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Abstract Cancer stem cells (CSCs) have been proposed to
underlie the initiation and maintenance of tumor growth and
the development of chemoresistance in solid tumors. The
identification and role of these important cells in pancreatic
cancer remains controversial. Here, we isolate side population
(SP) cells from the highly aggressive and metastatic human
pancreatic cancer cell line L3.6pl and evaluate their potential
role as models for CSCs. SP cells were isolated following
Hoechst 33342 staining of L3.6pl cells. SP, non-SP, and
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unsorted L3.6pl cells were orthotopically xenografted into
the pancreas of nude mice and tumor growth observed. RNA
was analyzed by whole genome array and pathway mapping
was performed. Drug resistant variants of L.3.6pl were devel-
oped and examined for SP proportions and evaluated for
surface expression of known CSC markers. A distinct SP with
the ability to self-renew and differentiate into non-SP cells
was isolated from L3.6pl (0.9 %=+0.22). SP cells showed
highly tumorigenic and metastatic characteristics after
orthotopic injection. Transcriptomic analysis identified mod-
ulation of gene networks linked to tumorigenesis, differentia-
tion, and metastasization in SP cells relative to non-SP cells.
Wnt, NOTCH, and EGFR signaling pathways associated with
tumor stem cells were altered in SP cells. When cultured with
increasing concentrations of gemcitabine, the proportion of SP
cells, ABCG2", and CD24" cells were significantly enriched,
whereas 5-fluorouracil (5-FU) treatment lowered the percent-
age of SP cells. SP cells were distinct from cells positive for
previously postulated pancreatic CSC markers. The Hoechst-
induced side population in L3.6pl cells comprises a subset of
tumor cells displaying aggressive growth and metastasization,
increased gemcitabine-, but not 5-FU resistance. The cells
may act as a partial model for CSC biology.

Keywords Pancreatic cancer - Cancer stem cells -
Tumor-initiating cells - Side-population - Chemotherapy
resistance - ABCG2 - Pathway mapping - Aldoketoreductase
family 1 B10

Introduction

Advances in the field of cancer and stem cell biology have led
to formulation of the cancer stem cell hypothesis [1]. This
hypothesis stands in contrast to the clonal hypothesis of tumor

development [2] and proposes that heterogeneous, clonal
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cancer cells arise from a single or subset of transformed tissue
stem cells, called cancer stem cells (CSC). CSCs are, like adult
stem cells, thought to be capable of self-renewal and differen-
tiation into adult progeny (asymmetric cell division). Thus, it
has been proposed that CSCs maintain the pool of cancer stem
cells just as they represent the source of the diverse tumor cells
contained in a solid tumor bulk [3].

CSCs are hypothesized to be responsible for several malig-
nant aspects of tumor growth such as resistance to chemother-
apy and radiation, invasion, and metastasis. By expression of
multiple drug resistance transporters (MDR), CSCs are capable
of effluxing several chemotherapeutic agents from the cell and
thus are responsible for tumor recurrence [4]. Their resistance
to radiation therapy is thought to lie in the enhanced capacity of
their DNA repair mechanisms [5]. The migratory capacity of
tissue stem cells and expression of receptors involved in cell
trafficking, support the hypothesis of CSCs as the origin of
distant metastases of tumors [6]. Taken together, the CSC
hypothesis implies that treatments specifically targeting the
CSC population of tumors will be required in order to achieve
an effective and stable cure for cancer.

Putative CSCs have been documented in hematopoietic
malignancies, brain cancer, and solid organ malignancies in-
cluding breast, prostate, and colon cancer [6-8]. Recently, the
stem cell hypothesis has been explored for human pancreatic
cancer [9-11]. In the search for putative CSCs, different strat-
egies to describe and distinguish these cells have been applied.
The expression of specific surface markers describing the phe-
notype of these cells has been used for characterization. In this
manner, pancreatic CSCs were described as expressing CD44,
CD24, and epithelial specific antigen (ESA) [12]. A second
study identified pancreatic cancer cell populations with stem
cell characteristics that showed increased expression of CD133
and CXCR4 [13]. However, the biological function of the
respective surface markers and their contribution to “stemness”
of the expressing cell remains unclear in most cases.

Putative CSCs have been isolated from the bulk of tumor
cells based on their ability efflux chemotherapeutics and by
extrapolation Hoechst 33342 dye [14]. In the present study,
side population cells were isolated from a highly aggressive
human pancreatic cancer cell line and characterized for their
tumorigenicity and general characteristics linked to CSC-
associated biology. The SP cells demonstrate features associ-
ated with CSC biology and as such may represent a tool for
the further characterization of this important cell type.

Materials and methods

Human pancreatic cancer cells and culture conditions

The human pancreatic adenocarcinoma cell line L3.6pl [15]
was used to develop gemcitabine- and 5-fluorouracil (5-FU)-
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resistant cell lines (L3.6pl-Gem, and L3.6pl-5-FU,.). To this
end, L3.6pl were cultured in medium with increasing concen-
trations of gemcitabine (Gemzar; Lilly Deutschland GmbH,
Gieflen, Germany), starting at 0.5 ng/ml up to 7.5 ng/ml or 5-
FU (Fluorouracil-GRY, TEVA Deutschland GmbH,
Morfelden-Walldorf), starting at 0.18 pg/mlup to 0.54 pg/ml.
Media was exchanged three times a week. Cell lines were
maintained in Dulbecco’s Minimal Essential Medium (D-
MEM; Invitrogen GmbH, Karlsruhe, Germany), supplement-
ed with 10 % fetal bovine serum (Biochrom AG, Berlin,
Germany), 2 % MEM vitamin mixture (PAN Biotech GmbH,
Aidenbach, Germany), 2 % MEM NEAA (PAN Biotech
GmbH, Aidenbach, Germany), 1 % penicillin streptomycin
(PAN Biotech GmbH, Aidenbach Germany), and 2 %
glutamax (Invitrogen GmbH, Karlsruhe, Germany). Cells
were incubated in a humidified incubator (37°C, 5 % CO,),
grown in cell culture flasks, and passaged on reaching 70—
80 % confluence.

