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Varicella-zoster virus (VZV) open reading frame (ORF) 63 protein (ORF63p) is one of six VZV ORFs shown
to be transcribed and translated in latently infected human dorsal root ganglia. ORF63p accumulates exclu-
sively in the cytoplasm of latently infected sensory neurons, whereas it is both nuclear and cytoplasmic during
lytic infection and following reactivation from latency. Here, we demonstrate that infection of primary guinea
pig enteric neurons (EN) with an adenovirus expressing ORF63p results in the exclusive cytoplasmic local-
ization of the protein reminiscent of its distribution during latent VZV infection in humans. We show that the
addition of the simian virus 40 large-T-antigen nuclear localization signal (NLS) results in the nuclear import
of ORF63p in EN and that the ORF63p endogenous NLSs are functional in EN when fused to a heterologous
protein. These data suggest that the cytoplasmic localization of ORF63p in EN results from the masking of the
NLSs, thus blocking nuclear import. However, the coexpression of ORF61p, a strictly lytic VZV protein, and
ORF63p in EN results in the nuclear import of ORF63p in a proteasome-dependent manner, and both ORF63p
NLSs are required for this event. We propose that the cytoplasmic localization of ORF63p in neurons results
from NLS masking and that the expression of ORF61p removes this block, allowing nuclear import to proceed.

Varicella-zoster virus (VZV), a neurotropic alphaherpesvirus,
is the etiological agent of chicken pox (varicella) and shingles
(zoster). Upon primary infection of humans, VZV invades the
dermis and epidermis, resulting in chicken pox. Following pri-
mary infection, the virus infects cranial nerve and dorsal root
ganglia to form a latent infection. VZV can subsequently reacti-
vate to cause shingles (28). During latency, only a subset of VZV
genes is expressed. Transcripts (11–17, 19, 37, 49) and proteins
(15, 29, 37, 46, 48) from open reading frames (ORFs) 4, 21, 29, 62,
63, and 66 have been detected in latently infected human ganglia.
These latency-associated proteins (LAPs) appear to accumulate
only in the cytoplasm of latently infected neurons. This is in
contrast to their nuclear and cytoplasmic localizations during lytic
and reactivated VZV infection (29, 46, 48). These data suggest a
correlation between the nuclear import of LAPs and the outcome
of VZV infection. Of all the transcripts detected in latently in-
fected human ganglia, ORF63 is the most prevalent and abundant
(13, 16). In addition, ORF63 transcripts and protein were de-
tected in the ganglia of experimentally infected rodents (8, 21, 38).
Therefore, ORF63 transcription and accumulation of the protein
in the cytoplasm of latently infected neurons are some of the
hallmarks of VZV latency.

VZV ORF63 encodes a 278-amino-acid protein (ORF63p)
(20) that is expressed as an immediate-early protein and is
present in the viral tegument (41). The protein is extensively

phosphorylated during transient expression and lytic VZV in-
fection in cell culture by both host and viral kinases (2, 5, 18,
30, 33, 39, 40, 61). Mutational analysis has identified two nu-
clear localization signals (NLSs) within the C terminus that are
required for nuclear localization (2, 5). ORF63p is a transcrip-
tional repressor and activator of cellular and viral promoters
(5, 22, 24, 30, 31, 35, 42, 47, 68). It carries out these functions
by interacting with ORF62p (the major VZV transactivator
protein), RNA polymerase II, and the host transcriptional ma-
chinery (2, 24, 47, 58). Recently, ORF63p was shown to pro-
mote the survival of cultured primary human neurons by in-
hibiting apoptosis (34). In addition, by inhibiting the
phosphorylation of the alpha subunit of eukaryotic initiation
factor 2, ORF63p antagonizes the alpha interferon-induced
antiviral response (1). These functions suggest possible roles of
ORF63p in the establishment and maintenance of VZV la-
tency in humans. In support of this, Cohen et al. previously
suggested that ORF63p is critical for the establishment of
latency in rodents (9, 10).

The subcellular localization of ORF63p appears to correlate
with the fate of VZV infection. Therefore, an understanding of
the mechanisms regulating the localization of ORF63p (and
other LAPs) during VZV infection may expand our under-
standing of virus-cell interactions involved in the establishment
and maintenance of VZV latency.

VZV infection of primary guinea pig enteric neuronal cul-
tures provides a potential model for studying latency (8, 59).
Following infection of enteric neurons (EN), VZV expresses a
subset of LAPs, and these proteins localize exclusively in the
cytoplasm. The localization of these proteins in the EN is
reminiscent of their localization during latent VZV infection
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of human neurons. To further understand the mechanisms
regulating VZV LAP localization in a neuronal system, we
used cultures of EN to investigate ORF63p localization in the
absence and presence of other viral proteins.

In this report, we analyze the differential subcellular local-
ization of ORF63p in guinea pig epithelial (EP) cells and EN.
Our results demonstrate that ORF63p accumulates in nuclear
and cytoplasmic compartments in a cell-type-dependent man-
ner and does not require other viral proteins for this process.
We show that ORF63p is both nuclear and cytoplasmic in EP
cells; however, it is exclusively cytoplasmic in EN. The local-
ization of ORF63p in EP cells and EN is reminiscent of its
distribution during lytic and latent VZV infection in humans.
The nuclear import of ORF63p can occur in EN if the simian
virus 40 (SV40) large-T-antigen NLS is fused to the protein,
and ORF63p’s NLSs are functional in EN when fused to a
heterologous protein. These data suggest that the cytoplasmic
localization of ORF63p in EN results from the masking of the
NLSs, thus blocking nuclear import. However, the coexpres-
sion of ORF61p, a lytic VZV protein, and ORF63p in EN
results in the nuclear import of ORF63p, and both NLSs are
required for this event. Finally, we demonstrate that the
ORF61p-dependent nuclear import of ORF63p in EN requires
an active proteasome. We propose that the cytoplasmic local-
ization of ORF63p in neurons results from NLS masking and
blocking of nuclear import. However, the coexpression of
ORF61p results in the release of this block in a proteasome-
dependent manner, allowing the nuclear import of ORF63p.
The experiments described in this report demonstrate that the
localization of the most abundant latency-associated protein,
ORF63, in neurons is regulated by a strictly lytic protein.

MATERIALS AND METHODS

Mammalian cells. Transformed guinea pig EP cells (ATCC CCL-242) were
maintained as monolayers in Dulbecco’s modified Eagle medium (DMEM)
(Gibco, Carlsbad, CA) supplemented with 10% fetal bovine serum (Atlanta
Biologicals, Lawrenceville, GA), 100 U/ml penicillin, and 100 �g/ml streptomy-
cin (Gibco, Carlsbad, CA) at 37°C in a 5% CO2 atmosphere. Twenty-four hours
prior to infection, the cells were seeded into six-well tissue culture dishes. For
indirect immunofluorescence experiments, glass coverslips were added to wells
before seeding. During and after infection, cells were maintained in DMEM
supplemented with 2% fetal bovine serum, 100 U/ml penicillin, and 100 �g/ml
streptomycin.

