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Endoglin (CD105) and SMAD4 regulate spheroid
formation and the suppression of the invasive
ability of human pancreatic cancer cells
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Abstract. In this study, we investigated the ability of pancreatic
cancer cell lines to form spheroids with the aim of identifying
factors involved in cell invasiveness, a property that leads to a
poor prognosis in pancreatic cancer. For this purpose, 8 cell
lines derived from human pancreatic cancer tissues were
cultured in non-adherent culture conditions to form spheroids,
as well as normal monolayers. The morphology of the cells
was observed and spheroid diameters measured. mRNA
expression was compared between cells cultured under both
culture conditions. The gene knockdown of endoglin (ENG)
and SMAD4, components of the transforming growth
factor-f (TGF-P) signaling system, using siRNAs was
conducted in spheroids in order to identify affected protein
signaling factors, determine the morphological changes
occurring over time and to measure the invasive capacity
of the cells constituting spheroids. The cell lines exhibited
differences in their spheroid-forming abilities. The expression
of SMAD4 and ENG concomitantly increased in the cells that
formed spheroids. SMAD4 was transported into the nucleus
when spheroids were formed. The expression of ENG was
decreased in the cells in which SMAD4 was knocked down; by
contrast, the expression of BMP and activin membrane-bound
inhibitor (BAMBI) and noggin (NOG), further components of
the TGF-f signaling system, increased. In the cells in which
ENG was knocked down, the decreased mRNA expression of
TGF-p receptor type 2 (TGFBR2) and SMAD9Y was observed,
as well as a change in the expression of pPSMADI1/5/9, and a
tendency of spheroids to decrease in size. Spheroids cultured
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on Matrigel exhibited a tendency towards a reduction in size
over time, as well as a tendency to invade into the Matrigel. In
particular, the cells in which ENG was knocked down exhibited
spheroids which were reduced in size, and also exhibited an
increase in invasiveness, and a decrease in adhesiveness. Thus,
our data indicate that in pancreatic cancer cells, the expression
of ENG may be controlled by a pathway mediated by SMADA4.
In addition, ENG was found to be related to the spheroid-
forming ability of cells and to be involved in the invasive
capacity of pancreatic cancer cells.

Introduction

Worldwide, the mortality rate due to pancreatic cancer is
higher than that of other organ malignancies, with pancreatic
cancer being one of the tumors associated with the poorest
prognosis (1). The reasons for this include the difficulty in
the early detection of pancreatic cancer due to the pancreas
being an underlying organ and due to the fact that the disease
is already at an advanced stage by the time the symptoms
manifest themselves. Furthermore, pancreatic cancer easily
invades into adjacent organs, with the frequency of metastasis
to other organs also being high (2). As mentioned above, a
number of observed features define the prognosis of pancreatic
cancer; however, the biological characteristics of this type of
cancer may also strongly contribute to the prognosis. More
than 90% of pancreatic cancer cases are pancreatic ductal
adenocarcinoma (PDAC) that develops from the pancreatic
ductal epithelium (3); however, the development and progres-
sion of PDAC remain unclear. In particular, the progression
of PDAC is associated with characteristics that are not found
in malignant tumors of other organs. For example, pancreatic
cancer tissues become highly fibrotic, allowing tumor cells to
easily migrate and invade into such an abundant tumor stroma.
Similar to tumors affecting other organs, pancreatic tumor
cells can migrate and invade as single cells; however, they are
also characterized by the ability to invade, while maintaining
their binding ability between individual tumor cells, and also
their glandular structure (4). The mechanisms associated with
an invasive phenomenon whereby cells invade into the solid
stroma as a group, rare in malignant tumors affecting other
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organs, are unexplained, and many aspects have yet to be clari-
fied.

