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Abstract of the Dissertation
Investigating how p110a PI3K and ADAM10 contribute to pancreatic disease
by
Jason C. Hall
Doctor of Philosophy
in
Molecular and Cellular Pharmacology
Stony Brook University

2013

Pancreatic ductal adenocarcinoma (PDAC) is the 4™ leading cause of cancer-related
deaths in the United States, with a 6% 5-year survival rate. Chronic pancreatitis (CP) is a
debilitating disease that raises your risk for developing PDAC 13 fold. Since current
therapies are not improving patient outcome, understanding the molecular mechanisms
behind the formation and progression of these diseases are imperative for finding new
molecularly targeted therapy. Kras is the earliest and most commonly mutated oncogene in
PDAC. Pancreatic mouse models expressing oncogenic Kras spontaneously form
pancreatic tumors. Since targeting Kras directly has been unsuccessful many have tried
inhibiting other molecules in the cell-signaling pathway to block tumor formation.
Previously, we have discovered that blocking molecules in the epidermal growth factor
receptor (EGFR) pathway inhibits Kras activity and prevents tumor formation at an early
stage of epithelial change. Acinar to ductal metaplasia (ADM) is an event commonly seen

in CP, where acinar cells change structure to express a ductal phenotype. Normally, ADM
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in CP progresses no further, but it is hypothesized that these metaplastic cells can become
tumors if they express mutant Kras. My first study examines the catalytic subunit of
phosphoinositide 3-kinase (PI3K), pl110a, an enzyme that associates with Kras and is
activated by receptor tyrosine kinases, such as EGFR. Here I show that knocking out or
pharmacologically inhibiting pl110a in mice prevents the development of CP. ADM and
subsequent inflammatory responses in this disease does not occur when these mice are
subjected to experimental pancreatitis. The actin-cytoskeleton rearrangement necessary for
ADM is also blocked when p110a is ablated or inhibited, suggesting that p110a may have
a role in actin remodeling. Secondly, I investigated A disintegrin and metalloproteinase
(ADAM10), a protease known for causing the activation of Notch, whose signaling
pathway has been shown to be downstream of EGFR. By ablating ADAMI10 in a PDAC
mouse model, we show tumor progression is altered leading to the development of large
cystic lesions, decreased metastasis and a longer lifespan. In summary, my work
demonstrates that pl10ac and ADAM10 may independently alter the course of pancreatic

disease and may potentially be therapeutic targets.
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Chapter 1: Introduction to Pancreatic Disease and Associated Signaling Molecules
1-1Introduction of Pancreatitis and Pancreatic Cancer

i. Anatomy and Physiology of the Pancreas

The pancreas is an organ in the gastrointestinal tract that facilitates digestion and
regulates glucose metabolism'. Separate compartments of the pancreas, known as the
exocrine and endocrine systems, regulate the two functions'. The endocrine compartment
makes up about 1% of the pancreas and is composed of the Islets of Langerhans'. These
structures are found throughout the pancreas and it generates the hormones (glucose,
insulin, somatostatin) required for blood sugar regulation'. The other 99% of pancreas is
composed of the exocrine compartment '.The exocrine system is composed of acinar
cells, that exist as berry-like clusters and generate digestive enzymes which are secreted
into the lumen and flow into a branch like network of ducts that eventually converges
into the main pancreatic duct'. Subsequently the enzymes flow into the small intestine to
assist in the breakdown of food'. Fig.1-1 shows an illustration and micrograph of the
pancreas and its compartments. The portion of the pancreas that is attached to the spleen
is referred to as the tail of the pancreas and the portion connected to the duodenum is the

head’.
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Figure 1-1 Pancreas anatomy
Ilustration of the pancreas and its orientation with other internal organs (duodenum,
spleen). Pancreatic compartments are labeled. Acinar cells and islets are depicted by

hematoxylin and eosin stain (H&E).

ii. Pathology of Pancreatitis

Acute pancreatitis (AP) is the most common gastrointestinal disease that requires
hospitalization in the United States, affecting 274,000 patients in 2012>*. The number of
hospitalizations for this illness has risen 30% since 2000**. Chronic Pancreatitis (CP), while
not diagnosed as frequently still carries a severe prognosis, which is believed to stem from
repeated bouts of AP°. AP is caused by the premature activation of the digestive enzymes,
such as trypsin, leading to tissue auto-digestion (cell death) and a strong immune response’.
The most prominent symptoms are abdominal and back pains®. Since patient symptoms are

severe but general pains, the disease can only be properly diagnosed by computer



tomography (CT) and magnetic resonance cholangiopancreatography (MRCP)°®. Imaging
analysis shows edema, gas accumulation, and enlargement of pancreas’. CP is characterized
by inflammation, fibrosis, and acinar cell loss®. Symptomatic pains are similar to acute
pancreatitis, and patients may experience weight loss®. CT and MRCP are standard
detections as well. Additionally, physicians look for the calcification and enlargement of the
pancreas™.

When searching for causes and risk factors for pancreatitis, researchers found a
genetic component to be influential to AP and CP. Genes that regulate digestive enzyme
production are mutated in a subset of pancreatitis patients. A mutation in the trypsinogen
encoding gene, PSSR1 has been a well documented cause of familial pancreatitis®. While
first manifesting as acute pancreatitis, people with familial mutations have an increased
chance of developing chronic pancreatitis and a 50 fold chance of getting pancreatic
cancer'™"". Though identifying genetic mutations in humans may give us insight into the
cellular mechanisms that bring about this disease, environmental factors pose a greater risk.
Obesity related gallstone formation remains the leading cause of acute pancreatitis, while
chronic alcohol consumption is the greatest cause of chronic pancreatitis and second most
common cause of acute attacks”.

Treatment for AP and CP are limited, Endoscopic retrograde
cholangiopancreatography (ERCP) therapy is available to those with gallstones but other
sources of pancreatitis cannot be directly alleviated®. Through out the years, in vivo models
of pancreatitis have been used to study the disease; currently new therapeutic targets are

being examined in these models in hopes of finding new treatment options.



iii. Modeling Pancreatitis in mice

Various species of animals have been used to model pancreatitis throughout the years.
Rodents are a favorable choice due to low maintenance costs, and their ability to produce a
large sample size in a relatively short amount of time. In addition, mice can be genetically
engineered, opening up a large field of research dedicated to studying how the loss or
expression of certain genes can affect an organism. For these reasons, we conducted our
studies using mouse models.

To model pancreatitis, mice were administered a series of intraperitoneal (IP)
injections of caerulein, an analog of cholecystokinin (CCK). Both caerulein and CCK induce
the secretion of digestive enzymes in the pancreas, a supramaximal dose results in the
intracellular activation of digestive enzymes, which leads to auto-digestion of the pancreas
and the recapitulation of pancreatitis'>'*. Figure 1-2 exhibits how the diseased pancreas
appears compared to normal tissue. Acute pancreatitis is characterized by edema,
vacuolization, acinar cell swelling, and focal areas of necrosis (Figure 1-2). Chronic
pancreatitis has stromal infiltration along with metaplastic ductal lesions and a depletion of
acinar cells (Figure 1-2). Depending on the dosage and length of treatment, the pathology of
both acute and chronic pancreatitis can be observed and the molecular signals that cause

acute bouts to become chronic can be elucidated’.



Chronic

Stromal infiltration Metaplastic ducts

Figure 1-2 Histology of pancreatitis

H&E stain depicts acini, ducts, and islets, which compose a normal pancreas.

The acini enlarge in acute pancreatitis (middle). Areas of discoloration indicate necrosis
(*). Vacuolization, an indicator of auto-digestion is also visible (*). Chronic
pancreatitis (right) is represented by the loss of acinar cells, accumulation of fibrotic

tissue (arrow), and the appearance of metaplastic lesions (arrow).

iv. PDAC-Pathogenesis and Progression

Pancreatic ductal adenocarcinoma (PDAC) is the 4™ leading cause of cancer-related
death in the United States'*. Chemotherapy and radiation therapy does little to effectively
treat patients with PDAC, leaving surgery the only option. Sadly, even after surgery only
20% of the patients diagnosed with PDAC survive past five years'*. Since current forms of
treatment are not effective in ameliorating patient outcome, understanding the molecular
mechanism behind the formation and progression of PDAC is imperative for discovering
new targets for treatment.

The source of invasive carcinoma has been traced back to precursor tumor lesions
known as pancreatic intra-epithelial neoplasia (Pan-IN)"*. PanINs have been classified by a

grading system, based on histological features"'. PanIN-1 is a low-grade tumor structure



that resembles a pancreatic duct but is distinguished by elongated columnar cells with a thick
mucinus layer (Figure 1-3). PanIN-2 nuclei are no longer basally oriented (loss of polarity),
and their cells are crowded and pseudostratified (Figure 1-3). PanIN-3 tumors have cells
budding off into the lumen (Figure 1-3). Lastly, when the tumor breaks through the
basement membrane it becomes truly invasive and is classified as PDAC (Figure 1-3).
PDAC development is described in the PanIN progression model, even the same genetic
mutations are found at particular stages of diseases (Figure 1-3).

There are both activating mutation and loss of function mutations that shape PDAC
progression'®. KRAS is one of the earliest and most common oncogene mutated in PDAC;
increased protein activity is found in early Pan-IN lesions and remains high in advanced
tumors''®. Kras is a small g-protein, responsible for activating the mitogen-activated protein
kinase (MAPK) pathway, which induces cellular proliferation, survival, and invasion'*',
Kras functions as a GTPase; GTP bound Kras assumes a conformational state that allows for
protein binding and activation of downstream signaling molecules®. Kras regulates its
activity by hydrolyzing GTP to GDP; converting the active GTP bound protein into its GDP
bound inactive form ****. The KRAS mutations found in PanINs and PDAC patients results
in Kras remaining in a constitutively active state '"*°. The pro tumorigenic effects of Kras-
MAPK signaling are initiated by the activation of growth factor recptors™, concordantly
epidermal growth factor receptor (EGFR) is highly expressed during pancreatic tumor
formation and progression (Figure 1-3). The upregulation of EGFR and KRAS are critical
for early stage tumor formation but it is the loss of tumor suppressor genes that push the

PanINs into advanced stages'®**.



The loss of tumor suppressor genes CDKN2A, TP53, and SMAD44 are observed in
PDAC patients'®. Loss of CDKN2A occurs in moderately advanced lesions (Figure 1-3).
CDKN2A encodes for Ink4A (p16), a tumor suppresser gene important for inducing cell
cycle arrest”. The well studied, TP53 tumor suppressor gene is mutated in late stage tumors
(Figure 1-3). The genetic instability induced by a p53 mutation appears to promote the
development of carcinoma*’. SMAD4/DPC4 encodes Smad4, a necessary signaling
molecule in TGF- pathway®®. This gene is lost very late in disease, and its absence is and
indicator of poor survival outcome '(Figure 1-3). Though not clearly understood, the gene
may be important for regulating proliferation in PDAC and the loss of Smad4 may impact
tumor-stromal signaling in a manner that may advance disease'. Although several other
genes may be capable of regulating PDAC, In vivo studies in mice show that mutations of

CDKN2A, TP53, SMAD4, and KRAS are sufficient to bring about the disease”.

Normal duct PanIN-1A PanIN-2 PaniIN-3 Adenocarcinoma
* Low cuboidal * Blongated cells * Nuclear abnormalities: * Budding into lumen * Invasive growth
cells * Mucin production e.g. enlargament, * Severe nuclear * Marked stromal
¢ Single cell layer PaniIN-1B some loss of polarity, atypia reaction (desmoplasa)
« Papillary crowding * Mitesis, some

architecture

Type of lesion SMADY/DPCY = o e o e e
Bl Activation

W Less of function

Adapted from Bardeesy N et al. Nature Reviews. 2012




Figure 1-3 Progression of Pancreatic Ductal Adenocarcinoma (PDAC)

Stages of PanIN progression leading to PDAC are depicted by H&E. Defining
characteristics of PanIN-1,2,3 and adenocarcinoma are described above. Aberrant gene
activations and loss of function mutations frequently seen throughout the development of
PDAC are illustrated above. EGFR and KRAS are activated early in tumorigenesis and
remain active during cancer progression. INK4A (P16) is deleted during the early PanIN

stages and TP53 and SMAD4 loss occurs at the late stages of the disease

v. Modeling PDAC in mice

Currently, murine models of pancreatic cancer can be divided into 2 classifications:
xenograft models and genetically engineered models. Xenograft models are mice that have
been implanted with human cancer cells, either patient-derived or from an established cell
line *°. The cancer cells can be engrafted either subcutaneously or orthotopically. Though
using human cells has the benefit of being representative of the cells you want to target, the
tumor microenvironment is not representative unless you engraft cells directly into the
pancreas™’. Using patient-derived cancer cells, while more labor intensive and harder to
obtain is a better option than using established cell lines®'. Cell lines acquire mutations over
time that makes the cells lose similarity to recently extracted patient tumors®'. Also, patient
derived cells include the tumor and stromal cells, which will better represent the
microenvironment of the disease’®. A drawback to this model is the need to use immune
compromised mice for xenografts, since healthy mice reject cancer cells engraftment®”.

Genetic mouse models give investigators the benefit of studying pancreatic cancer in situ.




The mice will produce the tumor in the appropriate microenvironment with an intact immune
system. It is critical to maintain the immune system since many studies show that the
stromal-epithelial communication is especially important in pancreatic cancer’>. Genetically
modified organisms also give you the rare opportunity to study how cancer forms and
becomes invasive'®. Human cells are at many times too advanced to study progression, while
it may take the mutation of one or two genes to establish PDAC in mice, human tumor cells
could have at least half a dozen by the time we study them. The genetic mouse models allow
us to know which mutations are necessary and which comes first.

To recapitulate PDAC in mouse models, we use the Lox-Stop-Lox Kras®'*® (LSL-
KRAS*P) knock-in mouse, which carries a loss of GTPase function mutation in the Kras
oncogene '"'*. The LSL-KRAS"*” mouse model contains an allele with a KRAS®"*® coding
region that is targeted to the endogenous KRAS locus **. Expression of this gene is prevented
by a transcriptional stop element that precedes it **. The stop element is flanked by lox-p
sites, which can be excised upon Cre recombination **. To direct Cre-recombination we use a
mouse model where pancreatic transcription factor -1a (Ptfla) drives Cre expression (Ptf1a-
Cre). Ptfla is required for pancreatic development; expression of Ptfla mRNA appears as
early as E.9.5 and protein expression is seen at E.10.5 ****. The Ptfla-Cre mouse has Cre
inserted into the Ptfla locus, replacing the protein-coding region **. Only heterozygote mice
avoid embryonic lethality because they still have one allele that encodes Ptfla **. When the
LSL-Kras®"*® knock-in mouse is crossed with the pancreatic specific Cre transgenic mouse
(Ptfla-Cre), the offspring generated have mutated Kras expressed wherever Ptfla is. The

LSL-KRASY'?": Ptfla-Cre mice have pathology consistent with human PDAC (Figure 1-4).



H&E and illustration show the morphological changes that the tumor cells undergo as cancer
progresses from PanIN-1, 2, 3 to invasive carcinoma (Figure 1-4).

Though it is possible to observe metastasis in the LSL-KRAS'?"; Ptfla-Cre mice,
liver and lung metastases do not form until the mice are about one year old *°. To address
invasion and tumor formation at a secondary site, our lab introduces a p53 mutation
(p53%'7*") to our mice to generate LSL-KRAS'??; p53*7*" Ptf]1a-Cre mice **. These mice
develop fast-progressing PDAC that are more suitable for invasion and metastases studies
and serves as a model for targeted molecular therapy as well as standard chemotherapies.

Our lab also uses a tamoxifen inducible PtfIa-Cre mouse strain (Ptfla“"¢ #X™ /)37,
We use this mouse for studies where we want to induce Cre-recombination in adult mice.
The Ptf1a" ™™ mice express a fusion protein that is Cre-recombinase bound to an
estrogen receptor’ *. The estrogen receptor confines Cre-recombinase to the cytoplasm until
the estrogen analog, tamoxifen binds to the receptor and causes the fusion protein to enter the

nucleus. Once in the nucleus, Cre-recombinase is free to excise floxed genes. The benefit of

the Ptf1a“ **™ "™ mouse model is that it gives the investigator temporal control of cre

GI2D RI72H
S 3

recombination’®. This is beneficial when studying mice with LSL-KRA and p5
alleles because we may want to study PDAC progression after the mice are fully-grown.
Ptf1a“ ™" mice are also usefully when studying ADM and early PanIN lesion. While

Ptfla is expressed in pancreatic progenitor cells during development, the adult mouse only

expresses Ptfla in acinar cells®’. Therefore, tumors from LSL-KRAS??; Ptf1a“*™"* mice

are of acinar origin. In order to assess the efficiency of Cre-recombination, the Ptf1a“" %™

" mice carry a yellow fluorescent protien (YFP) transgene that is only expressed when Cre-

recombinase excises the lox-stop-lox transcript that precedes it (ROSA26-"F),
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Figure 1-4 Tumor progression of the LSL-KRAS®"*®; Ptfla-Cre mouse model

H&E shows PanIN progression is recapitulated in the LSL-KRAS®'??: Ptfla-Cre mouse
model. PanIN-1 is represented by a large mucinus duct-like lesion. PanIN-2 shows a duct
like tumor with nuclear crowding and a loss of polarity. Pan-IN 3describes clusters of
cells budding off a tumor. Invasive carcinoma (cancer) is represented by Pan In lesions

that have broken through the basement membrane and begun invading.

vi. Acinar to Ductal Metaplasia (ADM) — A link between CP and PDAC

In addition to studying tumorigenesis and tumor progression, the LSL-KRASY'??;
Ptfla-Cre mouse has been used to study the link between pancreatitis and cancer. Performing
experimental pancreatitis in conjunction with the oncogenic Kras mutation increases the rate

of tumor formation in our mouse model ***. This data is consistent with epidemiological
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studies, which show that patients with CP have a greater risk for developing PDAC’. Several
studies show that the inflammatory microenvironment is pro-tumorigenic and that chronic
pancreatitis constitutes a risk factor for PDAC>®. The prolonged administration of cerulein
causes inflammation along with the formation of metaplastic ductal lesion (MDL)*®. Acinar
to ductal metaplasia (ADM) is an event commonly seen in CP, where acinar cells change
structure to express a ductal phenotype**'. Normally, ADM in CP progresses no further, but
it is hypothesized that these metaplastic cells can become tumors if they express mutated
Kras*>. MDLs are pro-inflammatory and express many molecular signals shown in early
tumors*'*. It has been suggested that metaplastic lesions are precursors of PanINs, and
studies show that blocking ADM prevent pancreatic tumorigenesis®®**. Furthermore, it has
been shown that MDL lesions are capable of reverting back to acinar cells as part of the
normal healing process but oncogenic Kras can reprogram these cells to initiate tumor
formation****. Morris et al. shows that blocking acinar regeneration prevents Kras mediated
tumor progression in caerulein treated mice™’.

