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Epstein-Barr virus (EBV) EBNA-LP is a transcriptional coactivator of EBNA2 that works though interaction
with the promyelocytic leukemia nuclear-body-associated protein Sp100A. EBNA-LP localizes predominantly
in the nucleus through the action of nuclear localization signals in the repeated regions of the protein.
EBNA-LP has also been detected in the cytoplasm, and a previous study suggested that some of the EBNA-LP
coactivation function is mediated by relocalizing histone deacetylase 4 (HDAC4) from the nucleus to the
cytoplasm. Although EBNA-LP can be found in the cytoplasm, it has no obvious nuclear export signal, and
there is no direct evidence for active shuttling between these cellular compartments. Whether active shuttling
between the nucleus and cytoplasm is required for coactivation remains to be clarified. To address these issues,
we tested a variety of EBNA-LP isoforms and mutants for nuclear-cytoplasmic shuttling activity in an
interspecies heterokaryon assay and for the ability to associate with HDAC4. EBNA-LP isoforms smaller than
42 kDa shuttle efficiently in the heterokaryon assay via a crm-1-independent mechanism. In addition, no
specific EBNA-LP domain that mediates nuclear export could be identified. In contrast, an EBNA-LP 62-kDa
isoform does not demonstrate detectable shuttling in the heterokaryon assay yet still coactivates EBNA2
similarly to the smaller EBNA-LP isoforms. All of the EBNA-LP mutants tested, including the coactivation-
deficient �CR3 mutant and the nonshuttling 62-kDa isoform, were capable of associating with HDAC4. Taken
together, our results suggest that simple diffusion may account for the nuclear export observed with smaller
isoforms of EBNA-LP, that nuclear-cytoplasmic shuttling is not required for efficient EBNA-LP coactivation
function, and that competence for HDAC4 association is not sufficient to mediate nuclear-cytoplasmic shuttling
or EBNA-LP coactivation in the absence of a functional interaction with Sp100A.

Epstein-Barr virus (EBV) is associated with several human
malignancies, including endemic Burkitt lymphoma and lym-
phomas in the immunosuppressed (38, 42). However, the
mechanisms of EBV-mediated lymphomagenesis remain to be
clarified. EBV possesses an intrinsic ability to immortalize
human B cells with high efficiency through the expression of
several virus-encoded proteins (41). By unraveling the mech-
anisms by which EBV immortalizes B cells, we hope to under-
stand how the virus induces cancer in humans.

Several viral gene products are made in EBV-immortalized
B cells, including Epstein-Barr nuclear antigens (EBNA-LP,
EBNA1, EBNA2, EBNA3a, EBNA3b, and EBNA3C), latent
membrane proteins (LMP1, LMP2A, and LMP2B), EBV-en-
coded RNAs (Ebers 1 and 2 and BamA rightward transcripts),
and EBV microRNAs (2, 3, 41). More recently, presumed lytic
cycle genes, such as BHRF1, have been implicated in the
immortalization process (1). Our laboratory is interested in
understanding the role of EBNA-LP, a coactivator of EBNA2,
for EBV-induced immortalization.

Genetic and biochemical evidence has shown that EBNA2 is
essential for initiating and maintaining EBV-mediated B-cell
immortalization while EBNA-LP is important but not essential
for immortalization (11, 13, 19, 24). EBNA2 is a transcription-
activating protein that regulates viral latency genes through