Genetic abnormalities define the biological properties of
tumor cells (5). Previous studies have demonstrated this to also
be true in pancreatic cancer. Particular and specific genetic
abnormalities have been found more commonly in pancreatic
cancer as compared with malignant tumors affecting other
organs (6). A KRAS genetic abnormality is representative of
such abnormalities, and point mutations of KRAS have been
found in ~80% of pancreatic cancers (7). In addition, genetic
abnormalities in CDKN2A (8), TP53 (9), SMAD4 (10) and in
other genes occur more frequently in the pancreas and are
more specific than in other organs. Of these genes, SMAD4 is
inactivated in about a half of all pancreatic cancers although
this is generically known as a tumor suppressor gene (11).
As with KRAS, the frequency of SMAD4 inactivation is low
in malignant tumors affecting other organs. Furthermore,
the inactivation of SMAD4 is related to an exacerbation of
the prognosis of pancreatic cancer (12). SMAD4 travels into
the nucleus after forming a complex with R-SMAD, which
is phosphorylated by a ligand, such as transforming growth
factor-f (TGF-f) and bone morphogenetic protein (BMP) acting
on the TGF-f3 receptor, and, as a transcription factor, regulates
the expression of a number of genes (13). In comparison,
endoglin (ENG, also known as CDI105) is a transmembrane
glycoprotein of ~180 kDa in size, known as a TGF-f3 accessory
receptor (14). ENG is expressed in vascular endothelial cells,
particularly at high levels in growing vascular endothelial
cells, and is involved in angiogenesis (14). Few studies exist
on the expression of ENG in tumor cells themselves; however,
its expression in gastrointestinal stromal tumors (15), as well
as breast (16), ovarian (17) and pancreatic (18,19) cancers, has
been confirmed.

This study aimed to clarify the mechanisms involved in
pancreatic cancer cell invasion, while maintaining duct forma-
tion, a peculiar biological characteristic of pancreatic cancer
in vitro. More specifically, we used cell lines derived from
human pancreatic cancers in order to clarify the association
of ENG, found after searching for factors related to spheroid
formation in such cells, with epithelial-mesenchymal transi-
tion (EMT), as well as to elucidate the mechanisms responsible
for the migration and invasion of pancreatic cancer cells.

Materials and methods

Cell lines and cell culture. The human pancreatic cancer
cell lines, AsPC-1, BxPC-3, KP-2, KP-3, MIA-PaCa, Panc-1,
SUIT-2 and TCC-PAN2, were used. The AsPC-1, BxPC-3,
MIA-PaCa and Panc-1 cell lines were purchased from the
American Type Culture Collection (ATCC, Manassas, VA,
USA), the KP-2 and KP-3 cell lines were from the Kyushu
Cancer Center (Fukuoka, Japan), and the SUIT-2 and
TCC-PAN2 cell lines were from the Japanese Collection of
Research Bioresources Cell Bank (Osaka, Japan). Spheroids
were formed using EZSPHERE® (spheroid forming culture
ware, AGC Techno Glass, Shizuoka, Japan) according to a
three-dimensional (3D) culture method. As culture ware with a
concave bottom surface and non-adherent treatment was used
in this method, the cells adhered to each other, but not with the
bottom surface. In addition, the cells did not extend themselves,
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but formed spheroids as a result. A monolayer (2D) culture
method using Petri dishes with adherent treatment was used
for the control group. The cells were cultured in RPMI-1640
medium containing 10% FBS (both from Gibco/Thermo
Fisher Scientific, Waltham, MA, USA), antibacterial agents
(penicillin and streptomycin) and anti-mycotic agents (ampho-
tericin B) under 5% CO, at 37°C. The cells were grown until
spheroids formed for the 3D cultures, and until subconfluent
conditions for the 2D cultures. The spheroids obtained by
3D culture were collected with the culture medium without
losing cell junctions, and the cells obtained by 2D culture were
collected following trypsin treatment. Subsequently, the spher-
oids and cells were used for treatments as described below.

