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Abstract Recently, it was reported that Hh signaling is
activated in tumor stromal cells but not in tumor cells them-
selves and that stromal cells may play a role in the prolifer-
ation of cancer cells. This suggests the possibility that
stromal cells have an important role in the proliferation of
tumor cells that may be mediated through Hh signaling. In
this report, we present for the Wrst time that inXammation-
stimulated monocytes produce Shh through activation of
the NF-�B signaling pathway, and that the Shh produced
promotes the proliferation of pancreatic cancer cells in a
paracrine manner through Hh signaling.
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Abbreviations
PBMCs Peripheral blood mononuclear cells
Shh Sonic hedgehog
PDAC Pancreatic ductal adenocarcinomas

Introduction

Pancreatic cancer is one of the most lethal of malignancies.
Therapeutic options for patients with unresectable, meta-
static, recurrent diseases are extremely limited, and the 5-year
survival rate is below 5%. Thus, new therapeutic options
are required.

Recent studies have proposed that the hedgehog (Hh)
signaling pathway, a morphogenesis signaling pathway,
contributes to pancreatic carcinogenesis. It has been shown
for the Wrst time that the expression of a Hh ligand, Sonic
hedgehog (Shh), and essential components of the pathways,
including patched (Ptch) and smoothed (Smo), have been
found in up to 70% of human pancreatic ductal adenocarci-
nomas (PDAC) specimens [35] and may have an early and
critical role in the genesis of PDAC [3, 35]. In these
reports, it has also been shown that Shh overexpression is
suYcient to initiate PanIN (pancreatic intraepithelial
neoplasia)-like precursor lesions. Furthermore, it has been
shown that Shh overexpression accelerates tumor formation
in mouse orthotopic xenotransplants [23]. These studies
have strongly suggested that Shh produced by tumor cells
activates the Hh pathway and tumor cell growth in an auto-
crine/juxtacrine manner [27, 35]. Based on these observa-
tions, Hh pathway inhibitors are now under development as
a new therapeutic option for PDAC. Quite recently, however,
Yauch et al. [38] demonstrated that ligand-dependent
activation of the Hh pathway was found in the stromal
microenvironment, but not in tumor epithelial cells, in a
xenograft tumor model and that the speciWc inhibition of
Hh signaling in the mouse stroma results in growth inhibi-
tion. If so, their data indicate a paracrine requirement for
Hh ligand signaling in pancreatic carcinogenesis. They pro-
pose that Hh ligands produced by tumor cells act on the
stromal compartment to support tumor growth indirectly.
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Thus, the mechanisms by which the Hh pathway, especially
Shh, contributes to pancreatic carcinogenesis remains
unclear and controversial.

As we know, epidemiological studies have long indi-
cated a strong association between chronic inXammation
and the initiation and progression of PDAC. For example,
smoking, Helicobacter pylori seropositivity, and chronic
pancreatitis are considered risk factors for PDAC [2, 4, 21,
26, 30]. However, molecular mechanisms linking inXam-
mation and the development of epithelial cancer have
remained unclear. Recently, the signiWcance of nuclear fac-
tor kappaB (NF-�B) was proposed [9, 16, 22]. NF-�B is a
transcription factor that controls expression of numerous
genes involved in inXammation [15]. In fact, it has been
suspected that NF-�B signaling has a pivotal role in chronic
inXammation-associated malignancies. Recent data suggest
that NF-�B activation in tumor stromal cells contributes to
tumorigenesis by upregulating tumor-promoting proinXam-
matory proteins including angiogenic factors, matrix metal-
loproteases and reactive oxygen and nitrogen species,
which increase DNA damage [20, 29].

Importantly, we have indicated a close linkage between
NF-�B and Shh expression in PDAC cells [25], and there-
after it was shown that Shh is a direct transcriptional target
of NF-�B [17]. These Wndings suggest that the NF-�B–Shh
pathway may play an important role in the linkage between
inXammation and the carcinogenesis of PDAC. By linking
each of these Wndings, we hypothesized that monocytes
activated with inXammatory stimuli such as lipopolysac-
charide (LPS) may play an important role, directly or indi-
rectly, through Shh production in the initiation and
progression of PDAC.