mimicry of Notch signaling pathways (12, 16, 17), and
EBNA-LP coactivates EBNA2, preferentially enhancing the
expression of the major viral oncoprotein LMP1 (8, 14, 29, 30).
EBNA-LP is an unusual protein comprised of a variable num-
ber of 66-amino-acid repeats derived from two exons (W1 and
W2) in the viral internal repeated region 1 and a unique 45-
residue carboxyl terminus derived from the Y1 and Y2 exons
(Fig. 1; also see Fig. 5A) (33, 35). In newly infected B cells, a
range of EBNA-LP isoforms are expressed (Fig. 1), but over
time in culture, the number of expressed isoforms decreases (5,
9). In addition, EBNA-LP localizes diffusely throughout the
nucleus within the first 24 to 48 h postinfection, but with time,
it associates with promyelocytic leukemia nuclear bodies (PML
NBs) (21, 37). EBNA-LP nuclear localization is mediated pri-
marily thorough a bipartite nuclear localization signal located
in evolutionarily conserved region 1c (CR1c) and CR2 (see
Fig. 5A) (31). EBNA-LP mutants that fail to localize in the
nucleus are coactivation deficient (31). EBNA-LP plays an
important role in the establishment of B-cell immortalization,
as mutant viruses lacking the Y1-Y2 exons, which code for the
unique carboxy-terminal domain, are much less efficient at
immortalizing B cells than wild-type viruses (13, 24). Interest-
ingly, the EBNA-LP coactivation function does not require the
carboxy-terminal unique domain, so previous genetic analyses
did not evaluate the role of this function for EBV-mediated
B-cell immortalization (14, 29). The EBNA2 coactivation func-
tion of EBNA-LP requires a minimum of two W repeats, and
deletion of CR3 in EBNA-LP greatly diminishes its coactiva-
tion function (21, 27, 31). Recent evidence suggests that the
PML NB-associated protein Sp100A is an important mediator
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of the EBNA-LP coactivation function (7, 21). EBNA-LP spe-
cifically relocalizes Sp100A from PML NBs via interaction with
CR3, and this activity correlates with EBNA2 coactivation
(21). In addition, the heterochromatin protein 1 (HP1) binding
domain of Sp100A is required for coactivating EBNA2, sug-
gesting that modulation of chromatin is important for its mech-
anism of action (21). Consistent with this theme, a recent
report suggested that EBNA-LP sequesters histone deacety-
lase 4 (HDAC4) in the cytoplasm, and this may also contribute
to its coactivation function (32). However, it is unclear (i) if
EBNA-LP actively moves HDAC4 from the nucleus to the
cytoplasm, (ii) if cytoplasmic pools of EBNA-LP sequester
HDAC4, or (iii) if HDAC4, which has been reported to shuttle
between the nucleus and cytoplasm (40, 43), mediates
EBNA-LP nuclear-cytoplasmic shuttling. EBNA-LP does not
have a recognizable nuclear export signal, so the mechanisms
governing nuclear export remain uncharacterized. To gain
further insight into these issues, we investigated whether
EBNA-LP actively shuttles between the nucleus and cytoplasm
by using an interspecies heterokaryon assay. The results indi-
cate that isoforms of EBNA-LP smaller than 42 kDa shuttle
between the nucleus and cytoplasm by a crm-1 independent
pathway. However, isoforms larger than 62 kDa have no de-
tectable nuclear-cytoplasmic shuttling activity but still retain
significant coactivation function. Moreover, the ability to in-
teract with HDAC4 and shuttle between the nuclear and cy-
toplasmic compartments is not on its own sufficient to mediate
the coactivation function. The data suggest that nuclear-cyto-
plasmic shuttling is not required for transcriptional coactiva-

tion function and that the nuclear export observed with smaller
isoforms of EBNA-LP may occur by diffusion.

