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The c-Myc promoter binding protein 1 (MBP-1) is a transcriptional suppressor of c-myc expression and involved in control
of tumorigenesis. Gastric cancer is one of the most frequent neoplasms and lethal malignancies worldwide. So far, the
regulatory mechanism of its aggressiveness has not been clearly characterized. Here we studied roles of MBP-1 in gastric
cancer progression. We found that cell proliferation was inhibited by MBP-1 overexpression in human stomach adeno-
carcinoma SC-M1 cells. Colony formation, migration, and invasion abilities of SC-M1 cells were suppressed by MBP-1
overexpression but promoted by MBP-1 knockdown. Furthermore, the xenografted tumor growth of SC-M1 cells was
suppressed by MBP-1 overexpression. Metastasis in lungs of mice was inhibited by MBP-1 after tail vein injection with
SC-M1 cells. MBP-1 also suppressed epithelial-mesenchymal transition in SC-M1 cells. Additionally, MBP-1 bound on
cyclooxygenase 2 (COX-2) promoter and downregulated COX-2 expression. The MBP-1-suppressed tumor progression in
SC-M1 cells were through inhibition of COX-2 expression. MBP-1 also exerted a suppressive effect on tumor progression
of other gastric cancer cells such as AGS and NUGC-3 cells. Taken together, these results suggest that MBP-1-suppressed

COX-2 expression plays an important role in the inhibition of growth and progression of gastric cancer.

INTRODUCTION

Gastric cancer is one of the most frequent neoplasms and
leading causes of cancer-related mortality worldwide (Terry
et al., 2002; Executive Yuan, 2006). At present, curative sur-
gery of its primary tumor and control of lymph node me-
tastasis are still the mainstay of treatment for gastric cancer
without distant metastasis (Wu et al., 2006). However, gas-
tric cancer with distant metastasis remains incurable now.
More than 95% of malignancies of the stomach are adeno-
carcinomas (Smith et al., 2006). The risk factors of human
gastric cancer include diet, Helicobacter pylori infection, and
accumulation of specific genetic alterations (Gonzalez et al.,
2002; Ushijima and Sasako, 2004; Zheng et al., 2004). To date,
the regulatory mechanism of aggressiveness in gastric can-
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cer has not yet been clearly characterized. Therefore, it is
essential to gain further insights into the physiology of gas-
tric cancer and its accumulated genetic alterations.

The inducible cyclooxygenase, COX-2, catalyzes the rate-
limiting step in conversion of arachidonate into prostaglan-
din E, (PGE,). It was shown that COX-2 expression is up-
regulated in gastric cancer (Ristiméki et al., 1997; Uefuiji et al.,
1998; Yamamoto et al., 1999; Lim et al., 2000). COX-2 expres-
sion is also correlated with depth of invasion, lymphatic
vessel invasion, lymph node metastasis, and poor prognosis
of human gastric carcinoma (Murata et al., 1999; Ohno et al.,
2001; Shi et al., 2003; Chen et al., 2006). Epithelial-mesenchy-
mal transition (EMT) plays a key role in development and
tumorigenesis (for a review, see Thiery and Sleeman, 2006).
In gastric cancer cells with fibroblastoid morphological
changes, EMT signaling was suggested to promote motility
and invasiveness through decreasing cell-cell adhesion
(Katoh, 2005). Recently, COX-2 expression was found to
enhance EMT stimulated by TGF-B through a PGE,-depen-
dent manner in breast cancer (Neil ef al., 2008). In this
scenario, the induction of COX-2 expression in gastric cancer
could further induce EMT to promote metastasis.

The c-Myc promoter binding protein 1 (MBP-1), a nega-
tive regulator of c-myc expression, is ubiquitously expressed
in normal human tissues (Ray et al., 1994). Although MBP-1
does not contain a known DNA-binding domain, it and
TATA-binding protein simultaneously bind in the minor
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groove of the major c-Myc promoter, the P2 promoter
(Chaudhary and Miller, 1995). The 37-kDa MBP-1 is pro-
duced by alternative translation initiation from a-enolase
gene but without enzyme activity of enolase (Feo et al., 2000;
Subramanian and Miller, 2000). So far, several MBP-1-asso-
ciating proteins were identified, including histone deacety-
lase HDAC1 (Ghosh et al., 1999), MIP2A /sedlin (Ghosh et al.,
2001), MEK5«a (Ghosh et al., 2005a), NS1-BP (Perconti et al.,
2007), and Notchl receptor intracellular domain (Hsu et
al., 2008). The downstream target genes of MBP-1 remain
unclear exclusive of c-myc. It was reported that MBP-1 could
regulate target genes at least through p53-p21 pathway
(Ghosh et al., 2008).

