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Abstract
Pancreatic cancer is the fourth leading cause of cancer-related mortality in the world. Pancreatic
cancer can be localized, locally advanced or metastatic. The median 1- and 5-year survival rates
are 25% and 6%, respectively. Epigenetic modifications such as DNA methylation play a
significant role during both normal human development and cancer progression. To investigate
epigenetic regulation of genes in the tumor-initiating population of pancreatic cancer cells, which
are also termed cancer stem cells (CSCs), we conducted epigenetic arrays in PANC1 and HPAC
pancreatic cancer cell lines and compared the global DNA methylation status of CpG promoters in
invasive cells, demonstrated to be CSCs, to their non-invasive counterparts, or non-CSCs. Our
results suggested that the NF-κB pathway is one of the most activated pathways in pancreatic
CSCs. In agreement with this, we determined that upon treatment with NF-κB pathway inhibitors,
the stem cell-like properties of cells are significantly disrupted. Moreover, SOX9, demethylated in
CSCs, is shown to play a crucial role in the invasion process. Additionally, we found a potential
NF-κB binding site located in the SOX9 promoter, and determined that the NF-κB subunit p65
positively regulates SOX9 expression by binding to its promoter directly. This interaction can be
efficiently blocked by NF-κB inhibitors. Thus, our work establishes a link between the classical
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NF-κB signaling transduction pathway and the invasiveness of pancreatic CSCs, which may result
in the identification of novel signals and molecules that function at an epigenetic level, and could
potentially be targeted for pharmaceutical investigations and clinical trials.
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1. Introduction
Pancreatic cancer is the fourth most common cause of cancer death in the United States, and
it has the highest mortality rate of all the major cancers. The number of new cases of this
disease and the number of deaths that result from it are still increasing [1], but there are no
early detection methods and it is often diagnosed in late stages of progression [2]. The
Whipple procedure is the most common surgical procedure used to treat patients with early
pancreatic cancer that have not yet presented with metastases [3]. Currently, the only
chemotherapeutic drugs approved by the U.S. Food and Drug Administration (FDA) to treat
pancreatic cancer are gemcitabine and erlotinib [4-5]. In comparison to gemcitabine,
FOLFIRINOX, a combination of 4 FDA-approved drugs, has been shown to be associated
with a survival advantage but has increased toxicity [6]. However, there are many obstacles
that exist on the road to treat pancreatic cancer. In particular, the lack of detectable markers
for early prognosis and therapeutic targets for metastatic disease remains the leading
problems.

Cancer is defined as the ability of a cell to display uncontrolled growth. This uncontrolled
growth can result from damage to a normal single cell, either on a genetic or epigenetic
level, which produces a malignant cell. Recently, it has been widely described in a variety of
human cancers that a subpopulation of these cells, termed cancer stem cells (CSCs) or tumor
initiating cells (TICs), has the capacity to self-renew and to exhibit characteristics of both
invasion and metastasis. Previous work performed in our laboratory and by other groups has
shown that these cells can be identified and isolated using Matrigel invasion chambers based
on their invasive properties. These cells have stem cell-like characteristics and have
undergone epithelial to mesenchymal transition (EMT) [7-8]. They highly express “stemness
genes” such as CD44, CD133, NANOG, BMI1, OCT4, SHH and the mesenchymal marker
VIMETIN, while the epithelial marker, E-cadherin, is down-regulated [8-9]. When injected
into SCID mice, they are much more tumorigenic than their non-invasive counterparts. In
addition, tumors arising from these CSCs can be more easily propagated by serial
transplantation in vivo [10-12]; however, heterogeneity still exists within this CSC
population [13-15]. The CSCs capable of undergoing the EMT process are also believed to
be responsible for tumor invasion, metastasis, and ultimately death. Because of this, the
CSCs can be potential therapeutic target to treat human cancers [16]. In 2007, pancreatic
CSCs were first identified by Li et al. based on the expression of the surface markers CD44,
CD24 and ESA [17]. In the past few years, this concept has been further investigated
[18-20] as more populations have been identified to display CSC properties, including those
expressing CD133+CXCR4+ or c-Met+CD44+ [20-21]. Our laboratory has recently reported
that pancreatic CSCs have an increased capacity to undergo DNA repair when exposed to
gemcitabine [22]. It has been suggested that these CSCs are able to self-renew and to
differentiate into the cells which compose of the bulk tumor. However, the biology of
pancreatic CSCs and the molecular pathways governing this unique subset of tumorigenic
cells are still unclear and more investigation is needed.
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Mounting evidence has shown that CSCs are not only governed by genetic alterations but
also aberrant epigenetic regulation. In order to determine the global epigenetic status of
these pancreatic CSCs, we separated CSCs from the total cancer cells using invasion
chambers and isolated genomic DNA from both the ‘top’ (non-CSCs; non-invasive) and the
‘bottom’ (CSCs; invasive) cells and performed a methylated DNA immunoprecipitation
(MeDIP) assay using Agilent 244k Human Promoter Tiling Arrays. We analyzed the
methylation profiles in the promoter regions, as well as regions downstream and upstream of
promoters. The differentially methylated genes between invasive and non-invasive cells
were compared, and genes that were methylated in non-invasive cells but demethylated in
the invasive cells were selected for subsequent analysis.

These analyses demonstrated that a unique set of genes were demethylated in the invasive
cells but methylated in the non-invasive cells, indicating that they may be biologically
important in the invasive population and upregulated during the EMT process. Importantly,
many of these genes were previously shown to be involved in human embryonic stem cell
pluripotency, and specifically in the NANOG and OCT4 transcriptional network. In
addition, genes such as BMP4 [23], GATA6 [24], and SOX9 [25], identified by this study
have also been reported to play a role in cancer progression in other models including breast,
colon, and prostate cancer. Using Ingenuity Pathway Analysis (IPA) software, we
determined that these differentially methylated genes are involved in cellular functions such
as cellular movement, cell morphology, embryonic development, and cancer. The most
interesting data revealed many of the methylated genes as members of the NF-κB signaling
pathway. Further investigation validated that both NF-κB signaling and SOX9 expression
are indispensible for the invasiveness of pancreatic cancer cells, and NF-κB positively
regulates SOX9 expression by directly binding to its promoter region. Most importantly, the
invasive cells are demonstrated to be more tumorigenic than the non-invasive cells in vivo.
Therefore, our data demonstrate that NF-κB signaling and SOX9 play a significant role in
regulating the pancreatic CSC population. As these invasive cells overlap with the
previously identified CSC populations, we believe elucidating the mechanisms by which
they are regulated, specifically at a level of epigenetic regulation, can be potentially used for
biomarker identification and drug development.

