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Herpes simplex virus (HSV) ICP27 is an essential and multifunctional regulator of viral gene expression that
modulates RNA splicing, polyadenylation, and nuclear export. We have previously reported that ICP27 causes
the cytoplasmic accumulation of unspliced a-globin pre-mRNA. Here we examined the effects of a series of
ICP27 mutations that alter important functional regions of the protein on the processing and nuclear transport
of a-globin and HSV ICP0 RNA. The results demonstrate that ICP27 mutants that are impaired for growth in
noncomplementing cells, including mutants in the N- and C-terminal regions, are defective in the accumulation
of a-globin pre-mRNA. Unexpectedly, several mutants that are competent to repress the expression of reporter
genes in transient transfection assays failed to accumulate unspliced RNA, implying that different mechanisms
are responsible for transrepression and pre-mRNA accumulation. Several mutants caused a marked increase
in the length and heterogeneity of the a-globin mRNA poly(A) tail, suggesting that ICP27 may directly or
indirectly affect the regulation of poly(A) polymerase. ICP27 was also required for the accumulation of multiple
ICPO intron-bearing transcripts, but this effect displayed a mutational sensitivity profile different from that of
accumulation of unspliced a-globin RNA. Moreover, unlike spliced and unspliced a-globin RNAs, which were
efficiently exported to the cytoplasm, spliced and intron-containing ICP0 transcripts were predominantly
nuclear in localization, and ICP27 was not required for nuclear retention of the spliced message. We propose
that these transcript- and ICP27 allele-specific differences may be explained by the presence of a strong
cis-acting ICP27 response element in the a-globin transcript.

Herpes simplex virus (HSV) is the prototypical member of
the Herpesviridae, a large group of enveloped nuclear DNA
viruses that infect a wide range of metazoan organisms. Like all
herpesviruses, HSV displays both lytic and latent modes of
interaction with its natural human host (reviewed in reference
46). The HSV lytic cycle involves a complex genetic program
encompassing a variety of transcriptional and posttranscrip-
tional controls (reviewed in references 13, 46, and 63): expres-
sion of most cellular genes is strongly suppressed, and three
temporal classes of viral genes are sequentially activated in a
regulatory cascade. Five immediate-early (IE) genes are ex-
pressed first, through the transactivation function of the virion
protein VP16 in combination with cellular factors. Four of the
IE gene products (ICP0, ICP4, ICP22, and ICP27) are nuclear
regulatory proteins that orchestrate the timely expression of
the early (E) and late (L) genes.

The IE protein ICP27 is essential for the viability of the virus
in cultured cells, and ICP27 homologs are present in all of the
mammalian and avian herpesvirus genomes that have been
characterized to date. ICP27 plays a fundamental and multi-
functional role in the viral life cycle that has yet to be com-
pletely defined. HSV type 1 (HSV-1) ICP27 null mutants dis-
play reduced levels of some E and most L mRNAs and are
defective in viral DNA replication (12, 26, 30, 41, 42, 48, 53,
59). In addition, they fail to efficiently suppress cellular gene
expression (16, 18, 48). The modes of action of ICP27 in these
various processes are not completely clear; however, it is be-
coming increasingly apparent that ICP27 functions primarily to
modulate the posttranscriptional processing and transport
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events that are required to convert nuclear primary transcripts
into functional mRNA molecules in the cytoplasm. It has been
recognized for some time that ICP27 can activate or repress
the expression of reporter genes driven by HSV promoters in
transient cotransfection assays (17, 30, 41, 42, 45, 53, 58).
Although it was initially thought that the activation and repres-
sion was at the transcriptional level, it is now clear that ICP27
exerts these effects at least in part by modulating the processes
of polyadenylation and splicing (18, 27, 28, 37, 39, 51, 52).
Rather than being promoter dependent, activation of gene
expression results from the enhancement of the selection and
cleavage of weak poly(A) sites (27-29, 52). The repression
function correlates with the presence of introns in the reporter
genes (52), a finding that led to the view that ICP27 represses
expression of intron-bearing genes by inhibiting RNA splicing.
A significant amount of data has supported the notion that
ICP27 impairs or modulates splicing: (i) ICP27 colocalizes with
and redistributes snRNPs in HSV-infected cell nuclei (37); (ii)
ICP27 coimmunoprecipitates with splicing factors that react
with anti-Sm antisera and appears to alter the phosphorylation
status of some of these proteins (50); and (iii) nuclear extracts
prepared from cells infected with wild-type HSV carry out in
vitro splicing reactions less efficiently than those prepared from
uninfected cells, and this reduction requires ICP27 (18). It has
been suggested that inhibition of splicing by ICP27 is respon-
sible for the delayed shutoff of cellular gene expression that
occurs during HSV infection (52). This is an appealing idea
because unlike cellular genes, the majority of HSV genes do
not contain introns, and thus HSV gene expression would be
relatively resistant to inhibition. Consistent with this hypothe-
sis, ICP27 mutants fail to induce the decline in the levels of
cellular mRNAs characteristic of infection with wild-type HSV
(16, 18).

ICP27 is a nuclear/cytoplasmic shuttling protein (32, 38, 49,
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55) and has been shown to bind RNA through a region rich in
arginine and glycine residues, the RGG box (33). A model has
emerged recently suggesting that these activities mediate the
cytoplasmic accumulation of intronless viral L RNAs in a fash-
ion similar to that for the human immunodeficiency virus
(HIV) Rev protein (49, 55, 57). ICP27 may also play a role in
increasing the stability of certain RNAs (1).

In keeping with its multifunctional role in viral gene expres-
sion, the 512-residue ICP27 protein is composed of multiple
functional regions that confer several possibly independent
properties on the protein. For example, ICP27’s nuclear/cyto-
plasmic shuttling ability is conferred by a leucine-rich nuclear
export signal (NES) at the N terminus similar to that of the
HIV Rev protein (49), in combination with multiple nuclear
localization signals (NLS), including a strong NLS localized to
amino acids 110 to 137 (31). The RGG box corresponds to
residues 138 to 152 (33). The C-terminal half of the molecule
has been implicated in the above-mentioned effects on poly-
adenylation (the activation function) and splicing (the repres-
sion function) (17, 30, 42, 45), although residues in the N
terminus also appear to contribute to activation (45) and re-
pression (44). Not surprisingly in view of the complex functions
it fulfills, ICP27 has been shown to interact with numerous
other viral and cellular proteins. Physical interactions with the
main viral transactivator, ICP4, have been documented (36).
Furthermore, it has recently been shown that ICP27 can self-
associate (65). Interactions with proteins of the splicing appa-
ratus (50), hnRNP K and casein kinase 2 (61), have also been
demonstrated, all of which may contribute in various ways to
the functions of ICP27.

We have been investigating how ICP27 affects mRNA pro-
cessing and nuclear export of the transcript encoded by the
cellular a-globin gene. Normally silent in cells of nonerythroid
lineage, the a-globin gene is induced during HSV infection by
the actions of the IE proteins ICP0, ICP4, and ICP22, leading
to accumulation of correctly initiated RNAs (6). We have
recently reported that ICP27, while having little effect on the
levels of spliced a-globin RNA, causes cytoplasmic accumula-
tion of unspliced a-globin pre-mRNA (5). This observation
was surprising, for two reasons. First, a large body of evidence
demonstrates that transcripts of most intron-bearing cellular
genes must be processed by the splicing apparatus in order to
access the nuclear export machinery (2, 7-9, 14, 19, 20, 22, 25,
35, 47). The process of splicing itself appears to be required, as
evidenced by the finding that cDNA copies of many intron-
bearing genes fail to direct the accumulation of stable cyto-
plasmic RNA, and this defect can be rescued by placing a
heterologous intron in the transcription unit (14). Thus, our
finding that ICP27 promotes cytoplasmic accumulation of un-
spliced a-globin RNA suggested that ICP27 provides a novel
splicing-independent pathway for RNA export. Second, previ-
ous studies by other investigators have been interpreted to
indicate that ICP27 induces nuclear retention of intron-bear-
ing transcripts of the HSV genes encoding ICPO and UL15 (18,
39, 49). This effect, ascribed to a global inhibition of splicing
mediated by ICP27, was taken to suggest that the RNA trans-
port function of ICP27 distinguishes between transcripts aris-
ing from intron-bearing and intronless genes and is capable of
transporting only the latter. In contrast, our data were more
compatible with the hypothesis that ICP27 stimulates splicing-
independent transport of a specific subset of RNAs, irrespec-
tive of the presence or absence of introns.

