confirmed by sequencing the entire insert region. IEX-1 probe 1 was a
~450-base-pair EcoRI-Aat II fragment isolated from clone 5481250. IEX-1
probe 2 was a 260-base-pair Aat II-Xhol fragment from the same plasmid. These
plasmid-derived probes were radiolabeled with 3?P by random priming. Glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) mRNA was detected by using
an oligonucleotide (5" TTGACTCCGACCTTCACCTTCCCCAT 3') 5’ end la-
beled using polynucleotide kinase and [y->*P]ATP.

RNA preparation. Total RNA was isolated from cells in 60-mm-culture dishes
using TRIzol reagent (Invitrogen) according to standard protocols. Poly(A)™
RNA was selected by using an Oligotex mRNA minikit (QIAGEN) according to
the manufacurer’s instructions. RNA was deadenylated by treating total RNA
with oligo(dT) and RNase H. Ten micrograms of RNA was incubated with 500
ng of oligo(dT) 12-18 (Invitrogen)/ul and 0.5 U of RNase H (Invitrogen) in
digestion buffer (20 mM Tris [pH 7.5], 10 mM MgClI2, 0.5 mM EDTA, 50 mM
KCl, 1 mM dithiothreitol, 30-ng/pl bovine serum albumin) for 1 h at 30°C. RNA
was ethanol precipitated before electrophoresis.

Northern blot analysis. RNA samples (10 wg) were electrophoresed through
a 1.3% agarose-formaldehyde gel and transferred to a Genescreen membrane
(NEN). Blots were hybridized to radiolabeled probes specific for IEX-1 or
GAPDH mRNA. Hybridization to IEX-1 probes 1 and 2 was done at 68°C in
ExpressHyb (Clontech) according to the user’s manual. The GAPDH oligonu-
cleotide probe was hybridized at 55°C in a modified Westneat buffer (6.6%
sodium dodecyl sulfate, 250 mM morpholinepropanesulfonic acid [pH 7.0], 5X
Denhardt’ solution, 1 mM EDTA). All quantification was performed with a
STORM 860 phosphorimager (Molecular Dynamics).

Cytokines and inhibitors. Interleukin 1 beta (IL-1B) was purchased from
Research Diagnostics, Inc., and TNF-a was a gift from Hoffman-La Roche to L.
Guilbert. Actinomycin D, cycloheximide, and puromycin were from Sigma.

RESULTS AND DISCUSSION

Uninfected cells contain IEX-1 transcript B and trace
amounts of IEX-1 transcript C. Previous studies have sug-
gested that transcripts of the stress-inducible cellular IEX-1
gene increase in abundance following HSV-1 infection and
then are degraded in a vhs-dependent fashion via deadenyla-
tion and cleavage in the 3" UTR (12, 47). Three classes of
IEX-1-related transcripts were detected by Northern blot anal-
ysis of RNA extracted from cells infected with wild-type HSV-1
(diagrammed in Fig. 1E): a broad band of ca. 1.3 kb repre-
senting intact IEX-1 mRNA bearing poly(A) tails of varied
length (band A), a discrete 1.1-kb band corresponding to non-
adenylated but otherwise full-length RNA (band B), and a
3’-truncated species of ca 0.75 kb reported to arise via vhs-
dependent endonucleolytic cleavage in the 3" UTR (band C).
Band A was present in both infected and uninfected cells, but
bands B and C were reported to arise only after infection with
HSV-1 expressing functional vhs. Band B appeared to be gen-
erated through deadenylation of the intact mRNA, since it
increased in abundance while band A either declined or re-
mained relatively constant during infection (12, 47).

