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Herpes simplex virus type 1 immediate early protein IE63
shuttles between nuclear compartments and the cytoplasm

Anne Phelant and J. Barklie Clements

Institute of Virology, University of Glasgow, Church Street, Glasgow G11 5JR, UK

Herpes simplex virus type 1 (HSV-1) immediate
early protein IE63, an essential nuclear protein, is
pleiotropic in function and, at the post-transcrip-
tional level, inhibits RNA splicing, interacts with
cellular splicing small nuclear ribonucleoprotein
particles (snRNPs), binds RNA and prevents the
nucleocytoplasmic transport of intron-containing
mRNAs. Here it is reported that IE63 is a nucleo-
cytoplasmic shuttle protein able to travel from
snRNP- and RNA-rich nuclear foci to the cytoplasm,
where it accumulates during actinomycin D treat-
ment. This newly identified property suggests that
IE63 facilitates nuclear export of HSV-1 transcripts,
in addition to retaining intron-containing tran-
scripts in the nucleus. The mechanism by which
IE63 controls RNA export has yet to be defined.

Infection of mammalian cells with herpes simplex virus
type 1 (HSV-1) results in a dramatic alteration of both cellular
gene expression and nuclear organization. A key protein which
regulates virus—host cell interactions is the 63 kDa nuclear
immediate early (IE) phosphoprotein IE63 (ICP27). IE63 is one
of two IE proteins essential for lytic virus infection, for the
switch to early and late virus gene expression (McGregor ef al.,
1996) and for efficient virus DNA replication (McCarthy ef al,,
1989). Homologues of IE63 exist within all herpesviruses so far
sequenced, several of which have been shown to modulate
gene expression (Perera ef al, 1994). IE63 inhibits the splicing
of both virus and cellular RNAs (Hardy & Sandri-Goldin,
1994), with concomitant reorganization of the cellular splicing
small nuclear ribonucleoprotein particles (snRNPs) from a
diffuse speckled pattern to a highly punctate organization
(Phelan et al., 1993). As infection proceeds, intron-containing
HSV-1 transcripts are increasingly retained in the nucleus in
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distinct spots which colocalize with the redistributed snRNPs,
and IE63 is required for this effect (Phelan ef al., 1996). Non
intron-containing virus transcripts are exported to the cyto-
plasm throughout infection (Phelan et al, 1996). A notable
feature of the HSV-1 genome is that of some 70 genes
expressed during lytic infection, only four contain introns
(McGeoch ef al., 1988), three of which are IE genes initially
expressed with IE63.

Domains within IE63 include an extreme N-terminal acidic
region essential for lytic growth (Rice ef al, 1993), an N-
terminal nuclear—nucleolar localization signal (Mears ef al.,
1995), a methylated internal RGG box required for RNA
binding (Mears & Rice, 1996) and C-terminal transactivator
and transrepressor regions required for IE63 co-immunopreci-
pitation with anti-Sm antisera (Sandri-Goldin & Hibbard, 1996).
[E63 has a putative nuclear export signal (NES; LIDLGLD-
LSDSDL) located between amino acids 8 and 22 which exhibits
homology to the leucine-rich NES of Rev (Kalland ef al., 1994)
and other proteins known to shuttle from the nucleus (Wen et
al., 1995).

Actinomycin D (Act D) inhibits RNA polymerase Il activity
and prevents nuclear protein import such that shuttling
proteins may accumulate in the cytoplasm over time. Here,
under inhibitory conditions used to characterize heterogeneous
nuclear ribonucleoprotein particle (hnRNP) shuttling proteins
(Pinol-Roma & Dreyfuss, 1992), it is demonstrated that 1E63
can shuttle from the nucleus to the cytoplasm throughout
infection, in contrast to two other HSV-1 proteins present in
the nucleus. This remarkable observation defines a new
property of IE63 likely to be important for function of this
essential protein. It is suggested that, as well as causing nuclear
retention of intron-containing RNAs, IE63 promotes the
nucleocytoplasmic transport of HSV-1 transcripts.

