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Abstract

Pancreatic cancer is one of the deadliest human malignancies, and is expected
to become the second leading cause of cancer related death in the United States by the
year 2020. Standard chemotherapy approaches have proven ineffective in the treatment
of pancreatic cancer, highlighting the need to understand the basic biology of the
disease in order to identify future therapeutic targets. In humans, pancreatic tumors
almost universally display activating mutations in the oncogene Kras, which are
considered to be the initiating factor in carcinogenesis. Pancreatic cancer is also
associated with later mutations in tumor suppressors, most commonly point mutations in
the gene p53. This information from human tumors can be used to model pancreatic
cancer in mice, where expression of oncogenic Kras recapitulates the precursor lesions
seen in humans. Addition of tumor suppressor mutations leads to mice that reliably
mimic all the stages of human disease. The overarching goal of this work is to use
existing mouse models, as well as develop new ones, in order to further our
understanding of the initiation and progression of pancreatic cancer.

In the first part of this dissertation, | focus on the initiation of pancreatic cancer
and the role that the epigenetic regulator Bmi1 plays in this process. Using a mouse
model of early pancreatic carcinogenesis, | show that pancreatic expression of Bmi1 is
required for the development of precancerous lesions, and therefore the initiation of

pancreatic cancer. | showed that Bmi1 knockdown in pancreatic cancer cell lines
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increased levels of reactive oxygen species (ROS), indicating that the requirement of
Bmi1 expression during pancreatic cancer initiation may be due to its control of cellular
ROS levels. Next, | explore the mechanism for Bmi1 requirement in pancreatic cancer
initiation. | find that when Bmi1 is knocked down in pancreatic cancer cells, HIF1a is
also down, suggesting that Bmi1 may be regulating HIF1a. In vivo, pancreatic HIF1a
stabilization recovers the lack of precancerous lesion phenotype seen in animals lacking
Bmi1 expression, indicating that the reason for Bmi1 requirement in pancreatic cancer
initiation is through its regulation of HIF1a levels.

In the next sections of this dissertation work, | develop new mouse models that
will help in the understanding of the basic biology of pancreatic cancer. First, | analyze
HIF2a stabilization in the murine pancreas. Pancreatic HIF2a stabilization results in a
phenotype that resembles human chronic pancreatitis, including inflammatory infiltrates
and extensive fibrosis. In the context of oncogenic Kras expression, HIF2a stabilization
leads to the development of large cystic lesions that resemble human mucinous cystic
neoplasm (MCN), a less common precancerous lesion of pancreatic cancer. This work
provides new mouse models of chronic pancreatitis and MCN, which can be of use in
the future to study these conditions. Next, | create a new mouse model to study the role
of tumor suppressor mutations in pancreatic cancer. Previously, only the most common
point mutation in the tumor suppressor p53 has been modeled in mice, however in
human pancreatic tumors a spectrum of p53 mutations is observed. In this work | create
a new model that uses the second most common point mutation in p53, as well as

models the sequence of events that occur in human tumors. | use these mice to
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determine that mutant p53 expression promotes formation of precancerous lesions, but
it is not necessary for the growth of established tumors.

Taken together, this dissertation work utilizes both existing and newly developed
mouse models in order to provide new insights into the initiation and progression of
pancreatic cancer. Overall, the use of mouse models provides an important scientific
basis for experimentation that will eventually lead to new therapeutic options for

pancreatic cancer, a truly devastating disease.
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Chapter One

Introduction

Pancreatic cancer overview

Pancreatic cancer is one of the deadliest malignancies, with a five-year-survival
rate of just 8% (SEER Database — www.seer.cancer.gov). It is expected to become the
second leading cause of cancer-related death in the United States by the year 2020
(Rahib, Smith et al. 2014). Few specific symptoms of pancreatic cancer exist, and
therefore most patients present with metastatic and unresectable lesions (Gillen,
Schuster et al. 2010, Teague, Lim et al. 2015). Unfortunately, even those patients that
undergo potentially curative resection have a median survival of less than two years
(Katz, Wang et al. 2009). Standard chemotherapy approaches have proven
unsuccessful in the treatment of pancreatic cancer (Hidalgo 2010), highlighting the need
to understand the underlying biology of the disease in order to identify potential new

therapeutic options.

Pancreatic cancer pathology

Pancreatic ductal adenocarcinoma, or PDAC, the most common pancreatic
malignancy, arises from the exocrine pancreas and makes up the vast majority of
pancreatic malignancies. The pancreas epithelium includes an exocrine and an

endocrine component. The exocrine pancreas is comprised of acinar, centroacinar and



ductal cells. Acinar cells synthesize and secrete inactive precursors of digestive
enzymes and ductal cells serve as a conduit for the passage of these enzymes into the
intestine. The cell of origin of human PDAC is not confirmed, but animal studies suggest
that PDAC arises primarily from acinar cells (Means, Meszoely et al. 2005, Morris, Cano
et al. 2010, Kopp, von Figura et al. 2012), although other cells of origin have been
identified (Gidekel Friedlander, Chu et al. 2009, Bailey, Hendley et al. 2016). PDAC
proceeds through a series of well-defined histological stages, beginning with precursor
lesions, termed pancreatic intraepithelial neoplasia (PanIN) and eventually progressing
to frank carcinoma (Hruban, Goggins et al. 2000). PanINs are separated into low grade
and high-grade lesions, a classification that corresponds with increased levels of celluar
atypia (Hruban, Goggins et al. 2000). While PanINs are thought to be the most common
precursor lesion to PDAC, other types of lesions do progress to carcinoma, although the
underlying biology of those lesions is less well understood. These other types of
precursors include intraductal papillary mucinous neoplasm (IPMN) and mucinous cystic

neoplasm (MCN) (Hruban, Maitra et al. 2007, Yonezawa, Higashi et al. 2008).

Genetics of pancreatic cancer

The histologic changes observed during the progression of pancreatic cancer are
accompanied by genetic changes (Amundadottir, Kraft et al. 2009, Petersen,
Amundadottir et al. 2010, Wu, Miao et al. 2011). The most common of these are
activating mutations in the oncogene Kras, which are found in over 90% of human
tumors (Smit, Boot et al. 1988, Pellegata, Sessa et al. 1994, Moskaluk, Hruban et al.

1997, Jones, Zhang et al. 2008). Additionally, mutations in tumor suppressors, such as



p53, Ink4a/ARF, and BRCA2 are frequently observed (DiGiuseppe, Hruban et al. 1994,
Wilentz, Geradts et al. 1998, Goggins, Hruban et al. 2000, Wilentz, lacobuzio-Donahue
et al. 2000). Kras is a small protein GTPase and a component of many cell signal
transduction pathways (Khosravi-Far and Der 1994, Pylayeva-Gupta, Grabocka et al.
2011). In normal cells, Kras activation is brief, and the protein predominantly exists in
the inactive GDP bound form. Kras mutations, most commonly the G12D mutation,
result in a Kras protein that favors the active GTP-bound state (Hezel, Kimmelman et al.
2006). Therefore, mutant Kras can activate downstream effector pathways, including
both MAP kinase and AKT signaling (Hezel, Kimmelman et al. 2006). It is the
inappropriate activation of these cellular processes downstream of Kras that are thought
to be the driving force behind the initiation of pancreatic cancer.

While Kras activation is often the first mutation, progression of pancreatic cancer
is associated with later mutations in tumor suppressor genes, including p53, Ink4a/ARF
and BRCA2 (Moskaluk, Hruban et al. 1997, Wilentz, Geradts et al. 1998, Goggins,
Hruban et al. 2000, Wilentz, lacobuzio-Donahue et al. 2000, Jones, Zhang et al. 2008).
Mutations in the tumor suppressor gene p53 are common, being present in up to 75% of
human pancreatic tumors (Bailey, Chang et al. 2016). TP53 is a protein that plays a role
in normal cells by protecting organs from carcinogenesis, being activated in response to
cell stress in order to direct cells toward either DNA repair or apoptosis (Vousden and
Lu 2002). Mutations in p53 are found commonly in all human cancers (Hollstein,
Sidransky et al. 1991, Muller and Vousden 2013). These mutations disrupt the normal
protective functions of wild type p53, leading to inappropriate cell growth and survival

(Oren and Rotter 2010, Muller and Vousden 2014). Missense p53 mutations are the



most common type of alteration, with a spectrum of missense mutations observed in
human pancreatic tumors (Jones, Zhang et al. 2008). Importantly, p53 missense
mutations in human cancer fall into two main categories — those that contain changes in
the amino acids that normally directly contact DNA (contact mutants, typified by the
R273H mutation) and those that more generally disrupt the structure of the p53 protein
(structural mutations, like R175H) (Freed-Pastor and Prives 2012). Both contact
mutants and structural mutants are prominent in human pancreatic cancer (Bailey,
Chang et al. 2016). In general, TP53 missense mutants act as a dominant negative on
the wild type, suppressing its function (de Vries, Flores et al. 2002, Willis, Jung et al.
2004). Additionally, certain p53 mutants can have gain of function roles, activating
downstream targets beyond those typically activated by the wild type version (Oren and
Rotter 2010). Tp53 gain of function can be achieved through interaction with different
groups of binding partners or transcriptional activation of unique downstream target
genes. Many of these binding proteins and target genes were identified in the context of
particular p53 mutations, indicating that different p53 mutations result in unique

downstream effects (Freed-Pastor and Prives 2012).

Pancreatic cancer subtypes

Several research groups have further classified genetic alterations in PDAC
using human tumor data, leading to the definition of several subtypes of pancreatic
cancer (Collisson, Sadanandam et al. 2011, Moffitt, Marayati et al. 2015, Waddell, Pajic
et al. 2015, Bailey, Chang et al. 2016, Makohon-Moore, Zhang et al. 2017). Each of

these groups uses different criteria, and so define different numbers of subtypes.



However, each group uses the common method of a genetic signature in the tumors to
define each of the subtypes. Importantly, differences in underlying tumor biology and
responses to therapy are still poorly defined. Given the advent of personalized medicine
techniques, understanding the differences that arise in human pancreatic cancer with
different mutational profiles will be important in the development of future treatments.
However, without understanding the underlying biology of pancreatic cancer, the ease
of development and testing of potential therapeutics is limited. Therefore, the
development of proper mouse models of disease is paramount for the advancement of

future treatment options.

Modeling pancreatic cancer in mice

G12D

Kras in pancreatic cancer initiation

Mouse models of pancreatic cancer have been an essential tool in the study of
the initiation and progression of PDAC. The well-defined genetics of human pancreatic
tumors have provided the basis for modeling the disease in mice. Mouse models of

pancreatic cancer that dependably recapitulate the human disease rely on pancreas-

G12D

specific expression of oncogenic Kras, most commonly the Kras allele. The most

widely used of the models expressing oncogenic Kras, termed KC, uses a pancreas-

specific cre recombinase (either Ptf1a®™®* or Pdx1-Cre) to drive expression of an LSL-

G12D

Kras cassette (Aguirre, Bardeesy et al. 2003, Hingorani, Petricoin et al. 2003). This

G12D

results in animals that express Kras specifically in the pancreas, starting at

G12D

embryonic stages. Despite Kras expression during embryogenesis, KC animals are

born with a normal pancreas and PanINs develop over time. PanIN formation and



progression in KC mice can be accelerated by the induction of pancreatitis (Guerra,
Schuhmacher et al. 2007, Carriere, Young et al. 2009, Morris, Cano et al. 2010).
Pancreatitis is induced in animals by administration of the cholecystokinin orthologue
caerulein, which results in acinar cell necrosis and a fibroinflammatory response. In KC
animals, caerulein-induced damage synergizes with the expression of oncogenic Kras,
driving the rapid development of PanIN formation. Consequently, caerulein treated KC
mice will typically have pancreata in which normal tissue is entirely replaced by PanIN
lesions three weeks after pancreatitis (Guerra, Schuhmacher et al. 2007, Morris, Cano
et al. 2010). KC animals, with or without pancreatitis treatment, reliably develop PanINs
over time, however progression to frank carcinoma is infrequent.

KraSG12D

in pancreatic cancer maintenance

While KC mice are useful to study the initiation of PanINs in mice, direct
investigation of the mechanism of oncogenic Kras action in the pancreas is difficult due
to the fact that KC mice permanently express oncogenic Kras starting from embryonic

612D mutation in an inducible and reversible

stages. iKras* mice express the Kras
manner, and are thus suitable to study the role of this oncogene in tumor maintenance
(Collins, Bednar et al. 2012). iKras mice are generated using a pancreas-specific Cre
recombinase (Ptf1a°™®" or Pdx1-Cre) that drives excision of a stop cassette from the
Rosa26-LSL-rtTa allele, thus activating the expression of rtTa. rtTa, a bacterial
transcription factor, is active in presence of doxycycline (dox) and inactive in absence of

the antibiotic (Belteki, Haigh et al. 2005). The third transgene in the iKras* model is

TetO- Kras®'?®. Thus, in the presence of dox, mutant Kras expression is induced at will.



In contrast, removal of dox reverses Kras expression. Similar to KC animals, the

G12D

induction of Kras expression (by dox administration) during embryonic stages

G12D

results in the extensive formation of PanINs in iKras animals. Kras expression in

iKras animals can be induced in adult mice, more closely mimicking the mutation timing

G12D s activated in adult animals

observed in human pancreatic tumors. When Kras
using dox, there is a long latency to PanIN development, and induction of pancreatitis
can accelerate and increase the penetrance of these lesions (Collins, Bednar et al.
2012). Once dox is removed from iKras mice, turning off expression of Kras®'?°, PanINs
regress and the pancreas is replaced by normal appearing acinar cells after two weeks.

G12D

While the development of KC animals showed that Kras expression is sufficient to

G12D

promote PanIN formation, iKras mice demonstrated that continued Kras expression

is sufficient for PanIN initiation and necessary for their maintenance.

Using Kras®'?P

mouse models to research pancreatic cancer initiation

Oncogenic Kras expression is frequently combined with pancreas-specific
deletion of a gene of interest in order to identify the importance of that gene during
PanIN formation (Zhang, Morris et al. 2013, Wu, Carpenter et al. 2014, Bednar,
Schofield et al. 2015). For example, KC mice with pancreas specific deletion of the
Polycomb group protein Bmi1 do not develop PanINs, demonstrating the necessity for
Bmi1 expression for pancreatic cancer initiation (Bednar, Schofield et al. 2015). These
types of studies have allowed numerous scientific insights into the biology of the early

stages of pancreatic cancer. Depending on the gene of interest, a diverse array of

cancer related processes can be explored using mice that express oncogenic Kras,



including the roles of hypoxia (Criscimanna, Duan et al. 2013, Lee, Spata et al. 2016),
epigenetics (Mallen-St Clair, Soydaner-Azeloglu et al. 2012, Bednar, Schofield et al.

2015) and many other mechanistic aspects of disease development.

Tumor suppressor mutations in pancreatic cancer mouse models
While the KC and iKras mice have been vital in establishing the role of oncogenic

Kras®'?P

mutation in precancerous lesion initiation and maintenance, neither of these
models reliably progress to frank carcinoma. Similar to the genetic changes seen in
human tumors, the addition of a tumor suppressor mutation to the KC or iKras animals
leads to the formation of pancreatic cancer. Several tumor suppressor mutations have
been used in the mice, guided by the spectrum of mutations seen in human cancer,
including p53, Ink4a/ARF and BRCAZ2 (Aguirre, Bardeesy et al. 2003, Hingorani, Wang
et al. 2005, Skoulidis, Cassidy et al. 2010). In the most extensively studied of these
models, Kras mutation is combined with alterations in the tumor suppressor p53, termed
KPC (Hingorani, Wang et al. 2005). KPC animals reliably develop pancreatic tumors
with invasive cancer, similar to what is seen in human patients, and so are commonly
used to explore the biology of the disease as well as in drug treatment experiments.
Multiple versions of the KPC mouse model exist, using different alterations in p53.
Some KPC animals express a floxed version of the p53 gene (KP(fl)C), resulting in a
null allele of p53 in the pancreas, along with oncogenic Kras (Morton, Timpson et al.
2010). These mice develop pancreatic tumors quickly, within 4-5 months of life, but

show few metastatic lesions, due to the rate at which they succumb to the disease.

KP(fl)C animals are frequently used in drug studies given that they quickly and reliably



develop pancreatic tumors. However, null mutations are rarely seen in human
pancreatic tumors, potentially limiting the applicability of the KP(fl)C system to human
tumor biology.

Point mutations in p53 are more common in human pancreatic cancer than null
alleles (Bailey, Chang et al. 2016). Additionally, these p53 point mutants can have gain-
of-function effects (Olive, Tuveson et al. 2004, Oren and Rotter 2010), making it
important to study these mutations instead of only null alleles of p53. The most common
p53 point mutant in human pancreatic tumors is R175H, which corresponds to R172H in
mice (Olivier, Eeles et al. 2002). KPC mice that express oncogenic Kras along with
p53R172H reliably develop pancreatic tumors with metastatic lesions particularly in the
liver.

KPC animals are a vital tool for studying the cellular processes involved in the
later stages of cancer development. For example, epithelial-to-mesenchymal transition
(EMT) and metastasis occur late in cancer progression (Kalluri and Weinberg 2009),
and given that most human pancreatic cancer patients have metastatic lesions at the
time of diagnosis, understanding the process of metastasis is vital for cancer treatment.
KPC animals reliably develop metastases in a similar pattern to human tumors, and so
serve as a tool for studying this step in cancer progression. In fact, cell lines made from
KPC mice were used to show that mutant p53 helps drive metastasis of pancreatic
cancer through expression of PDGFRB (Weissmueller, Manchado et al. 2014). In
addition to their utility for EMT and metastasis studies, KPC animals are useful in
designing experiments to test new therapeutic options for pancreatic cancer. KPC

animals reliably develop metastatic tumors similar to those seen in humans, over a



relatively short time frame. Therefore, treatment studies can easily be designed that
may help mirror what reaction to the drugs would be seen in human tumors.

Overall, the development and use of KC, iKras and KPC mice has been
instrumental in beginning to understand and treat pancreatic cancer in humans
(Westphalen and Olive 2012, Gopinathan, Morton et al. 2015). These mice recapitulate
genetic lesions seen in human pancreatic tumors and serve as a tool to probe their

underlying biology.

Emerging mouse models in pancreatic cancer
Using multiple recombinase systems to target separate cellular compartments

There are intrinsic shortcomings in using embryonic transcription factor driven
cre-mediated recombination to study carcinogenesis. New mouse model technologies
help circumvent these shortcomings and expand the scope of animal model research in
pancreatic cancer. One such example is a mouse model that expresses oncogenic Kras
driven by flp recombinase instead of the more widely used cre recombinase. In these
animals, termed KF, transgenic flp recombinase under the control of the Pdx7 promoter

drives excision of the stop cassette from an FSF-Kras®'?®

allele, resulting in pancreas
specific expression of Kras®'?P, Importantly, cre recombinase can be used for other
functions in the model. For example, mast cells are present in the pancreas during
PanlIN initiation, but their function there is unknown. KF animals were combined with a
cre-driven system to delete the entire mast cell lineage. Histologic analysis at 9 months

of age showed similar PanIN burden in KF animals with or without mast cells, indicating

that mast cell presence is dispensable for pancreatic cancer initiation and progression

10



(Schonhuber, Seidler et al. 2014). KF mice can be used in this manner to investigate
the functional role of genes during pancreatic cancer development in non-epithelial

compartments.

Methods to temporally regulate the expression of multiple transgenes

In addition to targeting separate compartments, KF animals have the advantage
of allowing cre-mediated gene editing after tumor formation by the use of a CreER
system. In this system, cre recombinase is only active in the presence of tamoxifen
treatment, which can allow deletion or expression of floxed genes after PanINs have
already been formed in KF mice. Thus, cre-mediated gene ablation can occur in a

G120 activation, as required in KC

temporal fashion instead of simultaneously with Kras
animals. This allows study of the role of genes at later time points during pancreatic
cancer development, which is likely to be more analogous to human tumor biology. As
an example of this system, Pdpk1 expression was known to be required for PanIN
initiation (Eser, Reiff et al. 2013), however its role in later tumor stages remained
unknown. To answer this question, KF mice were allowed to develop PanINs, and then
the CreER system was used to delete Pdpk1 specifically in the pancreas, including in
these established lesions. At 9 months of age, animals with Pdpk1 deletion lacked
PanINs, while KF controls had pancreata almost entirely replaced by lesions,
demonstrating that continued Pdpk1 expression is required after PanIN initiation.
Treatment of human pancreatic cancer begins after tumor establishment, making these

studies more analogous to human pancreatic caner treatment than genetic deletion in

traditional mouse models (KC or KPC) (Schonhuber, Seidler et al. 2014).
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Tumor suppressors in multiple recombinase systems

KF animals can be combined with a null allele of p53, creating KPF mice (Lee,
Moding et al. 2012, Schonhuber, Seidler et al. 2014). Importantly, KPF mice have cre
recombinase available for use in other capacities than expression of Kras®'?® and p53
null. This confers similar advantages to KF mice, such as analysis of multiple cell
compartments or temporal regulation, but in later tumor stages. This allows study of
aspects of carcinogenesis that are unique to later tumor stages, such as EMT and
metastasis. Given the complexity of pancreatic cancer biology, this flexibility in mouse
models is an exciting new development that will allow many new types of experiments

that were impossible with the use of only cre recombinase.

CRISPR/Cas9 in mouse models of pancreatic cancer

Other biological technologies are becoming useful in pancreatic cancer mouse
model research (Sanchez-Rivera and Jacks 2015). CRISPR/Cas9 is a system that
creates specific, permanent changes in cellular DNA (Doudna and Charpentier 2014).
The CRISPR/Cas9 system can make changes in any region of DNA, which can be
designed to produce many types of effects, including deletions, mutations, or
overexpression. There are several ways that the CRISPR/Cas9 system can be useful in
pancreatic cancer research. First, the DNA of mouse embryos can be modified by this
technology (Wang, Yang et al. 2013, Yang, Wang et al. 2013). Wild type embryos can
be engineered to express both oncogenic Kras and mutant p53, creating KPC animals.

Given that these can be created from wild type embryos, large numbers of KPC mice
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can be created at once without using a traditional breeding system. This allows the set
up of large experiments using many mice at once that would be difficult to perform with
typical mouse breeding. Using larger numbers of animals in research studies improves
the reliability of research findings.

Given that CRISPR/Cas9 can edit any cellular DNA, pancreatic cancer mouse
models can also be developed from adult wild type mice (Chiou, Winters et al. 2015,
Mazur, Herner et al. 2015, Maresch, Mueller et al. 2016). Mutations that lead to or
modify pancreatic cancer can be engineered into the adult pancreas through a delivery
method in order to initiate the development of pancreatic cancer. One delivery method
is injection directly into the pancreas, with subsequent development of a tumor at that
site. Again, this method may be superior to traditional breeding schemes because it
allows the use of wild type mice, making it easier to obtain the correct animals.
Additionally, traditional mouse models (KC and KPC) induce mutations into the
embryonic pancreas, a situation that is not analogous to a human tumor. Tumor
initiation in the adult murine pancreas may be more similar to human tumor biology, and
the study of how a tumor develops in an adult mouse may be a more close parallel.