Analysis of SP and non-SP cell fractions from L3.6pl,
L3.6pl-Gem,s and L3.6pl-5-FU, cell lines

SP and non-SP cell fractions were identified and isolated
using a modified protocol described by Goodell et al. [14].
Briefly, cells were resuspended at 37°C in D-MEM containing
2 % fetal bovine serum and labeled with Hoechst 33342
(Sigma-Aldrich GmbH, Steinheim, Germany) at a concentra-
tion of 2.6 pug/ml for 60 min at 37°C, either alone or with
225 uM verapamil hydrochloride (Sigma-Aldrich GmbH,
Steinheim, Germany). After staining, the cells were centri-
fuged at4 °C and 300xg for 5 min and resuspended in ice cold
PBS, containing 2 % fetal bovine serum, passed through a
35 wm mesh filter and maintained at 4°C in the dark until flow
cytometry analysis or further cell surface marker staining.
Cells were counterstained with 10 pg/ml propidium iodide
to label dead cells, then analyzed by BD-LSRII flow
cytometer (BD Biosciences, Heidelberg, Germany) and
FlowJo software (Treestar Inc., Ashland, USA), or sorted by
MoFlo with the Summit 4.3 software (Beckmann coulter
GmbH, Krefeld, Germany). Hoechst dye was excited at
355 nm (UV), and the fluorescence was measured at two
wavelengths using a 450/50 nm (blue) band-pass filter and a
670/30 nm (red) long-pass edge filter. After isolation, SP and
non-SP cell fractions were cultivated for two weeks at the
same conditions and passaged two times before reanalysis.

Cell proliferation assay and ICs determination

Cell proliferation was measured using the TACS MTT cell
proliferation and viability assay kit (R&D systems, Minneap-
olis, USA) used according to the manufacturer’s instructions.
Briefly, 8,000 cells/well plated on a 96-well plate were grown
overnight, treated for 24 h with chemotherapeutics, and
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analyzed afterwards using VersaMax tunable microplate read-
er and Softmaxpro 5.2 (Molecular devices, Sunnyvale, USA).

Analysis of the tumor-initiating capability of SP and non-SP
cells in vivo

For analysis of orthotopic tumor growth, isolated SP and non-
SP cells as well as unsorted L.3.6pl cells were injected into the
pancreas of male athymic BALB/c nu/nu mice (Charles River
WIGA, Sulzfeld, Germany), as described previously [15].
Tumor cell injection and tumor evaluation was carried out in
a blinded manner. A left abdominal flank incision was made,
the spleen was exteriorized, and 10° cells were injected into
the subcapsular region of the pancreas. Orthotopic tumor
growth was monitored longitudinally by estimation of tumor
volume using transcutaneous palpation and caliper measure-
ment every 3—4 days. On day 34 after tumor cell implantation,
animals were sacrificed and examined for orthotopic tumors,
lymph node, and hepatic metastases. The tumor volume was
calculated using the formula V=axbx¢x0.52 with a, b, and ¢
representing length, width, and height of the tumor,
respectively.

Conservation of tissue samples in paraffin wax and H&E
staining

Following sacrifice, tissue samples were maintained in 4 %
neutral buffered formaldehyde for 24 h before rinsing with
water for 1 h. Samples were then dehydrated in ascending
ethanol series (70 %, 96 %, 100 %), xylol, and finally coated
in paraffin wax. For H&E staining, samples were
deparaffinized by incubation at 60 °C for 10 min, followed
by incubation for 20 min in xylol, 10 min in 100 % EtOH,
3 min in 96 % EtOH, 3 min in 70 % EtOH, and finally washed
in distilled water. Samples were then plunged in hematoxylin
for 1-3 min, washed in distilled water, and incubated with
eosin for 8—12 min. After dehydrogenation for a few seconds
in 80 % EtOH, 30 s in 90 % EtOH, 30 s in 96 % EtOH, 4 min
in 100 % EtOH, and 10 min in xylol, the slides were mounted
in eukitt.

RNA sample preparation for microarray hybridization

Immediately after fluorescence-assisted sorting into ice-
chilled PBS containing 2 % FCS, the cells were centrifuged,
resuspended in TriFast (PEQLAB Biotechnologie GMBH,
Erlangen, Germany), and frozen at —80 °C until RNA isola-
tion. Total RNA was isolated from the TriFast suspension
following the standard method. However, as the small
amounts of RNA retrieved from side-population cells showed
significant contaminations of residual TriFast reagent, it was
subjected to extraction with N-Butanol as already described
[16]. After the extraction, all total RNA samples showed

sufficient purity and RNA integrity for microarray hybridiza-
tion as assessed by spectrophotometry (Nanodrop, Wilming-
ton, DE, USA) and electrophoresis (agarose gel electrophoresis
and Agilent Bioanalyzer).

Microarray hybridization

One hundred nanograms of total RNA were used to prepare
labeled cDNA fragments for hybridization on Affymetrix
HuGene 1.0 ST microarrays. Briefly, total RNA was reversely
transcribed to cDNA, in vitro transcribed to cRNA that was
reversely transcribed again, fragmented, and terminally la-
beled. All steps were performed using the GeneChip® WT
Sense Target Labeling Kit (Affymetrix, Santa Clara, Califor-
nia, USA) following the manufacturer-provided protocol. La-
beled probes were hybridized to HuGene ST 1.0 arrays at a
final concentration of 25 ng/ul for 16 h at 45 °C. The arrays
were washed and stained on a FluidicStation F450
(Affymetrix, Santa Clara, CA, USA).