Our hypothesis that ICP27 causes the accumulation of
a-globin pre-mRNA by inducing a splicing-independent RNA
transport system (rather than by inhibiting the process of splic-
ing per se) raised the possibility that accumulation of unspliced
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a-globin RNA could be uncoupled by mutation from the pre-
viously described transrepression function of ICP27, which has
been attributed to direct inhibition of splicing. In addition, the
contrast between our results and those previously reported for
intron-bearing transcripts of the HSV ICP0 and ULI15 genes
suggested that ICP27 can discriminate between different in-
tron-bearing RNAs. Here we present the results of experi-
ments that test these predictions, by examining the effects of a
large panel of ICP27 mutations on the processing and trans-
port of a-globin and ICP0 RNAs.

MATERIALS AND METHODS

Cells and viruses. HeLa cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum (FBS). Vero cells
were propagated in DMEM containing 5% FBS. The HSV-1 wild-type strain
used in this study was KOS1.1 (24). The HSV strains bearing mutated versions
of the ICP27 gene are shown in Fig. 1. Mutants d27-1, n59R, n263R, n406R, and
n504R (42, 45), d1-2 (44), d3-4 and d4-5 (31), and M11, M15, and M16 (43) have
been described elsewhere. Construction of the d1-5, d2-3, d5-6, and d6-7 viruses
(S. A. Rice, V. Leong, and C. Guy, unpublished data) was analogous to that of
the d3-4 and d4-5 viruses (31). The M1X and M2X viruses were constructed as
follows. Plasmid pM1 (43) was modified by inserting an Nhel linker having stop
codons in all three reading frames into the engineered Xhol site in the ICP27
gene at codons 11 and 12. A recombinant HSV bearing this version of ICP27 was
generated and designated M1X. This virus produces a truncated ICP27 protein
that reacts with monoclonal antibody H1113 (which recognizes residues 109 to
137) but not H1119 (which recognizes residues 1 to 11) (S. A. Rice, unpublished
data; 31). Thus, we assume that translation begins at the downstream AUG at
codon 50 and the truncated ICP27 protein lacks its N-terminal 49 amino acids.
Virus M2X was constructed in a similar fashion except that the Nhel linker was
inserted at the Xhol site of pM2 (43), which is at codons 63 and 64. This virus
does not make any detectable ICP27 protein (Rice, unpublished). All ICP27
mutant strains were propagated in V27 cells, which are derivatives of Vero cells
engineered to express ICP27 upon infection with HSV (42). V27 cells were
maintained in DMEM containing 5% FBS and 100 pg of Geneticin (G418;
Gibco-BRL) per ml. Infections of HeLa cells (~80% confluent) were carried out
at a multiplicity of 10 PFU/cell, and in some experiments phosphonoacetic acid
(PAA; 300 wg/ml) was included in the medium to inhibit viral DNA replication.

Isolation of RNA and Northern blot analysis. Total RNA was harvested from
infected HeLa cells in 100-mm-diameter dishes using the Trizol reagent (Gibco-
BRL). Poly(A)" RNA was selected from total RNA using an Oligotex mRNA
isolation kit (Qiagen). Nuclear and cytoplasmic RNA fractions were isolated
from infected HeLa cells in 60-mm-diameter dishes using an RNeasy purification
kit (Qiagen). Briefly, infected cells were trypsinized, pelleted, and lysed in a
buffer containing 0.5% NP-40, followed by centrifugation to pellet the nuclei.
Cytoplasmic RNA was prepared from the supernatant according to the protocol
given in the RNeasy handbook. The pelleted nuclei from the cell fractionation
protocol were processed as described in the RNeasy handbook for whole cells, to
give the nuclear RNA fraction. In some experiments, RNA was treated with
RNase H in the presence of oligo(dT) as previously described (5) to remove the
poly(A) tail prior to Northern blot analysis. RNA samples (10 wg of total RNA
or the corresponding cell equivalent of nuclear or cytoplasmic RNA) were
electrophoresed on a 1 or 1.5% agarose-formaldehyde gel followed by blotting to
a Genescreen membrane (NEN). The blot was hybridized to radiolabeled probes
specific for various RNA sequences. The probe used to detect a-globin tran-
scripts was a 1.5-kb PstI fragment bearing the entire human o2-globin gene
purified from pUCa2 (6). All double-stranded ICPO probes were fragments
purified from plasmid pSHZ, which bears the ICPO open reading frame and
surrounding sequences (34). The ICP0 exon/intron probe was a 1,078-bp Ncol-
Xhol fragment; the ICPO intron probe was a 165-bp PshAl fragment; the ICP0O
upstream probe was a 160-bp SphI-Drdl fragment (see Fig. 4A). To prepare the
ICPO intron-specific riboprobe, plasmid pBS-9 was constructed by cloning a
165-bp PshAl fragment from pSHZ (blunt ended with the large fragment of
Escherichia coli DNA polymerase 1) into the Smal site of the vector pBluescript
II SK+ (Stratagene). A strand-specific riboprobe was obtained by transcribing
EcoRl-linearized pBS-9 with T3 RNA polymerase in the presence of [*>P]CTP,
followed by purification on a NucTrap column (Stratagene). To detect thymidine
kinase (TK) transcripts, a 662-bp SstI/Smal fragment from plasmid pTK173 (60)
was used. All hybridizations with double-stranded DNA probes or the riboprobe
were carried out in Church buffer (11) at 65°C. To probe for the U3 small
nucleolar RNA (snoRNA), a radiolabeled oligonucleotide specific for U3 was
used as previously described (5); this hybridization was done in ExpressHyb
(Clontech) according to the user manual.

RESULTS

ICP27 mutations that impair virus replication prevent ac-
cumulation of unspliced a-globin RNA. We previously re-
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FIG. 1. HSV-1 recombinants encoding altered forms of ICP27. Shown is a schematic diagram of the ICP27 polypeptide and the approximate positions of the NES,
N-terminal acidic region, NLS, RGG box and C-terminal region. The positions of 16 Xhol sites engineered in a family of mutant ICP27 plasmids (43) are indicated.
Mutants M11, M15, and M16 contain one or two altered amino acids as a consequence of the engineered Xhol sites at positions 11, 15, and 16, respectively. The sites
were also used to construct the in-frame deletion mutants shown. The portion of the ICP27 polypeptide that is encoded in each mutant virus is shown by the horizontal
lines. The growth characteristics of each mutant virus in Vero cells are indicated by their ability to form plaques and their virus yield relative to the yield of the wild-type
(WT) virus. The ability of the ICP27 mutants to carry out the transrepression function of ICP27, as defined by transient transfection assays using reporter genes, is

indicated. ND, not determined.