Mounting evidence indicates that both MBP-1 and a-eno-
lase are involved in tumorigenesis of breast carcinoma (Ray
et al., 1995), nonsmall cell lung cancer (Chang et al., 2003;
Ghosh et al., 2006b), hepatitis C virus-related hepatocellular
carcinoma (Takashima et al., 2005), prostate tumor (Ghosh et
al., 2005a; Ghosh et al., 2005b; Ghosh et al., 2006a), and
neuroblastoma (Ejeskar et al., 2005). It was also suggested
that MBP-1 expression reduces the invasive ability of breast
cancer (Ray et al., 1995), and a-enolase may participate in
control of EMT (Demir et al., 2005) and metastasis (Chang et
al., 2003). Therefore, we sought to evaluate whether MBP-1
exhibits potential avenues for the development of novel
therapeutic strategies against gastric cancer. We also further
investigated underlying mechanisms of the MBP-1-modu-
lated effect on tumor progression of gastric cancer in the
present study.

MATERIALS AND METHODS

Plasmids and Plasmid Construction

Both pcDNA-HA-MBP-1 and pcDNA-HA-a-enolase expression constructs
contain cDNAs of MBP-1 and a-enolase with N-terminal HA tags (Hsu et al.,
2008). The fusion protein plasmids pcDNA-HA-MBP-1 (1-178), pcDNA-HA-
MBP-1 (190-338), and pcDNA-HA-MBP-1 (232-338) direct the expression of
HA-fusion proteins with amino acid residues 1-178, 190-338, and 232-338 of
MBP-1, respectively. Construct pVP16-MBP-1 contains ¢cDNA encoding
MBP-1 with VP16 transactivation domain at N terminus. The pcDNA-COX-2
contains cDNA of human COX-2 (Su ef al., 2004). The siRNA vectors were
constructed in pLKO.1 siRNA vector to knockdown the endogenous MBP-1
and a-enolase (#22 and #24) (Hsu et al., 2008). The pLKO.1-shLuc siRNA
vector against luciferase was a control for knockdown validation in this study.
Reporter plasmid pCOX-2-Luc (—1334/ —1) contains human COX-2 promoter
in front of the luciferase gene in pGL3-basic vector (a kind gift from Dr. L.-F.
Shyur, Academia Sinica, Taipei, Taiwan).

Cell Culture and Transfection

Human embryonic kidney (HEK) 293T cells, stomach carcinoma SC-M1, AGS,
AZ521, NUGC-3, and KATO III cells, or erythroleukemia K562 cells were
cultured in DMEM or RPMI 1640 medium with 10% FBS. For the establish-
ment of stable SC-M1 cells expressing HA-MBP-1 fusion protein (SC-M1/HA-
MBP-1 #2, #3, #5, and #6 cells), SC-M1 cells (2 X 10°) were seeded and then
transfected with lineralized pcDNA-HA-MBP-1 expression plasmid as de-
scribed previously (Yeh et al., 2003). The stable clones derived from single
cells were screened for the constitutive expression of HA-MBP-1 fusion
protein by Western blot analysis using both anti-HA (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA) and anti-MBP-1 antibodies. The linearized
pcDNA3-HA plasmid was also electroporated into SC-M1 cells to establish
the stable SC-M1/pcDNAS3 cells for the control.

For evaluation of colony formation, migration, and invasion abilities, cells
were transiently transfected by electroporation and then seeded after trans-
fection for two days. For transient transfection of luciferase reporter assay,
K562 cells (5 X 10°) were seeded onto 6-well plates and transfected using
SuperFect transfection reagent, (Qiagen, Valencia, CA) for two days. Lucif-
erase activities were measured using the Dual-Luciferase reporter assay sys-
tem (Promega, Madison, WI) and Renilla luciferase activity was used to
normalize transfection efficiency (Wang et al., 2009).

Fifty uM NS-398 (Sigma-Aldrich, St. Louis, MO) in DMSO and 2 pg/ml
PGE, (Sigma-Aldrich) in ethanol or an equal volume of vehicles were used in
the present study.
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Generation of Anti-MBP-1 Antibody

Aligning amino acid sequences of MBP-1 (accession No. M55914) and a-eno-
lase (accession No. AK222517), the N-terminal amino acid sequence of
MBP-1 is different from that of a-enolase. To generate antibodies against
MBP-1 but not a-enolase, the synthetic peptide GCPLPSAKLVPLRRG
(amino acid residues 16-30 of MBP-1) was processed to immunize rabbits
by Genemed Synthesis.

Western Blot Analysis

Whole-cell lysates were prepared and analyzed by SDS-PAGE as previously
described (Yeh et al., 2003). Then Western blot analysis was performed with
anti-MBP-1, anti-a-enolase, anti-plakoglobin (Santa Cruz Biotechnology), anti—
E-cadherin (Cell Signaling Technology, Beverly, MA), anti-N-cadherin (BD
Biosciences, Franklin Lakes, NJ), anti-vimentin (Sigma-Aldrich), anti-c-Myc,
anti-COX-1 (Santa Cruz), anti-COX-2 (Cayman Chemical, Ann Arbor, MI),
and anti-GAPDH antibodies (Biogenesis, Poole, United Kingdom).

