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with differential expression of many genes, including FoxQ1.
Conclusion: FoxQ1 knockdown inhibited CSC aggressiveness.

comes of aggressive PC tumors.
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(Background: Cancer stem cells (CSCs) correlate to poorer clinical outcomes of many tumors.
Results: We identified a highly aggressive (CD44/CD133"/EpCAM ™) CSC-like fraction from pancreatic cancer (PC) cell lines

Significance: Targeting differentially expressed CSC-related genes could provide a novel approach for better treatment out-
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Subpopulations of cancer stem cells (CSCs) or cancer stem-
like cells (CSLCs) have been identified from most tumors,
including pancreatic cancer (PC), and the existence of these cells
is clinically relevant. Emerging evidence suggests that CSLCs
participate in cell growth/proliferation, migration/invasion,
metastasis, and chemo-radiotherapy resistance, ultimately con-
tributing to poor clinical outcome. However, the pathogenesis
and biological significance of CSLCs in PC has not been well
characterized. In the present study, we found that isolated
triple-marker-positive (CD44%/CD133"/EpCAM™) cells of
human PC MiaPaCa-2 and L3.6pl cells behave as CSLCs. These
CSLCs exhibit aggressive behavior, such as increased cell
growth, migration, clonogenicity, and self-renewal capacity.
The mRNA expression profiling analysis showed that CSLCs
(CD44*/CD133*/EpCAM™) exhibit differential expression of
more than 1,600 mRNAs, including FoxQ1, compared with the
triple-marker-negative (CD44~/CD133" /EpCAM™) cells. The
knockdown of FoxQ1l by its siRNA in CSLCs resulted in
the inhibition of aggressive behavior, consistent with the inhibi-
tion of EpCAM and Snail expression. Mouse xenograft tumor
studies showed that CSLCs have a 100-fold higher potential for
tumor formation and rapid tumor growth, consistent with over-
expression of CSC-associated markers/mediators, including
FoxQ1, compared with its parental MiaPaCa-2 cells. The inhi-
bition of FoxQ1 attenuated tumor formation and growth, and
expression of CSC markers in the xenograft tumor derived from
CSLCs of MiaPaCa-2 cells. These data clearly suggest the role of
differentially expressed genes in the regulation of CSLC charac-
teristics, further suggesting that targeting some of these genes
could be important for the development of novel therapies for
achieving better treatment outcome of PC.

I This article contains supplemental Table 1.

The data reported in this paper have been deposited in the Gene Expression Omnibus
(GEO) database, www.ncbi.nlm.nih.gov/geo (accession no. GSE51971).
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Cancer stem-like cells (CSLCs)? reminiscent of cancer stem
cells (CSCs) or tumor-initiating cells defined by CD133™ were
isolated and characterized from the bone marrow of acute mye-
loid leukemia patients in 1997 (1), which marked the discovery
of the role of CSLCs in tumorigenesis and tumor progression.
Although CSLCs are similar to normal adult stem cells to some
extent, especially their self-renewal and differentiation capac-
ity, CSLCs have unique characteristics, such as their highest
capacity of self-renewal, differentiation into multiple cell lineages
with greater proliferative potential, prolonged life span, and
tumor-initiating potential in vivo (2—4). A large number of studies
have shown clear evidence in support of the existence of CSLCs
and their clinical implications because the rare subpopulations of
CSLCs have been identified from most tumors, such as prostate,
lung, breast, pancreas, brain, gastric, and colorectal tumors. These
CSLCs are involved in cell growth, migration/invasion, and apo-
ptosis resistance, attributing to treatment resistance and metasta-
sis, leading to poor clinical outcome (2—4). However, the patho-
genesis of CSLCs during tumorigenesis and tumor progression has
not been well documented.

Although significant advances have been made in the fight
against cancers, pancreatic cancer (PC) remains one of the most
aggressive and lethal malignant diseases in the world, and
remains the 4th leading cause of cancer-related death in the
United States (5). For example, it was estimated that 45,220
people would be newly diagnosed with PC, and 38,460 patients
would die in 2013 (5). Due to the lack of specific signs and
symptoms and the lack of early detection techniques for PC, the
majority of patients are diagnosed at an advanced stage (~80%
of newly diagnosed cases). The conventional treatments,
including surgical resections and chemo-radiotherapy are not
effective, which is in part due to therapeutic resistance and
greater potential for locally advanced and metastatic disease.
The majority of patients will die within an average of 5-6
months after diagnosis. The overall 5-year disease-free survival

2 The abbreviations used are: CSLC, cancer stem-like cell; CSC, cancer stem
cell; PC, pancreatic cancer; P, propidium iodide; MTT, 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide; EMT, epithelial-to-mesen-
chymal transition.
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rate is 1-4%. It has been reported that very small subpopula-
tions of CSCs (CSLCs), positive for CD133, can be identified
from PC tissues (6). These CSLCs exhibit more aggressive phe-
notypes, such as increased tumorigenic and metastatic poten-
tials in vitro and in vivo, respectively (6, 7). Therefore, the dis-
covery, mechanistic understanding, and targeting approach for
killing of CSLCs could open newer avenues for the treatment
and/or prevention of tumor aggressiveness for PC.

In the present study, we isolated and characterized CD44"/
CD133"/EpCAM™ (triple-marker-positive) cells from human
PC cells (MiaPaCa-2 and L3.6pl cells) as the CSLCs. These
CSLCs (triple-marker-positive cells) display aggressive behav-
ior, such as enhanced cell growth, clonogenicity, cell migration,
and CSC self-renewal capacity, which was consistent with
increased expression of CSC signatures/mediators, compared
with cells that are triple-marker-negative. The gene expression
profiling analysis showed that CSLCs (triple-marker-positive
cells) of MiaPaCa-2 cells display differential expressions of
more than 1,600 genes, including Bmil, BMP4, BST2, BTG,
FOLRI, FoxQ1, PRKARI1A, Sox4, TACSTD2, and Wnt3a. The
knockdown of FoxQ1 by its siRNA led to attenuate aggressive-
ness and CSLC characteristics, which was consistent with inhi-
bition of EpCAM and snail expression. The in vivo studies using
a mouse xenograft tumor model showed that CSLSs derived
from MiaPaCa-2 cells display a 100-fold higher potential for
tumor formation and also faster tumor growth, which was consis-
tent with overexpression of CSC-associated markers/mediators,
including FoxQ1, compared with its parental cells. The inhibition
of FoxQ1 by its siRNA attenuated tumor formation and growth,
consistent with the down-regulation of CSC markers/mediators in
xenograft tumor derived from CSLCs of MiaPaCa-2 cells. Our
observation suggests that pathways that are activated in CSLCs
could be targeted as novel therapies for PC.

