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We previously reported that bone morphogenetic protein (BMP)-4
induces epithelial–mesenchymal transition in a pancreatic cancer
cell line. To further investigate the detailed molecular mechanism of
BMP action in pancreatic cancer, we carried out comprehensive
microarray analysis in Panc-1 cells. The microarray analysis elucidated
novel BMP target genes, and among them, the calcium-binding
protein S100P was identified as an upregulated gene. S100P
induction by BMP4 was confirmed by real-time reverse transcription–
polymerase chain reaction and western blot analysis in Panc-1 and
HPDE cells. Short interfering RNA-based knockdown of S100P
expression sufficiently repressed BMP4-induced cell migration
in Panc-1 cells. Because Panc-1 and HPDE cells express wild-type
Smad4, we hypothesized that Smad4 might be indispensable for
S100P induction by BMP4. S100P induction by BMP4 was not
observed in the Smad4-null cell line BxPC3, and was sufficiently
attenuated in short interfering RNA-based Smad4-knockdown
Panc-1 cells. Interestingly, detailed promoter analysis revealed that
upregulation of S100P by BMP4 was independent of the Smad-
binding element, indicating that an additional unknown downstream
factor of the Smad4-dependent pathway is necessary for this
induction. These findings are the first of their kind, and this Smad4-
dependent regulation of S100P by BMP signaling might explain the
migratory mechanism of cancer cells, which is still unknown.
(Cancer Sci 2009; 100: 103–110)

Pancreatic cancer has high mortality due to its invasive
nature, and patients with pancreatic cancer often have

distant metastasis by the time of diagnosis. Recent research has
uncovered complex regulation of the cellular processes behind
cancer invasion and metastasis, but many facets of these
processes remain unknown. Among the numerous biological
processes involved, EMT is a crucial step for cancer invasion
and metastasis.(1) We previously reported the significant contribution
of BMP4 to the induction of EMT in the pancreatic cancer cell
line Panc-1.(2) BMP4 belongs to the TGFβ superfamily, and its
signal phosphorylates the receptor-activated Smad proteins
Smad1, Smad5, and Smad8.(3–5) Activated Smad protein forms a
heteromeric complex with Smad4, then translocates to the
nucleus and affects the transcription of target genes.(6) This
signaling pathway is referred to as the canonical Smad pathway.
In addition to this pathway, the BMP signal is reported to
activate p38 MAPK during renal branching morphogenesis.(7)

We reported that both the canonical Smad signaling pathway
and the p38 MAPK signaling pathway contribute to induction of
the homeobox gene MSX2, which is a key molecule for the
EMT of pancreatic cancer.(2,8)

In the present study, we carried out comprehensive examina-
tion by using microarray analysis to elucidate possible candidate
genes that can contribute to the malignant biological behavior

induced by BMP4 in pancreatic cancer cells. As a result, the
calcium-binding protein S100P was found to be upregulated
both at the mRNA and protein level by BMP4 stimulation in
Panc-1 cells and the normal human pancreatic duct epithelial
cell line HPDE.(9) S100P is a calcium-binding protein belonging
to the S100 protein family, which consists of at least 13 members
located as a cluster at 1q21, whereas S100P is located at
4p16.(10) S100P is reported to stimulate cell proliferation and cell
survival in NIH3T3 cells via the receptor for advanced glycation
end products signaling pathway.(11) S100P is also reported to
stimulate cell proliferation and invasion in pancreatic cancer
cells.(12,13) Furthermore, a recent report suggested that S100P is
a marker of pancreatic carcinogenesis.(14)

Despite the potent tumor-promoting effect of S100P, an
upstream regulator of its expression has not been well docu-
mented. Therefore, we investigated the role of S100P as a target
of BMP4 and the possible mechanism of S100P regulation by
this cytokine in pancreatic cancer cells. The detailed analysis
has clarified that S100P is a novel BMP-target gene, and Smad4
is indispensable to this process. However, transcriptional regula-
tion of the S100P gene was found to be SBE independent, which
indicates that an unknown Smad4-dependent target molecule is
critical in controlling S100P induction in Panc-1 cells.

