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The Splicing History of an mRNA Affects Its Level of Translation and
Sensitivity to Cleavage by the Virion Host Shutoff Endonuclease
during Herpes Simplex Virus Infections

Jouliana Sadek,* G. Sullivan Read

Division of Cell Biology and Biophysics, School of Biological Sciences, University of Missouri—Kansas City, Kansas City, Missouri, USA

ABSTRACT

During lytic herpes simplex virus (HSV) infections, the virion host shutoff (Vhs) (UL41) endoribonuclease degrades many cellu-
lar and viral mRNAs. In uninfected cells, spliced mRNAs emerge into the cytoplasm bound by exon junction complexes (EJCs)
and are translated several times more efficiently than unspliced mRNAs that have the same sequence but lack EJCs. Notably,
most cellular mRNAs are spliced, whereas most HSV mRNAs are not. To examine the effect of splicing on gene expression during
HSYV infection, cells were transfected with plasmids harboring an unspliced renilla luciferase (RLuc) reporter mRNA or RLuc
constructs with introns near the 5’ or 3’ end of the gene. After splicing of intron-containing transcripts, all three RLuc mRNAs
had the same primary sequence. Upon infection in the presence of actinomycin D, spliced mRNAs were much less sensitive to
degradation by copies of Vhs from infecting virions than were unspliced mRNAs. During productive infections (in the absence
of drugs), RLuc was expressed at substantially higher levels from spliced than from unspliced mRNAs. Interestingly, the stimula-
tory effect of splicing on RLuc expression was significantly greater in infected than in uninfected cells. The translational stimula-
tory effect of an intron during HSV-1 infections could be replicated by artificially tethering various EJC components to an un-
spliced RLuc transcript. Thus, the splicing history of an mRNA, and the consequent presence or absence of EJCs, affects its level
of translation and sensitivity to Vhs cleavage during lytic HSV infections.

IMPORTANCE

Most mammalian mRNAs are spliced. In contrast, of the more than 80 mRNAs harbored by herpes simplex virus 1 (HSV-1), only
5 are spliced. In addition, synthesis of the immediate early protein ICP27 causes partial inhibition of pre-mRNA splicing, with
the resultant accumulation of both spliced and unspliced versions of some mRNAs in the cytoplasm. A common perception is
that HSV-1 infection necessarily inhibits the expression of spliced mRNAs. In contrast, this study demonstrates two instances in
which pre-mRNA splicing actually enhances the synthesis of proteins from mRNAs during HSV-1 infections. Specifically, splic-
ing stabilized an mRNA against degradation by copies of the Vhs endoribonuclease from infecting virions and greatly enhanced
the amount of protein synthesized from spliced mRNAs at late times after infection. The data suggest that splicing, and the resul-
tant presence of exon junction complexes on an mRNA, may play an important role in gene expression during HSV-1 infections.

During Iytic herpes simplex virus 1 (HSV-1) infections, viral
and cellular gene expression is regulated through the inter-
play of multiple transcriptional and posttranscriptional controls
(1). Of the posttranscriptional mechanisms, one of the most im-
portant is the regulation of mRNA decay rates and translation by
the HSV-1 virion host shutoff (Vhs) protein (2). Vhs (UL41) is an
endoribonuclease (3-6) that is a minor structural component of
virions (7, 8). At early times, copies of Vhs that enter the cell as
components of infecting virions degrade many cellular mRNAs
(9-11), thereby inhibiting the synthesis of the proteins that
they encode (12). Following the onset of viral transcription,
Vhs also accelerates the turnover of members of all kinetic
classes of viral mRNAs (13—17). As a result, the levels and pat-
terns of accumulation of many viral mRNAs are determined by
a balance between the rates of new transcription and mRNA
processing on the one hand and the rate of Vhs-mediated deg-
radation on the other (15-18). Surprisingly, in some cells, Vhs
actually stimulates the translation of specific mRNAs (19-23).
This may be due to Vhs-mediated degradation of many other
mRNAs, which would reduce the mRNA load in infected cells,
alleviating competition between the remaining mRNAs for
limiting amounts of translation factors (19-21). However, it
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also remains possible that Vhs helps recruit translation factors
and ribosomes to some specific mRNAs.

Mutations that inactivate Vhs have only a modest effect on
virus growth in many cultured cell lines (7, 12). Nevertheless, Vhs
mutants are severely attenuated during animal infections (24-30).
They replicate poorly in mouse corneas and other tissues and are
defective in neuroinvasion (24). In addition, Vhs inhibits key
components of the host’s intrinsic and innate immune responses
(26). Vhs inhibits the expression of ATRX, an effector of the in-
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trinsic immune response (31). It impairs the activation of the Pkr
protein kinase (32), inhibits the establishment of an interferon-
mediated antiviral state (13, 33), and impedes the activation of
dendritic cells (34, 35). Vhs is thus an important determinant of
HSV virulence (24, 26).

Purified Vhs retains endonuclease activity in vitro in the ab-
sence of other viral or cellular proteins (3-5). Nevertheless, within
infected cells, Vhs cleavage of many mRNAs appears to occur
during translation initiation (36) and is dependent on the inter-
action of Vhs with cellular translation factors (5, 36-39). Vhs in-
teracts with the cap-binding complex eIF4F (37) by virtue of its
ability to bind eIF4AI and -4AII (38), ATP-dependent RNA heli-
cases (40, 41) that are components of eIF4F, and elF4H (5, 38, 39),
a helicase accessory factor that binds to and stimulates the activi-
ties of eIF4AI and -4AIl (40-46). elF4H and elF4AI/II appear to
play an essential role in Vhs-mediated mRNA degradation. Mu-
tations in Vhs that disrupt its binding to eIF4H abrogate its ability
to cleave mRNAs that are translated by cap-dependent ribosome
scanning (5, 38, 39), even if the mutant proteins retain endonu-
clease activity in vitro. Furthermore, small interfering RNA
(siRNA)-mediated depletion of elF4H from cells prior to infec-
tion prevents subsequent mRNA degradation by wild-type Vhs
(47). Similarly, Vhs-mediated mRNA degradation is blocked by
the depletion of eIF4AI and -4All or by treatment of infected cells
with hippuristanol (48), a specific inhibitor of the helicase activity
of eIF4AI and -4AII (49).