We sought to confirm these findings as a prelude to more-
detailed studies of the mechanism of vhs action in this system.
In the first experiment, HeLa cells were mock infected or
infected with 5 PFU of wild-type HSV-1 strain KOS or the
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FIG. 1. Effects of HSV infection on IEX-1 RNA in HeLa and HEL cells. (A-D) HeLa (A, B, C) or HEL (D) cells were mock infected or
infected with wild-type HSV-1 (strain KOS or F) or a vhs deletion mutant of KOS (ASma) at a multiplicity of infection of 5, and total RNA
harvested at the indicated times (h) postinfection (hpi) was analyzed for IEX-1 transcripts by Northern blot hybridization, using probe 1,
diagrammed in panel E. The mobilities of IEX-1 bands A to C are indicated. Panels A, C, and D display film exposures. Panel B displays a lighter
phosphorimager exposure of the blot shown in panel A. The blots shown in panels A and D were also probed for GAPDH mRNA, indicated with
an arrowhead. (E) Structures of IEX-1 transcripts. The diagram illustrates the structures of the three classes of IEX-1 transcripts detected in this
report and indicates the locations of the IEX-1 open reading frame (IEX-1 ORF), ARE, and 3’ poly(A) tail [(A)n]. Bands A, B, and C correspond
to full-length, deadenylated, and 3’-truncated transcripts, respectively. The relative positions of probes used in Northern blot analyses are also

shown.

vhs-deficient mutant ASma (32)/cell, and total RNA harvested
at various times postinfection was analyzed by Northern blot
hybridization, using a radiolabeled IEX-1 probe corresponding
to the 5" portion of the 3" UTR (Fig. 1E, probe 1). The RNA
samples were also scored for GAPDH mRNA, using an oligo-
nucleotide probe. The results (Fig. 1A and B) confirmed that
IEX-1 mRNA levels increase following infection with wild-type
HSV-1 and that three classes of transcripts can be resolved by

gel electrophoresis. Similar results were obtained after infec-
tion with HSV-1 strain F (Fig. 1C) and infection with either
strain at a multiplicity of 10 PFU/cell (data not shown). The
electrophoretic mobilities of the three classes of IEX-1 tran-
scripts were consistent with those previously reported for
bands A to C (12, 47), and the RNA species are therefore
labeled as such in Fig. 1. IEX-1 transcript levels peaked at
about 8 to 12 h postinfection with KOS and declined signifi-
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FIG. 2. Structures of IEX-1 RNAs detected in HeLa cells. HeLa
cells were mock infected or infected with HSV-1 KOS or ASma at a
multiplicity of infection of 5 PFU/cell. (A) Status of the poly(A) tail.
RNA extracted 8 h postinfection was analyzed by Northern blot hy-
bridization by using probe 1 (see Fig. 1E). Lanes 1, total RNA; lanes
2, poly(A)" RNA; lanes 3, deadenylated total RNA. (B and C) Tran-
scripts detected by probes 1 (B) and 2 (C). Total RNA extracted at the
indicated times (h) postinfection (hpi) was analyzed by Northern blot
hybridization, using the IEX-1 probes 1 and 2, diagrammed in Fig.
1D). The mobilities of IEX-1 transcripts A to C are indicated. The
bottom portion of panel displays a longer exposure to facilitate visu-
alization of band C.