Third, CRISPR/Cas9 is used to create specific, desired mutations and deletions.
So far, the number of mutations created in typical pancreatic cancer mouse model
research is quite small compared to the breadth of mutations observed in human
pancreatic tumors (Bailey, Chang et al. 2016). Given that CRISPR/Cas9 is a fast way to
induce mutation in mice, it could be used to recapitulate the spectrum of mutations seen
in humans. Given the rise of personalized medicine, it is possible that CRISPR/Cas9

could eventually be used to develop mouse models of the tumors of specific human
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patients, according to their mutation profile. These mouse models could then be used to
determine which treatment options were most appropriate for that specific tumor, and to
eventually be used in that patient. There is a vast array of combinations of mutations
that are seen in human pancreatic tumors, and the development of CRISPR/Cas9
raises the possibility that in the near future many more of these types of tumors could

be studied and potentially treated more specifically than has been previously possible.

Dissertation Overview
Bmi1 and HIF1a in pancreatic cancer

In this dissertation, | use existing mouse models as well as develop new tools in
order to further understand the mechanisms the underlie the initiation and progression
of pancreatic cancer. In Chapter Two, which has been published (Bednar, Schofield et
al. 2015), | explore the role of the epigenetic regulator and known oncogene Bmi1 in the
initiation of pancreatic cancer. | generated KC mice with pancreas specific deletion of
Bmi1. These mice fail to develop PanlINs, indicating an absolute requirement for Bmi1 in
pancreatic cancer initiation. | endeavored to investigate the mechanism underlying the
requirement for Bmi1. For this purpose, | followed a candidate approach. The
requirement for Bmi1 expression in the initiation of pancreatic cancer was not due to the
known ability of Bmi1 to regulate the tumor suppressors Ink4a and ARF. | did determine
that Bmi1 is required for the regulation of reactive oxygen species (ROS) levels in
pancreatic cancer cells. Notably, regulation of ROS accumulation is a prerequisite for
PanIN formation (DeNicola, Karreth et al. 2011). Confusingly, however, none of the

“classic” regulators of intracellular ROS accumulation, namely Nrf2 and Keap1, were
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affected by Bmi1 inactivation. In Chapter Three, | deepened my investigation into the
interplay between Bmi1, ROS accumulation and pancreatic carcinogenesis. | found that
Bmi1 expression regulates levels of HIF1a and HIF2a in pancreatic cancer cells.
Although their best-known function is the regulation of response to hypoxia, HIF factors
are also important to modulate ROS accumulation (Galanis, Pappa et al. 2008). | thus
tested whether expression of an oxygen stable form of HIF1a in the pancreas could
rescue Kras-driven carcinogenesis in absence of Bmi1. KC mice lacking Bmi1 do not
develop PanINs, but the additional expression of HIF1a in these animals recovers
PanIN formation. This recovery of lesion formation suggests that Bmi1 regulation of
HIF1a in the precancerous pancreas may be the reason for the requirement for Bmi1

expression during pancreatic cancer initiation.

HIF2a stabilization as a mouse model for chronic pancreatitis and MCN

In Chapter Four, | focus on the role of HIF2a in both the normal and neoplastic
pancreas. | find that expression of an oxygen stable form of HIF2a specifically in the
pancreas causes a phenotype that resembles human chronic pancreatitis. Mice
expressing HIF2a display pancreata with increased fibrosis, inflammation and ductal
structures. There are very few mouse models of chronic pancreatitis that closely
resemble the human disease, and so the finding that pancreata with HIF2a stabilization
recreate this phenotype could lead to its use as a tool to study pancreatitis. Given that
chronic pancreatitis is a risk factor for development of pancreatic cancer, | also studied
pancreatic HIF2a stabilization in the context of mutant Kras expression. Mice with

G12D

Kras and HIF2a expression do not develop PanINs, but instead display a phenotype
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resembling human mucinous cystic neoplasm (MCN). MCN is a pancreatic cystic lesion
that, while less common than PanINs, also serves as a precursor lesion to pancreatic
cancer. MCN biology is much less well understood than that of PanINs, and so mice
that model MCN are important in studying this type of pancreatic lesion. Overall, in
Chapter Four | show that HIF2a stabilization in the pancreas causes chronic pancreatitis
and leads to MCN in the context of mutant Kras expression. Both of these conditions
serve as new mouse models for human diseases that are currently lacking viable
research tools.

Creating a mouse model of mutant p53~?7"

expression in pancreatic cancer

In Chapter Five, | use what we know about human pancreatic cancer genetics to
create a new model of the disease. While KPC mice recapitulate the stages of human
pancreatic cancer, they only employ one specific p53 mutation. However, in humans a
spectrum of p53 mutations is observed. Here | created a model, termed KCip53, which
expresses a p53 mutation that is common in human pancreatic cancer but has not been
studied in mice. Additionally, in KCip53 animals | can turn on and off p53 mutation at
will, allowing study specifically of mutant p53 action in pancreatic cancer initiation and
progression. Using these mice, | find differential roles for mutant p53 during
carcinogenesis, with mutant p53 expression promoting pancreatic cancer initiation but
being dispensable for established tumor growth.

Finally, in Chapter Six | discuss further questions and directions that are raised

by this work. | will discuss how this work fits into the greater field of pancreatic cancer

mouse modeling and research, and what further questions this dissertation work raises.
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This work will create opportunities to help move the understanding of pancreatic cancer

forward, which will be highlighted in the final chapter.
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Chapter Two

Bmi1 is required for the initiation of pancreatic cancer through an Ink4a-

independent mechanism

Abstract

Epigenetic dysregulation is involved in the initiation and progression of many
epithelial cancers. BMI1, a component of the Polycomb protein family, plays a key role
in these processes by controlling the histone ubiquitination and long-term repression of
multiple genomic loci. BMI1 has previously been implicated in pancreatic homeostasis
and the function of pancreatic cancer stem cells. However, no work has yet addressed
its role in the early stages of pancreatic cancer development. Here, we show that BMI1
is required for the initiation of murine pancreatic neoplasia using a novel conditional
knockout of Bmi1 in combination with a Kras®'?°-driven pancreatic cancer mouse
model. We also demonstrate that the requirement for Bmi1 in pancreatic carcinogenesis
is independent of the Ink4a/Arf locus and at least partially mediated by dysregulation of
reactive oxygen species (ROS). Our data provide new evidence of the importance of

this epigenetic regulator in the genesis of pancreatic cancer.

Introduction
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Pancreatic ductal adenocarcinoma (PDA) is one of the most lethal malignancies,
with a 5-year survival rate of 6%. The National Cancer Institute estimated that 45,220
patients would be diagnosed with the disease in 2013 in the United States and 38,460
would die from it (SEER database). Although systemic chemotherapeutic options exist,
these have limited efficacy in pancreatic cancer. The development of high-fidelity
genetically engineered mouse models of PDA that recapitulate the developmental and
pathologic characteristics of the human disease has led to remarkable insights into the
biology of pancreatic cancer over the last decade (Aguirre, Bardeesy et al. 2003,
Hingorani, Petricoin et al. 2003, Hingorani, Wang et al. 2005, Guerra, Schuhmacher et
al. 2007). Complementary systems biology and genomic approaches using human
samples have begun to shed some light on the mutational complement of human PDA
and the pathways potentially involved in pancreatic tumorigenesis (Jones, Zhang et al.
2008). Together with genetic mutations, epigenetic dysregulation has also been
implicated in the pathogenesis of multiple hematopoietic and epithelial cancers
(Berdasco and Esteller 2010). However, less is known about the contribution of
epigenetic regulators such as the Polycomb repressive complexes (PRCs) in pancreatic
cancer initiation and progression.

B-cell-specific Moloney murine leukemia virus insertion site 1 (BMI1) belongs to
the Polycomb group (PcG) of proteins that comprise the Polycomb repressive complex
1 (PRC1) (Schuettengruber, Chourrout et al. 2007) and was originally identified as a
cooperating oncogene with c-Myc in the Em-myc transgenic mouse model of B-cell
lymphoma (van Lohuizen, Verbeek et al. 1991). Bmi1 regulates murine embryonic

fibroblast proliferation and senescence by suppressing the expression of the tumor
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suppressor genes p76™* and p719*" which are both encoded by the Ink4a locus
(Jacobs, Kieboom et al. 1999). Bmi1” mice have severe neurologic and hematopoietic
developmental defects (van der Lugt, Domen et al. 1994), which are at least partially
reversed when the BMI1-deficient mice are bred onto an Ink4a/Arf null background
(Jacobs, Kieboom et al. 1999). Derepression of p716™* and p19"" each individually
contribute to the phenotypes observed in Bmi-1 deficient mice (Bruggeman, Valk-
Lingbeek et al. 2005, Molofsky, He et al. 2005). More recently, BMI1 has been
implicated in the regulation of reactive oxygen species (ROS) accumulation. Deletion of
Bmi1 induces the upregulation of several genes involved in redox homeostasis leading
to increased ROS generation, DNA oxidative damage, and activation of the DNA
damage response pathways (Liu, Cao et al. 2009). Deletion of Chk2, a mediator of the
DNA damage response, in BMI1-deficient mice leads to increased thymocyte survival
and differentiation, improved hematopoietic progenitor function, partial rescue of
cerebellar development, and overall increased survival (Liu, Cao et al. 2009). Notably,
all of these effects appear to be independent of the upregulation of Ink4a/Arf.

BMI1 plays a key role in pancreatic biology through the regulation of both

1 """ mice

pancreatic B cell proliferation and acinar regeneration following injury. Bmi
demonstrate impaired glucose tolerance and decreased B cell mass due to the
increased expression of the Ink4a/Arf locus (Dhawan, Tschen et al. 2009). In addition,
Bmi1-expressing cells are found in murine pancreatic islets and acini, where BMI1 is
required for proper regeneration after pancreatitis or toxin-mediated cellular ablation

(Dhawan, Tschen et al. 2009, Sangiorgi and Capecchi 2009, Fukuda, Morris et al.

2012). Importantly, BMI1 is highly expressed in human and murine PDA compared to
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normal pancreatic tissues (Tateishi, Ohta et al. 2006, Martinez-Romero, Rooman et al.
2009, Song, Tao et al. 2010, Proctor, Waghray et al. 2013) and its overexpression in
tumors correlates with poorer prognosis in pancreatic cancer patients (Song, Tao et al.
2010). Recent work has also implicated Bmi1 in the maintenance of the cancer stem
cell compartment in human PDA (Proctor, Waghray et al. 2013). Despite these results, it
is still unknown if BMI1 plays a role in the initiation of pancreatic cancer.

Here, we utilize the Pdx7-Cre;Kras‘S~¢"?? (KC) murine model of pancreatic
cancer (Hingorani, Petricoin et al. 2003) in combination with pancreas-specific
inactivation of Bmi1 (Bmi1™) to generate Pdx71-Cre;Kras-S-¢"??"*:Bmi1™ (KC;Bmi1™"M)
mice. We demonstrate that BMI1 is required for murine pancreatic cancer initiation. This
process is Ink4a/Arf-independent, as the lack of carcinogenesis is not rescued in
KC;Bmi1"":Ink4a” mice, which lack the Ink4a/Arf locus. We also show that inhibition of
Bmi1 in primary mouse pancreatic cancer cells leads to the upregulation of ROS. Our
data suggest that BMI1 regulates the protection from excess ROS in pancreatic cells
undergoing neoplastic transformation, which is required for their survival and

subsequent pancreatic neoplasia development (DeNicola, Karreth et al. 2011).

Materials and Methods

Mice Mice were housed in the specific pathogen free facilities of the University of
Michigan Comprehensive Cancer Center. This study was approved by the University of
Michigan University Committee on Use and Care of Animals (UCUCA). The Pdx1-Cre,
p48-Cre, Kras-SHC120 Tpp53R172H* "|nk4a” R26'%%, and Bmi1°™E®* strains have been

previously described (Hingorani, Petricoin et al. 2003, Hingorani, Wang et al. 2005,

34



1" mice were

Bardeesy, Aguirre et al. 2006, Sangiorgi and Capecchi 2009). Bmi
developed in the Morrison lab at the University of Michigan (Mich, Signer et al. 2014).
All mice were genotyped by PCR analysis. Caerulein and tamoxifen were administered
as previously described (Sangiorgi and Capecchi 2009, Collins, Bednar et al. 2012).
Caerulein was intraperitoneally injected at a dose of 75ug/kg hourly for 8 hours, two

days in a row, for a total of 16 injections. Tamoxifen was administered by intraperitoneal

injection at a dose of 9mg per 40g body weight, in 3 to 6 week-old mice.

B-galactosidase Staining We stained cryosections of mouse pancreas or intestine for

B-galactosidase activity as previously described(Collins, Bednar et al. 2012).

Immunohistochemistry Histology and immunohistochemistry were performed as
previously described (Collins, Bednar et al. 2012). Images were acquired with an
Olympus BX-51 microscope, Olympus DP71 digital camera, and DP Controller
software. For histopathological analysis, a minimum of 50 acinar or ductal clusters were
scored from at least 3 independent animals per experimental condition. Five non-
overlapping, high power images were selected from each slide, and each cluster was
classified based on the classification consensus (Hruban, Rustgi et al. 2006). A list of

antibodies used is included in Table 3.1.

Western Blotting Western blots were performed as previously described (Collins,

Bednar et al. 2012). Antibodies used for Western blotting are described in

Supplementary Table 1.
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Quantitative RT-PCR RNA extraction, cDNA preparation, and quantative PCR was
performed as previously described (Collins, Bednar et al. 2012). RNA was isolated
using RNeasy protect (QIAGEN) according to the manufacturer’'s instructions. Reverse
transcription reactions were conducted using a High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems). Quantative PCR was performed using 1x SYBR
Green PCR Master Mix (Applied Biosystems). The primer sequences used were: Bmi1
F- 5 ATGGCCGCTTGGCTCGCATT 3, R- 5 GATAAAAGATCCCGGAAAGAGCGGC
3;  Ezh2 - 5  CCCTTCCATGCAACACCCAACACA 3, R- &
ACGCTCAGCAGTAAGAGCAGCA 3; p16 F- 5 TTTCGCCCAACGCCCCGAAC 3, R-
5 CACCGGGCGGGAGAAGGTAGT 3’; p19 F- 5 CACCGGAATCCTGGACCAG 3, R-
5 GCAGTTCGAATCTGCACCGT 3’; Chk2 F- 5 TGACAGTGCTTCCTGTTCACA 3, R-
5 GAGCTGGACGAACCCTGATA 3’; Nrf2 F- 5 CTCGCTGGAAAAAGAAGTG 3, R- &
CCGTCCAGGAGTTCAGAGG 3’; ATM F-5 GATCTGCTCATTTGCTGCCG 3, R-5
GTGTGGTGGCTGATACATTTGAT 3 BRCA1 F-5’
CGAATCTGAGTCCCCTAAAGAGC 3, R- 5 AAGCAACTTGACCTTGGGGTAC 3.
Gapdh or cyclophilin was used as the housekeeping gene expression control. These
sequences were: Gapdh F- 5 TTGATGGCAACAATCTCCAC 3, R- %
CGTCCCGTAGACAAAATGGT 3 and Cyclophilin F- 5

TCACAGAATTATTCCAGGATTCATG 3, R- 5 TGCCGCCAGTGCCATT 3'.

Transfection and ROS levels KC; Ink4a™ cells (line 35) were generated in the
Bardeesy lab from a KC;Ink4a” (as confirmed by PCR) mouse tumor. KPC cells (line
G12D;p53R172H

8041) were isolated in the Pasca di Magliano lab from a p48Cre;LSLKras

(as confirmed by PCR) mouse tumor in 2012. For authentication in Fall 2014,
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genotyping was performed via PCR on DNA isolated from cells growing in culture to
confirm Cre transgene expression in both cell lines (Figure 2.1). Cells were transfected
using Lipofectamine according to the manufacturer’s instructions. Control or Bmif1
knockdown siRNAs were purchased from Dharmacon. Cells were subjected to siRNA
treatment for 48 hours. Hydrogen peroxide was added directly to the media at a
concentration of 500uM for 2 hours for ROS analysis. ROS levels were measured using
the CellROX Green reagent (Life Technologies). After exposure to CellROX Green, five
high power, non overlapping images were taken from each slide. Fluorescence levels
were then measured and each group was normalized to the level of the cells without

H,0O, exposed to scrambled control siRNA.

Chromatin Immunoprecipitation cells were transfected using a siRNA targeting Bmi-1
or control siRNA, 72 hours post-transfection cells were fixed using formaldehyde, lysed
and processed for ChIP. ChIP was preformed as previously described. (Mathew, Collins

et al. 2014)

Results
BMI1” cells in the mouse pancreas can serve as the cell of origin for pancreatic
cancer.

Our first goal was to determine whether BMI1 expressing cells within the mouse
pancreas could give rise to PanIN lesions. Initially, we set out to identify BMI1
expression in normal pancreatic tissue. For this purpose, we crossed Bmi1-IRES-CreER

mice, which express a tamoxifen inducible Cre knocked in to the Bmi1 locus, (Sangiorgi
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and Capecchi 2008) with Rosa26”“* mice, expressing beta galactosidase from the
ubiquitous Rosa26 locus only in cells that are also expressing the Cre (Figure 2.2A)
(Soriano 1999). Double transgenic mice (Bmi1°™c**; R26"°“) were orally gavaged at 3-
6 weeks of age with tamoxifen for three consecutive days to induce Cre-mediated
recombination. We harvested the pancreata and duodenum from all mice 1 week
following tamoxifen administration (scheme in Figure 2.2B, n=3). The vast majority of
LacZ" cells in the pancreas were single acinar cells, as previously described (Sangiorgi
and Capecchi 2009) (Figure 2.2C). We also observed isolated LacZ" cells in the
pancreatic islets, consistent with the previously described role of BMI1 in B cell
homeostasis (Dhawan, Tschen et al. 2009) (data not shown). In the duodenum, LacZ"
cells lined the mucosal epithelium extending from the crypts to the tips of the villi
presumably originating from BMI1" crypt stem cells, as previously described (Figure
2.2C) (Sangiorgi and Capecchi 2008). Thus, BMI1 is expressed in a subset of
pancreatic exocrine and endocrine cells.

To determine whether BMI1" cells in the pancreas can serve as cells of origin for

LSL-G12D

pancreatic cancer, we generated Bmi1°"*ER* Kras mice, where oncogenic

Kras®'?P

expression can be induced specifically in Bmi1-expressing cells upon Cre
activation (Figure 2.2D). We treated mice at 3-6 weeks of age with tamoxifen as before.
One week later, we induced acute pancreatitis with intraperitoneal injections of the
cholecystokinin analog caerulein, as previously described (Collins, Bednar et al. 2012).
The pancreata were harvested 3 weeks after the induction of pancreatitis (scheme in

Figure 2.2E, n=4). As expected, control mice had undergone tissue repair within this

time frame with full recovery of normal pancreatic histology (data not shown). In
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1 CreER/+ LSL-G12D

contrast, in Bmi :Kras mice, we observed low-grade PanIN lesions,
positive for mucin accumulation as identified by PAS staining, in a sporadic manner
through the tissue, consistent with mosaic induction of Cre activation. The lesions were
also positive for phosphorylated ERK (pERK) and were surrounded by fibro-
inflammatory stroma (Figure 2.2F). Therefore, our data indicates that PanIN lesions can

arise from BMI1™ cells within the adult mouse pancreas.

Bmi1 is required for pancreatic carcinogenesis.

To address the requirement for Bmi1 in murine pancreatic neoplasia we crossed
the Pdx1-Cre;Kras-S-¢'?P* (KC) mouse model of pancreatic cancer (Hingorani,
Petricoin et al. 2003) with a novel conditional knockout of Bmi1 (Bmi1™) (Mich, Signer
et al. 2014) (Figure 2.3A) to generate Pdx71-Cre;Kras->~C"2?*:Bmi1" (KC;: Bmi1™)
mice. Recombination of the Bmi1 locus in the pancreas was verified by PCR of
pancreatic genomic DNA isolated from Pdx7-Cre;Bmi1™*, Pdx1-Cre;Bmi1™*, and Pdx1-

Cre;Bmi1™

mice (Figure 2.4). Additionally, Bmi1 was expressed in PanINs in KC
pancreata, but not in the pancreas of KC;Bmi1"" mice (Figure 2.3B). Bmi1 expression
was similarly observed in PanINs in Pdx1Cre;Kras-S-¢12P/*;p53R172H* (KPC) mice, a
model that combines Kras and p53 mutations and develops PanINs at an earlier age
than KC mice (Figure 2.5) (Hingorani, Wang et al. 2005). To investigate PanIN
formation, we analyzed KC;Bmi1"" mice along with KC and KC;Bmi"* littermates at 12
and 20 weeks after birth (n=4-8mice/genotype/timepoint). KC mice developed PanIN

lesions with the expected progression: rare lesions were present at 12 weeks, but more

abundant lesions were observed at 20 weeks (Figure 2.3C). KC;Bmi1™* mice had
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similar PanIN development to KC animals, with a comparable number and grade of the
lesions (Figure 2.3D). The vast majority of the lesions were classified as PanIN1A/1B
and PanIN2 (Figure 2.3F) that presented with characteristic high proliferation index as
measured by Ki67" immunostaining (Figures 2.6A and 2.6B) and intracellular
accumulation of mucin (Figure 2.3G, 2.6D and 2.6E). Strikingly, PanIN formation was
almost completely abrogated in KC;Bmi1™ mice (Figure 2.3E, 2.3F and Figures 2.6C
and 2.6F), with a single PanIN1A observed in a single animal. These results implicate
BMI1 as a key factor in the initiation of murine pancreatic neoplasia.

The induction of acute pancreatitis synergizes with expression of oncogenic Kras
to drive PanIN formation (Morris, Cano et al. 2010, Carriere, Young et al. 2011, Guerra,
Collado et al. 2011). In the next series of experiments, we investigated whether Bmi1
expression was required in pancreatitis-induced carcinogenesis. For this purpose, we
induced acute pancreatitis with the cholecystokinin analog caerulein, as previously
described (Morris, Cano et al. 2010), starting three to four weeks after birth, and
collected the pancreatic tissues at time points ranging from 24 hours to 3 weeks later
(n=3-10mice/genotypel/timepoint, (scheme in Figure 2.7A). Wild type pancreata
demonstrated acinar damage and acinar-ductal metaplasia, accompanied by transient
upregulation of the MAPK signaling pathway 24 hours after pancreatitis (Figure 2.7B),
and exhibited complete tissue recovery 3 weeks later (Figure 2.7F). Analysis of KC,
KC;Bmi1"* and KC;Bmi1"" mice 24 hours after pancreatitis induction (Figures 2.7C-E)
revealed increased acinar damage and elevated p-ERK1/2 staining, consistent with
previous observations in mice expressing oncogenic Kras (Collins, Bednar et al. 2012).

The prevalence of inflammatory cell infiltration and of acinar damage, and the induction
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of phosphorylated-ERK1/2 in the acinar cells did not differ based on the Bmi1 status of
the tissues. Thus, epithelial Bmi1 expression did not affect the early response to
caerulein-induced pancreatitis.