Researchers also uncovered that genes that contribute to acinar and ductal identity can
be instrumental in directing metaplastic conversion and tumor formation. The forced
expression of acinar cell regulator Mist-1 can block ADM and PanIN formation, while its
absence accelerates Kras mediated PanIN formation*®. Conversely, ductal specific gene Sox-
9 can accelerate tumor formation when over expressed in the LSL-KRAS®'??: Ptfla-Cre
mouse model®. The loss of Sox-9 in this model does not prevent the formation of ADM but
does stop tumorigenesis*’. This finding suggests there are molecules in addition to Kras that
can modulate the transition of metaplastic lesions to PanINs. We have dedicated much of our

studies understanding what drives ADM and early PanIN formation, and have uncovered a
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set of closely associated molecules that alters the fate of cerulein induced ADM and PDAC

formation/progression.

1-2 Signaling Molecules to target against pancreatic disease
i. Pivotal Signaling Networks in Pancreatic Disease-
NFxB, EGFR-RAS-MAPK, and RAC

Understanding the cell signaling pathways involved in pancreatitis and PDAC lead to
the elucidation of molecules necessary for the initiation and maintenance of these diseases.
Pro-inflammatory genes in the pancreas modulate pancreatitis. Recently, NFk-B signaling
has been found necessary for the development of acute and chronic pancreatitis*’.
Over expression of the transcriptional subunit of NFx-B, p65 worsened the damage caused
by experimental pancreatitis*’. Concordantly, genetic ablation of the inhibitory subunit, IxB
yielded similar results*’. Normally IkB remains bound to p65 preventing the nuclear
translocation of the p65*’. When IKK (inhibitor of IkB) gets activated by pro-inflammatory
receptors it phosphorylates [kB which leads to its ubiquitin degradation
this frees p65, allowing NFk-B to ensue’’. This pathway has been established as a key
regulator in pancreatitis and pancreatic tumorigenesis. In two independent studies, the NFK-
B and EGFR pathway have been found to be essential for ADM***°. Previous studies from
our lab concluded that pancreatitis induced ADM is blocked by the loss/pharmacological
inhibition of EGFR or the inhibition of downstream mediator, MEK**. When ADM is
blocked, the inflammation associated with it resolves, suggesting metaplasia is pro-
inflammatory**. Daniluk et al. (2012) shows that ablating IKK will also block ADM™. The

loss of both of these genes can even prevent Kras mediated tumor formation ***°. The
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importance of ADM in pancreatic disease is also demonstrated in Heid et.al (2011), where
the loss of Racl reduced ADM and early tumorigenesis in a pancreatic cancer mouse
model’'. These finding, led us to further study molecules that control the ADM process, and
test their therapeutic benefits in pancreatitis.

One of the most well studied molecule sin PDAC is Kras. Though many cell signaling
pathways are altered in pancreatic cancer, the induction and constant expression of Kras is
sufficient to drive tumorigenesis and tumor progression’”. Targeting Kras has proven to be
quite difficult since the inhibition or mutation of Kras causes a loss of function leading to
constitutive signaling®. This monomeric G-protein is involved in a cell signaling cascade
that results in the activation of MAP kinase proteins, Raf, MEK, and ERK which promote
cell survival and proliferation ***'. Also, Kras can be activated by receptor tyrosine receptors,
such as Epidermal growth factor receptor (EGFR)*. Blocking the functions of these
upstream and downstream molecules has shown promise in preventing pancreatic tumors.
Proteins that regulate EGFR-MAPK signaling or Rac mediated actin remodeling have been
shown to block tumor formation by preventing the formation of the PanIN precusors,
MDLs**!'. One such molecule, PI3K is known to contribute to EGFR, Kras and Rac
signaling. My studies involve testing the role of PI3K in ADM and the PDAC risk factor,
CP.

ii. PI3K- Introduction and mechanistic overview

Phosphoinositide 3 kinases (PI3K) are enzymes that phosphorylate the 3-position
hydroxyl group on the inositol ring of their phosotidylinositol (PtdIns) lipid substrates®. This
generates a second messenger molecule that serves as a docking site for specific signaling

proteins®*. PI3K signaling regulates a variety of cellular processes including, cell growth,
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survival, and migration™. PI3Ks are separated into 3 classes based on structure and binding
partners®®. All isoforms have a 110kd catalytic subunit and a regulatory subunit. The most
well understood and most clinically relevant class of PI3Ks in pancreatic disease are the class
I proteins .

Class I subtypes are presents in all mammalian cell types and are divided into class IA
(p110a, p110p and p110d) and class IB (p110y) (Figure 1-5). Class 1A kinases have a p85 or
pS5 regulatory subunit (Figure 1-5). Class IB kinases have a p101 or p87 subunit (Figure
1-5). All 4 class I proteins can be bound to and regulated by Ras but p110a, p110f, and
p1108 are also regulated by tyrosine kinases, while p110y is selectively regulated by G-
protein coupled receptors’. The regulatory subunits p85 and p55 contain an SH2 domain,
which binds to phosphorylated tyrosines on receptor kinases*®. p101 and p87 subunits found
in Class IB proteins bind to Gfy subunits released from G-protein coupled receptors™’.
p110p is a unique class 1 that can be activated by GBy subunits without binding to it”".

The structural domains of these p110 subunits are highly conserved. There is a
regulatory binding domain (RegPr) and Ras binding domain®®**. The C2 helical domain has
the ability to bind to phospholipids and calcium, and the PI3K accessory domain (PIK) has
an unknown function™. The catalytic domain is where PI3K converts PtdIns, P1(4,5)P, to
PI(3,4,5)P;™.

There are many molecules that are upstream activators of PI3Ks. My studies look at
the regulation of p110a, specifically. Insulin growth factor receptor (IGFR) and EGFR are

receptor tyrosine kinases (RTK)s and well documented activators of p110a°*®". When the
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RTK gets phosphorylated, the SH2 domain of p85 binds it, localizing p110a to the
membrane so that it can generate PI(3,4,5)P; for proteins with PH domains’ 6,

Two downstream targets of PI3K are AKT and PDK 1°°. They both require PI(3,4,5)P;
to localize to the plasma membrane™. Once localized, PDK phosphorylates AKT at the
threonine 308 (T308) site *°. A second phosphorylation at the serine 473 (S473) by mTORC
makes AKT fully active and capable of inducing many of the cellular processes that are
associated with PI3K activation®®. Figure 1-6 illustrates the class I PI3K signaling network.
Recent findings show that constitutively active expression of p110a accelerates tumor
progression in the LSL-KRASY'?": Ptfla-Cre mouse model®. The same study found that
ablation of PDK stops Kras mediated tumorigenesis . These findings encourage the

importance of PI3K and PDK in pancreatic disease.
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Figure 1-5 Structural Homology of Class I PI3K proteins

Class I PI3K proteins have a p110 catalytic subunit and a regulatory subunit; these kinases are
further categorized into class 1A and class 1B. The figure illustrates that class IA (p110a, p1108
and p1109d) have either a p85 or p55 regulatory subunit, while class IB (p110y) proteins are
partnered with P101 or p87. All Class 1 proteins have a regulatory binding domain, Ras binding
domain, C2, PI3K accessory domain (PIK), and catalytic domain. Depending on the isoform, either
Ras, tyrosine kinases, and G-protein coupled receptors subunits (GRy) can regulate PI3K activity.

PI3K converts PtdIns, PI1(4,5)P, to PI1(3,4,5)P5.
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Figure 1-6 PI3K (class I) signaling network

Class I PI3Ks , such as pl110a are recruited to the cell membrane my phosphorylated
RTKSs. PI3K converts PtdIns, P1(4,5)P, to PI(3,4,5)P; which will recruit PH domain
containing proteins to the cell membrane. PDK and AKT are two PH domain containing
proteins that bind to PI(3,4,5)P; . Phosphorylation of AKT by PDK and mTORC leads

several cellular responses.

iii. PI3K involvement with Ras and Rho Family GTPases

PI3K and Ras have a well-established relationship. Many studies have shown that
Ras is required for PI3K activation®®. Ras-PI3K studies in cell lines show that p110c. and
p110y generate significantly higher levels of PIP3 when cells are transfected with of
constitutively active Ras family members, including Kras®. This hypothesis has been
demonstrated in a Kras mediated lung tumorigenesis model, where the Ras binding domain
of p110a. was mutated, preventing Ras-p110a interaction’®. The loss of this interaction
blocked tumor formation®®. Other Rho family members that associate with PI3K are the actin
modeling proteins Rac, Cdc42, and Rho. These GTPases are actually activated by PI3K®>%°.
The current model is that guanine exchange factors (GEFs) that load GTP onto Rac, Cdc42,
and Rho requires PI(3,4,5)P; to be properly localized®>®”. This PI3K mediated activation of
GEFs in turn leads to GTPase activation®. PI3K has been shown to direct actin remodeling
and promote chemotaxis, activating Rac, Cdc42, and Rho in the process® . The inhibition
of any 3 of these GTPase is sufficient to block actin remodeling, even when PI3K is active

which suggests that PI3K is an upstream effector®®’. Conversely, there have been groups
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that have demonstrated that Rac can activate PI3K after binding to the p85 subunit of
PI3K®"®® Yang et al. (2012) demonstrated that all 3 GTPases needed to be active for PI3K
activation to occur in their model®. This response seems to be part of a positive feedback
loop that requires PI3K initiation. How actin Rac, Cdc42, and Rho signal back to PI3K varies
depending on the system. Nevertheless the data all corroborates that PI3K plays an important
role in actin-cytoskeleton rearrangement, which is essential for the ADM process.
iv. PI3K- mouse models and relevance to pancreatitis

Studies interpreting the role of PI3K have been facilitated by the generation of
isoform specific mutations and deletions. Complete knockouts of pl10a and p110f are
embryonic lethal but p1108 and p110y knockouts are viable for adult studies™. Due to the
prenatal death of p110a knockout mice at E.10.5, tissue specific knockout models have been
utilized **%°. Constitutively active expression of p110c in mice was shown to have enlarged
hearts while kinase dead p110c mice had decreased heart size **. This suggests that
p1100 can regulate cell size. p110d and p110y knockouts have defective lymphocytes™.
p110y knockouts have defective cardiac function as well which may suggests some overlap
with p110a function®™. Also, The full body ablation of p110y can prevent damage caused by
cerulein induced acute pancreatitis™’. This phenotype could be a combined effect of both
inflammatory and acinar cell processes being disrupted by the loss of p110y. These data

show that targeting Class I PI3K s may be a potential therapeutic for pancreatic disease.
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v. Therapeutically targeting PI3K

Broad-spectrum inhibitors of Class I PI3Ks have been used for research and clinical
development for almost 2 decades’'. Wortmanin, a fungal metabolite has been a long
established inhibitor of PI3K">. The toxin is capable of blocking PI(3,4,5)Ps, but it can also
disrupt other lipid signaling molecules such as Phospholipase D and Pleckstrin’>"*. The first
synthetic PI3K inhibitor was created shortly after and even though it was not as potent as
Wortmannin, it was made freely available to the research community and gained
popularity’*. These compounds, though not as specific as inhibitors developed today
pioneered PI3K research and laid the groundwork for better drug design”. The generation of
isoform specific knockout mice gave dissimilar phenotypes demonstrating that the 4 class I
molecules (p110a, p110B, p110y, p110d) have specific roles that cannot be compensated for
by other class members™*. These findings prompted the development of isoform specific
PI3K inhibitors.

PIK-75 is a p110a selective kinase inhibitor, it has an IC 50 value of 5.8nM and it
inhibits p110y, p110B , and p1108 significantly less with ICs, values of 0.076 uM, 1.3 uM,
and 0.51 pM respectively’®. The inhibitor has been shown effective both in vitro and in
mouse studies’””. Studies using PIK-75 showed that loss of p110c can decrease the
production of proinflammatory cytokines by inhibiting NF-kB signaling’’. This resulted in
an attenuation of experimental inflammation in the colon ”’. The effectiveness of PIK-75 in
mouse models supports the use of this inhibitor for my studies. Our pharmacological study
together with p110a knockout model experiments form a complimentary analysis of how the

p110a subunit can affect pancreatic disease.
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vi. ADAM 10- Introduction

A Disintegrin and Metalloproteinase 10 (ADAM 10) is a transmembrane protease that
cleaves cell surface ligands and the ectodomain of cell-cell adhesion molecules”. ADAM 10
is also known to induce regulated intramembrane proteolysis (RIP)*’. When the ectodomains
of certain transmembrane proteins are cleaved, the event is followed by an intracellular
cleavage, the second cleavage allows the intracellular domain to translocate to the nucleus
and function as a transcription factor™. The types of proteins cleaved by ADAM 10 are
diverse and each substrate can have a unique impact on cell regulation.

ADAM 10 belongs to a family of 33 ADAM proteins®'. Its sequence and primary
amino acid structure is highly conserved from flies to mammals®'. ADAM 10 is composed of
6 protein domains and undergoes modification steps to become its fully mature form*. An
illustration of ADAM 10 protein structure is shown in (Figure 1-7). On the N-terminal of
ADAM 10 there is a pro-domain that keeps the catalytic domain inactive by occluding the
active site®’. The pro-domain also acts as a chaperone during protein folding at the
endoplasmic reticulum®*. Once folded, ADAM 10 is directed to the Golgi complex where
pro-protein convertases cleave the pro-domain, allowing ADAM 10 to become catalytically
active®. From the Golgi, ADAM 10 is sent to the plasma membrane, where it can perform
its enzymatic function®. The metalloproteinase domain is where the proteolytic activity of
ADAM 10 resides. The amino acid consensus sequence for the ADAM 10 active site is
HEXGHNLGXXHD”. ADAM:s require a zinc molecule (Zn*") to bind to the three histidine
(H) residues, which assists the catalytic residue, glutamate (E) to break peptide bonds®’. The
disintegrin domain has the ability to bind to integrins. Snake venom metalloproteases

SVMP) are known for binding to platelet integrins which block platelet aggregation’’. While
( gtop g p gareg
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the purpose of the disintegrin domain in these related proteins are understood, how ADAMs
may use this domain remains unclear’”’. There is a cysteine rich region in the disintegrin
domain, which is believed to control substrate affinity and interaction®'. Since many ADAMs
are so similar in structure and function, small differences in this region may be an important
distinguishing feature. The EGF-like domain, is a 30-40 amino acid residue which bears
resemblance to the EGF ligand®'. This domain is found in all ADAMs except for ADAMI10
and 17%. Lastly, the cytoplamic tail has the ability to interact with other proteins®'. Most
ADAMs, including ADAM10, have a proline rich tail that can be an interaction domain for
SH3 domain containing proteins®. The cytoplasmic tails of certain ADAMs can also undergo
RIP*. ADAM 9 and 15 can actually cleave ADAM 10 leading to an intracellular cleavage of
ADAM 10 by y-secretase®. Though studying the cytoplasmic tail of ADAM 10 introduces an
alternate way of understanding how this protein regulates cellular function, our research

focuses on how the metalloproteinase domain regulates cell-signaling pathways.
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Figure 1-7 Protein domains of a Disintegrin and Metalloproteinases (ADAMSs)
ADAM 10 contains a pro domain on the N-terminal, which masks the catalytic activity
of the metalloproteinase domain. The pro-domain is shed by pro convertases prior to
being localized to the plasma membrane. The metalloproteinase domain is responsible
the cleavage of extracellular proteins. The active site of this domain consists of an
amino acid motif containing 3 histidines and 1 glutamate, a zinc molecule (Zn*") is
required for catalytic function. ADAM 10 does not have a EGF-like domain. The
cytoplasmic tail is known to bind to other proteins and cleavage of this domain can

induce nucleus translocation.

vii. ADAM 10 and Notch Signaling

Originally discovered for its role in neuronal development, the loss of ADAM 10 was
found to be important for the process of lateral inhibition®***. Drosophilae lacking the
ADAM 10 homolog, Kuzbanian (Kuz) had progenitor cells that were unable to receive
inhibitory signals from neighboring cells and they developed more sensory bristles compared
to wild type flies**. The “multiple bristle” phenotype observed in flies lacking Kuz was also
seen in flies lacking Notch™. A later study demonstrated that ADAM 10 is required for
Notch activation during Drosophila wingspan development*®. Studies prior to the discovery
of ADAM 10 showed that Notch signaling pathway is important for neuronal development in
flies®’. Like ADAM 10, Notch controls cell fate through lateral inhibition. The role of Notch
in neurogenesis extends to vertebrates as well®’. Studies in mammalian cells discovered that

Notch was universally important in maintaining the pluripotency of various cell type
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lineages, such as the intestine®’. The similar functions of ADAM 10 and Notch, together with
the data from Sotillos et al. (1996) suggests that ADAM 10 may be regulating Notch
signaling in many systems.

Notch and its ligands, Delta or Serrate are transmembrane proteins that bind to each
other by cell-cell contact®”**. After Notch binds to its ligands its ectodomain is shed by an
ADAM and undergoes RIP*"*. y—secretase causes the cleavage of the intracellular domain
of Notch (NICD)*’. NICD functions as a transcription factor, interacting with the DNA
binding protein, Rbpj-k and its co-activators, Mastermind (MAML), and P300 *"*°. Notable
target genes transcribed by Notch are members of the Hes and Hey family and c-myc®"*’
Figure 1-8 illustrates the ADAM 10-Notch signaling pathway.

Many groups have performed studies to confirm if ADAMI10 is the primary Notch
sheddase®***>. ADAM 10 deficient mice were generated to understand how this protein may
be important in vertebrates and at E.9.5 there were defects in development that resulted in
lethality”. Embryos were smaller, had under developed hearts, and had neural deformities
similar to Notch deficient mice™. In situ hybridization showed that Hes-5 expression in the
neuro-epithelium was very disorganized compared to wild type and expression of Delta-like,
which is normally low in wild type embryos was upregulated *°. To avoid embryonic
lethality, groups created conditional knockouts that were organ specific’. Jorrissen et al.
(2010) found that ADAM 10 was important for brain development, and that the loss of
ADAM 10 prevented the activation of Notch **. Though this evidence supports ADAMI10 as

the primary Notch sheddase, both ADAM 10 and ADAM 17 have been shown to cleave

Notch®!**.
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One study compared the two ADAMs and concluded that the primary sheddase
responsible may be context dependent’. Experiments using mammalian cells and mouse
embryonic fibroblasts (MEFs) showed that ADAM 10 can cleave both endogenous and
ectopically expressed Notch, but only when a ligand is present’.