Materials and Methods

Cell lines and cell culture. The human pancreatic cancer cell
lines BxPC3, Panc-1, Panc-1-derived, and BxPC3-derived, were
maintained in DMEM supplemented with 10% FBS. The normal
human pancreatic duct epithelial cell line HPDE cells were
provided by Dr M.S. Tsao and maintained as described
previously.(9) Cells were incubated in a humidified incubator at
37°C, 5% CO2.

Cytokines and chemical substances. Recombinant human BMP4
was purchased from R. & D. Systems (Minneapolis, MN, USA)
and dissolved in PBS supplemented with 0.1% BSA. BMP4
treatment was carried out in DMEM containing 1% serum. CHX
was purchased from Wako Pure Chemical Industries (Osaka,
Japan) and used at a concentration of 100 μg/mL in the cell
culture. AcD was purchased from Sigma Aldrich Japan (Tokyo,
Japan) and used at a concentration of 1 μg/mL in the cell culture.
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Microarray. CodeLink whole Human Genome Expression
Bioarray (Amersham Biosciences, Buckinghamshire, UK),
representing approximately 55 000 of the most well-annotated
human genes published in public databases, was used for
microarray analysis. The platform uses single-color detection
rather than dual-color detection, where multiple experimental
comparisons are possible without replicating the reference
sample. Procedures were carried out according to the manu-
facturer’s protocol and all reagents were provided in the kit.

Gene expression data analysis. Array slides were scanned using
an Arrayworx (GE Healthcare Biosciences, Piscatway, NJ,
USA), and expression values were measured and manipulated
subsequently by CodeLink Expression Analysis v4.0 software
(Amersham Biosciences). Each array contained a total of 55 776
spots, of which 54 840 were for human (non-bacterial) genes.
Among the 54 840 gene expression values, low-intensity spots
whose values were less than the detection threshold were all
adjusted to the threshold. All good-quality spots indicated by the
‘G’ flag as well as the low-intensity spots indicated by the ‘L’
flag were further processed for statistical analysis. Those spots
with poor quality were excluded from the analysis. Statistically,
54 470 spots were detected as either ‘G’ or ‘L’ flag in both
experiments (Panc-1 control vs Panc-1 BMP4), thus most of
genes were used subsequently 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) was applied for adjusting the ratio (M)
value.(15) In Lowess, we used the simple adjusting method of
log2M–c(A), where c(A) is the mean ratio of the nearest 10 000
data points surrounding 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 obtained under
a cumulative normal distribution model whose variance was
calculated with the same 10 000 data points. The extent of each
gene expression change was represented by the Z-score, which
was calculated as described previously.(16) Finally, Bon Ferroni
correction was applied to each data point and genes showing
statistically significant changes in gene expression were
obtained. Those genes were analyzed functionally with the
annotations and information from the GeneCards homepage
(http://www.genecards.org/index.shtml).

RNA isolation and cDNA synthesis. Total cytoplasmic RNA was
isolated from cultured cells using the RNeasy kit (Qiagen,
Hilden, Germany) according to the manufacturer’s protocol.
DNaseI (Qiagen) treatment was carried out to remove any DNA
contamination for all of the RNA samples. For real-time RT-
PCR analyses, cDNA was generated with 1 μg total RNA using
the RETROscript kit (Ambion, Austin, TX, USA) according to
the manufacturer’s protocol.

Real-time RT-PCR. For the quantification of S100P, we used
real-time RT-PCR with LightCycler and LightCycler – FastStart
DNA Master SYBR Green I (Roche Diagnostics, Basel,
Switzerland). All reactions were carried out according to the
manufacturer’s protocol. The primer sequences were as follows:
ID1 forward 5′-CGGATCTGAGGGAGAACAAG-3′ and ID1
reverse 5′-CTGAGAAGCACCAAACGTGA-3′; ID2 forward
5′-CATCTTGGACCTGCAGATCG-3′ and ID2 reverse 5′-
ATGAACACCGCTTATTCAGC-3′. The primer sequences for
GAPDH, p21, and S100P were described previously.(14,17,18) The
annealing temperatures for these primer sets were 60°C. The
specificity of each PCR was confirmed by melting curve
analysis. The level of S100P expression in each sample was
normalized by the respective GAPDH expression level as
described previously.(19) Each experiment was repeated at least
twice.

