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Pancreatic ductal adenocarcinoma is often characterized by an
abundant desmoplastic stroma that is partially induced by acti-
vated pancreatic stellate cells (PSCs). Indirect co-culture has often
been used to investigate the effects of cancer–stromal interactions
on the proliferation of cancer cells, but the effects of cell–cell
adhesion and juxtacrine signaling between cancer and stromal
cells cannot be evaluated using this method. This study aimed to
establish a simplified direct co-culture system that could be used
to quantify populations of cancer cells in co-culture with PSCs, and
to evaluate the effects of direct cell contact on the proliferation of
cancer cells. We established three green fluorescent protein (GFP)-
expressing pancreatic cancer cell lines and were able to quantify
them with high reliability and reproducibility, even when co-cul-
tured directly with PSCs, using a color plate reader. We assessed
the differential effects of direct and indirect co-culture with PSCs
on the proliferation of cancer cells, and found that the prolifera-
tion of GFP-expressing pancreatic cancer cell lines was dramatically
enhanced by direct co-culture with PSCs, compared with the indi-
rect co-culture system. We also found that direct co-culture of can-
cer cells and PSCs activated the Notch signaling pathway in both
cell types. Direct cell contact between cancer cells and PSCs plays
an important role in the control of cancer cell proliferation, and is
essential to the understanding of tumor–stromal interactions.
(Cancer Sci 2009; 100: 2309–2317)

P ancreatic ductal adenocarcinoma (PDAC) is often charac-
terized by an abundant desmoplastic stroma,(1–3) which is

defined as a proliferation of fibrotic tissue with an altered extra-
cellular matrix (ECM) that is conductive to tumor growth and
metastasis.(4–7) The host’s desmoplastic reaction is characterized
by complex interactions between normal host epithelial cells,
invading tumor cells, stromal fibroblasts, inflammatory cells,
proliferating endothelial cells, the altered ECM, and growth fac-
tors, which activate oncogenic signaling pathways by autocrine
and paracrine mechanisms.(7–10) Recently, a pronounced
increase in the number of a-smooth muscle actin (a-SMA)-posi-
tive myofibroblasts was reported in PDAC.(3) In addition, other
studies have demonstrated that pancreatic stellate cells (PSCs)
are associated with tumor desmoplasia.(1,8,11) Although the des-
moplastic reaction was initially regarded as a host barrier against
tumor invasion, it has become evident that pancreatic cancer
cells induce fibrosis by activating PSCs to synthesize excessive
ECM.(1,3,12) The ECM influences the growth, differentiation,
survival, and motility of cells by both providing a physical scaf-
fold and acting as a reservoir for soluble mitogens.(5,6,9,10) PSCs
have also been reported to inhibit apoptosis(13,14) and enhance
the migration and invasion of pancreatic cancer cells.(14,15) The
tumor-supportive microenvironment is thus a dynamic environ-
ment that promotes tumor growth and invasion.
doi: 10.1111/j.1349-7006.2009.01317.x
ªª 2009 Japanese Cancer Association
Several models have been established to investigate tumor–
stromal interactions, including in vivo xenograft models,(16–20)

in vitro three-dimensional co-culture models,(21–24) in vitro two-
chamber co-culture models using culture inserts,(10,18,25–29) and
in vitro direct co-culture models.(30–32) The two-chamber co-cul-
ture models, which are often used for in vitro experiments, are
not suitable for investigating the effects of direct cell contacts
between stromal cells and cancer cells on tumor biology. In con-
trast, the in vivo xenograft and in vitro direct co-culture models
can be used to evaluate the effects of cell–cell adhesion and jux-
tacrine signaling, but simple and reproducible quantitative
assessment of cell populations using these methods remains
problematic. Krtolica et al.(33,34) established a method for quan-
tifying a population of epithelial cells directly co-cultured with
fibroblasts using fluorescence imaging of 4,6-diamidino-2-
phenylindole (DAPI) and green fluorescent protein (GFP). In the
present study, we modified and simplified this method to investi-
gate the parameters affecting cell growth with high sensitivity,
high reproducibility, and ease of handling, which are difficult to
achieve with other available methods. We quantified the popula-
tion of GFP-expressing cells using a color plate reader,(35–38)

and were able to quantitatively detect GFP-expressing cancer
cells, even in direct co-culture with PSCs. We compared the use
of direct and indirect co-culture systems for investigating the
effects of cell interactions with PSCs on the proliferation of
GFP-expressing pancreatic cancer cell lines. Furthermore, to
investigate the effects of the juxtacrine mechanism, we assessed
the associations of the Notch signaling pathway with these two
co-culture systems.