Interestingly, ADAM 17 cannot cleave endogenous Notch, it can only cleave ectopic Notch
in a ligand independent manner’’. The study proposes that ADAM17 does not normally
associate with Notch and that ADAMI17 can only cleave Notch when its cleavage site is
exposed with out the presence of a ligand””. The aberrant manner that ADAM17 cleaves
Notch reconciles previous data and explains why ADAMI10 deficient mice phenocopied the
same embryonic lethality found in Notch knockout mice, while the ADAM17 knockout mice
experienced embryonic lethality during late pregnancy (E17.5) for defects in epithelia
maturation as opposed to neuronal and vascular deficiencies’*°. These findings have led us
to hypothesize that ADAM 10 can regulate Notch related cellular mechanisms in the

pancreas.
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Figure 1-8 Diagram of ADAM 10 activating Notch signaling

The Notch receptor binds to ligands, Delta-like or Jagged. ADAMIO is a
transmembrane protein that can cleave the Notch ectodomain after ligand binding. This
is followed by and intracellular cellular cleavage by y-secretase. The Notch intracellular
domain (ICD) then translocates into the nucleus where it bind to Rbpj-k and the
transcriptional co-activators MamL and p300. This induces the transcription of Notch

target genes, Hes, Hey and c-Myc

viii. ADAM 10 and Notch in the Pancreas

Both ADAM 10 and Notch are expressed during pancreatic development and can be
found in adult tissue’”**. In the pancreas, Notch has been established as a positive regulator
of progenitor cell maintenance and exocrine cell fate”*’. Over expressing Notch1 in cells

expressing the pancreas specific promoter, PDX will block acinar and endocrine
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differentiation®®. Another study confirmed this finding by showing that Notch ICD or Hes-1
can block acinar differentiation by inhibiting the transcriptional activity of the pancreatic
lineage promoter PTF1a”. Esni et al. demonstrates that Hes-1 and PTF1a are co-expressed
in exocrine precursors cells but Hes-1 is lost in differentiated acinar cells. The loss of Notch
signaling components yielded divergent results. An examination of the simultaneous loss of
Notch 1 and 2 in pancreas showed that there were no developmental defects of note'*. In
contrast ablation of the Notch ICD DNA-binding partner, Rbpj-k resulted in a poorly
differentiated pancreas and died a few days postpartum due to their inability to digest milk'®.
Hes-1 was reduced in all these models, confirming Notch signaling was downregulated'®.
These studies suggests that only an over expression of Notch may be important for pancreatic
development but other studies in the field aimed to test how Notch can regulate adult tissue
in the context of disease.

ix. ADAM 10 and Notch- Proposed Roles in Pancreatic Cancer

Both ADAM 10 and Notch are over expressed in both CP and PDA patients ' %,
Investigations in pancreatic cancer cell lines (Panc-1, Hpac, and Bx-PC3) show that down
regulation of Notch 1 decreases cell growth and leads to apoptosis, demonstrating that Notch
signaling is important in malignant cell signaling and that it may be a favorable therapeutic
target89.

All 4 Notch receptors are expressed in pancreatic cancer but currently there are only
mouse models examining the roles of Notch 1 and Notch 2'. Notch 1 appears to function as
a tumor suppressor, as studies have shown that the loss of Notch 1 in LSL-KRAS“*"; Ptfla-
Cre mice enhances the progression of the disease '**. However, this effect is seen without

any changes in the expression of Notch target genes'**. An different study shows that a
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transgenic mouse expressing the Notch 1 ICD and mutant Kras has enhanced Notch activity

as well as increased tumor burden'®

. These studies appear contradictory but may simply
suggest that dysregulated Notch expression promotes tumor progression by causing
downstream genes to be expressed at inappropriate levels. One other hypothesis is that losing
Notch 1 is not sufficient to decrease the downstream signals and that other Notch receptors
may be compensating in mice. Surprisingly, Notch 2 has its own distinct role in pancreatic
cancer, contributing to tumor progression and increased malignancy'*®. LSL-KRAS'?";
Ptfla-Cre mice lacking Notch 2 produce large cystic lesions with characteristics of mucinus
cystic neoplasms (MCN)s. This overt phenotype is accompanied by an improved survival
rate'’. While LSL-KRAS"?"; Ptfla-Cre mice live for about 15monts before succumbing to
PDAC related death, the Notch 2 knockout mice can live almost a full 2 year lifespan®'®.
These varying observations increases the importance of ADAM-10 and what possible

outcome may arise from its deletion. We hypothesize that ADAM 10 promotes pancreatic

disease by regulating Notch signaling

Chapter 2: PI3K subunit p110a. mediates the development of chronic pancreatitis
2-1 Introduction

Pancreatitis is a gastrointestinal disease that is affecting more Americans each
decade™'. The disease can affect people in bouts of acute inflammation or as a chronic
syndrome. Acute pancreatitis (AP) is the leading cause of hospitalization for patients with
gastrointestinal diseases®. Chronic Pancreatitis (CP) is not as prevalent, but the damage
caused by the disease can be irreversible®. AP is characterized by an upregulated production

of digestive enzymes that become activated within the exocrine pancreas, this leads to tissue

28



autodigestion, necrosis and inflammation’. The leading causes for this disease are gallstone
obstructions and chronic alcohol use®. CP is hypothesized to arise from consecutive acute
attacks which leads to steady inflammation, permanent acinar cell loss, calcification of the
pancreas, and an abundance of metaplastic ductal lesions (MDL)''. The greatest risk factors
for CP are chronic alcohol use and smoking®. Several investigations have been conducted to
study the etiology of the disease in order to find ways to prevent and manage pancreatitis.
Understanding the cellular biology involved in the development of both AP and CP has lead
to the discovery of potential therapeutic targets that can ameliorate the two diseases.

Phosphoinositide 3 kinase (PI3K) has been shown to promote AP and members of its
signaling pathway have been shown to be necessary for the development of CP **°. PI3K is
an enzyme that can regulate many cellular processes such as, growth, motility, proliferation
and survival’'. Tt gets recruited to the plasma membrane by activated receptor tyrosine
kinases (RTKs)'". Once PI3K is localized to the plasma membrane by RTKs they can act on
their substrates, phosphoinositol (PtdIns) lipids. PI3K can coverts PI1(4,5)P, to P1(3,4,5)P;
leading to the activation of downstream signals’'. PI(3,4,5)P; serves as a docking site for
proteins with a pleckstrin homology (PH) domain. Binding to PI(3,4,5)P; is necessary for
downstream molecules to be properly localized and potentiate signaling cascades®®. PI3K
dependent signals such as PDK regulate growth and proliferation while other molecules such
as Rac GTPase, controls actin remodeling and motility®.

Previous studies have found that the RTK epidermal growth factor receptor (EGFR)
was necessary for acinar to ductal metaplasia (ADM)*. The genetic ablation of EGFR in
mice showed that despite the administration of cerulein, MDLs were unable to form and the

mice were protected from developing chronic pancreatitis**. Ablation of molecules
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downstream of PI3K have also blocked ADM and protected mice from developing cerulein
induced pancreatitis and Kras induced pancreatic tumorigenesis. Genetic knockouts of Rac or
PDK have been shown to block ADM in two separate studies that phenocopy what was
observed in the EGFR knockout model’"®.

PI3K isoforms themselves have been implicated in alleviating inflammation and may
protect against pancreatitis. Complete genetic knockouts of the class I PI3K isoform, p110y
are resistant to cerulein induced acute pancreatitis’’. Since p110y knockout mice have been
shown to carry immunological defects, the phenotype observed may have been caused by
either the malfunctioning immune response or the loss of p110y in the pancreatic
epithelium®®. Pharmacological inhibition of another class I PI3K isoform, p110c. also seemed
to decrease the inflammatory response in an intestinal inflammation model’’. The study
showed a reduced release of cytokines due to decreased transcriptional activity of the
proinflammatory molecule, NFx-B. NFk-B is yet another molecule that can regulate ADM,
Ablating molecules that promote NFk-B signaling in mice can stop acute pancreatitis and
metaplastic conversion™. Taken together, these data supports our hypothesis that the
p110a isoform of PI3K is necessary for the development of pancreatitis, and that targeting

this molecule may be an effective treatment for those afflicted with this disease.

2-2 Materials and Methods
Mouse strains

PI3K;p110a™" Racl™ and Ptf1a“strains have been described previously and were

genotyped accordingly’>""'*"'®® ' Experiments were conducted in accordance with the Office
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of Laboratory Animal Welfare and approved by the Institutional Animal Care and Use
Committee at the Mayo Clinic and Stony Brook University.
Genotyping
Cre: Forward Primer Sequence 5°- 3’: TCGCGATTATCTTCTATAT CTTCAG
Reverse Primer Sequence 5°-3’: GCTCGACCAGTTTAGTTACC C
PI3K: P110a: Forward Primer Sequence 5°- 3’: CTGAGCTATAGAACTTCGTAACG
Reverse Primer Sequence 5’-3’: CTACACAGAGAAACCCTGTCTTG
Rac 1: Forward Primer Sequence 5’- 3’: TCCGTGCAAAGTGGTATCCT
Reverse Primer Sequence 5°-3’: TTCTTGACAGGAGGGGGACA
Induction of experimental pancreatitis
Control (saline injected) and experimental groups (cerulein injected) groups consisted of 8-
12 week old wild type or knockout mice. To induce acute pancreatitis, mice were injected
intraperitoneally (IP) with 7 hourly injections of 50 ug/kg cerulein (American Peptide
Company) and allowed to recover for 1 hour. The staggered acute protocol consisted of 7
hourly injections of 50 ug/kg cerulein on day 1, no injections on day 2, and 7 hourly
injections of 50 ug/kg cerulein on day three. This protocol was followed by 1 hour, 24hours,
or 3 days recovery. Chronic pancreatitis was induced by I.P injections of 250 ug/kg cerulein,
twice daily for seven days, followed by 1hr or 24 hours recovery. Modified chronic
pancreatitis was induced by injection of 250 ug/kg cerulein, twice daily for three days,
followed by 1 hour recovery.
Pharmacological inhibition of P110ca

To inhibit p110a catalytic activity, mice were treated with a daily dose (50mg/kg ) of PIK-75
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(Selleckchem) via I.P injection. PIK-75 was administered to mice subjected to chronic
pancreatitis. In our first protocol, daily I.P injections of PIK-75 were given in conjunction
with the first cerulein injection for the duration of the chronic pancreatitis protocol. To test if
PIK-75 can protect against chronic pancreatitis after the disease has been established, mice
were first subjected to a chronic pancreatitis protocol followed subsequently by daily
injections of PIK-75 and cerulein for 6 days. PIK-75 was resuspended in either 1.5%
methycellulose or sterile corn oil.

Histology

Human samples of normal pancreas, and pancreatitis were procured from the Mayo Clinic
and Vanderbilt University Medical Center with the approval of their Institutional Review
Boards. Human tissue was fixed in 10% formalin and embedded in paraffin. Murine tissues
were harvested and fixed overnight in 4% paraformaldehyde. Immunohistochemistry was
completed by the Mayo Clinic Cancer Center Histology Core using an automated
immunostainer (Dako Cytomation Immunostainer Plus) according to the company's
protocols with minor modifications. IHC slides were counterstained with hematoxylin. IHC
and hematoxylin and eosin (H&E) stained slides were photographed on an Olympus BX41
light microscope (Olympus, Tokyo, Japan). Aperio ScanScope XT slide scanner (Aperio
Spectrum, Vista, CA) and image analysis software (ImageScope) were used for quantitative
assessment. Quantitation represents the average of 5-7 10x/20x fields of view for 3-6 mice of
each genotype, treatment protocol, or time point indicated.

Immunofluorescence

Pancreata were prepared for immunofluorescence post-extraction by 4% PFA fixation for 3-4

hours, followed by three 5 minute 0.1M PBS washes and an overnight incubation in 30%
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sucrose. Pancreata were incubated in a 1:1 mixture of 30% sucrose in 0.1M PBS and OCT
(Tissue-Tek) for 30 min, then embedded in OCT and frozen at -80°C. 7um sections were cut
and permeabilized with 0.1% Triton X-100 in 10mM PBS and blocked in 10mM 1xPBS, 5%
normal donkey serum, 1% BSA for 60min at RT. Sections were then incubated with primary
antibodies diluted in 10mM 1xPBS, 1% BSA, 0.1% Triton X-100 overnight at room
temperature. Slides were then washed three times with 0.1% Triton X-100/PBS and
incubated with Alexafluor488 and/or Alexafluor594-conjugated secondary antibody
(Invitrogen, Carlsbad CA). Stained slides were washed three times, rinsed with deionized
water and mounted in Vectashield containing DAPI (Vector Laboratories, Burlingame, CA).
Images were acquired on a Zeiss 5S10LS Meta confocal microscope (Carl Zeiss
Microlmaging, Inc., Thornwood, NY).

Western blot

Whole tissue lysates were harvested in ice-cold radioimmunoprecipitation assay buffer
(RIPA) buffer supplemented with PhosStop phosphatase inhibitor and cOmplete EDTA-free
protease inhibitor (Roche, Indianapolis, IN). 25ug of protein was run on a 10% SDS-gel and
blotted to PVDF membrane for antibody incubation.

Antibodies

P110a (Cell signaling), F4/80 (AbD Serotec), Ly6-B.2 (AbD Serotec), CD3(abcam),CK 19
(TROMA 111, Developmental Studies Hybridoma Bank, University of lowa, Iowa City,
Iowa), CK19(abcam/epitomics), DBA lectin (Vector), NF-kB p65(Cell Signaling), Ki-67
(Abcam), Rhodamine Phalloidin (Invitrogen), ZO-1 (Invitogen), 3-actin (sc4777, Santa

Cruz), Cox-1 and Cox-2 (Santa Cruz)
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Serum Amylase Assay
Serum amylase levels were determined using Liquid Amylase Reagent (Pointe Scientific,
Canton, MI). Serum of cerulein treated mice were diluted 1:100 before application. Amylase
content was determined using a SpectraMax absorbance microplate reader (Molecular
Devices, Sunny Valea, CA) according to manufacturer’s instructions.
2-3 Results

i The P110a subunit of PI3K is upregulated in the metaplastic lesions of

chronic pancreatitis

Immunohistochemistry (IHC) was used to examine p110a expression in both human
chronic pancreatitis samples and mice treated with cerulein (Figure 2-1). The treatment
leaves the pancreas in a state representative of human disease. p110a expression was found
in islets and normal pancreatic ducts in control tissues, but was absent in healthy acinar
cells. In contrast, both mouse and human pancreatitis tissue showed an upregulation of
pl10a in the metaplastic ducts (Figure 2-1). Western blot confirmed an increased level of

pl10a in pancreatic lysates of mice with cerulein induced chronic pancreatitis (Figure 2-1).
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B. Saline Cerulein

P110« ——

Figure 2-1. p110a is elevated in chronic pancreatitis

Human patient samples of healthy pancreata and chronic pancreatitis were tested for
expression of p110a using immunohistochemistry (IHC). A) Murine samples of normal
and cerulein induced pancreatitis tissue were also examined. IHC shows an increased
expression of pl10a in chronic pancreatitis tissue compared to normal in both human
and mouse. B) Western blot of mouse tissue lysates yields equivalent results. Scale bars:
10x=120um;

40x= 30 um.

ii. Pancreas specific ablation of p110a blocks experimental pancreatitis
To determine if the p110a subunit of PI3K is involved in the epithelial and

inflammatory changes that take place throughout the course of chronic pancreatitis, I
administered cerulein to induce pancreatitis in p110a deficient mice. To generate these mice
we crossed conditional p110a knockout mice (p1100/”") with mice that carry a pancreas
specific Cre recombinase (Ptf1a”“"). The p110a./”; Ptfla*" mice, develop smaller
pancreata compared to wild type (Data not shown), and histology shows that individual
acinar cells were smaller (Figure 2- 2). H&E shows that the acinar cell structure was

phenotypically similar despite the difference in size. When mice are treated with cerulein, the
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compound elicits an intracellular activation of digestive enzymes within the acinar cells’,
which damages the pancreas and leads to the recruitment of inflammatory cells. After serial
I.P administrations of 250ug/kg of cerulein twice a day for 7 days, mice develop pathology
representative of human chronic pancreatitis’. Western blot analysis on whole tissue lysates
and THC show decreased expression of p110a in the p1100. ™ Ptfla““" mice compared to
wild type (Figure 2- 3). THC also shows that p1100. ™ Ptf1a““" mice have a decreased
immune response compared to controls (Figure 2-4). Expressions of innate immune cells are
represented by macrophages (F4/80) and neutrophils (Ly6.B). Adaptive inflammation is

measured by the presence of T-cells (CD3").

p110a /1 WT

X

Figure 2-2. Ablation of p110a. affects acinar cell size

p110a - Ptf1a"*"* mice are born with a healthy but smaller pancreas, this due to having

smaller acinar cells compared to control. Scale bars: 30um (40x)
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Figure 2-3. p110a expression is elevated in cerulein induced pancreatitis and not

present in p110a™" ; Ptf1a““" mice

A) Western blot of whole tissue lysates shows p110a expression in mice given

chronic pancreatitis (2 daily injections of 250ug/kg for 7 days of cerulein). p110a

knockout mice express significantly less p110a under the same treatment. B) IHC

confirms that the p110a is primarily expressed in metaplastic ducts. Wild type mice

show metaplastic lesions after 7 days. p110o. ™:Ptf1a*"* lack metaplastic ducts. Scale

bars: 30um (40x)
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Figure 2-4. Ablation of p110a prevents cerulein induced chronic pancreatitis

2-3 month old p110a - Ptf1a““" mice and wild type controls were treated with cerulein

(2 daily doses for 7 days) to induce chronic pancreatitis. Mice were euthanized 1 day

after final treatment. A) H&E depicts tissue morphology between cerulein and saline

38




treated mice. Immunohistochemistry (IHC) shows immune infiltration increases after
cerulein treatment compared to saline controls. p1 100 ™ Ptfla“*" mice have decreased
immune cell infiltration compared to wild type. The innate immune response is
characterized by the presence of macrophages (F4/80) and neutrophils (Ly6.B). The
adaptive immune response is assessed by counting T-cells (CD3"). B) Cell count
quantitation of theses immune markers reveals a significant difference between mice
lacking p110a. and wild type controls.