1 fl/+

Three weeks after pancreatitis, in both KC and KC;Bmi mice, the pancreas

parenchyma was largely replaced by low-grade PanIN lesions surrounded by

desmoplastic stroma (Figures 2.7G, 2.7H, and 2.7J). In contrast, KC;Bmi1™"

pancreata
presented with almost completely normal acinar and ductal architecture (Figures 2.7
and 2.7J). Rarely, acinar-ductal metaplasia was observed in isolated areas of a subset
of the KC;Bmi1™™ mice, but frank PanINs were generally absent. These areas of acinar-

ductal metaplasia in KC;Bmi1™

mice stained positive for Bmi1, indicating failure to
recombine both alleles of Bmi1 rather than an ability to circumvent the requirement of
Bmi1 in PanIN initiation (Figure 2.8). p-ERK1/2 levels were elevated both within the

lesions and in the surrounding stroma of KC and KC;Bmi1™*

pancreata, as well as in the
rare areas of ADM in KC;Bmi1"™ pancreata (Figures 2.7G-l). Thus, while the
inflammatory response and the pancreatitis-induced tissue damage was not dependent

on epithelial BMI1 expression, the subsequent development of PanINs required at least

one wild type Bmi1 allele.

BMI1 controls pancreatic neoplasia independently of Ink4a/ARF.

BMI1 has been shown to repress the Ink4a/Arf locus, which encodes for the cell
cycle regulators p16™** and p19**F (Jacobs, Kieboom et al. 1999). Inactivation of p16
expression is essential to bypass oncogenic Kras-induced senescence and thus for the

onset of carcinogenesis (Lee and Bar-Sagi 2010, Guerra, Collado et al. 2011). Thus, we
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considered the hypothesis that Bmi1 was required to suppress the Ink4a locus therefore
allowing the onset of pancreatic neoplasia. We used two complementary approaches to
address this hypothesis.

First, we utilized primary low passage mouse pancreatic tumor cell lines derived
from p48/Ptfa-1°""*:Kras-S--C120* - Trp53R172H* (KPC mice) (Hingorani, Wang et al. 2005)
and Pdx1°®*:KrastSt-¢"2P* . Ink4a”, which lack expression of both Ink4a and ARF,
(KC;Ink4a™) (Aguirre, Bardeesy et al. 2003) to determine whether inhibition of Bmi1
expression led to derepression of the Ink4a locus. Multiple independent cell lines were
used for each genotype (KPC: 8041, 8206, 65671; KC; Ink4a™: 35, 45). We transfected
two distinct Bmi1-specific siRNAs individually or in combination into the cell lines to
inhibit Bmi1 expression. The siRNA treatment resulted in a >60-80% knockdown of
Bmi1 expression across all of the cell lines, as determined by both gPCR (Figure 2.9A)
and Western Blot (Figure 2.9B, full blot seen in Figure 2.10). In comparison, the
expression of Ezh2, a component of the Polycomb repressor complex 2, was not
affected (Figure 2.9C). We then analyzed the expression of both p76"** and p19*" in
the presence and absence of BMI1. Despite robust Bmi1 knockdown, no significant
changes in p16/p19 expression were noted in the KPC tumor-derived cell lines (Figures
2.9D and 2.9E). As expected, the cell lines derived from the KC;Ink4a” mice did not
demonstrate any p76/p19 expression regardless of the presence or absence of Bmi1
(Figure 2.9D and 2.9E). These results suggest that Bmi1 may exert its role in
pancreatic neoplasia independently of its regulation of the Ink4a locus.

Second, to determine whether the requirement for Bmi1 during the onset of

pancreatic carcinogenesis was mediated by its ability to repress the Ink4a locus, we
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generated KC; Bmi1":Ink4a” mice. The KC;Ink4a’model of pancreatic cancer
develops advanced neoplastic lesions rapidly even in the absence of pancreatitis
(Aguirre, Bardeesy et al. 2003, Bardeesy, Aguirre et al. 2006). KC, KC;Ink4a™,
KC:Bmi1" and KC:Bmi1":Ink4a”, mice were treated with caerulein to induce
pancreatitis, and the pancreata were harvested 3 weeks later (n=3-5
mice/genotype/timepoint). As expected, KC and KC:Ink4a™ mice had extensive PanIN
formation at this time point; however, neither KC;Bmi1"" nor KC;Bmi1"":ink4a” mice
presented with lesions (Figure 2.9F). Since Bmi1 inactivation abrogated PanIN
formation even in Ink4a null animals, this indicates that the requirement for BMI1 during
the onset of pancreatic carcinogenesis is independent of its regulation of the Ink4a

locus.

BMI1 deficiency impairs the reactive oxygen species detoxification program in
pancreatic tumor cells.

BMI1 regulates the detoxification of reactive oxygen species (ROS) generated in
the mitochondria and the subsequent induction of the DNA damage response (DDR)
pathway in hematopoietic stem cells and thymocytes (Liu, Cao et al. 2009). ROS
detoxification is an essential step during the onset of pancreatic cancer (DeNicola,
Karreth et al. 2011). To determine whether Bmi1 was required for ROS regulation in
pancreatic cancer cells, we measured ROS levels in mouse primary pancreatic cancer
cells upon siRNA-mediated Bmi1 inactivation. We measured the baseline ROS levels
and those induced by hydrogen peroxide exposure in control and Bmi1-knockdown

cells. As before, Bmi1 expression was inhibited with high efficiency (Figure 2.11A). At
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baseline, before any hydrogen peroxide exposure, the control cells demonstrated a
trend toward lower levels of ROS compared to cells with Bmi1 knockdown (Figure
2.11B). Once the cells were exposed to 500mM H,0,, there was a significant increase
in the production of intracellular ROS within 2 hours of the exposure (Figures 2.11B,
2.11C, and 2.11D). Under these conditions, the Bmi1 knockdown cells accumulated a
greater level of intracellular ROS compared to cells transfected with control siRNA.
These results provide the first evidence that BMI1 is required for the regulation of ROS
generation in pancreatic tumor cells.

Oxidative stress can induce the DNA damage response (DDR) pathway in cells
to protect the integrity of the genome. Chk2, a DDR pathway component, is activated in
the thymocytes of Bmi1 knockout mice (Liu, Cao et al. 2009). Furthermore, deletion of
Chk2 rescued the defect in survival and body size in Bmi1 knockout mice. Thus, at least
during normal organ maintenance, a key function of Bmi1 is to repress expression of
Chk2. To determine the effect of Bmi1 loss on Chk2 expression in our system, we
measured expression levels of Chk2, with or without the induction of ROS. Bmi1
knockdown did not appreciably increase Chk2 expression in Bmi1 knockdown cells
compared to control, either without or with exposure to ROS as tested by Western Blot
(Figure 2.10) or qPCR (Figure 2.10). However, the knockdown of Bmi1 significantly
reduced the levels of H2AK119Ub at the Chk2 locus. This shows that at the epigenetic
level we are seeing the changes we would expect as a result of Bmi1 knock down
(Figures 2.10C-2.10F). Similarly, we did not observe expression changes of the
antioxidant enzyme Nrf2, in vitro or in vivo (Figure 2.12A and 2.12B), or its binding

partner Keap1 (Figure 2.12C). Finally, we did not observe significant changes in other
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proteins involved in the DNA damage response, including ATM and BRCA1 (Figures
212D and 2.12E). Therefore, Bmi1 loss induced ROS generation but did not cause a

subsequent induction of the DNA damage response pathway.

Discussion

Our work is the first study addressing the role of Bmi1 during pancreatic
carcinogenesis in the context of an intact microenvironment. Our results provide the first
direct evidence that BMI1 is required for pancreatic cancer initiation.

We used genetically engineered mouse models of pancreatic cancer combined
with tissue-specific inactivation of Bmi1 to study the role of BMI1 in the initiation and
progression of pancreatic neoplasia. When Bmi1 was inactivated in the pancreas,
neoplastic transformation did not occur in either the KC;Bmi1"" or the KC;Bmi1"™:ink4a
” mice. Thus, BMI1 is required for the establishment and survival of KRAS-driven
neoplastic cells and this process is independent of Bmi1 control of the /Ink4a locus.
Bmi1 requirement in the initiation of neoplasia recapitulates previous observations in a
KRAS-driven mouse model of lung cancer (Dovey, Zacharek et al. 2008). However, in
that case, the inhibition of lung neoplastic transformation was dependent on the
upregulation of p19"" from the Ink4a/ARF locus. In contrast, we find that the tumor-
promoting role of BMI1 in pancreatic cancer is independent of the status of the Ink4a
locus. Bmi1 control of cancer initiation independent of Ink4a expression has been
previously reported in an orthotopic transplantation model of glioma (Bruggeman,

Hulsman et al. 2007). Therefore, BMI1 may regulate tumorigenesis differently

depending on the tissue context, indicating the need for tissue specific studies.
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PRCs play a key role in the regulation of multiple cancers (Sparmann and van
Lohuizen 2006). One of the other most studied components is EZH2, a member of
PRC2 that also plays an integral role in gene silencing (Cao, Wang et al. 2002). BMI1
and EZH2 are classically thought to cooperate in gene silencing. However, our results
following Bmi1 deletion are in stark contrast with the analysis of p48-Cre, Kras-S-¢"22"*
mice where Ezh2 is genetically inactivated (Mallen-St Clair, Soydaner-Azeloglu et al.
2012). In the KC;Ezh2°%ET mice, loss of Ezh2 led to a rapid onset of PanINs and early
mortality by 12-16 weeks. In this model EZH2 acted at least partially through the Ink4a
locus, which led to the inability of the acinar compartment to recover from transient
injury. This effect was compounded by an increased inflammatory infiltrate resulting in
additional injury and early fibrosis and neoplasia (Mallen-St Clair, Soydaner-Azeloglu et
al. 2012). In contrast, our Bmi1 knockout mice demonstrated complete abrogation of
pancreatic neoplasia under both caerulein-induced pancreatitis and quiescent
conditions. These results highlight the complex roles of the different PRCs in pancreatic
neoplasia and the need for further exploration of the epigenetic regulation mechanisms
controlling pancreatic transformation.

BMI1 plays a role in additional cellular processes, including the dysregulation of
ROS generation (Liu, Cao et al. 2009). Our experiments revealed increased ROS
generation in pancreatic cancer cells when Bmi1 expression was inhibited. However,
ROS accumulation did not correlate with upregulation of CHK2 or other components of
the DNA damage response pathway, suggesting that lack of BMI1 leads to significant
oxidative stress without upregulation of the DNA damage response pathway during the

early stages of pancreatic neoplasia. Here, BMI1 upregulation observed in early PanINs
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may represent a protective response of transformed cells to the KRAS-driven oxidative
stress. Interestingly, activation of a ROS detoxification program has been recently
shown to be an essential step during the onset of pancreatic carcinogenesis (DeNicola,
Karreth et al. 2011), and inactivation of the key ROS detoxification component Nrf2 was
sufficient to inhibit carcinogenesis. However, given the complexity of the epigenetic
regulation in pancreatic cancer, it is likely that Bmi1 exerts its role in carcinogenesis
though regulation of multiple pathways, warranting further investigation in the future.
Importantly, recent pre-clinical testing of a Bmi1 inhibitor slowed tumor growth in a colon
cancer xenograft model, revealing Bmi1’s potential as a therapeutic target (Kreso, van
Galen et al. 2014). Together with previous work indicating a role for Bmi1 in the growth
of human pancreatic cancer cells in an orthotopic transplantation model in
immunocompromised mice (Proctor, Waghray et al. 2013), our observations provide
rationale for Bmi1 inhibition as a potential therapeutic target for pancreatic cancer.
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(A) Genetic make up of Pdx7-Cre;KrastSL-G12D/+:Bmj1if (KC; Bmi1™) mice. (B) IHC staining for
Bmi1 in KC and KC; Bmi1" mice. HE staining for (C) KC, (D) KC;Bmi1%*, and (E) KC;Bmi1f/f
mice at 12 and 20 weeks. Histopathological analysis (2-way ANOVA: *p<0.05) (F) and
quantification of the number of PAS+ lesions (student’s t-test: **p<0.01, *p<0.05) (G) of KC,
KC;Bmi1f*, and KC;Bmi1#f mice at 12 and 20 weeks (n=3-6mice/genotype/timepoint).
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Figure 2.4: Successful recombination of the Bmi1 locus in the murine pancreas.
PCR of pancreatic genomic DNA isolated from isolated from Pdx1-Cre; Bmi1*"*, Pdx1-
Cre; Bmi1"*, and Pdx1-Cre; Bmi1™ mice.
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Figure 2.5: Bmi1 is expressed specifically in PanINs in KPC mice.
Immunohistochemistry for Bmi1 expression in Pdx1-Cre; LSLKrasG12D; p53R172H
pancreata.
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Figure 2.6: Bmi1 null pancreata do not develop PanINs.

IHC staining for Ki67 in (A) KC, (B) KC; Bmi1®*, and (C) KC; Bmi1% pancreata at 12
and 20 weeks. PAS staining in (D) KC, (E) KC; Bmi1%+, and (F) KC; Bmi1" pancreata
at 12 and 20 weeks.
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Figure 2.7 Initiation in Bmi1 null pancreata.

(A) Experimental design. HE staining and pERK1/2
immunostaining for WT, KC, KC; Bmi1*, and KC;
Bmi1%1 mice 24 hours (B-E) and 3 weeks (F-1)
following pancreatitis. (J) Histopathological
analysis for KC, KC; Bmi1%+, and KC; Bmi1f mice
3 weeks after pancreatitis (2-way ANOVA:
**p<0.01, n=3-6).
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Figure 2.8: Bmi1 is expressed in areas of ADM in KC; Bmi1®fl mice

IHC staining for Bmi1 in KC; Bmi1%1 mice 3 weeks post pancreatitis. Arrows point to areas
of Bmi1-positive ductal cells in areas of acinar ductal metaplasia.
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Figure 2.9: Bmi1-regulated pancreatic carcinogenesis is independent of Ink4a/ARF

expression
RT-qPCR (A) and Western Blot (B) for Bmi1. RT-qPCR for (C) EZH2, (D) p16, and (E) p19. (F)

HE staining for KC, KC;Ink4a/ARF+, KC;Bmi1%¥, and KC;Bmi1f; Ink4a/ARF-- pancreata.
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Figure 2.10: Chk2 expression is unchanged upon Bmi1 knock down

(A)Western Blot for Chk2, B-actin, and Bmi1 and (B) RT-PCR analysis for Chk2 in KPC —
8041 cells, in the presence of scrambled siRNA or Bmi1 knock down siRNA. Chromatin
immunoprecipitation for H2AK119Ub on the Chk2 promoter in (C) 35 and (D) 8041 cells.
RT-PCR confirming Bmi1 knock down in (E) 35 and (F) 8041 cells.
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Figure 2.11: Activation of ROS detoxification is regulated by Bmi1

(A) RT-gPCR analysis for Bmi1 expression. (B) Quantification of ROS intensity for KPC —
8041 cells and KC; Ink4a’ - 35 cells. Brightfield and ROS images for (C) KPC - 8041 cells
and (D) KC; Ink4a™ - 35 cells following siRNA and H,O, treatments.
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Figure 2.12: Significant changes are not observed in other ROS detoxification or
DNA damage repair enzymes in the absence of Bmi1 expression.

IHC staining for Nrf2 in WT, KC, KC; Bmi1f/*, and KC; Bmi1% pancreata at 3 weeks post-
pancreatitis (A). RT-gPCR analysis for Nrf2 (B), Keap1 (C), ATM (D), and BRCA1 (E) in
KPC — 8041 cells and KC; Ink4a”- - 35 cells following siRNA and H,0, treatments. 12



Chapter Three
The Polycomb Group 1 component Bmi1 is required for HIF1a pathway activation,

a limiting step for pancreatic carcinogenesis

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the deadliest human
malignancies, and is predicted to become the second leading cause of cancer-related
death by the year 2020 (Rahib, Smith et al. 2014). Notwithstanding current therapeutic
options, the five-year-survival rate is a dismal 9% (Rahib, Smith et al. 2014). Future
options for targeted therapy depend on improving our understanding of the biology of
this disease.

Activating mutations in the oncogene Kras are observed in over 90% of human
pancreatic cancers (Jones, Zhang et al. 2008, Waddell, Pajic et al. 2015, Bailey, Chang
et al. 2016) and in the precancerous lesion of pancreatic cancer (Kanda, Matthaei et al.
2012), pancreatic intraepithelial neoplasia (PanIN). Mice that express mutant Kras in the
pancreas (Pdx1-Cre; LSLKras®'??, termed KC) develop PanINs that resemble the
progression of the human disease (Hingorani, Petricoin et al. 2003). Bmi1 is a key
component of the Polycomb Repressive Complex 1, a group of proteins that modulates
gene transcription by placing repressive marks on chromatin. Bmi1 is upregulated in
many types of cancer, including pancreatic, and often a high level of Bmi1 expression

correlates with a worse prognosis (Song, Tao et al. 2010, Guo, Xu et al. 2014). Bmi1 is
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required for the initiation and/or progression of several cancer types using mouse
models, including lung and medulloblastoma, even in the presence of oncogene
expression (Dovey, Zacharek et al. 2008, Michael, Westerman et al. 2008, Becker, Korn
et al. 2009, Fan, Xu et al. 2012, Maynard, Ferretti et al. 2014).

In vitro, expression of Bmi1 in human pancreatic cancer cell lines that do not
normally express Bmi1 enhanced invasiveness, migration, and markers of EMT.
Conversely, Bmi1 knockdown in normally Bmi1-expressing human pancreatic cancer
cell lines reduced these same properties (Proctor, Waghray et al. 2013). We previously
showed that deletion of Bmi1 in the presence of oncogenic Kras is sufficient to block the
onset of pancreatic carcinogenesis (Bednar, Schofield et al. 2015). The mechanism of
Bmi1 requirement in some cancer types is through its repression of the expression of
cell cycle regulators Ink4a and ARF (Dovey, Zacharek et al. 2008), which allows
subsequent escape from senescence and continuation of cell proliferation. In PDAC and
other cancer types that that are not regulated in this manner the mechanism of Bmi1
involvement remains unknown (Bruggeman, Hulsman et al. 2007, Douglas, Hsu et al.
2008).

In cancer types where Bmi1 was not acting to regulate cancer progression
through Ink4a and ARF expression, a common characteristic was that lack of Bmi1
reduced proliferation and tumorigenicity of the cancer cells (Bruggeman, Hulsman et al.
2007, Douglas, Hsu et al. 2008). A feature of pancreatic cancer known to promote
tumorigenicity is a hypoxic environment (Duffy, Eibl et al. 2003, Buchler, Reber et al.
2004). Human pancreatic tumors are extensively hypoxic (Koong, Mehta et al. 2000), a

feature that contributes to the propensity to metastasize (Duffy, Eibl et al. 2003, Buchler,
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Reber et al. 2004) and inhibition of hypoxia signaling for the treatment of pancreatic
cancer is an active area of investigation (Onnis, Rapisarda et al. 2009, Erkan, Kurtoglu
et al. 2016). Hypoxia signaling is regulated via the HIF pathway. There are three HIF
family members, HIF1a, HIF2a, and HIF3a. HIF1a is ubiquitously expressed (Semenza
2007, Triner and Shah 2016). During states of normal oxygen levels, HIF proteins are
bound with cellular oxygen, which allows their recognition and tagging for degradation in
the proteasome by the protein VHL. When cellular oxygen levels decrease, lower
oxygen binding allows HIF protein stabilization via binding with their p-subunit. This
complex is then translocated to the nucleus and induces expression of downstream
targets (Semenza 2012). These downstream targets include genes that control
angiogenesis, glycolysis, and proliferation(Hu, Wang et al. 2003).

In the pancreas, a high level of HIF1a expression in human tumors correlates to
faster tumor progression and lower levels of survival (Hoffmann, Mori et al. 2008).
Deletion of HIF1a in the pancreas in animal models of pancreatic cancer promotes
tumor initiation, an effect that is mediated, at least in part, through increasing tumor B-
cell accumulation (Lee, Spata et al. 2016). This indicates that hypoxia signaling,
specifically through HIF1a, may in fact act to restrain tumor growth at least partially
through controlling the tumor microenvironment. Despite this result, the factors that
regulate HIF1a expression in pancreatic cancer remain unknown.

Previous studies showed that Bmi1 is required for the initiation of pancreatic
cancer in animal models, and that Bmi1 levels control tumorgenicity of human cell lines
(Proctor, Waghray et al. 2013, Bednar, Schofield et al. 2015). Despite this, the

mechanism of Bmi1 action in pancreatic cancer remained unknown. Here we
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demonstrate that HIF1a stabilization recovers the lack of PanIN phenotype observed in
animals lacking Bmi1, indicating that the reason for Bmi1 requirement in pancreatic
cancer initiation is due to its control of HIF1a expression. This understanding of the
interplay between Bmi1 and HIF1a during pancreatic cancer will be increasingly
important as inhibitors for both proteins are actively being developed for cancer therapy

(Masoud and Li 2015, Mayr, Wagner et al. 2016, Yin, Zhang et al. 2016).

Results
HIF1a expression is regulated by Bmi1 in pancreatic cancer cells

Bmi1 is required for the initiation of pancreatic cancer, however the mechanism
for Bmi1 involvement in this process remains unknown (Bednar, Schofield et al. 2015)
We used siRNA to knock down Bmi1 expression in mouse pancreatic cancer cell lines.
Analysis of expression levels by gPCR revealed that in pancreatic cancer cells with
Bmi1 knockdown, levels of HIF1a were significantly decreased (Figure 3.1A). This
finding indicates that mechanism for Bmi1 action in pancreatic cancer progression may
be via control of HIF1a expression.

The HIF signaling pathway is inactive in cells with normal oxygen levels, and
becomes activated in response to hypoxia, initiating the transcription of downstream
target genes. In order to test whether the disruption of Bmi1 expression in pancreatic
cancer cells caused functional differences in HIF pathway activation, we grew cells in
hypoxia to induce HIF pathway activation. Cells were treated for 24 hours with siRNA
for Bmi1 knockdown or control, and then grown overnight in low oxygen conditions.

Gene expression analysis for levels of HIF pathway target expression revealed that
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expression of HIF targets was lower in cells with Bmi1 knockdown than control cells
(Figure 3.1B). This indicates that Bmi1 knockdown in pancreatic cancer cells causes a

functional downregulation of the HIF pathway.