While Vhs accelerates the decay of many mRNAs, some are
refractory to Vhs-mediated degradation or at least degraded less
rapidly than others (50-57). Because features of mRNAs that
cause differential rates of decay could affect the balance of many
host and viral gene products, with consequent effects on virus-
host interactions, it is important to identify these features and
elucidate their mechanisms of action. To this end, we investigated
whether the splicing history of an mRNA affects its sensitivity to
Vhs cleavage or translation during HSV-1 infection. The rationale
for these studies was 2-fold. First, the compositions of messenger
ribonucleoproteins (mRNPs) are different for spliced and un-
spliced mRNAs. Spliced mRNAs emerge into the cytoplasm
bound by exon junction complexes (EJCs) approximately 22 nu-
cleotides upstream of exon junctions (58-67). EJCs facilitate the
recruitment of ribosomes to spliced mRNAs and translation ini-
tiation (68-75). Although EJCs are subsequently removed by
elongating ribosomes (76-78), spliced mRNAs are translated to
produce several times more protein per mRNA than in unspliced
mRNAs that have an identical primary sequence butlack EJCs (79,
80). Since the mRNP structure could affect the rate of mRNA
degradation, it was important to determine whether splicing af-
fects the sensitivity of an mRNA to Vhs. Second, a notable differ-
ence between cellular and HSV-1 mRNAs is that most cellular
mRNAs are spliced, whereas, with the exception of some imme-
diate early and late mRNAs, viral mRNAs are not (1). An obser-
vation that spliced and unspliced mRNAs are differentially sensi-
tive to Vhs might have important implications for gene expression
during HSV-1 infections.

To examine the effect of splicing on gene expression during
HSV-1 infection, cells were transfected with plasmids encoding an
unspliced mRNA for renilla luciferase (RLuc) or RLuc constructs
with introns near the 5" or 3’ end of the gene. After splicing of
mRNAs from the intron-containing constructs, the three RLuc
mRNAs were indistinguishable. Upon infection with wild-type

December 2016 Volume 90 Number 23

Journal of Virology

Splicing Affects mRNA Degradation by Vhs Endonuclease

HSV-1 in the presence of actinomycin D (to examine mRNA deg-
radation induced by copies of Vhs from infecting virions), spliced
mRNAs were less sensitive to Vhs-mediated degradation and ex-
pressed significantly more RLuc protein than unspliced mRNAs.
During productive infections (in the absence of drugs), RLuc was
expressed at substantially higher levels from spliced than from
unspliced mRNAs. Strikingly, HSV-1 infection actually stimu-
lated RLuc expression from spliced mRNAs to levels that were
several times higher than those from the same mRNAs in unin-
fected cells. The stimulatory effect of HSV-1 on the synthesis of
proteins encoded by a spliced mRNA could be replicated by arti-
ficially tethering various EJC components to an unspliced RLuc
transcript. The data suggest that splicing of an mRNA, and the
resultant presence of an exon junction complex, can play an im-
portant role in gene expression during HSV-1 infections.

MATERIALS AND METHODS

Cells and virus. HeLa S3 cells and Vero cells were purchased from the
American Type Culture Collection and maintained in Eagle’s minimum
essential medium (MEM) (Gibco) supplemented with 10% (vol/vol) fetal
bovine serum and antibiotics, as described previously (7, 81, 82). Wild-
type HSV-1 strain KOS and mutant strain Vhs 1 (12, 15, 17), which con-
tains a point mutation that changes threonine 214 of Vhs to isoleucine
(T214I) (83), were grown, and titers were determined on Vero cells. HeLa
cells were used for all transfections and assays of Vhs-mediated mRNA
degradation.

Plasmids. (i) Plasmids harboring Vhs alleles. Plasmid pKosAmp,
which contains the Vhs open reading frame from wild-type HSV-1 strain
KOS, cloned into the vector pPCDNAL.1/Amp (Invitrogen) downstream
from the cytomegalovirus (CMV) immediate early promoter, was de-
scribed previously (84). Plasmids pD194N and pD215N were derived by
site-directed mutagenesis of the Vhs open reading frame of pKosAmp and
encode Vhs polypeptides with the point mutations D194N and D215N,
respectively (84). Plasmid pVhs1 contains the UL41 open reading frame
from the mutant virus Vhs 1 (12) cloned into pcDNAIL.1/Amp (84). It
contains the point mutation T214I (83). These plasmids are suitable for
expressing wild-type and mutant forms of the Vhs protein following
transfection of mammalian cells.

(ii) Plasmids harboring spliced and unspliced target mRNAs. Plas-
mids harboring spliced or unspliced mRNAs for a triose phosphate
isomerase (TPI)/RLuc/TPI fusion protein were described previously (79)
and are diagrammed in Fig. 1A. The unspliced mRNA produced from the
no-intron construct encodes a fusion protein of renilla luciferase fused to
copies of exons 6 and 7 from human TPI inserted in frame at both ends of
RLuc. Constructs that produce spliced mRNAs encoding the same TPI/
RLuc/TPI protein contained the intron that normally separates exons 6
and 7 of TPI, inserted between the copies of exons 6 and 7 at either the 5’
or 3" end of the gene (Fig. 1A). These constructs also had a CMV imme-
diate early promoter and a bovine growth hormone polyadenylation site
to facilitate their expression in transfected HeLa cells. Following splicing
of transcripts from the intron-containing constructs, the spliced and un-
spliced mRNAs were indistinguishable (79).

T cell receptor B chain (TCR-f3) minigene constructs that contain
portions of three TCR-f exons and no intron, one intron, or two non-
identical introns were used to produce spliced and unspliced TCR-8
mRNAs. These plasmids were described previously (79, 85) and are dia-
grammed in Fig. 2A. Plasmids harboring the TPI/RLuc/TPI or TCR-$3
mRNAs were generously provided by Melissa Moore from the University
of Massachusetts. The constructs were used to examine whether the splic-
ing history of an mRNA, or the location of an exon junction within a
spliced mRNA, affects its expression during HSV-1 infections.

(iii) Plasmids for tethering EJC components to an intronless mRNA.
Tethering of the exon junction complex to an unspliced mRNA was ac-
complished by using a target mRNA produced from a modified version of
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FIG 1 Spliced TPI/RLuc/TPI mRNAs are less sensitive to Vhs than are unspliced
mRNAs. (A) Structures of intron-containing and intronless TPI/RLuc/TPI con-
structs. The RLuc open reading frame and TPI exons 6 and 7 are represented by
white, gray, and black rectangles, respectively. The intron between TPI exons 6 and
7 is depicted by jagged lines. The transcriptional start site is shown by a rightward
arrow, and the poly(A) site and start and stop codons are indicated by vertical lines.
(B and C) HelLa cells were transfected with the no-intron, 5" intron, or 3’ intron
TPI/RLuc/TPI constructs. Forty-eight hours later, the cells were infected with 20
PFU/cell of wild-type (WT) HSV-1 or mock infected in the presence of 10 pg/ml
of actinomycin D. Cultures were harvested 5 h after infection or mock infection
and processed to determine the relative levels of TPI/RLuc/TPI mRNA (B) or
RLuc activity (C), normalized to the levels in mock-infected cells. Error bars rep-
resent standard errors of the means.