Guinea pig EN were isolated and cultured as previously described (8). In brief,
ganglia were seeded for culture in two-well chamber slides (Nalge Nunc Inter-
national, Rochester, NY) coated with 10 �g/ml each of poly-D-lysine (Sigma, St.
Louis, MO) and mouse laminin (Invitrogen, Carlsbad, CA) in DMEM-F12
(Gibco, Carlsbad, CA) supplemented with 2% fetal bovine serum, 100 U/ml
penicillin, 100 �g/ml streptomycin, 100 �g/ml gentamicin, and 5.25 �g/ml am-
photericin B (Fungizone). Mitotic inhibitors (10 �M 5-fluoro-2�-deoxyuridine, 10
�M uridine, and 1 �M cytosine �-D-arabinofuranoside; Sigma, St. Louis, MO)
were also added. Prior to infection, the mitotic inhibitors were removed, and the
cells were subsequently cultured in their absence. For infection of guinea pig EN,
the multiplicity of infection (MOI) per ganglion was calculated. For infection of
guinea pig EP cells, the MOI per cell was calculated.

Adenoviruses. Adenovirus expressing ORF63 (AdORF63), AdCompletePhos,
AdORF63SV40NLS, AdORF63NLS1, AdORF63NLS2, AdORF63NLS1�2,
AdLuc, AdLucSV40NLS, AdLucNLS1, AdLucSubNLS1, AdLucNLS2, and
AdLucSubNLS2 were all constructed using a pDC516-derived expression plasmid
where the insert was transcribed from a murine cytomegalovirus promoter and a
pBHGfrt�E1 E3FLP system (Microbix Biosystems, Toronto, Ontario, Canada)
(53). AdEmpty, AdORF61, and AdORF61ires63 were constructed using empty
pDC516, pCK-mflag-ORF61, and pCK-m61ires63, respectively. All adenoviruses
were plaque purified, and their DNAs were sequenced.

Plasmid construction. All PCRs for ORF63 and luciferase were carried out using
Vent DNA polymerase (New England Biolabs, Inc., Beverly, MA) unless otherwise
indicated. All ORF63 wild-type and mutant PCR products were amplified using
primers containing EcoRI (forward primer) and SacI (reverse primer) restriction
enzyme sites. Utilizing these unique restriction sites, each ORF63 PCR product was
ligated into the plasmid pDC516 as an EcoRI/SacI restriction digestion fragment.
Wild-type ORF63 was amplified from VZV genomic DNA (Jones strain) using
specific forward (F) and reverse (R) primers (F primer 5�-GGGAATTCGCCACC
ATGTTTTGCACCTCACCGGCT-3� and R primer 5�-GAGCTCATAAAGACT
ACACGCCATGGG-3�) and cloned to yield pDC516-ORF63. The CompletePhos
mutant was amplified using the same primers and pLXIN-CompletePhos� as a
template (2) to yield pDC516-CompletePhos. ORF63SV40NLS was amplified using
F primer 5�-GGGAATTCGCCACCATGCCCAAGAAGAAGCGTAAGGTAAT
GTTTTGCACCTCACCGGCT-3�, which encodes the SV40 large-T-antigen NLS
(PKKKRKV); R primer 5�-GAGCTCATAAAGACTACACGCCATGGG-3�; and
pDC516-ORF63 as a template. The subsequent PCR product was cloned to create
pDC516-ORF63SV40NLS. The mutant ORF63NLS1 PCR product was generated
in a three-step method. First, a 687-bp PCR fragment was generated using pDC516-
ORF63 as a template with F primer 5�-GGGAATTCGCCACCATGTTTTGCAC
CTCACCGGCT-3� and R primer 5�-TGCTGCTGCTGCTGGGGACGGGGTGT
TGCACC-3�. The last 12 nucleotides of the reverse primer result in the mutation of
NLS1 within ORF63p from KRPQ to AAAA. Second, another PCR fragment of
158 bp was generated using pDC516-ORF63 as a template and specific primers
(F primer 5�-GCAGCAGCAGCACGTGCCATCGAGCGATACGCG-3� and R
primer 5�-GAGCTCATAAAGACTACACGCCATGGG-3�). The first 12 nucleo-
tides of the forward primer result in mutations of NLS1 within ORF63p from KRPQ
to AAAA. These resulting PCR fragments generated from two independent reac-
tions contain 12 bp of overlapping sequence homology. The overlapping PCR prod-
ucts were gel purified and used in a single PCR with F primer 5�-GGGAATTCG
CCACCATGTTTTGCACCTCACCGGCT-3� and R primer 5�-GAGCTCATAA
AGACTACACGCCATGGG-3� to generate full-length ORF63NLS1 and,
subsequently, pDC516-ORF63NLS1. The ORF63NLS2 PCR product was gener-
ated using F primer 5�-GGGAATTCGCCACCATGTTTTGCACCTCACCGGC
T-3�, R primer 5�-GGGAGCTCCTACACACCATGGGGGGGCGGTATATCAT
GCCGGCGCGGGGCTTCGTGTGCTGCTGCTGCCCAATCTACACCCCCCT
C-3�, and pDC516-ORF63 as a template. The reverse primer is designed to mutate
NLS2 of ORF63p from KRRR to AAAA. The subsequent cloning of the PCR
product yielded pDC516-ORF63NLS2. The ORF63NLS1�2 PCR product was gen-
erated using the same primer set used for ORF63NLS2; however, pDC516-
ORF63NLS1 was used as a template. The subsequent cloning of the PCR product
created pDC516-ORF63NLS1�2.

All luciferase wild-type and mutant PCR products were amplified using primers
containing HindIII (forward primer) and SacI (reverse primer) restriction enzyme
sites, and each luciferase PCR product was cloned into pDC516 as a HindIII/SacI
fragment. Luciferase PCR fragments were amplified from pcDNA-Firefly luciferase
(a gift from Daniel Wolf, Columbia University, New York, NY) as a template and
F primer 5�-GGAAGCTTGCCACCATGGAAGACGCCAAAAACATAAAG-3�
in conjunction with a specific reverse primer. These primers are Luc (R primer
5�-GGGAGCTCTTACAATTTGGACTTTCCGCCCTT-3�), LucSV40NLS (R
primer 5�-GGGAGCTCTTATACCTTACGCTTCTTCTTAGGCAATTTGGAC
TTTCCGCCCTT-3�), LucNLS1 (R primer 5�-GGGAGCTCTTACTCGATGGCA
CGCTGGGGTCTCTTTGGGGACGGGGTCAATTTGGACTTTCCGCCC
TT-3�), LucSubNLS1 (R primer 5�-GGGAGCTCTTACTCGATGGCACGT
GCTGCTGCTGCTGGGGACGGGGTCAATTTGGACTTTCCGC
CCTT-3�), LucNLS2 (R primer 5�-GGGAGCTCTTACGGGGCTTCGTGT
CGACGTCGCTTCCAGTCTACACCCAATTTGGACTTTCCGCCCTT-3�), and
LucSubNLS2 (R primer 5�-GGGAGCTCTTACGGTGCTTCGTGTGCTGCTGC
TGCCCAGTCTACACCCAATTTGGACTTTCCGCCCTT-3�). Following PCR
amplification, the fragments were cloned into pDC516 to create pDC516-Luc,
pDC516-LucSV40NLS, pDC516-LucNLS1, pDC516-LucSubNLS1, pDC516-
LucNLS2, and pDC516-LucSubNLS2, respectively.