Pancreata lacking Bmi1 and with stabilized HIF1a fail to recover from pancreatitis

Given the functional role for Bmi1 control of the HIF pathway in vitro, we next
explored whether this also applied in vivo. We used mice that express a pancreas
specific cre recombinase, Pdx1-Cre, in order to look directly at the role of Bmi1 and
HIF1a in the murine pancreas. Next, to mirror the Bmi1 knockdown used in cells, we
used animals that lack Bmi1 expression (Bmi1"") upon cre recombination (Mich, Signer
et al. 2014, Bednar, Schofield et al. 2015). To evaluate whether re-expressing HIF1a
would recover the phenotypes seen by Bmi1 knockdown, we used a mouse that
expresses an oxygen stable form of HIF1a (R26--S5HF19*) cre recombination(Kim,
Safran et al. 2006) (Figure 3.2A). First, we evaluated the histology of normal pancreata
without treatment. Animals expressing the oxygen stable form of HIF1a, of the genotype
Pdx1Cre; R26"S-HF1* "appeared histologically similar to control pancreata at 3 months
of age (Figure 3.2B), indicating that HIF1a expression does not noticeably disrupt the
normal pancreas. Similarly, animals lacking Bmi1 expression (Pdx1-Cre; Bmi1"") had
no noticeable histological differences when compared to control. Last, Pdx1-Cre;
Bmi1™; HIF1a™S"* mice also looked similar to control (Figure 3.2B). Therefore, HIF1a
stabilization, lack of Bmi1 expression, or both simultaneously, had no affect on the

normal murine pancreas.
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Bmi1 controls proliferation in pancreatic cancer cells (Proctor, Waghray et al.
2013) and in pancreatic islets (Dhawan, Tschen et al. 2009). Therefore we investigated
the role of Bmi1 and HIF1a in another proliferative process of the pancreas, the
recovery from pancreatitis. Animals were administered caerulein in order to induce
pancreatitis, and tissue was harvested one week later (Figure 3.2C). After one week,
control animals are expected to display full pancreatic recovery from the injuries
produced by pancreatitis (Morris, Cano et al. 2010). One week after pancreatitis,
animals lacking Bmi1 expression had similar histology to control mice, suggesting that
Bmi1 expression is not required for the recovery from pancreatitis. Similarly, animals
expressing HIF1a also fully recovered from pancreatitis, indicating that HIF1a
stabilization during normoxia does not disrupt pancreatic recovery after pancreatitis.
Animals lacking Bmi1 expression, but with HIF1a stabilization, however did not display
normal histology one week after pancreatic insult. These animals showed extensive
fibrosis and inflammatory infiltrates, along with few remaining acinar cells and small
areas of acinar-ductal metaplasia (Figure 3.2D). Therefore in the pancreas, either lack
of Bmi1 expression or stabilization of HIF1a expression during normoxia does not
prevent pancreatic recovery post-pancreatitis. However, Pdx1-Cre; Bmi1"™: HIF1a-
LSL/+ animals, without Bmi1 expression and with HIF1a stabilized, do not recover from
pancreatic injury, indicating that Bmi1 and HIF1a may play a dual functional role in the

reaction to pancreatic stress.

HIF1a expression recovers the lack of PanINs seen in mice lacking Bmi1 in a mouse

model of pancreatic cancer
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Our group previously showed that Bmi1 expression is required for the initiation of
pancreatic cancer (Bednar, Schofield et al. 2015), but the mechanism for Bmi1 control
of this process remained unknown. Given that Bmi1 knockdown led to reduced levels of
HIF pathway activation in pancreatic cancer cells, we sought to determine whether Bmi1
control of HIF1a expression was the reason for Bmi1 requirement in the initiation of
pancreatic cancer. Mice that express oncogenic Kras specifically in the pancreas, of the

genotype Pdx1-Cre; LSLKras®'?

reliably model the early stages of pancreatic cancer.
This animal model is termed KC, and KC mice develop PanIN lesions that resemble
those seen in human pancreatic cancer. Here we used KC animals to investigate the
interaction between Bmi1 and HIF1a expression during the initiation of pancreatic
cancer. KC animals were combined with the Bmi1 floxed allele and HIF1a stabilized
allele (Figure 3.3A), allowing evaluation of Bmi1 deletion and HIF1a stabilization in the
context of oncogenic Kras expression.

At 12 weeks of age, KC mice developed sporadic PanINs, as expected. These
PanINs expressed pERK, indicating MAPK pathway activation, and mucins, both
features that are characteristic for pancreatic precancerous lesions (Figure 3.3B). As
previously described, KC;Bmi1" animals do not develop PanIN lesions, highlighting the
requirement for Bmi1 in the initiation of pancreatic cancer (Figure 3.3C). Pancreata in
these animals appear histologically normal and do not display pERK or PAS positivity,
due to lack of pancreatic precancerous lesions (Figure 3.3C). Occasional PanlIN lesions

1 firfl

seen in KC;Bmi1™" animals continue to express Bmi1 and therefore presumably develop

due to failure of recombination of the Bmi1 floxed allele, as previously
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described(Bednar, Schofield et al. 2015). KC;HIF1a-LSL/+ animals, expressing both
oncogenic Kras and stabilized HIF1a also develop PaniNs, indicating that HIF1a
stabilization does not disrupt PanIN formation driven by oncogenic Kras. These lesions
are positive for pERK and mucin expression (by PAS) (Figure 3.3D). KC; Bmi1™"";
HIF1a-LSL/+ mice at 12 weeks of age develop PanINs similar to KC animals. These
lesions display pERK and PAS positivity, helping to confirm their identity as PanINs
(Figure 3.3E). Therefore, HIF1a stabilization recovers the lack of PanIN phenotype
observed in the KC;Bmi1"™ animals that lack Bmi1 expression. This indicates that the
reason for the requirement for Bmi1 expression during the initiation of pancreatic
precancerous lesions may be due to Bmi1 control of HIF pathway activation. Taken
together with the reaction to pancreatitis, this data indicates that the combination of lack
of pancreatic Bmi1 expression and stabilization of HIF1a renders the pancreas unable

to respond to cellular insults, including pancreatitis and Kras activation.

Bmi1 and HIF1a control metabolic enzyme levels in the normal and precancerous

pancreas

Given that Bmi1 and HIF1a collaborate in the murine pancreas in the reaction to
cellular stresses, we questioned which processes were controlled by this interaction.
HIF pathway stimulation is known to activate many downstream target genes, including
those involved in angiogenesis, growth and metabolism (Triner and Shah 2016). Both
the reaction to pancreatitis and the initiation of pancreatic cancer are highly metabolic

processes (Halbrook and Lyssiotis 2017), therefore we investigated whether Bmi1 and
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HIF1a control metabolic changes during these pancreatic states. First, we wished to
define the changes in levels of expression of metabolic enzymes during the reaction to
pancreatitis. In order to do this we induced pancreatitis, either in normal pancreata or in
the context of oncogenic Kras, and harvested pancreata after one day, two days or one
week (Figure 3.4A).

In the normal pancreas, there are low levels of the metabolic enzyme Pdk1 in
untreated animals. These levels increase dramatically one day after the administration
to pancreatitis, and return to normal after two days, corresponding with the histologic
injury and recovery timeline in mice (Figure 3.4B). This indicates that metabolic
enzymes change levels and may play a role during the reaction to pancreatitis in mice.
To investigate this in the context of Bmi1 and HIF1a expression, we analyzed Pdk1
expression in our genetically engineered mice. Mice were analyzed one week after

pancreatitis, where those lacking Bmi1 expression (Pdx1-Cre; Bmi1™"

) displayed
significantly lower levels of Pdk1 expression compared to control animals. However in
animals additionally having stabilized HIF1a, Pdx1-Cre; Bmi1™; HIF1a-LSL/+, Pdk1
expression was recovered to the level seen in control animals (Figure 3.4C). In animals
lacking Bmi1 expression, lack of Bmi1 may lead to inability of the HIF pathway to
activate downstream target genes, such as Pdk1. The additional expression of HIF1a in
this context allows recovery of HIF pathway activation.

We performed the same experiments in the context of oncogenic Kras activation.
12-week-old KC animals were subjected to pancreatitis and tissues were harvested

after one day, two days or one week (Figure 3.4A). Untreated KC animals expressed a

similar level of Pdk1 to untreated control mice (Figure 3.4B and Figure 3.4D). Similar to
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control animals, in KC mice levels of Pdk1 rose one day after pancreatitis and fell back
to untreated levels by two days after pancreatitis, and persisted at that untreated level
one week after pancreatitis (Figure 3.4D), indicating that Pdk1 levels also respond to
pancreatitis in the context of the induction of oncogenic Kras. In order to discern the
pattern of Pdk1 expression in terms of Bmi1 and HIF1a, we analyzed Pdk1 levels in 12-

week-old pancreata. KC;Bmi1™®

mice displayed very low levels of Pdk1 compared to
control KC animals. These Pdk1 levels were recovered in KC;Bmi1"": HIF1a-LSL/+
animals, indicating that lack of Bmi1 expression is inhibiting HIF pathway activation of
Pdk1 (Figure 3.4E). This data indicates that Bmi1 expression may play a protective role
in the pancreas by inhibiting HIF pathway activation of metabolic enzymes, such a
Pdk1, in reaction to cell stress. When the HIF pathway is additionally activated, the
levels of Pdk1 recover, which corresponds histologically to lack of pancreatic recovery

from pancreatitis and the development of PanIN lesions in the context of oncogenic

Kras expression.

Differential roles for Bmi1 expression in the endocrine and exocrine pancreas

Mice with full body knockout of Bmi1 have been previously shown to have
defects in the endocrine pancreas (Dhawan, Tschen et al. 2009). Given that our data
suggests that the requirement for Bmi1 expression during the initiation of pancreatic
cancer is through Bmi1 regulation of HIF1a expression, we also investigated this
relationship in the endocrine pancreas. To test endocrine pancreas function, we

subjected animals to glucose tolerance testing. In response to glucose injection, control
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animals showed a spike in blood glucose levels after 15 minutes, which slowly returned
to baseline levels after two hours. In contrast, animals lacking Bmi1 expression showed
impaired glucose tolerance, showing a similar spike in blood glucose in response to
glucose injection. However, this spike lasted longer than in control animals and Pdx-
Cre;Bmi1"™ animals retained the highest levels of blood glucose for 30 minutes, but did
return to baseline within two hours (Figure 3.5A). Similar to previous observations, this
indicates that lack of Bmi1 expression in the pancreas leads to endocrine pancreas
dysfunction. HIF1a expression seemed to rescue this defect, with Pdx1-
Cre;Bmi1"™HIF1a-"S"* animals displaying a similar glucose response to control mice
(Figure 3.5A). A similar pattern was observed in the context of oncogenic Kras, where
KC mice that were injected with glucose showed a rapid spike in blood glucose levels
that then returned to baseline by two hours after injection (Figure 3.5B). KC;Bmi1"" mice
also displayed a rapid spike in blood glucose in response to glucose injection, and this
maximum level of blood glucose lasted longer than observed in control, before also
returning to baseline within two hours (Figure 3.5B). KC;Bmi1"™HIF1a-LSL/+ mice
showed a similar response to glucose injection as KC (Figure 3.5B), indicating that
Bmi1 control of HIF1a in the pancreas may contribute to its role in endocrine function.
To investigate the role of Bmi1 in the endocrine pancreas at a cellular level, we
used Min6 cells, a mouse insulinoma cell line that is composed of (B-cells and has
endocrine function (Ishihara, Asano et al. 1993). Min6 cells with Bmi1 knockdown
showed lower levels of HIF1a expression than controls, consistent with the pattern seen
in pancreatic cancer cell lines (Figure 3.5C). However measurement of ROS levels by

DCFDA analysis showed no difference in ROS accumulation in Min6 cells with or
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without Bmi1 knockdown (Figure 3.5D), in contrast to previous observations that Bmi1
knockdown results in higher ROS levels in pancreatic cancer cell lines (Bednar,
Schofield et al. 2015). This suggests that Bmi1 may be important for the control of
different cellular processes in the endocrine and the exocrine pancreas. Other work has
shown that an important role for Bmi1 in many systems is inhibition of the cell cycle
regulators Ink4a and ARF (Jacobs, Kieboom et al. 1999, Bruggeman, Valk-Lingbeek et
al. 2005, Molofsky, He et al. 2005, Dhawan, Tschen et al. 2009). Our previous studies
indicated that the reason for the requirement of Bmi1 expression during the initiation of
pancreatic cancer was not through control of Ink4a and ARF, suggesting that this
mechanism is not predominant in the exocrine pancreas (Bednar, Schofield et al. 2015).
In Min6 cells, gene expression analysis showed that levels of p16 and p19, the genes
encoding Ink4a and ARF, were increased in response to Bmi1 knockdown (Figure
3.5E). This indicates that Bmi1 may play differential roles in the pancreas, controlling
pancreatic cancer initiation through the HIF pathway in the exocrine pancreas and

inhibiting the cell cycle regulators Ink4a and ARF in the endocrine pancreas.

Discussion

Our previous work showed that Bmi1 expression is required for the initiation of
pancreatic cancer, using a mouse model of the disease with an intact microenvironment
(Bednar, Schofield et al. 2015). However, which cellular processes Bmi1 controls in this
context, and therefore the reason for its requirement in pancreatic cancer initiation,
remained unknown. In this current work, we show that the mechanism for Bmi1

requirement in the initiation of pancreatic cancer is through its control of HIF pathway
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activation, providing new insights into the development of the early stages of the
disease.

In vivo we explored the interaction between Bmi1 and HIF1a expression using
animals that express an oxygen stable form of HIF1a specifically in the pancreas (Kim,
Safran et al. 2006). During the recovery from pancreatitis, animals that either lack Bmi1
expression or express stabilized HIF1a recover from their injury in a similar time frame
to control pancreata. However, mice that both lack Bmi1 and express stabilized HIF1a
do not recover from pancreatitis, displaying extensive fibrosis and inflammation one
week after injury. During the initiation of pancreatic cancer, using an oncogenic Kras
driven mouse model, animals that express Kras®'?® but lack Bmi1 do not develop
PanINs. Additional HIF1a stabilization however recovers this lack of PanIN phenotype,
allowing pancreatic cancer initiation. These data together indicate that Bmi1 plays in
important protective role when the pancreas is stressed via its control of HIF1a
activation. When Bmi1 is inactivated and HIF1a is stabilized, the pancreas is not able to
recover from insults, which include pancreatitis or oncogenic Kras expression. This
suggests that Bmi1 control of HIF pathway levels is crucial to maintain a healthy
pancreas and to prevent disease progression.

The recovery from pancreatitis and the initiation of pancreatic cancer are both
processes that involve many changes in tissue metabolism in order to proceed. Here we
show that HIF pathway activation, via Bmi1 expression, may be crucial to control the
metabolic state of the pancreas in these contexts. New research has revealed many
insights into metabolic changes in pancreatic cancer cells, and so it will be crucial going

forward to understand the pathways that control these changes. Here we show that
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HIF1a expression is crucial for the initiation of pancreatic cancer, and that this may be
through its control of downstream metabolic changes. Given that HIF1a inhibitors are
actively being developed for cancer therapy, it is important to elucidate precisely how
HIF expression controls cancer development in order to fully understand these future
therapies.

Investigation of the endocrine pancreas revealed different functions for Bmi1 in
the exocrine and endocrine compartments of the pancreas. Knockdown of Bmi1 did not
result in increased ROS in B-cells, but it did lead to higher levels of expression of p16
and p19, similar to previous in vivo studies (Dhawan, Tschen et al. 2009). This indicates
that Bmi1 may have separate pancreatic functions, controlling the cell cycle through p16
and p19 expression in the endocrine pancreas and regulating the levels of HIF pathway
activation in the exocrine pancreas.

Here we show that the reason for the requirement of Bmi1 expression during the
initiation of pancreatic cancer is due to Bmi1 regulation of HIF pathway activation,
specifically HIF1a. Understanding the mechanisms of HIF pathway activation in
pancreatic cancer will be increasingly important as HIF1a inhibitors are currently being
developed for cancer therapy (Onnis, Rapisarda et al. 2009, Burroughs, Kaluz et al.
2013, Wigerup, Pahlman et al. 2016). Overall, this work will provide a deeper
understanding of the mechanisms behind the initiation of pancreatic cancer, which will

help inform future therapeutic options.

Methods
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Mice

Mice were housed in the specific pathogen free facilities at the University of Michigan
Comprehensive Cancer Center. This study was approved by the University of Michigan
University Committee on Use and Care of Animals (UCUCA) guidelines. Pdx1-Cre,
Bmi1 floxed, R26-"°""F1% and LSLKras®'?® animals have been previously described
(Hingorani, Petricoin et al. 2003, Kim, Safran et al. 2006, Mich, Signer et al. 2014). To
induce pancreatitis, mice were subjected to two consecutive days of 8 hourly
intraperitoneal injections of caerulein at a concentration of 75ug/kg, as previously

described (Collins, Bednar et al. 2012).

Histology and Immunohistochemistry

All histology and immunohistochemistry studies were performed as previously described
(Collins, Bednar et al. 2012). Embedding and sectioning was performed by the
University of Michigan Cancer Center Histopathology Core. All antibodies used are

detailed in Supplemental Materials and Methods.

Cell Culture

Mouse pancreatic cancer cell lines were maintained as previously described (Bednar,
Schofield et al. 2015). Bmi1 knockdown was performed using siRNA. Cells were
transfected using Lipofectamine according to the manufacturer’s instructions. Control or
Bmi1 specific siRNA (Dharmacon) was applied to the cells for Bmi1 knockdown. Min6

mouse insulinoma cells were grown in culture as previously described, using DMEM
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growth media containing FBS, penicillin/streptomycin, sodium pyruvate, and -

mercaptoethanol(Soleimanpour, Ferrari et al. 2015).

ROS Detection Assay
Hydrogen peroxide was added directly to the cell media at a concentration of 500uM for
a time period of two hours preceding ROS analysis. ROS levels were measured by

DCFDA assay according to the manufacturer’s instructions.

qRT-PCR

RNA isolation, rt-PCR, and gRT-PCR were performed as previously described (Collins,
Bednar et al. 2012). Cyclophilin A was used as a control housekeeping gene for
normalization. All primer sequences used are included in Supplemental Materials and
Methods. Statistical significance for gRT-PCR was determined by unpaired two-tailed t-

test, with the threshold for significance set at p<0.05.

Glucose Tolerance Test

Glucose tolerance testing was performed as previously described (Flak, Patterson et al.
2014). Prior to testing, animals were fasted for four hours during the light cycle. Initial
blood glucose levels were measured using tail blood sample. Animals were next
administered glucose by intraperitoneal injection at a dose of 2g glucose per kg body
weight. Tail blood samples were used for glucose measurement at 15, 30, 60, 90, and
120 minutes post-glucose injection. Blood glucose was measured using Accu-Chek

Aviva diabetes monitoring kit and Accu-Chek Aviva Plus testing strips.
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Figure 3.1 — HIF1a expression is regulated by Bmil in
pancreatic cancer cells

Hifla
p=0.0004

c

.2

I3

0

2

o

X

w

o

2

]

o

[}

4

A
\$°
&
&
)
B VegF Glut1 Pdk1
0.025 p=0.0004
—

c c c
=] o o
g 2 5
¢ g g
o o o
£ % %
w w w
@ @ °
2 2 2
k] 5 k|
] ] ]
4 o o

(A) gPCR analysis of KPC cells with Bmil knockdown siRNA or scrambled control. (B) gPCR
analysis of KPC cells grown overnight in hypoxia with or without Bmil knockdown siRNA.
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Figure 3.2 — Pancreata lacking Bmil and with stabilized HIF1a
fail to recover from pancreatitis

—
A T —> e
E LoxP LoxP LoxP

Pdx1Cre; Bmil/f;
Pdx1Cre; Bmilf/f  Pdx1Cre; Hifla-LSL/+ Hifla-LSL/+

Control

C

_Pancreatitis
p
w l l 1 Week Harvest

|

Pdx1Cre; Bmilf/f

NP A

Scheme for pancreatitis treatment and harvesting. (D) H&E analysis of pancreata one
week after pancreatitis treatment.

92



Figure 3.3 — HIF1a expression recovers the lack of PanINs observed
in the absence of Bmil
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Figure 3.4 — Bmil and HIF1a control metabolic enzyme levels in the
normal and precancerous pancreas
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(A) Mouse scheme for pancreatitis treatment and harvesting. (B) gPCR analysis of mRNA
levels in wild type pancreata treated with pancreatitis. (C) gPCR analysis of pancreata from
transgenic animals one week after pancreatitis. (D) qPCR analysis of mRNA levels in KC
pancreata treated with pancreatitis. (E) ) gPCR analysis of pancreata from transgenic
animals at 12 weeks of age.
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Figure 3.5 — Differential roles for Bmil expression in the endocrine
and exocrine pancreas 5
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Glucose tolerance testing in (A) transgenic and (B) Kras expressing animals. (C) gPCR
analysis of MRNA levels in Min6 cells with or without Bmil knockdown using siRNA. (D)
ROS levels in Min6 cells with Bmil targeting siRNA or scrambled control, as measured by
DCFDA. gPCR analysis of mRNA levels in Min6 cells for (E) p16 and (F) p19.
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Chapter Four

Pancreatic HIF2a stabilization leads to chronic pancreatitis and predisposes to

mucinous cystic neoplasm

Abstract

Tissue hypoxia controls cell differentiation in the embryonic pancreas, and promotes
tumor growth in pancreatic cancer. The cellular response to hypoxia is controlled by the
HIF proteins, including HIF2a. Here we show that HIF2a is not expressed in the normal
human pancreas, however it is upregulated in human chronic pancreatitis. Stabilization
of HIF2a in mouse pancreata leads to the development of chronic pancreatitis. In the
presence of oncogenic Kras, HIF2a stabilization drives the formation of cysts
resembling mucinous cystic neoplasm in human. Overall, we demonstrate the
importance of HIF2a expression in the development of human and murine pancreatic

disease.

Introduction

During pancreas development, oxygen levels are primarily ascribed to positive
control of B-cell differentiation (Heinis, Simon et al. 2010). Pancreatic cancer, the third
leading cause of cancer related death (Rahib, Smith et al. 2014), is extensively hypoxic,

with low levels of oxygen throughout tumors (Buchler, Reber et al. 2003). Hypoxia has
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been shown to promote pancreatic tumor growth, invasion, and metastasis (Shi,
Abbruzzese et al. 1999, Duffy, Eibl et al. 2003). At the cellular level, the response and
adaptation to hypoxia is controlled by hypoxia inducible factors, or HIFs. In vertebrates,
the HIF family contains three isoforms, HIF1a, HIF2a, and HIF3a. The HIF proteins are
transcription factors, activating genes containing a Hypoxia Response Element in
response to low levels of cellular oxygen (Semenza and Wang 1992, Wang and
Semenza 1993). In normal oxygen conditions, HIF proteins are hydroxylated post-
translationally, allowing association with the von Hippel-Lindau tumor suppressor and
tagging for proteosomal degradation (Triner and Shah 2016).

Hypoxia induces HIF1a and HIF2a expression in the pancreas (Wiesener,
Jurgensen et al. 2003). HIF1a expression is induced during the development of
pancreatic cancer, and its deletion promotes pancreatic tumorigenesis in a Kras driven
model of pancreatic cancer (Lee, Spata et al. 2016). HIF2a expression is required for
the development of the pancreas, and a lack of HIF2a expression in developing mice
leads to smaller pancreata and decreased branching (Chen, Houshmand et al. 2010). In
the presence of oncogenic Kras, HIF2a inactivation inhibited progression of
precancerous lesions (Criscimanna, Duan et al. 2013).