cantly at later time points (Fig. 1A, B, and C). This late decline
was delayed during infection with ASma, a result that mirrors
the delayed decline of viral immediate-early and early mRNAs
observed during infection with vhs mutants (30). Previous re-
ports have concluded that IEX-1 bands B and C are detected
only during infection in the presence of functional vhs (12, 47).
However, in our experiments RNA migrating at the position of
band B was also detected after infection with ASma and in
uninfected HeLa cells (Fig. 1A, B, and C and Fig. 2). More-
over, its abundance relative to band A did not change greatly
over the course of infection with wild-type HSV-1 KOS or F
(Fig. 1A, B, and C) and was not obviously influenced by the
status of vhs. In addition, band C was also detected in HelLa
cells infected with ASma and in uninfected cells, although its
abundance relative to bands A and B was lower in these cases
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FIG. 3. Induction of IEX-1 transcripts A to C in uninfected cells by
treatments that stabilize IEX-1 mRNA. (A) Effects of translational
inhibitors and cytokines on IEX-1 transcript levels. HeLa cells were
mock treated (lane 1) or treated with 230 uM puromycin (lane 2), 100
ng of cycloheximide/ml (lane 3), 10 wg of TNF-a/ml (lane 4), or 200 ng
of IL-B (lane 5)/ml. Total RNA extracted 2.5 h posttreatment was
analyzed by Northern blotting for IEX-1 (upper panel) and GAPDH
(lower panel) RNAs. IEX-1 probe 1 was used. (B) Effects of transla-
tional inhibitors on IEX-1 mRNA stability. HeLa cells were treated as
described above, and then actinomycin D (10 pg/ml) was added 2.5 h
later. Total RNA was then harvested at 30-min intervals and analyzed
for IEX-1 transcripts by Northern blotting, using probe 1 (see Fig. 1D).
(C) The intensities of bands A plus B obtained in the experiment
depicted in part B were quantified by phosphorimage analysis and
plotted.

(Fig. 1A, 2, and 3), and clear demonstrations of band C in
uninfected cells usually required very heavy exposures. Bands
B and C were also observed with RNA extracted from HelLa
cells infected with an independently isolated vhs null derivative
of KOS and with the 333vhsB vhs null mutant of HSV-2 strain
333 (48) (data not shown). In addition, bands B and C were
readily detected with RNA from uninfected human embryonic
lung (HEL) fibroblasts (Fig. 1D). Interestingly, in the experi-
ment depicted in Fig. 1D, the IEX-1 transcripts (including
band C) increased significantly in abundance after mock infec-
tion of HEL cells, possibly as a consequence of stresses asso-
ciated with the mock infection protocol. This increase, which
was not observed in all experiments conducted with HEL cells,
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FIG. 4. HSV-1 infection stabilizes IEX-1 RNA. (A). HeLa cells
were mock infected (mock) or infected with the wild type (KOS) or a
vhs mutant (ASma) at 5 PFU per cell. Actinomycin D was added 6 h
later, and total RNA extracted at the indicated times (min) thereafter
was scored for IEX-1 transcripts (upper panel) and GAPDH mRNA
(lower panel) by Northern blotting. (B) The sums of the intensities of
bands A plus B obtained in (A) were quantified by phosphorimager
analysis, and the results obtained in three independent experiments
are plotted.

illustrates that the levels of all three IEX-1 RNA species can
vary between samples prepared from uninfected cells (dis-
cussed further below). IEX-1 RNA levels increased in KOS-
infected HEL cells but declined more rapidly than in HelLa
cells.

As expected, GAPDH mRNA levels declined to almost un-
detectable levels following infection of HeLLa and HEL cells
with KOS, and this decline was severely impaired (but not
eliminated) by the ASma vhs mutation (Fig. 1A and D). These
data confirm that HSV-1 KOS is fully competent to provoke
vhs-dependent mRNA loss of a known target of vhs action
under the conditions used in our experiments. In contrast to
the clear vhs-dependent loss of GAPDH mRNA, vhs had rel-
atively little effect on the levels of IEX-1 RNA at early and
intermediate times postinfection (for example, 8 h postinfec-
tion, a time by which loss of GAPDH mRNA was virtually
complete [Fig. 1A and 4A]). These observations were difficult
to reconcile with the notion that IEX-1 mRNA is selectively
targeted by vhs.

Confirmation of IEX-1 transcript structure. The foregoing
results differed in two key respects from those reported previ-
ously (12, 47). First, IEX-1 band A was not progressively re-
placed with band B in a vhs-dependent fashion as infection
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proceeded; rather, the ratio between bands A and B remained
relatively constant and was not greatly influenced by the pres-
ence or absence of vhs. Moreover, band B was readily detected
in uninfected cells, where its abundance relative to band A was
not obviously different from that observed during HSV-1 in-
fection. Second, band C was detected during infection in both
the presence and absence of functional vhs and also in unin-
fected HeLa and HEL cells (albeit with more difficulty in
uninfected HeLa cells). We did, however, confirm that the
relative abundance of band C is greatest during infection with
vhs-competent virus. Given these differences, we examined
whether the three classes of IEX-1 transcripts detected in our
experiments display the same structural characteristics as those
described in previous reports.

