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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is the 3" leading cause of cancer death in Canada and
its incidence is increasing, largely driven by the expanding epidemics of PDAC risk factors
including obesity and type 2 diabetes (T2D). Hyperinsulinemia is a cardinal feature of obesity
and T2D, and is associated with increased PDAC incidence and mortality. Despite
epidemiological data linking hyperinsulinemia to PDAC, there was no direct in vivo evidence of
a causal role for endogenous insulin in any cancer type before this work. We studied how
reduced insulin production or local insulin action affected the development of pancreatic
intraepithelial neoplasia (PanIN) precursor lesions in Ptf1a®ER;Kras-S--¢12P mice. We first
generated Ptf1a®ER:Krast-S--612D: Ins1*/*:Ins27 control and Ptf1a"ER;Kras-S--612P: Ins1*-; Ins27
experimental mice. We found high fat diet (HFD)-induced hyperinsulinemia was modestly
reduced in experimental mice without affecting glucose homeostasis. Genetically reduced insulin
production resulted in ~50% suppression of PanIN. However, in this study, only female mice
remained normoglycemic and only the gene dosage of rodent-specific Insl alleles was tested.
Therefore, we then generated Ptf1a®"ER;Kras-S--6122: Ins17:Ins2** control and

Ptf1aC®ER: KrastS--612D; Ins1:Ins2*- experimental mice. Mice with reduced insulin production
tended to develop fewer PanIN and acinar-to-ductal metaplasia (ADM) lesions. Using single-cell
transcriptomics, we found hyperinsulinemia modulated pathways associated with protein
translation, MAPK/ERK signaling and PISBK/AKT/mTOR signaling, which were changed in
epithelial cells and subsets of immune cells. Finally, we examined whether hyperinsulinemia
contributed to PDAC development directly through insulin receptor (INSR) signaling in
Kras®'?P carrying pancreatic acinar cells. We generated Ptf1a"ER; LSL-Kras®*??:nTnG mice

with an Insr"™t Insr™f, or Insr”f genotype to reduce insulin receptor mMRNA by 0%, 50%, or
ii



100% in acinar cells. Loss of insulin receptors from acinar cells did not significantly influence
body weight, fasting glucose, or insulin levels. Compared to mice with wild-type INSR
expression in acinar cells, mice lacking INSR had a 2.7-fold and 5.3-fold significant reduction in
PanIN plus tumor area in males and females, respectively. Collectively, these results indicate that
hyperinsulinemia and INSR signaling in acinar cells are important for the early stages of
pancreatic cancer. Insulin-lowering interventions such as lifestyle management and therapies
targeting insulin receptor signaling may be beneficial in preventing and/or treating pancreatic

cancer.



Lay Summary

Pancreatic cancer is one of the most lethal cancers and 90% of those diagnosed with pancreatic
cancer will die from it. In 2020, 6000 Canadians were diagnosed with this disease. It is therefore
urgent for us to find new methods to treat this deadly cancer. High levels of circulating insulin
are associated with an increased risk of getting and dying from cancer, but it was not clear
whether this was cause or effect. To study how insulin affects pancreatic cancer development, we
made mice with less insulin and found that early-stage cancer was reduced compared with mice
with more insulin. This tells us high insulin can contribute to pancreatic cancer development.
When we prevented cancer cells from receiving the insulin signal, we also found reduced early
cancer. This work improves our understanding of insulin's effects on pancreatic cancer and may

point to new ways to prevent and treat the disease.
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Chapter 1: Introduction

1.1 Pancreatic ductal adenocarcinoma

In 2021, pancreatic cancer is expected to become the 3" leading cause of cancer death in
Canada and even though it only accounts for about ~3% of new cancer cases, it contributes to
~7% of cancer death (1). Pancreatic cancer is projected to become the 2" leading cause of cancer
death by 2030 (2). Due to a lack of specific symptoms and difficulties in early tumor detection,
patients are often diagnosed with pancreatic cancer at advanced stages making curative surgical
tumor removal impossible (3). Moreover, pancreatic cancer is resistant to most anti-cancer
therapies, including radiotherapy, immunotherapy, and chemotherapy. As a result, the 5-year
survival rate of pancreatic cancer is only 10% (1,3,4).

Pancreas is an elongated and tapered organ which is located at the back of the abdomen
behind the stomach. Anatomically, pancreas can be divided into head, neck, body, and tail. The
head of pancreas lies within the curvature of the duodenum, the neck of pancreas separates the
head and body, the body of the pancreas mostly lies behind the stomach, and the tail of pancreas
is adjacent to the spleen (5). The main pancreatic duct, which joins the pancreas to the common
bile duct, runs through the body of the pancreas and collects pancreatic juice. Pancreas has both
exocrine functions required for good digestion and endocrine functions regulating glucose
homeostasis. The exocrine pancreas, comprising ~99% of the pancreas, is comprised of digestive
enzyme-secreting acinar cells and bicarbonate-secreting ductal cells (5). The endocrine pancreas,
only ~1% of the mass, consists of pancreatic islets cells, including insulin-secreting p-cells,
glucagon-secreting a-cells, and somatostatin-secreting o-cells (5). The pancreas also contains
sympathetic and parasympathetic nerves, rich vasculature, and resident immune cells. More than

95% of pancreatic cancers originate from the exocrine pancreas while the remaining ~5% of



cases are classified as neuroendocrine tumors (3,4). The most common type of exocrine
pancreatic cancer is pancreatic ductal adenocarcinoma. Other less common types of exocrine
pancreatic cancers include acinar cell carcinomas, squamous cell carcinoma, adenosquamous
carcinoma, and colloid carcinoma (6). Regardless of the types of pancreatic cancer, early
detection and treatment of non-invasive pancreatic cancer would significantly improve the

survival rates; especially if we can target this disease at the precursor stage.

1.1.1 The PDAC precursor lesions

The most common precursor lesion of PDAC is PanIN, which is defined as a microscopic
noninvasive epithelial neoplasm with varying amounts of mucin and varying degrees of
cytologic and architectural atypia (7). Low-grade PanINs can progress into increasingly
dysplastic high-grade PanINs and can finally become PDAC (Figure 1.1). Although the majority
of PDAC is thought to arise from PanlIN, the size of PanIN (usually <5 mm) is often below the
detection limits of current clinical imaging techniques (8). Other common precursor lesions of
PDAC include intraductal papillary mucinous neoplasm (IPMN) and mucinous cystic neoplasm
(MCN) which are macroscopic and can be detected by imaging techniques like CT scanning (7).
IPMN arises in the main pancreatic duct or branch ducts, and it is papillary noninvasive mucin-
producing epithelial neoplasm (Figure 1.2) (7). MCN is defined as a mucin-producing epithelial
neoplasm with ovarian-type stroma (Figure 1.2) (7). Currently, the determinants of precursor
lesion type are not well known but likely originate from the combined effects of cancer cell of

origin and cancer driver mutations (9,10).



1.1.2 Mutational landscape of PDAC

PDAC is a relatively genetically homogeneous cancer. Four genes account for the
mutations in >50% of PDAC patients: KRAS, TP53, SMAD4, and CDKNZ2A (3,4,8). Genes
mutated at a lower prevalence (5-10%) include those involved in nucleosome remodeling
(ARID1A and ARID1B), histone methylation (MLL3, MLL2, and KDM6A), and DNA damage
response (ATM, BRCAL, and BRCA2) (3,8). KRAS mutations can be found in >90% of PDAC
cases and are thought to be the early driver mutation because they can be detected in the earliest
precancerous lesions. KRAS is a small G protein which transduces upstream activating signals
from receptor tyrosine kinases, including the insulin receptor (INSR), to various signaling
cascades such as the mitogen-activated protein kinase (MAPK)/ERK pathway (Figure 1.3)
(11,12). Components of MAPK/ERK signaling pathway are frequently mutated in cancers, and
this pathway regulates cell proliferation and survival. KRAS can exist in two states: the inactive
guanosine diphosphate (GDP)-bound state and the active guanosine triphosphate (GTP)-bound
state. Upon activation, the guanosine exchange factor (GEF) exchanges the GDP from the
nucleotide binding site with a GTP and then the GTP-bound KRAS activates its downstream
effector proteins and signaling cascade (Figure 1.3) (11,12). KRAS returns to its inactive state
when the bound GTP is hydrolyzed to a GDP (12). The G12D mutation (glycine to aspartate
substitution) is the most common KRAS mutation, and it impairs GTP hydrolysis, so KRAS is in
its active GTP-bound state (12). This increases MAPK/ERK signaling, driving uncontrolled
cellular proliferation and eventually cancer (11,12). However, some studies have suggested that
RAS activity in Kras®'?® mice was not as high as expected and lower than RAS activity seen in

other cancer cells (13). This suggests that MAPK/ERK signaling pathway is not fully



constitutive activated by KRAS mutations and external stimuli could further enhance Ras
activity, including inflammation (13) and growth factor signalling.

Loss of function mutations in TP53 (50-70%), SMAD4 (30-40%), and CDKNZ2A (40-
60%) tumor suppressor genes are detected at less frequency, and they are thought to be acquired
after KRAS mutations as they are more prevalent in the higher grade of precancerous lesions
(3,8). The acinar cells or ductal cells carrying KRAS mutations can give rise to PanIN or IPMN
lesions and the subsequent mutations in TP53, SMAD4 and CDKN2A make the precursors
eventually become tumors (4). Studies of the PDAC mutational landscape have deepened our

understanding of PDAC pathophysiology.

1.1.3  The tumor microenvironment in PDAC

PDAC microenvironment is characterized by a dense desmoplastic stroma, which can
account for up to 50-80% of the tumor volume (14-17). PDAC is very resistant to radiotherapy
and chemotherapy because of the dense desmoplasia in which fibroblasts and dense extracellular
matrix (ECM) are the main constituents (14,15). During PDAC tumorigenesis, cancer cells can
secrete transforming growth factor beta-1 (TGF-B1), sonic hedgehog, platelet-derived growth
factor (PDGF), and fibroblast growth factor-2 (FGF2) to stimulate the activation, proliferation,
and ECM deposition of fibroblasts (14,18).

At PanIN initiation, fibroblast accumulation can already be detected, and conflicting
reports suggest that fibroblasts can be both tumor-promoting and tumor-restraining (18). For
instance, mice orthotopically injected with primary fibroblasts and PDAC cells developed larger
tumors and had more metastasis compared to mice only injected with cancer cells (19). This

suggests that fibroblasts support PDAC development. Moreover, fibroblasts can promote tumor



progression by providing cancer cells with amino acids and lipids to support their rapid
proliferation (18). They can also activate the mitogenic signaling pathways (insulin-like growth
factor 1 (IGF-1) and AKT) in cancer cells through paracrine signaling and secrete cytokines
(CXCL12 and interleukin 6 (IL-6)) to promote immune suppression (18). However, several
studies showed that fibroblasts could be tumor-suppressive (16,20,21). For example, Rhim et al.
demonstrated that when sonic hedgehog-dependent fibroblasts were deleted in a pancreatic
cancer mouse model, the mice without fibroblasts died from tumors earlier and had more
metastasis in compared to the controls (20). This suggests that at least a subpopulation of
fibroblasts may restrain PDAC growth, and fibroblast heterogeneity is increasingly recognized.
During pancreatic tumorigenesis, the pancreas is significantly infiltrated with immune
cells, but these cells are generally immunosuppressive in nature (22,23). Pancreatic cancer cells
can employ various methods to escape immune elimination including recruiting regulatory
immune cells, secreting immunosuppressive cytokines (IL-6, TGF-1, IL10, and TGF-B1), and
expressing checkpoint inhibitor molecules (programmed death-ligand 1 (PD-L1)) (22).
Additionally, different types of immune cells also play their specific roles during PDAC
progression. For instance, macrophages, which are the most dominant immune cell population in
PDAC, are correlated with poor PDAC prognosis and mediate immunosuppression, as well as
promoting tumor progression and metastasis (24-27). In contrast, natural killer (NK) cells are
anti-tumor, and the number of NK cells was positively correlated with PDAC survival rate
(23,28). Consistently, NK cells exhibit a low PDAC localization which impairs their tumor
elimination function (23,29). T cells are another type of immune cell that is highly abundant in
PDAC microenvironment. CD4* T cells are tumor-promoting and can stimulate PDAC cell

proliferation and enhance the MAPK and AKT pathways (30), while CD8" T cells are cytotoxic



and increased CD8" T cells accumulation in the tumor was associated with a better PDAC
survival (31,32). T regulatory cells (Treg) are considered tumor-promoting and low numbers of
Tregs were associated with better PDAC prognosis (23,33). A study showed that genetic ablation
of Tregs after the onset of tumors in mice could delay tumor development and prolong survival
(23,34). However, Zhang et al. showed that Treg depletion during the onset and progression of
PDAC caused an accelerated tumor progression via losing the tumor-restraining fibroblast
population and recruiting myeloid cells (35). Thus, Tregs may play different roles dependent on
the PDAC tumor stage. More detailed reviews on inflammation and cancer relationships,

especially pancreatic cancer can be found elsewhere (23,36-40).

1.1.4 Mouse models of PDAC

To have a better understanding of PDAC biology, PDAC mouse models have been
developed which are generally based on the Kras®'?P driver mutation with or without additional
mutations on Trp53, Cdkn2a, Smad4, or Tgfbl. For these PDAC mouse models, one of the Kras
alleles is modified by insertion of a Lox-Stop-Lox (LSL) construct upstream of an exon 1 that
contains a G12D mutation. In the presence of Cre recombinases, the LSL sequence is removed
and a mutated form of Kras is expressed (41) (Figure 1.4). Pdx1-Cre;LSL-Kras®'?P and Ptf1a";
LSL-Kras®'?P mice are the two most commonly used PDAC mouse models and they were
generated by Hingorani et al. in 2003 (42). Nonetheless, in these mouse models, the Kras®2P
mutation is induced in all pancreas cell types as the Cre recombinase is expressed in the pancreas
either under a Pdx1 promoter-driven transgene or by Cre knockin at the Ptfla locus (Figure 1.4).

During embryonic development, both Pdx1 and Ptfla genes are expressed in pancreatic



precursor cells, but in adult mice, the Pdx1 is expressed exclusively in pancreatic islet beta- and
delta-cells, while Ptfla is restricted to acinar cells (41).

PDAC can arise from either acinar cells or ductal cells (10,43). Therefore, to have
pancreatic cell type-specific expression of oncogenic Kras, tamoxifen-inducible mouse models
were developed using promoters of cell marker genes, like Ptfla and Sox9. Lee et al. showed in
mouse models that acinar cell-driven PDAC and ductal cell-driven PDAC have differences in
disease progression, tumor phenotype, and precursor lesion initiation (10). In these models, the
Cre is fused to a mutated hormone-binding domain of the estrogen receptor (CreER), so that
CreER recombinase is translocated from cytoplasm to nucleus in the presence of tamoxifen (44).
For the Ptf1a®ER;Kras-S--612P (PK) mouse model, tamoxifen is injected into the mice after
weaning so the expression of Kras®*?P is restricted to acinar cells; these mice usually begin to
develop low-grade PanINs around 3-months of age (9,10). As the mice age, high-grade PanIN
lesions are observed more frequently, and acinar parenchyma is replaced by PanINs,
desmoplastic fibroblasts, and infiltrating immune cells (10,41,43). At a low frequency, some of
these mice will eventually develop tumors when they are 8- to 12-month-old.

Because of the long tumor latency and low tumor frequency in Kras®?® mouse models,
researchers have also generated pancreatic cancer mouse models carrying loss of function
mutations in tumor suppressor genes. For example, the Pdx1-Cre;Kras-SLt-612D; Trp53LSL-R172H
and Pdx1-Cre;Kras-S-¢12P; Smad4o¥flox mouse models, which have both KRAS and TP53 (or
SMAD4) mutations expressed in pancreatic cells (45). Compared to the PK mouse model, these
triple mutant mice can start to develop tumors at 2 to 3-month-old and die from tumors around 5-
6 months (41). In addition, PanIN and PDAC progression in PDAC mouse models can also be

accelerated by inducing pancreatitis through injecting caerulein, which is an analog to the



intestinal hormone, cholecystokinin (CCK), which stimulates digestive enzyme release from
acinar cells (43). As early as 1 month following caerulein injections, numerous high-grade

PanINs can already be detected in the pancreas.

1.1.5 PDAC risk factors

The main risk factors for PDAC are chronic pancreatitis, family history, smoking,
obesity, and diabetes. Several studies suggest that diet, alcohol consumption, non-O blood type,
and Helicobacter pylori infections are also risk factors for PDAC (46,47). Epidemiology studies
show that pancreatitis and smoking are positively associated with PDAC risk. For instance, a
meta-analysis of 6 cohort studies showed that chronic pancreatitis is associated with a 13.3-fold
increased risk of getting PDAC (48). Smoking is associated with a ~2-fold excess risk of PDAC
(46,49). Although pancreatitis and family history have a stronger association with PDAC risk,
obesity and diabetes as risk factors are beginning to attract more attention from investigators
because of the rapid increase in the number of people with these metabolic disorders (see
statistics below in section 1.2). Pooled analysis of 14 cohort studies showed that compared to
normal-weight individuals, pancreatic cancer risk was 47% higher in obese individuals with
another study showing that obesity is associated with 1.72-fold excess PDAC risk (50,51).
Meanwhile, diabetes is associated with ~1.5- to 3-fold increased risk of PDAC; however, the risk
is higher in individuals with new-onset type 2 diabetes (<2 years) (46,52), which is incidentally
the phase of the disease where endogenous insulin levels are highest (53). The association with
early diabetes has also led to speculation that pancreatic cancer is causing diabetes, and not
necessarily the other way around (46,52,54). However, individuals having long-term diabetes

also have a ~2-fold excess risk of getting PDAC, which suggests that diabetes itself is a risk



factor for PDAC (46,52). Since people noticed obesity and diabetes are positively associated
with increased risk of PDAC (and many other types of cancers), more studies have been
performed to investigate the potential factors linking obesity and diabetes to PDAC. However,
few of these studies have been able to identify causal links using definitive loss-of-function

studies.

1.2 Diabetes, obesity, and pancreatic cancer risk
1.2.1 Diabetes

In 2019, diabetes was estimated to affect 463 million people globally. This number is
projected to grow to 578 million people by 2030 (55). Every year, 1.5 million deaths can be
directly attributed to diabetes worldwide, and in Canada, 7.8% of males and 6.5% of females live
with diabetes (56). Diabetes, which is defined as a chronic metabolic disorder with elevated
blood glucose or hyperglycemia, is caused by insufficient insulin production or impaired
response to insulin (56,57). In Canada, diabetes can be diagnosed by a fasting plasma glucose (at
least 8 hours fasting) of > 7 mmol/L, 2-hour plasma glucose of > 11.1 mmol/L during a 75 g oral
glucose tolerance test (OGTT), and/or glycated haemoglobin Alc (HbAlc) > 6.5% (57). Long-
term unmanaged diabetes can cause severe complications such as retinopathy, nephropathy, or
neuropathy, as well as cardiovascular diseases (56).