Establishment of Smad4-expressing BxPC3 cells. To establish the
Smad4-expressing BxPC3 cells, we transfected 2 μg pcDNA3

Flag-Smad4 vector to BxPC3 cells and selected as described
previously.(2) The control cell line B3EV was established as
described previously.(8)

RNA interference. RNA interference against Smad4 has been
described previously.(2) Briefly, the Smad4 siRNA-expressing
vectors were generated by cloning the synthesized and annealed
oligonucleotides into the pBAsi-U6 Neo DNA vector (Takara
Bio, Ohtu, Japan) and 1 μg Smad4 siRNA-expressing vector
was transfected to Panc-1 cells. We previously established the
stable Smad4 knockdown cell line 643S4si.(2) In the present
study, we established an alternative stable Smad4 knockdown
cell line 1446S4si, by targeting GTACTTCATACCATGCCGA,
corresponding to the nucleotides of human Smad4 under the
control of the human U6 promoter. The control clone Hu6 was
generated as described previously.(2) Transient knockdown of
S100P was carried out by using HP Validated siRNA against
human S100P (Qiagen) at a final concentration of 20 nmol/L.
As a negative control, AllStars Negative Control siRNA (Qiagen)
was used at the same concentration. The siRNA transfection was
carried out using HiPerFect Transfection Reagent (Qiagen)
according to the manufacturer’s protocol.

Western blotting analysis. Western blotting analysis was done
as described previously.(2) The primary antibodies used in
the present study were as follows: α-tubulin (sc-8035; Santa
Cruz Biotechnology, Santa Cruz, CA, USA), S100P (AF2957; R.
& D. Systems), and Smad4 (sc-7966; Santa Cruz Biotechnology).
As a secondary antibody, horseradish peroxidase-conjugated
antimouse antibody (Amersham Biosciences) or horseradish
peroxidase-conjugated antigoat antibody (Santa Cruz
Biotechnology) was used. Reactive bands were detected using
ECL western blotting detection reagents or ECL Plus western
blotting detection reagents (Amersham Biosciences). The specific
bands were subjected to densitometry analysis using Scion
Image Software (Scion Corporation, Frederick, MD, USA).

Cell migration assay. Cell migration was examined using the
8-μm pore 24-well BD Falcon Cell Culture Insert (Franklin
Lakes, NJ, USA). Cells were transfected with the siRNA indicated
and then treated with PBS supplemented with 0.1% BSA or
BMP4 at 50 ng/mL for 48 h. After preincubation, 10 000 cells
were seeded into the Cell Culture Insert in triplicate, with the
bottom chamber containing the same concentration of PBS
supplemented with 0.1% BSA or BMP4 for the preincubation.
Cells that migrated were counted directly in five random high-
power fields after 12 h incubation.

Cell growth assays. For the cell growth assay, cells were
transfected with the indicated siRNA and then seeded 6000 cells
per well in 96-well plates in triplicate. The BrdU assay was
carried out after 48 h incubation with or without 50 ng/mL
BMP4 using the cell proliferation enzyme-linked immuno-
sorbent assay BrdU (Roche Diagnostics) according to the
manufacturer’s protocol.

Reporter assay. The pcDNA3 Flag-Smad1 and pcDNA3
ALK3QD-HA vector were provided by Dr T. Imamura. The 5′-
flanking regions of the human S100P gene were PCR amplified
from the bacterial artificial chromosome clone RP11-539L10
and inserted into the pGL4.17 [luc2/Neo] vector (Promega,
Madison, WI, USA). The insert DNA sequences were confirmed
by direct sequencing. As an internal control, the pRL-TK vector
(Promega) was used. For the luciferase assay, 50 ng/well of the
indicated reporter vector, 5 ng/well of the pRL-TK vector, and
0.5 μg/well of the pcDNA3 Flag-Smad1 vector plus 0.5 μg/well
of the pcDNA3 ALK3QD-HA vector or 1 μg/well of the
pcDNA4/V5-His vector (empty vector) were transfected using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) in 12-well
plates. The luciferase assay was done using the Dual-Luciferase
Reporter Assay Kit (Promega). Putative binding elements for
the multiple transcription factors were estimated using
MatInspector (Genomatix Software, München, Germany).(20)

http://www.genecards.org/index.shtml
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Results