Materials and Methods

Establishment of cell lines constitutively expressing GFP. We
used three pancreatic cancer cell lines in our study (Table 1).
SUIT-2 and Panc-1 were generously provided by Dr H. Iguchi,
(National Shikoku Cancer Center, Matsuyama, Japan), and MIA
PaCa-2 was obtained from the Japanese Cancer Resource Bank
(Tokyo, Japan). Cells were maintained as previously
described.(18) A pAcGFP1-N1 vector (Clontech, Palo Alto, CA,
USA) encoding GFP was used to create stable GFP-expressing
cell lines (GFP-SUIT-2, GFP-Panc-1, and GFP-MIA PaCa2).
The pAcGFP1-N1 vector was electroporated into SUIT-2, Panc-
1, and MIA PaCa-2 cell lines using Nucleofector (Amaxa Bio-
systems, Koln, Germany), according to the manufacturer’s
instructions. SUIT-2 cells electroporated with pAcGFP1-N1
were selected for neomycin resistance (G418, 800 lg ⁄ mL) in
Dulbecco’s modified Eagle’s medium (DMEM; Sigma Chemical
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Table 1. Cell lines

Cell line Tissue origin Diagnosis Doubling time (h)

Pancreatic cancer cell lines constitutively expressing GFP

GFP-SUIT-2 Liver metastasis PDAC 19.56 ± 0.73

GFP-Panc-1 Pancreas PDAC 22.24 ± 1.10

GFP-MIA PaCa-2 Pancreas PDAC 16.81 ± 0.15

Fibroblast cell line

MRC5 Human embryonic lung 27.75 ± 1.37

Primary cultured myofibroblasts

NPF-1 Normal pancreas Benign endocrine tumor 24.26 ± 2.48

NPF-2 Normal pancreas Bile duct carcinoma 53.28 ± 2.47

PCF-1 Pancreatic cancer PDAC 40.60 ± 0.75

PCF-2 Pancreatic cancer PDAC 21.74 ± 2.18

MCF-1 Metastatic tumor of abdominal wall PDAC 30.84 ± 3.15

GFP, green fluorescence protein; PDAC, pancreatic ductal adenocarcinoma.
Co., St. Louis, MO, USA) supplemented with 10% fetal bovine
serum (FBS), streptomycin (100 lg ⁄ mL), and penicillin
(100 U ⁄ mL). Green colonies were isolated and grown in the
absence of selective pressure for several months. Panc-1 and
MIA PaCa-2 cells electroporated with pAcGFP1-N1 were sorted
using a cell sorter (Epics Altra; Beckman Coulter, Fullerton,
CA, USA), according to the manufacturer’s instructions.

Fibroblasts and myofibroblasts including PSCs. We used a
human fibroblast cell line MRC5 (Riken, Tokyo, Japan). Two
cultures of PSCs derived from normal pancreases without pan-
creatitis (NPF-1, from a patient with a benign endocrine tumor
of the pancreas, and NPF-2, from a patient with bile duct can-
cer), two cultures of PSCs derived from pancreatic cancer tis-
sues of patients with PDAC (PCF-1 and PCF-2), and a culture of
myofibroblasts derived from a metastatic tumor of the abdomi-
nal wall in a patient with PDAC (MCF-1) were also used in this
study (Table 1). All primary cultures of myofibroblasts were
isolated using the outgrowth method, as described previously.(39)

Cells were maintained as described previously.(18)

Propidium iodide (PI) assay. To calculate the doubling time of
each cell line, cells were seeded in 24-well plates (Becton Dick-
inson Labware, Bedford, MA, USA) at a density of 1 · 104

cells ⁄ well, using cell numbers previously counted using a parti-
cle distribution analyzer (CDA 500; Sysmex, Kobe, Japan). Cell
populations were evaluated by measuring the fluorescence inten-
sity of PI at specified times, as described previously.(40)

GFP fluorescence measurements. The fluorescence of cells in
multiwell plates was quantified in triplicate using a Cytofluor II
(Perseptive Biosystems, Framingham, MA, USA) at gain 80,
with filter settings of excitation at 485 nm with a bandwidth of
20 nm and emission at 530 nm with a bandwidth of 25 nm, as
described previously.(35–38) Fluorescence intensity was calcu-
lated in relative fluorescence units (RFU). The nonspecific sig-
nal of wells containing cell-free medium or PSCs alone (blank
value) was subtracted from the results to give the fluorescence
signal of the GFP-expressing cells. To obtain sensitive and
reproducible measurements, we used DMEM without phenol
red.