Microarray analysis

The fully processed microarrays were scanned (Affymetrix
Gene Chip Scanner 3000) and the CEL-files were read into the
Bioconductor R workspace using the R package xps for
background correction, normalization, and quality control
[17]. The xps package provides an adaption of the RMA
normalization to Gene ST 1.0 arrays which was used here
[18]. After normalization, differentially expressed genes were
identified using the R-package LIMMA [19]. Briefly, a mod-
erated ¢ test with Benjamini-Hochberg correction was used
and only corrected p values below 0.01 were considered.
Differential expression was further restricted to a log, fold
change larger than 1.

Additional quality control and clustering analyses were
carried out using the Management and Analysis Database
for Multi-platform microArray eXperiments (MADMAX)
platform (https://madmax.bioinformatics.nl, University of
Wageningen), while normalizing the data using the gcRMA
algorithm.

The data was then analyzed using Genomatix
Chiplnspector and Genomatix Pathway System (GePS)
(Genomatix Software GmbH, Munich). ChipInspector utilizes
a single probe approach for significance analysis and normal-
ization, in contrast to RMA which works with chip-wide
averages. The parameters used were the following: positive
delta 0.74, negative delta —0.61, False Discovery Rate (FDR)
of 0 %, region size 300 bp, and with no fold change-based
cutoff criteria. After significance analysis, the filtered gene lists
are grouped into biological pathways using GePS, and these
pathways were then scored by the level of dysregulated genes.
This approach allows for discovery of the most dramatically
changed processes even within large datasets [20, 21].
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Comparisons of Genomatix and gcRMA data for individual
genes were performed to increase confidence in the results.

Analysis of protein expression by Western blot

Cells were sorted into ice cold PBS containing 2 % fetal
bovine serum and resuspended in ice cold RIPA buffer sup-
plemented with the cocktail of protease/phosphotase inhibi-
tors (Roche, Mannheim, Germany). Cells were incubated on
ice for 10 min and centrifuged at 14,000xg at 4 °C for 10 min.
An equal amount of protein was run on polyacrylamide gels,
transferred semidry to polyvinylidene difluoride membranes
(Amersham, Braunschweig, Germany), and detected using an
enhanced chemiluminescense system (Amersham, Braun-
schweig, Germany). Afterwards, the membranes were stripped
and used for B-actin to ensure equal protein amounts. All used
antibodies were purchased from Abcam (Abcam, Cambridge,
UK), except anti-B-actin antibody (Sigma-Aldrich GmbH,
Germany), and used according to the manufacturer’s instructions.

Analysis of cell surface marker expression by flow cytometry

The antibodies applied included PE-, FITC-, or APC-
conjugated CD133/2 (clone 293C3) and IgG2B (provided
by Miltenyi Biotech, Bergisch Gladbach, Germany), IgG2a,
and CD24 (provided by BD Biosciences, Heidelberg, Germa-
ny) and Berpl/ABCG2 (R&D Systems, Wiesbaden, Germa-
ny). Cells were incubated in PBS containing 0.5 % albumin
bovine (BSA) and 0.02 % NaNj; with fluorescence-conjugated
primary antibody; isotype-matched mouse immunoglobulins
served as controls. Dead cells were eliminated by using
propidium iodide staining at a concentration of 10 pg/ml.
Samples were analyzed using a FACS-Calibur flow cytometer
and CellQuest software (BD Biosciences, Heidelberg, Germa-
ny) or BD-LSRII flow cytometer (in combination with
Hoechst staining) (BD Biosciences, Heidelberg, Germany)
and FlowJo software (Treestar Inc., Ashland, USA).

Statistical analysis
Statistical evaluation was performed using the paired student’s

t test or ANOVA test (Microcal Origin) with *p<0.05 consid-
ered to be significant and **p<0.001 to be highly significant.

Results

The human pancreatic adenocarcinoma cell line L3.6pl
contains a distinct side population of cells

In some tumor entities, cells with CSC characteristics have
been isolated based on their ability to efflux the Hoechst
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33342 dye. These cells are generally referred to as “side-
population” (SP) cells. It has been shown that often times,
similar subpopulations can be found in cell lines. The aggres-
sively metastatic pancreatic cell line L3.6pl was examined for
the existence of SP cells. Verapamil hydrochloride, which
blocks transporters of the ABC family and abrogates the
ability to efflux the dye, served as control. The cell line
contains a distinct proportion of SP cells (0.9 (+0.22) %) that
are sensitive to verapamil hydrochloride (SP content in flow
cytometry drops to 0.16 (£0.11)%) (L3.6pl versus L3.6pl+
verapamil, **p<0.001) (Fig. 1a, b, c).

To analyze the potential ability of SP cells to give rise to
non-SP cells, the SP and the non-SP subpopulations of L3.6pl
cells were cultivated for 2 weeks and passaged two times
before reanalysis with Hoechst 33342 staining. Analysis by
flow cytometry demonstrated that SP cells were able to give
rise to both SP (6.53 (£3.92) %) and non-SP cells (93.47
(£3.92) %) (SP versus non-SP, **p<0.001) (Fig. 1d). For
each reanalysis by FACS, the proportions of SP and non-SP
cells were comparable to the initial distribution ratio of both
subpopulations. By contrast, isolated non-SP cells of L3.6pl
were not able to regenerate SP subpopulations, but were
capable of proliferating in vitro (not shown).

Side population cells of L3.6pl induce faster and more
aggressive orthotopic tumor growth with higher rates
of metastases in vivo

To evaluate the tumor-initiating potential of SP vs. non-SP
cells, 1x10° SP, non-SP, or unsorted L3.6pl cells were
injected into the pancreas of male athymic BALB/c nu/nu
mice. Orthotopic tumor growth was estimated by transcutane-
ous palpation and caliper measurement. At day 34, tumors
were measured during necropsy. Between day 31 and 34 after
tumor cell injection, only SP cell-derived tumors entered an
exponential phase of tumor growth and were found to have
significantly outgrown tumors of the other groups (Fig. 2a).
Following sacrifice, primary pancreatic tumors derived from
the non-SP, unsorted L3.6pl, and SP group showed a mean
mass of 0.51 (£0.29)g, 0.98 (+0.28)g, and 1.64 (+0.20)g,
respectively (SP versus non-SP, **p<0.001; unsorted L3.6pl
versus SP, **p<0.001; unsorted L3.6pl versus non-SP,
*p=0.01) (Fig. 2b, c).