ported that expression of functional ICP27 is necessary and
sufficient for cytoplasmic accumulation of unspliced polyade-
nylated a-globin mRNA in HSV-1-infected HeLa cells (5). To
investigate which regions of the ICP27 protein mediate pre-
mRNA accumulation, we examined the a-globin transcripts in
cells infected with a panel of HSV-1 recombinants in which
each encodes a different mutated version of ICP27 (Fig. 1).
The ICP27 protein can be divided into several functional re-
gions. At the amino terminus is the leucine-rich NES (amino
acids 5 to 17) (49), which partially overlaps an acidic region
extending from amino acids 12 to 63 (44). The strong NLS at
amino acids 110 to 137 (31) is immediately adjacent to the
RGG box (residues 138 to 152) (33), which mediates RNA
binding. The C-terminal region (from amino acids 262 to 512),
conserved in all mammalian and avian herpesvirus ICP27 ho-
mologs (1), is particularly sensitive to mutations, and this half
of the protein is required for the transactivation and transre-
pression functions of ICP27 (17). However, sequences located
in the N-terminal portion of the polypeptide also play a role in

these functions (44, 45). The mutations analyzed include a null
mutant having a deletion of most of the ICP27 open reading
frame (d27-1), N-terminal (M1X) and C-terminal (n59R,
n263R, n406R, n504R, and M2X) deletions, clustered point
mutations that alter one or two amino acids in the C-terminal
region (M11, M15, and M16), and in-frame deletions within
the coding sequence (d1-2, d2-3, d3-4, d4-5, d5-6, d6-7, and
d1-5) (Fig. 1). The latter were engineered to precisely remove
certain segments of the ICP27 protein; for example, d1-2 de-
letes the acidic region, and d3-4 and d4-5 remove the NLS and
the RGG box, respectively. Detailed phenotypic analyses of
many of these mutant viruses have been previously reported
(see reference list in Fig. 1). The mutants can be grouped into
three categories, based on their ability to replicate in Vero
cells: (i) mutants d27-1, nS9R, n263R, n406R, n504R, M11,
M15, M16, d1-2, d4-5, d1-5, M1X, and M2X are growth defec-
tive, being unable to form plaques or forming plaques at
greatly reduced efficiency; (ii) mutants d2-3 and d3-4 are
growth deficient, being able to form plaques but having re-
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FIG. 2. Effect of ICP27 mutants on accumulation of «a-globin pre-mRNA.
HelLa cells were infected with the indicated ICP27 mutant viruses at a multiplic-
ity of 10 in the presence of PAA. Total RNA was harvested 6 h postinfection, and
10 pg was either left untreated (A) or treated with RNase H in the presence of
oligo(dT) to remove the poly(A) tails (B). a-Globin transcripts were detected by
Northern blot analysis. M, RNA markers in kilobases. The a-globin transcript in
RNA isolated from blood is shown as a control.

duced yields in single-cycle growth assays; and (iii) mutants
d5-6 and d6-7 are replication competent, being indistinguish-
able from the wild-type virus.

HeLa cells were infected with each mutant virus in the
presence of PAA, and total RNA was harvested at 6 h postin-
fection. The RNA samples were either left untreated (Fig. 2A)
or treated with RNase H in the presence of oligo(dT) to re-
move the poly(A) tail (Fig. 2B) and then analyzed for the
presence of a-globin transcripts by Northern blot hybridiza-
tion. As we have observed previously (5), removal of the
poly(A) tail resulted in a considerable sharpening of the a-glo-
bin bands (discussed further below). Deadenylated RNA ex-
tracted from cells infected with the wild-type virus (KOS1.1)
displayed three species of a-globin RNA (ca. 580, 700, and 840
nucleotides [nt]), with the 700-nt RNA being considerably less
abundant than the other two (Fig. 2B). We have previously
shown that these RNAs correspond to fully spliced (576 nt),
partially spliced (688 and 718 nt), and unspliced (835 nt) a-glo-
bin transcripts that start at the a-globin promoter and are
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processed at the a-globin poly(A) site (5). Cells infected with
the ICP27 null virus, d27-1, accumulated only the fully spliced
species, confirming our previous finding that ICP27 is required
for the accumulation of unspliced RNA (5). All of the ICP27
mutant viruses induced accumulation of the fully spliced
mRNA, although we note that the signal intensity was some-
what reduced in infections with several of the mutant viruses
(particularly n406R, M11, and d1-2). We have not yet deter-
mined the basis for this reduction, but it was seen in multiple
experiments. In contrast, only two of the mutants, d5-6 and
d6-7, showed accumulation of the unspliced a-globin transcript
(Fig. 2B); all of the other mutants were as defective as d27-1 in
this respect. These data demonstrate first that the ICP27 mu-
tants that are defective for virus replication in cultured cells
fail to accumulate unspliced a-globin RNA, while those that
are replication competent display wild-type levels of unspliced
RNA. Second, multiple nonoverlapping segments of ICP27,
including the N- and C-terminal regions, are required for ac-
cumulation of a-globin pre-mRNA. Third, and somewhat sur-
prisingly, several of the mutant forms of ICP27 that have been
previously shown to retain the ability to repress reporter gene
expression in transient transfection experiments (n406R,
n504R, M11, M15, M16, and d1-2 [Fig. 1]) nevertheless fail to
accumulate unspliced a-globin RNA. It has been suggested
that the transrepression function of ICP27 is a consequence of
impaired splicing by ICP27, because repression correlates with
the presence of introns in the reporter gene (16, 18, 52). Our
findings argue that the accumulation of unspliced transcripts
by ICP27 can be uncoupled by mutation from the repression
function.

Several ICP27 mutations markedly increase the length and
heterogeneity of the a-globin mRNA poly(A) tail. The poly(A)
tails of most mRNAs vary in length from ca. 200 to 250 nt.
Spliced a-globin mRNA is only ca. 580 nt long [excluding the
poly(A) tail], and the heterogeneity in the poly(A) tail there-
fore significantly influences its electrophoretic mobility, lead-
ing to diffuse bands on a Northern blot. This can be observed
quite clearly with the RNA from KOSI.1-infected cells (Fig.
2A): without prior deadenylation, the unspliced, partially
spliced, and spliced bands were broad and poorly resolved.
Likewise, the spliced mRNA signal from the d27-1 infection
was quite diffuse. In both cases, these relatively diffuse bands
collapsed into sharper bands of the predicted sizes after the
poly(A) tails were removed by treatment with RNase H in the
presence of oligo(dT) (compare Fig. 2A and B). Remarkably,
several of the ICP27 mutants gave rise to exceptionally diffuse
(and more slowly migrating) signals when RNA retaining the
poly(A) tail was examined (Fig. 2A, mutants n406R, M11,
M16, d1-2, and to a lesser extent M15). In fact, without re-
moval of the poly(A) tail, we were unable to definitively de-
termine whether the signals observed corresponded to spliced
or unspliced RNA or to a mixture of the two as in the KOS1.1
sample. However, in the n406R, M11, M15, and M16 samples,
the heterogeneity was eliminated by treatment with RNase
H-oligo(dT), giving rise to a single sharp band corresponding
to spliced RNA (Fig. 2B). This effect is shown more clearly in
the experiment depicted in Fig. 3A (-RNase H), where RNA
from cells infected with M11, M15, M16, n406R, and d1-2 were
directly compared to the d27-1 sample. The M11, M15, M16,
n406R, and d1-2 RNAs all migrated more slowly than the
d27-1 sample and gave rise to a broad indistinct signal. How-
ever, with the exception of RNA from cells infected with mu-
tant d1-2, removing the poly(A) tail resolved the majority of
the signal into a discrete 580-nt band that comigrated with the
spliced mRNA band in KOS1.1-infected cells and in blood
RNA (Fig. 3A, +RNase H +oligo dT). By far the most likely
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FIG. 3. Several ICP27 mutants cause an increase in the length and heterogeneity of the a-globin 3’ poly(A) tail. (A) Total RNA was harvested from HelLa cells
infected with the indicated ICP27 mutant viruses in the presence of PAA at 6 h postinfection. The RNA was analyzed for the presence of a-globin transcripts before
or after removal of the poly(A) tail by treatment with RNase H and oligo(dT). The a-globin transcript in RNA isolated from blood is shown as a control. (B) Total
RNA was isolated from HeLa cells that were either mock infected or infected with HSV-1 strain KOS1.1, d27-1, or n406R in the presence of PAA. a-Globin transcripts
were detected by Northern blot hybridization before or after removal of the poly(A) tail by treatment with RNase H and oligo(dT). M, RNA markers in kilobases.