HeLa cells were grown as monolayers in Dulbecco’s
modified minimal essential medium supplemented with 5%
newborn calf serum and 5% foetal calf serum. Stocks of wild-
type HSV-1 (strain 17") were grown as described previously
(Phelan ef al., 1993). All cells were grown as monolayers on
sterile glass coverslips previously treated with 10% poly-L-
lysine for 10 min after sterilization. Subconfluent monolayers
were infected with wild-type HSV-1 at a multiplicity of
10 p.f.u. per cell. After 1 h at 37 °C, the infected medium was
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Fig. 1. hnRNP A1 but not hnRNP C can shuttle from the nucleus to the
cytoplasm. Mock-infected Hela cells (q, b, d, e, f, g, i, j) or Hela cells
infected with HSV-1 for 9 h (¢, h) were labelled by indirect
immunofluorescence with antibodies against hnRNP A1 (a—e) or hnRNP C
(). Mock-infected cells were either untreated (q, f) or treated with Act D
(b, g), CHX (d, i) or both Act D and CHX (e, j) for 3 h prior to fixation and
labelling. The HSV-1 infected cells (¢, h) were treated with Act D prior to
labelling. Bar, 10 um.

removed and replaced with fresh prewarmed medium until the
time of harvesting. Uninfected cells were treated identically,
with the omission of virus. For cycloheximide (CHX) or Act D
treatment, the medium from monolayers at 6 or 10 h post-
infection was removed and replaced with prewarmed medium
containing 10 pg/ml Act D, 40 pg/ml CHX, or both (Pinol-
Roma & Dreyfuss, 1992; Kalland et al., 1994). The infection
was allowed to proceed for a further 3 h before fixation of the
cells.

Indirect immunofluorescence experiments were performed
as described previously (Phelan et al, 1993). HSV-1 IE63
antigen was detected either with an antipeptide antibody ‘43,
raised in rabbits, against the first 16 amino acids of IE63 at a
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dilution of 1:50 (a gift from H. Marsden, Institute of Virology,
Glasgow, UK), or using a commercially available monoclonal
antibody, H1113 (Ackermann ef al, 1984). The hnRNPs A1
and C were detected using monoclonal antibodies 4B10 and
4F4, respectively (a gift from G. Dreyfuss, Howard Hughes
Medical Institute, University of Pennsylvania, USA) at a
dilution of 1:1000. The U2-splicing snRNPs were labelled
with the B” monoclonal antibody 4G3 (Habets et al., 1989) at
a dilution of 1:5. The HSV-1 major DNA-binding protein
UL29 (Gao & Knipe, 1991) was detected with an anti-UL29
monoclonal antibody (7381) at a dilution of 1:100 and the
HSV-1 antigen I[E110 was detected with monoclonal antibody
11060 (Everett ef al, 1993) at a dilution of 1:200 (both
provided by A. Cross, Institute of Virology, Glasgow, UK).
Cells were examined using a Zeiss fluorescence microscope at
X 60 magnification. Photography was performed with Fuji-
color ASA 400 film.

The experiments of Pinol-Roma & Dreyfuss (1992) were
repeated to establish conditions suitable for the nucleocyto-
plasmic shuttling ability of a nuclear protein. HeLa cells were
treated with Act D and/or CHX prior to fixation and detection
of hnRNP A1 or hnRNP C by indirect immunofluorescence.
Initially, both proteins were predominantly nuclear (Fig. 14, f).
Following treatment with Act D, hnRNP A1 accumulated in
the cytoplasm (Fig. 1b) whereas hnRNP C remained in the
nucleus (Fig. 1g). Thus, as previously established, hnRNP AT is
capable of shuttling from the nucleus to the cytoplasm, in
contrast to hnRNP C. Treatment of cells with CHX prior to Act
D treatment (Fig. 1d, i) had no effect on the cytoplasmic
appearance of hnRNP A1, indicating that pre-existing hnRNP
AT in the nucleus is transported to the cytoplasm. Treatment
of cells with both Act D and CHX simultaneously generated
data indistinguishable from that obtained with Act D treatment
alone (compare Fig. 1¢, j with b, g). Cells infected with HSV-1
for 6 h prior to Act D treatment also showed a cytoplasmic
accumulation of hnRNP A1 (Fig. 1¢), but to a lesser extent than
uninfected cells, perhaps due to nuclear retention of intron-
containing transcripts; hnRNP C distribution remained nuclear
throughout infection (Fig. 1h).

