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Abstract

Smad4 is a tumor-suppressor gene that is lost or mutated in 50% of pancreatic carcinomas. Smad4 is also an intracellular
transmitter of transforming growth factor-3 (TGF-p) signals. Although its tumor-suppressor function is presumed to reside in its
capacity to mediate TGF-B-induced growth inhibition, there seems to be a Smad4-independent TGF-f signaling pathway. Here, we
succeeded in establishing Smad4 knockdown (S4KD) pancreatic cancer cell lines using stable RNA interference. Smad4 protein
expression and TGF-B-Smad4 signaling were impaired in S4KD cells, and we compared the proteomic changes with TGF-3
stimulation using two-dimensional gel electrophoresis (2-DE) and mass spectrometry. We identified five proteins that were up-
regulated and seven proteins that were down-regulated; 10 of them were novel targets for TGF-B. These proteins function in
processes such as cytoskeletal regulation, cell cycle, and oxidative stress. Introducing siRNA-mediated gene silencing into pro-
teomics revealed a novel TGF-f signal pathway that did not involve Smad4.
© 2004 Elsevier Inc. All rights reserved.
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Smad4, first identified as deleted in pancreatic carci-
noma, locus4 (DPC4), is a tumor-suppressor gene that is
functionally inactivated in one-half of pancreatic carci-
nomas [1]. Smad4 belongs to the Smad gene family,
which encodes intracellular signaling mediators of the
transforming growth factor-p (TGF-B) superfamily of
cytokines. TGF-f cytokines signal via TGF-f type I and
IT receptors that phosphorylate receptor-interacting
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Smad proteins (R-Smads) on activation. Activated R-
Smads form heteromeric complexes with Smad4, the
common partner Smad (Co-Smad), and translocate into
the nucleus, where they function as transcription factors.

Impairment of the Smad pathway results in escape
from growth inhibition and promotes cell proliferation,
thereby contributing to carcinogenesis. Double knockout
mice containing an inactivated allele of the adenomatous
polyposis coli (APC) gene and lacking the wild-type allele
of the Smad4 gene developed invasive adenocarcinoma in
multiple intestinal polyps, while single APC knockout
mice did not [2]. In addition, Smad4 re-expression was
recently reported to suppress in vivo tumorigenicity via
the restoration of TGF-B growth inhibition [3]; these
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mechanisms are thought to support the tumor-suppres-
sor function of Smad4. However, the acquisition of TGF-
B resistance and loss of Smad4 may be independent events
[4,5], given that certain TGF-p transcriptional responses
are retained in Smad4-deficient cells [6] and several
Smad4-deficient tumor cell lines are still inhibited in
growth by TGF-B [7]. Moreover, the TGF-f signal did
not recover on rescuing the Smad gene in certain TGF--
response-defective cell lines [8], suggesting that there are
other molecules targeted by TGF-f that remain to be
investigated.

To identify novel targets of the TGF-B signal, we
introduced gene silencing mediated by RNA interference
(RNAI) to knockdown Smad4. RNAI is an evolution-
arily conserved mechanism of gene silencing that is
thought to inhibit the replication and expression of
selfish DNA elements and viruses [9]. Recently, RNAi
has been applied to mammalian cells [10]; it is a pow-
erful tool for analyzing endogenous gene silencing. Al-
though the effect of RNAI introduced transiently into
cells is limited because of low transfection efficiency, we
discovered that the expression of RNAIi from a plasmid
vector enables long-term persistence of the silencing ef-
fect [10]. Here, we demonstrate the differential expres-
sion of proteomes of the human pancreatic carcinoma
cell line PANC-1 using stable RNAI targeted to Smad4
under the stimulation of TGF-f.

Materials and methods

Cell cultures. The human pancreatic ductal cancer cell line PANC-1
(CRL1468), in which the TGF-B-Smad4 signal is preserved [8], was
obtained from the American Type Culture Collection (Rockville, MD)
and cultured in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum (Gibco-BRL, Gaithersburg, MD). To
prepare cell lysate treated with MAPK inhibitor, PANC-1 cells were
pre-treated with 50 uM PD98059 (Calbiochem, San Diego, CA) for 1 h
before TGF- treatment.

Establishing Smad4-knocked down cell lines. Plasmids carrying
RNAI targeted to Smad4 were constructed as previously described [10].
Briefly, a 21-nucleotide sequence of the Smad4 gene, which had no
homology to genomic sequences in a BLAST search, was inserted in
the sense and antisense directions into the pcPUR + U6i cassette vector
containing the human U6 promoter. The targeting and control vectors
were transfected into PANC-1 cells using Effectene Transfection Re-
agent (Qiagen, Hilden, Germany), and the puromycin-resistant clones
were selected as stable transfectants. We called PANC-1 cells stably
transfected with the plasmid expressing siRNA that targeted Smad4 or
with the empty plasmid “PANC-1-S4KD” or “PANC-1-WT,”
respectively.