The stress induced by the development of tumors can lead to the activation of
multiple cellular response pathways in an attempt to restore homeostasis. In fact, while
the hypoxia that exists in tumors does activate the HIF pathway, it can also activate
other cell reactions, including the unfolded protein response. Activation of the unfolded
protein response, via endoplasmic reticulum (ER) stress, and HIF signaling can

collaborate in order to control the cellular response to tumorigenesis (Bi, Naczki et al.
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2005, Wouters and Koritzinsky 2008, Hess, Humphrey et al. 2011, Pereira, Frudd et al.
2014). Given that pancreatic tumors are extensively hypoxic, it is vitally important to
understand the role that the cellular response to hypoxia plays in the development and

the progression of this disease.

Here we explored the effects of HIF2a stabilization in the pancreas, both in the

context of pancreatitis and the initiation of pancreatic cancer.

Results and Discussion
HIF2a protein expression is not detectable in the normal human pancreas. However, we
observed abundant HIF2a expression in human samples of chronic pancreatitis (Figure
4.1A). Since a functional role for HIF2a had not been described in this disease, we
generated Pdx1-Cre;R26--1HF2¢ " mjce. In these animals, an oxygen-stable form of
HIF2a(Kim, Safran et al. 2006) is expressed in the pancreas upon Cre recombination
(Figure 4.1B). We observed that pancreata with stabilized HIF2a were smaller than in
their littermate controls (Figure 4.1C, shown at 9 weeks of age). However, there was no
difference in total body weight between the controls and HIF2a stabilized mice at all
ages analyzed. From 7 weeks to 1 year of age HIF2a stabilized animals displayed
similar total body weight to age-matched littermate control animals (Figure 4.1D).

At two weeks of age (n=2), animals expressing HIF2a had atrophic pancreatic
parenchyma resembling end stage chronic pancreatitis (Figure 4.1E). By 4 weeks of
age, shortly after weaning, HIF2a stabilized animals had developed further signs of

chronic pancreatitis (Figure 4.1F). These observed changes progressed over time, with
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few residual acini and significant inflammatory infiltrates observed at 9 weeks of age
(n=5) (Figure 4.1G). In older mice, (n=4 analyzed at one year of age), pancreata were
mostly replaced by adipose tissue with small remnant clusters of acinar cells, dilated
ducts, and intermixed inflammatory infiltration (Figure 4.1H). These changes were
quantified in 2-week-old animals using gPCR analysis for gene expression levels of
pancreatic cell markers. By 2 weeks of age, HIF2a stabilized animals were not
expressing amylase, indicating a loss of acinar cell function. At the same age, animals
still expressed similar levels of CK19 compared to littermate controls, indicating that
their ducts were still functional. Lastly, smooth muscle actin expression was increased
in HIF2a stabilized mice, indicating an increase in fibroblast activity (Figure 4.11). Thus,
HIF2a overexpression in the pancreas resulted in a smaller pancreas with severe
atrophy and chronic pancreatitis. Importantly, no mouse models of persistent chronic
pancreatitis currently exist, making HIF2a stabilized mice a potentially useful tool for
further understanding this condition.

HIF2a stabilization in experimental animals was confirmed by western blot.
HIF2a expression was observed in those animals with HIF2a stabilized in the pancreas,
and was not seen in control littermates (Figure 4.2A). Further, IHC analysis showed
increased levels of HIF2a in the HIF2a stabilized pancreata, reflecting histologically that
HIF2a is indeed stabilized in these mice (Figure 4.2B). Gene expression analysis by
gPCR for HIF target genes revealed upregulation of HIF targets, including Pdk1 (Kim,
Tchernyshyov et al. 2006), indicating functional upregulation of the HIF signaling
pathway in HIF2a stabilized animals (Figure 4.2C). Given that there are two prevalent

HIF proteins, HIF1a and HIF2a, we probed HIF1a protein expression in the same
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human chronic pancreatitis samples in which we observed HIF2a upregulation. In
human chronic pancreatitis HIF1a expression was not observed by western blot,
indicating that HIF2a is upregulated independent of HIF1a in this disease (Figure 4.2D).

To further define the importance of HIF2a expression in the development of
chronic pancreatitis, we developed further animals modeling HIF2a stabilization. First,
we used a second pancreas specific cre recombinase, this time Ptf1a-Cre, to drive the
same oxygen stable form of HIF2a, R26-"72% 15 (Figure 4.3A). Similar to our previous

observations, Ptf1a-Cre;R26-"'F2@ tSL+

animals displayed inflammatory infiltration and
pancreatic atrophy resembling chronic pancreatitis (Figure 4.3B). The phenotype
developed more slowly, with small pocket of inflammation at 1 month, progressing to full
pancreatic involvement by 7 months of age (Figure 4.3B). Differences in the speed of
phenotype progression may be due to differences between the two different cre
recombinase alleles. We next sought to determine whether the observed chronic
pancreatitis phenotype is specific to the HIF pathway by stabilizing HIF2a using a
different method. We used Ptf1a-Cre along with expression of a floxed allele of VHL
(Haase, Glickman et al. 2001) (Figure 4.3C). In normoxia, VHL acts to inhibit HIF
function by tagging HIF proteins for degredation in the proteasome. Therefore, in Ptf1a-
Cre;VHL" animals, absence of VHL expression leads to HIF stabilization specifically in

L™ mice revealed a similar

the mouse pancreas. Histologic analysis of Ptf1a-Cre;VH
chronic pancreatitis phenotype that progressed over time, observable from as early as 3
months of age (Figure 4.3D). Taken together, these data show that pancreatic

stabilization of HIF2a, through a variety of methods, leads to the development of a

phenotype resembling human chronic pancreatitis.
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To determine whether HIF2a expression adversely affected embryonic
development, we analyzed pancreata from very young animals. At one day of age, we
observed no major differences in histology between HIF2a stabilized animals and their
control littermates (n=2) (Figure 4.4A). Both control and HIF2a stabilized animals
showed high levels of proliferation, as evidenced by positive staining for Ki67.
Quantification of Ki67 positivity showed no difference in levels of proliferation between
HIF2a stabilized animals and their control littermates (Figure 4.4B). One-day-old
animals with HIF2a stabilization and their control littermates both showed low levels of
cell death, as indicated by cleaved caspase 3 staining and quantified by cleaved
caspase 3 positivity (Figure 4.4C). HIF2a stabilization was confirmed by IHC, where
both control and HIF2a stabilized animals showed positive HIF2a expression in the
developing islets, as expected, and only HIF2a stabilized pancreata displayed positive
HIF2a staining throughout the pancreas (Figure 4.4D). The similarities in histology as
well as cell proliferation and death in control and HIF2a stabilized animals at one day of
age indicate that the HIF2a stabilization did not cause developmental defects.

We next further analyzed the phenotype of the development of chronic
pancreatitis in young animals. By two weeks of age, we observed a drastic reduction in
the numbers of acini, chronic inflammation, and foci of acinar-to-ductal metaplasia. At
this age, the pancreas is undergoing active proliferation indicated by a high percentage
of Ki67 positive cells, and, although the acinar cell population was reduced, proliferation
in this compartment was still elevated as a result of HIF2a stabilization (Figure 4.5A).
This was quantified by counting Ki67 positivity in both cohorts, showing an increase in

proliferation in the HIF2a stabilized animals compared to control litermates (Figure
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4.5A). Additionally, HIF2a expressing pancreata had increased apoptosis indicated by
cleaved caspase 3 expression in epithelial cells, as seen by IHC and quantified (Figure
4.5B). Thus, in two-week old animals the chronic pancreatitis phenotype is actively
developing, with evident loss of acini, cell death, and inflammatory cell infiltration. We
next analyzed animals shortly after weaning, at 4 weeks of age. At this timepoint we
observed a continuation of the phenotype that was developing at two weeks of age.
Proliferation was increased in HIF2a stabilized animals as compared to control
littermates, shown by staining for Ki67 and subsequent quantification (Figure 4.5C).
Similarly, cell death, as measured by cleaved caspase 3, was elevated in HIF2a
animals compared to controls (Figure 4.5D). Therefore, pancreatic HIF2a stabilization
leads to chronic pancreatitis that actively progresses in developing mice, leading to
increases in proliferation and cell death at both two weeks and four weeks of age.

We next sought to further define the identity of the remaining cells in the
pancreata of HIF2a stabilized animals. Immunohistochemical analysis in nine-week-old
HIF2a stabilized pancreata revealed individual acinar, ductal, and endocrine cells.
However, Mist1 expression was reduced in acinar cells compared with control (Figure
4.6A). This was quantified by analyzing numbers of Mist1 positive cells, with control
animals displaying much higher Mist1 positivity compared to HIF2a stabilized littermates
(Figure 4.6A). As for ducts, we observed more Sox9-expressing tubules, indicating
increased acinar-to-ductal metaplasia, and as quantified by analyzing Sox9 positivity
(Figure 4.6B). Chromogranin A positivity in HIF2a stabilized animals highlighted the fact
that islets remain in HIF2a stabilized pancreata (Figure 4.6C). qPCR analysis revealed

higher levels of expression of the genes Bip and Chop in HIF2a stabilized animals,
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indicating increases in the unfolded protein response due to endoplasmic reticulum (ER)
stress(Hess, Humphrey et al. 2011) (Figure 4.6D). Previous studies have shown an
association between ER stress and chronic pancreatitis(Sah, Garg et al. 2014).
Therefore, HIF2a stabilized animals show higher levels of ductal markers and ER stress
compared to control littermates, both consistent with chronic pancreatitis.

To further define the chronic pancreatitis phenotype in HIF2a stabilized mice, we
analyzed animals for characteristic features of pancreatitis. Immunostaining for CD45
confirmed the presence of abundant inflammatory infiltrates in HIF2a stabilized
pancreata, both by histology and quantification (Figure 4.7A). Gomori trichrome staining
revealed increased levels of fibrosis (Figure 4.7B). Additionally, HIF2a stabilized
pancreata expressed higher levels of genes that are associated with the fibrosis present
in chronic pancreatitis, including TGFB and MMP9 (Venkateshwari, Sri Manjari et al.
2011) (Branton and Kopp 1999) (Figure 4.7C). Overall, HIF2a stabilized animals display
characteristic features of chronic pancreatitis, including immune infiltration, increased
fibrosis and upregulation of expression of cytokines and fibrosis-associated genes.
These features make HIF2a stabilized animals an exciting new experimental model of
chronic pancreatitis.

Given the role of hypoxia in B-cell development, we analyzed the endocrine islets
in nine-week-old HIF2a-stabilized mice. The islets in HIF2a stabilized pancreata were
morphologically normal, and B-cells stained for insulin (Figure 4.8A). To measure islet
function, we subjected nine-week-old animals to glucose tolerance testing. HIF2a
stabilized animals had impaired glucose tolerance, with a sharper initial rise and

sustained elevation of blood glucose levels compared to controls (n=5 animals per
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genotype) (Figure 4.8B). To test for insulin secretion, we measured blood insulin levels
in animals subjected to a glucose challenge. HIF2a stabilized animals showed no rise in
blood insulin levels after glucose challenge (Figure 4.8C), indicating B-cell dysfunction
(n=3 animals per genotype). This finding is consistent with the development of glucose
intolerance in human chronic pancreatitis patients, termed Type 3c diabetes. (Ewald
and Hardt 2013, Makuc 2016)

Chronic pancreatitis is a risk factor for the development of pancreatic cancer
(Raimondi, Lowenfels et al. 2010). Additionally, animals lacking HIF2a expression in a
mouse model of pancreatic cancer develop lesions that fail to progress to cancer,
suggesting a role for HIF2a in pancreatic cancer development (Criscimanna, Duan et al.
2013). Therefore, we evaluated HIF2a stabilization in the context of pancreatic cancer.
Mice that express oncogenic Kras in the pancreas, such as Pdx1-Cre; LSL-Kras®'?P
(KC) recapitulate the formation of pancreatic intraepithelial neoplasia (PanIN), a
precursor lesion to pancreatic cancer (Hingorani, Petricoin et al. 2003). KC mice were
crossed into mice with stably-expressed HIF2a, generating KC;HIF2a animals (Figure
4.9A). KC mice have sporadic PanINs within a largely normal pancreas at 9-12 weeks.
Age-matched KC;HIF2a animals developed large cystic lesions with full penetrance
(Figure 4.9B, arrows) (n=7 mice). Histologically, at nine to ten weeks of age, KC;HIF2a
mice presented with a fibrotic pancreas and large cysts, resembling human mucinous
cystic neoplasm (Figure 4.9C). To further define the KC;HIF2a phenotype, we
developed multiple models of pancreatic HIF2a stabilization in the context of oncogenic
Kras expression and analyzed their histology over time. We used another pancreas

specific cre, Ptf1a-Cre, to express Kras®'?®. HIF2a stabilization was achieved either by
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expressing an oxygen stable form of HIF2a or by deletion of VHL expression. KC
animals develop PanINs, with their prevalence increasing over time from sporadic at
one month of age to almost prevalent in the pancreas by 9 months (Figure 4.9D).
Conversely, KC;HIF2a developed cystic lesions resembling human MCN. These cysts
were small at one month of age and increased in size over time, up to 9 months (Figure
4.9E). Similar MCN histology was observed in KC;VHL" animals, with small, sporadic
cystic lesions present at one month of age (Figure 4.9F). By 9 months pancreata in
KC;VHL" mice were replaced by large cystic lesions similar to human MCN, indicating
that the development of MCN in the context of oncogenic Kras is specific to the HIF
pathway.

Similar to human histology, in KC;HIF2a mice the cystic lesions were lined by flat
cuboidal epithelial cells with no papillary architecture and surrounded by stroma. Pdx1-
Cre;Hif2a-stabilized mice expressed further histologic features characteristic of MCN, as
described previously (Izeradjene, Combs et al. 2007). These include apical expression
of mucin in the cystic epithelial cells, shown by PAS staining (Figure 4.10A).
Additionally, human MCN displays a characteristic ovarian-type stroma, as evidenced
by positive staining for estrogen receptor (ER) in the stromal cells, which is also found in
KC;HIF2a animals (Figure 4.10B). Other histologic features characteristic of human
MCN seen in the KC;HIF2a mice include CK19 expression in the cystic epithelial cells
and not the stromal cells (Figure 4.10C) and expression of mesenchymal markers,
including vimentin, in the stroma and not the epithelium (Figure 4.10D). Analysis of
mucin expression in the animals showed expression of Muc1 in both KC and KC;HIF2a

animals, as expected in both PanIN and MCN type lesions (Lau, Weiss et al. 2004)
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(Figure 4.10E). Additionally, both the PanINs in KC animals and the cystic lesions in
KC;HIF2a mice were positive for Muc5ac expression (Figure 4.10F). This pattern of
Muc1 and Mucbac expression has been previously described in MCNs, consistent with
the pattern seen in KC;HIF2a animals (Matthaei, Schulick et al. 2011). Gene expression
analysis of pancreatic cell type markers revealed decreased levels of amylase
expression in KC;HIF2a mice compared to KC, as well as increases in both CK19 and
SMA expression (Figure 4.10G). Overall, stabilization of HIF2a in the presence of
oncogenic Kras recapitulated formation of human mucinous cystic neoplasm, a
precursor lesion of pancreatic cancer.

MCN is associated with de-regulated Wnt signaling (Sano, Driscoll et al. 2014)
and was modeled in mice by constitutively activating Wnt signaling (Sano, Driscoll et al.
2014). Additionally, HIF2a modulates Wnt expression during development of PanINs in
the KC mouse model (Criscimanna, Duan et al. 2013). Accordingly, our analysis
showed increased levels of Wnt target genes (Lef1, MYC and Axin) in KC;HIF2a
animals compared to KC at nine weeks of age (Figure 4.11A). However given the
significant remodeling of the KC;HIF2a pancreata, it is difficult to discern whether these
changes in gene expression were caused by, or the cause of the MCN phenotype.
Therefore, we analyzed expression of Wnt target genes histologically by IHC. Increased
levels of Lef1 expression were observed in the stroma of MCN of KC;HIF2a animals
(Figure 4.11B). Importantly, very few mouse models of MCN have been described.
Given that human MCN is a much less well-understood precursor lesion than PanINs, it
is vital to develop additional mouse models to probe MCN biology and understand its

formation and progression.
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Here we show that HIF2a expression increases in human pancreata with chronic
pancreatitis. The expression of an oxygen stable form of HIF2a in the mouse pancreas
results in chronic pancreatitis and atrophy, with loss of acini and increased chronic
inflammation in the lobule. Additionally, stabilization of HIF2a along with oncogenic Kras
expression recapitulates human MCN. Thus, we describe two new models of human
disease, and provide new insight into the role of hypoxia signaling, specifically through

HIF2a, in the pancreas.

Methods
Mice

Mice were housed in the specific pathogen free facility at the University of Michigan
Comprehensive Cancer Center. This study was approved by the University of Michigan
Committee on Use and Care of Animals (UCUCA). Pdx1-Cre, Ptf1a-Cre, LSL-Kras®'?®,
R2@-LSLHif2a/+

and VHL floxed mice have been described previously (Haase, Glickman et

al. 2001, Hingorani, Petricoin et al. 2003, Kim, Safran et al. 2006).

Glucose tolerance testing

Glucose tolerance testing was performed as previously described (Flak, Patterson et al.
2014). Prior to testing, animals were fasted for four hours during the light cycle. Initial
blood glucose levels were measured using tail blood samples. Then animals were
administered glucose at a dose of 2g glucose per kg body weight by intraperitoneal

injection. Tail blood samples were then measured for blood glucose levels at 15, 30, 60,
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90, and 120 minutes post-glucose injection. Blood glucose was measured using Accu-

Chek Aviva diabetes monitoring kit and Accu-Chek Aviva Plus testing strips.

Glucose Stimulated Insulin Secretion

Overnight fasted mice were anesthetized by injecting intraperitoneally with Avertin.
Anesthetized mice were then injected intraperitoneally with glucose at 3g/kg body
weight and blood was collected retroorbitally at 0, 2, 7, 15 and 30 minutes. Serum was
separated by centrifuging the blood at 8,000 rpom for 8 min at 4C. Serum insulin was
measured using Ultrasensitive mouse insulin ELISA kit (CrystalChem, Downers Grove,

IL), following manufacturers recommendation.

Immunohistochemistry and Immunofluorescence

Histology and immunohistochemistry studies, as well as PAS and Gomori Trichrome
staining, were performed as previously described (Collins, Bednar et al. 2012). To
prepare for staining, tissue was collected and fixed overnight in 10% neutral buffered
formalin. Tissue was then embedded in paraffin and sectioned. The University of
Michigan Cancer Center Histopathology Core performed embedding and sectioning.
Sections were imaged using an Olympus BX-51 microscope, Olympus DP71 digital
camera, and CellSens Standard software. Primary antibodies used are included in

Supplemental Table 1.

qRT-PCR
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Tissue for RNA extraction was collected in lysis buffer (Ambion) and RNA was isolated
using the PureLink RNA Mini Kit (Ambion). Reverse transcription was performed using
the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Primers were
optimized for amplification conditions of: 95C for 10 minutes, then 40 cycles of 95C for
15 seconds and 60C for 1 minute. Melt curve analysis was performed for all samples.
Cyclophilin A was used as the control housekeeping gene for normalization. Primer
sequences for genes analyzed are: Axin F — GCCAATGGCCAAGTGTCTCT, Axin R —
GCGTCATCTCCTTGGGCA, Left F — AGTGCAGCTATCAACCAGATCCT, Left — R
TTTCCGTGCTAGTTCATAGTATTTGG, MYC F — TGAGCCCCTAGTGCTGCAT, MYC
R — AGCCCGACTCCGACCTCTT, TGFB3 F — CAGGCCAGGGTAGTCAGAG, TGFB3
R — ATTTCCAGCCTAGATCCTGCC, MMP9 F — CTGGACAGCCAGACACTAAAG,

MMP9 R - CTCGCGGCAAGTCTTCAGAG.

Western Blot

Tissue for protein extraction was collected in RIPA buffer with protease inhibitor. Equal
amounts of protein were added per lane, run by electrophoresis in SDS-PAGE gels, and
transferred to PVDF membranes. Each membrane was blocked with 5% milk. Primary
antibody incubation was performed overnight at 4C. Secondary antibody incubation was
performed for two hours at room temperature. Protein bands were detected using
Western Lightning Plus Enhanced Chemiluminescence (PerkinElmer, NEL103001EA)

and film.

Statistics
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Statistical significance for qRT-PCR results was determined by unpaired two-tailed t

test, with the threshold for statistical significance determined to be p<0.05.

Study Approval

The University of Michigan Institutional Review Board (IRB) approved all human
studies. Informed consent was received from all human patients prior to inclusion in the
studies detailed in this work. All animal studies were approved by the University of

Michigan Committee on Use and Care of Animals (UCUCA).
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Figure 4.1 — HIF2a expression is associated with chronic pancreatitis in human and mouse

(A) Western blot analysis of HIF2a expression in lysates from human normal and chronic
pancreatitis pancreata. (B) Transgenic mouse scheme. (C) Gross morphology of control and
HIF2a stabilized pancreata. (D) Average mouse weight of animals with HIF2a stabilization as
compared to controls. H&E evaluation of (E) 2 week, (F) 4 week, (G) 9 week and (H) 1 year old
pancreata. (I) gPCR analysis of Amylase, CK19 and SMA at 2 weeks of age.

