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Epstein-Barr virus (EBV) is a lymphotrophic herpesvirus infecting most of the world’s population. It is
associated with a number of human lymphoid and epithelial tumors and lymphoproliferative diseases in
immunocompromised patients. Recent studies have shown an in vitro and in vivo interaction between the EBV
nuclear antigen 3C (EBNA3C) and the metastatic suppressor Nm23-H1, known to be downregulated in human
invasive breast carcinoma. In this study, we have identified the domain of EBNA3C that specifically binds to
Nm23-H1. This domain lies within the region comprising amino acids 637 to 675 of EBNA3C flanked by the
proline- and glutamine-rich domains. Furthermore, we show that Nm23-H1 activates transcription when fused
to the Gal4 DNA-binding domain and is coexpressed with a luciferase reporter construct containing the Gal4
binding sites upstream of a basal promoter. Gal4-Nm23-H1, when tethered to the promoter by binding to the
Gal4 DNA binding sequences, consistently activated transcription. The level of activation increased when
increasing amounts of Gal4-Nm23-H1 were introduced into the system. Moreover, EBNA3C when cotrans-
fected with Gal4-Nm23-H1 enhanced the transcriptional activity. These results suggest that Nm23-H1 may
have intrinsic transcription activities in EBV-infected cells and that this activity can be modulated in the
presence of the essential latent antigen EBNA3C.

Epstein-Barr virus (EBV) is a human oncogenic gammaher-
pesvirus predominantly infecting the oropharyngeal epithe-
lium and B lymphocytes (17, 33). It is the etiological agent of
infectious mononucleosis and is associated with a wide variety
of human malignancies, including Burkitt’s lymphoma, naso-
pharyngeal carcinoma, Hodgkin’s lymphoma, AIDS-associated
lymphoma, and other lymphoproliferative diseases (17, 33).
Recent studies have also shown the presence of EBV DNA
and latent EBV nuclear antigen 1 (EBNA1) in invasive human
breast carcinomas (7; A. A. Brink, A. J. van Den Brule, P. van
Diest, and C. J. Meijer, Letter, J. Natl. Cancer Inst. 92:655-656,
2000). In vitro infection of primary B lymphocytes with EBV
gives rise to lymphoblastoid cell lines (LCLs). In immortalized
LCLs, EBV persists as an episome from which characteristic
repertoires of latent genes are expressed. This type of latency
is referred to as type III latency (17, 33). There are at least 11
genes expressed during latent infection, and these include the
six EBNAs, three latent membrane proteins (LMPs), and two
EBV early RNAs (EBERs) (17, 33, 44). Genetic recombina-
tion studies have revealed that EBNA1, -LP, -2, -3A, and -3C
and LMP1 are critical for growth transformation of primary B
lymphocytes, whereas EBNA3B, LMP2A, LMP2B, and
EBERs are dispensable for the immortalization of primary B
cells (9, 16, 17, 45). EBNA1 protein binds to viral DNA and is
involved in the maintenance of the EBV genome as a circular
episome in the infected cell (17, 32). The additional EBNAs

function primarily as regulators of transcription in association
with other cellular transcription factors (17, 33).

Three distinct genes that are similar in structure and are
tandemly arranged in the EBV genome encode the EBNA3
family of proteins (17, 34). The EBNA3 proteins all share
limited homology in a region near their amino terminus (46).
A conserved domain within this amino terminus mediates
binding to the transcriptional regulator RBP-J� (36, 46). This
results in downregulation of transcription from the major EBV
latent promoters. EBNA3 proteins compete with EBNA2 for
binding to RBP-J� and prevent binding of RBP-J� to the
cognate DNA element (34).