Antibodies. Anti-Smadl (cat. no. 6944), anti-Smad5 (cat.
no. 12534), anti-phospho-Smadl (cat. no. 5753), anti-phospho-
Smadl/5 (cat. no. 9516), anti-phospho-Smad1/Smad5/Smad9
(cat. no. 13820) (all used at a 1:1,000 dilution; and all from Cell
Signaling Technology, Danvers, MA, USA) and anti-SMAD4
(diluted 1:100; cat. no. sc-7966; Santa Cruz Biotechnology,
Santa Cruz, CA, USA) antibodies were used for western
blot analysis and immunocytochemistry as the primary anti-
bodies. In addition, anti-f-actin antibody (diluted 1:5,000;
cat. no. A5316; Sigma-Aldrich, St. Louis, MO, USA) was used
as an internal control.

Morphological observation. Spheroids obtained by 3D culture
were observed in culture using an inverted microscope (1X70;
Olympus, Tokyo, Japan) and their diameters measured. The
cultured cells were fixed with 10% neutral-buffered formalin.
The sediment following centrifugation (1,500 x g and room
temperature) was collected, and cell blocks were then prepared
by the sodium alginate method. Normal paraffin-embedded
sections were prepared from the cell blocks and used for hema-
toxylin and eosin (H&E) staining and immunocytochemistry.

Immunocytochemical staining. Paraffin-embedded sections
of obtained spheroids were prepared using the BenchMark
GX Slide Staining System (Roche, Basel, Switzerland), and
subjected to immunocytochemistry with each primary anti-
body following heat-induced epitope retrieval. A 3,3'-diamino
benzidine reaction against peroxidase-labeled secondary
antibody was used for visualization.

RNA extraction and cDNA preparation. The cultured cells were
collected and rinsed with phosphate-buffered saline, and total
RNA was then extracted from the cells using a PureLink RNA
Mini kit (Ambion/Thermo Fisher Scientific) in accordance
with the manufacturer's instructions. Subsequently, cDNA
was prepared from the obtained total RNA using Transcriptor
Universal cDNA Master (Roche) by a reverse transcription
reaction in accordance with the manufacturer's instructions.

Quantitative PCR. Using the prepared cDNA mentioned above,
quantitative PCR was implemented using FastStart Essential
DNA Green Master (Roche) in accordance with the manufac-
turer's instructions. LightCycler Nano (Roche) was used for the
reaction by setting denaturation at 95°C for 10 sec, annealing
at 60°C for 10 sec, and extension at 72°C for 15 sec per cycle,
with the reaction conducted for 45 cycles. LightCycler Nano
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Table I. Primers used for quantitative PCR.

Gene Forward sequence Reverse sequence
name (5'-3" (5'-3"
SMAD4 cctgttcacaatgagettge gcaatggaacaccaatactcag
ENG ttcctggagttcccaacg aggtgccattttgcttgg
BAMBI cgccactccagcetacatctt cacagtagcatcgaatttcacc
NOG gaagctgcggaggaagttac  tacagcacggggcagaat
TGFBR2  gggaaatgacatctcgetgta — caccttggaaccaaatggag
SMAD9 tgagccagagagtccctatca  catagtaggcgaccgageac
[-actin gttgctatccaggetgtge gcatcctgtcggceaatge

SMAD4, SMAD family member 4; ENG, endoglin; BAMBI, BMP
and activin membrane bound inhibitor; NOG, noggin; TGFBR2,
transforming growth factor-f receptor 2; SMAD9, SMAD family
member 9.

Software (Roche) was used for the analysis. The relative mRNA
expression levels were calculated for the expression levels of
[-actin, which is a housekeeping gene, based on quantitative
cycles (Cq) using the relative Cq (244%9) method (20). The
primers used in this study are listed in Table I.