MATERIALS AND METHODS

Cell culture and plasmids. NIH 3T3, 293, and HeLa cells were maintained in
Dulbecco’s modified Eagle medium supplemented with 10% fetal bovine serum
and were grown in 5% CO2 tissue culture incubators at 37°C. X50-7, DG75, and
Eli-BL cells were maintained similarly, except RPMI was used instead of Dul-
becco’s modified Eagle medium. Expression plasmids for EBNA2 (pRSP363),
EBNA-LP with two W repeats (pJT125), EBNA-LP with four W repeats
(pSG5LP), and the EBNA-LP mutants �CR3, GD2/67AAA, PGP13/79AAA,
GIG17/83AAA, GPE19/85AAA, EGP21/87AAA, S5/71A, and S35/101A have
been described previously (21, 27, 31). The EBNA-LP mutant S34, 36, 63-A, which
contains alanine substitutions for three conserved serine residues in W1-W2, was
generously provided by Andrew Bell and has been described previously (27).
EBNA-LP with seven W repeats (pRSP693) was PCR amplified from a cDNA
clone described previously (35) and cloned into the pSG5 expression vector. The
expression plasmid for myc-tagged HDAC4 was generously provided by T.
Kouzarides and has been described previously (28).

Interspecies heterokaryon assay and indirect immunofluorescence. To form
heterokaryons, HeLa cells were transfected with 2.0 �g of expression plasmid
DNA using Superfect (Qiagen) according to the manufacturer’s protocol. Twenty-
four hours posttransfection, the cells were trypsinized, and 1 � 105 transfected
HeLa cells were mixed with an equal number of NIH 3T3 cells in 1 ml medium
and plated onto glass coverslips in a 24-well tissue culture plate. The cells were
allowed to settle onto the coverslips for 3 to 4 h in the presence of 100-mg/ml
cycloheximide. In some experiments, leptomycin B (LMB) was added at a con-
centration of 25 ng/ml (Sigma) and was maintained in the medium throughout
the rest of the experiment. Cell fusion was performed by adding 50% polyeth-
ylene glycol 8000 (Sigma) for 2 min, after which the cells were washed with
complete medium and incubated in complete medium containing cycloheximide
or cycloheximide plus LMB for an additional hour. The cells were then washed
with phosphate-buffered saline and fixed at 4°C with 4% paraformaldehyde. The
cells were then permeabilized using 1% Triton, washed, and blocked for 1 h at

FIG. 1. Exon organization of EBNA-LP gene transcripts. Transcription of the EBNA-LP gene initiates from either the W promoter (Wp) or
the C promoter (Cp). The different noncoding (C1, C2, and W0) and coding (W1, W2, Y1, and Y2) exons are indicated. During early stages of
infection, transcription initiates from available Wps residing in each internal repeated region 1 (IR1) repeat, which results in the production of
multiple EBNA-LP protein isoforms. During later stages of infection or in established lymphoblastoid cell lines (LCLs), transcription from Cp is
stimulated and there is a bias toward the origin of replication (OriP)-proximal Wp. The level of Cp- versus Wp-initiated transcription varies
depending on several circumstances. The viral latent OriP, the polyadenylation site (pA) for EBNA-LP/EBNA2 transcripts, and the locations of
other EBNA genes and LMP are shown.
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room temperature or at 4°C overnight with 5% dried milk in Tris-buffered saline.
Following incubation with primary and secondary antibodies in blocking buffer,
the cells were stained with Hoechst stain and Alexa Fluor 594-phalloidin and
visualized on a Zeiss Axioplan II upright microscope. Primary antibodies against
EBNA-LP (mouse monoclonal JF186), EBNA2 (rat monoclonal R3), hnRNPC
(mouse monoclonal from Santa Cruz), and hemagglutinin (mouse monoclonal
from Covance) were used for detection of the respective proteins. Alexa 488- or
594-conjugated anti-mouse or anti-rat antibodies (Molecular Probes) were used
as secondary antibodies. Captured images were imported into and processed by
Adobe Photoshop. For heterokaryons between X50-7 cells and 3T3 cells, 1 � 105

of each cell type were plated onto glass coverslips as described for the HeLa-3T3
heterokaryons and then processed for generation of heterokaryons as described
above.

To visualize Sp100 localization following expression of EBNA-LP, DG75 or
Eli-BL cells were electroporated with expression plasmids for EBNA-LP as
described previously (7, 21). Twenty-four hours posttransfection, the cells were
spun onto coverslips, and Sp100 localization was detected by indirect immuno-
fluorescence (7, 21). Similar experiments were done in HeLa cells, except that
they were transfected using Superfect (Qiagen).