We first examined the polyadenylation status of the RNAs.
To this end, we compared the electrophoretic mobility of
poly(A)* RNA obtained by oligo(dT) cellulose chromatogra-
phy to that of total cellular RNA and total RNA after dead-
enylation via treatment with oligo(dT) and RNase H (Fig. 2A).
The poly(A)* RNA (lanes 2) migrated as a relatively broad
band that comigrated with band A of total RNA (lanes 1),
confirming that band A corresponds to intact poly(A)*
mRNA. As previously reported (12), neither band B nor band
C was recovered in the poly(A)* fraction, demonstrating that
these transcripts lack a 3" poly(A) tail. In addition, band A was
converted to band B when total RNA was deadenylated (lanes
3), confirming that band B represents deadenylated but other-
wise intact mRNA. The data obtained in this experiment re-
inforce our conclusion that deadenylated band B is present in
total RNA samples prepared from uninfected cells and cells
infected with ASma as well as cells infected with KOS and that
its abundance relative to band A is not obviously influenced by
HSV infection or the presence or absence of functional vhs
(Fig. 2A).

We next sought to confirm that band C is a 3'-truncated
product that lacks a portion of the 3" UTR present on intact
IEX-1 mRNA (12) (diagrammed in Fig. 1A). Consistent with
this suggestion, band C did not react with a probe derived from
the 3'-most portion of the 3’ UTR (probe 2 diagrammed in
Fig. 1E; Fig. 2B), while bands A and B were readily detected
using this probe. In contrast, band C was readily detected in
the KOS samples when the same membrane was reprobed with
probe 1 and exposed to a comparable degree (Fig. 2C, upper
exposure). A heavier exposure, presented at the bottom of Fig.
2C, confirms the presence of band C in the mock and ASma
samples.

Taken in combination, these data document that bands A to
C detected in our experiments display the same structural
characteristics as those described in previous studies (12, 47).

Bands B and C can be detected after treatments that stabi-
lize IEX-1 mRNA. The foregoing data established that IEX-1
band B can be readily detected in uninfected HeLa cells and
HEL cells under the culture conditions used in our laboratory
and that band C is also present, albeit at substantially lower
levels. Thus, the host machinery can generate these RNA spe-
cies in the absence of HSV gene products. Intensive analysis of
the mode of decay of inherently unstable mRNAs, including
those bearing AREs, has indicated that at least some are de-
graded via deadenylation followed by 3'—5" exonucleolytic
decay (5, 49). It therefore seems plausible that bands B and C
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correspond to intermediates generated by this normal cellular
decay pathway: band B likely represents the initial deadenyla-
tion product, and band C may correspond to an intermediate
produced during the subsequent 3’—5’ decay of the mRNA
body. It is interesting that the 3’ end of band C has been
mapped to within the ARE (12), raising the possibility that
band C arises due to a kinetic barrier to the progress of the
3'—5" exonuclease imposed by a protein complex bound to the
ARE. In this context we note that Esclatine et al. (12) inferred
that band C is produced by vhs-dependent endonucleolytic
cleavage; however, the evidence provided in that study did not
distinguish between an endo- and exonucleolytic origin for this
RNA. The pattern of discrete IEX-1 mRNA degradation in-
termediates that we observe in uninfected cells is somewhat
unusual, since the decay intermediates of many ARE tran-
scripts are extremely unstable and therefore do not accumulate
to readily detectable levels. However, cases similar to that of
IEX-1 have been previously noted. For example, the deadeny-
lated but otherwise intact decay product of granulocyte-mac-
rophage colony-stimulating factor mRNA (analogous to IEX-1
band B) is readily detected by Northern blot analysis in several
cell types (reviewed in reference 1).

