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Enhanced Cell Migration and Invasion of

CD133" Pancreatic Cancer Cells Cocultured
With Pancreatic Stromal Cells

Taiki Moriyama, MD"; Kenoki Ohuchida, MD, PhD"?; Kazuhiro Mizumoto, MD, PhD"?; Lin Cui, MD'; Naoki Ikenaga, MD';
Norihiro Sato, MD, PhD'; and Masao Tanaka, MD, PhD'

. BACKGROUND Recently cancer stem cells have been reported as a new. therapeutrc target in pancreatic cancer as
well as other cancers, but the specmc role. of these cells is unknown. METHODS The authors lnvestlgated the func-
tional roIes of CD133+ cells; 1 of the putatlve cancer stem cell candtdates in pancreatlc cancer CD133 expressron was’

. assessed in-human pancreatlc cancer and cancer cell lines by quantltatlve real trme reverse transcrlptase polymerase :

"chaln reactlon and flow cytometry Next they co pared the ablllty of CD133+ and CD133“cells to prol:ferate
mlgrate and mvade usmg 2 pancreatlc cancer cell nes. In partlcular they evaluated the relatlonshlp between CDI33*
cells and: prlmary pancreatlc stromal cells RESULT :D133 was expressed in pnmary human pancreatlc ‘cancer tis-
sues “and some cancer cell Ilnes whereas there was Ilttle expressnon in pnmary normal pancreatlc eplthellal cells and
primary pancreatlc stromal cells. CD133+ cells lsolated by flow cytometry, showed lncreased cell. prolrferatlon under .
;anchorage |ndependent condmons P < Ol) and enhanced mlgrahon and lnvaSIOl’\ partlcularly when cocultured wrth,
prlmary pancreatlc stromal cells P < 001) Che' ‘oklne related receptor- : CXCR4) markedly overexpressed in

- CDI133* cells, may be respon5|ble for the lncreased invasive ablllty of the cells cocultured wrth pancreatlc stromal
cells, which express stromal derived factor—l the. hgand to CXCR4. CONCLUSIONS These data ‘suggest- that CD133+'

"cells exhibit more: aggresswe behavror such as |ncreased cell prollferatlon mlgratlon and invasion, espec:ally in the :
presence of pancreatic stromal cells. The targetlng therapy for the interaction. between CD133+ cancer cells and
“stromal cells may be a new approach for the treatment of pancreatlc cancer Cancer 2010 116 3357-68 © 2070 Amer/can
k Cancer Society. ' '

. KEYWORDS C0133 CXCR4 ceII lnvas:on cancer-stromal mteractlon pancreatlc cancer.

Pancreatic cancer is the fifth leading cause of cancer-related death in Japan' and the fourth leading cause in the
United States,” with annual deaths reaching >17,000 in Japan' and almost 30,000 in the United States.” The prognosis
for pancreatic cancer is the worst of all cancers, because of the lack of improvement in early detection, diagnosis, and treat-
ment strategies. Therefore, novel diagnostic modalities for early diagnosis and new therapeutic strategies are urgently
needed.

Recently, cancer stem cells have been defined as a very small subset of cells within the tumor population that have
the capacity to initiate and sustain tumor growth. It is most notable that cancer stem cells possess the ability to self-renew
and undergo multilineage differentiation.’ The study of cancer stem cells has developed through 2 important techniques,
fluorescence-activated cell sorting (FACS) and tumor xenograft models in immunocompromised mice. Bonnet and Dick*
isolated cancer stem cells in human acute myeloid leukemia for the first time by using cell surface markers (CD34%
CD387) and a xenograft model in nonobese diabetic/severe combined immunodeficiency mice.

10,11 12 .
and prostate. In pancreatic

CD133 was reported as a marker of cancer stem cells in the brain,”” colon,®? liver,

. 13 . . L. . . .. ..
cancer, Li and colleagues ' have determined that pancreatic cancer is hierarchically organized and originates from a primi-
tive stem/progenitor group of cells for which CD44™" CD24™ ESA™ precursors constitute 1 of the most immature stages.