The ORF61 gene was amplified from VZV genomic DNA (Jones strain) using
Pfu polymerase (Stratagene, La Jolla, CA) and primers 5�-Eco-61 (5�-GGGAA
TTCTACCATGGATACCATATTAGC-3�) and 3�-Sal-61 (5�-CCGTCGACCC
CAACAAACTAGGACTTCT-3�). The PCR product was cloned into pCR2.1
TOPO TA (Invitrogen, Carlsbad, CA) to yield pCK-ORF61. An EcoRI/SalI
digestion fragment from pCK-ORF61 was cloned into EcoRI/SalI-digested
pCMV-Tag2A to create pCK-flag-ORF61. pCK-mflag-ORF61 was constructed
by cloning a NotI (Klenow-filled)/SalI digestion fragment from pCK-flag-ORF61
into EcoRI (Klenow-filled)/SalI-digested pDC516.

An ORF61-internal ribosome entry site (IRES)-ORF63 expression construct
was made after first amplifying the three individual components using Pfu poly-
merase (Stratagene, La Jolla, CA) and primers Notflag61 (5�-CCGCGGCCGC
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CACCATGGATTAC-3�), IRES61 (5�-ACCCCCGGCTTTCAACTAGGACTT
CTTCATCTTGTTTGGA-3�), 61IRES (5�-ATGAAGAAGTCCTAGTTGAAA
GCCGGGGGTGGGAGAT-3�), 63IRES (5�-CGGTGAGGTGCAAAACATA
TTATCATCGTGTTTTTCAAAGGA-3�), IRES63 (5�-AAACACGATGATAA
TATGTTTTGCACCTCACCGGCTAC-3�), and Sac63 (5�-CCGAGCTCAGAC
TACACGCCATGGGGGGG-3�) and pCK-flagORF61, pE-C4 (32), and VZV
genomic DNA (Jones strain) as templates, respectively. The three overlapping
PCR products were gel purified and used in a single PCR with Pfu polymerase
(Stratagene, La Jolla, CA) and primers Notflag61 and Sac63. The resulting PCR
product was cloned into pCR-TOPO 2.1 TA (Invitrogen, Carlsbad, CA) to yield
pCK-61ires63. pCK-m61ires63 was constructed by ligating a NotI (Klenow-
filled)/SacI fragment from pCK-61ires63 into EcoRI (Klenow-filled)/SacI-di-
gested pDC-516. All primers used were manufactured by Proligo LLC (Boulder,
CO), and all vector inserts were verified by DNA sequencing.

Indirect immunofluorescence microscopy. Cells grown on glass coverslips or
two-well chamber slides were washed twice with phosphate-buffered saline
(PBS), fixed for 20 min with 3.7% formaldehyde in PBS, washed two more times
in PBS, and permeabilized with PBS plus 0.2% Triton (Sigma, St. Louis, MO) for
10 min at room temperature. Cells were washed twice more in PBS and blocked
with 10% normal goat serum (Roche, Indianapolis, IN) in PBS plus 0.1% Tween
20 (PBST) (Sigma, St. Louis, MO) for 30 min. Cells were incubated with a 1:100
dilution of the appropriate primary antibody in 10% normal goat serum in PBST
for 1 h and then washed three times for 5 min in PBST. Cells were then incubated
for 1 h with an Alexa Fluor-conjugated secondary antibody diluted 1:1,000 in
10% normal goat serum in PBST and then washed twice with PBST. Once
washed, cells were incubated for 30 min with PBST plus 0.5 �g/ml Hoechst stain
(Sigma, St. Louis, MO). Following incubation, cells were washed twice for 5 min
with PBST and then once with PBS. Coverslips were subsequently mounted with
Gel/Mount (Biomeda, Foster City, CA).

All samples were visualized with a Zeiss Axiovert 200 M inverted microscope
using a 63� objective (Carl Zeiss Microimaging Inc., Thornwood, NY), and
images were acquired with a Hamamatsu C4742-80-12AG digital charge-cou-
pled-device camera (Hamamatsu Photonics, Hamamatsu City, Japan) using
Openlab 5 software (Improvision, Lexington, MA). Images were analyzed using
Openlab 5 and assembled in Photoshop CS3 (Adobe Systems, San Jose, CA).

SDS-PAGE and Western blotting. Infected or transfected cells were washed
twice with cold PBS, scraped from tissue culture dishes, resuspended in radio-
immunoprecipitation lysis buffer (50 mM Tris HCl [pH 8.0], 150 mM NaCl, 1%
NP-40, 0.5% deoxycholate, 0.1% sodium dodecyl sulfate [SDS], 50 mM NaF)
plus Complete protease inhibitor cocktail (Roche, Mannheim, Germany), and
incubated on ice for 30 min. Halt phosphatase inhibitor cocktail (Pierce, Rock-
ford, IL) was also added when phosphorylation levels of ORF63p were analyzed.
Lysates were clarified by centrifugation at 22,500 � g for 10 min in a Tomy
MX-160 high-speed refrigerated microcentrifuge. The total protein concentra-
tion was measured using the Bio-Rad (Hercules, CA) protein assay (7). SDS
sample buffer (5�) (250 mM Tris HCl [pH 6.8], 500 mM dithiothreitol, 10%
SDS, 0.5% bromophenol blue, 50% glycerol) was added to each sample before
boiling for 10 min and SDS-polyacrylamide gel electrophoresis (PAGE) analysis
(44). Proteins were transferred onto nitrocellulose membranes with a Bio-Rad
Semi-Dry apparatus before Western blotting. After blocking membranes in 4%
nonfat milk in PBST, immobilized proteins were reacted with ORF63p and c-Jun
antibodies at a 1:1,000 dilution and tubulin or luciferase antibody at a 1:4,000
dilution in 4% nonfat milk in PBST. Membranes were washed three times for 5
min each with PBST, incubated with an anti-rabbit or anti-mouse antibody
conjugated to horseradish peroxidase at a 1:5,000 dilution, and washed again
three times for 5 min with PBST and twice with PBS, and antibodies were
visualized after the addition of LumiGLO substrate (KPL, Gaithersburg, MD) by
exposure to X-ray film.

Cell fractionation. Cytoplasmic and nuclear fractions were prepared as previ-
ously described (45) except that Triton X-100 was used at a final concentration
of 0.025% to lyse the plasma membrane.

Radioactive labeling of cells. Proteins were radiolabeled after starving infected
or control cell cultures of inorganic phosphate (Pi) or L-methionine (Met) and
cysteine (Cys) by washing cells three times with PBS and incubation in serum-
free DMEM or Met-free (MET�), Cys� DMEM (Gibco, Carlsbad, CA), respec-
tively, for 30 min. Starvation medium was replaced with labeling medium (serum-
free or Met�, Cys� DMEM supplemented with 1% dialyzed calf serum) and 500
�Ci/ml of 32Pi (carrier-free H3

32PO4) or 500 �Ci/ml trans 35S label (ICN, Irvine,
CA). After 16 h of labeling, cells were washed twice with PBS, and lysates were
prepared as described above. ORF63p was immunoprecipitated as described
below. The bound material was subjected to SDS-PAGE, and the proteins were
transferred onto nitrocellulose membranes with a Bio-Rad Semi-Dry apparatus.
The membranes were subsequently exposed to X-ray film.

Immunoprecipitation. Immunoprecipitations were performed as previously
described (43).

Drug treatment. Infected EN cultures were treated with either dimethyl sul-
foxide (DMSO) (Sigma, St. Louis, MO) or 20 �M MG132 (EMD Biosciences, La
Jolla, CA) in growth medium as indicated in the figure legends.

Antibodies. Rabbit polyclonal antibody against amino acids 1 to 265 of
ORF63p was described previously (46).