The basic structure of EBNA3C protein shows a large
polypeptide of 992 amino acids (aa) (Fig. 1), which contains a
potential leucine zipper motif near the amino terminus, acidic
domains, a glutamine- and proline-rich domain that functions
as a transactivation domain in gene fusion assays in its carboxy
terminus, and several arginine and lysine residues that are
potentially important for nuclear translocation (17, 34, 40).
EBNA3C acts both as an activator and as a repressor of tran-
scription in transient reporter assays. EBNA3C acts as a re-
pressor of transcription when tethered to DNA as a fusion
protein with the Gal4 DNA-binding domain (DBD) (6). Fur-
thermore, EBNA3C can interact with the cellular transcription
factor RBP-J�/CBF1 (35). Expression of EBNA3C was shown
to derepress another essential EBV latent antigen, LMP1, in
cells arrested in the G1 phase of the cell cycle (3). Moreover,
EBNA3C can function as an immortalizing oncoprotein, sim-
ilar to the E7 and E1A of the small DNA viruses (28).
EBNA3C also binds to a transcriptional repression complex
that includes histone deacetylase 1, which is targeted to Cp by
the DNA binding protein RBP-J� (30, 31). EBNA3C contrib-
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utes to the negative autoregulatory control loop of the major
latent promoters (28). EBNA3C also activates the LMP1 pro-
moter in conjunction with EBNA2 through the Spi-1/Spi-B
binding site (47).

Previous genetic studies indicated that introduction of an
amber stop codon after aa 365 in the EBNA3C open reading
frame resulted in EBV recombinants incapable of growth
transformation of primary B lymphocytes (45). These results
clearly indicated that interactions downstream of aa 365 might
play an important role in EBV immortalization. One of the
proteins interacting downstream of aa 365 is a cellular protein,
Nm23-H1, functionally associated with suppression of metas-
tasis (42). Interestingly, EBNA3C reverses the ability of
Nm23-H1 to suppress the migration of Burkitt’s lymphoma
cells and breast carcinoma cells in vitro (42).

The nm23 gene family has nucleoside dinucleotide phos-
phate kinase enzyme activity and is highly conserved among a
wide variety of eukaryotic species (19). Additionally, the nm23
homologs are also shown to be involved in various cellular
processes, such as stimulation of transcription, cell differenti-
ation, and cell proliferation (11). Eight distinctly different
genes (nm23-H1 to -H8) have been identified in humans (19).
The proteins Nm23-H1 and -H2 have similar amino acid se-
quences, but differ in function and cellular localization (18, 29,
41). Nm23-H1 is known to function as a metastatic suppressor,
whereas Nm23-H2 binds DNA and activates transcription of
c-myc (41). Nm23-H1 and Nm23-H2 proteins are localized to
the cytoplasm; however, studies carried out with isoform-spe-
cific antibody showed that Nm23-H2 is predominantly located
in the nucleus (18, 29). Functional studies demonstrated that
suppression of metastasis was observed in several tumor cell
lines transfected with Nm23-H1 (20, 22, 23, 39).

Although the exact role of Nm23-H1 in metastasis is not
clearly understood, the experimental data accumulated thus
far implicate Nm23-H1 as playing a role in regulating the
metastasis of human cancer. Additionally, EBV is associated
with a number of lymphoid and epithelial cancers. However,
there has been no previous study linking a known etiologic
agent and the metastatic suppressor protein. Nevertheless, a
recent study has shown that the EBV antigen EBNA3C can
interact with Nm23-H1 (42). Now, we show that the region of
EBNA3C that binds to NM23-H1 is located within the proline-
and glutamine-rich domains associated with the transcriptional
activation function of EBNA3C.

MATERIALS AND METHODS

Cell lines and constructs. Cells from the human embryonic kidney (HEK)
293T cell line used in transient transfection experiments were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine se-
rum, 2 mM glutamine, 25 U of penicillin-streptomycin per ml, and 20 �g of
Gentamicin per ml.

Glutathione S-transferase (GST)-Nm23-H1 was prepared as described previ-
ously (42). PGEX vector and EBNA3C truncations were cut with EcoRI and
SmaI for the GST-EBNA3C aa 582 to 792 fusion construct (EBNA3C 582-792).
The other two GST fusion constructs, EBNA3C 637-742 and 629-910, were
prepared as in-frame GST fusions as described previously (10).

EBNA3C expression constructs were prepared as in-frame myc fusion proteins
cloned into pA3M vector (4). For the preparation of the pA3M-EBNA3C 366-
623 clone, the PCR-amplified product was cut with BamHI and NotI and ligated
into the BamHI and NotI sites of pA3M in frame with the myc epitope. Similarly,
the pA3M-EBNA3C 621-992 construct was prepared by amplification by PCR
and digestion of the amplified product with EcoRI and NotI, followed by ligation
of these sites in frame with the myc epitope on the pA3M vector. The pA3M-
EBNA3C 621-675 and 675-714 constructs were PCR amplified as described
before and cloned into the EcoRI and EcoRV sites of pA3M.

