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Epstein-Barr virus latent protein EBNA3C has been shown to bind Nm23-H1, a known suppresser of cell
migration and metastasis and a regulator of the guanine exchange factor Tiam-1. This interaction results in
cellular translocation of Nm23-H1 to the nucleus and suppression of the antimigratory effect in vitro. Fur-
thermore, these proteins can synergistically increase transcription of a basal promoter when targeted to DNA
by fusion to a Gal4 DNA binding domain. In this report, we show that EBNA3C and Nm23-H1 can cooperate
to upregulate expression of MMP-9, known to be expressed in aggressive forms of lymphomas. This upregu-
lation resulted in increased levels of MMP-9 mRNA, as well as a detectable increase in MMP-9 gelatinolytic
activity. Specific mutations in the MMP-9 promoter showed that the Apl and NFkB binding sites are
important for upregulation by the proteins. Additionally, it was shown for the first time that EBNA3C and
Nm23-H1 can bind subunits of these transcription factors. This suggests that the ability of EBNA3C to reverse
the antimigratory effects of Nm23-H1 is likely to be in part through the synergistic upregulation of MMP-9,
mediated through interactions with the AP1 and NFkB transcription factors.

Epstein-Barr virus (EBV) is a human gammaherpesvirus
which predominantly targets B cells and epithelial cells and is
associated with a number of cancers, including Burkitt’s lym-
phoma, nasopharyngeal carcinoma, Hodgkin’s disease, AIDS-
associated and transplant-associated immunoblastic lymphoma,
and somewhat controversially, invasive breast carcinoma (3,
13, 29). EBV is also known to be the causative agent of infec-
tious mononucleosis (3, 13, 29). In vitro infection of B cells
with EBV gives rise to lymphoblastoid cell lines (LCLs) which
express a subset of 12 latent viral transcripts (13, 29). These 12
transcripts encode six nuclear antigens (EBNAs), three latent
membrane proteins (LMPs), two early RNAs (EBERs), and
the BARF transcripts (13, 29). Of these genes, six, EBNAI,
EBNA-LP, EBNA-2, EBNA-3A, EBNA-3C, and LMP1, have
been shown to be critical for growth transformation and im-
mortalization of human primary B cells in vitro (5, 11, 43).

The EBNA3 family contains a set of three genes tandemly
arranged on the EBV genome. The three antigens primarily
function as transcriptional regulators through interactions with
other cellular and viral factors (13). The three proteins contain
similar structural motifs and have a region of limited homology
in the amino terminus (13, 49). This domain contains the
binding site for the cellular repressor RBP-Jk, also referred to
as CSL (31, 49). Previous studies demonstrated that EBNA3
binding to RBP-Jk disrupts its ability to bind to its cognate
DNA sequence, suggesting that the EBNA3 proteins can reg-
ulate genes with responsive RBP-Jk binding sites (31). Addi-
tional studies have also shown that EBNA3C can prevent bind-
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ing of RBP-Jk to EBNA2 and can downregulate RBP-Jk-
mediated EBNA2 transactivation of the LMP1 promoter (20,
22). Furthermore, EBNA3C can regulate Cp, the major latent
promoter controlling EBNA expression, through RBP-Jk and
other corepressors (27). EBNA3C has also been shown to play
a role in regulating the acetylation and coactivation activity of
the p300/ProTa complex (37). When tethered to DNA as a
Gal4 fusion protein, EBNA3C has been shown to function as
a transcriptional repressor and in vitro has been shown to
interact with the Spi-1 and Spi-B transcription factors (50).

The addition of a stop codon after amino acid (aa) 365 in the
EBNA3C open reading frame has been shown to nullify the
growth transformation properties of EBV in terms of B-cell
immortalization in vitro (43). The region downstream of aa 365
to 992 was therefore important in mediating B-cell immortal-
ization (43). The metastasis suppressor Nm23-H1 was found to
bind to a short stretch of amino acids located between the
glutamine- and proline-rich domains of EBNA3C (36, 39).
This interaction between Nm23-H1 and EBNA3C has been
shown to result in an increase in transcriptional activity on a
responsive promoter (39). Nm23-H1 tethered to DNA by a
Gal4 DNA binding domain (DBD) can activate transcription
from a basal promoter at relatively low levels. However, when
EBNA3C was introduced, the transactivation activity was
shown to be substantially increased (39). These results suggest
that Nm23-H1 may possess transcriptional regulatory activities
independent of a possible role in directly binding to DNA or
through its interaction with EBNA3C. Interestingly, the pres-
ence of EBNA3C mediates the cellular translocation of
Nm23-H1 from a mostly cytoplasmic to a predominantly nu-
clear signal (36). Moreover, EBNA3C can reverse the antimi-
gratory effects of Nm23-H1 in Burkitt’s lymphoma and breast
carcinoma cells (36).

The Nm23 gene family is a closely related group of nucleo-
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side dinucleotide phosphate kinases for which eight distinct
genes are known in humans (Nm23-H1 to -HS8) (15). The
proteins are characterized by a wide variety of functions, in-
cluding transcriptional regulation, differentiation, prolifera-
tion, and suppression of tumor metastasis (15). Importantly,
changes in cellular levels of Nm23-H1 have been correlated
with decreased metastasis in a number of cancers, including
breast, gastric, and cervical cancers (25). In some cancers, such
as colorectal carcinoma, mutations in Nm23-H1 are associated
with increased metastasis (18). Transfection of Nm23-H1
genes into breast, melanoma, colon, and oral squamous cells
has been shown to suppress metastasis in the nude mouse
model in vivo (17, 18, 23, 40). While there is a significant
amount of data implicating Nm23-H1 in the regulation of
metastasis, the biochemical mechanism for this activity is still
poorly understood.