A portion of ORF61 encoding amino acids 136 to 248 was cloned into pALEX
(54). The glutathione S-transferase fusion protein was overexpressed in Esche-
richia coli strain BL21(DE3) purified to apparent homogeneity by affinity chro-
matography (57) and used to immunize rabbits. ORF61p-specific antibodies
were purified by affinity chromatography as described previously (43).

Mouse monoclonal anti-Flag M5 antibody was purchased from Sigma (St. Louis,
MO). Mouse monoclonal antibody to human tubulin and rabbit polyclonal antibody
to human c-Jun were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Rabbit polyclonal antibody to firefly luciferase was purchased from Abcam (Cam-
bridge, MA). Alexa Fluor 488-conjugated anti-mouse and Alexa Fluor 546-conju-
gated anti-rabbit antibodies were obtained from Invitrogen (Carlsbad, CA). Goat
anti-rabbit and anti-mouse antibodies conjugated to horseradish peroxidase for
immunoblotting were obtained from KPL (Gaithersburg, MD).

RESULTS

ORF63p localizes exclusively to the cytoplasm of guinea pig
EN. To further understand LAP localization in neurons, we
used cultures of EN to investigate the localization of ORF63p
in the absence and presence of other VZV proteins. For these
studies, we constructed a replication-deficient adenovirus ex-
pressing ORF63p (AdORF63). Guinea pig EP cells and EN
were infected with AdORF63, and the localization of ORF63p
was assayed at 48 h postinfection by indirect immunofluores-
cence microscopy (Fig. 1A). As observed during lytic VZV
infection, ORF63p was detected in the nucleus and cytoplasm
of EP cells. However, ORF63p was exclusively cytoplasmic in
EN, reminiscent of its localization during latency. Therefore,
the intracellular localization of ORF63p is cell type dependent
and occurs in the absence of other VZV proteins. The subcel-
lular localization of ORF63p in EP and EN was examined after
separation into nuclear and cytoplasmic fractions. Proteins in
these fractions were subjected to Western blot analysis (Fig.
1B). These blots confirmed that ORF63p is present in both
compartments in EP cells; however, it is exclusively cytoplas-
mic in EN. Costaining for c-Jun, a nuclear marker, and tubulin,
a cytoplasmic marker, validated the fractionation procedure.
This biochemical analysis supports the microscopy data and
demonstrates that ORF63p localization in EN cells mimics
that found during latency in human neurons. Thus, this system
provides a model for studying the contribution of host and viral
proteins to the differential localization of VZV LAPs during
lytic and latent infections.

ORF63p is phosphorylated in guinea pig EN. ORF63p ex-
pressed from VZV or plasmid-derived vectors is phosphory-
lated by both viral and cellular kinases (2, 5, 18, 30, 33, 39, 40,
61). Phosphorylation of ORF63p is known to affect its cellular
localization (5, 30). Therefore, we asked if ORF63p is phos-
phorylated in EN and, if so, if the mutation of specific serine
and threonine phosphorylation sites alters its localization. Cul-
tures of EN were mock infected or infected with AdORF63,
and at 28 h postinfection, cells were washed, starved for 30 min
in labeling medium, and labeled with either trans 35S label or
32Pi. After labeling for 20 h, whole-cell extracts were prepared,
and ORF63p was captured by ORF63p-specific antisera bound
to Sepharose beads. Bound proteins were subjected to SDS-
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PAGE and visualized by autoradiography (Fig. 2B). A specific
protein (�35 kDa in mass) was detected in infected cells la-
beled with 35S. This protein, which corresponds to the molec-
ular weight of ORF63p, was absent from mock-infected ly-
sates. These data demonstrate that ORF63p was expressed,
labeled, and successfully identified from lysates of EN infected
with AdORF63. In AdORF63-infected EN labeled with 32P, a
�35-kDa protein was also immunoprecipitated, and it was
specific for AdORF63-infected lysates, demonstrating that
ORF63p is phosphorylated in cultures of EN.

A mutant ORF63 gene with alanine substitutions at 19 pu-
tative phosphorylation sites (CompletePhos) (Fig. 2A) (2) was
used to determine what effect the lack of phosphorylation of
ORF63p has on localization in EN. The protein encoded by
this mutant has a reduced phosphorylation level compared to
that of wild-type ORF63p (2). Its subcellular localization was
examined in EP cells and EN infected with a replication-defi-
cient adenovirus expressing the mutant protein (AdComplete-
Phos). The subcellular localization of this protein was assayed
by indirect immunofluorescence microscopy (Fig. 2C). The
CompletePhos mutant showed increased nuclear localization
in EP cells compared to those of the wild-type protein (Fig.
1A). This result confirmed a previous report showing that the
inhibition of phosphorylation at serine/threonine residues re-
sults in the increased nuclear localization of ORF63p in Vero
cells (30). However, the CompletePhos protein was exclusively
cytoplasmic in EN and localized like wild-type ORF63p. More-
over, the treatment of EN expressing wild-type ORF63p with
an inhibitor (Roscovitine) or activator (phorbol-12-myristate-
13-acetate) of phosphorylation had no effect on ORF63p lo-
calization (data not shown). Therefore, we conclude that the
nuclear exclusion of ORF63p in EN is probably not regulated
by phosphorylation.

The SV40 large-T-antigen NLS directs nuclear import of
ORF63p in EN. To gain further insight into why ORF63p
accumulation is restricted to the cytoplasm in EN, we asked if
the addition of a strong heterologous NLS would drive the
nuclear import of ORF63p. Accordingly, the NLS from SV40’s
large T antigen (36) was fused to the N terminus of ORF63p,
and a replication-deficient adenovirus expressing this protein
(AdORF63SV40NLS) was generated (Fig. 3A). Western blot
analysis revealed that both wild-type and SV40-ORF63p fusion
proteins accumulated to equivalent levels (Fig. 3B). EN were
infected with AdORF63 or AdORF63SV40NLS, and ORF63p
localization was assayed by indirect immunofluorescence mi-
croscopy (Fig. 3C). Wild-type ORF63p localized exclusively to
the cytoplasm of EN; however, the addition of the SV40 T-
antigen NLS resulted in its accumulation in the nucleus. Thus,
the localization of ORF63p in EN can be changed from cyto-
plasmic to nuclear by the addition of a functional heterologous
NLS.

The endogenous NLSs of ORF63p are functional in EN
when fused to firefly luciferase. The addition of the SV40
T-antigen NLS to ORF63p demonstrated that it could be
driven into the nucleus of EN by the addition of a functional
heterologous NLS. Therefore, the cytoplasmic localization of
ORF63p in EN may result from masking the endogenous NLSs
of ORF63p or their being nonfunctional in EN. Two NLSs
(NLS1 and NLS2) in the C-terminal domain of ORF63p (Fig.
2A) have been described (2, 5, 61). To determine if these NLSs
function in EN, we fused each one to the C terminus of the
cytoplasmic protein firefly luciferase to mimic their location in
ORF63p. For each fusion protein, 12 amino acids of the
ORF63p sequence spanning each NLS were fused to the C
terminus of luciferase to generate LucNLS1 and LucNLS2
(Table 1). Subsequently, using alanine substitution mutagene-

FIG. 1. Subcellular localization of ORF63p. Guinea pig EP cells and primary guinea pig EN were infected with AdORF63 at MOIs of 0.2 and 100,
respectively. (A) The subcellular localization of ORF63p was examined 48 h postinfection by indirect immunofluorescence microscopy using ORF63p-
specific antisera. Nuclei were counterstained with Hoechst stain. (B) The subcellular localization of ORF63p was examined 48 h postinfection after
biochemical separation into nuclear (NUC) and cytoplasmic (CYT) fractions. Equal amounts of total protein for each fraction (20 �g and 5 �g for EN
and EP, respectively) were analyzed by Western blotting using antisera specific for ORF63p, c-Jun (nuclear marker), and tubulin (cytoplasmic marker).
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sis, the four core amino acids known to be essential for NLS
function (2, 5) were altered. The resulting mutant fusion pro-
teins LucSubNLS1 and LucSubNLS2 (Table 1) were used to
validate the specificity of each ORF63p NLS sequence. As a
positive control, the SV40 NLS was also fused to luciferase

(LucSV40NLS) (Table 1). Replication-deficient adenoviruses
were constructed to express each fusion protein.