The liver and lymph nodes of tumor-implanted mice were
also examined for metastatic disease after sacrifice by obser-
vation and histology (Table 1). Following orthotopic injection
of SP cells into the pancreas, all animals presented with large
metastases in the liver and lymph nodes, whereas animals
injected with non-SP cells showed only one animal with liver
metastases, and 2 out of 10 animals presented with lymph
node metastases (SP vs. non-SP group, both liver and lymph
node metastases **p<0.001). The distribution pattern of me-
tastases following orthotopic injection of unsorted L.3.6pl cells
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Fig. 1 Identification and isolation of a distinct side population in L3.6pl.
a SP cells were identified in L3.6pl cells following staining with Hoechst
33342 by flow cytometry analysis using dual-wavelength assessment
(blue and red; SP cells in gated area). b Adding verapamil to block the
ABCG2-mediated efflux of dye served as negative control and success-
fully diminished the percentage of SP cells in the gated area. ¢ In repeated
experiments, SP cells were present in cultured L3.6pl with a mean
percentage of 0.9 (£0.22)%. Adding of verapamil revealed a reduction

was similar to previously reported results [15]. In our study, 6
out of 13 animals showed liver metastases and 11 out of 13
animals presented with lymph node metastases.

Pancreatic tumors, liver metastases, and the respective
surrounding tissue were analyzed by microscopy after H&E
staining on paraffin sections (Fig. 2c). Pancreatic tumors
derived from unsorted L3.6pl cells commonly showed exten-
sive central necrosis, as a result of aggressive cell proliferation
and tissue invasion. Primary pancreatic tumors derived from
SP cells resulted in even larger central necrotic areas (64.28
(£13) %), whereas pancreatic tumors following injection of
non-SP cells were markedly less necrotic in the center (19.66
(£15.63) %; necrosis SP versus non-SP, **p<0.001). H&E
staining revealed an infiltrative growth pattern only in liver
metastases of SP cell-derived pancreatic carcinoma, leading to
hypoxic damage of the ambient liver tissue (not shown).
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of mean SP content to 0.16 (+0.11)% of total cell count (L3.6pl versus
L3.6pl+verapamil: **p<0.001). d After SP cells were isolated by fluo-
rescence-activated cell sorting of L3.6pl SP cells, these cells were cul-
tured for 2 weeks and passaged twice. Thereafter, the cells were
reanalyzed for SP content. SP cells were able to produce differentiating
non-SP cells and to self-renew (6.53 (£3.92)% SP cells; 93.47 (£3.92)%
non-SP cells; **p<0.001)

Tumors from non-SP cells of L3.6pl showed better differen-
tiation in H&E stains as compared to unsorted L3.6pl and SP
cells. All groups showed significant tumor growth after cell
implantation into the pancreas, even the non-SP group. There-
fore, while all cell lines showed tumorigenicity in vivo, the SP
cells produced faster growing tumors with higher rates of
metastases.

Side population cells show a transcriptome consistent
with enhanced tumorigenesis

To further characterize differences between the genotypes of
SP and non-SP cells, transcriptomic profiling was performed
using Affymetrix© HuGene ST 1.0 DNA microarrays. After
running quality control steps, the array data was analyzed
using two different approaches: classical RMA normalization
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Fig. 2 Tumor formation following orthotopic injection of SP vs. non-SP
vs. unsorted L3.6pl. Nu/nu mice were injected orthotopically with 1x 10°
of each cell line, respectively. Tumor size was estimated by transcutane-
ous palpation and caliper measurement. On day 34, all mice were
sacrificed and tumor size measured at necropsy. a There was a significant
increase in primary tumor growth between day 31 and 34 in the SP group,
which led to bigger primary tumors (b, ¢) as compared to the non-SP and
unsorted L3.6pl group (non-SP-derived tumor 0.51 (+0.29)g; unsorted

and filtering for significantly differential genes and, in addi-
tion, evaluation using the Genomatix Software suite.

Table 1 Distribution of liver and lymph node metastases by experimen-
tal group. The table depicts results from the ex vivo analysis of
metastasization status in animals following orthotopic tumor cell injection
with unsorted L3.6pl, SP of L3.6pl, and non-SP of L3.6pl, respectively
(shown are number of positive animals over total number of animals,
**p<0.001 for both liver and lymph node metastases regarding SP vs.
non-SP)

Group Animals with Animals with lymph
liver metastasis node metastasis

Unsorted L3.6pl 6/13 11/13

SP of L3.6pl 7/7 77

Non-SP of L3.6pl 1/10 2/10
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L3.6pl-derived tumor 0.98 (+0.28)g; SP-derived tumor 1.64 (£0.2)g, SP
versus non-SP, ¥**p<0.001; unsorted L3.6pl versus SP, **p<0.001; un-
sorted L3.6pl versus non-SP, *p=0.01). Results from the metastasization
analysis are shown in Table 1. ¢ H&E staining of the tumors revealed
larger areas of necrosis in SP tumors as compared to non-SP tumors.
Tumors derived from SP cells also showed a poorer grade of differenti-
ation in contrast to the highly differentiated tumors that resulted from
implantation of non-SP cells

RMA analysis yielded transcriptional differences in more
than 1,357 genes with a higher proportion of noncoding
RNAs than seen in non-SP cells (supplementary data
Fig. S1, Table S1). Filtering for a Log, 1-fold change resulted
in a list of 91 genes, with more genes upregulated than
downregulated (74 up and 17 down).