There are 3 main types of diabetes: type 1 diabetes (T1D), type 2 diabetes (T2D), and
gestational diabetes (57). Type 1 diabetes is caused by autoimmune destruction of insulin-
producing pancreatic f cells with consequent insulin deficiency and is usually diagnosed in
children and young adults. Type 2 diabetes is the most common type of diabetes and is also the

type of diabetes that correlates with increased cancer risk (discussed in more detail below).



Gestational diabetes develops during pregnancy and women who experience gestational diabetes
have an increased chance to develop T2D later compared to those never having gestational
diabetes. Maturity onset diabetes of the young (MODY) is a rare type of diabetes caused by
impaired insulin production resulting from a single gene mutation. Diabetes can also be caused

by other genetic syndromes, drugs, and pancreatic disorders (including PDAC).

1.2.1.1 Increased cancer incidence and mortality in type 2 diabetes

Type 2 diabetes accounts for ~90% of diabetes cases and its incidence continues to rise.
Type 2 diabetes is caused by both genetic and environmental factors. The common genetic risk
for type 2 diabetes manifests mostly at the level of the pancreatic beta-cell. Risk factors for type
2 diabetes include family history, being overweight or obese, sedentary lifestyles, unhealthy
dietary factors, and smoking (58). Type 2 diabetes is caused by a combination of impaired
insulin secretion in 3 cells, and insulin resistance in the liver, muscle, and adipocytes (58).
Investigators have suggested several molecular mechanisms of 3 cell death and insulin resistance
such as ER stress, free radical overload, inflammation, glucotoxicity, and lipotoxicity (59).
Today, the first-line treatment for type 2 diabetes is a lifestyle, but many drugs can treat the
symptoms of the disease including sulfonylureas, glucagon-like peptide 1 agonists and
dipeptidyl-peptidase 4 inhibitors, sodium-glucose transport protein 2 inhibitors, which improve
insulin secretion (58), or metformin or thiolazinediones that improve insulin sensitivity (58).
However, many patients with type 2 diabetes ultimately are prescribed exogenous insulin
injections. A better understanding of the molecular mechanisms underlying type 2 diabetes

pathophysiology can help us develop better antidiabetic strategies.
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The association between diabetes and increased cancer risk has been widely reported;
especially for T2D (60-63). Meta-analyses indicated that T2D was associated with a 10%
increased risk of developing cancers (60). For specific cancer types, the relative risk (RR) for
type 2 diabetic patients were: 2.3 for liver cancer, 1.95 for pancreatic cancer, 1.2 for breast
cancer, 1.17 for ovarian cancer, 1.38 for kidney cancer, 1.35 for bladder, and 1.28 for non-
Hodgkin’s lymphoma (60). Pancreatic and liver cancer have the strongest association with T2D.
T2D has also been linked to increased cancer mortality. For example, one study showed that in
the presence of T2D, overall cancer mortality was increased 16%, while in another study T2D
was associated with 1.9-fold and 1.73-fold excess cancer mortality in women and men,
respectively (60,64). Specifically, the presence of T2D was associated with 2.43-fold, 1.4-fold,
1.24-fold, 1.16-fold, 1.44-fold increased risk of deaths from liver cancer, pancreatic cancer,
breast cancer, kidney cancer, and colon cancer (60,63). Thus, understanding the mechanisms that
connect diabetes and cancer risk may provide us with novel strategies to treat or even prevent

some types of cancer.

1.2.2 Obesity
Obesity is defined as excessive fat accumulation that may cause a risk to health. A person
is considered clinically obese when their body mass index (BMI) is over 30 kg/m? (65). Since
1975, obesity has nearly tripled around the globe. In 2016, over 650 million people were obese
(65). Obesity is a risk factor for most chronic diseases, including cardiovascular diseases and
T2D. Over 2.8 million people’s deaths can be attributed to overweight or obesity every year (65).
Obesity is also associated with increased cancer incidence and mortality. The presence of

obesity leads to a relative risk (RR) of: 7.1 for endometrial cancer, 4.8 for oesophagus cancer,
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1.8 for gastric cancer, 1.8 for renal cancer, 1.8 for liver cancer, 1.5 for pancreatic cancer, and 1.5
for multiple myeloma (37). Obesity is associated with 52% and 62% increased risk of death from
any cancer in men and women, respectively (66). Specifically, obesity (BMI 35.0-39.9 kg/m?)
was associated with increased mortality from esophageal cancer (RR 1.63), stomach cancer (RR
1.08-1.94), colorectal cancer (RR 1.46-1.84), liver cancer (RR 1.68-4.52), pancreatic cancer (RR
1.41-1.49), kidney cancer (RR 1.7), and breast cancer (RR 1.7) (66). Overall in this study, 14%
and 20% of all deaths from cancer can be attributed to obesity in men and women, respectively
(66). The fundamental cause of obesity is energy imbalance resulting from increased intake of
high fat and high sugar as well as reduced physical activity (65). Therefore, the best way to
reduce obesity is lifestyle changes, with studies showing reduced BMI in obese individuals was

associated with decreased cancer incidence and mortality (63,67-69).

1.2.2.1 A high fat diet accelerates PanIN and PDAC development

The obesity associated PDAC risk has been validated with in vivo PDAC mouse models
subjected to unhealthy diets. Several studies used high fat diets to induce obesity and as
expected, the mice fed with HFD had significantly higher body weight than the mice consuming
control diet (CD). As early as 3- month-old, the HFD-fed mice started to develop more PanIN
lesions than CD-fed mice and they also had more high-grade PanINs, which suggested HFD
could accelerate PanIN initiation (70-72). HFD promoted PDAC formation as well, because, at
3-month-old, there were already tumors detected in mice fed with HFD, while in mice fed with
CD, none of the mice developed tumors until 9 months of age (72). Meanwhile, using a leptin
deficient obese mouse model (ob/ob mice), researchers showed obese Pdx1-Cre;LSL-Kras®?P

mice had more PanINs and more mice developed tumors compared to lean Pdx1-Cre;LSL-
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Kras®'?P mice (73). In both obesity PDAC mouse models, there was more tumor burden (tumor
weight or area) and metastasis in mice with higher body weight which suggested obesity
accelerated the progression of PDAC (70,72,73). Researchers have suggested multiple
mechanisms for HFD-accelerated PDAC initiation and development including increased

inflammation, desmoplasia, hyperinsulinemia, and elevated CCK expression (70-74).

1.2.3 Putative mechanisms linking obesity, type 2 diabetes, and pancreatic cancer

One study estimated that about 5.7% of cancers were attributable to the combined effects
of diabetes and obesity (BMI > 25 kg/m?), but they did not differentiate between T1D and T2D
(75). Broken down by cancer type, the combined effects of diabetes and obesity account for
16.5%-18.8% of liver cancer, 13.1% of pancreatic cancer, 7.2% of breast cancer, 31.3% of
endometrial cancer, 28.7%-29.5% of esophagus, and 18%-21.3% kidney cancer incidences (75).
Additionally, between 1980 and 2002, the percentage of cancer incidence that could be attributed
to obesity and diabetes increased 20% and 30%, respectively (75). Therefore, it is important and
urgent for us to find the potential factors linking obesity and T2D to increased cancer risk and
mortality.

T2D and obesity share some cardinal features including hyperinsulinemia,
hyperglycemia, dyslipidemia, increased inflammation and increased adipokine levels, which are
proposed to be the potential factors linking T2D and obesity to cancer risks (Figure 1.5)
(63,76,77). The roles hyperinsulinemia plays in cancer development and the possible
mechanisms are introduced in more detail below.

Compared to noncancerous cells, many types of cancer cells are thought to preferentially

use aerobic glycolysis over oxidative phosphorylation to generate energy, which is known as the
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Warburg effect (78). Although aerobic glycolysis is inefficient in energy production, it can
support the high proliferation rate of cancer cells by generating precursors necessary for
nucleotide, amino acid, and lipid synthesis (79). Therefore, investigators have suggested that
hyperglycemia may provide tumor cells with more glucose to use and therefore, promote and
support a tumor’s high proliferation rate. Moreover, hyperglycemia increases the formation of
advanced glycation end products (AGEs), which are formed when glucose is nonenzymatically
added to the free amino group on protein, lipids, or nucleic acids (63,80). It has been reported
that the interaction of AGEs with their receptors leads to an increase in inflammation and
oxidative stress, which promotes tumor growth and angiogenesis. To examine effects of
hyperglycemia on cancer growth in vivo, investigators generated hyperglycemia mouse models
using streptozotocin, which kills B cells and results in a loss of insulin secretion (81-83).
However, in those models, streptozotocin-induced hyperglycemia inhibited pancreatic and breast
cancer growth (81-83), and potentially implicated insulin as a causal factor. Therefore, more in
vivo studies should be designed to clearly demonstrate if hyperglycemia itself promotes cancer
development.

Dyslipidemia, especially dysregulation of cholesterol levels, is common in obesity and
T2D. Cholesterol may promote tumor growth through increasing phosphatidylinositol 3-kinase
(PI3K)/AKT/mTOR signaling and increasing cell proliferation (84,85). Moreover, cholesterol is
a precursor for androgen, estrogen, and progesterone synthesis so it may especially promote
hormone sensitive tumors like prostate and breast cancers through providing extra androgens or
estrogens (86,87). Studies showed that low-density lipoprotein (LDL) cholesterol increases
breast and prostate cancer cell proliferation in vitro and using high-cholesterol diets, researchers

demonstrated that hyperlipidemia could promote growth of ERa-positive breast and prostate
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cancer in vivo (88-90). Epidemiological studies also showed that high intake of cholesterol and
serum cholesterol levels increased the risk of pancreatic cancer and cholesterol pathway
inhibition can promote epithelial-mesenchymal transition in pancreatic cancer (91,92).
Therefore, the high cholesterol levels associated with T2D, and obesity could be the factor
linking them to sex hormone associated cancers, such as breast and prostate cancers, as well as
non-hormone associated cancers, like pancreatic cancer.

T2D and obesity are associated with chronic low-grade inflammation and adipose tissue
and the pancreas are infiltrated with immune cells (63). Moreover, obesity is a risk factor for
acute pancreatitis and can worsen its severity (93,94). It is well-known that inflammation plays
significant, but complex roles in cancer initiation, progression, and metastasis (36). For instance,
IL-6 and tumor necrosis factor alpha (TNF-a), which are expressed at higher levels in obesity,
can induce cancer cell proliferation, survival, and invasion (63). Inflammation is also the key
mediator of pancreatic cancer initiation and development as introduced above.

Obesity is commonly associated with dysregulated levels of adipokines which are the
factors secreted by adipocytes (63,77). Leptin is one of the adipokines produced by adipocytes
and it regulates appetite. When leptin binds to its receptor, it can stimulate multiple intracellular
signaling cascades including MAPK/ERK, PI3K/AKT/mTOR, and JAK/STAT pathways which
all promote tumor growth (63,77). Leptin promotes cell proliferation and increases glucose
uptake of human pancreatic cancer cells in vitro via PI3K/AKT pathway and leptin receptor
deletion reduced tumor growth in an in vivo orthotopic pancreatic cancer mouse model (95,96).
The leptin receptor is also expressed in human breast and gastrointestinal cancers and high
expression of the leptin receptor is associated with a poor prognosis in breast cancer (63).

Another adipokine, adiponectin, is detected at lower levels in obese individuals, and its effects
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are anti-inflammatory (63,97). Adiponectin knockout mice had increased liver and colon tumor
formation but decreased mammary tumors (97). In pancreatic cancer, a study showed that
adiponectin treatment inhibited pancreatic cancer cell growth while another study demonstrated
that adiponectin promoted pancreatic cancer progression through inhibiting cancer cell apoptosis
(98,99). Therefore, more studies are needed to demonstrate the role adiponectin plays in PDAC.
Resistin is another adipokine proposed to play a role in tumorigenesis and it is proinflammatory
(100). An in vitro study showed that resistin stimulated prostate cancer cell proliferation through
activating PI3BK/AKT/mTOR pathway and another study showed that silencing resistin’s
cognitive receptors could reduce pancreatic cancer cell proliferation and migration (101,102).
However, based on current studies, adipokine effects on tumorigenesis remain controversial and

further studies should be performed to have a better understanding of their roles in cancer.

1.3 Insulin, hyperinsulinemia, and pancreatic cancer
1.3.1 Insulin

Insulin is a 5.8kDa peptide hormone that acts as a major regulator of metabolism (103).
In pancreatic B cells, insulin is first produced as a precursor called preproinsulin and at the rough
endoplasmic reticulum, preproinsulin is cleaved into proinsulin and a signal peptide (103). The
folded proinsulin is then transported to the Golgi apparatus to be cleaved into insulin and C-
peptide (103). Glucose is the main stimulator for the release of insulin from [ cells; however,
other nutrients like amino acids and fatty acids can also stimulate insulin secretion (103). In
addition to insulin and C-peptide, B cells produce other hormones including islet amyloid
polypeptide (IAPP). IAPP has been reported to cause p53-deficient tumor regression (104),

although these findings have not been independently reproduced.
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Three main organs respond to insulin signaling to regulate glucose homeostasis: liver,
adipose tissue, and muscle. When insulin binds to the insulin receptor in muscle cells and
adipocytes, it activates adipocytes and muscle cells to transport more glucose transporter type 4
(GLUT4) to the cell membrane which increases the glucose uptake (105,106). Insulin signaling
also increases protein synthesis in muscle cells and reduces lipolysis in adipocytes (105,106).
When insulin binds to the insulin receptors in hepatocytes, the signaling reduces glucose
production but increases glycogen and protein synthesis in the liver (105,106). Therefore, liver,
muscle, and fat work together to increase the utilization and storage of glucose, which leads to a
reduction in plasma glucose levels. Insulin also regulates other cell types in the body. For
instance, amylase enzyme production was reduced in rats where -cells were killed by
streptozotocin and its synthesis was restored when insulin was injected (107). In addition, when
the insulin signaling cascade is activated in the brain it increases physical activity and reduces
food intake and the activation of insulin signaling in endothelial cells reduces inflammation
(105,106). Recently, an increasing number of studies have been proposed and conducted to

understand insulin’s effects on various cell types.

1.3.1.1 Insulin gene in mouse and hyperinsulinemia

Unlike humans, who have only one insulin gene (INS), rodents have two insulin genes,
Ins1 and Ins2. Deletion of Insl or Ins2 does not cause hyperglycemia in mice which illustrates
redundancy and genetic compensation; however, it is lethal for mice to lose both Ins1 and Ins2
(108-110). Ins2 is the ancestral gene which resembles the human INS gene, and it contributes to
2/3 of the insulin MRNA inislets (111,112). A trace amount of Ins2 can also be detected in the

thymus and brain (112). The rodent-specific Insl likely arose from a reverse-transcribed,
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partially processed Ins2 mRNA transposition and its expression is restricted to 3 cells (113).
Compared to Ins2, Insl lacks one of the two introns, and they reside on different chromosomes
(111). Although Insl and Ins2 share high homology, their promoter elements, imprinting status,
temporal expression pattern, translation and processing rates are different which may explain
why evolutionarily, both are retained (112,114-117).

Although elevated circulating insulin, or hyperinsulinemia, is a well-known characteristic
of obesity and T2D, there is no agreed upon clinical or research definition of this feature. Fasting
insulin of >12.2mU/L has been suggested as a cutoff to define hyperinsulinemia but
conceptually, we can define hyperinsulinemia as excess insulin relative to what is required to
maintain a normal glucose level (118,119). Hyperinsulinemia can arise from insulin
hypersecretion or reduced systemic insulin clearance, or a combination of both. Many studies
have demonstrated that hyperinsulinemia is associated with metabolic disorders (like obesity and
insulin resistance) and cancer (introduced in more detail below).

By manipulating the gene dosages of Ins1 and Ins2, the Johnson group has developed
mouse models that can be used to examine the causal roles of HFD-induced hyperinsulinemia in
many conditions, including obesity, insulin resistance, fatty liver, and longevity (112,120-124).
In a Ins2-null (Ins27") genetic background, mice having only one allele of Ins1 gene (Ins1*")
exhibit a significant reduction in fasting insulin and are protected from HFD-induced obesity
compared to control mice having two alleles of Ins1 gene (Ins1**) (112). In addition, they
showed that in a Ins1-null (Ins17") genetic background, Ins2* (Ins1”;Ins2*"") mice have
significantly lower fasting insulin levels, body weight, as well as an extended lifespan compared

to Ins17;Ins2** mice (120-122). Those studies showed the causal role of hyperinsulinemia in
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obesity and these models can be used to study hyperinsulinemia’s causal effects on various

pathophysiological parameters.

1.3.2 Hyperinsulinemia and cancers

Many epidemiology studies showed that hyperinsulinemia is associated with an increased
risk of cancer. Through comparing the individuals with the highest quartile and lowest quartile of
C-peptide level or insulin level, researchers found hyperinsulinemia increased the risk of getting
pancreatic, breast, colorectal, liver, endometrial, gastric, and ovarian cancers (125-132).
Moreover, genetic predisposition to hyperinsulinemia was associated with an elevated risk of
pancreatic, lung, and endometrial cancer (76,133). Interestingly, a study showed that even for
healthy-weight women, they were at higher risk of breast cancer if their fasting insulin level was
at the highest quartile. In contrast, overweight women did not have excess breast cancer risk if
their fasting insulin level was in the lowest quartile (134). Hyperinsulinemia is also associated
with cancer mortality (135). For instance, studies showed hyperinsulinemia was associated with
a 1.35-fold, 1.5-fold, and 2.72-fold increased risk of death from breast, colorectal, liver cancer,
respectively (136-138). Even for non-obese individuals, hyperinsulinemia was associated with
increased cancer mortality (139). Therefore, these studies suggested that hyperinsulinemia can be
an independent risk factor for cancer incidence and mortality.

Hyperinsulinemia may promote tumorigenesis through several mechanisms.
Hyperinsulinemia can promote tumor growth through classical insulin signaling. When insulin
binds to its receptor, it will stimulate multiple downstream signaling cascades such as

PIBK/AKT/mTOR pathway and MAPK/ERK pathway, which both are highly mutated in many
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types of cancer. The insulin receptor and its downstream signaling pathway will be discussed in
more detail below.

Hyperinsulinemia may promote tumor growth through regulating the farnesylation of Ras
(140,141). The activation of Ras can only occur if Ras is anchored at the cell membrane and a
farnesyl moiety is needed to be attached to Ras before it is translocated to the cell membrane,
which is known as farnesylation (141). Insulin signaling can phosphorylate and activate
farnesyltransferase which is the enzyme that facilitates farnesylation (141). Therefore,
hyperinsulinemia may augment the amount of farnesylated Ras available for GTP loading and as
a result, the MAPK/ERK signaling is overactivated and mitogenesis is enhanced (141).