116



A Control  HIF2a B HIF2a IHC
1 2 1 2 Control o

150kd -

100kd

250kd

150kd

100kd

75kd e

——
c Pdk1 D Normal Pancreatitis
0.3+ p=0.004 1 2 3 4 5
s -
0n
g 0.24 I
=3
X
w
° L
2 0.1
Kl
s .
3 :I: Actin
0.0 <+ T
> N
& «°
& 6&‘*”
%\’b
&

D
Figure 4.2— Validation of HIF2a stabilization in mouse pancreata
(A) Western blot for HIF2a in lysates from control and HIF2a stabilized pancreata, with
commassie stain for loading control. (B) Immunohistochemistry for HIF2a in control and HIF2a
stabilized pancreata. (C) gPCR analysis for levels of HIF target Pdk1. (D) Western blot for
HIF1a levels in human normal and chronic pancreatitis samples.
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Figure 4.3 —HIF2a stabilization leads to chronic pancreatitis in multiple mouse models

(A) Transgenic mouse scheme for HIF2a stabilization. (B) H&E evaluation of HIF2a stabilized
pancreata at 1 month, 3 months and 7 months. (C) Transgenic mouse scheme for HIF2a
stabilization via pancreatic VHL deletion. (D) H&E evaluation of pancreata lacking VHL
expression at 3 months, 5 months and 7 months.
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Figure 4.4— Pancreas histology in 1-day old HIF2a pancreata

(A) H&E analysis for control and HIF2a stabilized pancreata at one day.
Immunohistochemistry and quantification for (B) Ki67 and (C) Cleaved Caspase 3 in 1-day-
old animals. (D) Immunohistochemistry for HIF2a.
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Figure 4.5 — HIF2a stabilization-induced pancreatitis in developing mice N
Immunohistochemistry and quantification for (A) Ki67 and (B) Cleaved Caspase 3 in 2-week-old
animals. Immunohistochemistry and quantification for (C) Ki67 and (D) Cleaved Caspase 3 in 4-
week-old animals.
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Figure 4.6 — Immunostaining for lineage markers in 9-week-old HIF2a pancreata

Immunohistochemistry and quantification for (A) Mist1 and (B) Sox9 in 9-week-old animals. (C)
Immunohistochemistry for Chromogranin A in 9-week-old animals. (D) gPCR analysis for ER

stress markers Bip and Chop in 9-week-old animals.
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Figure 7 — Chronic pancreatitis 9-week-old in HIF2a mice
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Figure 4.7 — Chronic pancreatitis 9-week-old in HIF2a mice
(A) Immunohistochemistry and quantification for CD45 in 9-week-old mice. (B) Gomori trichrome
staining in 9-week-old animals. (C) gRT-PCR analysis of control and HIF2a stabilized pancreata.
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Figure 4.8 — HIF2a stabilization causes endocrine pancreas dysfunction
(A) Immunofluorescence for Insulin and DAPI in 9-week-old animals. (B) Glucose tolerance test
and (C) glucose stimulated insulin secretion in 9-week-old animals.
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Figure 4.9 — HIF2a stabilization during pancreatic cancer initiation mimics Mucinous Cystic
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(A) Transgenic mouse scheme. (B). Gross morphology of two separate KC;HIF2a animals at 9
weeks of age. Arrows indicate cysts, arrowhead indicates spleen. (C) H&E evaluation of human
MCN and KC; HIF2a pancreata. H&E evaluation of (D) KC, (E) KC;HIF2a and (F) KC;VHL"#
animals at 1 month, 3 months, 7 months and 9 months of age.
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Figure 4.10 — KC;HIF2a animals
have MCN-like histology

- (A) PAS staining, and
Immunohistochemistry for (B)
- CK19, (C) ER, (D) Vimentin, (E)
~ Muc1 and (F) Muc5ac in 9-10 week
old KC and KC;HIF2a animals. (G)
gPCR analysis for Amylase, CK19
- and SMA in 9-10 week old KC and

- KC;HIF2a animals.
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Figure 4.11 — Wnt pathway is upregulated in KC;HIF2a animals

(A) gPCR for Wnt pathway targets in KC and KC;HIF2a animals at 9-10 weeks of age. (B)

Immunohistochemistry for Lef1 in KC and KC;HIF2a animals.
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Chapter Five

Differential Roles of Mutant p53%?’°" in Cancer Development Versus Established

Growth in Pancreatic Cancer

Abstract

Pancreatic cancer is characterized by nearly universal activating mutations in
KRAS. Among other somatic mutations, TP53 is mutated in over 75% of human
pancreatic tumors. Genetically engineered mice have proven instrumental in studies of
the contribution of individual genes in carcinogenesis. However, current models
recapitulate just a subset of the mutations observed in human tumors. The most
common mutation in TP53 in pancreatic cancer is the amino acid substitution R175H.
However, the most commonly mutated TP53 codon is R273, with R273H being the most

prevalent substitution. Here we generated a new mouse model that combines

3R270H ( G12D-

expression of Trp5 mouse ortholog to human R273H) and oncogenic Kras
Trp53~27%" expression is regulated by doxycycline administration, so is inducible and
reversible. Using this model, we recapitulated sequential Kras and p53 mutations in
pancreatic carcinogenesis. Further, with the reversibility of mutant p53 expression, we
restored wild type p53 at different stages of carcinogenesis. Continuous mutant p53

was required for progression of precancerous lesions. Mutant p53 was however not

required for maintenance of tumor growth, but was critical in the invasive properties of
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cancer cells. Mutant p53 expression contributed to pancreatic cancer via
reprogramming of cellular metabolism and induction of signaling pathways that regulate

proliferation.

Introduction

Pancreatic cancer is a devastating disease, and is the third leading cause of
cancer-related death in the United States (Rahib, Smith et al. 2014). Effective therapies
are currently lacking and the five-year-survival rate is less than 10%. Activating
(oncogenic) mutations in KRAS are present in over 90% of human pancreatic cancers
(Kanda, Matthaei et al. 2012). KRAS mutations are present with high frequency in
pancreatic intraepithelial neoplasias (PanINs), precursor lesions to pancreatic cancer,
suggesting an initiating role for mutant KRAS. Mutations in the TP53 and INK4A tumor
suppressor genes are common at later stages of pancreatic cancer development
(Hruban, Goggins et al. 2000), with TP53 mutations present in up to 75% of pancreatic
cancers (Jones, Zhang et al. 2008).

Cancer-associated missense mutations in the TP53 protein have pleiotropic
contributions in tumorigenesis, including abrogation of the wild type p53 protein’s ability
regulate cell cycle checkpoints, apoptosis, and inhibition of angiogenesis. At the same
time, these missense-mutant P53 proteins can behave as gain-of-function mutants (for
review see (Oren and Rotter 2010)). In pancreatic cancer, missense mutations are most
common, although null alleles are occasionally observed (Jones, Zhang et al. 2008,

Bailey, Chang et al. 2016).
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Mice expressing a conditionally activated, oncogenic Kras®'?®

protein in
pancreatic epithelial cells (Ptf1a-Cre;LSL-Kras®'?®, known as KC mice) develop PanlNs,
with features akin to those seen in humans, with incomplete penetrance and long

latency to malignancy (Hingorani, Petricoin et al. 2003). Combining mutant Kras®'?®

expression with p53~1721

mutant protein expression in the mouse pancreas- in the
model known as KPC - results in the development of metastatic pancreatic cancer
(Hingorani, Wang et al. 2005). While KPC mice have been essential to establish the role
of mutant p53 in cancer progression, they only represent one of a range of different
TP53 mutations seen in human pancreatic cancer. Furthermore, in KPC mice, the
mutations in Kras and Trp53 are introduced concurrently. In contrast, in human
pancreatic cancer, activation of Kras is an initiating event present at high frequency in
PanINs (Kanda, Matthaei et al. 2012), while TP53 mutations occur later during disease

3R172H missense allele

progression. When a Trp53 null allele was compared to the Trp5
in the mouse pancreas model, the mice carrying the Trp53%'"?" allele had both longer
disease latency and increased metastatic burden (Morton, Timpson et al. 2010,
Weissmueller, Manchado et al. 2014). Similarly, different p53 mutant proteins have
differing contributions to tumorigenesis in mouse lung cancer models (Jackson, Olive et
al. 2005). Human pancreatic cancer samples contain a spectrum of TP53 mutations.
While complete loss of function is rare, mutations occur in several codons, with
potentially variable effects on p53 protein properties (Jones, Zhang et al. 2008). Of the
point mutations detected in human pancreatic cancer, only Tp537""*' has been

recapitulated in a mouse model. Here, we set out to study the functional contributions of

Tp537?"™M  the ortholog to human R273H, in the context of mutant Kras. Further, by
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using an inducible and reversible approach to express mutant Tp53, we model the
sequence of mutations of the human disease, and explore the role of mutant p53 in the
maintenance of PanINs and cancer.

With the advent of precision oncology approaches and the identification of
different subsets of pancreatic cancer (Collisson, Sadanandam et al. 2011, Moffitt,
Marayati et al. 2015, Waddell, Pajic et al. 2015, Bailey, Chang et al. 2016, Makohon-
Moore, Zhang et al. 2017), mouse models recapitulating different human cancer

genotypes are likely to be of increasing relevance.

Results

Mutant p53%%"°" synergizes with oncogenic Kras to promote pancreatic cancer

progression

We assessed the nature of TP53 mutations in human pancreatic cancer using
publically available data in the Catalog of Somatic Mutations in Cancer (COSMIC)
database (http://cancer.sanger.ac.uk/cosmic). Similar to many other human
malignancies, the majority of TP53 mutations in pancreatic cancer are missense
substitutions in the DNA binding domain of the p53 protein (Jones, Zhang et al. 2008).
The most common Tp53 missense mutation in this data set was p53%'°" which
corresponds to mouse p537'"?". The next most commonly mutated codon in human p53
in all cancer types and the most commonly mutated codon in pancreatic cancer was

codon 273. Substitution of histidine for arginine (R273H) is the most common
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substitution at that position. The corresponding change in the mouse gene is R270H
(Figure 5.1A).

To explore the role of p537?"°" in pancreatic cancer, we designed a construct to
express this mutant, as well as the fluorescent reporter dsRed, under the control of a
Tetracycline Responsive Element (TRE). We initially verified the functionality of the
TREp53~?"™" cassette in tissue culture. HEK-293 cells were transfected with individual
plasmids encoding for rtTa and the TREp53~?"® construct. Accumulation of p53 protein
was observed by immunoblot in doxycycline (dox) treated cells (Figure 5.2A). We then
generated transgenic mice carrying the TREp53™?"°" expression construct. Transgenic
TREp53~%"" animals were crossed with the Krt5-tTa mouse strain, which expresses tTa
in the skin, to establish in vivo regulation of the transgene. Both p53 and dsRed
expression were observed by IHC in the Krt5-tTa; TREp537?"°" animals and not in
control littermates (Figure 5.2B). Therefore, the TREp537?"™" construct allows for
mutant p53 expression in an inducible manner in vitro and in vivo.

To assess the effects of expressing mutant p53 in the context of mutant Kras
pancreata we generated Ptf1a-Cre;LSL-Kras®'??;TREp53~?"°:R26"™@"T@ mjice, hereby
designated as KCip53 mice. The Ptf1a-Cre allele expresses the Cre recombinase in the

612D and the reverse

pancreatic epithelium, thus leading to expression of both Kras
tetracycline transactivator (rtTa). Administration of dox to the mice induces rtTa-
mediated transcriptional activation of p537?"°". A dsRed reporter is expressed at the
same time as mutant p53, allowing for a surrogate marker of dox-inducible gene

expression (Figure 5.1B). KCip53 animals were placed on dox water or chow at

approximately four weeks of age, and the animals were maintained on continuous dox
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administration. KC littermates were similarly kept on dox for the duration of the
experiments, to control for other potential effects of the antibiotic. Starting at 8 months
of age, KCip53 animals developed large pancreatic tumors with metastases to the liver
and lung (Figure 5.1C). Accumulation of p53 protein in the tumors was confirmed by
IHC analysis comparing PanIN lesions in KCip53 mice to lesions in KC mice (Figure
5.1D). In KC mouse lesions, p53 protein accumulation was rare. In KCip53 lesions we
observed increased accumulation of p53, although intriguingly only in a subset of cells,
similar to the Krt5-tTa; TREp537?"™" animals (Figure 5.1D and Figure 5.2B). To
determine whether the expression of mutant p53 in this model affected tumor
progression we aged the animals until they reached humane endpoints. KCip53 mice
had a median survival of 275 days, compared to 395 days in KC mice (Figure 5.1E,
n=60 mice for KCip53, 24 for KC). At necropsy, we determined that KCip53 mice had a
significant metastatic burden, with a prevalence of liver and lung metastases. Thus,
expression of p53~"%"%" accelerates tumorigenesis of KC mice and leads to the
development of metastatic disease.

The TREp537?™ allele in the KCip53 animals is a transgene, and therefore the
animals still retain two wild type alleles of Trp53, potentially mitigating some of the
effects of mutant p537?"®™" expression. To mimic the human scenario, where one allele
of TP53 is mutated and only one wild type allele is present, we generated animals with
the genotype Pdx1-Cre; LSL-Kras®'?P; LSL-Trp537%"%" called KP®?"°"C here (Figure
5.3A). In brief, the sequence encoding for P53%?"°" was inserted in the p53 locus,
preceded by a floxed stop cassette. Thus, the mutant p53 was expressed upon Cre

recombination in the pancreas at the same time as mutant Kras, in a model similar to
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the KPC model (Hingorani, Wang et al. 2005). KP??"°"C mice, similar to KCiP53
animals, have shortened lifespan compared to KC littermates (Figure 5.3B, n=43
KPR?%MC and 39 KC). Histology from mice at necropsy revealed extensive tumor
burden in the KPR?"°C animals, with metastatic lesions in the liver and lungs (Figure

5.3C). Thus, analysis of this model corroborates the phenotype of the KCip53 mouse.

Mutant p53%?’°" promotes formation, progression and maintenance of PanINs

Given that mice expressing mutant p537%*"®" developed cancer earlier than KC
littermates, we sought to determine whether this effect was associated with earlier
PanIN development. KCip53 and KC littermates were placed on dox at four weeks of
age, activating expression of mutant p537%*"®" protein. At 10 weeks of age, pancreata
were harvested and subjected to histopathological analysis (Figure 5.4A). KCip53
pancreata had more PanINs, and less normal tissue than pancreata from KC littermates
(Figure 5.4B and quantification in Figure 5.4C, n=3-6 mice per group). The lesions
displayed characteristic PanIN features, including intracellular mucin accumulation (as
indicated by PAS staining) and elevated pERK, indicating elevated MAPK signaling
(Figure 5.4B). Additionally, KCip53 animals had more CD45+ immune cells (Figure
5.5A) than KC controls. STAT3 activation was previously identified as activated
downstream of p53%""?" in pancreatic cancer cells and a contributing factor in their
growth(Wormann, Song et al. 2016). However, immunostaining for the active,

phosphorylated form of STAT3 (pSTAT3), revealed no difference in expression of
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pSTAT3 between KC and KCip53 PanINs, suggesting that a different mechanism might
be at play during PanIN formation (Figure 5.5B).

KCip53 mice carry two alleles of wild type Trp53, in addition to the mutant
transgene. Thus, inactivation of mutant expression mimics restoration of wild type
function. We pursued studies to determine whether mutant p53%?"°" expression
regulated the progression and maintenance of PanINs. Mice were placed on dox at four
weeks of age for 6 weeks. At that point, the animals were randomized in cohorts that
either stayed on dox or were removed from dox. Pancreata from both groups were
harvested at 2 days, one week or 3 weeks later (Figure 5.6A, n=3 or more mice per

group). Inactivation of mutant p53~?"°"

in KCip53 mice effectively re-establishes
expression of wild type p53, with two copies of wild type p53 present in these animals.
The level of p53 protein accumulation was assessed by Western blot of whole pancreas
lysates. In KC pancreata, p53 protein was undetectable. In KCip53 mice on dox, we
observed p53 accumulation, which decreased upon dox removal (Figure 5.6B). We then
compared pancreas histology across the different groups. KCip53 mice that were
continuously maintained on dox had extensive PanINs and limited acinar clusters. In
contrast, pancreata from mice that were taken off dox for 3 weeks after the initial 6-
week dosing period had limited, low grade lesions and large areas of normal acinar
clusters (Figure 5.6C). Within lesions, PAS and pERK1/2 staining were present in both
on and off dox pancreata, but fewer positive lesions were observed in the animals taken
off dox (Figure 5.6C). These data are consistent with continuous expression of mutant

p537%2"% peing required for maintenance of PanIN lesions and their continued

progression.
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Given the dramatic differences seen at the 3-week time point after inactivation of
mutant p53, we assessed the effects at one week or two days after removing dox and
the associated mutant p53 expression. No major histological changes were apparent at
these earlier time points (Figure 5.7). We performed qPCR for selected p53-regulated
target genes in samples from both cohorts over time. Two days following inactivation of
mutant p53, KCip53 animals had a higher ratio of pro-apoptotic to anti-apoptotic factors,
compared to KCip53 animals that remained on dox (Figure 5.6D). Furthermore, animals
that had been off dox for one week had higher levels of wild type p53-regulated target
gene expression, including for p21, Thrombospondin1 and E-Cadherin, compared to
KCip53 animals maintained on dox (Figure 5.6E). These data suggest that once taken
off dox, wild type p53 function is restored, potentially explaining the reduced PanIN

progression observed over time.

Expression of mutant p53%?’°" is not required for growth of invasive cancer

We next sought to determine whether continued expression of mutant p53%27°H
was required for survival and growth of pancreatic cancer cells. As described above,
KCip53 mice maintained on dox treatment develop invasive, metastatic tumors with
variable latency (Figure 5.1C and 5.1E). The disease burden in individual animals is
heterogeneous, complicating tumor burden analysis at later ages. To study a cohort of
mice carrying genetically identical tumors, where we could modulate mutant p53
expression, we established several primary cell lines from cancer-bearing KCip53 mice

(Figure 5.8A). To establish these cell lines, we generated single cell suspensions from
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the original primary tumors and sorted the cells by flow cytometry for expression of
dsRed, as a surrogate marker for cells expressing mutant p53~*"°" (Figure 5.9A). The
cell lines were then propagated in culture in presence of dox (Figure 5.8B). We
performed qPCR to study expression of selected p53-regulated target genes, with the
goal of determining how changes in expression of mutant p53 affected p53
transcriptional activity in the cells. In cells treated with dox, we saw a reduction in the
expression of the wild type p53 target genes p271 and Thrombospondin. Conversely,
vimentin, a marker of epithelial-mesenchymal transition linked to mutant p53 (Dong,
Karaayvaz et al. 2013) was upregulated when dox was removed to abrogate p53~%"°"
expression (Figure 5.9B).

We injected KCip53 cells subcutaneously into immunocompromised (NSG) mice
and tracked tumor growth over time by caliper measurement. For each cell line, we

included three conditions: i) animals never given dox (no mutant p53~2"°"

expression —
termed “No dox”); i) animals always given dox (continued mutant p53~*"°" expression,
“Plus dox”); and iii) animals started on dox and then removed once tumors had become
palpable (termed “Off dox”) (Figure 5.8C, n=8 or more tumors per group, experiment
performed at least twice per cell line). No differences in tumor growth were observed
among these three groups for the KCip53-1 and KCip53-2 cell lines (Figure 5.8D and
5.8F), and there was no difference in final tumor volume or weight among the groups
(Figure 5.8E and 5.8G). We did not observe differences in the prevalence of epithelial
cells within the tumors, as measured by expression of CK19, nor in the levels of

proliferation (Ki67) or apoptosis (cleaved caspase 3) (Supplemental Figure 5.10A,B,C).

To verify the modulation of Trp53%?"°" gene expression following dox removal, we
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performed immunostaining for dsRed. We did not observe any dsRed staining in the
tumors from the no dox cohort. In the plus dox cohort, we observed heterogeneous
accumulation of dsRed, similar to our observations in PanINs. Fewer dsRed-expressing
cells were observed in tumors from the cohort removed from dox (off dox). Hence, dox
removal reduced the number of cells expressing the transgene, although a few cells
appeared to have escaped regulation and continued to express the transgene in the
absence of dox (Figure 5.10D). Quantification of dsRed expression revealed a
significantly higher number of cells per high power field being seen in the dox-treated
cohort (Figure 5.10D).

Interestingly, comparison of the histology of the tumors from the three groups
showed differences in the epithelial cell morphology. We observed increased muscle
invasion in the plus dox group (Figure 5.11A, arrows indicate muscle invasion).
Immunostaining for CK19 staining highlighted smaller cells with sarcomatoid features in
the same group (Supplemental Figure 5.10A). Quantification of the phenotype revealed
muscle invasion in 39.3% of tumors in mice that were never on dox, and 69.7% percent
of tumors always on dox, suggesting that mutant p53~*"°" expression promotes tumor
invasion into the muscle layer (Figure 5.11B). We then measured the expression of
genes associated with epithelial mesenchymal transition (EMT), namely Zeb1, Vimentin,
and Twist by qRT-PCR. While the expression of these genes was generally higher in
tumors that maintained expression of mutant p537%"°" there was not statistical
significance (Figure 5.11C). Since the interpretation of the in vivo data is confounded by
differences in the microenvironment, we used an in vitro system for functional studies.

For this purpose, we performed scratch assays using KCip53 cell lines. After growing
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the cells in the presence or absence of dox, we scratched the plate and monitored time
to scratch closure. In both KCip53-1 and KCip53-2 lines, cells grown with dox had
shorter time to scratch closure, consistent with an increased migration potential (Figure
5.11D). In previous studies, the ability of mutant p53~%'"*" to promote invasion and
metastasis of pancreatic cancer cells carrying this specific mutation was mediated by
mutant-p53 mediated expression of PDGFRB (Weissmueller, Manchado et al. 2014).
However, we did not observe any difference in PDGFR} levels by IHC in subcutaneous
tumors grown from KCip53-2 cells (Figure 5.12A). Additionally, gRT-PCR for PDGFRf3
in KCip53 pancreata 3 weeks off dox was actually slightly higher than animals on dox
(Figure 5.12B). Together, these data indicate that p537*"°" likely controls invasive
behavior through a different mechanism than p53~'7.

Given the changes in in vitro migration, and the increased muscle invasion
observed in subcutaneous models, we implanted KCip53-1 cells orthotopically into the
pancreata of immunocompromised mice to determine whether mutant p537?7°H
expression conferred increased metastatic potential, as previously described for
p53~%172H(Morton, Timpson et al. 2010, Weissmueller, Manchado et al. 2014). As in the
subcutaneous experiment, we divided the animals in 3 cohorts (no dox, plus dox, and
off dox). We then measured tumor growth over time by magnetic resonance imaging
(MRI), starting two weeks after cell implantation and continuing for three weeks, when
the tumors were harvested (Figure 5.13A, n=3-4 animals per group). Similar to the
subcutaneous experiment, there was no difference in tumor growth rate, final tumor
volume, or metastatic spread between the “no dox” and “plus dox” groups. Tumors in

the cohort taken off dox were slightly smaller (Figure 5.13B-F). Histology of the tumors
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3R270" can confer increased

across cohorts were similar. We concluded that mutant p5
migration potential to cells in certain contexts, and that it is dispensable for the growth of

invasive tumors.

Transcriptional profile of genes activated downstream of p53°*°™ reveals
alterations in cellular metabolism

To understand the global effects of expressing p53~%"%"

we performed RNA
sequencing. We subcutaneously injected KCip53-1 cells in NSG mice and divided the
injected mice into three experimental groups, as described above: No dox, Plus dox and
Off dox (Figure 5.14A). RNA sequencing analysis revealed marked differences in gene
expression profiles among the three treatment groups (n=4 mice/group), with the most
significant gene expression signature differences between the group that had no mutant
p53~2"%1 expression and the group of tumors always expressing mutant p537%"°"

(Figure 5.14B). Intriguingly, the gene profile established by p53~%"°"

expression did not
reverse upon inactivation of the mutant (Figure 5.14B and Table 5.1).

To analyze the data, we performed pathway analysis and assessed groups of
genes changed between the “No dox” and “plus dox” groups. We also observed
changes in cell signaling, cell fate, extracellular matrix modeling, and cell motility (Figure
5.15, Table 5.2). Mutant p537*"®" expression also reduced apoptotic pathways, while
conversely up-regulating signaling pathways that might reflect the increased growth

potential of these cells (growth factor activity, regulation of the ERK1/2 cascade and

regulation of the insulin receptor signaling pathway). Further, mutant p537%"°"
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expression correlated with increased ECM remodeling pathways, cell mobility pathways,
and activation of Rho pathway activities which control cytoskeletal dynamics, all linked
with cell invasion and migration. Among the pathways altered by mutant p53
expression, we identified several which suggested changes in metabolism (Figure
5.14C), including regulation of the metabolism of amino acids, carbon sources, fatty
acids, and autophagy.