Colony-Forming Assay

As Hsu et al. described previously (Hsu et al., 2008), 4000 parental cells
(SC-M1, AGS, AZ521, NUGC-3, and KATO III cells) and 8000 SC-M1/
pcDNA3 or SC-M1/HA-MBP-1 cells were used for assay of anchorage-indepen-
dent growth in soft agar. Then cells were incubated at 37°C for 14 d and 200 ul
of medium was added every 3 d to prevent desiccation. These cells were stained
and colonies were counted from 10 random fields under microscope.

Xenografted Tumorigenicity Assay

All animal experiments were carried out with the approval of ethical com-
mittee. Five-week-old BALB/c nu/nu mice were purchased from National
Science Council Animal Center (Taipei, Taiwan) and allowed free access to
food and water. Nude mice were inoculated with 6 x 10¢ viable SC-M1/HA-
MBP-1 or SC-M1/pcDNA3 control cells in a total volume of 0.1 ml of PBS by
subcutaneous injection into both hind limbs. The length and width of tumors
were measured with calipers every 3 d to estimate tumor volume as previ-
ously described (Liao et al., 2007).

Migration and Invasion Assays

Migration and invasion abilities of cells (1 X 10* for migration assay, 5 X 10*
for invasion assay) were analyzed in 24-well plates by Millicell tissue culture
plate well inserts (Millipore, Bedord, MA) for 12 h and BD BioCoat Matrigel
Invasion Chambers (Becton Dickson, Mountain View, CA) for 20 h, respec-
tively. Then cells on the upper surface of membrane were removed with a
cotton swab after incubation. After fixation with methanol, cells in the lower
surface of membrane were stained with 0.005% crystal violet in PBS for 1 h
and the number of migrated or invaded cells was counted from 10 random
fields under microscope.

In Vivo Tail Vein Metastasis Assay

Female nonobese diabetic severe-combined immunodeficiency (NOD-SCID)
mice (National Taiwan University, Taipei, Taiwan) aged 6 wk were inocu-
lated with 1 X 10° viable SC-M1/HA-MBP-1 or SC-M1/pcDNAS3 cells in a
total volume of 0.1 ml of PBS by tail vein injection. The mice were killed 9
weeks later, and the metastatic nodules in lungs of mice were counted by
gross and microscopic examination.

Immunofluorescence Staining

Immunofluorescence staining was performed as described previously (Hsu et
al., 2008). After fixation, cells grown on coverslips were incubated with
primary rabbit anti-E-cadherin antibody or mouse anti-vimentin antibody
and subsequently with secondary Alexa Fluor 568-conjugated donkey anti-
rabbit IgG or Alexa Fluor 488-conjugated donkey anti-mouse IgG (Molecular
Probes, Eugene, OR). For nuclear staining, cells were further incubated with
4', 6-diamidino-2-phenylindole dihydrochloride (DAPI, Sigma-Aldrich). Af-
ter staining, cells were mounted with anti-bleaching reagent (DAKO) and
their localizations of E-cadherin and vimentin were examined by immuno-
fluorescence microscope.

Real-Time PCR Analysis

Total RNA was isolated using Trizol reagent (Invitrogen, Carlsbad, CA), and
cDNA was synthesized using Moloney murine leukemia virus reverse tran-
scriptase (New England BioLabs, Beverly, MA) with an oligo (dT),g primer
(Wang et al., 2009). The 305-base pairs COX-2 cDNA was amplified with
primers 5'-TTCAAATGAGATTGTGGGAAAAT-3' and 5'-AGATCATCTCT-
GCCTGAGTATCTT-3'. The 478-base pairs c-Myc cDNA was amplified with
primers 5-TACCCTCTCAACGACAGCAG-3' and 5-TCTTGACATTCTC-
CTCGGTG-3'. The 86-base pairs cyclin D1 cDNA was amplified with primers
5'-CCGTCCATGCGGAAGATC-3" and 5'-ATGGCCAGCGGGAAGAC-3'.
The 176-base pairs GAPDH cDNA was amplified with primers 5'-AAATC-
CCATCACCATCTTCC-3" and 5'-TCACACCCATGACGAACA-3'. Quantita-
tive real-time PCR was performed using a LightCycler system with LightCy-
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cler FastStart DNA MasterPLUS SYBR Green I (Roche, Indianapolis, IN)
(Wang et al., 2009). All data are shown as mean values and standard devia-
tions from at least 3 independent experiments.