Additionally, hyperinsulinemia may indirectly affect tumorigenesis by regulating the
levels of IGF-1 and sex-hormone-binding globulin (SHBG) (Figure 1.5) (80,140). IGF-1
signaling can increase cell proliferation and survival, thus acting as a mitogen for cancer cells
(142-144). In the liver, IGF-1 release is dependent on growth hormone signaling and insulin can
upregulate growth hormone receptors in hepatocytes which consequently increase IGF-1 levels
(145,146). Meanwhile, insulin-like growth factor binding proteins (IGFBP), especially IGFBP-3
can bind IGF-1 and IGF-2 and reduce their bioavailability (80). Moreover, IGFBP-3 can directly
regulate the interaction between IGF-1 and its receptor which inhibits cell proliferation and
increases apoptosis (80). Same as IGF-1, IGFBP-3 is also produced by hepatocytes and is
suppressed by insulin (80,147,148). As a result, hyperinsulinemia may indirectly promote tumor
growth through enhancing the IGF-1 signaling cascade. Insulin also inhibits the hepatic synthesis
of SHBGs, which bind to testosterone and estradiol (63,80). Therefore, the bioavailability of sex
hormones is increased under hyperinsulinemia status, which may lead to the greater risk of

estrogen-dependent breast and endometrial cancer.

20



Hyperinsulinemia may contribute to tumorigenesis through inducing excess reactive
oxygen species which can cause genetic damage (149). An in vitro study showed that 5 nM
insulin can induce significant DNA damage in human colon adenocarcinoma and peripheral
lymphocyte cells (150). Moreover, using a hyperinsulinemic-euglycemic clamp, chronic
hyperinsulinemia caused elevated reactive oxygen species production and genomic stress in rat
kidney cells (151). Reactive oxygen species was not only shown to lead to the development of
acute pancreatitis but also shown to drive the formation and progression of pancreatic
precancerous lesions (152-154). This suggests that hyperinsulinemia may accelerate tumor
progression through supporting tumor cells gaining additional mutations.

Studies have also suggested hyperinsulinemia is associated with increased inflammation
(119). For example, a study showed that modest hyperinsulinemia is sufficient to cause adipose
tissue inflammation in experimental animals (155). Additionally, in human serum and adipose
tissue, insulin infusion increased IL-6, TNF-a, and monocyte chemoattractant protein-1 (MCP-1)
levels during a hyperinsulinemic-euglycemic clamp (156-158). Insulin signaling in immune cells
is also important for their function. Studies found knocking out the insulin receptor (Insr) gene in
T cells diminished cytotoxicity and reduced the production of IL-10 and IL-4 (159,160). Insulin
signaling is also required to maximize T cell proliferation and differentiation (159,161).
Therefore, hyperinsulinemia may promote tumorigenesis indirectly through affecting immune

cells in the microenvironment.

1.3.3 Hyperinsulinemia in PDAC
As introduced above, epidemiological studies demonstrated how PDAC is cancer with

one of the strongest associations with hyperinsulinemia. For instance, a study comparing male
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Finnish smokers with insulin concentration in the highest quartile to those with insulin in the
lowest quartile had a 2.01-fold increased risk of PDAC, with associations being stronger when
the follow-up was longer than 10 years (RR 2.9) (162). A meta-analysis demonstrated that
hyperinsulinemia was associated with a 70% higher risk of PDAC (163). Hyperinsulinemia and
insulin resistance were also associated with increased aggressiveness and mortality of PDAC.
Dugnani et al. showed the median overall survival rate was significantly lower in PDAC patients
with insulin resistance (164). Moreover, when examining the use of antidiabetic agents and
PDAC risk, researchers found that usage of insulin or insulin secretagogues was associated with
~2-fold higher risk of PDAC (165,166). Therefore, these epidemiological studies support the
insulin-cancer hypothesis in PDAC.

The exocrine pancreas is anatomically unique due to its proximity to the insulin-
producing [ cells. The local pancreatic insulin concertation is approximately 10 times higher
than the circulating insulin concentration after post-hepatic circulation because over 50% of
secreted insulin is absorbed in liver (167-169). Interestingly, researchers found there were more
mitoses in acinar cells proximal to islets compared to distant acinar cells, and in T1D patients,
there was a smaller number of acinar cells (107,170,171). At levels that do not cause
hypoglycemia, hyperinsulinemia alone can promote hepatic neoplasia in pre-clinical islet
transplant experiments (172,173). Therefore, it is important to investigate if hyperinsulinemia

will promote PDAC using an in vivo mouse model.
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1.4 Insulin receptor signaling and pancreatic cancer
1.4.1 Insulin receptor signaling

It is commonly accepted that insulin executes its metabolic roles through
PIBK/AKT/mTOR pathway and executes its mitogenic role through MAPK/ERK pathway,
although the former pathway can also drive proliferation (Figure 1.6). When insulin binds to
insulin receptor, INSR, this receptor tyrosine kinase is autophosphorylated and insulin receptor
substrate (IRS) is then recruited to the phosphorylated INSR through its phosphotyrosine binding
domain (105,140). IRS is also phosphorylated by INSR tyrosine kinase and phosphorylated IRS
interacts with the p85 regulatory subunit of PI3K which activates the PI3K p110 catalytic subunit
(105,140). PI3K then phosphorylates membrane attached phosphatidylinositol 4,5-bisphosphate
(P1P2) to phosphatidylinositol (3,4,5)-triphosphate (PIP3) which recruits phosphoinositide-
dependent kinase (PDK) to directly phosphorylate serine/threonine protein kinase AKT
(105,140). Activated AKT can phosphorylate and consequently inhibit or activate a broad range
of proteins like the transcription factor forkhead family box O (FOXO), mTOR, ribosomal
protein S6 (S6K), glycogen synthase kinase 33 (GSK3p), and the RabGAP TBC1 domain family
member 4 (TBC1D4) (105). These effector proteins then regulate glucose production, uptake,
and storage, as well as glycogen, lipid, and protein synthesis. The mitogenic aspects of the
PI3K/AKT/mTOR signaling cascade will be discussed in more detail below. Additionally,
insulin signaling cascade has negative feedback loops that converge on IRS proteins. For
instance, phosphatases like protein tyrosine phosphatase 1B (PTP1B) can dephosphorylate
tyrosine residue on IRS while S6K and mTOR can carry out inhibitory phosphorylation of IRS
proteins (105). These antagonistic signaling events can desensitize insulin signaling and are

suggested to contribute to insulin resistance in T2D.
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For the MAPK/ERK arm, a SH2 domain containing growth factor receptor-bound protein
2 (GRB2) can bind to the phosphorylated INSR, as well as to the guanine nucleotide exchange
factor Son of Sevenless (SOS) (140). SOS then activates Ras by stimulating the exchange of
bound GDP for GTP. Ras can then activate the downstream Raf/Mek/Erk signaling cascade
(140). Moreover, GTP bound Ras can directly interact and activate PI3K p110 catalytic subunit
independently of p85 and studies showed that Ras-PI3K interaction was important for Ras-driven
tumorigenesis (174). The MAPK/ERK pathway regulates cell cycle entry and cell survival, and it

is highly mutated during tumorigenesis (introduced in more detail below).

1.4.2 Insulin receptor signaling in cancer

Although insulin mainly utilizes the PISBK/AKT/mTOR axis to conduct its metabolic role,
this pathway is also an important regulator of cell proliferation, and proteins that activate or
suppress this pathway are frequently mutated in tumor cells. For instance, phosphatidylinositol-
4,5-Bisphosphate 3-Kinase Catalytic Subunit Alpha (PIK3CA), which is the gene encoding the
catalytic p110a subunit of PI3K, is frequently mutated in many human cancers including breast,
gastric, prostate, lung, cervical, and colon (175-178). The mutations commonly occur at two
hotspots: H1047R and E545K, which will increase PI3K interaction with the lipid membrane and
reduce inhibition by the regulatory subunit p85, respectively (179). Studies also showed that
non-coding RNA (ncRNA) can activate or inhibit PI3K/AKT/mTOR signaling during
tumorigenesis. For example, the ncRNA GRNDE can promote cell proliferation through
activating PI13K signaling and is upregulated in non-small cell lung cancer, colorectal cancer,
gastric cancer, and hepatocellular carcinoma (180-185). Moreover, GAS5, which is another

ncRNA that inhibits PI3K activity, is downregulated in tumor cells (178,186-188). Furthermore,
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the phosphatase PTEN, which is a negative regulator of PI3K/AKT/mTOR pathway, is a well-
known tumor suppressor and its loss of function mutations are frequently detected in many
cancers including brain, breast, and prostate cancers (178,189-191).

The active PI3BK/AKT/mTOR signaling cascade can provide tumor cells with growth
advantages through several mechanisms. AKT can indirectly arrest the cell-cycle and reduce
apoptosis through inhibiting FOXO, which induces apoptosis by upregulating Bcl-2-like protein
11 (BIM) and Fas ligand expression (192). MDM2 is a proto-oncogene that inhibits TP53, and it
can be phosphorylated and activated by AKT (193). As a consequence, tumor cells can escape
TP53-induced cell-cycle arrest. Moreover, insulin can increase protein synthesis through
activating mTOR and its downstream targets, like S6K, supporting the rapid proliferation of
cancer cells (105). Thus, insulin can also execute its mitogenic function through
PI3K/AKT/mTOR arm.

The MAPK/ERK pathway is highly mutated in tumorigenesis. RAS proteins are mutated
in ~30% of human cancers and for certain types of cancers, RAS is mutated at a higher
frequency. For example, 90% in pancreatic cancer, 40% in colorectal cancer, and 27-36% in
ovarian cancer (194,195). B-RAF has been reported to be mutated in ~7% of all cancers and it is
especially mutated in melanomas (27-70%), colorectal (5-22%), ovarian (30%), and thyroid
cancers (36-53%) (194-196). The most common B-Raf mutation is V600E which can account for
>90% of B-Raf mutations found in melanomas and thyroid cancers (194,196). The V600E
mutation in BRAF is also found in ~3% of pancreatic cancer cases (197). ERK can also be found
mutated in 67-90% of melanomas, which demonstrates how important the MAPK/ERK pathway

is for tumor growth (195).
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MAPK/ERK signaling can regulate diverse processes that are important for tumor
progression and metastasis such as proliferation, survival, migration, angiogenesis, and
extracellular degradation. As an example, Ras can alter the expression of p16, p15, and p21
which can regulate cell cycle, while the presence of ERK in the nucleus is essential for G1 to S
phase transition (194,198,199). Also, when ERK is translocated into the nucleus, ERK can
activate various transcription factors like the proto-oncogenes c-Fos, c-Jun, and c-Myc (195).
ERK can also phosphorylate myosin light chain kinase, paxillin, focal adhesion kinase, and
matrix metalloproteinases which can promote tumor migration and invasion, as well as induce
vascular endothelial growth factor (VEGF) expression to promote angiogenesis (194,200,201).
Similar to AKT, ERK can phosphorylate BAD, BIM, and caspase 9 to inhibit apoptosis and
increase cancer cell survival (194). Consequently, hyperinsulinemia could enhance tumor

progression through stimulating either the PISBK/AKT/mTOR or MAPK/ERK signaling cascades.

1.4.2.1  The insulin receptor isoforms in cancer

Insr mMRNA can undergo a differential splicing pattern which generates two INSR
isoforms: INSR-A and INSR-B, which are expressed in different relative abundance in various
tissues (149,202). INSR-B contains exon 11, while INSR-A does not, and it is well established
that INSR-A carries more of the mitogenic and anti-apoptotic effects of insulin while INSR-B
mediates metabolic effects (149,202). INSR-A/INSR-A homodimer and INSR-B/INSR-B
homodimer can bind to insulin at similar affinities, while INSR-A/INSR-A binds to IGF-2 at a
much higher affinity compared to INSR-B/INSR-B (ECso 3.3 nM vs 36 nM) (149,203). INSR-A

and INSR-B can also form heterodimers with insulin-like growth factor 1 receptor (IGF1R) as
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INSR-A/IGF1R and INSR-B/IGF1R. Insulin, IGF-1, and IGF-2 can all bind to these
heterodimers (149,202,204).

INSR level is upregulated in cancers and in certain types of cancers, INSR may play a
more significant role than the IGF1R. INSR-A is believed to be the isoform predominantly
overexpressed during tumorigenesis and either INSR-A or the ratio of INSR-A to INSR-B has
been found to increase in breast cancer, prostate cancer, lung cancer, endometrial cancer, and
liver cancer, but the expression of INSR-A and INSR-A to INSR-B ratio in pancreatic cancer is
not very clear (149,202,205-207). Specifically, INSR-A to INSR-B ratio seems to significantly
increase in all breast cancer stages and INSR is associated with poor breast cancer patient
survival (149,205,207). Interestingly, hormone-resistant ER positive tumors had an increased
INSR expression but a reduced IGF1R expression (206), and similarly, in colorectal carcinoma,
IGF1R was expressed at lower levels than INSR (208).

The mechanism of increased INSR expression in cancer cells is still poorly studied;
however, some studies suggested that Insr gene transcription may be dysregulated by oncogene
or tumor suppressor genes. For instance, the frequently mutated TP53 is a negative regulator for
Insr (209). In addition, high mobility group protein A1 (HMGAZ1) and specificity protein 1 were
shown to be upregulated in some cancers and they positively affected Insr expression (149,210-
213). Investigators also found that some microRNAs (miRNAS) can regulate INSR abundance.
For example, miR-195 can post-transcriptionally suppress INSR expression and miR103/107 can
destabilize INSR at the membrane by targeting caveolin-1 (149,214,215). Moreover, some
studies suggested that the increased ratio of INSR-A to INSR-B in cancer was because of

changes in splicing factor expression (149). For instance, SRP20/SRSF3, which are splicing
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factors that retain exon 11 and promote INSR-B isoform formation, were decreased in human
hepatocellular carcinoma (149).

Hyperinsulinemia can cause INSR internalization (124), which can reduce the number of
INSR proteins available on the membrane for insulin ligand binding. Nevertheless, researchers
demonstrated that breast cancer cells are insensitive to hyperinsulinemia-induced INSR
downregulation (216,217). Interestingly, insulin may induce SPR20/SRSF3 degradation which
may then lead to increased INSR-A levels, and consistent with this an elevated INSR-A to INSR-
B ratio is positively correlated with hyperinsulinemia (149,218,219). Therefore, cancer cells may

have many methods to escape the desensitization of INSR.

1.4.2.2 Insulin receptor signaling in PDAC

Not many studies have investigated whether insulin and/or insulin receptors play a
specific role in acinar cells during normal physiology. Bruce et al. showed that when insulin
bound to INSR on acinar cells, AKT was activated, which then phosphorylated and activated the
key glycolytic enzyme, phosphofructokinase fructose bisphosphatase-2 (PFKFB2) (220).
PFKFB2 catalyzed the synthesis of fructose 2,6-bisphosphate which then drove glycolytic
adenosine triphosphate (ATP) production, and this could provide acinar cells with sufficient ATP
and protect them during acute pancreatitis (220). This study suggests the importance of insulin
receptor signaling in supporting energy production in normal acinar cells, but more studies are
needed to characterize other aspects of INSR function in acinar cells.

In contrast, multiple studies have examined the importance of factors involved
downstream of INSR signaling during pancreatic tumorigenesis, since mutations in both

MAPK/ERK and PI3BK/AKT/mTOR pathways can induce PDAC. As mentioned above, KRAS
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mutations are detected in ~90% of PDAC and most PDAC mouse models are designed based on
a Kras®2P mutation (41). PIK3CA mutations can also be detected in 3-5% of PDAC patients
(221-223). Additionally, when a constitutively activated PI3K was expressed in pancreatic cells
(Pdx-1-Cre), PanIN lesions and tumors developed in these mice (224). The precursors lesions
could be detected as early as 10 days of age and at 20-days old, PDAC was already be detected
in some mice (224). Moreover, Sivaram et al found PISK/AKT/mTOR signaling limits T cell
recognition and tumor cell clearance in PDAC because when Pik3ca was silenced in Pdx1-
Cre;KrastSt-6120: Trp53LSER72H mijce, it induced T cells infiltration, tumor repression, and
increased the survival of the mice (225). Strategies developed to inhibit PI3BK/AKT/mTOR
signaling have also inhibited PDAC development (224,226). Furthermore, when the PI3K
inhibitor PTEN is disrupted specifically in ductal cells, Kopp et al found the PtenAPucvAbuct mjce
developed IPMN lesions and 31.5% of the lesions were invasive (9). In summary, the signaling
cascades downstream of insulin action: the PIBK/AKT/mTOR and MAPK/ERK pathways, are

both important for and dysregulated in PDAC as shown by in vivo mouse models.

1.5 Thesis overview

Although a correlative link between hyperinsulinemia in cancer has been proposed
previously, there have been no published in vivo loss-of-function studies published that could
directly demonstrate that hyperinsulinemia and insulin signaling can contribute causally to
cancer development. Pancreatic cancer is one of the cancers that showed the strongest
association with hyperinsulinemia. Therefore, we wanted to reduce endogenous insulin

production or inhibit insulin signaling in a well-established PDAC mouse model to investigate if
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and how hyperinsulinemia and insulin signaling affects HFD-promoted PDAC initiation and
progression.

The first aim of my doctoral project was to determine whether the increase in insulin is
necessary for HFD-mediated PDAC progression in Ins2 null mice. | generated
Ptf1aC"*ER: KrastS--612P; Ins1*/*;Ins2” control mice in which HFD can induce high circulating
insulin levels, and Ptf1a®™ER;Kras-S-"¢12P;Ins1*:Ins2”- experimental mice which are protected
from HFD-induced hyperinsulinemia. | first checked if there was a difference in glucose
homeostasis between the two genotypes and then compared the pancreatic area occupied by
PanIN lesions in each mice group to examine if endogenous hyperinsulinemia affects PDAC
development.

The second aim was to determine whether the increase in insulin is necessary for HFD-
mediated PDAC progression in Ins1 null mice. To examine if PanIN development would also be
affected by reducing Ins2 gene dosage in an Ins1-null background, I generated
Ptf1aC"ER; KrastS-C120: Ins17;Ins2*"* control mice and Ptf1a“*ER;Kras-S--6120;Ins17;Ins2*"
experimental mice. | investigated if the reduction in insulin production affected glucose
homeostasis. Also, | measured the percent pancreatic area occupied by PanIN, acinar to ductal
metaplasia, or adipocytes to assess the difference in histopathology between the two genotypes.
Finally, we used single-cell RNA sequencing to investigate the potential molecular mechanisms
by which hyperinsulinemia promotes PanIN development.

