PERIOSTIN AND EMT IN PANCREATIC CANCER

0.1% Tween 20 and incubated with anti-rabbit or mouse-immuno-

globulin G coupled to peroxidase (Amersham Bioscience, Buck-

inghamshire, UK) for | hr at room temperature. Reactive bands

were detected using ECL chemiluminesence reagent (Amersham

Bioscience). The specific bands were subjected to densitomelory

nna]ys:s by using the Image) program provided by the National
i of Health (Bethesda, MD).

Enzyme-linked immunosorbent assay

2709

Lt nst 1 "

inverted microscope using a 10X e, were ¢

in a time-lapse manner with an OIympus €2000 digital clmcm
The scratched area covered by migrated cells was din3
independent wells and normalized to the initially scratched area
using Scion Image Software (Scion Corporation).

Two-chamber migration assays

Cell invasion was determined by using a modified 2-chamber
migration  assay (pme size of 8 mm, BD Biosciences) according to
the turer's instructions. 2.5 X 10" cells were seeded in

After 24-hr incubation, periostin levels in the
tant were determined by the enzyme-linked immunosorbent assay
(ELISA), Briefly, ELISA immunoassay plates (Becton Dickson,
Franklin Lakes, NJ) were coated with the samples ovemnight at
4°C. Afler coaling, the plates were incubated with 5% dry milk 1o
block uncoated sites. After washes with phosphate-buffered saline,
rabbit anti-periostin antibody (at 1:2000 dilution) was added and
incubated for | hr at room temperature, After washes, goat anti-
rabbit 1gG ibody ted with h dish peroxidase
(Southemn Bmtcchnulogy‘ Bum:nghlm. AL) was added and incu-
bated for | hr. After final washes, 33,55 -tetramentylbenzidine
{Pierce, Rockford, IL) was added. The periostin concentration was
determined by differences in absorbance at wavelength 450 minus
550 nm. Recombinant periostin served as a standard control.

Fluorescent immunohistochemistry

Periostin- or EV-transfected Panc] cells were grown to subcon-
fluence on BD Falcon™™ culture slides (BD Biosciences, San Jose,
CA) and fixed with cold methanol (Wako, Osaka, Japan). Afier
blocking with normal goat serum, the cells were incubated with
mouse monoclonal E-cadherin antibody (BD T duction Labo-
ratories) and monoclonal mouse B-catenin antibody(BD Transduc-
tion Laboratories) overnight at 4°C and then the slides were incu-
bnled with ﬁunrnscem-conjugu:d goat anti-mouse IgG (Jackson

Reserch lab ies, West Grove, CA). Cells were then

incubated with propidium iodide (Wako) for nuclear staining and

| with Vectashield (Vector Lab y). For double stain-
ing for periostin and a-SMA, cells were fixed with cold methanol.
After blocking with 3% bovine serum albumin in PBS, the cells
were incubated with rabbit polyclonal anti-periostin antibody and
mouse polyclonal a-SMA antibody overnight at 4°C and then the
slides were incubated with Alexa Fluor 546 donkey anti-goat 1gG
{Molecular Probes) and Alexa Fluor 488 donkey anti-rabbit 1gG
(Molecular Probes, Eugene), respectively, and mounted with Vec-
tashield (Vector Laboratory). Cells were visualized for immuno-
fluorescence  with a Confocal TIRF-C1 microscope (Nikon
Intstech, Kawasaki, Japan).

Cell growth assays

Cell growth was assessed by direct count and 5-bromo-2-deoxy-
uridine (BrdU) assay. For the direct count, pancreatic cancer cells
were grown in 6-well culture dishes (BD Falcon) with |

serum-free medium in the upper chamber and mlgralwn during
24 hr toward the lower ber which Sasa
chemoaitractant was evaluated. Cells in the upper chml'bcr were
carefully removed using a cotton bud, and cells at the bottom of
the membrane were fixed and stained with Diff-Quick (Interma-
tional Reagents, Kobe, Japan). Quantification was performed by
counting the stained cells,

Soft agar assay

Forty Ihnusmd PPl or Pancl.EV cells per well were suspended
in 0.3% Bacto ™ agar (BD Falcon) supplemented with DMEM
medium containing 10% fetal bovine serum and were layered over
1 ml of a 0.8% agar-medium base lnycr in 6- wcll plates. M‘tcr
21 days, viable ies were stained with
(Roche) and mchurngc mdcpendenl growth was estimated by

g the of ies using o high power

m!.cmscup:

Tumor growth in nude mice

Tumor formation in vive was assessed in female athymic nude
mice by subcutaneous injection of 2 X 10* cells each, suspended
in 200 pl of sterile PBS. The tumor volume was measured every
week after the first detection of visible tumor formation. Volume
was determined by the equation V = L X W* X 0.5, where V is
volume, L is length and W is width. The mice were sacrificed 7
weeks after injection and the histology was examined by H&E
slaining.

Orthotopic implantation

To ussess meiastasis formation, periostin and EV-transfected
Panc] cells (1 X 10° cells suspended in 50 pl) were mjcctcd into
the pancreatic tail of female athymic nude mice. The mice were
sacrificed 9 weeks afier injection and wmor progression was con-
firmed. Histology was evaluated by H&E staining.

Statistical analysis

Statistical analysis was performed and graphs were made with
GraphPad Prism software (GraphPad Software, San Diego. USA),
The correlation of periostin expression with the patients’ clinico-
palholcglca] vanables and the correlation between periostin

growth media. Cells were counted using a hemocytometer every
day (days 1, 2, 3, 4 and 5) after removing the cells from the plates
with 0.5 g/l trypsin. For BrdU assay, 6,000 periostin-transfected
cells or EV cells were seeded per well in 96-well plates (BD Fal-
con) in normal cell growth media, The BrdU assay was performed
after 24, 48 and 72 hr incubation using a kit (Roche) according 1o
the manufacturer’s protocol, For each cell line, the proliferation
index was eval i and absorb at 48 and 72 hr was normal-
ized to that at 24 hr.

Scrape motility assay

Pancreatic cancer cells were grown to confluency in 12-well
culture dishes (BD Falcon) with normal growth media. The cell
monolayer was mechanically scraiched with a sterile pipette tip.
Subsequently, the plates were incubated with serum-free DMEM
including recombinant periostin (0 to 1 pg/ml) or the supematant
from periostin-expressing or control 293T cells for additional 2 1o
4 days. Cells were visualized with an Olympus MODEL CK2

g y of mctasms:s in the ortholopically
mjcctl:d mice were analyzed by :( test. The difference between 2
groups was analyzed by unpaired ¢ test or Mann-Whitney U test.
The p value <0.05 was regarded as statistically significant.

Results

Periostin expression and localization in pancreatic tissue and
pancreatic cell lines

To evaluate the expression of periostin in the pancrealic lissues,
immunostaining was performed in 61 human pancreatic tissues (2
normal pancreatic tissue, 32 pancreatic cancer, 13 intraductal pap-
illary mucinous neoplasms and 10 chronic pancreatitis) and 4
cases of colonic cancer. The expression of periostin was not
detected in pancreatic caricinoma cells, normal pancreatic ductal
cells or colonic carcinoma cells. However, there was strong
expression in the stromal cells adjacent to the epithelial cells in
pancreatic and colonic tissues (Figs. la-1d, Table 1), Since strong
immunoreactivity was present in the stroma of pancreatic and
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Ficure 1 - Periostin expression in normal tissue of pancreas (a), IPMN (b), pancreatic cancer (¢) and colonic cancer (d). a, Normal pancreatic
duct and acinar cells showed no staining for periostin. b~d, Stromal arcas of the sections showed positive staining for periostin, but tumor lesions
showed no staining for periostin, e—g, Periostin expression in pancreatic cancer cell lines, colonic cancer cell lines and normal cultured cells
{HUVEC, PSC). Periostin expression in cultured cells was examined by RT-PCR (e), quantitative real-time RT-PCR (/) and Western blot analy-
sis (). The expression of periostin mMRNA was detected in PSC and in HUVEC while no or little expression was observed in carcinoma cell
lines or KMST®6 (fibroblastic cells). f, Expression of periostin mRNA was normalized to that of GAPDH mRNA. Values are expressed relative
to 1.00 for expression in Panc-1 cells. Real-time RT-PCR clearly indicates the difference in the expression levels of peniostin between pancreatic
cancer cell lines and normal cultured cells. The highest expression was seen in PSC. g, Western bfm analysis clearly showed that the expression
of periostin protein is detected in PSC but not in pancreatic cancer cell lines.