In vitro direct co-culture system. For proliferation assays,
1 · 104 GFP-expressing cancer cells were mixed with 1 · 104

stromal cells. Each cell mixture was seeded in a 24-well plate
(1 · 104 cancer cells ⁄ well) in triplicate, and cultured in DMEM
supplemented with 1% or 10% FBS. The fluorescence signals of
each well were detected at specified times. To analyze GFP
expression, 5 · 104 GFP-SUIT-2 cells were mixed with 5 · 104

PSCs, seeded in a six-well plate in triplicate, and cultured in
DMEM supplemented with 10% FBS for 3 days. After harvest-
ing the cells, the total cell number was determined using the
CDA 500. The PSC ⁄ GFP-SUIT-2 cell proportion was deter-
mined using a cell sorter (Epics Altra) based on the GFP fluores-
2310
cence as described previously,(30,32) and we isolated GFP-SUIT-
2 cells and GFP-negative PSCs according to the manufacturer’s
instructions.

In vitro indirect co-culture system. For proliferation assays,
1 · 104 GFP-expressing cancer cells were seeded in triplicate
into the lower wells of a transwell cell culture system (24-well
type, fluoroblock membrane with 3-lm pores; Becton Dickin-
son, San Jose, CA, USA) and 1 · 104 PSCs were seeded into
the upper chambers (cell culture inserts), and cultured in DMEM
supplemented with 1% or 10% FBS. The fluorescence signals of
each well were detected at specified times. To analyze GFP
expression, 5 · 104 GFP-SUIT-2 cells were seeded in triplicate
into the lower wells of a transwell cell culture system (six-well
type, 3-lm pores; Becton Dickinson) and 5 · 104 PSCs were
seeded into the upper chambers, and cultured in DMEM supple-
mented with 10% FBS for 3 days. After harvesting the cells, the
total cell number was determined using the CDA 500.

Immunoblot analysis for a-smooth muscle actin (a-SMA).
Immunoblot analysis for a-SMA was performed as described
previously.(18) Briefly, whole-cell lysates were fractionated by
10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis
and transferred to a polyvinylidene difluoride membrane (Milli-
pore, Bedford, MA, USA). The membrane was incubated with
1:500 dilutions of monoclonal mouse antihuman a-SMA anti-
body (Dako, Glostrup, Denmark) overnight at 4�C, and then
probed with antimouse IgG conjugated with horseradish peroxi-
dase (Invitrogen, Carlsbad, CA, USA) for 1 h at room tempera-
ture. Immunoblots were detected using the enhanced
chemiluminescence system (Amersham Biosciences, Little
Chalfont, UK) and visualized with a Molecular Imager (Chemi-
Doc XRS System; Bio-Rad Laboratories, Hercules, CA, USA).
The membrane was stripped and probed with anti-b-actin anti-
body (Santa Cruz Biotechnology, Santa Cruz, CA, USA), as an
internal control.

Immunofluorescence staining of a-SMA. PSCs (5 · 104) were
seeded on six-well plates and cultured in DMEM supplemented
with 10% FBS for 24 h. Cells were fixed with 4% paraformalde-
hyde for 10 min, permeabilized with 0.2% Triton X-100,
blocked with blocking solution (1% FBS and 1% BSA in PBS),
and incubated with 1:500 dilutions of monoclonal mouse antihu-
man a-SMA antibody (Dako) for 2 h at room temperature. The
cells were then incubated for 1 h with Alexa 546-conjugated
antimouse IgG (Molecular Probes, Eugene, OR, USA) and
0.05 lg ⁄ mL DAPI. A TE-2000U inverted microscope (Nikon,
Tokyo, Japan) was used for immunofluorescence microphotog-
raphy and images were managed using VB-Viewer software
(Keyence, Osaka, Japan).

Flow cytometry. Cellular expression of a-SMA was examined
by flow cytometry (Epics Altra) using a phycoerythrin (PE)-con-
jugated monoclonal mouse antihuman a-SMA antibody (R&D
doi: 10.1111/j.1349-7006.2009.01317.x
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Systems, Minneapolis, MN, USA) according to the manufac-
turer’s instructions. Non-specific mouse IgG (Miltenyi Biotec,
Auburn, CA, USA) was used as a negative control.