Degradation of some unstable transcripts, such as c-fos
mRNA, is coupled to ongoing translation (for example, see
reference 36), and as noted above, RNA degradation mediated
by AREs can be inhibited in response to certain proinflamma-
tory cytokines. We therefore examined whether select cyto-
kines or translational inhibitors enhance the levels of IEX-1
RNA in uninfected HeLa cells, and if so, whether such induc-
tion alters the quantities of bands B and/or C and influences
transcript stability. As shown in Fig. 3A, IEX-1 mRNA levels
were greatly enhanced 2.5 h after exposure to the translational
inhibitors puromycin (lane 2) or cycloheximide (lane 3) or to
TNF-a (lane 4), while IL-1B had no effect (lane 5). These
treatments also increased the abundance of bands B and C,
rendering band C readily detectable. In contrast, none of the
treatments altered the levels of GAPDH mRNA. In order to
determine if the increased IEX-1 transcript levels provoked by
the translational inhibitors correlated with enhanced mRNA
stability, we performed an actinomycin D chase experiment.
Cells were treated with puromycin or cycloheximide for 2.5 h,
and then actinomycin D was added to block new transcription.
RNA samples extracted at various time points thereafter were
scored for IEX-1 mRNA levels by Northern blot analysis (Fig.
3B). The RNA signal intensities were then quantified by phos-
phorimager analysis. The results (Fig. 3C) confirmed the
expectation that IEX-1 mRNA is quite unstable in un-
treated cells, decaying with a half-life of ca. 40 min, and
revealed that the puromycin and cycloheximide treatments
significantly stabilized the RNA (the half-life increased to
more than 120 min). The half-life of IEX-1 mRNA in un-
treated cells determined by this assay is essentially identical
to that obtained for TNF-a and granulocyte-macrophage
colony-stimulating factor mRNAs using the same actinomy-
cin D chase protocol (3, 4) and is much shorter than that of
GAPDH mRNA (Fig. 4). However, it is worth noting that
transcription inhibitors, such as actinomycin D, can partially
inhibit mRNA decay mediated by some AREs in certain cell
lines (for example, see reference 6). Therefore, our exper-
iment may somewhat overestimate the true half-life.
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Taken in combination, these results demonstrate that IEX-1
mRNA decays with the rapid kinetics expected of an ARE
transcript and is stabilized by treating cells with two distinct
translational inhibitors. In addition, they confirm that bands B
and C are present in uninfected HeLa cells and document that
they increase in (absolute) abundance in at least some situa-
tions where the normal turnover of IEX-1 mRNA is inhibited.

HSV-1 infection stabilizes IEX-1 mRNA. Taddeo et al. (47)
and Esclatine et al. (12) interpreted their data to indicate that
HSV-1 infection increases the rate of degradation of IEX-1
mRNA in a vhs-dependent fashion. However, these conclu-
sions were based on detecting increased quantities of pre-
sumed degradation intermediates (bands B and C) and
changes in their abundance relative to band A rather than on
direct measurements of the rate of mRNA degradation. It is
important to stress that such changes in the levels of degrada-
tion intermediates are not necessarily diagnostic of an en-
hanced rate of mRNA degradation, especially when they are
monitored in a situation where the rate of mRNA biogenesis
(transcription and mRNA processing) also changes in a com-
plex fashion over time, as anticipated during HSV infection.
Indeed, specific mRNA degradation intermediates could in-
crease in abundance if virus infection imposes blocks at specific
points in the degradation pathway. We therefore examined the
effects of HSV-1 infection and vhs on the rate of decay of
IEX-1 mRNA, as measured in an actinomycin D chase assay.
HeLa cells were mock infected or infected for 6 h with HSV-1
KOS or ASma, and then actinomycin D was added to block
new transcription. RNA samples harvested at various times
after the addition of actinomycin D were then analyzed for
IEX-1 transcripts by Northern blot hybridization (Fig. 4A).
The results were quantified by phosphorimager analysis, and
the data obtained from three such experiments are plotted in
Fig. 4B. The results of these experiments confirmed the short
half-life of IEX-1 mRNA in uninfected cells (ca. 40 min) and
documented that as expected, GAPDH is much more stable,
showing no detectable loss over the 2-h course of the experi-
ment. The experiment also revealed that IEX-1 mRNA is
considerably more stable in infected cells than in uninfected
cells (half life of >120 min) and that vhs had no measurable
effect on this virus-induced stabilization. These data argue that
HSV-1 infection interferes with the normal turnover of IEX-1
mRNA and that IEX-1 mRNA is not detectably destabilized
by vhs at 6 h postinfection. Thus, under our experimental
conditions, the vhs-dependent increase in band C observed
following infection is not accompanied by an increased rate of
degradation of IEX-1 mRNA.