The pSG5 clones of EBNA3C were prepared from the pBS KS� clones.
Fragments containing the specific EBNA3C domains were excised from the pBS
construct with SmaI, and the overhanging ends were filled with the Klenow
fragment of DNA polymerase. The pSG5 vector was prepared by digesting the
vector with BglII and end filling with Klenow DNA polymerase. The pBS clones
were prepared as described previously (43).

In vitro binding and Western blot assays. GST-Nm23-H1 and the GST-
EBNA3C mutants used in the binding assay were prepared as previously de-
scribed (42). Briefly, cells were induced and then pelleted by centrifugation.
Pellets were sonicated, and the cell debris was removed. The supernatant col-
lected was rotated with glutathione Sepharose beads washed with NETN buffer
(0.5% NP-40, 20 mM Tris [pH 7.5], 100 mM NaCl, 1 mM EDTA) supplemented
with protease inhibitors (100 mM phenylmethylsulfonyl fluoride [PMSF], 1 �g of
pepstatin per ml, 1 �g of aprotinin per ml) and stored at 4°C before use (42).

The EBNA3C full-length protein and the truncated proteins, as well as the
Nm23-H1 proteins cloned into the pA3M or pSG5 expression vector, were
transcribed and translated in vitro with [35S]Met/Cys translabel and the T7 TNT
system (Promega, Inc.). The in vitro-translated proteins were precleared first
with glutathione Sepharose beads in the binding buffer (1� phosphate-buffered
saline, 0.1% NP-40, 0.5 mM dithiothreitol [DTT], 10% glycerol, 1 mM PMSF, 2
mg of aprotinin per ml) for 30 min. The beads were removed by centrifugation,
and the proteins were incubated with glutathione Sepharose-bound fusion pro-
teins for 2 h at 4°C. The beads were then collected and washed with the binding
buffer. Proteins bound to the GST and GST fusion proteins were denatured with
sodium dodecyl sulfate (SDS)–�-mercaptoethanol lysis buffer and were fraction-
ated by SDS-polyacrylamide gel electrophoresis (PAGE [8% or 15% polyacryl-
amide]). The dried gel was analyzed with a PhosphorImager and quantified with
the ImageQuant program (Molecular Dynamics).

Cell lysates from the reporter assay were used for Western blot analysis of
Nm23-H1 and EBNA3C. SDS-lysis buffer was added to the lysed cells, and the
proteins were fractionated by SDS-PAGE with either 15% polyacrylamide
(Nm23-H1) or 8% polyacrylamide (EBNA3C). The fractionated proteins were
transferred to a 0.45-�m-pore-diameter nitrocellulose membrane. The mem-

FIG. 1. EBNA3C protein and its functional domains. Genetic recombination studies indicated that the introduction of a stop codon at aa 365
renders the gene incapable of growth transformation (45). The glutamine- and proline-rich transactivation domain towards the carboxy-terminal
region, the J� binding site, the leucine zipper (LZ) towards the amino-terminal region, putative nuclear localization signals (NLS), and the acidic
domains (AD) are indicated. E3C, EBNA3C.
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branes were blocked with 5% milk and then incubated with either mouse
Nm23-H1 antibody for detection of Nm23-H1 (Santa Cruz, Inc.) or A10 mono-
clonal antibody for detection of EBNA3C (37). The membranes were washed
and then incubated with horseradish peroxidase (HRP)-conjugated antimouse
secondary antibody, and the proteins were visualized by chemilluminescence
against X-ray film.

Transfections and reporter assay. HEK 293T cell lines were transiently trans-
fected with the myc- or Gal4-tagged Nm23-H1, myc- or Gal4-tagged full-length
EBNA3C, or EBNA3C 634-992. The EBNA3C clones in the eukaryotic expres-
sion vector were transfected either alone or with pM-nm23-H1. The pFr reporter
construct (Stratagene, Inc.), which contains five Gal4 binding sites and a TATA
box, was added to all transfections. The total DNAs were balanced with parental
vector for Nm23-H1 and EBNA3C DNA, and the transfections were normalized
for efficiency of transfection by counting green fluorescent protein (GFP)-posi-
tive cells with an IX70 inverted Olympus fluorescence microscope. Cells were
harvested for transfections at approximately 70 to 80% confluence by trypsiniza-
tion. Ten million cells were transiently transfected by electroporation at 210 V
and 975 �F with a Bio-Rad Gene Pulser II. At 24 h posttransfection, cells were
collected, washed with 1� phosphate-buffered saline (Invitrogen-Gibco), and
lysed with 200 �l of reporter lysis buffer (Promega, Inc.). Luciferase activity was
measured with an Opticomp Luminometer (MGM Instruments, Inc.). All trans-
fections were done in triplicate two times, and the mean was plotted.