Quantitative real-time reverse transcription–polymerase chain
reaction (qRT–PCR). Total RNA was extracted from cultured
cells using a High Pure RNA Isolation Kit (Roche Diagnostics,
Mannheim, Germany), according to the manufacturer’s protocol.
qRT–PCR was performed using a QuantiTect SYBR Green
RT–PCR Kit (Qiagen, Tokyo, Japan) with Opticon4 (Bio-Rad
Laboratories), as described previously.(41) Briefly, the reaction
mixture was first incubated at 50�C for 15 min to allow reverse
transcription. PCR was initiated with one cycle at 95�C for
10 min to activate modified Taq polymerase, followed by 45
cycles at 94�C for 15 s, 55�C for 20 s, and 72�C for 10 s, and
one cycle at 95�C for 0 s, 65�C for 15 s, and +0.1�C ⁄ s to 95�C
for melting analysis. Each sample was run in triplicate. The
10% deviation was calculated from the concentrations deter-
mined from the calibration curve. The level of mRNA expres-
sion was calculated from a standard curve constructed using
total RNA from MRC5 cells. We designed specific primers
(Table 2), and screened a database with BLASTN to confirm the
specificity of these primers. Primers for Snail were designed by
Takara Bio (primer set ID: HA075019; Ohtsu, Shiga, Japan).
Expression of each mRNA was normalized to that of 18S rRNA.

Statistical analysis. Statistical analyses and graph presenta-
tions were carried out using JMP 7 (SAS Institute, Cary, NC,
USA). Values were expressed as the mean ± SD. Comparisons
between two groups were performed using Student’s t-test. The
level of statistical significance was set at P < 0.05. Correlations
between two groups were statistically evaluated by regression
analysis and by calculating Spearman’s rank-correlation coeffi-
cient.

Results

Correlation between the number of cells and fluorescence
intensity of GFP. We established three pancreatic cancer cell
lines constitutively expressing GFP, as described in the Materi-
als and Methods (Fig. 1a). These clones were confirmed by flow
cytometry to be >99% GFP-positive in comparison with the
non-GFP-expressing parental cell lines (Fig. 1b). In the first ser-
ies of experiments, we evaluated the efficiency of GFP fluores-
cence for the determination of cell numbers (Fig. 1c).
Regression analysis confirmed that the fluorescence intensity of
total GFP-SUIT-2 cells was correlated with the cell numbers
counted within the range from 5 · 103–1 · 106 cells ⁄ well
(Fig. 1d; Spearman’s rank-correlation coefficient: 0.995,
P < 0.0001). Similarly, there were significant correlations
between fluorescence intensity and the numbers of GFP-Panc1
and GFP-MIA PaCa-2 cells (data not shown). In addition, we
Table 2. Primer sequences and product size

Primer
Forward

Sequence 5¢–3¢

a-SMA ccgggagaaaatgactcaaa

COL1 acgtgatctgtgacgagacc

Snail Takara Bio (primer set ID: HA075019)

Vimentin tgcccttaaaggaaccaatg

N-cadherin aggatcaaccccatacacca

Notch-1 tccaccagtttgaatggtca

Hes-1 ccaaagacagcatctgagca

Jagged-1 ctgcctctctgatccctgtc

18S rRNA gtaacccgttgaaccccatt

a-SMA, a-smooth muscle actin; COL1, collagen type I; Hes-1, hairy and enh

Fujita et al.
found a significant correlation between GFP fluorescence and PI
fluorescence calculated by PI assay as another method for evalu-
ating cell proliferation (Supporting Information Fig. S1a,b;
Spearman’s rank-correlation coefficient: 0.998, P < 0.0001).
The lower limit of detection for GFP fluorescence was in the
order of 1000 cells ⁄ well for these cell lines (data not shown). At
‡1 · 106 cells ⁄ well, cells became confluent in flat-bottomed 24-
well plates; thus, 1 · 104–5 · 105 cells were used in subsequent
experiments.

a-SMA expression in myofibroblasts. To elucidate tumor–stro-
mal interactions between pancreatic cancer cells and PSCs, we
isolated bulky lines of myofibroblasts from resected normal
pancreas, pancreatic cancer tissue, and a metastatic tumor from
a patient with PDAC using the outgrowth method, as described
previously.(39) To confirm that PSCs expressed high levels of
a-SMA and collagen type I (COL1),(1,12,39,42) we analyzed the
expression levels of a-SMA and COL1 mRNAs in these myofi-
broblast cultures. All myofibroblast cultures expressed higher
levels of a-SMA and COL1 mRNA than MRC5 and cancer cells
(Fig. 2a,b). Interestingly, MCF-1 myofibroblasts derived from a
metastatic tumor also expressed high levels of a-SMA and
COL1 mRNAs. Immunoblot analysis and immunofluorescence
staining revealed that these myofibroblast cultures expressed
a-SMA protein (Fig. 2c,d). We further found that >80% of
PSCs and myofibroblasts expressed a-SMA by flow cytometry
(Fig. 2e,f). We used these four PSC cultures and one myofibro-
blast culture to establish a simplified direct co-culture system
using GFP-expressing cancer cells in the following experi-
ments.