An important step in invasion and metastasis is degradation
of the basement membrane to enable tumor cells to escape
from the primary growth site (35). The matrix metalloprotein-
ase (MMP) family of proteins is involved in the degradation of
all components of the basement membrane, and members of
every family of metalloproteinases have been implicated in
malignancy and metastasis (35, 45). The activity of MMPs is
tightly controlled, with regulation occurring mainly at the tran-
scriptional level (35). The proteins are further regulated
through activation of the proenzyme and the tissue inhibitors
of metalloproteinase (35). A number of MMPs have been
found to be associated with cell migration and invasion, includ-
ing MMP-2 and MMP-9, both of which degrade type IV col-
lagen (8, 28). The ability to degrade type IV collagen, a major
component of the basement membrane, indicates that these
proteins may play an important role in metastasis by degrading
the basement membrane at sites of malignant tumor growth.
Specifically, MMP-9 has been implicated as an essential mol-
ecule required for tumor cell intravasation and extravasation
during metastasis (24).

The role of Nm23-H1 in regulating MMP-9 has not been
investigated in depth. One report indicated that in oral squa-
mous cell carcinoma cells, Nm23-H1 can suppress cell migra-
tion without affecting MMP-2 or MMP-9 levels (12). Impor-
tantly, EBV-immortalized B cells have been shown to
synthesize MMP-9 and the addition of TIMP-1 to EBV-in-
fected B cells has been shown to inhibit their migration in vitro
(7, 44). Moreover, LMP1 expression increases levels of MMP-9
in cervical carcinoma cells (24, 41, 44, 46). LMP1-mediated
MMP-9 expression occurs primarily through the NFkB and
Apl signaling pathways (46). Additionally, LMP1 was shown to
increase invasiveness of cells in vitro, as well as to enhance
MMP-9 levels in tumor cells grown in mice (24). In this report,
we show that the interaction of the essential EBV latent anti-
gen EBNA3C with Nm23-H1 also leads to increased expres-
sion of MMP-9. This provides, in part, an important clue to-
ward understanding the mechanism by which EBNA3C
reverses the antimigratory effect of Nm23-H1 in the infected
cell.

MATERIALS AND METHODS

Cell lines and antibodies. BJAB cells are EBV-negative B cells isolated from
Burkitt’s lymphoma and were provided by Elliott Kieff (Brigham and Women’s
Hospital, Boston, MA). The EBNA3C-expressing cell lines have been previously

REGULATION OF MMP-9 EXPRESSION 9715

described (6, 30). LCL1 and LCL2 are transformed B-cell lines previously de-
scribed (6). All B-cell lines were grown in RPMI 1640 medium (HyClone, Logan,
UT) supplemented with 10% fetal bovine serum, 2 mM glutamine, and 25 U/ml
penicillin-streptomycin. The EBNA3C-expressing cells were grown in medium
with an additional 200 ng/ml G418. Human embryonic kidney fibroblast 293T
cells transformed with E1A and E1B were obtained from Jon Aster (Brigham
and Women’s Hospital, Boston, MA). C33a cells are epithelial cells isolated from
cervical carcinoma and were provided by Joseph Pagano (University of North
Carolina School of Medicine, Chapel Hill). 293T and C33a cells were grown in
Dulbecco modified Eagle medium (HyClone, Logan, UT) supplemented with
10% bovine growth serum, 2 mM glutamine, and 25 U/ml penicillin-streptomy-
cin.

A mouse monoclonal antibody against Sp1 (E-3), a rabbit polyclonal antibody
against c-Fos (sc-52), and a rabbit polyclonal antibody against the NFkB p50
subunit (H-119) were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA). A rabbit monoclonal antibody against c-Jun was obtained from Cell Sig-
naling Technology (Beverly, MA).

Transfection. BJAB, 293T, and C33a cells were transfected by electroporation
using a Bio-Rad Gene Pulser II electroporator. Ten million cells were collected
and washed once in phosphate-buffered saline (PBS). The cells were then resus-
pended in 400 pl of either Dulbecco modified Eagle medium or RPMI 1640
containing DNA normalized to balance total DNA, and efficiency determined by
green fluorescent protein (GFP) expression as an internal control. Once resus-
pended, the cells were transferred to 0.4-cm electroporation cuvettes and elec-
troporated at 975 wF and 210 V for 293T and C33a cells and 220 V for BJAB
cells. Following electroporation, the cells were plated in 10 ml of supplemented
medium and grown at 37°C and 5% CO, for 20 h before being harvested.

Luciferase assay. Ten million BJAB cells were collected at a concentration of
5 % 10°/ml and transfected as described above. The MMP-9 reporter plasmid
and specific mutants were provided by Joseph Pagano (University of North
Carolina School of Medicine, Chapel Hill) and originally constructed by Hiroshi
Sato (Cancer Research Institute, Kanazawa University, Kanazawa, Japan) (34).
The —670 to +54 fragment of the MMP-9 promoter, GenBank accession no.
D10051, was inserted into the pGL3-basic vector with point mutations made in
the Apl, Spl, and NFkB binding sites. Twenty hours posttransfection, the cells
were harvested and then washed in PBS and lysed in 400 pl of reporter lysis
buffer (Promega, Inc., Madison, WI). A 40-pl aliquot of the lysate was then
mixed with 100 pl of luciferase assay reagent in an Opticomp Luminometer
(MGM Instruments, Inc., Hamden, CT), and luminescence was read for 10 s.
Diluted lysates were also measured to ensure that the values were within the
linear range of the assay. The presented results represent experiments performed
in triplicate.

IP and Western blotting. Inmunoprecipitation (IP) assays were performed as
previously reported (16). Thirty million 293T cells were transfected with pA3M-
EBNA3C and/or pA3M-Nm23-H1 and incubated for 20 h. The cells were sub-
sequently lysed in radioimmunoprecipitation assay (RIPA) buffer for 1 h on ice
and then precleared by a 1-h incubation with protein A-Sepharose beads. Anti-
p50, anti-c-Jun, anti-c-Fos, or anti-Sp1 antibodies were incubated with the lysates
overnight at 4°C. The immunoprecipitates were collected by a 1-h rotation with
protein A-Sepharose beads, followed by four washes with RIPA buffer. Sodium
dodecyl sulfate (SDS)-B-mercaptoethanol lysis buffer was added, and the protein
was heated and then analyzed by SDS-polyacrylamide gel electrophoresis
(PAGE). Western blot assays were performed using antibodies specific to
EBNA3C and Nm23-H1 and fluorescence-labeled secondary antibodies (Rock-
land, Inc., Gilbertsville, PA), followed by detection with an Odyssey imager
(LiCor, Inc., Lincoln, NE). For BJAB, EBNA3C stable cells, LCL1, and LCL2,
20 million cells were used and IP was performed as described above.

