MOLECULAR MECHANISMS OF STEMNESS AND
INVASION IN PANCREATIC CANCER

A DOCTORAL DISSERTATION
SUBMITTED TO THE FACULTY OF
UNIVERSITY OF MINNESOTA
BY

Alice Nomura

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY

Advisor: Ashok K. Saluja, PhD

MAY 2016

© Alice Nomura 2016

ACKNOWLEDGEMENTS
This body of work would not have been possible without the support and guidance of the
following magnificent individuals:
The (past and present) members of the Saluja Lab: Osama Alsaied, Nivedita Arora,
Sulagna Banerjee, Usman Barlass, Ashley Bekolay, Georg Beyer, Erin Brudvik, Hassam
Cheema, Zhiyu Chen, Rohit Chugh, Patricia Dauer, Rajinder Dawra, Ajay Dixit, Vikas
Dudeja, James Ennen, Bharti Garg, John George, Bhuwan Giri, Vineet Gupta, Kelsey
Jensen, Sushil Kumar, Rui Lin, Tiffany MacKenzie, Olivia McGinn, Kaustav Majumder,
Shrey Modi, Nameeta Mujumdar, Yungil Ryu, Archana Sareen, Nikita Sharma,
Mahendra Singh, Santhosh Sundaresan, Charles Ulrich III, David Urso, Selwyn Vickers,
Jenny Walker, Zuobiao Yuan, Xianda Zhao, Hongyan Zhu.
I would specifically like to thank:
Sulagna Banerjee, who has been a better mentor than I could have ever asked for. She
has successfully guided me through the many perils of graduate school, thesis research,
and life. Ashley R. Bekolay, who has been the most amazing friend throughout the last 5
years. She has been there for me during all moments in life and I will be forever grateful.
Georg Beyer, who taught me how to run a western blot ;)
My thesis committee members: Drs. Bernhard Hering, Sundaram Ramakrishnan, Masato
Yamamoto, and Douglas Yee.
Finally, to my advisor and mentor, Dr. Ashok K. Saluja. Thank you for your guidance,
patience, humor, and wisdom. I am forever thankful for your mentorship and inclusion
into “the village.” I hope to continue to learn from you throughout my career.

i

DEDICATION
I have been exceptionally fortunate to be surrounded by the supportive and loving people
that have shaped me into the person and scientist that I am.
I would like to dedicate this dissertation to my wonderful parents, Hiroshi and Ursula
Nomura. Their unwavering support and love are unquestionably responsible for my
success. They instilled in me many of the qualities and values that have allowed me to
succeed thus far in life, without which, I would not be where I am today.
Thank you, Mom and Dad, for all that you have and continue to do for me. I love you.

ii

ABSTRACT

Pancreatic cancer remains a cancer with the lowest survival rate and shortest median
survival. It is predicted to accelerate to the 2nd cause of cancer related death in the next 15
years [1]. Poor survival rates stem from late disease detection, aggressive tumor biology,
and unsuccessful treatments. These dismal statistics highlight the urgency for increased
knowledge of the biology of pancreatic cancer and the need for effective therapies.
Within the past decade, cancer stem cells, a population within the tumor, have been
exposed for their role in tumor initiation, progression, chemoresistance, and metastasis.
These studies focus to examine the role of CD133 positive cancer stem cells in stemness
and metastasis within pancreatic cancer.
We demonstrated that CD133 positive pancreatic cancer cells, from human pancreatic
cancer cell lines and a spontaneous murine model of pancreatic cancer, are capable of
tumor initiation at very low cell numbers in both immunocompromised and
immunocompetent mice, respectively. These cells exhibited chemoresistance properties
by the upregulation of drug transporters, active drug efflux capabilities, and resistance to
cell death upon treatment with conventional chemotherapies, such as gemcitabine and 5fluorouracil. CD133 positive cancer stem cell population was, however, sensitive to a
novel therapy- Minnelide™. In both in vitro and in vivo studies, CD133 positive cells
responded to Minnelide™ treatment and underwent apoptosis in addition to the CD133
negative population.
These investigations led to questions regarding the function of this surface marker.
CD133 played no functional role in conferring the cancer stem cell phenotype to this
population. Through overexpression of CD133 in a pancreatic cancer cell line with very
low endogenous CD133 expression, we determined that CD133 expression influences
iii

both stemness and invasiveness. Cells overexpressing CD133 were capable of initiating
tumors at low cell numbers, as compared to control cells, and exhibited an upregulation
in pluripotency and developmental signaling gene expression. Additionally, tumors
derived from CD133 overexpressing cells demonstrated a marked increase in metastasis
to several distant sites. This was shown to occur through the activation of NF-κB
signaling and induction of the epithelial-mesenchymal transition; resulting in increased
cellular invasiveness.
Further, CD133 expressing cells displayed increased expression and secretion of the
cytokine, interleukin-1 beta. Inhibition of IL-1 signaling through various methods
established a significant role for IL-1 in the induction of the epithelial-mesenchymal
transition and cellular invasiveness. Significantly, interleukin-1 beta positively correlates
with CD133 gene expression in pancreatic cancer cell lines of varying aggressiveness. In
cell lines with high levels of CD133 positive populations, inhibition of IL-1 signaling
demonstrated its critical role in epithelial-mesenchymal transition induction and
invasiveness. This exhibited that IL-1 signaling functions within CD133 positive
populations during the metastasis process.
Finally, these studies demonstrated the pivotal role of NF-κB activation in the induction
of the epithelial-mesenchymal transition, cellular invasion, and metastasis. Using
triptolide and NF-kB signaling inhibitor treatment, as well as, NF-κB signaling pathway
modulation via constitutively active or inactive plasmid expression, this signaling
pathway was decisively confirmed to mediate invasion and metastasis in pancreatic
cancer.
Taken together, this work establishes the functional role of the cancer stem cell marker,
CD133; IL-1 signaling; and NF-κB activation in pancreatic cancer stemness and
metastasis.
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INTRODUCTION

Pancreatic Ductal Adenocarcinoma
Pancreatic Ductal Adenocarcinoma (PDAC) is one of the more aggressive malignancies
seen in patients. Pancreatic cancer has an extremely low five-year survival rate of only
7% for all stages: 26% for local, 10% for regional, and only 2% for distant stages [2]. The
number of new cases in 2016 is projected to be 53,070 cases and 41,780 of those patients
are predicted to succumb to the disease [3].
Although more than 50% of patients are diagnosed after metastasis, up to 20% of patients
are diagnosed early enough to be eligible for surgical resection [4]. However, even
patients that undergo a successful surgical resection, including appropriate adjuvant
therapy, the median survival is still less than 20 months [5-7] and a 5-year survival of
20% [8]. There is substantial risk of recurrence following surgical resection: 50%-80% of
patients experience local-regional recurrence and greater than 70% of patients develop
systemic recurrence [9].
Even upon early detection of a pancreatic tumor, patients have limited and mostly
ineffectual options for therapy. Approved treatments for pancreatic cancer are limited and
ineffective for long term survival. The current standard of care, the nucleoside analog,
Gemcitabine, extends the median survival to 7 months from an average of 6 weeks longer
than untreated disease [10]. More recently in 2011, a new therapy regime of 4
chemotherapies: 5-Fluorouracil (FU), leucovorin, irinotecan, and oxaliplatin showed an
increased survival to almost 12 months [11]. However, this therapy is highly toxic and
only a treatment option for patients of regarded in good performance status. Abraxane or
nab-paclitaxel was the most recently approved therapy for metastatic pancreatic cancer,
approved by the FDA in 2014. Phase 3 clinical trials indicated that this treatment extends
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overall survival by just over 7 weeks. Again, another very incremental increase in patient
survival [12].
Therapeutic strategies are not effective in extending patient survival. Even upon curative
surgical resection with adjuvant therapy, recurrence occurs. Explanations for recurrence
of disease following resection remains unclear, but one justification involves the presence
of cancer stem cells following resection. Currently approved, ineffectual therapies for
pancreatic tumors is likely due to the heterogeneity within the tumor and the inability for
these therapies to treat the tumor in its entirety. Targeting all populations of the tumor
will be necessary for complete eradication of pancreatic disease. Approved treatments for
pancreatic cancers target rapidly dividing cells within the tumor: integrating nucleoside
analogs into replicating DNA; crosslinking DNA and creating DNA adducts; or
inhibiting microtubule function and causing mitotic arrest [13, 14]. Unfortunately, these
therapies are not effective for long term survival and new treatments need to be
discovered.
Several novel therapies are currently being evaluated in pancreatic cancer using new
targets or delivery methods. One such novel treatment is Minnelide™, a pro-drug derived
from the traditional Chinese herb, Tripterygium wilfordii. Preclinical murine models
demonstrated complete eradication of tumors, inhibition of distant metastasis, and lack of
disease recurrence [15]. These results indicate that Minnelide™ is likely targeting more
than the just the rapidly dividing tumor cells, but perhaps also other cell types.
In addition to rapidly proliferating cells within the tumor, another important cell type
within the tumor is the cancer stem cell (CSC) or tumor initiating cell (TIC). CSCs are a
small subset of cells within the tumor capable of self-renewal, pluripotency, and
metastasis. This cell population is thought to initiate and maintain the primary tumor, as
well as, disseminate throughout the body and colonize distant metastatic sites.
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Alongside the CSCs and rapidly dividing, differentiated tumor cells, there are several
other non-tumor cell types within the tumor. Pancreatic stellate cells (PSCs) and cancer
associated fibroblasts (CAFs) are supportive cellular components of the tumor: creating
pancreatic tumor stroma and promoting tumor cell proliferation, invasion, and metastasis
[16]. The desmoplastic stroma composes up to 90% of the pancreatic tumor volume [17]
and PSCs have been demonstrated to produce the collagen component of the
desmoplastic stroma [18]. In addition to the secretion of collagen, cellular interactions
between PSCs and other tumor cell types are tumor supportive. PSCs promote cancer cell
proliferation, inhibition of apoptosis, induction of EMT, and metastasis [19-21].
Similarly, CAFs secrete components of the extracellular matrix, control local immune
suppression, promote tumor progression, invasion, and metastasis [22, 23].
Another cellular component, important for the immunosuppressive tumor
microenvironment (TME) is the immune infiltrating cells, which infiltrate early during
tumor progression and remain present throughout progression to late state disease [24,
25]. Tumor associated macrophages (TAMs), myeloid derived suppressor cells (MDSCs),
and T cells are some important immune cell types that have been shown to support tumor
growth and suppress immune regulation of the tumor. TAMs are one of the prevalent
populations of immune infiltrating cells and support tumor growth through the secretion
of IL-6 and activating the STAT3 pathway in the pancreas [26, 27]. Myeloid progenitor
cells from the surrounding stroma are recruited by GM-CSF secreted by the tumor and
differentiate into MDSCs [28]. MDSCs suppress CD8+ T cell function, through inhibition
of proliferation and induction of apoptosis in activated T cells, preventing the recognition
and clearance of tumor cells. Stromnes et al, also demonstrated that the depletion of
MDSCs, in a genetically modified murine model of pancreatic cancer, increased the
activated T cell population within the tumor and increased cancer cell apoptosis [29].
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Cancer Stem Cells
Cancer stem cells are a population within the tumor that was first described by Bonnet
and Dick in AML [30] and has since been characterized in many different cancer types,
including pancreatic cancer. This subset of cells within the tumor is capable of tumor
initiation: experimentally, only 10’s of cell can be implanted into a mouse and grow to
recapitulate the parent tumor. CSCs have been shown to have self-renewal capabilities;
upregulating developmental signaling, such as Notch and Hedgehog signaling pathways.
Cancer stem cells have also been shown to be chemoresistant, based on their quiescent
properties, and resistant to conventional chemotherapies targeting highly proliferating
cells. Importantly, this subset of cells has been implicated in metastasis.
Li et al was the first group in pancreatic cancer to demonstrate a cancer stem cell
population in pancreatic cancer. In 2007, the CD24+CD44+ESA+ cancer stem cell
population was identified as a tumor initiating population within pancreatic cancer [31].
Although this population accounted for less than one percent of the tumor population, it
led to 100-fold increase in tumor formation potential [31].
Using the gold standard to demonstrate tumor initiation potential, these sorted cells were
implanted into immunocompromised mice as low cell numbers. As previously described
in other cancers, these pancreatic CSCs were able to form tumor histologically
indistinguishable from the parent tumor. CD24+CD44+ESA+ pancreatic tumor cells also
demonstrated a disproportionate upregulation of developmental signaling pathway genes
such as Sonic Hedgehog (SHH), as compared to CD24-CD44-ESA- cells.
Similar studies demonstrated other populations within pancreatic cancer were also
capable of tumor initiation: CD133+ [32], CD44+c-Met+ [33], DCAMKL-1 [34],
ALDHhigh [35], ALDHhighCD133+ [36], and CD133+CD44+Oct4+Nestin+ [37] (Table 0-1).
4

CSC population

Described by

Year

CD24+CD44+ESA+

Li et al

2007

CD133+ & CD133+CXCR4+

Hermann et al

2007

CD44+c-Met+

Li et al

2009

DCAMKL-1

May et al

2010

ALDH1hi

Rasheed et al

2010

ALDH1hiCD133+

Kim et al

2011

CD133+CD44+Oct4+Nestin+

Wang et al

2013

Table 0-1: List of Cancer Stem Cells Described in Pancreatic Cancer

Many of the cancer stem cell markers functionally contribute to the “stemness” of the
CSC phenotype. CD44 is a transmembrane glycoprotein containing a hyaluronic acid
(HA) binding domain, responsible for cell to cell adhesion. c-MET is a surface receptor
for hepatocyte growth factor (HGF), which activates signaling pathways leading to
stimulation of proliferation and invasion [38-40].
Within the metastatic cancer stem cell populations, c-Met has been shown to control selfrenewal [41, 42] and upon inhibition of c-Met in the CD44+Met+ population metastasis
was blocked within mice [43]. Within the CD133+CXCR4+ metastatic CSC population,
only double positive populations were found circulating in the blood and metastasizing in
the liver. Further, inhibition of CXCR4 via AMD3100, this metastatic potential was
significantly inhibited [32].

5

Epithelial-Mesenchymal Transition (EMT) and metastasis
Several types of epithelial-mesenchymal transition are described in normal physiology
and pathology. During this transition, epithelial phenotype cells lose their polarization
and cell adhesions, becoming more mesenchymal or fibroblastic in morphology and
capable of dissemination throughout the organism. Type I epithelial-mesenchymal
transition describes the developmental process required for the organization of germ
layers and tissues within the embryo [44]. Type II EMT describes physiological
processes such as wound healing process and pathological processes such as organ
fibrosis, mediated by inflammation [45].
The epithelial-mesenchymal transition in tumor progression and metastasis is described
as type III EMT. During this process, epithelial-like cells within the primary tumor
undergo EMT in order to invade the basement membrane, enter the circulation,
disseminate through the body, and establish secondary colonies in distant organs.
Induction of EMT is a critical mechanism for the initiation of the metastatic process [45,
46].
Induction of epithelial-mesenchymal transition has been shown to occur from a wide
variety of stimuli, including inflammatory cytokines, such as interleukin-1 (IL-1),
transforming growth factor-beta (TGF-β), and tumor necrosis factor- alpha (TNF-α) or
environmental stressors, such as hypoxia. EMT transcription factors activated by these
signaling pathways (SNAI1, SNAI2, TWIST1, ZEB1) work in concert to activate the
complex EMT program. This activation leads to the transcriptional repression of
epithelial markers (E-cadherin, Claudins), reducing cell-cell junctions and cellextracellular matrix (ECM) adhesions and allowing for the cell to remove itself from the
surrounding tumor-ECM. EMT transcription factor activation also activates
mesenchymal markers (N-Cadherin, Vimentin, MMPs), allowing for increased cellular
6

motility through cytoskeletal remodeling. Expression of many of these mesenchymal
markers are correlated with a poor prognosis and decreased survival [47, 48].
Following the conversion of a polarized, epithelial-like cell to a motile, mesenchymallike cell, the following steps occur: local invasion, intravasation, extravasation, and
colonization. Once the EMT program is induced, cells of the primary tumor (frequently
located at the invasive front of the tumor [32]) breach the basement membrane mediated
by the activation of proteases, such as matrix metalloproteinases (MMPs), allowing for
invasive, motile tumor cells to separate from the primary tumor and enter the circulation.
Rhim et al utilized a spontaneous pancreatic cancer murine model (KPC) labeled with
YFP to characterize cells from the tumor, circulating within the mouse. This model
demonstrated over a 100-fold enrichment of CD24+CD44+ circulating cells as compared
to the primary pancreatic adenocarcinoma, with 0.30% in the primary PDAC and 46.4%
of YFP+ circulating cells [49].
Signals such as SDF-1/CXCL-12 may direct circulating tumor cells toward a specific site
for extravasation, or exit from the circulation [32, 50]. Once settled, cell(s) undergo the
reversal of EMT: Mesenchymal-Epithelial Transition (MET) to colonize and form a
metastatic lesion. During MET, EMT transcription factors are repressed, allowing for the
reactivation of E-cadherin expression and cytokeratins and resulting in cell repolarization
and cell-to-cell reattachments.
There are two theories for the timeline of metastasis within tumor progression. Linear
metastasis describes a process in which metastasis is the last stage of tumor progression,
in which cells of the primary tumor accumulate mutations until they are capable of
metastasis. However, parallel metastasis occurs early on during pancreatic tumor
progression. There have been two recent studies describing early dissemination of
pancreatic cancer in a spontaneous murine model [49] and computational modeling of
7

human tumor progression [51].
The contribution of cancer stem cells within the process of metastasis is actively under
investigation. Cancer stem cell subsets are preferentially capable of colonizing distant
sites and have been shown fundamental in the context of several steps of metastasis.
Hermann et al, demonstrated CD133 positive populations present in higher numbers at
the invasive front of the tumor [32].
An argument can be made that differentiation for tumor cells puts a cell at a
disadvantage. The distinct environments that tumor cells are subjected to throughout
tumor progression require adaptation. The primary tumor, circulation, and metastatic
niches expose tumor cells to distinctive stressors. Such as hypoxia within the late-stage,
larger, primary tumor or shear stresses on circulating tumor cells within the circulation.
Hypoxia and shear stresses exemplify some of the different stressors in the environments
that cells of the different stages in tumor progression are exposed to. Cancer stem cells
are unique in that they are adapted to each of these scenarios.
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CHAPTER ONE : SIDE POPULATION IN HUMAN PANCREATIC CANCER