MATERIALS AND METHODS

Cell Lines and Culture Conditions—CD44"/CD133" /Ep-
CAM™ (triple-marker-positive cells) were isolated as the
CSLCs from human pancreatic cancer cell line MiaPaCa-2 and
L3.6pl cells by the fluorescence-activated cell sorting (FACS)
technique and cultured in the serum-free sphere formation
medium (1:1 DMEM/F-12K medium plus B27 and N2 supple-
ments, Invitrogen) to maintain its undifferentiated status.
Moreover, triple-marker-negative (CD44~/CD133™ /EpCAM ")
cells were isolated from MiaPaCa-2 and L3.6pl cells by the
FACS technique and were also cultured in 5% fetal bovine
serum (FBS)-DMEM at 37 °C in standard culture conditions, as
described previously (8,9). CD44™,CD133",and EpCAM™ are
known as stem cell surface proteins, which have been consid-
ered as the pancreatic CSLC (CSC) markers (3, 6, 10).

Sphere Formation Assay—The sphere formation assay was
conducted to assess the CSLC self-renewal capacity, as
described previously (8, 9). Briefly, 1,000 single suspended cells
were seeded on the ultralow attachment wells of Costar 6-well
plates (Corning Inc.) in 2 ml of sphere formation medium. After
7 days of incubation, the sphere cells termed “pancreato-
spheres” were harvested by centrifugation (300 X g for 5 min).
The number of pancreatospheres was counted under a con-
verted microscope.
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Cell Growth Assay—The 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay was conducted to
assess the cell survival or growth. Briefly, 5,000 cells/well were
seeded in a 96-well plate and incubated in 5% FBS-DMEM
medium overnight. After changing the medium, the cells were
continued for the incubation. After 3 days of incubation, the
cells were harvested for the standard MTT assay, as described
previously (8, 11).

Colony Formation Assay—The colony formation assay was
conducted to assess clonogenic potential of the cells, as
described previously (8, 11). Briefly, 1,000 single viable cells
were seeded in 10 ml of 5% FBS-DMEM in 10-cm Petri dishes.
The cells were then incubated at 37 °C in a tissue culture incu-
bator for 14 days. Colonies were stained with 2% crystal violet,
washed with water, and counted.

Wound Healing Assay—The wound healing assay was con-
ducted to assess the migration capacity of the cells under dif-
ferent experimental conditions, as described previously (8, 11).
The cells were seeded in the 6-well plates in 3 ml of 5% FBS-
DMEM medium in each well. When the confluence of the cells
grew to 95% or above, they were then scratched with a 200-ul
pipette tip. The wound healing capacity was assessed and pho-
tographed with a camera-equipped inverted microscope after
20 and 48 h of incubation.

Cell Cycle Analysis—A propidium iodide (PI) staining/flow
cytometric assay was conducted to assess the cell cycle under dif-
ferent experimental conditions. After washing, the cells were fixed
with 4 ml of 75% ethanol at —20 °C overnight. The fixed cells were
washed and stained with PI-RNase A solution (Invitrogen) at 4 °C
for 3 h, followed by a standard flow cytometric assay.

Apoptosis Assay—The annexin V/PI staining and flow
cytometry assay was performed to evaluate apoptosis in the
cells by using the FITC annexin V apoptosis detection kit (BD
Pharmingen), following the manufacturer’s instructions.

Quantitative Real-time RT-PCR of mRNAs—The mRNA lev-
els of the cells were measured by the real-time RT-PCR assay, as
described previously (8, 11). Total RNAs were isolated by using
TRIzol solution (Invitrogen). Reverse transcription (RT) reac-
tions of mRNAs were then conducted by using the High Capac-
ity RNA-to-cDNA assay kit (Applied Biosystems), following the
manufacturer’s instructions. RT-PCRs of mRNAs were con-
ducted by using the CYBR Green PCR Master Mix kit (Applied
Biosystems). The primers of specific cDNAs were synthesized
from Invitrogen. The C, values were used for data analysis.
GAPDH mRNA was used as the control to normalize the data of
mRNAs in each sample.

Immunostaining and Confocal Imaging Microscopy—The
protein expressions in the cells were assessed by an immuno-
staining/confocal imaging microscopic assay. After the cells
reached 50-70% confluence on the 4-chamber culture glass
slides in 0.5 ml of 5% FBS-DMEM, the cells were then har-
vested, washed, fixed with 4% formaldehyde PBS solution, and
permeabilized with 0.05% Tween 20 solution. Antibodies
against CD44, EpCAM, Notch-1, EZH2, and Snail (Cell Sig-
naling) were applied for immunostaining, following the
manufacturer’s protocol. DAPI solution (Invitrogen) was
used to stain the nucleus of the cells as the control. The
antibody-labeled cells were examined and photographed
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FIGURE 1. The characteristics of CSLCs (triple-marker-positive; CD44*/CD133*/EpCAM™ cells). A, recovery of four numbers of CSLCs (triple-marker-
positive cells) isolated from human pancreatic cancer MiaPaCa-2 cells by FACS analysis after 4 weeks of incubation in sphere formation medium (A, a-d).
e and f, photograph of sphere formation in CSLCs (triple-marker-positive cells) after 7 days of incubation in sphere formation medium. B, the percent-
ages of CD44%/CD133*/EpCAM™ cells in MiaPaCa-2, triple-marker-negative CD44~/CD1337/EpCAM™, and triple-marker-positive CD44*/CD133%/
EpCAM™ cells by flow cytometry. C, higher self-renewal capacity of CSLCs (triple-marker-positive cells) as assessed by the sphere formation assay. D, the
CSC self-renewal capacity of cells with different combinations of CSLC triple markers isolated from MiaPaCa-2 cells by the FACS technique. The sphere
formation assay was performed to evaluate the CSC self-renewal capacity of cells with different combinations of CSLC triple markers isolated from
MiaPaCa-2 cells by the FACS technique. Error bars, S.D. (n = 3).*, p = 0.05 (n = 3) compared with CSLC triple-marker-positive cells.

under a confocal imaging microscope (EVOS Imaging Sys-
tems, X100 magnifications).