2. Materials and methods
Chromatin Immunoprecipitation (ChIP) Assay

PANC1 and HPAC cells were cross-linked with 1% formaldehyde and the EZ-ChIP kit
(Millipore) was used according to the manufacturer's instructions. The PCR primers for
GAPDH are included in the kit and the primers for SOX9 promoter are:

F: 5′-CTGGAGAATGACTTGTCAGAGCTC-3′

R: 5′-CCCGCTGTTCCTCCGTAATAATCC-3′.

Cell Lines and Reagents
PANC1 and HPAC human pancreatic cancer cell lines were obtained from ATCC and
cultured accordingly. The primary patient line Panc4.14 was a kind gift from Dr. Elizabeth
Jaffee at Johns Hopkins University, Baltimore, MD and cultured as previously described
[26-27]. The cultures were maintained in 5% CO2 at 37°C. The following NF-κB signaling
pathway inhibitors and DNA demethylating agents were used: NF-κB activation inhibitor II
(JSH-23) and NF-κB activation inhibitor III (SM-7368) (Santa Cruz), 5-Aza-2′-
deoxycytidine and Zebularine (Sigma).

Sun et al. Page 3

Stem Cells. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Electrophoretic mobility shift assays (EMSAs)
The LI-COR Odyssey Infrared EMSA kit was used according to the manufacturer's
instructions. Infrared (IR) and unlabeled SOX9 probes were ordered from IDT and used as
the instruction indicted.

Wild type probes (WT): (800-IR channel)

F: 5′-TGCCAACCTTCGCGGGGACTTAGCTTTGCTTTCCATTGA-3′

R:5′-TCAATGGAAAGCAAAGCTAAGTCCCCGCGAAGGTTGGCA-3′

Mutant probes (MUT): (700-IR channel)

F: 5′-TGCCAACCTTCGATTAACAGGCTATTTGCTTTCCATTGA-3′

R: 5′-TCAATGGAAAGCAAATAGCCTGTTAATCGAAGGTTGGCA-3′

Mutant probes were used at 200-fold molar excess. A total of 20μg of nuclear protein extract
was incubated with 2 μl 10×binding buffer, 1 μl Poly(dI-dC) (1 μg/μl) and 2 μl 25mM DTT/
2.5% Tween-20 in a 20 μl system for 30 minutes at room temperature in the dark. For
supershift experiments, nuclear extracts were pre-incubated with either rabbit IgG or p65
antibody at 4°C for 2 hours. DNA/protein complexes were visualized on a native 6% Tris-
Borate-EDTA polyacrylamide gel (Invitrogen). Gels were immediately removed from
cassettes and scanned using the Odyssey scanner in both the 700 and 800 channels.

Luciferase assay
The SOX9 promoter (−1037 to +67 bp relative to the transcriptional start site) was cloned
using PANC1 genomic DNA as a template and inserted into pGL3-Basic vector (Promega).
The mutant was designed according to the probes used in EMSA assays. PANC1 or HPAC
pancreatic cancer cells were seeded in 24-well tissue-culture plates. After 24 h, each reporter
construct (200 ng for pGL3 Basic and equimolar amounts for the other reporters) was co-
transfected with vector pRL-TK (10 ng) as an internal control using Lipofectamine 2000
(Invitrogen). The NF-κB inhibitors were added into the culture media 6h after transfection.
Cells extracts were prepared 48h later, and the luciferase activities were measured using a
dual-luciferase assay system (Promega). The luciferase activity of each construct was
calculated relative to that of control vector pGL3-Basic. All transfection experiments were
conducted in duplicate and were repeated three times. The luciferase activities are reported
as means ± SEM.

Matrigel invasion assay
Matrigel-coated 24-well inserts (BD Biosciences, 8 μm pore size) were used according to
the manufacturer's instructions. PANC1 or HPAC cells were seeded at 70,000 cells per well
for the invasion and microarray analysis. Cells were cultured in serum-free RPMI 1640 and
migrated to the media specific for stem cells (SCM) containing DMEM/F12 with human
supplementation of 10 ng/ml bFGF, 20 ng/ml EGF, 5 μg/ml insulin, 5 μg/ml transferrin and
5ng/ml sodium selenite along with 0.4% BSA (all from Sigma). Invasion was allowed to
progress for 24 hours and then cells were stained with the Diffi-Quick Staining kit (Dade
Behring). For the isolation of cells from top ‘non-invading’ and bottom ‘invading’ cells,
parallel invasion chambers were setup. For non-invasive cells, the bottom of the membrane
was scrubbed with a cotton swab and cells on top were harvested using 500 μl of Accutase
(Invitrogen) incubated at 37°C for 5 min. To obtain the invasive cells, the top of the
membrane was scrubbed with a cotton swab and the chambers were placed into a new 24-
well plate containing 500 μl of Accutase incubated at 37°C for 5 min.
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Quantitative real time polymerase chain reaction (qRT-PCR)
Total RNA was isolated using TRIzol (Invitrogen). cDNA was prepared using the
SuperScript®III First-Strand Synthesis System (Invitrogen). qRT-PCR analysis was
performed using a StepOne Real-time PCR machine (Applied Biosystems) with TaqMan
Gene Expression Assay reagents and probes (Applied Biosystems). RNA from invasive and
non-invasive cells was isolated using RNeasy mini kit (QIAGEN) and qRT-PCR analysis
was performed using a StepOne Real-time PCR machine with TaqMan One-Step RT-PCR
Master Mix Reagents Kit (Applied Biosystems). The following FAM labeled human probes
were used: SOX9 (Hs00165814_m1), and 18S rRNA (Hs99999901_s1). Relative fold
induction of mRNA was compared among different samples using the Delta-Delta CT
method of quantification, and 18S rRNA was used as a loading control.