Minnelide™ effectively eliminates CD133(+) side population in pancreatic cancer.
Alice Nomura, Olivia McGinn, Vikas Dudeja, Veena Sangwan, Ashok K. Saluja,
Sulagna Banerjee.
Previously published in Molecular Cancer, 2015 November 23;12(1)200.
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SUMMARY
Background: Pancreatic Ductal Adenocarcinoma (PDAC) is a devastating disease
hallmarked by limited patient survival. Resistance to chemotherapy, a major cause of
treatment failure in PDAC patients, is often attributed to Cancer Stem Cells (CSCs).
Pancreatic CSCs are a small subset of quiescent cells within a tumor represented by
surface markers like CD133. These cells are responsible not only for tumor recurrence,
but also poor prognosis based on their “stem-like” characteristics. At present,
conventional therapy is directed towards rapidly dividing PDAC cells and thus fails to
target the CSC population.
Methods: MIA PaCa-2, S2-013 and AsPC-1 were treated with 12.5 nM triptolide (12 T
cells) for 7 days. The surviving cells were recovered briefly in drug-free growth media
and then transferred to Cancer Stem cell Media (CSM). As a control, untreated cells were
also transferred to CSM media (CSM). The 12 T and CSM cells were tested for stemness
properties using RNA and protein markers. Low numbers of CSM and 12 T cells were
implanted subcutaneously in athymic nude mice to study their tumorigenic potential.
12 T and CSM cells were sorted for CD133 expression and assayed for their colony
forming ability and spheroid forming ability. Invasiveness of 12 T cells, CSM and MIA
PaCa-2 were compared using Boyden chamber assays.
Results: Treated 12 T cells displayed increased expression of the surface marker CD133
and the drug transporter ABCG2 compared to untreated cells (CSM cells). Both 12 T and
CSM cells formed subcutaneous tumors in mice confirming their tumor-initiating
properties. When tested for invasion, 12 T cells had increased invasiveness compared to
CSM cells. CD133+ cells in both CSM and 12 T showed greater colony and spheroid
forming ability compared to CD133− cells from each group. Consistent with these data,
when injected subcutaneously in mice, CD133− cells from CSM or 12 T did not form any
tumors whereas CD133+ cells from both groups showed tumor formation at a very low
10

cell number. Despite pre-exposure to triptolide in 12 T CD133+ cells, treatment of tumors
formed by these cells with Minnelide™, a triptolide pro-drug, showed significant tumor
regression.
Conclusion: Our results indicated that triptolide enhanced and enriched the “stemness” in
the PDAC cell lines at a low dose of 12.5 nM, but also resulted in the regression of
tumors derived from these cells.
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INTRODUCTION
Pancreatic cancer is one of the most aggressive malignancies with an extremely poor
survival rate [52]. Even for patients who undergo potentially curative resection, the 5year survival is less than 5 % due to local recurrence and metastasis [53, 54]. Many
different chemotherapeutic agents, including the current standard of care, Gemcitabine,
have failed to demonstrate any significant survival advantage in patients with pancreatic
adenocarcinoma. Emerging evidence has shown that cancer stem cells (CSCs), a small
subset of quiescent cells within a tumor, are responsible for tumor recurrence [55].
The significance of CSCs in hematological malignancy as well as in solid cancers is well
known [30]. Pancreatic cancer stem cells (PCSC) were identified in 2007, when several
groups demonstrated the presence of CD24, CD44, epithelial specific antigen (ESA)
triple positive markers or CD133 positive cells had the ability to initiate tumor formation
in animals at very low numbers [31, 32]. Since then, many such surface markers have
been identified [56, 57] . These tumor initiating cells (TICs) or CSCs are thought to be
responsible for not only tumor recurrence but also chemo-resistance and metastatic
spread of a tumor. Pancreatic cancer stem cells have been reported to be resistant to
gemcitabine induced apoptosis [32]. Later, Shah et al [58, 59] and Du et al [59]
established gemcitabine-resistant pancreatic cancer cell lines and found that resistant cells
comprised of more cells with cancer stem cell-like phenotypes compared to the parental
cells.
Expression of the TIC marker CD133 in several cancers is shown to be associated with
increased expression of drug transporters like ABCG2 [60, 61]. Similarly, treatment with
low concentrations of a chemotherapeutic agent like gemcitabine has been reported to
enrich for CSC-like properties in a number of cancers [37, 58, 62]. Chemo-resistant CSCs
in a tumor can be characterized by “Side Population (SP) analysis” [63]. SP cells can
rapidly efflux lipophilic fluorescent dyes to produce a characteristic profile based on
12

fluorescence-activated flow cytometric analysis [64, 65]. Although representing only a
small fraction of the whole cell population, they appear to be enriched in stem-like cells
that can initiate tumors. Thus, they could provide a useful tool and a readily accessible
source for cancer stem cell studies [66, 67]. SP cells identified in bone marrow obtained
from patients with acute myeloid leukemia (AML) are candidate leukemic stem cells [68,
69]. They have also been identified in various human solid tumors and cancer cell lines
[59, 70]. However, the reports of their presence within pancreatic tumor have been rare.
Apart from imparting chemo-resistance to tumors, cancer stem cells and SP cells are also
associated with increased invasiveness [70]. CD133 expression, for example, has been
correlated with increased metastasis and poor prognosis in a number of cancers like
colorectal cancer and hepatocellular carcinoma [70]. In pancreatic cancer,
CD133+CXCR4+population and CD44+Met+ population show increased metastatic
potential when compared to the respective negative population [31, 32, 43]. Consistent
with this, genes involved in epithelial-mesenchymal-transition (EMT) are overexpressed
in cancer stem cells resulting in their increased invasiveness [71, 72]. Further, recent
evidence has demonstrated the surface expression of CD133 induces this invasive
phenotype through the activation of NF-kB signaling [61].
Triptolide, a diterpene triepoxide, and its water-soluble prodrug, Minnelide™, have been
very effective in a number of preclinical cancer models, including pancreatic cancer
murine models [15, 73, 74]. Recently, we demonstrated that Minnelide™ is effective in
not only reducing the bulk tumor, but also in targeting the tumor initiating
CD133+ population in pancreatic cancer [74]. However, the effect of triptolide on drug
resistant side-population has not been tested.
In the current study, we have developed a model in which treatment with very low dose
of triptolide of pancreatic cancer cell lines MIA PaCa-2, S2-013 and AsPC-1 results in a
“drug-tolerant” population of cells that are enriched for most “stemness” or tumor
13

initiating cell (TIC) markers for pancreatic cancer. These cells demonstrated increased
DNA dye efflux and formed tumors at low cell concentration in athymic nude mice.
Furthermore, these cells showed increased invasive properties and increased expression
of EMT genes. Interestingly, when treated with Minnelide™, these tumors showed
complete regression, indicating that Minnelide™ can effectively target pancreatic cancer
stem like cells.
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RESULTS
Long-term triptolide treatment enriches for SP cells
To determine if exposure to a very low dose of triptolide was effective in enriching for
the chemo-resistant side population in pancreatic cancer cell lines, we treated pancreatic
cancer cell lines MIA PaCa-2, S2-013 and AsPC-1 with 12.5 nM triptolide for 7 days. At
the end of this study, approximately 20 % of cells were viable (Figure 1-1a). These cells
(12 T) showed increased expression of the drug transporter gene ABCG2 (Figure 1-1b)
compared to the control cells (CSM). To evaluate if expression of drug transporter genes
was consistent with the DNA dye efflux property of these cells, we measured the ability
of 12 T cells to efflux the DNA dye Hoechst 33342. As expected, 12 T cells showed
increased DNA dye efflux property compared to the CSM cells and were thus similar to
the “side-population” or SP cells (Figure 1-1c and d).
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Figure 1-1: Long term triptolide enriches for SP cells
(a) Treatment of pancreatic cancer cell lines MIA PaCa-2, S2-013 and AsPC1 with 12.5 nM triptolide for
7 days resulted in 20% viable cells. (b) These cells (12 T) had increased expression of ABCG2 gene when
compared to untreated CSM cells. (c) Increased expression of ABCG2 correlated with increased DNA dye
efflux in MIA PaCa-2 12 T cells. (d) Quantitation of inhibition of DNA dye efflux on treatment with
Verapamil, an inhibitor of ABC transporter in 12 T and CSM cells. The error bars represent SEM (n = 4;
* = p < 0.05)
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Side population cells are enriched for CSC-like properties
SP cells generated as described in the previous section were assayed for previously
identified pancreatic cancer stem cell markers. 12 T cells from all cells lines showed
enrichment for CD133 (Figure 1-2a) and CD24+CD44+ESA+ populations (Figure 1-2b)
compared to parental cell lines (MIA PaCa-2, S2-013 and AsPC-1). Additionally, 12 T
cells also showed increased expression of the stemness genes Sox2, Oct4 and Nanog as
well as several developmental genes known to be deregulated in cancer stem cells, such
as SHH, Notch1, Gli1, and Jagged gene expression (Table 1-S1) and protein expression
(Figure 1-2c).

MIA PACA-2

S2-013

ASPC-1

SOX2

2.5 (+/-0.03)

3.4 (+/-0.02)

3.8 (+/-0.05)

NANOG

3.1(+/- 0.02)

4.2(+/-0.1)

2.9(+/- 0.03)

OCT4

2.2(+/- 0.1)

2.3(+/-0.02)

3.1(+/- 0.07)

NOTCH1

5.5 (+/-0.1)

4.3(+/-0.02)

4.4(+/-0.05)

JAGGED

4.8 (+/- 0.02)

5.1(+/- 0.08)

4.8(+/-0.02)

PTCH

6.2 (+/- 0.05)

5.4(+/- 0.1)

6.1(+/-0.1)

GLI

3.1 (+/- 0.03)

2.8 (+/- 0.02)

2.2(+/-0.05)

SHH

2.5 (+/- 0.02)

3.1 (+/-0.03)

2.3 (+/-0.02)

Supplementary Table 1-1: Expression of stemness genes in CSM and 12T cells
(Fold change in expression over CSM cells). SEM is represented within parenthesis.
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Figure 1-2: Side population cells are enriched for CSC-like properties
(a) 12 T cells showed higher percentage of CD133+ cells in all three cell lines tested: MIA PaCa-2, S2-013,
AsPC1. (b) 12 T cells also showed increased CD24+CD44+ESA+ cells compared to CSM cells. CSM and
12 T cells showed increased expression of stemness proteins like Jagged, Notch1 and Gli1 (c) Tumor
progression in athymic nude mice from (d) CSM cells and (e) 12 T cells. The error bars represent SEM
(n = 4; * = p < 0.05)

Since the definitive test of stemness is their ability to form tumors in animals, we injected
1000 and 10,000 MIA PaCa-2, CSM-MIA and 12 T-MIA cells in the flanks of athymic
nude mice. Mice with MIA PaCa-2 cells did not form tumors until the end of the study
(n = 5), whereas mice with CSM cells showed a tumor take of 11 % (1 of 9 formed
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tumors) in the 1000 cell group and 22 % (2 of 9 formed tumors) in the 10,000 cell group
(Figure 1-2d, e). Maximum tumorigenicity was seen in the 12 T group where mice
receiving 1000 cells showed a 44 % tumor take (4 of 9 mice formed tumors) and mice
receiving 10,000 cells showed 87 % tumor take (7 of 8 mice formed tumors) (Figure 12d, e; summarized in Supplementary Table 1-2).

Supplementary Table 1-2: Tumorigenicity with MIA PaCa-2, CSM and 12T cells

Number of animals in study

Tumor take at the end of study
(No. of tumor bearing
mice/total no. of mice)

MIA PaCa-2

5

0/5

CSM-1000

9

1/9

CSM-10000

9

2/9

12T-1000

9

4/9

12T-10000

8

7/8

Triptolide enriched CD133+ cells show increased stemness and tumor initiation
properties
Since treatment with low concentration of triptolide enriched for CD133+ cells in
pancreatic cancer cell lines, we next sorted for CD133+ cells and evaluated stemness
properties using the classical colony forming and spheroid forming assays in vitro and
tumor forming activity in vivo.
Sorted CD133+ cells from both CSM and 12 T formed colonies at high cell dilutions (100
cells) where as CD133− population did not (Figure 1-3a). Similarly, spheroid formation
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was observed in CD133+ population in both CSM and 12 T where as CD133− population
from either group did not (Figure 1-3b). To study if CD133+ population was tumorigenic,
we sorted cells based on CD133 expression and implanted them subcutaneously in the
flanks of athymic nude mice. Consistent with the in vitro surrogate experiments,
CD133+ cells from both CSM and 12 T groups formed tumors in mice where as
CD133− cells did not (Figure 1-3c, d). The tumorigenicity of the 12 T and the CSM cells
is tabulated in Supplementary Table 1-3. The H&E staining of the tumors obtained from
CSM or 12 T cells did not show any major difference in histology however increased
ALDH1 staining was observed in tumors derived from 12 T cells (Figure 1-3e).

Supplementary Table 1-3: Tumorigenicity with CSM-CD133+ and 12T-CD133+ cells

Number of animals in study

Tumor take at the end of study
(No. of tumor bearing
mice/total no. of mice)

CSM-CD133-

10

0/10

+

10

7/10

12T-CD133-

10

0/10

12T-CD133+

10

10/10

CSM-CD133
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Figure 1-3: Triptolide enriched CD133+ cells show increased stemness and tumor initiation properties
CD133+ cells from both CSM and 12 T cells
(a) increased colony forming ability and (b) increased spheroid forming ability when compared with
CD133− cells. Tumor volume over time from (c) 500 CSM CD133+ cells and (d) 500 12 T CD133+ cells
formed tumors in athymic mice while the CD133- cells did not form tumors in either group. (e) H&E
staining and immunofluorescence staining of ALDH1 of the CSM-CD133+ and 12 T-CD133+ derived
tumors. The error bars represent SEM (n = 4; * = p < 0.05)
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Triptolide enriched cells show increased invasiveness and increased expression of
EMT genes
Increased CD133 expression has been correlated with increased invasiveness [61, 74]. To
test this, we compared CSM cells with 12 T cells for their invasiveness by a Boyden
chamber invasion assay (Figure 1-4a). 12 T cells were 3 times more invasive compared to
the CSM cells. To confirm this further, we looked for expression of EMT genes using a
PCR array. Consistent with the invasion assay, the 12 T cells showed increased
expression of a number of genes involved in EMT. Transcription factors regulating EMT
(SNAI1, SNAI2, SOX10, TWIST1, ZEB1, ZEB2) were overexpressed in 12 T genes
when compared with the CSM cells (Figure 1-4b). EMT is also associated with a reorganization of cytoskeletal proteins. Classically, expression of CDH1 is downregulated
at the onset of EMT and the expression of CDH2 is increased. In keeping with this, we
found that CDH1 was downregulated in 12 T cells while CDH2 was upregulated. In
agreement with our data showing increased invasiveness of 12 T cells compared to
controls, increase in the matrix metalloproteases (MMP2/3/9) involved in extracellular
matrix reorganization of the tumor microenvironment during EMT were found to be
upregulated in 12 T cells (Figure 1-4c). To confirm these further, we looked for
expression of classical EMT markers like Vimentin in the tumors developed from 12 T
and CSM cells. As seen in vitro, the tumor cells developed from 12 T showed increased
expression for Vimentin compared to CSM cells (Figure 1-4d, e). Vimentin expression
also correlated with CD133 and ABCG2 protein expression (Figure 1-4d). The
densitometric quantitation of the protein bands confirmed this observation
(Supplementary Figure 1-1).
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Figure 1-4: Triptolide enriched cells show increased invasiveness and increased expression of EMT genes
(a) Boyden chamber assay showing increased invasion of 12 T cells compared to CSM cells. RNA
Expression of transcription factors involved in (b) EMT and (c) cytoskeletal re-organization gene
expression in 12 T cells compared to CSM cells. (d) Protein expression showing positive correlation of
CD133, ABCG2 and Vimentin in CSM CD133+ and 12 T CD133+ tumor bearing animals and (e)
immunofluorescence staining of Vimentin tumor expression. The error bars represent SEM (n = 4;
* = p < 0.05)
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Supplementary Figure 1-1: Densitometric quantification of western blot bands of CD133, ABCG2, and
Vimentin

Tumors derived from CD133+ sorted cells respond to Minnelide™
We have previously shown that Minnelide™, a prodrug of triptolide, decreases
CD133+ stem cell population in the KPC mouse model of pancreatic cancer [61, 74]. To
further establish if tumors derived from CD133+ cells in human cell lines respond to
Minnelide™, we implanted CD133+ cells from CSM and 12 T into the flanks of 20
athymic nude mice (n = 10 for each cohort). Once the tumor volume reached 250 mm3,
mice from each cohort were randomized and one cohort was treated with Minnelide™.
Following 2 weeks of treatment, tumor regression was observed in both CSMCD133+ group (Figure 1-5a) as well as 12 T-CD133+ groups, and by the end of the study,
tumors from both the group had completely regressed. Tumor weight and tumor volume
measurements at the end of the study showed significant reduction in tumor weight
(Figure 1-5c, d) and tumor volume (Figure 1-5e, f).
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Figure 1-5: Tumors derived from CD133+ sorted cells respond to Minnelide™
Tumor progression after implantation of (a) CSM-CD133+ cells and (b) 12 T-CD133+ cells and treatment
with Minnelide™ (0.42 mg/kg body weight) in athymic nude mice. Tumor weight of (c) CSMCD133+ tumors and (d) 12 T-CD133+ tumors and tumor volume of (e) CSM-CD133+ tumors and f 12 TCD133+ tumors after treatment with Minnelide™. The error bars represent SEM (n = 4; * = p < 0.05)
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Supplementary Figure 1-2: Response of tumors derived from MIA PaCa-2 overexpressing CD133 to
Minnelide™ treatment

Supplementary Table 1-4: IC50 values for triptolide treatment of MIA PaCa-2 and CD133+ and CD133- of
CSM and 12T groups
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DISCUSSION
Accumulating evidence demonstrates that cells from human primary tumors and several
cancer cell lines are heterogeneous and hierarchically organized [75, 76]. A small
proportion of tumor cells, designated cancer stem cells (CSCs) or tumor-initiating cells,
appear to be associated with the expression of distinct cell surface markers,
tumorigenicity and resistance to conventional chemotherapy and radiotherapy [55]. CSCs
have properties similar to normal stem cells, such as the ability to self-renew, show drugefflux, slow cell cycling and differentiate into other cell phenotypes. Moreover, CSCs
appear to be correlated with malignance, metastasis, poor prognosis and long-term
recurrence [77, 78]. The heterogeneity of tumors is further demonstrated by the presence
of a subset of tumor cells which is able to rapidly efflux lipophilic fluorescent dyes to
produce a characteristic profile based on fluorescence-activated flow-cytometric analysis.
These cells are referred to as Side Population (SP) cells. SP cells show enrichment for
stem-like properties, are able to initiate tumors, and are also resistant to several antitumor compounds [79].
It has been suggested that increased exposure to chemotherapeutic compounds resulted in
a drug “tolerant” population of cells that show “stemness” properties [80]. Treatment of
pancreatic cancer cell lines with low dose of gemcitabine has shown enrichment of
“stem-like” cancer cells [81, 82]. Cancer stem cells or tumor initiating cells have been
known to become resistant to therapy with continued exposure to chemotherapeutic
compounds owing to increased expression of drug transporters like ABC transporters [81,
83]. Interestingly, overexpression of cancer stem cell marker CD133 has been reported to
result in up-regulation of the ABC transporters like ABCG2 [60, 61, 84, 85]. Increased
expression of ABCG2 is also characterized by increased drug efflux property of the cell,
increased chemo-resistance, and increased invasion [61, 86, 87].
In contrast to many conventional drugs, some treatments have been found to induce cell
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death in tumor-initiating or side population cells with efficacy in pancreatic cancer [15,
88]. Minnelide™, the pro-drug of triptolide, a compound derived from a Chinese herb,
has shown immense promise in a number of pre-clinical studies. Minnelide™ is currently
undergoing phase I clinical trials at the University of Minnesota- Minneapolis, MN and
Mayo Clinic- Scottsdale, AZ, with promising initial responses.
Our previously published study demonstrated that even after treatment with Minnelide™
is discontinued, the pancreatic tumors do not grow back [88]. This indicated that
treatment with Minnelide™ might be having a deleterious effect on the tumor initiating
cells (TICs) in pancreatic cancer. Our earlier results show that treatment with
Minnelide™ is able to significantly reduce the CD133+ population in the spontaneous
KPC (KrasG12D,Trp53 R172H,Pdx-1-Cre) murine model tumors and in human patient tumor
derived xenografts [74]. Further, tumors derived from CD133+ population in KPC tumor
derived cell line (KPC001) responded to Minnelide™ as well [74]. These observations
were extremely promising. Interestingly, when CD133 was overexpressed in MIA PaCa2 cells (that have a negligible CD133 expression), we observed increased tumorigenicity
in animals [61]. This indicated that CD133 was only just a surface marker that could be
used to identify pancreatic TIC, but a surface molecule with complex signaling activity in
a cell that resulted in the “stemness” property. When tumors derived from these cells was
treated with Minnelide™, they responded positively as well (Figure S2).
In the current study, treatment with a very low dose of triptolide (12.5 nM) resulted in
selection of a population of cells that were enriched for surface marker CD133 and
expression of the drug transporter ABCG2 (Figure 1-1 and 1-2). Additionally, these cells
had increased expression of stemness markers and showed tumorigenic potential at very
low concentration (Figure 1-2). Increased expression of CD133 is reported to correlate
with increased invasiveness [89, 90]. Consistent with this, our studies show that 12 T
cells had increased invasiveness compared to CSM cells (Figure 1-3). An analysis of the
genes involved in Epithelial-Mesenchymal Transition (EMT) revealed overexpression of
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genes that down-regulate the epithelial phenotype and up-regulate the mesenchymal
phenotype in a cancer cell (Figure 1-3). Our studies also revealed that expression of
CD133, ABCG2 and invasive markers like Vimentin, positively correlated with each
other. Since low dose triptolide treatment resulted in enrichment of CD133+ population,
we further tested this population for its “stem-like” properties. CD133+ cells formed
colonies in vitro and also showed spheroid formation in vitro. In vivo, the
CD133+ population from the triptolide treated 12 T cells initiated tumors that faster
growth than the CD133+ population from CSM cells (Figure 1-4).
The current study thus established an “in vitro model” for studying the properties
associated with cancer stem cells or tumor initiating cells. As seen in cancer stem cells
isolated from tumor xenografts, the 12 T cells showed similar enrichment of surface
markers CD24/CD44/ESA and CD133. These cells also showed an increased expression
of a number of developmental pathways associated with stemness like the hedgehog and
the Notch pathways. Many CSCs are characterized by increased expression of EMT
genes and drug transporters like ABC transporters. The 12 T cells, which were treated
with triptolide for an extended period, showed similar increased expression of EMT
along with increased invasiveness. Similarly, these cells also showed an increased
expression of ABCG2 and an increased DNA dye efflux (as a measure of increased
transporter activity). All these indicated that treatment with a low dose of triptolide in
vitro resulted in enrichment of a cancer “stem-like” population was also relatively drug
resistant, as reflected by their IC50 values (Figure 1-S3), and when implanted in animals
formed tumors and responded to Minnelide™ (Figure 1-5). Our previously published
results indicate that though the CD133+ cells were generally resistant to both of the
standard chemotherapeutic drugs (gemcitabine, 5FU and paclitaxel), they were typically
responsive to Minnelide™ [74].
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CONCLUSION
Recurrence of pancreatic tumors following surgical resection contributes to the poor
survival rate of patients diagnosed with this disease. As tumor recurrence is attributed to
the presence of cancer stem-like cells in a tumor, the evaluation of any drug against this
population is of utmost importance. This study, in addition to our previous work in a
syngeneic murine model, provide compelling evidence for Minnelide™ treatment against
pancreatic cancer initiating cells. Minnelide™ has shown promise in pre-clinical
evaluations and is currently undergoing Phase 1 clinical trials.
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METHODS
Cells and reagents
Pancreatic cancer cells MIA PaCa-2, AsPC-1 was obtained from ATCC. S2-013 was a
cell line derived from the metastatic SUIT-2 cell line and was a gift from Professor
Masato Yamamoto. MIA PaCa-2 was grown in DMEM-High Glucose with 10 % FBS,
S2-013 was grown and cultured in RPMI with 10 % FBS and AsPC-1 was maintained
and cultured in 20 % FBS. All cell growth media included 1X Penicillin-Streptomycin.
EGF, FGF, and B12 supplements were obtained from Life technologies. CD133 magnetic
beads were obtained from Miltenyi Biotech, CD24, CD44, ESA were purchased from BD
Biosciences. Ki-67 antibody was purchased from Thermo Fisher.