Western Blot Analysis—The relative levels of proteins in the
cells/tumor tissues were measured by Western blot analysis, as
described previously (9). The protein lysis of the samples was
prepared as described previously (9). The antibodies against
EpCAM, EZH2, Notch-1, Snail, p65, phospho-Akt, and hyp-
oxia-inducible factor-la were obtained from Cell Signaling
Technology. The antibodies against FoxQ1, IL-6, VEGF, and
Bmil were obtained from Santa Cruz Biotechnology. The anti-
body against B-actin was obtained from Sigma.

The Gene Expression Profiling—The mRNA microarray assay
was conducted for gene expression profiling analysis. Briefly,
purified total RNAs were isolated by using the Vana mRNA
isolation kit (Ambion Inc., Austin, TX), following the manufa-
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cturer’s instructions. Total RNA quantity and quality was
examined by analysis using NanoDrop and the Agilent Bioana-
lyzer (Agilent Technologies). All of the RNA samples had RNA
Integrity Number (RIN) scores of =7. The whole genome
expression profiling was analyzed by a two-color microarray-
based approach. The RNA samples were hybridized to Agilent
4 X 44k human arrays and scanned with the Agilent G2505B
scanner system. All of the data were analyzed by Agilent Fea-
ture Extraction software that generated expression data param-
eters, including LogRatio p values, LogRatio error, and p value
LogRatio. The features included in further analysis were anno-
tated, and gene level passed a p value LogRatio cut-off of
=0.001. Analysis of variance and multiple test correction (Ben-
jamin-Hochberg p = 0.05) was conducted using Partek soft-
ware to compare the two sets of four two-color arrayed repli-
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FIGURE 2. The cell growth, migration, and clonogenicity of CSLCs (triple-marker-positive cells) compared with triple-marker-negative cells. A, the cell
growth was evaluated by an MTT assay. B, morphology of CSLCs (triple-marker-positive cells) derived from MiaPaCa-2 cells compared with triple-marker-
negative cells was assessed at 0, 20, and 48 h of incubation and photographed using a converted microscope (X20 magnification). C, cell migration capacity
of CSLCs (triple-marker-positive cells) compared with triple-marker-negative cells was evaluated by a wound healing assay (X 10 magnification). D, clonogenic
potentials of CSLCs (triple-marker-positive cells) compared with triple-marker-negative cells as assessed by a colony formation assay. E, cell migration of
triple-marker-negative cells (CD44/CD133~ /EpCAM ™) and their parental MiaPaCa-2 cells. F, clonogenicity of triple-marker-negative cells (CD44~/CD133 7/

EpCAM™) and their parental MiaPaCa-2 cells. Error bars, S.D. *, p = 0.05 (n = 3).

TABLE 1

Apoptosis of the CSLC triple-marker-positive cells versus the triple-
marker-negative cells derived from MiaPaCa-2 cells

Cells were incubated in FBS-free sphere-forming medium for 7 days, followed by
annexin V staining, and assessed by flow cytometric analysis. Means * S.D. are
shown. n = 3 independent experiments.

Triple-marker- CSLC triple-marker-

negative cells positive cells P
(n=3) (n=3) value
Alive (%) 50.60 + 1.85 59.43 + 0.40 0.003
Early apoptotic (%) 22.47 * 2.30 12.17 £ 0.63 0.004
Late apoptotic (%) 14.03 = 1.35 22.50 %= 0.30 0.001
Non-apoptotic dead (%) 12.93 = 1.86 591 = 1.08 0.009

cates for the identification of the gene expression level changes
(=2-fold changes).

Transfections of FoxQI siRNA—FoxQ1 siRNA (Applied Bio-
systems) was transfected into the CSLCs (triple-marker-posi-
tive cells) by using the DharmaFECT transfection reagent
(Thermo Scientific) following the manufacturer’s instructions,
as described previously (8, 11). The scrambled siRNA (negative
control 2, Applied Biosystems) was used as the negative con-
trol. The transfected cells were used for either the sphere for-
mation assay, wound healing assay, or real-time RT-PCR assay
as described above.

Animal Experiment—The protocol for the animal experi-
ment was approved by the Animal Investigation Committee of
Wayne State University. Four-week-old CB17 severe combined
immunodeficient (SCID) mice were obtained from Taconic
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TABLE 2

Cell cycles of CSLC triple-marker-positive cells versus triple-marker-
negative cells

Cell cycles were analyzed by propidium iodide (PI) staining and flow cytometric
assay. Means % S.D. are shown. n = 3 independent experiments.

Triple-marker- CSLC triple-marker-

negative cells positive cells )4
(n=3) (n=3) value
G, (%) 84.50 = 2.70 73.67 = 1.12 0.0002
G, (%) 4.74 £ 211 8.98 + 2.30 0.0174
S phase (%) 10.77 % 4.80 17.35 + 3.32 0.0325

Farms and maintained by feeding regular animal diets (Lab Diet
5021 (Purina Mills, Inc.)). 2 X 10° MiaPaCa-2 cells or 2 X 10*
CSLC triple-marker-positive cells (pancreatosphere cells)
under different conditions (control and FoxQ1 siRNA treat-
ment) were implanted as described previously (9). The trans-
fection of siRNAs was described as above. The tumor formation
and growth were monitored every other day. After 34 days of
inoculation, all of the animals were sacrificed, and tumor
tissues from all of the animals were collected for further
analysis, such as RT-PCR, Western blot analysis, and histo-
logical examination.