TABLE 1 - THE ASSOCIATION OF THE EXPRESSION OF PERIOSTIN wiTy  colonic carcinoma tissues, we investigated the expression of peri-

EPITHELIAL DUCT OR STROMAL CELLS ostin by RT-PCR in cultured cell lines of various origin to eluci-

Chani Sroms [ date the source of this gene. The cultured cell lines we used were

= — = primary cultures of human PSCs, cultured pancreatic cancer cells

Pancreatic cancer (n = 32) 32 3032 p <005 (Pancl, AsPCI, MiaPaCa2, BxPC3), cultured colonic cancer cells

IPMN (n = 13) n3 13/13 (WiDr-Tc, SW480, CoLo205, DLDI), cultured human fibroblasts

{__hlunu: pancreatitis (n = 1) 10 10/10 (KMST6) and HUVEC, Among these cell lines, the expression of
Colonic cancer (n = 4) /4 4/4

—  periostin mRNA was detected in HUVEC and PSC while little or
For the evaluation of the periostin expression, chi square test and  no expression of this gene was found in pancreatic and colonic
fisher exact test were performed. cancer cell lines (Fig. le). The quantitative real-time RT-PCR
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showed a difference in the periostin expression level and revealed
higher expression in normal cultured cells (PSC or HUVEC) than
in carcinoma cells (Fig. 1f). Western blot analysis also revealed
that the expression of periostin protein was detected only in PSC
but not in pancreatic cancer cell lines (Fig. 1g).

Periostin expression was increased in peritumoral stroma
_To del:rrnmc the source of periostin in hurrum pmcrunc cancer
fluorescence imm wh was
perf | using p and a-SMA antibodies on fmun tissue
sections, As shown in Figure 2a, stromal cells adjacent 1o carci-
noma cells coexpressed pcr!osun und a-SMA, suggesting that
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eral clones expressing periostin mRNA, we confirmed one clone
(PP1) which also expressed periostin protein (Figs. 4a-4c). A
morphological difference was observed between control (parental
and EV rransfected Pancl) and priostin expressing Pancl cells
(PP1). Control cells fundamentally showed loose cell attachment
luu:l scaﬂ:md murphnlogy like mesenchymal cells, while PPl
like appearance (Fig. 4d).

Expression of periostin-induced epithelial characteristics

To investigate whether the enhanced expression of periostin
would affect epithelial and mescm:hyma] markers in cultured -
mor cells in vitro, we performed i ence st and

periostin was localized in ymal cells, To compare the in-
tensity of gene expression between the carcinoma lesion and stro-
mal area, the ductal adenocarcinoma lesion and stromal arca were
carcfully microdissected and were subjected to quantitative real-
time RT-PCR (Fig. 2b). As shown in Figure 2b (b and c), stromal
cells expressed significantly higher level of periostin than did can-
cer cells. These findings indicate that stromal cells but not carci-
noma cells are a source of periostin in human pancreatic cancer
tissues.

Periostin plays an important role in epithelial
mesenchmal interaction

Because periostin is a secretory protein that was found abun-
dantly in the stromal area as described earlier, we analyzed the
effect of secreted periostin on pancreatic cancer cells. We estab-
lished 293T cells transiently expressing periostin and collected
the supermnatant where periostin expression was clearly detected
(Fig. 3a). Using this supematant, we i the cell
ability of Pancl cells by wound healing scratch assay. As “shown
in Figure 3b, Panc1 cells with the supemnatant from 293T-peri cells
did not cover the scratched area with migrating cells while those
with the supematant from control 293T cells showed many cells
in the scralched area, indicating that secreted periostin inhibits the
cell migration of pancreatic cancer cells. Taken together with the
results that stromal cells but not cancer cells were the source of
periostin, we hypothesized that secreted periostin from stromal
cells inhibits the migration of pancreatic cancer cells. Therefore,
we next investigated whether pancreatic cancer cells had an effect
on stromal cells in cocultured system. Pancl and ral PSC cells
were cocultured in a contact condition, as described in Material
and Methods, and the exy level of rat-periostin was deter-
mined after 24 hr of incubation by real-time RT-PCR analysis
using specific primers for rat periostin that did not recognize
human periostin (Fig. 3c). As shown in Figure 3d, the significant
induction of periostin mRNA that originated from PSC was
observed only when PSC was cocultured with Pancl, suggesting
that pancreatic cancer cells could induce the expression of perios-
tin in PSC,

To confirm the interaction between carcinoma cells and stromal
cells in vivo, pancreatic cancer cells (BxPC3) were subcutaneously
injected into nude mice with periostin overexpressing (KMSTp18)
or conirol fibroblastic cell lines with EV (KMSTG6). In all animals,
pancreatic carcinoma cells with control fibroblastic cells grew
faster than those with periostin expressing fibroblastic cells. In
addition, BXPC3 coinjected with KMST6 showed significantly
larger tumors compared with BXPC3 coinjected with KMSTp18
(Fig. 3¢). These findings suggested that secreted periostin from
stromal cells inhibit pancreatic cancer cell growth in vivo.

Generation of stable periostin-expressing cell line

Since secreted periostin suppressed the migration or growth of
pancrealic cancer cells in vitro and in vive, we postulaied that this
gene functions as a umor suppressor in pancreatic carcinoma
cells, Therefore, we generated stably expressing pancreatic cancer
cells. Pancl cells were transfected with periostin expression vector
and were cloned, and the expression of this gene was confirmed
by quantitative real-time RT-PCR and Western blot. Among sev-

blot analysis for epithelial and mcs:nchymnl markers on
periostin- or EV-transfected Pancl cells, As shown in Figure 3e,
PP1 cells showed dominant membrane-bound staining of E-cad-
herin and B-catenin while control cells (Pancl.EV) exhibited a
weak and diffuse distribution of epithelial markers. In contrast, the
expression of mesenchymal markers (vimentin and N-cadherin)
was reduced in PP1 cells compared with control cells (Pancl .EV).
Consistent with these findings, western blot analysis also showed
increased expression 01' epithelial mnrkcrs (ﬂ-cal:mn‘ E-cadherin)
and decreased exp of hymal s (N-cadherin,
Vimentin). These molecular changes implied that the induced
expression of periostin shifted the Panc] cells from the mesenchy-
mal to epithelial phenotype.

Expression of periostin results in interference with cell migration,
and spread in vilro

To assess the effects of periostin on pancreatic cancer prolifera-
tion, cell count assay (Fig, 54) and BrdU incorporation assay (Fig.
5) were performed. Neither of these analyses showed significant
differences in cell proliferation between controls and periostin-
expressing cells. To elucidate the function of periostin in the an-
chorage-independent growth of pancreatic cancer cells, we uti-
lized the soft agar assay. PP1 and control cells showed similar
numbers of eolonies on soft agar (Fig. 5¢).

We next examined the cell migration ability of PP1 cells by
wound healing scratch assay. As shown in Figure 54, Panc].EV
cells covered the scraiched area with migrating cells within 48 hr
but periostin expressing cells did not. The 2-chamber migration
assays also revealed significantly fewer PP1 cells migrating to the
lower chamber compared with the control cells (Fig. 5e).

To determine the activation of the Akt signaling pathway in the
periostin-overexpressing and control cells, we employed western
blot using a specific antibody for phosphorylated Akt Interest-
ingly, the phosphorylation of AKT was not observed in periostin-
overexpressing cells whereas it was weakly observed in control
cells (Fig. 5/).

Periostin has biphasic effects on the migration of pancreatic
cancer cells

Because these tumor suppressive effects of periostion were
inconsistent with previous studies in pancreatic cancer, we consid-
ered that the effect of periostin on the biological aggressiveness of
pancreatic cancer may depend on the concentration of this protein,
Therefore, we measured the concentration of periostin in the su-
pernatant of cell lines by ELISA, The concentration of supemna-
tants from 293T-peri cells, PP1 cells and PSC cells was approxi-
mately 150 ng/ml (Fig. 6a). We then examined whether the differ-
ences of the periostin concentrations affected the cell migration of
Panc1 cells. As shown in Figure 6b, periostin at 100 ng/ml of con-
centration suppressed migration of Pancl as assessed by wound
healing scratch assay. In contrast, 1 pg/ml of periostin induced
migration of Pancl. To elucidate the mechanism of the induction
of the cell migration, the d signaling pathways of peri-
ostin were investigated, We treated Pancl cells with 100 ng/ml or
| pg/ml of periostin and assessed Akt phosphorylation by Western
blotting. The phosphorylation of Akt was clearly induced when
Panc1 was treated with | pg/ml of periostin (Fig. 6¢, right panel),
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Figure 2 — The expression of periostin was found in stromal cells but not carcinoma cells. a, Double immunofluorescence staining reveals

i ation of penostin and aSMA in the pericyte and a1 human pancreatic cancer tissues. Penostin and aSMA expression v
n ur pencyte (amow in middle panel) and L background level ir 107 cells (arrow head in middle panel)
periostin and aSMA in stromal cells wa carcinoma cells (upper panel) while stromal cells around ves-

