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Abstract

Cancer stem cells (CSCs) typically have the capacity to evade chemotherapy and may be
the principal source of metastases. CSCs for human pancreatic ductal carcinoma (PDAC)
have been identified, but neither the metastatic potential nor the chemoresistance of these
cells has been adequately evaluated. We have addressed these issues by examining side-
population (SP) cells isolated from the Panc-1 and BxPC3 lines of human PDAC cells, the
oncogenotypes of which differ. SP cells could be isolated from monolayers of Panc-1, but
only from spheroids of BxPC3. Using orthotopic xenografts into the severely immunocom-
promised NSG mouse, we found that SP cells isolated from both cell lines produced tumors
that were highly metastatic, in contrast to previous experience with PDAC cell lines. SP
cells derived from both cell lines expressed the ABCG2 transporter, which was demonstra-
bly responsible for the SP phenotype. SP cells gave rise to non-SP (NSP) cells in vitro and
in vivo, a transition that was apparently due to posttranslational inhibition of the ABCG2
transporter. Twenty-two other lines of PDAC cells also expressed ABCG2. The sensitivity of
PDAC SP cells to the vinca alkaloid vincristine could be greatly increased by verapamil, a
general inhibitor of transporters. In contrast, verapamil had no effect on the killing of PDAC
cells by gemcitabine, the current first-line therapeutic for PDAC. We conclude that the isola-
tion of SP cells can be a convenient and effective tool for the study of PDAC CSCs; that
CSCs may be the principal progenitors of metastasis by human PDAC; that the ABCG2
transporter is responsible for the SP phenotype in human PDAC cells, and may be a ubiqui-
tous source of drug-resistance in PDAC, but does not confer resistance to gemcitabine; and
that inhibition of ABCG2 might offer a useful adjunct in a therapeutic attack on the CSCs of
PDAC.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) ranks among the most lethal of human malignan-
cies. Despite aggressive surgery and use of contemporary neoadjuvant and adjuvant chemo-
therapy, the overall 5-year survival is approximately 10-26% depending on the severity of
dissemination (cancer.org and cancer.net). Chemotherapeutic agents such as gemcitabine
reduce primary tumor burden, but fail to eliminate metastatic liver disease, the major cause of
mortality in PDAC. The cancer stem cell hypothesis suggests that a small population of stem-
like cells is responsible for the persistent growth of a tumor and resistance to chemotherapeu-
tics [1]. In addition, it has been proposed that CSCs may be the immediate source of metastatic
cells that intrinsically withstand chemotherapy [1,2]. Several groups have isolated and charac-
terized pancreatic CSCs by using combinations of cell surface markers [either CD44/CD24"/
ESA™ [3], or CD133*/CXCR4" [4]], or by SP fractionation [5-8]. The CSCs expressing CD44"/
CD24"/ESA" obtained from patient samples or CD133*/CXCR4™ from cell lines have been
shown to be highly tumorigenic in NOD/SCID mice [3,4]. However, the metastatic potential of
tumors derived from CD44%/CD24"/ESA™ CSCs has not been reported, and the tumors elicited
with CD133¥/CXCR4" CSCs were only weakly metastatic[4]. Alternatively, the procedure of
SP fractionation has been used to enrich for pancreatic CSCs, but tumors initiated by these
CSCs also metastasized poorly [5,6]. We have used orthotopic injection into severely immuno-
deficient mice to improve the evaluation of SP cells derived from PDAC cell lines. Our results
suggest that the CSCs included in PDAC SP fractions may be the progenitors of metastasis,
and demonstrate that the transporter ABCG2 is a widespread, if not ubiquitous source of
potential drug resistance in PDAC, but is not responsible for resistance to the first-line thera-
peutic gemcitabine. SP cells derived from human PDAC cell lines offer a convenient means by
which to explore the mechanisms of tumorigenesis, metastasis and drug resistance.

Materials and Methods
Cell Lines

Pancreatic cancer cell lines were obtained from ATCC (Manassas, VA) and grown in DMEM
for Panc-1 cells, or RPMI for BxPC3 cells supplemented with 10% FBS. The BxPC3 cell line
was also grown as spheroids, using uncoated bacteriological petri dishes (non-TC) and serum-
free DMEM supplemented with B27 (Invitrogen), a proprietary reagent that is known to pro-
mote the growth of CD133"/CXCR4" CSCs [9]. The adrenal cortical carcinoma cell line H295
was grown in DMEM supplemented with insulin, transferrin and selenium (ITS), and 10%
FBS.