SP cells have been shown to positively correlate with
tumorigenicity, differentiation, metastasis, and chemotherapy
resistance in tumor cells: specifically AKRIBI10, ABCG2,
EID3, miRNA221, GDF15, and miRNA-21. AKRIB10 RNA
in SP cells showed the highest difference in expression level
as compared to non-SP cells showing a log, fold change of
3.787. The gene encoding for the ABCG2 drug transporter
was upregulated with a log, fold change of 2.48, followed by
EID3 (log, fold change of 1.771), microRNA221 (log, fold
change of 1.742), GDF15 (log, fold change of 1.589), and
micro RNA21 (log, fold change of 1.427).
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The transcriptomic data was then analyzed further to iden-
tify regulatory pathways and gene networks linked to the
generation and maintenance of the SP phenotype. Genomatix
software (Chiplnspector and GePS) was used to identify reg-
ulatory pathways that differ significantly between the two cell
types. Chiplnspector, which in contrast to RMA uses a single
probe approach for the identification of significantly dysreg-
ulated genes, found 1,087 genes differentially expressed be-
tween the two lines (Materials and Methods). These genes
were then directly analyzed with additional Genomatix tools.
GePS was used to generate and visualize pathways and net-
works that significantly differ between the SP and non-SP cell
populations. The results identified significant alterations in
genes associated with the WNT, Notch, and EGF(R) signaling
pathways supporting the premise that these cells represent
CSCs [1] (Table 2 and Fig. 3).

Table2 Differentially expressed Wnt, Notch, and EGF pathway genes in
SP vs non-SP cells. (ID Entrez ID, Genomatix Chipinspector normalized
data, RMA RMA normalized data, normal scale)

Gene ID Genomatix RMA
‘Wnt pathway WNTS5 7474 2.57 248
DKK1 22943 1.81 1.46
DKK3 27122 —-1.51 -1.97
FZD5 7855 -1.56 -1.34
FZD7 8324 1.86 -1.04
LRP1 4035 -1.64 -1.56
JUP 3728 —1.43 -1.15
MAPIB 4131 2.66 2.70
PRKCB 5579 —-1.55 -1.38
CDK1 983 1.80 1.36
EP300 2033 1.60 1.03
CDC25 995 1.92 1.30
KREMENI1 83999 —-1.51 -1.28
Notch pathway CNTNI1 1272 -1.71 -1.57
DLLI 28514 —-1.65 -1.38
ADAM17 6868 1.52 1.31
JAG1 182 1.71 1.33
JAG2 3714 -1.83 -1.61
APHIB 83464 —-1.68 —-1.46
LENG 3955 —2.00 -1.50
NOTCH3 4854 2.16 1.90
MAML2 84441 -1.58 —-1.48
EGF pathway EGF 1950 1.93 1.86
EGFR 1956 -1.53 —-1.44
MAP3K2 10746 2.14 1.15
MAP3K14 9020 1.71 1.30
PTRRR 5801 1.99 1.89
CAV-1 857 -1.75 -1.67
CAV-2 858 -1.53 -1.37

Development of resistance to Gemcitabine and 5-FU leads
to alterations in the proportion of side population, ABCG2",
and CD24" cells but no change in the proportion of CD133"
cells

Resistance to chemotherapy is considered an attribute of
CSCs. To evaluate the contribution of SP cells from L3.6pl
towards chemoresistance, gemcitabine- and 5-FU-resistant
L3.6pl cells were established.

After continuous treatment with gemcitabine, the 1Cs sig-
nificantly increased from 6.11 (£0.93)ng/ml in native L3.6pl
to 119.77 (£5.12)ng/ml demonstrating increased resistance to
gemcitabine thus termed L3.6pl-Gem,.s (L3.6pl versus
L3.6pl-Gem,,, **p<0.001). With increasing resistance to
gemcitabine, the percentage of SP cells rose from 0.9
(£0.22)% in untreated cells to 5.38 (+0.99)% in L3.6pl-
Gem, cells (L3.6pl versus L3.6pl-Gem,.,, **p<0.001). Ac-
cordingly, the proportion of cells positive for the drug efflux
symporter ABCG2 increased significantly after gemcitabine
treatment from 0.86 (£0.27)% in L3.6pl cells to 2.83 (+0.8)%
in L3.6pl-Gem, cells (**p<0.001, Fig. 4b). However, dou-
ble staining for Hoechst efflux and positivity for ABCG2
using flow cytometry revealed that only 13.95 % of SP cells
were positive for ABCG2 (not shown). Therefore, other drug
efflux transporters may be responsible for the SP phenotype
and further mechanisms of resistance other than drug efflux
may be responsible for the gemcitabine resistance seen here.

Intriguingly, no significant difference was observed be-
tween L3.6pl and L3.6pl-Gem, cells with regards to their
contents of CD133" cells (Fig. 4b). To add to the impression
that SP cells are distinct from the known pancreatic cancer
stem cells population isolated by positivity for CD133, West-
em blotting revealed no correlation between the subpopula-
tions of SP cells and CD133" cells (Fig. 4c). Here, CD133
even appears to be expressed at a higher level in the non-SP
population.

With regards to CD24, another proposed CSC marker in
pancreatic cancer, treatment with gemcitabine resulted in an
increase of CD24 positive cells from 0.02 (+0.01)% in L3.6pl
to 1.06 (£0.09)% in L3.6pl-Gem,.s cells (¥**p<0.001,
Fig. 4b). No change in the contents of CD44 and ESA, two
other markers that, in combination with CD24, have been
suggested to identify CSCs of pancreatic cancer, were ob-
served (not shown). However, only the simultaneous expres-
sion of CD24, CD44, and ESA has been demonstrated to mark
potential pancreatic CSC.