emonsiraled simultaneous expression the: ins (lower panel). Vessel cells showed intense coexp on of peri and
ession of periostin in microdissected cancer and stromal lesions in the pancreatic cancer. Total RNA was extracted from the
Toluidine blue-stained carcinoma stromal lesions were ¢ r and recovered in lysis buffer (a). The rea e
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Figuke 3 — Secreted periostin from stromal cells inhibited pancreatic cancer cell migration and tumor formation in nude mice. a, We estab-
lished periostin expressing 293T cells (293T-peri) and collected the supernatant. Cell lysate from 293T-peri cells and the supematant from these
cells were immunoprecipitated with anti HA antibody and then westemn blot analyses were performed using periostin (lower left panel) and HA
(lower right panel) antibody. b, The wound healing scratch assay of Pancl with or without the supernatant from periostin expressing 293T cells.
There were many migrated cells in the cell space after 48 hr culture with the conditioned media from control 293T, while few cells were
observed in the space when Pancl cells were cultured with media from 293-peri. ¢, Pancl cells and rat-PSC were cocultured in contact condi-
tions. Pancl cells were added 1o monolayer of rat-PSC. Total RNA was extracted after 24 hr incubation and was subjected to real-lime RT-PCR
to evaluate periostin expression. The expression of periostin mRNA in the rat-PSC was significantly induced when these cells were cocultured
with Panc-1 cells (d). e, BxPC3 cells together with KMST6 cells and those with periostin-overexpressing KMST6 cells (KMSTp18) were
injected into the left side and the right side of the same nude mice, respectively (left panel), The tumor volume was calculated by using formula
(V=L x W x05(Visvolume, L is length and W is width)), After 9 weeks, the mice were sacrificed. BxPC3 cells with periostin-overexpress-
ing KMST6 cells (KMSTp18) exhibited slower growth as well as smaller umor size in nude mice relative to those with control cells (right
graph). *p < 0.01.
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FiGune 4 - Induced expression of periostin resulied in reversal of EMT in pancreatic cancer cells. a: RT-PCR analysis of periositn mRNA in
several clones of periostin expression vector-transfected Panc | and 293T cells. Specific bands for periostin were observed in all transfecied cells
except the PP2 clone, b, Real-time guantitative RT-PCR analysis of periostin mRNA level in several periostin transfected Panc] cells and 2937
cells. ¢, Forced periostin protein expression is confirmed by immunoprecipitation and Western blot analysis using anti HA antibody. d, Phase-
contrast photographs of the Pancl series. Pancl and Pancl.EV cells exhibit fibroblastoid morphology, whereas PP cells exhibit a cuboidal epi-
thelial morphology. e, Immunofluorescent staining for epithelial markers (E-cadherin and f-catenin) and mesenchymal markers (vimentin and
N-cadherin) was performed in empty vector or penosun-transfected Pancl cells. The panels under the immunofluorescent staining showed the
resulis of Western blot analysis using the same antibody as in the upper panel and a-tubulin as loading control. Both methods clearly demon-
strated that the epithelial markers were down-regulated in Pancl.EV cells but up-regulated in PPlcells. Commensurately, the mesenchymal
markers were up-regulated in Pancl.EV cells, but they were down-regulated in PP1 cells

while its phosphorylation was reduced by the treatment with  Periostin inhibits cell growth and metastasis in nude mice

100 ng/ml of periostin compared to basal level (Fig. 6c, left To assess whether periostin suppresses tumor growth in vive,
panel). These observations clearly indicated the biphasic effect 2 x 10° of EV cells or PP1 cells were injected subcutancously
that the low concentration inhibited and the high concentration  into the dorsal flank of nude mice. The tumors arising from perios-
accelerated the migration of pancreatic carcinoma cells, at least in  tin expressing cells showed significantly slower growth and were
part, through the regulation of the activation of AKT smaller compared with those of Pancl.EV (Fig. 7a).




PERIOSTIN AND EMT IN PANCREATIC CANCER

b

relethve Brol incorporation assay™)

PancEV

*p<0.05

FiGure 5 - Periostin reduced the pancreatic cancer cell migration. a, Pancl and PP1 cells were seeded in a 6-well plate with normal growth
media. After 1, 2, 3, 4 and 5 days, cell numbers were counted vsing a hemocytometer, No significant difference was observed in these cells, b,
Panc] and PP1 cells were seeded in 96-well plaies. BrdU assay was performed afier 24, 48 and 72 hr incubation using a kit according 1o the
manufacturer's protocol. For each cell line the Proliferation Index was evaluated and the absorbance at 48 and 72 hr normalized to that at 24 hr.
¢, Equal numbers of Panc] cells either with the periostin expressing vector (PPL) or with the control vector (PancLEV) were grown in soft aga-
rose for 3 weeks. d, Periostin-overexpressing cells showed significantly slower migration compared with Pancl.EV. The scraiched area covered
by migrated cells was measured in 3 independent wells. Periostin expressing cells showed fewer migrated cells than control cells did. ¢, 2.5 x
10* Panc] cells transfected with empty vector or periostin expression vector were seeded into upper chamber in serum free condition and cells
that migrated toward the lower chamber, filled with media with 10% FBS as a chemoattractant, were counted after 24 hr, PancEV cells showed
greater migration to the lower chamber compared to PP1 cells. f, Immunoblot analysis of Akt phosphorylation. The level of phosphorylated Akt
was decreased in periostin-transfected cells as compared with control Panc cells,
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FiGuwg 6 — The effects of periostin on migration are dependent on
its concentration. a, After 24-hr incubation, periostin levels in the cul-
ture  su were de ined by ELISA. Dam shown are
expressed as means + 5D (n = 3). b, The wound healing scratch assay
after 48 hr incubation with the various concentration of periostin (0 to
| pg/ml). There were many migrated cells in the cell space after 48 hr
culture with | pg/ml of human periostin, while few cells were
observed in the space when Panc cells were cultured with 100 ng/ml
of human periostin. In addition, the pancreatic carcinoma cells treated
with 100 ng/ml showed fewer migrated cells in the cell space than
control cells did. ¢, Western blot analyses revealed that phosphoryla-
tion of AKT was induced when Panc-1 cells were treated with 1 ug/ml
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Figure 7 - Periostin significantly suppressed the tumor formation
and the metastasis to the liver in nude mice, a, Two million control
(Pancl.EV) cells or periostin-expressing (PP1) cells were injected
subcutaneously into the left and right side of each mouse, respectively,
The tumor volume was calculated by using the formula (V = L X W*
* 0.5 (V is volume, L is length, and W is width)), After 9 weeks, the
mice were sacrificed. PP cells exhibited slower growth as well as
smaller tumor size in nude mice compared with Pancl.EV cells. *p <
0.01, b, Exp of periostin reduced is of pancreatic carci-
noma cells in orthotopic implantation in nude mice. Pancl.EV and
PP cells were injeclgg into the pancreatic tail of nude mice to exam-
ine whether the expression of periostin suppresses pancreatic cancer
cell development. Seven of 7 mice with control cells and 6 of 7 mice
with PP| cells showed tumors in the pancreatic tail (arrow in B, upper
pancl) 9 weeks after orthotopic implantation, respectively. Six of 7
mice implanted with control cells demonstrated metastasis to the liver
(arrow head in B, left lower panel), while only | of 6 mice implanted
with PP1 cells showed metastasis to the liver

were observed in the pancreata of both of the mice implanted with
periostin-expressing cells and those with control cells, Interestingly,
the periostin-expressing cells did not metastasize to the liver while
multiple metastases to the liver were found in mice implanied with
control cells. These findings suggested that periostin could inhibit
melastasis lo distant organs (Fig. 7b).

Discussion

Periostin contains an N-terminal secretory signal peptide, fol-
lowed by a cysteine-rich domain, 4 internal homologous repeats
and a C-terminal hydrophilic domain, Periostin from osteoblasts
was originally identified to function as a cell adhesion molecule
for preosteoblasts and grccipimc in osteoblast recruitment, attach-
ment and spreading.’™'’ Recently, proteomic and microarray
profiling studies showed that periostin is up-regulated in pancre-
atic cancer tissues,'" However, it has been demonstrated that
periostin protein was mainly detected in the juxtstumoral stroma

of periostin (right panel) and was reduced by the with
100 ng/ml of periostin. The bar graph clearly showed the reduction
and induction of AKT phosphorylation by incubation with low con-
centration (100 ng/ml) and high concentration (1 pg/ml) of periostin,
respectively,