In Vitro Pharmacology

For dose response studies with gemcitabine, 1500 SP cells from Panc-1 or 10000 SP cells from
BxPC3 were plated into 96-well dishes and treated 24 hours later with two-fold serial dilutions
of gemcitabine with or without 20uM of verapamil. For vincristine studies, Panc-1, BxPC3, or
H295 SP cells were plated into 96-well dishes. Each cell line was treated with two-fold serial
dilutions of vincristine with or without 50uM of verapamil. After one week, cells were stained
using the MTT assay. In each experiment, the BxPC3 cells were grown as spheroids on non-TC
96-well dishes in serum-free DMEM supplemented with B27.

MTT Assay

The MTT assay was used to determine the degree of chemoresistance in SP and NSP cells. The
media from drug treated cells was replaced with 100pl of MTT substrate (5pg/ml) diluted in
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assay media (phenol-free DMEM, 25mM HEPES, 1mM Na-Pyruvate) and placed in a tissue
culture incubator for 4 hours. The substrate was replaced with 100yl of solubilization solution
(10% Triton X-100, 0.1N HCI, 80% Isopropanol) and gently shaken for 5 minutes. The plates
were read in a Tecan2 plate reader at a detection wavelength of 570nm, and reference of
690nm.

Immunostaining of ABC transporters

Panc-1, BxPC3 or H295 cells were trypsinized, washed two times with PBS, fixed with 0.1%
PFA for 10 min and permeabilized with 0.3% saponin in FACS buffer. Both cell types were
stained with BXP-53 (ABCG2, Santa Cruz) or G-1 (ABCB1/MDR-1, Santa Cruz) antibody
diluted 1:100 in FACS buffer for 30 min on ice, washed twice with PBS, stained with FITC
1:1000 in FACS buffer for 30 min on ice, washed with PBS, and analyzed on a FACSaria.
Immunohistochemistry: 5uM sections were cut from paraffin embedded tissues of primary
tumors, deparaffinized with xylenes, hydrated through graded alcohols to PBS. The sections
were subjected to heat induced epitope retrieval, and residual peroxidase activity was quenched
with PBS/3% hydrogen peroxide mix. Staining was performed using the Vectastain ABC elite
Rabbit IgG kit (cat# PK-6101, Vectorlabs) with ABCG2 primary antibody 1:100 dilution over-
night (cat# GTX100436, Genetex) and counterstained with Meyer’s Hematoxylin.

Side population assay

SP assays were performed as previously reported [7,10]. Briefly, 1 x 10° cells were stained with
Hoechst 33342 (HOE) at a final concentration of 5ug/ml and verapamil controls were pre-
treated with 100uM of verapamil for 10min. All samples were incubated at 37°C degrees for 60
min with intermittent mixing every 15 min. Cells were collected and resuspended in PBS with
3% BSA, 0.01% DNase I, and 1ug/ml of propidium iodide and filtered through a 40uM cell
strainer. The BxPC3 spheroids were dissociated by normal trypsinization prior to HOE stain-
ing. Immuno-inhibition assay: prior to HOE staining, Panc-1, BxPC3 and H295 cells were pre-
treated with 5ug of either ABCG2 antibody, 5D3 (R&D systems, cat# MAB995) or MDRI anti-
body, MRK-16 (Kamiya Biomedical, cat# MC-017).

Orthotopic Xenograft

This study was conducted in strict accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was
approved by the University of California at San Francisco’s Animal Use Committee (protocol
number: AN090185-01). For orthotopic xenografts, mice were anesthetized with ketamine and
xylazine. Mice were sacrificed by injection with ketamine and xylazine, followed by exsangui-
nation. The NOD-SCID/IL-2 gamma (NSG) mice were purchased from Jackson laboratories
for all in vivo procedures. Mice were anesthetized by intraperitoneal injection of a 50l cocktail
containing, 25mg/ml ketamine, 2.5mg/ml xylazine, and 0.5mg/ml acepromazine. After mice
were anesthetized the site of incision was sterilized with betadine and cleaned with an alcohol
swab. A small incision was made below the costal margin and the pancreas was exposed using
forceps without damaging or disconnecting the organ and placed onto the exterior of the abdo-
men. The pancreas was held with gentle traction and a suspension of cells in 50pl of matrigel
was injected into the tail under the capsule of the pancreas. A sterile cotton-tip swab was
applied to the site of injection for 5 seconds to allow the pancreatic capsule to reseal. The
injected pancreas was then returned to the peritoneal cavity through the initial incision. The
site of incision was sutured and treated with topical antibiotic cream. Finally, the animal was
placed in a warm cage and injected with post surgical analgesics as necessary.
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Luciferase tagging of PDAC cells and In vivo Bioluminescence Imaging