Antibodies. Anti-phosphorylated-ERK antibody, anti-ERK anti-
body, anti-phosphorylated-JNK antibody, anti-JINK antibody, anti-
phosphorylated-p38 antibody, anti-p38 antibody, and anti-HSP27
antibody were obtained from Cell Signaling (Beverly, MA). Anti-
phosphorylated-Smad2 antibody was obtained from Upstate (Char-
lottesville, VA). Anti-Smad4 antibody and anti-p21 antibody were
from BD Biosciences (San Diego, CA). Anti-vimentin antibody and
anti-14-3-3( antibody were obtained from Santa Cruz (Santa Cruz,
CA). Anti-B-actin antibody was purchased from Sigma-Aldrich (St.
Louis, MO).

Western blotting. Western blotting was performed as described [11].
Briefly, 35 pug of total cell lysate was electrophoressed and transferred
to a PVDF membrane (Hybond-P, Amersham Biosciences, Uppsala,
Sweden). The blot was blocked in 5% TBST and incubated with pri-
mary antibodies. After washing, the blot was incubated with horse-
radish peroxidase-conjugated secondary antibody and visualized using
an enhanced chemiluminescence detection system (ECL Advance,
Amersham Biosciences).

Proteome analysis. S4KD cells were seeded at 8 x 10° cells/10-cm
dish and, after 48h, were treated with 10ng/ml TGF-f 1 (R&D
Systems, Minneapolis, MN) or control buffer (4 mM HCI and 1 mg/ml
BSA) for 12h. The soluble proteins were extracted using lysis buffer
containing 150 mM NacCl, 1% NP-40, 0.5% deoxycholate, 0.1% SDS,
and 50mM Tris-HCI, pH 8.0. Then, 120 pug of the lysate was mixed
with immobilized pH gradient (IPG) rehydration buffer containing
7M urea, 2M thiourea, 4% Chaps, 2% DTT, and 1% IPG buffer
(Amersham Biosciences). The IPG strips (pH 3-10 NL or pH 4-7,
18 cm; Amersham Biosciences) were allowed to rehydrate overnight,
and isoelectric focusing (IEF) was performed using IPG phor
(Amersham Biosciences), as previously described [12]. After IEF, the
first equilibration was performed in a buffer containing 50 mM Tris—
HCI, pH 8.8, 6 M urea, 2.0% SDS, 30% glycerol, and 1% DTT for
15min; the second equilibration was performed in the same buffer
without DTT but with 4% iodoacetamide for 15min. Equilibrated
strips were placed on top of 18 x 20-cm, 12.5% acrylamide gels con-
taining SDS. SDS-PAGE was performed for 12h at 15 mA/gel. After
electrophoresis, silver staining was performed according to a modified
protocol [13].

Image analysis and data processing. The images of protein spots
were scanned, and spot intensities were obtained using the software
PDQuest (BioRad, Hercules, CA). After global normalization, we se-
lected reproducible spots from among four replicate experiments using
the spot intensity-dependent standard deviation (SD). Common spot
numbers (SSP numbers) were assigned to identify unique protein spots
over the four gels, and we calculated the mean and coefficient of var-
iation (CV) of the spot intensities in four replicate experiments. The
range of mean spot intensity was divided into 10 classes. For protein
spots included in each class, the SD of the CV values was calculated.
From these SD values, corrected SD (cSD) values were calculated by
locally weighted regression using the LOWESS algorithm (www.
rproject.org). In each class, protein spots varying by over 2x cSD were
considered irreproducible and were eliminated. The mean intensities of
the remaining spots were used in the following fold-change calculation.
All analyses except LOWESS were performed using our custom Perl
codes.

Protein identification. The protein spots were excised by hand and
in-gel digestion was performed. Briefly, the spots were destained,
trypsin (sequencing grade; Promega, Madison, WI) was added, and the
gel pieces were incubated overnight. The tryptic peptides were ex-
tracted (50 pl of 50% acetonitrile/5% TFA), the supernatant was taken
to dryness in a vacuum centrifuge, and the residue was redissolved in
0.1% TFA. The resulting peptide mixture was desalted using ZipTips
C18 (Millipore, Bedford, MA) [14], eluted on a spot of a sample plate
with matrix solution (10 mg/ml a-cyano-carboxycinnamic acid in 50%
acetonitrile/0.1% TFA), and then analyzed using MALDI-TOF/MS
(Voyager-DE STR, Applied Biosystems, Foster City, CA) or MALDI-
TOF/TOF (4700 Proteomics Analyzer, Applied Biosystems). The
spectra were initially calibrated using auto-proteolysis products of
trypsin, and a search of the NCBInr sequence database using Mascot
(www.matrixscience.com) was performed with a tolerance of 100 ppm.
One miscut and oxidation of methionine or carbamidomethylation
were allowed. The search results were evaluated by considering the
probability score, peptide coverage, and correspondence of the esti-
mated and experimental p/ and molecular mass.