To further evaluate if periostin overexpression affects metastasis
in vive, we implanted the PP1 cells and control cells (Panc1.EV)
by injecting them orthotopically into the pancreatic tail of nude
mice, Nine weeks after the injection, mice were sacrificed. Tumors

comp s, while the tumor cells themselves showed no immu-
noreactivity. Consistently, quantitative real-time RT-PCR re-
vealed that periostin was not or very laintly expressed in pancre-
atic cancer cell lines, but it was strongly expressed in PSC.'*'* In
agreement with these findings, we also showed much higher levels
of both periostin mRNA and protein in stromal lesions compared
with those in cancer cells. In addition, PSC expressed larger
amounis of periostin than cancer cells did. From these findings,
we conclude that stromal cells are the major source of periostin in
human pancreatic cancer lissues,
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For most carcinoma, progression toward malignancy is accom-
panied by a loss of epithelial differentiation and a shift toward a
mesenchymal phenotype. This process, referred to as “epithelial
to mesenchymal transition (EMT)," intensifies the motility and
invasiveness of many cell types and is often considered a prerequi-
site for tumor infiltration and metastasis.”” Pancreatic cancer is
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from these cells was approximately 150 ng/ml which was 1/7
lower than that was used in previous study. Consistently, pen'cmin
was reported 1o suppress the invasiveness and metastasis of vari-
ous ca.n:mm-na cells, suggesting that pcnosun was a lumor sup-
pmssm * In addition, Hartel, er al, d ated that c

tive tissue growth factor (CTGF) was expressed dominantly in the

the fourth Iea.dsng cause of cancer-related deaths in the industrial-
ized world.*' Once pm_r:a[n: cancer is :l:n:cally evident, it rap-
idly develops , frequently by the time of diagno-
sis. In addition, these tumors are usually resistant 1o chcmothcrapy
and radiation.”*** Therefore, a new therapeutic strategy is re-
quired to improve the prognosis. We previously showed that Bone
Morphogenetic Protein 4 (BMP4) induced EMT in reatic can-
cer cells with up-regulation of MSX2, and inactivation of MSX2
by siRNA suppressed EMT and inhibited the growth and metasta-
sis of pancreatic cancer in vivo, suggesting that blockade of EMT
could suppress tumor development. Therefore, EMT could be a
candidate for a new therapeutic approach. 2435 In the current study,
induction of periostin expression to a lesser extent in pancreatic
cancer cells also resulted in a reversal of the state of EMT and
reduced the melastatic potential in vivo. Since periostin has bipha-
sic effect, it might be one of the key genes to regulate EMT
depending on the status of microenvironment.

Previous studies showed that penustm was up—regulaled in vari-
ous types of cancers such as the lung,® brain,* ovary,” breast,”’
colon'’ and oral cavity,™* and its serum level was reponed to be
high in panen:s with thymoma, non-small cell lung cancer'® and
breast cancer.” These reports suggested that periostin is involved
in tumor spread, invasion and melastasis. At the rm:l]c:ulu.r level,
pxru:snn actwatcd the AKUPKB signaling pathway'' through
avp3® or p4'? inlegrins to increase cell survival. These results
were enlirely opposile to our findings. Erkan et al. have reported
that periostin had biphasic effects on the Akt ph Ylation of

| area in ic cancer tissues and that patients showing
high CTGF mRNA expression levels had better prognoses, indi-
caling that desmoplastic reaction, a prominent stromal/fibrous
reaction in and around tumor tissues observed in most pancreatic
cances, p provides a growth disadvantage for pancreatic cancer
cells,™ This finding also supports the tumor suppressive effect of
periostin because periostin was shown to be the down stream tar-
get of CTGF.™ Although the discrepant effect of periostin for var-
ious tumors’ devel may be explained by its b ic effect,
it is not clear whether the desmoplastic reaction is a defense mech-
anism against cancer cell aprcadmg or a growth sdvantage for pan-
ereatic cancer cells.*'***” Since periostin was abundantly secreted
from PSC, which play a pivotal role in desmoplastic reaction,”
and periostin Im blphamc function to gain or decrease tumor
aggressi plastic reaction may work as tumor pro-
moter as well as tumar suppressor according to the expression
level of periostin. Further study will be required to clarify the role
of desmoplastic reaction and relation with periostin in pancreatic
carcinoma development,

In conclusion, we d ated that I cells are the source
of periostin in pancreatic cancer lissues. Pancreatic cancer cells
stimulate stromal cells to secrete periostin, suggesting that cross
talk between cancer cells and mesenchymal cells might further
increase the periostin production in the desmoplasia. Finally, we
have shown that overexpression of periostin to a lesser extent
resulted in the mitigation of EMT and suppressed tumor cell me-

pnm:rentic cancer cells. Thcy have shown that periostin signifi-
cantly d d the Akt p ylation at 2 dose of 100 ng/ml

L

while it increased its plmsphuryln!mn at 1 pg/ml."* Therefore, the
present results of periostin’s suppressive effects on malignant
behavior of pancreatic cancer cells may have been caused by its
low concentrations in the supemnatants of 293T-peri cells and PP1
cells. In fuct, the concentration of periostin in the supernatanis

and that high concentration of pe:inslin promoted the cell
migration. These findings suggesled that periostin is one of the
key factors 1o tumor ion to accelerate or
reduce umor activity.
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Up-Regulation of MSX2 Enhances the Malignant
Phenotype and |s Associated with Twist 1
Expression in Human Pancreatic Cancer Cells
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MSX2 is thought to be a regulator of organ develop-
ment and a downstream target of the ras signaling
pathway; however, little is known about the role of
MSX2 in the development of pancreatic cancers, most
of which harbor a K«as gene mutation. Therefore,
we examined whether the presence of MSX2 corre-
lates with the malignant behavior of pancreatic can-
cer cells, BxPC3 pancreatic cancer cells that stably
overexpress MSX2 showed a flattened and scattered
morphology accompanicd by a change in localization
of E-cadherin and f-catenin from membrane to cyto-
plasm. Cell proliferation rate, cell migration, and an-
chorage-independent cell growth were enhanced in
MSX2-expressing cells. Injection of MSX2-expressing
cells into the pancreas of nude mice resulted in a
significant increase in liver metastases and peritoneal
disscminations compared with injection of control
cells, Microarray analysis revealed a significant induc-
tion of Twist 1 expression in cells that express MSX2.
When MSX2 was inactivated in pancreatic cancer cells
following transfection with an MSX2Z-specific small
interfering RNA, Twist 1 was down-regulated. Immu-
nohistochemistry of human pancreatic carcinoma tis-
suc revealed that MSX2 was frequently expressed in
cancer cells, and that increased expression of MSX2
significantly correlated with higher tumor grade , vas-
cular invasion, and Twist 1 expression. These data
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indicate that MSX2 plays a crucial role in pancreatic
cancer development by inducing changes consistent with
cpithelial 0 mesenchymal wansition through enhanced
expression of Twist 1. (Am J Pathol 2008, 172:926-939;
DOL: 102353/ ajpath. 2008 070346)

Homeobox-containing genes have been shown to be
major regulators of morphelogical development of a va-
riety of organs, and their expression levels vary during
different stages of organ development.'? Msx2, a mem-
ber of the homeobox genes (Hox gene) family, is present
in a variety of sites, including premigralory cranial neural
crest, tooth, retina and lens, apical ectodermal ridge, and
mammary gland.*? In the development of these organs,
the expression patterns of this gene suggests Its active
involvement in epithelial-mesenchymal interactions.

On the other hand, enhanced levels of transcripts tor
MEX2, the human homologue of Msx2 (HOX-8), have
been shown in a variety of carcinoma cell lines of epithe-
lial origin compared 1o their corresponding nomal is-
sues. However, this enhanced expression is not found in
hematopoietic umor cells, suggesting that MSX2 plays a
mare important role in tumors of epithelial origin than in
those of hematopoietic origin,'® Expression of endoge-
nous MSX2 also is up-regulated in v-Ki-ras-fransfected
NIH3T3 cells."' Although MSX2 itsell failed to conter a
transformed phenotype, antisense MSX2 ¢DNA as well
as truncated MSX2 cONA interlered with the transtorming
activities of both the v-K-ras and v-raf oncogene.'' These
findings indicated that MSX2 might be an imporant down-
stream target for the Ras signaling pathway. In addition,
MEX2 activates cyclin D1 expression and inhibits cellular
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ditterentiation as shown in the mouse myogenic cell line
€2C12,"? suggesting a relation of MSX2 with tumarigenesis
since cyclin D1 overexpression is found in various carcino-
mas such as breast' ™ and pancreatic cancer.'®
Pancreatic cancer is one of the most malignant gas-
trointestinal tWumors. Once pancreatic cancer is clinically
evident, it progresses rapidly to develop metastatic le-
sions, frequently by the time of diagnosis. Furthermore,
these tumors are usually resistant lo conventional che-
motherapy and radiation therapy. The pathogenic mech-
anisms thal regulate the aggressive behavior of this can-
cer still remain to be clarified. Although most pancreatic
cancers (more than 90%) contain a K-ras gene multation
at codon 12,'%'7 little is known about the expression or
function of MSX2 as a candidate downstream gene of
K-ras in pancreatic cancer. Therefore, we tested whether
the presence of MSX2 would correlate with the malignant
behavior of pancreatic cancer cells. Here we clearly
show that MSX2-transfecled pancreatic cancer cells
demonstrate an enhanced malignant phenotype in vitro
and in vivo, and that intense expression of this gene is
frequently found in human pancreatic cancer tissues,

Materials and Methods

Cell Culture, RNA Extraction, and Reverse
Transcription-Polymerase Chain Reaction
(RT-PCR) for Cell Lines

Four pancrealic cancer cell lines (AsPC-1, BxPC3,
Panc-1, and MIAPaca?2) were purchased from American
Type Culture Collection (Manassas, VA), routinely grown
in modified Eagle's medium (Invitrogen, Grand Island.
NY) containing 10% fetal bovine serum (Miles, Kankakee,
IL) were maintained at 37°C in 5% CO, in a humidified
environment,

Human pancreatic stellate cells were isolated from the
surgically resected normal pancreas tissues of patients
with pancreatic cancer, under the approval by the Ethics
Committee of Tohoku University School of Medicine, The
cells were maintained in Ham's F-12/Dulbecco’s modified
Eagle's medium containing 10% heat-inaclivaled fetal
bovine serum (ICN Biomedicals, Aurora, OH), penicilin
sodium, and streplomycin sulfate. Human umbilical vein
endothelial cells and their optimized cullure medium
were purchased from Clonetics (San Diego, CA). Human
umhbilical vein endothelial cells were grown on 0.2% gel-
atin-coated tissue culture dishes (Corning, Coming, NY).