Chromatin Immunoprecipitation (ChIP) Assay

As described before (Hsu et al., 2008), nuclear extracts of SC-M1 cells were
prepared for ChIP assay using protein A Sepharose-bound antibodies of
anti-MBP-1, anti-a-enolase, and anti-IgG antibodies. By PCR amplification,
the 125-base pairs DNA fragment of COX-2 promoter was amplified with
primers 5'-TAAGGGGAGAGGAGGGAAAAAT-3" and 5'-ACAATTG-
GTCGCTAACCGAG-3'. The 231-base pairs DNA fragment of COX-1 pro-
moter was amplified with primers 5'-GTGAGTTTCTCATCTAGG-3' and 5'-
CGTCTGAACCACATACC-3'. The 210-base pairs DNA fragment of c-Myc
promoter was amplified with primers 5'-GAGGAGCAGCAGAGAAAGG-3’
and 5'-TCCCCCACGCCCTCTGC-3'. Furthermore, percentages of immuno-
precipitated promoter fragments were quantified by real-time PCR using
SYBR green as described elsewhere (Hsu et al., 2008) and normalized to total
input DNA.
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Statistical Analysis

Statistical calculations were performed using Student ¢ test for simple com-
parison of two values. The difference was considered to be statistically sig-
nificant when the P value was <0.05. Survival rate of mice inoculated with
MBP-1-expressing SC-M1/HA-MBP-1 cells or their control cells by tail vein
injection was analyzed using the Kaplan-Meier method.

RESULTS

Tumor Growth of SC-M1 Cells Is Suppressed by MBP-1

Owing to similarity of amino acid sequence at the C-termi-
nal region of MBP-1 to a-enolase sequence (Feo et al., 2000),
both MBP-1 and a-enolase can be detected by polyclonal
anti—a-enolase antibody simultaneously (Ito et al., 2007; Hsu
et al., 2008). To investigate role of endogenous MBP-1 in
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Figure 2. Tumor progression ability of SC-M1 cells are suppressed by MBP-1. (A) SC-M1/HA-MBP-1 cells and control cells were seeded
to evaluate migration (left) and invasion (right) abilities. Means of three independent experiments performed in triplicate are shown. (B) The
viable SC-M1/HA-MBP-1 #6 cells and control cells were inoculated into NOD-SCID mice (n = 9 per group) by tail vein injection for
measurement of metastatic nodules in lungs. Data are representative of 3 experiments with similar results. (C) SC-M1 cells, SC-M1/pcDNA3
control cells, and SC-M1/HA-MBP-1 cells were seeded onto 6-well plates for 48 h for morphological examination. Bar, 100 wm. (D) Whole-cell
extracts were prepared for Western blot analysis using anti-E-cadherin, anti-plakoglobin, anti-N-cadherin, anti-vimentin, anti-a-enolase,
anti-MBP-1, and anti-GAPDH antibodies (left). Cells were seeded on coverslips for immunofluorescence staining with primary anti-E-

cadherin or anti-vimentin antibodies (right). Bar, 40 um.

tumorigenesis of gastric cancer, antibodies against MBP-1
but not a-enolase were generated from rabbits immunized
with the synthetic peptide of MBP-1. The generated anti-
body could detect MBP-1 but not a-enolase in SC-M1, HEK
293T, and K562 cells by Western blot analysis (Figure 1A,
left).

Because more than 95% of malignancies of the stomach
are adenocarcinomas (Smith et al., 2006), the MBP-1-ex-

5130

pressing gastric cancer cells were established in human
stomach adenocarcinoma SC-M1 cells. Using Western blot
analysis with anti-MBP-1 antibody, we found that MBP-1
was overexpressed in SC-M1/HA-MBP-1 #2, #3, #5, and #6
cells (Figure 1A, right). To clarify whether MBP-1 regulates
growth of SC-M1 cells, trypan blue exclusion method was
performed. All cumulative numbers of SC-M1/HA-MBP-1
cells (#2, #3, #5, and #6) were lower than control cells (Sup-
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expressing construct (pcDNA-HA-MBP-1), a-enolase-expressing construct (pcDNA-HA-a-enolase), or control vector (pcDNA-HA) into K562
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products of COX-2, COX-1, and c-Myc promoters (left). Percentages of immunoprecipitated DNAs of COX-2 promoter were also quantified
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plemental Figure S1A). Additionally, MTT (3-(4,5-dimethyl- 1-expressing SC-M1/HA-MBP-1 #6 cells were smaller than
2-thiazolyl)-2,5-diphenyl tetrazolium bromide) assay results those of control cells (Figure 1C).
showed that the viability of SC-M1 cells was decreased by
exogenous MBP-1 (Supplemental Figure S1B). .