Immunohistochemistry—Fresh tumor tissues were fixed with
zinc formalin solution (Thermo Scientific) overnight and eval-
uated by hematoxylin and eosin staining, and Immunohisto-
chemistry was performed by a licensed laboratory technician in
the Core Facility of the Department of Pathology, Wayne State
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FIGURE 3. The expression of CSLC markers in triple-marker-positive cells compared with triple-marker-negative cells. Confocal imaging microscopy was
performed to evaluate the protein expression of CD44, EpCAM, EZH2, Notch-1, and Snail. DAPI was used to stain the nucleus of the cells. Magnification, X 100.

University/Karmanos Cancer Institute, as described previously
(9). The antibodies against CD44, EpCAM, Notch-1, and EZH2
were obtained from Cell Signaling Technology. The stained slides
were examined by a licensed pathologist in the Department of
Pathology, Wayne State University/Karmanos Cancer Institute.

Statistical Analysis—The data were prepared and presented
as mean and S.D. by using GraphPad Prism and Excel software.
Student’s ¢ test was performed to test significant difference
between two groups. The p value equal or less than 0.05 was
considered as statistically significant.

RESULTS

Isolations of CSLC Triple-marker-positive Cells and Triple-
marker-negative Cells—The CSLCs (triple-marker-positive
cells) were isolated and established from four CD44*/CD133%/
EpCAM™ (triple-marker-positive) cells of human PC MiaPaCa-
2 cells by using the FACS technique. The triple-marker-nega-
tive cells were also isolated and established from 786,353
CD447/CD1337 /EpCAM™ (triple-marker-negative) cells of
MiaPaCa-2 cells by the FACS technique. After 4 weeks of incu-
bation in the serum-free sphere formation medium, four iso-
lated CSLCs (triple-marker-positive cells) survived and under-
went self-renewal to become more than one million of the cells
(Fig. 1A, b and d). However, four isolated triple-marker-nega-
tive cells failed to survive and grow (Fig. 14, 4 and c). A flow
cytometric assay was conducted to assess the percentage of tri-
ple-marker-positive cells in each subpopulation of cells. The
results showed that only 0.18% of cells were triple-marker-pos-
itive (CD44™/CD133"/EpCAM ™) in MiaPaCa-2 cells (Fig. 1B).
Triple-marker-negative cells contained less than 0.01% triple-
marker-positive (CD44"/CD133"/EpCAM™) cells (Fig. 1B).
However, the CSLCs contained 56% triple-marker-positive
(CD44"/CD133" /EpCAM™) cells (Fig. 1B). These data suggest
that the triple-marker-negative and triple-marker-positive cells
have stable genotypes.
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CSLC Self-renewal Capacity of Triple-marker-positive
Cells—The sphere formation assay was conducted to assess the
CSLCs self-renewal capacity. The results show that the triple-
marker-positive cells had significantly increased numbers of pan-
creatospheres after 7 days of incubation in the serum-free sphere
formation medium, compared with triple-marker-negative
cells (Fig. 1, A (e and f) and C). We also examined CSC self-
renewal capacity using different triple-marker combined phe-
notypes of MiaPaCa-2 cells, such as CD44~ /CD44~ /EpCAM ™,
CD44"/CD133™ /EpCAM ™, CD44"/CD133" /EpCAM~, CD44™"/
CD133 7 /EpCAM™, and CD44*/CD133*/EpCAM™ cells iso-
lated by the FACS technique. The results showed that CSC
triple-marker-positive cells had significantly higher levels of
sphere formation, compared with their parental MiaPaCa-2
cells and other phenotypes of triple-marker combinations (Fig.
1D). There was no significant difference in the sphere forma-
tion capacity between MiaPaCa-2 cells and triple-marker-neg-
ative cells (p > 0.05; n = 3; Fig. 1D). These findings suggest that
the CSLCs (triple-marker-positive cells) have a remarkably
higher potential of self-renewal, suggesting that triple-marker-
positive CSLCs are similar to CSCs.

Cell Growth of CSLCs (Triple-marker-positive Cells)—The
MTT assay was conducted to assess the cell growth/prolifera-
tion of the CSLCs (triple-marker-positive cells) in 5% FBS-
DMEM medium. The results show that the triple-marker-pos-
itive cells (CSLCs) had a remarkably increased cell growth
capacity after 3 days of incubation, compared with the triple-
marker-negative cells (p < 0.05; n = 3) (Fig. 24). The triple-
marker-negative cells exhibited more morphological changes
similar to those in apoptotic cells than did the triple-marker-
positive cells (Fig. 2B).

Apoptosis of CSLCs (Triple-marker-positive Cells)—The
results from the apoptosis assay showed that CSLC triple-
marker-positive cells derived from MiaPaCa-2 cells had more

SASBMB

VOLUME 289+NUMBER 21-MAY 23,2014



Deregulated Expression of Genes in Cancer Stem-like Cells

-log(p-value)
© - N w & o wn
Antigen Presentation Pathvwsy |

Cell Cycle: G2M DNA

Damage Checkpont NI
Mot Roles of oLk T
Kinase f
TightJunction Signsing
0X40 Signating Pathway [ICIEN
Aryl Hydrocarbon Receptor —
Signaling
Virus Entry via Endocytic m
Pathways
Sertoli Cell-Sertoli Cell —
Junction Signaling )
PI3K/AKT Signating LI
et signsing I
1 signating [NNIETN
Histamine Degradation [N
erkmark signaiing [IIIEIN

Glutathione-mediated
Detoxification

Role of CHK Proteins in Cell A
Cycle Checkpoint Control _ |
vitamin-C Transport | NI
ps3 signaing |
Cytotoxic T Lymphocyte-
mediated Apoptosis of Target | NEIN
Cells |

prosi sonsin NI

16¢-1 signating [IE]

veer signaing [NIE]

BTG1

BST2

FOXQ1

BMP4

FOLR1

PRKAR1A

WNT3A

TACSTD2

SOX4

4.00

M~
o

©n3

N‘—o

)~
00
= (N

0

FIGURE 4. A, pathway enrichment analysis of the altered expression of genes in CSLCs (triple-marker-positive cells) of MiaPaCa-2 cells compared with triple-
marker-negative cells. B, heat map of selective CSLCs and tumor-associated genes in the triple-marker-positive cells. Microarray of mRNAs was performed by
using Agilent4 X 44k human array chips at least in triplicates. Green, negative -fold changes; red, positive -fold changes, compared with parental MiaPaCa-2 and

triple-marker-negative cells.

alive and fewer early apoptotic/dead cells, compared with the
triple-marker-negative cells cultured in the FBS-free sphere
formation medium (Table 1), and CSLCs were able to replicate
much faster, compared with the triple-marker-negative cells
(Figs. 1 (C and D) and 2B). These findings suggest that CSLCs
have increased resistance to apoptosis.