For cell RNA, total RNA was prepared using the
RNeasy kit (QIAGEN, Hilden, Germany) with DNase
treatment to eliminate DNA contamination according to
the protocal provided by the manufacturer. First-strand
cDNA was generated from 1 pg of total RNA using
HETROscripl (Ambion, Auslin, TX) in a total volume of
20 ul according to the manufacturer's protocol. PCR
was performed on 2 ul of RT product in a 25 ul of
reaction mixture using Ex Tag polymerase (Takara,
Ohtsu, Japan)with 3’ and 5° primer concentration of 10
pmol/l. each. Gene expression was normalized to re-
spective glyceraldehyde-3-phosphate dehydrogenase
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(GAPDH) level. The PCR conditions for our cDNA tem-
plates were optimized to ensure replication is in the
linear phase for each primer set used. To quantity the
gene expression level, we also exploited quantitative
real-time RT-FCR using LightCycler and LightCycler-
FastStart DNA Master SYBA Green | (Roche Diagnos-
tics, Basel, Switzerland). All reactions were periormed
according to the manufacturer's protocol. The anneal-
ing temperature for these primer sets was 60°C. The
specificity of sach PCR reaction was confirmed by
melting curve analyses. The level of target gene ex-
pression in each sample was normalized to the respec-
tive GAPDH expression level. Each experiment was
repeated at least three times, and representative data
are shown. The primer pairs used were: MSX2, forward
5'-GGAGCGGCGTGGATGCAGGAA-3' and reverse
§'-AAGCACAGGTCTATGGAACGG-3', which span lhe
approximately 3.5 kbp intron'®'¥; GAPDH, forward 5'-
GGGAAGGTGAAGGTCGGAG-3' and reverse 5'-GA-
GGGGGCAGAGATGATGA-3'; and Twist 1, forward 5'-
CACTGAAAGGAAAGGCATCA-3' and reverse 5'-GG-
CCAGTTTGATCCCAGTAT-3'.%"

Generation of MSX2 Overexpressing Pancreatic
Cancer Cell Lines

The PCR-amplitied coding region of human MSX2 (B08
bp, containing amino acids 1-267) using full-length hu-
man cDNA (provided by Dr. Takahashi, Kyoto University,
Japan) as a template was subcloned into the pCDNA3.1
v6 vector (Invitrogen Life Technologies, Carlsbad, CA) in
the sense orientation, Transfection of cells with expres-
sion vectors (MSX2 cDNA or vector alone) was per-
formed using FUGENE 6 (Roche, Indianapolis, IN) as
recommended by the supplier and cell lines were se-
lected with B0O pg/ml G418 (Invitrogen), After G418 se-
lection, clones were subjected to Western blot analyses
with a specific antibody against v5 (Invitrogen) to contfirm
MSX2 expression. Aflter establishment of empty vector
(EV) or MSX2-transfected clonal cell lines, the same pas-
sages were used for each experiment.

RNA Interference

The small interfering RNA for MSX2 (MSX2 siRNA) ex-
pressing vector was generated by cloning the following
annealed and BamHI and Hindlll digested oligonucleo-
tides into pBAsi-U6 Neo DNA vector (Takara Bio Inc..
Ohtu, Japan): 8-GATCCACACAAGACCAATCGGAAGT-
TCAAGAGACTTCCGATTGGTCTTGTGTTTTTTTA-3' anc
5'-AGCTTAAAAAAACACAAGACCAATCGGAAGICICT-
TGAACTTCCGATTGGTCTTGTGTG-3. This generates
siRNA directed against the sequence 5'-ACACAAGAC-
CAATCGGAAG-3', corresponding to nuclectide human
MSX2 at 409 to 428 (NCBI access number NM_002449)
under the control of the human UB promoter. The MSX2si
expression vector or emply vector was transfected inlo
Panc-1 cells using FUGENE 6 (Roche) as recommended
by the supplier. After G418 selection, clones werg sub-
|ected to RT-PCH to confirm MSX2 expression.
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Western Blot Analysis

For whole-cell protein extraction, cells were lysed by the
addition of lysis butfer (50 mmol/L Tris-Hel, pH 7.4, 1%
Nonidet P40, 0.5% sodium deoxycholate), Nuclear pro-
tein was extracted with nuclear and cyloplasmic extrac-
tion reagents (Pierce Biotechnology Inc,, Rockiord, IL)
according to the manufacturer's recommendations. Cy-
tosolic and membrane protein were exiracted using a cell
compariment kit (Qiagen) according to the manufactur-
er's protocol. Protein concentration in each sample was
delermined using the Bradiord assay kit (Dojin, Kum-
amoto, Japan). After addition of 5X sample buffer (1
molfL Tris-HCI, pH 6.8, sodium dodecyl sulfate, glycerol,
and bromphenol blue) the aliquots were boiled for 5
minutes and subjected to 12.5% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. After blocking for 1
hour at room temperature in a bulfer containing 10
mmol/L Tris-HCI (pH 7.5). 100 mmol/L NaCl, 0.1% Tween
20, and 5% dry milk, nitrocellulose membranes (Bio-Rad
Laboratories, Hercules, CA) were incubated either with
monoclonal mouse v5 antibody (Invitrogen), menoclonal
mouse monoclonal mouse B-catenin antibody (BD Trans-
duction Laboratories, Lexington, KY), polyclonal rabbit
Twigl 1 antibody (Santa Cruz Biotechnology, Inc, Santa
Cruz, CA), polyclonal lamin B1 antibody (Santa Cruz
Biotechnology. Inc.). polyclonal GAPDH antibody (Travi-
gen, Gaithersburg, MD), polyclonal TIMM23 antibody
(ProteinTech Group, Inc, Chicage, IL), or monoclonal
mouse a-tubulin (Santa Cruz Biotechnology) antibody over-
night at 4°C. The membranes were then washed with a
buffer containing 10 mmol/L Tris-HCI, pH 7.5, 100 mmolL
NaCl, 0.1% Tween 20 and incubated with anti-goat (Zymed
Laboratories, South San Francisco, CA), ant-rabbit, or
mouse-lgG coupled to peroxidase (Amersham Biosciences,
Buckinghamshire, LK) for 1 hour at room temperature, Reac-
live bands were detected using ECL chemiluminescence re-
apent (Amersham Biosciences), The obtained bands were
subjected to densitometry analysis by using Scion Image Soft-
ware (Scion Corporation, Fredenck, MD).

Fluorescence Immunohistochemistry

MSX2- or EV-transfected BxPC3 cells and EV- or MSX2s:-
transfected Panc-1 cells were grown to subconfluenice on
BO Falcon culture slides (BD Biosciences, San Jose, CA)
and fixed with ice-cold methanol (Wako, Osaka, Japan).
After blocking with normal goal serum, cells were incubated
with mpuse monoclonal E-cadhenn antibody (Santa Cruz
Biotechnology) or monoclonal mouse f-catenin antibody
(BD Transduction Labaratories) overnight at 4°C, and then
slides were incubated with fluorescein-conjugated goat ant-
mouse IgG (Jackson ImmunoResearch Laboratories,
Inc., West Grove, CA), Cells were then incubated with
propigium lodide (Wako) for nuclear staining and
mounted with Vectashield (Vector Laboratories, Inc.).
Cells were then incubated with propidium lodide
(Wako) for nuclear staining and mounted with Vectash-
ield (Vector Laboratories, Inc.). For double staining for
MSX2 and Twist-1, cells were fixed with ice-cold meth-

anol. After blocking with 3% bovine serum albumin in
phosphate-butfered saline, cells were incubated with
goat polyclonal anti-MSX2 antibody (Santa Cruz Bio-
technology. Inc.) and rabbit polyclonal Twist-1 anti-
body (Santa Cruz Biotechnology, Inc.) overnight at
4°C, and then slides were Incubated with Alexa Fluor
546 donkey anti-goat IgG (Molecular Probes, Eugene,
OR) and Alexa Fluor 488 donkey anti-rabbit IgG (Mo-
lecular Probes), respectively, and mounted with
Vectashield (Vector Laboratanies, Inc). Cells were wvi-
suahized for immunofluorescence with a confocal
TIRF-C1 microscope (Nikon Instech Co., Lid, Ka-
wasaki, Japan).