To investigate the role of MBP-1 in tumorigenesis of Tumor Progression of SC-M1 Cells Is Suppressed by
SC-M1 cells, colony-forming assay was performed. The col- ~ MBP-1
ony-forming ability of SC-M1 cells was suppressed by To explore whether MBP-1 participates in metastasis of gas-

MBP-1 overexpression (Figure 1B, left). To check whether tric cancer, migration and invasion abilities were evaluated.
endogenous MBP-1 is involved in control of anchorage- Migration and invasion abilities of SC-M1 cells were sup-
independent growth of SC-M1 cells, colony-forming ability pressed by MBP-1 overexpression (Figure 2A).
was also determined after MBP-1 knockdown. Expressions Effect of MBP-1 on metastatic colonization was also deter-
of endogenous MBP-1 in SC-M1 cells were knocked down mined by intravenous injection of MBP-1-expressing SC-
after transfection with siRNA vectors (#22 and #24) against M1/HA-MBP-1 #6 cells into lateral tail vein of NOD-SCID
MBP-1 or a-enolase (Supplemental Figure S2). Colony-form- mice. Nine weeks later, mice injected with control cells had
ing ability of SC-M1 cells was promoted by MBP-1 knock- ~ numerous large metastases in lung, whereas those injected
down (Figure 1B, right). with SC-M1/HA-MBP-1 #6 cells had fewer and smaller lung
We further assessed effect of MBP-1 on tumor growth in a metastatic nodules (Figure 2B and Supplemental Figure
xenografted tumor model in which nude mice were subcu- S3A). Moreover, survival rate of the mice injected with
taneously implanted with MBP-1-expressing gastric cancer SC-M1/HA-MBP-1 #6 cells was increased compared with
cells. After inoculation, the xenografted tumor sizes of MBP- those injected with control cells (Supplemental Figure S3B).
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Figure 4. MBP-1 suppresses tumor progres-
sion of SC-M1 cells through COX-2. (A) SC-
M1/HA-MBP-1 #6 cells were treated with 50
uM NS-398 (A) or transfected with COX-2-
expressing construct pcDNA-COX-2 (B) for
colony-forming (upper), migration (middle),
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Therefore, MBP-1 overexpression attenuated ability of SC-M1
cells to form metastatic nodules in lungs.

To evaluate whether MBP-1 affects angiogenesis in meta-
static tumors of lungs after injection with MBP-1-expressing
SC-M1/HA-MBP-1 #6 cells or their control cells, the mRNA
expressions of VEGF-A and PDGF-B were detected by real-
time PCR. The results showed that expressions of VEGF-A
and PDGF-B mRNAs were suppressed by MBP-1 in the
metastatic nodules (Supplemental Figure S3C). Thus, MBP-1
could inhibit angiogenesis in metastatic nodules of SC-M1
cells.

MBP-1 Overexpression Suppresses EMT in SC-M1 Cells

Next, we sought to examine whether MBP-1 inhibits metas-
tasis of gastric cancer through suppression of EMT. Both
parental SC-M1 and SC-M1/pcDNA3 control cells dis-
persedly grew and had a little spindle- and fibroblast-like
morphology, whereas MBP-1-expressing SC-M1/HA-MBP-1
cells (#2, #3, #5, and #6) grew as clusters of cells (Figure 2C).
Thus, MBP-1 overexpression induced morphological change
in SC-M1 cells from the more extended and elongated shape
to tightly packed colonies.

Furthermore, epithelial markers including E-cadherin
and plakoglobin were upregulated, whereas mesenchymal
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markers such as N-cadherin and vimentin were downregu-
lated by MBP-1 overexpression (Figure 2D, left). Consis-
tently, level of E-cadherin was enhanced along with the
decreased vimentin expression in MBP-1-expressing SC-
M1/HA-MBP-1 #6 cells using immunofluorescence staining
(Figure 2D, right).

MBP-1 Binds on Human COX-2 Promoter and
Downregulates COX-2 Expression

To address whether MBP-1 modulates tumorigenesis of
SC-M1 cells through COX-2, Western blot analysis was per-
formed. As shown in Figure 3A (left), MBP-1 overexpression
inhibited expressions of COX-2 and c¢-Myc, a downstream
target gene of MBP-1, but not COX-1.

In addition to c-Mygc, cyclin D1 expression is also sup-
pressed by MBP-1 (Ghosh et al., 2005a). Therefore, effects of
MBP-1 on mRNA expressions of COX-2, c-Myg, and cyclin
D1 were also evaluated in SC-M1/HA-MBP-1 #6 cells by
real-time PCR. Results showed that MBP-1 overexpression
diminished mRNA expressions of COX-2, c-Myc, and cyclin
D1 (Figure 3A, right). The mRNA expression of COX-2 was
also lowered in the xenografted tumors in nude mice in-
jected with MBP-1-expressing SC-M1/HA-MBP-1 #6 cells
(Supplemental Figure S4).
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Then reporter gene assay was performed to check whether
MBP-1 can block COX-2 expression through inhibiting
COX-2 promoter activity. Reporter plasmid containing hu-
man COX-2 promoter (pCOX-2-Luc [—1334/—1]) was co-
transfected with expression constructs of a-enolase or
MBP-1. Data showed that COX-2 promoter activity was
attenuated after transfection with a-enolase or MBP-1 ex-
pression constructs (Figure 3B).