GST fusion protein preparation, cellular lysate binding, and in vitro binding
assays. DH5a cells were transformed by heat shock with the plasmid construct
for glutathione S-transferase (GST)-Nm23-H1 and selected with ampicillin. A
2-ml overnight culture, inoculated with a single colony and grown in LB medium
at 37°C with shaking, was then used to inoculate 500 ml of LB medium, and the
culture was grown at 37°C with shaking until the mid-exponential growth phase.
The cells were then induced with 1 mM isopropyl-B-D-thiogalactopyranoside
(IPTG) overnight at 30°C with shaking. The cells were subsequently harvested
and sonicated, and the protein was solubilized. The protein was then incubated
with glutathione-Sepharose beads overnight at 4°C with rotation. The beads were
collected by centrifugation and then washed four times with NETN (50% NP-40,
20 mM Tris, 1 mM EDTA, 100 mM NaCl) containing protease inhibitors. The
protein-bound beads were stored at 4°C in NETN containing protease inhibitors.

The cellular lysates used in the binding experiments were prepared by collect-
ing 30 million cells, washing them once in PBS, and then lysing them in RIPA
buffer for 1 h with vortexing every 15 min. The lysates were then precleared with



9716 KUPPERS ET AL.

glutathione-Sepharose beads for 30 min at 4°C with rotation. The lysates were
additionally precleared with GST-bound glutathione-Sepharose beads for 1 h at
4°C with rotation. The lysates were then incubated with an amount of GST-
Nm23-bound beads equivalent to the GST-bound beads used to preclear and
rotated overnight at 4°C. SDS lysis buffer with heating was used to elute the
bound protein from the beads, followed by 10% SDS-PAGE. Western blot assays
using anti-c-Jun, -c-Fos, -p50, and -Sp1 antibodies were then performed to detect
the transcription factors associated with Nm23-H1.

The full-length and truncated pA3M clones of EBNA3C were transcribed and
translated in vitro with [>*S]methionine-cysteine in the T7 TNT system (Pro-
mega, Inc., Madison, WI). The in vitro-translated proteins were first precleared
with glutathione-Sepharose beads in binding buffer (1x PBS, 0.1% NP-40, 0.5
mM dithiothreitol, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride, 2 pg
aprotinin per ml, 1 pg pepstatin A per ml, 2 pg leupeptin per ml) for 30 min at
4°C with rotation, and the beads were removed by centrifugation. A second
preclearing with GST-bound glutathione-Sepharose beads followed for 1 h at
4°C with rotation with the beads removed by centrifugation. The protein lastly
was incubated with GST-Spl or GST-Spl truncations for 16 h at 4°C with
rotation. The beads were then pelleted by centrifugation and washed four times
with binding buffer. The beads and bound protein were then denatured with
SDS—B-mercaptoethanol lysis buffer with boiling, followed by SDS-PAGE. The
gel was then dried and exposed to a Storage Phosphor Screen (Amersham
Biosciences, Piscataway, NJ).

Gelatin zymography. Gelatin zymography was performed to assay for MMP-9
activity as previously described (46). Conditioned medium from C33a cells trans-
fected with pA3M vector and/or pA3M-EBNA3C and/or pA3M-Nm23-H1 was
collected after 24 h and concentrated 10 times with a Centricon 10 filter (Mil-
lipore, Corp., Billerica, MA). The concentrated medium was then mixed with
SDS lysis buffer, followed by SDS-PAGE with gelatin present at a final concen-
tration of 0.1%. The gel was subsequently washed twice for 30 min in 50 mM Tris
(pH 7.6)-10 mM CaCl,—0.02% NaN3-0.001 mM ZnCl,-2.5% Triton X, followed
by a 30-min wash with H,O. The gel was then incubated for 24 h at 37°C in a
solution containing 50 mM Tris (pH 7.6), 10 mM CaCl,, 0.02% NaNj;, and 150
mM NaCl. The gel was stained with Coomassie blue R250 in 30% methanol and
10% acetic acid and destained in 30% methanol and 10% acetic acid. The
gelatinolytic activity shows up as a clear band against the dark background of
stained gelatin.

Real-time quantitative PCR. Total RNA from C33a cells stably expressing
EBNA3C, Nm23-H1, or both proteins was collected using Trizol reagent (In-
vitrogen, Inc., Carlsbad, CA) following the manufacturer’s instructions. cDNA
was then made using a Superscript IT RT kit (Invitrogen, Inc., Carlsbad, CA)
following the manufacturer’s instructions. The specific primers for MMP-9 used
were as follows: sense, 5'-TGCGCTGCTGCTTCTCCAGA-3'; antisense, 5'-G
GTCGCCCTCAAAGGTTTGG-3'. They yielded a 125-bp product. For B-actin,
the primers were as follows: sense, 5'-GCTCGTCGTCGACAACGGCTC-3';
antisense, 5'-CAAACATGATCTGGGTCATCTTCTC-3'. They yielded a prod-
uct 352 bp in length. The cDNA was amplified using SYBR green real-time
mastermix (MJ Research Inc., Waltham, MA), 1 mM each primer, and 1 pl of
the cDNA product in a total volume of 20 pl. Thirty-five cycles of 1 min at 94°C,
1 min at 56°C, and 30 s at 72°C, followed by 7 min at 72°C, were performed in
an MJ Research Opticon II thermocycler. Each cycle was followed by two plate
reads, with the first at 72°C and the second at 85°C. A melting curve analysis was
performed to verify the specificity of the products, and the values for the relative
quantitation were calculated by the AAC,; method. The experiment was per-
formed in triplicate.