Scale bars: 120um (10x); inserts: 30 um (40x). Error bars, + SDM (* P<0.001,

“P<0.01).

iii. Loss of p110a impedes acinar to ductal metaplasia in chronic pancreatitis
Chronic pancreatitis is characterized by the presence of metaplastic ductal lesions

(MDL) that arise from acinar cells*'. Acinar to ductal metaplasia (ADM) requires EGFR and
Rac1*!, whose respective pathways are both potentiated by PI3K®*'?. PI3K has been
hypothesized to be activated by the RTK, EGFR and once active PI3K can in turn activate
Rac-GEFs®. To test if p110a is necessary for ADM, we administered cerulein to the p110a.
M- Ptfla“*" mice and quantitated the presence of ductal lesions using the ductal markers,
cytokeratin 19 (CK19) and DBA lectin (Figure 2-5). CK19 appears to be expressed earlier,
in cells initiating metaplastic changes while DBA lectin appears in only a subset of
metaplastic lesions, which may suggest DBA lectin only appears in more advanced ductal

lesions. Both markers were expressed higher in cerulein treated controls compared to p110a
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M-Pfla®" mice (Figure 2-5). The data supports the hypothesis that the loss of p110a

blocks ADM, which protects the pancreas from chronic injury.
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Figure 2-5. Ablation of p110a protects the pancreas from acinar-ductal
metaplasia.

2-3 month old p1100/™”; Ptfla“*" mice and wild type controls were treated with
cerulein (2 daily doses for 7 days) to induce chronic pancreatitis. Mice were
euthanized 1 day after final treatment. A) H&E stain shows metaplastic ducts are
induced by i.p administration of cerulein in wild type mice, mice lacking pl110a are
resistant to metaplastic conversion. Immunohistochemistry (IHC) of ductal markers
Cytokeratin 19 (CK19) and DBA lectin were used to quantify metaplastic lesions. B)
IHC quantitation shows a significant difference in CK 19 and DBA lectin expression
between cerulein treated wild type mice compared to p110c™”: Ptf1a"“" mice and
saline controls. Scale bars: 120um (10x); inserts: 30 um (40x).

Error bars, + SDM ( P<0.001).
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iv. pl110a does not regulate the pre-metaplastic response induced by acute
pancreatitis

Since our data show that early up-regulation of cytokeratin is blocked by the loss of
pl10a (Figure 2-5), we investigated the initial pancreatic response to cerulein, which is
representative of acute pancreatitis in humans . Since the appearance of MDLs is unique to
chronic pancreatitis, we hypothesized that ADM was the source of chronic inflammation and
that acute pancreatitis would not be affected by the loss of p110a. Since the previous
experiments (Figure 2-4 and 2-5) showed that P110a is blocking inflammation and ADM
formation, we wanted to test if these effects were independent. Lupia et al. (2004) has shown
that P110y knockout mice are resistant to forming acute pancreatitis™. This led us to test if
P110a was also involved in the pathology of acute pancreatitis and if the loss of
P110a pancreatic tissue may be alleviating the disease in multiple ways.

To mimic acute pancreatitis in mice, they were given 7 hourly 50 mg/kg cerulein
injections and were euthanized 1 hour after the last injection. Both wild type and p110a
M- Ptfla“*” mice show dilated acini and signs of edema by H&E (Figure 2-6). Serum
amylase, a marker of acute pancreatic damage was elevated equally (Figure 2-6). The
cerulein injections lead to an influx of macrophages and neutrophils, indicated by F4/80 and
Ly6.B staining respectively (Figure 2-6). Since the loss of p110a appears to have no
therapeutic benefits to the early effects of cerulein induced pancreatitis, we performed
different cerulein treatment protocols to evaluate disease progression, and test if p110a is

only preventing pancreatitis because it impedes metaplastic conversion.
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Figure 2-6. p110a is not necessary for early acinar cell response to cerulein
p1100./™: Ptf1a““" mice and wild type controls were treated with levels of cerulein to
induce acute pancreatitis (7 hourly doses at 50ug/kg). Mice were euthanized 1hr after
last injection. A) H&E shows histological changes (dilated acinar cells, edema) apparent
during acute pancreatitis. The loss of p110a does not alter the histological or
physiological response seen in acute pancreatitis. Immunohistochemistry (IHC) of
inflammatory markers; macrophages and neutrophils are characterized by F4/80 and
Ly6B respectively (B). Quantitation of inflammatory response shows no significant
difference between wild type and p110a./; Ptf1a“*"* mice when given an acute dose of
cerulein . Acute pancreatitis is also identified by elevated levels of digestive enzyme
secretion, which was measured by amylase units in blood serum (C). Scale bars: 120um

(10x); inserts: 30 um (40x). Error bars, + SDM (* P<0.001, ~"P<0.01, P<0.05).
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V. Metaplastic lesions are required for maintaining an inflammatory response
To assess the cell signaling response that occurs through the transition of acute
pancreatitis and chronic pancreatitis, we conducted a modified cerulein treatment protocol,

known as “staggered acute” *''°

(Figure 2-7). This protocol has been originally used to
study pancreatitis damage and regeneration, but I hypothesized that using this protocol will
allow us to assess the molecular signals upregulated in acinar cells before and after the ADM
transition. The reason for this hypothesis is that the dosage of cerulein administered in this
protocol elicits an acute response but metaplastic lesions form as well**. In this experiment, I
showed that the pro-inflammatory NFk-B subunit p65 is expressed in acinar cells before
metaplastic changes (Figure 2-7). In this model, p65 appears to be equally expressed 1 hr
after the staggered acute cerulein treatments (Figure 2-7). The 1 day acute protocol appears
to upregulate nuclear NFk-B in the centroacinar cells, whereas the staggered acute protocol
induces p65 nuclear localization in acinar cells (Figure 2-7). Despite seeing no significant
difference between wild type and p110a./”; Ptfla“* mice in acute pancreatitis, that data in
(Figure 2-7) demonstrates that acinar cells express pro-inflammatory signals before
becoming metaplastic.

Though cell autonomous inflammatory signals may subside after acute injury, they can
be sustained in metaplastic ducts (Figure 2-8). Staggered acute treated wild type mice began
to develop p65 positive metaplastic lesions 1 day after treatment while p1100.; Ptf1a“**

mice were resistant to forming metaplastic ducts and had less p65 positive acinar cells

compared to the 1hr recovery time point (Figure 2-7). The pancreas healed after 3 days and
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neither p65 expression nor metaplastic ducts were present in wild type and
p1100.™: Ptfla“*" mice (Figure 2-8).

These observations lead us to test the hypothesis that p65 was consistently expressed in
in the metaplastic lesions of chronic pancreatitis but not acinar cells. Wild type mice given
cerulein twice a day for either 3 or 7 days (chronic treatment), displayed strong p65 staining
in metaplastic ducts (Figure 2-8). p110a./”: Ptf1a*"* mice did not show any significant p65
expression (Figure 2-8). In our models, p110a/™; Ptfl1a" mice do not maintain nuclear
localization of the NFk-B subunit p65 after acute injury subsides, and they lack the ability to
form metaplastic lesions which would sustain pro-inflammatory signals. This data suggests
that p110a’s role in the pathology of pancreatitis lies in the regulation of pancreatic acinar to

ductal metaplasia.
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Figure 2-7. Acinar cells can initiate proinflammatory signals without p110a

A. Schematic of our acute pancreatitis protocol and the “staggered acute” protocol. Both
protocols consists of a series of hourly injections of cerulein at a 50ug/kg concentration.
B. p110a./: Ptfla“" mice and wild type mice were subjected to acute pancreatitis (7
hourly injections at 50ug/kg) or staggered acute treatments ( 2 series of acute injections
with a day of rest in between). Mice were euthanized 1hr after treatment. Expression of
NFx-B subunit, p65 was assessed by IHC. An upregulation of p65 can be seen in both

wild type and p110a knockout mice after both treatments. Scale bars: 60um (20x).
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Figure 2-8. Metaplastic lesions sustain inflammatory signals

Wild type mice and p110a knockout mice underwent staggered acute treatments. Mice
were euthanized 24hr or 3day after treatment and p65 expression was assessed by IHC.
A) In wild type tissue, an upregulation of p65 can be seen in metaplasia and surrounding
acinar cells after a 24hr recovery. p110a™: Ptfla”" mice express p65 in the acinar cells
but there are no metaplastic ducts. After 3 days recovery from the staggered acute
treatment, the tissue in both mouse models healed and p65 expression disappeared. B)
Chronically treated mice (3 day or 7 day) show that metaplastic lesions and acinar cells
surrounding them express p65 at | hour recovery. After 1 day recovery only metaplastic

ducts are p65 positive indicating that early p65 expression is transient in cells that do not
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undergo ADM. p110a.””; Ptfla“*" mice only express p65 after 1 hr recovery. There is no
p65 expression or metaplastic ducts in p110a/; Ptf1a“** mice treated for 7 days and

allowed 1 day recovery. Scale bars: 60um.

vi. Cox-1 and Cox-2 expression is upregulated in metaplastic ducts.

Pancreatic damage that leads to chronic inflammation is marked by the upregulation of
pro inflammatory signals derived from the epithelium and stromal tissue. Along with NFk-B,
we looked at pro inflammatory molecule, Cyclooxygenase (Cox) 1 and 2. Cox-1 and Cox-2
are both able to able to breakdown the same downstream molecules but Cox-2 is known to be
induced my many upstream activators, while Cox-1 is thought to be expressed more
constitutively and in low levels''". Cox-2 is expressed in chronic pancreatitis, and arguably
has a role in acute pancreatitis''>''"*>. The role of Cox-1 in pancreatitis is still to be
elucidated. By evaluating different cerulein protocols I tested to see when and where Cox-1
and Cox-2 was expressed by IHC. Cox-1 appears in mice that had 24 hrs to recover from a
staggered acute treatment (Figure 2-9). Cox-1 expression can be seen in acinar cells
undergoing ADM (Figure 2-9). Chronically treated mice have a well-defined expression of
Cox-1 in metaplastic lesions and these lesions are absent in p110o.””; Ptf1a”“" (Figure 2-
9). Cox-2 is expressed in the acinar cells of mice treated with acute pancreatitis (Figure 2-9).
In chronic pancreatitis samples, Cox-2 is expressed strongly in ducts and lightly in areas of
metaplasia. Ablation of pI10a blocks the expression of Cox-1 and Cox-2 in the chronic
model, most likely by impeding ADM. This data further supports the hypothesis that MDL

are inflammatory mediators, that are regulated by p110a.
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Figure 2-9. p110a can only impede pro-inflammatory signals expressed in

metaplasia

The expression of pro-inflammatory signals, Cox-1 and 2 during different phases of

pancreatitis were assessed by IHC. A&B) In wild type mice, Cox-1 is not expressed

during early acute injury but it can be seen during early acinar cell dilation (staggered

acute + 24hrs) and in metaplastic lesions (chronic pancreatitis). The p1100.™Ptfla*

mice express Cox-1 24 hrs after the staggered acute protocol but cannot be found in
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chronically treated mice. Cox-1 is only sustained in metaplastic lesions, which are absent
in the p110a knockout mice. C&D) Cox-2 is expressed in the early acute response. The
p1100./: Ptf1a““" mice are unable to block the initial Cox-2 expression. In chronically
treated mice, low expression of Cox-2 is observed in metaplasia and high expression is

seen in ducts. The p110a/™;Ptf1a“*"* mice treated with this protocol lack Cox-2 staining

vii. Metaplastic conversion requires PI3K-Rac induced actin remodeling

After demonstrating that PI3K regulates MDL-induced inflammation, I set out to test
how the loss of p110a is preventing ADM. To observe the development of MDLs at the
onset of metaplasia, we employed a modified pancreatitis protocol (2 daily 250mg/kg
injections of cerulein for 3 days and sacrificed the mice 1 hr after the final injection).
Histology shows that the pancreas had different stages of disease, which include dilated
acinar cells, and metaplasia (Figure 2-10). CK19 expression is up regulated in acinar cells
subjected to pancreatitis, with strong staining in metaplastic lesion (Figure 2-10).

Given the previous findings that Racl is required for the formation of preneoplastic
lesions”', we tested if p110c. is preventing ADM in a Racl dependent manner. To
phenotypically assess PI3K-Rac signaling in the context of pancreatitis, we used pancreas
specific Racl KO mice (Racl ™ Ptfla“*"). When treated with cerulein for 3 days, both
p1100/™: Ptf1a“*" and Rac1 ™ Ptfla“*" mice appear to lack well defined metaplasia and
the lesions in these knockouts rarely progress beyond being dilated acinar cells with enlarged
lumens (Figure 2-10). An interesting observation in this experiment shows that Racl

M- Ptfla“*" mice have up regulated CK 19 despite the lack of metaplasia (Figure 2-10).
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Since CK19 has been established as a ductal marker expressed in metaplasia''*, the up
regulation of this marker without the actually metaplastic conversion led us to investigate the
impeded acinar to ductal metaplasia (ADM) process.

Since Rac has been implicated in actin remodeling and PI3K can activate Rac through
GEF localization’"**, we hypothesized that p110a. is manipulating actin-cytoskeleton
rearrangment. Fluorescent staining shows that filamentous actin (phalloidin) is disrupted in
cerulein treated wild type pancreata at this stage of disease (Figure 2-10). Conversely, Both
pl10o ™. Ptf1a** and Racl ™ Ptf1a“*"* pancreata are resistant to cerulein induced actin
rearrangement (Figure 2-10). ZO-1 serves as an apical marker, to illustrate the actin
remodeling that takes place upon cerulein administration (Figure 2-10.) Taken together these
data suggests that the loss of p110a PI3k may protect against ADM formation by Rac

mediated actin cytoskeleton rearrangement.

A
Saline 3Day Cerulein + 1hr Recovery
WT Control P1100"":Ptf1a°* Rac1"": pPtf1acre*
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Figure 2-10. p110a signaling regulates Rac induced actin rearrangements

A modified cerulein treatment protocol was administered to observe early acinar cell
changes during the development of chronic pancreatitis. A) H&E depicts dilated acini
and lumens forming within acinar clusters in wild type mice treated with cerulein.
p1100/™: Ptf1a”" and Rac1 ™ Ptfla“*" mice display dilated acini but have less acinar
lumens compared to cerulein treated wild type tissue. B) Fluorescence staining shows
actin rearrangement with phalloidin (red), a molecule that binds to filamentous actin.
Apical, ZO-1 (green) is co-localized with phalloidin in control tissue but the actin
spreads when the pancreas is treated with cerulein p1100./”; Ptf1a"** and

Rac 1 Ptfla“"“" mice maintain the colocalization of ZO-1 and phalloidin, demonstrating

that actin remodeling is impeded. Scale bars: 120um (10x)
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viii. Loss of Racl protects mice from developing metaplastic lesion and
chronic pancreatitis

Early actin remodeling is blocked in both p110a./; Ptf1a“*"* and Rac """ Ptfla“*

mice. Previously the loss of Racl was shown to block the formation ADM and PanINs when

GI2D mutation®!. To demonstrate that this

mice carry a pancreas specific oncogenic Kras
phenotype holds true in our cerulein induced chronic pancreatitis model, we injected Racl
M- Ptfla“*™ mice with 250 ug/kg cerulein, twice daily for seven days. Racl deficient mice
showed a significant decrease in inflammatory infiltration, as demonstrated by ITHC for
F4/80, Ly6.B, and CD3 (Figure 2-11). Rac1 ™ Ptfla“*" mice also appear entirely resistant
to forming metaplastic ducts, as characterized by CK19 expression (Figure 2-11). These
results are comparable to what we found in the P110a”; Ptfla““*mice and demonstrates
that Racl and p110a may function through the same pathway. Expression of CK19 and DBA
lectin is higher in Rac1 /" Ptf1a"“" compared to untreated control, though the staining
appears to be labeling dilated acinar cells and actual ducts rather than metaplasia (Figure 2-

11). This was not observed in the " Ptfl1a““ mice, and suggests that p1 10a may be

necessary for the ADM process slightly earlier than Racl.
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Rac1" WT cerulein

Rac1;Ptf1a®** cerulein

Saline -
i

Figure 2-11. Loss of Racl protects mice from chronic pancreatitis and blocks ADM
Ablation of Rac1 prevents cerulein mediated pancreatitis. A) IHC of F4/80
(macrophages), LY6B.2 (neutrophils), and CD3 (T-cells) shows that inflammatory cell
infiltration is significantly lower in Rac ™ Ptfl1a““" mice compared to controls. B)
There is higher CK19 expression in wild type cerulein treated mice compared to Racl
J-Pefla" . Expression of CK19 is higher in cerulein treated Rac1™; Ptf1a*"* than

saline control. Scale bars: 120um (10x); inserts: 30um (40x).
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ix. Pharmacological inhibition of p110a protects against chronic pancreatitis as
effectively as the genetic knockout

The results shown so far support the hypothesis that p110c is a good therapeutic target
for CP. To test if pharmacological inhibition of pl10a can serve as preventive therapy
against CP, we treated wild type C57 Bl6J mice with the p110a inhibitor, PIK-75, together
with cerulein. We administered PIK-75 at 50mg/kg, which fell within the manufacture’s
range of a specific and non-lethal daily dose. We performed the chronic pancreatitis protocol
and administered a dose of PIK-75 each day immediately before the first injection. Figure 2-
12 shows that PIK-75 is able to block the development of chronic pancreatitis, leaving the
tissue almost as healthy as control. IHC of the inflammatory markers F4/80, Ly6B.2, and
CD3 verify that PIK-75 impeded cerulein induced inflammatory infiltration (Figure 2-12).
CK19 and DBA-Lectin staining demonstrates that there are fewer ductal lesions found in the
PIK-75 treated group (Figure 2-12). This data concludes that pharmacological inhibition of
p110a phenotypically copies the genetic knockout model.