EBNA-LP coactivation. EBNA-LP coactivation was tested by looking for en-
hancement of LMP1 protein induction by EBNA2 in Eli-BL cells. Eli-BL cells
were transfected with expression plasmids for EBNA2 or EBNA2 and EBNA-LP
(21, 31). Forty-eight hours posttransfection, the cells were harvested and ana-
lyzed for expression of LMP1, EBNA2, and EBNA-LP as described previously
(21, 31).

Immunoprecipitations. 293 or DG75 cells were cotransfected with an
HDAC4-myc expression plasmid and either the wild type or the coactivation-
defective EBNA-LP mutant �CR3. Twenty-four to 48 h posttransfection, the
cells were harvested and proteins were precipitated, followed by Western blot
analysis as described previously (21).

RESULTS

EBNA-LP shuttles between the nucleus and the cytoplasm.
To determine whether EBNA-LP shuttles between the nucleus
and cytoplasm, we used an interspecies heterokaryon assay.
Heterokaryon formation between human B cells and murine
3T3 cells is difficult because most human B-cell lines are non-
adherent. However, a significant proportion of EBV-immor-
talized X50-7 cells are adherent. X50-7 cells constitutively ex-
press all of the EBV latent proteins, including EBNA2 and
EBNA-LP (Fig. 2). The EBNA-LP protein expressed in X50-7
cells migrates at approximately 42 kDa, similar to transiently
expressed EBNA-LP with four W repeats, suggesting that it

also has four W repeats (Fig. 2). As shown in Fig. 3A, fusion of
X50-7 cells with mouse NIH 3T3 cells resulted in detectable
shuttling of EBNA-LP between human and mouse nuclei in
nearly 100% of human-mouse cell heterokaryons. EBNA2 was
never found in any mouse nuclei (Fig. 3D). In addition, the
heteronuclear protein hnRNPC, which is a nonshuttling 37-
kDa protein, was found only in human cells (Fig. 3G). Inter-
action with crm-1 regulates the nuclear export of some nu-
clear-cytoplasmic shuttling proteins, which can be blocked
with LMB (15, 20, 22, 39). Concentrations of LMB up to 25
ng/ml, which is sufficient to block crm-1-dependent shuttling
of other proteins (15, 20, 22, 39), were unable to inhibit
EBNA-LP nuclear-cytoplasmic shuttling and were sufficient to
inhibit shuttling of an LMB-sensitive p53-green fluorescent
protein fusion protein, as expected (references 4 and 36 and
data not shown).

No single EBNA-LP domain appears to mediate nuclear ex-
port. To define the functional domains required for EBNA-LP
nuclear-cytoplasmic shuttling, we generated heterokaryons be-
tween HeLa cells transfected with various mutant EBNA-LP
expression plasmids and NIH 3T3 cells. Because the panel of
mutant EBNA-LP proteins available for these analyses is in the
context of proteins that have only two W repeats, we first
compared the shuttling activity between wild-type EBNA-LP
with two and four W repeats. As expected, EBNA-LP with two
and four W repeats localized in the nucleus with a diffuse
staining pattern (Fig. 4). In addition, nearly 100% of the hu-
man-mouse heterokaryons had detectable EBNA-LP in both
human and mouse nuclei. Transiently expressed EBNA2 and
endogenous hnRNPC were found only in human nuclei (Fig.
4). Coexpression of EBNA2 with EBNA-LP had no effect on
EBNA-LP shuttling, and LMB was also unable to inhibit shut-
tling (data not shown).

To define EBNA-LP domains required for nuclear-cytoplas-
mic shuttling, we investigated the phenotypes of several well-
characterized EBNA-LP mutants (31). Since we previously
defined the domains required for nuclear import (31), our
focus was to identify domains required for nuclear export.