A four-plasmid transfection system was used to make lentivirus. Plasmids obtained from
Geron Corp. encoding tet-rev, gag-pol, vsv-g, and pMND-luc were transfected into HEK293
cell line using Fugene 6 following vendor transfection recommendations. The cells were recov-
ered after 24 hours and viral supernatants were collected every 12 hours for 72 hours total.
Supernatants were filtered using a 0.45mM filter and mixed DEAD-dextran at 4 pg/ml and
added to Panc-1 or BxPC3 cells for transduction. After 72 hours of sequential infections, the
cells were recovered in normal culture media for three days. The cells were then split ata 1:10
ratio and placed under G418 selection at Img/ml for 10 days. Live cells were collected and
lysed using Promega’s luciferase lysis buffer system for 30 minutes on ice and then measured
on a luminometer. In vivo bioluminescence imaging was conducted on a Xenogen imaging
apparatus using conditions previously described [11].

Results

The SP phenotype in monolayers and spheroid cultures of human PDAC
cell lines

We first compared the SP content of two human PDAC cell lines, the oncogenotypes of which
differ: Panc-1 cells, which contain an oncogenic KRAS mutation and a loss of function TP53
mutation (both of which are common in PDAC); and BxPC3 cells, which contain a loss of
function mutation in SMAD4 and CDKN2A genes (both of which are relatively uncommon in
PDAC) [12]. The SP fraction was determined by detecting the exclusion of the DNA binding
dye Hoechst 33342 (HOE) from cells, an indication of transporter activity [4,10]. The gate for
SP was determined by verapamil inhibition, a broadly active transporter antagonist. A 10% SP
fraction was detected in Panc-1 cells (Fig 1A), but contrary to a previous report [5], an SP frac-
tion could not be detected in BxPC3 cells propagated in conventional medium as 2D monolay-
ers (Fig 1A). The SP fraction previously reported in BxPC3 cells was not tested in a biological
assay and therefore may be an issue of flow cytometry instrument type, instrument settings or
staining method. In an effort to uncover CSCs in the BxPC3 cell line, unfractionated cells were
grown as spheroids under conditions designed to foster the survival and propagation of normal
stem cells (see Materials and Methods). This produced an SP fraction of 5% in the cultures of
BxPC3 spheroids (Fig 1B). In contrast, Panc-1 cells failed to thrive when cultured under the
conditions used with BxPC3 and could not be used for SP fractionation. The ability of spher-
oids to reveal the SP phenotype in BxPC3 is consistent with previous reports that CSCs are
enriched in spheroids [13-15]. It is notable that the two PDAC cell lines have distinctly differ-
ent oncogenotypes, which may account for the differences in their SP content and response to
the specialized medium.

Tumor initiating potential of SP and NSP cells

Based on our interpretation of the published data [3,5,6,8], CSCs enriched by selection for cell
surface markers are substantially more efficient than SP CSCs in tumorigenesis assays. In an
effort to improve the performance of SP CSCs in assays for tumorigenesis, we utilized orthoto-
pic injection into the pancreata of NSG mice, whose severe immunodeficiency makes them
exceptionally sensitive to tumorigenesis by xenografts [16]. We orthotopically injected 500,
5000, or 50000 of SP or NSP cells fractionated from luciferase-tagged Panc-1 monolayers or
BxPC3 spheroids. The luciferase was used to obtain images from injected mice. We found that
500 SP cells were sufficient to produce tumors within two weeks in the entire cohort of five
mice, whereas 500 NSP cells did so in only a single mouse out of five (Fig 2A and 2B). By three
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Fig 1. The SP phenotype in monolayers and spheroid cultures of human PDAC cell lines. (A) Panc-1 and BxPC3 cells were stained with Hoechst
33342 dye (5pg/ml) and analyzed with a FACSaria flow cytometer, as described in the Materials and Methods. The gate for SP cells was determined by
treatment with verapamil (100uM). The fraction of cells in the SP gate is given in each panel. Profile of Panc-1 cells, upper row; and BxPC3 cells, lower row;
verapamil control (VP), right panels. (B) Top row: BxPC3 cells were grown either in standard medium on tissue culture dishes (TC), in serum-free DMEM with
B27 (SFDB) on TC dishes, or as spheroids in SFDB on uncoated bacteriological (non-TC) petri dishes. Bottom row: quantification of SP by FACS sorting for
each culture condition, verapamil control (VP), far right panel.