Alternatively, the fusion protein of VP16 transactivation
domain and MBP-1 (VP16-MBP-1) was expressed to assess
whether COX-2 promoter activity is induced after cotrans-
fection with reporter plasmid pCOX-2-Luc (-1334/-1) and
expression construct pVP16-MBP-1 (Figure 3C). Results
showed that COX-2 promoter activity was enhanced by
VP16-MBP-1 fusion protein.

We hypothesized that MBP-1 might bind to COX-2
promoter of chromosomal DNA to modulate promoter
activity in the context of living cells. To clarify this pos-
sibility, we examined the DNA-binding ability of MBP-1
on COX-2 promoter by ChIP assay using anti-IgG, anti-
a-enolase, and anti-MBP-1 antibodies in SC-M1 cells. The
immunoprecipitated DNA was used to amplify PCR
products of COX-2, COX-1, and c-Myc promoters. The
amplified PCR products of COX-2 and c-Myc promoters
were present in the samples immunoprecipitated with
anti—a-enolase and anti-MBP-1 antibodies, but not with
anti-IgG antibody (Figure 3D). No amplified PCR prod-
ucts of COX-1 promoter were found in those immunopre-
cipitated with anti-a-enolase, anti-MBP-1, and anti-IgG
antibodies. These results suggest that MBP-1 binds to
COX-2 and c-Myc promoters in SC-M1 cells.
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Figure 5. COX-2 restores the MBP-1-suppressed EMT in SC-M1 cells. (A and B) Morphology of SC-M1/HA-MBP-1 cells (#5 and #6) treated
with 2 ug/ml PGE, (A) or transfected with COX-2-expressing construct (B) for 48 h were examined. —, cells without transfection. Bar, 100
pm. (C) After transfection with COX-2-expressing construct or control vector, SC-M1/HA-MBP-1 cells (#5 and #6) were seeded for
immunofluorescence staining to detect E-cadherin and vimentin. Bar, 20 um. (D) SC-M1/HA-MBP-1 cells (#5 and #6) were treated with 2
wng/ml PGE, (left) or transfected with COX-2—-expressing construct (right) for 48 h for Western blot analysis.
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MBP-1 Suppresses Tumor Progression of SC-M1 Cells
Through COX-2

To delineate whether the MBP-1-suppressed tumor pro-
gression in gastric cancer is through decreasing COX-2
expression, MBP-1-expressing SC-M1/HA-MBP-1 cells
were treated with 50 uM NS-398 to block COX-2 activity.
Colony formation, migration, and invasion abilities of SC-
M1/pcDNA3 control cells were attenuated after NS-398
treatment (Figure 4A). The MBP-1-suppressed abilities of
colony formation, migration, and invasion were further in-
hibited by NS-398 in SC-M1/HA-MBP-1 #6 cells.

Additionally, we evaluated whether the MBP-1-sup-
pressed tumor progression in SC-M1 cells is reversed by
PGE,, a major product of COX-2. Results showed that ability
of tumor progression was elevated in control cells after PGE,
treatment (Supplemental Figure S5). The MBP-1-suppressed
tumor progression was reversed by PGE, in SC-M1/HA-
MBP-1 #6 cells.

We also checked whether the MBP-1-suppressed tumor
progression in SC-M1 cells is affected by exogenous
COX-2. Results showed that ability of tumor progression
was elevated in control cells after transfection with COX-
2-expressing construct (Figure 4B). The MBP-1-sup-
pressed tumor progression was restored by transfection
with COX-2-expressing construct in SC-M1/HA-MBP-1
#6 cells.

Furthermore, the enhancement of tumor progression in
SC-M1 cells by MBP-1 knockdown was evaluated after treat-
ment with COX-1 or COX-2 inhibitors. The colony forma-
tion, migration, and invasion abilities of SC-M1 cells trans-
fected with siRNA vector (#22) to knock down endogenous
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MBP-1 were examined after treatment with valeryl salicylate
or NS-398. The elevation of tumor progression by MBP-1
knockdown in SC-M1 cells was inhibited by NS-398 but not
valeryl salicylate (Supplemental Figure S6A).

The effect of COX-1 and COX-2 knockdowns on the en-
hanced tumor progression by MBP-1 knockdown in SC-M1
cells was also assessed. Colony formation, migration, and
invasion abilities of SC-M1 cells were analyzed after cotrans-
fection with siRNA vectors against MBP-1 (#22) and COX-1
or COX-2 (#1 and #5). The enhanced tumor progression by
MBP-1 knockdown in SC-M1 cells was abrogated by knock-
down of COX-2 but not COX-1 (Supplemental Figure S6B).
Collectively, these data suggest that COX-2 is essential for
the suppression of tumor progression by MBP-1 in SC-M1
cells.