FIG. 2. EBNA2 and EBNA-LP expression in X50-7 cells. On the
left is a Western blot of extracts from transfected and untransfected
cells. Lane 1, X50-7 cells; lane 2, Eli-BL cells; lanes 3 and 4, DG75 cells
transfected with an expression plasmid for EBNA-LP with two W
repeats or four W repeats, respectively. The blot was probed with an
EBNA-LP monoclonal antibody (JF186). On the right is a Western
blot of X50-7 and Eli-BL cells probed with an EBNA2 monoclonal
antibody (R3). Eli-BL cells are EBV-positive Burkitt lymphoma cells
that do not express EBNA2 or EBNA-LP. DG75 cells are EBV-
negative Burkitt lymphoma cells. Numbers on the right of each blot are
molecular masses (in kilodaltons).

FIG. 3. Nuclear-cytoplasmic shuttling of EBNA-LP in heterokary-
ons between human B cells and mouse 3T3 cells. (A, D, and G) X50-7
cells were fused with murine 3T3 cells and stained with EBNA-LP,
EBNA2, or hnRNPC antibodies as indicated. (B, E, and H) Human
and mouse cell nuclei (H and M, respectively) were distinguished by
staining them with Hoechst stain, which gives a diffuse staining pattern
for human nuclei and diffuse/punctate staining for mouse nuclei. (C, F,
and I) Heterokaryon formation was confirmed by differential interfer-
ence contrast.
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Thus, we confined our analysis to mutants that are competent
for nuclear localization. The mutants tested are shown in Fig.
5A, along with their coactivation status. In addition, a previous
study suggested that HDAC4 interaction with EBNA-LP might
mediate EBNA-LP export (32). An EBNA-LP S34, 36, 63-A
mutant, lacking three conserved serine residues, failed to in-
teract with HDAC4 (32), so we attempted to test this mutant
in the heterokaryon assay as well. However, it should be noted
that the S34, 36, 63-A mutant induces the degradation of EBNA2
by a mechanism that remains unknown, so the ability to eval-
uate its coactivation function is also compromised (27). Sur-
prisingly, all of the mutants tested, including one lacking res-
idues encoded by Y1 and Y2, shuttled between the nucleus and
cytoplasm with frequencies that could not be differentiated
from those of the wild-type proteins. A representative example
of these proteins and their phenotypes in the heterokaryon
assay is shown in Fig. 5B. Unfortunately, the S34, 36, 63-A mu-
tant localized in the cytoplasm of many transfected cells, and
we were unable to evaluate it in the interspecies heterokaryon
assay.

Since molecules up to 50 to 60 kDa can in principle enter or
leave the nucleus by diffusion (23, 26), we hypothesized that
this might account for nuclear export of the EBNA-LP iso-
forms we tested, especially since they are smaller than 42 kDa
and no specific domain was found to mediate nuclear export
(Fig. 5). We tested this idea with a 62-kDa EBNA-LP protein
comprised of seven W1-W2 repeats in the heterokaryon assay.
As predicted, the larger EBNA-LP protein did not exhibit
detectable shuttling activity (Fig. 6A). Since most studies have

used EBNA-LP isoforms with four or fewer W1-W2 repeats
for functional assays, we tested the larger isoform for its ability
to coactivate EBNA2 and relocalize Sp100A from PML NBs.
As expected, the EBNA-LP isoform with seven W1-W2 re-
peats relocalized Sp100A from PML NBs (Fig. 6B) and coac-
tivated EBNA2 with efficiency similar to that of the smaller
EBNA-LP isoforms (Fig. 6C).