Electrophoretic mobility shift assays (EMSA). The probes for the Ap-1 and
NF«B binding sites within the MMP-9 promoter have been previously described
(46). The probes were end labeled by Klenow fill-in reaction with [a-*?P]dCTP
and purified with NucTrap probe purification columns (Stratagene, Inc., La Jolla,
CA). Radioactive probes were diluted in water to a final concentration of 100,000
cpm/pl. DNA binding reactions and preparation of nuclear extracts (NEs) were
performed in a manner similar to that previously described (14). BJAB cells used
to make NEs were treated with phorbol 12-myristate 13-acetate at 10 ng/ml for
24 h. Fifteen micrograms of protein from NEs was mixed with 1 pg poly(dI-dC)
(Sigma) in DNA binding buffer (20 mM HEPES [pH 7.5], 0.01% NP-40, 5.0%
glycerol, 10 mM MgCl,, 100 pg of bovine serum albumin, 100 mM dithiothreitol,
1 mM phenylmethylsulfonyl fluoride, 40 mM KCI) to a total volume of 50 wl and
incubated at room temperature for 5 min. One microliter of labeled probe was
added to each reaction mixture, followed by an additional 15 min at room
temperature. Unlabeled competitors (200X) were added prior to the initial
incubation at room temperature. Rabbit polyclonal antibodies against c-Fos, p50,
and Nm23-H1, as well as rabbit serum against EBNA3C and a rabbit monoclonal
antibody against c-Jun, were used to supershift the probe. DNA-protein com-
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FIG. 1. EBNA3C and Nm23-H1 synergistically upregulate the
transcriptional activity of the MMP-9 promoter. The MMP-9 reporter
vector contains the 670 bases upstream of the site of translation initi-
ation of the MMP-9 protein inserted into the pGL3 vector (34). A
2.5-pg sample of the MMP-9 reporter plasmid was transfected into
BJAB cells along with 5 ug of pA3SM-EBNA3C, pA3M-Nm23-H1, or
both, with total DNA being normalized with empty pA3M vector.
Promoter activity is expressed as n-fold activation relative to the re-
porter vector and pA3M alone. Means and standard deviations are
derived from three independent experiments. Protein lysates were
analyzed by Western blotting, with both Nm23-H1 and EBNA3C being
detected by anti-Myc antibody and the total protein level being shown
by B-actin blotting.

plexes were resolved by nondenaturing 6% PAGE run in 0.5X Tris-borate-
EDTA buffer at a constant voltage of 150 V. Following electrophoresis, the gels
were dried and exposed to a Storage Phosphor Screen for 48 to 72 h.

RESULTS

Nm23-H1 and EBNA3C can activate transcription of the
MMP-9 promoter. Previous studies by our group showed that
EBNA3C can reverse Nm23-H1-mediated suppression of cell
migration (36). To further elucidate the mechanism by which
this occurs, we wanted to determine whether either or both of
these proteins could modulate the expression levels of MMP-9,
a protein found to play a key role in cell migration and me-
tastasis (9, 19, 24, 26, 48). The effects of these proteins on the
full-length MMP-9 promoter inserted into the pGL2 basic vec-
tor were assessed by luciferase assay. pA3M-EBNA3C, pA3M-
Nm23-H1, or both were transiently transfected into BJAB cells
along with pLpluc, the reporter plasmid containing the MMP-9
promoter. Total transfected DNA was balanced with empty
vector, and transfection efficiency was monitored by the use of
PEGFP and counting of transfected cells for GFP fluores-
cence. The results of the assay demonstrated that, individually,
EBNA3C and Nm23-H1 activated the MMP-9 promoter at
levels approximately twofold over the vector alone, with
Nm23-H1 having a greater effect than EBNA3C (Fig. 1). How-
ever, when coexpressed, the level of activation of the promoter
was significantly higher, with activity greater than the com-
bined activation of each protein independently expressed to
20-fold above the vector alone (Fig. 1). This result indicates
that EBNA3C and Nm23-H1 may function synergistically to
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FIG. 2. Increased MMP-9 transcripts in EBNA3C and Nm23-H1
C33a stable cell lines as detected by real-time RT-PCR analysis. Total
RNA was isolated from 10 million C33a cells by Trizol reagent. Five
micrograms of RNA was used in the Superscript First Strand synthesis
system to construct the cDNA. Real-time PCR was performed using
the DyNAmo SYBR green quantitative PCR kit with B-actin as the
standard. The PCR data are expressed as n-fold activation relative to
normal C33a cells as calculated by the AAC, method. A series of three
independent experiments was used to calculate the mean and standard
deviation. WB, Western blotting.
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transactivate the MMP-9 promoter in an in vitro reporter as-
say. The expression of EBNA3C and Nm23-H1 was detected
using a Myc-specific antibody, while the protein levels were
determined by B-actin Western blot assay.

To further verify the results of the luciferase assay, real-time
reverse transcriptase PCR (RT-PCR) was performed. C33a
cells stably overexpressing Nm23-H1, as well as expressing
EBNA3C or both proteins together, were harvested and total
RNA isolated. Using a two-step process, cDNA was made,
followed by real-time PCR for MMP-9. The results of the PCR
indicated that EBNA3C and Nm23-H1 independently had lit-
tle or no effect on MMP-9 transcript levels (Fig. 2). However,
when they were coexpressed, the detected levels of MMP-9
mRNA were as much as 10-fold greater than the base levels
(Fig. 2). These results correlated with the data from the lucif-
erase assay described above. Thus, these data suggest that
Nm23-H1 and EBNA3C, acting synergistically, can result in
upregulation of MMP-9.