However, Hermann and colleagues14 have reported that a distinct subpopulation of CD133" cancer stem cells
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determined the metastatic phenotype of individual
tumors. Therefore, there are 2 possible sources for cancer
stem cells in pancreatic cancer; 1is CD44" CD24" ESA™
cells, and the other is CD133" cells. Hermann et al.'
reported that these 2 populations overlap but are not iden-
tical. In this study, we analyzed the 2 kinds of cancer stem
cell markers and found that CD44 was indeed expressed
in almost 100% of pancreatic cancer cell lines. Therefore,
CD44 seemed to be an inappropriate marker to isolate
CD44-positive and -negative cells. Therefore, we used
CD133 as a candidate marker of cancer stem cells in pan-
creatic cancer, and investigated the biological function of
CD1337 cells.

Previous studies have attributed the high expression
levels of specific adenosine triphosphate-binding cassette
drug transporters to the increased resistance of CD133"
cancer stem cells to chemotherapeutic agents in hepatocellu-
lar carcinomas'> and brain tumors.'® Others have also dem-
onstrated that cancer stem cells promoted radioresistance in
glioblastoma'” and breast cancer.'® In pancreatic cancer,
however, there are few reports regarding the biological func-
tions of CD133™ cancer cells. In the present study, we inves-
tigated the biological function of CD133™ cells isolated by
FACS in pancreatic cancer cell lines. Our data showed that
CD133™ cells might play important roles in cell prolifera-
tion, migration, and invasion in pancreatic cancer.

Invasive ductal adenocarcinoma of the pancreas is
often characterized by abundant desmoplastic stroma.
Recently, the stromal reaction has been a focus of atten-
tion as a characteristic feature of the majority of pancreatic
cancers.'” Therefore, we also investigated the involvement
of CD133™ cells in tumor-stromal interactions and found
that CD133™ cells significantly increased cell migration
and invasion when cocultured with primary pancreatic
stromal cells compared with CD1337 cells. These data
suggest that CD133™ cells contribute to cancer-stromal
interaction more than CD133™ cells.

MATERIALS AND METHODS

Human Pancreatic Tissue Samples

The tissue samples analyzed in this study were obtained
from patients who underwent a surgical procedure to
resect a portion of the pancreas in Kyushu University
Hospital, Fukuoka, Japan. Normal pancreatic tissues were
also taken from areas of peripheral tissue away from the
tumor or from the non-neoplastic pancreas resected
because of biliary disease. Tissues were removed as soon as
possible after resection and used for the experiments in

3358

the present study. The samples were suspended in Hank
solution with collagenase, and mechanically dissociated
using scissors and then minced with a sterile scalpel blade
over ice to yield 1 x 1-mm pieces. The pieces were washed
with Hank solution 3 x before analysis by flow cytometry.
The primary cultures of pancreatic stromal cells were
established and maintained as described previously.?
Written informed consent was obtained from all patients,
and the study was approved by the ethics committee of
Kyushu University and conducted according to the Ethi-
cal Guidelines for Human Genome/Gene Research
enacted by the Japanese Government.

Cell Lines and Cultures

The following 14 pancreatic cancer cell lines were used:
AsPC-1, KP-1N, KP-2, KP-3, PANC-1, and SUIT-2
(Dr. H. Iguchi, National Shikoku Cancer Center, Mat-
suyama, Japan); MIA PaCa-2 (Japanese Cancer Resource
Bank, Tokyo, Japan); CAPAN-1, CAPAN-2, CFPAC-1,
H48N, HS766T, and SW1990 (American Type Culture
Collection, Manassas, Va); and NOR-P1 (established by
Dr. N. Sato in our laboratory). A human pancreatic ductal
epithelial cell line (HPDEG-EGE7 clone 6) immortalized
by transduction with the E6/E7 genes of human papillo-
mavirus 16 was kindly provided by Dr. Ming-Sound Tsao
(University of Toronto, Toronto, Ontario, Canada), and
maintained as described previously.?® Primary cultures of
human normal pancreatic epithelial cells were obtained
from Cell Systems (Kirkland, Wash), and maintained in
Cell Systems Corporation (CS-C) medium containing
10% fetal bovine serum (FBS), according to the supplier’s
instructions. Total cell numbers were quantified using a

particle distribution counter (CDA500; Sysmex, Kobe,
Japan).