BMP4 treatment upregulates S100P in Panc-1 and HPDE cells.
As a first step, we carried out microarray analysis by comparing
BMP4-treated and vehicle-treated Panc-1 cells. As shown in
Figure 1a, an intensity-ratio plot (MA-plot) showed that typical
BMP target genes such as ID1, ID2, ID3, Smad6, and p21(21–23)

were classified as significantly upregulated by statistical analysis.
At the same time, S100P was also classified as a significantly
upregulated gene. In contrast, typical TGFβ target genes like
plasminogen activator inhibitor-1(24) were not classified as being
significantly changed. The genes that were significantly
upregulated or downregulated by BMP4 treatment are summarized
in Table 1 and Table 2, respectively. As shown in Figure 1b,
real-time RT-PCR analysis showed a 20-fold induction of S100P
mRNA in Panc-1 and HPDE cells after 24 h of BMP4 treatment.
The protein-level induction of S100P was also confirmed in
Panc-1 and HPDE cells, treated with 50 ng/mL BMP4 for 48 h
(Fig. 1c). Furthermore, TGFβ treatment at 10 ng/mL did not
induce S100P in Panc-1 cells either at the mRNA or protein
level (Fig. 1d).

Induction of S100P by BMP4 is at the transcription level and
requires de novo protein synthesis. As shown in Figure 2a, the
time-course experiment showed a remarkable increase in S100P
mRNA after 12 h of BMP4 treatment. To confirm the
transcriptional regulation of S100P, we treated the BMP4-
stimulated Panc-1 cells (50 ng/mL, 24 h) with 1 μg/mL AcD.
After the addition of AcD, the S100P mRNA expression level
decreased immediately, compared with the control treatment
(Fig. 2b). Based on this result, we concluded that BMP4
increases the transcription of S100P. We also evaluated the
requirement of de novo protein synthesis for this phenomenon
by treating Panc-1 cells with 100 μg/mL CHX for 1 h before the
addition of BMP4. The CHX treatment repressed S100P induction
by BMP4 to the basal level, indicating that de novo protein
synthesis is indispensable in this biological process (Fig. 2c).

Knockdown of S100P attenuates BMP4-induced cellular migration.
As a previous report has shown that overexpression of S100P in
Panc-1 cells results in enhanced cellular migration in the
absence of BMP4,(12) we examined the contribution of S100P to
the BMP4-induced EMT in Panc-1 cells by knocking down
S100P. As shown in Figure 3a, transient transfection of siRNA
against S100P reduces its gene expression by approximately
60% compared to that of control siRNA-introduced cells. We
then assessed the cellular migration of these cells. The knock-
down of S100P attenuates approximately 50% of BMP4-induced
cellular migration (Fig. 3b). As a previous report indicated a
stimulatory effect of S100P on cell proliferation,(11,12) we also
investigated the proliferation of control siRNA-treated and S100P
siRNA-treated Panc-1 cells with or without BMP4 treatment for
48 h. The BMP4 treatment reduced BrdU incorporation by 60%
compared with the control treatment both in the control siRNA-
treated and S100P siRNA-treated Panc-1 cells (Fig. 3c). From
this, we concluded that growth inhibition is the dominant effect
of BMP4 in Panc-1 cells.