The third aim was to determine whether insulin signaling in Kras®?P expressing
pancreatic acinar cells is necessary for HFD-mediated promotion of PanIN and PDAC initiation
and progression. To accomplish this aim, I combined a conditional knockout allele for the Insr

gene with the PDAC mouse model to generate Ptf1a"*ERKras-S--612P; Insr"™:nTnG,

30



Ptf1aC"ER; KrastS-C120: Insr¥!:nTnG, and Ptf1a®®ER;Kras-S-6120: Insr:nTnG mice. 1 first
determined if loss of Insr in acinar cells affected glucose metabolism and then measured the
Alcian blue™ area, CK19" area, acinar cell area, PanIN area, and PanIN plus tumor area in each

genotype to understand whether and how insulin signaling affects PanIN and PDAC initiation

and development.

low grade PanIN ——Jp» high grade PanIN ————J PDAC
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Figure 1.1. Progression of normal pancreatic duct to low grade PanIN to high-grade PanIN
to PDAC.
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Figure 1.2. The representative pancreatic precancerous lesions.
A, PanIN, B, IPMN and C, MCN. Figure 1.1A and Figure 1.1B adapted from (227,228) with
permission.
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Figure 1.3. The MAPK/ERK signaling pathway.
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Figure 1.4. The schematic of Kras alleles in PDAC mouse models.
Cre recombinase expression is regulated by Pdx1 or Ptfla promoter and in the cells that Cre
recombinases are expressed, the lox-stop-lox construct is removed and Kras®?P mutation is

induced in these pancreatic cells.
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Figure 1.5. The proposed mechanisms linking T2D, obesity to cancer.
Adapted from Gallagher et al 2015 (63).
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Figure 1.6. Signaling pathways activated by the insulin receptor.
The blue arrows indicate the pathways that are important in normal acinar cells and the red
arrows indicate the pathways that are important in PanIN and tumor cells. Adapted from

Godsland et al 2010 (140).
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Chapter 2: Methods and Materials

2.1 Mice

All described animal experiments were conducted at the University of British Columbia
with approval of the University of British Columbia Animal Care Committee in accordance with
Canadian Council for Animal Care guidelines. Kras-S-612P mice (C57BL/6) were purchased
from Jackson Labs (Bar Harbour, USA), Ptf1a"ER mice (C57BL/6) were a gift from Chris
Wright (Vanderbilt, USA), Ins1” and Ins2”- mice (C57BL/6) were a gift from Jacques Jami
(INSERM, France), Insr” mice, and nTnG mice were purchased from Jackson Labs (#006955
and #023035, respectively). Mice were maintained on C57BL/6 genetic background and housed
at the University of British Columbia Modified Barrier Facility. They were kept in temperature-
controlled specific pathogen-free conditions on a 12:12 hr light: dark cycle with food and
drinking water ad libitum. The knock-in knock out Ptf1a®"®R”"W and Kras-S--G12PW genes and,
Ins1”, Ins2”, Insr™", Insr”" and nuclear TdTomato-to-nuclear EGFP (nTnG) alleles have been
previously described (112,120-122,229-233). To generate background-matched
Ptf1aCeERMW: K ragtSL-C12DM: Ins1*/+:1ns2 control mice and Ptf1aCERW; KrastSL-612DM: |ng 1+ Ins2-
I experimental mice, Ptf1aERW: K ras-SL-C12DMW: |ns1**:Ins2”- males mice were bred with Ins1*"
:Ins2” females mice, so the mice in control and experimental groups were from the same
parental sets. The resulting litters were fed with a high-fat diet of 60% fat (Research Diets
D12492; Research Diets) at weaning (3 weeks) and recombination was induced by four
consecutive intraperitoneal injections of tamoxifen (Sigma-Aldrich) in corn oil (10 mg/mL) at
0.075 g tamoxifen/g body mass when the mice were 5-9 weeks old. The mice were euthanized at
57 weeks of age for histopathology analyses. To generate background-matched

Ptf1aCreERW: K rastSL-G12DW- 1151 Ins2*/* control mice and Ptf1aCERW: K rastSL-G12D/w: |ngq -
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;Ins2*- experimental mice, Ptf1aCERW: K ragt-SL-C12DW: 1ns1 " 1ns2*/* males mice were bred with
Ins1”;Ins2*" females mice. The resulting litters were fed with an HFD at weaning and at 4 weeks
of age, recombination was induced by three consecutive subcutaneous injections of tamoxifen in
corn oil (20 mg/mL) at 5mg tamoxifen/40g body mass. The mice were euthanized at 57 weeks of
age for histopathology analyses and single-cell transcriptomic analysis. To generate background-
matched Ptf1aCERW: KraglSL-CL2DMW: |ngpWiW-nTnG, Ptf1aCeERW: KrastSk-C120W: Insr"f:nTnG, and
Ptf1aCreERW: K rastSt-G12DMW: IngrnTnG mice, Ptf1atERW; K rastSt-G12DMW: InstW:nTnG mice were
bred with Insr*f mice. After weaning, the resulting litters were fed with HFD and at 4 weeks of
age, recombination was induced by three consecutive subcutaneous injections of tamoxifen in
corn oil (20 mg/mL) at 5Smg tamoxifen/40g body mass. One cohort of mice was euthanized at 10
months of age for histopathology analyses. Another cohort of mice was euthanized at 12 weeks
of age. During dissection, the extracted pancreata were cut into three pieces roughly based on
pancreas anatomical structure: pancreas head, pancreas body, and pancreas tail. For each mouse,
the pancreas head was sent for phosphoproteomics analysis, the pancreas body was kept for
histopathology analyses and the pancreas tail was used for single nucleus RNA sequencing and

bulk RNA sequencing. The primers used for mouse genotyping were shown in Table 2.1.

2.2 Assessment of glucose homeostasis and plasma amylase levels

Mouse body weight and fasting blood glucose levels were measured every 4 or 5 weeks
and the fasting insulin and amylase levels were measured every 3 months. Before the
measurements, mice were fasted for 4 hours in clean and fresh cages during the light period. One
drop of blood was collected from each mouse’s leg and a Lifescan OneTouch Ultra Mini

glucometer was used to measure the fasting blood glucose levels. About 30 ul of blood was
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collected with heparinized microhematocrit capillary tube (fisher scientific, 22-362566,
Waltham, MA, USA) for measuring fasting insulin levels and about 20 pl of blood was collected
with a non-heparinized microhematocrit capillary tube (fisher scientific, 22-362574, Waltham,
MA, USA) for measuring fasting amylase levels. The collected blood was centrifuged at 10,000
rpm for 10 minutes to collect the blood serum. Then the blood serum was used to measure the
fasting insulin levels using insulin ELISA (80-INSMSU-E10; ALPCO Diagnostics, Salem, NH),
and fasting amylase levels were measured with amylase activity assay kits (MAK009-1KT,
MilliporeSigma, MA, USA).

The glucose-stimulated insulin secretion, intraperitoneal glucose tolerance, and insulin
tolerance tests were conducted according to previously described protocols (112,120,122).
Briefly, for glucose-stimulated insulin secretion, mice were fasted for 4 hours and 30 pl of blood
was collected with a heparinized microhematocrit capillary tube before glucose injections. Then
glucose was injected intraperitoneally (2 g/kg), and 30 pl of blood was collected 15 minutes and
30 minutes after injections. Then blood serum was used to measure the fasting insulin levels as
described above. For intraperitoneal glucose tolerance test and insulin tolerance test, mice were
fasted for 4 hours, and the fasting blood glucose levels were measured with the Lifescan
OneTouch Ultra Mini glucometer before glucose injections or insulin injections. Then glucose (2
g/kg) or insulin (0.75 U/Kkg, Eli Lilly, USA) was injected intraperitoneally, and fasting glucose

levels were measured 30 minutes, 60 minutes, 90 minutes, and 120 minutes after the injections.

2.3 Histopathological and morphological analyses
PtflaCreER/W- KrasLSL—GlZD/W. Insl+/+. Insz—/— and PtflaCreER/W- KrasLSL—GlZD/W. | nsl+/—. | nsz—/—

mice pancreata were fixed for 24 hours using Z-FIX (Anatech Ltd.) followed by 48 hours with
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4% paraformaldehyde. These were then embedded in paraffin for histopathology analyses.
Ptf1aCreERW: K ragtSL-C12DW: Ing1-; Ins2+*, Ptf1aCreERM: K rastSL-612DW: 1ng1 -/ Ins2*",
Ptf1aCreERW: K ragtSL-C12DW: IngtWW:nTnG, Ptf1aCERW; KrastSt-G12DM: [nsr:nTnG, and
Ptf1aCreERW: K ragt-SL-C12DW- Insr#nTnG mice pancreta were fixed in 4% paraformaldehyde for 24
hours followed by paraffin embedding. Mouse pancreata were sectioned and stained with
hematoxylin and eosin (H&E), Alcian blue, which stains the highly acidic mucin content, and
Sirius red as previously described (74,234,235). The stained slides were scanned with a 20x
objective using a 3DHISTECH Panoramic MIDI (Quorum Technologies Inc. Guelph, Canada)
slide scanner.

Histopathological analyses were conducted by Anni Zhang in a de-identified manner and
verified by Janel Kopp and David Schaeffer. All histopathological analyses were performed on
one of the stained sections that displayed the maximal pancreatic cross-sectional area unless
otherwise stated. For Ptf1aC"ERW: KrastSL-C12DM: |ng11ns2** and Ptf1aC"®ERW: KrastS-
G12DMW-Ins17;Ins2* mice, the PanIN plus tumor area, ADM area, and adipocytes area were
analyzed on 3 H&E-stained sections, which were 140 um away from each other. Every gland
with a lumen was categorized as normal, ADM, PanIN, or neoplasia, and glands representing
more than one of these categories were scored based on their highest-grade feature. The total
pancreatic area, PanIN plus tumor area, PanIN area, fibrosis area, ADM area, adipocytes area,
and, normal acinar cell area were measured as previously described (74). Briefly, the total
pancreatic area, PanIN plus tumor area, PanIN area, normal acinar cell area was determined by
masking all pancreatic tissue, selective masking of the PanIN plus tumor area, selective masking
of the only PanIN area, and selective masking of the normal acinar cell area by Adobe

Photoshop, respectively. The pixels for the total pancreatic area or each histological feature were
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measured by ImageJ and this was used to calculate the percentage area occupied by each
histological feature. The fibrotic area was determined by selective masking of the Sirius red
stained area by Adobe Photoshop CC and the percentage area occupied by fibrosis per pancreas
was calculated based on pixel numbers. The adipocyte area was selected by Adobe Photoshop
2020 magic wand tool and the whole pancreas area was selected by using magnetic lasso tool
and magic wand tool. Then the selected adipocyte area and whole pancreas area were measured
using Adobe Photoshop 2020 measurement log function. For Alcian blue positive area, Adobe
Photoshop 2020 Black & White function was used to highlight the blue area (red filter). The total
pixels for pancreas or Alcian blue positive area were counted by ImageJ and this was used to

calculate the percent of Alcian blue positive area per pancreatic section.

2.4 Immunohistochemistry

The IHC staining was performed according to previously published standard protocols
(234). Briefly, the pancreatic sections were deparaffinized and rehydrated in xylene, 100%
ethanol, 95% ethanol, 70% ethanol, 50% ethanol, and water twice for 2 minutes. Antigens were
unmasked using citrate buffer (L0mM, pH 6) and antigen retrieval was done using a pressure
cooker for 1 hour. After antigen retrieval, the slides were cooled below 62 degrees before
removing and were rinsed with 0.1% Tween-20 in 1xPBS 3 times for 5 minutes. The slides were
immersed in 2% H202 for 15 minutes to quench endogenous peroxidases and washed 3 times as
described above. Then the slides were blocked and permeabilized with blocking solution (5%
normal donkey serum (NDS), 0.1% Triton-X in 1x PBS, pH 7.4) for 30-60 minutes at room
temperature. Primary antibodies were diluted with blocking solution and sections were incubated

with primary antibodies overnight at 4°C. After washing 3 times in 0.1% Tween-20 in 1xXPBS,
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the slides were incubated with secondary antibodies, which were diluted in blocking buffer, at
room temperature for 1-2 hours. After 3 washes, the slides were incubated with VECTASTAIN
Elite Avidin-biotin complex (ABC, Vector Labs), which was prepared based on manufacturer’s
instruction, at room temperature for 2-5 hours. After 3 washes, 500 pl 3,3’-diaminobenzidine
(DAB) solution, which was prepared based on the manufacturer’s instruction, was added to each
slide and the color change was observed under the scope to monitor the reaction. The reaction
was stopped by adding water. After 3 washes with 1XPBS, the slides were counter stained with
Mayer’s hematoxylin (Thermo Fisher Scientific, 22-050-262) and mounted with Cytoseal
(Sigma-Aldrich, MHS16). The primary and secondary antibodies used for IHC staining are listed
in Table 2.2 and Table 2.3, respectively. All IHC slides were scanned with a 20x objective using
a 3ADHISTECH Panoramic MIDI slide scanner.

For Ki67 analysis, five 400 x 400 pm squares were randomly distributed in one
pancreatic section for each mouse. We selected and analyzed 6 of the Ptf1a°"ER; LSL-
Kras®2P;Ins1**;Ins2”- mice and 5 of the Ptf1a®™ER;LSL-Kras®!?P;Ins1*";Ins2” mice for Ki67
analysis. The total number of cells within each square was counted and the cells were assigned
into one of the following cell types: acinar cells, PanIN cells, ductal cells, stromal cells,
undetermined, reactive ductal cells/ ADM, or cancer cells. For each specific cell type, the ratio of
Ki67" cells to the total number of cells was calculated.

For CD20, phospho-ERK, and CK19 positive area measurements, Adobe Photoshop
2020 Black & White function was used to filter and highlight the brown area (blue filter). The
percent of CD20", phospho-ERK™, and CK19" area per pancreatic section was calculated based
on the ratio of pixels. Macrophage infiltration was quantified using the positive pixel count tool

in Aperio ImageScope software (Leica Biosystems). In short, after IHC staining of F4/80.
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pancreatic pathology areas were assigned into one of the following categories: ADM, PanIN, and
PDAC. The infiltration density (%) of F4/80" macrophages in each pathology category was
expressed as the pixel area occupied by the DAB staining (F4/80%) normalized to the pixel area
occupied by the DAB staining plus the hematoxylin staining (all nuclei). The average infiltration
density for each specific type of pathology for the entire pancreatic section per mouse was

calculated.

2.5 Pancreas tissue dissociation and single-cell sorting

Single-cell RNA-sequencing was performed for Ptf1acrER;Kras-S-¢12P: Ins17:Ins2** and
Ptf1aCmER: Kras-S--C120: Ins17-;Ins2*"- mice. Six Ptf1a™ER;Kras-S-6120: Ins17-;Ins2** and six
Ptf1aCreER; Kras-S--612P: Ins17:Ins2*- mice pancreata were dissociated into single cells for
SscRNA-seq as previously described (evenly divided by sex) (235). Briefly, freshly dissected
pancreata were minced into ~1mm pieces using sharp dissection scissors in HBSS and the
pancreas pieces were collected into 15 ml conical tubes to be centrifuged at 720g for 2 minutes.
After discarding the supernatant, tissues were resuspended in 5 ml of ice-cold HBSS containing
0.4 mg/ml collagenase P (Roche, #11213857001) and 10 mg/ml DNase | (Roche,
#11284932001), and the tissues were transferred into 50 ml conical tubes. Several marbles were
transferred into the tissue-containing tubes, which were then incubated in a water bath (37°C) for
10-18 minutes with gentle shaking by hand. After the incubation, 10 ml HBSS + 5% FBS
(ThermoFisher Scientific, #A3160701) was added to samples, and samples were centrifuged at
720g for 2 minutes. After washing 3 times with 10 ml HBSS + 5% FBS, tissues were filtered
through a 100 UM cell strainer, and the strainer was washed with another 10ml HBSS + 5% FBS.

Then the samples were centrifuged at 180g for 2 minutes to collect the dissociated cells. The
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resuspended samples were stained with 0.05 pg/ml Hoechst 33342 (Invitrogen, #H3570) and 0.5
pg/ml propidium iodide (Sigma, #P4864) and were sorted for live cells using BD LSR II Flow

Cytometer.

2.6  Processing, quality control, and analysis of single-cell transcriptomic data

The single-cell libraries were prepared with the Chromium Single Cell 3’ Reagent Kits V3
(10X genomics, Pleasanton, CA, USA) according to the manufacturer’s instructions and
sequenced on a NextSeq500 (Illumina). The Cell Ranger pipeline (10X genomics, CA, USA)
was used to perform the demultiplexing (cellranger mkfastg, 10X genomics) and alignment
(cellranger count, 10X genomics). The R package SoupX was used to remove ambient RNA
contamination (https://github.com/constantAmateur/SoupX). The cleaned gene-cell matrices
were then loaded into R package Seurat 3.2.1 and filtered to remove cells with unique feature
counts over 6000 or less than 200. The cells that had >20% mitochondrial gene counts or genes
that were expressed by fewer than 3 cells were also removed. Using Seurat 3.2.1 (236,237), the
filtered gene-cell matrices were integrated and clustered in uniform manifold approximation and
projection (UMAP) space using default settings with resolution of 0.1. The cell identity for each
cluster was assigned based on the expression of the typical marker genes (like Prss2, Krt19, and
Collal) that are commonly used for pancreas sSCRNA-seq analysis (238-240). When the cluster
identity could not be determined, Seurat 3.2.1 FindConservedMarkers function was used to find
the top 50 genes that are conserved between mice. This gene list was then uploaded to Enrichr
(https://maayanlab.cloud/Enrichr/) and I used similarities to the enriched gene expression
profiles of different cell types identified by Enrichr to determine the cellular identities for the

latter clusters (241).
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2.7 Differential gene expression, pathway enrichment, and visualization

Single-cell transcriptomics analysis was performed for Ptf1acrER: Kras-St-6120: ns1/;Ins2*/*
and Ptf1aCreER;KrastS-C120; Ins17;Ins2*"- mice. Seurat 3.2.1 FindMarkers function with default
settings was applied to the integrated and normalized dataset to find the genes that were
differentially expressed between Ptf1acreER: Kras-S--¢12P:Ins17:1ns2*"* control and
Ptf1aCreER; Kras-Sb-612P: Ins17: Ins2*- experimental mice (236,237). Then the pathway enrichment
analyses were performed by g:profiler (https://biit.cs.ut.ee/gprofiler/) using the Reactome
database (http://www.reactome.org) based on the Reimand et al. published protocol (242). R
package pheatmap 1.0.12 was used to visualize the pathways that were up-regulated and down-
regulated in Ptf1acreER;Kras-S-"¢12P; Ins17-;Ins2*- experimental mice. Seurat 3.2.1 DoHeatmap
function was used to visualize the single-cell expression of selected immune checkpoint
receptors and ligands genes (236,237). Violin plots were used to visualize single-cell expression

distributions for markers of macrophage subtypes and fibroblast subtypes.