Flow Cytometry and Cell Sorting

Cells were incubated in phosphate-buffered saline con-
taining 1% FBS with phycoerythrin (PE)-conjugated
antihuman CD133/2 antibody (Miltenyi Biotec, Aubum,
Calif). Isotype-matched mouse immunoglobulins served as
controls. For flow cytometry, samples were analyzed using
an EPICS ALTRA flow cytometer (Beckman Coulter, Full-
erton, Calif) and a FACS Calibur (Becton Dickinson, Bed-
ford, Mass). For cell sorting by flow cytometry, samples
were analyzed and sorted on the EPICS ALTRA. For the
positive and negative population, only the top 10% most
brightly stained cells or the bottom 10% most dimly
stained cells were selected, respectively. Aliquots of
CD133" and CDI133" sorted cells were evaluated for
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purity with the same machine, using the CD133/2 anti-
body. We also analyzed expression of cell surface markers
using the antibodies of chemokine-related receptor-4
(CXCR4)-PE (R & D systems, Minneapolis, Minn).

Transfections

Transfections were performed by electroporation using a
Nucleofector system (Amaxa Biosystems, Cologne, Ger-
many). All studies were performed in triplicate. Cells (1-
2 % 10°) were centrifuged at 1200 rpm for 5 minutes, and
the medium was removed. The cells were resuspended in
98 pL of Nucleofector solution (Amaxa Biosystems) at
room temperature, followed by the addition of 2 pL of 50
pumol CXCR4-siRNA or a control-siRNA (both obtained
from B-Bridge International, Mountain View, Calif). The
transfected cells were resuspended and cultured in regular
culture medium containing 10% serum for 24 hours
before analysis.

Quantitative Real-Time Reverse Transcription-
Polymerase Chain Reaction Assay for CDI133
MRNA Expression

Total RNA was isolated from cell lines using the High
Pure RNA isolation kit (Roche Diagnostics, Indianapolis,
Ind), and RNA concentrations were measured using a
NanoDrop ND-1000 spectrophotometer (NanoDrop
Technologies, Wilmington, Del) at 260 and 280 nm
(A260/280). RNA integrity was assessed with an Agilent
2100 Bioanalyzer (Agilent Technologies, Palo Alto,
Calif). Quantitative reverse transcriptase polymerase
chain reaction (RT-PCR) assays were performed using the
QuantiTect SYBR Green RT-PCR Kit (Qiagen, Tokyo,
Japan) with a Chromo4 Real-Time PCR Detection System
(Bio-Rad Laboratories, Hercules, Calif) according to the
manufacturer’s instructions. PCR was performed for 40
cycles of 15 seconds at 95°C and 1 minute at 60°C, fol-
lowed by a thermal denaturation protocol. The expression
levels of CD133 mRNA in all cell lines were normalized to
the expression level of 185 rRNA. The following primer
pairs were used for PCR amplification: CD133-forward,
5'-GCCACCGCTCTAGATACTGC-3; CD133-reverse,
5'-GCTTTTTCCTATGCCAAACCA-3’; CXCRé4-for-
ward, 5-GAAGCTGTTGGCTGAAAGG-3’; CXCR4-
reverse, 5'-CTCACTGACGTTGGCAAAGA-3'; stromal
cell-derived factor-1 (SDF-1) (CXCL12)-forward, 5'-GAT
TGTAGCCCGGCTGAAGA-3'; SDF-1 (CXCL12)-
reverse, 5-TTCGGGTCAATGCACACTTGT-3; 18S
rRNA-forward, 5'-GATATGCTCATGTGGTGTTG-3;
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and 18S rRNA-reverse, 5'-AATCTTCTTCAGTCGC
TCCA-3.