After continuous treatment with 5-FU, the 1Cs significant-
ly increased from 0.1 (£0.01) ug/ml in native L3.6pl to 1.52
(£0.39) ug/ml in L3.6pl-5-FU,.s (*p<0.05). With acquisition
of resistance to 5-FU, the SP fraction decreased significantly
from 0.9 (£0.22)% to 0.45 (£0.14)% (*p<0.005, Fig. 4a)
whereas no significant difference was observed in the content
of ABCG2" and CD133" cells, respectively (Fig. 4b). After
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4 Fig. 3 a Overview of differentially expressed pathways: EGF(R) (red),
NOTCH (cyan), WNT (blue), and RAS-activated downstream targets
(purple). Genes shown in transparency are not differentially expressed.
Enzymes are presented as pentagonal shapes, ligands as rounded
rectangles. In canonical WNT signaling, WNT ligands bind to a
Frizzled (FRZ) receptor complex, which causes Dishevelled (DVL) to
bind Axin from the APC/Axin/GS3K B-catenin destruction complex.
This in turn leads to B-catenin entering the nucleus where it binds the
TCF/LEF transcription factors, leading to gene expression and
downstream activation of mitogen activated kinases (MAPK) via RAS
signaling. DKK, of which DKKI1 is also upregulated in SP cells, can
inhibit WNT by removing LRP from the Frizzled complex through
KREMEN. In noncanonical Ca?" WNT signaling, the WNT-FRZ
complex activates phospholipase C (PLC) via a bound G-protein (G).
This leads to changes in Ca®" levels, activating proteinkinase ¢ (PKC).
The NOTCH receptor is activated on contact with a neighboring cell’s
jagged (JAG) or delta like (DLL) receptors/ligands. NOTCH is cleaved by
A Disintegrin and Metalloprotease (4DAMs) in cooperation with the
intracellular gamma secretase complex. Upon cleavage, the NOTCH
intracellular domain (NI/CD) is transported to the nucleus where it acts
as a transcriptional activator together with MAML, PCAF, CSL, and is
inhibited by CtBP. The extracellular domain is taken up by the
neighboring cell. Notch signaling is regulated by NUMB and Deltex.
Regeneration of NOTCH in the golgi apparatus is carried out by FRINGE
proteins such as lunatic fringe (LFNG). Epithelial growth factor (EGF)
binds to the EGF Receptor (EGFR), which has widespread effects on the
cell. EGFR can also activate (-catenin [54]. Shown here is the
downstream activation of RAS via Integrin/Caveolin (CAV) signaling
which leads to changes in MAPK activation. b Heatmap of relative
gene expressions for the pathway genes (see also Table 2). Scanned
signal strengths are expressed as relative values for each gene with the
strongest signal being set to 1. (SP side population arrays 1-4, NSP
nonside population arrays 1-4)

treatment with 5-FU, the proportion of CD24" cells was
highly elevated in this resistant variant: L3.6pl cells showed
0.02 (£0.01)% of CD24" cells as compared to 6.71 (0.16)%
in L3.6pl-5-FU,.s (**p<0.001). Again, no changes in the
contents of CD44 and ESA were observed.

AKRI1BI10 is increased at the protein level in L3.6pl side
population cells and L3.6pl cells with increased resistance
to gemcitabine

AKR1B10 expression has been described to be associated with
increased tumorigenesis as well as drug resistance in several
cancer entities [22]. In the Affymetrix analysis, the AKRIB10
gene showed the highest upregulation of all genes in the SP of
L3.6pl. Thus, we decided to further examine AKRIB10 ex-
pression on protein level by Western blotting in unsorted
L3.6pl and its chemoresistant variants as well as the side
populations isolated from unsorted L3.6pl and L3.6pl-Gem,
as well as the non-SP cells of L3.6pl. It became evident that
AKRIBI10 is expressed in unsorted L3.6pl and is highly up-
regulated in gemcitabine-resistant L3.6pl-Gem,; but is not
expressed in the 5-FU-resistant 1.3.6pl-5-FU,s (Fig. 5a). The
expression of AKRIB10 in L3.6pl is mainly due to the highly
upregulated expression of this protein in the SP fraction of
L3.6pl with only slight expression seen in the non-SP fraction

of cells (Fig. 5b). This confirms the result from the gene array
analysis of differential AKR1B10 expression on protein level.
The effect of elevated AKR1B10 is further augmented in the
gemcitabine-resistant cell line L3.6pl-Gem,es in which the
expression of AKRI1B10 is almost exclusive to the side popu-
lation of this resistant variant.

Discussion

The hypothesis of a subpopulation of tumor cells with inher-
ent stem cell characteristics has been used to help explain
phenomenon observed in cancer biology, such as the initiation
of tumor growth, tissue invasion, formation of metastases, and
chemo and radioresistance [23]. In the search for these “cancer
stem cells (CSC)”, multiple approaches have been applied in
hematologic and solid malignancies. Using surface marker
combinations used to identify nonmalignant stem cells, such
as CD347/CD38", CD44""/CD24""/Lin” or CD133", tumor
cells with stem cell-like characteristics have been isolated [7,
24-27]. A different approach makes use of the increased
ability of stem cells to efflux fluorescent dye [28]. The so-
called “side population” (SP) of cells obtained by this method
can show stem cell characteristics. Recent reports have sug-
gested that these SP cells may represent CSCs in diverse
malignancies [29] including hepatocellular carcinoma [30],
melanoma [31], glioma [32], esophageal cancer [33], and lung
carcinoma [34]. In the present study, we detected and charac-
terized a unique SP present in the highly metastatic pancreatic
adenocarcinoma cell line L3.6pl by their ability to efflux
Hoechst 33342 dye. The proportion of the side subpopulation
was 0.9 (+0.22)% of unsorted L3.6pl cells (Fig. 1a), which
lies in the proportional range of cancer stem cells identified in
other solid tumor entities [35]. L3.6pl SP cells were able to
self-renew and to differentiate into non-SP cells after 2 weeks
of cultivation and two passages—established criteria for po-
tential CSCs (Fig. 1b).