doi:10.1371/journal.pone.0148807.g001
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Fig 2. Tumor initiating potential of SP and NSP cells. SP and NSP cells were obtained by fractionation using the gates shown in Fig 1. The tumor initiating
potential of SP and NSP was tested by orthotopically injecting 500, 5000, or 50000 cells of luciferase-labeled cells from each population, using cohorts of five
NSG mice for each dose of cells. After two weeks, the relative amount of tumor volume was detected using real-time in vivo bioluminescence imaging. (A)
Panc-1 monolayer cells (B) BxPC3 spheroids cells. (C) Histogram of tumor incidence for each cohort of five NSG mice, Student’s t test = P<0.002.

doi:10.1371/journal.pone.0148807.9002

months, however, all of the animals had developed pancreatic tumors (see below, Fig 3A).
These results are a decided improvement upon previous experience with SP cells, in which a
minimum of 10,000 cells was required to initiate tumorigenesis that was detectable within 4-5
weeks [5,6]. We conclude that our protocol has improved the efficiency of tumorigenesis by
CSCs contained in the SP fraction from PDAC cell lines.

Metastatic potential of SP CSCs

Recent evidence suggests that CSCs may be the source of metastatic disease [17,18]. However,
previous efforts failed to obtain vigorous metastasis with CSCs enriched by the use of either cell
surface markers or SP fractionation. This was true of cells representing either PDAC or other
forms of malignancy [3,4,19-24]. In an effort to augment metastasis by tumors formed from
SP cells, we again used orthotopic injection into NSG mice. We isolated SP and NSP fractions
from Panc-1 monolayer cells and BxPC3 spheroid cells, then injected 500 of these cells into the
pancreata of three NSG mice in each cohort. By three months, both SP and NSP cells from
each cell line had produced primary tumors of approximately 1cm in size (Fig 3A). In addition,
there was severe metastatic liver disease in the mice injected with SP cells, virtually effacing the
normal liver parenchyma (Fig 3A, right panels). The animals that had received NSP cells also
contained hepatic metastases, but the metastases were both few in number and significantly
smaller (Fig 3A, left panels). We conclude that tumors produced with SP cells derived from
either monolayers or spheroids are aggressively metastatic.

Primary tumors initiated with SP cells from either Panc-1 or BxPC3 contained an SP frac-
tion of roughly the same size as that found in the cell lines (Fig 3B). Moreover, the size of the
SP fraction was even lower in the metastases (Fig 3B), in agreement with previous reports
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Fig 3. Metastatic potential of SP CSCs. SP and NSP cells were isolated from Panc-1 monolayers and BxPC3 spheroids, then orthotopically injected as 500
cell aliquots into cohorts of three NSG mice. The animals were maintained for three months and then examined for primary and metastatic tumors. (A)
Comparison of primary tumors and metastases generated by SP, right column and NSP cells, left column isolated from Panc-1 monolayers and metastases
isolated from BxPC3 spheroids. The upper row illustrates primary tumors and the second row illustrates metastases for both cell lines. (B) Tumor cells were
isolated from primary and metastatic tumors and analyzed for SP content. Primary tumor site, top panels; metastatic site, bottom panels. (C-D) SP and NSP
fractions were isolated from Panc-1 and BxPC3 cells and plated back into culture, using standard medium for cells from Panc-1 on normal tissue culture
dishes and spheroid medium for BxPC3 cells on non-TC dishes. After one week without passage, each plated fraction was analyzed by FACS. The
percentage of cells in the SP gate is given in each panel.

doi:10.1371/journal.pone.0148807.9003

[8,25]. These results suggest that CSCs or other components of the SP fraction population
spawned numerous NSP cells during the course of tumorigenesis and metastasis. Further evi-
dence of such an event was observed when SP and NSP cells were fractionated from Panc-1
monolayers and BxPC3 spheroids, and then cultivated in vitro without passage. After one
week, with only 2.5 doublings, a large majority of the cultured SP cells from both lines now
fractionated as NSP cells (Fig 3C and 3D), thus seeming to replicate the events that occurred in
vivo during the course of tumorigenesis. In contrast, the cultured NSP cells from both lines
contained modest quantities of SP cells (Fig 3C and 3D). This finding could represent either a
trace contamination of the NSP fraction or a low level of conversion of NSP cells to the SP
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phenotype. Whatever their source, the presence of SP cells in the NSP fraction represents a
potential explanation for the tumor initiated by the NSP fraction in Fig 2A, the apparent ability
of NSP cells to produce tumors in a delayed manner (Fig 3A), and the metastases that occurred
in mice that received NSP cells (Fig 3A).