Cell Proliferation Assay

Cell proliferation was evaluated by measuring the fluores-
cence intensity of propidium iodide (PI) as described pre-
viously.”** CD133" and CD133" cells in pancreatic
cancer were seeded at 2 x 10 cells/well in 24-well tissue
culture plates (Becton Dickinson). In anchorage-inde-
pendent proliferation experiments, cells were plated at
1 % 10° cells/well in 24-well plates coated with Ultra Low
Attachment Surface (Corning Inc., Corning, NY). Cell
proliferation was evaluated after culture for a further 72 or
120 hours after the initial cell number determination by
the PI assay. PI (30 uM) and digitonin (600 uM) were
added to each well to label all nuclei with PI. The fluores-
cence intensity, corresponding to the total cell number,
was measured using a CytoFluor II multiwell plate reader
(PerSeptive Biosystems, Framingham, Mass) with 530-
nm excitation and 645-nm emission filters. A separate
well, which possessed the same medium but no cells, was
used for a baseline PI signal as a control. We evaluated the
difference between each sample well and the control well.
Cell proliferation was defined relative to the cell number
measured at the beginning of the experiment. All experi-
ments were performed in triplicate wells and repeated at
least 3.

Migration Assay and Invasion Assay

Migraton of pancreatic cancer cells was measured by
counting the number of cells that migrated from transwell
chambers 24 hours after seeding cells into the upper cham-
ber. Invasive ability of pancreatic cancer cells was measured
by the number of cells invading Matrigel-coated transwell
chambers. We also assessed cancer-stromal interaction by
coculture with pancreatic cancer-related stromal cells.

In the migration assay, a total of 5 x 10% isolated
cells were resuspended in 250 pL of Dulbecco modified
Eagle medium (DMEM) containing 10% FBS and placed
in the upper transwell chamber (8 pum pore size, Becton
Dickinson, Franklin Lakes, NJ). The upper chamber was
placed in a 24-well culture dish containing 750 pL of the
medium described above supplemented with 5 x 10* pri-
mary pancreatic stromal cells. After 24 hours of incuba-
tion at 37°C, the number of migrated cells was counted.
In the invasion assay, 5 x 10% isolated cells were plated in
the upper Matrigel-coated transwell chambers (filled with
20 pg of Matrigel/well) and reconstituted with 10% FBS-

- containing medium for 2 hours before the experiment.
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Cells were seeded into the upper chambers in 250 pL of
DMEM supplemented with 10% FBS. The same me-
dium (750 pl) was placed in the lower wells. After 72
hours of incubation at 37°C, the number of invading cells
was counted.

Cells that had degraded the Matrigel and invaded
the lower surface of the Matrigel-coated membranes were
fixed with 70% ethanol, stained with H & E, and counted
in 5 random fields at X200 magnification under a light
microscope. The results were expressed as the average
number of invading cells per field.

Statistical Analysis

All data were expressed as the mean = standard deviation
and evaluated using an analysis of variance on Microsoft
Office Excel software (Redmond, Wash). Values of P <
.05 were accepted as statistically significant in any analysis.

RESULTS

CDI133 Is Markedly Overexpressed in
Pancreatic Cancer Tissues Compared With
Normal Pancreatic Tissues

We measured the expression of CD133 in human pancre-
atic cancer tissues and normal pancreatic tssues by flow
cytometry, and found that the expression of CD133 in
cancer tissues was much higher than in nonmalignant tis-
sues (Fig. 1A, P < .001).

We performed quantitative RT-PCR and flow
cytometry to measure the expression of CD133 in 14 pan-
creatic cancer cell lines, HPDE cells, and primary cultures
of normal pancreatic epithelial cells and pancreatic fibro-
blasts (Fig. 1B and C). There was a wide range of relative
CD133 expression levels among the pancreatic cancer cell
lines. The primary normal pancreatic epithelial cells and
fibroblasts did not express detectable levels of CD133.
We selected SUIT-2 and KP-2 cells in which >10% of
cells were determined to be isolated CD133™ cells and
CD133" cells by FACS for the following experiments.