Side populations have been described in other pancreatic
cancer cell lines previously, such as PANC-1, Capan-2, KP-
INL, and MIAPaCa2. They have been examined with respect
to epithelial to mesenchymal transition (EMT), invasion, for-
mation of metastasis, and gemcitabine resistance [36, 37].
However, the tumor growth characteristics of these pancreatic
cancer SP cells in vivo have not been assessed thoroughly and
no information about genetic alterations differing these cells
from the non-SP cells have been published. However, this
information is deemed indispensable in order to find a specific
treatment targeting these tumor cells with stem cell
characteristics.

It has been previously shown that only a few SP cells are
capable of inducing tumor formation, whereas a large amount
of non-SP cells are generally needed to achieve the same
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Fig. 4 Effect of chemotherapy on SP and expression of surface markers
associated with stemness. a Depicts a flow cytometry analysis for SP
content of unsorted L3.6pl, L3.6pl-Gem,, and L3.6pl-5-FU,,. After
continuous treatment of L3.6pl cells with gemcitabine, the SP fraction
strikingly increased from 0.9 (£0.22)% to 5.38 (+0.84)% (L3.6pl versus
L3.6pl-Gem,g, both without verapamil, **p<0.001). With acquisition of
increased resistance to 5-FU, the SP fraction decreased significantly by
about 50 % from 0.9 (£0.22)% to 0.45 (£0.14)% (L3.6pl versus L3.6pl-5-
FU,es, both without verapamil, **p<0.001). b shows a flow cytometry
analysis for the surface markers CD24, CD133, and ABCG2 on native
and chemotherapeutically pretreated variants of L3.6pl. The content of
ABCG?2 positive cells in L3.6pl was significantly increased following

tumor growth in xenografts [30, 34]. In our experiments,
orthotopic injection of SP cells of L3.6pl resulted in signifi-
cantly larger tumors and higher incidence of liver and lymph
node metastases as compared to unsorted L3.6pl and non-SP
of L3.6pl. This provides further evidence for the CSC charac-
teristics of the SP fraction. More aggressive growth character-
istics were indicated by the observation of significantly larger
areas of central necrosis in SP cell-derived tumors as well as a
lower grade of differentiation (Fig. 2; Table 1).

The increased drug efflux of SP cells is directly connected
to their resistance to chemotherapy. The drug symporter
ABCQG?2 is considered the main determinant of side population
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gemcitabine treatment (0.86 (£0.27)% in native L3.6pl to 2.83 (£0.8)% in
L3.6pl-Gem,s, **p<0.001) whereas it remained unaltered following 5-
FU treatment. Similarly, CD24 content rose from 0.02 (£0.01)% in
L3.6pl to 1.06 (£0.09)% in L3.6pl-Gem,s, (**p<0.001). This effect
was even more profound under 5-FU treatment of L3.6pl, where the
proportion of CD24 positive cells rose to 6.71 (£0.16)% (**p<0.001).
No significant difference was observed in regard to the proportion of
CD133" cells independent of the chemotherapy used. This unexpected
result was followed by a Western blot analysis to check for the baseline
expression of CD133 in nonpretreated SP and non-SP cells of L3.6pl
depicted in ¢. Western blot demonstrates only minimal to no expression of
CD133 in SP and mild expression in non-SP cells of L3.6pl

cells after Hoechst 33342 staining as demonstrated in hema-
topoietic stem cells [38]. Cancer cells overexpressing ABCG2
are more resistant to mitoxantrone, daunorubicin, doxorubi-
cin, topotecan in breast cancer, and 5-fluorouracil (5-FU) and
gemcitabine in liver cancer, respectively [35, 39]. However, in
L3.6pl cells, the SP phenotype appears to be determined only
in part by ABCG2 expression, as only about 14 % of SP cells
showed expression of ABCG2. Other drug efflux symporters
from the ABC superfamily may contribute to the SPs seen
here. Of these, ABCB6 and ABCC2 were found to be upreg-
ulated in the microarray analysis, although not significantly, in
SP versus non-SP cells of L3.6pl. Others have also
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Fig. 5 Western blot analysis for changes in AKR1B10 expression fol-
lowing chemotherapeutic treatment of L3.6pl. a Shows a Western blot
analysis for expression of AKR1B10, a gene associated with detoxifica-
tion of chemotherapeutic agents, in unsorted L3.6pl, unsorted L3.6pl-
Gem,s, and unsorted L3.6pl-5-FU 5. The analysis demonstrates elevated
expression of AKR1B10 in L3.6pl following gemcitabine but not 5-FU
treatment. As seen in b, this effect can be attributed to higher expression
of AKR1B10 in side population cells of L3.6pl, which are enriched under
gemcitabine treatment (as seen in Fig. 4b). This confirms the results from
the gene array analysis, where AKRIB10 was the gene with the highest
upregulation in SP vs. non-SP cells. The effect of elevated AKR1B10
expression in SP cells appears to be even more profound after
gemcitabine treatment as seen by the minimal band for AKRIBI10 in
non-SP cells of L3.6pl-Gem,.,. Hence, AKRIB10 expression became
almost exclusive to the side population of L3.6pl under treatment with
gemcitabine

demonstrated the lack of exclusivity of ABCG2 to efflux
Hoechst 33342 dye. Human umbilical cord blood-derived
SP cells were ABCG2 negative after isolation by the Hoechst
33342 protocol [40].