Effects of co-culture on cell morphology. Indirect co-culture
has often been used to investigate the effects of cancer–stromal
interactions on the proliferation of cancer cells, because of its
easy evaluation (Fig. 3a). However, the effects of cell–cell adhe-
sion and juxtacrine signaling between cancer and stromal cells
cannot be evaluated by this method. To evaluate these effects,
we established a direct co-culture system using GFP-expressing
cells (Fig. 3a). Initially, we assessed the effects of direct co-cul-
ture with PSCs on the morphology of cancer cells. Monocul-
tured GFP-SUIT-2 cells were almost round in shape (Fig. 3b),
whereas indirectly and directly co-cultured cells exhibited a
fibroblastoid morphology (Fig. 3b). These findings suggest that
co-culture with PSCs promoted the epithelial–mesenchymal
transition (EMT)(43) of GFP-SUIT-2 cells. We evaluated the
effects of the morphological alterations on the GFP expression
levels in GFP-SUIT-2 cells by flow cytometry and found that
there was no significant difference between monocultured and
co-cultured cells (Fig. 3c). To confirm the induction of the EMT
in co-cultured GFP-SUIT-2 cells, we isolated them using a cell
sorter (Fig. 3d), and quantified the mRNA levels of EMT mark-
ers, including Snail, Vimentin, and N-cadherin (Fig. 3e).
Reverse
Product size

Sequence 5¢–3¢

gcgtccagaggcatagagag 97

agcaaagtttcctccgaggc 250

gcttcaacggcaaagttctc 72

tggtttgaccacggtgacta 125

cgcagagggttgtattggtt 80

tcagctggctcagactttca 91

tggggaacactcacactcaa 76

ccatccaatcggtagtagcg 151

ancer-of-split homolog-1.
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Fig. 1. (a) Microphotographs of three pancreatic cancer cell lines
constitutively expressing green fluorescent protein (GFP). (b) The GFP-
SUIT-2, GFP-Panc-1, and GFP-MIA PaCa-2 clones used for subsequent
experiments were confirmed by flow cytometry to be >99% GFP-
positive in comparison with the non-GFP-expressing parental cell lines.
(c) GFP fluorescence intensity of GFP-SUIT-2 cells. (d) Regression
analysis confirmed that the fluorescence intensity of GFP-SUIT-2
cells was correlated with the number of cells counted within the
range from 5 · 103–1 · 106 cells ⁄ well (Spearman’s rank-correlation
coefficient: 0.994, P < 0.0001).

Fig. 2. (a,b) Pancreatic stellate cells (PSCs) expressed higher levels of
a-smooth muscle actin (a-SMA) and collagen type I (COL1) mRNAs
than MRC5 and cancer cells. (c,d) Immunoblot analysis and
immunofluorescence staining revealed that these myofibroblasts
expressed a-SMA protein. (e,f), Flow cytometry demonstrates that
>80% of the PSCs and myofibroblasts expressed a-SMA.
Directly co-cultured GFP-SUIT-2 cells expressed significantly
higher levels of these mRNAs than monocultured cells.

Proliferation of cancer cells in direct and indirect co-culture
systems. In our preliminary study, we evaluated the effects of
co-culture on the fluorescence intensity of GFP-SUIT-2 cells.
Both types of GFP-SUIT-2 (5 · 104) co-cultures expressed sim-
ilar levels of fluorescence intensity to monocultured cells,
regardless of the number of co-cultured PSCs (Supporting Infor-
mation Fig. S1c), and the fluorescence intensity of GFP-SUIT-2
cells (1 · 104–2 · 105) was correlated with the number of cells,
2312
despite the coexistence of PSCs (4 · 104) and their EMT-like
morphological changes (Supporting Information Fig. S1d,e;
Spearman’s rank-correlation coefficient: 0.993, P < 0.0001).
doi: 10.1111/j.1349-7006.2009.01317.x
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Fig. 3. (a) Schemas of the two co-culture systems. (b) Representative
microphotographs of green fluorescent protein (GFP)-SUIT-2 cells in
monoculture (left), indirect co-culture with PCF-2 cells (center), and
direct co-culture with PCF-2 cells (right). Monocultured GFP-SUIT-2
cells were almost round in shape, whereas co-cultured cells exhibited
a fibroblastoid morphology. (c) There was no significant difference in
the GFP expression levels between monocultured and co-cultured
cells. (d) The PSC ⁄ GFP-SUIT-2 cell proportion was determined, and
GFP-expressing cancer cells and GFP-negative PSCs were isolated using
a cell sorter. (e) Directly co-cultured GFP-SUIT-2 cells expressed
significantly higher mRNA levels for the epithelial–mesenchymal
transition (EMT) markers Snail, Vimentin, and N-cadherin, compared
with monocultured cells.