Generation of triptolide tolerant cells
Pancreatic cancer cells MIA PaCa-2, S2-013 and AsPC-1 were treated with 12.5 nM
triptolide (in 10 % FBS-containing medium) for 7 days. Following treatments, the viable,
triptolide tolerant cells were allowed to recover in a drug free serum containing media for
48 h. The cells were next transferred to a Cancer Stem Cell medium (CSM):F12:DMEM
supplemented with EGF, FGF, B27 Supplement along with fungizone and penicillinstreptomycin. These treated cells were referred to as 12 T. In parallel, another batch of
cells was grown in full medium without triptolide and was referred to as CSM. 12 T and
CSM cells were used for various cell and animal experiments.

Flow cytometric analysis of isolated samples
Cells were washed once in PBS and gently scraped into 15 mL centrifuge tubes, washed
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in PBS prior to staining and stained with the following directly conjugated monoclonal
antibodies in the presence of FcR blocking reagent (Miltenyi Biotech): anti-mouse
CD133-PE (Miltenyi Biotech), anti-mouse CD44-FITC (BD Biosciences), ESA-APC
(BD Bioscience) and CD24-PE (BD Biosciences, USA). IgG isotype controls
corresponding to each directly conjugated fluorophore were utilized to identify, quantify,
and positively select desired cell populations. All FACS analyses were performed on a
BD FACS Canto II (BD Biosciences) using FACS Diva (BD Biosciences) and FlowJo
(Tree Star, Ashland, Oregon) software. Debris and cell clusters were excluded during
side-scatter and forward-scatter analyses.

RNA and protein analysis
For protein analysis, the cells were lysed in RIPA buffer (Boston Bioproducts) containing
protease inhibitors (Roche) on ice for 15 min. The protein in the cell lysate was
quantitated using the BCA protein quantitation kit (Pierce). Equal amount of protein for
CSM and 12 T population was then separated on a SDS PAGE and transferred to
nitrocellulose membrane. Expression of different proteins following treatment was
studied using western blotting and hybridization.
For transcript analysis, RNA was isolated from this population using Trizol (invitrogen)
according to manufacturer’s protocol. Real time PCR analysis was performed after
synthesizing cDNA (Applied Biosystems) in an ABI7300 instrument (Applied
Biosystems).
EMT PCR array (SA Biosciences) was used to study expression level of genes involved
in EMT according to manufacturers instruction.
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Animal experiment
All animal experiments were performed according to the University of Minnesota Animal
Care Committee guidelines. Sorted cells were washed with serum-free HBSS and
suspended in serum free-DMEM/Matrigel mixture (1:1 volume). Either 1000 or 10,000
cells (CSM, 12 T sorted for CD133+ or CD133−) were injected subcutaneously into the
right and left flank of age and gender matched C57BL/6 mice (Jackson Laboratories). 10
mice were used in each group. Tumor were measured weekly and volume was calculated
by the formula: 0.52 x l x w2. Tumors were allowed to grow until they reached a volume
of 1 cm3, at which the mice were sacrificed and the tumor tissue was harvested and
processed for flow cytometry, immunohistochemistry, protein or RNA experiments.

Treatment with Minnelide™
Minnelide™ treatment was started 5 days after tumor implantation. 0.42 mg
Minnelide™/kg body weight was administered intra-peritoneally QD for 25 days.
Tumors were measured as stated above. At the end of study, animals were sacrificed
according to the University of Minnesota Animal Care guidelines.

Side population assay/DNA dye efflux assay
Side population analysis was done according to the protocol of Goodell et al [91].
Briefly, cells (1X 106 cells/mL) were incubated in pre-warmed DMEM/5 % FBS
containing freshly added Hoechst 33342 (5 µg/ mL final concentration) for 90 min at
370C with intermittent mixing. In some experiments, cells were incubated with the
Hoechst dye in the presence of verapamil (50 µmol/L) At the end of incubation, cells
were spun down at 4 °C and resuspended in ice-cold PBS. PI (2 µg/mL final
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concentration) was added for 5 min before fluorescence-activated cell sorting (FACS)
analysis, which allows for the discrimination of dead versus live cells. The Hoechst dye
was excited with the UV laser at 351 to 364 nm and its fluorescence measured with a
515-nm side population filter (Hoechst blue) and a 608 EFLP optical filter (Hoechst red).

Statistical analysis
Values are expressed as the mean ± SEM. All in vitro experiments were performed at
least three times. Statistical significance of results was calculated using the Student’s ttest. Columns represent Mean; bars represent Standard Error (n = 4; * = p < 0.05).
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CHAPTER TWO : CD133+ TUMOR INITIATING “STEM-LIKE” CELLS IN A
SYNGENIC MURINE MODEL OF PDAC

CD133+ tumor initiating cells in a syngenic murine model of pancreatic cancer
respond to Minnelide™.
Sulagna Banerjee*, Alice Nomura*, Veena Sangwan*, Rohit Chugh, Vikas Dudeja,
Selwyn M. Vikers, Ashok K. Saluja.
Previously published in Clinical Cancer Research. 2014 May 1;20(9):2388-99.
*authors contributed equally to this work

©2014 AACR. This article is featured in Highlights of This Issue.

35

SUMMARY
Purpose: Pancreatic adenocarcinoma is the fourth leading cause for cancer-related
mortality with a survival rate of less than 5%. Late diagnosis and lack of effective
chemotherapeutic regimen contribute to these grim survival statistics. Relapse of any
tumor is largely attributed to the presence of tumor-initiating cells (TIC) or cancer stem
cells (CSC). These cells are considered as hurdles to cancer therapy as no known
chemotherapeutic compound is reported to target them. Thus, there is an urgent need to
develop a TIC-targeted therapy for pancreatic cancer.
Experimental Design: We isolated CD133+ cells from a spontaneous pancreatic ductal
adenocarcinoma mouse model and studied both surface expression, molecular markers of
pancreatic TICs. We also studied tumor initiation properties by implanting low numbers
of CD133+ cells in immune competent mice. Effect of Minnelide™, a drug currently
under phase I clinical trial, was studied on the tumors derived from the CD133+ cells.
Results: Our study showed for the first time that CD133+ population demonstrated all the
molecular markers for pancreatic TIC. These cells initiated tumors in immunocompetent
mouse models and showed increased expression of prosurvival and proinvasive proteins
compared to the CD133− non-TIC population. Our study further showed that
Minnelide™ was very efficient in downregulating both CD133− and CD133+ population
in the tumors, resulting in a 60% decrease in tumor volume compared with the untreated
ones.
Conclusion: As Minnelide™ is currently under phase I clinical trial, its evaluation in
reducing tumor burden by decreasing TIC as well as non-TIC population suggests its
potential as an effective therapy.
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INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is currently the fourth most frequent cause of
cancer-related deaths [92]. Aggressive biology, chemoresistance, and recurrence of the
tumor make PDAC one of the most devastating cancers.
Since their discovery, tumor-initiating cells (TIC) have referred to a quiescent population
of cells that is capable of causing recurrence, both local and distal to the site of tumor.
Pancreatic TICs were first isolated as a CD24+CD44+ESA+ population from human
xenografts by Li and colleagues [31]. Subsequently, CD133 was identified as a TIC for
PDAC [32]. Both groups demonstrated tumor-initiating properties in the cells enriched
for these markers. Pancreatic TICs have been further characterized using other surface
markers, including CXCR4 [32, 93], Met [43], aldehyde dehydrogenase activity [35, 36,
94], or ABCG2 [56, 95].
CD133, a transmembrane pentaspan protein, was initially described as a surface antigen
specific for human hematopoietic stem cells [96, 97]. Although the biologic function of
CD133 remains unknown, CD133 is well recognized as a stem cell marker for normal
and cancerous tissues. It has recently been demonstrated that CD133 is a marker of
putative pancreatic progenitor cells in mice [98]. In humans, CD133 is expressed on
terminal ductal cells in the adult pancreas and carcinoma cells in pancreatic ductal
adenocarcinoma [57, 99].
TICs are hypothesized to arise by either accumulation of mutations in stem cells or
progenitor cells resulting in dysregulation of several self-renewal pathway genes.
Consistent with this, pancreatic TICs have been reported to show increased expression of
developmental transcription factors such as Sox2, Nanog, Oct4 [100], and several
Hedgehog and Notch pathway genes [31, 101]. Apart from the above features, resistance
to apoptosis by upregulation of Bcl-2 and Survivin genes has been associated with
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pancreatic TICs [59]. TICs are also associated with increased invasiveness. Pancreatic
TIC population CD133+/CXCR4+ or Met+/CD44+ has been reported to be more invasive
than either population alone.
Most studies on pancreatic TICs have involved isolation of cells from patient tumor
tissue and propagation in immunocompromised mouse models such as severe combined
immunodeficient (SCID) mice or athymic nude mice [31, 32, 102]. However, xenografts
in immunocompromised mice lack the syngenic interface between tumor and host
microenvironment crucial for understanding tumor dynamics. One of the
immunocompetent mouse models for pancreatic carcinogenesis is based on the pancreasspecific expression of endogenous mutant Kras and Trp53 alleles (LSL-KrasG12D, LSLTrp53R172H, Pdx-Cre or KPC mice). These KPC mice spontaneously develop primary
pancreatic tumors that recapitulate the clinical and histopathologic features of the human
disease [103, 104].
TICs often display resistance to cytotoxic cancer therapies, permitting the repopulation of
tumors after radiation or chemotherapy. Several groups have demonstrated that TICs
from multiple cancer types exhibit resistance to conventional cancer therapies [105].
PDAC is known to be resistant to most chemotherapeutic drugs. However, triptolide, a
diterpene triepoxide from the Chinese plant Trypterygium wilfordii, downregulates heat
shock genes [106, 107] and induces apoptotic death in pancreatic cancer cells [15, 108,
109] has been an exception to this. Triptolide and its water soluble prodrug Minnelide™
was recently reported to be very effective in tumor regression in a number of murine
models [15]. Other authors have demonstrated the efficacy of triptolide by inhibition of
proliferation within a number of additional malignancies, including cholangiocarcinoma
[110, 111], osteosarcoma [112], and neuroblastoma [113]. However, efficacy of triptolide
has not been tested on CSCs.
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In this study, we have identified a population of CD133+ cells from the tumors developed
from the KPC transgenic mouse model of PDAC. We have shown that this population
expresses a number of CSC markers (surface markers, transcriptional markers, and
developmental markers); has a significantly higher expression of prosurvival genes like
the heat shock proteins, Bcl-2 and Survivin; higher NF-κB activity and has tumor
initiating properties in a syngenic, immunocompetent system. We have further shown
that these cells, and the tumors derived from these cells, respond to Minnelide™, which
effectively lowers the pro-proliferative pathways and induces cell death.
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RESULTS

KPC tumors and cells exhibit a population of CD133+ TICs
We analyzed 3 primary KPC tumors and 2 cell lines derived from KPC mouse tumors for
PDAC for the different stem cell markers. A flow cytometric analysis showed these cells
had 6% to 9% of CD133+ population (Figure 2-1A and Supplementary Table S1). A
population of CD24+/CD44+/ESA+ cells were also present but to a much lesser percent
(3% to 4%) compared with the CD133+ population (Figure 2-1B). A minor population of
these cells (∼2%) also showed higher Aldh1 activity (Figure 2-1C). To put our study in
perspective, we studied TIC markers from a classical TIC model: human tumors
transplanted in mice as well as one that was freshly isolated tumor. These tumors showed
3% to 4% CD133+ cells whereas 1% to 2% CD24+CD44+ESA+ cells.
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Figure 2-1: KPC tumors and cells exhibit a population of TICs
KPC cells show expression pancreatic TIC markers. (A) representative CD133 expression; (B)
CD24+/CD44+/ESA+ expression; and (C) Aldh1 activity in KPC cells. (D) fold change in mRNA expression
of a number of TIC markers in KPC cells compared with normal ductal cells.

41

Table 2-1: Tumorigenicity of CD133+ population, CD133- population, and unsorted KPC cells

To see if the percent of CD133+ cells differed in metastatic tumors or in accumulated
ascitic fluid in KPC tumor bearing animals, we analyzed cells from accumulated ascitic
fluid from these animals. Our analysis showed ∼2% CD133+ cells were present in ascitic
fluid from 3 animals tested. Similarly, cells from a liver metastasis nodule from a
pancreatic tumor bearing KPC animal also showed ∼2% CD133+ cells. The relative
abundance of CD133+cells from primary tumor, malignant ascites, or metastatic nodules
is summarized in Table 2-1.
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Table 2-2: TIC markers cells in different pancreatic tumors and cell lines

Our results showed that CD133+ population was higher (6%–9%) in the primary tumor
whereas it was ∼2% to 3% in malignant ascitic cells or metastasizing cells. We next
looked for expression of genes involved in development of the pancreas and known to be
upregulated in pancreatic TICs. KPC cells showed several hundred fold overexpression
of CD133, Sox2, Nanog, Aldh1, CXCR4, SHH, Gli, and Notch genes (Figure 2-1D)
compared with the normal pancreatic ductal cells. These data indicated that KPC cells
harbor a population of TICs characterized by the same markers as was previously
reported from the human tumor xenografts and pancreatic cancer cell lines [53, 54].
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CD133+ population in KPC cells includes ALDH1+ and CD24+/CD44+/ESA+
subpopulations
Because ∼6% to 9% of cells derived from the KPC tumor were found to be CD133+, we
used magnetic cell sorting (MACS) with anti-mouse CD133 (AC133) coupled
microbeads to isolate this population. The enrichment for CD133 was verified by flowcytometry using CD133 antibody (AC141) against a different epitope after purification.
Approximately, 97% purity was achieved consistently (Figure 2-2A) by this cell
separation technique. Sorted cells were labeled with CD24, CD44, and ESA antibody and
assayed for Aldh1 activity. It was observed that CD133+ population from KPC001,
KPC023 as well as cells isolated from KPC primary tumors, included the
CD24+CD44+ESA+ population, whereas the CD133− did not (Figure 2-2B and
Supplementary Fig. S1A). It was also seen that CD133+ population harbored cells with
maximum Aldh1 activity whereas the CD133− population lacked any Aldh1 activity
(Figure 2-2C and Supplementary Fig. S1A). This indicated that both
CD24+CD44+ESA+ population and Aldh1+ population were subpopulations of CD133+
cells. This was further confirmed with immunofluorescence, which showed that only
CD133+ cells costained with Aldh1 (Fig. 2D).
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Figure 2-2: CD133+ population in KPC cells includes ALHD1+ and CD24+/CD44+/ESA+ subpopulation
CD133+ subset in KPC cells expressed TIC markers associated with other cell types.
A, enrichment of KPC CD133+ population by MACS; B, CD44+CD24+ESA+population within
CD133− cells and CD133+ population. C, Aldh1 activity within CD133− cells and CD133+ population. D,
coexpression of CD133+/Aldh1+ by immunofluorescence.
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Expression of CD133 in pancreatic cancer cell lines correlate with their invasiveness

CD133 expression has been correlated with poor prognosis in hepatocellular carcinoma
(33). To evaluate if higher levels of CD133+ cells correlated with increased
aggressiveness in pancreatic cancer cells, CD133 expression in normal pancreatic ductal
cells was compared with cancer cell lines (MIA-PaCa2, BxPC3, Capan1, S2013, and
S2VP10, AsPC1), human patient tumor xenografts, and KPC tumor–derived cells.
KPC001, KPC023 derived from the tumor had increased (6%–9%) expression of CD133
compared with 1%–4% in all the other cells (Supplementary Fig. S1B). No significant
expression of CD133 was seen in normal pancreatic ductal cells (0.01%) and 0.5% to 1%
expression of CD133 was observed in the less aggressive pancreatic cancer cells such as
MIA-PaCa2. The KPC001 cells (with 8% CD133) showed increased rate of migration
(assayed as a measure of wound healing ability) compared with the other pancreatic
cancer cell lines (Supplementary Fig. S1C). Migration was measured by ECIS and the
data were represented as changing impedance over time. Because KPC cells showed
increased invasiveness and because they had higher CD133 expressing cells, we studied
the expression of genes involved in EMT in CD133+ and CD133− cells isolated from the
KPC cell lines (both KPC001 and KPC023). Consistent with the functional assay,
expression of EMT-associated transcription factors such as SNAI1, SLUG, and Twist
were 10- to 80-fold higher in CD133+ cells (Supplementary Fig. S1D).
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Supplementary Figure 2-1: Expression of CD133 in pancreatic cancer cell lines correlate with their
invasiveness
(A) All CD133+ cells isolated from different tumor cell lines and/or tumors showed expression of
CD24+CD44+ESA+ markers and Aldh+ marker while CD133- population did not show any expression of
these. (B) Expression of CD133 in different pancreatic cancer cell lines. (C) CD133 expression correlates
with increased migration in pancreatic cancer cell lines. (D) Expression of genes involved in EMT were
higher in CD133+ population compared to CD133- population. (E) Proliferation of CD133+ and CD133cells were tested by trypan blue exclusion method.
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CD133+ cells show tumor-initiating property in a syngenic model at low cell
numbers