Materials and methods

Cell culture, reagents, and antibodies

Peripheral blood mononuclear cells (PBMCs) were isolated
from heparinized peripheral blood by HISTOPAQUE-1077
(Sigma–Aldrich, St. Louis, MO, USA) density gradient
centrifugation. PBMCs were resuspended in RPMI 1640
basal medium (Nacalai Tesque, Kyoto, Japan) supple-
mented with 1% human albumin (Mitsubishi Tanabe
Pharma, Osaka, Japan) 100 units/mL penicillin (Meiji
Seika, Tokyo, Japan) and 100 �g/mL streptomycin (Meiji
Seika), plated at a density of 8 £ 106 cells/ml, and allowed
to adhere for 30 min at 37°C in six-well plates (Nalge Nunc
International, Chiba, Japan). Non-adherent cells and adher-
ent cells were collected separately. After collecting these
cells, adherent and non-adherent cells were incubated for
1 h with Xuorescently conjugated CD14 and CD2 antibod-
ies (BD Pharmingen, San Diego, CA, USA), respectively.

The Xuorescently labeled cells were applied to a FACSCal-
ibur Xow cytometer (Becton–Dickinson, Franklin Lakes,
NJ, USA) and the Xuorescence intensity was analyzed
using CELLQuest software (Becton–Dickinson). The pro-
cedure of plastic adherence was repeated until CD14 and
CD2 positive cells constituted over 90% of adherent and
non-adherent cells, respectively. PuriWed cells were resus-
pended in RPMI 1640 basal medium supplemented with
1% human albumin.

Two human PDAC cell lines (AsPC-1 and SUIT-2) and
a human acute monocytic leukemia cell line, THP-1, were
maintained in complete medium consisting of RPMI 1640
supplemented with 10% fetal bovine serum (FBS: Biologi-
cal Industries, Kibbutz Beit Haemek, Israel), 100 units/mL
penicillin (Meiji Seika) and 100 �g/mL streptomycin (Meiji
Seika) at 37°C.

LPS from Escherichia coli (B4) and NF-�B inhibitor,
pyrrolidine dithiocarbamate (PDTC) were purchased from
Sigma (Deisenhofen, Germany) and recombinant human
Shh N-terminal peptide (rhShh) was purchased from R&D
Systems (Minneapolis, MN, USA). Cyclopamine, pur-
chased from Toronto Research Chemicals (Toronto, Canada),
was diluted in 100% methanol.

Rabbit anti-Shh (sc-9024) antibody was purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Mouse
anti-CD68 (PG-M1) antibody was from Dako (Grostrup,
Denmark). Mouse anti-Shh blocking antibody (5E1), devel-
oped by Thomas M. Jessell, was obtained from the Devel-
opmental Studies Hybridoma Bank developed under the
auspices of the National Institute of Child Health and
Human Development and maintained by The University of
Iowa, Department of Biological Sciences (Iowa City, IA).
Control mouse IgG was purchased from Sigma–Aldrich
(St Louis, MO).

Clinical samples and Xuorescence immunohistochemistry

Surgical specimens were obtained from 20 patients with
PDAC, all of whom underwent resection at the Department
of Surgery and Oncology, Kyushu University (Fukuoka,
Japan). Informed consent was obtained from all patients.
Samples were Wxed in 10% formalin and embedded in par-
aYn. Slides were dewaxed, rehydrated, washed, and sub-
jected to microwave retrieval in a citrate buVer (pH 6.0).
For immunoXuorescence double staining, sections were
double-stained with rabbit anti-Shh (sc-9024; 1:100) and
mouse monoclonal anti-CD68 (clone PG-M1; 1:100). The
bound antibodies were visualized using goat anti-rabbit IgG
(H + L) Alexa 488 (Invitrogen, Carlsbad, CA, USA) and
goat anti-mouse (H + L) Alexa 568 (Invitrogen). The
stained sections were photographed with a digital camera
attached to a Zeiss Axio Imager A1 microscope (Carl Zeiss,
Oberknochen, Germany).
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Fluorescence immunocytochemistry

Cells were seeded onto pre-underlaid poly L-lysine-coated
glass coverslips (Asahi Techno Glass, Chiba, Japan) in
24-well plates, and were incubated overnight in RPMI
containing 10% FBS. Twenty-four-well plates were centri-
fuged for adherence, and then cells were Wxed in 4%
paraformaldehyde followed by permeabilization with
0.2% Triton X-100, before overnight incubation at 4°C
with rabbit anti-Shh primary antibody (1:200, Santa Cruz)
followed by an appropriate secondary antibody, goat anti-
rabbit IgG (Invitrogen). Cells were counterstained with
4�,6�-diamidino-2-phenylindole dihydrochloride (Sigma–
Aldrich). After mounting in Vectashield (Vector Laborato-
ries), samples were examined by Xuorescence microscopy
(Carl Zeiss).