Nm23-H1 and EBNA3C can enhance MMP-9 activity in a
transient in vitro assay. MMP-9 gelatinolytic activity was as-
sayed to determine if the observed increase in gene transcrip-
tion resulted in a similar increase in protein activity. EBNA3C
and Nm23-H1 expression plasmids were transiently transfected
into C33a cells and compared to a pA3M-transfected control.
The results suggest that there was a modest increase to 1.5-fold
in expression observed in cells where only one protein was
expressed (Fig. 3). However, in cells cotransfected with both
proteins, a greater than threefold increase in MMP-9 activity
was observed as determined by zymography (Fig. 3). There-
fore, the overall increase in MMP-9 enzyme activity requires
the cooperation of Nm23-H1 and EBNA3C expressed together
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FIG. 3. Increased gelatinolytic activity of MMP-9 in C33a cells
containing EBNA3C and Nm23-H1 as shown by zymography. Serum-
free conditioned medium was collected from C33a-transfected cells
after 48 h and subsequently concentrated by a Centricon 10 filter. The
concentrated samples were then electrophoresed on an 8% SDS-
PAGE gel containing 0.1% gelatin, followed by a 1-h wash in a 2.5%
Triton X solution and then incubation at 37°C for 24 h. Gelatinolytic
activity was resolved as white bands on a Coomassie blue R250-stained
background at the predicted molecular mass of MMP-9 of 92 kDa.
Protein levels of Nm23-H1 and EBNA3C were measured by Western
blot assay.
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in this in vitro assay. The exogenous expression of the trans-
fected constructs was confirmed by Western blot assay for Myc,
with the internal protein levels determined by B-actin Western
blot analysis (Fig. 3).

The cellular transcription factors Apl and NFkB are im-
portant for Nm23-H1 and EBNA3C upregulation of the
MMP-9 promoter. Since neither EBNA3C nor Nm23-H1 has
been shown to regulate transcription by directly binding DNA,
we looked for possible transcription factors that might be tar-
geted, resulting in functional regulation of the MMP-9 pro-
moter. Apl, Sp1, and NF«B have been previously shown to be
transactivators of MMP-9 expression, as well as being impor-
tant in LMP1-enhanced expression (33, 46). EBNA3C has also
been shown to contain a region with homology to the glu-
tamine-rich activation domain of Sp1, which can function as a
transcriptional activator when fused to the Gal4 DBD (1).
Reporter plasmids with targeted mutations in the Sp1, Apl, or
NFkB binding sites of the MMP-9 promoter were used in
luciferase assays as described above. The most dramatic effect
was observed in the Apl and NFkB mutants, where activation
was decreased by approximately 70% and 67%, respectively, in
the coexpressed samples (Fig. 4A, B, and D), while a decrease
of 47% was observed from the Spl mutant compared to wild-
type data (Fig. 4C and D). The effects of the mutations were
specific for the transfected molecule. The low level of activa-
tion by EBNA3C was not affected by mutations in the Spl or
NFkB binding site but was almost completely ablated to back-
ground levels by mutation of the Apl binding site (compare
Fig. 4A with B and C). Activation of the reporter by Nm23-H1
was decreased by mutations in both the Ap1 and NF«B binding
sites, with the greatest effect observed in the case of the NFkB
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FIG. 4. Apl, Spl, and NFkB transcription site-specific mutants reduce the ability of Nm23-H1 and EBNA3C to activate MMP-9 transcription.
The wild-type MMP-9 reporter vector had site-specific mutations made in the Apl (A), NFxkB (B), and Sp1 (C) transcription factor binding sites
(34). Samples (2.5 pg) of the MMP-9 mutant reporter plasmids were transfected into BJAB cells along with 5 pg of pA3M-EBNA3C,
PA3M-Nm23-H1, or both, with total DNA being normalized with empty pA3M vector. Promoter activity is expressed as n-fold activation relative
to the reporter vector and pA3M alone. Means and standard deviations were derived from three independent experiments. Protein lysates were
analyzed by Western blotting (WB), with both Nm23-H1 and EBNA3C being detected by anti-Myc antibody and total protein level being shown
by B-actin blotting. (D) Comparison of wild-type (wt) versus mutant (mut) promoter activities from the MMP-9 reporter vector in EBNA3C- and
Nm23-H1-cotransfected BJAB cells. (E) Schematic of the MMP-9 promoter indicating the transcription factor binding sites used for the mutant

studies with the point mutations indicated in bold.

site, while mutation of the Spl site had little effect on
Nm23-H1 activity (Fig. 4). These data seem to indicate that the
Apl and NFkB binding sites in the MMP-9 promoter play an
important role in Nm23-H1/EBNA3C-mediated upregulation
of MMP-9, with each protein showing specificity for a partic-
ular transcription factor.

EBNA3C and Nm23-H1 associate with cellular transcrip-
tion factors Spl, c-Jun, c-Fos, and NFkB. The data above
strongly suggest that EBNA3C and Nm23-H1 can upregulate
the expression of MMP-9 through interactions with known
cellular transcription factors. To show that this occurs through
association with these specific cellular factors, IP and GST
binding experiments were performed using antibodies specific
for the known transcription activators shown to have an effect
in the reporter assays above. Nm23-H1 and EBNA3C expres-
sion vectors were transfected into 293T cells. Twenty-four
hours posttransfection, the cells were harvested and lysed by

RIPA buffer. Spl, c-Jun, c-Fos, and the NFkB p50 subunit
were immunoprecipitated using specific antibodies, and the
complexes were resolved by SDS-PAGE. Fractionated pro-
teins were transferred to nitrocellulose membrane. The blots
were probed with mouse anti-Myc antibody to detect EBNA3C
and a mouse monoclonal antibody for detection of Nm23-H1.
Our studies showed that EBNA3C coimmunoprecipitated with
p50, c-Fos, and Spl, as detected from the EBNA3C-trans-
fected cells (Fig. 5A, C, and D). Nm23-H1 coimmunoprecipi-
tated with c-Jun and p50 in all cells, with no obvious difference
in association between cells where Nm23-H1 was overex-
pressed and cells with only endogenous levels (Fig. 5). Strik-
ingly, the levels of Nm23-H1 seen in cells where EBNA3C was
transfected showed a dramatic increase in levels of Nm23-H1
associated with p50 (Fig. 5A).