explanation of these data is that the mutations in the n406R,
M11, M15, and M16 viruses greatly increase the length and
heterogeneity of the poly(A) tail of spliced a-globin mRNA. In
the case of mutant d1-2, deadenylation of the RNA revealed
detectable quantities of unspliced and partially spliced tran-
scripts, although in lower amounts than in KOS1.1 RNA,
which at least partly accounts for the broad a-globin signal in
the untreated sample. The most striking example of the
poly(A) extension effect is evident with the 7406R mutant (Fig.
3B). In cells infected with n406R, the a-globin RNA is signif-
icantly higher in molecular weight than the d27-1 counterpart,
and the signal extends almost to the position of the unspliced
transcript present in KOSI1.1-infected cells, which is 260 nt
longer than the spliced mRNA (Fig. 3B, -RNase H). We esti-
mate from these data that the poly(A) tail of a-globin mRNA
in cells infected with this mutant ranges in length from ~275 to
520 nt, markedly longer and more heterogeneous than the
relatively discrete 200- to 250-nt tail observed in d27-1 infec-
tions. This extension phenomenon is clearly a consequence of
expressing the altered ICP27 protein, as the effect was not seen
with either wild-type or ICP27-null virus. Moreover, a marker-
rescued virus in which the n406R ICP27 allele was replaced
with the wild-type allele did not display the extension pheno-
type (data not shown). Although we do not know the mecha-
nism by which some mutant forms of ICP27 cause extension of
the poly(A) tail, these data suggest that ICP27 may be inti-
mately involved with the polymerization of the poly(A) tail in
addition to its previously documented effects on poly(A) site
selection and usage (27-29).

Multiple intron-bearing ICP0 transcripts are present in
HSV-infected HeLa cells. It has been suggested in the litera-
ture that ICP27 induces the delayed shutoff of host protein
synthesis by virtue of its ability to inhibit RNA splicing (16, 18,
52). However, we have previously shown that although ICP27
induces accumulation of unspliced a-globin RNA, it does not
detectably inhibit accumulation of the fully spliced globin tran-
script (5). Moreover, the data presented in Fig. 2 demonstrate
that accumulation of unspliced a-globin RNA can be uncou-
pled from ICP27’s repression function (which is thought to
reflect inhibition of splicing). The ICPO gene is one of the few

HSV-1 genes that contain introns (Fig. 4A), and it has been
reported that ICP27 causes the accumulation of ICPO pre-
mRNA in infected cells (18, 39, 49). These data have been
interpreted to indicate that ICP27 inhibits the splicing of HSV
transcripts as well as cellular RNAs. Given our results, we
wished to confirm that ICP27 induces accumulation of un-
spliced ICPO RNA in our experimental system and examine
the effects of our panel of ICP27 mutations on this process. In
particular, we wished to determine if accumulation of un-
spliced RNA could be uncoupled from the repression function
of ICP27 with this transcript as well.

We examined the ICPO transcripts present in HSV-infected
HeLa cells by Northern blot hybridization (Fig. 4B). It should
be noted that previous studies used in situ hybridization (39) or
RNase protection (16, 18) to detect unspliced ICPO RNA;
although these methods are useful, they do not give an over-
view of the number and structures of the transcripts detected.
Total and poly(A)" RNA was isolated from cells infected in
the presence of PAA with wild-type KOS1.1 or the ICP27 null
d27-1 at 6 h postinfection. We used two probes to analyze the
ICPO transcripts (Fig. 4A). The exon/intron probe extends
from the beginning of exon 1 through the first intron into the
5" portion of exon 2 and should detect all ICPO transcripts. In
contrast, the intron probe detects only unspliced RNAs retain-
ing intron 1. Total RNA extracted from cells infected with
KOS1.1 contained at least six transcripts that hybridized to the
exon/intron probe (labeled a to f in Fig. 4B). These ranged in
size from ca. 800 nt (transcript a) to ca. 7 kb (transcript f).
Transcript a was also detected with the intron-specific probe,
and this small RNA was not recovered in the poly(A)" RNA
fraction. We therefore conclude that it corresponds to the
excised intron 1 RNA previously observed by other investiga-
tors (4). In contrast, transcripts b, ¢, and e (and possibly d)
were all recovered in the poly(A)" fraction. Transcript b
(~2,700 to 2,800 nt) is the size predicted for ICPO mRNA and
did not hybridize to the intron probe. Taken together, these
data indicate that transcript b corresponds to spliced, polyad-
enylated ICP0O mRNA. The larger transcripts (c to f) all hy-
bridized to the intron probe and thus contain at least a portion
of intron 1. RNA from d27-1-infected cells displayed only
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FIG. 4. Northern blot analysis detects more than one ICP0 intron-bearing transcript in KOS1.1-infected HeLa cells, and their accumulation requires ICP27. (A)
Schematic diagram of the HSV-1 ICP0 gene. Exon sequences are indicated by filled boxes, and introns are marked by dashed lines. Positions of the mRNA start site,
ATG start codon, TAA stop codon, 5’ and 3’ untranslated regions, and the poly(A) cleavage site are shown. The fragments specific for upstream sequences, intron 1
sequences, and exon plus intron sequences that were used to prepare radiolabeled probes for Northern blot analysis are indicated by hatched bars. (B) Total RNA or
poly(A)™ RNA was prepared from mock-infected, KOS1.1-infected, or d27-1-infected HeLa cells at 6 h postinfection. Northern blot analysis was conducted using the
intron-specific probe (right), and then the membrane was reprobed with the exon/intron probe (left). Transcripts were given the designations a to f for ease of
description in the text. M, RNA size markers in kilobases. (C) Northern blot of total RNA from mock-infected, KOS1.1-infected, or d27-1-infected HeLa cells using
the ICPO intron 1 strand-specific riboprobe. (D) Northern blot of total RNA from mock-infected or KOS1.1-infected HeLa cells using the upstream probe (left) and

the intron 1 probe (right).

transcripts a and b (free intron 1 and fully spliced mRNA,
respectively). Thus, ICP27 was required for the accumulation
of all of the larger intron-bearing transcripts, in accord with the
observations of others.

We examined the nature of these intron-bearing RNAs in
more detail. Transcript ¢ (~3,500 nt) is the size predicted for
RNA that initiates at the ICPO gene promoter, bears both
introns, and terminates at the designated ICPO poly(A) site
(Fig. 4A). Additional evidence supporting that assignment is
presented below. The remaining RNA species (d to f) are all
significantly larger, and notably, one of these (transcript e) is
considerably more abundant than transcript c. It is unclear if
RNAs d and e are separate species, since there is some dis-
tortion at this position on the gel due to the presence of the
28S rRNA. All of these transcripts (with the possible exception
of d) hybridized to a strand-specific riboprobe derived from
intron 1 (Fig. 4C), demonstrating that they are transcribed
from the same DNA strand as ICPO mRNA. In principle, these

larger intron-bearing transcripts might initiate upstream of the
ICPO mRNA start site and/or terminate downstream of the
poly(A) site. To investigate these possibilities, duplicate sam-
ples of total RNA from KOS1.1-infected cells were run on the
same gel and blotted to a Genescreen membrane. One half of
the membrane was probed with a labeled DNA fragment de-
rived from sequences located immediately upstream of the
ICPO mRNA start site (Fig. 4A), and the other half was probed
with the intron 1 probe (Fig. 4D). The upstream probe did not
detect band a, b, or c, consistent with our designation of these
RNAs as the excised intron 1, spliced mRNA, and ICPO pre-
mRNA initiating at the ICPO promoter, respectively. The up-
stream probe did, however, detect bands d, e, and f, and also
illuminated an additional transcript labeled g. These data dem-
onstrate that the larger intron-containing transcripts (d to f)
initiate upstream of the ICPO promoter and read through at
least a portion of the ICPO intron 1. The transcriptional po-
larity of transcript g has not yet been determined. We have not
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FIG. 5. Effect of ICP27 mutants on accumulation of ICP0 intron-bearing transcripts. HeLa cells were infected with the indicated viruses at a multiplicity of 10 in
the presence of PAA, and total RNA was harvested 6 h postinfection. Ten micrograms of each RNA was subjected to Northern blot analysis using the ICPO intron
1 probe (B). The membrane was subsequently reprobed with the ICPO exon/intron probe (A). Positions of transcripts a to f are indicated. M, RNA size markers in

kilobases.

determined exactly where transcripts d to f initiate or termi-
nate.