the no-intron TPI/RLuc/TPI construct described above in which the 5’
copies of TPI exons 6 and 7 were deleted and replaced with sequences
containing 6 tandem copies of the binding site for the MS2 coat protein
(80) (see Fig. 5A). The sequences encoding the MS2-binding sites began
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FIG 2 Spliced TCR-B minigene mRNAs are less sensitive to Vhs degradation
than are unspliced mRNAs. (A) Structures of TCR-f minigene constructs
containing portions of three TCR- exons and no intron, one intron, or two
nonidentical introns. The three exons are depicted by light gray, dark gray, and
black rectangles. Introns are represented by jagged lines. The transcriptional
start site and polyadenylation site are indicated, as are the translational start
and stop codons. (B) HeLa cells were transfected with the no-intron (lane a),
one-intron (lane b), or two-intron (lane ¢) TCR-f constructs to yield approx-
imately equal amounts of the spliced and unspliced mRNAs. Forty-eight hours
after transfection, cells were infected with 20 PFU/cell of wild-type HSV-1 or
mock infected, both in the presence of 10 pg/ml of actinomycin D. Cultures
were harvested 5 h later and processed to determine the relative amounts of
TCR-B mRNA, normalized to the levels in mock-infected cells. Error bars
represent standard errors of the means.
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49 nucleotides downstream from the start codon, in frame with the RLuc
open reading frame.

Plasmids expressing N-terminal fusions of the RNA-binding domain
of the MS2 coat protein and the EJC components REF2-I, DEK, RNPS1,
SRm160, and eIF4AIII were described previously (85, 86), as was a plas-
mid encoding a C-terminal MS2 fusion to the EJC component Y14 (85,
86). Plasmids harboring target mRNAs containing MS2 coat protein-
binding sites and plasmids encoding fusions of the MS2 coat protein with
EJC components were provided by Melissa Moore.

DNA transfections. To examine the effect of splicing on the sensitivity
of a TPI/RLuc/TPI mRNA to copies of Vhs from infecting virions, HeLa
cells were seeded into 6-well tissue culture trays at a density of 1 X 10°
cells/well in MEM plus 10% (vol/vol) fetal bovine serum without antibi-
otics. The next day, the cells were transfected with 3.5 wg/well of the
no-intron TPI/RLuc/TPI plasmid (Fig. 1A), 700 ng/well of the 5’ intron
construct, or 2.5 pug/well of the 3" intron plasmid by using Lipofectamine
2000 (Invitrogen) according to procedures recommended by the manu-
facturer. Enough of the plasmid pCMV-HA was added to equalize the
total amount of DNA in each transfection mixture. Preliminary experi-
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ments showed that transfections with these amounts of the plasmids re-
sulted in the accumulation of approximately equal amounts of unspliced
and spliced TPI/RLuc/TPI mRNAs in the cytoplasm (data not shown).
The medium was refreshed the next day. Forty-eight hours after transfec-
tion, the cells were infected with 20 PFU/cell of wild-type HSV-1 strain
KOS or mock infected, both in the presence of 10 pg/ml of actinomycin D.
Parallel cultures were harvested 5 h after infection or mock infection and
processed for the determination of renilla luciferase activity or the relative
amounts of TPI/RLuc/TPI mRNA.

Similar experiments to examine the effect of virion copies of Vhs on
unspliced and spliced TCR-f3 minigene mRNAs were initiated by trans-
fecting cells with 4 g of the no-intron TCR- minigene construct (Fig.
2A), 800 ng of the one-intron plasmid, or 400 ng of the two-intron plas-
mid. As was the case for transfections with the TPI/RLuc/TPI constructs,
the amounts of the TCR-3 minigene constructs included in the transfec-
tion mixtures were chosen because they resulted in approximately equal
amounts of mature unspliced and spliced mRNAs in the cytoplasm (data
not shown). Cells were infected or mock infected in the presence of acti-
nomycin D, as described above, and harvested 5 h after infection, after
which lysates were analyzed for the amounts of TCR- minigene mRNA.

Experiments to examine the expression of unspliced and spliced TP/
RLuc/TPT mRNAs during productive HSV-1 infections were performed
as described above for those analyzing virion copies of Vhs, except that
cells were infected in the absence of actinomycin D and harvested 3, 6, or
9 h after infection or mock infection. To determine whether Vhs has a
differential effect on the expression of spliced and unspliced mRNAs when
itis the only viral protein present, cells were transfected with 3.5 pg of the
no-intron TPI/RLuc/RPI plasmid or 700 ng of the 5" intron plasmid,
together with either 3.5 wg of the Vhs-expressing plasmid pKosAmp or 3.5
g of the expression vector lacking Vhs. As described above, pPCMV-HA
was used to equalize the total amount of DNA in each transfection mix-
ture. The cells were harvested 48 h after transfection and assayed for RLuc
activity and the amount of TPI/RLuc/TPI mRNA.

Effect of HSV-1 on unspliced mRNAs tethered to components of the
exon junction complex. To determine whether the stimulatory effect of
HSV-1 on the expression of spliced mRNAs could be replicated by artifi-
cially tethering EJC components to an unspliced mRNA, HeLa cells were
transfected with 1 pg/well of a plasmid harboring an RLuc/TPI mRNA
with 6 copies of the binding site for the MS2 coat protein (80) along with
1 pg/well of a control plasmid harboring an mRNA for firefly luciferase
(FLuc) without any MS2-binding sites (see Fig. 5A). Transfection mix-
tures also contained 3 pg/well of a plasmid encoding only the RNA-bind-
ing domain of the MS2 coat protein or a plasmid encoding a fusion pro-
tein of MS2 fused to the EJC component REF2-1, DEK, SRm160, or Y14.
In accord with data from a previous report (80), we found that the MS2-
RNPSI fusion protein was expressed at higher levels than the other fusion
proteins (data not shown). Therefore, in these experiments, cells were
transfected with 1.35 pg/well of the plasmid encoding MS2-RNPS1 along
with 450 ng/well each of the plasmids harboring the RLuc/TPI and FLuc
target mRNAs and 2.75 pg/well of the carrier pPCMV-HA to equalize the
total amounts of DNA in the transfection mixtures. Forty-eight hours
after transfection, the cells were infected with 20 PFU/cell of wild-type
HSV-1 or mock infected and harvested 3 or 9 h after infection. Cell lysates
were analyzed for RLuc and FLuc activities, and the RLuc activity was
normalized to that of FLuc.