Methylation Specific polymerase chain reaction (MSP-PCR)
A total of 1 μg of genomic DNA extracted from total (parental) PANC1 and HPAC cells
was bisulfite modified using the EpiTect Bisulfite kit (Qiagen). PCR was performed using
Taq DNA Polymerase with ThermoPol buffer (NEB) and 200 ng of either genomic or
bisulfite treated DNA. The PCR method utilized was 94°C for 3 minutes, then 35 cycles
(94°C for 30 seconds, 55°C for 30 seconds and 72°C for 1 minute) with a final extension of
10 minutes at 72°C. A portion of the PCR product was run on a 1% agarose gel containing
ethidium bromide (EB). The primers utilized include:

Methylated primers:

hSOX9-Forward: 5′-GGTAGGTGGTTTATGTTTTTGTC-3′;

hSOX9-Reverse: 5′-TTTAAAAAAATTATCCCTAAACGAT-3′;

Unmethylated primers:

hSOX9-Forward: 5′-GGTAGGTGGTTTATGTTTTTGTTGT-3′;

hSOX9-Reverse: 5′-TTTAAAAAAATTATCCCTAAACAAT-3′;

Western Blotting
Total cell lysates were prepared using RIPA buffer (Sigma) and sub-cellular fractions using
the NE-PER Nuclear Protein Extraction Kit (Thermo Scientific). Samples were loaded onto
a 4-20% Tris-glycine gel and transferred to a PVDF membrane. The membranes were
blocked at room temperature for 45 minutes in 5% non-fat milk in TBS-Tween (0.05%).
Primary antibodies were as follows: SOX9 (Millipore), p65 (Millipore) and β-actin (Abcam)
and incubated overnight at 4°C. The membrane was washed 3 times for 5 minutes each
using TBS-T (0.1%). Secondary antibody was applied for 1 hour in the dark at room
temperature (infrared goat-anti rabbit in the 800 channel) and washed. The membrane was
developed using the Odyssey scanner (LI-COR). Protein loading was normalized using β-
actin as a control (infrared goat-anti mouse in the 700 channel).

Pancreatic Sphere Formation Assays
PANC1 cells and HPAC cells were seeded 1000 cells/ml in SCM supplemented with 5μg/ml
insulin-transferrin-selenium (Sigma) and 1% KO-Serum Replacement (Gibco) in
nonadherent T75 flasks coated with hydrogel (Corning Life Sciences). The pancreatic
spheres were allowed to grow for 14 to 18 days and then harvested for western blotting.
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Soft Agar Colony Formation Assay
1,000 PANC1 or HPAC cells were suspended in DMEM or DMEM/F12, respectively, with
10% FBS containing 0.4% agarose as the top layer and overlayed onto 12-well plates
containing solidified bottom layers of 0.4% agarose in the same media. Once the top layer
solidified, 200 μl of medium was placed on top to keep the plates moist. Plates were
incubated for 4-6 weeks until colonies were visible. The plates were scanned and counted
using Gelcount (Oxford Optronix).

Wound Healing Assay
PANC1 or HPAC cells were seeded in 12-well tissue culture plates at a density of 105 cells
per well for rapid confluence. The wounds were made by scratching with a sterile 200 μl
pipette tip. Floating cells were removed by rinsing three times with PBS, followed by
addition of fresh media with/without NF-κB inhibitors. Images of cell migration at indicated
time points were recorded using the microscopic image station (OLYMPUS IX70).

siRNAs of SOX9 and p65
SOX9 Stealth Select RNAi oligos (#1: HSS110099, #2: HSS110100, two independent
sequences), p65 Stealth Select RNAi oligos (#1: HSS109159, #2: HSS109161, #3:
HSS184266, three independent sequences) and Negative Control high GC oligo were
purchased from Invitrogen. PANC1 and HPAC cells were transiently transfected with these
oligos using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions.
Efficient transfection was observed using BLOCK-iT Alexa Fluor-Red Fluorescent Control
oligo (Invitrogen). After 24 h post transfection, the cells were trypsinized and subjected to
RT-PCR analysis and invasion assays.

MeDIP Arrays
Matrigel invasion assays were carried out as previously described. For the isolation of DNA
from both non-invasive and invasive cells the DNeasy kit from Qiagen was used and parallel
invasion chambers were setup. For non-invasive cells, the bottom of the membrane was
scrubbed with a cotton swab and cells on top were trypsinized and harvested in 200 μl of
PBS followed by the direct addition of lysis buffer or stored at −80°C. For bottom ‘invasive
cells’ the top of the membrane was scrubbed with a cotton swab and the membrane was
removed and placed directly into lysis buffer or stored at −80°C until needed. A modified
version of Agilent's protocol for Mammalian ChIP-on-chip was used to capture methylated
DNA with immunoprecipitation (MeDIP). DNA was quantified and 2 μg (or total yield if
less) was digested with MseI (NEB) overnight at 37°C. Linkers (IDT, JW102-5′-
GCGGTGACCCGGGAGATCTGAATTC-3′ and JW103-5′-TAGAATTCAGATC-3′) were
ligated at 16°C using T4 ligase (NEB) overnight and the next day used as input for the
MethylCollector (Active Motif) assay to isolate methylated and non-methylated fractions of
DNA. The kit utilizes histidine-tagged MeBP2 (methyl-binding protein 2) and magnetic
bead separation. The isolated methylated and non-methylated DNA from each sample (as
little as 5 ng) was then amplified in a series of PCR reactions following the mammalian
ChIP-on-chip protocol. The input DNA was labeled with Cy3-dUTP (GE Healthcare) and
the methylated DNA with Cy5-dUTP (GE Healthcare) and then immediately applied to
Agilent's 2 × 244 K Human Promoter Tiling Arrays for 40 hours at 65°C. The arrays were
scanned using a Gene Pix 4000B scanner (Molecular Devices) with GenePix Pro software
version 6.1 and extracted using Agilent's Feature Extraction software version 9.5.3.1. The
data was annotated using Agilent's ChIP Analytics software version 4.0. Normalization was
carried out using a blank subtraction model and statistical stringency (p-value) between
0.01-0.05 was applied using a Whitehead Per-Array Neighborhood Analysis. This analysis
allowed for the determination of differentially methylated genes between non-invasive and
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invasive cells. Ingenuity core analysis was carried out to determine which pathways are of
functional significance based on the gene lists identified (http://www.ingenuity.com).
Genomatix software was used to determine transcription factor binding sites (matrix). A
perfect match to the matrix gets a score of 1.00 (each sequence position corresponds to the
highest conserved nucleotide at that position in the matrix), a “good” match to the matrix
usually has a similarity of >0.80. Mismatches in highly conserved positions of the matrix
decrease the matrix similarity more than mismatches in less conserved regions. Microarray
data are accessible at the GEO database under accession number GSE38076.