Western blot analysis. Complete Lysis-M (Roche) was used
for the extraction of protein from the cultured cells. Samples
prepared at the same protein concentration were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred onto polyvinylidene difluoride membranes. To
prevent non-specific reactions, the membranes were blocked
by 5% skim milk, and then treated with each primary anti-
body at 4°C overnight. The membranes were then reacted with
HRP-labeled anti-rabbit (#7074s) or anti-mouse (#7076s) IgG
(Cell Signaling Technology) as the secondary antibody. Protein
expression was confirmed by chemiluminescence (Amersham,
Little Chalfont, UK).

RNA interference. The KP-2 and KP-3 cells were preliminarily
incubated for 24 h after adjusting the cell numbers. These cells
were transfected with target siRNA (Nippon Gene, Toyama,
Japan) using Opti-MEM (Gibco) and Lipofectamine™
RNAIMAX reagent (Invitrogen). The sequences of the siRNA
used in this study were as follows: si-SMAD4 sense, 5'-GUA
UGAUGGUGA AGGAUGAJdTAT-3' and antisense, 5-UCAUCC
UUCACCAUCAUACATAT-3'; si-ENG sense, 5-CCAGCAUUG
UCUCACUUCAJTAT-3' and antisense, 5-UCAAGUGAGACA
AUGCUGGATdT-3"; and scrambled siRNA sense, 5-CGUACG
CGGAAUACUUCGAJdTAT-3' and antisense, 5-UCGA AGUAU
UCCGCGUACGATAT-3' (21,22). Following transfection, the cells
were returned to RPMI-1640 medium, subjected to continued
incubation for 18-24 h, and used in the following experiments.

Transwell cell invasion assay. A Corning BioCoat Matrigel
Invasion Chamber (24-well plate, polycarbonate membrane,
8-um pore size) was used for the observation of morpho-
logical changes in spheroids associated with invasion and the
measurement of the invasive capacity of individual tumor cells.
Following the hydration of the Matrigel, a certain number of
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spheroids were inoculated into the upper chamber of each
well. The morphology of the spheroids in the upper chamber
was observed 0, 3, 6, 12, 18 and 24 h following inoculation,
and the number of spheroids was counted (BZ-X710; Keyence,
Osaka, Japan). At 24 h following inoculation, the cells that
had invaded to the lower side of a membrane were fixed with
10% neutral buffered formalin, stained with toluidine blue
(Wako Pure Chemical Industries, Osaka, Japan), and then
counted (BX50; Olympus). In addition, cells that had sunk in
the lower chamber were observed.

Statistical analysis. The means + standard error were calcu-
lated for the measured mRNA expression levels and the
diameters of the spheroids. A Student's t-test was used for a
comparative test between groups. A P<0.05 was considered to
indicate a statistically significant difference.

Results

Spheroid formation by pancreatic cancer cell lines and their
morphology. A total of 8 cell lines derived from human pancre-
atic cancer (AsPC-1, BxPC-3, KP-2, KP-3, MIA-PaCa, Panc-1,
SUIT-2 and TCC-PAN2) grew as individual cells under ordi-
nary 2D culture conditions. The KP-2 and KP-3 cells exhibited
a mild tendency to form clumps, and only several cells bound
together (Fig. 1A and B). By contrast, under 3D culture condi-
tions, the KP-2 and KP-3 cells bound to each other and formed
spherical clusters termed spheroids. The other cell lines exhib-
ited weak binding between cells although they had a tendency
to form clusters in culture medium; spheroid formation was
infrequently observed (data not shown). Cell block specimens
of spheroids obtained from KP-2 and KP-3 cells indicated
these had a uniform inner structure; however, an obvious tissue
structure with polarized configuration or glandular structure
was rarely observed (Fig. 1C and D).