Real-time reverse transcription-PCR

RNA (1 �g) was treated with DNase and reverse tran-
scribed to cDNA with the Quantitect Reverse Transcription
kit (Qiagen, Valencia, CA, USA) according to the manufac-
turer’s protocol. Reactions were run with the iQ SYBR
Green Supermix (Bio-Rad, Hercules, CA, USA) on a DNA
Engine Opticon 2 System (MJ Research, Waltham, MA).
The amount of each target gene in a given sample was nor-
malized to the level of �-actin in that sample. Each sample
was run in triplicate. All primer sets ampliWed fragments
<200 bp long. Sequences of the primers used were �-actin
forward, 5�-TTGCCGACAGGATGCAGAAGGA-3�, and
reverse, 5�-AGGTGGACAGCGAGGCCAGGAT-3�; Shh
forward, 5�-GTGTACTACGAGTCCAAGGCAC-3�, and
reverse, 5�-AGGAAGTCGCTGTAGAGCAGC-3�; Smo for-
ward, 5�-CAGGTGGATGGGGACTCTGTGAGT-3�, and
reverse, 5�-GAGTCATGACTCCTCGGATGAGG-3�; Gli1
forward, 5�-ATTGCCAGTCATTTCCACACCA-3�, and
reverse, 5�-CTCGGGCACCATCCATTTCTAC-3�.

Luciferase assay

Cells in six-well plates were transfected with plasmids with
SuperFect transfection reagent (Qiagen) according to the
manufacturer’s instructions. Cells on each well were co-
transfected with 5 ng pRLSV40 (Promega) and 2 �g
pELAM-Luc [27], the NF-�B-dependent luciferase reporter
was kindly provided by Dr. K. Takeda, from the Division
of Embryonic and Genetic Engineering, Medical Institute
of Bioregulation, Kyushu University. LPS was added to
each well and luciferase assays were performed 6 h later
with the dual luciferase assay kit (Promega) according to
the manufacturer’s instructions. The luciferase activities
were normalized to the Renilla luciferase activity.

Electrophoretic mobility shift assay (EMSA)

Preparation of nuclear extracts from THP1 cells and
PBMCs were performed as described previously [37].
BrieXy, 3 £ 106 cells cocultured with LPS for the indi-
cated times were collected and washed once with PBS.
THP1 cells were then homogenized in hypotonic buVer
[10 mM HEPES (pH 7.5), 10 mM KCl, 1.5 mM MgCl2,
0.1% NP40, and 5% protease inhibitor mixture]. Nuclear
extract (10 �g) was then incubated for 30 min at 37°C with
binding buVer [60 mmol/L HEPES (pH 7.5), 180 mmol/L
KCl, 15 mmol/L MgCl2, 0.6 mmol/L EDTA, 24% glyc-
erol], poly (deoxyinosinic-deoxycytidylic acid), and [32]
P-labeled double-stranded oligonucleotides containing the
NF-�B and Oct-1 binding motif (Promega, Madison, WI,
USA). Sequences of the double-stranded oligomer used
for the EMSA were 5�-AGTTGAGGGGACTTTCCCAG
GC-3� for NF-�B and 5�-TGTCGAATGCAAATCACTA
GAA-3� for Oct-1. The reaction mixtures were loaded
onto a 4% polyacrylamide gel and electrophoresed with a
running buVer of 0.25% Tris-borate EDTA. Gels were
dried and the DNA–protein complexes were visualized by
autoradiography.

Proliferation assay

Cells (2 £ 104 per well) seeded in 12-well plates in com-
plete culture medium were incubated overnight. Medium
was changed to RPMI 1640 with 1% FBS in the presence or
the absence of rhShh N-terminal peptide, mouse anti-Shh
blocking antibody (5E1), control mouse IgG antibody, and
cyclopamine (Toronto Research Chemicals). After 3 days
of incubation, cells were counted with a Coulter counter
(Beckman Coulter, Fullerton, CA, USA).

In our coculture system, cell proliferation was analyzed
by Coulter counter cell analysis and FACS analysis as
previously reported [18]. In brief, PDAC cells
(1 £ 105 cells per well) were labeled with 5 �M CFSE by
using the CellTrace™ CFSE Cell Proliferation kit (Invit-
rogen) prior to coculture with THP-1 cells (1 £ 105 cells
per well). THP-1 cells were cultured in the presence or
absence of LPS for 24 h. THP-1 cells were then washed
intensively to eliminate LPS and the cell number was
readjusted. Each of LPS-stimulated and non-stimulated
THP-1 cells were then mixed with CFSE-labeled pancre-
atic cancer cells and cultured for a further 4 days. After
4 days of incubation, the cells were harvested by trypsin-
ization and total cell number was counted with a Coulter
counter. The fractions of THP-1 cells and PDAC cells
were determined using a FACSCaliburTM (Becton–
Dickinson) and the absolute number of PDAC cells was
calculated.
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Semiquantitative RT-PCR