Luciferase assays. For cells transfected with an RLuc-expressing plas-
mid, luciferase activity was measured by using a renilla luciferase assay
system (Promega) and a GloMax 20/20 single-tube luminometer accord-
ing to protocols recommended by the manufacturers. For cells transfected
with both RLuc- and FLuc-expressing plasmids, the cells were lysed in
passive lysis buffer, and RLuc and FLuc activities were assayed by using a
dual-luciferase assay system (Promega). For each sample, RLuc activity
was normalized to FLuc activity.

Real-time quantitative reverse transcription-PCR. The relative
amounts of TPI/RLuc/TPI and TCR-B minigene mRNAs were quantified,
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as described previously (47), by real-time quantitative reverse transcrip-
tion-PCR (RT-PCR) using an Applied Biosystems model 7500 real-time
PCR system. Samples of whole-cell or total cytoplasmic RNA were ex-
tracted with TRIzol (Invitrogen) and treated with RQ1 RNase-free DNase
(Promega), after which DNase activity was inactivated by stop solution
and heating to 65°C. (In these experiments, whole-cell and total cytoplas-
mic RNAs gave similar results [data not shown].) RNA samples were
reverse transcribed by using a High Capacity cDNA reverse transcription
kit from Applied Biosystems. Triplicate or quadruplicate aliquots of each
cDNA reaction mixture were amplified by using TagMan primers and
probes for TPI/RLuc/TPI or TCR-3 minigene mRNAs, and another three
or four aliquots were amplified with primers and probes for 18S rRNA.
The primers and probes for TPI/RLuc/TPI and TCR-f minigene mRNAs
were custom designed by Applied Biosystems. The TPI/RLuc/TPI primers
and probes were designed to bind the RLuc transgene to avoid back-
ground amplification of the endogenous TPI mRNA, while the probe for
TCR-{ was designed to bind TCR- mRNA after intron 2 had been ex-
cised. Primers and probes for 18S rRNA were purchased from Applied
Biosystems. TPI/RLuc/TPI and TCR-f minigene mRNA levels were de-
termined by using 18S rRNA as an internal standard, since Vhs does not
affect rRNAs (15, 17, 87). For each type of transfection, the relative
amounts of TPI/RLuc/TPI and TCR-B minigene mRNAs were deter-
mined by using the AAC;. method described in the model 7500 manual
(88). The calculation and propagation of standard errors of the means
were performed according to established procedures (89).

RESULTS

Spliced mRNAs are less sensitive to Vhs from infecting virions
than are unspliced mRNAs. To examine whether splicing affects
the translation or half-lives of mRNAs during HSV-1 infection, we
employed three plasmids (Fig. 1A) previously used by Nott and
colleagues to show that in uninfected HeLa cells, splicing enhances
the translation efficiency of an mRNA (79). These plasmids en-
code identical proteins containing the RLuc sequence flanked at
both ends by copies of TPI exons 6 and 7 (79). The no-intron
construct produces an unspliced TPI/RLuc/TPI mRNA, while the
other two constructs contain TPI intron 6 inserted between the 5’
or 3’ copies of TPI exons 6 and 7. Previous studies showed that
following transfection of HeLa cells, precursor mRNAs from the
intron-containing constructs are spliced to give rise to mature
mRNAs indistinguishable from those transcribed from the no-
intron construct (79). The 5’-proximal AUG codon is in the 5’
copy of TPI exon 6, and, at least for transcripts with the 5" intron,
correct splicing is required to place the RLuc sequence in the same
reading frame as the start codon. Therefore, for this construct, a
protein with RLuc activity can be made only from mRNAs that
have been correctly spliced (79).

Because splicing often affects the amount of an mRNA that
accumulates in the cytoplasm (79), HeLa cells were transfected
with different amounts of the no-intron, 5’ intron, or 3’ intron
constructs to yield approximately equal amounts of mature TPI/
RLuc/TPI mRNA in the cytoplasm. Forty-eight hours after trans-
fection, the cells were infected with 20 PFU/cell of wild-type
HSV-1 or mock infected, both in the presence of 10 pg/ml of
actinomycin D. The cells were harvested 5 h later, and lysates were
analyzed to determine the levels of TPI/RLuc/TPI mRNA and
RLuc enzymatic activity (Fig. 1). Infection in the presence of acti-
nomycin D precludes de novo viral and cellular transcription and
allows a convenient measure of the effect of copies of Vhs from
infecting virions on mRNAs transcribed prior to infection. In cells
transfected with the no-intron plasmid, wild-type HSV-1 infec-
tion reduced the level of TPI/RLuc/TPI mRNA to approximately
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FIG 3 HSV-1 stimulates the accumulation of spliced TPI/RLuc/TPI mRNAs and RLuc activity during productive infections. HeLa cells were transfected with the
no-intron (A and D), 5" intron (Band E), or 3" intron (C and F) TPI/RLuc/RPI constructs to yield approximately equal amounts of spliced and unspliced mRNAs.
Forty-eight hours later, cells were infected with 20 PFU/cell of wild-type HSV-1 or mutant strain Vhs 1 or were mock infected. Replicate cultures were harvested
3 h, 6 h, or 9 h after infection or mock infection and processed to determine the relative amounts of RLuc enzymatic activity (A to C) or TPI/RLuc/TPI mRNA
(D to F). For each type of mRNA, the levels of RLuc activity and mRNA at various times in infected and mock-infected cells were normalized to the levels at 3 h

in mock-infected cells. Error bars represent the standard errors of the means.

45% of that in mock-infected cells (Fig. 1B), which is indicative of
normal Vhs activity. In contrast, in cells transfected with plasmids
with either a 5" or a 3’ intron, the levels of TPI/RLuc/TPI mRNA
were essentially indistinguishable in infected and mock-infected
cells. Similar results were observed for the effect of HSV-1 on RLuc
enzymatic activity (Fig. 1C), suggesting that the relative mRNA
levels measured by real-time RT-PCR reflected the levels of trans-
latable mRNA. The results indicate that spliced mRNAs contain-
ingeithera 5’ or 3’ exon junction are considerably less sensitive to
degradation by Vhs from infecting virions than are unspliced TP1/
RLuc/TPI mRNAs.