Expression of TGF-{3 signaling factors. The cells lines exhib-
ited differences in the expression level of SMAD4; almost none
or very little, if any, expression was observed in the AsPC-1,
BxPC-3, SUIT-2 and TCC-PAN2 cell lines. By contrast, the
KP-2, Panc-1, KP-3 and MIA-PaCa cell lines exhibited signifi-
cant SMAD4 expression, although differences in the degree
of expression were evident (Fig. 2A). Furthermore, ENG, a
component of the TGF-f signaling system, was expressed in
all cell lines in almost the same expression pattern as SMAD4;
an elevated expression was observed in 3 cell lines (KP-2,
Panc-1 and MIA-PaCa) (Fig. 2B). In a comparison between
2D and 3D culture conditions, however, a significant increase
in SMAD4 and ENG expression was observed under the 3D
conditions in a number of cell lines (Fig. 2). In an immuno-
cytochemical analysis using cell block sections of KP-3 cells,
SMAD4 was localized in both the nucleus and cytoplasm
under 2D conditions; however, it was localized only in the
nucleus under 3D conditions (Fig. 3).

Significant decreases in the mRNA and protein expression
levels were observed following SMAD4 knockdown using
siRNA in the KP-3 cells, in which SMAD4 was normally
highly expressed (Fig. 4A). The mRNA expression levels of
BMP and activin membrane-bound inhibitor (BAMBI) and
noggin (NOG), which are also components of the TGF-§
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Figure 1. Morphological images of the KP-2 and KP-3 cells obtained under 2D and 3D culture conditions. (A and B) Under 2D culture conditions, the
KP-2 (A) and KP-3 (B) cells exhibited a mild tendency to form clumps, and only several cells bound together. (C and D) By contrast, under 3D culture
conditions, the KP-2 (C) and KP-3 (D) cells bound with each other and formed spheroids. The spheroids exhibited a uniform inner structure.
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Figure 2. Relative mRNA expression levels of SMAD4 and endoglin (ENG) in various cell lines under 2D and 3D culture conditions. (A) The cell lines
exhibited differences in the expression level of SMAD4; almost no or very little, if any, expression was observed in the AsPC-1, BxPC-3, SUIT-2 and
TCC-PAN2 cell lines. By contrast, the KP-2, Panc-1, KP-3 and MIA-PaCa cell lines exhibited SMAD4 expression, although differences in the degree of
expression were evident. (B) ENG was expressed in all cell lines in almost the same expression pattern as SMAD4; an elevated expression was observed in
3 cell lines (KP-2, Panc-1 and MIA-PaCa). (A and B) In a comparison between 2D and 3D culture conditions, however, significant increases in SMAD4 and
ENG expression were observed under 3D conditions in many cell lines. Data shown are the means + SEM, n=4. "P<0.05.

signaling system, were increased in these cells (Fig. 4A). By
contrast, no changes were observed in the mRNA expression
of ENG in cells cultured under 2D conditions; however, its
expression was decreased in the spheroid cells in the same
manner as SMAD4 (Fig. 4A). However, the effects on the
expression of phosphorylated SMAD1/5/9 and 2/3, which are
SMADA4-binding proteins, were attenuated, particularly in the
spheroid cells (Fig. 4B).

ENG knockdown using siRNA in the KP-2 cells led to
the diameter of the spheroids becoming significantly smaller

compared with the control group (Fig. 5A). With the suppres-
sion of ENG expression, a decrease in the mRNA expression
levels of TGFBR2 and SMAD9 was observed in the spheroid
cells (Fig. 5B). Furthermore, variations in phosphorylated
SMAD1/5/9 protein expression were observed (Fig. 5C).