Quantitative real-time RT-PCR analysis. SAKD or WT cells were
seeded and treated with TGF-B, as described above. After 2h
of stimulation with TGF-B, mRNA was extracted using ISOGEN
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(Nippon Gene, Tokyo, Japan). One microgram of total RNA was
converted into cDNA using the ImProm-II Reverse Transcription
System (Promega). Real-time PCR primers (Qiagen, Valencia, CA)
targeting human HSP27, 14-3-3(, vimentin, DPC1, and GAPDH were
designed using Primer Express software (Applied Biosystems). The
ABI Prism 7000 Sequence Detection System and SYBR Green Master
Mix kit (both from Applied Biosystems) were used to detect real-time
PCR products from reverse-transcribed cDNA samples.

Results

Establishing Smad4-knocked down pancreatic carcinoma
cell lines

We established PANC-1 cells stably transfected with
the plasmid expressing siRNA that targeted Smad4 or
with the empty plasmid. Fig. 1A shows that introducing
siRNA resulted in the loss of Smad4 protein in the
PANC-1-S4KD clone and S4KD “cell pools,” which
were mixtures of polyclonal cells. To avoid deriving
biased data due to the selection of a specific clone, we
performed further analysis using “cell pools.”

To exclude the possibility that the siRNA induced
off-target effects, the expression of deleted in pancreatic
carcinoma, locusl (DPCI) gene, which has a sequence
similar to that of the targeted Smad4 gene sequence,
was examined using quantitative RT-PCR. S4KD and
WT cell pools showed the same amount of DPCI
mRNA expression (data not shown), which revealed
the Smad4-specific knockdown in S4KD cells. To
confirm that the TGF-B-Smad4 signaling pathway was
preserved in WT cells and impaired in S4KD cells, we
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Fig. 1. (A) siRNA inhibits Smad4 protein expression in S4KD cells.
Western blots from whole cell extracts (35 pg/lane) probed with anti-
Smad4 antibody. Lane 1, WT pool; lane 2, WT clone No.1; lane 3,
S4KD pool; lane 4, S4KD clone No.l; and lane 5, S4KD clone No.2.
(B) Protein expression of phosphorylated-Smad?2 (p-Smad2) and p21/
WAFI in S4KD and WT cells confirmed by Western blotting.

performed Western blotting of phosphorylated Smad?2
and p21/WAFI1. p21/WAFI1, an inducer of GI cell
cycle arrest, is a major downstream molecule of the
TGF-B-Smad4 signaling pathway [15]. Fig. 1B shows
TGF-B-induced phosphorylation of Smad2 in both
S4KD and WT cells, whereas up-regulation of p21/
WAF1 was markedly inhibited in S4KD cells. We also
performed a luciferase assay using the Smad-depen-
dent reporter (CAGA)o-luc. In this assay, WT cells
showed significant TGF-B-induced transcriptional ac-
tivation, whereas the induction was dramatically re-
duced in S4KD cells (Amarsanaa et al., manuscript
in preparation). These results indicate that TGF-
B-Smad4 signaling was preserved in Smad4-intact
cells and that inactivation of Smad4 impaired this
signaling.

2-DE of PANC-1 cells

To investigate the changes in protein expression
quantitatively, we investigated proteomes of S4KD
cells. Cells were treated with TGF-B for 12h and the
cell lysate was resolved by 2-DE (Fig. 2A). Initially, 2-
DE was performed using pH 3-10, IPG strips for the
first dimension. After several repeated runs, we found
that most of the differentially expressed proteins were
included in the pH range from 4 to 7. To isolate these
proteins more efficiently, we performed further exper-
iments with pH 4-7, IPG strips for the first dimension.
We analyzed more than 10 gels per experimental
condition, and the four gels with the fewest artifacts
were selected for statistical analysis. We detected 789
spots on silver-stained, 2-D gels reproducibly. Of these,
216 spots with variations greater that 2x cSD were
considered irreproducible and were eliminated; conse-
quently, 573 spots were selected for further analysis.
Spots showing more than a 1.3-fold increase or 0.7-
fold decrease after TGF-B stimulation were used for
protein identification according to a previous study
[16].