To investigate whether the results with the TPI/RLuc/TPI con-
structs could be extended to other intron-containing constructs,
HeLa cells were transfected with plasmids containing T cell recep-
tor (TCR-f3) minigenes with no introns, one intron, or two non-
identical introns (Fig. 2A). As in the above-described experi-
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ments, the cells were infected with wild-type HSV-1 or mock
infected in the presence of actinomycin D and harvested 5 h later
for determination of the amounts of TCR-3 minigene mRNA by
real-time RT-PCR using a TagMan probe that spans the second
exon junction of spliced mRNAs, hybridizing to sequences in both
the second and third exons. As such, it will detect TCR-3 mRNAs
transcribed from the intronless minigene or mRNAs from the
intron-containing constructs after the removal of the second in-
tron by splicing but will not detect unspliced mRNAs from the
intron-containing constructs. Once again, HSV-1 infection caused a
significant reduction in the amount of unspliced mRNA, while
mRNAs from the one-intron construct were less sensitive to
Vhs-mediated degradation, and mRNAs from the two-intron
construct were even less sensitive (Fig. 3B). The results show
that the inclusion of an exon junction stabilizes at least two
different mRNAs against Vhs-induced degradation.
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HSV-1 stimulates expression of spliced mRNAs during pro-
ductive infections. The above-described experiments examined
Vhs cleavage of spliced and unspliced mRNAs following infection
of cells in the presence of actinomycin D to preclude viral gene
expression and focus on mRNA cleavage by Vhs molecules that
entered the cell as components of infecting virions. We next ex-
amined the accumulation and translation of spliced and unspliced
mRNAs during productive HSV-1 infection. To this end, HeLa
cells were transfected with the no-intron, 5’ intron, or 3’ intron
TPI/RLuc/TPI constructs to yield approximately equal amounts
of cytoplasmic mRNAs. Forty-eight hours after transfection, the
cells were mock infected or infected with 20 PFU/cell of wild-
type HSV-1 or mutant strain Vhs 1, which contains a point
mutation in the UL41 open reading frame that changes threo-
nine 214 to isoleucine and abrogates its ability to degrade
mRNAs that are translated by cap-dependent ribosome scanning.
The cells were harvested 3, 6, and 9 h after infection and analyzed
for RLuc enzymatic activity and the amount of TPI/RLuc/TPI
mRNA (Fig. 3).

Infection with wild-type HSV-1 caused a modest increase in
RLuc activity encoded by the intronless construct during the first
9 h after infection (Fig. 3A). In contrast, HSV-1 infection caused a
much more striking increase in RLuc activity encoded by the con-
structs with 5" and 3’ introns (Fig. 3B and C), which reached levels
16 and 14 times higher than those seen in mock-infected cells by 9
h after infection. The stimulatory effect of wild-type HSV-1 in-
fection on RLuc activity from the 5’ intron construct was ac-
companied at 9 h by a similar increase in mRNA levels, al-
though at 6 h, the stimulation of RLuc activity was greater than
that of TPI/RLuc/TPI mRNA (Fig. 3B and E). While wild-type
HSV-1 infection caused a significant stimulation of RLuc pro-
tein and mRNA levels from the 3" intron construct, it caused a
greater stimulation levels of RLuc activity than mRNA at both
6 and 9 h (Fig. 3C and F).

Given that spliced TPI/RLuc/TPI mRNAs transcribed prior to
infection are more resistant to Vhs degradation than are unspliced
mRNAs (Fig. 1), it is likely that this contributes to the increased
accumulation and translation of spliced relative to unspliced
mRNAs during productive infection. However, if their greater re-
sistance to Vhs was the only reason for the increased accumulation
and expression of spliced mRNAs, the levels and translation of
spliced and unspliced mRNAs should be similar in cells infected
with a Vhs mutant lacking mRNA-degradative activity. Contrary
to this expectation, infection with Vhs 1 caused significant in-
creases in RLuc activity and mRNA levels from the intron-con-
taining relative to the intronless constructs (Fig. 3B, C, E, and F).
The results suggest that the effect of splicing is not simply to ren-
der an mRNA more resistant to Vhs degradation but also to allow
positive stimulation of its accumulation and translation during
HSV-1 infection.

Because this stimulatory effect was observed with Vhs 1, it
could not have been dependent on the canonical mRNA-degrada-
tive activity of Vhs and may have involved additional viral pro-
teins synthesized after infection. However, because Vhs 1 contains
a single amino acid change in UL41, it remained possible that
stimulation involved, at least in part, a second function of Vhs
independent of its mMRNA-degradative activity. To test this possi-
bility, we examined whether Vhs could stimulate the translation
and accumulation of a spliced TPI/RLuc/TPI mRNA in the ab-
sence of other viral gene products. To this end, HeLa cells were
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FIG 4 Vhs stimulates the accumulation and expression of spliced TPI/RLuc/
TPI mRNAs in the absence of other viral gene products. HeLa cells were trans-
fected with the no-intron or 5" intron TPI/RLuc/TPI constructs along with
either a plasmid expressing wild-type Vhs or the empty expression vector.
Replicate cultures were harvested 48 h later and processed to determine the
levels of TPI/RLuc/TPI mRNA (A) and RLuc activity (B), normalized to the
levels in cells that received the empty expression vector. Error bars represent
standard errors of the means.

transfected with either the intronless or 5'-intron-containing TP1/
RLuc/TPI constructs along with either a Vhs expression plasmid
or the empty expression vector. Cells were harvested 48 h after
transfection, and cytoplasmic extracts were analyzed for levels of
RLuc activity and TPI/RLuc/TPI mRNA. For cells transfected with
the intronless construct, the levels of RLuc protein and mRNA
were indistinguishable in cells transfected with the Vhs expression
plasmid and those transfected with the empty expression vector
(Fig. 4). In contrast, in cells transfected with the 5’-intron-con-
taining construct, wild-type Vhs stimulated the production of the
RLuc protein and the accumulation of TPI/RLuc/TPI mRNA to
levels that were approximately twice those seen in cells transfected
with the empty expression vector (Fig. 4). The results indicate that
Vhs caused a modest stimulation of the translation and accumu-
lation of a spliced mRNA in the absence of other viral gene prod-
ucts.