Mouse Xenograft Studies
All mouse experiments were performed at the National Cancer Institute (Frederick, MD)
animal facility according to the rules and regulations of the Animal Care and Use
Committee and the guidelines of the Animal Welfare Act. National Cancer Institute is
accredited by AAALAC International and follows the Public Health Service Policy for Care
and Use of Laboratory Animals. Following Matrigel invasion (24h) membrane associated
cells were isolated using Accutase (Invitrogen). Invasive and non-invasive cells (100 or
1000 in 100 μl of SCM) were mixed with 100 μl of Matrigel (BD Biosciences) and injected
subcutaneously into flanks in female NOD/SCID mice (Jackson Laboratory). Animals were
monitored daily, tumor size was measured with calipers, and volume was determined with
the formula: V=π/6 × L × W × H [28]. Mice were sacrificed when tumors reached >1.5 cm
in one dimension.

Statistical Analysis
All statistical calculations were performed using SigmaPlot 9.0 software. Comparisons
between groups were carried out using a Student's pair-wise t-test. Error bars represent the
Standard Error of the Mean (SEM) and each experiment has been repeated three times with
samples in triplicate.

3. Results
3.1 Identification of differentially methylated genes in the invasive population of pancreatic
cancer cells

To isolate pancreatic CSCs, Matrigel invasion assays were performed using both PANC1
and HPAC cell lines as previously described [7]. The cells which invaded the Matrigel
migrating towards the highly defined stem cell media (SCM) have undergone the EMT
process and have stem cell-like characteristics [7]. To determine the global CpG promoter
methylation states for both non-invasive and invasive cell populations, the cells on both the
top and bottom of the Matrigel membranes were collected and subjected to individual
promoter tiling arrays. Analysis of these populations demonstrated that there were a number
of overlapping genes methylated in the non-invasive fraction of cells but demethylated in the
invasive population in both cell lines, suggesting that the expression of these genes may be
upregulated during the invasion process (Supplemental Table S1). Many of these genes have
previously been shown to be involved in human embryonic stem cell (hESC) pluripotency
such as BMP4, WNT3 and WNT5B, which sustain the expression of pluripotency markers
OCT4, REX1 and NANOG [29], as well as PDGFB, which has been implicated in the
prevention of apoptosis and maintenance of self-renewal of hESCs [30-31]. We investigated
the demethylated genes we identified using IPA software, and found a significant correlation
between the invasive property of pancreatic cancer cells and multiple pathways such as the
NF-κB signaling pathway (Supplemental Table S2 and Figure 1). NF-κB is a protein
complex that controls the transcription of its target genes, and it plays a critical role in the
inflammatory response and cancer development [32]. It is not surprising that the main
components (p50 and p65) of the canonical pathway were not included in this list because
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the NF-κB signaling pathway is mainly regulated by post-translational modifications, such
as phosphorylation and ubiquitination [33]. In addition, some of the candidate genes
identified in the microarray have been suggested to play a role in multiple cancer models,
such as BMP4 [23], GATA6 [24] and SOX9 [25]. However, their role in pancreatic cancer
and the correlation between these genes and NF-κB signaling has not been previously
identified.

3.2 The invasive pancreatic cancer cells represent cancer stem cells
In order to determine if the “invasive” cells from the bottom chamber in invasion assays had
increased tumorigenic potential, a major determinant of CSCs, we used an established NOD/
SCID xenograft model to measure their ability to initiate tumors [17]. Either 1000 or 100
cells of each population from PANC1 cells were resuspended in SCM/Matrigel (1:1) and
injected subcutaneously into the flanks of NOD/SCID mice. As a positive control for tumor
formation, one million total PANC1 cells were also injected. The results show that injection
of 1000 invasive cells resulted in tumors in 90% (9/10) of mice, whereas 1000 non-invasive
cells only formed tumors in 40% (4/10) of mice (Table 1). Furthermore, injection of as few
as 100 invasive cells also resulted in tumors in 90% (9/10) of mice, whereas 100 non-
invasive cells were significantly less tumorigenic (3/10). In addition, the mice that were
injected with non-invasive cells had a longer latency period before tumor appearance. As a
positive control, NOD/SCID mice injected with one million total PANC1 cells formed
tumors much earlier, in comparison to all the other groups. In addition, the tumor volume
was larger in the invasive groups than their non-invasive counterparts (Table 1). Taken
together, this evidence supports the hypothesis that the Matrigel-invasive cells represent the
majority of the CSCs within the pancreatic cancer cells.

When CSCs undergo EMT process, they gain morphological and phenotypic plasticity
[34-36]. It has been reported that SDF1 (Stromal cell-Derived Factor 1) and HGF
(Hepatocyte Growth Factor) are involved in migration and metastasis [37-40]. To
investigate their role in pancreatic CSCs, PANC1 cells were treated with SDF1 and HGF,
respectively, in invasion assays. Our data showed that both of SDF1 and HGF were able to
enhance invasion (Figure S1), suggesting that these pathways may be targeted to kill the
CSCs.

3.3 NF-κB signaling is indispensible for the invasive property of pancreatic CSCs
Based on the information generated from IPA, we sought to determine if NF-κB is a critical
regulator for the invasive property of pancreatic CSCs, thus, we utilized two NF-κB
pathway inhibitors in the invasion assay. The NF-κB activation inhibitor II (JSH-23) has
been reported to efficiently inhibit the nuclear translocation of NF-κB and its transcriptional
activity [41]. NF-κB activation inhibitor III (SM-7368) has been shown to block TNF-α-
induced NF-κB transcriptional activity, but not AP-1 activity, disrupting MMP9 expression
and the TNF-α-induced invasion of the HT-1080 human fibrosarcoma cell line [42]. The
toxicity curves for these inhibitors are shown in Figure S2A-S2F. When we tested the effect
of these two inhibitors in the invasion assay, we found they both significantly blocked the
number of invaded cells of both PANC1 and HPAC cells (Figure 2A and 2B). The
dissemination of cancer cells correlates with the acquisition of a migratory phenotype, a
hallmark of tumor progression [36, 43-44]. Hence, we hypothesized that if the NF-κB
inhibitors could block the invasion process, they might also be able to disrupt the migratory
capacity of pancreatic cancer cells. Using an established wound healing assay, we
demonstrated that PANC1 and HPAC cells treated with NF-κB inhibitors migrated more
slowly than the control cells (Figure 2C and 2D). Furthermore, CSCs exhibit anchorage-
independent growth in soft agar and are able to form colonies in vitro. As shown in Figure
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2E-2H, both NF-κB inhibitors efficiently blocked the clonogenic capacity of PANC1 and
HPAC cells in a dose-dependent manner.