The expression of the fusion proteins and their subcellular
localization in EP cells were examined following infection with
each adenovirus (Table 1). Infected cells were processed for
Western blot analysis or indirect immunofluorescence micros-
copy. Western blot analysis revealed that each fusion protein
was expressed at equivalent levels. Therefore, the fusion of
NLS sequences to luciferase did not affect protein stability
(Fig. 4A). As expected, luciferase was predominantly cytoplas-
mic in EP cells, whereas the addition of the SV40 NLS resulted
in nuclear localization (Fig. 4B). The addition of NLS1 also
resulted in the nuclear accumulation of luciferase, whereas the
substitution of the core KRPQ sequence with alanines abol-
ished nuclear import. ORF63p NLS2 also directed the nuclear
import of luciferase, and the alanine-substituted core KRRR
sequence abolished import. These data reveal that in EP cells,
both NLS1 and NLS2 can direct the nuclear import of a het-
erologous protein and function in the same manner as when
they are part of ORF63p.

We then determined the fate of these fusion proteins in

FIG. 2. Phosphorylation of ORF63p in primary guinea pig EN. (A) Schematic of wild-type ORF63p and the CompletePhos mutant. ORF63p
is a 278-amino-acid phosphoprotein that contains two NLSs (NLS1 and NLS2) located between amino acids 226 and 229 and 260 and 263.
Mutations of putative phosphorylation sites (Œ) were made by alanine substitution of 19 serine (S) and threonine (T) residues (S12, S13, S15, T41,
S42, S82, S129, S165, S171, S173, S181, S185, S186, S197, T201, S203, T222, S224, and T244) that are predicted targets of cellular S/T kinases
(CompletePhos). (B) EN were mock infected or infected with AdORF63 at an MOI of 100. At 28 h postinfection, cells were labeled with trans
35S label or 32Pi for 20 h. At the end of the labeling period, whole-cell extracts were prepared, and equal amounts of total protein were
immunoprecipitated, as described in Materials and Methods, with antisera directed against ORF63p. Immunoprecipitated ORF63p was resolved
by SDS-PAGE and visualized by autoradiography. (C) Subcellular localization of the CompletePhos mutant. EP cells and EN were infected with
AdCompletePhos at MOIs of 0.2 and 100, respectively. The subcellular localization of CompletePhos was examined 48 h postinfection by indirect
immunofluorescence microscopy using ORF63p-specific antisera. Nuclei were counterstained with Hoechst stain.

TABLE 1. Subcellular localization of luciferase NLS fusion proteins
in guinea pig EP cells and ENa

Adenovirus

Amino acid sequence of
NLS fused to C

terminus of firefly
luciferase

ORF63
amino
acids

Subcellular
localization
of luciferase
NLS fusion

protein

EP EN

AdLuc C C
AdLucSV40NLS PKKKRKV N� N�

AdLucNLS1 TPSPKRPQRAIE 222–233 N N
AdLucSubNLS1 TPSPAAAARAIE 222–233 C C
AdLucNLS2 GVDWKRRRHEAP 256–267 N� N�

AdLucSubNLS2 GVDWAAAAHEAP 256–267 C C

a C, cytoplasmic staining; N, nuclear staining; N�, major nuclear staining.

VOL. 82, 2008 NUCLEAR IMPORT OF ORF63p IN NEURONS 8677

 at C
O

LU
M

B
IA

 U
N

IV
E

R
S

IT
Y

 on A
ugust 14, 2008 

jvi.asm
.org

D
ow

nloaded from
 

http://jvi.asm.org


EN. EN were infected with each adenovirus, and the subcellular
localization of luciferase fusion proteins was assayed as described
above. As expected, luciferase was predominantly cytoplasmic in
EN, and the addition of the SV40 NLS resulted in its nuclear
localization (Fig. 4B). Given that ORF63p is cytoplasmic in EN,
we were surprised to observe that each NLS enabled nuclear
import of luciferase in EN. Importantly, alanine substitution of
the core sequences in both NLSs abrogated nuclear import. Thus,
both NLS1 and NLS2 can function in EN. However, within the
context of ORF63p, we hypothesize that they are inaccessible in
EN and accordingly unavailable to direct nuclear import of
ORF63p.

Coexpression of ORF61p and ORF63p results in nuclear
import of ORF63p in EN. If there is an inherent block to
nuclear import of ORF63p in EN, one might hypothesize that
a similar block exists in human sensory neurons. If so, how
does VZV overcome this block upon reactivation from la-
tency? Stallings et al. previously demonstrated that latent VZV
infection of EN can be reactivated after infection with an
adenovirus expressing ORF61p. Upon the reactivation of
VZV, LAPs such as ORF29p and ORF62p accumulate in the
nucleus (59). Accordingly, we tested whether the expression of
ORF61p was sufficient to cause the nuclear import of ORF63p
in EN. An adenovirus expressing ORF61p and ORF63p
(AdORF61iresORF63) was constructed. This virus expresses
both proteins in the same cell. A Flag epitope was fused to the
N terminus of ORF61p to facilitate its detection in dual-label-
ing analyses. An adenovirus expressing only Flag-ORF61p
(AdORF61) was also constructed to determine ORF61p local-
ization. EN were first infected with AdORF61 to examine the
subcellular localization of the protein in this cell type. Indirect
immunofluorescence analysis using antisera specific to either

the Flag epitope or ORF61p (Fig. 5A) revealed that the pro-
tein localized in the nucleus of EN as previously described for
other cell types (60). Staining patterns with Flag antibody and
ORF61p-specific antisera were identical. To determine the
effect of ORF61p expression on ORF63p localization in EN,
cells were infected with AdORF61ires63, and protein localiza-
tion was studied (Fig. 5B). For the first time, we observed the
nuclear localization of ORF63p in EN. Thus, the presence of
ORF61p abrogates the block to ORF63p nuclear import in
EN. Furthermore, coinfection with individual adenoviruses ex-
pressing ORF61p and ORF63p also resulted in the nuclear
import of ORF63p (data not shown). As expected, ORF63p
remained cytoplasmic in EN when cells were coinfected with
AdORF63 and a control empty adenovirus vector (AdEmpty)
(data not shown). Interestingly, ORF61p expression caused the
nuclear import of ORF63p CompletePhos in EN (Fig. 6),
confirming our hypothesis that regulation of ORF63p localiza-
tion in EN is not controlled by phosphorylation.