One hypothesis that we were unable to test using the p110c™: Ptf1a”"“ " mouse model,
is if inhibiting p110a after a subject is afflicted with pancreatitis can have a therapeutic
benefit. To address this question, we treated mice with PIK-75 after they already have
pancreatitis. Mice recover from cerulein induced pancreatitis about 1 week after the last
injection (Data not shown). To circumvent this issue, we established pancreatitis first (7 day
chronic protocol) and then continued giving cerulein injections for 6 days in order to

maintain the pancreatitis phenotype. By administering PIK-75 during those 6 days of
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extended cerulein treatment, the tissue was protected from having significant metaplasia
(Figure 2-13). There was inflammation present since infiltration of macrophages,
neutrophils, and T-cells were there prior to PIK-75 treatment and though metaplasia was
gone, the inflammation did not completely resolve (Data not shown). Residual inflammation
and fibrotic scarring is also seen in the tissue of wild type mice that was allowed to recover
from cerulean induced pancreatitis. Together, this suggests that PIK 75 inhibits cerulein

induced ADM signals and allows the tissue to heal despite a persistent insult.
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Figure 2-12. Pharmacological inhibition of the p110a subunit of PI3K protects
against and ameliorates damage induced by chronic pancreatitis.

The administration of the p110a inhibitor, PIK-75 can block the effects of cerulein
induced pancreatitis. A daily dose (50mg/kg) of PIK75 was administered via I.P during

the duration of a chronic pancreatitis protocol (2 daily injection injection of cerulein for
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7 days). The mice were given 1 day recovery after the last injection and were
euthanized. A) Markers of inflammation: F4/80 (macrophages), LY6B.2 (neutrophils),
and CD3 (T-cells) were more prevalent in wild type mice compared to PIK-75 treated
mice. B) Ductal markers, CK 19 and DBA lectin had reduced expression in PIK 75
treated mice. C) Quantitation of innate immune marker (F4/80), adaptive immune
response (CD3), and ductal marker DBA Lectin, shows decreased inflammation and
metaplasia respectively. Scale bars: B) 120um (10x)

C) 60um (20x)
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Figure 2-13. Inhibiting the catalytic activity of p110a blocks cerulein induced
ADM allowing pre-existing pancreatitis to recover

A.) Chronic treatments of cerulein were administered to mice (twice a day for 1 week)
which were followed by daily injections of PIK-75 and cerulein for 6 days. Mice were
euthanized 24hrs after final injection. B&C.) H&E and CK-19 staining show that mice
that were given cerulein for the 6 days after the chronic protocol, maintained a chronic
pancreatitis phenotype. The combination of PIK-75 and cerulein blocked further
pancreatic damage and allowed the pancreatic tissue to heal normally. Scale bars:

120um (10x), 30um (40x).
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Figure 2-14 Model of PI3K-Rac signaling during cerulein induced ADM

A.) Mechanism by which pl110a may induce Rac dependent cytoskeleton remodeling.
Once EGFR is activated by its ligands, its phosphorylation allows for PI3K to bind
and localize to the plasma membrane. At the membrane PI3K generates PI(3,4,5)P;,
providing a docking site for Rac GEFs. B.) This study proposes that PI3K and Rac are
necessary for cerulein induced acinar to ductal metaplasia producing the metaplastic

lesions that sustain chronic inflammation.

2-3 Discussion

Pancreatitis is a disease on the rise, due to better diagnostics we are aware that both
chronic and acute pancreatitis affects a greater subset of the population than originally
thought. Insight to how chronic pancreatitis develops can also help us understand how
pancreatic cancer forms and perhaps discovering molecular targets that can improve the

prognosis of patients with pancreatitis can also help those with PDAC.
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The genetic ablation and pharmacological inhibition of p110a allowed us to study the
role and therapeutic potential of p110a., the catalytic subunit of PI3K. By using the long
standing cerulein induced pancreatitis model, we found that blocking p110a signaling can
prevent the development of chronic pancreatitis because ADM cannot be sustained. Although
it has already been shown that PI3K is expressed in chronic pancreatitis, we have
demonstrated that p110a is an integral protein required for the maintenance of the disease.

Previous reports state that the p110y catalytic subunit is important for developing
acute pancreatitis’’. p110y knockout mice are protected from cerulein induced acute
pancreatitis’’. Since this model was a full body knockout, loss of this gene in the
inflammatory and stellate cells could have been responsible for this phenotype. A second
group tested this possibility and administered CCK to isolated the acinar cells of

p110y knockout mice'"”

. They showed that NFk-B signaling was diminished compared to
wild type cells'”®. These data demonstrates that p110y can direct acinar cells signaling and
may suggest that p110y and p110a have a complimentary role in pancreatitis since we did
not find significant p110a expression in acinar cells before ADM. pl10a is upregulated in
metaplastic ducts and our findings conclude that this PI3k isoform is be important for the
ADM transition and maintainence. Perhaps a model for pancreatitis can be proposed where
different catalytic subunits of PI3K are expressed at different times and in different cell
types.

The epithelial-inflammatory interaction is an important component of pancreatitis.
Groups have targeted the inflammatory compartment to disrupt pancreatitis in rats and

77,111,116

mice , while others have blocked cell autonomous signals’. In this study, we have
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shown that the inflammatory response that follows the intracellular activation of digestive
enzymes is transient and that metaplastic lesions are a cause for chronic inflammation. By
blocking ADM, we can potentially stop chronic pancreatitis. As described in Daniluk et al.
(2012), NFk-B is necessary for the formation of chronic pancreatitis; by inhibiting PI3K
signaling we prevent the formation of metaplastic ducts, which expresses sustained nuclear
p65. Studies show that PIK75 is able to block NFk-B signaling in monocyte cell lines,
suggesting that this mechanism can occur in other systems. Without p110a metaplastic duct
formation, expression of pro inflammatory markers Cox-1 and Cox-2 are also blocked.
Though these molecules have not been shown to be necessary for driving chronic
pancreatitis, they may still contribute to the inflammatory infiltration of the pancreas''’.

It is reassuring to observe that pharmacologically inhibiting p110a protects mice from
cerulean induced pancreatitis just as well the genetic knockout models. PIK-75 and other
p110a inhibitors have served in many cancer and immunology studies, and past studies have
successfully treated mouse models with PIK-75. My current study adds to what is known
about PI3K and may encourage clinical investigators to use p110a inhibitors to treat chronic
patients or even to extend this treatment to those with ADM and early pancreatic tumor
lesions.

2-4 Future Directions
The inhibition of EGFR and Racl were shown to be sufficient in preventing ADM in

vivo**!

. PI3K may be functioning as an intermediate molecule, being activated by EGFR
and then activating Rac (Figure 2-14). This model may not be so simple, it is still to be

determined which Rac-GEFs require PIP3 to be anchored to the plasma membrane, it is also
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hypothesized that PI3K binds to Rac and its GEF in a complex''®. This mechanism needs to
be tested further in both cerulein induced pancreatitis tissue and in isolated pancreatic cells.
How EGFR is important for PI3K and Rac may also be more than a scaffolding function
especially since inhibition of MEK, downstream signal of EGFR but not PI3K or Rac can
also prevent ADM*. How these three molecules interact and induce a positive feedback loop
is worth investigating.

The PIK-75 treatment suggests that the loss of PI3K catalytic activity appears to be
sufficient to prevent ADM. Both our data and that of Heid et al (2011) show that Rac induces
cytoskeletol rearrangements’'. Since the loss of p110c. phenocopies these results, future
experiments must test how PI3K is regulating actin remodeling and ADM. This may be
dependent solely on the catalytic activity of pl 10a or protein interaction may be important.
The implications of PI3K signaling to Racl are worth exploring further. Our lab has a kinase
dead p110a mouse available to explore how p110a kinase activity may pancreatitis. This can
be compared to the total p110a knockout model and or PIK-75 treatment. Colocalization
studies of Rac and p110a can also be done if proper antibodies can be obtained. Lastly, we
will also test if PIK-75 aids in the recovery process, by administering PIK-75 shortly after a
cerulein treatment protocol. We hypothesize that we can evaluate if PI3K can revert MDL
back to acinar cells if we administer PIK-75 and euthanize mice before the normal recovery
process takes place.

In conclusion, there are still questions to be answered for how exactly p110a
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Is exerting its function on pancreatic disease. The new insights on PI3K signaling and
pancreatitis [ have explored expand what we know about the field and may potentially

benefit those afflicted with pancreatic disease.

Chapter 3: Ablation of A Disintegrin and Metalloproteinase 10 (ADAM10) disrupts
typical PDAC progression
3-1 Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the 4™ leading cause of cancer related
death in the U.S". This disease has a poor prognosis due to late detection and rapid
progression to metastasis. The search for viable drug targets to treat this disease has been an
imperative aim for members of the field.

A Disintegrin and Metalloproteinase-10 (ADAMI0 ) is a membrane bound
metalloproteinase responsible for shedding bioactive molecules from the cell surface and
initiating regulated intra-membrane proteolysis (RIP) of cell surface proteins such as Notch
receptors™. Both ADAM10 and Notch are highly expressed in PDAC, with the latter being
implicated in PDAC progression'’'"'®. The 4 Notch receptors are all up regulated in human
PDAC, with Notch 3 being the highest and Notch 1 and 2 still prominent'®.

Studies in pancreatic cancer cell lines have demonstrated that silencing Notch 1 decreases
proliferation and increases cancer cell death . Since past studies demonstrated that
ADAMI0 is the membrane bound protease that initiates Notch RIP, I hypothesize that the
loss of ADAM 10 will decrease cancer cell viability %01,

Mouse models have been generated to understand the role of Notch in pancreatic

cancer. The LSL-Kras®*””*; Ptfla““" mouse model expresses all 4 Notches as well, with
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Notch 1 and 2 having the highest protein expression'*’. The ablation of Notch 1 in LSL-
Kras®/?”"*: Ptf1a"“" mice increased the rate of tumor progression suggesting Notch 1 is a
tumor suppressor' **. However, another study showed that transgenic expression of the

195 These mice also

intracellular domain of Notch 1 (NICD) leads to faster tumor progression
showed an upregulation of Notch target genes, members of the Hes and Hey family'®. This
study is consistent with research that shows that overexpression of (NICD) can promote
tumor formation by inducing acinar to ductal transdifferentiation in isolated acinar cells'®.
The loss of Notch 2 has a unique phenotype. Pancreas specific Notch 2 knockout mice that
express oncogenic Kras form large cystic lesions and have an increased lifespan.'® The
different Notch dependent phenotypes present in genetic mouse models demonstrates that the
4 Notch receptors may not have redundant roles. Thus, I set out to assess what would occur if
we were to ablate the function all Notch proteins; to do this we generated conditional ADAM
10 knockout mice (ADAM10™") and crossed them into the LSL-Kras®"??”*; Ptf1a“*"* mouse
model to generate an ADAM10™"; LSL Kras“/?”"*; Ptf1a"* mouse line. Our hypothesis is
that if ADAM 10 is the primary protease for all 4 Notch receptors, the ablation of ADAM 10
would result in the decreased expression of Notch target genes, since the activity of all Notch
proteins would be blocked. This could potentially result in decreased tumor formation if
decreasing Notch target gene expression yields an opposite phenotype to the NICD

1105

transgenic mouse model . Our studies aimed to verify if ADAM 10 is a promising target for

treating PDAC.
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3-2 Materials and Methods

Mouse strains

ADAM 10" mice are described here, Ptfl1a“"*"*, LSL-Kras®"*?"*LSL-Trp53®!'"""*
ROSA26" "7 strains have been described previously and were genotyped
accordingly'®*>!"*'%* Experiments were conducted in accordance with the Office of
Laboratory Animal Welfare and approved by the Institutional Animal Care and Use

Committee at the Mayo Clinic and Stony Brook University.

Genotyping
ADAM10 Recombination
Forward Primer Sequence 5°- 3’: CGTATCTCAAAACTACCCT CCC

Reverse Primer Sequence 5’-3: GTTGGACATAACTTTGGAT CTCC

Cre
Forward Primer Sequence 5°- 3’: TCGCGATTATCTTCTATAT CTTCAG
Reverse Primer Sequence 5°-3: GCTCGACCAGTTTAGTTACC C
K-Ras
Forward Primer Sequence 5°- 3’: CGCAGACTGTAGAGCAGC G
Reverse Primer Sequence 5°-3’: CCATGGCTTGAGTAAGTCT GC
Histology

For methods see Chapter 2.
Quantitation
Aperio ScanScope XT slide scanner (Aperio Spectrum, Vista, CA) and image analysis

software (ImageScope) were used for quantitative assessment. Quantitation represents the
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average of 5-7 10x/20x fields of view for mice of each genotype. Number of mice
quantitated for each experiment is stated in the figure legends.
Immuno fluorescence
For Methods see Chapter 2.

Cell culture
293FT cells (Life Technologies) and Mia PaCa2 cells (ATTC) were kept in Dulbecco's
Modified Eagle's Medium (DMEM) with 5% FBS incubated at 37°C

Western blot
Pancreatic cancer cell lines were harvested in ice cold RIPA buffer supplemented with
PhosStop phosphatase inhibitor and cOmplete EDTA-free protease inhibitor (Roche,
Indianapolis, IN). 25ug of protein was run on a 8-12% SDS-gel and blotted to PVDF
membrane for antibody incubation.
Antibodies
ADAM 10 (Millipore), Hes-1 (sc25392, Santa Cruz ), Cyclin D (Epitomics), Estrogen
receptor (Millipore), CK19 (TROMA III), GAPDH (cell signaling), Ki-67 (Abcam), 3-actin

(Santa Cruz).

Lentiviral production and infection

ViraPower™ Lentiviral Packaging Mix (Life Tecnologies) and ADAM 10 shRNA (Mission-
Sigma) were transfected into 293FT cells using Lipofectamine 2000. Media containing virus was
harvested 3 days after transfection and used to infect Mia PaCa2 cells. A stable ADAMI10

knockdown cell line was established by puromycin selection.
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Growth curve assay
To examine growth, cells were seeded in 12 well plates, 20,000 cells per well. The number of
cells were counted every 24 hours for 3 day.
Colony formation (soft agar) assay
Mia PaCa2 cells were trypsinized and separated into a single cell suspension. 500 cells were
embedded into a mixture of Sea Plaque Agarose (Lonza) and Dulbecco's Modified Eagle's
medium (DMEM). Cells remained in Soft agar for 3 weeks before counting colonies.
3-3 Results
i ADAM 10 is expressed in pancreatic cancer

To examine if ADAM 10 is expressed in pancreatic cancer, western blot analysis
was performed on various pancreatic cancer cell lines (Figure 3-1). ADAM 10 was highly
expressed in 8 of the 12 cells lines tested. IHC showed that normal pancreatic tissue only
expresses ADAMI10 in the ducts while it is highly expressed in the tumors of PDAC tissue

(Figure 3-1). These data suggest that ADAM 10 may have a role in pancreatic cancer.

ADAM 10

GAPDH

72



B. Human- normal pancreas Human PDAC

10x

ADAM 10
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Figure 3-1. ADAM]10 is expressed in pancreatic cancer

A) Western blot shows high expression of ADAM10 in several pancreatic cancer cell
lines. B) IHC analysis reveals that ADAM 10 is normally expressed exclusively in
the ducts. In contrast, PDAC specimens express high levels of ADAM 10 throughout

tumor tissues.

ii. Silencing ADAM 10 decreases Notch signaling and proliferation of pancreatic
cancer cells
To test if ADAM 10 acts as an oncogene or tumor suppresser in PDAC, ADAM 10
was knocked down in pancreatic cancer cell lines using shRNA. To generate ADAM 10
knockdown cells, lentiviral based ADAM 10 shRNA constructs (Mission-Sigma) were used

to infect Mia-PaCa-2 cells. Stable cell lines were established by puromycin selection.
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Western Blot analysis confirms ADAM10 knockdown, as wells as a down regulation of Hes-

1, supporting the hypothesis that ADAM 10 is an essential Notch sheddase (Figure 3-2).
To test if proliferation is affected by the lack of ADAM 10 in pancreatic cancer cells,

a growth curve assay was performed on Mia-PaCa-2 cells infected with AD10shRNA.

The 3-day growth curve shows that ADAM 10 knocked down cells proliferate slower than

the non-target shRNA control (Figure 3-2). The data demonstrates that ADAM 10 increases

proliferation in cancer cell lines, which may contribute to the malignancy of the disease.
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Figure 3-2. Loss of ADAM 10 in pancreatic cancer cell reduces Hes-1 expression

and cell proliferation
A.) shRNA knockdown of ADAM 10 in the human pancreatic cancer cell line, Mia

PaCa-2 yielded decreased HES-1 protein expression. B.) Growth curve for Mia PaCa-2

cells demonstrates that growth is inhibited with ADAM is knocked down.

ADAM 10 promotes anchorage independent growth in pancreatic cancer cells

iii.
To test if ADAM 10 increases tumorigenicity, I set up a colony formation assay and

then measured anchorage independent growth in ADAM 10 knockdown Mia-PaCa-2 cells
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compared to non-target controls. The ability of single cells to form colonies in soft agar is a
good indicator of a cell’s ability to implant, proliferate and spread in xenograft mouse
models. Orthotopic xenograft models of Mia-PaCa-2 cell lines have been established, and
Mia-PaCa-2 cells that have been tail vein injected into mice have been shown to colonize
multiple organs '2""'*,

Furthermore, a colony formation assay assess if a cell line has a significant population
of “tumor-initiating” cells, a cell type that retains stem cell characteristics that promote tumor
progression '*. Up-regulated Notch signaling has been shown to maintain cells in a stem-like
state, which aids on tumor progression. I hypothesized that the loss of ADAM 10 would
prevent colony formation by decreasing Notch signaling.

The results from this experiment showed that cells lacking ADAM 10 were unable to
form as many colonies compared to control (Figure 3-3). Of the 500 cells seeded in each
well, about 350 cells formed colonies in the non-target group, while ADAM 10 knockdown
cells averaged about 50 colonies (Figure 3-3). These data suggests that cancer cells without

ADAM 10 lack the ability to populate in an anchorage independent environment and may not

form tumors in xenograft models.
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Figure 3-3. ADAM 10 promotes anchorage independent growth in pancreatic
cancer cells

The pancreatic cancer cell line, Mia PaCa-2 was infected with lentiviral constructs of
ADAM 10shRNA. A colony formation assay in soft agar tested if Mia PaCa-2 cells can
still grow in an anchorage independent environment. The loss of ADAM 10 in Mia

PaCa-2 cells prevented a significant number of colonies from forming.

iv. Generating a pancreas specific loss of ADAM 10 in the LSL-
Kras®?””; Ptf1a*“* PDAC mouse model

Our data from Figure... has showed that ADAM 10 promotes cancer cell properties in
pancreatic cancer cell lines. To test how the loss of ADAM 10 affects pancreatic tumor
formation and progression in vivo, we generated a pancreas specific ADAM 10 knockout
mouse model with an oncogenic Kras mutation (ADAM10™"; LSL-Kras®"?”*; Ptfl1a“"")
(Figure 3-4). ADAM10™"; LSL-Kras“"*”"*; Ptfla““" mice developed tumors at a rate similar
to the LSL-Kras®*””*; Ptfla““" control mice. IHC confirms a loss of ADAM 10 expression
(Figure 3-4). Mice were aged and histology was analyzed in order to find a distinguishable

difference between control mice and ADAM10™"; LSL-Kras“"*”*; Ptfla“*" mice.
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Figure 3-4. Pancreas-specific ablation of ADAM 10 in the LSL-

A) To ablate ADAM 10 zinc-binding domain encoding region (Exon 9) was flanked

with loxP sites. If the sites are excised by cre-recombinase, the transcript will be out of
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V.