We then tested the effect of the inhibitors on the ability of the pancreatic CSCs to form
spheres as the sphere formation assay is another established method to study the self-
renewal of stem cells [45]. As shown in Figure S2G-S2L, the NF-κB inhibitors significantly
inhibited the sphere formation not only in PANC1 and HPAC cell line, but also in a primary
cell line derived from primary pancreatic cancer patient, PANC4.14. Interestingly, CD133, a
pluripotency-associated gene and a CSC-associated marker, was also down-regulated after
total PANC1 cells were treated with NF-κB inhibitors for 24h, indicating they might be able
to target the stem cell population inside the bulk tumor (Figure S2M). In addition, to further
confirm the specificity of NF-κB signaling in regulating the invasion process, p65 siRNA
oligos were transfected into PANC1 cells and invasion assays were conducted 24h after
transfection. As a result, a significant difference was observed between control cells and
those cells transfected with p65siRNA oligos (Figure 2I and S2N). These observations
suggest that the NF-κB signaling is required for the maintenance of pancreatic CSC
properties.

3.4 The role of SOX9 in the invasive property of pancreatic CSCs
To further elucidate the function of NF-κB signaling in pancreatic CSCs, we sought to
further identify the effector gene(s) in the list obtained from analysis of the epigenetic array
(Supplemental Table S1). Although a number of these genes have been shown to play a role
in cancer development, we chose to investigate the function of SOX9 in our model since it is
homologous to the induced pluripotent stem cell (iPSC) and embryonic stem cell (ESC)-
specific transcription factor SOX2, and it has been reported to enhance prostate cancer cell
proliferation and invasion [25, 46]. SOX9 is a SRY-box transcription factor that recognizes
the sequence CCTTGAG [47]. In addition, in a recent publication, SOX9 was shown to act
cooperatively with Slug, a zinc finger transcription factor involved in the EMT process, to
determine the state of both normal mammary stem cells and the breast CSCs [48]. In
correlation to this, using the Oncomine clinical database, we analyzed the expression of
SOX9, as well as multiple NF-κB target genes and a number of previously identified CSC
marker genes (CD133, CD44, CXCR4 and EpCAM, Figure 3A), in pancreatic carcinomas
versus normal pancreatic tissues. We found these genes were significantly upregulated, thus,
further supporting the role of SOX9 from a clinical perspective (Figure 3A). To verify the
array results, we performed methylation specific PCR (MS-PCR) using primers designed
around the probe sequences from the methylation-specific promoter tiling arrays. We
detected SOX9 was methylated in the total PANC1 and HPAC cell lines which represents
the non-invasive population (Figure 3B), indicating that the expression of SOX9 may be
inhibited in the non-invasive cells. Moreover, to further determine the expression pattern of
SOX9, both the non-invasive cells and invasive cells were collected and qPCR was
performed. As shown in Figure 3C, a significant increase of SOX9 mRNA was observed in
the invasive cells as compared to the non-invasive populations in both PANC1 and HPAC
cell lines, suggesting that SOX9 may play a role in the invasion process of pancreatic cancer
cells. In addition, well-known migration and metastasis-associated genes in CSCs, such as
CXCR4 and c-MET [20, 38], are also highly expressed in the invasive cells, further
confirming the stem cell-like gene expression phenotype of invasive cells (Figure S3A and
S3B). We also used the sphere formation assay to enrich for CSCs and examined SOX9
expression. As a result, when we compared the protein level of SOX9 in spheres and total
cells, we obtained similar results (Figure 3D).

The function of SOX9 has been studied in some cancer types such as prostate cancer,
however, little is known how SOX9 functions in the invasion process of pancreatic cancer
cells. Therefore, to further investigate the role of SOX9, we utilized synthetic SOX9 shRNA
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oligos to determine its role in regulation of invasive populations. Notably, endogenous
SOX9 expression was disrupted by both oligos targeting two independent sequences in the
coding region of SOX9 mRNA (Figure 3E). When cells were transfected with shRNA oligos
for 24h and applied to the Matrigel invasion assay, we observed a partial block of the
invasive capability for both PANC1 and HPAC cells (Figure 3F). Our data suggest that there
is a requirement for SOX9 expression during the invasion process of pancreatic cancer cells.
Moreover, when the cells were treated with gemcitabine, a chemotherapeutic drug that is
widely used to treat various carcinomas, there was an increase of SOX9 expression (Figure
S3C and S3D), suggesting that gemcitabine may be able to kill non-CSCs only, resulting in
enrichment of CSCs after gemcitabine treatment. This is in support of additional studies
demonstrating gemcitabine can enhance CSC population [20, 49-50]. Taken together, these
data show that SOX9 is up-regulated in pancreatic CSCs and it plays an essential role in the
invasive property of pancreatic CSCs.