Cell Cycle Patterns of CSLCs (Triple-marker-positive
Cells)—The PI staining/flow cytometry assay was conducted to
assess the cell cycle of the CSLCs (triple-marker-positive cells).
The results show that CSLCs (triple-marker-positive cells) had
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a significantly decreased G, phase and had increased G, phase
and S phase, compared with triple-marker-negative cells (Table
2). These findings suggest that CSLCs (triple-marker-positive
cells) have a different pattern of cell cycle.

Cell Migration of CSLCs (Triple-marker-positive Cells)—The
wound healing assay was conducted to assess the cell migration
capacity of triple-marker-positive cells (CSLCs). The results
showed that the triple-marker-positive cells (CSLCs) have a
greater wound healing capacity after 20 h and 24 h of incubation
in 5% FBS-DMEM, compared with the triple-marker-negative
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TABLE 3

Selective gene expression profiles in CSLC triple-marker-positive cells versus triple-marker-negative cells derived from MiaPaCa-2 cells as
assessed by microarray analysis

GenBank™ ID Gene symbol Gene description -Fold change”
ILMN_1700915 Bmil BMI1 polycomb ring finger oncogene 3.928
ILMN_1740900 BMP4 Bone morphogenetic protein 4 40.432
ILMN_1723480 BST2 Bone marrow stromal cell antigen 2 14.311
ILMN_1775743 BTGI B-cell translocation gene 1, anti-proliferative 8.577
ILMN_1661733 FOLRI Folate receptor 1 (adult) 3.103
ILMN_1669046 FoxQ1 Forkhead box Q1 20.781
ILMN_2389590 PRKARIA Protein kinase, cCAMP-dependent, regulatory, type I, a 13.915
ILMN_1815745 Sox4 SRY (sex-determining region Y)-box 4 3.08
ILMN_1739001 TACSTD2 Tumor-associated calcium signal transducer 2 37.126
ILMN_1815700 Wnt3a Wingless-type MMTYV integration site family, member 3A 2.973

“ -Fold change (log,) was calculated based on the data comparisons of CSLC triple-marker-positive cells versus triple-marker-negative cells.
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FIGURE 5. Validation of differential expression of selected CSC- and tumor-associated genes in CSLCs (triple-marker-positive cells) of MiaPaCa-2 cells.
A real-time RT-PCR assay was performed to measure the relative mRNA levels in CSLCs and tumor-associated markers. GAPDH mRNA was used as the control.

Error bars,S.D.*, p = 0.05 (n = 3).

cells (Fig. 2C). There was no significant difference in wound
healing capacity between MiaPaCa-2 cells and triple-marker-
negative cells (Fig. 2E). These data suggest that triple-marker-
positive CSLCs have a higher capacity of cell migration.
Clonogenicity of CSLCs (Triple-marker-positive Cells)—The
clonogenic potential of the cells was assessed by the colony
formation assay. The results showed that the triple-marker-
positive cells (CSLCs) had a significantly increased capacity for
the formation of colonies in 5% FBS-DMEM, compared with
the triple-marker-negative cells (Fig. 2D) (p < 0.05; n = 3).
There was no significant difference in colony formation capac-
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ity between MiaPaCa-2 cells and triple-marker-negative cells
(p > 0.05; n = 3; Fig. 2F). These findings suggest that CSLCs
(triple-marker-positive cells) exhibit significantly higher clono-
genic potential.

CSLCs (Triple-marker-positive Cells) Exhibit High Expres-
sion of CSC Signatures/Markers—The confocal imaging micro-
scopic assay was conducted to examine the protein expression
of CSC signatures/markers in the cells. The results show that
the CSLCs (triple-marker-positive cells) had increased protein
expression of CD44, EpCAM, EZH2, Notch-1, and Snail com-
pared with triple-marker-negative cells (Fig. 3). CD44, CD133,
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FIGURE 6. The expression of selected genes associated with oncogenic signaling pathways in CSLCs (triple-marker-positive cells). A real-time RT-PCR assay
was performed to measure the relative mRNA levels in CSLCs and tumor-associated markers. GAPDH mRNA was used as the control. Error bars, S.D.*,p =< 0.05 (n = 3).

and EpCAM are known as cancer stem cell surface markers (3,
6,10). EZH2, Notch-1, and Snail are known to play a key role in
tumor development and progression and have been considered
as potential CSC-positive markers (3, 12, 13). Our data suggest
that the CSLCs (triple-marker-positive cells) have remarkably
higher expression of CSC signatures/markers.

Differential Expression Profiling of mRNAs in CSLCs (Triple-
marker-positive Cells)—Microarray analysis was performed to
examine the differential expression of mRNAs in the CSLCs
(triple-marker-positive cells), compared with triple-marker-
negative cells. 1,653 mRNAs were identified to be differentially
expressed in CSLCs (triple-marker-positive) versus triple-
marker-negative cells (supplemental Table 1). Among these
genes, 753 mRNAs were up-regulated, and 900 mRNAs were
down-regulated in the CSLCs (triple-marker-positive cells),
compared with triple-marker-negative cells (supplemental
Table 1). 1,581 mRNAs were identified to be differentially
expressed in CSLCs (triple-marker-positive) versus their paren-
tal MiaPaCa-2 cells (data not shown here; see supplemental
Table 1). There were 1,216 differentially expressed genes that
overlapped between the CSLCs (triple-marker-positive cells)
versus triple-marker-negative or MiaPaCa-2 cells (data not
shown here; see supplemental Table 1). The pathway enrich-
ment analysis shows that differential expression of selected

SASBMB

MAY 23,2014+VOLUME 289+-NUMBER 21

genes is involved in 21 of the major biological function groups,
including cell cycle, polo-like kinase, tight junction, cell-cell
junction, insulin-like growth factor-1, PI3K/Akt, ERK/MAPK,
and VEGF signaling (Fig. 4A). Fig. 4B and Table 3 show the
differential expression of 10 selected genes, such as BmilI (poly-
comb ring finger oncogene), BMP4 (bone morphogenetic pro-
tein 4), BST2 (bone marrow stromal cell antigen 2), BTGI
(B-cell translocation gene 1), FOLRI (folate receptor 1), FoxQ1
(forkhead box Q1), PRKARIA (protein kinase, cAMP-depen-
dent, regulatory, type I, «), Sox4 (sex-determining region
Y-box 4), TACSTD2 (tumor-associated calcium signal trans-
ducer 2), and Wnt3a (Wingless-type MMTYV integration site
family, member 3A).