Viral gene expression is required for full induction of IEX-1
transcripts during infection. We and others have previously
shown that HSV virions trigger the expression of host genes
involved in antiviral defense (9, 27, 29) and that this response
occurs in the absence of viral gene expression. It was therefore
of interest to determine if viral gene expression is required for
the induction of IEX-1 mRNA. To this end, HeLa cells were
infected with untreated and UV-inactivated KOS and ASma,
and IEX-1 transcripts were analyzed by Northern blotting (Fig.
5). As before, infection with KOS and ASma led to a significant
increase in the levels of IEX-1 mRNA, and the increased levels
were sustained for at least 12 h postinfection. In contrast, cells
infected with UV-inactivated KOS and ASma displayed only
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FIG. 5. Viral gene expression is required to induce IEX-1 RNA
accumulation. HeLa cells were mock infected or infected with wild-
type HSV-1 (KOS), UV-inactivated KOS, the vhs mutant (ASma), or
UV-inactivated ASma viruses at 5 PFU per cell. Total RNA was
harvested at the indicated times (hours) after infection (hpi), followed
by detection of IEX-1 (upper panel) and GAPDH (lower panel) RNAs
by Northern blot analysis.

transient induction, and IEX-1 mRNA returned to the levels
present in uninfected cells within 4 h. Thus, viral gene expres-
sion is required for full and sustained induction of IEX-1
mRNA, and the accumulation of enhanced levels of band C.
As expected, GAPDH mRNA levels were drastically reduced
during infection with KOS but remained relatively constant
during infection with ASma. This vhs-dependent loss of
GAPDH mRNA was not observed with UV-inactivated KOS,
presumably because cellular transcription is not inhibited by
the UV-treated virus. Indeed, the vhs activity of infecting
HSV-1 virions is routinely assayed in the presence of actino-
mycin D to block cellular mRNA synthesis (33).
Discrepancies with earlier studies. Two unexplained dis-
crepancies exist between our data and those reported in earlier
studies. First, we consistently identified band B and, with more
difficulty, band C in uninfected cells and in cells infected with
vhs mutants, while Taddeo et al. (47) and Esclatine et al. (12)
did not. It is possible that the failure to identify band C in
uninfected cells reflects the low levels of this RNA species in
the absence of vhs. The failure of the previous studies to
positively identify band B in uninfected cells is more problem-
atic, since in our hands this RNA is substantially more abun-
dant than band C. We note that transcripts with a mobility
similar to that of band B are evident in the mock-infected
samples displayed in Fig. 3 of the study of Escalantine et al.
(12). However, the authors argued that this material represents
band A molecules bearing short poly(A) tails rather than bona-
fide deadenylated band B RNA. In contrast, the band B de-
tected in uninfected cells in our experiments clearly resolves
from the smallest poly(A)* band A molecules and precisely
comigrates with deadenylated mRNA (Fig. 2A). We have no-
ticed that the ratio of band B to band A occasionally varies
with time over the course of an experiment for unknown rea-
sons. For example, in the experiment depicted in Fig. 5, most
of the RNA detected at the 2-h time point migrated at the
mobility of band B, and the relative abundance of band A
increased at the later time points. This was observed in mock-
infected cells and in cells infected with either KOS or ASma
(Fig. 5). We do not yet understand the source of this variation,
which presumably reflects changes in the relative rates of tran-
scription and/or RNA decay over time. We speculate that
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similar variation may have hindered the identification of band
B in uninfected cells in the earlier studies.