Smad4 is indispensable for S100P induction by BMP4. Because
Panc-1 and HPDE cells express wild-type Smad4,(25,26) we
hypothesized that the induction of S100P by BMP4 might be
Smad4 dependent. Thus, we examined whether BMP4 would
upregulate S100P in the Smad4-null pancreatic carcinoma
cell line BxPC3.(27) As expected, induction of S100P was not
observed in BMP4-treated BxPC3 cells (Fig. 4a). To further
investigate Smad4-dependent S100P induction by BMP4, we
used the previously established stable Smad4 knockdown cell
line 643S4si and the control cell line Hu6.(2) In the present study,
we also established a new stable Smad4 knockdown cell line,
1446S4si, by targeting a different position of human Smad4. As
shown in Figure 4b, in 643S4si and 1446S4si cells, the

Fig. 1. Bone morphogenetic protein (BMP) target gene induction
in Panc-1 cells. (a) The MA-plot of microarray analysis in Panc-1 cells.
Red spots are significantly upregulated genes and green spots are
significantly downregulated genes. Gray spots are unchanged genes.
Cells were treated with 50 ng/mL BMP4 or vehicle for 24 h. (b) The real-
time reverse transcription–polymerase chain reaction (RT-PCR) analysis
of S100P induction in BMP4-treated (50 ng/mL, 24 h) Panc-1 and HPDE
cells (n = 3). The expression level of S100P was normalized by the
glyceraldehyde-3-phosphate dehydrogenase gene expression level, and
the fold of induction was calculated by setting the control-treated
sample as 1. Error bars indicate SE. (c) Western blotting analysis of
S100P induction in BMP4-treated (50 ng/mL, 48 h) Panc-1 and HPDE
cells. α-Tubulin is displayed as loading control. (d) Real-time RT-PCR
analysis (n = 3, error bars indicate SE) and western blotting analysis of
S100P induction in transforming growth factor (TGF)-β-treated (10 ng/mL,
24 h for RT-PCR, 48 h for western blotting) Panc-1 cells.
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Table 1. Genes upregulated significantly by bone morphogenetic protein 4 in Panc-1 cells

Gene symbol Gene name Gene function Z-score

LPL Lipoprotein lipase Metabolism 21.5
TAF5 L TAF5-like RNA polymerase II Transcription 17.6
TNFSF6 Tumor necrosis factor superfamily, member 6 Signaling 17.3
ID1 Inhibitor of DNA binding 1 Transcription 12.2
ZNF221 Zinc finger protein 221 Transcription 11.7
TUB Tubby homolog Transcription 11.4
DUSP2 Dual specificity phosphatase 2 Signaling 10.6
ANP32D Acidic nuclear phosphoprotein 32 family, member D Unknown 9.9
TRPM6 Transient receptor potential cation channel, subfamily M, member 6 Signaling 9.1
TMEM158 Transmembrane protein 158 Unknown 8.9
ID2 Inhibitor of DNA binding 2 Transcription 8.0
ID3 Inhibitor of DNA binding 3 Transcription 7.5
CDKN1A Cyclin-dependent kinase inhibitor 1A Cell cycle 7.4
GPER G protein-coupled estrogen receptor 1 Signaling 7.2
SPATA9 Spermatogenesis associated 9 Unknown 7.1
Smad6 SMAD family member 6 Signaling 7.1
SHMT2 Serine hydroxymethyltransferase 2 (mitochondrial) Metabolism 7.0
GATA2 GATA binding protein 2 Transcription 6.9
MAP1D Methionine aminopeptidase 1D Metabolism 6.8
ATOH8 Atonal homolog 8 (Drosophila) Transcription 5.5
PROC Protein C Protease 5.5
LIN7B Lin-7 homolog B (C. elegans) Cell structure 5.3
S100P S100 calcium binding protein P Signaling 5.3

Table 2. Genes downregulated significantly by bone morphogenetic protein 4 in Panc-1 cells

Gene symbol Gene name Gene function Z-score

KRT15 Keratin 15 Cell structure –10.2
ANAPC2 Anaphase-promoting complex subunit 2 Cell cycle –8.6
SOX14 Sex determining region Y-box 14 Transcription –8.1
PDEF Prostate epithelium-specific Ets transcription factor Transcription –7.9
DDX4 DEAD/H (Asp-Glu-Ala-Asp/His) box polypeptide 4 Signaling –7.3
NOS1 Neuronal nitric oxide synthase Metabolism –7.1
CISH Cytokine-inducible SH2-containing protein Signaling –6.9
SLC25A40 Mitochondrial carrier family protein Unknown –6.3
RFC2 Replication factor C (activator 1) 2 Cell cycle –6.3
ISLR Immunoglobulin superfamily containing leucine-rich repeat Cell structure –6.0
TM4SF1 Transmembrane 4 superfamily member 1 Unknown –6.0
FLEG1 Upregulated in lung cancer 9 Unknown –5.8
BMP4 Bone morphogenetic protein 4 Signaling –5.7
SPC25 AD024 protein Cell cycle –5.3
MCM10 Minichromosome maintenance deficient 10 Cell cycle –5.3