Of the spots investigated, five had increases of more
than 1.3-fold, and 17 showed more than 0.7-fold de-
creases after TGF-f stimulation. These spots were first
subjected to MALDI-TOF/MS. For the spots for which
peptide mass fingerprinting (PMF) using MALDI-TOF/
MS was unsuccessful, peptide sequence tagging was
performed using MALDI-TOF/TOF. We identified all
five spots that increased and 8 out of 17 spots that de-
creased after TGF-B stimulation. Table 1 lists the pro-
teins identified, and Figs. 2B and C show the
corresponding spots on the 2-D gel. The proteins iden-
tified are involved in cytoskeletal regulation (HSP27,
vimentin, ARP3, and profilin-II), cell cycle regulation
(14-3-3C, CSN8, and stathmin), cell proliferation (DJ-1
protein), nuclear transport (NTF2), and oxidative stress
(peroxiredoxin3). Vimentin was identified from two
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Fig. 2. (A) 2-D gel of S4KD cells. Aliquots (120 pg) of total lysate obtained from cells were resolved with a 2-D gel. The arrows indicate protein spots
that showed TGF-B-induced alteration and were identified by MS. The pH gradient of the first dimension obtained using a marker for isoelectric
points (pl) is shown at the bottom of the gel, and the migration of molecular weight (MW) markers for SDS-PAGE is shown to the left of the gel.
The spots that increased or decreased after TGF-P stimulation are shown in (B and C), respectively.

spots, which suggests posttranslational modification. To
confirm the expression of these proteins, Western blot-
ting was performed to detect HSP27, vimentin, and 14-
3-3C, for which antibodies are available (Fig. 3). The
expression of each protein in WT cells was also con-
firmed using Western blots, and most of the changes
were identical to those in S4KD cells (Fig. 3).

The quantitative changes in the transcripts of
HSP27, 14-3-3(, and vimentin after TGF-p stimulation
were investigated using real-time RT-PCR. In S4KD
cells, the levels of HSP27, 14-3-3(, and vimentin
mRNA increased 1.1-, 1.6-, and 1.5-fold, respectively,
whereas in WT cells, they increased slightly by 1.0-,
1.1-, and 1.1-fold (data not shown). As previously de-
scribed [17,18], our results show that changes in

mRNA levels are not always correlated with changes in
protein expression.

Quantitative changes of Smad4-independent
treated with an ERK inhibitor

targets

In addition to Smad-mediated transcription, TGF-3
is reported to activate MAPKs in certain cells [4].
Therefore, we examined these pathways in S4KD and
WT cells. As shown in Fig. 4A, TGF-B stimulation in-
duced phosphorylation of extracellular signal-related
kinase (ERK), p38 MAPK was slightly phosphorylated,
and c-JUN N-terminal kinase (JNK) signaling was not
detected in either cell. To investigate whether ERK
signaling regulates the amount of protein, the cells were



Table 1
Proteins that showed altered experssion after TGF-p stimulation
Spot No.* TGF-B (-)° TGF-B (+)° Fold change  Protein identified NCBI ID No./ Instrument Score® Sequence Estimated® Experimental®
Accession No. used? coverage (%) ol M, (kDa) pl M, (kDa)
1406 990.6 507.8 0.511 Vimentin® A25074 MS/MS 48 3 5.06  53.7 4.6 49
4004 805.7 437.6 0.543 CSN8 i|5729979 MS/MS 63 10 525 232 5.4 23
1412 1045.0 568.7 0.544 Vimentin® A25074 MS/MS 71 7 5.06 537 4.8 52
2003 2193.5 1198.8 0.547 NTF2 £i|5031985 MS/MS 39 11 510 145 4.9 13
6101 553.1 3523 0.637 Peroxiredoxin3 AAHO08435 MS/MS 64 14 7.11  28.1 5.9 25
4007 2863.5 1905.2 0.665 Profilin 11 IDUIJA MS/MS 39 17 584 153 5.5 15
4011 1837.4 1277.0 0.695 Stathmin P16949 MS/MS 56 8 576 173 5.5 19
5102 662.2 447.8 0.676 L-3-phosphoserine 2i|4758972 MS/MS 64 11 553 250 5.6 26
phosphatase
7107 6396.8 8320.5 1.301 DIJ1 protein JC539%4 MS/MS 70 13 6.33  20.1 6.3 25
5508 1887.0 2897.4 1.535 ARP3 £i|5031573 MS/MS 77 10 561 473 5.7 55
1105 5194.1 8069.8 1.55 14-3-3¢ 1QJBA MS 199 71% 499  26.1 4.6 26
5106 2945.9 4750.8 1.61 HSP27 E980237 MS/MS 57 13 598 229 5.7 26
5221 3286.4 5612.1 1.71 Inorganic AAF17222 MS/MS 57 11 5.54 332 5.6 36
pyrophosphatase

#Spot No., experimental p/, and experimental M, were obtained using PDQuest software.

® Quantitative changes in protein expression were expressed as ppm.