ABCG2 is responsible for the SP phenotype in PDAC cell lines

The ATP binding cassette (ABC) transporters are an important source of drug resistance in
human tumors [26,27]. Two of these transporters, ABCG2/BCRP and ABCB1/MDR-1, are
reported to be the principal sources of the SP phenotype in human tumor cell lines [19,20]. It
has been reported previously that PDAC cells express ABCG2, but not MDR-1 [5,6,28,29].
However, ABCG2 activity is dependent on expression at the cell surface, which is regulated by
posttranslational modification and compartmentalization [30]. Therefore, we stained for the
two transporters on the surface of Panc-1 and BxPC3 cells. As a control, we used H295 cells,
adrenocortical carcinoma cells that express MDR-1 [31,32]. We found that Panc-1 and BxPC3
cells expressed only ABCG2 on their surface, whereas H295 cells expressed only MDR-1 (Fig
4A). The FACS data show that the entire population of Panc-1 and BxPC3 cells expressed
ABCG?2 (Fig 4A), and we obtained similar results by using immunohistochemistry to examine
primary tumors generated from SP and NSP cells, and four human PDAC patient samples (Fig

4B and 4C).
B
A
MDR1  ABCG2
H295 | no
Panc-1 ]
Monolayers - ]
BxPC3 ]
Spheroids .

Fig 4. ABCG2 expression in PDAC cell lines and primary tumors. (A) Cell surface staining of ABCG2 (5D3 antibody) and ABCB1/MDR-1 (MRK-16
antibody) on Panc-1 monolayer cells, BxPC3 spheroid cells and H295 cells. (B) Immunohistochemistry staining of ABCG2 on SP and NSP generated
primary tumors (positive DAB stain, brown). (C) Immunohistochemistry staining of ABCG2 on primary PDAC tumors from four patients (positive DAB stain,
brown).

doi:10.1371/journal.pone.0148807.9004
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Fig 5. Characterization of ABCG2 activity in PDAC cell lines. Inhibition of the SP phenotype. Cells were treated with blocking antibodies for ABCG2 (5D3)
and MDR-1 (MRK-16), and then fractionated by FACS, as described in the Materials and Methods. H295, top row; Panc-1 monolayer, middle row; and
BxPC3 spheroids, bottom row. Columns 1-4 are as labeled in the figure: untreated, verapamil (VP), 5D3 antibody, and MRK-16 antibody.

doi:10.1371/journal.pone.0148807.9005

The ubiquity of ABCG2 in the cell populations raised the unorthodox possibility that the
transporter was not responsible for the SP phenotype. In order to test this possibility, we
treated cells with blocking antibodies for ABCG2 [33] and MDR-1 [34] prior to performing the
SP fractionation. Inhibition of ABCG2 reduced the SP fraction of Panc-1 cells and BxPC3
spheroids to 1.04% (9.5 fold reduction) and 0.01% (400 fold reduction), respectively (Fig 5). In
contrast, inhibition of MDR-1 had no effect on the SP content of the two PDAC cell lines, but
reduced the SP fraction in H295 cells by more than nine-fold (Fig 5). We conclude that the
ABCG?2 transporter is responsible for the SP phenotype in Panc-1 and BxPC3 cells. Thus,
despite the ubiquity of the transporter in the cell populations, it must be active in only the lim-
ited portion of the cells that sort as SP. It has been reported previously that the activity of
ABCG?2 is subject to post-translational control by Akt [30], which might account for the exis-
tence of NSP cells.