GIZD/+
frame resulting in a nonsense transcript from that point on. LSL-Kras mice and

Cre/+

Ptfla  mice were mated to our conditional ADAM10 knockout (ADAM 1077

mouse line. All mice were maintained in a C57BI1/6J background. When intercrossed,

GI12D/+ Cre/+

mice carrying both LSL-Kras and Ptfla  alleles (ADAM10™"; LSL-Kras®'*"";

GI2D
Ptf1a*") had simultaneous pancreas-wide expression of Kras  and ablation of

ADAM 10. B.) IHC and Immunofluorescence (IF) confirms the loss of ADAM 10 in
the ADAM10™"; LSLKras®"*”"*; Ptfla”" mice compared to LSL-Kras®"*”";

Ptf1a“*" mice.

Ablation of ADAM10 in LSL-Kras®'*?; Ptf1a““* mouse model leads to the

formation of cystic lesions and improves survival

Despite observing no differences in early tumor formation, as the LSL-Kras®/?”’";

Ptfla”®" and ADAM10™"; LSL-Kras®"*”*; Ptf1a*"* mice aged it became clear that tumor

progression was altered in the when ADAM was lost (Figure 3-5). At 12 months of age,

ADAMI10™"; LSL-Kras®'??"*: Ptfla“*" mice had formed large cystic lesions rarely seen in

LSL-Kras®?”"*: Ptfla“*"" mice. The phenotype observed closely mimics Notch 2 knockout

mice expressing mutant Kras '°°. We also examined mice that survived over 15 months,

which was past the expected survival age for this mouse model'*. ADAM10""; LSL-

Kras®'??"*: Ptfla“*" mice maintained large cystic lesions and PanIN 1 tumors while control

mice had multiple stage PanIN lesions and progressed to invasive carcinoma (Figure 3-5). In

contrast to the advanced carcinoma found in Kras“"*””*; Ptf1a”“" mice, ADAM10""; LSL-

Kras®/??"*: Ptfla“*" mice retain a high population of low-grade PanINs and healthy acinar
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cells, despite having invasive tumors (Figure 3-5). Cystic lesions in the ADAM10™"; LSL-
Kras®??™*; Ptfla“" mice can be seen macroscopically and tend to form in the tail of the
pancreas (Figure 3-5). Survival is increased by approximately 40% in the ADAM10™"; LSL-
Kras®??™*; Ptfla“" mice compared to LSL-Kras®’?”": Ptfla*" mice (Figure 3-5).
Consistent with the Notch-2 null phenotype'®®, when ADAM 10 was ablated I observed and
increased survival that supports ADAM 10 as both a Notch regulator and as a promising

target for treating PDAC.
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Figure 3-5. Ablation of ADAMI10 leads to the developments of MCN-like lesions
and improves survival

ADAMI10 can only modestly deter tumor onset and early progression, in contrast tumor
progression in older mice are noticeably affected by the loss of ADAM 10. A) At 12
months of age mice have large, cystic tumors that resemble mucinous cystic neoplasms
(MCN).

B) Gross morphology demonstrates the size of cysts compared to normal pancreas and
tumors found in LSL-Kras“"*”*; Ptfla“" mice. C) At greater than 1 year of age,
pancreata of LSL-Kras®?”"; Ptf1a*"* mice are primarily composed of advanced

PanINs and invasive cancer, while the ADAM10™"; LSL-Kras®/??""; Ptf1a“*"
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pancreata frequently show areas of normal acinar cells low grade PanINs alongside
very prominent cystic lesions and invasive cancer. D) Kaplan-Meier survival curve of
LSL-Kras®?”": Ptfla“*" (red line) compared to ADAMI10™" LSL-Kras®"*""*;
Ptf1a”*" mice (blue line), demonstrated approximately 40% greater median lifespan in

the mutant mice. Arrows=cysts; Asterisks*= tumors

vi.  Cystic lesions in ADA10™"; LSL-Kras®"*”"; Ptf1a“*" mice are MCN-like as
characterized by ovarian stoma
ADAMI10™"; LSL-Kras®/?”"*; Ptfla““" mice have significantly more cystic lesions
compared to controls (Figure 3-6). We performed histological analysis to characterize the
cystic lesions in the ADAM10 deficient mice and compare them to lesions found in LSL-
Kras®/?”"*: Ptfla““"model. From appearance, these large cysts resemble mucinous cystic
neoplasia (MCN), one of a subset of enlarged cystic lesions found in the pancreas of human

124 MCN:s are large (> 3cm), mucinous cells that have a thick epithelial wall'**.

patients
Despite their large appearance in relation to PanIN lesions, MCNs actually have a low
prevalence for invasive carcinoma'>'?’. Pathologists identify MCN lesions by size,
histological appearance and the presence of particular markers. Estrogen receptor is a marker
found in the stroma of ovarian cysts and serves as a diagnostic of MCN in humans'*®. The
Notch 2 null mouse has also been report to have large MCN-like lesions, confirmed by the
presence of ovarian stroma surrounding the cysts. Using IHC, I tested the hypothesis that the

cystic lesions found in the ADAM10™"; LSL-Kras“"*”*; Ptf1a”*" mouse model were

representative of MCN lesion similar to those found in Notch 2 ablated LSL-Kras®/??"*:
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Ptfla"* mice. IHC shows ADAM10™"; LSL-Kras“"*?”*; Ptf1a”“" mice have estrogen
receptor positive stroma (Figure 3-6). LSL-Kras“"*””*; Ptf1a“* mice do not have ovarian
stroma around their cysts, suggesting that they form distinct lesions. The phenotype observed
in this study mimics the pancreas specific ablation of Notch 2, further supporting ADAM 10

as the upstream regulator of Notch 2 in the context of pancreatic cancer.
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Figure 3-6. Ablation of ADAM 10 leads to MCN and other cystic neoplasms not often

found in LSL-Kras®”*”*; P¢f1a“*" mice

Qualitative assessment of ER positivity on comparable lesions between the LSL-Kras®/?”"*;
Pitfla“*" and ADAM10™"; LSL-Kras“"*”""; Ptf1a“** mice. 6/14 KC mice aged 1-2 years
had cystic lesions, most where not macroscopic whereas 16/21 ADAM10™"; LSL-

Kras“'??”"; Ptf1a*"" mice of comparable ages had easily visible large cysts. Any lesion

over 400mm diameter in width was considered a cyst-like lesion, and IHC for estrogen
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receptor (ER) positive stroma was conducted on these tissues. Only 1/13 KC mice had cysts
with ER positive stroma surrounding them compared to 6/14 ADAM10™"; LSL-Kras®/?”"*;

Pifla“"*. Scale bars: 100mm. Arrows= ER positivity

vii. ADAM 10 promotes Notch and proliferative signals in the LSL-
Kras®??"; Ptfla”* mouse model

To verify if the ADAM 10 dependent changes in tumor morphology is a result of
aberrant Notch regulation, I performed IHC analysis on the expression of the Notch target
gene, Hes-1. THC shows that the PanINs and cystic lesions in ADAM10™"; LSL-Kras®/*”’*;
Ptf1a"" mice have decreased Hes-1 expression compared to LSL-Kras“"*”*; Ptf1a" mice
(Figure 3-7). These results parallel what was found in ADAM 10 knockdown Mia-PaCa 2
cells.

Although the amount of tumor burden seemed similar I observed more low grade
tumors in ADAM10™"; LSL-Kras®/?”"*; Ptfla““" mice of an advanced age, and I
hypothesized that the proliferative ability of tumors may positively regulated by ADAM 10.
IHC shows that ADAM10™"; LSL-Kras®/?”"*: Ptfla“*" mice aged for 1 year express Cyclin
D1 and Ki-67 less frequently in PanIn lesions than the LSL-Kras®*””*; Ptf1a“** mice
(Figure 3-7). The data demonstrates that ADAM 10 increases proliferation, which was
similar to the results gathered in vitro. The down regulation of Notch and proliferative
signals may be contributing to the longer lifespan of the ADAM10™"; LSL-Kras®/?”"*;

Ptf1a™" mice.
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Figure 3-7. Ablation of ADAM 10 in LSL-Kras®"*”*; Ptfla** mice reduces the
Hes-1 expression and proliferative signals

A.) The loss of ADAM 10 in our PDA mouse model has led to lower protein
expression of the Notch target gene, Hes-1 throughout tumor lesions. IHC also shows
that these mice have a decreased expression of Cell cycle marker, Cyclin D and
proliferation marker, Ki-67. B.) Quantitation of Hes-1, Cyclin D, and Ki-67 positive

nuclei confirm qualitative assessment. N=2 for each genotype.

viii. PDAC invasion is impeded by the loss of ADAM10

To investigate how the ablation of ADAM 10 is increasing the lifespan of
ADAMI10™"; LSL-Kras®/??"*: Ptfla“*" mice, we measured the amount of metastases in this
model compared to Kras®/?””*; Ptf1a*"“" mice. The colony formation assay performed in Fig.
3-3 suggests that ADAM 10 aids in anchorage independent single cell growth and previous
literature shows that Notch is necessary for cancer cells to have stem-like and tumor
initiating ability, which is necessary for metastatic growth'”. Given the data, I hypothesized
that ablation of ADAM 10 down regulates Notch which in turn diminishes the ability of

cancer cells to populate a secondary site. The results show that although both mouse models
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have local invasive carcinoma, ADAM10™"; LSL-Kras®'*?"*; Ptfla““" mice were protected
from forming metastatic lesions in the liver (Figure 3-8). IHC of CK19, a pancreatic ductal
marker highlights the metastatic formation in the liver (Figure 3-8). It was unusual to

observe local invasion without metastases, but this may demonstrate that ADAM 10-Notch

signaling is essential in for secondary site colonization as opposed to tumor development.

LSL-Kras®2P; Pyflacre*

ADAM1077;
LSL-KrasG'20; pifi aere’

Figure 3-8. Despite local invasion ADAM10™"; LSL-Kras®"*”*; Ptfla“* mice
show limited metastases

Both LSL-Kras“"?”"*; Ptfla®" and ADAM10™"; LSL-Kras®'??*; Ptfla“*" mice

develop invasive carcinoma after reaching approximately one year of age. Liver

metastases were found commonly in LSL-Kras“?”*: Ptfla®" and rarely in

ADAM10™"; LSL-Kras“"?”*; Ptfla®" (11/13 vs. 3/12). Metastases were also larger

in the KC livers. Metastases were confirmed by expression of the pancreatic ductal

marker, cytokeratin 19 (CK-19).
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3-4 Discussion

This study has shown that ADAM 10 regulates pancreatic cancer. The genetic knock
down of ADAM 10 in Mia-PaCa-2 cells demonstrates that Notch target gene, Hes-1 is down
regulated and cell proliferation was inhibited. ADAM 10 knockdown Mia-PaCa-2 cells
Also lost anchorage independence, which I hypothesize to be due to the loss of Notch
signaling. The results from these in vitro experiments supported further investigations in an
in vivo PDAC model.

The LSL-Kras“"*”*; Ptf1a"“ mouse model has allowed us to investigate the
development and progression of pancreatic tumors. By crossing this model with our
conditional ADAM 10 knockout mouse strain, we gained insight on how the
metalloproteinase may influence the fate of the disease. This data is consistent with previous
literature that finds ADAM 10 as the primary sheddase for Notch®*****"**_ Current literature
is still in debate with how Notch regulation would affect tumor progression, the loss of
ADAM 10 in the LSL-Kras®/?”"*; Ptfla“*" mice appears to beneficial, and like the Notch 2
deficient mice, the mice have an improved life span, which is accompanied by large cystic
tumors.

While the cystic phenotype may somehow be correlated with a longer lifespan, how
this could happen is unclear. A study of 156 patients with MCN lesions was performed
showing that 13.4% of patients had cysts accompanied by non-invasive PDAC and only 6%
had invasive carcinoma along with their cystic lesion'>. This suggests that the cellular
processes that allow for MCN formation is not conducive to PDAC formation. The 5-year
survival rate for patients with solely MCN lesions was 98%, while those with invasive

125

carcinoma had a 50% 5-year survival rate . This was a much better prognosis than the
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average PDAC 5-year survival rate of 20%"*’. Further studies can be conducted to
understand how the absence of Notch 2 and ADAM 10 allow for cyst formation.

Cell cycle progression and proliferation was reduced when ADAM 10 was ablated in
LSL-Kras®?”"*: Ptfla“*"" mice. Although it cannot be determined if blocking proliferation
aided in extending the lives of the ADAM10™"; LSL-Kras“"*””*; Ptf1a”" mice, my study
shows that inhibition of ADAM 10 has anti-proliferative effects in the context of pancreatic
cancer.

The most likely reason the loss of ADAM 10 improves the life expectancy of PDAC
mouse models is the lack of metastases. ADAM10™"; LSL-Kras“"*”*; Ptf1a"*’* mice are
resistant to forming liver metastases. I hypothesize that ADAM 10 is required for cancer
cells to colonize tumors in secondary sites. The results from the colony formation assay
support this hypothesis. If pancreatic cancer cells infected with ADAM 10 shRNA are unable
to form colonies in soft agar, then they have most likely lost their ability to colonize and
grow in vivo. The reduced Hes expression in the ADAM10™"; LSL-Kras®'??"*; Ptfl1a“* mice
suggests that Notch signaling is decreased. Research has shown that Notch signaling
regulates cell stemness and may promote tumor progression'>. Previous studies have shown
that down regulating Notch signaling using a gamma secretase inhibitor can prevent
metastasis in both xenograft models and the LSL-KRAS'?® p53%!7?". Pdx-Cre (KPC) PDAC
model*""*?. Although it seems that the effects of ADAM 10 are Notch related, evaluating
how metastasis requires ADAM 10 need to be explored further.

Finally, although the data shows that ADAM 10 directs PDAC progression and
metastasis, whether or not ADAM 10 is a suitable drug target is questionable. The data

encourages therapeutic targeting of ADAM 10 will benefit PDAC patients but tests need to
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be conducted to evaluate if cystic lesions immediately form in cancer patients when ADAM
10 is ablated, or if it cyst formation is something that occurs over a long stretch of time. The
use of ADAM 10 inhibitors on PDAC mouse models should help answer this question.
Taken together, my study adds to the relevance of Notch signaling in pancreatic cancer and
demonstrates that the loss of ADAM 10 has multiple effects on PDAC progression.
3-4 Future Directions
To further understand how ADAM 10 exerts its effects on the ADAM10™": LSL-

Kras®'?”"*: Ptfla“*" mouse model, they are several in vivo and in vitro tests to be conducted.
First it will be necessary to use a mouse model that will form metastases in a period of time
shorter than a year. The addition of a mutant p53 allele in the Kras®*”"; Ptf1a*"* mouse
model causes invasive tumors at around 4 months. Unfortunately the mice expressing mutant
pS3 under the Ptfla promoter form spinal tumors, causing paralysis and premature death. A
mouse with a different pancreas specific promoter (Pdx) has been acquired to breed with the
ADAMI10™" LSL-Kras®"??"*; p53%/7*" mice are a well-established fast progressing PDAC
model. Metastasis can be assessed in this model, and tumors can actually be isolated and
cultured.

Future studies can be conducted with the Mia-PaCa 2 ADAM 10 knockdown cell line.
The cells can be collected and injected in xenograft models. By tail vein injecting cancer
cells into the blood stream or directly adding cancer cells to an organ that is commonly
metastasized, we can test if the growth of secondary site tumors requires ADAM 10.

Finally, cell biological studies can be conducted in either cell lines or murine tumors
that can further explain which proteins are being activated by ADAM 10. Even though

ADAMI10™" LSL-Kras®/??"*: Ptfla“*" mice phenocopy the cystic lesions
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of'a Notch 2 knockout, ADAM 10 may be acting on all 4 notches. Isolating the Notch
proteins regulated by ADAM 10 will be informative. Lastly, even though Notch signaling is
down regulated by ADAM 10, AD10shRNA cells may have lost their ability too form
anchorage independent colonies by Notch independent means. Two other ADAM 10
substrates E-cadherin and CD44 play a notable role in tumor invasion'**'**. Creating
knockdown of the 4 notch receptors as well as investigating other ADAM 10 substrates will
determine if the phenotype observed in mouse models and cell lines are completely Notch
dependent. A definitive experiment to test if the loss of ADAM 10 in cell lines is Notch
dependent will be to reintroduce the Notch ICD in ADAM 10 knockdown cells. If
introducing the downstream target of ADAM 10 restores anchorage independent growth,
then we can conclude that my observations were due to Notch signaling being regulated by

ADAM 10.

90



References:

1.

10.

11.

12.

Bardeesy, N. & DePinho, R.A. Pancreatic cancer biology and genetics. Nature Reviews
Cancer 2, 897-909 (2002).

Barreto, S. Tumors of the Pancreatic Body and Tail. World Journal of Oncology (2010).
Yadav, D. & Lowenfels, A.B. The Epidemiology of Pancreatitis and Pancreatic Cancer.
Gastroenterology 144, 1252-1261 (2013).

Peery, A.F., Dellon, E.S., Lund, J., Crockett, S.D., McGowan, C.E., Bulsiewicz, W.J.,
Gangarosa, L.M., Thiny, M.T., Stizenberg, K., Morgan, D.R., Ringel, Y., Kim, H.P.,
DiBonaventura, M.D., Carroll, C.F., Allen, J.K., Cook, S.F., Sandler, R.S., Kappelman,
M.D. & Shaheen, N.J. Burden of Gastrointestinal Disease in the United States: 2012
Update. Gastroenterology 143, 1179-1187.e1173 (2012).