Interaction of EBNA-LP and HDAC4. To determine the
significance of HDAC4 interaction for the EBNA-LP coacti-
vation function, we investigated whether the EBNA-LP coac-
tivation mutant �CR3 associated with HDAC4. Coimmuno-
precipitation assays with 293 cells transfected with EBNA-LP
and HDAC expression plasmids indicated that �CR3
EBNA-LP associated with HDAC4 similarly to wild-type
EBNA-LP (Fig. 7). Similar results were obtained with cotrans-
fected EBV-negative DG75 B cells (data not shown). The
EBNA-LP 62-kDa isoform, which does not exhibit a detectable
nuclear-cytoplasmic shuttling phenotype, was also able to as-
sociate with HDAC4. Since the �CR3 mutant efficiently shut-
tles between the nucleus and cytoplasm in the heterokaryon
assay (Fig. 5B), the results suggest that nuclear-cytoplasmic
shuttling and the ability to associate with HDAC4 are not
sufficient to mediate EBNA-LP coactivation in the absence of
interaction with Sp100A.

DISCUSSION

Our results indicate that EBNA-LP isoforms smaller than 42
kDa efficiently shuttle between the nucleus and cytoplasm in a
crm-1-independent fashion (Fig. 3 and 4), and no single do-
main that mediates shuttling activity could be identified (Fig.
5B). In contrast, we were unable to detect nuclear-cytoplasmic
shuttling with EBNA-LP isoforms larger than 62 kDa (Fig.
6A). The data support the notion that EBNA-LP isoforms
smaller than 42 kDa may exit the nucleus by diffusion rather
than by any specific mechanism. In addition, because the 62-
kDa nonshuttling EBNA-LP isoform coactivates EBNA2 with
efficiency similar to that of the smaller forms (Fig. 6C), nuclear-
cytoplasmic shuttling does not appear to be required for the
EBNA-LP coactivation function. Finally, an Sp100A-binding-
deficient EBNA-LP coactivation mutant shuttles and associ-
ates with HDAC4 with efficiency similar to that of wild-type
EBNA-LP (Fig. 7). These results suggest that nuclear-cytoplas-
mic shuttling and competence for HDAC4 association are not
sufficient to mediate EBNA2 coactivation in the absence of a
functional interaction with Sp100A.

Our results lend credence to the idea that EBNA-LP iso-
forms smaller than 42 kDa may exit the nucleus by simple
diffusion for the following reasons: (i) the EBNA-LP 62-kDa
isoform did not have detectable nuclear-cytoplasmic shuttling
activity, (ii) we failed to identify a specific nuclear export sig-
nal, and (iii) molecules smaller than 50 to 60 kDa can enter or
leave the nucleus by diffusion (23, 26). Consistent with our
results, Garibal et al. (10) showed that wild-type EBNA-LP
isoforms larger than 60 kDa are detectable only in the nuclei of
fractionated cells. Since EBNA-LP isoforms smaller than 42
kDa are made during early infection of B cells (5, 9), our
results are consistent with the idea that cytoplasmic EBNA-LP
can be found during natural infections. Regardless of the
mechanism by which EBNA-LP enters the cytoplasm from the