COX-2 Restores the MBP-1-Suppressed EMT in SC-M1
Cells

As demonstrated in Figure 2D, MBP-1 overexpression sup-
pressed EMT in SC-M1 cells. To further check whether
MBP-1 suppresses EMT through decreasing COX-2 expression,
MBP-1-expressing SC-M1/HA-MBP-1 cells were treated
with PGE, or transfected with COX-2-expressing construct.
The morphology of MBP-1-expressing SC-M1/HA-MBP-1
cells (#5 and #6) was restored from tightly packed colonies to
more extended and elongated shape after 48 h of PGE,
treatment (Figure 5A) or COX-2—expressing construct trans-
fection (Figure 5B). By immunofluorescence staining, E-cad-
herin expression was suppressed and vimentin expression
was enhanced in MBP-1-expressing SC-M1/HA-MBP-1
cells (#5 and #6) after transfection with COX-2-expressing
construct for 48 h (Figure 5C). Consistently, the same results
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Figure 6. MBP-1 is also involved in tumor
progression of AGS and NUGC-3 gastric can-
cer cells. (A) Whole-cell extracts of SC-M1,
AGS, AZ521, NUGC-3, and KATO III cells
were prepared for Western blot analysis us-
ing anti-MBP-1, anti-a-enolase, anti-COX-2,
anti-COX-1, and anti-GAPDH antibodies. (B)
SC-M1, AGS, AZ521, NUGC-3, and KATO III
cells were seeded for colony-forming (upper),
migration (middle), and invasion (lower) as-
says. (C) Morphology of AGS and NUGC-3
cells transfected with MBP-1-expressing con-
struct or control vector for 48 h were examined.
—, cells without transfection. Bar, 100 um.
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were obtained by Western blot analysis after PGE, treatment
or COX-2—-expressing construct transfection (Figure 5D).

MBP-1 Is Also Involved in Tumor Progression of AGS
and NUGC-3 Gastric Cancer Cells

In addition to SC-M1 cells, we also checked whether MBP-1
participates in tumor progression of the other gastric cancer
cells. The endogenous MBP-1 could be detected in SC-M1,
AZ521, NUGC-3, and KATO III gastric cancer cells but not
AGS cells by Western blot analysis (Figure 6A). Level of
MBP-1 was inversely proportional to expression of COX-2
but not COX-1 in these cells. Furthermore, colony formation,
migration, and invasion abilities of these cells were associ-
ated with COX-2 expression but inversely correlated with
MBP-1 expression (Figure 6B).

As shown in Figure 6A, both AGS and NUGC-3 cells that
negatively or weakly expressed MBP-1 were used to evalu-
ate the effect of MBP-1 on tumor progression. Results
showed that colony formation, migration, and invasion abil-
ities of these cells were suppressed after transfection with
MBP-1-expressing construct (Supplemental Figure S7).
Moreover, morphological changes in AGS and NUGC-3 cells
from more extended and elongated shape to tightly packed
colonies were also observed after transfection with MBP-1-
expressing construct (Figure 6C).

The Region of Amino Acid Residues 1-178 in MBP-1 Is
Sufficient to Suppress COX-2 Promoter Activity and
Gastric Cancer Progression

To dissect the region(s) essential for inhibition of COX-2
promoter activity and gastric cancer progression, expres-
sion plasmids harboring various lengths (amino acid res-
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Figure 7. The region of amino acid residues 1-178 in MBP-1 is
sufficient to suppress COX-2 promoter activity and gastric cancer
progression. (A) Reporter plasmid pCOX-2-Luc (—1334/—1) con-
taining full-length COX-2 promoter was cotransfected with MBP-1-
expressing construct (pcDNA-HA-MBP-1), a-enolase-expressing
construct (pcDNA-HA-a-enolase), expression constructs of various
lengths of MBP-1 (pcDNA-HA-MBP-1 [1-178], pcDNA-HA-MBP-1
[190-338], and pcDNA-HA-MBP-1 [232-338]), or control vector
(pcDNA-HA) into K562 cells for reporter gene assay. (B) SC-M1 cells
were transfected with MBP-1-expressing construct (pcDNA-HA-
MBP-1), a-enolase-expressing construct (pcDNA-HA-a-enolase),
expression constructs of various lengths of MBP-1 (pcDNA-HA-
MBP-1 [1-178], pcDNA-HA-MBP-1 [190-338], and pcDNA-HA-
MBP-1 [232-338]), or control vector (pcDNA-HA) for colony-form-
ing (upper), migration (middle), and invasion (lower) assays. Means
of three independent experiments performed in triplicate are
shown.

idues 1-178, 190-338, and 232-338) of MBP-1 were trans-
fected into K562 cells for reporter gene assay or SC-M1
cells for colony-forming, migration, and invasion assays.
The results showed that COX-2 promoter activity was
significantly suppressed after transfection with expres-
sion construct of truncated MBP-1 containing amino acid
residues 1-178, but not 190-338 or 232-338 (Figure 7A).
Additionally, the region of amino acid residues 1-178 in
MBP-1 also inhibited gastric cancer progression including
colony formation, migration, and invasion abilities (Fig-
ure 7B). Therefore, the region of N-terminal amino acid
residues 1-178 in MBP-1 is essential for exhibiting the
suppressive effects on COX-2 promoter activity and gas-
tric cancer progression.