Both NLSs of ORF63p are required for ORF61p-dependent
nuclear import in EN. To further elucidate the requirements of
the ORF61p-dependent nuclear import of ORF63p in EN,
ORF63p NLS mutants containing alanine substitutions in one or
both NLSs were constructed and cloned into an adenovirus back-
ground (ORF63NLS1p, ORF63NLS2p, and ORF63NLS1�2p)
(Fig. 7A). EP were infected with each mutant adenovirus, and
cells were processed for Western blot analysis, indirect immuno-
fluorescence microscopy, or biochemical fractionation into nu-
clear and cytoplasmic fractions as described above. Western blots
revealed the expression of each NLS mutant with the expected
molecular mass at levels comparable to those of wild-type
ORF63p (Fig. 7B). The variance in migration of the mutant
proteins is a reflection of substitution of alanine residues for the

FIG. 3. Subcellular localization and accumulation of an ORF63p-SV40 NLS fusion protein in primary guinea pig EN. (A) Schematic diagram of
ORF63p SV40 NLS fusion protein. The SV40 large-T-antigen NLS amino acid sequence (PKKKRKV) ( ) was fused in frame to the N terminus of
ORF63p (ORF63pSV40NLS). (B) Western blot analysis of ORF63p and ORF63pSV40NLS fusion proteins. EP were mock infected (lane 1) or infected
with AdORF63 (lane 2) or AdORF63SV40NLS (lane 3) at MOIs of 0.2, and 48 h postinfection, whole-cell lysates were harvested. Equal amounts of total
protein (20 �g) for each sample were analyzed by Western blotting using antisera specific for ORF63p and tubulin (loading control). (C) EN were
infected with AdORF63 or AdORF63SV40NLS at an MOI of 100. The subcellular localization of ORF63p was examined 48 h postinfection by indirect
immunofluorescence microscopy using ORF63p-specific antisera. Nuclei were counterstained with Hoechst stain.
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FIG. 4. Subcellular localization of ORF63p NLS-luciferase fusion proteins in guinea pig EP cells and primary guinea pig EN. (A) Western blot
analysis of ORF63p NLS-luciferase fusion proteins. EP cells were mock infected (lane 1) or infected with AdLuc (lane 2), AdLucSV40NLS (lane
3), AdLucNLS1 (lane 4), AdLucSubNLS1 (lane 5), AdLucNLS2 (lane 6), or AdLucSubNLS2 (lane 7) at an MOI of 0.2, and 48 h postinfection,
whole-cell lysates were harvested. Equal amounts of total protein (20 �g) for each sample were analyzed by Western blotting using antisera specific
for luciferase and tubulin (loading control). (B) Subcellular localization of ORF63p NLS-luciferase fusion proteins in EP and EN. EP and EN were
infected with each adenovirus at MOIs of 0.2 and 100, respectively. The subcellular localization of the ORF63p NLS-luciferase fusion proteins was
examined 48 h postinfection by indirect immunofluorescence microscopy using luciferase-specific antisera. Nuclei were counterstained with
Hoechst stain.
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indigenous amino acids within the NLSs. As described above,
immunofluorescence analysis demonstrated that wild-type
ORF63p localized to both the nucleus and cytoplasm of EP cells
(Fig. 7C). However, the mutation of either NLS1 or NLS2 re-

sulted in an increased abundance of cytoplasmic ORF63p. The
abolition of both NLSs resulted in greater cytoplasmic accumu-
lation of ORF63p, with an almost complete absence of protein in
the nucleus. The subcellular distribution of ORF63p NLS mu-

FIG. 5. Subcellular localization of ORF61p and ORF63p following coexpression in primary guinea pig EN. (A) ORF61p subcellular localization in EN. EN
were infected with AdORF61 at an MOI of 100. The subcellular localization of ORF61p was examined 48 h postinfection by indirect immunofluorescence
microscopy using antisera specific for the Flag epitope and ORF61p. (B) ORF61p and ORF63p subcellular localization in EN following coexpression. EN were
infected with AdORF61iresORF63 at an MOI of 100. The subcellular localization of ORF61p and ORF63p was examined 48 h postinfection by indirect
immunofluorescence microscopy using antisera specific for the Flag epitope and ORF63p. Nuclei were counterstained with Hoechst stain.

FIG. 6. Subcellular localization of ORF61p and ORF63p CompletePhos following coexpression in primary guinea pig EN. EN were coinfected
with AdCompletePhos at an MOI of 100 with either AdEmpty or AdORF61 at an MOI of 10,000. The subcellular localizations of ORF61p and
ORF63p CompletePhos were examined 48 h postinfection by indirect immunofluorescence microscopy using Flag epitope- and ORF63p-specific
antisera, respectively. Nuclei were counterstained with Hoechst stain.
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tants was confirmed by Western blot analysis of fractionated cell
extracts (Fig. 7D). The distribution of ORF63p in the nuclear and
cytoplasmic fractions confirmed the immunofluorescence data.
Compared to wild-type ORF63p, the mutation of either NLS1 or
NLS2 results in decreased levels of nuclear ORF63p, with the

mutation of both NLSs enhancing this effect. Costaining for nu-
clear (c-Jun) and cytoplasmic (tubulin) markers validated the
fractionation procedure.

Because we discovered that coexpression of ORF61p tar-
geted ORF63p to the nucleus, we questioned whether either of

FIG. 7. Subcellular localization of ORF63p NLS mutants in guinea pig EP cells. (A) Schematic diagram of ORF63p NLS substitution mutants. The four
core amino acids of each ORF63p NLS were substituted with alanines to disrupt NLS function. (B) Western blot analysis of ORF63p NLS mutants. EP cells
were mock infected (lane 1) or infected with AdORF63 (lane 2), AdORF63NLS1 (lane 3), AdORF63NLS2 (lane 4), or AdORF63NLS1�2 (lane 5) at an MOI
of 0.2, and 48 h postinfection, whole-cell lysates were prepared. Equal amounts of total protein (20 �g) for each sample were analyzed by Western blotting using
antisera specific for ORF63p and tubulin (loading control). (C) Subcellular localization of ORF63p NLS mutants. EP cells were infected with AdORF63,
AdORF63NLS1, AdORF63NLS2, or AdORF63NLS1�2 at an MOI of 0.2, and localization was examined 48 h postinfection by indirect immunofluorescence
microscopy using ORF63p-specific antisera. Nuclei were counterstained with Hoechst stain. (D) The subcellular localization of ORF63p NLS mutants was
examined 48 h postinfection after biochemical separation of nuclear (NUC) and cytoplasmic (CYT) fractions. Equal amounts of total protein for nuclear and
cytoplasmic fractions (20 �g) were analyzed by Western blotting using antisera specific for ORF63p, c-Jun, and tubulin.

VOL. 82, 2008 NUCLEAR IMPORT OF ORF63p IN NEURONS 8681

 at C
O

LU
M

B
IA

 U
N

IV
E

R
S

IT
Y

 on A
ugust 14, 2008 

jvi.asm
.org

D
ow

nloaded from
 

http://jvi.asm.org


the NLSs within ORF63p were required for nuclear import in
EN. Accordingly, EN were coinfected with AdORF61 and
either AdORF63, AdORF63NLS1, or AdORF63NLS2. The
localization of ORF61p and ORF63p was examined by indirect
immunofluorescence microscopy. As expected, ORF63p was
nuclear in cells coexpressing ORF61p (Fig. 8). However, both
ORF63NLS1p and ORF63NLS2p remained cytoplasmic in
cells coexpressing ORF61p. Therefore, both ORF63p NLSs
are required for ORF61p-dependent nuclear import in EN.