In order to determine how widespread expression of ABCG2 might be in PDAC, we
obtained previously published microarray data from 22 pancreatic cancer cell lines [35] and
compared the expression of ABCG2 to that of MDR-1. Three normal pancreatic epithelial cell
lines were also analyzed in the array study and were used here to normalize the cancer cell line
data. Strikingly, every pancreatic cancer cell line expressed ABCG2 by 2-5 fold above normal
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Fig 6. Comparison of ABCG2 and MDR-1 expression in PDAC cell lines. Microarray analysis of ABCG2 and MDR-1 in 22 pancreatic cancer cell lines
[36]. The log, expression data for ABCG2 and MDR-1 from three non-malignant human pancreatic ductal epithelial cell lines (nPDEC; #904, #916, #515)
were averaged and subtracted from the log, from each pancreatic cancer cell line and plotted as a Waterfall and Manhattan plot, Student’s t test = P<0.001.

doi:10.1371/journal.pone.0148807.9006

pancreatic epithelial cell lines, whereas none of the cells expressed MDR-1 (Fig 6). We conclude
that expression of ABCG2 may be a ubiquitous property of PDAC cells, perhaps representing
an atavism from a normal stem-like cell that gives rise to CSCs, and thus, to tumors.

The ABCG2 transporter does not confer resistance to gemcitabine

Gemcitabine is generally the first-line treatment for patients with PDAC, but the dismal sur-
vival rate for the disease reflects a relatively limited response to the drug. The resistance of
PDAC SP cells to gemcitabine has been attributed to efflux by ABCG2 [5]. If that were correct,
then inhibition of the transporter by the broadly active antagonist verapamil should increase
the sensitivity of PDAC cells to gemcitabine [27]. We first confirmed the presence of trans-
porter-mediated resistance in the PDAC cell lines by treating SP cells from Panc-1, BxPC3 and
H295 with either vincristine or a combination of vincristine and verapamil (Fig 7A, 7C and 7E
and Table 1). Verapamil greatly enhanced the killing by vincristine of SP cells from all three
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Fig 7. The ABCG2 transporter does not confer resistance to Gemcitabine. The dose response of SP cells from (A) H295, (C) Panc-1 monolayer cells,
and (E) BxPC3 spheroid cells to vincristine (VCR) and combination of vincristine with verapamil (VCR-VP) was determined using the MTT assay. Similarly,
the dose response of SP cells from (B) H295, (D) Panc-1 monolayer cells and (E) BxPC3 spheroid cells to gemcitabine (Gem) and the combination of
gemcitabine with verapamil (Gem-VP) was determined using the MTT assay. All data points were generated from a single experiment and represent the
mean of six wells per treatment concentration, normalized to the mean of six internal untreated control wells, then transformed by natural log and displayed
as a four parameter variable plot as a function of log (drug) versus response. Error bars represent standard error of mean (SEM) from six wells in a single
experiment, all of the graphs were generated using Prism statistical analysis software, Student’s t test = P<0.0002.

doi:10.1371/journal.pone.0148807.g007

lines. In contrast, verapamil had no effect on the killing of Panc-1 and BxPC3 SP cells by gem-
citabine (Fig 7B, 7D and 7E and Table 1), indicating that the presence of ABCG2 or MDR-1
had not conferred resistance to gemcitabine on either cell line. We conclude that the trans-
porter normally resident in PDAC cells does not contribute to the limitations of gemcitabine as

a therapeutic for the disease.

PLOS ONE | DOI:10.1371/journal.pone.0148807 February 9, 2016 11/16



@’PLOS ‘ ONE

Pancreatic Cancer Stem Cells

Table 1. Sensitivity of SP cells chemotherapeutics.

Cell Type Gem Gem + VP Fold Change
H295 9.68 nM + 3.78 12.7 nM + 3.69 0
Panc-1 Monolayers 5.35nM + 1.34 5.31 nM + 1.23 0
BxPC3 Spheroids 41.3nM + 0.93 39.2nM + 1.31 0
VCR VCR + VP
H295 466 nM + 3.95 31.4nM + 2.28 15
Panc-1 Monolayers 2.66 nM + 0.97 0.10 nM + 0.49 27
BxPC3 Spheroids 4.69 + 0.72 0.58 nM + 0.70 8

ICs for SP cells from H295, Panc-1 monolayers and BxPC3 spheroids when treated with gemcitabine
(Gem), vincristine (VCR) or the combination of VCR with verapamil (VP). The ICso was determined by the
MTT assay and expressed in nM. All values were derived from the four parameter variable plot obtained in
Fig 7 and displayed with standard error of mean (SEM) using Prism statistical analysis software.