To functionally investigate whether p53%?°" regulates PDA metabolism, we
analyzed intracellular metabolites from primary KCip53 cells with or without doxycycline
treatment by targeted liquid chromatography-mass spectrometry (LC-MS)-based
metabolomics (Scheme in Figure 5.16A, Figure 5.17A, Table 5.3). As the pathway
analysis suggested, we observed profound changes across the metabolome. Among
these, and consistent with the pathway analysis, we found that intracellular branched
chain amino acid (BCAA) levels were elevated (Figure 5.14E), which could reflect lower
catabolism. BCAAs can be used as a carbon source to fuel the tricarboxylic acid (TCA)
cycle in the mitochondria. Indeed, we also observed lower levels of several metabolites
in the TCA cycle (Figure 5.14F, Figure 5.17B), which could again reflect lower
mitochondrial activity. Thus, to assess bioenergetic activity directly, we used the
Seahorse instrument to measure changes in mitochondrial metabolism and glycolysis,
as read out by oxygen consumption rate (OCR) and extracellular acidification (ECAR),
respectively (Figure 5.16C). This was performed for primary KCip53 cell lines and a
primary cell line isolated from a mouse PDX-Cre;Kras-S-"¢12P:p53R172H (KPC) tumor. The
latter do not depend on DOX for their mutant p53 expression and served as control. We

observed a decrease in the levels of OCR in the KCip53 cell lines, but not in the KPC
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line, upon doxycycline treatment (Figure 5.14D, Figure 5.16B). These functional data
provide direct evidence that mutant p53 expression impairs mitochondrial activity, which

may result from decreased BCAA metabolism.

Mutant p53%?"°" in pancreatic cancer treatment

Upwards of 90% of pancreatic cancers harbor oncogenic Kras mutations, but no
targeting agents are currently available (for review see (Cox, Fesik et al. 2014)).
Attempts to target downstream effector pathways activated by oncogenic Kras, such as
PI3K/AKT or MAPK signaling (Cox, Fesik et al. 2014) — both important in pancreatic
carcinogenesis (Ardito, Gruner et al. 2012, Collisson, Trejo et al. 2012, Navas,
Hernandez-Porras et al. 2012, Eser, Reiff et al. 2013, Collins, Yan et al. 2014)- have
similarly been unsuccessful (Infante, Somer et al. 2014). To determine whether
inactivation of Trp537?7%" expression, sensitized pancreatic cancer cells to MAPK or
AKT inhibition, we designed a set of experiments. We injected NSG mice
subcutaneously with KCip53-1 cells. Initially, all the mice were kept on dox to express
mutant p53. In our first experiment we tested for MEK sensitivity. Once the tumors were
palpable (approximately two weeks after injection), we subdivided the mice in four
groups: i) On dox with vehicle; ii) on dox with MEK inhibitor (PD325901, 5mg/kg
administered daily by oral gavage); iii) Off dox with vehicle and iv) Off dox with MEK
inhibitor (Figure 5.18A, n=5 mice per group, two tumors implanted per mouse). We
measured tumor volume over time by MRI. Similar to previous observations (Collins,

Yan et al. 2014, Zhang, Velez-Delgado et al. 2017), MEK inhibition slowed, but did not
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reverse tumor growth; whether or not mutant Trp537"%

was expressed. Abrogation of
mutant p53 expression slightly decreased tumor growth, while MEK inhibition
cooperated with abrogation of mutant p53°?"°™" to decrease tumor growth (Figure
5.18B). By immunostaining and western blot we observed decreased phospho-ERK1/2
(indicating MAPK activity) in the MEK inhibitor treated samples and expression of
dsRed (as readout for mutant p53 expression) in samples from mice on dox (Figure
5.19). We did not observe changes in proliferation (measured by Ki67) or apoptosis (by
cleaved caspase 3 staining) in any of the groups. The MEK inhibited and off dox group
displayed higher levels of fibrosis, reflecting the slowing of cell growth in these tumors
(Figure 5.19). Histological characterization of the tumors showed changes in cellular
architecture, with more ductal structures and less sarcomatoid appearance in the
tumors from MEK inhibited groups (Figure 5.18C).

Following the MEK inhibition studies, we pursued efforts to study combined
inhibition of MEK and PI3 kinase (PI3K), an upstream regulator of AKT, in mice
harboring the KCip53 tumors. We injected NSG mice subcutaneously with KCip53-1
cells and animals remained on dox, with mutant p53%?"°" expression, throughout the
experiment. Once the tumors were palpable, we started drug treatment in all four
groups: vehicle, MEK inhibition, PI3K inhibition and dual MEK and PI3K inhibition
(Figure 5.18D, n=4 animals per group, two tumors implanted per animal). The MEK
inhibitor PD325901 was administered orally, once daily at a dose of 5mg/kg. The PI3K
inhibitor ZSTK-474 was administered orally once daily at a dose of 100mg/kg. Tumor
growth was assessed using MRI for exact volume measurements. As expected, tumors

in the control group grew the fastest, while single MEK or PI3K inhibition had a modest
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inhibitory effect on growth, which was statistically significant only for PI3K inhibition. The
combination of MEK and PI3K inhibition potently inhibited tumor growth, with no
increase in tumor volume seen in 4 out of 8 tumors although no evident regression of
tumors was observed (Figure 5.18E). We confirmed MEK and PI3K inhibition in the
respective treatment groups by Western blot; observing downregulation of pERK1/2 in
the MEK inhibitor treated groups and reduced pAKT in the PI3K inhibitor groups (Figure
5.20). Interestingly, while vehicle treated tumors presented with sarcomatoid histology,
consistent with the histology of this cell line, inhibition of either MEK or PI3K led to an
increase in ductal structures, surrounded by fibrotic stroma (Figure 5.18F). In the dual
MEK/PI3K inhibitor treated samples we observed ductal structures surrounded by
stroma with lower cellularity than any of the other groups. Proliferation, measured as
Ki67 positive nuclei, was lowest in the dual inhibitor-treated tumors. In contrast, we did
not observe changes in apoptosis (cleaved caspase 3 expression) in any of the groups,
although it is possible that we missed an earlier wave of cell death (Figure 5.20). Thus
restoration of wild type p53 function at least partially sensitizes pancreatic tumor cells to
MEK inhibition; however, expression of the specific Trp53"?"°" mutant did not change
response to combined MEK and PI3K inhibition, compared to other pancreatic cancer
cell lines. These novel KCip53 cell lines constitute a platform for testing the effects of

wild type p53 restoration in combination with targeted inhibitors.

Discussion

Mutations in TP53 are detected in about 70% of human pancreatic cancers

(Jones, Zhang et al. 2008, Waddell, Pajic et al. 2015, Bailey, Chang et al. 2016) making

143



it the second most common mutated gene in this disease. While Kras is mutated in low-
grade PanINs, consistent with its requirement for tumor initiation (Kanda, Matthaei et al.
2012), p53 mutations accumulate at later stages of disease, and encompass a wide
spectrum of mutations. In this study, we re-analyzed public sequencing databases
(COSMIC) to determine the prevalence of individual TP53 mutations in human
pancreatic cancer. The codon encoding for amino acid 273 of the human protein was
the most frequent mutation site; at this site, the most common mutation was R273H.
Interestingly, this mutation is considered a p53 “hotspot” mutation, and is one of the
most common mutations in human tumors of all types (Olivier, Hollstein et al. 2010).
This mutation has, however, not been modeled in pancreatic cancer mouse models.

In human tumors, the majority of TP53 mutations in pancreas cancer lead to the
expression of a missense mutant p53 protein that can still oligomerize with wild type
p53 but which fails to function as a sequence-specific DNA transcription factor
(Hollstein, Sidransky et al. 1991, Hruban, Goggins et al. 2000, Jones, Zhang et al.
2008). Consistent with the human data, expression of mutant Kras in the pancreas is
sufficient to initiate carcinogenesis while Trp53 mutations have little effect on their own,
but promote carcinogenesis in presence of oncogenic Kras (Hingorani, Petricoin et al.
2003, Hingorani, Wang et al. 2005). Of the spectrum of human mutations, two types
have been studied in mouse models: p53 deletion and a substitution of histidine for
arginine at codon 172 of the mouse protein (p53~'"?"), ortholog to R175H in the human
p53 protein. Deletion of one or both alleles of p53, in the presence of oncogenic Kras,
leads to invasive pancreatic tumors with short latency and high penetrance (Bardeesy,

3R172H

Aguirre et al. 2006). In the commonly used KPC model, p5 is expressed alongside
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oncogenic Kras; this model has slightly longer latency to invasive disease and, at least
in some reports, increased metastatic potential (Hingorani, Wang et al. 2005).
R270H

Here, we set out to model the subset of pancreatic cancers expressing Trp ,

the mouse ortholog to human TP53%?"*"_The KCip53 mouse combines expression of

R270H, R270H

oncogenic Kras with Trp and it is designed to have two unique features: 1) Trp

expression in this model is inducible, thus allowing sequential activation of mutant

genes; 2) TrpR#"oH

expression is reversible, thus inactivation of its expression and,
consequently, restoration of wild type function, can be regulated at will. Similar to
p53R172H - p53R2OM - synergizes  with oncogenic Kras to promote pancreatic

3R1 72H and

carcinogenesis. However, a comparison between KPC mice, expressing p5
the KCip53 model revealed slowed progression to malignancy in the latter. Different
explanations are possible for this finding, including the later time of activation of p53 (in
adult mice rather than in embryogenesis), as well as the fact that the KCip53 model
retains two copies of the wild type allele. Interestingly, KCip53 mice develop a highly
metastatic tumor, which is consistent with a role for p53 in inducing epithelial
mesenchymal transition (EMT), one of the mechanisms of metastatic disease spread.
Further, tumors expressing mutant p53 showed increased intramuscular invasion, in the
subcutaneous setting, reflecting our observation in vitro, where mutant p53 promotes
cellular migration.

A unique feature of the KCip53 model is the reversible nature of mutant p53
expression, which allows us to restore wild type function at will, as well as to understand

mutant-specific phenotypes. In PanIN lesions, expression of the mutant was

continuously required for progression, and inactivation of mutant p53 led to an increase
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of wild type p53 target genes, such as p21, that inhibit growth. The mutant protein also
facilitated survival of epithelial cells exposed to Kras-driven oncogenic stress, and
restoration of wild type function increased the ratio of pro-apoptotic to anti-apoptotic
factors. Accordingly, restoration of wild type p53 in liver and lung tumors limits cancer
progression by inducing apoptosis (Ventura, Kirsch et al. 2007, Xue, Zender et al. 2007,
Feldser, Kostova et al. 2010). In those studies, wild type p53 expression was restored to
autochotonous tumors that had developed in the absence of p53 expression in mutant
Ras driven liver or lung tumor models. In each of these models, wild type p53
restoration led to tumor regression. For this reason, restoration of wild type p53 function
has been hypothesized as a potential therapeutic approach, an attractive prospect given
that p53 is lost or mutated in the vast majority of human malignancies (Bykov, Issaeva
et al. 2002)'%%2°3%% Egch of the p53 restoration studies relied on models that had lost
p53 function. Given that p53 mutation, instead of loss of function, is common in human
cancer development, the KCip53 animals provide a unique system to test questions of
wild type p53 restoration in tumor therapy.

Our PanIN studies supported the idea that wild type p53 restoration limits tumor
progression. Therefore, we extended our studies to invasive tumors. Surprisingly,
inactivation of mutant p53 did not reduce tumor growth in a transplantation system. To
understand this finding, we generated RNA from transplanted tumors harvested prior
and after inactivation of mutant p53 and performed RNAseq to establish a global gene

3R270H

expression signature downstream of mutant p5 expression. We found that

expression of p537?"%" drastically changed global gene expression in pancreatic tumors,

3R270H

compared to tumors that had not expressed mutant p5 at all. However,
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inactivation of p53R?"°H

in established tumors failed to restore the baseline gene
expression pattern. In other words, expression of mutant p53 altered the transcriptome
of the tumor cells, but restoration of wild type function failed to restore transcription to
the baseline pattern. This finding might explain the lack of dependency on mutant p53 of
the KCip53 cell lines. Pathway analysis illuminated many processes that are perturbed

by expression of mutant p53%¢"°H

, many of which have been previously identified as
important in pancreatic cancer. Among these, we found changes in the MAPK and Rho
family signaling pathways, both critical for pancreatic tumorigenesis (Heid, Lubeseder-
Martellato et al. 2011, Collisson, Trejo et al. 2012, Baer, Cintas et al. 2014, Wu,
Carpenter et al. 2014). Mutant p53%'"?" expression in pancreatic cancer cells induces
metastasis, an effect that was attributed to activation of PDGFRB (Weissmueller,
Manchado et al. 2014). Analysis of the RNAseq data revealed induction of PDGFRf(
upon expression of p537¥"%" albeit to a modest extent. IHC staining for PDGFRp
expression in subcutaneous tumor tissue revealed high levels of PDGFR expression
even in “No dox” tumors, which may explain the only modest increase in the “Plus dox”
condition. Other mechanisms of invasion, including activation of Rho family members,
might be at play in our model.

In addition to the changes in signaling pathways, we also observed changes in
the cellular metabolism downstream of mutant p53 in pancreatic cancer cells. The
complex role of p53 in the regulation of cellular metabolism has been described before
(Berkers, Maddocks et al. 2013), but it has not been studied extensively in the context

of pancreatic cancer. An interesting observation, based on pancreatic cancer patient

derived xenografts, is that lack of p53 function sensitizes tumors to inhibition of lactate
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dehydrogenase (Rajeshkumar, Dutta et al. 2015). It has also been suggested that p53
function can play a role in the regulation of autophagy in pancreatic tumorigenesis,
however this result appears to be context dependent on the manner of p53 loss of
function (Rosenfeldt, O'Prey et al. 2013, Yang, Rajeshkumar et al. 2014). In our gene
expression analysis, we did identify a connection between the expression of p53~?"%"
and regulation of glycolysis and autophagy pathways, and our metabolic profiling
indicates that there is indeed a regulation of central metabolic pathways by mutant p53.
The drop in mitochondrial activity could suggest that p53 mutations play a role in the
metabolic wiring of PDA cells and their respective glycolytic versus lipogeneic behavior,
which has been previously suggested to be controlled by an epithelial vs. mesenchymal
cell fate (Daemen, Peterson et al. 2015).

Interestingly, one of the most significant metabolic pathways identified through
pathway analysis, and confirmed by measuring metabolite abundance, was the
downregulation of BCAA metabolism upon expression of p53%?°". Recently Mayers et
al. demonstrated that the incorporation of BCAA-derived carbon into the TCA cycle is
decreased in pancreatic tumors harboring a Kras mutation and p53 LOH, relative to
corresponding normal pancreas (Mayers, Torrence et al. 2016). Similarly, our data show
that the BCAA degradation pathway is downregulated upon expression of p537%"°"
where p53 mutation acts similarly to p53 loss. Mayers, et al. suggest that decreased
mitochondrial BCAA metabolism occurs due to decreased uptake and thus decreased
intracellular levels. It will be important to determine the role of mutant p53 in nutrient
acquisition and if this accounts for the decreased BCAA metabolism observed in our

experiments.

148



We, and others, have previously shown that pancreatic cancer requires
continuous oncogenic Kras activity (Collins, Bednar et al. 2012, Collins, Brisset et al.
2012, Ying, Kimmelman et al. 2012). Two downstream effector pathways of Kras,
MAPK and PI3K/AKT, are required for formation of pancreatic cancer and, at least at
early stages, its progression (Ardito, Gruner et al. 2012, Hofmann, Weiss et al. 2012,
Navas, Hernandez-Porras et al. 2012, Zhong, Sanchez et al. 2013, Collins, Yan et al.
2014, Watson, Anderson et al. 2014). Inactivation of oncogenic Kras in invasive cancer
carrying p53 mutations leads to tumor regression, but not to eradication of tumor cells,
and in fact relapse over time is common (Kapoor, Yao et al. 2014, Viale, Pettazzoni et
al. 2014, Genovese, Carugo et al. 2017). Further, inhibition of MAPK (via MEK
inhibitors) or AKT (using inhibitors of PI3K) or even a combination of both has shown
little efficacy in pancreatic cancer patients (Hofmann, Weiss et al. 2012, Infante, Somer
et al. 2014). Given the strong anti-apoptotic function ascribed to mutant p53 (Haupt,
Berger et al. 2003), we hypothesized that its presence might constitute a mechanism
allowing pancreatic cancer cells to bypass MEK inhibition. Further, a new generation of
conformational drugs has been developed to restore the wild type function of mutant
p53 (Bykov, Issaeva et al. 2002, Feldser, Kostova et al. 2010, Bykov and Wiman 2014,
Liu, Read et al. 2015, Mohell, Alfredsson et al. 2015, Fransson, Glaessgen et al. 2016).
Conceivably, combined restoration of wild type p53 could be combined with MEK
inhibition in pancreatic cancer, a concept that has not been tested before. As a proof of
principle approach for this concept, we treated mice bearing implanted KCip53 cells the
PD325901 MEK inhibitor and/or the ZSTK-474 PI3K inhibitor. MEK inhibition alone had

a modest impact on tumor growth in the presence of mutant p53~*"°" expression.
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However the combination of MEK inhibition with inactivation of mutant p537%"°"

significantly delayed tumor growth, thus restoration of wild type p53 may be explored as
an component in combinatorial therapeutic strategies to target pancreatic cancer. In a
separate set of experiments, we explored whether cells expressing p53°*"™" have a
unique sensitivity to combined MEK/PI3K inhibition. While the combination of both
inhibitors slowed tumor growth compared to each inhibitor alone, the effect was
comparable to previous studies and failed to highlight a unique susceptibility in cells
carrying this specific p53 mutation.

In summary, KCip53 mice represent a new mouse model of pancreatic cancer
that recapitulates the subset of human tumors that express the R275H mutation of p53.
Further, this mouse allows us to model the sequential introduction of mutations in the
pancreas, and, thanks to the reversible nature of mutant p53 expression, to determine
the role of this tumor suppressor past the initiation stages of carcinogenesis. As new
personalized medicine approaches are developed, this model may be useful to predict

clinical responses of patients carrying this specific gene mutation.

Methods

Mice

Mice were housed in the specific pathogen free facilities at the University of Michigan
Comprehensive Cancer Center. This study was approved by the University of Michigan
University Committee on Use and Care of Animals (UCUCA) guidelines. Ptf1a-Cre,

Pdx1-Cre, LSL-Kras®'?®, LSL-Tp53%?"%" and R26-rtTa animals have been previously
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described (Hingorani, Petricoin et al. 2003, Olive, Tuveson et al. 2004, Hingorani, Wang
et al. 2005, Collins, Bednar et al. 2012), and TRE-p537?"°" animals were generated at
the University of Michigan (Eric Fearon). Doxycycline was administered in the drinking
water (0.2g/L in a 5% sucrose solution) or the chow (1g/kg) and replaced every 3-4
days. Immunocompromised (NSG) animals were used for all subcutaneous or
orthotopic tumor growth experiments. For subcutaneous tumors, 500,000 cells were
injected in a 200uL solution of 50% Matrigel and 50% RPMI media. Each mouse was
implanted subcutaneously with two tumors, and tumor growth was recorded at least 3X
weekly until tumors reached a 1.5cm diameter. For orthotopic tumors, mice were
anesthetized using vaporized isoflurane. 500,000 cells were injected in a 50uL solution
of 50% Matrigel and 50% RPMI media directly into the pancreas. The incision was
closed using absorbable sutures and clips. Post-surgical animals were monitored daily
for ten days, and then at least 3X weekly for the duration of the experiment. For drug
treatments, animals were treated with PD325901 at a dose of 5mg/kg, ZSTK-474 at a
dose of 100mg/kg, or vehicle. Combination treatment was given using the same doses

for single drug treatment. All treatments were given by oral gavage once daily.
Immunohistochemistry

Histology and immunohistochemistry studies were performed as previously described
(Collins, Bednar et al. 2012). Primary antibodies used are detailed in Supplemental

Materials and Methods.

gRT-PCR
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RNA isolation, rt-PCR, and gRT-PCR were performed as previously described (Collins,
Bednar et al. 2012). Cyclophilin A was used as the control housekeeping gene for

normalization. Primers used are included in Supplemental Materials and Methods.

Histopathological Analysis

Histopathological analysis was performed using H&E stained sections, with the
pathologist being blinded to each animal’s genotype. At least 3 independent animals
were analyzed from each group, with a minimum of 50 acinar or ductal clusters being
counted from each animal. Five representative, non-overlapping, high-power images
were analyzed from each slide, with one slide being analyzed per animal. Each cluster

was classified as acinar, PanIN1A, 1B, 2, or 3, based on the classification consensus.

Western Blot
Protein isolation and Western blot were performed as previously described (Collins,
Bednar et al. 2012). Antibodies used are detailed in Supplemental Materials and

Methods.

Cell Culture

KCip53 cell lines were derived from mice of the genotype Ptf1a-Cre; LSL-Kras®'??;
TRE-p53R?70H: R26-1T2MTa  pancreata or tumors from these animals were minced with
scissors and digested in 1mg/mL collagenase. Tumor cells were then sorted from these

cultures using Flourescence Activated Cell Sorting, sorting for the expression of dsRed.

All cells were cultured in RPMI supplemented with 10% FBS and 1%
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penicillin/streptomycin (Gibco). Doxycycline was administered to cells at a concentration

of 2ug/mL.

Scratch Assay
Cells were plated in a 6 well plate and grown until confluent. Scratches were created
with a pipet tip. Scratches were then measured in the same location at each timepoint.

Distance of scratch closure was measured using Image J.

MRI

Mice were anesthetized with 1%-2% isoflurane/air, and body temperature was
maintained using a Multistation Temperature Control Unit (Minerve Equipment
Veterinaire.) MRI scanning was performed using a 3T Translational, Cryogen-free,
preclinical MRI (MR Solutions; MRS 3000 series) with a quadrature mouse body volume
coil. Mice were placed supine in the mouse bed. To reduce respiratory motion, surgical
tape was used to secure the mice below the thoracic cavity on the bed. T2-weighted
images were acquired using a fast spin echo multi-slice sequence with the following
parameters: repetition time (TR)/echo time (TE) = 4,500/34 ms, 8 echo trains, 4
averages, Field of View (FOV) = 35 x 35 mm?, Matrix size = 128 x 128, slice thickness =
2 mm, number of slices = 30, and no gap. Using in-house software, the tumor boundary
was manually defined on each slice and then integrated across slices to measure the

volume.

RNA Sequencing
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Tissue from subcutaneous tumors was collected in lysis buffer for RNA extraction. RNA
was isolated using the Qiagen AllPrep DNA/RNA/mMIiRNA Universal kit according to the
manufacturer’s instructions. PolyA+, non strand specific libraries were prepared by the
University of Michigan Sequencing Core, and all samples were sequenced on an

[llumina HiSeq 4000.