Real-time RT-PCR Assay of Selected mRNAs—W e selected 10
differentially expressed mRNAs for validation of mRNA
microarray data in the CSLCs (triple-marker-positive cells)
compared with triple-marker-negative cells by real-time RT-
PCR. The results confirmed that the CSLCs (triple-marker-
positive cells) have significantly increased expression of
Bmil, BMP4, BST2, BTG1, FOLRI, FoxQI, PRKARIA, Sox4,
TACSTD2, and Wnt3a genes, compared with the triple-mark-
er-negative cells (Fig. 5), as shown by the microarray data
(Table 3). We also examined the gene expression of CSLCs
signature genes and tumor-related markers in the CSLCs (tri-
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FIGURE 7. The expression of CSC-associated proteins in CSLC triple-marker-positive cells and the triple-marker-negative cells derived from
MiaPaCa-2 cells. Confocal image microscopy (A) and Western blot analysis (B) were performed to evaluate the expression of CSC-associated marker proteins
in CSLC triple-marker-positive cells and the triple-marker-negative cells derived from MiaPaCa-2 cells. An individual blot was performed for each marker.

ple-marker-positive cells) by real-time RT-PCR. The results
show that the CSLCs (triple-marker-positive cells) have
increased expression of Nanog, Oct4, Akt, p65, PLK (polo-like
kinase), TGF-B (transforming growth factor-B), HIF-o (hypox-
ia-inducible factor-1«), VEGF, IL-6 (interleukin-6), and IGF-1
(insulin-like growth factor-1), compared with triple-marker-
negative cells (Fig. 6).

The Expression of CSC-associated Proteins in CSLCs—The
results from confocal image microscopy and Western blot anal-
ysis showed that CSLC triple-marker-positive cells derived
from MiaPaCa-2 cells have remarkably higher expression of
phospho-Akt, Bmil, FOLR1, FoxQ1, hypoxia-inducible factor-1c,
IL-6, VEGF, Oct4, EZH2, Notch-1, EpCAM, p65, and Snail, com-
pared with the triple-marker-negative cells (Fig. 7, A and B).

The Role of FoxQ1 in the Regulation of CSLC Phenotypes and
Functions in Triple-marker-positive Cells—The altered expres-
sion of FoxQ1 has been reported to correlate with poorer clin-
ical prognosis of various tumors (14—16). The evidence from
in vitro and in vivo experimental studies suggests that FoxQ1
may play an important role in tumorigenesis and tumor devel-
opment by the regulation of various oncogenic signaling path-
ways (14-16). In the present study, the CSLCs (triple-marker-
positive cells) of MiaPaCa-2 cells showed higher expression of
FoxQl, compared with triple-marker-negative cells, as
described earlier (Figs. 4B, 5, and 7). To explore the potential
role of FoxQ1 in the regulation of CSLC phenotypes and func-
tions, we conducted the functional loss of expression study of
FoxQl by transfection of its siRNA into the CSLCs (triple-
marker-positive cells). The results show that the transfection of
FoxQ1 siRNA significantly decreased the mRNA and protein
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levels of FoxQ1 in the CSLCs (Fig. 8, A and B). The knockdown
of FoxQ1 decreased the relative mRNA and protein levels of
EpCAM and Snail in these cells (Fig. 8, A and B). The knock-
down of FoxQ1 also resulted in a significant decrease in the
formation of pancreatospheres and wound healing capacity of
these cells (Fig. 8, C and D). Similarly, CSLC triple-marker pos-
itive cells isolated from another human pancreatic cancer
L3.6pl cells by FACS technique have also displayed aggressive
phenotypes, such as overexpression of FoxQ1l, EpCAM, and
Snail, as well as increased capacity of CSC self-renewal and
higher potential of cell migration, compared with the triple-
marker-negative cells derived from L3.6pl cells (Fig. 9). The
knockdown of FoxQ1 by its siRNA inhibited these aggressive
phenotypes (Fig. 9), which were observed in CSLCs derived
from MiaPaCa-2 cells. These findings clearly suggest that
FoxQ1 may play an important role in the regulation of CSLC
phenotypes and functions, and thus targeting FoxQ1 could
become a novel therapeutic approach for PC.

Tumor Formation and Growth in Mouse Xenograft Tumor
Models—Mouse xenograft tumor studies showed that the
implantation of 2 X 10* CSLSs (pancreatosphere cells) has a
100-fold higher potential for tumor formation, compared with
the implantation of 2 X 10° of their parental MiaPaCa-2 cells
(Table 4). CSLCs have also displayed rapid growth in the xeno-
graft tumor model after 34 days of inoculation (874.8 = 504.4
mg versus 333.5 * 163.6 mg, comparing CSLCs versus
MiaPaCa-2 cells; Table 4). The underexpression of FoxQ1 by its
siRNA attenuated tumor formation and growth (Table 4). The
histological study showed that xenograft tumors derived from
CSLCs displayed more necrosis and a dedifferentiated state and
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FIGURE 8. The effect of knockdown of FoxQ1 on EpCAM and Snail mRNAs (A) and proteins (B), CSLC self-renewal capacity (C), and clonogenicity (D) of
triple-marker-positive cells derived from MiaPaCa-2 cells. The transfection of FoxQ1 siRNA was performed in CSLCs (triple-marker-positive cells). Real-time
RT-PCR was performed to measure FoxQ1, EpCAM, and Snail mRNAs in triple-marker-positive cells. Confocal imaging microscopy was performed to evaluate
the protein expression. DAPI was used to stain the nucleus of the cells. Magnification, X 100. Sphere formation and wound healing assays were performed to
evaluate the self-renewal and cell migration capacities of CSLCs, respectively. Error bars, S.D. *, p =< 0.05 (n = 3).