©Vimentin was identified from two spots (No. 1406 and No. 1412) on the 2-D gel.

4MS indicates MALDI-TOF/MS (Voyager-DE STR) and MS/MS indicates MALDI-TOF/TOF (4700 Proteomics Analyzer).
¢Score, estimated pl, and estimated M, were obtained from the Mascot search.
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Fig. 3. Quantitative changes in protein expression confirmed by Wes-
tern blots. S4KD or WT cells were incubated with or without 10 ng/ml
TGF-B for 12h. The numbers under the blots indicate the relative
changes in protein levels based on densitometric analysis.

treated with TGF-B in the presence or absence of the
selective ERK inhibitor PD98059. Pretreatment with
PD98059 did not alter the amounts of the proteins
investigated (Fig. 4B), suggesting that these molecules

are not stimulated via either the Smad4 or MAPK
pathways.
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Discussion

This study combined a proteomic approach with
RNAI technology to identify novel targets of TGF-p.
RNAI shows tremendous promise as a tool for targeted
gene silencing. Although recent reports suggest that
RNAI induces off-target effects [19], the equal expression
of the DPCI gene in S4KD and WT cells showed the
specificity of the RNAi used. Recently, RNAi has been
used to obtain a genome-wide view of the influence of
specific genes using cDNA microarrays [20]. Indeed,
cDNA microarrays are useful for screening mRNA ex-
pression, although there is conflicting evidence regard-
ing the correlation between mRNA and protein
abundance [17]. By introducing RNAi-mediated gene
silencing into the analysis of protein expression, we can
understand the global changes in protein expression
associated with the loss of a specific gene function. Al-
though a similar study was carried out using gene si-
lencing mediated by antisense DNA [21], there might be
a problem with its specificity and reproducibility.

Our study identified 12 molecules by MS as proteins
involved in TGF-f signals. Interestingly, some of the
identified proteins have known roles in TGF-B-signal-
ing. In osteoblasts, HSP27 and vimentin are stimulated
by TGF-p via a non-Smad pathway [22,23]. HSP27 is a

B KD WT
e
ERK —— gl ||
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HsP27 o vy |-
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14-3-3¢ e
actin ?,- b‘-
PD98059 (50 u M) — + - 4

Fig. 4. (A) The effects of TGF-p on MAPKs. S4KD and WT cells were treated for the indicated time with 10 ng/ml TGF-. The cell extracts were
then immunoblotted to detect total and phosphorylated-ERK (p-ERK), JNK, and p38 MAPK. (B) The effects of an MEK inhibitor on TGF-f-
induced changes of protein expression. S4KD and WT cells were treated with or without PD98059 (50 uM) for 1h and were then stimulated with
10 ng/ml TGF-B for 90 min (p-ERK, ERK) or 12h (HSP27, vimentin, and 14-3-30). Thirty-five micrograms of total cell lysate was probed with anti-
p-ERK antibody, anti-ERK antibody, anti-HSP27 antibody, anti-vimentin antibody, and anti-14-3-3{ antibody.
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molecular chaperone that belongs to the heat shock
family of stress proteins [24], and it plays a major role in
actin filament dynamics and prevents apoptosis [25].
Vimentin is a major structural component of interme-
diate filaments in many cell types, and it plays an im-
portant role in vital mechanical and biological
functions, such as cell contractility, migration, stiffness,
and proliferation [26]. In our study, TGF-f increased
the expression of vimentin mRNA, but decreased its
protein level. The molecular mechanisms that account
for the discrepancy remain to be clarified.

There are no previous reports on the involvement of
the other 10 proteins identified as TGF-f signals, which
suggests that TGF-f signaling acts in cytoskeletal reg-
ulation, cell cycle regulation, cell proliferation, nuclear
transport, and oxidative stress. Actin-related protein 3
(ARP3) and profilin-II are actin regulatory proteins [27].
ARP3 was first cloned from Schizosaccharomyces
pombe, where it encodes a protein that is essential for the
germination of haploid spores [28]. Profilin-II is a mul-
tifunctional actin regulatory protein that binds to actin
monomers, and it is widely thought to promote actin
filament assembly.

Interestingly, some of the proteins identified act in
cell cycle regulation. 14-3-3 proteins are broadly ex-
pressed in a wide range of eukaryotes, and at least seven
different isoforms have been identified in mammalian
cells [29]. 14-3-3 proteins have been implicated in cell
cycle control and interact with many signaling mole-
cules. In this study, 14-3-3( protein was up-regulated by
TGF-B in the presence of PD98059. Because mitogen-
activated protein kinase kinase (MEK) phosphorylates
Smad2/3 and inhibits its nuclear translocation [30],
PD98059 might promote Smad2/3 nuclear translocation,
resulting in an increase in 14-3-3{ protein. The inhibition
of stathmin expression results in growth inhibition and
the accumulation of cells in mitosis [31]. The down-
regulation of stathmin that we observed might account
for the growth inhibition mediated by TGF-f.