3.5 The NF-κB p65 subunit positively regulates SOX9 expression
Our data indicated that both NF-κB signaling and SOX9 expression are required for the
invasiveness of pancreatic CSCs, but the relationship between NF-κB signaling and SOX9
expression has never been reported, to the best of our knowledge. Interestingly, when we
treated the cells with NF-κB inhibitors, the SOX9 protein level was also decreased (Figure
4A), further supporting the correlation between NF-κB signaling and SOX9 expression
shown in Figure 3A. To investigate whether NF-κB regulates the expression of SOX9, the
Genomatix database was used to identify the possible transcription factor binding sites
located within the SOX9 promoter. As a result of this analysis, we determined there are a
number of binding sites for transcription factors with a matrix value close to 1. These factors
include ERBB2, SMAD family transcription factors, RNA polymerase II transcription factor
II B, AP-1, POU domain transcription factors, E2F family transcription factors, TWIST
subfamily transcription factors, NKX homeodomain factors, CREB transcription factors and
KLF transcription factors (Supplemental Table S3). Most of these factors have been
demonstrated to play a role in stem cell self-renewal and/or cancer progression. Most
importantly, there were three putative NF-κB binding sites found within the SOX9 promoter
region (Figure 4B). Therefore, it is plausible to hypothesize that the expression of SOX9 is
regulated by NF-κB signaling. To test our hypothesis, we designed primers around these
regions and performed chromatin immunoprecipitation (ChIP) assays with the p65 subunit
antibody, which revealed that there is an significant enrichment of p65 in the SOX9
promoter only at site A (Figure 4C). In addition, to test the functional significance of the
NF-κB binding site for SOX9 expression, we cloned the 1.1 kb fragment of SOX9 promoter
encompassing the sequence from -1034 to +67 bp relative to the transcriptional start site
(+1) into the pGL3-Basic luciferase reporter vector. As a result, an extremely high level of
luciferase activity was observed when the SOX9 promoter-driven luciferase construct was
transfected into PANC1 cells (Figure 4D). However, the activity was dramatically reduced
when the cells were treated with either NF-κB inhibitors, indicating that NF-κB signaling is
most likely responsible for the activation of SOX9 promoter activity and that an active
component or components may exist within the SOX9 promoter. Strikingly, the mutation of
the conserved NF-κB binding site A significantly abolished the activation of the SOX9
promoter as the NF-κB inhibitors did.

To further verify the requirement of NF-κB signaling for active binding of the p65 subunit
to the SOX9 promoter, both ChIP and electrophoretic mobility shift assay (EMSA) were
carried out after PANC1 cells were treated with NF-κB inhibitors for 24 h. The data show
that both inhibitors dramatically reduced the binding of p65 subunit to the SOX9 promoter
(Figure 4E and 4F). Altogether, the observations above suggest that NF-κB signaling
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positively regulates SOX9 expression by directly binding to its promoter in pancreatic
cancer cells.

3.6 The regulation of SOX9 is dependent on the methylation status of its promoter
As we described above, the SOX9 promoter is demethylated and SOX9 expression is
upregulated in invasive cells. To further investigate the correlation between NF-κB
signaling and SOX9 expression, PANC1 and HPAC cells were treated for 48h with two
epigenetic drugs, 5-aza-2′-deoxycytidine (5AZA) and Zebularine, respectively. 5AZA and
Zebularine act as DNA demethylating agents by inhibiting DNA methyltransferase (DNMT)
activity [51-52]. Using both ChIP and EMSA assays, we sought to investigate the effect of
these epigenetic drugs on the SOX9 and NF-κB relationship. We determined that the
enrichment of p65 to the SOX9 promoter was dramatically increased when the cells were
treated with these inhibitors (Figure 5A) and the super shifts in the EMSA assays were also
significantly enhanced when the cells were treated with DNA demethylating agents for 24h
(Figure 5B). These results suggest that the regulation of SOX9 by NF-κB signaling is
dependent on the methylation state and demethylation may enhance the binding of NF-κB
binding to SOX9 promoter.

4. Discussion
Pancreatic cancer is one of the most lethal solid malignancies. It has been widely believed
that a subpopulation of the cancer cells, which have stem cell-like properties, are able to
survive and metastasize to other organs, resulting in patient mortality. The biology
governing the most aggressive population within the tumors remains extensively unknown.
To investigate the molecular pathways regulating the pancreatic CSCs, we compared the
gene promoter methylation profiles between invasive cells and non-invasive cells using an
Agilent ChIP-on-chip microarray. It was demonstrated that NF-κB signaling is differentially
regulated in both populations and it is indispensible for the invasion process. To the best of
our knowledge, this is the first report of this relationship in a pancreatic CSC population. In
addition, data in this report indicates SOX9, for the first time, to be a downstream target
gene of NF-κB signaling and it is, at least partially, responsible for the invasiveness of
pancreatic CSCs.

Our xenograft model revealed that the “invasive” cells from the bottom chamber in invasion
assays had increased tumorigenic potential in vivo, compared to the “non-invasive” cells.
More mice injected with ‘invasive’ cells developed tumors. In addition, the tumors in the
‘invasive’ group were initiated earlier and the average tumor volume was larger. Our data
suggests that the invasive cells isolated from the Matrigel invasion chamber are CSCs.
Although Matrigel invasion depleted most of the CSCs from the total cells that remained on
the top of the membrane, there were still some CSCs left and they were also able to initiate
tumor growth.

NF-κB signaling plays a critical role in regulating the immune response to infection, and
improper regulation of NF-κB has been shown to be linked to cancer [53-54]. NF-κB
signaling has been shown to play a crucial role in the CSC population of prostate cancer
[55], but its role in pancreatic cancer remains elusive. The disruption of this signaling
pathway by NF-κB signaling inhibitors blocked the invasive capacity of pancreatic CSCs
and in addition, these inhibitors dramatically suppressed the migratory capacity of both
PANC1 and HPAC cells, another property of CSCs. In correlation with this, in a prostate
cancer model, Rajasekhar et al. demonstrated that the CSCs exhibit increased NF-κB
activity [55], indicating that NF-κB signaling might function ubiquitously in CSCs in
multiple cancer models. Taken together, this data suggests that NF-κB signaling may
function as a potential biomarker for cancer prognosis and a target for drug development.
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Moreover, NF-κB signaling may also mediate crosstalk with some other stem cell-
associated pathways, such as the NOTCH pathway, which has been recently reported to
activate NF-κB pathway [56]. It has been shown that Notch-1 can induce NF-κB DNA
binding activity, whereas knockdown of Notch-1 reduces its activity and the expression of
VEGF and MMP9, which are also involved in tumor cell invasion and metastasis, thereby
inhibiting the invasion of pancreatic cancer cells through Matrigel. This suggests that NF-κB
inhibitors could be possibly used to treat pancreatic cancer, or at least sensitize the cells to
the traditional treatments. For example, Arlt et al. showed that treatment with a variety of
NF-κB inhibitors or transfection of the suppressive IκBα, dramatically enhanced the pro-
apoptotic effects of VP16, doxorubicin or gemcitabine on drug-resistant pancreatic cancer
cells, indicating that the resistance of these cells to chemotherapy is due to the constitutive
NF-κB activity [57-58]. Disruption of NF-κB activity efficiently sensitizes pancreatic cancer
cells to chemotherapy and provides the potential improvement for clinical therapeutics [59].
However, the specificity of NF-κB inhibitors needs to be precisely defined since NF-κB
signaling also functions in normal tissues. Therefore, CSC-specific delivery of NF-κB
inhibitors will be extremely beneficial.