Lerch, M.M. & Gorelick, F.S. Models of Acute and Chronic Pancreatitis.
Gastroenterology 144, 1180-1193 (2013).

Wu, B.U. & Banks, P.A. Clinical Management of Patients With Acute Pancreatitis.
Gastroenterology 144, 1272-1281 (2013).

Koo, B.C., Chinogureyi, A. & Shaw, A.S. Imaging acute pancreatitis. British Journal of
Radiology (2010).

Forsmark, C.E. Management of Chronic Pancreatitis. Gastroenterology 144, 1282-
1291.e1283 (2013).

Gorry, M.C., Gabbaizedeh, D., Furey, W., Gates, L.K., Preston, R.A., Aston, C.E.,
Zhang, Y., Ulrich, C., Ehrlich, G.D. & Whitcomb, D.C. Mutations in the cationic
trypsinogen gene are associated with recurrent acute and chronic pancreatitis.
Gastroenterology 113, 1063-1068 (1997).

Whitcomb, D.C. Genetic Risk Factors for Pancreatic Disorders. Gastroenterology 144,
1292-1302 (2013).

Raimondi, S., Lowenfels, A.B., Morselli-Labate, A.M., Maisonneuve, P. & Pezzilli, R.
Pancreatic cancer in chronic pancreatitis; aetiology, incidence, and early detection. Best
Practice &amp,; Research Clinical Gastroenterology 24, 349-358 (2010).

Nakano, S., Kihara, Y. & Otsuki, M. CCK administration after CCK receptor blockade
accelerates recovery from cerulein-induced acute pancreatitis in rats. Pancreas 16, 169-

175 (1998).

91



13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

Bragado, M.J., Tashiro, M. & Williams, J.A. Regulation of the initiation of pancreatic
digestive enzyme protein synthesis by cholecystokinin in rat pancreas in vivo.
Gastroenterology 119, 1731-1739 (2000).

Cancer Facts & Figures 2013. American Cancer Society, 1-64 (2013).

Koorstra, J.-B.M., Feldmann, G., Habbe, N. & Maitra, A. Morphogenesis of pancreatic
cancer: role of pancreatic intraepithelial neoplasia (PanINs). Langenbeck&apos;s
Archives of Surgery 393, 561-570 (2008).

Hezel, A.F. Genetics and biology of pancreatic ductal adenocarcinoma. Genes &amp,
Development 20, 1218-1249 (2006).

Almoguera, C., Shibata, D., Forrester, K., Martin, J., Arnheim, N. & Perucho, M. Most
human carcinomas of the exocrine pancreas contain mutant c-K-ras genes. Cel/ 53, 549-
554 (1988).

Hingorani, S.R., Petricoin, E.F., Maitra, A., Rajapakse, V., King, C., Jacobetz, M.A.,
Ross, S., Conrads, T.P., Veenstra, T.D., Hitt, B.A., Kawaguchi, Y., Johann, D., Liotta,
L.A., Crawford, H.C., Putt, M.E., Jacks, T., Wright, C.V., Hruban, R.H., Lowy, A M. &
Tuveson, D.A. Preinvasive and invasive ductal pancreatic cancer and its early detection
in the mouse. Cancer Cell 4, 437-450 (2003).

ras activates erk 1992. 1-6 (2011).

Friday, B.B. & Adjei, A.A. K-ras as a target for cancer therapy. Biochim Biophys Acta
1756, 127-144 (2005).

Marais, R., Light, Y., Paterson, H.F. & Marshall, C.J. Ras recruits Raf-1 to the plasma
membrane for activation by tyrosine phosphorylation. EMBO J 14, 3136-3145 (1995).
Hancock, J.F. & Parton, R.G. Ras plasma membrane signalling platforms. Biochem J
389, 1-11 (2005).

Medema, R.H., de Vries-Smits, A.M., van der Zon, G.C., Maassen, J.A. & Bos, J.L. Ras
activation by insulin and epidermal growth factor through enhanced exchange of guanine
nucleotides on p21ras. Mol Cell Biol 13, 155-162 (1993).

Hingorani, S.R., Wang, L., Multani, A.S., Combs, C., Deramaudt, T.B., Hruban, R.H.,
Rustgi, A.K., Chang, S. & Tuveson, D.A. Trp5S3R172H and KrasG12D cooperate to
promote chromosomal instability and widely metastatic pancreatic ductal

adenocarcinoma in mice. Cancer Cell 7, 469-483 (2005).

92



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Ohtsubo, K., Watanabe, H., Yamaguchi, Y., Hu, Y.-X., Motoo, Y., Okai, T. & Sawabu,
N. Abnormalities of tumor suppressor gene pl6 in pancreatic carcinoma:
immunohistochemical and genetic findings compared with clinicopathological
parameters. Journal of Gastroenterology 38, 663-671 (2003).

Casey, G., Yamanaka, Y., Friess, H., Kobrin, M.S., Lopez, M.E., Buchler, M., Beger,
H.G. & Korc, M. p53 Mutations are common in pancreatic cancer and are absent in
chronic pancreatitis. Cancer Letters 69, 151-160 (1993).

Redston, M.S., Caldas, C., Seymour, A.B. & Hruban, R.H. p53 mutations in pancreatic
carcinoma and evidence of common involvement of homocopolymer tracts in DNA
microdeletions. Cancer Research (1994).

Hahn, S.A., Schutte, M., Hoque, A.T.M.S., Moskaluk, C.A., da Costa, L.T., Rozenblum,
E., Weinstein, C.L., Fischer, A., Yeo, C.J., Hruban, R.H. & Kern, S.E. DPC4, A
Candidate Tumor Suppressor Gene at Human Chromosome 18q21.1. Science 271, 350-
353 (1996).

Herreros-Villanueva, M. Mouse models of pancreatic cancer. World Journal of
Gastroenterology 18, 1286 (2012).

Saluja, A.K. & Dudeja, V. Relevance of Animal Models of Pancreatic Cancer and
Pancreatitis to Human Disease. Gastroenterology 144, 1194-1198 (2013).

Tentler, J.J., Tan, A.C., Weekes, C.D., Jimeno, A., Leong, S., Pitts, T.M., Arcaroli, J.J.,
Messersmith, W.A. & Eckhardt, S.G. Patient-derived tumour xenografts as models for
oncology drug development. Nature Reviews Clinical Oncology 9, 338-350 (2012).

Lee, K.E., Hajdu, C.H., Miller, G. & Bar-Sagi, D. Oncogenic Kras-Induced GM-CSF
Production Promotes the Development of Pancreatic Neoplasia. Cancer cell (2012).
Jackson, E.L., Willis, N., Mercer, K., Bronson, R.T., Crowley, D., Montoya, R., Jacks, T.
& Tuveson, D.A. Analysis of lung tumor initiation and progression using conditional
expression of oncogenic K-ras. Genes Dev 15, 3243-3248 (2001).

Obata, J., Yano, M., Mimura, H., Goto, T., Nakayama, R., Mibu, Y., Oka, C. &
Kawaichi, M. p48 subunit of mouse PTF1 binds to RBP-Jkappa/CBF-1, the intracellular
mediator of Notch signalling, and is expressed in the neural tube of early stage embryos.

Genes Cells 6, 345-360 (2001).

93



35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Kawaguchi, Y., Cooper, B., Gannon, M., Ray, M., MacDonald, R.J. & Wright, C.V. The
role of the transcriptional regulator Ptfla in converting intestinal to pancreatic
progenitors. Nat Genet 32, 128-134 (2002).

Guerra, C., Schuhmacher, A.J., Canamero, M., Grippo, P.J., Verdaguer, L., Perez-
Gallego, L., Dubus, P., Sandgren, E.P. & Barbacid, M. Chronic pancreatitis is essential
for induction of pancreatic ductal adenocarcinoma by K-Ras oncogenes in adult mice.
Cancer Cell 11, 291-302 (2007).

Kopinke, D., Brailsford, M., Pan, F.C. & Magnuson, M.A. Ongoing Notch signaling
maintains phenotypic fidelity in the adult exocrine pancreas. Developmental ... (2012).
Kohan, D.E. Kidney International - Abstract of article: Progress in gene targeting: using
mutant mice to study renal function and disease. Kidney international (2008).

Carriere, C., Young, A.L., Gunn, J.R., Longnecker, D.S. & Korc, M. Acute pancreatitis
markedly accelerates pancreatic cancer progression in mice expressing oncogenic Kras.
Biochem Biophys Res Commun 382, 561-565 (2009).

Hall, P.A. & Lemoine, N.R. Rapid acinar to ductal transdifferentiation in cultured human
exocrine pancreas. The Journal of Pathology 166, 97-103 (1992).

Crawford, H.C., Scoggins, C.R., Washington, M.K., Matrisian, L.M. & Leach, S.D.
Matrix metalloproteinase-7 is expressed by pancreatic cancer precursors and regulates
acinar-to-ductal metaplasia in exocrine pancreas. Journal of Clinical Investigation 109,
1437-1444 (2002).

John P Morris, 1., David A Cano Shigeki Sekine Sam C Wang Matthias Hebrok. -
catenin blocks Kras-dependent reprogramming of acini into pancreatic cancer precursor
lesions in mice. The Journal of Clinical Investigation 120, 508 (2010).

Morris, J.P., Wang, S.C. & Hebrok, M. KRAS, Hedgehog, Wnt and the twisted
developmental biology of pancreatic ductal adenocarcinoma. Nature Reviews Cancer 10,
683-695 (2010).

Ardito, C.M., Griiner, B.M., Takeuchi, K.K., Lubeseder-Martellato, C., Teichmann, N.,
Mazur, P.K., Delgiorno, K.E., Carpenter, E.S., Halbrook, C.J., Hall, J.C., Pal, D., Briel,
T., Herner, A., Trajkovic-Arsic, M., Sipos, B., Liou, G.-Y., Storz, P., Murray, N.R.,
Threadgill, D.W., Sibilia, M., Washington, M.K., Wilson, C.L., Schmid, R.M., Raines,

94



45.

46.

47.

48.

49.

50.

51.

52.

E.W., Crawford, H.C. & Siveke, J.T. EGF receptor is required for KRAS-induced
pancreatic tumorigenesis. Cancer cell 22, 304-317 (2012).

Kopp, J.L., von Figura, G., Mayes, E., Liu, F.-F., Dubois, C.L., Morris, 1., John P, Pan,
F.C., Akiyama, H., Wright, C.V.E., Jensen, K., Hebrok, M. & Sander, M. Identification
of Sox9-Dependent Acinar-to-Ductal Reprogramming as the Principal Mechanism for
Initiation of Pancreatic Ductal Adenocarcinoma. Cancer cell 22, 737-750 (2012).

Shi, G., DiRenzo, D., Qu, C., Barney, D., Miley, D. & Konieczny, S.F. Maintenance of
acinar cell organization is critical to preventing Kras-induced acinar-ductal metaplasia.
Oncogene 32, 1950-1958 (2012).

Huang, H., Liu, Y., Daniluk, J., Gaiser, S., Chu, J., Wang, H., Li, Z.S., Logsdon, C.D. &
Ji, B. Activation of Nuclear Factor-kB in Acinar Cells Increases the Severity of
Pancreatitis in Mice. Gastroenterology 144, 202-210 (2013).

Li, N., Wu, X., Holzer, R.G., Lee, J.-H., Todoric, J., Park, E.-J., Ogata, H., Gukovskaya,
A.S., Gukovsky, 1., Pizzo, D.P., VandenBerg, S., Tarin, D., Atay, C., Arkan, M.C.,
Deerinck, T.J., Moscat, J., Diaz-Meco, M., Dawson, D., Erkan, M., Kleeff, J. & Karin,
M. Loss of acinar cell IKKa triggers spontaneous pancreatitis in mice. Journal of Clinical
Investigation 123, 2231-2243 (2013).

Neuhofer, P., Liang, S., Einwéchter, H., Schwerdtfeger, C., Wartmann, T., Treiber, M.,
Zhang, H., Schulz, H.U., Dlubatz, K., Lesina, M., Diakopoulos, K.N., Woérmann, S.,
Halangk, W., Witt, H., Schmid, R.M. & Algiil, H. Deletion of IxBa Activates RelA to
Reduce Acute Pancreatitis in Mice Through Up-regulation of Spi2A. Gastroenterology
144, 192-201 (2013).

Daniluk, J., Liu, Y., Deng, D., Chu, J., Huang, H., Gaiser, S., Cruz-Monserrate, Z.,
Wang, H., Ji, B. & Logsdon, C.D. An NF-kB pathway—mediated positive feedback loop
amplifies Ras activity to pathological levels in mice. Journal of Clinical Investigation
122, 1519-1528 (2012).

Heid, 1., Martellato, C.L., Sipos, B. & Mazur, P.K. Early Requirement of Racl in a
Mouse Model of Pancreatic Cancer. Gastroenterology (2011).

Meredith A Collins, F.B.Y.Z.J.-C.B.S.G.C.J.G.S.R.K.S.F.N.V.A.M.P.d.M. Oncogenic
Kras is required for both the initiation and maintenance of pancreatic cancer in mice. The

Journal of Clinical Investigation 122, 639 (2012).

95



53.

54.

55.
56.

57.

58.

59.

60.

61.

62.

Whitman, M., Downes, C.P., Keeler, M., Keller, T. & Cantley, L. Type |
phosphatidylinositol kinase makes a novel inositol phospholipid, phosphatidylinositol-3-
phosphate. Nature 332, 644-646 (1988).

Vanhaesebroeck, B., Ali, K., Bilancio, A., Geering, B. & Foukas, L.C. Signalling by
PI3K isoforms: insights from gene-targeted mice. Trends in Biochemical Sciences 30,
194-204 (2005).

PI3K signalling: the path to discovery and understanding. 1-9 (2013).

Vanhaesebroeck, B., Guillermet-Guibert, J., Graupera, M. & Bilanges, B. The emerging
mechanisms of isoform-specific PI3K signalling. Nature Reviews Molecular Cell Biology
11, 329-341 (2010).

Dbouk, H.A., Vadas, O., Shymanets, A., Burke, J.E., Salamon, R.S., Khalil, B.D.,
Barrett, M.O., Waldo, G.L., Surve, C., Hsueh, C., Perisic, O., Harteneck, C., Shepherd,
P.R., Harden, T.K., Smrcka, A.V., Taussig, R., Bresnick, A.R., Nurnberg, B., Williams,
R.L. & Backer, J.M. G Protein-Coupled Receptor-Mediated Activation of pl110{beta} by
G{beta} {gamma} Is Required for Cellular Transformation and Invasiveness. Science
Signaling 5, ra89 (2012).

Gupta, S., Ramjaun, A.R., Haiko, P., Wang, Y. & Warne, P.H. Binding of ras to
phosphoinositide 3-kinase p110a is required for ras-driven tumorigenesis in mice. Cell
(2007).

Rizo, J. & Siidhof, T.C. C2-domains, structure and function of a universal Ca2+-binding
domain. Journal of Biological Chemistry (1998).

Zheng, X., Jiang, F. & Katakowski, M. ADAM17 promotes breast cancer cell malignant
phenotype through EGFR-PI3K-AKT activation. Cancer biology &amp; ... (2009).

Stitt, T.N., Drujan, D., Clarke, B.A., Panaro, F., Timofeyva, Y., Kline, W.O., Gonzalez,
M., Yancopoulos, G.D. & Glass, D.J. The IGF-1/PI3K/Akt Pathway Prevents Expression
of Muscle Atrophy-Induced Ubiquitin Ligases by Inhibiting FOXO Transcription
Factors. Molecular Cell 14, 395-403 (2004).

Eser, S., Reiff, N., Messer, M., Seidler, B., Gottschalk, K., Dobler, M., Hieber, M.,
Arbeiter, A., Klein, S., Kong, B., Michalski, C.W., Schlitter, A.M., Esposito, I., Kind,
A.J.,Rad, L., Schnieke, A.E., Baccarini, M., Alessi, D.R., Rad, R., Schmid, R.M.,

96



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Schneider, G. & Saur, D. Selective Requirement of PI3K/PDK1 Signaling for Kras
Oncogene-Driven Pancreatic Cell Plasticity and Cancer. Cancer cell 23, 406-420 (2013).
Gupta, S., Ramjaun, A.R., Haiko, P., Wang, Y., Warne, P.H., Nicke, B., Nye, E., Stamp,
G., Alitalo, K. & Downward, J. Binding of Ras to Phosphoinositide 3-Kinase p110a Is
Required for Ras- Driven Tumorigenesis in Mice. Cell 129, 957-968 (2007).
Rodriguez-Viciana, P., Sabatier, C. & McCormick, F. Signaling Specificity by Ras
Family GTPases Is Determined by the Full Spectrum of Effectors They Regulate.
Molecular and cellular ... (2004).

Yang, H.W., Shin, M.-G., Lee, S., Kim, J.-R., Park, W.S., Cho, K.-H., Meyer, T. & Do
Heo, W. Cooperative Activation of PI3K by Ras and Rho Family Small GTPases.
Molecular Cell 47, 281-290 (2012).

Vanhaesebroeck, B., Leevers, S.J., Ahmadi, K., Timms, J., Katso, R., Driscoll, P.C.,
Woscholski, R., Parker, P.J. & Waterfield, M.D. S YNTHESIS ANDF UNCTION OF3-
PHOSPHORYLATEDI NOSITOLL IPIDS. Annual Review of Biochemistry 70, 535-602
(2001).

Welch, H.C.E., Coadwell, W.J., Stephens, L.R. & Hawkins, P.T. Phosphoinositide 3-
kinase-dependent activation of Rac. FEBS Letters 546, 93-97 (2003).

Weiner, O.D., Neilsen, P.O., Prestwich, G.D., Kirschner, M.W., Cantley, L.C. & Bourne,
H.R. A PtdInsP3- and Rho GTPase-mediated positive feedback loop regulates neutrophil
polarity. Nature Cell Biology 4, 509-513 (2002).

Bi, L. Proliferative Defect and Embryonic Lethality in Mice Homozygous for a Deletion
in the p110alpha Subunit of Phosphoinositide 3-Kinase. Journal of Biological Chemistry
274, 10963-10968 (1999).

Lupia, E., Goffi, A., De Giuli, P., Azzolino, O. & Bosco, O. Ablation of phosphoinositide
3-kinase-y reduces the severity of acute pancreatitis. The American journal of ... (2004).
Vanhaesebroeck, B., Stephens, L. & Hawkins, P. PI3K signalling: the path to discovery
and understanding. Nature Reviews Molecular Cell Biology 13, 195-203 (2012).