Transwell cell invasion assay. Morphological changes were
observed in the spheroids over time following the inoculation
of the upper chamber of Matrigel-coated wells in an invasion
assay. The spheroids gradually become smaller, disrupted,
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Figure 3. Immunocytochemical staining of SMAD4 in KP-3 cells. (A) SMAD4 localized in both the nucleus and cytoplasm under 2D conditions. (B) It

localized only in the nucleus in most

cells under 3D conditions.
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and solitary on Matrigel over time; the cells also invaded into
the Matrigel. However, some spheroids remained, even 24 h
following inoculation using untreated control cells (Fig. 6A).
When a similar experiment was performed using cells in
which ENG was knocked down, almost all spheroids became
disrupted 12 h following inoculation (Fig. 6A), and the cells
became extended and solitary (Fig. 6B). By 24 h following
inoculation, the cells had invaded into the Matrigel insert,
with fewer cells invading to the lower side of the membrane
(for the cells in which ENG was knocked down) compared
to the untreated group (Fig. 6C). Moreover, the number of
cells that detached from the lower side of the membrane and

became suspended in the lower chamber was quite large (for
the ENG-knockdown cell group) (data not shown).

Discussion

Pancreatic cancer is associated with a very poor prognosis
compared with malignant tumors in other organs. This
poor prognosis is attributed to the specific characteristics of
pancreatic cancer: it easily invades into adjacent organs, and,
as a result, the frequency of remote metastasis is high (2).
Pancreatic ductal carcinoma, which constitutes the majority of
cases of pancreatic cancer, is characterized by a highly fibrotic
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stroma; however, tumor cells exhibit a tendency to readily
invade. Such tumor cells invade as single cells reflecting the
EMT phenomenon; these cells are also characterized by the
formation of an alveolar structure and invasion into fibrous
stroma while maintaining a glandular cavity structure (4).
These tendencies are not very often observed in malignant
tumors in other organs. However, the mechanisms involved
in pancreatic cancer cells invading into a distinctive fiber-rich
stroma while maintaining a glandular cavity structure are still
unclear. Accordingly, this study aimed to clarify the charac-
teristic phenomena pancreatic cancer undergoes, particularly
the mechanism of the invasion, while maintaining polarity and
a glandular cavity structure, as well as identifying the factors
involved.

An in vitro experimental system adequately reflecting
in vivo conditions was used in this study. More specifically, a
three-dimensional culture method that allows the formation of
spheroids having a tissue structure similar to that under living
conditions was used instead of a normal monolayer culture
in which cells are grown adhering on the bottom of culture

dish (23). As culture ware with a concave bottom surface
with non-adherent treatment was used in this method, the
cells formed three-dimensional spheroids by binding to each
other. Not all pancreatic cell lines used in this study uniformly
formed spheroids. The AsPC-1 and several cell lines formed
small and loosely bound clusters, but strong spheroids were
not formed (data not shown). By contrast, the KP-2 and KP-3
cell lines maintained their binding ability between cells and
formed spherical spheroids; therefore, a difference in the
ability to form spheroids was observed among the cell lines.
This may be due to the various histological types of the cell
lines. For example, the AsPC-1 cell line was originally derived
from tumor tissue mainly consisting of poorly differentiated
adenocarcinoma; however, the KP-2 and KP-3 cell lines were
derived from differentiated adenocarcinomas. The former
cell line invades as single cells; however, the latter exhibits
a tendency to invade, forming an alveolar structure and/or
maintaining a glandular structure. Such characteristics are
related to the tendency of the latter two cell lines to easily
form spheroids under 3D culture conditions. However, the
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cells did not show any arrangement with polarity, or direc-
tional or glandular formation in spheroids. We presume that
this may have been, for example, as liver kinase B1, which is
directly involved in cell polarity (24), or tight junction factors
characterized by zonula occludens, claudin and other proteins
act not only to maintain cell binding, but also to control cell
polarity, thus inducing glandular formation within spheroids.