RESULTS

The metastatic suppressor protein Nm23-H1 interacts with
the carboxy terminus of EBNA3C. Genetic studies in which a
stop codon was introduced at the SpeI site of EBNA3C showed
that the region of EBNA3C from aa 366 to aa 992 is essential
for growth transformation (45). Therefore, we wanted to de-
termine the interacting domain of EBNA3C that bound Nm23-
H1. Truncated EBNA3C clones were in vitro translated and
labeled with [35S]Met/Cys Translabel (ICN). The labeled
EBNA3C proteins were then bound to either GST alone or
GST-Nm23-H1. The results presented in Fig. 2 show that the
full-length EBNA3C protein bound to GST-Nm23-H1 as ex-
pected and that binding was also seen with other fusion con-

structs within the carboxy-terminal 627-aa region of EBNA3C
(Fig. 2). The efficiency of binding calculated for GST and
GST-Nm23-H1 with full-length EBNA3C indicated that the
level of GST-Nm23-H1 binding is 375 times greater than that
seen with GST alone (compare lanes 1 and 3 in Fig. 2A).
Quantitation was done with the Molecular Dynamics Image-
Quant program. Moreover, arbitrary counts obtained for
EBNA3C aa 368 to 992 indicated that the efficiency of binding
was about 10% compared to the input level of the truncated
protein (compare lanes 1 and 3 in Fig. 2D and F). It should be
noted that little or no binding was seen with the amino-termi-
nal region of EBNA3C (1 to 368 aa), thereby indicating that
the amino-terminal region does not interact with Nm23-H1.
These results corroborate previous yeast data indicating that a
region in the carboxy-terminal region of EBNA3C is required
for mediating the interaction with Nm23-H1 (42).

In order to further determine the region of EBNA3C inter-
acting with Nm23-H1 in the carboxy-terminal 627 aa, truncated
EBNA3C clones representing aa 366 to 623 and 621 to 992
were tested for their ability to bind Nm23-H1. Truncated
EBNA3C proteins were in vitro translated, labeled with
[35S]Met/Cys translabel, and bound to glutathione Sepharose
beads and GST-Nm23-H1 beads. Bound proteins were frac-
tionated by SDS-PAGE (12% polyacrylamide) and dried. The
signal from the 35S-labeled protein quantified with the Molec-
ular Dynamics ImageQuant program indicated that aa 621 to
992 of EBNA3C are required for the binding with Nm23-H1
and that negligible binding was observed with the region com-
prising aa 366 to 623 (Fig. 2, compare panels E and F). These
data suggest that the binding domain lies in the region adjacent
to the proline- and glutamine-rich region at the carboxy ter-
minus of EBNA3C.

Nm23-H1 specifically interacts with a region of EBNA3C

FIG. 2. Carboxy-terminal region of EBNA3C interacts with NM23-H1 in vitro. Full-length EBNA3C (E3C) and EBNA3C clones that have
truncations at the carboxy-terminal and amino-terminal regions were in vitro translated and transcribed. The 35S-labeled proteins were incubated
with GST as well as GST-Nm23-H1. The beads were then washed with the binding buffer and then fractionated on SDS-PAGE gel (12%
polyacrylamide), dried, and visualized with a PhosphorImager. In all of the binding experiments, a 10% input control was used, and the bands were
quantified with the ImageQuant program. The schematic giving the amino acid positions of the different clones used is given at the bottom of the
figure. LZ, leucine zipper; NLS, nuclear localization signal; AD, acidic domains.