Under identical conditions to those described for hnRNP
detection, uninfected and HSV-1-infected cells, with or without
prior Act D and/or CHX treatment, were labelled to detect
[E63 protein by indirect immunofluorescence. IE63 protein was
not detected in uninfected cells (Fig. 24), and at 9 h post-
infection in the absence of drug treatment IE63 distribution
was predominantly nuclear (Fig. 2 b), forming a largely punctate
distribution. A striking feature of cells infected for 6 h then
treated with Act D was the high proportion of IE63 protein
detected in the cytoplasm using both rabbit polyclonal (Fig. 2.¢c)
and mouse monoclonal (not shown) antibodies. The punctate
nuclear distribution of IE63 was lost and the protein occupied
many much smaller sites. Simultaneous treatment with Act D
and CHX (Fig. 2¢) gave an identical pattern to that with Act D
treatment alone (compare Fig. 2¢ with ¢); thus, translational



IE63 shuttles between nucleus and cytoplasm

Fig. 2. (a—f) IE63 can shuttle from the nucleus to the cytoplasm. Mock-infected Hela cells (a) and Hela cells 9 h (b—e) or

13 h (f) post-infection with HSV-1 (including drug treatment) were labelled by indirect immunofiuorescence with a polyclonal
antibody to detect IE63. The cells had either undergone no treatment (a, b) or had been treated for 3 h with Act D (c, f), CHX
(d) or both Act D and CHX (e) prior to labelling. Bar, 10 um. (g—n) The B" snRNP protein does not shuttle. Mock-infected Hela
cells (g—)) or cells 9 h post-infection with HSV-1 (k—n) were labelled with an antibody against the B” component of the U2
snRNP and detected by indirect immunofiuorescence. The cells had either undergone no chemical treatment (g, k) or had been
treated with Act D (h, /), CHX (i, m) or both Act D and CHX (j, n) for 3 h prior to fixation and labelling. Bar, 10 pm.

inhibition did not affect the ability of IE63 to shuttle, and
treatment with CHX alone (Fig. 2d) did not affect 1E63
distribution. To examine whether IE63 could shuttle at later
times, cells were infected for 10 h prior to Act D treatment
(Fig. 2); IE63 protein was readily detected in the cytoplasm.

HSV-1 infection causes a redistribution of the cellular
splicing snRNPs from a widespread diffuse speckled pattern to
a highly punctate organization. IE63 is both necessary and
sufficient to cause this effect and colocalizes with the
redistributed snRNPs and splicing factors (Phelan et al., 1993).
To examine effects of inhibitor treatments on the B” com-
ponent of the U2 snRNP, shown to colocalize with IE63, mock-
infected cells (Fig. 2 ¢—) and cells 6 h post-infection (Fig. 2 k—n)
were treated with Act D and/or CHX for 3 h before detection
of B” by indirect immunofluorescence.

Uninfected cells without treatment demonstrated the
normal speckled snRNP pattern (Fig. 2g), comprising inter-
chromatin granules and perichromatin fibrils (Spector, 1993).
Following infection, the snRNP pattern alters to form a
punctate pattern (Fig. 2k). By contrast, uninfected cells treated
with Act D (Fig. 2h) demonstrated a clumping of snRNPs
comparable to that observed during infection, a common result
of treatments which inhibit transcription (Carmo-Fonseca et al.,

1992). Infected cells treated with Act D (Fig. 2)) lost the
punctate distribution of B” to produce a general nuclear grainy
pattern, while CHX treatment (Fig. 21, m) had no effect on B”
distribution, and treatment with both Act D and CHX (Fig. 2,
n) gave the same pattern as that with Act D treatment alone.