In order to elucidate the control mechanisms of spheroid
formation and the factors involved in mechanisms, we
compared and examined several signaling proteins expressed
by the cells in 3D culture conditions with those expressed by the
cells under normal 2D culture conditions. Several differences
in the expression of various proteins between both groups were
found. Focusing on the TGF-f signaling system, we found the
significantly enhanced expression of SMAD4 and ENG under
3D conditions, in particular. SMAD4 binds to R-SMAD phos-
phorylated by the stimulation of factors, such as TGF-§, BMP
and activin, as well as others, and is then translocated into the
nucleus to regulate the transcription of various proteins (13).
In this study, the intracellular localization of SMAD4 was
examined immunocytochemically. As a result, it was found to
be localized in both the cytoplasm and nucleus when cells were
grown under 2D culture conditions, whereas it localized only in
the nucleus in cells cultured under 3D culture conditions. It was
thus inferred that spheroid formation was promoted not only by
the increased expression of SMAD4 in cells, but also by the
enhancement of transcription of other proteins in the nucleus
caused by the translocation of SMAD4 to the nucleus from the
cytoplasm in the process of forming spheroids.

In comparison, ENG is known as an accessory receptor
of TGF-p that localizes on the cell membrane, is expressed
by vascular endothelial cells at a high level and is involved
in angiogenesis (12). In the cell lines used in this study, ENG
highlighted cellular behaviors similar to those of SMAD4.
In other words, ENG and SMAD4 were expressed in the
same manner in cell lines that easily formed spheroids, and
the expression of these factors was increased when spheroids
were formed. This suggests that both ENG and SMAD4
are involved in spheroid formation. However, whether these
proteins function independently or cooperatively remains
unknown. In this study, SMAD4 knockdown by siRNA was
performed in the KP-3 cell line, which easily forms spheroids
and expresses SMAD4 at a high level. As a result, an increase
in the expression levels was observed for NOG and BAMBI,
and a decrease in expression level was observed for ENG.
These results suggest that SMAD4 may control the expres-
sion of ENG. In addition, NOG and BAMBI are believed to
be inhibitory factors of the TGF-f3 signaling pathway, while
ENG is an enhancement factor of the pathway (25,26). These
findings suggest that SMAD4 may control the expression of
ENG by acting in a positive feedback manner in the TGF-§
pathway.

Furthermore, in the same manner, variations in the
phosphorylation of pPSMADI1/5/9 were observed when ENG
was knocked down in the KP-2 cells. In addition, spheroids
derived from these cells in which ENG was knocked down
exhibited tendencies to form increased smaller-sized spheroids
on Matrigel and spheroids prone to disruption. These observa-
tions may explain a certain aspect of the EMT phenomenon in
spheroids, such as a decrease in the binding ability of cells and
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an ability to be disrupted easily. However, fewer cells adhered
on the lower side of the membrane in cells in which ENG
was knocked down. This result may initially indicate that the
invasive capacity was inhibited by ENG knockdown. However,
as a number of cells existed in the lower chamber, this may
indicate that the invasive capacity was actually enhanced and
that adhesiveness was also reduced in the cells in which ENG
was knocked down. Furthermore, it is also known that the
extracellular portion of ENG is removed by matrix metallopro-
tease-14 and released extracellularly as soluble ENG (27). In
addition, the blood ENG level is increased for some malignant
tumors (28). ENG present in the cell membrane may inhibit the
development of a tumor, that is, its invasiveness, by promoting
the mutual binding of cells. However, tumor cells may lose
their connectivity and acquire an invasive ability by the
breakage and release of ENG. We consider that if a molecular-
targeted therapeutic agent that prevents the cellular release of
ENG is developed, it may lead to a means of suppressing the
invasiveness of pancreatic cancer.

In conclusion, this study suggests that ENG may be regu-
lated by a pathway mediated by SMAD4, an observation that
has not attracted attention thus far in studies on pancreatic
cancer. In addition, ENG was involved in the maintenance
of binding among tumor cells and the inhibition of invasion.
Therefore, it may be possible to specifically suppress invasive-
ness, which determines the prognosis of pancreatic cancer, by
elucidating the mechanisms of ENG expression. This may be a
promising field of research in future.
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