Fujita et al.
These correlations indicate that coexistence with PSCs did not
affect the fluorescence intensity of GFP-SUIT-2 cells. Taken
together, these data suggest that this direct co-culture system is
well suited for investigating cancer–stromal interactions through
direct cell contacts, because it represents a quantitative and
reproducible method for evaluating cell populations (Supporting
Information Fig. S1a–e).

Using in vitro direct and indirect co-culture systems, we ana-
lyzed the proliferation of GFP-expressing cancer cells. In order
to compare both co-culture systems, we assessed the proliferation
ratios and compared them with that of monocultured cells. In our
preliminary study, we assessed the effects of co-culture with the
human embryonic lung fibroblast cell line MRC5 on the prolifer-
ation of GFP-SUIT-2 cells cultured in DMEM supplemented
with 1% or 10% FBS. Although direct co-culture with MRC5
cells enhanced the proliferation of GFP-SUIT-2 cells in the pres-
ence of both concentrations of FBS, the enhancement was more
evident for 10% FBS (Fig. 4a,b). NPF-1 and PCF-2 cells also sig-
nificantly enhanced the proliferation of GFP-SUIT-2 cells in the
direct co-culture system compared with the indirect co-culture
system and monocultured cells, especially in the presence of
10% FBS (Fig. 4c–f). Therefore, we evaluated the effects of
co-cultures with 10% FBS in the following experiments.

In similar experiments, we compared the proliferation ratios
of GFP-SUIT-2, GFP-Panc1, and GFP-MIA PaCa-2 pancreatic
cancer cells in direct and indirect co-culture systems at 72 h
after seeding. We found that direct co-culture with PSCs signifi-
cantly enhanced the proliferation of the three pancreatic cancer
cell lines compared with indirect co-culture (P < 0.05)
(Fig. 4g). These data suggest that direct cell contacts and juxta-
crine signaling between cancer cells and PSCs, which cannot be
evaluated in paracrine models such as indirect co-cultures, have
significant effects on the growth of cancer cells.

We also observed the distributions of GFP-SUIT-2 cells and
PSCs after 72 h of direct co-culture (Fig. 5a). PSCs proliferated
around the GFP-expressing cancer cells, as observed in the sur-
rounding desmoplastic stroma. To confirm the enhancement of
proliferation in the direct co-culture system, we calculated the
cell numbers after 72 h of incubation by flow cytometry
(Fig. 5b), as described previously.(30,32) The numbers of GFP-
SUIT-2 cells directly co-cultured with NPF-1 and PCF-2 cells
were significantly higher than those of indirectly co-cultured
and monocultured cells (Fig. 5c). Next, to evaluate the effects of
co-culture on PSCs, we calculated the numbers of GFP-negative
PSCs and measured COL1 mRNA levels in sorted PSCs
(Fig. 5d,e). Indirect and direct co-culture with GFP-SUIT-2 cells
significantly enhanced the proliferation of NPF-1 and PCF-2
cells (Fig. 5d). In addition, COL1 mRNA levels in co-cultured
NPF-1 and PCF-2 cells were significantly higher than those in
monocultured cells (Fig. 5e). These data suggest that co-culture
with cancer cells enhanced the proliferation and collagen syn-
thesis of PSCs.

Notch signaling pathway in co-cultured cells. To investigate
the effects of the juxtacrine mechanism between cancer and stro-
mal cells, we assessed the Notch signaling pathway by quantify-
ing the mRNA levels of Notch-1, hairy and enhancer-of-split
homolog-1 (Hes-1; a downstream protein of Notch signaling),
and Jagged-1 (a ligand of Notch receptor) in both types of cells.
Although Notch-1 mRNA levels were only elevated in directly
co-cultured GFP-SUIT-2 and NPF-1 cells (Fig. 6a), Hes-1 and
Jagged-1 mRNA levels in directly co-cultured cells were dra-
matically elevated compared with those in monocultured cells
(Fig 6b,c).