also had higher expression of Ki-67 (tumor proliferation index)
and CSC-associated proteins, such as FoxQ1, CD44, EpCAM,
EZH2, Notch-1, and Snail, compared with xenograft tumor
derived from their parental MiaPaCa-2 cells (Fig. 10, A and B).
The knockdown of FoxQ1 decreased the expression of CSC
markers, such as EpCAM and EZH2, in xenograft tumor
derived from CSLCs (Fig. 10, C and D). These findings suggest
that CSLCs have very high potential of tumor formation and
growth, consistent with overexpression of CSC markers/medi-
ators, including FoxQ1, in vivo. The inhibition of FoxQl
expression attenuated tumor formation and growth, consistent
with the down-regulation of CSC markers/mediators, such as
EpCAM and EZH2, in vivo.

DISCUSSION

It has now been well accepted that CSCs (CSLCs) play a crit-
ical role during tumorigenesis and tumor progression because
the existence of CSLCs has significant clinical implications. The
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rare population of CSLCs (<0.1%) has been found in many
different tumors, including pancreatic cancer (PC), and is
related to the poorer clinical outcomes, such as reduced dis-
ease-free survival rate and increased mortality (6). Different
from tumor non-CSLCs, this minority fraction of CSLC sub-
populations exhibits distinct features, such as the highest
capacity of self-renewal, prolonged survival potential, and
greater capacity of differentiation into multiple different cell
types of tumor cells or tumor-associated cells. Emerging evi-
dence suggests that these features are believed to be associated
with increased cell growth/proliferation, cell migration/inva-
sion, treatment resistance, and metastasis, leading to poor clin-
ical outcome in most tumors, including PC (17). In the present
study, we found that CD44%/CD133"/EpCAM ™ cells (triple-
marker-positive cells) of pancreatic cancer cells behave like
CSCs (CSLCs). These CSLCs that are characterized as triple-
marker-positive cells have aggressive phenotypes and func-
tions, which is consistent with overexpression of CSC signa-
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TABLE 4

Characteristics of mouse xenograft tumors derived from parental and CSLC triple-marker-positive cells derived from MiaPaCa-2 cells

4-week-old SCID mice were transplanted with MiaPaCa-2 cells under different conditions. One mouse had spontaneous death in this group (MiaPaCa-2, plus FoxQ1
siRNA). After 34 days of inoculation, the animals were sacrificed, and the tumor was analyzed for histology, Western blot analysis, and quantitative RT-PCR analysis.

Cell numbers of Tumor incidence Tumor weight

inoculation per animal (5 animals/group) (mean *= S.D.) value
mg
Parental MiaPaCa-2, siRNA control 2 X 10° 4/5 333.5 = 163.6 <0.05*
Parental MiaPaCa-2, FoxQ1 siRNA 2 X 10° 0/5 0.0 0.0
CSLC, siRNA control 2 X 10* 4/5 874.8 + 504.4
CSLC, FoxQ1 siRNA 2 X 10* 1/5 126 * 0.0 <0.05”

*® pvalues less than 0.05 of the CSLC control group, compared with the MiaPaCa-2 control group and CSLC FoxQ1 siRNA group, respectively.

tures/markers in vitro and in vivo. Therefore, understanding
and targeted killing of these CSLCs would provide a newly

In our study, we found overexpression of FoxQ1 (forkhead
box Q1) in CSLCs, which is a member of the forkhead tran-

effective therapeutic approach for the treatment of aggressive
tumors, including PC. However, the regulation of CSLC char-
acteristics during tumorigenesis and tumor progression has not
been clearly elucidated. Therefore, further characterization of
CSLCs may lead to the discovery of genes that could be targeted
for therapy, as discussed below.
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scription factor family known to be critically involved in the
regulation of gene expression during different biological pro-
cesses, such as early development, metabolism, and immune
function. Emerging evidence suggests that FoxQ1 may have an
important function during tumorigenesis and tumor progres-
sion mediated by deregulation of several signaling pathways
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FIGURE 10. Characteristics of the expression of CSC-associated markers/mediators in mouse xenograft tumors derived from CSLCs and MiaPaCa-2
cells under different conditions. The histology of H&E staining/immunohistochemistry (A) and Western blot analysis (B) was performed in the xenograft
tumors derived from CSLCs and their parental MiaPaCa-2 cells. The quantitative RT-PCR assay (C) and Western blot analysis (D) were performed in the xenograft
tumors derived from CSLCs of siRNA control versus FoxQ1 siRNA. An individual blot was performed for each marker.

such as epithelial-to-mesenchymal transition (EMT), a biolog-
ical process known to be associated with drug resistance and
metastasis and also known to be linked with CSLC characteris-
tics (3, 12, 13). Recent clinical studies have shown high levels of
FoxQ1 expression in gastric cancer, colorectal cancer, and non-
small cell lung cancer (14 —16). Moreover, several in vitro and in
vitro experimental studies have shown that FoxQ1 expression
increases cell growth/proliferation, migration/invasion, angio-
genesis, tumorigenicity, and metastasis, which was found to be
mediated by the up-regulation of NRXN3 (neurexin 3, a tumor
prognostic marker), ZEB1/2, VEGF, Wnt, and BCL in different
tumor cells, such as breast, liver, glioma, colorectal, and ovarian
cancers (16, 18 -20). In addition, the expression of FoxQ1 is
regulated by TGE- 3 (20), which suggests that TGF-B-mediated
overexpression of FoxQ1 may lead to the acquisition of EMT, a
process that is reminiscent of CSC (CSLC) characteristics. The
blockage of FoxQ1 by its siRNA inhibitor has been found to
inhibit cell invasion and metastasis iz vitro through the reversal
of EMT in bladder cancer cells (21). However, the role of FoxQ1
in the regulation of CSC (CSLC) phenotypes and functions dur-
ing tumorigenesis and tumor progression has not been clearly
elucidated. In our current study, we demonstrate, for the first
time, that higher expression of FoxQ1 is associated with CSLCs
signatures/markers and functions in triple-marker-positive
cells (CSLCs) isolated from pancreatic cancer cells. The knock-
down of FoxQ1 by its siRNA inhibitor resulted in the atten-
uation of aggressive CSLC phenotypes, consistent with the
inhibition in the expression of EpCAM in triple-marker-posi-
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tive cells (CSLCs) in vivo and in vivo. These data clearly suggest
that FoxQ1 plays a key role in the regulation of CSLC pheno-
types and functions.