MG132 blocks ORF61p-dependent nuclear import of
ORF63p in EN. While ORF61p expression is sufficient to drive
ORF63p nuclear import in EN, the mechanism behind this
phenomenon remains unclear. ORF61p is a C3HC4 RING
finger domain-containing protein and an orthologue of herpes
simplex virus type 1 ICP0 (51, 55). The E3 ubiquitin ligase
activity of ICP0 allows it to influence cell protein abundance
via a ubiquitin-dependent proteasome degradation pathway (6,
23, 25, 26, 66). To test if proteasome activity is required for
ORF61p-dependent nuclear import of ORF63p in EN, we
treated EN infected with AdORF61iresORF63 with DMSO or
MG132 for 6 h. Following drug treatment, the subcellular
localizations of ORF61p and ORF63p were observed. MG132
treatment blocked nuclear import of ORF63p (Fig. 9). Thus,

the ORF61p-dependent nuclear import of ORF63p in EN
requires proteasome activity. Of note, we also observed that
following MG132 treatment, there was an apparent increase in
levels of cytoplasmic ORF61p. Cytoplasmic staining of
ORF61p overlapped with that of ORF63p, suggesting that they
colocalized and/or form part of a complex. Furthermore,
MG132 treatment of EN expressing ORF61p alone also re-
sulted in increased cytoplasmic staining compared to that with
the DMSO-treated control (data not shown). However, the
increase in levels of cytoplasmic ORF61p was far less than
that observed in the presence of ORF63p. MG132 treatment
of EN expressing ORF63p alone had no effect on its local-
ization (data not shown). These experiments reveal roles for
ORF61p and the proteasome in regulation of ORF63p lo-
calization in EN.

DISCUSSION

The establishment and maintenance of a latent infection are
critical for lifelong persistence by herpesviruses. During la-
tency, VZV is novel among the neurotropic human alphaher-
pesvirus family in that multiple viral genes are transcribed
(11–17, 19, 37, 49) and translated (15, 29, 37, 46, 48). The

FIG. 8. Subcellular localization of ORF63p NLS mutants in primary guinea pig EN during coexpression of ORF61p. EN were coinfected with
AdORF61 at an MOI of 10,000 with either AdORF63, AdORF63NLS1, or AdORF63NLS2 at an MOI of 100. The subcellular localizations of
ORF61p and the ORF63p NLS mutants were examined after 48 h by indirect immunofluorescence microscopy using Flag epitope- and
ORF63p-specific antisera, respectively. Nuclei were counterstained with Hoechst stain.
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expressed LAPs accumulate exclusively in the cytoplasm; how-
ever, they are nuclear and cytoplasmic following reactivation
(29, 46, 48). An understanding of the virus and host contribu-
tions to regulation of LAP localization in neurons may further
our understanding of what regulates the fate of VZV infection.

In this report, we analyze the subcellular localization of the
VZV LAP ORF63p in guinea pig EP cells and primary guinea
pig EN. Our studies demonstrate that ORF63p subcellular
localization is cell type dependent and occurs in the absence of
other viral proteins. The localization of ORF63p in EP and EN
cells mimics the protein’s distribution during lytic and latent
VZV infection, thus validating the use of guinea pig cells to
study LAP localization (Fig. 1). We have also assayed the
contribution of each of the ORF63p NLSs in maintaining the
cytoplasmic localization of ORF63p in EN and discuss hypoth-
eses to explain our observations. Finally, we show that nuclear
import of ORF63p in EN is induced by the coexpression of
ORF61p (a lytic protein) and that this occurs in a proteasome-
dependent manner.

In eukaryotic cells, separation of the nuclear and cytoplas-
mic contents into discrete compartments requires controlled
nuclear entry and exit. Molecules of 	40 kDa are excluded
from passive diffusion across the nuclear pore complex and
must possess a specific targeting signal (NLS), or they will be
excluded from the nucleus. NLS-containing molecules are ac-
tively transported between the cytoplasmic and nuclear com-
partments in an energy-dependent manner. The classical nu-
clear import cycle is based on a carefully timed series of
interactions that are controlled spatially and temporally in a
precise manner. In brief, cytoplasmic cargo proteins that con-
tain a classical or nonclassical NLS form an import complex
with an importin-
:� heterodimer (or directly with importin-�)
that facilitates movement through the nuclear pore complex.
Once an import complex reaches the nucleus, it is dissociated

by RanGTP. The binding of RanGTP to importin-� causes a
conformational change that results in release of the importin-

–cargo complex. Importin-� bound to RanGTP is then recy-
cled to the cytoplasm, where conversion to RanGDP releases
it to enable binding to new cargoes (56, 62, 63). Because of the
multicomponent hierarchal nature of nuclear import, transport
and, hence, localization of cargo proteins are regulated at
several levels.

To gain further insight into why ORF63p localization is
restricted to the cytoplasm in EN, we asked if the addition of
a heterologous NLS could drive the nuclear import of ORF63p
in these cells. Accordingly, we fused the NLS from the SV40
large T antigen to ORF63p and found that the resulting fusion
protein localized to the nucleus (Fig. 3C). Thus, within EN,
ORF63p can be moved into the nucleus by addition of a func-
tional heterologous NLS. This finding suggested that nuclear
exclusion of ORF63p might result from the NLSs being non-
functional or masked in EN. One explanation for these find-
ings is the differential expression of importin receptor families
between EP cells and EN. The expression of the transport
receptor that recognizes ORF63p for nuclear import may be
absent in EN. Indeed, several studies have documented that
transport can be regulated by changes in transport receptor or
adaptor expression levels. For example, Drosophila heat shock
factor is recognized by importin-
3 for nuclear transport. Im-
portin-
3 is not expressed during early embryonic develop-
ment; therefore, Drosophila heat shock factor nuclear entry is
prohibited until later in development, when importin-
3 is
expressed (27).

To determine if both ORF63p NLSs can function in EN, we
fused each of them to the C terminus of the cytoplasmic pro-
tein luciferase and studied their intracellular localizations. Our
results demonstrated that both NLS1 and NLS2 of ORF63p
can function in EN and direct the nuclear import of luciferase;

FIG. 9. Subcellular localization of ORF61p and ORF63p in primary guinea pig EN treated with proteasome inhibitors. EN were infected with
AdORF61iresORF63 at an MOI of 100. At 42 h postinfection, cells were treated with either DMSO or 20 �M MG132 for 6 h prior to analysis.
The subcellular localization of ORF61p and ORF63p was examined by indirect immunofluorescence microscopy using Flag epitope- and
ORF63p-specific antisera, respectively. Nuclei were counterstained with Hoechst stain.
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thus, the import receptors for ORF63p are present in EN (Fig.
4B). Therefore, our results support the conclusion that within
the context of ORF63p, the NLSs are inaccessible to the nu-
clear import machinery in EN, resulting in cytoplasmic reten-
tion.