2.8 Statistical analyses

Animals were excluded from the analysis if they were found dead or nTnG
recombination efficiency, which was the percentage of acinar cells or PanIN cells labeled with
GFP, was lower than 20% (for Ptf1aC"ERW: K ragt-SL-C12DW: [ngyWW-nTnG, Ptf1acERW:KrastS-
CL2DW- Insr!:nTnG, and Ptf1aCeERW:KrastSt-C12DW: 1ngr"nTnG mice only). Statistical
parameters include the exact value of sample size n (animal number), precision measures and
dispersion (mean + SEM), and statistical significance levels are reported in the figures and figure
legends. For chapter 3, statistical analyses were conducted with GraphPad Prism 7.04 or the

statistical programming language R (version 3.31). Shapiro-Wilk tests were run to test the
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normality of the data and unless otherwise stated, a two-tailed student’s t-test was run for
normally distributed data. When the data failed the normality test, the Mann-Whitney test was
performed, and Welch’s t-test was conducted when the two samples have unequal variances,
which was assessed by F test. The two-way ANOVA was run when comparing mice body weight
and fasting glucose level.

For chapter 4, statistical analyses were conducted with GraphPad Prism 9.0.0. Shapiro-
Wilk tests were run to test the normality of the data and a two-tailed student’s t-test was run for
normally distributed data unless otherwise stated while the Mann-Whitney test was performed
for non-normally distributed data. Mixed-effects analyses were conducted for IPGTT, ITT, and
GSIS experiments. During the correlation investigations, GraphPad Prism 9.0.0 was used to
generate and assess the linear regressions. Nonparametric Spearman correlation was run for data
of non-normal distribution while Pearson correlation coefficients were computed for data of
normal distribution. Non-parametric Wilcoxon rank sum test was run for differential gene
expression analysis in SCRNA-seq analysis.

In chapter 5, statistical analyses were conducted with GraphPad Prism 9.3.0. Shapiro-
Wilk tests were run to test the normality of the data and one-way ANOVA was performed unless
otherwise stated. Mixed-effect analyses were run for glucose homeostasis data (mouse body
weight, fasting glucose level, and fasting insulin level). When comparing the histopathological
measurements between male and female mice from the same genotype, a two-tailed student’s t-
test was run for normally distributed data and a Mann-Whitney test was performed for non-
normally distributed data. A p-value <0.05 was considered as significant and in figures, asterisks
denote statistical significance level as following: *p<0.05, **p<0.01, ***p<0.001, and

****p<0.0001.
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Table 2.1. PCR Primers used for mice genotyping.

KrasC?P-MU

Kras®?P-WT

Mouse Primer Name | Sequence (5’ —3°)

allele

Ptf1aCreER Ptf1a®ER-CO | TCCAGCAAGCGGGTACTATC
Ptf1a*ER-WT | AGGCGCTTTTCGTAGGGTAG
Ptfla*ER-MU | TAAGCAATCCCCAGAAATGC

Kras-S-612D | Kras®?P-CO | CGCAGACTGTAGAGCAGCG

CCATGGCTTGAGTAAGTCTGC

GTCGACAAGCTCATGCGGG

Insl

Ins1-1

CCAGATACTTGAATTATTCCTGGTGTTTTATCAC

3c_ nTnG

Ins1-2 GCTGCACCAGCATCTGCTCCCTCTACC
Ins1-3 TTCTCGGCAGGAGCAAGGTGAGATGAC

Ins2 016-Ins2-S TGCTCAGCTACTCCTGACTG
g17-Ins2-AS GTGCAGCACTGATCTACAAT
019-Lacz-L ACGGCACGCTGATTGAAGCA
g20-LacZ-R CCAGCGACCAGATGATCACA

Insr 4F _InsR GAT GTG CACCCCATGTCTG
4R_InsR CTG AAT AGC TGA GAC CAC AG

nTnG 3a_nTnG CCAGGC GGG CCATTT ACCGTAAG
3b_nTnG AAA GTC GCT CTG AGT TGT TAT

GGA GCG GGA GAA ATG GAT ATG
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Table 2.2. Primary antibodies used for IHC staining.

Antigen |Source Catalog |Dilution [Species [Antigen retrieval
Low pH buffer 200mL 10mM
CK19 |abcam ab133496|1:1000 |Rabbit citrate buffer at pH 6
MAJS- Low pH buffer 200mL 10mM
Ki67 Thermo Fisher 14520 1:200 Rabbit  |citrate buffer at pH 6
Cell Signaling Low pH buffer 200mL 10mM
Cd20 Technology 70168T |1:500. Rabbit  |citrate buffer at pH 6
Invitrogen eBioscience |14-4801- No antigen retrieval was
F4/80 | Thermo Fisher 82 1:100. Rat performed
14-5773- Low pH buffer 200mL 10mM
Foxp3 |Invitrogen 82 1:200. Rat citrate buffer at pH 6
Invitrogen eBioscience |14-0808- Low pH buffer 200mL 10mM
Cd8 Thermo Fisher 82 1:1000. |Rat citrate buffer at pH 6
Cell Signaling Low pH buffer 200mL 10mM
p-Erk  |Technology 4370S  |1:500. Rabbit  [citrate buffer at pH 6
Low pH buffer 200mL 10mM
GFP Abcam ab6673 |1:200 Goat citrate buffer at pH 6
Table 2.3. The secondary antibody was used for IHC staining.
Antigen |Source Catalog Dilution |Species
Rat Vector Laboratories MP-7404 1:2. Goat
Rabbit  [Jackson ImmunoResearch laboratories, Inc. |711-065-152 |1:500. |Donkey
Rat Jackson ImmunoResearch laboratories, Inc. [712-065-150 |1:500. |Donkey
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Chapter 3: Endogenous hyperinsulinemia contributes to PDAC initiation in

the context of high fat diet

3.1 Introduction

In 2021, pancreatic cancer became the 3" leading cause of cancer death in Canada and
the 5-year survival rate of PDAC was only 10% (1). Chronic pancreatitis, family history,
smoking, obesity, and T2D are risk factors for pancreatic cancer (46,47). In 2012, a study
showed that the combined effects of high BMI and diabetes were responsible for approximately
13.1% of pancreatic cancers and as the obese and diabetic populations are increasing, they are
becoming even more ominous risk factors for PDAC (75). Therefore, efforts to understand the
roles of diet and lifestyle in cancer risk and prevention strategies are expanding, as are efforts to
determine the underlying pathophysiological mechanisms that mediate obesity and T2D-driven
risk. Obesity and T2D are usually accompanied by metabolic disorders like hyperinsulinemia,
hyperglycemia, dyslipidemia, and increased inflammation, which are proposed as candidate
factors that may contribute to the associated increase of cancer morbidity and mortality
(63,76,77).

Primary hyperinsulinemia can be defined as circulating insulin levels more than what is
required to maintain glucose homeostasis and it is demonstrated to be associated with increased
cancer risk and mortality independent of obesity (134,139). A meta-analysis showed that
hyperinsulinemia increases the risk of PDAC 1.7-fold (163) and studies also showed that
hyperinsulinemia and insulin resistance were associated with elevated PDAC aggressiveness and
mortality (164,243). Nevertheless, even though these epidemiological and clinical studies have
reported the association between hyperinsulinemia and PDAC, the cause-and-effect relationship

between hyperinsulinemia and cancer remains to be determined directly.
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Caloric restriction, fasting, and low-carbohydrate diets have been proposed for prevention
or as an adjunct to cancer therapy based, in part, on what has come to be known as insulin-cancer
hypothesis. Insulin has mitogenic effects on pancreatic cancer cell lines (244,245), but there is no
direct evidence that a reduction in insulin production can decrease PDAC initiation or
progression. KRAS mutations are found in 90% of PDAC and reliably induce preneoplastic
PanIN precursor lesions when expressed in murine pancreatic acinar cells using an inducible
Ptf1a®"ER allele. To reduce circulating insulin in Ptf1aCER:Kras-S--6120 mice, we took
advantage of a previously described mouse model system where mice with only one allele of the
Ins1 (Ins1*) gene are compared to mice with two alleles of the Ins1 (Ins1**) gene in a Ins2-null
genetic background (Ins27") to examine the effect of having a sustained reduction in fasting
insulin levels when fed high-fat diet (112).

Thus, in this study, we directly compared the PanIN formation between mice with
varying fasting insulin levels through generating Ptf1aC"ER;Kras-S-"¢120 with the Ins1**;Ins2”
or Ins1*;Ins2”- genotypes. We also assessed if hyperinsulinemia promoted PanIN development

by regulating cell proliferation and/or fibrogenesis.

3.2 Results
3.2.1 Effects of reduced Insl gene dosage on obesity and glucose homeostasis

To address the causal contribution of hyperinsulinemia to PDAC development, we
crossed Ptf1aCreERMW: K rastSL-612DW: 1ns1 *+:Ins27 mice with Ptf1a";Ins1*";Ins2”- mice to
activate mutant Kras®!2P expression in adult acinar cells and modulate insulin dosage. By this
breeding strategy, we generated Ptf1ac™ER;Kras-S-"¢12P; Ins1**;Ins2”- (PK-Ins1**;Ins2”) control

mice and Ptf1a®"®ER;Kras-S-6120: Ins1*;Ins2”- (PK-Ins1*";Ins27") experimental mice (Figure
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3.1A). To stimulate hyperinsulinemia, the mice were fed with HFD after weaning (3-weeks-old)
and at week 5-9, the mice were injected with tamoxifen to induce expression of Kras®*? in
acinar cells (Figure 3.1B). On the Ptf1a®ER;Kras-S--¢12P packground, there was the expected
modest reduction in fasting insulin and body weight in mice with reduced Ins1 compared to
controls (Figure 3.1C-E) (112). Moreover, consistent with our previous findings (112,120,122),
fasting insulin levels were positively correlated with body weight (Figure 3.1F). Importantly, this
reduction in insulin in PK-Ins1*";Ins2”- mice did not affect fasting glucose levels in females over
one year of age (Figure 3.1G). In male mice from the same litters, we observed impaired fasting
glucose, and in some cases frank diabetes (Figure 3.1H), consistent with known sex differences
in insulin sensitivity. Therefore, comparing female PK-Ins1*";Ins2”- experimental mice to PK-
Ins1**:Ins2”- control mice offered us the unique opportunity to test the role of insulin in

pancreatic cancer development, in the absence of changes in fasting glucose.

3.2.2  Mice with reduced insulin production have less PanIN formation

To test our primary hypothesis that decreasing endogenous insulin production would
affect the initiation of Kras®'?P-driven PDAC, we measured the percent of total pancreatic area
occupied by PanINs and tumor. At 57 weeks of age, abundant ductal lesions with histologic and
molecular characteristics of low-grade PanINs, including highly acidic mucin content indicated
by Alcian blue staining, were found in both groups (Figure 3.2A-B). Only one mouse from each
genotype developed PDAC tumor, which expressed the ductal marker CK19 (Figure 3.2C&E).
Remarkably, PK-Ins1*;Ins2”- experimental mice had approximately half the area covered by
PanINs or tumor (12.7+3.4%) compared with PK-Ins1*/*;Ins2”- control mice (25.4+3.8%)

(Figure 3.1C). Without including tumor area, experimental mice still had approximately half the
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area covered by PanIN lesions (12.3+£3.1%) compared to controls (24.7+3.3%) (Figure 3.2F).
Mice with reduced insulin also had significantly fewer high-grade PanIN per section or per
whole pancreas area (Figure 3.2G). There was no significant difference between the genotypes
when the number of high-grade PanIN was normalized to the total PanIN area. At 1 year of age,
PanIN plus tumor area correlated with fasting insulin, but not with glucose levels, arguing
against a prominent role for glycemia in PanIN formation in our model (Figure 3.3A-C).
Although we were unable to follow them 1-year, male mice with reduced Insl also had fewer
PanIN lesions, but the difference was not statistically significant (Figure 3.3D-F). Together, our
data implicate elevated endogenous insulin, but not elevated glucose, in HFD-mediated

promotion of PanIN development leading to pancreatic cancer.

3.2.3 The desmoplastic reaction is reduced in mice with reduced insulin production

We investigated possible underlying mechanisms associated with insulin-driven PanIN
formation, starting with the mitogenic effects of insulin. Many studies have shown that insulin
can promote cell proliferation and reduce apoptosis through activating either PI3K/AKT/mTOR
or MAPK/ERK signaling cascades (105,140). We were unable to measure statistically significant
differences in proliferation rate in any cell types, although variation was high between mice
within the same genotype (Figure 3.4A-B). PDAC is characterized by an intense desmoplastic
reaction, and the increased inflammation associated with PanIN formation could drive the
desmoplasia. Studies have suggested that the resulting cancer-associated stroma could support
tumor survival and growth (246). Insulin has also been shown to enhance the proliferation of
pancreatic stellate cells and augment their production of extracellular matrix through PI3K (247).

By staining the collagen with Sirius red, we found that mice with reduced insulin had
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significantly less collagen deposition than controls (20.1+4.3% vs 41.3+ 5.1%) (Figure 3.4C-D).
This result is consistent with the idea that hyperinsulinemia promotes PanIN development in part

by contributing to the fibrogenesis associated with PanIN.

3.3 Discussion

Despite the strong epidemiological link between hyperinsulinemia and pancreatic cancer, the
specific reduction of insulin is required to formally validate the hypothesis that insulin plays a
causal role. Our study demonstrates that the formation of PanIN lesions is significantly reduced
in mice with reduced insulin production, and it is the first to separate the causal role of
hyperinsulinemia from hyperglycemia and directly test the insulin-cancer hypothesis in vivo.
However, we were only able to include female mice for histopathological analyses in this study
because PK-Ins1*:Ins2”- male mice started to show hyperglycemia as early as 5 weeks of age
and many of them died because of overt diabetes. One copy of the Ins1 gene, which contributes
to only about 1/3 of secreted insulin, was not sufficient for the male mice to maintain their
glucose homeostasis. This was previously observed in studies of non-cancer models. Therefore,
future studies should investigate if this hyperinsulinemia-promoted PanIN progression can be
observed in male mice as well.

Many investigators have proposed that hyperglycemia is a key factor linking obesity and
T2D to PDAC, as extra glucose could theoretically support aerobic glycolysis of cancer cells and
provide the building blocks for rapid growth. However, in this study, we demonstrated that
hyperinsulinemia alone positively correlates with PanIN plus tumor area and that reducing
hyperinsulinemia directly protects mice from pancreatic cancer development (Figure 3.3A&C).

This suggests that hyperinsulinemia is an important component of PDAC development in the
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context of metabolic disease-associated risk. In addition, we evaluated the PanIN plus tumor area
in the pancreas at a late time point (57 weeks), which shows the cumulative influence of
hyperinsulinemia on PanIN development. However, we were unable to determine whether there
were more PanINs because hyperinsulinemia increased the survival and proliferation of existing
PanIN cells or hyperinsulinemia supported more Kras®'?P expressing acinar cells transitioning
into PanIN cells. Consequently, it will be interesting to assess this mouse model at an earlier time
point (e.g. 12 weeks) when the PanINs start to initiate, so one can assess if hyperinsulinemia also
contributes to PanIN initiation.

Some in vitro studies showed that increasing the insulin concentration in cell culture media
could stimulate pancreatic cancer cell proliferation (244,245), but we did not detect a difference
in the number of Ki67* cells between PK-Ins1*";Ins2”- and PK-Ins1*/*;Ins2”- mice in the cell
types we assessed. However, our data cannot exclude the possibility that insulin provided a
mitogenic signal to cells expressing oncogenic Kras®'?P prior to the time points we studied.
Therefore, future studies should measure the proliferation rate of PanIN and stromal cells when
the mice are 12-weeks-old. Moreover, we do know whether hyperinsulinemia enhances PanIN
development through reducing apoptosis and IHC staining for the apoptosis markers (like
caspase-3) at earlier ages should be performed.

The desmoplastic reaction is a prominent characteristic of PDAC and the dense layers of
stromal cells around cancer cells are hypothesized to be one of the reasons that PDAC is highly
resistant to various anti-cancer therapies (248). Several studies have demonstrated that the
fibroblasts in the microenvironment support pancreatic cancer cell survival and proliferation,
meanwhile pancreatic cancer cells stimulate the fibrogenesis process (238). In our mouse model,

we observed significantly less collagen deposition in mice with reduced insulin production, so it
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is possible that hyperinsulinemia indirectly accelerates PanIN development through augmenting
the fibrogenic process. Nevertheless, the increased fibrosis in PK-Ins1**:Ins2”- control mice
could also occur because there were greater numbers of PanIN lesions in these mice than in
experimental mice. Thus, future studies like sScRNA-seq should be conducted to see how
hyperinsulinemia alters the cells in the PanIN microenvironment, especially fibroblasts, or we
could knock out the Insr in fibroblasts to see how this affects PanIN development.

Our findings are consistent with our previous studies demonstrating that a reduction of
fasting insulin, so mild that it did not significantly increase fasting glucose, was sufficient to
significantly extend the mean and maximum lifespan of mice (121). Therefore, insulin-lowering
interventions, such as exercise and diet, warrant further investigation as strategies to prevent

pancreatic cancer or limit its progression.
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Figure 3.1. Ins2-null background mice with reduced Ins1 gene dosage have reduced fasting
insulin levels and body weight.

A, Schematic describing the mouse model. On the background of Ptf1a“"*ER-induced Kras®!?P
pancreatic cancer model (PK), we compared experimental mice with 1 null allele of Ins1 (Ins1*"
), and control mice with 2 full alleles of Ins1 (Ins1*/*), all in the absence of Ins2 (Ins2”) to
prevent compensation. B, Mice were weaned to an HFD at 3-week-old and were injected with
tamoxifen (TM) for 4 consecutive days at 5-9 weeks. Mice were euthanized at 57 weeks of age
for histopathology analyses. C-D, Fasting circulating insulin levels of female (C) and male (D)
mice (n= 8-16). E, Body weights were measured over 1 year for female mice (n= 13-16). F, The
correlation between body weight and insulin at 1 year of age for female mice (n= 7). The black
trend line represents the linear regression of pooled fasting insulin levels and body weight data
points from both genotypes. G, The fasting blood glucose for female mice (n= 13-16). H, The
fasting glucose of male mice at week 5-10 (n= 11-15). *p<0.05.

56



A Ptf1a°ER; Kras®'?%;Ins 1*/*;Ins 2"

Hematoxylin/Eosin

Hematoxylin/Eosin

CK 19

Ptf1a°<ER: Kras®'20; Ins1*";Ins 2"

oe Ptf1aC'eERT"” ;Kras'-s'-‘G12'3'W ;Ins1+/+;lnsz—l-

o e pPtf] aCreERTIw : KrasLSL<GT2DIw : Ins1+/-; ’nsz-l-

m

F

B Ptf1ac<ER: Kras®'?0; Ins 1**;Ins 2"

Ptf1a®tR;Kras®'?;Ins 1*;Ins 2"

Alcian Blue/Eosin

Alcian Blue/Eosin

Hematoxylin/Eosin

I I *
60- " 60- 1 100+ —
ES =2 ° % o
g & 804
5|8 407 5|8 401 g
) 00 . sle oo 5|5 60+ o
0T == H 2 = 5
5] ° 5|¢e $ o Elo 404
Z| 5 204 ° |5 20- ° 5
@ o) @O
: ¢  —=h— e —=b— i o] o 4
£
o [+]
o o ° o 2 oo z

57



Figure 3.2. PanIN lesions were reduced in mice with reduced insulin production.