Cell Growth Assays

For the cell growth assay, 6000 MSX2-transfecled cells,
MSX2 antisense-transfected cells, or EV cells were
seeded per well in 96-well plates (Corning Incorporated,
Corming, NY) in normal cell growth media. The S-bromo-
2-deoxyuridine assay was performed after 24 hours and
72 hours of incubation using a kit (Roche) according to
the manufacturer's protocol. For each cell line the prolif-
eration index was evaluated and the absorbance at 72
hours normalized to that at 24 hours.

Soft Agar Assay

For soft agar assay, 4 x 10" transfected BEXPC3 cells
were suspended in 0.3% Bacto agar (BD Falcon) sup-
plemented with Dulbecco’s modified Eagle’s medium
containing 10% fetal bovine serum and layered over 1 mi
of an 0.8% agar medium base layer in six-well plates,
After 21 days, the cells were stained with nitroblue tetra-
zolium (Roche), and anchorage-independent growth was
eslimated by counting the number of colonies using a
microscope in high-power view.,

Scrape Motility Assay

Pancreatic cancer cells were grown to confluence in
24-well culure dishes (BD Falcon) with normal growth
media. The cell monolayer was mechanically scarred
with a sterile pipette tip, and the plates were incubated
with serum-free Dulbecco's modified Eagle’s medium for
an additional 2 to 4 days. Cells were visualized with an
Olympus model CK2 inverted microscope using 3 10X
objective. Images were captured in a time-lapse manner
with an Olympus C2000 digital camera. The scratched
area covered by migrated cells was measured in three
independent wells and normalized to initial scratched
area using Scion Image Software (Scion Corporation)

Two-Chamber Migration Assays

Cell invasion was also determined by using a modified
two-chamber migration assay (8-mm pore size, BD Bio-
sciences) according to the manufacturer's instructions, A
total of 1 x 10° cells were seeded in serum-tree medium
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in the upper chamber, and migration during 24 hours
toward the lower chamber that contained 10% fetal bo-
vine serum as a chemoattractant was evaluated. Cells in
the upper chamber were carefully removed using a col-
ton bud, and cells at the bottom of the membrane were
fixed and stained with Diff-Quick (International Reagents
Corp., Kobe, Japan). Quantification was performed by
directly counting in random 5 high-power fields after 24
hours of incubation.

Tumor Growth in Nude Mice

Tumor formation in vivo was assayed in female athymic
nude mice by subcutaneously injecting each of 2 x 10°
cells suspended in 200 wul of sterile phosphate-buflered
saline. Tumar volume was measured every week after the
first incidence of tumor formalion. Volume was deter-
mined by the equation V = L X W? x 0.5, where V is
volume, L is length, and W is width. The mice were
sacrificed 7 weeks after injection and confirmed the his-
tology confirmed by hematoxylin and eosin staining.

Orthotopic Implantation

To assess melastasis formation, MSX2-, MSX2si-, and
emply veclor-transfected pancrealic cancer cells (1.5 %
10°® cells suspended in 50 ul) were injected inlo the
pancreatic tals of female athymic nude mice. The mice
were sacrificed 7 weeks after injection and tumor pro-
gression was confirmed. Histology was evaluated by he-
matoxylin and eosin staining.

Microarray

CodelLink Whole Human Genome Expression Bioarray
(Amersham Biosciences), representing approximately
55,000 of the most well annotated human genes pub-
lished in public databases, was used for cDNA microar-
ray analysis. The platform employs single-color detection
rather than a dual-color detection system, where multiple
experiment comparisons are possible without replicating
the relerence sample. Procedures were performed ac-
cording to the manufacturer's protocal, and all reagents
were provided in the Codelink Expression Assay Kit
{Amersham Biosciences). In brief, 10-pg aliquots of total
RANA was fragmented at 94°C for 20 minutes in the pres-
ence of magnesium. The fragmented RNA was hybrid-
i1zed to Uniset Human Whole Genome Expression Bioar-
ray slides in hybridization buffer at 37°C for 24 hours in an
INNOVA 4080 shaking incubator (New Brunswick Scien-
tific, Edison, NJ) al 300 rpm. After hybridization, Ihe ar-
rays were washed in 0.75X TNT buffer [1X TNT: 0.1 mol/L
Tris-HCI (pH 7.6), 0.15 mol/L. NaCl, and 0.05% Tween 20]
at 46°C for 1 hour followed by incubation with CyS-
streptavidin at room temperature for 30 minutes in the
dark. Arrays were then washed in 1X TNT four times for 5
minutes each lollowed by a nnse in 0.1X standard saline
citrate/0.05% Tween 20 in water. The slides were then
dried by centrifugation and kept in the dark until
scanning.

Gene Expression Data Analysis

Array slides were scanned using an Array WoRx (GE
Healthcare Bio-Sciences Carp., Piscataway, NJ), and ex-
pression values were measured and manipulated subse-
quently by Codelink Expression Analysis version 4.0
software (Amersham Biosciences). Each array contains a
total of 55,776 spots, of which 54,840 are for human
(nonbacterial) genes. Among the 54,840 gene expres-
sion values, low-intensity spots whose values were less
than the detection threshold were all adjusted to the
threshold. All good quality spols indicated by “G” llag as
well as the low-intensity spots indicated by “L" were
further processed for the statistical analysis. Those spots
with poor quality were excluded from the analysis. Sta-
tistically, 54,530 spols were detected as either “G" or “L*
flag in both experiments (B3-EV versus B7), thus most of
genes are subsequently used in the following analysis.

To normalize data we compared the gene expression
values from the two experiments and drew an intensity-
ratio plot (MA plot). For each data point, an intensity (A)
dependent normalization method (LOWESS)?! s appled
for adjusting the ratio (M) value, In LOWESS, we used the
simple adjusting method that is log,M — c(A). where c(A)
Is the mean ratio of the nearest 10,000 data points sur-
rounding the current data point. After the calibration of M
values, P values for evaluating how significantly those M
values were apart from the mean were oblained under a
cumulative normal distribution model whose variance Is
calculated with the same 10,000 data points. The array
data were deposiled in the National Center for Biotech-
nology Information Gene Expression Omnibus database
(GSEB585).

Tissues, Immunohistochemistry, and
Fluorescence Immunohistochemistry

Pancreatic cancer tissues were obtained from patients
who underwent surgical operations for the tumors. The
tissues collected at the time of surgery were iImmediately
embedded in Tissue-Tek C.C.T. compound medium
(Sakura, Tokyo, Japan), frozen in liquid nitrogen, and
stored at —80°C or fixed in 10% paraformaldehyde aver-
night and embedded in paraffin wax. Thirty two pancre-
alic cancer lissues were used for the immunohistochem-
istry. The grade of differentiation and the stage of
pancreatic cancer were determined according 1o meth-
ods described previously. *##3 Informed consent was ob-
tained from all patients before surgery.

Localization of MSX2 and Twist 1 in human pancreatic
tissues was investigated by immunohistochemistry, The
tissue sections were deparatfinized and antigens were
retrieved by boiling the sections in Target Retrieval Solu-
tion (Dako, Carpinteria, CA} in the microwave oven. Then
the sections were Incubated in methanol with 0.3% hy-
drogen peroxide for 30 minutes to block the endogencus
peroxidase activity. Therealler, the Hislofine kit (Nichirel,
Tokyo. Japan) for MSX2 (Santa Cruz Biotechnalogy, Inc.)
or the Santa Cruz staining kit for Twist 1 {Santa Cruz
Biotechnology, Inc.) was used. Visualization of the immu-



830 Satoh et al
Al April 2008, Vol 172, N 4

noreaction was performed in 0.06 mmol/L 3,3 -giamino-
benzidine tetrahydrochloride (Dojin, Kumamoto, Japan)
containing 2 mmol/L hydrogen peroxide in phosphate-
buftered saline for several minutes at room temperature.
For the negative control, the immunostaining processes
were performed by replacing the primary antibody with
phosphate-buffered saline. The negative control sections
showed no specific immunoreactivity. In addition, the
specificity of antibody was determined in an absorption
test using an excess amount of blocking peptide for
MSX2 antibody (sc-17728 P, Santa Cruz Biotechniology,
Inc.). Fluorescence immunohistochemistry was per-
formed described above using B-um sections from the
frozen lissues.

The degree of immunostaining for MSX2 was evalu-
dled as follows: negative, less than 5% positive cells
found; weak, 5 10 30% positive cells observed; moderate,
30 to 75% positive cells observed; intense, more than
75% immunareactive cells observed in most areas of the
fissue sections, The immunostaining for Twist 1 was
judged positive when more than 10% of positive nuclear
cells was observed. The evaluation ol immunostaining
was done Independently by two observers (K.S. and
A.K.) who had not been informed of the histological
diagnosis.