The masking of NLSs from the transport machinery may
occur by multiple mechanisms including intermolecular or in-
tramolecular interactions and/or posttranslational modifica-
tions. The modulation of nuclear import by phosphorylation is
a common posttranslational modification. For example, the
nuclear import of SV40 T antigen is enhanced by the phos-
phorylation of sites flanking its NLS (67). In contrast, phos-
phorylation of the NLSs of nuclear factor of activated T cells 2
(NF-AT2) results in masking and prevents recognition by im-
portin, thus blocking nuclear import. The subsequent dephos-
phorylation unmasks the NLSs, permitting the nuclear import
of NF-AT2 (3). Along these lines, previous studies showed that
the phosphorylation state of ORF63p at specific residues can
affect its localization (5, 30). Here, we show that ORF63p is
phosphorylated in cultures of EN (Fig. 2B). To investigate
what role phosphorylation of ORF63p had on its subcellular
localization in EN, a mutant ORF63p with alanine substitu-
tions at 19 putative serine and threonine phosphorylation sites
(CompletePhos) (Fig. 2A) (2) was used to ask what effect the
lack of phosphorylation had on its subcellular localization. The
CompletePhos mutant showed increased nuclear localization
in EP cells compared to the wild-type protein (compare Fig.
1A and 2C), a result that is consistent with a previous report
showing that inhibition of phosphorylation results in increased
nuclear localization of ORF63p in Vero cells (30). However,
we show for the first time that this mutant remained exclusively
cytoplasmic in EN behaving like the wild-type ORF63 protein.
We also assayed the localization of three other phosphoryla-
tion mutants (5�Phos, CenterPhos, and 3�Phos), each contain-
ing six or seven alanine mutations present in the Complete-
Phos mutant (2). All of these mutant proteins were cytoplasmic
like wild-type ORF63p in EN (data not shown). In addition to
ORF63 mutagenesis, we also investigated the effect of inhibi-
tors and inducers of phosphorylation on ORF63p localization.
The treatment of EN expressing ORF63p with an inhibitor
(Roscovitine) or activator (phorbol-12-myristate-13-acetate)
of phosphorylation had no effect on localization (data not
shown). Taken together, these genetic and pharmacological
assays indicate that ORF63p localization in EN is not regu-
lated by its phosphorylation state. This is in contrast to EP
cells, where enhanced nuclear localization of ORF63p was
observed upon dephosphorylation. However, our results do
not exclude the possibility that modifications other than
phosphorylation contribute to regulation of ORF63p local-
ization in EN.

Here, we demonstrate for the first time that coexpression of
ORF61p is sufficient to result in nuclear import of ORF63p in
EN (Fig. 5). Thus, ORF61p expression overcomes the block to
ORF63p nuclear import in EN. ORF61p is a C3HC4 RING
finger domain-containing protein and functions as a transcrip-
tional repressor and activator (50–52). Based on its position in
the genome and homology of the RING finger-containing do-
main, ORF61p is an orthologue of herpes simplex virus ICP0
(51, 55). ICP0 has E3 ubiquitin ligase activity that influences
cell protein abundance via the ubiquitin-dependent protea-

some degradation pathway (6, 23, 25, 26, 66). At present, it is
unknown if ORF61p contains E3 ubiquitin ligase activity.
However, our finding that proteasome inhibition with MG132
prevents ORF61p-dependent nuclear import of ORF63p in
EN supports a role for ubiquitination and protein degradation
in controlling ORF63p nuclear import (Fig. 9). Based on these
results, we hypothesize that ORF63p localization in EN is
regulated by intermolecular masking of the NLSs in a fashion
analogous to that of NF-�B. The nuclear import of the NF-�B
heterodimer p65-p50 is regulated by the binding of I�B
,
which occludes the NLS of p65-p50, resulting in its cytoplasmic
localization. In the presence of proinflammatory stimuli, I�B

is phosphorylated and targeted for proteasome degradation,
resulting in unmasking of the NF-�B NLS and subsequent
nuclear import (4, 64). Therefore, we postulate that in EN, a
neuron-specific protein binds to ORF63p, masking its NLSs
and blocking nuclear import. This putative protein is targeted
for proteasomal degradation in response to ORF61p, resulting
in unmasking of the ORF63p NLSs and nuclear import.

Alternatively, ORF61p may compete with a neuronal pro-
tein for binding to ORF63p. The subsequent ORF61p-
ORF63p interaction results in release of the inhibitory neuro-
nal protein (which in turn may lead to its degradation) and
unmasking of ORF63p’s NLSs. Following MG132 treatment of
EN, there was an increase in cytoplasmic staining of ORF61p
that overlapped with ORF63p, suggesting that they colocalize
and/or form part of a complex. It is plausible that treatment
with MG132 stabilized formation of a transient ORF61p-
ORF63p interaction with the inhibitory neuronal protein in the
cytoplasm. Furthermore, MG132 treatment of EN expressing
ORF61p alone also resulted in increased cytoplasmic staining;
however, the increase in cytoplasmic ORF61p levels was far
less than that observed when it was expressed with ORF63p.
Although we recently detected a weak interaction between
ORF61p and ORF63p in vitro, it has not been possible to
reliably detect this interaction in vivo. This may reflect a weak
and transient association between these proteins.

Besides NLS masking, the block may occur at the intramo-
lecular level, involving the direct posttranslational modification
of ORF63p. It is plausible that ORF61p may directly modify
ORF63p to initiate nuclear import. If ORF61p possesses E3
ubiquitin ligase activity, it may direct ubiquitination of
ORF63p to drive import in a mechanism similar to that de-
scribed for PTEN. The phosphatase and tumor suppressor
protein PTEN is efficiently imported after monoubiquitination
of specific lysine residues (65). At present, we are investigating
ORF61p for E3 ubiquitin ligase activity.

We further characterized the requirements of the ORF61p-
dependent nuclear import of ORF63p in EN and found that
both ORF63p NLSs were required (Fig. 8). Indeed, the loss-
of-function mutation of either NLS1 or NLS2 by alanine sub-
stitution prevented ORF61p-dependent nuclear import. This
was surprising, because in EP cells, one intact ORF63p NLS is
sufficient, although less efficient, for nuclear import (Fig. 7C
and D). The finding that both ORF63p NLSs are required for
ORF61p-dependent nuclear import in EN demonstrates that
even if a physical interaction occurs between ORF61p and
ORF63p, it is not sufficient for nuclear import. Therefore, it is
highly unlikely that ORF61p-dependent import of ORF63p in
EN occurs by ORF63p hijacking the NLS of ORF61p via
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physical interaction. Together, these data highlight the differ-
ential regulation of ORF63p localization in neurons versus
nonneuronal cells. We also show that ORF61p expression re-
sults in nuclear localization of the ORF63p CompletePhos
mutant, confirming our belief that localization in EN is not
regulated by phosphorylation (Fig. 6).

The findings in this report coupled with previously published
data (59) show that localization of VZV LAPs is regulated in
EN by expression of the VZV lytic protein ORF61p. Stallings
et al. demonstrated that ORF61p expression caused nuclear
accumulation of autonomously expressed ORF29p in EN and
U373MG cells. Although ORF61p can modulate both
ORF29p and ORF63p localization in EN, it appears that reg-
ulation of localization of these proteins is unique and distinct.
These data suggest that ORF61p is a multifunctional protein
playing a major role in modulating the cell environment to
allow for redistribution of VZV LAPs. These results lead us to
conclude that ORF61p is a central player in VZV reactivation.

In summary, we propose that cytoplasmic localization of
ORF63p in neurons results from NLS masking, which prevents
nuclear import. The coexpression of ORF61p results in release
of this block in a proteasome-dependent manner and allows
nuclear import of ORF63p. Similar to ORF29p, the experi-
ments described here demonstrate that localization of the ma-
jor latency-associated protein ORF63p in neurons is regulated
by a strictly lytic protein, suggesting that lytic gene expression
precedes nuclear translocation of LAPs during reactivation.
These findings provide insight into an understanding of the
localization of LAPs during VZV latency and the subsequent
processes that occur upon reactivation.
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