FIG. 4. Transiently expressed EBNA-LP with two or four W re-
peats shuttles between the nucleus and cytoplasm. HeLa cells were
transfected with expression plasmids for EBNA-LP with two W repeats
(2�) or four W repeats (4�) or EBNA2 and fused with murine 3T3
cells to form heterokaryons. The heterokaryons were stained with
EBNA-LP, EBNA2, or hnRNPC antibodies as indicated (green). Het-
erokaryons and human versus mouse nuclei were stained with phalloi-
din 594 (red) and Hoechst (white) stains, respectively, and are shown
on the right. Human and mouse nuclei are indicated (H and M,
respectively).
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FIG. 5. Coactivation-functional and -nonfunctional EBNA-LP mutants shuttle in a heterokaryon assay. (A) Comparison of EBNA-LP primary
amino acid sequences from EBV types 1 and 2 (EBV1 and EBV2) and several nonhuman primate lymphocryptoviruses (LCV). Ch, chimpanzee;
Go, gorilla; Rh, rhesus macaque; Ba, baboon. Amino acid residues encoded by the W1, W2, Y1, and Y2 exons are indicated above. The sequence
is shown with a single W repeat, which is comprised of W1 and W2. The arrowheads above the sequence indicate conserved serine residues, and
below the sequences the various CRs are indicated. The black and gray bars below show regions of the protein required for coactivation function
and nuclear localization (NLS). At the bottom of the diagram, the various mutants tested are shown and have been described previously (21, 31).
The coactivation-competent �Y1Y2 EBNA-LP contains four repeats because a smaller version with two repeats failed to localize efficiently in the
nucleus. Nuclear localization, coactivation, and nuclear-cytoplasmic (N/C) shuttling statuses are indicated for each mutant. �, present; �, absent.
(B) Heterokaryons between HeLa cells transfected with the indicated EBNA-LP proteins and murine 3T3 cells. Heterokaryons were stained with
anti-EBNA-LP (green) in the images on the left. The images on the right show Hoechst (white) and phalloidin (red) staining to visualize the
heterokaryons. WT, wild type. Human and mouse nuclei are indicated (H and M, respectively).
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nucleus (or stays there after translation), how might this facil-
itate EBNA-LP function(s)? Cytoplasmic EBNA-LP may be
involved in coactivation-independent functions through poten-

tial interactions with HAX-1 that modulate apoptosis (6, 18,
25). The role of cytoplasmic forms of EBNA-LP for coactiva-
tion, however, remains to be clarified. A previous study sug-
gested that EBNA-LP might facilitate EBNA2 coactivation by
either retaining the transcriptional corepressor HDAC4 in the
cytoplasm or shuttling it out of the nucleus (32). Our data
indicate that a 62-kDa EBNA-LP isoform, which has wild-type
coactivation function, does not shuttle between the nucleus
and cytoplasm (Fig. 6). Moreover, the coactivation mutant
�CR3, which has only two W repeats and has a robust nuclear-
cytoplasmic shuttling function, was able to interact with
HDAC4 similarly to wild-type EBNA-LP. These results sug-
gest that nuclear-cytoplasmic shuttling or the ability to interact
with HDAC4 is not sufficient to mediate EBNA2 coactivation
in the absence of a functional interaction with Sp100A. One
possibility is that even though the �CR3 mutant protein can
interact with HDAC4 and shuttle between the nucleus and
cytoplasm, it fails to sequester HDAC4 in the cytoplasm. We
have attempted to analyze this in previously generated DG75
cell lines that constitutively express wild-type and �CR3 pro-
teins (21). While we could detect a small but perceptible in-
crease in HDAC4 in the cytoplasm of both wild-type- and
�CR3-expressing cell lines (data not shown), we have not been
able to detect HDAC4 in the nuclei of these cell lines to see if
levels are decreased relative to the non-EBNA-LP-expressing
control cells (data not shown). Identification of specific
EBNA-LP mutants that fail to interact with HDAC4 but still
retain the ability to associate with Sp100A would help to clarify
the role of HDAC4 for EBNA2 coactivation function.

One limitation of our results is the sensitivity of the hetero-
karyon assay. We were unable to detect appreciable levels of
seven-W1-W2 EBNA-LP in mouse cells of human-mouse het-
erokaryons, but this does not rule out the possibility that low
levels of the protein shuttle and are below the detection limit