Tumorigenicity of CD133+ population was next tested by injecting 100, 50, and 10
MACS sorted cells subcutaneously in both flanks of C57BL/6 mice. Tumor volume was
measured weekly to monitor tumor growth (Figure 2-3A). Tumors formed from 10
CD133+ cells in these mice within 3 weeks of cell injection. Neither CD133− cells nor
unsorted cell (Figure 2-3B) population formed tumors up to 2 months post-inoculation at
these cell numbers. Unsorted KPC cells did not show tumor formation until 20,000 cells
were injected. Tumorigenicity of CD133+ cells is summarized in Supplementary Table
S1. To put our study in perspective, we isolated CD133+ cells from 3 human tumor
xenografts propagated in mice and implanted these at low numbers in
immunocompromised SCID mice. CD133+ cells showed tumor initiation at as low as 100
cells whereas CD133− cells did not even at 1,000 cells (Supplementary Fig. S2A–S2D).
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Figure 2-3: CD133+ cells formed serially transplantable tumors in immune-competent mice
(A) tumor progression with different numbers of CD133+ cells. (B) representative pictures of C57BL6 mice
showing tumor from 10 CD133+ cells, whereas CD133− and unsorted KPC did not form tumors with this
number. CD133+ cells showed early tumorigenesis in an orthotopic model: tumor progression in an
orthotopic model of pancreatic cancer showed tumor formation in CD133+ cells as early as 20 days as
compared with unsorted cells that did not form tumors (C). H&E staining showing histology of tumors in
an orthotopic model (D).
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Supplementary Figure 2-2: CD133+ population from human tumor xenografts in SCID mice showed tumor
formation
(A). Representative pictures of mice bearing tumors from CD133+ cells; (B) H&E staining showing
histology of tumors developed from CD133+ population; (C) Tumor progression over time (X-Axis). Very
low cell numbers were used; (D) CD133- population did not form tumors from these mice.
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Because one of the hallmarks of cancer stem cells is their ability to generate serially
transplantable tumors that recapitulate the cellular and histologic structure of the parent
tumor (3, 34), we injected 100 CD133+ cells subcutaneously into the flanks of the
C57BL/6 mice. Tumors formed in an average of 21 days. 1 mm3 tumor pieces were
implanted into a new set of C57BL/6 mice and observed for a month once the parental
tumor reached a volume of 700 to 800 mm3. Similar transplantation was done with the
second-generation tumors, once they reached a size of 700 to 800 mm3 (Supplementary
Fig. S3A and S3B). The tumors from all the 3 generations were histologically identical as
seen by H&E staining (Supplementary Fig. S3C), and showed identical proliferation
pattern as seen by Ki67 staining (Supplementary Fig. S3D). This indicated that tumorinitiating CD133+ cells had tumorigenic properties that were sustained with serial
transplantation in animals.
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Supplementary Figure 2-3: CD133+ population formed serially transplantable tumors
(A) Progression in all three generations of serially transplanted tumors, (B) Representative pictures of
tumor bearing mice in all 3 generations. (C) Transplantable tumors showed identical histology and (D)
proliferation pattern. Orthotopic implantation of KPC CD133+ population resulted in an increased
accumulation of ascitic fluid compared to implanted unsorted population.
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CD133+ cell population promoted early tumorigenesis in an orthotopic mouse model

Five hundred CD133+ cells were implanted in the tail of the pancreas in 20 mice and
tumorigenesis was compared with 5,000 unsorted KPC cells. Groups of 5 to 7 mice were
sacrificed at days 10, 20, and 40 after implantation and tumor development was assessed
upon necropsy. Mice with CD133+ cells developed visible and palpable tumors by day 20
whereas the mice with 5,000 unsorted KPC cells showed a delayed tumor growth (Figure
2-3C). By day 40 of implantation, tumors derived from CD133+ cells had an average
volume of ∼900 mm3, whereas tumors derived from unsorted KPC cells had an average
volume of ∼300 mm3. The experiment was terminated at day 40 owing to morbidity in the
CD133+group. CD133+ mice also showed increased ascites volume (0.978 ± 0.234 mL)
compared with unsorted KPC cells (0.098 ± 0.05 mL), indicating increased
aggressiveness of the CD133+ derived tumor (Supplementary Fig. S3E). Histology of the
pancreas in the 2 groups at day 20 and day 40 after tumor implantation showed early
onset of tumor in CD133+ inoculated animals compared to the unsorted KPC cells
(Figure 2-3D). These data indicated that CD133+ cells are responsible for early tumor
formation resulting in increased accumulation of ascitic fluid.

CD133+ cells have higher expression of HSPs and antiapoptotic genes and show
increased NF-κB activity

We next analyzed the expression of proinvasion and survival genes in the
CD133+population of KPC cells. Antiapoptotic and prosurvival genes Bcl-2 and Survivin
were 4- to 5-fold higher in the CD133+ population compared with the CD133− population
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(Figure 2-4A). Similarly 3- to 4-fold higher expression of TIC-specific genes such as
Nanog (4-fold) and Sox2 (2-fold) were also observed in CD133+ population versus the
CD133− population (Figure 2-4B). CD133+ cells also showed ∼4-fold increased
expression of CXCR4 compared with CD133− cells. Heat shock proteins are
overexpressed in pancreatic cancer allowing increased survival. HSP70, GRP78, HSP27,
HSF1 were found to be at least 3- to 4-fold higher in CD133+ cells compared with
CD133− cells (Figure 2-4C). This increase in mRNA expression corresponded to an
increase in protein expression of GRP78, HSP70, and Bcl-2 in CD133+ cells versus
CD133−, unsorted KPC or normal pancreatic ductal cells (Figure 2-4E). Both GRP78 and
HSP70 (Supplementary Fig. 2-S4A–S4C) showed increased staining in
immunohistochemistry CD133+ cell–derived tumor.
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Figure 2-4: CD133 cells have higher expression of prosurvival proteins
Fold change in mRNA expression of (A) Bcl-2 and Survivin, (B) developmental markers, and (C) heat
shock genes of CD133+compared with CD133− KPC cells. NF-κB activity in CD133+ and CD133− cells
(D). Wild-type and mutant oligos were used as specificity controls for NF-κB binding assay.
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Supplementary Figure 2-4: Pro-survival protein expression is increased in CD133+ derived tumors
CD133+ derived tumor immunohistochemistry staining of (A) GRP78 and (B) HSP70 and (C) western blot
expression.

A gene expression profile of CD133+ cells as compared with CD133− cells was
performed using an Illumina microarray on RNA isolated from these cells. One of the
genes overexpressed in CD133+ subset was IDH1, a metabolic enzyme that has been as a
potential oncogene in a number of cancers (35, 36). Increased expression of IDH1 in
CD133+ was confirmed by quantitative real-time (qRT)-PCR (Supplementary Fig. 2-S5).
Because NF-κB signaling pathway regulates survival, invasion, and apoptosis in tumor
cells, we analyzed DNA binding activity of CD133+ cells and compared it to the
CD133−cells. CD133+ cells had increased (∼2.5-fold) NF-κB DNA binding activity
compared with CD133− cells (Figure 2-4D).
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Supplementary Figure 2-5: Illumina microarray for CD133+ and CD133- cells
Heat map showing expression differences in CD133+ vs CD133- population (A). IDH1 was found to be
overexpressed in CD133+ cells. Results were validated by qRTPCR (B).

Minnelide™ induced apoptosis and decreased proliferation in CD133+ pancreatic
cancer cells and caused CD133+ cell–derived tumor regression

To study if CD133+ cells were resistant to other cytotoxic chemotherapeutic agents such
as paclitaxel, 5FU or current standard of care gemcitabine, KPC cells were sorted for
CD133 and both positive and negative cells were treated with different concentration of
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5FU, paclitaxel, triptolide, and gemcitabine. 5FU and paclitaxel reduced viability of
CD133− cells but did not have any effect on CD133+ cells. Gemcitabine did not affect
either positive or negative population at a lower dose and reduced the viability of
CD133− cells at a higher concentration. Interestingly, triptolide was seen to reduce
viability of CD133+ (0.4+/0.02) similar to CD133− cells (0.32 ± 0.04; Fig. 5A).

Figure 2-5: KPC cells respond to triptolide
A, viability of CD133+ and CD133− sorted cells with triptolide, paclitaxel, 5FU, and gemcitabine. B, tumor
progression after Minnelide™ treatment compared with untreated tumor. Minnelide™ reduces TIC
population in vivo. C, expression of CD133 in primary KPC tumors and CD133+ implanted tumors after
treatment with Minnelide™, (D) NF-κB activity in Minnelide™-treated and -untreated tumors from KPC
primary tumors and CD133+ cell implanted tumors. A total of 4 to 5 tumors were analyzed for each
experiment.
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To test the effect of Minnelide™ on CD133+-derived tumors, CD133+ cells were
implanted in flanks of C57BL/6 mice. Treatment with therapeutic dose of Minnelide™
(0.42 mg/kg body weight) was started once implanted tumors reached a volume of 300
mm3. Tumor progression as well as endpoint measurements of tumor volumes of treated
tumors showed ∼60% decrease in tumor volume in Minnelide™-treated tumors compared
with untreated ones (Figure 2-5B). Minnelide™-treated tumors also showed decreased
number of Ki-67 positive (∼30/field; Supplementary Fig. 2-S6A–S6C) indicating
decreased proliferation and increased TUNEL staining (∼60/field; Supplementary Fig. 2S6D–S6F) indicating apoptosis.

To test the efficacy of Minnelide™ in human patient tumor–derived xenograft, we sorted
CD133+ cells from a human tumor and generated subcutaneous tumors on the flanks of
NOD/SCID mice (n = 12 tumors). Treatment with Minnelide™ (0.42 mg/kg body
weight) was started when the tumors reached ∼1,000 mm3 in volume. Tumor regression
(871 ± 102 mm2) was apparent after 2 weeks of Minnelide™ treatment (Supplementary
Fig. 2-S6G).
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Supplementary Figure 2-6: CD133+ derived tumors treated with Minnelide™ show decreased proliferation,
increased apoptosis, and decreased stemness and pro-survival gene expression
Representative slides from tumors treated (B) and untreated (A) with Minnelide™ after staining with KI67. Ki67 staining was quantitated using ImageJ (C). Representative slides showing TUNEL staining after
treating with Minnelide™ (E). Untreated slides show very little staining (F). Quantitation of TUNEL by
Image J (F). Human tumor xenografted in mice also responded to Minnelide™ (G). Minnelide™ further
decreased expression of stemness genes and pro-survival genes (H) and anti-apoptotic genes (I).
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Minnelide™ reduced tumor-initiating population and inhibited prosurvival genes

Minnelide™ reduced the expression of the TIC markers in the CD133+ cell–generated
tumors as studied by flow cytometry. Minnelide™-treated tumors were seen to express
less CD133 (∼4%) compared with the untreated tumors (∼8%; Figure 2-5C). A similar
decrease (1.2% ± 0.32 compared with 3.5 ± 1.2) was observed in the expression of
CD24+/CD44+/ESA+ and in Aldh1 activity (0.3 ± 0.02 in Minnelide™ compared with
1.43 ± 0.78 in untreated) in tumors treated with Minnelide™ as compared with control
(data not shown).
To see if similar effects of this drug were obtained in primary KPC tumor–bearing mice,
we analyzed the primary tumors treated with Minnelide™. Our analysis showed that
Minnelide™ treated animals has 3% to 4% CD133+ cells compared with the untreated
animals that had 6% to 9% CD133+ cells (Figure 2-5C).
Minnelide™ also decreased the expression of genes involved in Hedgehog signaling
(3%), Notch signaling, stemness such as Nanog (19% of untreated), ALDH1 (2%),
CXCR4 (23%) prosurvival genes such as HSP70 (26%) and GRP78 (16%) and
antiapoptotic genes such as Bcl2 (8%) and Survivin (21%; Supplementary Fig. 2-S6H
and 2-S6I) compared with saline-treated animals. In additional, NF-κB activity was
decreased in Minnelide™-treated tumors (∼500 RLU/mg protein) compared with
untreated (2,670 RLU/mg protein; Fig. 5D). Thus, Minnelide™ seemed to downregulate
pro-proliferative pathways and decrease the CD133+ tumor-initiating population in
pancreatic cancer cells.
Similarly, Minnelide™ also decreased expression of the genes involved in the Hedgehog
signaling (9% of untreated), Notch signaling (18% of untreated), and stemness genes
(21% to 24% of untreated) in KPC animals bearing primary tumors. Consistent with our
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results obtained from implanted cells in C57BL/6 mice, Minnelide™ also decreased
expression of HSP70 (40% of untreated), GRP78 (32% of untreated), and other
antiapoptotic genes such as Survivin (41% of untreated) and Bcl-2 (26% of untreated).
Along with this, Minnelide™ also downregulated NF-κB activity in the primary tumors
(876 RLU/mg protein) compared with untreated tumor (3712 RLU/mg protein; Fig. 5D).
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DISCUSSION
TICs are a population of quiescent cells within a tumor that evade apoptosis and cell
death induced by standard chemotherapy, often resulting in tumor recurrence. As a result,
there is a need to develop therapy that can reduce this population and contribute to tumor
regression. In pancreatic cancer, TICs have been isolated using a number of markers,
including surface expression of CD133 [31, 32, 43, 56, 114].
However, all of these studies have been performed in either immunocompromised,
athymic nude mice, or in SCID mice. Although transplantation into these mice is the best
way of assessing tumorigenicity, such studies often cannot address the extent to which
these cells might be positively or negatively regulated by the actual physiology of animal.
As development of solid tumors is a complex phenomenon involving intricate interaction
with the host system, use of a syngenic model is a closer representation to actual tumor
development of PDAC from tumor initiating cells. In this study, we report isolation and
characterization of CD133-expressing TIC from a cell line derived from the KPC genetic
mouse model for pancreatic cancer in a syngenic host.
As reported by other groups, genetically engineered KPC mice are the closest clinical
representation of pancreatic adenocarcinoma [103]. Our study revealed that 6% to 9% of
the cells in primary pancreatic tumors from KPC mice as well as in the cell lines isolated
from the KPC tumors are CD133+. The CD133+ population was also responsible for
initiation of a fresh tumor in both subcutaneous and orthotopic models (Figure 2-3). The
CD133+ cells showed early tumorigenesis and increased invasiveness in both these
models. Particularly, in the orthotopic mouse model, CD133-derived tumors showed
increased accumulation of abdominal ascites compared with unsorted KPC cell–derived
tumor-bearing animals (Supplementary Fig. 2-S3E). The CD133+ cells derived from the
KPC model formed tumors from as low as 10 cells, which reflected their increased
tumorigenicity when compared with that of CD133+ cells isolated from human tumors
(that formed tumors from a minimum of 100 cells). In all these studies, the
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CD133− population did not form tumors in almost twice the amount of time.
The CD133+ population in KPC cells also included a smaller subset of Aldh+ population,
previously described as a TIC marker in SCID mice (Figure 2-2C and D; [35]).
Furthermore, the CD133+ population also contained an independent subset of
CD24+/CD44+/ESA+ cells, shown previously in human pancreatic cancer xenografts as a
population of TICs (Figure 2-2B; [31]).
Although pancreatic TICs have been well characterized, there has been limited study on
the dysregulation of molecular pathways in these cell populations. Biological function of
CD133 is currently unclear. Our study revealed that in addition to an expected increase in
expression of Bcl2 and Survivin genes, the CD133+ population had increased expression
of heat shock proteins; HSP27, HSP70, and GRP78. Previous studies from our group
have shown that HSP70 is overexpressed in pancreatic cancer cells and downregulation
of HSP70 results in loss of viability in PDAC cells [108, 115].
HSP70 thus functions as an inhibitor of apoptosis in pancreatic cancer. Similarly, HSP27
has been shown to have an increased expression in breast cancer stem cells [116].
GRP78, a heat shock protein family that is a gatekeeper of ER stress in eukaryotic cells,
has been found to be overexpressed in PDAC and involved in its cell survival. GRP78
was found to be crucial for embryonic stem cell precursor survival and also highly
expressed in hematopoietic stem cells [117].
In addition, GRP78 has been shown to be upregulated in TICs in other cancers [71, 118].
Our studies show an increased expression of HSP27, HSP70, and GRP78 in CD133+ cells
isolated from the tumor, as well as in immunohistochemical studies on tumors derived
from these cells (Supplementary Fig. 2-S4A–S4C). This may be of significant clinical
relevance as therapy targeted toward these proteins can be used for complete eradication
of pancreatic TICs.
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Along with overexpression of heat shock proteins, the prosurvival NF-κB pathway was
also overexpressed in CD133+ KPC cells (Figure 2-4D). The NF-κB pathway has been
reported to also regulate multiple phenomena in TICs from other cancers [71]. In the
KPC tumor–derived pancreatic cancer cell line, increased expression of NF-κB in the
CD133+ TICs indicate the role of this pathway in promoting tumorigenesis. Minnelide™
also reduced the expression of genes that define tumor initiating cells like Hedgehog and
Notch signaling pathway genes in CD133+-derived tumors (Supplementary Fig. 2-S6H
and S6I).
As expression of CD133 in different cell lines correlated with increased invasion, we
studied the expression level of EMT genes such as SNAI1, SLUG, Twist, and Vimentin.
CD133+ cells showed ∼5- to 10-fold increased expression of SLUG and Twist genes
whereas almost 50- to 80-fold increased expression of SNAI1 and Vimentin genes
compared with CD133− cells (Supplementary Fig. 2-S1D).
Overexpression of the IDH1 gene was seen in the gene expression microarray for
CD133+cells, as compared with CD133− (Supplementary Fig. 2-S5). However, there is no
report of IDH1 overexpression in this disease. IDH1 is a NADP+-dependent isocitrate
dehydrogenase, which catalyzes the oxidative decarboxylation of isocitrate to α
ketoglutarate. Overexpression of IDH1 in CD133+ cells of pancreatic cancer may indicate
increased metabolic activities in TICs.
It is now well-established standard chemotherapy targets rapidly proliferating cells as a
result of which the quiescent TICs evade the cytotoxic effect of the drug. Our studies
showed that CD133+ cells were indeed very slow proliferating compared with the
CD133−cells (Supplementary Fig. 2-S1E). Our lab has previously demonstrated that
Minnelide™ treatment prevents tumor recurrence and causes tumor regression in a
number of mouse models [15]. In this study, Minnelide™ was effective in decreasing
CD133+ population as well. Our in vitro study showed that the CD133+ population
responded equally to triptolide (the active compound) as the CD133− population,
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although both populations remained relatively resistant to gemcitabine, the current first
line of therapy for pancreatic cancer. Our study also showed that cytotoxic agents 5FU
and paclitaxel decreased the viability of CD133− cells whereas CD133+ cells were
unaffected (Figure 2-5A).
Consistent with our in vitro studies, a 50% to 60% decrease tumor volume within the
Minnelide™-treated group was observed in our animal studies along with almost 50%
decrease in the expression of stem cell marker CD133+ (Figure 2-5C). Similar regression
was also observed on tumors derived from CD133+ population of the human tumors
(Supplementary Fig. 2-S6G). Analysis of the CD133+-derived tumors showed a decrease
in tumor volume and less proliferation in Minnelide™-treated animals and increased cell
death by the drug (Figure 2-5A and Supplementary Fig. 2-S6). Treatment with
Minnelide™ also showed a similar decrease in expression of prosurvival genes (HSP70,
GRP78, Bcl-2, Survivin) in tumors (Supplementary Fig. 2-S6H and S6I). NF-κB activity,
which was upregulated in CD133+ population, was decreased in Minnelide™-treated
tumors (Figure 2-5D). Effect of other compounds targeting TICs have been studied in
pancreatic cancer (Supplementary Table 2-S2). However, all of these previous studies
have been done in immunocompromised models. This study is the first report showing
the effectiveness of Minnelide™ in an immunocompetent syngenic system.
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CONCLUSION
Our study on TIC in a syngenic animal system show that cells derived from KPC tumors
have a high percentage of CD133+ cells forming tumors from very low cell numbers.
This study shows that Minnelide™ regresses CD133+-derived tumor volume and reduces
the number of TICs in tumor. It also downregulates all the prosurvival proteins
overexpressed in these cells. The observation that Minnelide™ can reduce the TIC
population strengthens our earlier observation that it can prevent recurrence of pancreatic
tumor. This study is the first report of pancreatic TIC characterization in an
immunocompetent syngenic system as Minnelide™ is being evaluated in a phase I
clinical trial.
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MATERIALS AND METHODS
Mouse model, cell isolation, and establishment of primary tumor cell line
Moribund animals of the LSL-KrasG12D, LSL-Trp53R172H, and Pdx-Cre genetic
background was sacrificed and single-cell suspension was isolated by digestion with
collagenase B and dispase II. Cells were plated in medium containing growth factors and
2% serum. Medium was replaced with serum-free medium after 48 hours and cells were
maintained in it for 2 to 3 weeks in the absence of serum until all fibroblasts were
removed. Cells were then grown in Dulbecco's modified Eagle medium (DMEM) with
10% serum for all experiments. The 2 cell lines derived were named KPC001 and
KPC023. All experiments were carried out in 2 derived cell lines and 2 to 3 primary
tumors from KPC animals.