The second discrepancy is that the earlier studies reported
that band B increases in abundance relative to band A over the
course of infection with wild-type HSV-1 (12, 47), while we
observed no such effect in our experiments. The earlier reports
argued that these changes in the A/B ratio strictly depend on
vhs function. One might therefore speculate that vhs is not
operational in our experimental system. However, this is
clearly not the case, since GAPDH mRNA was subject to
massive vhs-dependent degradation in our studies (similar con-
trols were not included in the previous reports [12, 47]). More-
over, we detected a vhs-dependent enhancement of the relative
levels of band C in cells infected wild-type HSV-1, consistent
with the earlier reports. We suspect that the source of the
discrepancy lies in differences in cell culture conditions or
infection protocols between the two laboratories. In any case,
our data establish that relatively high levels of intact IEX-1
mRNA (band A) can persist in cells after other transcripts
(e.g., GAPDH) have been degraded by vhs.

Concluding remarks. Our experiments indicate that HSV-1
infection inhibits the degradation of a highly unstable cellular
ARE mRNA, IEX-1 mRNA. Perhaps surprisingly, mRNA sta-
bilization occurred in both the presence and absence of vhs.
Our demonstration of enhanced stability of IEX-1 mRNA in
HSV-1-infected cells conflicts with the conclusion that HSV-1
infection and vhs stimulate the degradation of this mRNA (12,
13, 47). However, we believe that our finding is compatible
with most (if not all) of the data presented in those earlier
studies, which measured the levels of mRNA degradation in-
termediates rather than rates of mRNA decay. Indeed, Escla-
tine et al. (12) noted in their discussion that the presence of
increased levels of degradation intermediates might suggest
that the virus interferes with certain aspects of the degradation
pathway. Our data are in complete accord with the findings of
Brown et al. (2), who showed that HSV-1 infection stabilizes
certain ARE mRNAs including IFN-B, an effect that corre-
lated with binding of the immediate-early protein ICP27 to the
ARE. It will therefore be interesting to learn if stabilization of
IEX-1 mRNA involves ICP27. More generally, given the sta-
bilizing effects of translational inhibitors, it will be critical to
learn if HSV-induced stabilization stems from the inhibition of
host protein synthesis that occurs during infection. In this con-
text we emphasize that robust host shutoff occurs even in the
absence of vhs and depends heavily on ICP27 (reviewed in
reference 38).

We have confirmed the earlier observation that vhs is re-
quired for the augmented levels of IEX-1 band C produced
during infection with wild-type HSV-1 (12, 47). Inasmuch as
this enhancement occurs under conditions where the rate of
IEX-1 mRNA degradation is reduced, we suggest that vhs
increases the abundance of band C by interfering with a rate-
limiting step in the 3’—5" decay of the mRNA body. Such
interference might arise as an indirect consequence of negative
effects of vhs on the expression of one or more components of
the degradation machinery. Alternatively, it might reflect di-
rect regulation of the ARE-dependent mRNA turnover appa-
ratus, for example, via the reported interaction between vhs
and tristetraprolin (13).

It may seem paradoxical that HSV-1 infection stabilizes a
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category of mRNAs that includes some that are expected to be
central to host antiviral responses. Perhaps HSV-1 actively
interferes with the expression of the proteins encoded by some
ARE transcripts through modulation at the translational level.
Alternatively, it is possible that some ARE transcripts encode
proteins that facilitate virus replication. Further studies are
required to test these and other possibilities.
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