A, A. & P, W.M. Wortmannin is a potent phosphatidylinositol 3-kinase inhibitor: the role
of phosphatidylinositol 3,4,5-trisphosphate in neutrophil responses. Biochem J (1993).

97



73.

74.

75.

76.

77.

78.

79.

80.

81.

Okada, T., Sakuma, L., Fukui, Y., Hazeki, O. & Ui, M. Blockage of chemotactic peptide-
induced stimulation of neutrophils by wortmannin as a result of selective inhibition of
phosphatidylinositol 3-kinase. (1994).

Vlahos, C.J., Matter, W.F., Hui, K.Y. & Brown, R.F. A specific inhibitor of
phosphatidylinositol 3-kinase, 2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-one
(LY294002). (1994).

Gharbi, S.1., Zvelebil, M.J., Shuttleworth, S.J., Hancox, T., Saghir, N., Timms, J.F. &
Waterfield, M.D. Exploring the specificity of the PI3K family inhibitor LY294002.
Biochem J 404, 15 (2007).

Berndt, A., Miller, S., Williams, O., Le, D.D., Houseman, B.T., Pacold, J.I., Gorrec, F.,
Hon, W.-C., Liu, Y., Rommel, C., Gaillard, P., Riickle, T., Schwarz, M.K., Shokat, K.M.,
Shaw, J.P. & Williams, R.L. The p1106 structure: mechanisms for selectivity and
potency of new PI(3)K inhibitors. Nature Chemical Biology 6, 117-124 (2010).

Dagia, N.M., Agarwal, G., Kamath, D.V., Chetrapal-Kunwar, A., Gupte, R.D., Jadhav,
M.G., Dadarkar, S.S., Trivedi, J., Kulkarni-Almeida, A.A., Kharas, F., Fonseca, L.C.,
Kumar, S. & Bhonde, M.R. A preferential p110/ PI3K inhibitor attenuates experimental
inflammation by suppressing the production of proinflammatory mediators in a NF- B-
dependent manner. AJP. Cell Physiology 298, C929-C941 (2010).

Knight, Z.A., Gonzalez, B., Feldman, M.E., Zunder, E.R., Goldenberg, D.D., Williams,
0., Loewith, R., Stokoe, D., Balla, A., Toth, B., Balla, T., Weiss, W.A., Williams, R.L. &
Shokat, K.M. A Pharmacological Map of the PI3-K Family Defines a Role for p110a in
Insulin Signaling. Cell 125, 733-747 (2006).

Wolfsberg, T.G., Primakoff, P., Myles, D.G. & White, ].M. ADAM, a novel family of
membrane proteins containing A Disintegrin And Metalloprotease domain: multipotential
functions in cell-cell and cell-matrix interactions. (1995).

Tousseyn, T., Thathiah, A. & Jorissen, E. ADAMI10, the rate-limiting protease of
regulated intramembrane proteolysis of Notch and other proteins, is processed by
ADAMS-9, ADAMS-15, and the y-secretase. Journal of Biological ... (2009).

Seals, D.F. The ADAMs family of metalloproteases: multidomain proteins with multiple
functions. Genes &amp,; Development 17, 7-30 (2003).

98



82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Moss, M.L., Bomar, M., Liu, Q., Sage, H., Dempsey, P., Lenhart, P.M., Gillispie, P.A.,
Stoeck, A., Wildeboer, D., Bartsch, J.W., Palmisano, R. & Zhou, P. The ADAMI10
Prodomain Is a Specific Inhibitor of ADAMI10 Proteolytic Activity and Inhibits Cellular
Shedding Events. Journal of Biological Chemistry 282, 35712-35721 (2007).

Saftig, P. & Reiss, K. The “A Disintegrin And Metalloproteases” ADAM10 and
ADAMI17: Novel drug targets with therapeutic potential? European Journal of Cell
Biology 90, 527-535 (2011).

Rooke, J., Pan, D., Xu, T. & Rubin, G.M. KUZ, a Conserved Metalloprotease-Disintegrin
Protein with Two Roles in Drosophila Neurogenesis. Science 273, 1227-1231 (1996).
Fambrough, D., Pan, D., Rubin, G.M. & Goodman, C.S. The cell surface
metalloprotease/disintegrin Kuzbanian is required for axonal extension in Drosophila.
Proceedings of the National Academy of Sciences 93, 13233-13238 (1996).

Sotillos, S., Roch, F. & Campuzano, S. The metalloprotease-disintegrin Kuzbanian
participates in Notch activation during growth and patterning of Drosophila imaginal
discs. (1997).

Bray, S.J. Notch signalling: a simple pathway becomes complex. Nature Reviews
Molecular Cell Biology 7, 678-689 (2006).

ADAMI10, the Rate-limiting Protease of Notch. 1-10 (2011).

Wang, Z. Down-regulation of Notch-1 contributes to cell growth inhibition and apoptosis
in pancreatic cancer cells. Molecular Cancer Therapeutics S, 483-493 (2006).

Hartmann, D. The disintegrin/metalloprotease ADAM 10 is essential for Notch signalling
but not for alpha-secretase activity in fibroblasts. Human Molecular Genetics 11, 2615-
2624 (2002).

Lieber, T., Kidd, S. & Young, M.W. kuzbanian-mediated cleavage of Drosophila Notch.
Genes &amp,; Development (2002).

Pan, D. & Rubin, G.M. Kuzbanian Controls Proteolytic Processing of Notch and
Mediates Lateral Inhibition during Drosophila and Vertebrate Neurogenesis. Cel/ 90,
271-280 (1997).

Jorissen, E., Prox, J., Bernreuther, C., Weber, S., Schwanbeck, R., Serneels, L., Snellinx,
A., Craessaerts, K., Thathiah, A., Tesseur, 1., Bartsch, U., Weskamp, G., Blobel, C.P.,
Glatzel, M., De Strooper, B. & Saftig, P. The Disintegrin/Metalloproteinase ADAMI10 Is

99



94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Essential for the Establishment of the Brain Cortex. Journal of Neuroscience 30, 4833-
4844 (2010).

Brou, C., Logeat, F., Gupta, N., Bessia, C., LeBail, O., Doedens, J.R., Cumano, A., Roux,
P., Black, R.A. & Israé€l, A. A Novel Proteolytic Cleavage Involved in Notch Signaling.
Molecular Cell 5,207-216 (2000).

Bozkulak, E.C. & Weinmaster, G. Selective use of ADAM10 and ADAMI17 in activation
of Notchl signaling. Molecular and cellular biology (2009).

Peschon, J.J. An Essential Role for Ectodomain Shedding in Mammalian Development.
Science 282, 1281-1284 (1998).

Asayesh, A., Alanentalo, T., Khoo, N.K.S. & Ahlgren, U. Developmental expression of
metalloproteases ADAM 9, 10, and 17 becomes restricted to divergent pancreatic
compartments. Developmental Dynamics 232, 1105-1114 (2005).

Murtaugh, L.C., Stanger, B.Z., Kwan, K.M. & Melton, D.A. Notch signaling controls
multiple steps of pancreatic differentiation. Proceedings of the National Academy of
Sciences 100, 14920-14925 (2011).

Esni, F. Notch inhibits Ptf1 function and acinar cell differentiation in developing mouse
and zebrafish pancreas. Development 131, 4213-4224 (2004).

Nakhai, H., Siveke, J.T., Klein, B., Mendoza-Torres, L., Mazur, P.K., Algul, H., Radtke,
F., Strobl, L., Zimber-Strobl, U. & Schmid, R.M. Conditional ablation of Notch signaling
in pancreatic development. Development 135, 2757-2765 (2008).

Gaida, M.M., Haag, N., Gunther, F., Tschaharganeh, D.F., Schirmacher, P., Friess, H.,
Giese, N.A., Schmidt, J. & Wente, M.N. Expression of A disintegrin and metalloprotease
10 in pancreatic carcinoma. Int J Mol Med 26, 281-288 (2010).

Nickoloff, B.J., Osborne, B.A. & Miele, L. Notch signaling as a therapeutic target in
cancer: a new approach to the development of cell fate modifying agents. Oncogene 22,
6598-6608 (2003).

Miyamoto, Y., Maitra, A., Ghosh, B., Zechner, U., Argani, P., lacobuzio-Donahue, C.A.,
Sriuranpong, V., Iso, T., Meszoely, .M. & Wolfe, M.S. Notch mediates TGFa-induced
changes in epithelial differentiation during pancreatic tumorigenesis. Cancer cell 3, 565-

576 (2003).

100



104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Hanlon, L., Avila, J.L., Demarest, R.M., Troutman, S., Allen, M., Ratti, F., Rustgi, A.K.,
Stanger, B.Z., Radtke, F., Adsay, V., Long, F., Capobianco, A.J. & Kissil, J.L. Notchl
functions as a tumor suppressor in a model of K-ras-induced pancreatic ductal
adenocarcinoma. Cancer Res 70, 4280-4286 (2010).

De La O, J.-P., Emerson, L.L., Goodman, J.L., Froebe, S.C., Illum, B.E., Curtis, A.B. &
Murtaugh, L.C. Notch and Kras reprogram pancreatic acinar cells to ductal intraepithelial
neoplasia. Proceedings of the National Academy of Sciences of the United States of
America 2008 Dec. 2, v. 105, no. 48(2008).

Mazur, P.K., Einwachter, H., Lee, M., Sipos, B., Nakhai, H., Rad, R., Zimber-Strobl, U.,
Strobl, L.J., Radtke, F., Kloppel, G., Schmid, R.M. & Siveke, J.T. Notch2 is required for
progression of pancreatic intraepithelial neoplasia and development of pancreatic ductal
adenocarcinoma. Proc Natl Acad Sci U S A4 107, 13438-13443 (2010).

Lu, Z., Jiang, Y.-P., Wang, W., Xu, X.-H., Mathias, R.T., Entcheva, E., Ballou, L.M.,
Cohen, I.S. & Lin, R.Z. Loss of Cardiac Phosphoinositide 3-Kinase p110a Results in
Contractile Dysfunction. Circulation (2009).

Satoh, M., Ogita, H., Takeshita, K., Mukai, Y., Kwiatkowski, D.J. & Liao, J.K.
Requirement of Racl in the development of cardiac hypertrophy. Proceedings of the
National Academy of Sciences 103, 7432-7437 (2006).

Lin, P., Sun, X., Feng, T., Zou, H., Jiang, Y., Liu, Z., Zhao, D. & Yu, X. ADAM17
regulates prostate cancer cell proliferation through mediating cell cycle progression by
EGFR/PI3K/AKT pathway. Molecular and Cellular Biochemistry 359, 235-243 (2011).
Jensen, J.N., Cameron, E., Garay, M.V.R., Starkey, T.W., Gianani, R. & Jensen, J.
Recapitulation of elements of embryonic development in adult mouse pancreatic
regeneration. Gastroenterology 128, 728-741 (2005).

Reding, T., Bimmler, D., Perren, A., Sun, L.K. & Fortunato, F. A selective COX-2
inhibitor suppresses chronic pancreatitis in an animal model (WBN/Kob rats): significant
reduction of macrophage infiltration and fibrosis. Gut (2006).

Schlosser, W., Schlosser, S., Ramadani, M., Gansauge, F., Gansauge, S. & Beger, H.-G.
Cyclooxygenase-2 is overexpressed in chronic pancreatitis. Pancreas 25, 26-30 (2002).
Song, A.M., Bhagat, L., Singh, V.P., Van Acker, G.G.D., Steer, M.L. & Saluja, A.K.

Inhibition of cyclooxygenase-2 ameliorates the severity of pancreatitis and associated

101



114.

115.

116.

117.

118.

119.

120.

121.

122.

lung injury. American Journal of Physiology - Gastrointestinal and Liver Physiology
283, G1166-G1174 (2002).

Wagner, M., Weber, C.K., Bressau, F., Greten, F.R., Stagge, V., Ebert, M., Leach, S.D.,
Adler, G. & Schmid, R.M. Transgenic overexpression of amphiregulin induces a
mitogenic response selectively in pancreatic duct cells. Gastroenterology 122, 1898-1912
(2002).

Gukovsky, 1., Cheng, J.H., Nam, K.J., Lee, O.T., Lugea, A., Fischer, L., Penninger, J.M.,
Pandol, S.J. & Gukovskaya, A.S. Phosphatidylinositide 3-kinase y regulates key
pathologic responses to cholecystokinin in pancreatic acinar cells. Gastroenterology 126,
554-566 (2004).

Bai, H., Chen, X., Zhang, L. & Dou, X. The effect of sulindac, a non-steroidal anti-
inflammatory drug, attenuates inflammation and fibrosis in a mouse model of chronic
pancreatitis. BMC gastroenterology 12, 115 (2012).

Silva, A., Weber, A., Bain, M., Reding, T., Heikenwalder, M., Sonda, S. & Graf, R.
COX-2 is not required for the development of murine chronic pancreatitis. AJP:
Gastrointestinal and Liver Physiology 300, G968-G975 (2011).

Innocenti, M., Frittoli, E., Ponzanelli, I., Falck, J.R., Brachmann, S.M., Di Fiore, P.P. &
Scita, G. Phosphoinositide 3-kinase activates Rac by entering in a complex with Eps§,
Abil, and Sos-1. The Journal of cell ... (2003).

Olive, K.P., Tuveson, D.A., Ruhe, Z.C., Yin, B., Willis, N.A., Bronson, R.T., Crowley,
D. & Jacks, T. Mutant p53 Gain of Function in Two Mouse Models of Li-Fraumeni
Syndrome. Cell 119, 847-860 (2004).

Srinivas, S., Watanabe, T. & Lin, C.S. Cre reporter strains produced by targeted insertion
of EYFP and ECFP into the ROSA26 locus. BMC developmental ... (2001).

Bouvet, M., Yang, M., Nardin, S., Wang, X., Jiang, P., Baranov, E., Moossa, A.R. &
Hoffman, R.M. Chronologically-specific metastatic targeting of human pancreatic tumors
in orthotopic models. Clinical &amp, experimental metastasis 18, 213-218 (2000).
Schumacher, G., Kataoka, M., Roth, J.A. & Mukhopadhyay, T. Potent Antitumor
Activity of 2-Methoxyestradiol in Human Pancreatic Cancer Cell Lines. Clinical Cancer

Research (1999).

102



123.

124.

125.

126.

127.

128.

129.

130.

131.

WANG, Z., AHMAD, A.,LL, Y., AZMI, A.S., MIELE, L. & SARKAR, F.H. Targeting
Notch to Eradicate Pancreatic Cancer Stem Cells for Cancer Therapy. (2011).

Lee, L.S., Clancy, T., Kadiyala, V., Suleiman, S. & Conwell, D.L. Interdisciplinary
Management of Cystic Neoplasms of the Pancreas. Gastroenterology Research and
Practice 2012, 1-7 (2012).

Yamao, K., Yanagisawa, A., Takahashi, K., Kimura, W., Doi, R., Fukushima, N., Ohike,
N., Shimizu, M., Hatori, T., Nobukawa, B., Hifumi, M., Kobayashi, Y., Tobita, K.,
Tanno, S., Sugiyama, M., Miyasaka, Y., Nakagohri, T., Yamaguchi, T., Hanada, K., Abe,
H., Tada, M., Fujita, N. & Tanaka, M. Clinicopathological features and prognosis of
mucinous cystic neoplasm with ovarian-type stroma: a multi-institutional study of the
Japan pancreas society. Pancreas 40, 67-71 (2011).

RE, W., J, A.-S. & RH, H. Mucinous cystic neoplasms of the pancreas. Seminars in
diagnostic pathology 17, 31-42 (2000).

Reddy, R.P., Smyrk, T.C., Zapiach, M., Levy, M.J., Pearson, R.K., Clain, J.E., Farnell,
M.B., Sarr, M.G. & Chari, S.T. Pancreatic mucinous cystic neoplasm defined by ovarian
stroma: demographics, clinical features, and prevalence of cancer. Clinical
gastroenterology and hepatology : the official clinical practice journal of the American
Gastroenterological Association 2, 1026-1031 (2004).

Lam, M.M., Swanson, P.E., Upton, M.P. & Yeh, M.M. Ovarian-type stroma in
hepatobiliary cystadenomas and pancreatic mucinous cystic neoplasms: an
immunohistochemical study. American journal of clinical pathology 129, 211-218
(2008).

Hassan, K.A., Wang, L., Korkaya, H., Chen, G., Maillard, 1., Beer, D.G., Kalemkerian,
G.P. & Wicha, M.S. Notch pathway activity identifies cells with cancer stem cell-like
properties and correlates with worse survival in lung adenocarcinoma. Clinical cancer
research : an official journal of the American Association for Cancer Research 19, 1972-
1980 (2013).

Siegel, R., Naishadham, D. & Jemal, A. Cancer statistics, 2013. CA: A Cancer Journal
for Clinicians 63, 11-30 (2013).

Cook, N., Frese, K.K., Bapiro, T.E., Jacobetz, M.A., Gopinathan, A., Miller, J.L., Rao,
S.S., Demuth, T., Howat, W.J., Jodrell, D.I. & Tuveson, D.A. Gamma secretase

103



inhibition promotes hypoxic necrosis in mouse pancreatic ductal adenocarcinoma. The
Journal of experimental medicine 209, 437-444 (2012).

132.  Plentz, R., Park, J.S., Rhim, A.D., Abravanel, D., Hezel, A.F., Sharma, S.V.,
Gurumurthy, S., Deshpande, V., Kenific, C., Settleman, J., Majumder, P.K., Stanger, B.Z.
& Bardeesy, N. Inhibition of y-Secretase Activity Inhibits Tumor Progression in a Mouse
Model of Pancreatic Ductal Adenocarcinoma. Gastroenterology 136, 1741-1749.e1746
(2009).

133.  Immervoll, H., Hoem, D., Steffensen, O.J., Miletic, H. & Molven, A. Visualization of
CD44 and CD133 in normal pancreas and pancreatic ductal adenocarcinomas: non-
overlapping membrane expression in cell populations positive for both markers. The
Jjournal of histochemistry and cytochemistry : official journal of the Histochemistry
Society 59, 441-455 (2011).

134. David, J.M. & Rajasekaran, A.K. Dishonorable discharge: the oncogenic roles of cleaved
E-cadherin fragments. Cancer Research 72,2917-2923 (2012).

104



	12.11.13 PT1
	12.11.13 PT2