Effect of tethering of EJC components to an unspliced RLuc
mRNA. To investigate whether the presence of an exon junction
complex plays a role in the HSV-mediated stimulation of RLuc
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FIG 5 Effect of HSV-1 infection on unspliced mRNAs tethered to components of the exon junction complex. (A) Structures of an RLuc reporter plasmid
encoding an mRNA with 6 copies of the RNA-binding site for the MS2 coat protein and a control FLuc reporter lacking MS2-binding sites. Plasmids encoding
fusion proteins with the MS2 RNA-binding domain fused to various EJC components are shown at the right. (B and C) HeLa cells were transfected with equal
amounts of the RLuc and FLuc reporter plasmids along with either a plasmid encoding only the MS2 RNA-binding domain or a plasmid encoding a fusion
protein with the MS2 RNA-binding domain fused to the indicated EJC component. The cells were infected 48 h later with 20 PFU/cell of wild-type HSV-1 or
mock infected. Cell lysates were prepared 3 h (B) or 9 h (C) after infection and analyzed for RLuc and FLuc activities, and RLuc activity was normalized to that
of FLuc. (D) HeLa cells were transfected with equal amounts of the RLuc and FLuc reporter plasmids along with a plasmid encoding either the MS2 RNA-binding
domain or the MS2 RNA-binding domain fused to eIF4AIII. Cell lysates were prepared 3 or 9 h after infection and analyzed for the relative amounts of RLuc
mRNA. Error bars represent standard errors of the means.

synthesis from spliced mRNAs, we examined whether stimulation
could be replicated by artificially tethering EJC components to an
unspliced RLuc mRNA. To this end, we utilized a set of plasmids
used by Nott and coworkers to demonstrate that tethering of EJC
components to an unspliced mRNA stimulates its translational
efficiency in uninfected HeLa cells (80). Briefly, HeLa cells were
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transfected with an intronless RLuc reporter plasmid containing
six copies of the RNA-binding site for the MS2 coat protein in
frame at the 5" end of the RLuc open reading frame along with
a control reporter plasmid harboring firefly luciferase (FLuc)
mRNA lacking MS2-binding sites (Fig. 5A). Transfection mix-
tures also contained plasmids encoding the RNA-binding domain
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of the MS2 coat protein or the MS2 RNA-binding domain fused to
individual EJC components. As in previous studies (80), this
should allow tethering of the MS2-EJC fusion proteins to RLuc
mRNAs that contain MS2 RNA-binding sites but not to FLuc
mRNAs, which lack them. Forty-eight hours after transfection,
the cells were infected with 20 PFU/cell of wild-type HSV-1 or
mock infected. Cell extracts were prepared 3 or 9 h after infection
and assayed for RLuc and FLuc activities, and the RLuc activity
was normalized to the level of FLuc activity (Fig. 5B and C).

Similar levels of normalized RLuc activity were seen 3 h after
infection or mock infection in cells expressing the MS2 coat pro-
tein and in cells expressing any of the MS2-EJC fusion proteins,
indicating that there was no detectable HSV-mediated stimula-
tion of RLuc synthesis at that time (Fig. 5B). Nine hours after
infection, similar RLuc levels were seen in infected and mock-
infected cells transfected with the control plasmid encoding the
MS2 coat protein as well as in cells transfected with the plasmid
encoding the MS2-DEK fusion protein, indicating that in these
cells, there was no HSV-1 stimulation of RLuc synthesis (Fig. 5C).
However, HSV-1 infection caused a 2- to 3-fold stimulation of
RLuc expression in cells transfected with plasmids encoding the
MS2-SRM160, MS2-Y14, and MS2—-REF2-I fusion proteins and a
5-fold stimulation in cells transfected with the MS2-RNSP1 fusion
protein (Fig. 5C). The data suggest that tethering of selected EJC
components to an unspliced RLuc mRNA allowed the HSV-1-
mediated stimulation of RLuc synthesis.

In a similar experiment, HeLa cells were transfected with the
RLuc and FLuc reporter plasmids along with a plasmid encoding
either the MS2 RNA-binding domain or the MS2 RNA-binding
domain fused to the EJC component eIF4AIII (Fig. 5D). The cells
were infected or mock infected and then analyzed at 3 or 9 h for the
relative levels of RLuc mRNA. Similar relative RLuc mRNA levels
were seen 3 h after infection or mock infection in cells expressing
the MS2 RNA-binding domain and in cells expressing the MS2-
eIF4AIII fusion protein, indicating there was no HSV-1-mediated
stimulation of RLuc expression at that time (Fig. 5D). However,
by 9 h, HSV-1 infection caused a 3-fold stimulation of the relative
RLuc mRNA level in cells transfected with the plasmid encoding
MS2-eIF4AIlI (Fig. 5D).

To examine whether this HSV-1-mediated stimulation of
RLuc expression was at least partially due to Vhs, cells were trans-
fected with the intronless RLuc reporter plasmid with the MS2
RNA-binding sites, the control FLuc reporter plasmid, and plas-
mids encoding either the MS2 RNA-binding domain or an MS2-
eIF4AIII fusion protein. However, in this experiment, instead of
infecting cells with virus, cells were transfected with plasmids en-
coding wild-type or mutant Vhs polypeptides, the empty expres-
sion vector, or a plasmid encoding ICP0, a multifunctional viral
immediate early protein that stimulates the phosphorylation of
eIF4E and the assembly of the eIF4F cap-binding complex (Fig. 6)
(90). Cell lysates were prepared, and RLuc and FLuc activities were
determined 24 h after transfection.

Equivalent RLuc/FLuc ratios were observed in cells transfected
with the empty expression vector and plasmids encoding MS2-
eIF4AIIl or MS2, indicating that the MS2-eIF4AIII plasmid did
not by itself stimulate RLuc activity (Fig. 6, lanes a and b). Simi-
larly, transfection of cells with plasmids encoding ICP0 and MS2-
eIF4AIII did not stimulate RLuc expression beyond the level seen
in cells transfected with MS2-eIF4AIII and the empty expression
vector (Fig. 6, lanes b and g). In contrast, transfection of cells with
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FIG 6 Vhs stimulates eIF4AIll-dependent expression of an intronless RLuc
mRNA in the absence of other HSV-1 gene products. HeLa cells were trans-
fected with equal amounts of the RLuc and FLuc reporter plasmids along with
either a plasmid encoding the MS2 RNA-binding domain (lane a) or a plasmid
encoding an MS2-eIF4AIII fusion protein (lanes b to g). Transfection mixtures
also contained plasmids harboring wild-type Vhs (lane ¢); the Vhs T214I (lane
d), D194N (lane e), or D215N (lane f) mutant allele; the immediate early
protein ICPO (lane g); or the empty expression vector (lanes a and b). Cell
lysates were prepared 48 h after transfection and analyzed for RLuc and FLuc
activities, and RLuc activity was normalized to that of FLuc. Error bars repre-
sent standard errors of the means.

plasmids encoding wild-type Vhs and MS2-eIF4AIII resulted in a
2-fold stimulation of RLuc expression relative to control transfec-
tions involving MS2-eIF4AIIl and the empty expression vector
(Fig. 6, lanes b and ¢). This supports the results in Fig. 5D suggest-
ing that tethering of an MS2-eIF4AIII fusion protein to an un-
spliced RLuc mRNA enables HSV-1-mediated stimulation of
RLuc expression. Furthermore, in accord with data from the ex-
periments shown in Fig. 3, this stimulation did not require that the
Vhs protein retain mRNA degradative activity, since transfection
with the Vhs T214I allele (carried by the mutant virus Vhs 1)
caused an almost 3-fold stimulation of RLuc expression (Fig. 6,
lane d). Similarly, transfection with the D194N allele, a Vhs allele
encoding a protein that lacks nuclease activity due to a single
amino acid change in the key nuclease motif (5), stimulated RLuc
expression to the same extent as wild-type Vhs (Fig. 6, lane ). In
contrast, transfection with the D215N allele, a Vhs allele with a
change in another residue of the nuclease motif (5), did not cause
an appreciable stimulation of RLuc expression above that seen
with control transfections (Fig. 6, lanes b and f). These data sug-
gest that the exon junction complex may play an important role in
gene expression during HSV-1 infections.