Taken together, these data show that several transcripts
bearing at least part of ICP0 intron 1 accumulate in HeLa cells
infected with wild-type HSV-1. The origin of some of these
RNAs is not clear, but several initiate upstream of the ICP0
promoter. Importantly, accumulation of all of these intron-
containing transcripts requires the ICP27 protein, under these
conditions of infection. Transcript c is the most likely candi-
date for bona fide ICPO pre-mRNA (i.e., the pre-mRNA that
is spliced to produce translatable ICPO mRNA). It is worth
pointing out that ICPO transcript ¢ is much less abundant
relative to spliced ICP0 mRNA than the a-globin pre-mRNA
is relative to spliced a-globin mRNA: the relative band inten-
sity of RNA c is considerably lower than its a-globin counter-
part; in addition the ICPO exon/intron probe used is composed
mostly of intron sequences (only 29% of the length of the
probe is homologous to the exon sequences), and thus the
band intensity of the mRNA species is underrepresented
three- to fourfold relative to the intron-bearing transcripts. In
contrast, the a-globin probe used is 70% exonic, and the un-
spliced a-globin signal is often as intense as that of the fully
spliced RNA (Fig. 2, 3, and 6). Thus, compared to a-globin
pre-mRNA, ICPO transcript ¢ is a very minor species. These
considerations suggest that ICP27 causes the accumulation of
a-globin pre-mRNA much more efficiently than ICPO pre-
mRNA.

Effect of ICP27 mutations on accumulation of ICP0 intron-
bearing transcripts. The foregoing data confirmed that ICP27
is required for accumulation of intron-bearing transcripts of
both the a-globin and ICPO genes. We next wished to deter-
mine if accumulation of the intron-containing ICP0 transcripts

exhibits the same mutational sensitivity spectrum as accumu-
lation of unspliced a-globin pre-mRNA. Total RNA harvested
from cells infected with the panel of ICP27 mutants in the
presence of PAA was analyzed by Northern blot hybridization
using the ICPO exon/intron (Fig. 5A) and intron 1 (Fig. 5B)
probes. Transcripts were given the same designations (a to f) as
in Fig. 4. Fully spliced ICPO mRNA was present in all of the
samples, as was the excised intron 1 (Fig. SA, bands b and a,
respectively). Several of the mutants (d2-3 and d3-4 in partic-
ular) displayed reduced levels of these RNAs; we have not
determined the basis for this reduction. Unlike the results
obtained with a-globin RNA, we noted several different phe-
notypes with respect to the transcripts containing intron 1
sequences (Fig. 5B). First, the majority of the mutant viruses
(n59R, n263R, M15, d2-3, d3-4, d4-5, d1-5, M1X, and M2X)
behaved like the ICP27-null mutant, d27-1: in these infections,
no intron-containing transcripts were evident. Second, d5-6
and d6-7 displayed the same spectrum of intron-bearing RNAs
as the wild-type virus. d5-6 and d6-7 are the only mutants
analyzed that are not growth impaired in Vero cells, and they
also efficiently accumulate a-globin pre-mRNA. Third, four
mutants (7406R, n504R, M11, and M16) accumulated the in-
tron-containing RNAs that initiate upstream of the ICPO pro-
moter (RNAs d to f) but failed to display the intron-containing
transcript that likely initiates at the ICPO promoter (RNA c).
Mutant n406R displayed the most striking example of this
phenotype, in that transcripts d to f were overproduced relative
to wild-type KOSI1.1. Finally, in the d1-2 infection, all of the
intron-bearing RNAs were lacking, but a faint new band that
migrates slightly higher than transcript ¢ appeared. We have
not investigated the nature of this transcript further. We con-
clude from these data that the effects of ICP27 on accumula-
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tion of intron-bearing RNAs are both transcript and ICP27
allele specific. While d5-6 and d6-7 display the wild-type phe-
notype, several other ICP27 mutants distinguish between ICP0
transcript ¢ and a-globin pre-mRNA on one hand (no accu-
mulation) and ICPO transcripts d to f on the other (accumu-
lation). Possible explanations for these findings are presented
below (see Discussion).

Subcellular localization of a-globin and ICP0 transcripts.
We previously reported that the unspliced a-globin pre-mRNA
that accumulates as a consequence of ICP27 expression is
efficiently exported into the cytoplasm (5). This finding was
surprising because, as reviewed in the introduction, intron-
bearing transcripts are normally confined to the nucleus, and
substantial evidence indicates that such pre-mRNAs must be
processed by the splicing apparatus in order to access the
nuclear export machinery. Based on our data, we proposed
that ICP27 induces a splicing-independent pathway for nuclear
export, one that transports specific transcripts irrespective of
the presence or absence of introns. However, it has been pre-
viously observed that ICP27 causes the accumulation, prefer-
entially in the nucleus, of intron-bearing transcripts of the HSV
ICPO and UL15 genes, an effect that was ascribed to inhibition
of splicing (18, 39, 49). This has led to the suggestion that the
ICP27-induced RNA transport system globally distinguishes
between transcripts of intronless and intron-bearing genes,
transporting the former and blocking splicing and export of the
latter (49). We therefore compared the effects of ICP27 on the
subcellular localization of a-globin and ICP0O pre-mRNA in
more detail, in an attempt to resolve the apparent discrepan-
cies between our data and the interpretations that currently
prevail in the literature.

A major factor that could influence the nuclear/cytoplasmic
distribution of mRNA and pre-mRNA is the onset of viral
DNA replication. We have routinely blocked viral DNA rep-
lication with PAA in all of our previous studies of ICP27’s
effects on a-globin pre-mRNA metabolism, for two reasons.
First, expression of the chromosomal a-globin gene declines
after 6 h postinfection, like that of viral E genes, and this
decline is prevented by blocking viral DNA replication (6).
Second, and more important, ICP27-null mutants display a
marked defect in viral DNA replication, and the various ICP27
mutants that we have analyzed differ considerably in the ability
to support DNA replication. The onset of DNA replication
profoundly affects viral gene expression and leads to pro-
nounced changes in nuclear organization. We included PAA to
eliminate these potentially confounding secondary effects,
which are predicted to vary substantially between the ICP27
mutants. In contrast, the previous study indicating that ICP27
causes nuclear retention of ICP0O pre-mRNA did not control
for the effects of viral DNA replication (39). We therefore
examined the subcellular localization of a-globin and ICPO
RNAs, in the presence or absence of a blockade of viral DNA
replication imposed by PAA (Fig. 6 and 7).