A-B, Representative whole-section (top) and high-magnification (bottom) H&E (A) and Alcian
blue (B) stained pancreatic slides of Ptf1a™ER;LSL-Kras®'?P;Ins1**;Ins2”- and Ptf1a®"ER;LSL -
Kras®'?P;Ins1*;Ins2”- mice. C, CK19 IHC staining in the one PDAC presented in each
genotype. D, Representative high-grade PanIN lesions formed in Ptf1a®*ER; | SL -
Kras®'?P;Ins1**;Ins2”- and Ptf1a™ER;LSL-Kras®'?P;Ins1*;Ins2”- mice pancreata. E,
Quantification of percent of total pancreatic area occupied by PanIN plus tumor in

Ptf1aC"ER; LSL-Kras®'?®;Ins1**;Ins2”- and Ptf1a®"ER;LSL-Kras®'?®;Ins1*";Ins2” female (dark
blue and dark orange dots denote mice that developed tumours) (n= 9-13). F, Quantification of
percent of total pancreatic area occupied by only PanIN lesions in female mice of each genotype
(n=9-13). G, Number of high-grade PanIN lesions per section for female mice of each genotype
(n=9-13). Scale bars: 1 mm (A-B, top) and 50 um (A-B, bottom; C-D). Values are shown as
mean + SEM. *p<0.05 and **p<0.01.
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Figure 3.3. Fasting insulin levels are correlated with PanIN plus tumor area.

A, The relationship between PanIN plus tumour area and fasting insulin at 1 year of age for
female mice. (n=7). B, The relationship between PanIN plus tumour area and body weight at 1
year of age for female mice (n= 9-13). C, No correlation between PanIN plus tumour area and
fasting blood glucose level at 57 weeks of age for female mice (n= 9-13). D, The percent of total
pancreatic area occupied by PanIN in male mice of each genotype at 15-30 weeks (n=4). E, The
relationship between PanIN plus tumour area and body weight at 15-30 weeks for male mice (n=
4). F, Relationship between PanIN area and euthanasia age for male mice (n= 6-9). For A-F, The
black trend line represents the linear regression of pooled data from both genotypes. Values are
shown as mean £ SEM. #p<0.05 for F-test to compare variances.
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Figure 3.4. Fibrogenesis is reduced in mice with reduced insulin production.

A, IHC staining of Ki67 for female mice from both genotypes. B, Quantification of the percent
of Ki67* cells for each cell type (n= 5-6). C, Representative whole-section (top) and high-
magnification (bottom) Sirius red stained pancreatic slides for female mice both genotypes. D,
Quantification of percent Sirius Red* area for each genotype. Values are shown as mean + SEM.
**p<0.01. Scale bars: 1 mm (C, top) and 50 um (A; C, bottom).
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Chapter 4: Molecular mechanisms associated with the contribution of
endogenous hyperinsulinemia to PDAC initiation in high fat diet-fed Ins1 null

mice.

4.1 Introduction

Multiple epidemiological studies have shown that hyperinsulinemia is associated with
increased cancer morbidity and mortality and pancreatic cancer is one of the cancers with the
strongest association with hyperinsulinemia (51,126-129,131,132,134,135,139). Complementing
these epidemiological studies, our in vivo animal studies showed for the first time that
hyperinsulinemia plays a causal role in PDAC initiation in the context of a known
hyperinsulinemia-promoting high fat diet (74) (Chapter 3). Specifically, we found that
Ptf1aCreER; Kras-S--612P female mice, a commonly used PDAC mouse model, with ~50%
reduction in fasting insulin (Ins1*;Ins2”- compared to Ins1**;Ins27) but no difference in glucose
homeostasis, had a ~50% reduction in PanIN lesions and fibrogenesis. While we were unable to
assess the effects of reduced insulin gene dose in males using this model, as Ptf1acER;Kras-St-
G12D:Ins1*:Ins2” males developed hyperglycemia, these studies were the first to directly
demonstrate that endogenous hyperinsulinemia contributes to the development of any cancer
(74).

The parental imprinting, gene structure, and tissue distribution of the murine Ins2 gene are
similar to human INS gene (112-114,116). It is, therefore, crucial to determine if PanIN initiation
would also be affected by reducing Ins2 gene dosage in Ptf1acER;Kras-S-"612P mice. Moreover,
Ins1 contributes to only ~1/3 of secreted insulin; this means that Ins1*;Ins2” mice have the
lowest amount of insulin compatible with survival, with only female mice remaining consistently

normoglycemic in modern mouse housing facilities (112,120-122). In the current study, we
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addressed the effects of hyperinsulinemia on PDAC development in both sexes by generating
Ptf1aCreER; Kras-S--612 mice with the Ins1”;Ins2** or Ins1”-;Ins2*" genotypes. Comparing Ins1™
:Ins2*"- experimental mice to Ins1”-;Ins2*"* controls allowed us to compare males and females
side-by-side. Beyond validating our previous results with a milder insulin reduction, the current
study also provided an opportunity to examine pancreatic single-cell transcriptomics and gain
insights into the molecular mechanisms involved in the complex cellular landscape of PDAC

initiation under hyperinsulinemic conditions.

4.2 Results
4.2.1 Effects of reduced Ins2 gene dosage on hyperinsulinemia, obesity, and glucose
homeostasis in the context of PDAC development

We examined the effects of reduced Ins2 gene dosage on PDAC development by crossing
Ptf1aCreERW: K rast-SL-C120W: 1ns 17+ Ins2** mice with Ptf1a"";Ins1”";Ins2*" mice to activate mutant
Kras expression in adult acinar cells and modulate insulin dosage (10,43). By this breeding, we
generated both Ptf1aCrER;Kras-S-612P:Ins17:Ins2** (PK-Ins17;Ins2**) control mice and
Ptf1aCreER; Kras-St-6120: Ins17:Ins2*~ (PK-Ins1”;Ins2*") experimental mice (Figure 4.1A).
Recombination and expression of the Kras-S--612P allele were induced by injecting mice with
tamoxifen at 4 weeks of age. To stimulate hyperinsulinemia, including both high insulin
production and secretion, the mice were fed an HFD after weaning (Figure 4.1B).

In contrast to our previous study, which had more limited physiological data, especially in
males (74), body weight and fasting glucose levels were monitored every 4 weeks, and fasting
insulin levels were measured every 3 months until euthanasia in both male and female mice

(Figure 4.1B). As expected from our previous studies using mice with reduced insulin gene
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dosage (120-122,249), PK-Ins17;Ins2*"- mice had lower fasting insulin levels than PK-Ins1™
:Ins2*"* mice (Figure 4.2A&D). This effect was observed continuously after 12 weeks of age for
male mice (Figure 4.2A), and was transiently present between 12 and 50 weeks of age for
females (Figure 4.2D), as previously reported (122). Mice with reduced fasting insulin levels
exhibited reduced weight gain in the context of HFD, without consistently affecting glucose
homeostasis (Figure 4.2B-C & Figure 4.2E-F), consistent with our previous reports (112,120-
122). When mice were 52 weeks old, glucose-stimulated insulin secretion tests, insulin tolerance
tests, and glucose tolerance tests were conducted to examine glucose homeostasis more closely
(Figure 4.2G-L). At this age, PK-Ins17;Ins2** and PK-Ins17;Ins2*" male mice secreted similar
levels of insulin in response to intraperitoneal delivery of glucose, in females we noted a clear
trend in PK-Ins1”;Ins2*"- mice towards reduced glucose-stimulated insulin secretion (Figure
4.2G&J). There were no significant differences in insulin sensitivity between the PK-Ins1”
'Ins2*"* and PK-Ins17;Ins2*- genotypes in either male or female mice despite males with
reduced insulin production appearing slightly more insulin sensitive (Figure 4.2H&K).
Consistent with previous studies (120,122), we found that male mice of both genotypes had a
weaker response to insulin challenge than females (Figure 4.2H&K). Glucose tolerance was
generally similar between the genotypes with male PK-Ins17;Ins2*- mice were more
hyperglycemic than Ins2*"* littermate controls (Figure 4.21&L). As previous studies suggested
insulin might stimulate acinar cells to produce amylase (107), we examined if exocrine
physiology was affected by reduced insulin production by monitoring serum amylase levels
(250), but we found no differences between the genotypes (Figure 4.2M-N).

In sum, the limited systemic physiological differences between the experimental PK-Ins1”-

:Ins2*- and control PK-Ins17-;Ins2*"* mice offered an opportunity to examine the effects of
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reduced insulin production on PanIN formation in the absence of major changes in glucose

homeostasis in both sexes.

4.2.2 Effects of modestly reduced insulin on PanIN initiation

Mice were euthanized at 57 weeks of age for histopathological analyses of the percent of
total pancreatic area occupied by PanIN and tumor or for ScCRNA-seq analysis (see below).
Similar to our previous study, we detected ductal lesions with histologic characteristics of low-
grade PanIN (Figure 4.3A-B) and only one male and one female mouse developed PDAC and
both of them were from PK-Ins1”;Ins2** genotype. Similar to our previous study, the pancreatic
area covered by PanIN and tumor in the PK-Ins17;Ins2*"* control mice was approximately twice
that of the PK-Ins17;Ins2*" experimental mice with reduced insulin levels (Figure 4.3C&G,
filled circles indicated mice with PDAC). In males, the pancreatic area covered by PanIN and
tumor in PK-Ins17;Ins2** mice was 1.34 + 0.88% compared with 0.36 + 0.088% in the PK-Ins1-
"Ins2*- mice. In females, control PK-Ins1”;Ins2** mice had 3.54 + 1.75% of the pancreas
covered by PanIN and tumor compared with 1.58 + 0.70% in the PK-Ins17;Ins2*" mice. While
not statistically significant, we observed a trend toward a higher percent PanIN plus tumor area
or PanIN area in females compared with males from the control genotype, with a similar trend
occurring in the PK-Ins17;Ins2*" genotype (Figure 4.3K-M). While these results broadly support
our previous findings in a mouse model that varied alleles of Ins1 in an Ins2-null background
(74); there were far fewer PanIN lesions in both genotypes (~20% of the pancreatic area in
previous the study (74) vs <4% in the current study for females) and the reduction in PanIN area

was not statistically significant. The low lesion number in our current study may be related to the
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overall reduction in non-fat pancreatic area in the Ins1-null compared to the Ins2-null
background (see below).

Next, we examined the correlations between PanIN plus tumor area and fasting insulin
levels, glucose levels, and body weight in individual mice measured at 57 weeks of age, by
pooled measurements (black) or within each group (colored) (Figure 4.3D-F & Figure 4.3H-J).
We found that the relatively modest positive correlations between fasting insulin levels and
PanIN plus tumor area were significant in female mice (Figure 4.3H), but not in males (Figure
4.3D). There was also a significant correlation between body weight and PanIN plus tumor area
(Figure 4.3J) in females, but not in males (Figure 4.3F). There was no positive correlation
between fasting glucose and PanIN plus tumor area in either sex (Figure 4.3E&I), consistent with
our previous findings (74). Together, these data add support to our previous observations
suggesting that hyperinsulinemia promotes PanIN development in females (74). In males, the
effects of hyperinsulinemia on PanIN development are less clear: despite a trend toward lower
PanIN plus tumor area in the pancreata of males with reduced Ins2 gene dose, PanIN plus tumor
area did not correlate with insulin levels. While the reasons for this discrepancy between the
sexes remains unclear, the relative insulin resistance we observed in both PK-Ins1”-;Ins2** and
PK-Ins1”;Ins2*" males compared with females (Figure 4.2H&K) may provide one reason for the

lack of correlation between circulating insulin and PanIN development in males.

4.2.3 Acinar ductal metaplasia and adipocyte area in the mice with reduced
hyperinsulinemia
Next, we measured the percent of the total pancreatic area covered by ADM. ADM is the

histological evidence of normal acinar cells changing into ductal-like cells with ductal cell
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morphology and it can be induced by pancreatitis and during PanIN development (7). We
detected ADM in both male and female mice for each genotype (Figure 4.4A-B). Similar to our
PanIN area measurements, PK-Ins1”-;Ins2*"* mice had twice the amount of ADM area as PK-
Ins17;Ins2*" mice (1.92 + 0.86% vs 0.96 + 0.33%, respectively for males and 9.53 + 2.84% vs
4.45 + 1.74%, respectively for females), but the difference was not statistically significant
(Figure 4.4C-D). Also, consistent with the PanIN area, we found that the ADM area in PK-Ins1™
‘Ins2*"* female mice was significantly higher than ADM area in PK-Ins17;Ins2** males (Figure
4.4M). This trend was also present in the PK-Ins17;Ins2* genotype (Figure 4.4N). When we
next examined the correlations between percent ADM area and PanIN area, fasting insulin,
fasting glucose, and body weight in individual mice at 57 weeks of age, for each genotype
(orange or blue) or both together (black) (Figure 4.4E-L), we found, as expected, that ADM area
strongly correlated with PanIN area in non-tumor bearing females of both genotypes (Figure
4.4F). However, for male mice, there was no significant correlation between percent ADM area
and PanIN only area (Figure 4.4E). We also found that despite a trend for the ADM area to
correlate with fasting insulin in both sexes, only when the genotypes were combined did the
models that percent ADM area correlates with fasting insulin in males (Figure 4.4G) or body
weight in females (Figure 4.4L) significantly explain the spread of data points.

One surprising observation from our histopathological analyses was the significant amount of
pancreatic area that had been replaced by adipocytes in our PK-Ins1”- mouse model. This is not a
phenomenon that we had previously observed in our PK-Ins2”- model (74). As the representative
histological figures show (Figure 4.5A-B), we often observed pancreatic lobules with a few
residual normal acinar, ductal, or endocrine cells left amongst large numbers of adipocytes. The

percent of pancreatic area replaced by adipocytes was not significantly different between PK-
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Ins17;Ins2** and PK-Ins17;Ins2*" mice (Figure 4.5C-D), suggesting this phenotype was
possibly associated with loss of Ins1 gene specifically. The male mice had a slightly higher
percent adipocyte area than female mice for both genotypes, but overall, about 30-50% of the
pancreatic area was occupied by adipocytes. The fatty replacement affected the overall
parenchymal area, as we found compared to PK-Ins2”- female mice, PK-Ins1”- female mice had
a significantly less pancreatic area (PK-Ins2”- male mice did not reach a comparable age and
were not assessed) (Figure 4.5E). It is possible that this fatty replacement could have affected the
overall number of PanIN lesions, because of a relative lack of Ptfla-positive acinar cells.
Moreover, there was a significant correlation between the percent of adipocyte area and fasting
insulin for female, but not male mice (Figure 4.5F&I). We observed no correlation between the
percent of adipocyte area and fasting glucose levels for either sex (Figure 4.5.G&J). However, as
expected (122), the percent adipocyte area did correlate with body weight in both sexes (Figure
4.5H&K). The underlying cause of fatty replacement in the PK-Ins1” mice is unknown and
could be multifactorial, but the forces driving fat accumulation could potentially influence the
accumulation of PanIN lesions, especially in females. This is supported by the significant and
strong correlation between the percent of pancreatic area occupied by PanIN vs adipocytes in
non-tumor bearing in female, but not male, mice (Figure 4.5L-M). We have previously observed
this fatty replacement of normal parenchyma in another colony of Ins1”- mice (unpublished
observations), therefore, we do not believe this phenomenon is specific to the exposure of mice

to tamoxifen or the influence solely of the PK mutant alleles.
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4.2.4  Single cell transcriptomics reveals effects of hyperinsulinemia on cell type-specific
gene expression

To investigate the molecular effects of hyperinsulinemia in the context of PDAC formation
in an unbiased and cell type-specific manner, we undertook scRNA-seq. At 57 weeks of age, we
collected pancreata from 6 PK-Ins17-;Ins2*"* control mice and 6 PK-Ins17;Ins2*" experimental
mice, which were fasted for 4 hours, dispersed them into single cells, and FACS purified live
cells for single-cell RNA sequencing (Figure 4.6A). We performed scRNA-seq analysis
separately for each sex. In total, 49,835 single cells passed quality control tests and were
clustered into 15 clusters (Figure 4.6B-C). These cell clusters were assigned cellular identities
based on the expression of known markers, which were commonly used by other studies (238-
240) (Figure 4.6F). We were able to identify acinar cells, ductal cells, and fibroblasts. The
majority of cells that survived dispersion and passed transcriptomics quality controls were
immune cells including T cells, Treg, B cells, NK cells, macrophages (both M1 and M2
macrophages), monocytes, dendritic cells, and mast cells (Figure 4.6B-C & Figure 4.6F & Figure
4.7B). We also classified a separate cluster of proliferating cells marked by high expression of
Mki67. This proliferating cell cluster also included multiple immune cell types, such as T cells, B
cells, and NK cells, as well as epithelial cells (Figure 4.6D-E & Figure 4.6G). Because there was
inconsistent detection of cell populations across genotypes and sex, we chose to combine the
sexes before performing comparisons between genotypes. The numbers of cells for each cell type
and each mouse were recorded and we compared if there was a difference in the numbers of cells
per cluster between the genotypes. With the exception of twice as many NK cells in mice with
reduced insulin production, there were no significant differences for other cell types between the

genotypes (Figure 4.6C). Analysis of cell type-specific markers showed that cell identities were
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generally comparable between genotypes (Figure 4.6F). Consistent with previous human PDAC
single transcriptomics analysis (238), we were able to identify 3 different fibroblasts subtypes
within the fibroblast cell cluster from pancreata undergoing metaplastic changes, including
inflammatory fibroblasts, myofibroblastic fibroblasts, and antigen-presenting fibroblasts (Figure
4.7C). Additionally, consistent with Steele et al. findings (239), the PanIN microenvironment in
our model displayed evidence of immunosuppression. Specifically, we observed T cells, Treg
cells, and NK cells expressed immune checkpoint receptors like Cd28, Ctla4, Icos, Tnfrsf18, and
Cd27, while macrophages expressed checkpoint ligands, including Sirpa, Havcr2, Pvr, and
Lgals9 (Figure 4.7A). However, as our differentially expressed gene list showed (described
below), there was no significant difference in expression of these immune checkpoint receptors
and ligands between the two genotypes. This suggested that, even at the PanIN formation stage,
the three types of fibroblasts and the immunosuppressive microenvironment were present but
unaffected by insulin gene dosage. Our scRNA-seq analysis was rich with B cells (Figure 4.6B-
C). To confirm the presence of B cells in our mouse pancreata, we performed IHC staining for
the B cell marker, Cd20 (encoded by Ms4al). We observed B cells surrounding PanINs and
interestingly, we also observed aggregates of B cells associated with the fatty replacement of the
parenchyma (Figure 4.8A), which may indicate the importance of B cells for adipocyte
accumulation in the pancreas. We did not observe a significant difference in Cd20" area between
the genotypes for male mice (Figure 4.8B); however, there was a significant increase of Cd20*
area in female PK-Ins17-;Ins2*"- mice compared to female PK-Ins17;Ins2** mice (Figure 4.8C).
This was consistent with our sScRNA-seq analysis that also showed there were more cells present
in the B cluster in female PK-Ins17-;Ins2*- compared to female PK-Ins1”";Ins2*"* mice. Using

IHC staining, we were also confirmed the presence of other immune cells, including
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macrophages (Figure 4.8D), Treg cells (Figure 4.8F), and Cd8" T cells (Figure 4.8G) in the
PanIN microenvironment. There were a large number of macrophages present surrounding ADM
and PanlIN lesions, but we did not find a significant difference in the infiltration of macrophages
around each type of lesion between the genotypes, and only a relatively small number of Foxp3*
and Cd8™ T cells were observed regardless of genotype (Figure 4.8D-G). Overall, our IHC
staining supported our single transcriptomics analysis and confirmed the presence of multiple
immune cell types in the neoplastic microenvironment of our mouse model.