Statistical Analysis

The computer software StatView for Macintosh (Abacus
Concepts, Berkeley, CA) was used for all statistical anal-
yses. The correlation of MSX2 expression with the pa-
tient's clinicopathological variables and the correlation
between orthotopic injected mice and metastasis or dis-
semination were analyzed by the x” test. The differences
among the cells tor proliferation and anchorage-indepen-
dent growth were statistically analyzed by analysis of
variance. The difference between two groups was statis-
tically analyzed by unpaired t-test or Mann-Whitney U-
test. A P value of <0.05 was regarded as statistically
significant,

Results

Detection of MSXZ2 Expression in Pancreatic
Cancer Cells

First, we examined MSX2 expression in pancreatic can-
cer cell ines and compared their expression level to
pancreatic stellate cells or human umbilical vein endo-
thelial cells. The quantitative real-time RT-PCR showed a
difference in the MSX2 expression level of each cell line
and revealed higher expression in carcinoma cells than
in normal cultured cells (pancreatic stellate cells or hu-
man umbilical vein endothelial cells (Table 1), MSX2 ex-
pression was intense in Panc-1 and ASPC-1 cells, weak
in MIAPaCa2, and very faint in BxPC-3 cells. Interestingly.
the expression level of MSX2 was higher in K-ras gene-
activated cell lines than in wild-type cell line BxPC3#4
(Table 1). The expression level of MSX2 in BxPC3 cells
was similar to 1hal of normal cultured cells, suggesting

Table 1. Helaive Expression of MSX2 in Vanous Cell Lines
and K-rus Mutation
Relative
MSX2 K-ras
Cell expression mutation®*
Panc-1 1 +
AsPC-1 0.87 +
MIAPaca2 (1] +
BxPC3 0.02 ==
Pancreatic stellate cell 0,01 ND
Hurman umbilical vein 0.001 ND
endothelial cell
ND, not done,

that this did not function as a carcinoma-related gene in this
cell line. Therefore, we chose BxPC3 cells to confirm the
effect of MSX2 in the gain-of-function manner.

Generation of Stable Forced MSX2-Expressing
and Inactivated Cell Lines and Morphology of
These Celis

The MSX2- or MSX2si-translected cells were cloned and
subjected to Western biot analysis or quantitative real-
time RT-PCR to confirm the expression of vS-agged
MSX2 protein or MSX2 RNA, respectively. We generated
several clones of BxPC3 stably overexpressing MSX2
and Panc-1 stably expressing MSX2si; representative
clones are shown in Figure 1. A significant morphological
difference was observed belween MSX2-transfecled
cells (B21 and B7) and control cells (parental BxPC3 and
B3-EV). As shown in Figure 1B, B21 and 87 cells showeo
loose cell junctions and scattered morphology refative to
control cells. The MSX2-expressing cell lines, B21 and
87. demonstrated a more fibroblast-like appearance
compared to parental and B-3EV cells, This alteration of
morphology resembled a mesenchymal phenotype
rather than the usual phenotype of BxPC3, indicating that
lhe cells were undergoing epithelial to mesenchymal
transition (EMT) by MSX2 overexpression. A similar mor-
phological change was observed between MSX2-gx-
pressing and down-regulated Panc-1 cells. As shown in
Figure 1D, MSX2-expressing parental Panc-1 and EV
cells showed loose cell junclions and scattered morphol-
ogy, whereas the MEX2 down-regulated cell lines, si201
and si215, demonstrated a cobblestone-like phenotype.

To determine whether forced expression of MSX2 led
to changes consistent with EMT, we examined immuno-
fluorescence staining for epithelial markers such as E-
cadherin and B-catenin on MSX2-expressing and down-
regulated pancreatic cancer cells. As shown in Figure
2A, BxPC3 cells transfected with MSX2 exhibited weakly
diffuse distribution of E-cadhenn and g-catenin in the
cyloplasm, whereas conlrol cells (B3-EV) showed domi-
nant membrane-bound staining. Consistently, Western
vlotting showed that the expression of E-cadhenn was
decreased and Ihat nuclear and cytosolic expression of
p-catenin was Increased, whereas membranous fB-cate-
nin expression was reduced in MSX2-expressing cells
(Figure 2, C and D). These molecular changes in MSX2-
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Figure 1. Morphalogical changes in MAX2- and MSX2siqmansfeoed celis. Ar Foroed MSX2 protein expression is confimed by 5 tag in B21 and B cells by
Western blod using anti-vS antibody, Stable MEX2-cxpressing cell dlones wen: generated by G418 selection afier iansfection of MSX2 cxpression vecton ino BxPC3
whose MSXZ expression g lowest among the examined pancreatic cancer cell lines. B: Stable MSXZ-expressing BXPC3 clones (B21 and B7) show loose cell
comacts and have a filwoblast-like cell appearnee relative o empty vecmr-ransfected control cells (B-3EV) and parental BxPC3 cells. Original magnification, X 14
C: MEX2 Inactivation s confirmed by quantitative real-ime BT-PCR, This method cleardy demonstrates the reduction of MSX2 expression in 8i201 and 5215 cells
vompared to EV and parentil Punc-1 cells, Expression of MSX2 mENA was donmahized o tiat of GAPLDH mBNA. Values ure expressed relutive to 100 for

expression in Pance1 cells. D: Parental Panc-1

and EVamnsfected cells show loose cell contacts and more fibwoblust-like phenoype than MSX2 inactivited cells

Es 200 anid 512150 MSX2 dhowreregulated evlls changoed momphiology we cobblestone-ike sppeanmoe. Origlnal magnitlcation, # 10

expressing cells are consistent with EMT. On the other
hand, fluorescence immunostaining and Western blotting
demonslrated that the membranous expression of E-cad-
herin and p-catenin was increased in MSX2si cells,
whereas cytoplasmic or nuclear expression of these pro-
teins was up-regulated in control cells (Figure 2, B-D).

MSX2 Promoted Growth Rate and
Anchorage-independent Cell Growih of
Pancreatic Cancer Cells

To assess the effects of MSX2 on pancreatic cancer cell
proliferation, a 5-bromo-2-decxyuriding assay was used
521 and B7 cells showed signilicant induction ol prolil-
eration after 72 hours of culture with normal medium
compared to contral cells (BxPC3 versus B7, P = 0.032;
BxPC3 versus B21, P = 0.032, EV versus B7, P = 0,003,
EV versus B21, P = 0.006) (Figure 3A). To elucidate the
functions of MSX2 in anchorage-independent growih of
pancreatic cancer cells, we used the sofl agar assay.

BXPC-3 cells overexpressing MSX2 showed a large num-
ber of colonies on soft agar, whereas parental and B-3EV
cells showed very few colonies after 3 weeks of culture on
soft agar (Figure 3B and Supplementary Figure S1A st
hitp:/ajp.amjpathol.org). Fourfold and sixfold more colo
nies were seen with B21 and B7 cells, respectively, comi-
pared to control cells (P < 0.05).

MSX2 Facilitated Cell Migration

We next examined the cell migration ability of MSX2-
expressing and down-regulated pancreatic cancer cells
by a wound-healing scratch assay and twa-chamber mi-
gration assay. Because serum has been shown fo acti-
vale milogen-aclivated protein kinase 2* the wound heal-
ing scratch assay was performed under serum-starved
conditions. As shown in Supplementary Figure S1B
(http://ajp.amipathol.org) and Figure 3¢, MSX2-express-
ing pancreatic cancer cells covered the scratched arez
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with migrating cells in serum-starved conditions but
B-3EV cells did not. The bar graph clearly shows that the
number of migrated cells increased in a MSX2-depen-
dent manner, ndicating that MSX2 promoted cell migra-
tion (Figure 3C). In conltrast, fewer MSX2 down-regulated
cells (si201 and si215) migrated into the cell-free zone
compared lo the vector control cells (EV) (Figure 3C and
Supplementary Figure S1C al http.//ajp.amjpathol.org), in-
dicating that down-regulation of MSX2 is associated with
suppression of cell migration. To exclude the effect of
proliferation to covered area in the scratch assay, we
further examined the cell migration by the Transwell as-
say. As shown in Figure 30, MSX2-expressing cells (B21
and B7 in upper panel, and EV and Panc-1 in lower
panel) showed the large number of cells compared to
MSX2 down-regulated (si201 and si215 in lower panel) or
lower-expressing cells (EV and BxPC3 in upper panel).

MSX2 Promoted Cell Growth in Nude Mice

Te determine whether MSX2 cells also promote tumaor
growth in vivo, 2 X 10% of EV cells or MSX2-expressing
cells (B7) were injected subcutaneously into the dorsal
flanks of nude mice. One week after injection, tumars
pegan to appear in all B7-injected and some of the EV-
injecled nude mice. MEX2 derived lumors showed sig-
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3 Figure 3. MSX2Z enhances pancresiic eancer
Eas | cell proliferation, colony formation on soft agar
i and migration, The S-bromo-2-deaxyuridine as-
say was wed to examine cell proliferation after

" 72 hours of culture in normal growth medium

E BxPC3 cells stably expressing MSX2 show 3 sig-
nificunt increase in cell prolifertion. Sttstol

g 2 | significance was obscrved betwenn BV anid W7
= 0003, BV and B2) (s 0006), BxPCEand

L BY (P = 0.014), and BxPCS and B21 (P = 00532)
(A), To determine the anchorage-independent
grewth of MSXZ-expressing cells, we wsed solt
agar assay. After 21 days of culture on soft agar
cells were stained with nitroblue tetrzolivm
and colonies were counted. Sixe and fouodold
miwe colonies are lonmed by BT and B21 cells
respectively, compared to control parentl and
B-AEV cells. Sutisticul significance was seen be-
tween EV and B7 (P = 0.003), EV and B21 (P =
D), BxPCA ard BT (P = (L014), and BxPCS
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13 Coll migrathon was furthor cvaluanal by i
chamber migration assay. Cells thar migrated 10
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nificantly faster growth and formed large tumors relative
to those arising from EV cells (Figure 4A and Supplemen-
tary Figure S2A at hitp://ajp.amjpathol.org).