Recently, TGF-f signaling was also reported to reg-
ulate protein stability. One of the identified proteins,
CSNB8, is a component of the subunit of COP9 sig-
nalosome (CSN) and was previously reported to accel-
erate p27 degradation [32]. Because p27 induces growth
inhibition by causing G1 cell cycle arrest [33], our results
suggest that TGF-f induces down-regulation of CSN8,
which in turn causes growth inhibition.

DJ-1 was first reported to be a novel oncogene
showing cooperative transforming activity with H-ras
[34]; it is a ubiquitously expressed, highly conserved
protein that plays important roles in several biological
processes. Recently, mutations in DJ-1 were identified as
the cause of an autosomal recessive, early-onset form of
familial Parkinson’s disease [35]. Human L-3 phospho-
serine phosphatase is the enzyme responsible for the
third and last step in L-serine formation [36]. Fairchild

et al. [37] first reported human inorganic pyrophospha-
tase (PPase), which catalyzes the hydrolysis of pyro-
phosphate to form orthophosphate. Nuclear transport
factor 2 (NTF2) mediates the nuclear import of
RanGDP. Although NTF2 is reportedly essential for
mediating the active nuclear import of phosphorylated
Smad3, the relationship between NTF2 and TGF-§
signals is not clear [38]. Peroxiredoxin3 is an antioxidant
enzyme that is involved in the protection of protein and
lipid against oxidative injury and in cellular signaling
pathways regulating apoptosis [39].

In order to elucidate the phenotypic change due to
the knockdown of Smad4, we performed cell prolifera-
tion and cell invasion assays in vitro. However, there
were no significant differences in the results with S4KD
and WT cells. We are analyzing whether the loss of
Smad4 changes the cellular phenotype, and further
study is necessary to clarify the molecular mechanism by
which TGF-B regulates these identified targets.

In conclusion, we established Smad4 knockdown
PANC-1 pancreatic carcinoma cells using a stable RNAi
method. Proteomic analyses with RNAi could be a
useful method for examining novel target molecules in
unknown pathways, and these molecules might play
significant roles in the pathogenesis of pancreatic car-
cinoma. Further investigation of the signaling pathway
of the identified molecules is needed.

Acknowledgments

The authors thank Dr. T. Suzuki (National Institute of Health
Sciences, Tokyo, Japan) for help with the MALDI-TOF/TOF. This
study was supported by the Japanese Ministry of Education, Culture,
Sports, Science and Technology (MEXT).

References

[1]1 S.A. Hahn, M. Schutte, A.T. Hoque, C.A. Moskaluk, L.T. da
Costa, E. Rozenblum, C.L. Weinstein, A. Fischer, C.J. Yeo, R.H.
Hruban, S.E. Kern, DPC4, a candidate tumor suppressor gene at
human chromosome 18q21.1, Science 271 (1996) 350-353.

[2] K. Takaku, M. Oshima, H. Miyoshi, M. Matsui, M.F. Seldin,
M.M. Taketo, Intestinal tumorigenesis in compound mutant mice
of both Dpc4 (Smad4) and Apc genes, Cell 92 (1998) 645-656.

[3] D.G. Duda, M. Sunamura, L.P. Lefter, T. Furukawa, T.
Yokoyama, T. Yatsuoka, T. Abe, H. Inoue, F. Motoi, S. Egawa,
S. Matsuno, A. Horii, Restoration of SMAD4 by gene therapy
reverses the invasive phenotype in pancreatic adenocarcinoma
cells, Oncogene 22 (2003) 6857-6864.

[4] R. Derynck, Y.E. Zhang, Smad-dependent and Smad-indepen-
dent pathways in TGF-beta family signalling, Nature 425 (2003)
577-584.

[5] U. Rodeck, T. Nishiyama, A. Mauviel, Independent regulation of
growth and SMAD-mediated transcription by transforming
growth factor beta in human melanoma cells, Cancer Res. 59
(1999) 547-550.

[6] B.A. Hocevar, T.L. Brown, P.H. Howe, TGF-beta induces
fibronectin synthesis through a c-Jun N-terminal kinase-depen-



296 T. Imamura et al. | Biochemical and Biophysical Research Communications 318 (2004) 289-296

dent, Smad4-independent pathway, EMBO J. 18 (1999) 1345-
1356.

[7] C. Sirard, S. Kim, C. Mirtsos, P. Tadich, P.A. Hoodless, A. Itie,
R. Maxson, J.L. Wrana, T.W. Mak, Targeted disruption in
murine cells reveals variable requirement for Smad4 in transform-
ing growth factor beta-related signaling, J. Biol. Chem. 275 (2000)
2063-2070.