In the first such experiment, nuclear and cytoplasmic RNA
was harvested at various times after infection with wild-type
KOS1.1, and deadenylated samples were scored for the pres-
ence of spliced and unspliced a-globin RNA by Northern blot
hybridization (Fig. 6A). As a control, the same membrane was
probed with an oligonucleotide specific for the U3 snoRNA, an
exclusively nuclear RNA (Fig. 6B). The U3 snoRNA was de-
tected only in the nuclear RNA samples, indicating that the
cytoplasmic RNA was free of nuclear RNA contamination. As
reported previously (6), a-globin transcript levels peaked at 6 h
postinfection in the absence of PAA, and at this time point a
significant fraction of the pre-mRNA and mRNA was cytoplas-
mic (lanes 5 and 6). As the infection progressed, the combined
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FIG. 6. Cytoplasmic accumulation of unspliced and spliced a-globin RNA is
independent of viral DNA replication. HeLa cells were mock infected or infected
with HSV-1 strain KOS1.1 in the absence or presence of PAA. At 3,6,9,0r 12h
postinfection, nuclear (N) or cytoplasmic (C) RNA fractions were prepared.
RNA from an equal number of cells was analyzed by Northern blotting for the
presence of a-globin transcripts (A) or the U3 snoRNA (B).

pre-mRNA and mRNA signal declined, and both species be-
came increasingly cytoplasmic (lanes 7 to 10). This progressive
shift is consistent with the hypothesis that a-globin RNA syn-
thesis declines at later times, while nuclear export of the
preexisting transcripts continues. The overall decline in the
a-globin signal likely stems from turnover in the cytoplasm.
Consistent with this interpretation, the decline is largely elim-
inated by inactivating the virion host shutoff protein vhs (P.
Cheung and J. R. Smiley, unpublished data). In the presence of
PAA, the levels of a-globin RNA increased over time, and the
unspliced and spliced transcripts efficiently gained access to the
cytoplasm at all time points (lanes 11 to 18). These data dem-
onstrate that PAA does not greatly influence the nuclear ex-
port of a-globin mRNA or pre-mRNA. In particular, the un-
spliced RNA is largely cytoplasmic in both the presence and
absence of the drug.

We next examined the effects of ICP27 and PAA on the
subcellular distribution of ICPO transcripts at 6 and 12 h
postinfection (Fig. 7A). We also probed the same samples for
HSV TK mRNA (Fig. 7B), which is derived from an intronless
viral gene. Previous studies have indicated that TK mRNA
contains multiple cis-acting elements that mediate its nuclear
export, likely via interactions with the cellular protein hnRNP
L (25). Controls confirmed that, as expected, U3 snoRNA was
recovered exclusively in the nuclear fraction (Fig. 7C). The
profiles of ICPO transcripts at 6 h postinfection were similar in
the presence and absence of PAA (Fig. 7A): transcripts a to e,
as defined in Fig. 4, were readily discernible in the KOS1.1
samples, and only transcripts a and b were evident in d27-1
RNA (the faint higher-molecular-weight band in the d27-1
lanes 5 and 13 was not detected with the intron 1 probe [data
not shown]). It is interesting that transcript c, the presumed
bona fide ICPO pre-mRNA, was not apparent in KOS1.1-in-
fected cells at 12 h postinfection, in either the absence or
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FIG. 7. Nuclear retention of all ICP0 transcripts is dramatically enhanced by
viral DNA replication but is independent of ICP27. HeLa cells were mock
infected or infected with HSV-1 strain KOS1.1 or d27-1 in the absence or
presence of PAA. At 6 or 12 h postinfection, nuclear (N) or cytoplasmic (C)
RNA fractions were prepared. RNA from an equal number of cells was analyzed
by Northern blotting for the presence of ICPO transcripts using the ICP0 exon/
intron probe (A), TK transcripts (B), or the U3 snoRNA (C). M, RNA size
markers in kilobases.

presence of PAA (lanes 8, 15, and 16). The d27-1 RNA har-
vested 12 h postinfection from cells infected in the absence of
PAA (lane 9) displayed the intron-bearing transcripts d and e,
in addition to the intron 1 RNA and the spliced message
(RNAs a and b, respectively). Thus, unlike at early times of
infection, the accumulation of these intron-bearing transcripts
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was not strictly dependent on ICP27 expression at late times
under replication-competent conditions. The significance of
this observation is unknown at present. Significant quantities of
each of the ICPO transcripts could be detected in the cytoplasm
in cells infected with KOS1.1 in the absence of PAA, as has
been observed previously (18, 49); however, the majority of
RNAs b to e was recovered in the nucleus (Fig. 7A, lanes 3, 4,
7, and 8). This nuclear retention was greatly exaggerated at
12 h postinfection. Notably, retention was not confined to the
intron-bearing RNAs but was exhibited by the spliced mRNA
as well (transcript b). Furthermore, a similar degree of nuclear
retention of the spliced mRNA was observed in d27-1 infec-
tions (Fig. 7A, lanes 5, 6, 9, and 10). Interestingly, the excep-
tion to the nuclear retention phenotype was band a, which
corresponds to excised intron 1. A significantly greater propor-
tion of this RNA than of the other transcripts was cytoplasmic,
independent of the presence or absence of ICP27. Cytoplasmic
accumulation of ICPO intron 1, by unknown mechanisms, has
been described previously (4). ICPO transcript levels were con-
siderably reduced in the presence of PAA (lanes 11 to 18),
especially at 12 h postinfection, and modest levels of nuclear
retention were observed. These results indicate that in HeLa
cells, ICPO transcripts are predominantly nuclear regardless of
the presence or absence of intron sequences. This retention is
not obviously mediated by ICP27, since the spliced mRNA is
preferentially located in the nucleus even in the absence of
functional ICP27.

The membrane shown in Fig. 7A was then stripped and
reprobed for TK sequences (Fig. 7B). In KOS1.1-infected cells,
TK RNA was distributed approximately equally between the
nucleus and cytoplasm at all time points (lanes 3, 4,7, 8, 11, 12,
15, and 16). However, in the d27-1 infection, the RNA was
preferentially cytoplasmic (lanes 5, 6, 9, 10, 13, 14, 17, and 18),
an effect that was especially pronounced when viral DNA rep-
lication was disabled by PAA. In addition, the amount of TK
RNA was substantially reduced in d27-1 infections. One expla-
nation of these results is that the previously described cellular
export pathway for the TK transcript is saturated in cells in-
fected with the wild-type virus. However, these data raise the
possibility that ICP27 may participate in regulating the nucle-
ar/cytoplasmic distribution of TK transcripts.

Taken together, the data presented above demonstrate that
in HSV-infected HeLa cells, a-globin transcripts are exported
to the cytoplasm irrespective of the presence or absence of an
intron, while conversely both spliced and unspliced ICPO
RNAs are preferentially recovered in the nuclear fraction.
Moreover, retention of spliced ICP0 mRNA does not require
ICP27.

DISCUSSION

Effects of ICP27 mutations on accumulation of unspliced
a-globin and ICP0 pre-mRNA. We have used a panel of
HSV-1 recombinants bearing altered versions of the ICP27
gene to examine which regions of ICP27 are important for the
accumulation of unspliced transcripts of two intron-bearing
genes, a-globin and ICP0. Our results revealed a striking cor-
relation between the ability of the various mutant forms of
ICP27 to support virus replication on noncomplementing cells
and accumulation of unspliced a-globin RNA (compare Fig. 1
and 2). Mutations that inactivate or delete the NES, the N-
terminal acidic region, the NLS, the RGG box, and the con-
served C-terminal half of the protein all eliminated pre-mRNA
accumulation. This finding argues that all of these regions,
which are essential for ICP27 function, participate in the ac-
cumulation of a-globin pre-mRNA. Surprisingly, accumulation
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of a-globin pre-mRNA did not correlate with the previously
described transrepression function of ICP27, that is, its ability
to inhibit expression of intron-bearing reporter genes in co-
transfection assays. Several mutants that are fully competent
for repressing reporter genes (Fig. 1) nevertheless fail to ac-
cumulate detectable levels of unspliced a-globin pre-mRNA.
Previous studies utilizing a more limited set of ICP27 muta-
tions suggested that accumulation of unspliced RNA and trans-
repression are operationally equivalent consequences of a
global inhibition of splicing by ICP27 (18, 52). Our data pro-
vide new and significant information, by demonstrating that
these effects can be separated by mutation. One possible ex-
planation to reconcile these observations is the following. Al-
though the repression function of wild-type ICP27 appears to
be intron dependent (52), it has not been determined if this is
also the case for the repression-competent ICP27 mutants that
have been analyzed in our study. Indeed, Sandri-Goldin and
Mendoza have reported intron-independent inhibition of re-
porter gene expression by an ICP27 mutant, S23, that is de-
fective in gene activation (52). This mutant, as well as several
other mutants in the activation domain, is transdominant to
the wild-type protein, reducing late gene expression and viral
yields during coinfection with wild-type virus (54). This sug-
gests the mutant protein is dysfunctional rather than nonfunc-
tional, interfering with normal RNA processing possibly by the
formation of inactive heterodimers with wild-type ICP27 or by
competing with the wild-type protein for substrates or inter-
acting proteins. Repression-competent dysfunctional proteins
such as S23 may thus cause decreased gene expression by
mechanisms that are quite distinct from those used by the
native ICP27 protein. In this context, it is interesting that
several of the ICP27 mutants that are repression competent
(n406R, M11, M15, and M16) display the poly(A) tail exten-
sion effect, a phenotype not exhibited by the wild-type virus or
by the ICP27-null virus (discussed further below). It is possible
that this aberrant polyadenylation could lead to reduced ex-
pression of certain reporter genes (i.e., repression). Further
studies are required to test this hypothesis.