Total RNA was extracted from PBMCs and adherent cells
using the guanidinium thiocyanate–phenol–chloroform sin-
gle-step method [7] and quantiWed by spectrophotometry
(Ultrospec 2100 Pro; Amersham Pharmacia Biotech,
Cambridge, United Kingdom). Shh forward, 5�-CGCACG
GGGACAGCTCGGAAGT-3� and reverse, 5�-CTGCGCG
GCCCTCGTAGTGC-3� primers yield a 492-bp product.
Gli1 forward, 5�-TCTGCCCCCATTGCCCACTTG-3� and
reverse, 5�-TACATAGCCCCCAGCCCATACCTC-3� prim-
ers yield a 480-bp product. Ptch1 forward, 5�-CGGCGTTC
TCAATGGGCTGGTTTT-3� and reverse, 5�-GTGGGGCT
GCTGTCTCGGGTTCG-3� primers yield a 376-bp product.
�-actin forward, 5�-TTGTTACAGGAAGTCCCTTGCC3�

and reverse, 5�-ATGCTATCACCTCCCCTGTGTG-3�

primers gave rise to a 436-bp product. AmpliWcation condi-
tions comprised an initial denaturation for 2 min at 94°C
followed by 30 cycles of 1 min at 94°C, 1 min at 58°C, and
1 min at 72°C. AmpliWcation of each gene was in the linear
range. The PCR products were separated on ethidium bro-
mide-stained 2% agarose gels.

Immunoblotting

Whole-cell extraction was carried out with M-PER
Reagents (Pierce Biotechnology, Rockford, IL) according
to the manufacturer’s instructions. Protein concentrations
were determined with a Bio-Rad Protein Assay (Bio-Rad).
Whole-cell extract (50 �g) was separated by electrophore-
sis on 12.5% SDS-polyacrylamide gels and transferred to
Protran nitrocellulose membranes (Schleicher and Schnell
BioScience, Dassel, Germany). Blots were incubated with
anti-Shh pAb (1:100, Santa Cruz) or anti-�-tubulin mAb
(1:1,000, Sigma–Aldrich) overnight at 4°C. Blots were then
incubated with secondary antibody, horseradish peroxi-
dase-linked anti-rabbit IgG antibody (Amersham Biosci-
ences, Piscataway, NJ) at room temperature for 1 h.
Immunocomplexes were detected with an enhanced chemi-
luminescence reagent (Amersham Biosciences) and visual-
ized with a Molecular Imager FX (Bio-Rad).

Plasmids, oligodeoxynucleotides, and cell transduction

Phosphorothioated and double-stranded NF-�B decoy oli-
godeoxynucleotides, 5�-CCTTGAAGGGATTTCCCTCC-3�,
and scramble oligodeoxynucleotides, 5�-TTGCCGTACCT
GACTTAGCC-3�, were purchased from Hokkaido System
Science (Sapporo, Japan). Cells were transfected with
0.5 �mol/L NF-�B decoy or scramble oligodeoxynucleo-
tides with LipofectAMINE (Life Technologies, Inc,
Gaithersburg, MD) according to the manufacturer’s instruc-
tions. Transfected cells were used for experiments 48 h

after transfection. The pIRES2-hSHH-EGFP (referred to as
pSHH-GFP) plasmids were kindly provided by Dr. Aubie
Shaw (Division of Urology, Department of Surgery,
University of Wisconsin, Madison, WI; [11]). The
pCMV-I�B� wild type (WT) and pCMV-I�B� mutant
were purchased from BD Biosciences/Clontech (Palo Alto,
CA). Cells seeded in six-well plates were transfected with
2 �g plasmid with TransFast reagent (Promega, Madison,
WI) according to the manufacturer’s protocol.

RNA interference

The siRNA for Shh (ON-TARGETplus SMART pool,
L-006036), Smo (ON-TARGETplus SMART pool, L-005726)
and negative control siRNA (ONTARGETplus siCON-
TROL non-targeting pool, D-001810) were purchased from
Dharmacon RNA Technologies (Chicago, IL, USA). Cells
seeded in six-well plates were transfected with 100 nM
siRNA using Lipofectamine RNAiMAX Reagent (Invitro-
gen) according to the manufacturer’s instructions. Cells
were used for experiments at the indicated times after
transfection.

Statistical analysis

Mann–Whitney’s U tests were used for statistical analysis.
All results with a P value of <0.05 were considered statisti-
cally signiWcant.

Results

LPS increases Shh expression and a NF-�B inhibitor PDTC
suppresses the increased Shh expression in human periphe-
ral blood monocytes.