More CD133" Cells Survive Than CD133™ Cells
Under Anchorage-independent Conditions

To investigate cell proliferation and cell survival, we per-
formed PI assays using SUIT-2 and KP-2 cells. In anchor-
age-dependent conditions, there was no significant
difference in cell proliferation between CD133"% and
CD133™ cells (Fig. 2A). However, in anchorage-inde-
pendent conditions, cell survival of CD1337 cells was sig-
nificantly increased compared with CD1337 cells in both
SUIT-2 and KP-2 cells (Fig. 2B; P=.004).
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CD133"% Cells Show High Migration and
Invasion Ability, Especially When Cocultured
With Primary Pancreatic Stromal Cells

Next, we compared the migration and invasion abilities of
CD133" and CD1337 cells using SUIT-2 and KP-2
cells. The CD133" SUIT-2 and KP-2 cells exhibited
slightly increased cell migration compared with CD133™
cells 24 hours after seeding in monoculture conditions
(Fig. 3A, P=.0028; Fig. 3B, P=.035, respectively).
When cocultured with pancreatic stromal cells, CD133%
cells exhibited markedly increased invasive potential com-
pared with CD1337 cells (Fig. 3A, P=.0002; Fig. 3B,
P < .0001, respectively). Although we found no signifi-
cant difference in cell invasion between CD133™ and
CD1337 cells at 72 hours after seeding under monocul-
ture conditions (Fig. 3C; P=.12), CD133" cells exhib-
ited markedly increased invasive potential compared with
CD133™ cells when cocultured with pancreatic stromal
cells (Fig. 3C; P < .0001). Similar results were again
found in KP-2 cells (Fig. 3D, P=.023 and P < .0001,
respectively).

CD133" Cells Expressed CXCR4 at Much
Higher Level Than CD133~ Cells

To assess the mechanism underlying the increase in the
migration and invasion ability of CD133™ cells in cocul-
tures with pancreatic stromal cells, we focused on 2 major
tumor-stromal cell interactions in pancreatic cancer,
CXCR4/SDF-1"" and c-Met/hepatocyte growth factor
(HGF).?° SUIT-2 and KP-2 CD133™ cells expressed a sig-
nificandy higher level of CXCR4 mRNA than CD133™
cells (Fig. 4A; P=.0003 and .001, respectively). However,
there was no significant difference in c-Met mRNA expres-
sion (Fig. 4A). These results suggest that CXCR4 may be
responsible for the increased migration and invasion ability
of CD133™ cells when cocultured with pancreatic stromal
cells secreting SDF-1 (Fig. 4B, CAF-3).

Down-Regulation of CXCR4 Decreases Cell

Migration and Invasion Only in CD133* Cells

To assess whether the CXCR4 /SDF-1 axis plays an impor-
tant role in the migration and invasion of CD133" cells in
pancreatic cancer, we down-regulated CXCR4 using RNA
interference. At 24 hours (Day 1) after transfection with
100 pmol of CXCR4-siRNA or control-siRNA, CD133%
and CD1337 cells transfected with CXCR4-siRNA
showed 0.3-fold lower levels of CXCR4 mRINA than the
cells transfected with control-siRNA (Fig. 5A). At 120
hours (Day 5) after transfection, CXCR4-siRNA was
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Figure 2. Cell proliferation and cell survival of pancreatic cancer cells are shown. The propidium iodide assay was used to com-
pare cell proliferation and cell survival between CD133" and CD133" cells. Two kinds of pancreatic cancer cell lines, SUIT-2 and
KP-2, were used and sorted by CD133 expression. (A) In anchorage-dependent conditions, there was no significant difference in
proliferation between CD133" and CD133" cells. (B) In anchorage-independent conditions (floating culture), cell survival of
CD133" cells was significantly increased compared with CD133 " cells in both SUIT-2 and KP-2 cells (P=.004). Each value repre-
sents the mean & standard deviation of triplicate measurements. N.S. indicates not significant.

effective (Fig. 5A), and no morphological differences
berween these transfected cells were observed.