Discussion

To date, many methods have been used to evaluate the prolifera-
tion of cancer cells directly co-cultured with stromal cells, such
Cancer Sci | December 2009 | vol. 100 | no. 12 | 2313
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Fig. 4. (a–f) Proliferation ratios of green fluorescent protein (GFP)-
SUIT-2 cells in direct and indirect co-cultures with MRC5 (a,b), NPF-1
(c,d), and PCF-2 (e,f) cells compared with monocultures in
the presence of 1% FBS (a,c,e) and 10% FBS (b,d,f). In direct
co-culture MRC5, NPF-1, and PCF-2 cells significantly enhanced the
proliferation of GFP-SUIT-2 cells compared with indirect co-culture
and monoculture, at 72 h after seeding (†P < 0.05), especially in the
presence of 10% FBS. (g) Proliferation ratios of the three pancreatic
cancer cell lines in the two co-culture systems at 72 h after seeding in
the presence of 10% FBS compared with monocultures. Direct
co-culture with both types of pancreatic stellate cells (PSCs)
significantly enhanced the proliferation of the three pancreatic cancer
cell lines compared with those in indirect co-culture (†P < 0.05).
as flow cytometry,(30,32) [3H]thymidine incorporation assays,(25)

and counting the numbers of cells or colonies under a micro-
scope.(23,31,32) In the current study, we simplified the fluores-
2314
cence imaging–based proliferation assay established by
Krtolica et al.,(33,34) and developed a method that allowed the
quantitative measurement of populations of GFP-expressing
cancer cells. Using this method, we found that cell growth
could be monitored even when the cancer cells were directly
co-cultured with PSCs and transformed into a fibroblastoid
morphology, resembling the EMT.(43) Our method did not
require fixation, staining, or harvesting of the cultured cells,
and no complicated handling, image analysis, or use of radio-
isotopes was needed. Moreover, we were able to quantify popu-
lations of live GFP-expressing cells in the same wells at
specific times. The present method is therefore an easy and
highly reproducible method that does not require many cells or
culture plates. It is a simple and objective method, unlike in
vivo co-culture assays, and could be suitable for the evaluation
of other cell–cell interactions, such as cancer cell–endothelial
cell and cancer cell–inflammatory cell interactions. However,
this co-culture system needs further fundamental experiments
to evaluate the relevance of co-cultures with cancer cells under
other culture conditions, because other types of cells, including
endothelial cells and inflammatory cells, need to be cultured
under specific culture conditions.

Recent evidence has shown that pancreatic cancer cells
increase their proliferative ability when exposed to conditioned
medium from human PSCs, and this effect is caused by not only
inhibition of apoptosis but also increased DNA synthesis.(13,14)

In the current study, indirect co-culture with PSCs (to examine
paracrine mechanisms) also enhanced the proliferation of pan-
creatic cancer cells. Moreover, direct co-culture with PSCs
(which allows the evaluation of direct cell contacts, juxtacrine
mechanisms, and ECMs produced by PSCs, as well as paracrine
mechanisms), further accelerated the proliferative ability of pan-
creatic cancer cells. Samoszuk et al.(32) revealed that clonogenic
growth of human breast cancer cells directly co-cultured with
serum-activated fibroblasts was significantly enhanced com-
pared with indirectly co-cultured or monocultured cells. These
results are consistent with our data. Meanwhile, Che et al.(21)

demonstrated that direct co-culture with Swiss 3T3 fibroblasts
using collagen-based three-dimensional co-culture models
enhanced the invasiveness of oral epithelial cancer cells more
than indirect co-culture or monoculture. Taken together, these
results suggest that the direct cell contacts involved in cancer–
stromal interactions support the progression of cancer cells, in
addition to the paracrine promoting effects of growth factors or
chemokines.

Bachem et al.(1,15) demonstrated that pancreatic carcinoma
cells stimulate the proliferation and matrix synthesis of PSCs
via paracrine mechanisms. In the current study, we further found
that both direct and indirect co-cultures stimulated the prolifera-
tion of PSCs and increased their COL1 mRNA levels, suggest-
ing that cancer–PSC interactions may induce desmoplasia in
PDAC. Meanwhile, recent evidences have revealed that collagen
type 1 increases the proliferation of pancreatic cancer cells by
enhancing DNA synthesis and inhibiting apoptosis.(4,6) Although
there was no significant difference between COL1 mRNA levels
in the two co-culture systems, cancer cells may be affected more
strongly by local interactions with collagen type 1 in the direct
co-culture system.