DISCUSSION

These studies demonstrate that the splicing history of an mRNA,
namely, whether or not it has been spliced, can significantly affect
its level of accumulation and translation during HSV-1 infection.
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This conclusion was based on two types of experiments. First,
during infections in the presence of actinomycin D to block viral
and cellular transcription, spliced mRNAs transcribed prior to
infection were more resistant to degradation by Vhs from infect-
ing virions than were mRNAs that had not undergone splicing.
Second, during productive infections, HSV-1 caused a dramatic
14- to 16-fold increase in the synthesis of proteins encoded by
spliced mRNAs and an increase in the levels of mRNAs from in-
tron-containing constructs. The magnitude of the HSV-1 stimu-
lation of TPI/RLuc/TPI protein synthesis from spliced mRNAs
was particularly striking because it represented a 14- to 16-fold
stimulation above the already enhanced levels of translation seen
for spliced mRNAs in uninfected cells (80).

The effects during productive infections may have been the
result of several mechanisms, some of which involve Vhs and oth-
ers of which do not. One would expect that if spliced TPI/RLuc/
TPI mRNAs transcribed after infection are similar to those made
before infection in being more resistant to Vhs degradation than
unspliced mRNAs, this increased resistance should contribute to
increased levels of spliced mRNAs, with increased synthesis of the
proteins that they encode. However, the observation that Vhs 1, a
mutant that lacks Vhs mRNA-degradative activity, still stimulates
protein synthesis from spliced mRNAs (Fig. 3) suggests that splic-
ing does not simply shield an mRNA from Vhs degradation but
may also enable positive HSV-mediated stimulation of its levels
and translation. These stimulatory activities may depend, at least
in part, on one or more viral proteins, other than Vhs, that are
synthesized after infection. In addition, because Vhs 1 encodes a
UL41 protein with a single amino acid change (12, 83, 91), it is
possible that the increased synthesis of proteins from spliced
mRNAs depends, at least in part, on a second function of the Vhs
protein, one that is independent of its canonical mRNA-degrada-
tive activity but is retained by Vhs 1. In this regard, transfection of
cells with the wild-type Vhs allele or the T214I allele, the allele
carried by Vhs 1, stimulates the accumulation of spliced mRNAs
and their translation products in the absence of other viral gene
products (Fig. 4 and 6), an observation that is consistent with the
possibility that under conditions where a spliced mRNA is not
degraded, either due to its inherent resistance to Vhs degradation
or due to a mutation in Vhs, translation of the mRNA may be
stimulated by a second function of Vhs.

Previous studies have shown that in uninfected cells, splicing
enhances both the cytoplasmic accumulation and level of transla-
tion of spliced mRNAs compared to unspliced mRNAs (79, 80).
However, splicing led to a greater increase in the amount of pro-
tein synthesized from an mRNA than could be explained simply
by the observed increase in the amount of mRNA, leading to the
conclusion that splicing increases the efficiency with which an
mRNA is translated (79, 80). In the present study, HSV-1 infec-
tion caused a significant increase in the levels of spliced TPI/RLuc/
TPI mRNAs and, at least at some time points, an even greater
increase in the amount of RLuc protein synthesized from the in-
tron-containing constructs (Fig. 3). Thus, for infections with
wild-type HSV-1, the increase in RLuc protein synthesis from
mRNAs with a 3’ exon junction was twice as great as the increase
in mRNA levels 9 h after infection and almost 5 times as great as
those at 6 h (Fig. 3C and F). Similarly, for mRNAs with a 5" exon
junction, the stimulation of RLuc synthesis by wild-type HSV-1
was 3 to 4 times greater at 6 h than the stimulation of TPI/RLuc/
TPI mRNA levels (Fig. 3B and E), although by 9 h, the stimula-
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tions of RLuc activity and TPI/RLuc/TPI mRNA levels were more
comparable. These data indicate that HSV-1 dramatically stimu-
lates TPI/RLuc/TPI protein synthesis from spliced mRNAs and,
perhaps to a lesser extent, stimulates an increase in the levels of the
spliced mRNAs. This in turn suggests that HSV-1 infection may
stimulate the translational efficiencies of spliced mRNAs, espe-
cially at intermediate and late times after infection, although ad-
ditional experiments are required to demonstrate conclusively
whether this is the case.

Recent studies, primarily from the Smiley laboratory, have re-
ported instances in which Vhs stimulates the translation of spe-
cific mRNAs instead of degrading them (20-23). These include
mRNAs containing several cellular internal ribosome entry sites
(IRESs) (23) as well as specific viral mRNAs that are translated by
cap-dependent ribosome scanning at late times after infection
(20-22). However, data from those previous studies differed from
our current results in several important respects. First, none of the
previous reports linked translational stimulation by Vhs to splic-
ing. Second, Dauber and coworkers provided evidence suggesting
that one way in which Vhs stimulates the cap-dependent transla-
tion of some late viral mRNAs is by preventing mRNA overload
(20), a function that probably is dependent upon the mRNA-
degradative activity of Vhs. In contrast, data from the present
studies suggest that Vhs enhances the accumulation of spliced
mRNAs and their translation products through a mechanism that,
at least partially, is independent of its mRNA-degradative activity.
The present results are not necessarily incompatible with those
from previous studies, and both processes may occur during wild-
type HSV-1 infections. An interesting feature of those previous
studies is that translational stimulation by Vhs was observed in
HeLa cells but not in Vero cells or several other commonly used
cell lines (20, 22, 23). We used HeLa cells in the present experi-
ments because previous studies had shown that mRNAs tran-
scribed from the TPI/RLuc/TPI and TCR-f3 minigene constructs
are correctly spliced in these cells (79, 80). It will be interesting to
determine if HSV-1 infection stimulates the translation and accu-
mulation of spliced mRNAs in the same way in Vero cells as it does
in HeLa cells.