DISCUSSION

The regulatory mechanisms of aggressiveness in gastric can-
cer still remain obscure. To unravel the molecular basis for
gastric cancer progression, the role of MBP-1 in tumor
growth and metastasis was investigated herein. We show
that MBP-1 exerts a tumor-suppressive effect on gastric can-
cer progression by decreasing COX-2 expression. To our
knowledge, this is the first report regarding the role of

Vol. 20, December 15, 2009

Gastric Cancer Progression by MBP-1

vy)

40

30 |

20

10 |

Colony numbers/field

120

100

80

60

40

Migrated cells (%)

20

120

100

80

60

40

Invaded cells (%)

20

pcDNA-HA pcDNA-HA pcDNA-HA pcDNA-HA pcDNA-HA pcDNA-HA
-a-enolase -MBP-1 -MBP-1 -MBP-1 -MBP-1
(1-178) (190-338) (232-338)

MBP-1 in modulation of tumorigenesis in gastric cancer
through COX-2 expression.

In gastric cancer, COX-2 expression is correlated with
tumor progression (Murata et al., 1999; Ohno et al., 2001; Shi
et al., 2003). We found that MBP-1 may regulate tumor
progression in gastric cancer through the MBP-1-COX-2
signaling axis. In addition to gastric cancer, MBP-1 was
shown to participate in tumorigenesis of several tumors
(Ray et al., 1995; Chang et al., 2003; Ejeskar et al., 2005; Ghosh
et al., 2005a; Ghosh et al., 2005b; Takashima et al., 2005;
Ghosh et al., 2006a; Ghosh et al., 2006b). Interestingly, COX-2
overexpression is observed in a variety of malignancies
(Sano et al., 1995; Ristimiki et al., 1997; Hida et al., 1998;
Zimmermann et al., 1999). Therefore, MBP-1 may also be
involved in tumorigenesis of various tumor types through
COX-2.

Besides c-Myc P2 promoter (Chaudhary and Miller, 1995),
MBP-1 could bind on COX-2 promoter (Figure 3D). How-
ever, MBP-1 does not contain the DNA-binding domain.
How did it bind on COX-2 promoter to suppress COX-2
promoter activity? Possibly, MBP-1 may bind on COX-2
promoter to modulate COX-2 expression directly. To delin-
eate this possibility, it is indispensable to further map the
critical regions of COX-2 promoter regulated by MBP-1.
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Alternatively, MBP-1 could indirectly bind on COX-2 pro-
moter through directly interacting with transcription factors
to regulate COX-2 expression. Therefore, it is important to
identify candidates of MBP-1-associated cellular factors.

Interestingly, MBP-1 overexpression exerts suppressive
effect on cell growth of prostate cancer (Ghosh et al., 2005a;
Ghosh et al., 2005b), whereas MBP-1 knockdown inhibits
prostate cancer growth and enlarges cell size (Ghosh et al.,
2006a). The endogenous and overexpressed MBP-1s may
exhibit opposite biological functions in control of prostate
cancer growth (Ghosh et al., 2006a). At present, there are
several cellular factors playing the multifaceted roles. For
example, YY1 may function as a transcritptional repressor, a
transcription activator, or a transcriptional initiator. De-
pending on tumor types, Notch receptor also may act as an
oncogene or tumor suppressor to promote or suppress tu-
morigenesis (Roy et al., 2007). The mutations of von Hippel-
Lindau tumor suppressor gene enhance susceptibility to
development of highly vascularized tumors (Mack et al.,
2005). However, loss of von Hippel-Lindau tumor suppres-
sor gene was demonstrated to arrest cell growth.

MBP-1 and a-enolase are involved in tumorigenesis (Ray
et al., 1995; Chang et al., 2003; Ejeskar ef al., 2005; Ghosh et al.,
2005a; Ghosh et al., 2005b; Takashima et al., 2005; Ghosh et
al., 2006a; Ghosh et al., 2006b) and metastasis (Ray et al., 1995;
Chang ef al., 2003; Demir ef al., 2005). It was proven that
MBP-1 has the potential of a candidate for gene therapy
against tumor growth (Chang et al., 2003; Ghosh et al., 2005b;
Ghosh et al., 2006b). Although the susceptibility of substan-
tial gastrointestinal toxicity and increase of cardiovascular
risk, COX-2 inhibitors were shown to have a promising role
in prevention and treatment of gastric cancer (Jiang and
Wong, 2003; Fujimura et al., 2006; Lee and Moss, 2006).
Based on the findings described in Figure 4A, the MBP-1-
suppressed tumor progression of SC-M1 cells was further
inhibited after treatment with NS-398. Therefore, gene ther-
apy targeting MBP-1 in combination with chemotherapeutic
targeting COX-2 could offer a new therapeutic strategy for
treatment with gastric cancer in the future.
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