Isolation of CD133+ population
The CD133+ population was separated from the mouse progenitor cells and other
CD133−cells using MACS separation (Miltenyi Biotech) using manufacturers protocol.
Single-cell suspension was generated from tumors in KPC mice according to the Li and
colleagues (32). Non-epithelial progenitor cells were removed using anti-CD31-Biotin
(BD Biosciences) and anti-CD45 Biotin (BD Bioscience) using MACS technique. The
flow through free from the mouse progenitor cells was bound to anti-mouse CD133Microbeads for 10 minutes on ice and positively purified for CD133+ cells by MACS.
The purity of separation was tested for each batch by performing a FACS analysis using
anti-CD133-PE antibody AC141 (Miltenyi Biotech). The separated populations were
used for RNA, protein, and FACS analysis. Cells growing in culture were scraped gently
into centrifuge tube and washed once in wash buffer (PBS, 0.5% BSA, 2 mmol/L EDTA)
before binding to anti-mouse CD133 microbeads and proceeded as described earlier.
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Flow cytometric analysis of isolated samples
For flow cytometric analysis of tumor tissues, single-cell suspension was prepared
according to the protocol of Li and colleagues (32). Cells isolated from tumor, as well as
those growing in culture, were stained with directly conjugated monoclonal antibodies in
the presence of FcR blocking reagent (Miltenyi Biotech) with anti-CD133-PE (Miltenyi
Biotech), anti-CD44-FITC (BD Biosciences), ESA-APC (BD Bioscience), and CD24-PE
(BD Biosciences). The Aldefluor assay was performed per manufacturer's instructions
(Stem Cell Technologies) complete with DEAB controls. Immunoglobulin G (IgG)
isotype controls corresponding to each directly conjugated fluorophore were utilized to
identify, quantify, and positively select desired cell populations. All FACS analyses were
performed on a BD FACSCanto II (BD Biosciences) using FACSDiva (BD Biosciences)
and FlowJo (Tree Star) software. Debris and cell clusters were excluded during side- and
forward-scatter analyses.

Migration assay
Migration assay for different cell lines was conducted by Electric Cell–Substrate
Impedance Sensing (ECIS; Applied Biophysics). In ECIS, the cells are grown on the
surface of small and planar gold-film electrodes and the AC impedance of the cellcovered electrode is measured continuously at a frequency of 64 kHz. A total of 4 × 104
pancreatic cancer cells (MiaPACA-2, S2VP10, S2013, AsPC-1, and KPC001) were
seeded into an 8E1W ECIS array (Applied Biophysics containing a 250 µmol/L
electrode. Upon confluence, a high field current with frequency 48 kHz and amplitude 5
was applied for 10 seconds, killing cells overgrowing the electrode, creating “wounds” in
the wells devoid of cells.
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The migration was compared between each cell line at the end of each experiment, which
was presented as a measure of changing impedance over time after normalizing to the
time for wounding.

Immunohistochemistry
For immunohistochemistry, paraffin tissue sections were deparaffinized in xylene and
hydrated through graded ethanol. Slides were steamed with a Reveal Decloaker (Biocare
Medical) to minimize background staining. Sniper Universal Blocking Sera (Biocare
Medical) were used throughout the protocol. The slides were stained using anti-Ki67,
anti-HSP 70 antibody (Abcam), and anti-GRP78 antibody (Cell Signaling Technology).
Staining was detected using anti-rabbit secondary antibody conjugated to horseradish
peroxidase followed by Diaminobenzidine Peroxidase Substrate Kit (Vector
Laboratories). The tissue sections were counterstained with Gill hematoxylin (Vector
Laboratories). The primary antibody was omitted for the negative controls. TUNEL was
performed using the In SituCell Death Determination Kit (Roche Diagnostics) according
to manufacturer's protocol. For immunofluorescence, fluorescent antibody conjugates
were used after primary antibody staining. Slides were counterstained with 4′,6diamidino-2-phenylindole and visualized in a Nikon fluorescent microscope. Tissue
samples were incubated with mouse IgG1 isotype controls (BD Biosciences) and did not
demonstrate any specific staining.

NF-κB assay
NF-κB activity assay was performed on CD133+ sorted cells and Minnelide™-treated
CD133+generated tumors. DNA binding and downstream activation of NF-κB pathway
was assessed using a transcription factor binding ELISA (Thermo Scientific) according to
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manufacturer's instruction.

Illumina microarray for gene expression study of CD133+ and CD133−
Microarray studies were performed at the University of Minnesota Biomedical Genomics
Center. RNA samples from 3 independent cell sorts were submitted to the facility for
Illumina microarray analysis. Results were analyzed using GeneData Expressionist
software at the Minnesota Supercomputing Institute.

Animal experiment
All animal experiments were performed according to the University of Minnesota Animal
Care Committee guidelines.

Subcutaneous animal model
Sorted cells were washed with serum-free HBSS and suspended in serum-free
DMEM/Matrigel mixture (1:1 volume). A total of 10, 50, 100, and 500 cells
(CD133+/CD133−/unsorted) were injected subcutaneously into the right and left flank of
age and gender matched C57BL/6 mice (Jackson Laboratories). A total of 8 to 10 mice
were used in each group. Tumors were measured weekly and tumor volume was
documented. Tumors were allowed to grow until they reached a volume of 1 cm3, at
which the mice were sacrificed and the tumor tissue was harvested and processed for
other experiments.
For serial transplantation, tumor measuring ∼700 to 800 mm3 was chopped up into
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approximately 1 to 2 mm. Tumor pieces were implanted subcutaneously into right and
left flank of age matched 10 C57BL/6 mice. Tumors were measured weekly to monitor
their progress.

Treatment with Minnelide™
Minnelide™ treatment was started 5 days after tumor implantation following
randomization of animals. 0.42 mg Minnelide™/kg body weight was administered
intraperitoneally every day for 25 days. Tumors were measured as stated above. At the
end of study, animals were sacrificed according to the University of Minnesota Animal
Care guidelines.

Orthotopic animal model
For orthotopic model, 500 CD133+ cells or 5,000 unsorted KPC cells were injected into
the pancreas of 24 C57BL/6 mice. A total of 5 to 6 mice were sacrificed every 10 days to
monitor development of tumor in each group.

Statistical analysis
Values are expressed as the mean ± SEM. All in vitro experiments were performed at
least 3 times. Statistical significance of results was calculated using the Student t test.
Columns represent mean; bars represent SE (n = 4; *P < 0.05).
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SUMMARY
CD133 has been implicated as a cancer stem cell (CSC) surface marker in several
malignancies including pancreatic cancer. However, the functional role of this surface
glycoprotein in the cancer stem cell remains elusive. In this study, we determined that
CD133 overexpression induced “stemness” properties in MIA-PaCa2 cells along with
increased tumorigenicity, tumor progression, and metastasis in vivo. Additionally, CD133
expression induced epithelial-mesenchymal transition (EMT) and increased in
vitro invasion. EMT induction and increased invasiveness were mediated by NF-κB
activation, as inhibition of NF-κB mitigated these effects. This study showed that CD133
expression contributes to pancreatic cancer “stemness,” tumorigenicity, EMT induction,
invasion, and metastasis.
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INTRODUCTION
Pancreatic cancer remains the only cancer type with a single-digit 5-year survival rate, a
mere 6% [119]. Tumor recurrence, occurring in over 95% of pancreatic cancer patients,
has been largely associated with the presence of cancer stem cells (CSCs) at these sites.
Pancreatic cancer stem cells have been isolated and studied in multiple murine models
since 2007 based on the expression of several markers present on the cell surface [32, 89,
120, 121]. These included CD44, CD24, ESA, CD133, and c-Met, among others.
However, the biological significance of some of these markers have not been evaluated in
pancreatic cancer.
CD133 (also known as prominin-1) is an established cancer stem cell marker in many
[74]cancers including pancreatic cancer. Many studies have demonstrated that expression
of CD133 correlates with poor patient prognosis in pancreatic cancer, as well as other
cancer types [89, 121, 122]. Thus far, not much is known as to what role CD133 plays in
“stemness” and metastasis. CD133+ populations have shown increased tumorigenicity,
self-renewal pathway signaling, and metastasis [32, 74, 123] as compared with CD133populations. Recent studies from our group have established that spontaneous LSLKrasG12D/+;LSL-Trp53R172H/+;Pdx-1-Cre (KPC) mouse model of pancreatic cancer have
~7–8% CD133+ cells. CD133+ cells isolated from these tumors also showed increased
NF-κB activity. Interestingly, CD133 expression in a number of pancreatic cancer cell
lines also correlated with their invasiveness and migration potential when tested in vitro
[74]. The KPC model of pancreatic cancer is a notoriously aggressive model with 100%
penetrance and ~6 month survival [103]. High CD133 expression in these tumors thus
seemed to be associated with poor prognosis of the cancer along with increased
invasiveness.
Multiple studies done on colon cancer, liver cancer, gastric cancer, and neuroblastoma
indicate that CD133 expression correlates to poor prognosis [89, 121, 122, 124-126],
similar to what our studies showed in the KPC model. Studies regarding the link between
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the CSC population, epithelial-mesenchymal transition (EMT), and metastasis are still
ambiguous. CSC populations have been shown to express markers of EMT and
conversely, induction of EMT results in a more “stem-like” phenotype [127, 128]. Cells
of the primary tumor undergo EMT, in which polarized, non-motile cells become highly
motile, capable of local invasion and intravasation, resulting in distant metastatic
colonization. EMT and metastasis have been reported to be regulated by the NF-κB
signaling pathway in a number of cancers, including pancreatic cancer [129, 130].
Furthermore, NF-κB activation through IKK activity modulation leads to classical EMT
marker changes and the promotion of cellular migration and invasion. In the context of
pancreatic cancer, NF-κB activation has been shown to be absolutely essential for tumor
development [131].
Though all of the above observations suggest that CD133 expression, invasion (and
EMT), tumorigenesis and NF-κB activity have a linear relationship; previous studies have
not yet shown this association. Based on our earlier observation that CD133+ cells from a
KPC tumor are able to generate tumors at very low cell density [74], in the current study
we overexpressed CD133 in MIA PaCa-2 cell line (having all other cancer phenotype,
but extremely low CD133 expression) to generate a system in which we can study the
downstream effect of CD133 surface expression and how its expression contributes to the
cancer stem cell phenotype. Our study shows that CD133 expression in a cell line with
very low endogenous expression of CD133 leads to increased tumorigenicity, tumor
progression, and metastasis in vivo. Additionally, we show that induction of EMT and
increased invasion by CD133 expression is mediated by NF-κB activation. This is the
first report to demonstrate the functional role of the CSC surface marker CD133, and how
it may contribute to the CSC phenotype in pancreatic cancer.
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RESULTS
Expression of the cancer stem cell marker CD133 results in increased “stemness”
Our previous study showed that CD133+ cells from a KPC tumor were able to initiate
tumors at very low cell density. To establish if CD133 expression influenced tumorinitiating property of a cancer cell, we used the pancreatic cancer cell line MIA PaCa-2
(with 0.1% endogenous CD133 expression) and overexpressed CD133. Overexpression
of CD133 was confirmed by flow cytometry and by RNA expression (Supplementary
Figure 3-1A and 1B).
CD133 overexpression led to an increase in cancer stem cell phenotype. Several genes
associated with “stemness” were upregulated upon CD133 overexpression in MIA PaCa2 cells overexpressing CD133 (CD133hi-MIA) as compared with Mia PaCa-2 and empty
vector controls. KITLG (also known as stem cell factor) (1.60 ± 0.16 fold), LIN28B (3.06
± 0.74 fold), MYC (2.93 ± 0.32 fold), KLF4 (2.76 ± 0.24 fold), GLI1 (3.14 ± 0.61 fold),
SOX2 (2.78 ± 0.71 fold), NANOG (2.24 ± 0.40 fold), SIRT1 (1.75 ± 0.05 fold), and
POU5F1 (3.80 ± 0.93 fold) (Figure 3-1A) gene expression were significantly upregulated
upon overexpression of CD133.
In addition to these “stemness” genes, CD133 overexpression led to a 7.5 fold increase in
ABCG2 gene and protein expression (Supplementary Figure 3-2A and 2D). Functionally,
this increased cell drug transporter activity, as demonstrated by the dye efflux assay.
CD133 overexpression increased dye efflux to 12 fold higher as compared with controls
(Figure 3-1B). ALDH1 activity and dye efflux correlated with CD133 expression level
(Supplementary Figure 3-5A and 5B). Interestingly, CXCR4 gene expression increased
8.9 fold (Supplementary Figure 3-2A) in CD133hi-MIA cells along with a 5.5% increase
in CD133+CXCR4+ population (Supplementary Figure 3-2B and 2C). The
CD24+CD44+ESA+ population increased by 7.9% (Supplementary Figure 3-2B) and
ALDH activity within cells overexpressing CD133 also increased to 12% (Figure 3-1C).
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CD133 overexpression increased tumorigenicity
To determine whether CD133 surface expression determined the ability of a cancer cell
to initiate tumors, we overexpressed CD133 (CD133hi-MIA) and the empty vector
plasmid (EV-MIA) in MIA-PaCa2 cells. Different numbers of these cells were injected
subcutaneously into athymic mice. Only ten CD133hi-MIA cells were needed to form
tumors in 7/16 mice or 1,000 cells in 10/16 mice within 53 days, as compared with the
same number in MIA PaCa-2 (0/16) or EV-MIA (2/16) controls (Table 3-1 and Figure 32A).
Tumors derived from 10 and 1,000 CD133hi-MIA cells showed an increased rate of
tumor growth compared with those formed by the EV-MIA control cells. The average
tumor volume of the CD133hi-MIA cells was 766.14 mm3 (10 cells) and 688.52
mm3 (1000 cells) compared to 165.27 mm3 from EV-MIA cells (Figure 3-2B). Surface
expression of CD133 was 0.56% in EV-MIA and 21.1% in CD133hi-MIA cells, as
determined by flow cytometry (Supplementary Figure 1).

CD133 expression induces EMT and increases invasiveness in vitro
Our recent data indicated that CD133 expression correlated with the invasive ability of
the cells. To determine if CD133 overexpression indeed led to increased invasiveness in
MIA PaCa-2 cells, we performed a Boyden chamber invasion assay. The number of
CD133hi-MIA cells invading the Matrigel membrane was 5.9 fold greater as compared
with the MIA and EV-MIA controls (Figure 3-3A). These results were validated when
knockdown of CD133 using CD133-specific siRNA (Supplementary Figure 3-1C) in
CD133hi-MIA resulted in a significant decrease in invasion, compared with CD133hi-nonsilencing controls (Figure 3-3B). As seen with stemness properties, the invasive property
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of clones correlated with their CD133 expression (Supplementary Figure 3-5C).

Consistent with the functional assay, CD133hi-MIA cells showed an increase in mRNA
expression of several EMT-associated genes: SNAI1 (2.9 fold increase), ZEB1 (7.9 fold
increase), VIM (12.5 fold increase), CDH2 (2.1 fold increase), and MMP9 (4.8 fold
increase) (Figure 3-3C). This mesenchymal phenotype is further shown by the
morphology of cells overexpressing CD133. CD133hi-MIA cells show a more fibroblastlike morphology, as compared with MIA and EV-MIA controls (Supplementary Figure 33A).
Another cell line, S2-VP10, derived from a liver metastasis of a patient, has demonstrated
increased aggressiveness as determined by migration, invasion, and tumor progression.
To confirm if these phenotypes are indeed associated with the increased
CD133+population in this cell line (~3%), we knocked down CD133 by CD133-specific
lentivirus-shRNA in S2-VP10. Invasion decreased to 0.31 fold (Supplementary Figure 34A) in CD133lo-S2VP10 (0.1% CD133 surface expression) as compared with S2VP10
(3.2% CD133 surface expression) and NS-S2VP10 (3.0% CD133 surface expression)
(Supplementary Figure 3-4B). Upon silencing of CD133 by siRNA in S2-VP10, several
EMT and “stemness” related genes were downregulated (Supplementary Figure 3-4D).
This demonstrated that the invasive phenotype of pancreatic tumor cells was dependent
on their expression of CD133+ population.
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Figure 3-1: Expression of the cancer stem cell marker CD133 results in increased “stemness”
CD133 overexpression led to (A) increased gene expression of “stemness” genes as compared with vector
control (B) increased dye efflux and (C) increased ALDH activity.
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Day 1

Day 53

1000 Mia PaCa2

0/10

0/10

1000 EV-MIA

0/16

2/16

10 CD133hi-MIA

0/16

7/16

1000 CD133hi-MIA

0/16

10/16

Table 3-1: CD133 overexpression increased tumorigenicity

CD133 expression increased metastasis in vivo
To determine the effect of CD133 expression on metastasis in vivo, CD133hi-MIA and
EV-MIA cells were implanted orthotopically into the tail of the pancreas. Tumor growth
was evident in all mice of each group; however, the site and spread of metastasis varied
between groups (Table 3-2). Metastasis to spleen (4/10, 2/10, and 10/10 in MIA, EVMIA, and CD133hi-MIA, respectively), lymph nodes (1/10, 0/10, and 10/10), liver (0/10,
0/10, and 6/10), abdominal wall (1/10, 0/10, and 8/10) and diaphragm (0/10, 0/10, and
5/10) increased upon overexpression of CD133 as compared with the MIA and EV-MIA
controls (Table 3-2 and Figure 3-4A, 4B).
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Figure 3-2: CD133 expression increases tumor formation
(A) Representative images of tumor formation in MIA, EV-MIA, and CD133hi-MIA groups. (B) Tumor
growth expressed in volume of tumors derived from EV-MIA and CD133hi-MIA groups.
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CD133-induced invasion is mediated by activation of NF-κB