Down-regulation of CXCR4 significantly decreased
cell migration and invasion only in CD133™ cells cocul-
tured with pancreatic stromal cells (CAF-3) (Fig. 5B-E).
These data suggest that the CXCR4/SDF-1 pathway
strongly affects the migration and invasion ability of
CD133" cells. We also evaluated several invasion-related
genes, and found that CD133™ cells expressed slightly
increased levels of FOXM1, MMP-9, and VEGEF-A
mRNA (data not shown). These results suggest that
CD1337 cells may have several pathways influencing cell
invasion in addition to the CXCR4/SDF-1 axis.

DISCUSSION

In the present study, we have evaluated the biological
function of CD133" cells in pancreatic cancer, and
obtained the first data regarding the specific relationship
between CD133" cells and primary pancreatic stromal
cells. We found that CD133 expression was increased in
pancreatic cancer tissue compared with normal pancreatic
tissues as well as in cancer cell lines compared with normal
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pancreatic epithelial cells, and that CD133™ was a marker
of high proliferative potential in floating cultures, migra-
tion, and invasion. In particular, migration and invasion
of CD133™ cells cocultured with primary pancreatic stro-
mal cells was greatly enhanced.

Recently, CD133 expression has been shown to be a
prognostic marker for poor survival in patients with colon
cancer,”>?* and brain tumors.?>?® Maeda et al.?” also
reported that CD133 expression is correlated with lymph
node metastasis, vascular endothelial growth factor-C
expression, and poor prognosis in pancreatic cancer. As
well as these previous studies, our data also suggest that
CD1337 cells are involved in pancreatic tumor progres-
sion, through processes such as invasion and migration.

In a further step, we evaluated the relationship
between CD 133" cancer cells and stromal cells, focusing
on the CXCR4/SDF-1 axis. Previously, some studies
reported that CXCR4/SDF-1 contributed to tumor pro-
gression. The CXCR4/SDF-1 axis promotes migration
and invasion in breast cancer.”® We have also previously
reported that DNA methylation influenced CXCR4
expression in pancreatic cancer.”” It is possible that these
findings provide new insights into the role of CXCR4/
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SDEF-1 interaction in tumor progression. Other studies have
demonstrated that the CXCR4/SDEF-1 axis is involved in
tumor progression, influencing cell invasion, metastasis,
and neoangiogenesis, in acute myeloid leukemia,° gli-
oma,”' breast cancer,’” and others.
CXCR4 expression is associated with poor survival in colon
cancer,>* malignant melanoma,®® and sarcoma.>®*” In this
study, we found that CD133 expression correlated with
CXCR4 expression, and that CD133™ cells exhibited mark-
edly increased cell invasiveness compared with CD133™
cells when cocultured with pancreatic stromal cells secreting
SDF-1. The data suggest that CD133" cells increase tumor

: 33
ovarian cancer,
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progression via the CXCR4/SDF-1 axis through tumor/
stromal cell interaction in pancreatic cancer. There were no
differences in the expression of c-Met mRNA between
CD133™ cells and CD1337 cells (Fig. 4A), suggesting that
the differences in stromal cell-enhanced invasion berween
CD133™ cells and CD133™ cells is not dependent on the
differences in activation of c-Met/HGF pathway. However,
there may be contribution of other signaling molecules,
which were not examined here.

Although some studies have demonstrated that high
expression levels of specific adenosine triphosphate-bind-
ing cassette drug transporters increase resistance of
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cells and SUIT-2 cells (*P < .05, **P < .01). (D, E) CXCR4 down-regulation decreased Matrigel invasion, especially in CD133" cells
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CD133 cancer stem cells to chemotherapeutic agents in
hepatocellular carcinoma'® and brain tumors,'® we found
no difference in chemoresistance between CD133™ cells
and CD133" cells (data not shown). Collectively, our
data suggest that CD133% cells possess more aggressive
behavior, such as increased cell proliferation, migration,
and invasion, especially when cocultured with pancreatic
stromal cells. The targeting therapy for the interaction
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between CD133™ cancer cells and stromal cells may be a
new approach to the treatment of pancreatic cancer.
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