A GST-Nm23 pulldown assay was also performed from an
EBV-transformed LCL, as well as an EBNA3C stable cell line
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FIG. 5. (A to D) Both EBNA3C and Nm23-H1 coimmunoprecipitate with transcription factors shown to be important for the regulation of
MMP-9. Thirty million 293T cells were transfected with EBNA3C, Nm23-H1, or both expression vectors. At 20 h posttransfection, the cells were
harvested and lysed with RIPA buffer; the lysates were then used for the IP experiments. Mouse monoclonal antibodies against Spl, rabbit
monoclonal antibody against c-Jun, and rabbit polyclonal antibodies against c-Fos and NFkB p50 were used to show that either EBNA3C or
Nm23-H1 immunoprecipitated with the transcription factor. L, lysate; PC, preclear; WB, Western blot.

created by stably expressing the EBNA3C protein in an EBV-
negative B-cell line, BJAB. As expected, Nm23-H1 associated
with EBNA3C in both the EBNA3C stable cell line and the
EBV-transformed LCL (Fig. 6A). These results were also ob-
tained with two additional cell lines stably expressing EBNA3C
and another LCL (data not shown). Again, Nm23-H1 was also
associated with c-Jun and the NFkB p50 subunit, although it
was clear that endogenous levels were much lower for c-Jun
and c-Fos. These studies strongly suggest that both EBNA3C
and Nm23-H1 can associate with transcription activators Apl,
Spl, and NFkB, mediating upregulation of MMP-9 transcrip-
tion.

Based on the strong interaction between Spl and EBNA3C
observed by IP, we wanted to further map the interaction
between the two proteins. Spl contains four distinct domains,
two of which are identical glutamine-rich domains (A and B)
and two of which contain the DBD (C and D). A series of GST
deletion mutant forms of Sp1 have previously been described
(10), with one mutant with domain A deleted, a second with
domains B and C deleted, and the third with domain D de-
leted. In vitro binding assays with all three of these GST mu-
tants, as well as full-length Sp1-GST, were performed with in
vitro-translated EBNA3C full-length and truncated molecules.
Binding was observed with full-length Sp1, as well as with the
three truncated molecules (Fig. 6B and C). The inability of any
of the mutants to knock out binding suggests that EBNA3C
may be able to bind to either of the glutamine-rich domains.

In vitro binding reactions were also used to map the region
of EBNA3C that binds to Spl. Truncated EBNA3C clones

representing aa 1 to 365, 366 to 622, 366 to 992, and 621 to 992,
as well as full-length EBNA3C, were in vitro translated as
described above and tested for the ability to bind full-length
Sp1-GST. The amino-terminal 365 aa and the aa 366 to 622
region bound to Spl. The truncation mutant with the first 365
aa deleted also bound to GST-Spl. However, the 621 to 992
clone containing the 371 extreme carboxy-terminal amino acids
was unable to bind Spl in this assay (Fig. 6C). These results
indicate that Sp1 binds to EBNA3C at a region 5’ to aa 365 and
also to another domain 3’ to aa 365, possibly the two acidic
domains.

A complex of EBNA3C and Nm23-H1 interacts with NFxkB
and Apl bound to the respective cognate sequences within the
MMP-9 promoter. The results obtained with the luciferase
reporter promoter mutants indicated that both the Apl and
NF«kB binding sites within the MMP-9 promoter are critical for
EBNA3C- and Nm23-H1-mediated upregulation of MMP-9.
Additionally through IP experiments we were able to show that
EBNA3C and Nm23-H1 can bind various subunits of NFkB
and the Apl complex. Therefore, we wanted to test whether
these proteins were regulating MMP-9 through transcription
factor-mediated DNA binding. The previously described dou-
ble-stranded DNA probes for the NFkB and Ap1 binding sites
(46) were labeled and tested for binding to NEs from BJAB
cells transiently transfected with EBNA3C, Nm23-H1, or both
proteins.

A specific NFkB shift was observed in NE from BJAB cells,
and the specificity of the shift was verified through its disap-
pearance in the presence of specific competitor (Fig. 7A, com-
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FIG. 6. GST-Nm23-H1 interacts with transcription factor subunits
important for the regulation of MMP-9 from EBV-infected and
EBNA3C stably expressing cells. (A) Thirty million cells were collected
and lysed in RIPA buffer. The lysates were incubated with GST, fol-
lowed by GST-Nm23-H1, overnight. The pulldown products were
boiled and then electrophoresed on 10% SDS-PAGE gels. Western
blot analysis was used to detect the presence of EBNA3C, as well as
the transcription factor subunits. Ten percent lysate controls were run
for all samples. (B) Sp1-GST truncation mutants were tested for bind-
ing with EBNA3C. Transactivation domains A and B are identical
glutamine-rich domains required for transcriptional activation, while
domains C and D contain the DBD. (C) EBNA3C and all truncations
except for the extreme carboxy end interact with SP1. Full-length (FL)
or truncated forms of EBNA3C were in vitro translated with [**S]me-
thionine labeling, followed by incubation with Sp1-GST. Bound pro-
teins were run on 8% SDS-PAGE and detected by Storage Phosphor
Screen (Amersham Biosciences). All samples have a 5% input lane
and a GST preclear control lane. Luciferase (Luc) was used as a
negative control. L, lysate; WB, Western blot.

pare lanes 2 and 3). No effect was seen in the presence of
nonspecific competitor (Fig. 7A, lane 4). The mobility of the
NFkB probe was reduced by the NE from BJAB cells overex-
pressing EBNA3C (Fig. 7A, lane 5), with the presence of
EBNA3C in the complex verified by additional supershifting in
the presence of anti-EBNA3C antibody (Fig. 7A, lane 6).
BJAB NE where Nm23-H1 was overexpressed had no obvious
effect on the mobility of the NFkB probe at this level of
detection (Fig. 7A, lanes 7 and 8). The lack of effect is likely
due to the very low levels of Nm23-H1 that are normally found
in the nucleus, as is indicated by the representative Western
blot assays of the NEs (Fig. 7B). The BJAB NE from cells
expressing both EBNA3C and Nm23-H1 reduced the mobility
of the probe to a greater extent than that seen with the
EBNA3C NE above, suggesting that EBNA3C and Nm23-H1
are likely to be part of a multiprotein complex bound to the
probe (Fig. 7A, lane 9). The probe was additionally super-
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shifted by anti-p5S0 and anti-EBNA3C antibodies, indicating
their presence in the complex (Fig. 7A, lanes 10 and 11), while
nonspecific antibody had no effect (Fig. 7A, lane 12).