Since our previous study indicated a possible linkage
between Shh expression and NF-�B activation in PDAC
[25], we Wrst examined if a well-known NF-�B activator,
LPS, could induce increased expression of Shh in PBMCs.
As expected, LPS increased the expression of Shh at the
mRNA level in a time- and dose-dependent manner
(Fig. 1a, b). LPS at 10 �g/ml also clearly increased Shh
expression in PBMCs at the protein level (Fig. 1c). The Shh
protein level was quantiWed with the 19-kDa fragment
because it is the physiologic form of Shh [5, 19]. Next, we
examined which subpopulations in PBMCs increased Shh
expression on LPS stimulation. As described in the
“Materials and methods” section, we separately collected
plastic non-adherent and adherent cells from PBMCs.
Thereafter, these cells were analyzed by Xow cytometry.
When CD2 or CD14-positive cells were over 90%, they
were used as non-adherent or adherent cells, respectively.
LPS signiWcantly increased Shh expression in adherent
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cells compared with that in non-adherent cells, indicating
that the main source of Shh expression induced with LPS is
CD14-positive monocytes (Fig. 1d). To investigate the con-
tribution of the NF-�B pathway to LPS-induced Shh
expression in monocytes, we examined if NF-�B inhibition
can inhibit Shh expression induced by LPS by EMSA. LPS
induced an increase in NF-�B p65 DNA binding activity in
monocytes, indicating increased NF-�B activation by LPS
(Fig. 1e). As we expected, LPS-induced Shh mRNA
expression was almost completely suppressed by the NF-�B
inhibitor PDTC (Fig. 1f). These data indicate that increased
NF-�B activation contributes to the increased Shh expres-
sion induced by LPS.

LPS increases Shh expression in THP-1 cells and block-
ade of NF-�B activation suppresses LPS-induced Shh
expression.

The individual variation of biological functions of
human monocytes is large and it is not necessarily easy to
obtain the number of cells required for experiments. And,
primary monocytes do not proliferate on a suitable scale so
that their use for functional studies in vitro is limited. Many
in vitro studies therefore use immortalized proliferative cell

lines instead of primary monocytes. Especially, THP-1 cell
line is a well-established and widely used model for investi-
gating the biological function of human monocytes and
macrophages [1, 6, 8, 14, 28, 33, 39]. Therefore, to study
the molecular mechanisms of the biological functions of
monocyte-secreted Shh, we used THP-1 cells, instead of
human monocytes. LPS increased Shh mRNA expression in
THP-1 cells in a time- and dose-dependent manner (Fig. 2a,
b). Increased expression of Shh by LPS was shown at the
protein level by immunoXuorescence, too (Fig. 2c). West-
ern blot analysis also showed increased expression of Shh
by LPS (Fig. 2d). Like monocytes, LPS increased NF-�B
p65 DNA binding activity in THP-1 cells in a time- and
dose-dependent manner (Fig. 3a, b). NF-�B activation by
LPS was also conWrmed using a NF-�B reporter assay. LPS
increased transcriptional activity of NF-�B in a time- and
dose-dependent manner (Fig. 3c, d). Next, to clarify the
linkage between LPS-induced NF-�B activation and LPS-
induced Shh expression, we used three NF-�B inhibitors
which act at diVerent points in the NF-�B pathway.
Although inhibitory activity of PDTC is relatively speciWc
to NF-�B, detailed mechanisms are still unknown [34].

Fig. 1 LPS can induce Shh expression in human monocytes and a
NF-�B inhibitor PDTC can suppress the increased Shh expression.
a PBMCs were treated with 10 �g/ml LPS for the indicated times and
Shh mRNA expression was examined by real-time PCR. b PBMCs
were treated with LPS at the indicated concentrations for 4 h and Shh
mRNA was evaluated by real-time PCR. c Shh protein expression in
PBMCs treated with 10 �g/ml LPS was evaluated by Western Blot.
50 �g of protein was used. �-tubulin was used as loading control.
d Plastic non-adherent and adherent cells from PBMCs were

separately collected. Non-adherent cells and adherent cells were treat-
ed with or without 1 �g/ml LPS for 4 h and then Shh mRNA in these
cells were evaluated by real-time PCR. e Increased NF-�B activation
in adherent cells. NF-�B activation in adherent cells treated with 1 �g/ml
LPS was evaluated by EMSA. Oct1 was used as loading control. The
lower panel shows normalized NF-�B expression. f Adherent cells
were treated with 10 �M PDTC for 24 h, and were cultured with or
without 1 �g/ml LPS for additional 12 h. Then Shh mRNA expression
was estimated by real-time PCR. Bars SD. *P < 0.05
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I�B� mutant and NF-�B decoy inhibit phosphorylation of
NF-�B and DNA binding of NF-�B, respectively. All three
inhibitors (PDTC, I�B� mutant and NF-�B decoy) almost
completely suppressed LPS-induced Shh mRNA expres-
sion (Fig. 3e).