[8] H. Ijichi, T. Ikenoue, N. Kato, Y. Mitsuno, G. Togo, J. Kato, F.
Kanai, Y. Shiratori, M. Omata, Systematic analysis of the TGF-
beta-Smad signaling pathway in gastrointestinal cancer cells,
Biochem. Biophys. Res. Commun. 289 (2001) 350-357.

[9] G.J. Hannon, RNA interference, Nature 418 (2002) 244-251.

[10] M. Miyagishi, K. Taira, U6 promoter-driven siRNAs with four
uridine 3’ overhangs efficiently suppress targeted gene expression
in mammalian cells, Nat. Biotechnol. 20 (2002) 497-500.

[11] F. Kanai, P.A. Marignani, D. Sarbassova, R. Yagi, R.A. Hall, M.
Donowitz, A. Hisaminato, T. Fujiwara, Y. Ito, L.C. Cantley,
M.B. Yaffe, TAZ: a novel transcriptional co-activator regulated
by interactions with 14-3-3 and PDZ domain proteins, EMBO J.
19 (2000) 6778-6791.

[12] A. Gorg, C. Obermaier, G. Boguth, A. Harder, B. Scheibe, R.
Wildgruber, W. Weiss, The current state of two-dimensional
electrophoresis with immobilized pH gradients, Electrophoresis 21
(2000) 1037-1053.

[13] A. Shevchenko, M. Wilm, O. Vorm, M. Mann, Mass spectromet-
ric sequencing of proteins silver-stained polyacrylamide gels, Anal.
Chem. 68 (1996) 850-858.

[14] M.G. Pluskal, A. Bogdanova, M. Lopez, S. Gutierrez, A.M. Pitt,
Multiwell in-gel protein digestion and microscale sample prepa-
ration for protein identification by mass spectrometry, Proteomics
2 (2002) 145-150.

[15] A. Moustakas, D. Kardassis, Regulation of the human p21/
WAF1/Cipl promoter in hepatic cells by functional interactions
between Spl and Smad family members, Proc. Natl. Acad. Sci.
USA 95 (1998) 6733-6738.

[16] T. Kanamoto, U. Hellman, C.H. Heldin, S. Souchelnytskyi,
Functional proteomics of transforming growth factor-betal-stim-
ulated MvlLu epithelial cells: Rad51 as a target of TGFbetal-
dependent regulation of DNA repair, EMBO J. 21 (2002) 1219-
1230.

[17] S.P. Gygi, Y. Rochon, B.R. Franza, R. Aebersold, Correlation
between protein and mRNA abundance in yeast, Mol. Cell. Biol.
19 (1999) 1720-1730.

[18] M.P. Washburn, A. Koller, G. Oshiro, R.R. Ulaszek, D. Plouffe,
C. Deciu, E. Winzeler, J.R. Yates 3rd, Protein pathway and
complex clustering of correlated mRNA and protein expression
analyses in Saccharomyces cerevisiae, Proc. Natl. Acad. Sci. USA
100 (2003) 3107-3112.

[19] A.L. Jackson, S.R. Bartz, J. Schelter, S.V. Kobayashi, J.
Burchard, M. Mao, B. Li, G. Cavet, P.S. Linsley, Expression
profiling reveals off-target gene regulation by RNAi, Nat.
Biotechnol. 21 (2003) 635-637.

[20] N.S. Williams, R.B. Gaynor, S. Scoggin, U. Verma, T. Gokaslan,
C. Simmang, J. Fleming, D. Tavana, E. Frenkel, C. Becerra,
Identification and validation of genes involved in the pathogenesis
of colorectal cancer using cDNA microarrays and RNA interfer-
ence, Clin. Cancer Res. 9 (2003) 931-946.

[21] L.R. Yu, X.X. Shao, W.L. Jiang, D. Xu, Y.C. Chang, Y.H. Xu,
Q.C. Xia, Proteome alterations in human hepatoma cells trans-
fected with antisense epidermal growth factor receptor sequence,
Electrophoresis 22 (2001) 3001-3008.

[22] D. Hatakeyama, O. Kozawa, M. Niwa, H. Matsuno, H. Ito, K.
Kato, N. Tatematsu, T. Shibata, T. Uematsu, Upregulation by
retinoic acid of transforming growth factor-beta-stimulated heat

shock protein 27 induction in osteoblasts: involvement of mito-
gen-activated protein kinases, Biochim. Biophys. Acta 1589 (2002)
15-30.

[23] A. Lomri, P.J. Marie, Effects of transforming growth factor type
beta on expression of cytoskeletal proteins in endosteal mouse
osteoblastic cells, Bone 11 (1990) 445-451.