To investigate the role of SP cells in L3.6pl with respect to
therapy resistance, we generated L3.6pl-Gem,.,, a
gemcitabine-resistant cell line and L3.6pl-5-FU,., a 5-FU-

resistant cell line and isolated side populations from both
resistant cell lines. The content of SP cells was found to be
significantly elevated in L3.6pl-Gem,.s as compared to their
drug sensitive counterparts (Fig. 4a). In both L3.6pl and
L3.6pl-Gem, cells, ABCG2 was enriched in the respective
SPs as compared to the non-SPs. After continuous treatment
with 5-FU, the percentage of SP cells was decreased. This
suggests that 5-FU treatment might effectively diminish the
SP content of this cancer cell line and that the SP fraction of
cells correlates only with gemcitabine resistance.

Recently, superiority of 5-FU- over gemcitabine-based
chemotherapeutic treatment concerning overall- and
progression-free survival in patients with metastatic pancreat-
ic cancer was proven [41]. In our animal studies, application
of large numbers of SP cells resulted in the highest rates of
metastasis. Metastatic disease in patients suffering from pan-
creatic cancer might therefore represent a tumor state associ-
ated with proportionally large amounts of SP cells. Further-
more, SP cells showed sensitivity only to 5-FU but not to
gemcitabine treatment in vitro. A link between the effective
abrogation of SP cells by 5-FU treatment observed here and
the clinical superiority of 5-FU in patients with metastatic
disease seems likely and should be subjected to further
studies.

CD133 is the most commonly applied marker for solid
tumor stem cells [11]; however, its use in this regard remains
controversial. Shmelkov et al. showed that CD133 expression
is not restricted to stem cells in metastatic colon cancer [42],
and the general use of CD133 as a CSC marker for colorectal
carcinoma has been criticized [43]. We show here that L.3.6pl
SP cells are negative for CD133 (Fig. 4¢), but still demonstrate
characteristics of CSCs. We observed no difference with re-
spect to the percentage of CD133" cells before or after treat-
ment with gemcitabine or 5-FU. These results stand in contrast
to previous studies in which gemcitabine treatment enriched
for CD133+ cells [13].

These disparate results may be explained in part by the
methodologies used for selecting the cells. The different ap-
proaches may define different subpopulations of CSC-like
tumor cells within the same tumor cell line.

To further characterize potential stem cell traits and the
development of drug resistance in SP cells, gene array studies
were used to reveal differences in the expression profile of
specific cancer-associated genes and regulatory pathways sig-
nificantly altered between SP cells and non-SP cells.

The CSC hypothesis suggests that reactivation of develop-
mental signaling cascades, combined with increased DNA
repair mechanisms, and ABC transporter-mediated drug ef-
flux may underlie the biology seen in CSCs. Comparison of
the transcriptome of SP vs non-SP cells followed by pathway
mapping identified a significant change in the NOTCH, Wnt,
and EGFR signaling pathways. These pathways regulate de-
velopment and tissue maintenance in the adult, and control
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cell fate by regulating proliferation, cell death, polarity, senes-
cence, and adhesion, as well as the expression of cell type-
specific proteins and transcription factors (Fig. 3).

Aldo-keto reductase family 1 B10 (AKR1B10) showed the
highest increase in expression level in SP cells in the
Affymetrix analysis, confirmed by Western blotting (supple-
ments Table S1, Fig. 5b). Two other members of the AKR
superfamily, AKR1C2 and AKR1C3 were also increased in
SP (2-fold change of 0.97 and 1.1). The aldo-keto reductase
superfamily plays a major role in the detoxification of phar-
maceuticals, drugs, and xenobiotics [44]. AKR1B10 converts
all-trans-retinals to all-trans-retinols, which inhibits retinoic
acid-triggered differentiation and increases the ability of cells
to proliferate. This mechanism may contribute to the dediffer-
entiation of tumor cells towards a CSC-like tumor cell [45].
The importance of AKR B 10 expression for tumor growth has
been described in several tumor entities. It is established as a
marker of recurrence after surgical treatment in cervical cancer
and has been proposed as a marker for non-small cell lung
carcinoma in smokers [46]. Silencing of AKRIB10 effectively
inhibits growth of colorectal cancer cells [47]. The biological
function of AKR1B10 upregulation in SP cells of L3.6pl
especially its potential role in chemoresistance and high pro-
liferative potential of these cells needs to be addressed in
further studies.

Additional upregulated genes in L3.6pl SP cells found in
the Affymetrix analysis include EP300 interacting inhibitor of
differentiation 3 (E/D3), growth differentiation factor 15
(GDF15), microRNA221, and microRNA21 (Table S1).
EID3 acts as an inhibitor of differentiation and thus may
contribute to the “stemness” characteristics of SP cells [48].
GDF15 is a member of the TGF-8 superfamily and shows
protumorigenic characteristics in several cancer entities in-
cluding pancreatic [49]. MicroRNAs are believed to contrib-
ute to stem cell characteristics through posttranscriptional
gene silencing [50] MiRNAZ21 is discussed to regulate onco-
genic processes by targeting tumor suppressor genes respon-
sible for invasion and metastasis [51]. MiRNA221 plays an
important role regarding tamoxifen resistance in breast cancer
[52]. Antisense inhibition of miRNA221 or miRNA21 leads
to increased cell apoptosis and an elevated expression of
associated tumor suppressor genes resulting in sensitization
of pancreatic adenocarcinoma to gemcitabine [53].

Conclusion

Side-population cells of the human pancreatic cancer cell line
L3.6pl represent cells that show high proliferative potential,
differentiation, induction of aggressive tumor growth, high
rates of metastasis, and are resistant towards gemcitabine.
These results suggest that they represent a cell subpopulation
with many of the defining characteristics of cancer stem cells.
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Genes differentially expressed between SP and non-SP cells
include several genes linked to more aggressive tumor growth
as well as sets of genes linked to the NOTCH, Wnt, and EGFR
signaling pathways. The SP of L3.6pl represents a subset of
cells that cannot be defined using previously established sur-
face markers for pancreatic CSC, such as CD133. The results
suggest that the cells may represent a viable model system for
the study of CSCs.
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