Shh produced by LPS-stimulated THP-1 cells promotes 
proliferation of pancreatic cancer cells

We examined whether Shh produced by LPS-stimulated
THP-1 cells could promote the proliferation of pancreatic
cancer cells. In the present study, we used two human pan-
creatic cell lines, AsPC-1 and SUIT-2 cells, because
detailed information concerning the Hh pathway has
already been obtained from our previous studies [24, 25].
BrieXy, both cells express Hh pathway-related molecules
including Shh, Ptch1 and Gli1 at the mRNA levels and the
Hh pathway is constitutively activated as indicated by Gli1
mRNA expression (Fig. 4a). When recombinant Shh (rh
Shh) was added, Gli1 m RNA expression signiWcantly
increased. In contrast, when anti-Shh blocking antibody
(5E1) was added, Gli1 mRNA expression signiWcantly sup-
pressed (Fig. 4b). Recombinant human Shh peptide
increases proliferation of these cells and anti-Shh blocking
antibody (5E1) decreases proliferation of these cells
(Fig. 4c). A Hh pathway inhibitor, cyclopamine also
decreases proliferation of these cells (Fig. 4d). These Wnd-
ings strongly indicate a ligand-dependent activation of the
Hh pathway in these cells and a contribution of the Hh path-
way to the proliferation of these cells. When these cells

were cocultured with THP-1 cells, LPS-stimulated THP-1
cells signiWcantly enhanced proliferation of these cells com-
pared with non-stimulated THP-1 cells (Fig. 5a). LPS-stim-
ulated THP-1 cell-dependent increased proliferation was
suppressed by the Shh antibody, 5E1 (Fig. 5a). As shown in
Fig. 4, these cells produce Shh and proliferate in an auto-
crine manner. To clarify the contribution of THP-1 cell-pro-
duced Shh to increased proliferation of pancreatic cancer
cells, we silenced Shh mRNA expression in these cancer
cells using small interfering RNA (Fig. 5b, left panels). As
expected, the proliferation of Shh-silenced cancer cells sig-
niWcantly decreased compared with that of wild-type cancer
cells (data not shown). LPS-stimulated THP-1 cells also
enhanced the proliferation of Shh-silenced cancer cells,
compared with non-stimulated THP-1 cells, an action that
was signiWcantly suppressed by 5E1 (Fig. 5b, right panels).
These Wndings indicate that Shh produced by LPS-stimu-
lated THP-1 cells play an important role in proliferation of
these PDAC cells in a paracrine manner. To further clarify
that LPS-stimulated THP-1 cell producing Shh increases the
proliferation of pancreatic cancer cells in a paracrine man-
ner, we silenced Smo mRNA expression in these cancer
cells using small interfering RNA (Fig. 5c, left panels). Pro-
liferation of Smo-silenced cancer cells decreased compared
with that of wild-type cancer cells (data not shown). LPS-
stimulated THP-1 cells enhanced the proliferation of control
siRNA transfected cancer cells. However, when Smo-
silenced cancer cells were used as target cells, this enhanced
proliferation by LPS-stimulated THP-1 cells was signiW-
cantly suppressed (Fig. 5c, right panels).

Fig. 2 LPS can induce Shh 
expression in THP-1 cells at 
mRNA and protein levels. 
a THP-1 cells were treated with 
1 �g/ml LPS for the indicated 
times and Shh mRNA expres-
sion was examined by real-time 
PCR. b THP-1 cells were treated 
with LPS at the indicated con-
centrations for 4 h, and Shh 
mRNA level was examined by 
real-time PCR. c Representative 
pictures of immunocytochemis-
try. THP-1 cells were treated 
with 10 �g/ml LPS for 24 h. 
Then Shh protein expressions 
were evaluated. DAPI was used 
for nuclear staining. d Western 
blot analysis. THP-1 cells were 
treated with LPS at the indicated 
concentrations for 24 h. Then 
50 �g of cell lysate was blotted. 
�-tubulin was used as loading 
control. Bars SD. *P < 0.05
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Macrophages in PDAC specimens express Shh

Finally, we examined if Shh is produced at tumor sites,
especially in macrophages. When tumor tissues were dou-
bly stained with Xuorescence-labeled antibodies against
Shh (green) and CD68 (red) which is speciWcally expressed
on macrophages and monocytes, double positive cells (yel-
low) were clearly detected in 9 of the 20 PDAC specimens
examined. A representative case, in which numerous Shh-
producing macrophages inWltrate into tumor site (dotted
line), was shown (Fig. 6a). In this case, tumor cells also
produce Shh. Our Wndings are simply summarized in
Fig. 6b. BrieXy, LPS induces Shh production in monocytes

at tumor sites through NF-�B activation. Shh produced by
monocytes increases the proliferation of PDAC cells
through Hh pathway activation in a paracrine manner. Of
course, Shh produced by pancreatic cancer cells themselves
also increases the proliferation of PDAC in an autocrine
manner.