8704 SUBRAMANIAN AND ROBERTSON J. VIROL.



located between the proline- and glutamine-rich domains. In
vitro-translated Nm23-H1 protein was 35S labeled and tested
with a number of GST-EBNA3C constructs from the carboxy-
terminal aa 628 to 992 to map the binding region. The results
of these assays indicate that the region of EBNA3C that inter-
acts with Nm23-H1 lies between aa 629 and 792, which encom-
passes the proline- and glutamine-rich region of EBNA3C
(Fig. 3). Additionally, the data indicated that the amino-ter-
minal region comprising aa 1 to 628 of EBNA3C is not in-
volved in binding, because there is little or no significant in-
teraction seen for the GST-EBNA3C fusion proteins with the
amino-terminal 628 aa when compared to the carboxy termi-
nus of EBNA3C (compare Fig. 2 and 3). In vitro-translated
Nm23-H1 bound GST-EBNA3C fusion proteins that include
aa 582 to 792 and 629 to 910 with similar levels of interaction
(Fig. 3A and B). A smaller GST-EBNA3C fusion that includes
aa 637 to 742 also had similar levels of binding (Fig. 3C),
indicating that the interaction domain lies somewhere within
the domain of EBNA3C containing the glutamine-rich activa-
tion domain, but not to the adjacent proline-rich domain up-
stream of the glutamine-rich domain (Fig. 3A and B). Two
additional GST-EBNA3C constructs that separate the glu-
tamine-rich domain from the adjacent domain located between
the proline- and glutamine-rich domains were further tested.
The results showed that the interaction domain of Nm23-H1
with EBNA3C is not at the glutamine- or proline-rich domain,
but is located within a 38-aa stretch between the two domains
(Fig. 3D and E). GST-EBNA3C 675-714, which includes the
glutamine-rich activation domain, does not bind Nm23-H1
(Fig. 3E). However, GST-EBNA3C aa 621 to 675 indicated a
specific interaction with an efficiency of about 13% compared
to 10% of the input according to arbitrary counts with the

Molecular Dynamics ImageQuant program (Fig. 3D). These
binding studies using the truncated EBNA3C constructs show
that the region comprising aa 637 to 675 of EBNA3C is critical
for the interaction of Nm23-H1.

Nm23-H1 can activate transcription of a Gal4 promoter
when fused to the Gal4 DBD. In an effort to address the strong
interaction of EBNA3C with Nm23-H1, we wanted to deter-
mine if Nm23-H1 itself is associated with transcriptional activ-
ity, because EBNA3C has been shown to have both activation
as well as repression activities. Nm23-H1 was therefore fused
to the Gal4 DBD and tested for transcriptional activity on a
Gal4-responsive promoter. Gal4-Nm23-H1 was transfected
into 293T cells with pFr, a reporter plasmid that contains the
Gal4-responsive sites. The transfections were balanced with
vector DNA, and the transfection efficiency was determined by
cotransfecting pEGFP (Clontech, Inc.) and manually counting
the number of green-fluorescing cells. The results from our
analyses indicate that Nm23-H1 is capable of activating tran-
scription when tethered to responsive promoters. As the levels
of Gal4-Nm23-H1 increased from 5 �g to 20 �g, the levels of
activation increased consistently (Fig. 4). Similar levels of pro-
tein loading showed that the levels of activation were due to
the changes in levels of Gal4-Nm23-H1 (Fig. 4). Although the
levels of activation were not high, it was clear from multiple
assays that Nm23-H1 was able to consistently activate tran-
scription when targeted to the promoters and that the activity
was dependent on the levels of Nm23-H1 expressed as the
levels of activation continued to increase with increasing
amounts of Gal4-Nm23-H1 (Fig. 4).

EBNA3C enhances the transcriptional activity of Nm23-H1
in vitro. To examine the effect of EBNA3C on the transcrip-
tional activity of Nm23-H1, EBNA3C was cotransfected with

FIG. 3. The region between the proline- and glutamine-rich domain of EBNA3C binds to the metastatic suppressor NM23-H1. The Nm23-H1
protein was in vitro translated with the TNT-coupled reticulocyte lysate system. The in vitro-translated protein was first incubated with GST beads,
and the supernatant was then bound to GST-EBNA3C mutants. After 2 h, the bound proteins were washed with the binding buffer and fractionated
by SDS-PAGE (15% polyacrylamide). The bands were then visualized with the PhosphorImager and quantified by ImageQuant analysis. LZ,
leucine zipper; NLS, nuclear localization signal; AD, acidic domains.
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Gal4-Nm23-H1 in 293T cells along with the Gal4-responsive
reporter plasmid. All transfections were balanced for total
DNA, and the assays were normalized for transfection effi-
ciency by cotransfecting pEGFP and counting the green-fluo-
rescing cells as before. In addition, EBNA3C alone was trans-
fected along with the reporter construct pFr to determine if
EBNA3C has any effect on the reporter plasmid. The data
from these assays indicate that EBNA3C gradually increased
the transcriptional activity in the presence of Gal4-Nm23-H1
(Fig. 5A). This activity continued to increase with increasing
amounts of EBNA3C from 5 �g to 20 �g (data not shown). We
were curious as to whether the levels seen were due to the
additive effects of EBNA3C and Gal4-Nm23-H1 on the Gal4
reporter plasmids. We tested separately the effects of
EBNA3C on the Gal4-responsive promoter, and the results
show that there was little or no significant change in activity
with increases in the concentration of EBNA3C (Fig. 5B).