RNA-seq data analysis

50 bp, single-end reads were mapped to the mouse reference genome (mm9) using
TopHat v 1.4.1 (Trapnell, Pachter et al. 2009). The NCBI RefSeq transcript isoform
annotation was condensed to an unstranded, gene-level annotation and quantification
performed over unambiguous exonic spans per gene. Gene expression was calculated
as RPKM (using exonic, base-wise coverage, normalized by summed lengths of exons
and total mapped read count). Differential gene expression was performed using
DESeqg2 v1.12.4 (Love, Huber et al. 2014). Differentially expressed genes were defined
as being expressed more than 0.25 RPKM (mean value across all samples in a given
comparison), greater than 250 bp in length, changing more than 1.5 fold, and having an
adjusted p-value from DESeq2 of less than 0.1. For cluster analysis and heatmap
generation, gene expression values were logie-transformed and z-score standardized
across samples. Hierarchical clustering was performed using Euclidean distance and

complete linkage.

Metabolic Flux Assay
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To estimate the rate of glycolysis and mitochondrial respiration Seahorse Metabolic Flux
Analyzer €96 XF instrument (Agilent) was used according to the manufacturer’'s manual.
20 000 cells/well of KPC, KCip53-1 or KCip53-2 cells were seeded in the respective
culture media the day prior to the assay. The next day media was exchanged to the
Seahorse assay media, containing 25 mM glucose, adjusted to 7.4 pH. Cell plate was
allowed to equilibrate for 1 hr in non-CO2 37 C incubator, following 3 sequential
measurements for the basal respiration, mitostress assay was performed by injections
of 1 uM Oligomycin, 1uM FCCP, 0.5 pM rotenone/0.5 uM Antimycin A. All the chemicals
were obtained from Sigma. The cell number adjustment was performed using CyQuant

NF (Thermo) after the assay. The data is presented as the mean and SD.

Label-free targeted metabolomics and data analysis

PDAC cells were plated in triplicate and treated with doxycycline containing medium or
normal RPMI with 5% FBS for 3 days. The medium was removed and the cell lysate
harvested with ice cold 80% MeOH. The soluble metabolite fractions were cleared by
centrifugation, dried via speedvac (Thermo Fisher), then resuspended in 50:50
MeOH:H20O mixture for LC-MS analysis. We performed label-free targeted
metabolomics using in-house liquid chromatography-mass spectrometry (LC-MS) to
measure over 200 metabolites. The bioinformatic data analysis was done using

R/Bioconductor. Further details are provided in Supplemental Materials and Methods.
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Figure 5.3 — KPR270HC animals develop metastatic pancreatic tumors

(A) Scheme of Pdx1-Cre; LSLKras®'2D; Tp53R270H+ animals, termed KPR270HC here (B) Survival
curve for KC and KPR270HC animals. (C) H&E from pancreas, liver and lung from two separate
KPR270HC animals with tumors.
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Figure 5.4 — Mutant p53R27%H expression promotes PanIN formation
(A) Scheme for mouse treatment for early timepoint analysis. (B) H&E, PAS and IHC for pERK in

KC and KCip53 animals at ten weeks of age. (C) Quantification of pancreatic pathology in KC and
KCip53 animals.
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Figure 5.5—- KCip53 histology at ten weeks of age
IHC for (A) CD45 and (B) pSTAT3 in 10-week-old KC or KCip53 animals on dox.
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Figure 5.6 — Mutant p53R270H expression is ;equired for PanIN maintenance

(A) Scheme for mouse treatment and dox removal. (B) Western Blot analysis for p53, with each lane
representing the lysate from an individual animal. * Indicates a non-specific band seen in the B-Actin
blot. (C) H&E, PAS and IHC for pERK in KCip53 animals either on dox or 3 weeks off dox. (D) qRT-
PCR analysis of pro- and anti-apoptotic factors in KCip53 on dox and KCip53 2 days off dox
animals. (E) qRT-PCR analysis of targets of wild type p53 in KCip53 on dox and KCip53 1 week off
dox animals.
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(A) Scheme for dox treatment in KCip53 animals. (B) H&E analysis of KC and KCip53 animals
taken off dox.
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Figure 5.9 — KCip53-1 Cell line validation by dsRed and p53 gene target expression
(A) Brightfield and dsRed fluorescence images of KCip53-1 cells before and after cell
sorting for dsRed expression. (B) gRT-PCR analysis for p53 targets in KCip53-1 cells grown
with or without dox.
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Figure 5.11 — KCip53 Cells on dox display more invasive and migratory characteristics than
those not on dox

(A) H&E analysis of final subcutaneous tumors grown from KCip53-1 cells. Arrows indicate some
muscle fibers within tumor. (B) Quantification of percentage of final tumors that have invasion into
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Figure 5.12 — KCip53 Cells on dox do not display increased levels of PDGFRb compared to
those not on dox

(A) IHC analysis for PDGFR of final subcutaneous tumors grown from KCip53-2 cells. Arrows
indicate some muscle fibers within tumor. (B) gRT-PCR analysis of PDGFR levels in KCip53
animals on dox compared to those removed from dox for 3 weeks.
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Figure 5.17 — Metabolomics Analysis of KCip53 cells
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Chapter Six
Discussion and Future Directions

Pancreatic cancer is a devastating disease, with a five-year-survival rate of just
9%(Rahib, Smith et al. 2014). It is crucial to understand the biology of how pancreatic
cancer develops and progresses in order to identify effective options for future therapy.
Sequencing information from human tumor samples has provided a picture of the
genetic changes found in human pancreatic cancer. Using this data, introducing these
changes into the pancreata of mice creates models that reliably recapitulate the human
disease(Hingorani, Petricoin et al. 2003, Hingorani, Wang et al. 2005, Collins, Bednar et
al. 2012, Collins, Brisset et al. 2012). Using mouse models of pancreatic cancer, studies
can be performed that illuminate the genetic and environmental changes that lead of
pancreatic cancer progression in ways that could not be achieved in humans, providing
a more clear picture of the biology of the disease. My thesis work focused on using
existing mouse models to explore the factors that contribute to the initiation of
pancreatic cancer, as well as creating new mouse models for use as tools to discover

new aspects of pancreatic cancer biology.

Defining the role of Bmi1 and HIF1a expression in pancreatic cancer initiation
Future Experiments
In Chapter Two | showed that expression of Bmi1 is required for the formation of

pancreatic precancerous lesions using an oncogenic Kras driven mouse model of pan
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creatic cancer. Using mouse pancreatic cancer cell lines, | showed that knockdown of
Bmi1 in these cells led to increased levels of ROS, indicating that the requirement for
Bmi1 expression during pancreatic cancer initiation may be due to its role in regulating
ROS accumulation. In Chapter Three | explored the mechanism of Bmi1 requirement in
the process of pancreatic cancer initiation. | observed that in pancreatic cancer cell lines
with Bmi1 knockdown, levels of HIF1a were also reduced. Further, re-expression of
HIF1a in animals lacking Bmi1 led to the formation of PanINs, indicating that Bmi1
control of HIF1a levels may be the reason for Bmi1 requirement during pancreatic
cancer initiation.

The studies in Chapters Two and Three helped define the role of Bmi1 and its
control of HIF1a during pancreatic carcinogenesis, however detailed studies of the
mechanism of Bmi1 action were limited by the reagents used to perform the
experiments. Mechanistic studies were limited by the fact that Bmi1 knockdown in
mouse pancreatic cancer cell lines was performed using siRNA, a temporary method
with knockdown that only lasts for a couple of days. Given this, it was difficult to assess
the true role of Bmi1 expression in cells. For future experiments, the availability of
newer reagents will help to change this, and provide further insights into Bmi1 function
in pancreatic cancer.

Using the CRISPR/Cas9 system, we have created mouse pancreatic cancer cell
lines that have permanent deletion of Bmi1 at the genetic level (Figure 6.1A). This
allows direct comparison of pancreatic cancer cells that have Bmi1 expressed to those
that do not, and the ability to perform cellular assays to determine Bmi1 function in this

context. Using these cells, we see that permanent lack of Bmi1 leads to lower levels of
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HIF1a expression, mirroring what is seen using siRNA and suggesting that the
CRISPR/Cas9 knockout of Bmi1 recapitulates what we see in other experiments (Figure
6.1B). Similarly, when grown in hypoxia, pancreatic cancer cells lacking Bmi1 show
lower levels of expression of HIF1a target genes, suggesting a functional decrease in
HIF pathway output (Figure 6.1C). Further experiments show that Bmi1 deletion leads
to lower levels of proliferation compared to control pancreatic cancer cells (Figure 6.2).
Additionally, when injected subcutaneously into syngeneic mice, pancreatic cancer cells
with Bmi1 knockdown grow more slowly than those with Bmi1 expressed (Figure 6.3A-
C). Future experiments will test whether re-expression of HIF1a in these cell lines
lacking Bmi1 rescues these observed phenotypes.

The creation of murine pancreatic cancer cell lines that permanently lack Bmi1
expression creates the opportunity to explore some of the open questions regarding the
role of Bmi1 and HIF1a during pancreatic cancer initiation. Namely, given the changes
observed in metabolic enzymes using mouse models, these cell lines will be used to
further define metabolic changes. Metabolomics analysis comparing pancreatic cancer
cell lines with and without Bmi1 expression will give a more comprehensive view of the
difference in metabolite levels caused by Bmi1 knockout. Reintroduction of changed
metabolites and analysis of whether this results in rescue of observed phenotypes, such
as cell proliferation, may help elucidate specifically what changes at the cellular level

are the cause for Bmi1 requirement in pancreatic cancer initiation.

Open Questions
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Some remaining questions pertaining to the role of Bmi1 and HIF1a in the
initiation of pancreatic cancer are not as easily answered using CRISPR/Cas9 knockout
of Bmi1. Recently, it has been shown that HIF1a expression in pancreatic cancer has
an impact on immune cell populations(Lee, Spata et al. 2016). This prompts the
question of whether lack of Bmi1 expression, and its subsequent effects on HIF1q,
changes the immune microenvironment of the precancerous pancreas. Flow cytometry
analysis of the pancreata of these animals may reveal differences in immune cell
populations, which are critical to pancreatic cancer development(Neesse, Algul et al.
2015). While our current data suggests that Bmi1 and HIF1a interact to control the
metabolic state of the pancreatic cancer cells, it is possible that this interaction affects
multiple aspects of carcinogenesis.

Lastly, it remains unknown whether the Bmi1/HIF1a collaboration gives us any
valuable insight into pancreatic cancer treatment. Given that Bmi1 is required for
pancreatic cancer initiation, it is possible that Bmi1 inhibitors may slow pancreatic
cancer growth. A commercially available Bmi1 inhibitor has been used previously(Mayr,
Wagner et al. 2016), but in our experiments did not specifically inhibit Bmi1. The
development of Bmi1 inhibitors is ongoing in other contexts, and when they are
available could be used to test whether Bmi1 inhibition delays pancreatic cancer growth.
The effect of inhibiting Bmi1 in established tumors, as would be the case in human
pancreatic cancer treatment, could be assessed using the newer KPF mouse
model(Schonhuber, Seidler et al. 2014). KPF mice express oncogenic Kras and mutant
p53, both driven by flp recombinase. These would be combined with a temporally

activatable CreERT allele and Bmi1 floxed. When the KPF mice developed tumors, Cre
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could be activated, deleting Bmi1 expression. Assessment of the resulting tumors over
time would show the outcome of Bmi1 deletion in established tumors, and provide a
basis for future drug treatment in human pancreatic cancer.

Overall, Bmi1 seems to be required in pancreatic cancer through its control of
HIF1a expression. Newer techniques will provide ways to determine the exact cellular
mechanisms of Bmi1 and HIF1a action in pancreatic cancer. Additionally, this work
raises the question of whether Bmi1 inhibition would be a valid therapeutic option in
human pancreatic cancer, although some experiments remain in order to move forward

with this strategy.

HIF2a stabilization as a mouse model of pancreatic disease
A new model of chronic pancreatitis and MCN

In Chapter Four of this work, | detail the effects of pancreatic HIF2a stabilization
on the murine pancreas. | show that stabilization of HIF2a in the pancreas results in a
phenotype that mimics human chronic pancreatitis, including inflammatory infiltrates and
extensive fibrosis. With the additional expression of oncogenic Kras, HIF2a stabilization
results in the development of mucinous cystic neoplasm (MCN), a less common
precursor lesion of human pancreatic cancer. These observations are very important
because they detail new mouse models that provide the opportunity to further explore
these human conditions. Chronic pancreatitis is a common human condition with many
causes, including alcohol use, autoimmune conditions and tumors(Etemad and
Whitcomb 2001). Chronic pancreatitis is characterized by irreversible damage to the

pancreas, distinguishing it from acute pancreatitis, a temporary inflammatory injury from
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which the pancreas recovers to normal(Banks, Freeman et al. 2006). There are many
experimental procedures that mimic chronic pancreatitis, including repeated injections
of caerulein or pancreatic ductal ligation(Lerch and Gorelick 2013). However, at the end
of each of these procedures the murine pancreas eventually recovers from the insult, in
contract to human chronic pancreatitis. Importantly, HIF2a stabilized animals are the
first model of chronic pancreatitis where the pancreas does not eventually recover to
normal histology, more closely resembling the human condition than other existing
models. This provides a new tool to use to study the biology of chronic pancreatitis and
understand the etiology of and potential treatments for this disease.

In the context of oncogenic Kras, HIF2a stabilized animals develop MCN, a cystic
lesion of the pancreas. In humans these lesions can be benign or malignant,
complicating their prognosis and treatment(Tanaka, Chari et al. 2006, Testini, Gurrado
et al. 2010). Given this variability in MCN characteristics, it is important to develop
models of this condition in order to better understand its development and progression.
Very few other mouse models of MCN have been described(lzeradjene, Combs et al.
2007, Sano, Driscoll et al. 2014), highlighting the importance of finding new ways to
model this lesion. KC;HIF2a animals are a new addition to this group, providing further

insight into the mechanism of MCN development.

Open Questions
Given that HIF2a stabilization in the murine pancreas results in the development
of chronic pancreatitis or MCN (in the context of oncogenic Kras), the question remains

of whether this role is recapitulated in the human pancreas. Further experiments in
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human systems or with existing human data can illuminate whether HIF2a expression
has a causative or prognostic role in human chronic pancreatitis or MCN. In Chapter
Four | showed that in lysates from human chronic pancreatitis samples there is
upregulation of HIF2a compared to the normal human pancreas. This relationship
however should be explored further. Rare human cases of gain-of-function HIF2a
mutations have been described(Percy, Furlow et al. 2008, Zhuang, Yang et al. 2012),
however in these cases no evaluation of the pancreas was performed. It is possible that
these patients have mild chronic pancreatitis or a condition that develops later in life,
and histologic analysis of pancreatic biopsies would illuminate whether HIF2a
expression in humans leads to chronic pancreatitis. Conversely, chronic pancreatitis is
of idiopathic origin in up to 25% of human cases(Etemad and Whitcomb 2001). Given
the fact that HIF2a stabilization causes chronic pancreatitis in mice, it is possible that a
portion of these chronic pancreatitis cases with unknown origin arise from HIF2a
stabilizing mutations. HIF2a inhibitors are an area of active development(Wallace, Rizzi
et al. 2016), and so if HIF2a blockade could alleviate some cases of chronic
pancreatitis, this could help a portion of patients.

This work also raises the question of the role of HIF2a in human MCN. Given that
KC;HIF2a animals develop MCN, it is possible that HIF2a stabilization in the human
pancreas is a cause of MCN. A first experiment to help determine this relationship
would be to examine HIF2a expression in human MCN samples. HIF2a expression in
MCN, but not normal pancreas or other pancreatic lesions, would suggest that HIF2a
expression plays a role in human MCN development. Another question would be

whether expression of HIF2a in MCN plays a prognostic role in the disease. MCN is a
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condition that can be benign or malignant, however the differences between these two
types are not well understood and therefore treatment decisions can be difficult(Jana,
Shroff et al. 2015). Evaluation of whether HIF2a expression is a marker for malignancy
could help differentiate between benign and malignant MCN and help choose more
appropriate treatment options.

Overall, mice with pancreatic stabilization of HIF2a provide an important new
animal model of two human pancreatic diseases, chronic pancreatitis and mucinous
cystic neoplasm. Previous to the development of these mice there were no animal
systems that accurately modeled chronic pancreatitis, and so HIF2a stabilized mice will
provide an important tool for studying this condition. Similarly, there have been very few
models of MCN described previously, so KC;HIF2a stabilized mice help understand this
disease and provide more mechanistic insight into its development. Beyond the role of
HIF2a stabilization to create animal models, it will next be important to determine
whether HIF2a has a functional role in human pancreatic disease. Evaluation of humans
with HIF2a stabilizing mutations will illuminate whether HIF2a expression is a causative
factor in chronic pancreatitis development. Additional evaluation of HIF2a expression in

human MCN samples may provide a biomarker for MCN development or progression.

Modeling common p53 point mutations and their role in pancreatic cancer
initiation and progression
Future Experiments

In Chapter Five | developed a new mouse system to model the effects of

3R27OH

expression of mutant p5 , @ mutation commonly found in human pancreatic cancer
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that has not been explored experimentally in animals. Importantly, this model, termed
KCip53, permitted for expression of mutant p53%?"°" in an inducible and reversible

manner, allowing for specific studies into the role of p537?7°"

in pancreatic cancer
initiation and progression. We found that expression of p537?"°" in the context of
mutant Kras, leads to the formation of metastatic pancreatic tumors. Using KCip53

3R270H

animals we found that expression of p5 promotes formation of PanINs and its

continued expression is required for PanIN maintenance. In later tumor stages, use of

3R270H

KCip53 cell lines suggested that mutant p5 expression does not have an effect on

tumor growth or metastasis. Further profiling of gene expression signature and levels of

metabolites revealed differences in cells with or without p53%27%"

expression at the
cellular level.

Although the use of KCip53 mice has revealed many aspects of mutant p53~%"°"
function in pancreatic cancer, questions still remain. One major subject for further
exploration is the mechanism of p53%?"°" action in pancreatic cancer initiation and
progression. Global gene expression analysis using RNA sequencing revealed
differences in many cellular pathways between subcutaneous tumors grown with or
without mutant p537%"®" expression. However which of these changes causes the
functional difference in tumor characteristics is still unknown. One candidate is changes
in metabolism due to mutant p537?"°" expression. Metabolomics analysis in cell lines
grown with or without p53%?"°" expression revealed different levels of metabolites
between the two conditions, including those involved in the TCA cycle. It remains to be

determined whether these changes are the cause for the role of mutant p53~*"°" in the

progression of pancreatic cancer. Future experiments may help determine this
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relationship. Given that metabolomics analysis was performed in cell lines, it will next be
important to determine whether the same changes occur in tumors. Additionally, re-
addition of changed metabolites to the media of tumor cells and downstream phenotypic
analysis can help determine whether controlling changes in metabolism is a major role

for p53R~27oH

in pancreatic cancer.

Another remaining question is the surprising finding that p537*"°" does not
promote tumor growth or metastasis. In other cancer systems expression of p53~%"°"
promotes cancer progression(Olive, Tuveson et al. 2004, Jackson, Olive et al. 2005)
and in pancreatic cancer p53 mutation or deletion promotes tumor growth and
metastasis(Hingorani, Wang et al. 2005, Morton, Timpson et al. 2010). It is possible that
p5372"%1 does not have a role in later tumor stages, or it is possible that there are
limitations to our current experimental system. It is well known that in pancreatic cancer
interactions between the tumor cells and the immune environment play an important
role in tumor progression(Olive, Tuveson et al. 2004, Jackson, Olive et al. 2005). Given
that KCip53 mice were developed on a mixed background, the subcutaneous and
orthotopic tumor growth experiments were performed in immunocompromised mice,
removing potential interactions between the tumor cells and immune cells. KCip53
animals should be backcrossed onto a pure mouse background and new cell lines
developed so that subcutaneous tumor growth experiments can be performed in
immunocompetent, syngeneic animals. However, this is a very time consuming process,
and so alternative methods to access the interaction between the immune environment

and mutant p537?"®" expression should be considered. Preliminary analysis of gene

expression in KCip53 pancreata suggests changes in macrophage differentiation status
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and CD8 T-Cell activation in animals with mutant p53%?"°" turned off, indicating that
p53~%"%1 expression may induce changes in the immune microenvironment of
pancreatic cancer (Figure 6.4A,B). Further experiments, including flow cytometry
analysis of immune cell populations in KCip53 pancreata both with and without p5372"%"

expression, may help reveal a role for p53~2"%"

in pancreatic cancer progression.
Open Questions

More generally, KCip53 mice are a model for a common p53 mutation found in
human pancreatic cancer that has not previously been explored experimentally. Almost
all experimental models in pancreatic cancer have relied on a very small subset of
mutations, which is not consistent with the reality of human pancreatic cancer. Given
that several recent studies have identified subtypes of pancreatic cancer that
correspond to different genetic signatures(Collisson, Sadanandam et al. 2011, Moffitt,
Marayati et al. 2015, Waddell, Pajic et al. 2015, Bailey, Chang et al. 2016), it is possible
that different tumor types have unique responses to therapy. In the future it will become
important to develop methods to model different combinations of human mutations in
order to elucidate these differences. New developments in Crispr/Cas9 technology
should make this process much faster and easier than previous methods, allowing
creation of many models that recapitulate the wide spectrum of mutations found in

human pancreatic tumors.

Summary
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Overall, this work explored aspects of the initiation and progression of pancreatic
cancer using both existing and newly developed mouse models of the disease. In
Chapters Two and Three | found that Bmi1 expression is required for pancreatic cancer
initiation, and that this is likely due to Bmi1 control of HIF1a expression. In Chapter Four
| found that pancreatic HIF2a stabilization leads to chronic pancreatitis and MCN in the
context of oncogenic Kras, providing valuable new models of less well understood
pancreatic conditions. In Chapter Five | developed a mouse model of mutant p537¢"°" in
pancreatic cancer, a mutation found commonly in humans but not previously modeled in
animals. Taken together, this work demonstrates the wide array of possible uses of
mouse models in pancreatic cancer research, as well as provides new functional
insights into the mechanisms of pancreatic cancer initiation and progression. The use of
mouse models in research is a critical tool to understand the biology of human
pancreatic cancer, and hopefully provides the basis for the development of future

effective therapeutic options.
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Relative Expression

Figure 6.1 — Bmil knockout with Crispr/Cas9 recapitulates
phenotype seen with Bmil siRNA
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(A) Western blot in KPC and KPC;Bmil sgRNA cells for Bmil. (B) gPCR analysis of mRNA
levels in KPC and KPC;Bmil sgRNA cells. (C) gPCR analysis for HIF target genes in KPC and
KPC;Bmil KO clonal cells grown for 24 hours in hypoxia.
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Figure 6.2 — Bmil expression is required for proliferation in
pancreatic cancer cell lines
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Proliferation assay in KPC and KPC;Bmil KO clonal cells as measured by WST-1 reagent.
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Figure 6.3 — Lack of Bmil expression results in slower tumor growth
in pancreatic cancer cells
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(A) Subcutaneous tumor growth rate in KPC and KPC;Bmil KO cells. (B) Final tumor mass in
KPC and KPC;Bmil KO cells. (C) Final gross subcutaneous tumors.
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Figure 6.4 — Mutant p53R270H expression results in changes in
macrophage differentiation markers and CD8 T-Cell activation
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gPCR analysis of (A) macrophage differentation markers and (B) markers of CD8 T-cell
activations in pancreata from KCip53 animals on dox or off dox for three weeks.
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