Discussion

In the present study, we have indicated that inXammatory
tumor-inWltrating monocytes (TAMs), probably macro-
phages, play an important role in the progression of PDAC

Fig. 3 LPS induces NF-�B activation in THP-1 cells and NF-�B
inhibitor suppresses LPS-induced Shh mRNA expression. a THP-1
cells were treated with 1 �g/ml LPS for the indicated times and NF-�B
binding activities were examined by EMSA (left panel). Band intensi-
ties were normalized (right panel). b THP-1 cells were treated with
LPS at the indicated concentrations for 4 h and NF-�B binding activi-
ties were estimated by EMSA (left panel). Band intensities were nor-
malized (right panel). c THP-1 cells were treated with 1 �g/ml LPS at
the indicated times and NF-�B transcriptional activity was evaluated
by luciferase assay. Relative NF-�B luciferase activity, normalized to
Renilla luciferase activity. d THP-1 cells were treated with LPS at the

indicated concentrations for 4 h and NF-�B transcriptional activity
was evaluated by luciferase assay. e NF-�B inhibitors suppress NF-�B
activation in THP-1 cells. Left Cells were treated with 10 �M PDTC
for 24 h, and were treated with 1 �g/ml LPS for 24 h. Shh mRNA
expression was evaluated by real-time PCR. Center Cells were
co-transfected with empty vector or I�B� mutant and reporter
plasmids for 48 h, and were treated with 1 �g/ml LPS for 24 h. Shh
mRNA expression was evaluated by real-time PCR. Right Cells were
co-transfected with scramble or NF-�B decoy ODN for 48 h, and were
treated with 1 �g/ml LPS for 24 h. Shh mRNA expression was
evaluated by real-time PCR. Bars SD. *P < 0.05
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cells through Shh production at the tumor site. Several
studies, including ours, have indicated that Shh produced
by tumor cells contributes in an autocrine manner to carci-
nogenesis and the progression of PDAC [25, 27, 35]. In
fact, the Hh pathway is constitutively activated in two
human pancreatic cancer cell lines used here because Gli1,
which is a marker of the Hh pathway [10, 13, 31], was

constitutively expressed in these cell lines. In addition, an
antibody against Shh decreases Gli1 expression and prolif-
eration of these cells in in vitro culture systems. Our pres-
ent study demonstrated that silencing of Shh expression
decreased the proliferation of these cells. Collectively,
these data strongly indicate a contribution of autocrine Shh
signaling to proliferation of these cells.

Fig. 4 Pancreatic cancer cells express Hh pathway-related molecules.
a mRNA expressions of Shh, Ptch1 and Gli1 in AsPC-1 and SUIT-2
cells were examined by RT-PCR. �-actin was used for control. b When
recombinant Shh (rh SHH) was added, Gli1 mRNA expression signiW-
cantly increased. In contrast, anti-SHH antibody (5E1) was added, Gli1
mRNA expression signiWcantly suppressed. c Cells were treated with
recombinant human Shh at the indicated concentrations for 3 days and

total cell number was counted with a Coulter counter. Cells were treat-
ed with 5E1 anti-Shh antibody at the indicated concentrations for
3 days and total cell number was counted with a Coulter counter.
d Cells were treated with cyclopamine at the indicated concentrations
for 3 days and total cell number was counted with a Coulter counter.
Bars SD. *P < 0.05
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We have also shown for the Wrst time a possible linkage
between Shh expression and NF-�B activation in these
PDAC cells [25]. Importantly, a recent paper showed that
Shh is a direct transcriptional target of NF-�B [17]. Since

tumor tissues consist of tumor cells and stromal cells, there
is a possibility that NF-�B-activated stromal cells produces
Shh and increases proliferation of PDAC cells in a para-
crine manner. A relationship between chronic inXammation,