Our work also identified SOX9, for the first time, as a target gene of NF-κB signaling
pathway. SOX9 has been reported to function in normal stem cells, such as neural stem cells
(NSCs). In mouse models, Sox9 is essential for Snail2 expression and subsequent EMT in
neural crest [60]. In addition, knockout of Sox9 in NSCs results in defects in specification of
oligodendrocytes and astrocytes [61-62]. Moreover, in the intestine, Sox9 is expressed in the
crypt, where the progenitor/stem cells reside. Sox9 expression in these cells is regulated by
the WNT/β-catenin signaling pathway, which is required for stem cell self-renewal [63].
Interestingly, persistent NF-κB activation is associated with APC loss in intestinal crypt
epithelial cells, leading to Sox9 upregulation and thus, tumor initiation [64]. In Sox9
conditional knockout mice, the absence of Sox9 leads to the deficiency of the stem cell
compartment and thus hair loss, suggesting a pivotal role of Sox9 in supporting the stem cell
population in normal tissues [65]. However, the role of SOX9 in human CSCs, specifically
in pancreatic CSCs, is still unclear. Using Agilent ChIP-on-chip array, we obtained a
number of genes which are methylated in the non-invasive cells but demethylated in the
invasive cells, including SOX9. It is well known that CSCs share similar characteristics and
regulatory networks with embryonic stem cells and normal stem cells. In addition, SOX9
has been reported to enhance invasion in prostate cancer cells and SOX9 directly binds to
the promoter and activates the expression of the polycomb protein Bmi1, a CSC-specific
gene, which in turn suppresses tumor suppressor Ink4a/Arf locus in colorectal cancer model
[25, 66]. Here, we showed that SOX9 is required for the invasive property of pancreatic
CSCs. When SOX9 was knocked down by synthetic shRNA oligos, the invasion process
was partially blocked. The inefficiency of the blockage may be due to the incomplete
knockdown of SOX9 mRNA. It is also possible that SOX9 is not the only gene involved in
the invasion process of pancreatic CSCs. In addition, although there are limited data in
Oncomine database regarding the expression profiles of metastatic and primary pancreatic
cancer, SOX9 has been shown to be upregulated in pancreatic carcinomas compared to
normal cells in the pancreas (Figure 3A), supporting the suggested role of SOX9 in
pancreatic cancer. Additionally, we identified genes which lie upstream or downstream of
SOX9 using Genomatix database, and compared it to the whole genome array [22]. The
overlapping genes include anti-apoptosis BCL family proteins, SMAD superfamily proteins
as well as extracellular matrix (Supplemental Table S4), further supporting the oncogenic
role of SOX9 in regulating the stem cell-like properties of pancreatic cancer cells.

The NF-κB complex functions through multiple target genes in different contexts, but how
NF-κB governs the CSC property remained unclear. Using the Genomatix database, we
found several putative NF-κB binding sites within the 1.1 kb SOX9 promoter region. Using
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this data, we determined by luciferase, ChIP and EMSA assays that SOX9 is positively
regulated by NF-κB signaling. The NF-κB p65 subunit directly binds to the NF-κB motif
within SOX9 promoter. Thus, our work demonstrates, for the first time, a link between the
classic NF-κB signaling pathway and the transcription factor SOX9, and suggests both are
involved in the invasiveness of pancreatic CSCs (summarized in Figure 5C). These factors
may be applied in drug screening and potentially used as novel therapeutic targets for
pancreatic cancer treatment. Since NF-κB signaling is extensively used by the cells of
immune system, and targeting NF-κB may affect the normal immune and inflammatory
responses of our body, it might be less toxic to target NF-κB downstream genes which may
function more specifically in pancreatic cancer.

During the past few years, it has been widely recognized that the epigenetic changes, as well
as the genetic mutations, significantly contribute to the onset of human malignancies.
Combinatorial therapy utilizing epigenetic therapeutic approaches, along with traditional
therapies, is promising for successful cancer treatments in the future. Moreover, such
strategies may also help sensitize the cancer cells, especially the CSC population, which has
been demonstrated to be resistant to traditional chemo- and radiotherapies [67]. For instance,
it has been reported that DNA demethylating agents, such as 5AZA and Zebularine, have
anti-cancer effects in multiple cancer models [51, 68-71]. Epigenetic regulation is a
reversible process and treatment by these inhibitors may function to awake the re-expression
of hypermethylated tumor suppressor genes. However, it has never been reported whether
the gene expression regulated by NF-κB signaling is dependent on the DNA methylation
status of the target gene(s) which may be involved in the invasion and metastasis of cancer
cells. Our study showed that SOX9, which has been reported to exhibit several oncogenic
properties [66], is required for the invasion of pancreatic CSCs. NF-κB signaling positively
regulates SOX9 expression and the binding of NF-κB p65 subunit to SOX9 promoter was
significantly enhanced when the cells were treated with either 5AZA or Zebularine. Our data
suggested that SOX9 expression is a result of NF-κB activation, but the link between
demethylation of SOX9 promoter and NF-κB signaling still needs to be proven. It is
plausible to hypothesize that NF-κB may recruit a demethylating complex to remove the
methyl group(s) on the SOX9 promoter. Nevertheless, it must be taken into account that,
upon epigenetic drug treatment, hypermethylated oncogenic genes as well as tumor
suppressor genes may be activated simultaneously. Thus, epigenetic therapy may be a
“double-edge sword” and unexpected side effects may occur. Therefore, the epigenetic
treatments must be carefully examined, and the safety and specificity of the DNA
demethylating agents need to be further evaluated. Further understanding of the CSC
biology and the development of more specific epigenetic molecules may help us better
understand how to reset the aberrant epigenome in CSCs and lead to successful treatment of
human cancers.