To determine if the increased activation seen depended on
whether EBNA3C or NM23-H1 was tethered, we fused
EBNA3C to the Gal4 DBD and tested it in our reporter assay.
As expected, the level of activation was increased when
Nm23-H1 was expressed in the presence of Gal4-EBNA3C.
Moreover, the effect was at least threefold over that of
Nm23-H1 or Gal4-EBNA3C alone. These results strongly sug-
gest that Nm23-H1 and EBNA3C can influence transcriptional
activity through activation of promoters when coexpressed in
the same cell. Additionally, the degree of activation is depen-
dent on the amount of Nm23-H1 or EBNA3C expressed. In
our assay, the level of activation was clearly greater when
EBNA3C was fused to Gal4. However, when Nm23-H1 was
fused to Gal4, the level of protein expressed was much lower—
approximately 10-fold when comparing the Western blots for
Gal4-Nm23-H1 and pA3M-Nm23-H1. This is a result of the

FIG. 4. Nm23-H1 activates transcription. HEK 293T cells were
transfected with the vector containing the Gal4 DBD, Nm23-H1 fused
in frame with the Gal4 DBD, and the luciferase reporter plasmid pFr.
Increasing amounts of Nm23-H1 were transfected along with the re-
porter plasmid. Approximately 10 million cells were transfected by
electroporation, and 24 h after transfection, the cells were collected,
washed, and lysed with lysis buffer, and luciferase activity was mea-
sured. The activity of the control vector was taken as 1, and the
activities of the others were calculated based on that value. All exper-
iments were done at least twice in duplicate, and the average values are
presented. A portion of the lysed cells were run by SDS-PAGE (15%
polyacrylamide), transferred onto a 0.45-�m-pore-diameter nitrocel-
lulose membrane, and Western blotted with mouse Nm23-H1 mono-
clonal antibody (Santa Cruz). Transfection efficiencies were deter-
mined on the basis of GFP-positive cells manually counted on slides.

FIG. 5. EBNA3C modulates the transcriptional activity of Nm23-H1. To determine the role of EBNA3C (E3C) in altering the transcriptional
activity of Nm23-H1, we transfected into 293T cells various concentrations of EBNA3C (full length) alone or along with pA3M-Nm23-H1 and pFr.
Increasing amounts of EBNA3C (5 to 20 �g) were transfected alone to determine if EBNA3C had some activation function in the absence of
Nm23-H1. The basic expression vector minus insert was transfected as a control. The cells were collected after 24 h, washed, and then lysed. The
luciferase activity was measured (relative luciferase units [RLU]), and the value was calculated as described above. The experiments were repeated
twice in duplicate, and the average values are presented. The lysed cells were run on SDS-PAGE (8% polyacrylamide), transferred, and Western
blotted for EBNA3C with A10 mouse monoclonal antibody (26).
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difference in the expression from the simian virus 40 (SV40)
promoter compared to the cytomegalovirus (CMV) immedi-
ate-early (IE) promoter (compare Gal4 Western blot I in pan-
els A and C, Fig. 5). Nonetheless, the level of transcription
activation was clearly synergized when EBNA3C was coex-
pressed with Nm23-H1 in our in vitro reporter assay. The levels
of proteins were determined by Western blotting with specific
antibody to Nm23-H1 and EBNA3C fusion proteins.