After confirming the cell identities, we generated a list of genes that were differentially
expressed between genotypes for each cell type. To have a more comprehensive understanding
of the function of these differentially expressed genes, we performed pathway enrichment
analysis using Reactome and found the pathways that were up- (Figure 4.9A) and down-
regulated (Figure 4.9B) in PK-Ins1”:Ins2*" experimental mice compared to PK-Ins1”;Ins2*/*
control mice. B cells-1, B cells-2, epithelial cells, and M1 macrophages were the cell types that
had the most altered pathways (Figure 4.9A-B). Specifically, the pathways that were most
significantly altered were rRNA processing, nonsense-meditated decay, and translation pathways
and they were also the pathways that were consistently altered across multiple cell types (Figure
4.9A-B). Interestingly, these pathways were down-regulated in epithelial cells, fibroblasts,
dendritic cells, macrophages, B cells-1, Treg, NK cells, and mast cells of mice with reduced
insulin. However, they were up-regulated in B cells-2, proliferating cells, and acinar cells of
mice with reduced insulin (Figure 4.9A-B). We also found pathways that were only altered in
acinar cells, which initiate the metaplasia in these mice. For instance, antimicrobial peptides and
digestion pathways were down-regulated in acinar cells from PK-Ins17;Ins2*" experimental mice

(Figure 4.9A-B). The antimicrobial peptide category highlighted that the Reg3a, Reg3b, Reg3d,
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and Reg3g genes, which are known to be induced by inflammation and may have anti-microbial
roles (251,252), were significantly downregulated in acinar cells from mice with reduced insulin
production (Figure 4.10C). This suggests that the inflammation surrounding acinar cells in the
histologically normal pancreatic areas due to HFD treatment (71,72) might be reduced in mice
with less insulin. Reg proteins are reported to promote pancreatic tumorigenesis (253-255) and
future studies may identify a role for these proteins in mediating the effects of hyperinsulinemia
in promoting inflammation and conversion of acinar cells into duct-like cells.

Somewhat expectedly, pathways involved in insulin signaling, like “PIP3 activates AKT
signaling”, “PTEN regulation”, and “MAPK family signaling cascades,” were downregulated in
mice with reduced insulin production. They were downregulated in several cell types, but most
clearly in B cells, epithelial cells, and M1 macrophages (Figure 4.9B). There was also
downregulation of genes involved in cell cycle pathways in epithelial cells, B cells,
macrophages, Treg cells, and NK cells from mice with reduced insulin production (Figure 4.9B).
To validate the pathway enrichment analysis, we performed IHC staining of phospho-Erk. As
expected, the PanIN cells had dark staining of phospho-Erk signaling. We also observed some
non-epithelial cell types and acinar cells had high levels of phospho-Erk (Figure 4.10A). To see
whether the latter areas contributed significantly to the overall phospho-Erk activity in the
pancreas, we performed correlation analyses with the PanIN area per individual. As expected,
there was a significant correlation between the phospho-Erk™* area and PanIN plus tumor area for
both genotypes (Figure 4.10A-B). However, the slope of PK-Ins17;Ins2** mice was bigger than
the slope of PK-Ins17;Ins2*" mice, which suggested there were more non-PanIN cells with
phospho-Erk positivity in PK-Ins1”;Ins2*"* mice compared to PK-Ins17-;Ins2*-mice (Figure

4.10B). This was consistent with our pathway enrichment analysis that MAPK-ERK signaling
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pathway was downregulated in epithelial and non-epithelial cell types of PK-Ins17;Ins2*" mice.
Altogether, the scRNA-seq analysis demonstrated the transcriptomics of epithelial cells and
immune cells were significantly altered by hyperinsulinemia. This suggests that
hyperinsulinemia might directly and indirectly affect PanIN development through regulating the

epithelial and immune cells, respectively, in the PanIN microenvironment.

4.3 Discussion

This study aimed to investigate the effects of reduced Ins2 gene dosage on HFD-induced
hyperinsulinemia, PanIN initiation, and cell type-specific gene expression in the context of
acinar-cell-specific expression of mutant Kras. The results of the present study validate and
extend our previous findings that implicated hyperinsulinemia as a causal factor in pancreatic
cancer initiation (74), and provide the first molecular insights into the cell-specific mechanisms
involved.

Despite the strong epidemiological link between hyperinsulinemia and pancreatic cancer, the
specific reduction of insulin is required to formally test the hypothesis that insulin plays a causal
role. Our previous study directly demonstrated that endogenous hyperinsulinemia could
contribute to cancer development using mice with a reduced dosage of Insl in a Ins2-null genetic
background (74). Unfortunately, in that study, male PK-Ins1*";Ins2”- mice developed
hyperglycemia at a very young age because of insufficient endogenous insulin production, which
limited our conclusions to female mice (74). In the present study, we were eager to validate our
previous work and extend our observations to both sexes. Indeed, we found that male PK-Ins17
:Ins2*"- mice were able to maintain glucose homeostasis and be studied long-term. This is
consistent with previous studies showing that limiting Ins2 gene dosage prevented

hyperinsulinemia without pronounced effects on glucose homeostasis (120). Our data showed
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that reduced Ins2 gene dosage led to a moderate reduction in fasting insulin levels without broad
effects on glucose homeostasis, in both male and female mice. It should be noted that circulating
insulin levels in female mice, even with both Ins2 alleles, are only ~25% of that seen in male
mice. We also noted in female mice that insulin levels were not different at 1 year of age
between genotypes, mirroring the transient compensation we have previously observed in the
Ins1-null model (121,122). Collectively, these observations illustrate that a reduction in Ins2
gene dosage results in a relatively mild manipulation of circulating insulin in the first year of life.
Because Ins2 is the ancestral gene and contributes to ~2/3 of secreted insulin (114,116), fasting
insulin levels were still relatively high for our PK-Ins1”- mouse model compared to the
previously studied PK-Ins2”- mouse model (Figure 4.2A&D vs Figure 3.1C-D).

Consistent with the previous study (74), in this study, only 2 animals developed PDAC,
therefore we focused on quantifying the effects of reduced insulin on PanIN and ADM
development, as well as the observed fatty replacement. Interestingly, in the present study only
about 1-4% of pancreas was occupied by PanIN lesions for our PK-Ins1”- mouse model,
compared with the 15-30% of pancreas that was occupied by PanIN lesions for our previous PK-
Ins2”- mouse model (74). Another major histological difference between this study and our
previous one was the observation of a significant amount of fatty replacement of the parenchyma
in our PK-Ins1”- mouse model. Approximately 30-50% of the pancreas was replaced by
adipocytes. Unfortunately, because we did not collect pancreata at earlier time points and the 10x
genomics scRNA-seq platform does not efficiently capture adipocytes, our study could not
address when the fatty replacement occurred or the potential transcriptional programs altered in
adipocytes, which could have provided us with some insight into the cause of fatty replacement.

The presence of fat in the parenchyma was previously observed, but not reported, in our previous
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Kras";Ins17;Ins2** mouse studies (unpublished observations from animal cohorts in (120-122)).
This suggests the Ins1”- genetic background may contribute to the replacement of parenchyma
with fat and the relative lack of ductal metaplasia; however, future studies are needed to examine
this hypothesis. In addition, pancreatitis can also induce acinar cell necrosis or apoptosis, which
is subsequently replaced by adipocytes (256,257). HFD-induced obesity can also cause fat
accumulation in the exocrine parenchyma (256,258), but we did not observe this extent of fat
accumulation with the same diet in our previous mouse model (74). Together it seems that the
combined effects of Kras-associated inflammation, HFD, and the Ins1” genetic background may
have resulted in fat displacing ~2/3 of normal pancreatic parenchyma in our PK-Ins1”- mouse
model. Therefore, the loss of acinar cells may explain why fewer and more variable numbers of
PanIN lesions developed in our PK-Ins1”- mouse model. Nevertheless, circulating insulin was
still significantly correlated with PanIN plus tumor area in female mice, confirming our previous
report with another insulin gene dosage configuration. Our histopathological analyses also
showed that PK-Ins1”;Ins2*"- mice had a ~50% reduction in PanIN area compared with PK-Ins1-
"Ins2** mice, which is similar to our previous findings. Although the pairwise comparison
between genotypes did not reach statistical significance in the present study (74), our findings
still support a role for hyperinsulinemia promoting PanIN initiation from acinar cells sustaining
mutations in the oncogene Kras.

Although we did not longitudinally track the dynamic levels of insulin across the day, we
performed analyses of glucose stimulated insulin secretion, and noted that response to glucose
challenge was not significantly different between the female mice but male PK-Ins1”-;Ins2*"
mice were more hyperglycemia than male PK-Ins17;Ins2** mice. However, the change in

insulin appeared to differ between female PK-Ins17;Ins2*" compared to PK-Ins1”;Ins2*"*
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controls. While this difference in genotype effects on glucose stimulated insulin secretion
between the sexes was consistent with previous findings (120,122), our current analyses were
limited to one time point. Another limitation of our study is that we were not able to rule out
contributions of indirect effects of obesity on PanIN development. Other studies have suggested
that obesity can promote PanIN development through sustained inflammation, dysregulated
metabolism, or aberrant islet 3-cell expression of peptide hormone CCK (70,72,73,259).
Interestingly, the induction of CCK, a stimulant of acinar cell secretion, in aberrant islets in the
leptin-deficient induced obesity model studied by Chuang et al. suggests that communication
between the islet and acinar cell compartment occurs (73). To examine whether insulin similarly
communicates with acinar cells in the local pancreatic neighborhood, future studies should
inhibit insulin receptor signaling in the Kras®'?P expressing acinar cells to determine the direct
effects of hyperinsulinemia on PanIN development. Additionally, studies to test the role of
obesity in the absence of hyperinsulinemia are necessary to further address the role of each factor
in PanIN development.

Pancreatic cancer is one of the most stroma-rich solid tumor types and immune cells in the
microenvironment play essential roles at both early and late stages of PDAC development (260-
263). In our single-cell transcriptomics analysis, the primary cell types analyzed were immune
cells, including T cells, B cells, macrophages, NK cells, and dendritic cells. We observed a
significant change in the number of NK cells present in our sScRNA-seq analyses and a trend
towards fewer macrophages by F4/80 IHC, suggesting changes in the immune microenvironment
during PanIN formation in mice with reduced insulin. However, consistent with previous
analyses of the immune cells in human PDAC or mouse models of PDAC, immune cells from

our analyses also expressed immune checkpoint receptors regardless of genotype suggesting that
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the suppressed immune microenvironment is not affected by the reduction of insulin. However,
the major signaling pathways downstream of insulin (e.g. MAPK/ERK, PI3K/AKT, cell cycle,
and translation pathways) were downregulated in immune cells from mice with reduced insulin
production. MAPK/ERK and PI3K/AKT signaling pathways and their downstream signaling
cascades are well-established regulators of multiple immune cell types (159,264,265). Therefore,
there may still be differences in immune cell activities that were not captured by our
transcriptome analyses.

The largest immune cell population identified by our sScRNA-seq was B-cells. Different from
other immune cell types, B cells are not well studied in the context of PDAC development,
especially at the PanIN initiation stage. B cell infiltration around PanIN and PDAC was
previously observed in a murine PDAC model and human samples (239,266,267). By IHC, we
found that B cells are located, as expected, in the lymph nodes, around metaplastic areas, as well
as in the areas of fatty infiltration. The large numbers of B-cells in our dataset could arise as a
consequence of selective enrichment of the pancreatic lymph nodes during cellular dissociation.
However, the pronounced B cell infiltration at the fatty replacement regions suggests B cells
might be associated with the fatty replacement process, although this remains to be studied in
detail. Regardless of their spatial origin, the B cells in our analyses had the greatest number of
pathways altered significantly by hyperinsulinemia. Our IHC demonstrated that female mice
with reduced insulin production had significantly more B cells than control mice and this was
consistent with the trend observed in our sScRNA-seq analysis. The role of B cells in PDAC
appears to be complex according to the few studies in which it has been investigated. Some
studies found that B cells secreted interleukin-35 and promoted tumor progression, while Spear

et al. proposed that B cells were proinflammatory and limited PDAC development. These genes
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(Ptgs2, Cxcl2, 1112a, Ebi3) were not expressed by B cells in our sScRNA-seq analysis of early
pancreatic changes (267-269). Future studies are therefore required to better understand how
hyperinsulinemia affects B cells and how B cells contribute to PanIN development under these
conditions. Overall, our scRNA-seq analysis suggested hyperinsulinemia might contribute to
PanIN development through changes in the immune microenvironment.

A limitation of our single-cell transcriptomics analysis was that relatively few acinar cells
survived the pancreas dispersion and were gated as healthy prior to transcriptomic analysis. This
was somewhat expected given the fragility of acinar cells and meant that we had less cell-level
power to detect differences in gene expression. Nevertheless, within the limited data, we
observed a significant downregulation of Reg3a, Reg3b, Reg3d, and Reg3g in acinar cells from
PK-Ins1”;Ins2*" mice. Reg proteins have been shown to promote pancreatic carcinogenesis,
especially inflammation-linked pancreatic carcinogenesis (253-255). Inflammation in pancreas
can cause ADM and accelerate PanIN progression (43,270) and therefore, the decrease of Reg
transcripts in PK-Ins17-;:Ins2*"- mice is consistent with the reduction of PanINs and inflammation
in those mice. Future studies may seek to directly manipulate Reg proteins in the context of
hyperinsulinemia and pancreatic cancer.

One unexpected finding from our study was the observation that males and females showed
differences in the way that sex affects the induction of metaplasia and neoplasia. For example,
the percentage of pancreas replaced by ADM was higher in PK-Ins17;Ins2*"* females than in
males (Figure 4.4M), with a similar trend in the PK-Ins1”;Ins2*" genotype (Figure 4.4N). There
was also a sex difference in the correlation between PanIN and ADM area (Figure 4.4E-F),
where PanIN area showed a significant positive correlation with ADM area in females, but not

males, in animals without tumors. While it remains unclear whether the differences we observe

7



between the sexes are due to methodological (e.g. tamoxifen pharmacology) or biological factors
(e.g. frequency of tumor initiation), our findings suggest that future studies should examine and
analyze males and females separately in the Ins1”- genetic background, and potentially other
genetic backgrounds. This will allow a more comprehensive examination of whether known sex
differences in the regulation and physiological action of insulin in the body contribute to tumor
development (271-275).

In future studies, it will be critical to characterize the specific downstream changes for each
immune cell type at the protein level. It will also be important to manipulate insulin signaling
components, including the insulin receptor, in acinar cells, immune cells, and other components
of the PanIN microenvironment to determine which cells are predominately being affected by
changes in insulin. Our study represents an important first step in understanding the molecular
effects of hyperinsulinemia on all the cell types present in the context of early-stage pancreatic

cancer.
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Figure 4.1. The Ins1-null mouse model used for testing the role and mechanisms of
hyperinsulinemia in pancreatic cancer development.

A, Schematic describing a mouse model designed to test the role of hyperinsulinemia on HFD-
accelerated PDAC initiation. On the background of Ptf1a“"*=R-induced Kras®!?P pancreatic
cancer model (PK), we compared experimental mice with 1 null allele of Ins2 (Ins2*") and
control mice with 2 full alleles of Ins2 (Ins2*/*), all in the absence of Ins1 (Ins17) to prevent
compensation. B, Three-week-old PK-Ins17;Ins2*"* control and PK-Ins17;Ins2* experimental
mice were weaned to an HFD and at 4-weeks-old, they were injected with TM for 3 consecutive
days. The physiological measures were routinely followed for a year, the mice were then
euthanized at 57 weeks of age for histopathological analyses and 12 mice were euthanized for
SCRNA-seq.
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Figure 4.2. Mice with reduced insulin gene dosage have reduced fasting insulin levels and
body weight.

A-C, The fasting insulin levels (A), fasting glucose levels (B), and body weight (C) in male PK-
Ins1”;Ins2*"* and PK-Ins1”";Ins2*"- mice measured over 1 year (n=18-22). D-F, The fasting
insulin levels (D), fasting glucose levels (E), and body weight (F) in female PK-Ins17;Ins2**
and PK-Ins1”;Ins2*" mice measured over 1 year (n=10-29). G, Glucose stimulated insulin
release in 52-week-old male mice (n= 17-18). H-1, Blood glucose response to intraperitoneal
delivery of an insulin analog (H) or glucose (I) in 52-week-old male mice (n= 16-28). J, Glucose
stimulated insulin release in 52-week-old female mice (n= 17-30). K-L, Blood glucose response
to intraperitoneal delivery of an insulin analog (K) or glucose (L) in 52-week-old female mice
(n=19-29). M-N, The amylase activity in male (M) and female mice (N) for PK-Ins1”;Ins2*"*
and PK-Ins17;Ins2*" mice. *p<0.05 and **p<0.01. Values are shown as mean + SEM.
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Figure 4.3. The effects of reduced hyperinsulinemia on pancreatic cancer initiation.