In conclusion, our data reveal that NF-κB signaling acts as an important pathway in
controlling the CSC properties of pancreatic cancer cells. The transcription factor SOX9
may be another key regulator in this process and NF-κB positively regulates SOX9
expression by directly binding to the SOX9 promoter. Our study provides new insights into
molecular mechanisms by which the CSC population of pancreatic cancer cells is governed,
and identifies potentially new therapeutic targets for pancreatic cancer treatment, all of
which can be utilized in pharmaceutical investigations and clinical trials to prevent tumor
metastasis.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Ingenuity pathway analysis demonstrating significant methylation changes in the NF-
κB signaling pathway in invasive cells
Genes highlighted in gray demonstrate demethylation in invasive cells.
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Figure 2. NF-κB signaling is indispensible for the stem cell-like properties of pancreatic cancer
cells
(A, B) NF-κB inhibitors II and III can efficiently block the invasion process in both PANC1
(A) and HPAC (B) cell lines. Matrigel invasion assays were conducted for 24 h toward
SCM. Top cells were removed, and bottom cells were stained with the Diff-Quick staining
kit from Dade Behring. Both NF-kB inhibitors II and III demonstrated significant decreases
in invasion toward SCM compared to control groups (Image magnification: 10×).
(C, D) NF-κB inhibitors II and III can efficiently block the migration in both PANC1 (C)
and HPAC cells (D). The inhibitors were added to the medium immediately after the gaps
were made by scratching the monolayer with pipette tips. Shown are representative photos
of the samples after 24 h of treatment for PANC1 and 10 h for HPAC (Image magnification:
10×).
(E-H) NF-κB inhibitors II and III block the colony-forming capacity in vitro in both PANC1
(E, F) and HPAC cells (G, H). The soft agar colony-forming efficiencies of both PANC1
and HPAC cells treated with either NF-κB inhibitor II or III were tested. The colonies were
scanned and counted. All values are shown as means ± SEM of the results from three
independent experiments. *p<0.05, **p<0.01.
(I) NF-κB p65 subunit specific siRNAs can efficiently block the invasion process in PANC1
cells. Matrigel invasion assays were conducted for 24 h toward SCM. Top cells were
removed, and bottom cells were stained with the Diff-Quick staining kit from Dade Behring
(Image magnification: 10×).
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Figure 3. SOX9 is upregulated in the invasive population of pancreatic cancer cells and it is
required for the invasiveness of pancreatic CSCs
(A) Oncomine analysis of known NF-κB target genes, previously identified CSC marker
genes and SOX9. The heat map represents raw data from the Pei over-expression in
pancreatic cancer dataset comparing primary tissues and carcinomas in Oncomine 4.4.
Expression is in terms of normalized overexpression units. The p-value represents a
student's t-test comparing the gene expression in primary tissues and carcinomas. The gene
ID and the fold change are provided.
(B) SOX9 is methylated in parental PANC1 and HPAC cells. Genomic DNA was extracted
and bisulfite modified. Methylation-specific PCR was performed by methylated or
unmethylated primers.
(C) Increased levels of SOX9 mRNA are detected in invasive PANC1 and HPAC cells
compared to the non-invasive cells. Total RNA was isolated using TRIzol, and qRT-PCR
analysis was performed using a StepOne real-time PCR machine with TaqMan Gene
Expression Assay reagents and probes. **p<0.01.
(D) SOX9 protein level is elevated in both PANC1 and HPAC spheres. Western blotting
analysis of SOX9 in PANC1 and HPAC spheres and parental cells is shown.
(E) SOX9 was efficiently knocked down in both cell lines at 24 h. Quantitive RT-PCR
assays in control or SOX9 shRNA oligos transfected cells are shown as means ± SEM of the
results from three independent experiments. **p<0.01.
(F) Knockdown of SOX9 partially impaired the invasive capacity of pancreatic CSCs.
PANC1 and HPAC cells were transfected with control or SOX9 shRNA oligos by
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LipofectAMINE 2000. After 24 h, the cells were trypsinized and subjected to Matrigel
invasion assays for another 24 h toward SCM. Both SOX9 shRNA oligos 1 and 2
demonstrated significant decreases in invasion toward SCM compared to control groups
(Image magnification: 10×).
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Figure 4. NF-κB p65 subunit positively regulates SOX9 expression
(A) SOX9 protein level was inhibited when the cells were treated with NF-κB inhibitors.
Western blotting analysis of SOX9 in PANC1 and HPAC parental cells treated with
inhibitors is shown.
(B) Analysis of human SOX9 1.1kb promoter in Genomatix database identified three
putative NF-κB binding sites within the promoter region.
(C) SOX9 promoter was associated with p65 in ChIP assay using p65 antibody or control
IgG in PANC1 and HPAC cells. The data were from quantitative RT-PCR analyses of IgG
or p65 antibody-precipitated genomic DNA using SOX9 promoter primers around site A.
*p<0.05.
(D) NF-κB inhibitors, as well as NF-κB binding site mutant, significantly blocked the SOX9
promoter-driven luciferase activity. WT, wild type; MUT, mutant. Luciferase activities are
shown as means ± SEM of the results from three independent experiments. **p<0.01.
(E) The association of p65 with SOX9 promoter was disrupted by NF-κB inhibitors. The
data were analyzed as in C and the average of two experiments is shown here.
(F) A direct interaction between p65 and SOX9 promoter was observed in PANC1 cells.
EMSAs were performed using nuclear extracts from PANC1 and a representative image is
shown.
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Figure 5. The regulation of SOX9 by NF-κB signaling is dependent on DNA methylation
(A, B) The enrichment of SOX9 promoter is dramatically enhanced by treatment of DNA
demethylating agents 5AZA or Zebularine using either ChIP (A) or EMSA (B) assays.
(C) A proposed model for the function of NF-κB signaling and SOX9 in pancreatic cancer
cells. In non-invasive cells, the SOX9 promoter is methylated and SOX9 expression is
silenced. In the invasive population, or CSCs, in which SOX9 promoter is demethylated,
NF-κB complex binds to SOX9 promoter and activates SOX9 expression, contributing to
the invasiveness of pancreatic CSCs.
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