Fig. 2. S100P induction by bone morphogenetic protein (BMP)-4 in Panc-1 cells. (a) Time-course experiment of S100P induction in Panc-1 cells
(n = 3, BMP4 50 ng/mL). The expression level of S100P was normalized by the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression
level. (b) mRNA decay after actinomycin D (AcD) treatment in Panc-1 cells treated for 24 h with 50 ng/mL BMP4 (n = 3). The expression level of
S100P was normalized by the S100P expression level of control-treated Panc-1 cells at the corresponding time point. Error bars indicate SE. (c) S100P
induction under the influence of cycloheximide (CHX) (n = 3). Cells were treated with 100 μg/mL CHX or vehicle for 1 h and treated with 50 ng/mL
BMP4 or vehicle for 24 h. The expression level of S100P was normalized by the GAPDH expression level. Error bars indicate SE.
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expression of Smad4 was sufficiently repressed either with or
without BMP4 treatment. The induction of S100P by BMP4 in
these Smad4-knockdown cells was decreased to basal levels
(Fig. 4c), indicating an essential role for the Smad4-dependent
pathway in this transcriptional regulation. We decided to evaluate
whether Smad4 is involved directly in the transcriptional
regulation of S100P, and established the Smad4-expressing cell
lines BS4-11 and BS4-13 (Fig. 4d). The forced expression of
Smad4 in BxPC3 cells could not restore S100P induction by
BMP4 at the mRNA level (Fig. 4e), whereas induction of other
representative BMP target genes such as ID1, ID2, and p21
could restore it. This suggests that induction of S100P by BMP4
requires an unknown factor that is induced by the BMP4–Smad4
pathway in Panc-1 and HPDE cells, but not in BS4-11 or BS4-
13 cells.

Bone morphogenetic protein signal increases S100P transcription
in a SBE-independent manner. To clarify the mechanism of S100P
induction by BMP4, we investigated the detailed transcriptional
regulation of S100P by reporter assay in Panc-1 cells. Figure 5a

shows a schema of the S100P gene structure and reporter
constructs. The contribution of the canonical Smad4-dependent
signal was evaluated by cotransfecting vectors that express a
constitutively active form of the BMP receptor (ALK3QD) and
Smad1. As shown in Figure 5b, the reporter activity of pGL4-448,
pGL4-208, and pGL4-171 was increased by cotransfection with
pcDNA3 Flag-Smad1 plus pcDNA3 ALK3QD-HA compared to
cotransfection with the empty vector, but this increase was lost
with pGL4-138 and pGL4 without an insert sequence. Because
pGL4-208 and pGL4-171 do not contain putative SBE, we
concluded that this reporter activity increase is regulated by a
SBE-independent mechanism via the promoter region at –171 to
–138 bp. Figure 5c summarizes the transcription factors that
possibly bind to the promoter region at –171 to –138 bp.

Discussion

In the present study, we focused on the downstream target gene
of BMP signaling in pancreatic carcinoma cells. We used