doi:10.1371/journal.pone.0148807.t001

Discussion
The SP Cells of PDAC

Established lines of human cancer cells have long been used as experimental surrogates for
samples taken directly from tumors, for both the study of tumorigenesis and screening for new
therapeutics. The utility of cell lines derived from human PDAC, however, has been compro-
mised by the failure of tumors produced with such cells to display the robust metastasis that is
so typical of the clinical disease. Here we demonstrate a solution to this problem. When ortho-
topically injected into severely immunocompromised NSG mice, SP cells from PDAC cell lines
gave rise to tumors that were aggressively metastatic. In contrast, NSP cells were less tumori-
genic, and the resulting tumors were poorly metastatic. Since the SP fraction is enriched for
CSCs, these findings conform to the view that CSCs may be the principal progenitors for
metastasis [2,17,18]. Neoplastic organoids derived from both murine and human PDAC also
give rise to metastatic disease when grafted orthotopically into immunocompromised mice
[16]. It remains to be seen whether the metastases in this system originate from a distinctive
subset of cells in the tumors, and if so, whether they are the CSCs of the tumor.

A recent report has described separation of CSCs from the SP fraction of several tumor
types by the use of autofluorescence [15]. In contrast, the SP fraction that we derived from
PDAC cell lines displayed an enriched ability to produce highly metastatic tumors, properties
consistent with the presence of CSCs. We note that there was a substantial difference in how
the two studies prepared cells for FACS sorting. Otherwise, we cannot explain the discrepancy
between the two sets of results.

In order to obtain an SP fraction from the BxPC3 cell line, we had to propagate the cells
under conditions that fostered growth as spheroids. We can think of two possible explanations
for this observation. First, SP cells may be present in the line, but in numbers too low for detec-
tion by SP fractionation. Since the growth conditions were designed to favor stem-like cells,
they might provide a selective advantage for the survival and propagation of SP cells, including
the subset of these cells that behave as CSCs in tumorigenesis assays. It is notable that spheroids
are reputed to be inherently enriched for CSCs [9,13,14]. Alternatively, the cell culture medium
might promote conversion of NSP to SP cells, similar to the conversion from Non-CSCs to
CSC described previously for human melanoma and breast cancer [37,38]. We gained a hint of
such conversion from the presence of SP cells in cultures of NSP cells, although the SP cells
might have arisen instead from a selective advantage provided to contaminating SP cells by
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propagation in vitro. Whatever the explanation for the behavior of BxPC3 cells, the results sug-
gest that cultivation of cells as spheroids might be a general means to uncover an SP phenotype
in tumor cell lines that otherwise do not display that phenotype.

Previous reports have described the ability of SP cells to spawn NSP cells [21-25,39-41],
much as CSCs serve as the source for the more mature cells that compose the bulk of tumors.
In accord with these observations, there was an abundance of NSP cells in the PDAC tumors
initiated by SP cells in our experiments, and cultivating SP cells in vitro resulted in NSP cells
quickly becoming the large majority of the population. Since the entire population of cells con-
tains ABCG2, a possible explanation for the transition to the NSP phenotype is the previously
described post-translational inhibition of transporter activity by Akt [30].

The ABCG2 transporter as mediator of the SP phenotype and
chemoresistance

We identified the ABCG2 transporter as the mediator of the SP phenotype in Panc-1 and
BxPC3 cells, and found expression of that transporter in twenty-two other PDAC cell lines.
The apparent ubiquity of ABCG2 in PDAC cells suggests that expression of the transporter
might be a reversion to an evolutionary ancestral type similar to a normal stem or progenitor
cell that gives rise to the stem cell for PDAC. It remains unclear to what extent ABCG2 is
responsible for the refractory nature of PDAC. On the one hand, we observed that ABCG2
does not efflux gemcitabine, a lead drug in the treatment of PDAC. Instead, resistance of
PDAC to gemcitabine is apparently caused by other factors, such as activation of two anti-apo-
ptotic genes, BCL2 and BCL-XL [42-44], or a deficit in the transmembrane importer for gem-
citabine [45-50]. On the other hand, ABCG2 does efflux vincristine, a component of standard
CHOP therapy, and we found that inhibition of ABCG2 with verapamil greatly sensitized
PDAC SP cells to vincristine. Verapamil is too toxic to be useful in a clinical setting, but our
results suggest that more tractable inhibitors of ABCG2 might be valuable adjuncts in the treat-
ment of PDAC.
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