Does ICP27 induce accumulation of a-globin pre-mRNA
simply by interfering with RNA splicing? If the accumulation
of unspliced RNA were due solely to a decrease in the effi-
ciency of splicing, then one would expect KOS1.1 to induce
lower levels of spliced mRNA than d27-1, accompanied by a
concomitant increase in the amounts of unspliced RNA. How-
ever, we have consistently observed approximately equal band
intensities for the fully spliced mRNA in KOS1.1 and d27-1
infections, and indeed KOS1.1 often shows slightly higher lev-
els of the spliced product than d27-1 (Fig. 2; see also reference
5). Recent studies of the Epstein-Barr virus homolog of ICP27,
EB2, have produced similar observations (3): EB2 promotes
cytoplasmic accumulation of unspliced transcripts of at least
one intron-bearing reporter construct without reducing the
levels of fully spliced mRNA. To account for these data, we
have suggested that ICP27 acts to rescue a subset of a-globin
pre-mRNAs that would normally be degraded, rather than
inhibiting splicing per se (5). We speculated that ICP27 ac-
complishes this by dissociating transcripts from nonproductive
interactions with the spliceosome, thereby preventing their
degradation and promoting their polyadenylation and nuclear
export (5) (see below). We further hypothesized that these
activities are key to ICP27’s ability to promote splicing-inde-
pendent export of HSV L mRNAs (5). It is interesting that
HIV Rev appears to act in a similar fashion to promote nuclear
export of unspliced HIV mRNAs (40). If ICP27 indeed func-
tions in this or a similar manner, then it seems likely that
multiple properties of the protein (for example, RNA binding,
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interactions with the spliceosome, interactions with the poly-
adenylation machinery, nuclear export of RNA cargo, and
reimportation of ICP27 into the nucleus) would be required.
Inactivating any one of these functions could prevent accumu-
lation of unspliced a-globin RNA. Considered in this light, it is
not surprising that the integrity of most of the protein is re-
quired for this effect.

We obtained a substantially more complex picture when we
examined the effects of the various mutant forms of ICP27 on
accumulation of transcripts that retain ICPO intron 1. The
complexity stems in large part from the rather surprising mul-
tiplicity of intron-bearing transcripts that were observed. Mul-
tiple ICPO transcripts bearing the intron 1 sequence have not
been reported previously, and although it is possible that they
are HeLa cell specific, it is more probable that the Northern
blot analysis gives a more precise view of the number and sizes
of transcripts than do RNase protection or in situ hybridization
experiments. Although ICP27 was required for accumulation
of all these RNAs early in infection, only one (transcript c)
appears to represent unspliced ICPO pre-mRNA initiated at
the ICP0O promoter and processed at the ICPO poly(A) site.
The remainder of the RNAs (transcripts d to f) initiate some-
where upstream of the ICPO promoter, and we have yet to map
their 3’ ends. Thus, although accumulation of these RNAs
requires ICP27, it is not yet clear that this effect is due to
inhibition of splicing or rescue of the intron-containing tran-
script from the spliceosome. It is possible that another function
of ICP27 could result in accumulation of these RNAs. For
example, some or all of these RNAs might initiate at the
promoter of the upstream ICP34.5 gene (or another upstream
promoter) and read through upstream poly(A) sites in an
ICP27-dependent manner into ICPO sequences. In keeping
with this notion, ICP27 has clearly documented effects on reg-
ulating gene expression by modulating the choice between
alternative poly(A) sites (15, 27-29). In a particularly relevant
example, most transcripts of the UL24 gene ordinarily read
through the UL24 poly(A) site and are instead processed at the
poly(A) site of the downstream UL26 gene; however, when
ICP27 is inactivated, virtually all of the UL24 transcripts utilize
the promoter-proximal UL24 poly(A) site (15). An analogous
mechanism might explain the ICP27-dependent accumulation
of transcripts d to f. Other possibilities are that transcripts d to
f arise from an upstream promoter that is activated by ICP27,
or that ICP27 mediates some form of alternative splicing.
Thus, some or all of ICP0 transcripts d to f may arise as a
consequence of functions of ICP27 that are not equivalent to
transcript rescue or inhibition of constitutive splicing.

As was the case for a-globin, the only ICP27 mutants that
exhibited a wild-type phenotype with respect to the accumula-
tion of ICPO intron-bearing RNAs were d5-6 and d6-7, which
are not growth impaired in Vero cells. However, in marked
contrast to the findings with a-globin, several of the growth-
defective mutants (n406R, n504R, M11, and M16) also accu-
mulated ICPO intron-containing RNAs. It is interesting and
probably significant that these mutants accumulated only those
intron-bearing transcripts that initiate upstream of the ICP0
promoter and failed to display transcript ¢, which is likely the
precursor of ICPO mRNA. A possible explanation for this
finding is based on the notion, described above, that the intron-
bearing transcripts d to f arise through another function of
ICP27. Perhaps only transcript ¢ accumulates via the transcript
rescue function proposed above for a-globin pre-mRNA. Sup-
porting this hypothesis, only this transcript displayed the same
mutational sensitivity spectrum as a-globin pre-mRNA. If this
interpretation is correct, then the implication is that the tran-
script rescue function likely operates to some degree on the
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ICPO precursor RNA as well as a-globin. However, as noted in
Results, accumulation and transport of transcript ¢ are very
inefficient compared to the response of a-globin pre-mRNA.
One interpretation is that ICP27 acts through specific cis-
acting sequence elements and that those present in ICPO RNA
fail to mediate an efficient response (discussed further below).
This is in keeping with the finding that ICP27 did not detect-
ably bind ICPO spliced or unspliced RNA in the nucleus or
cytoplasm as measured by in vivo UV cross-linking of HSV-1-
infected cells (49).