Fig. 3. The effect of S100P knockdown by short
interfering RNA (siRNA) on bone morphogenetic
protein (BMP)-4-induced cell migration in Panc-1
cells. (a) Western blotting analysis of S100P in
control siRNA- or S100P siRNA-treated Panc-1
cells with or without BMP4 treatment (50 ng/mL,
48 h). Right panel represents the densitometry
analysis. (b) The transwell migration assay in
control siRNA- or S100P siRNA-treated Panc-1
cells with or without BMP4 treatment (n = 3,
50 ng/mL, 60 h). Error bars indicate SE. Black bar
shows 100 μmol/L. (c) The 5-bromo-2-deoxyuridine
(BrdU) incorporation assay in control siRNA- or
S100P siRNA-treated Panc-1 cells with or without
BMP4 treatment (n = 3, 50 ng/mL, 48 h). Error
bars indicate SE.
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microarray analysis to find novel BMP-target genes, and among
them, the calcium-binding protein S100P gene was identified
as being significantly upregulated by BMP. This finding is the
first of its kind, and sheds light on the regulatory mechanism of
this tumor-promoting molecule.(12,13) Altered expression of
S100P has been reported in a wide variety of human cancers,

including pancreatic cancer,(14) uterine squamous carcinoma,
and uterine adenocarcinoma.(28) S100P over expression in breast
cancer correlates with poor prognosis, indicating a potent tumor-
promoting effect in vivo.(29) Despite this evidence, the upstream
regulator of S100P expression had not been clarified until now.
Our present results clearly reveal that BMP4 is the regulator

Fig. 4. S100P induction by bone morphogenetic protein (BMP)-4 in Smad4-null or Smad4-knockdown cell lines. (a) Real-time reverse transcription–
polymerase chain reaction (RT-PCR) analysis of S100P induction in the Smad4-null cell line BxPC3 (n = 3, 50 ng/mL BMP4, 24 h). The expression level
of S100P was normalized by the glyceraldehyde-3-phosphate dehydrogenase gene expression level, and the fold of induction was calculated by
setting the control-treated sample as 1. Error bars indicate SE. (b) Western blotting analysis of Smad4 expression in Hu6, 643S4si, and 1446S4si cell
lines with or without BMP4 treatment (50 ng/mL, 48 h). α-Tubulin is displayed as a loading control. (c) Real-time RT-PCR analysis of S100P induction
by BMP4 in Hu6 and Smad4-knockdown cell lines (n = 3, 50 ng/mL BMP4, 24 h). Error bars indicate SE. (d) Western blotting analysis of Smad4
expression in B3EV, BS4-11, and BS4-13 cell lines. α-Tubulin is displayed as a loading control. (e) Real-time RT-PCR analysis of S100P, ID1, ID2, and
p21 induction by BMP4 in B3EV, BS4-11, and BS4-13 cell lines (n = 3, 50 ng/mL BMP4, 24 h). Error bars indicate SE.
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of S100P expression in pancreatic duct epithelial cells.
Furthermore, siRNA-based knockdown of S100P sufficiently
reduced the cellular migration of Panc-1 cells by BMP4, which
suggests that S100P is indispensable for BMP4-induced
pancreatic cancer cell migration. This result is in agreement
with recent reports, which describe the essential role of S100P
during cancer cell migration through the activation of multiple
signaling pathways.(12,30) The contribution of each signaling
pathway activated by S100P during BMP4-induced migration
needs to be clarified by further analysis.

In the current study, we found that BMP4 induces S100P in
pancreatic duct epithelial cell lines and that Smad4 is indispen-
sable in this pathway. In addition, the induction of S100P by
BMP4 requires de novo protein synthesis and the transcriptional
regulation of S100P is independent of SBE, suggesting that an
unknown downstream target molecule for Smad4 might play an
essential role in this process. Furthermore, forced expression of
Smad4 could not restore S100P induction by BMP4 whereas induc-
tion of other BMP-target genes was restored, indicating that a
target molecule of the BMP-Smad4 pathway that can be induced

in Panc-1 and HPDE cells but not in BxPC3 cells is essential to
induce S100P. Such a regulatory mechanism has not yet been
fully described in pancreatic cancer, but a recent report has
suggested the essential role of Smad4 as a mediator of the BMP
signaling pathway in neural crest cells for development of the
cardiac outflow tract.(31) Conditional inactivation of Smad4 in neural
crest cells results in multiple organ-formation defects accom-
panied by alterations in the expression of numerous transcrip-
tion factors. The present study has revealed the involvement of
multiple transcription factors in the BMP signaling pathway.
Further study is required to identify the downstream target of
BMP signaling, which critically regulates the induction of S100P.
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