NF-κB has been reported to regulate EMT and invasion [15, 16, 18]. We and others have
demonstrated that CD133+ cells have increased activity of the NF-κB pathway as
compared with CD133- cells [7, 19, 20]. To determine if CD133 mediated the increased
invasiveness and if EMT induction was regulated by NF-κB, we studied its activity in
CD133hi-MIA cells using a dual luciferase assay. NF-κB activity was significantly
increased in CD133hi-MIA cells (2.9 fold) (Figure 3-5A) compared with MIA PaCa-2.
This increased activity further correlated with in vitro invasion, as determined by Boyden
chamber invasion assay (Figure 3-5B).
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Figure 3-3: CD133 expression induces EMT and increases invasiveness in vitro
(A) In vitro Boyden chamber invasion of MIA, EV-MIA, CD133hi-MIA with representative images from
the Boyden chamber invasion assay, (B) Invasion upon CD133 silencing in CD133hi-MIA with
representative images, and (C) EMT gene expression in CD133hi-MIA as compared with EV-MIA control
and protein expression of Vimentin and N-Cadherin.
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Upon inhibition of NF-κB via the IKBα super repressor plasmid (S32A/S36A), decreased
invasiveness was observed in CD133hi-MIA + IKBα-SR (0.63 fold) as compared with
EV-MIA and MIA control. Similarly, inhibition of NF-κB by the pharmacological
inhibitor BAY 11–7085 also showed a reduction in invasion (0.22 fold) compared with
untreated cells (Figure 3-5B). Inhibition of NF-κB activity was confirmed via dual
luciferase assay (Figure 3-5A). Conversely, in the S2-VP10 cell line, which has a 2–3%
endogenous expression of CD133, knockdown of CD133 decreased NF-κB activity to
0.58 fold of control (Supplementary Figure 3-4C).
To further demonstrate that the induction of the EMT phenotype was regulated by
increased NF-κB activity, a constitutively active IKK enhancer (S177E/S181E) and IKBα
repressor (S32A/S36A) plasmids were utilized in the MIA control and CD133hi-MIA
cells to increase and decrease NF-κB activity, respectively. Upon inhibition of NF-κB
activity via an IKBα super repressor plasmid, expression of these EMT genes was
decreased: SNAI1 (0.18 fold), ZEB1 (0.31 fold), VIM (0.35 fold), and MMP9 (0.28 fold)
(Figure 3-5C). Conversely, upon induction of NF-κB activity by IKK enhancer plasmid
within the EV-MIA control, EMT-associated gene expression increased thus: SNAI1 (5.4
fold), ZEB1 (22.6 fold), VIM (27.5 fold), and CDH2 (6.1 fold) (Figure 5D).
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MIA

EV-MIA

CD133hi-MIA

Spleen

4/10

2/10

10/10

Lymph Nodes

1/10

0/10

10/10

Liver

0/10

0/10

6/10

Abdominal Wall

1/10

0/10

8/10

Diaphragm

0/10

0/10

5/10

Table 3-2: CD133 overexpression led to increased metastasis in vivo

Figure 3-4: CD133 expression increased metastasis in vivo
(A) Representative images of metastatic spread within the abdomen after orthotopic implantation of MIA,
EV-MIA, and CD133hi-MIA cells. (B) H&E –stained sections of the spleen.
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Figure 3-5: CD133 induced NF-κB activation promotes epithelial-mesenchymal transition and increases
invasiveness
(A) NF-κB activity correlated with CD133 expression and (B) In vitro invasion was decreased by NF-κB
inhibition through IKK repression and pharmacological BAY 11–7085 treatment. (C) Decreased EMT
genes upon IKBα repression in CD133hi-MIA cells and (D) induction of NF-κB activity through IKK
enhancer plasmid in EV-MIA control increased EMT related genes and conversely.
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DISCUSSION
For many years, CD133 has been described as a surface marker of cancer stem cells in
several cancer types [121, 132, 133]. Though CD133 expression has been correlated with
poor prognosis and metastasis in many different cancer types, [32, 89, 121, 122] its
functional significance remains elusive.
Previous studies attempting to determine the functional relevance of CD133, have
primarily manipulated cells endogenously expressing CD133 in other cancer types [120,
123, 134, 135]. Cells endogenously expressing CD133 have been comprehensively
shown as a tumor-initiating cell population [32, 71, 121, 132]. Therefore, apart from
expression of CD133, endogenously expressing CD133+ tumor initiating cells have a
background providing the capacity for self-renewal, pluripotency, epithelialmesenchymal transition, etc.
We have previously shown that cells endogenously positive for CD133, within the KPC
murine model, display increased “stemness,” survival, and EMT gene expression.
Additionally, CD133+ cells exhibited increased activation of NF-κB signaling [74]. Based
on our previous findings regarding the CD133 positive population, we were interested in
determining the functional relevance of this surface marker and whether its expression
imparts any of the characteristics of the cancer stem cell phenotype.
This distinct background, however, may not provide the most relevant model for studying
the functional role of CD133 is the cancer stem cell. To address this, we utilized a
pancreatic cancer cell line with an extremely low endogenous population of
CD133+ CSC. We were able to demonstrate how CD133 surface expression imparts to
them many of the characteristics of a cancer stem cell.
Our studies showed that when overexpressed in MIA PaCa-2, as few as ten (CD133hiMIA) cells, were able to form tumors in athymic mice. This indicated that CD133
expression indeed correlated with tumorigenic potential (Table 3-1). This increased
88

tumorigenicity was further validated by the increased cancer stem cell phenotype that
CD133 expression induced. We observed that several “stemness” genes were upregulated
upon CD133 overexpression. Functionally, CD133 overexpression increased dye efflux
and ALDH activity, characteristics described for authentic cancer stem [36, 136].
Apart from tumor initiation, many CSC populations represented by the surface expression
of CD133 showed increased metastatic potential [127, 137]. Additionally, circulating
tumor cells are also enriched in CSC markers [49]. Thus far, two CSC populations in
pancreatic cancer have been shown to be metastatic, CD133+CXCR4+ [32] and
Met+CD44+ [33]. CD133+CXCR4+ cells derived from an immortalized pancreatic tumor
cell line were shown to metastasize in vivo as compared with the CD133+CXCR4- cell
subset. In addition, the Met+CD44+ CSC population was also capable of metastasis,
which was abrogated upon pharmacological Met inhibition.
Our studies further demonstrated that the increased invasiveness was dependent on
CD133 surface expression, as surface expression correlated with in vitro invasion.
CD133 overexpression in an endogenously low-expressing CD133 cell line, MIA PaCa2, increased cellular invasiveness (Figure 3-3A). Additionally, using both siRNA and
lentiviral knockdown of CD133 in CD133hi-MIA (Figure 3-3B) or the cell line with
endogenously high CD133+ population, S2VP10 (Supplementary Figure 3-4A)
respectively, we observed a correlation between surface expression and invasiveness.
From these data we concluded that invasive potential is dependent on CD133 surface
expression.
In order to invade, cells induce the epithelial-mesenchymal transition (EMT) process
required to detach from the primary tumor, migrate, and embed at a distant site. We next
examined whether overexpression of CD133 would influence the gene expression of
several EMT-associated genes. We saw a significant upregulation in several key EMT
transcription factors (SNAI1 and ZEB1) and other EMT-associated markers (VIM,
CDH2, MMP9) (Figure 3-3C). These data suggest that induction of CD133 induced
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EMT- associated gene expression contributes to their increased invasiveness.
To demonstrate metastatic potential in vivo, we implanted MIA, EV-MIA, and CD133hiMIA cells into the pancreas of athymic mice. We found sizable primary tumors in all
groups. However, tumors derived from CD133hi-MIA cells demonstrated local invasion
to the spleen and metastasis to the spleen, lymph nodes, liver abdominal wall, and
diaphragm at a greater rate than in controls (Table 3-2), while minimal metastasis was
observed in the MIA and EV-MIA control groups. This indicated that cells expressing
CD133 are able to invade and metastasize better than cells lacking CD133 expression.
CD133 therefore seems to be responsible for at least part of the CSC’s ability to
preferentially metastasize over its marker-negative subset.
The process of invasion is regulated by NF-κB-mediated signaling [129, 130, 138]. We
[74] and others [71, 139] have shown that endogenously expressing CD133+ cells have
increased NF-κB activity compared with the CD133- subset. In our study, NF-κB activity
correlated with in vitro invasion and the inhibition of NF-κB signaling through IKK
repressor plasmid or BAY 11–7085 decreased this invasiveness (Figure 3-5A and 5B).
Therefore, we concluded that the increased invasiveness imparted by CD133 expression
was reliant on NF-κB activation.
Many EMT genes are regulated by the NF-κB pathway. Our data showed that activation
of NF-κB activity through IKK enhancer plasmid increased EMT-associated gene
expression (Figure 3-5D) that was similar to that observed with CD133 overexpression.
Conversely, repression of NF-κB activity in CD133hi-MIA cells significantly decreased
expression of these genes (Figure 3-5C). This showed that EMT induction in CD133
positive cells was dependent on NF-κB activity.
Corroborating our findings, other studies in differing cancer types demonstrated that the
silencing of CD133 within endogenously-expressing CSCs decreases “stemness” as
shown by tumor initiation, as well as decreased invasion and metastasis [123, 135]. These
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studies complement our work by revealing that CD133 expression within the context of
an authentic CSC is essential for the “stemness” and metastatic potential of this
population.
In conclusion, these data convey the importance of CD133, a CSC surface marker, for the
biology of the CSC. CD133 was once viewed as merely a surface glycoprotein
characteristic of this population. In this study we demonstrate that CD133 expression
influences tumor initiation, progression, and metastasis. We determined that the increased
metastatic potential of CD133- expressing cells is mediated by the induction of NF-κB
pathway activation. NF-κB activation by CD133 surface expression increased cellular
invasion and induced EMT. These data indicate that CD133 contributes significantly to
the phenotype of this important cancer stem cell population.
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MATERIALS AND METHODS
Generation of stable cell lines
MIA PaCa-2 (ATCC) and stable MIA-derivatives were maintained in DMEM (Hyclone)
containing 10% fetal bovine serum. S2-VP10 cells were cultured in RPMI 1640
(Hyclone) containing 10% fetal bovine serum. Stable clones were selected and
maintained in Geneticin (Invitrogen) and Puromycin (Clontech) for MIA PaCa-2 and S2VP10 derivatives, respectively.

Plasmids and vectors
Human cDNA CD133 expression plasmid (EX-Z0396-M02) and empty vector plasmid
(EX-NEG-M02) were obtained from GeneCopoeia. Lentiviral shRNA pGIPZ vectors; NS
(RHS4348) and αCD133 (V2LHS_71816) were obtained from Thermo Scientific. IKK
(IKK-2 S177E S191E) and IKBα (pBabe-Puro-IKBalpha-mut (superrepressor)) plasmids
were obtained from Addgene.

Boyden chamber invasion assay
24-well transwell inserts (BD Biocoat) were hydrated using serum-free media and 25,000
cells were plated into the top chamber of the inserts in serum-free media with 10% serum
medium in the bottom chamber. After 24 hours, cells in the top chamber were removed
by scrubbing with a cotton swab, fixed in methanol, and stained using crystal violet. Cells
having migrated through the Matrigel were counted by microscopy and compared with
controls to determine the change in invasiveness.
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NF-κB activity assays
NF-κB activity was determined by both p50 binding ELISA (Thermo Scientific) and
Dual-Luciferase reporter assay (Qiagen). Binding ELISA was performed according to the
manufacturer’s protocol using whole cell lysates and values were normalized to µg
protein as determined by protein estimation (Pierce). Dual-Luciferase reporter assay
system (Promega) results were determined by Synergy2 luminometer (Biotek).

Flow cytometric assays
All FACS analyses were performed on the BD FACSCanto II (BD Biosciences) using
analysis software FACSDiva (BD Biosciences) and FlowJo (Tree Star). Debris and cell
clusters were excluded from analysis by side- and forward-scatter adjustments. Aldefluor
assay was performed by manufacturer’s instructions (Stem Cell Technologies) complete
with DEAB controls. Drug efflux assay was performed by adding Nucblue live cell
reagent (Life Technologies) to live cells with or without verapamil treatment. Drug efflux
activity was determined by analysis of the extent of the shift in the population.

Animals and tumor xenografts
Female, athymic nude mice were purchased from the National Cancer Institute and
experiments were carried out according to Institutional Animal Care and Use Committeeapproved protocols. Cells were injected into both flanks of each mouse using
Matrigel:media (1:1) at 10 and 1000 cells per flank. CD133hi-MIA cells were
magnetically sorted (Miltenyi Biotec) for CD133 prior to injection. Mice were assessed
biweekly for tumor formation. For the orthotopic xenograft model, animals were
anesthetized, and a left lateral incision was given with a scalpel. The abdominal cavity
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was opened using scissors, and pancreatic cancer cells were injected into the pancreas.
The abdominal cavity was closed by absorbable suture and skin closed using staples.
Tumor formation was observed weekly by palpation. The mice were sacrificed at 5 weeks
to determine the extent of metastasis.

Histology
Animals were sacrificed and tissues were resected. Tumor, spleen, liver, and lungs were
dissected for histopathological examination. Briefly, tissue specimens were fixed in 10%
formalin followed by 80% ethanol, paraffin-embedded, sectioned, and stained with
hematoxylin and eosin for histological analysis.

Statistical Methods
Values are expressed as mean ± SEM. In vitro experiments were performed a minimum
of three times and significance between two samples was determined using one way
ANOVA analysis. Values were considered statistically significant when p < 0.05.
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CHAPTER FOUR : CD133 ACTIVATES IL-1 SIGNALING TO INDUCE EMT
AND INVASION IN PANCREATIC CANCER
Unpublished data
Data and analysis performed by Alice Nomura
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SUMMARY:
Introduction: CD133 has been implicated as a cancer stem cell (CSC) surface marker in
several malignancies including pancreatic cancer. We and others have recently shown
that CD133 does indeed play a functional role in the Epithelial-Mesenchymal Transition
(EMT), invasion, and metastasis of pancreatic cancer.
Aim: The aim of this study was to determine the role of CD133-mediated IL-1 signaling
in pancreatic cancer.
Materials and Methods: CD133 overexpression and silencing techniques were used in
several established pancreatic ductal adenocarcinoma cell lines with minimal and high
populations of CD133+ cells, respectively. IL-1 signaling was inhibited through silencing
of the IL-1 receptor and antagonizing the receptor via IL-1RA.
Results: IL-1β expression and secretion positively correlated with levels of CD133
populations in several cell lines (MIA PaCa-2, Capan-1, S2VP10, KPC tumor-derived
cell line). Levels and secretion of IL-1β was significantly increased upon overexpression
of CD133, leading to increased NF-kB activation, EMT induction, and cellular invasion
in vitro. These effects were dependent on IL-1 signaling, as silencing or blocking of IL1R via siRNA or IL-1RA, respectively, significantly decreased NF-κB activity, EMT
transcription factor gene expression, mesenchymal markers (VIM and CDH2), and
decreased in vitro cellular invasiveness.
Conclusions: CD133 expression mediates the induction of IL-1β signaling and secretion,
thereby inducing Epithelial-Mesenchymal Transition and invasion in pancreatic cancer.
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INTRODUCTION:

The inflammatory response occurs in reaction to bodily harm: from bacterial infection,
trauma, toxins, to damaged cells or disease. During this complex biological defense
mechanism, cells of the immune system are activated and migrate to the site of damage or
distress. Activation, migration, and action of these cells require signals from the affected
area or other cells within the immune response. Immune cells rely on cell-to-cell contact
or secreted communication molecules, such as chemokines or cytokines for these actions.
One such communication molecule within the interleukin family, is interleukin-1 beta
(IL-1β). Interleukins are an important messenger molecule capable of modulating cellular
behaviors and capable of initiation of inflammation responses. These molecules are
actively secreted from cells in response to appropriate stimuli, such as tissue damage or
infection. IL-1β, specifically, is synthesized in response to a stimulus, induced by NFκB activation. NF-κB is also activated by IL-1 receptor stimulation, creating a feedforward loop between IL-1 and NF-κB signaling [140].
Outside of the cell, secreted IL-1β binds to the IL-1 receptor on the surface of
responding cells. This triggers signaling downstream of the receptor and the induction of
a cascade of pro-inflammatory gene expression. Importantly, expression of matrix
metalloproteinases, cytokines/chemokines, inducible nitric oxide synthase (iNOS), and
cyclooxygenase-2 (COX-2). On stromal cells, endothelial cells, and leukocytes, IL-1
stimulation induces the upregulation of high-affinity adhesion molecules, such as
integrins and adhesion molecules, promoting infiltration into the tumor from the
circulation [141, 142].
Chronic inflammation has long been associated with tumor development in several
different cancer types [143-145]. Chronic inflammation of the pancreas is known to
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increase risk of pancreatic cancer development in approximately 20% of patients [146,
147]. IL-1 signaling within acute pancreatitis is essential for full propagation of disease:
absence of functional IL-1 signaling results in an attenuation of inflammation, enzyme
release, edema, and necrosis [148, 149].
IL-1 signaling and chronic inflammation produce a tumor-supportive environment for the
initiation or progression of the neoplastic process. In humans, polymorphisms of
interleukin-1 have been shown to modulate patient prognosis and survival in breast [150],
lung [151], prostate [152], and pancreatic cancers [153], as well as, an increased risk for
the development of cancer [154]. High expression levels of IL-1 in human cancers also
correlate with poor patient prognosis [155].
IL-1 in the tumor microenvironment, either from tumor cells, stromal cells, or immune
cells, has been shown to aid in tumorigenesis, increase tumor invasiveness, and control
the immunosuppressive microenvironment in several different cancer types [156-160].
There is no known regarding the role of IL-1 signaling in pancreatic cancer stem cell
populations.
In this current study, we determined the importance of IL-1 signaling in pancreatic cancer
cells expressing high levels of the cancer stem cell marker: CD133.
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RESULTS:
IL-1 signaling in cancer has been associated with patient prognosis and survival. Its
signaling activates many pathways important in cancer survival and progression, such as
the activation of NF-κB. Our previous work demonstrated that the expression of CD133
in pancreatic cancer activates NF-κB signaling and induces epithelial-mesenchymal
transition, increasing the invasiveness of cells [61]. This led us to inquire how NF-κB is
activated upon the expression of the surface marker, CD133.

CD133 induces IL-1β in pancreatic cancer cells
Upon overexpression of CD133 in cell lines with little to no expression of CD133, MIA
PaCa-2 and Panc-1 cell lines, gene expression of IL-1β was significantly increased
(Figure 4-1A). In MIA PaCa-2 cells overexpressing CD133, upregulated IL-1b gene
expression 2.997 fold (± 0.518), as compared to control. In Panc-1 cells, the expression
of IL-1b increased to 2.290 fold (± 0.420) over control Panc-1 cells.
This overexpression of CD133 also induced an increase in IL-1β secretion (Figure 41B), which was mitigated upon siRNA silencing of CD133 in cells overexpressing it. To
verify that IL-1β is indeed responsible for the increased invasiveness we’ve previously
seen upon the overexpression of CD133, exogenous IL-1β treatment was used in low
and high doses. An increase in Boyden chamber invasion was demonstrated in a dose
dependent manner (Figure 4-1C). IL-1β stimulation also drastically increased NF-κB
activation in control cells, with a lesser, but still significant increase in cells
overexpressing CD133, which are already secreting IL-1β prior to exogenous
stimulation.
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This implies that IL-1 signaling is involved in the signaling associated with CD133
expression in pancreatic cancer.