Poly(A) tail extension by certain mutant forms of ICP27.
The observation that certain mutant forms of ICP27 cause a
significant change in the heterogeneity in length of the a-glo-
bin mRNA poly(A) tail was surprising and points to a previ-
ously unappreciated attribute of ICP27. It has long been rec-
ognized that ICP27 increases the efficiency of poly(A) site
selection at weak poly(A) sites (27-29). This enhancement of
3’ processing has been correlated with the transactivation func-
tion of ICP27, i.e., its ability to stimulate reporter genes in
cotransfection assays, and seems to participate in stimulating
late gene expression (52). To our knowledge, however, this is
the first report of effects of ICP27 on the length of the poly(A)
tail. The fact that these effects are not observed in wild-type or
ICP27-null infections suggests that the phenotype is manifest
as a consequence of expressing an altered protein that inter-
feres with a normal pathway. Many mutants of this kind are
dominant to the function of the wild-type protein; in fact,
Smith et al. have identified several activation-defective ICP27
mutants that exhibit transdominance to the wild-type protein
(54). Preliminary data indicate that n406R, which displays the
most striking poly(A) extension phenotype, may be partially
dominant negative (K. S. Ellison, S. A. Rice, and J. R. Smiley,
unpublished data). The poly(A) tail length of mammalian
mRNAs is normally limited to approximately 250 nt, by a
mechanism that involves the switching of poly(A) polymerase
(PAP) from a processive mode of polymerization to a distrib-
utive mode (62; see reference 64 for a recent review). This
switch is regulated by interactions between PAP, the RNA
molecule, the cleavage and polyadenylation specificity factor,
and poly(A) binding protein II. The poly(A) chain is elongated
processively only when PAP is stimulated by both the cleavage
and polyadenylation specificity factor and poly(A) binding pro-
tein IT bound to short poly(A) tails: disruption of these inter-
actions ensues at a chain length of ~250 nt by a mechanism
that is as yet unclear (62). Our findings imply that this length
control mechanism is fundamentally subverted by the presence
of some mutated versions of ICP27. One possibility is that PAP
retains its processivity throughout the course of the reaction,
perhaps through direct interactions with the altered form of
I1CP27.

It is interesting that four of the five mutant forms of ICP27
that display the poly(A) tail extension effect (excluding d1-2
[47]) have been previously shown to be defective in ICP27’s
activation function, and that the activation function has been
correlated with enhanced usage of some, but not all, poly(A)
sites. We have so far failed to detect a convincing effect of the
n406R mutation on the length of the poly(A) tails of HSV
ICP0O and TK mRNAs, although the data are not yet definitive
(K. S. Ellison, R. Verity, and J. R. Smiley, unpublished data).
It will therefore be interesting to determine which, if any,
additional viral and cellular RNAs display this effect and to
learn whether all of these are substrates for ICP27-induced
nuclear export.

Subcellular localization of a-globin and ICP0 transcripts.
We have previously suggested that there are two modes for
nuclear export of a-globin transcripts in HSV-infected cells: a
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splicing-dependent pathway for the spliced mRNA (presum-
ably the same as that utilized for transport of transcripts de-
rived from most intron-bearing cellular genes), and an alter-
native, splicing-independent pathway that requires ICP27 for
the egress of unspliced pre-mRNA (5). This hypothesis was
based on the observations that (i) ICP27 induces the cytoplas-
mic accumulation of unspliced a-globin RNA, while efficient
export of the spliced mRNA is ICP27 independent, and (ii)
ICP27 does not detectably alter the levels or rate of production
of fully spliced mRNA (5). Here we demonstrate that cyto-
plasmic accumulation of spliced and unspliced a-globin tran-
scripts occurs throughout the course of infection and in the
presence or absence of viral DNA replication.

The ICP27-dependent accumulation of unspliced transcripts
of two intron-containing HSV genes, ICP0 and UL15, has been
attributed to splicing inhibition by ICP27 (18, 39, 49), and one
study has suggested that ICP27 causes the retention of these
unspliced transcripts in the nucleus (39). We observed both
unspliced (intron-bearing) and spliced ICP0 transcripts in the
cytoplasm, as has been previously reported (18, 49), but the
bulk of the ICPO transcripts were retained in the nucleus, an
effect that was significantly enhanced when viral DNA replica-
tion was allowed to proceed. However, the spliced mRNA was
retained as well as the intron-bearing RNAs (Fig. 7A). Fur-
thermore, the nuclear/cytoplasmic distribution of the spliced
ICPO mRNA was not substantially altered in the absence of
ICP27 (Fig. 7A), particularly when one takes into account the
fact that DNA replication is impaired during infection with
d27-1. Thus, although we confirm that ICPO transcripts display
enhanced nuclear retention relative to a-globin, this was not
caused by the presence of introns in the retained RNA or by
expression of ICP27. In keeping with our results, Clements and
colleagues found by in situ hybridization that ICPO transcripts
were predominantly nuclear, using an exon-specific probe that
would not distinguish between mRNA and pre-mRNA, and
suggested that nuclear retention was conferred by ICPO exon
sequences (39). The indirect negative effects of deleting ICP27
on DNA replication were not taken into account in this and
other earlier studies, however, which may account for the dis-
crepancies in our interpretations regarding the requirement
for ICP27.

Taken in combination, the data presented in this report
suggest that ICP27 has different effects on ICPO and a-globin
transcripts with respect to both nuclear export and pre-mRNA
accumulation. Unspliced a-globin RNA accumulates to rela-
tively high levels and is transported very efficiently, while ICP0O
transcript ¢ accumulates inefficiently and remains largely nu-
clear. We have previously noted that the proposed transcript
rescue function of ICP27 is akin to the mechanism of action of
the HIV Rev protein. Rev enhances the intranuclear stability
of unspliced and partially spliced HIV transcripts and pro-
motes their nuclear export by binding to a specific cis-acting
sequence, the Rev response element (see recent reviews in
references 10, 40, and 57). Several naturally intronless genes
require cis-acting sequences for splicing independent nuclear
export (21, 23, 25). These considerations lead us to speculate
that ICP27-dependent nuclear export of RNAs relies on the
presence of specific cis-acting RNA sequences. According to
this model, RNA molecules containing one or more optimal
ICP27 response elements would be rescued and transported
more efficiently (a-globin and some viral L RNAs) than those
with weak or nonconsensus elements (ICPO RNA). If such is
the case, we may be able to identify the putative transport
element by its ability to confer ICP27 responsiveness on a
nonresponsive gene. It is interesting that the TK transcript,
which has been shown to possess multiple cis-acting transport
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elements that bind the cellular hnRNP L protein (25), exhibits
some ICP27-dependent nuclear retention (Fig. 7B). This could
reflect competition by ICP27 for a factor that is common to
both export pathways.

While this paper was under review, Soliman and Silverstein
published a study indicating that nucleocytoplasmic shuttling
of ICP27 is prevented when viral DNA replication is blocked
by PAA or mutations in components of the viral DNA repli-
cation machinery (56). At first glance, this observation seems
to conflict with our proposal that ICP27 mediates cytoplasmic
accumulation of unspliced a-globin RNA through its shuttling
activity (because this globin pre-mRNA accumulates in the
cytoplasm in the absence of viral DNA replication). However,
Soliman et al. previously reported that ICP27 requires an RNA
cofactor to shuttle (55) and suggested that ICP27 must bind to
HSV L RNAs in order to efficiently move into the cytoplasm
(55, 56). According to this view, DNA replication stimulates
shuttling indirectly, by allowing accumulation of the requisite L
mRNAs. If this model is correct, then it seems likely that
ICP27 would be capable of shuttling in the absence of viral
DNA replication, provided that a suitable RNA cargo (such as
a-globin RNA) was available. In this context, it should be
noted that others have observed shuttling of ICP27 in the
absence of viral L RNAs (32, 49), and ICP27 shuttles in inter-
species heterokaryon assays under conditions that almost cer-
tainly preclude viral DNA replication (32).

Interrelationship between splicing, polyadenylation, RNA
nuclear export, and ICP27. As more of the biochemical details
of mRNA synthesis, processing, and transport become eluci-
dated, it is becoming increasingly evident that the various steps
in these processes (transcription, 5’ capping, splicing, polyad-
enylation, and nuclear export) are not independent but rather
are tightly interwoven and functionally interconnected (see
reviews in references 57 and 64). Mounting evidence suggests
that splicing greatly stimulates polyadenylation and vice versa,
and that polyadenylation in turn is required for nuclear export
(64). It seems likely that ICP27 is intimately involved with
many of these processes. Our finding that certain mutant forms
of ICP27 apparently alter some of these pathways suggests that
these mutants may be invaluable tools for probing both the
mechanisms of ICP27 action in HSV gene regulation and the
basic operation of the cellular RNA processing and transport
machinery.
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