Several studies have demonstrated that activation of the
Notch signaling pathway, one of the juxtacrine mechanisms,
plays significant roles in the progression of pancreatic can-
cer.(44–47) Binding of Notch-1 receptor to its ligands, such as
Jagged-1, expressed on adjacent cells leads to c-secretase-medi-
ated cleavage of the intracellular domain of Notch-1 (NIC1),
which then translocates into the nucleus and results in the acti-
vation of Notch signaling.(48) In the current study, we found that
direct co-culture of pancreatic cancer cells and PSCs dramati-
cally increased the mRNA levels of Hes-1 (a downstream
doi: 10.1111/j.1349-7006.2009.01317.x
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Fig. 5. (a) Representative microphotographs of direct co-cultures of
green fluorescent protein (GFP)-SUIT-2 cells with NPF-1 and PCF-2 cells
at 72 h after seeding. Pancreatic stellate cells (PSCs) proliferated
around the GFP-positive cancer cells, as observed in the surrounding
desmoplastic stroma. (b,c,d) The numbers of GFP-expressing cancer
cells and GFP-negative PSCs were calculated from the total cell
numbers using the PSC ⁄ GFP-SUIT-2 proportions determined by flow
cytometry. The numbers of directly co-cultured GFP-SUIT-2 cells and
PSCs were significantly higher than those of indirectly co-cultured and
monocultured cells (c). Co-culture with GFP-SUIT-2 cells significantly
enhanced the proliferation of PSCs (d). (e) The COL1 mRNA levels in
co-cultured PSCs were significantly higher than those in monocultured
cells.

Fig. 6. (a) The Notch-1 levels were only elevated in directly
co-cultured GFP-SUIT-2 and NPF-1 cells. (b,c) The hairy and enhancer-
of-split homolog-1 (Hes-1) and Jagged-1 mRNA levels in directly
co-cultured cells were dramatically elevated compared with those in
indirectly co-cultured and monocultured cells.
protein of Notch signaling) in both cell types, suggesting that
direct cell contacts activated Notch signaling. Therefore, activa-
tion of the Notch signaling pathway may play a crucial role in
Fujita et al.
enhancing the proliferation of cancer cells in the direct co-cul-
ture system.

In our preliminary study, we found that human embryonic
lung fibroblast, MRC5, also enhanced proliferation of pancreatic
cancer cells, induced EMT-like morphological change (Support-
ing Information Fig. S2a), and activated the Notch signaling
pathway (Supporting Information Fig. S2c–e) in our co-culture
systems as well as in PSCs. These findings indicates that
enhancement of pancreatic cancer cell proliferation by direct
co-culture with stromal cells is not specific in stromal cells
derived from the pancreas. In the current study, we found that
MCF-1 cells, a culture of myofibroblast derived from metastatic
tumor of the abdominal wall, also enhanced proliferation of
pancreatic cancer cells in our co-culture systems. Therefore,
cancer cells may possibly proliferate via direct interactions with
stromal cells derived from other organs when the cells form
metastatic tumors.
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In conclusion, we have established a direct co-culture system
that enabled us to quantitatively and reproducibly evaluate
GFP-expressing cell populations, even in co-culture with other
cells. This method could be widely applied to elucidate cell–cell
interactions involving not only paracrine factors, but also direct
cell contacts and juxtacrine factors. Moreover, our data provide
evidence that PSCs and a-SMA-positive stromal myofibroblasts
control the proliferation of pancreatic cancer cells via tumor–
stromal interactions involving direct cell contacts and juxtacrine
mechanisms, as well as paracrine mechanisms. The identification
of a-SMA-positive myofibroblast-derived factors and clarifica-
tion of their mechanisms of action are the subjects of ongoing
investigations, and may lead to the development of novel
therapeutic strategies directed at the PDAC microenvironment.
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Supporting Information

Additional Supporting Information may be found in the online version of this article:

Fig. S1. (a) Propidium iodide (PI) fluorescence intensity of green fluorescent protein (GFP)-SUIT-2 cells. (b) The GFP fluorescence intensity was
correlated with the PI fluorescence intensity (Spearman’s rank-correlation coefficient: 0.998, P < 0.0001). (c) GFP-SUIT-2 cells expressed similar
levels of fluorescence intensity to monocultured cells, regardless of the number of co-cultured pancreatic stellate cells (PSCs). (c,d) Regression
analysis confirmed that the fluorescence intensity of GFP-SUIT-2 cells was correlated with the number of cells, despite the coexistence of myofi-
broblasts and their morphological alterations (Spearman’s rank-correlation coefficient: 0.993, P < 0.0001).

Fig. S2. (a) Representative microphotographs of green fluorescent protein (GFP)-SUIT-2 cells in monoculture (left), indirect co-culture with
MRC5 fibroblasts (center), and direct co-culture with MRC5 fibroblasts (right). Monocultured GFP-SUIT-2 cells were almost round in shape,
whereas co-cultured cells exhibit a fibroblastoid morphology. (b) GFP-expressing cancer cells and GFP-negative MRC5 fibroblasts were isolated
using a cell sorter. (c) The Notch-1 levels were only elevated in directly co-cultured MRC5 fibroblasts. (d,e) The hairy and enhancer-of-split
homolog-1 (Hes-1) and Jagged-1 mRNA levels in directly co-cultured cells were dramatically elevated compared with those in indirectly co-cul-
tured and monocultured cells.
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