Figure 4-1: CD133 expression induces IL-1β
(A) IL-1β gene expression upon overexpression in MIA PaCa-2 and Panc-1 cell lines. (B) Secreted levels
of IL-1β in MIA PaCa-2 upon overexpression of CD133 and siRNA silencing. (C) Boyden chamber
invasion with exogenous IL-1β stimulation. (D) NF-κB p50 binding upon exogenous IL-1β stimulation.
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Inhibition of IL-1 signaling inhibits EMT and invasion through NF-κB.
Next, to verify that IL-1 signaling is responsible for invasiveness in CD133 expressing
cells, IL-1Ra was used to block the signaling from the IL-1 receptor. Upon treatment with
exogenous IL-1Ra, Boyden chamber invasion in CD133hi-MIA cells was decreased
significantly (Figure 4-2A). Inhibition of IL-1 signaling also decreased NF-κB p50
binding activity (Figure 4-2B). In CD133hi-MIA cells, p50 binding to the consensus
sequence was 5748 RLU/ug protein (± 238.2), but with treatment of IL1Ra this number
goes down to less than 10% of control to 314.7 RLU/ug protein (± 21.75). As compared
to control, empty vector cells where untreated and IL1Ra treated p50 binding, is not
significantly different (2440 RLU/ug protein (± 4.881) and 2048 (± 101.4), respectively).
This led to decreased gene expression of several EMT related markers: SNAI1, ZEB1,
VIM, CDH2 (Figure 4-2C) in cells overexpressing CD133, with little effect on control,
empty vector cells. IL-1Ra treatment of EV-MIA changed SNAI1 0.893 fold (± 0.021),
ZEB1 1.003 fold (± 0.102), VIM 0.985 fold (± 0.132), and CDH2 0.994 fold (± 0.038).
Whereas in CD133hi-MIA, these genes were significantly decreased: SNAI1 0.741 fold
(± 0.078), ZEB1 0.725 fold (± 0.035), VIM 0.609 fold (± 0.104), and CDH2 0.419 fold (±
0.178). Subsequently, this led to a reduction in the protein expression of n-cadherin and
vimentin (Figure 4-2D).
These data suggest that IL-1 signaling in cells expressing high levels of CD133 is more
important for function, than in cells expressing lower levels of CD133.
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Figure 4-2: IL-1 signaling inhibition decreases EMT induction and invasion in cells overexpression CD133

(A) IL-1Ra decreases invasiveness in cells overexpressing CD133. IL-1Ra decreases (B) NF-κB activity
and (C) EMT gene expression. (D) Silencing IL1R1 in cells overexpressing CD133 show decreased
mesenchymal marker protein expression.

IL-1 signaling is important in invasion pancreatic cancer.
Upon determining the importance of IL-1 signaling in NF-κB activity, EMT expression,
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and invasion in cells overexpressing CD133, we wanted to next evaluate several of the
established pancreatic cancer cells lines. We have previously shown that these cell lines
vary in CD133 expression, which correlates with their invasiveness [161]. The IL-1β
gene expression also seems to compare with their aggressiveness, with Panc-1 and MIA
PaCa-2 cell lines with low IL-1β gene expression and more aggressive, invasive cell
lines, such as the SUIT-2 derived S2-VP10 and S2-013 cell lines with higher IL-1β gene
expression (Figure 4-3A). The IL-1β gene expression positively correlates with CD133
expression with an R2 value of 0.7660 and p < 0.0001 (Figure 4-3B). Additionally, upon
shRNA knockdown of CD133 in S2-VP10 cells, IL-1β gene expression decreases
significantly as compared to both control and scrambled shRNA (Figure 4-3C).
Using the IL1R antagonist (IL1Ra), the NF-κB p50 binding activity was decreased
significantly with treatment in S2-013 cells. IL1Ra decreased p50 binding 0.2918 fold ±
0.154) (Figure 4-3D).
In the SUIT-2 derived, invasive cell lines, IL1R1 siRNA was transfected to inhibit IL-1
signaling. IL1R1 silencing decreased gene expression of EMT related genes in both S2VP10 and S2-013 cell lines. In S2-VP10 cells, IL1R1 silencing decreased SNAI1 (0.573
fold ± 0.036), TWIST1 (0.437 fold ± 0.124), ZEB1 (0.753 fold ± 0.034), VIM (0.749
fold ± 0.107), CDH2 (0.633 fold ± 0.097) as compared to non-silencing control (Figure
3E). In S2-013 cells, IL1R1 silencing decreased SNAI1 (0.884 fold ± 0.082), SNAI2
(0.442 fold ± 0.013), TWIST1 (0.370 fold ± 0.178), VIM (0.462 fold ± 0.052), and
CDH2 (0.232 fold ± 0.010), as compared to control (Figure 4-3F).
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Figure 4-3: IL-1 signaling is important in invasive pancreatic cancer

(A) IL-1β gene expression in pancreatic cancer cell lines. (B) Positive correlation between CD133 and IL1β gene expression. (C) decreased IL-1β gene expression upon shRNA knockdown of CD133 in S2-VP10
cells. (D) NF-κB p50 binding ELISA in S2-013 cells with IL1RA treatment. Decreased EMT gene
expression in two pancreatic cancer cell lines: (E) S2-VP10 and (F) S2-013.
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DISCUSSION:
The connection between chronic inflammation and cancer has been well established.
Inflammatory signaling has been shown to mediate several stages of tumor progression,
from initiation to metastasis. A dominant mediator of inflammation, interleukin-1, has
been implicated in pancreatic cancer as an inducer of invasion and metastasis [159]. This
study demonstrates the importance of IL-1 signaling in EMT and invasion in cells with
high CD133 expression.
It has not yet been shown that the expression of CD133 in pancreatic cancer leads to an
upregulation of IL-1β expression or secretion, which we observed in several pancreatic
cancer cell lines (Figure 4-1A and B). CD133 expression was previously described to
increase the invasiveness of cells. We therefore wanted to determine if the increased IL1β secretion upon overexpression of CD133 increased invasion. Exogenous IL1β stimulation in MIA PaCa-2 cell lines showed a dose dependent increase in invasion
(Figure 4-1C).
We have previously established that pancreatic cancer stem cells expressing CD133, have
high levels of NF-κB signaling as compared to the CD133 negative population within the
tumor [74]. This was also observed upon the overexpression of CD133 in pancreatic
cancer cells with very low endogenous CD133 levels [61]. We next determined that IL1β stimulation did increase NF-κB activity, specifically in control cells secreting little IL1β as compared to a lesser increase in CD133 overexpressing cells with a higher
secretion of IL-1β (Figure 4-1D).
To verify that IL-1 signaling was indeed responsible for the increased invasiveness upon
overexpression of CD133, several different ways of IL-1 signaling inhibition were
utilized. IL-1 receptor antagonist (IL-1Ra) and IL1R1 siRNA silencing were used to
block IL-1R signaling in cells overexpressing CD133. This led to a decrease in invasion,
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NF-κB activation, and EMT gene expression (Figure 4-2), demonstrating that IL-1
signaling was important for the activation of NF-κB and downstream events in the
presence of CD133 surface expression.
In cells with high populations of CD133 positive cells, IL-1 signaling also is of
importance. Inhibition of IL-1 signaling had similar effects as seen with inhibition in cells
overexpressing CD133 (Figure 4-3). In addition, gene expression of IL-1β significantly
correlates with CD133 expression in several human pancreatic cancer cell lines (Figure 43A). Exhibiting an important signaling axis for invasion in pancreatic cancer.
IL-1 signaling in pancreatic cancer has not yet been described in the context of cancer
stem cells or CD133 function in invasion. This study has shown the activation of IL1β upon the expression of CD133 and the importance of IL-1 signaling in CD133
positive cells on EMT induction and invasion.
Clinically, blockade of interleukin signaling and specifically IL-1β signaling is standard
care in autoimmune disease patients or patients with lymphomas. One specific treatment
is the endogenous IL-1 receptor antagonist (IL-1Ra), anakinra (KineretTM), which was
FDA approved for use in rheumatoid arthritis in 2001 [162, 163]. Together with previous
studies demonstrating the importance of IL-1 signaling in pancreatic cancer, blocking this
signaling pathway could prove beneficial.
Our results in this study indicate that IL-1 signaling may be an important mediator of
epithelial-mesenchymal transition induction and invasiveness in pancreatic cancer stem
cells and could present an option for treatment.
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MATERIALS AND METHODS
Cell culture
MIA PaCa-2 (ATCC) cell line was cultured in DMEM (Hyclone) containing 10% Fetal
Bovine Serum. S2-013 (a gift from Dr. Masato Yamamoto, University of Minnesota)
cells were maintained in RPMI 1640 (Hyclone) containing 10% Fetal Bovine Serum.

Boyden chamber invasion assay
Boyden chamber invasion inserts (corning biocoat) were rehydrated for 2 hours in serum
free medium at 37°C. Cells were plated in the insert, on top of the matrigel coated
membrane in serum free medium. The well contained the 10% FBS containing medium,
serving as the attractant. After 24 hours, inserts were washed with PBS, the top of the
membrane was scrubbed with cotton swab to remove any remaining non-invaded cells,
fixed in methanol, and stained with crystal violet. Membranes were analyzed by
microscopy.

IL-1 stimulation and inhibition
Recombinant IL-1beta was obtained from Sigma Aldrich and stimulation was performed
at concentrations listed. IL1R1 siRNA (GE Dharmacon) was transfected using HiPerfect
transfection reagent according to manufacturer’s guidelines. IL-1Ra was acquired from
Sigma Aldrich (SRP3084), reconstituted according to manufacturer’s guidelines, and
used at 0.2 µg/mL concentration.
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NF-κB activity assays

NF-κB activity was determined by both p50 binding ELISA (Thermo Scientific) and
Dual-Luciferase reporter assay (Qiagen). Binding ELISA was performed according to the
manufacturer’s protocol using whole cell lysates and values were normalized to µg
protein as determined by protein estimation (Pierce). Dual-Luciferase reporter assay
system (Promega) results were determined by Synergy2 luminometer (Biotek).

Generation of stable cell lines

MIA PaCa-2 (ATCC) and stable MIA-derivatives were maintained in DMEM (Hyclone)
containing 10% fetal bovine serum. S2-VP10 cells were cultured in RPMI 1640
(Hyclone) containing 10% fetal bovine serum. Stable clones were selected and
maintained in Geneticin (Invitrogen) and Puromycin (Clontech) for MIA PaCa-2 and S2VP10 derivatives, respectively.

Plasmids and vectors
Human cDNA empty vector plasmid (EX-NEG-M02) and CD133 expression plasmid
(EX-Z0396-M02) were attained from GeneCopoeia. Lentiviral shRNA pGIPZ vectors;
NS (RHS4348) and αCD133 (V2LHS_71816) were acquired from Thermo Scientific.
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CHAPTER FIVE : INHIBITION OF NF-KB SIGNALING DECREASES
PANCREATIC CANCER MIGRATION, EMT, INVASION, AND METASTASIS
Unpublished data
Data and analysis performed by Alice Nomura
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INTRODUCTION
Pancreatic cancer is currently the fourth leading cause of cancer related death, with a 5year survival rate of only 6% [119]. Late diagnosis, early metastasis, and a lack of
effective therapy contribute to this dismal prognosis. Even upon early diagnosis, in which
the tumor is still surgically resectable, the 5-year survival rate remains at only 20%.
Early cell dissemination has recently been demonstrated within pancreatic cancer and is
likely to be the cause of recurrence even after surgical resection [49]. Dissemination of
the tumor requires cells to undergo the Epithelial-Mesenchymal Transition (EMT). In
which these cells lose epithelial markers (loss of cell-cell contact proteins, such as Ecadherin) and induce the expression of other, more mesenchymal like markers (Vimentin,
N-cadherin). Early dissemination of cells can even precede tumor formation. Until
recently, PanIN cell dissemination was overlooked due to the mesenchymal-like
morphology of disseminating cells and the surrounding stroma. However, cellular
labeling has demonstrated PanIN cell dissemination prior to tumor formation. These
disseminated cells had undergone EMT, expressing Zeb1, Fsp1, Slug, Snail1, and Sip1
[49].
Induction of EMT has been attributed to induction of NF-κB in many different cancer
types, including pancreatic cancer [129, 130]. Constitutive activation of NF-κB has been
seen in up to 70% of pancreatic ductal adenocarcinoma [164] and required for tumor
development [131].
The current standard of care for pancreatic cancer treatment is Gemcitabine (approved in
1997), a nucleoside analog, largely ineffective in killing pancreatic cancer cells, which
are highly resistant to cell death. Erlotinib was approved in 2007 by the FDA for
pancreatic cancer, which may extend patient survival an additional 11 days [165]. Then
in 2011, the combination of oxaliplatin, irinotecan, fluorouracil, and leucovorin
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treatments, a chemotherapy regimen known as FOLFIRINOX, has shown significant
improvement in overall survival [166] in patients with metastatic disease; increasing
median survival to 11.1 months with FOLFIRINOX treatment as compared to 6.8 months
by Gemcitabine [11]. Most recently, Abraxane (nab-paclitaxel) was FDA approved for
metastatic pancreatic cancer. Survival of the nab-paclitaxel-gemcitabine group was
extended by 1.8 months as compared to gemcitabine alone group (8.5 months vs. 6.7
months, respectively) [12].
Although more therapies have been made available for the treatment of pancreatic cancer,
they have not been able to provide a significantly different survival advantage. Pancreatic
cancer therapy is not effective; as incidence is on the rise, a deeper understanding of this
disease is desperately required.
A novel therapy, Minnelide™ (derived from a Chinese herb), showed very promising
preclinical results and is currently undergoing phase I clinical trials [15]. This compound
decreased tumor weight and volume; recurrence-free survival up to a year following
treatment discontinuation; and a virtual inhibition of metastasis at several distant sites
[15]. Minnelide™ has also shown promise for treatment in other cancer types, such as
lung cancer and osteosarcoma [112, 167].
In this study we investigated the effect of Minnelide™ on EMT induction, invasion, and
metastasis. We demonstrated that Minnelide™ decreases the induction EMT related
markers leading to decreased migration, invasion, and metastasis. This effect was
mediated by NF-κB inhibition.
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RESULTS

Minnelide™ decreases pancreatic cancer migration, invasion, metastasis, and
inhibits Epithelial-Mesenchymal Transition
Since we have previously shown that Minnelide™ decreased metastasis in several murine
models of pancreatic cancer [15], we wanted to verify the effect of Minnelide™ on
cancer cell invasiveness and motility and further understand the mechanism by which this
compound was regulating the Epithelial-Mesenchymal Transition (EMT).
Using an in vitro migration assay (Applied Biophysics ECIS) we saw a decreased ability
of cellular migration in a primary cell line (KPC001) derived from the tumor of a “KPC”
(LSL-KrasG12D/+;LSL-Trp53R172H/+;Pdx-1-Cre transgenic [168]) mouse (Figure 5-1a).
KPC001 cell line showed a significant decrease in Boyden chamber invasion upon
treatment with triptolide (Figure 5-1b). In the KPC murine model, mice treated with
Minnelide™ showed a decrease in gene expression of several EMT transcription factors
(SNAI2 0.569 ± 0.293 fold and ZEB1 2.08x10-5 ± 6.85x10-5 fold), mesenchymal markers
(VIM 0.048 ± 0.018 fold and CDH2 0.746 ± 0.286 fold), and proteases (MMP7 0.146 ±
0.096 fold and MMP9 0.545 ± 0.183 fold) (Figure 5-1d). Additionally, vimentin staining
by immunofluorescence of KPC tumor sections showed decreased staining in
Minnelide™ treated tumors, whereas Gemcitabine treated tumors had levels near saline
controls (Figure 1e).
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Figure 5-1: Minnelide™ decreases pancreatic cancer invasion, metastasis, and inhibits EpithelialMesenchymal Transition in a murine model of pancreatic cancer
(a) Triptolide treatment decreases migration and (b) in vitro invasion in the primary cell line derived from
the KPC tumor model (c) Epithelial-Mesenchymal Transition and mesenchymal marker gene expression
and (d) vimentin immunofluorescence staining decreased in the KPC tumors treated with Minnelide™, but
not with Gemcitabine.

Triptolide also significantly decreased in vitro invasion in established human pancreatic
ductal adenocarcinoma cell lines. Invasion as compared to untreated control decreased by
97.7% and 97.4% in MiaPaCa2 and SUIT-2 derived S2013, respectively (Figure 5-2a).
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Early gene expression changes with Minnelide™ treatment in a human tumor xenograft
model were assessed at 7 days after start of treatment. EMT associated genes,
upregulated during this transition were decreased significantly with Minnelide™
treatment. EMT inducing transcription factors: SNAI1 (0.503 ± 0.070 fold), SNAI2
(0.408 ± 0.061 fold), and ZEB1 (0.350 ± 0.060 fold) were significantly down regulated.
MMP9, VIM, and CDH2 decreased to 0.227 ±0.063, 0.569 ±0.061, and 0.539 ± 0.056 of
saline control, respectively (Figure 5-2b).
In addition to the downregulation of EMT associated genes with Minnelide™ treatment,
this effect was also seen at the protein level. Tumor sections from saline or Minnelide™
treated tumors demonstrated a downregulation of vimentin, MMP9, and N-cadherin via
immunofluorescence (Figure 5-2c).
Based on these data we concluded that Minnelide™ inhibits the Epithelial-Mesenchymal
Transition, limiting cellular motility and invasiveness, and reducing metastasis.
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Figure 5-2: Minnelide™ decreases EMT and invasion in human derived pancreatic cancers
(a) Triptolide decreased Boyden chamber invasion in MIA PaCa-2 and S2-013 pancreatic ductal
adenocarcinoma cell lines. (b) EMT related gene expression and (c) mesenchymal markers vimentin,
MMP9, and N-cadherin were reduced in human tumor xenografts in response to Minnelide™ treatment, as
compared to saline control tumors
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Triptolide decreases NF-κB activity and inhibition of NF-κB decreases invasion and
Epithelial-Mesenchymal Transition gene expression
Based on evidence that NF-κB activation induced EMT and invasion, we investigated the
effect of triptolide on NF-κB activity in pancreatic cancer. In vitro triptolide treatment
decreased NF-κB activity in a time and dose dependent manner (Figure 5-3a).
Next we wanted to determine if inhibition of NF-κB signaling does indeed decrease
cellular invasiveness in pancreatic cancer. Through inhibition of NF-κB activity by IKBa
repressor plasmid and BAY 11-7085 pharmacological inhibition we saw a decrease in
Boyden chamber invasion as compared to untreated control (Figure 5-3b). IKBa repressor
plasmid expression decreased invasion to 0.46 (± 0.025) of control and BAY 11-7085
treatment decreased invasion to 0.02 (± 0.008) of untreated control. NF-κB activity was
decreased through these means, as determined by p50 binding ELISA as a measure of
NF-κB activity to 0.63 (± 0.148) and 0.22 (± 0.192) of control, respectively (Figure 53c).
NF-κB inhibition also resulted in decreased EMT gene expression (Figure 5-3c).
Treatment by BAY 11-7085 for inhibition of NF-κB signaling decreased several EMT
genes: SNAI1 (0.507 fold ± 0.146), SNAI2 (0.357 fold ± 0.161), ZEB1 (0.584 fold ±
0.139), VIM (0.322 fold ± 0.022), and CDH2 (0.495 fold ± 0.259). Pharmacological
inhibition via BAY 11-7085 also decreased EMT markers vimentin and n-cadherin at the
protein level (Figure 5-3e).
Therefore, these data indicated that NF-κB inhibition decreases EMT marker gene
expression and protein levels and subsequently decreases invasiveness.
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Figure 5-3: NF-κB inhibition decreases invasion and EMT markers
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(a) Triptolide decreased NF-κB activity in a time and dose dependent manner. (b) Inhibition of NF-κB
signaling through IKBa super repressor plasmid or BAY 11-7085 pharmacological inhibition decreased
Boyden chamber invasion, as compared to untreated control. (c) NF-κB inhibition by IKBa super repressor
and BAY 11-7085 treatment reduced NF-κB activity, as shown by p50 binding ELISA. (d) EMT
transcription factors and mesenchymal marker gene expression was decreased with NF-κB inhibition and
(e) vimentin protein expression levels were decreased upon inhibition of NF-κB signaling by treatment
with BAY 11-7085.