To determine if EBNA3C and Nm23-H1 formed a complex
with Apl bound to DNA, an EMSA was also performed as
described above. The results showed a specific Apl shift in
BJAB NE, with the specificity of the shift verified through its
disappearance in the presence of specific competitor (Fig. 7B,
compare lanes 2 and 3), with no effect seen in the presence of
nonspecific competitor (Fig. 7B, lane 4). NEs from BJAB cells
expressing EBNA3C had no obvious effect on the mobility of
the probe (Fig. 7B, lane 5). However, the probe was clearly
supershifted in the presence of anti-EBNA3C and anti-c-Fos
antibodies, with the multiple bands probably due to the for-
mation of higher-order complexes (Fig. 7B, lanes 6 and 7).
BJAB NE where Nm23-H1 was expressed also had no effect on
the mobility of the NF«kB probe (Fig. 7B, lanes 8), but a faint
supershifted band was observed in the presence of anti-
Nm23-H1 and anti-c-Jun antibodies (Fig. 7B, lanes 9 and 10).
The weak supershift is likely due to the very low levels of
Nm23-H1 that are normally found in the nucleus, as indicated
by the representative Western blot assays of the NEs (Fig. 7B).
The BJAB NE from cells expressing both proteins also had no
effect on the mobility of the probe, in line with the observed
effect of the other NEs (Fig. 7B, lane 11). In the presence of
anti-EBNA3C, anti-Nm23-H1, and anti-c-Fos antibodies, the
same supershifted bands as with EBNA3C by itself were ob-
served along with an additional higher band suggesting the
presence of Nm23-H1 in the complex (Fig. 7B, lanes 12, 13,
and 14). Addition of nonspecific antibody did not result in any
supershifted complexes detected in our assay (Fig. 7B, lane
15). These results suggest that a multiprotein complex of
EBNA3C and Nm23-H1 may regulate cellular promoters
through binding to the Apl and NFkB transcription factors
bound to their sequence-specific binding sites.

DISCUSSION

EBV transformation of B lymphocytes requires a subset of
six latent proteins, including EBNA3C. EBNA3C has been
shown to function as a transcriptional activator or repressor,
depending on its interaction with specific cellular factors (38).
When transfected with EBNA2, EBNA3C has been shown to
significantly increase LMP1 expression in some assays while
independently it has only a minimal effect on LMP1 expression
(20). Additionally, previous studies have shown that EBNA3C
can also repress the major LMP1 latent promoter in large part
through its interaction with the RBP-Jk transcription repres-
sor, through disruption of the EBNA2-RBP-J« interaction, as
well as the interaction of RBP-Jk with its cognate sequence
within the LMP1 promoter (22, 30, 31). In this report, we show
additional interactions between EBNA3C and the cellular
transcription factors Sp1, the NF«kB p50 subunit, and the Ap-1
component c-Fos.

The interaction between EBNA3C and Nm23-H1 is of in-
terest as it presents an effect where the interaction of this
essential viral oncoprotein and the known cellular metastasis
suppressor and regulator of cell proliferation can lead to re-
version of cell migration in vitro and affect cell proliferation
and metastasis in EBV-positive tumors (36). The region of
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FIG. 7. EBNA3C and Nm23-H1 form complexes with Apl and NF«kB bound to their cognate sequences. (A) The probe for the EMSA
consisted of the NFkB binding site from the MMP-9 promoter along with the flanking bases. (B) The probe for the EMSA consisted of the Apl
binding site from the MMP-9 promoter along with the flanking bases. The arrows indicate the position of either the Apl/DNA or the NFkB/DNA
complex, with the asterisks indicating the positions of shifted complexes with BJAB NEs transfected with either EBNA3C or EBNA3C and
Nm23-H1 and supershifted complexes in the presence of antibody (ab) against EBNA3C, Nm23-H1, c-Fos, c-Jun, or p50. S, specific probe; NS
nonspecific probe; cold, unlabeled; WB, Western blot.

EBNA3C which binds Nm23-H1 has been mapped to a 39-aa ing that its interaction with Nm23-H1 may affect the ability of

carboxy-terminal sequence located between the glutamine- EBNA3C to regulate transcription (32). Moreover, it has pre-
and proline-rich domains of the protein (39). The location of  viously been shown that EBNA3C can increase Nm23-H1-
this binding site is interesting because the glutamine-rich re- mediated activation of a basal promoter and that this effect is

gion is known to function as a transactivation domain, suggest- dependent on the glutamine-rich region since the Nm23-H1
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binding domain alone had little effect on activation (39). Thus,
the interaction domain may serve as a recruitment domain for
the glutamine-rich functional activator of EBNA3C.

The mechanism by which EBNA3C is able to reverse the cell
migratory effects of Nm23-H1 is not known, though it has been
suggested that it may in part be due to upregulation of adhe-
sion molecules E-cadherin and a-integrins (36). Additionally,
it is also possible that other functional effects of Nm23-H1 are
affected by EBNA3C. In this report, we focus on regulation of
MMP-9. The type IV collagenase MMP-9 is often expressed by
malignant tumor cells, and its release has previously been cor-
related with metastasis (9, 19, 24, 26, 48). Furthermore, EBV
LMP1 has been shown to cause increased expression of
MMP-9 through the NFkB signaling pathway, with a lesser
effect through the Apl pathway, but with Apl remaining im-
portant (41).