MSX2 Promoted Metastasis and Peritoneal
Dissemination

To assess whether MSX2 expression also promotes cell
migralion or metastasis formation in an orthotopic envi-
ronment, 1.5 % 10% EV cells, MSX2-expressing cells (B7),
or MSX2si cells (si215) were injected into the pancreas of
nude mice. Tumors were observed in the pancreas of
mice implanted with all MSX2-expressing or MSX2si cells
and control celle, MSX2-expressing cells frequently
showed metastases to the liver (3/5, P < 0.05) and peri-
toneal dissemination (5/5, P < 0.01) while control cells
demonstrated no liver metastasis or only one peritoneal
invasion (Table 2 and Supplementary Figure S2, B-D, at
http://ajp.amjpathol.org). In addition, histological exami-
nation revealed that MSX2 cells exhibited increased In-
tercellular separation and loss of cell polarity (Figure 4B,
d, f, and g) compared lo those produced by EV cells
(Figure 4B, b and e). On the other hand, the metastasis (o
the hver (O/5) and peritoneal dissemination were sup-
pressed (0/8) in mice injected with MSX2 down-regulated
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Table 2. Summury of Ornthotopic Implantation of
MSX2-Expressing or Tnactvated Cells
m Nude Micc
Mstastasis Dissemination
N 1o liver o peronsum
B-3Ev 5 o 1
87 5 3 5
EV (Fanc-1) 4] 4* 3*
MSXZs (Panc-1) 5 0 o

‘P < 0.005; “P < 0,01, "P < 0.005 (¥* test)

cells, whereas mice implanted with control cells showed
frequent liver metastasis (4/5, P < 0.005) and peritoneal
dissemination (3/5, P < 0.05) (Table 2 and Supplemen-
lary Figure S2, E and F, al http//ajp.amjpathol.org). Tu-
mors formed by control cells showed poorly differentiated
fibroblast-like cells by histological examination (Figure
4C, lefl panel), while MSX2-inactivaled cells formed
mixed phenotype tumors where tubular type carcinoma
cells were occasionally found (Figure 4C, nght pansl),
indicating that MSX2 inactivation resulted in a reversal of
the state of EMT,

MSX2 Up-Regulated Twist 1 Expression

To better understand the mechanisms underlying the
effect of MSX2 in pancrealic carcinoma cells, we

searched lor differentially expressed genes in EV ang
B7 cells by ¢cONA microarray analysis. Among the
genes signiticantly up-regulated by MSX2, we found
Twist 1 as one of the most strongly induced genes in
B7 compared to EV cells (Figure 5A). To confirm the
result from the microarrays, RT-PCR and Westem blot-
ting were employed, using specific primers and anti-
body for Twist 1, respeclively. As shown in Figure 5B
Twist 1 expression was induced in MSX2-expressing
cells (B7 and B8, which expressed MSX2 weakly as
shown in the upper panel in Figure 5B) compared to
EV cells. In addition, the level of Twist 1 expression was
consistent with that of MSX2. In addition, we examinad
double-fluorescence iImmunostaining 1o assess whether
Twisl 1 and MSX2 are coexpressed in pancreatic can-
cer cells. As shown in Figure 5C, MSX2-transfected
BxPC3 showed simultaneous expression af these pro-
teins in cancer cell nuclei; no coexpression was seen
in empty vector-transfected BxPC3. Similarly, empty

Figure 4. MSX2 enbunced tumodgenesis and
metastaxis in nude mice (A=C), Two million
control (HEEV) colls o MSX2-cxprossing (B7)
eeils were injected subcutaneously into the left
and right sides of cach mouse, respectively. Al

ter 7 weeks, mice were sacnifioed, and B7 eells
exhibited rapid growth as well as greater tumes
size in e mice relative 10 B-3EV eedla, *f <
005, =P < 00 (A) Oethotopie implamtztion «f
MSNZ-exprossing oells shows sipraficanily mese
evidences of the lhver metastases and peritoneal
tlisserunation (B). A total of 15 > W° BREV
and KT cells were injecied intn the pancrestic
talls of mude mace, Mice were aaorificed after 7
weeks, and development was examined Con
tresd oells sherw smmall turmdr without invasion &
anuther ite, while Msx2Z-cxpreasing cells dem

onstrate ver mctastases (arcowhead in ¢) or
giunt tumaors invading the abdimmnal wall ()
Increased mercellular separation and o of
polarity are observed in tumors formed by 157
cells (d, T and g) but not in umcrs from 40y
cefis (b and ). B, e and g. are Nigh-pomver view
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Figure 6. Expression of MSX2 and the association of s cxpreasion with
Twist 1 in humun pancreatic carunoma tssues. Ar MSX2 expression in
human pancroaine crcinoma ssuc was investigated by mmunohisiochem
sy, Intense nuclear expeession of MSX2 is detecied in poorly (a) and
maodertcly differentiated (c) pancreatic carcinoma cells, while no detectable
level of MSX2 s present in well differentiates) pancreatic carcinoma cells (b
d: The abscxrption test using an excess amount of blocking peptide for MSX2
antibeadly wus performied in the senal section corresponding 10 €, No nuclear
staining wits found in the secoon. Seale bar = 50 pm. B: Correlation of these
prodeins was coafirmed by duible immunoflioescence staining (a—c) for
MEXZ and Twist | or ntvmunostuining (d and e) in serial human pancrestic
cancer msues. The expression of Twist 1 (a) and MSX? (b) was observed in
nuclel o in cytoplasm of pancrestic cancer cells. Original magnitication
¥ 20, The yellew nuclen saining indicates coexpression of MSX2 and Twie
1 in eancer cell michel (€). Original magnification, %20, Immunchistochem.
wiry also showed nudear expression of Twist 1 (d) i the senal secuon of
maberate te poorly dilferentiated penerraihe cancinoma oells expressing
MSXZ fe), Scale bwr = S0 pm ind andl e

ure 6B, a-c) and was significantly associated with in-
creased expression of MSX2 (P = 0.0009, Table 4).

Discussion

EMT is characlenzed by disassembly of cell-cell con-
tacts, reorganization of the actin cyloskeleton, and cell-
cell separation brought on by B-catenin relocalization.
Together these evenis resultl in fibroblast-like cells with
mesenchymal marker expression and migratory proper-
ties during embryogenesis.”*” This transition is consid-
ered 10 be an impertant event during malignant tumaor
progression and metastasis.”®® On the other hand,

Table 3. Corclation berween Clinicopathologic Findings
and MSX2 Expression
MEX2 staining
<30% »>30%  Pvalue’
Age 0.96
<80 4
=60 10 13
Gender 0.34
Mala T 12
Female 7 6
Stage 0.957
I 1 2
[} | 1
n 4 4
v ;] 1
T classification o9
T1 1 2
T2 3 3
T3 6 a
T4 4 5
Lymph node metastasis 0.41
Negaliva 2 6
Positive 12 12
Histological classilication 0.00436
Well ] 2
Modorately 6 9
Poorly ] 7
Lymphatic invasion 0.365
LyD 2 5
Lyt 7 3
Ly2 4 v
Ly3 1 0
Vascular invasion 0.00003
v0 0 3
vi 6 1
ve 8 1
v3 0 12
Perineutral invasion 0.257
no 1 5
ni 5 2
n2 3 3
n3 ] 7

*Analyzed by y* lesl,

B-catenin/LEF-1 signaling has been shown to be up-
regulated during EMT in mammary epithelial cells stably
expressing c-Fos.* Induction of EMT by this signaling
pathway was also reported in other eplthelial cell
lines,3'? indicating that the B-catenin pathway plays a
crucial role in EMT, Thus the reporis that induction of
MSX2 by B-catenin/LEF-1 signaling™ and that MSX2-
transduced mesenchymal
creased nuclear g-catenin localization™ raised the ques-
tion of whether or not MSX2 itself could lead the epithelizl

10T1/2 cells exhibited in-

Tabhle 4. Corrclation berween Nuclear Expression of Twist |
and MSX2
Twist 1
10% > nuclear 10% < nuclear
staining staining P yalye®
MSX2 0.0008
exXprassion

=30% 13 1
=>30% 5 13

“Anatyzed by y¥ test