Enhancing IKK activity rescues cells from triptolide treatment effects
Next we wanted to confirm that NF-κB was indeed responsible for the effect of triptolide
on EMT and invasion. Triptolide treatment decreased NF-κB activity to 0.66 fold (±
0.089) of untreated MIA PaCa-2 control. Cells expressing the IKK enhancer plasmid
treated with triptolide more than restored the NF-κB activity that triptolide diminished
(4.104 fold ± 0.701) (Figure 5-4a).
To determine if NF-κB signaling is mediating the downregulation of EMT gene
expression from triptolide treatment, we expressed the IKK enhancer plasmid to rescue
the effects of triptolide treatment. Triptolide treatment decreased SNAI1 (0.693 fold ±
0.270), SNAI2 (0.259 fold ± 0.048), TWIST1 (0.205 fold ± 0.080), ZEB1 (0.407 fold ±
0.187), VIM (0.589 fold ± 0.160), and CDH2 (0.695 fold ± 0.055) gene expression as
compared to untreated control. With the expression of the IKK enhancer in addition to
triptolide treatment, expression of these genes is rescued to approximately untreated
levels or higher: SNAI1 (1.650 fold ± 0.095), SNAI2 (1.135 fold ± 0.154), TWIST1
(4.099 fold ± 0.367), ZEB1 (0.900 fold ± 0.364), VIM (3.554 fold ± 0.607), and CDH2
(1.357 fold ± 0.181), as compared to untreated control (Figure 5-4b).
Next we wanted to determine if this rescue was functionally significant in the context of
invasion. Control, triptolide treated, and IKK enhancer expressing triptolide treated cells
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were examined for invasive potential. Triptolide decreased Boyden chamber invasion
(0.0282 fold ± 0.009) and cells expressing the IKK enhancer plasmid treated with
triptolide rescues this effect (0.617 fold ± 0.080).
These data together demonstrate that triptolide downregulates Epithelial-Mesenchymal
Transition genes and decreases invasiveness through the inhibition of NF-κB activity.
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Figure 5-4: Enhancing IKK activity rescues cells from triptolide treatment effects
(a) IKK enhancer plasmid rescues NF-κB activity from triptolide treatment. (b) Epithelial-Mesenchymal
Transition gene downregulation by triptolide is rescued by IKK enhancer plasmid expression. (c)
Invasiveness by Boyden chamber invasion was partially rescued in triptolide treated MIA PaCa-2 cells by
the expression of IKK enhancer plasmid.
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In vivo NF-κB inhibition decreases primary tumor volume and metastasis
To determine whether the EMT inhibition and invasion which was seen in vitro translates
in vivo, we used BAY 11-7085 intraperitoneal injection to inhibit NF-κB signaling, using
DMSO as the control, in an orthotopic mouse model of pancreatic cancer. Treatment for
3 weeks resulted in a decrease in primary tumor volume (0.561g ± 0.078 in the control
group versus 0.250g ± 0.052 in the BAY 11-7085 treatment group) (Figure 5-5a). Tumor
NF-κB activity was determined by p50 binding ELISA, in which BAY 11-7085 treated
tumors displayed decreased p50 binding (9657 RLU/ug protein ± 586.6) as compared to
DMSO control (7248 RLU/ug protein ± 538.3) (Figure 5-5b).
BAY 11-7085 treated tumors also exhibited decreased gene expression of EMT
transcription factors (SNAI2 0.745 fold ± 0.070 and TWIST1 0.737 fold ± 0.164) and
mesenchymal marker (N-Cadherin 0.377 fold ± 0.196); increased E-cadherin expression
(2.392 fold ± 0.265); and decreased MMP7 gene expression (0.002 fold ± 0.001) (Figure
5c). Additionally, BAY 11-7085 treated tumors displayed a restoration of cell-cell
adhesion as shown by cell membrane E-cadherin tumor section staining by
immunofluorescence (Figure 5-5d).
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Figure 5-5: In vivo NF-κB inhibition decreases primary tumor volume and metastasis
(a) Tumor weight; (b) p50 binding activity; (c) EMT associated gene expression; (d) E-cadherin
immunofluorescence; and (e) metastasis of MIA PaCa-2 tumors treated with BAY 11-7085.
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DISCUSSION
Pancreatic ductal adenocarcinoma continues to be one of the most fatal malignancies, as
the 5-year survival rate remains at only 6%. This poor survival is partially attributed to a
high rate of local invasion and metastasis in pancreatic cancer, as well as inadequate
therapeutic options.
Epithelial-Mesenchymal Transition (EMT) status in pancreatic cancer patients was
shown to correlate with clinicopathologic factors and overall survival. Portal vein
invasion and lymph node metastasis correlated with EMT status. Additionally, the degree
of vimentin staining, a mesenchymal marker, negatively correlated with overall survival
[169]. Interestingly, Gemcitabine treatment provided a significant survival benefit (16.1
months vs. 10.1 months) in tumors characterized as mesenchymal, as compared to those
characterized as epithelial [169].
Gemcitabine treatment, however, remains to be largely ineffective for prolonged survival
in pancreatic cancer patients. Our group and others have shown that triptolide, a
compound derived from the ancient Chinese herb Tripterygium wilfordii, is effective in
promoting cell death in pancreatic cancer [115, 170, 171]. Until recently, triptolide was
not a prospect for clinical use as it is only soluble in organic solvents. Our group recently
demonstrated the efficacy of Minnelide™, a water-soluble derivative of triptolide.
Minnelide™ effectively decreased tumor size and volume, inhibited metastasis, and
prevented recurrence in several murine models [15]. The observation that metastasis was
inhibited, as compared to saline control was very intriguing and stimulated this study, as
how Minnelide™ was able to inhibit pancreatic cancer metastasis.
In this study we demonstrated that triptolide decreases Epithelial-Mesenchymal
Transition markers and diminishes invasiveness in vitro. Additionally, we showed that
this effect is mirrored in vivo with Minnelide™ treatment. These observations were
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determined to be mediated by NF-κB signaling, which is demonstrated through the
inhibition of NF-κB signaling using pharmacological inhibition and pathway repressor
plasmid.
Triptolide treatment in vitro reduced the invasiveness of both a primary tumor-derived
and a metastasis-derived pancreatic ductal adenocarcinoma cell lines (Figure 5-1b and a).
We have previously demonstrated decreased invasiveness was demonstrated in vivo using
an orthotopic xenograft model, in which Minnelide™ treatment almost entirely inhibited
metastasis to several distant sites, including the liver, kidney, abdominal wall, diaphragm,
and spleen [15]. For metastasis from the primary tumor to occur, EMT has been shown as
a necessary step for dissemination [46, 172]. Therefore, we looked at the effect of in vivo
Minnelide™ treatment on EMT gene and protein expression and observed that
Minnelide™ decreases many of the mesenchymal markers associated with EMT early on
during Minnelide™ treatment (Figure 5-2b) and with long term Minnelide™ treatment
(Figure 5-1c).
Since NF-κB signaling has been implicated in the induction of EMT and invasion [129,
130, 138], we wanted to determine the effect of Minnelide™ on NF-κB signaling.
Triptolide decreased NF-κB in a time and dose dependent manner (Figure 5-3a). To
verify that triptolide decreases EMT and invasion through NF-κB inhibition, we inhibited
NF-κB activity through IKBa repressor plasmid expression and pharmacological
inhibition. NF-κB inhibition demonstrated decreased in vitro invasion and decreased
gene and protein expression of several mesenchymal markers (Figure 5-3b-d).
To further establish that NF-κB inhibition by triptolide is the mechanism by which
triptolide is inhibiting EMT and invasion, we enhanced NF-κB activity through the
expression of an IKK enhancer plasmid in addition to triptolide treatment. IKK enhancer
plasmid expression rescued the NF-κB activity, EMT gene expression, and in vitro
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invasion, which were decreased with triptolide treatment (Figure 5-4).
NF-κB inhibition by Minnelide™ as the mechanism by which treatment inhibits EMT,
invasion, and metastasis was further shown by in vivo NF-κB inhibition via BAY 117085 treatment. BAY 11-7085 treatment decreased primary tumor weight, NF-κB
activity, and EMT related gene expression. Additionally, we observed that E-Cadherin
junctions were restored upon in vivo NF-κB inhibition (Figure 5-5d) and ultimately that
metastasis to several distant sites was decreased with treatment as compared to DMSO
control (Figure 5-5e and f).
Triptolide has been demonstrated to inhibit invasion in other cancer types. In ovarian
cancer, triptolide was shown to inhibit migration and invasion through decreased matrix
metalloproteinases (MMPs) [173]. Additionally, triptolide decreased invasion in
malignant glioma cells [174]. However, this is the first study demonstrating triptolide’s
effect on EMT, invasion, and metastasis in pancreatic cancer and the mechanism by
which this occurs.
Our previous work implicated Minnelide™ as a potentially effective therapy for
pancreatic ductal adenocarcinoma based on drastic reductions in tumor size and volume,
which has resulted in the initiation of phase 1 clinical trials. This study demonstrated
Minnelide™’s ability to inhibit EMT and invasion through the reduction of NF-κB
activity. Although less than 50% of patients are diagnosed prior to distant disease,
Minnelide™ could prove useful as a neoadjuvant therapy for those patients. Reduction of
primary tumor size in these patients may result in surgical resection. Additionally, the
inhibition of EMT and invasion demonstrated by Minnelide™ in this study could be
beneficial in preventing progression of disease.
In conclusion, these data demonstrate the effect of Minnelide™ on pancreatic cancer
EMT induction, invasion, and metastasis. Minnelide™ was shown to effectively
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downregulate mesenchymal markers, decrease cellular invasion, and inhibit metastasis.
These effects were mediated by the reduction in NF-κB activity.
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MATERIALS AND METHODS

Cell culture
MIA PaCa2 (ATCC) cell line was maintained in DMEM (Hyclone) containing 10% Fetal
Bovine Serum. S2-013 (a gift from M. Yamamoto, University of Minnesota) cells were
cultured in RPMI 1640 (Hyclone) containing 10% Fetal Bovine Serum.

Animals and tumor xenografts
Female, athymic nude mice were purchased from the National Cancer Institute and
experiments were carried out according to Institutional Animal Care Use Committee
approved protocols. For the orthotopic xenograft model the mouse was anesthetized, and
a left lateral incision was given with a scalpel. The abdominal cavity opened using
scissors, and pancreatic cancer cells were injected into the pancreas. The abdominal
cavity was closed by absorbable suture and skin closed using staples. For the human
tumor xenograft model, de-identified human pancreatic tumors were subcutaneously
implanted into SCID mice (Jackson Laboratories). Tumors were propagated in SCID
mice through dissection, fragmentation, and reimplantation into additional SCID mice.

Boyden chamber invasion assay
Twenty four-well transwell inserts (BD Biocoat) were hydrated using serum-free media
and 25,000 cells were plated into the top chamber of the inserts in serum-free media with
10% serum medium in the bottom chamber. After 24 hours, cells in the top chamber are
removed by scrubbing with a cotton swab; fixed by methanol; and stained by crystal
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violet dye. Cells having migrated through the Matrigel were counted by microscopy and
compared to control to determine the change in invasiveness.

NF-κB activity assays
NF-κB activity was determined by both p50 binding ELISA (Thermo Scientific) and
Dual-Luciferase reporter assay. Binding ELISA was performed according to
manufacturer protocol using whole cell lysates and values were normalized to ug protein
as determined by protein estimation (Pierce). Dual-Luciferase reporter assay system
(Promega) results were determined by Synergy2 luminometer (Biotek).
Immunofluorescence
On completion of the experiment, animals were sacrificed and tissues were resected.
Slides were deparaffinized in xylene and hydrated through graded ethanol solutions.
Slides were steamed with a Reveal Decloaker (Biocare Medical, Concord, CA), blocked
in 1% BSA/PBS. Primary antibodies (Cell Signaling) were diluted 1:100 in 1X PBS
according to manufacturer’s guidelines. Alexafluor secondary antibody was diluted 1:100
in 1X PBS. Slides were mounted using Prolong Gold anti-fade with DAPI (Molecular
Probes).

Statistical Methods
Values are expressed as mean ± SEM. In vitro were performed a minimum of three times
and significance between two samples was determined using the Student’s unpaired ttest. Values were considered statistically significant when p<0.05.
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DISCUSSION

Summary
Mortality rates for patients with pancreatic cancer have remained unchanged for the past
several decades and is projected to increase to the 2nd leading cause of cancer related
deaths by 2030 [1]. In contrast, most other types of cancer have seen a decline in
mortality due to a better understanding of the disease and thus more effective therapies to
treat patients. However, in pancreatic cancer, successful treatments are unavailable for
patients due to the lack of a full understanding of the biology of these tumors.
One such target in pancreatic cancer, is a population of cells capable of initiating a tumor
from one cell, largely chemoresistant to the standard treatments available, and
responsible for metastatic dissemination. Cancer stem cells have been greatly
investigated since their discovery within pancreatic cancer in 2007 and targeting of the
population in addition to the bulk of the tumor is required for the eradication of disease.
Thus, upon debulking of tumor mass using chemotherapies targeting rapidly proliferating
cells, without eliminating the cancer stem cell population from the tumor, these cells are
capable of initiating tumor and thus, the primary tumor will just regenerate.
Collectively, our studies have demonstrated a distinct role for CD133 expression within
pancreatic cancer as a marker of cancer stem cells in both human and mouse models of
disease; as a functional surface protein for the activation of NF-κB signaling and EMT
induction; and the importance of IL-1 signaling in this CD133 positive population.
The standard tumorigenicity experiment involves sorting a population of cancer cells into
the marker positive and marker negative subsets; diluting these cells into smaller number;
implanting specific numbers of cells into immunocompromised mice; and observing
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tumor initiation. This study was the first to show that CD133 positive pancreatic cancer
cells were capable of tumor initiation in an immunocompetent murine model.
Additionally, a novel therapy- Minnelide™, was shown to be effective in reducing tumor
burden and inducing cell death in both the bulk tumor and the cancer stem cell
populations. This treatment is now undergoing Phase I clinical trials in gastrointestinal
cancers at the University of Minnesota and Mayo Clinic- Scottsdale. Minnelide™
functions to inhibit NF-κB signaling, decreasing proliferation and invasion and inducing
apoptosis. Minnelide™ is unique, in that it is capable of affecting not only the bulk tumor
but also several cancer stem cell populations, including CD133 positive cells.
The functional role of CD133 expressing within the cancer stem cell population in
pancreatic cancer was unclear. CD133 expression marked a population of cells that
showed the CSC phenotype, but it’s function within this context was unknown. Studies in
other cancer types utilized CD133 silencing techniques and demonstrated its importance
in tumorigenicity and invasion in hepatocellular and colorectal cancers, respectively [175,
176]. We established that CD133 does indeed play a functional role in the pancreatic
CSC phenotype concerning stemness and metastasis [61]. The overexpression of CD133
in pancreatic cancer cell lines with very low endogenous expression induces significant
changes in cellular phenotype. CD133 expression increases gene expression of stemness
related genes and increases tumorigenicity in mice. In addition, CD133 surface
expression induces EMT and increases invasiveness, which in vivo leads to increased
metastasis to several distant sites.
CD133 surface expression also induces an expression and secretion of IL-1β and an
increased activation of NF-κB signaling. We demonstrated the importance of IL-1
signaling in cells expression CD133, which upon inhibition of IL-1 signaling, a
significant decrease in NF-κB signaling, EMT marker expression, and in vitro invasion
was observed. Additionally, the importance of NF-κB in the invasive potential of
pancreatic cancer cells was thoroughly established.
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These studies demonstrate the importance of CD133 surface expression in pancreatic
cancer stem cells and how CD133 initiates tumors through the upregulation of stemness
genes and induces metastasis through IL-1 and NF-κB signaling.

Future Directions
This leads to the question: how is CD133 expression inducing the activation of IL-1
signaling? One explanation could be a coordination between CD133 and the IL-1
receptor at the surface of the cell. CD133 has been previously shown to associate with
cholesterol in hematopoietic progenitor cells and localize to lipid rafts [177, 178]. We
have also recently observed the localization of CD133 to lipid raft fractions, giving
evidence towards a possible lipid raft organization of CD133 and IL-1R. Further
examination will give insight into how CD133 surface expression leads downstream NFκB activation, EMT induction, invasion, and metastasis.
Downstream signaling of the cell membrane bound CD133 remains unclear. Others have
shown activation of Src activity and Wnt signaling [120, 134]. However, these have not
yet been conclusively demonstrated, especially not in pancreatic cancer. Inducible vector
expression of CD133 would allow for investigation into the signaling occurring
immediately following expression. Selective deletions of certain areas within CD133 may
also determine important domains essential for the activation of NF-κB and the induction
of EMT and invasion. CD133 contains a short cytosolic tail, which could interact with
other surface or cytosolic proteins. Deletion of the cytosolic tail and mutation of the
predicted phosphorylation sites could provide evidence for early signaling events related
to CD133 expression.
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The induction of IL-1 signaling upon the expression of CD133 may also prove to be
clinically applicable. Blockade of IL-1 receptor signaling has been used for over a decade
in autoimmune disorders, such as rheumatoid arthritis [162, 163]. The use of this therapy
alone or in combination with chemotherapy would be an intriguing option for
investigation in pancreatic cancer.
These studies focused on the autocrine IL-1 secretion and stimulation in CD133
expressing cells, however, several cellular components of the tumor microenvironment
may also contribute to the inflammatory stimulation of cells within the tumor. In addition
to paracrine signaling from other cellular tumor components, it will be interesting to
investigate how CD133+ cells affect tumor microenvironment components compared to
the CD133- population. We have shown that cells overexpressing CD133, express and
secrete more IL-1β, it would be interesting to investigate the differential effect of the
CD133 positive and negative population on stromal and immune cell populations.
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CONCLUSIONS

Pancreatic cancer is a devastating disease with a 5-year survival rate of only 7%. This
dismal prognosis is due to its aggressive nature, late diagnosis, drug resistance and high
rate of tumor recurrence (in the small number of patients qualifying for tumor resection).
A population within the tumor, cancer stem cells, are regarded as responsible for
recurrence, chemoresistance, and metastasis of pancreatic cancer.
This thesis research was focused on the molecular mechanisms by which pancreatic
cancer stem cells are responsible for “stemness” and metastasis.
We have shown that CD133+ pancreatic cancer cells are a tumor-initiating population
within human and mouse pancreatic cancer, in immunedeficient and immune competent
models, respectively. Our article in Clinical Cancer Research in 2014, was the first to
describe pancreatic CSCs in an immune competent model. We also described a novel
therapeutic, Minnelide™, which was previously shown to be effective in pancreatic and
other cancers. We were able to show that Minnelide™ is highly effective against murine
pancreatic cancer stem cells and in human CD133 positive side population cells,
published in Molecular Cancer in 2016.
CD133 has been implicated as a cancer stem cell (CSC) surface marker in several
malignancies including pancreatic cancer. However, the function of this pentaspan
glycoprotein in pancreatic cancer remained unclear.
In our article in Oncotarget in 2015, we described that CD133 expression contributed to
“stemness” and tumorigenicity. Additionally, we were able to show that CD133 does
indeed play a functional role in the Epithelial-Mesenchymal Transition (EMT), invasion,
and metastasis of pancreatic cancer. Expression of CD133 induces the activation of NF133

κB, resulting in an induction of EMT, increased invasiveness, and widespread metastasis.
The functional significance of the expression of CD133 within a cell and its role in
“stemness” and metastasis was previously unknown.
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APPENDICES
List of Abbreviations
(Ordered by appearance in dissertation)
PDAC: Pancreatic Ductal Adenocarcinoma
FU: Fluorouracil
CSC: Cancer Stem Cell
TIC: Tumor Initiating Cell
PSC: Pancreatic Stellate Cell
CAF: Cancer Associated Fibroblast
TME: Tumor Microenvironment
TAM: Tumor Associated Macrophage
MDSC: Myeloid Derived Suppressor Cell
SHH: Sonic Hedgehog
HA: Hyaluronic Acid
HGF: Hepatocyte Growth Factor
EMT: Epithelial-Mesenchymal Transition
IL: Interleukin
TGF: Transforming Growth Factor
TNF: Tumor Necrosis Factor
ECM: Extracellular Matrix
MMP: Matrix Metalloproteinases
MET: Mesenchymal-Epithelial Transition
ESA: Epithelial Specific Antigen
SP: Side Population
SCID: Severe Combined Immunodeficient
MACS: Magnetic Cell Sorting
ELISA: Enzyme Linked ImmunoSorbent Assay
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TUNEL: Terminal deoxynucleotidyl transferase (TdT) dUTP Nick-End Labeling
NOD: Non-Obese Diabetic
iNOS: inducible Nitric Oxide Synthase
COX: Cyclooxygenase
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