The EBNA3C region comprising aa 621 to 675 activates
transcription in the presence of Nm23-H1. Since Nm23-H1
interacts with the region of EBNA3C located between the
proline- and glutamine-rich domains downstream of aa 637, we
were curious to know if the residual transcriptional activity of
EBNA3C region 621 to 675 when it is fused to Gal4 DBD is
enhanced when Nm23-H1 is coexpressed, because this region
interacts with Nm23-H1 and does not include the glutamine-
rich region of EBNA3C known to activate transcription. The
results of the reporter assay in which the Gal4-EBNA3C 621-
675 fusion protein is cotransfected with the Gal4-responsive
reporter pFr showed a small amount of transcriptional activity
for this region of EBNA3C, as expected, due to the presence of
only the predominant activation domain of EBNA3C (Fig. 6B
and C). The level of activity was gradually increased with
increasing amounts of Gal4-EBNA3C 621-675 fusion protein.
It should be noted that both repression domains of full-length
EBNA3C are absent in this construct. Hence, the level of
activation was only about twofold when compared to activation
with reporter alone. This activity, however, was further en-
hanced by the presence of Nm23-H1 (Fig. 6C). In this context,
the results suggest that the region downstream of aa 634 of
EBNA3C, which includes the Nm23-H1 binding site, can act as
a potent activator of transcription in in vitro assays when co-
expressed with Nm23-H1. The activity seen when Nm23-H1
was fused to Gal4 and coexpressed with an expression con-
struct of the polypeptide of EBNA3C 621-675 indicated some
level of increased transcriptional activity (Fig. 6A). The levels
of protein expression for the Gal4 fusion proteins and expres-
sion protein were determined by Western blotting against Gal4
and Nm23-H1 with specific antibodies (data not shown).

DISCUSSION

EBV, an oncogenic gammaherpesvirus, transforms human
primary B cells into continuously proliferating LCLs in vitro
(17, 33). This process requires the expression of a number of
latent genes; of which only five are essential for growth trans-
formation (17, 33). Genetic analysis with recombinant virus
revealed that EBNA3C is essential for the efficient immortal-
ization of primary B cells (45). EBNA3C is a large multifunc-
tional protein expressed in EBV-transformed LCLs. The
steady-state level of EBNA3C produced is low, but remarkably
constant in the LCLs (1, 2).

The carboxy-terminal portion of EBNA3C (aa 365 to 992)
critical for the growth transformation of B cells interacts with
a number of cellular targets, including ProT� (10) and Nm23-
H1. The interaction of ProT� with EBNA3C is likely to result
in regulation of cell cycle events, because ProT� has been
shown to be associated with cell proliferation (12, 14, 15, 24).
Additionally, EBNA3C was shown to interact with p300, a
cellular acetyltransferase (10). The interaction of EBNA3C
with both ProT� and p300 provided new evidence implicating
EBNA3C in modulating the acetylation of cellular factors,
including histones (10).

The specific interaction observed between the metastatic
suppressor Nm23-H1 and the viral oncoprotein EBNA3C is
interesting, because it is the first demonstration of the inter-
action of a viral oncoprotein with a cellular molecule associ-
ated with suppression of metastasis (42). Immunoprecipitation
studies and cotransfection studies demonstrated the associa-
tion of these proteins in vivo in EBV-transformed LCLs and in
Burkitt’s lymphoma cells expressing EBV latent proteins (42).
EBNA3C was also shown to be capable of reversing the ability
of Nm23-H1 to suppress the migration of MDA-MB435 cancer
cell lines and in Burkitt’s cell lines when Nm23-H1 is overex-
pressed in vitro (42). These results suggested a potential role
for EBV in metastasis of EBV-associated human malignancies
and prompted us to further investigate in detail the interaction
of EBNA3C and Nm23-H1.

In this study, we further delineate the interaction of
Nm23-H1 with the specific domain of EBNA3C. The results of
the binding assay carried out with in vitro-translated 35S-la-
beled EBNA3C fusion proteins from the carboxy-terminal and
amino-terminal portions indicated that the carboxy-terminal
region of EBNA3C essential for the growth transformation
interacts strongly with Nm23-H1. There was little or no inter-
action seen for the amino-terminal region. Similar binding
experiments were carried out with mutations at three function-
ally important potential domains of EBNA3C. These results
indicated that the deletion of these functionally important do-
mains does not alter the binding efficiency of Nm23-H1 with
EBNA3C. The leucine motif found in DNA-binding transcrip-
tion factors, a potential DNA binding basic region, and a
stretch of amino acids that resembles the polyarginine motifs
of a class of RNA-binding transactivator proteins are not es-
sential for the binding of EBNA3C with the metastatic sup-
pressor Nm23-H1. A more detailed analysis indicated that the
binding site is located in a region between the proline- and
glutamine-rich domains of EBNA3C. This is important, be-
cause studies have shown that the proline- and glutamine-rich
domains located at the carboxy-terminal portion of EBNA3C