We also found overexpression of bone morphogenetic pro-
teins, such as BMP4, which belongs to a class of important
extracellular signaling transducer proteins and also belongs to
the TGEF-pB superfamily. This protein has been considered to
exhibit a critical role in early development (22). The clinical
data showed that the altered expressions of BMP4 in various
tumors, including PC, were found to be associated with poor
clinical prognosis. Increased numbers of in vitro and in vivo
experimental studies have confirmed the evidence that BMP4
plays an important role in tumorigenesis and tumor progres-
sion mediated by promoting cell growth/proliferation and
migration/invasion via several signaling pathways/networks,
including apoptosis and PI3K/Akt, Wnt, hedgehog, and EMT in
different cancers, including PC (23, 24). However, there are
some controversial reports showing an inhibitory effect of
BMP4 on tumor cell growth in vitro and in vivo. Therefore, the
biological function of BMP4 appears to be tumor context-de-
pendent. The role of BMP4 in the regulation of CSLC pheno-
types and functions has not been molecularly investigated.
There are some limited studies that suggest that BMP4 may be
involved in the regulation of CSC phenotypes and functions.
For example, BMP4 could decrease cell growth and prolifera-
tion in CSC-like CD133™ cells of glioblastoma i vitro and in
vivo (25). Moreover, experimental studies have shown that
BMP4 can up-regulate the proliferation of human adipose-de-
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rived stem cells and maintain its stem cell phenotypes and func-
tions in an autocrine and dose-dependent fashion (25-27). It
has also been noted that Lin-28 and Oct4, known stem cell
factors, work together to up-regulate the expression of BMP4 at
the post-transcriptional level, which contributes to the modu-
lation of the ovarian tumor microenvironment (28). In our
present study, we found that CSLCs (triple-marker-positive
cells) exhibit aggressive tumor cell phenotypes and functions,
which was consistent with overexpression of BMP4 and other
stem cell markers, suggesting that BMP4 may have an impor-
tant role in the regulation of CSC (CSLC) characteristics. How-
ever, further mechanistic studies are needed for determining
the role of BMP4 in CSLCs of PC.

Studies have shown that folate receptor o (FOLR1) could be
one such target because FOLRI is known as a cell surface gly-
coprotein that regulates the transport of folic acid into the cells.
It is well known that the metabolism of folate/folate receptor «
plays a critical role in the early development. In most normal
adult tissues, FOLR1 is present at a very low level or undetect-
able; however, increasing amounts of clinical data suggest that
FOLRI is highly expressed in many different tumors, such as
lung, ovarian, uterine, colorectal, and pituitary tumors (29 —-33),
which has been shown to be highly associated with poor clinical
outcome, such as decreased disease-free survival and increased
chemotherapy resistance (29), a feature that is the hallmark of
CSLCs (CSCs). Experimental studies have shown that the
blockage of folate receptor « by its monoclonal antibody led to
the inhibition of human ovarian tumor cell growth in vitro and
in vivo (31), suggesting the critical role of FOLR1 in the main-
tenance of tumor aggressiveness. However, the role of FOLR1
in the regulation of CSLC phenotypes and function is not clear,
although FOLR?2 has been found to be overexpressed in acute
myeloid leukemia blast cell lines and other hematopoietic pro-
genitor cells (34). Therefore, our triple-marker-positive CSLC
model could be a useful model for further investigation with
respect to the expression of FOLR1/2 and the cellular conse-
quence of targeting FOLR1/2 in PC.

In summary, our data clearly suggest that the CSLCs (triple-
marker-positive; CD44"/CD133"/EpCAM™) exhibit aggres-
sive phenotypes and functions, such as enhanced cell growth,
clonogenicity, cell migration, and self-renewal capacity, all of
which were consistent with increased expression of CSC
(CSLC) signatures/markers. The CSLCs (triple-marker-posi-
tive cells) also exhibit differential expression of about 1,600
mRNAs, including Bmil, BMP4, BST2, BTG1, FOLRI, FoxQlI,
PRKARIA, Sox4, TACSTD2, and Wnt3a, compared with triple-
marker-negative cells. The knockdown of FoxQ1 by transfec-
tion of its siRNA inhibitor reduced clonogenicity, cell migra-
tion, and self-renewal capacity, which was also consistent with
the inhibition of CSC (CSLC) signatures/markers, such as
EpCAM and Snail, in the CSLCs (triple-marker-positive cells).
Mouse xenograft tumor models indicate that CSLCs have a
significantly higher potential for tumor formation and faster
tumor growth, consistent with overexpression of CSC-associ-
ated markers/mediators, including FoxQ1. The inhibition of
FoxQ1 resulted in the attenuation of tumor formation and
growth and expression of CSC markers in xenograft tumor
derived from CSLCs. These findings clearly suggest that differ-
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entially expressed mRNAs may play a key role in the regulation
of CSC (CSLC) phenotypes and functions, especially through
increased expression of Bmil, BMP4, BST2, BTGI, FOLRI,
FoxQlI, PRKARIA, Sox4, TACSTD2, and Wnt3a.

Note Added in Proof—The online version of this article, published on
April 9, 2014, contains an error in Fig. 1B. The top panel labeled
“CSLC triple positive” was duplicated and used in place of the correct
“Triple negative” panel. The correct “Triple negative” panel appears
in the final version of this article. This change does not affect the
interpretation of the results or the conclusions.
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