To determine whether the ability to shuttle was relatively
unique to IE63 or a more common feature of HSV-1 proteins,
two other nuclear virus proteins, the 110 kDa transcriptional
transactivator IE110 (Everett ef al., 1991) and the major DNA-
binding protein UL29 (Gao & Knipe, 1991) were tested for
their ability to shuttle. IE110 (Fig. 3a) and UL29 (Fig. 3 f) were
not detected in uninfected cells. Cells infected for 9 and 13h,
respectively, demonstrated IE110 (Fig. 3b) and UL29 (Fig. 3g)
to be nuclear proteins expressed in high abundance. When cells
were infected for 6 h (Fig. 3¢, d, e) or 10 h (Fig. 34, i, j) prior to
Act D treatment, both IE110 (Fig. 3¢) and UL29 (Fig. 3h)
clearly remained nuclear. Treatment with CHX (Fig. 34, i) or
with both CHX and Act D (Fig. 3¢, j) had no effect on the
distribution of these two virus antigens. Treatment of cells
with Act D caused an inhibition of transcription with a
concomitant intranuclear reorganization of the IE110 antigen.
IE110, which is normally associated with virus transcription
foci, altered its distribution in response to Act D treatment
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(a)

Fig. 3. Other nuclear HSV-1 proteins do not accumulate in the cytoplasm.
Mock-infected Hela cells (q, f) or HelLa cells 9 h (b—e) or 13 h (g—j) post-
infection were labelled with antibodies against IE110 (a—e) or UL29 (f)
and detected by indirect immunofiuorescence. The cells had either
undergone no chemical treatment (a, b, f, g) or had been treated with Act
D (¢, h), CHX (d, i) or both Act D and CHX (e, j) for 3 h prior to fixation
and labelling. Bar, 10 um.

from a relatively small number of nuclear foci to many tiny
punctate foci.

The hnRNPs comprise a group of proteins that associate
with pre-mRNA molecules and function in promoting post-
transcriptional processing and export of mRNA (Dreyfuss ef
al., 1993). Certain hnRNPs, such as hnRNPs A1, K and E (Pinol-
Roma & Dreyfuss, 1992), can shuttle from the nucleus to the
cytoplasm in a NES-dependent, temperature-sensitive process
which transports mRNA through the nucleoplasm and allows
translocation across the nuclear pore complex. Other hnRNPs
unable to shuttle, such as hnRNPs C1, C2 and U, are restricted
to the nucleus by the presence of a nuclear retention sequence
which overrides the NES (Nakielny & Dreyfuss, 1996).

Under conditions previously used to show that hnRNPs
A1, K and E exhibit nucleocytoplasmic shuttling in a NES-
dependent manner, it has been shown that HSV-1 IE63 can
shuttle from the nucleus to the cytoplasm, where it accumulates

3330

during Act D treatment. IE63 exhibits a predominantly nuclear
distribution throughout infection and this feature is also shown
by shuttling hnRNP proteins such as AT and HIV-1 Rev. By
contrast, two other HSV-1 proteins present in the nucleus were
unable to shuttle under identical conditions.

As expected, the B” snRNP protein was unable to shuttle;
however, during infection with transcription inhibition the
snRNPs were dispersed, suggesting that snRNP clumps present
during infection are involved in cotranscriptional splicing.
Under similar conditions, IE63 was also dispersed from the
snRNP clumps to a diffuse pattern, suggesting a cotran-
scriptional function for IE63 at the clumps which likely
correspond to sites of virus transcription (Phelan ef al., 1997).
Co-immunoprecipitation studies have shown a direct physical
interaction between [E63 and IE175 (Panagiotidis et al., 1997),
the other HSV-1 protein essential for lytic function which
activates transcription of early and late virus genes, suggesting
a direct or indirect effect of IE63 on transcription. Functional
interactions between RNA polymerase II and splicing factors
(Du & Warren, 1997) have been described; the IE175-1E63
interaction may be analogous to this, and could, via affinity for
RNA (Brown ef al, 1995; Ingram ef al, 1996), result in
cotranscriptional binding of IE63 to pre-mRNAs prior to
shuttling.

The very apparent shuttling of IE63 observed following
Act D treatment is consistent with the essential role of IE63 in
facilitating virus RNA trafficking from the nucleus, perhaps
selectively of unspliced RNAs which form the vast majority of
virus transcripts. IE63 also causes retention of intron-con-
taining transcripts in the nucleus and these two effects on RNA
trafficking could be related. For example, if [E63 trafficking of
unspliced RNAs competed for components required for
trafficking of spliced RNAs this could lead to inhibition of
splicing. A further, not mutually exclusive, possibility is that
[E63 may have a cytoplasmic role, such as facilitating
translation of virus RNAs, as reported for Rev (Ruhl ef al,
1993).
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