The mechanism(s) by which splicing stabilizes an mRNA
against degradation by virion copies of Vhs and by which HSV-1
stimulates the accumulation of spliced mRNAs and their transla-
tion products during productive infection remains to be deter-
mined. At least the latter effect appears to involve the presence of
exon junction complexes on spliced mRNAs. This is suggested by
the fact that artificial tethering of selected EJC components to an
unspliced RLuc mRNA allowed HSV-1-mediated stimulation of
RLuc synthesis during productive infection (Fig. 5). Whether
HSV-1 somehow amplifies a normal cellular pathway that en-
hances the expression of spliced mRNAs or acts through a novel
mechanism that exists only in virus-infected cells remains to be
determined.

Interestingly, these experiments did not identify just one EJC
component that, when part of an MS2 fusion protein, enabled
HSV-1-mediated stimulation of the expression of unspliced
mRNAs containing MS2-binding sites. Instead, fusion proteins
involving several different EJC components enabled stimulation
although to different extents (Fig. 5). The reason for this is un-
clear, although a similar result was observed by Nott and cowork-
ers in their experiments showing that tethering of fusion proteins
involving MS2 and selected EJC components to an unspliced
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mRNA stimulated its translation in uninfected cells (80). Those
authors speculated that the binding of more than one kind of
MS2-EJC fusion protein to the MS2-binding sites on an mRNA
might nucleate the assembly of a complex involving one or more
other EJC components on the mRNA and that such a complex or
partial EJC might enable the stimulation of translation. Whether
such a mechanism was responsible for the HSV-1-stimulated ex-
pression of RLuc from unspliced mRNAs with MS2-binding sites
remains to be determined.

At first, our observation that spliced TPI/RLuc/TPI mRNAs,
synthesized prior to the addition of actinomycin D at the time of
infection, are less sensitive to degradation by Vhs from infecting
virions than are unspliced mRNAs seemed surprising, because
Vhs has long been known to degrade many cellular mRNAs (2, 5,
7,9-11, 15, 16, 92), although most cellular mRNAs are spliced. A
potential answer to this conundrum comes from the observation
that although exon junction complexes facilitate translation initi-
ation, they are removed from an mRNA during the pioneer round
of translation. Almost all studies of host shutoff by Vhs have fo-
cused on the degradation of cellular mRNAs that were transcribed
prior to infection and have been translated multiple times. These
mRNAs should no longer be bound by EJCs and, therefore, should
be equally as sensitive to degradation by Vhs as unspliced mRNAs.

Whether the relative resistance of spliced mRNAs to Vhs from
incoming virions plays a significant role during HSV-1 infections
is unknown. In contrast to most cellular mRNAs, all but five
HSV-1 mRNAs are unspliced (1). Three of the spliced viral tran-
scripts (ICPO, ICP22, and ICP47) are immediate early mRNAs,
and two (UL15 and gC) are late mRNAs. If viral mRNAs tran-
scribed and spliced immediately after infection are similar to
newly synthesized spliced mRNAs from uninfected cells in being
bound by exon junction complexes, the presence of EJCs on
spliced immediate early mRNAs might temporarily shield them
from Vhs degradation at the same time that Vhs is degrading
many older spliced cellular mRNAs that have already been trans-
lated multiple times and from which the EJCs have been removed.
This might increase the synthesis of these immediate early pro-
teins and be beneficial in order to jump-start the infection. Sub-
sequently, once the immediate early mRNAs have been translated
and the EJCs have been removed, they would become as sensitive
to Vhs degradation as unspliced viral mRNAs, allowing Vhs to
play its role in the sequential expression of different classes of viral
mRNAs. In addition, while Vhs accelerates the decay of many
cellular mRNAs, HSV-1 infection actually stimulates the accumu-
lation of some host mRNAs (55-57). If these newly induced cel-
lular mRNAs are spliced, the presence of EJCs might transiently
protect them from Vhs degradation and increase the production
of the proteins that they encode. This could be beneficial if the
induced mRNAs encode host proteins that play a role in virus
replication.

Similarly, our observation that productive HSV-1 infection
stimulates protein synthesis from spliced TPI/RLuc/TPI mRNAs
(Fig. 3) was surprising because of the body of data indicating that
the viral immediate early protein ICP27 inhibits splicing (93-98).
This inhibition plays a significant role, along with Vhs, in the
shutoff of host protein synthesis during HSV-1 infections (99,
100), and ICP27 is required for the transport of unspliced viral
mRNAs from the nucleus to the cytoplasm (93, 101). UL15 is
unique among the spliced HSV-1 mRNAs in that the splice site is
in the open reading frame, meaning that the UL15 protein can be
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synthesized from spliced mRNAs only (98). The ICP27-mediated
inhibition of splicing is incomplete, leading, at late times, to the
accumulation of the mature spliced UL15 mRNA and its un-
spliced precursor in the cytoplasm (98). One possibility is that the
stimulation of translation of spliced mRNAs seen in the present
study facilitates the translation of the spliced UL15 mRNA to en-
sure sufficient synthesis of this structural viral protein in the face
of the overall ICP27-mediated downturn in splicing. Similarly,
spliced and unspliced gC mRNAs are found at late times during
HSV-1 infection (102). The unspliced mRNA encodes the mem-
brane glycoprotein that is an abundant component of the virion
envelope (1), while the spliced mRNAs encode a secreted form of
gC (102).Itis possible that the stimulation of translation of spliced
mRNAs plays a role in facilitating the synthesis of secreted gC.

It is worth noting that while three of the viral immediate early
mRNAs (ICPO, ICP22, and ICP47) are spliced, two immediate
early mRNAs (ICP4 and ICP27) are not (1). In light of the present
results, it will be interesting to determine whether there are any
splicing-dependent differences in the fates and expression of the
different immediate early mRNAs at late times after infection. In
addition, in light of the observation by Smiley et al. that knockout
mutations in Vhs have a more pronounced effect on late protein
synthesis and viral growth in HeLa cells than in some other cell
lines (20, 22), it will be interesting to determine whether any ef-
fects of mRNA splicing on gene expression during HSV-1 infec-
tions are dependent on the type of cells that are infected.

The results of the present study suggest that splicing may sta-
bilize mRNAs against degradation by Vhs from incoming virions
and increase the amount of protein made from spliced mRNAs
during productive HSV-1 infections. While very suggestive, the
present experiments focused on artificially constructed TPI/RLuc/
TPI and TCR-3 minigene mRNAs. A key test of these results will
be to determine the effect of introns on the Vhs sensitivity of
naturally occurring cellular mRNAs, expressed constitutively prior to
infection or induced at the time of infection or shortly thereafter, and
on the Vhs sensitivity of viral immediate early mRNAs. Another test
will be to examine the effect of introns on the translation of naturally
occurring viral late mRNAs or on cellular mRNAs induced at late
times after infection. These experiments are under way.
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