FIG. 6. Analysis of a 62-kDa EBNA-LP isoform with seven W repeats. (A) Heterokaryon between HeLa cells transfected with the seven-
W1-W2 EBNA-LP protein and murine 3T3 cells. The heterokaryons were stained with anti-EBNA-LP (green) in the image on the left. The image
on the right shows Hoechst (white) and phalloidin (red) staining to visualize the heterokaryon. Human and mouse nuclei are indicated (H and M,
respectively). (B) HeLa or Eli-BL cells were transfected with a plasmid expressing the seven-W1-W2-repeat EBNA-LP and then fixed and stained
with rabbit anti-Sp100 (green) and mouse anti-EBNA-LP (red). The arrows show the continued integrity of Sp100 nuclear dots in untransfected
cells. (C) Western blots of transfected Eli-BL cells expressing EBNA-LP and/or EBNA2. The blots from top to bottom were probed with
anti-LMP1, anti-EBNA2, Flag, and �-tubulin. Lane 1, EBNA2 only; lane 2, EBNA2 plus four-W EBNA-LP; lane 3, EBNA2 plus seven-W
EBNA-LP. LMP1 expression was detected only when EBNA2 and EBNA-LP were coexpressed. Molecular weight markers (in kilodaltons) are
shown on the left.

FIG. 7. Interaction of an EBNA-LP coactivation mutant with
HDAC4. (A) Immunoprecipitation (IP) assay with 293 cells cotransfected
with HDAC4 and wild-type (WT) or coactivation mutant EBNA-LP or an
EBNA-LP with seven W repeats. Cell extracts were precipitated with an
anti-Flag monoclonal antibody that reacts with Flag epitope-tagged
EBNA-LP (�) or no antibody (�), followed by Western blot analysis with
an HDAC4 monoclonal antibody. Molecular weights are shown on the
left. (B) Western blot analysis of cell extracts used for the immunopre-
cipitations in panel A. The expression levels of EBNA-LP (top) and
HDAC4 (bottom) in each of the three cotransfections are shown. Because
the anti-EBNA-LP antibody reacts with the W repeats, the expression
level of the 62-kDa EBNA-LP relative to the smaller isoforms is exagger-
ated. Molecular weights are shown on the left.
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of our assay. However, combined with the observation that the
�CR3 coactivation-defective mutant is competent for shuttling
and interaction with HDAC4, we conclude that the nuclear-
cytoplasmic shuttling function is not itself sufficient to mediate
EBNA-LP coactivation. A second limitation is that nuclear-
cytoplasmic shuttling was assessed largely in nonlymphoid
cells. However, the heterokaryons between X50-7 cells and
mouse 3T3 cells showed essentially that a 42-kDa EBNA-LP
isoform could shuttle in a human B-cell–mouse cell hetero-
karyon. As we observed similar results between HeLa cell-
mouse cell heterokaryons, it seems unlikely that our results
are due to the presence or absence of some tissue-specific
factor(s).

To our knowledge, most studies focusing on the EBNA-LP
coactivation function have relied on 42-kDa or smaller
EBNA-LP isoforms (i.e., four or two W repeats). Two previous
studies have characterized an EBNA-LP isoform with seven
W1-W2 repeats (6, 34), but none have looked at its coactiva-
tion function in the context of stimulation of LMP1 expression.
Our results are the first to examine the effects of an EBNA-LP
protein with seven W1-W2 repeats on its ability to displace
Sp100A from PML NBs and EBNA2 coactivation in the con-
text of LMP1 induction. In addition, our study is the first that
we are aware of to describe heterokaryons formed between
human B cells and mouse cells. The EBV-immortalized cell
line X50-7 or other EBV-immortalized cell lines with an ad-
herent phenotype might be useful for investigating lymphoid-
specific nuclear-cytoplasmic shuttling factors.

In summary, our results show that EBNA-LP can shuttle
between the nucleus and the cytoplasm, but this applies only to
isoforms smaller than 42 kDa. Moreover, the mechanism for
nuclear export may occur through simple diffusion. Finally,
nuclear-cytoplasmic shuttling does not appear to be required
for the EBNA-LP coactivation function, and the ability to
associate with HDAC4 is not sufficient to mediate EBNA-LP
coactivation in the absence of a functional interaction with
Sp100A. Future studies aimed at the identification of specific
EBNA-LP mutants that retain the ability to associate with
Sp100A, but not HDAC4, will help to elucidate the relative
contributions of these cofactors to the EBNA-LP coactivation
function.
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