It should be noted that no clear link has been previously
established between MMP-9 expression and Nm23-H1 levels.
Here we report an observed increase in MMP-9 expression in
the presence of Nm23-H1 and EBNA3C. In line with the
observed synergistic nature of the regulatory effect of these two
proteins, neither protein had relatively large effects when ex-
pressed independently; however, when they were expressed
together a relatively high level of activation was observed (39).
Therefore, a possible mechanism by which the association of
EBNA3C with Nm23-H1 may lead to increased metastatic
potential of tumor cells is through increasing expression of
MMP-9, which results in increased degradation of collagen IV,
a major component of the basement membrane. This is likely
to result in increased metastasis from primary tumor sites.

A previous report of an Nm23 protein regulating an MMP
was that of the rat homolog of Nm23-H1, Nm23-3, which was
shown to downregulate MMP-2, the other member of the ge-
latinase MMP family (4). However, in oral squamous cell car-
cinoma cells, Nm23-H1 suppression of migration was found to
be independent of MMP-9 expression (12). The significance of
the later finding in the context of our observed results has yet
to be resolved. Our model indicates that an Nm23/EBNA3C
complex can regulate MMP-9. It is, however, possible that the
formation of a complex of EBNA3C and Nm23-H1 may be
independent of other mechanisms through which Nm23-H1
can suppress metastasis. Therefore, even if Nm23-H1 does not
independently regulate MMP-9, the association with EBNA3C
is likely to be sufficient to overcome its antimetastatic activities.

Mutational studies of the MMP-9 promoter revealed that
NF«kB and Apl may be critical for both Nm23-H1- and
EBNA3C-mediated upregulation, while the effect with Sp1 was
more subdued. The results of these transient reporter assays
were further supported by gelatin zymography and RT-PCR
results from EBV-negative C33a epithelial cells, which dem-
onstrated the same general trend as the reporter assay. These
studies corroborate the finding that Nm23-H1 and EBNA3C
cooperate with each other by direct association or indirectly
through association with other known transcription activators
to upregulate MMP-9 activities.

Nm?23-H1 has been shown to localize to the cytoplasm; how-
ever, in the presence of EBNA3C, its localization has been
shown to shift to an almost exclusively nuclear signal (36). This
change in localization strengthens the possibility that
Nm23-H1 may function as a transcriptional regulator. How-
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FIG. 8. Hypothetical model for the regulation of MMP-9 by
EBNA3C and Nm23-H1. Regulation of MMP-9 in EBNA3C-express-
ing cells first involves the recruitment of Nm23-H1 to the nucleus by
EBNA3C through an undetermined mechanism. Once in the nucleus,
these two proteins form a complex with one another, which enables
them to transactivate the MMP-9 promoter through the binding of
DNA-responsive elements in the promoter. The binding of these ele-
ments is mediated through the complex binding c-Jun, c-Fos, NFkB
(p50), and possibly Sp1.

ever, in uninfected cells low levels have been detected in the
nucleus, suggesting that a cellular partner may play a role in
this translocation or that Nm23-H1 itself may be posttransla-
tionally modified to mediate this event. Based on our IP data
and GST results, we have determined that both Nm23-H1 and
EBNA3C bind to the cellular transcription activators NF«B,
Apl, and Spl. Additionally, promoter analyses suggest that
these associations are important for the regulation of the
MMP-9 promoter. This finding is the first report of the asso-
ciation of Nm23-H1 with cellular transcription activators. The
reporter analyses provide strong evidence that Nm23-H1 is
capable of regulating cellular proteins through its interaction
with transcription activators bound to their responsive ele-
ments within the promoter of the target molecules. It has also
been suggested that Nm23-H1 may directly bind DNA as re-
ported, showing repression of transcriptional activity of plate-
let-derived growth factor A (21). However, this study has not
been further confirmed and we have not been able to show that
Nm23-H1 directly bound to DNA in our studies. Additional
studies should help determine this potential dual effect on
transcriptional regulation mediated by Nm23-H1.

The EMSA data provide convincing evidence that EBNA3C
and Nm23-H1 likely form a multiprotein complex capable of
regulating MMP-9 primarily through the Apl and NFkB tran-
scription factors bound to the MMP-9 promoter. These results
are supported by previous data showing that Nm23-H1 and
EBNA3C could enhance the transcriptional activation of a
responsive Gal4 promoter (39). While these complexes also
demonstrated that the proteins could independently form com-
plexes with the binding sites within the promoter, the addi-
tional data from the reporter assays, enzymatic assay, and
RT-PCR strongly support the possibility that the regulation
occurs predominantly when these two proteins are in a com-
plex and they can substantially upregulate MMP-9 transcrip-
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tion. Additionally, the upregulation of MMP-9 may also be due
in part to the change in cellular localization of Nm23-H1 to the
nucleus. This change in localization may result in a change in
the level of signal transduction from an Nm23-H1-regulated
pathway, thereby affecting the regulation of MMP-9 (Fig. 8).
Previous studies involving specific transcription factors Ap-1
and NFkB within the urokinase plasmigen receptor (uPAR)
promoter hint at a role for Nm23-H1 effects mediated through
the Rho signaling pathway (2). However, a more detailed anal-
ysis should verify this involvement of Nm23-H1 in regulating
MMP-9 in a Rho-dependent manner.

Our results suggest that the interaction between Nm23-H1
and EBNA3C can lead to upregulation of the metastasis-asso-
ciated protein MMP-9. The role of EBV in metastasis is clearly
very complex, given the difference in viral protein expression
across the latency programs established by EBV, while the
potential for metastasis exists with the associated cancers (29).
The overall role of EBNA3C in this process may be only one
aspect of this complicated regulatory pathway in that it is only
expressed during type III latency (13, 47). Only a few known
EBV-associated cancers are associated with the latency III
program, and they are mostly seen in immunocompromised
patients (29, 42). The prevalence of human immunodeficiency
virus and transplants continues to rise; therefore, the impor-
tance of EBNA3C in EBV-associated malignancies is also ex-
pected to increase as the incidence of these cancers increases.
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