FIG. 6. Nm23-H1 synergistically activates the transcription of
Gal4-EBNA3C 621-675. Reporter assays were carried out by trans-
fecting into 293T cells the Gal4DBD-EBNA3C (E3C) 621-675 fusion
protein along with the responsive reporter construct pFr and the ex-
pression construct for Nm23-H1. As a control, vector alone and the
Gal4 fusion protein alone were transfected. Twenty-four hours after
transfection, cells were collected and tested for luciferase activity (rel-
ative luciferase units [RLU]). As before, cells were lysed 24 h post-
transfection, and luciferase activity was determined.
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can function as a transactivation domain (25). The binding site
maps to aa 637 to 675 of EBNA3C and does not include the
glutamine- or proline-rich region. These binding studies there-
fore suggested the involvement of Nm23-H1 in altering the
functions of EBNA3C in terms of modulation of transcription.

The interaction of EBNA3C with Nm23-H1 suggests a po-
tential role for Nm23-H1 in transcriptional activity. This role
may allow Nm23-H1 to direct a broad spectrum of phenotypic
changes through multiple target genes. Alternatively, its bio-
logical effect may be due to interaction with a series of cellular
protein targets with specific enzymatic activities indirectly
modifying the expression of other genes through association
with factors that directly target the transcription factors. We
wanted to determine the direct transcriptional role of
Nm23-H1 and the effect of EBNA3C on any observed tran-
scriptional activity, because this might provide an explanation
for some of its biological properties. This study indicates that
Nm23-H1 is capable of activating transcription when tethered
to DNA. This is in contrast to previous studies with the same
methods in which no transactivation potential was seen for
either the full-length Nm23-H1 or for the amino-terminal re-
gion of Nm23-H1 (8). However, in the same study, the carboxy-
terminal region of Nm23-H1 was found to have transactivation
potential in a yeast system, suggesting that the activity may be
cell type specific (8). After further analysis, we show that in
293T cells, Nm23-H1 can increase activation of a basal pro-
moter when fused to the Gal4 DBD capable of targeting the
responsive sites. Strikingly, EBNA3C increased this activation,
showing a role for EBNA3C in regulating Nm23-H1 transcrip-
tional activity. The fact that the Nm23-H1 binding domain had
relatively little activation suggests a requirement for the glu-
tamine-rich activation domain for EBNA3C activation, as ex-
pected. However, in the presence of Nm23-H1, this activity is
greatly enhanced, suggesting that Nm23-H1 may have general
transcription activities outside its interaction with EBNA3C
and may require no DNA binding activities, but only interac-
tion with other potential transcription factors that can target it
to promoters in which it may have effects of transcription
activation. Nevertheless, the effects of cellular Nm23-H1 may
vary in different cell types and tissues.

A series of cellular events are involved in tumor progression
and in the development of metastasis (38). The role of the
metastatic suppressor protein Nm23-H1 in human neoplasia is
most likely complex, and the precise mechanism by which
Nm23-H1 interferes with the metastatic process is still some-
what unclear. Therefore, any change in the function of
Nm23-H1 gene will have some effect in tumor progression and
metastasis. In cell line model systems as well as in cohort
studies of human breast, gastric, cervical, ovarian, and hepa-
tocellular carcinomas, as well as melanoma, reduced expres-
sion of Nm23-H1 has been correlated with poor patient sur-
vival or incidence of high tumor metastatic potential (11).
Interestingly in vivo reduction in tumor metastatic potential of
melanoma and carcinoma cell lines was observed when trans-
fected Nm23-H1 was overexpressed, providing strong evidence
that this protein is involved in suppression of metastasis (5, 13,
20, 21, 27). It would be critical to more clearly define the role
of EBNA3C in regulating the antimetastatic function of Nm23-
H1. It is clear that more studies are needed to determine the
specific effects of Nm23-H1 in cells. We are currently investi-

gating this line of studies to determine the cellular targets of
Nm23-H1 and how EBNA3C influences this effect on specific
cellular promoters.
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