Fig. 5 Shh produced by LPS-
stimulated THP-1 cells promotes 
proliferation of pancreatic can-
cer cells A, THP-1 cells were 
cultured in the presence or ab-
sence of LPS for 24 h. THP-1 
cells were then washed inten-
sively to eliminate LPS and the 
cell number was readjusted. 
AsPC-1 or SUIT-2 was cocul-
tured with non-stimulated THP-
1 cells, LPS-stimulated THP-1 
cells or LPS-stimulated THP-1 
cells with 5E1 or IgG antibody 
for 4 days. Total cell number 
was counted with a Coulter 
counter. The fractions of THP-1 
cells and PDAC cells were deter-
mined using a FACSCaliburTM 
and the absolute number of 
PDAC cells was calculated. b 
AsPC-1 or SUIT-2 was transfec-
ted with siRNA for Shh or con-
trol siRNA by Lipofectamine for 
36 h, and the expression of Shh 
mRNA was evaluated by real-
time PCR (left panels). Shh-
silenced AsPC-1 or SUIT-2 
was cocultured with non-stimu-
lated THP-1 cells, LPS-stimu-
lated THP-1 cells, or LPS-
stimulated THP-1 cells with 5E1 
or IgG antibody for 4 days. Total 
cell number was counted with a 
Coulter counter. The fractions of 
THP-1 cells and PDAC cells 
were determined using a FAC-
SCaliburTM and the absolute 
number of PDAC cells was cal-
culated. Bars SD.* P < 0.05. 
c AsPC-1 or SUIT-2 was trans-
fected with siRNA for Smo or 
control siRNA by Lipofectamine 
for 36 h, and the expression of 
Smo mRNA was evaluated by 
real-time PCR (left panels). 
Wild-type, control siRNA or 
Smo-siRNA transfected AsPC-1 
or SUIT-2 was cocultured with 
LPS-stimulated THP-1 cells for 
4 days. Total cell number was 
counted with a Coulter counter. 
The fractions of THP-1 cells and 
PDAC cells were determined 
using a FACSCaliburTM and the 
absolute number of PDAC cells 
was calculated. Bars SD. 
*P < 0.05
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carcinogenesis and progression of PDAC has long been
supposed [10, 13, 31]. In addition, several investigators
have indicated TAMs as the main cells linking chronic
inXammation and the progression of PDAC [29]. In the
present study, therefore, we used LPS and THP-1 cells as a
NF-�B activator and target cells. As we expected, LPS
increased Shh production in human monocytes and THP-1
cells through NF-�B activation and that LPS-stimulated
THP-1 cells increased PDAC cell proliferation. We know
that LPS can also increase Shh production through NF-�B
activation in PDAC cells [25]. To minimize the contamina-
tion of LPS in our culture system, THP-1 cells were exten-
sively washed before coculture with PDAC cells. To
conWrm that Shh produced by LPS-stimulated THP-1 cells,
but not PDAC cells, can increase proliferation of PDAC
cells, Shh-silenced PDAC cells were used as target cells
because the PDAC cells used here produce Shh spontane-
ously. LPS-stimulated THP-1 cells also increased the pro-
liferation of Shh-silenced PDAC cells and this increased
proliferation was suppressed by a Shh antibody. These Wnd-
ings strongly indicate that Shh produced by LPS-stimulated
THP-1 cells can increase PDAC cell proliferation in a para-
crine manner.

Recently, a paracrine paradigm for Hh pathway-medi-
ated carcinogenesis in PDAC has been the focus of various
studies [36, 38]. BrieXy, de Sauvage’s group indicated that
PDAC cells secrete Hh ligands, including Shh, to induce
tumor-promoting Hh target genes in the adjacent stroma.
Importantly, they also indicated that the pancreatic epithe-
lium is not receptive of tumor cell-derived Hh ligands, but
instead, Hh ligands promote PDAC via a paracrine signal-
ing mechanism received by tumor stromal cells. In fact,
NF-�B activation in TAMs induces production of several
tumor-promoting proteins and plays important roles in

carcinogenesis and progression of PDAC [29]. Thus, it still
remains a possibility that THP-1-producing Shh activates
the Hh pathway of THP-1 cells themselves in an autocrine
manner, inducing the production of PDAC cell-proliferat-
ing molecules, and consequently increases indirectly PDAC
cell proliferation. However, which molecules are induced
in LPS-stimulated THP-1 cells by Hh pathway activation is
as yet unknown. If such a paracrine mechanism functions in
vivo, our data propose that NF-�B-activated monocytes
may be one of the Shh supplying cells in addition to PDAC
cells and play a signiWcant direct and/or indirect roles in
progression of PDAC, including proliferation, invasion and
metastasis [12, 24].

In conclusion, our present study suggests that Hh path-
way inhibitors may be a valid therapeutic or preventive
strategy for PDAC, because these can inhibit Hh pathway
activation in both PDAC cells and stromal cells such as
monocytes.
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