[24] 1.J. Benjamin, D.R. McMillan, Stress (heat shock) proteins:
molecular chaperones in cardiovascular biology and disease, Circ.
Res. 83 (1998) 117-132.

[25] C.G. Concannon, A.M. Gorman, A. Samali, On the role of Hsp27
in regulating apoptosis, Apoptosis 8 (2003) 61-70.

[26] E.J. Clarke, V. Allan, Intermediate filaments: vimentin moves in,
Curr. Biol. 12 (2002) R596-598.

[27] M.R. Clarkson, M. Murphy, S. Gupta, T. Lambe, H.S. Macken-
zie, C. Godson, F. Martin, H.R. Brady, High glucose-altered gene
expression in mesangial cells. Actin-regulatory protein gene
expression is triggered by oxidative stress and cytoskeletal
disassembly, J. Biol. Chem. 277 (2002) 9707-9712.

[28] J.P. Lees-Miller, G. Henry, D.M. Helfman, Identification of act2,
an essential gene in the fission yeast Schizosaccharomyces pombe
that encodes a protein related to actin, Proc. Natl. Acad. Sci. USA
89 (1992) 80-83.

[29] G. Tzivion, J. Avruch, 14-3-3 proteins: active cofactors in cellular
regulation by serine/threonine phosphorylation, J. Biol. Chem.
277 (2002) 3061-3064.

[30] M. Kretzschmar, J. Doody, I. Timokhina, J. Massague, A
mechanism of repression of TGFbeta/ Smad signaling by onco-
genic Ras, Genes Dev. 13 (1999) 804-816.

[31] U. Marklund, O. Osterman, H. Melander, A. Bergh, M. Gullberg,
The phenotype of a Cdc2 kinase target site-deficient mutant of
oncoprotein 18 reveals a role of this protein in cell cycle control, J.
Biol. Chem. 269 (1994) 30626-30635.

[32] K. Tomoda, Y. Kubota, Y. Arata, S. Mori, M. Maeda, T.
Tanaka, M. Yoshida, N. Yoneda-Kato, J.Y. Kato, The cytoplas-
mic shuttling and subsequent degradation of p27Kipl mediated
by Jabl/CSNS5 and the COP9 signalosome complex, J. Biol. Chem.
277 (2002) 2302-2310.

[33] K. Polyak, J.Y. Kato, M.J. Solomon, C.J. Sherr, J. Massague,
J.M. Roberts, A. Koff, p27Kipl, a cyclin-Cdk inhibitor, links
transforming growth factor-beta and contact inhibition to cell
cycle arrest, Genes Dev. 8 (1994) 9-22.

[34] D. Nagakubo, T. Taira, H. Kitaura, M. Ikeda, K. Tamai, S.M.
Iguchi-Ariga, H. Ariga, DJ-1, a novel oncogene which transforms
mouse NIH3T3 cells in cooperation with ras, Biochem. Biophys.
Res. Commun. 231 (1997) 509-513.

[35] V. Bonifati, P. Rizzu, F. Squitieri, E. Krieger, N. Vanacore,
J.C. van Swieten, A. Brice, C.M. van Duijn, B. Oostra, G.
Meco, P. Heutink, DJ-1 (PARK?7), a novel gene for autosomal
recessive, early onset Parkinsonism, Neurol. Sci. 24 (2003) 159-
160.

[36] J.F. Collet, I. Gerin, M.H. Rider, M. Veiga-da-Cunha, E. Van
Schaftingen, Human L-3-phosphoserine phosphatase: sequence,
expression and evidence for a phosphoenzyme intermediate, FEBS
Lett. 408 (1997) 281-284.

[37] T.A. Fairchild, G. Patejunas, Cloning and expression profile of
human inorganic pyrophosphatase, Biochim. Biophys. Acta 1447
(1999) 133-136.

[38] A. Kurisaki, S. Kose, Y. Yoneda, C.H. Heldin, A. Moustakas,
Transforming growth factor-beta induces nuclear import of
Smad3 in an importin-betal and Ran-dependent manner, Mol.
Biol. Cell 12 (2001) 1079-1091.

[39] Z.A. Wood, E. Schroder, J. Robin Harris, L.B. Poole, Structure,
mechanism and regulation of peroxiredoxins, Trends Biochem.
Sci. 28 (2003) 32-40.



	Proteomic analysis of the TGF-beta signaling pathway in pancreatic carcinoma cells using stable RNA interference to silence Smad4 expression
	Materials and methods
	Results
	Establishing Smad4-knocked down pancreatic carcinoma cell lines
	2-DE of PANC-1 cells
	Quantitative changes of Smad4-independent targets treated with an ERK inhibitor

	Discussion
	Acknowledgements
	References