A-B, Representative whole section (top) and high-magnification (bottom) H&E stained
pancreatic images of PK-Ins1”:Ins2** and PK-Ins1”;Ins2* male (A) and female (B) mice.
Scale bars: 2 mm (top) and 0.1mm (bottom). C, The percent of total pancreatic area occupied by
PanINs and tumor in male mice from each genotype (n= 10-16). Dark blue dot denotes mice that
developed tumors. D-F, Correlations of composite PanINs plus tumor area with fasting insulin
levels (D), with fasting glucose levels (E), or with body weight (F) in male mice (n = 10-16). G,
Percentage of total pancreatic area occupied by PanINs and tumor in female mice from each
genotype (n= 14-22). Dark orange dots denote mice that developed tumors. H-J, Correlations of
composite PanINs plus tumor area with fasting insulin levels (H), with fasting glucose levels (1),
or with body weight (J) in female mice (n = 14-22). K-L, Percentage of total pancreatic area
occupied by PanlINs and tumor (K) or only PanINs (excluding tumor bearing mice) (L) in PK-
Ins1”; Ins2*"* mice (n= 15-22). M, The percent of total pancreatic area occupied by only PanINs
in PK-Ins17; Ins2*" mice (n= 10-14). Values are shown as mean + SEM. *p<0.05.
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Figure 4.4. The effects of reduced hyperinsulinemia on acinar to ductal metaplasia.

A-B, Representative high-magnification ADM (arrowheads) images of male (A) and female (B)
PK-Ins1”;Ins2** and PK-Ins1”;Ins2*" mice. Scale bars: 0.05mm. C-D, Percentage of total
pancreatic area occupied by ADM in male (C) and female (D) mice of each genotype (n=10-22).
E, Correlations of composite ADM area with PanIN area (excluding tumor bearing mice) in male
mice (n= 10-15). F, Correlations of composite ADM area with PanIN area (excluding tumor
bearing mice) in female mice (n= 12-14). G-I, Correlations of composite ADM area with fasting
insulin levels (G), fasting glucose (H), or body weight (I) in male mice (n= 10-16). J-L,
Correlations of composite ADM area with fasting insulin levels (J), fasting glucose (K), or body
weight (L) in female mice (n= 11-16). M, Comparison of percent of total ADM area in male and
female PK-Ins17; Ins2** mice (n= 16-22). N, Comparison of percent of ADM area in male and
female PK-Ins17"; Ins2*" mice (n= 10-14). Values are shown as mean = SEM. *p<0.05,
****p<0.0001.
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Figure 4.5. Altered pancreatic adipocyte area in Ins1-null mice.

A-B, Representative high-magnification image of apparent adipocyte replacement of pancreas
area in male (A) and female (B) mice. Black arrows point to residual ducts. Arrowheads point to
remaining islets, acinar cells, and blood vessels. Scale bars: 0.5mm. C-D, Percentage of total
pancreatic area occupied by adipocytes in male (C) and female (D) mice of each genotype (n=
11-22). E, Total pancreatic parenchyma area for female mice in an Ins1-null background or an
Ins2-null background. F-K, Correlations of adipocyte area with fasting insulin levels (F, 1),
fasting glucose levels (G, J), or body weight (H, K) for male (F-H) and female (I-K) mice. (n =
11-22). L-M, Correlations of adipocyte area with PanIN area in non-tumor bearing male (L) and
female (M) mice (n = 10-22). Values are shown as mean + SEM. *p<0.05, **p<0.01,
***n<0.001, ****p<0.0001.
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Figure 4.6. Single-cell transcriptomics analysis reveals effects of hyperinsulinemia on cell
type-specific gene expression.

A, Schematic describing ScCRNA-seq experimental design and analysis. Six PK-Ins1”;Ins2** and
six PK-Ins17;Ins2*" mice pancreata were dissociated into single-cell suspension and the samples
were sorted for hoechst™ and PI" live cells. The live single cells were sequenced and clustered in
uniform manifold approximation and projection (UMAP) space. B, Unsupervised clustering of
cells from each genotype, represented as an UMAP plot. C, Numbers of cells from PK-Ins1”
:Ins2*"* and PK-Ins17";Ins2*" mice for each cell type. The asterisk indicates a significant
difference in the number of NK cells between the genotypes. D, Unsupervised sub-clustering of
the proliferating cells cluster, represented as an UMAP plot. E, Violin plot showing the
expression level of selected cell type-specific markers for identified cell types within the
proliferating cells cluster. F, Dot plot showing selected cell type-specific markers for identifying
the cell type for each cluster. The size of dots represents the fraction of cells expressing the
markers. The intensity of color indicates the average expression of marker genes for each cell
type. G, Expression level of the typical markers for identifying M1 and M2 macrophages.
*p<0.05.
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Figure 4.7. The PanIN microenvironment demonstrates evidence of immunosuppression in
PK-Insl1”;Ins2** and PK-Ins1”;Ins2*" mice.

A, Single-cell expressions of immune checkpoint ligands and receptors in each identified cell
population from both genotypes. B, Expression of typical markers for identifying M1 and M2
macrophages for each genotype. C, Violin plots showing the selected markers’ expression levels
of inflammatory, myofibroblastic and antigen-presenting fibroblasts.
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Figure 4.8. Multiple types of immune cells present around PanIN and ADM lesions of PK-
Ins1”;Ins2** and PK-Ins1”;Ins2*- mice.

A, Immunohistochemistry of Cd20 for mice pancreata from each genotype. Scale bars: 0.1mm
(up) and 0.2mm (down). B-C, The quantification of Cd20" area for male (B) and female (C)
mice from each genotype. D, Immunohistochemistry of F4/80 for mice pancreata from each
genotype. E, Quantification of F4/80* area per lesion area for each ADM, PanIN and tumor area.
No PK-Ins1”;Ins2*"- mice developed PDAC. Scale bars: 0.1mm. F-G, Immunohistochemistry of
Foxp3 (F), and Cd8 (G) for PK-Ins17;Ins2** and PK-Ins1”;Ins2*" pancreata. (Representative
Cd8* T cells in lymph nodes, G inset). Scale bars: 0.05mm. *p<0.05.
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Figure 4.9. The single-cell transcriptomics analyses reveal the pathways altered by
hyperinsulinemia in each cell type.

A, Heatmap showing Reactome pathways that are upregulated in PK-Ins17;Ins2*- mice when
compared to PK-Ins1”;Ins2** mice. Color intensity indicates the negative logio of adjusted p
value. B, Heatmap of Reactome pathways that are downregulated in PK-Ins17;Ins2*" mice when
compared to PK-Ins1”;Ins2** mice. Color intensity indicates the negative logio of adjusted p
value.
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Figure 4.10. The phospho-Erk protein and Reg genes expression levels in PK-Ins1”;Ins2**

and PK-1ns1”;1ns2*" mice.

A, Immunohistochemistry of phospho-Erk for mice pancreata from each genotype. Scale bars:
0.1 mm. B, The correlation of composite PanIN area with phospho-Erk™* area. C, Expression
levels of Reg3a, Reg3b, Reg3d, and Reg3g in pancreatic acinar cells from each genotype.

*p<0.05, **p<0.01.
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Chapter 5: Insulin receptor signaling in pancreatic acinar cells contributes to

PDAC development in the context of high fat diet

5.1 Introduction

Hyperinsulinemia is a cardinal feature shared by obesity and T2D and it is proposed as
one of the underlying causes for obesity and T2D associated cancer risk (63,76). Many
epidemiological studies consistently demonstrate hyperinsulinemia is associated with increased
PDAC risk and aggressiveness (162-164). Complementing these epidemiological associations,
our in vivo animal experiments (Chapter 3 and Chapter 4) demonstrated that endogenous
hyperinsulinemia causally contributes to PDAC development (74,235). Specifically, we found
that a 50% genetic reduction of insulin production in Ptf1a"*ER;Kras-S--G12P mice resulted in a
~50% reduction in PanIN lesions compared to littermate controls (74,235). Notably, the effects
of preventing hyperinsulinemia on PanIN development were independent of glycemia and
observed in the absence of significant glucose intolerance (74). Qualitatively similar results were
reproduced in a follow-up study using a milder reduction of insulin production (235).

Our second study used scRNA-seq to provide new information about the cellular gene
expression changes associated with this protection from PDAC. We found the immune cells in
the PanIN microenvironment had significant changes in their transcriptomes induced by
hyperinsulinemia. Consistent with a role for insulin in the PanIN microenvironment, insulin
relevant pathways like MAPK/ERK pathway were downregulated in several immune cell
populations in mice with reduced insulin production (235).

While our first two studies clearly demonstrated a causal role for hyperinsulinemia in
pancreatic cancer development, it is still unclear whether the protective effects of reducing

insulin production in mice fed high-fat diet were direct on the tumor precursor cells or whether
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they were mediated indirectly by local immune cells, local fibroblasts, or even via distant effects
on adiposity (112,120-122,249). Indeed, pancreatic cancer has a characteristic intense
desmoplastic reaction and high immune cell infiltration that assists tumor cell growth and
survival. Theoretically, hyperinsulinemia could indirectly promote PanIN development through
regulating the fibrogenic process and immune cell infiltration in the PanIN microenvironment
(235). Alternatively, hyperinsulinemia may have direct oncogenic effects on the acinar cells that
develop into PanIN in our pre-clinical animal models. In vitro studies on the PANC-1 pancreatic
cancer cell line demonstrate that insulin stimulates their proliferation, suggesting that insulin can
directly affect tumor cells (244). Nevertheless, it remains unclear whether hyperinsulinemia
directly accelerates PanIN growth through insulin receptor signaling and its downstream
signaling cascades in acinar cells in vivo. In fact, to date, no studies in any cancer type have
examined the consequences of genetic ablation of insulin receptors.

Mutations in both the MAPK/ERK and PI3K/AKT/mTOR pathways can induce PDAC.
As mentioned above, KRAS mutations are detected in ~90% of PDAC and most PDAC mouse
models are designed based on the expression of the Kras®?® oncogene (41). PIK3CA mutations,
which is the gene encoding the catalytic p110a subunit of PI3K, can also be detected in 3-5% of
PDAC patients (221-223). Additionally, when a constitutively activated PI3K was expressed in
pancreatic cells (Pdx-1-Cre), PanIN lesions and tumors developed in these mice (224).
Precursors lesions could be detected as early as 10 days of age and at 20-days old, PDAC was
already detected in some mice (224). Interestingly, Sivaram et al found tumor-intrinsic
PIBK/AKT/mTOR signaling limits T cell recognition and tumor cell clearance in the PDAC
microenvironment. Specifically, when Pik3ca was silenced in Pdx1-Cre;Kras-S--612D; Trp53LSt-

R172H mice, it induced T cell infiltration, tumor repression, and increased the survival of the mice
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(225). Additionally, strategies developed to systemically inhibit PI3K/AKT/mTOR signaling
have inhibited PDAC development (224,226). In summary, there is a strong evidence from
animal models that signaling cascades downstream of insulin/insulin receptor, the
PIBK/AKT/mTOR and MAPK/ERK pathways, are both important for and dysregulated in
PDAC. Many studies have reported that insulin receptors are upregulated in some cancers like
breast, prostate, and liver cancers which suggests that INSR itself is dysregulated in cancer
(149,202,205-207). Therefore, INSR may promote cancer cell proliferation and survival through
activating either MAPK/ERK or PI3BK/AKT/mTOR pathways. However, the specific role of
insulin and INSR signaling in PDAC tumorigenesis through stimulating these two pathways is
still unclear.

In this study, we addressed the hypothesis that insulin/insulin receptor contributes to
high-fat diet mediated enhancement of PanIN and PDAC development through manipulating the
Insr alleles in pancreatic acinar cells, a cellular origin of PDAC. We found a significant
reduction in PanIN and tumor development in mice losing Insr in acinar cells compared to mice
with wild-type Insr in acinar cells. This suggested that hyperinsulinemia can directly contribute
to PanIN and PDAC development through INSR signaling and prophylactic anticancer therapy

approaches targeting insulin receptor signaling may be beneficial in treating pancreatic cancer.

5.2 Results
5.2.1 A mouse model to investigate INSR signaling in PDAC development

To examine whether hyperinsulinemia affects PanIN and PDAC development through
insulin receptor in acinar cells, we generated mouse models in which Kras®2® mutation and loss

of Insr were both induced in acinar cells. By crossing Ptf1a®"tR:Kras-S--6120: Insr"":nTnG mice
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with Insr"'" mice, we generated: 1) mice with full insulin receptor, Ptf1a®"*R:Kras-S-
CL2D:Insr"™:nTnG (PK-Insr™); 2) mice with insulin receptor reduced by approximately half,
Ptf1aC"®ER: KrastS-6120; InsrV::nTnG (PK-InsrM):; or 3) mice without insulin receptor,
Ptf1aC"*ER: KrastS-6120; Insr:nTnG (PK-Insr) mice in acinar cells (Figure 5.1A). To examine
the effects of deletion of Insr alone in acinar cells on mouse glucose homeostasis, we also
examined Ptf1a®"®ER; Insr™:nTnG or Ptf1a®ER; Insr”:nTnG mice that do not have the Kras“S-
G12D allele (Figure 5.1B). To follow the fate of recombined cells, the nTnG Cre-dependent
reporter allele was also included in our mouse models (276).

To induce sustained hyperinsulinemia, the mice were fed with HFD after weaning (3-
week-old), and tamoxifen was injected at week 4 to induce expression of Kras®'?P and/or
recombine the Insrfo* alleles specifically in acinar cells (Figure 5.1C). The mouse body weight
and 4-hour-fasted blood glucose levels were routinely assessed every month and 4-hour-fasted
insulin levels were measured every 3 months (Figure 5.1C). One group of mice was euthanized
at 12 weeks old, and one group of mice was euthanized at 43.5 weeks old (10 months) to assess

how insulin receptor affects PanIN initiation and progression, respectively (Figure 5.1C).

5.2.2 Effects of acinar cell-specific loss of insulin receptors on body weight and glucose
metabolism

To investigate if loss of insulin receptor in Kras®'?P-expressing acinar cells influences
glucose metabolism, we regularly measured mouse body weight, fasting glucose, and insulin
levels for 10 months until euthanasia. In the Ptf1a®"ER;KrastS--¢12P genetic background, the loss
of Insr allele(s) did not significantly affect body weight, fasting glucose, or fasting insulin levels

for both male and female mice (Figure 5.2A-F). Moreover, there was no significant difference in
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the ratio of pancreas weight to body weight and no difference in pancreas weight between PK-
Insr¥™, PK-Insr'f, and PK-Insr" mice at 12 weeks of age, which suggests that reducing insulin
receptor in specifically in adult acinar cells has no effect on pancreas size (Figure 5.2G-H).

We then checked whether loss of the insulin receptor in wild-type acinar cells had any
effect on body weight or glucose metabolism. There was no statistically significant difference in
body weight between the male mice with and without Insr (Figure 5.3A). In contrast, we
observed a small, but significant, reduction in body weight in female Ptf1a®"ER; Insr”:nTnG
mice compared to Ptf1a®"ER: Insr*™:nTnG mice (Figure 5.3B). As expected, there was no
significant difference in fasting glucose or fasting insulin levels between Ptf1a®ER; Insr¥:nTnG
and Ptf1aC"ER: Insr”:nTnG mice (Figure 5.3C-F), which showed that INSR in acinar cells did not
contribute to maintaining glucose metabolism. Similarly, the pancreas weight to body weight
ratio of Ptf1a®"ER; Insr"™:nTnG and Ptf1a®=R: Insr’:nTnG mice were not statistically different
(Figure 5.3G), which suggests pancreatic size may not be affected by the loss of the Insr in wild-

type acinar cells.

5.2.3 Recombination efficiency in Insr knockout mice

We euthanized the mice for histopathological analyses when they were 12-weeks-old or
10-months-old. To ensure that any changes observed in the frequency of PanINs was not due to
the absence of efficient recombination, we performed anti-GFP IHC to check the recombination
efficiency. Our mouse models included a nTnG lineage report allele, thus, the cells with active
Cre-recombinase should turn on GFP expression, while the cells that were not recombined would

retain Tomato expression (276).
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As expected, the PanIN lesions were largely GFP positive (brown) in all male and female
PK-Insr*™, PK-Insr"f, and PK-Insr”" mice (Figure 5.4A-D). This is consistent with the idea that
acinar cells need recombination and expression of the Kras->--¢12P allele to develop into PanIN
cells. Most of the morphologically normal acinar cells in the pancreas from all three genotypes
were also GFP positive (Figure 5.4A-D), regardless of the age of analysis, this suggests these
acinar cells also had the chance to recombine the Kras-S-¢12P Insrflo* |oci too. As expected, the
cells in spleen, intestine, and pancreatic islets and stroma were not labeled with GFP because the
Cre recombinase-ER fusion gene, which is under the control of the Ptfla promoter, is only
expressed in adult acinar cells. A similar GFP expression pattern was detected in
Ptf1a"ER: Insr¥™:nTnG and Ptf1a"*ER; Insr”:nTnG male and female mice (Figure 5.5A-B). No
PanIN lesions were detected in these KRAS wild-type mice, and the general pancreatic
morphology was similar to controls (data not shown). This suggested that loss of Insr itself
cannot induce the metaplastic transition in acinar cells. We did find that a small number of mice
had very low GFP labeling. This low GFP labeling was independent of the genotype. Mice in
PK-background with low GFP labeling developed very few PanIN lesions. This suggested that
the initial recombination efficiency had been very low in these mice. For all remaining analyses,

we only included samples from mice with a GFP labeling efficiency estimated to be above 20%.

5.2.4 The metaplasia formation is reduced in mice without insulin receptor

To quantify the extent of PanIN formation after Kras activation and high-fat diet
treatment for 40.5 weeks in the presence and absence of Insr, we stained pancreata from PK-
Insr¥™, PK-Insr'f, and PK-Insr" mice with Alcian blue (Figure 5.6A-D). PanIN, especially low-

grade PanIN, has high acidic mucin content, which can be marked by blue during Alcian blue
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staining. However, not all PanIN lesions are Alcian blue positive, particularly high-grade
PanINs. Therefore, Alcian blue staining is a better reporter for the presence of low-grade PanINs.
We found PanIN lesions in PK-Insr"™, PK-Insr/f, and PK-Insr™ that were Alcian blue-positive
(Figure 5.6A&C). PK-Insr”" male mice tended to have less pancreatic area occupied by Alcian
blue lesions (1.86 + 0.48%) than PK-Insr* (3.00 + 0.49%), PK-Insr*/f(3.51 + 0.39%) male
mice (Figure 5.6B). In females, there appeared to be an Insr-gene-dosage-dependent decrease in

f/f and

Alcian blue™ area (Figure 5.6D), with a statistically significant difference between PK-Insr
PK-Insr*™ females (1.05 + 0.30% vs 3.68 + 0.66%). These data suggest that insulin receptor in
acinar cells affects low-grade PanIN development, especially in female mice.

When acinar cells contribute to ADM, PanIN, and PDAC formation most of the acinar
cells lose the expression of acinar cell identity genes like CPAL, but gain expression of ductal
cell identity genes like CK19 (43). Therefore, by performing IHC staining of CK19, we could
assess whether there was a difference in ductal metaplasia between the mice with and without
Insr. Expectedly, normal ductal cells, as well as cells in ADM, PanIN, and PDAC lesions, were
labeled with CK19 in both male and female PK-Insr*", PK-Insr*/f, and PK-Insrf mice (Figure
5.7A&D). We quantified the CK19" pancreatic area and found an Insr gene dosage-dependent

T male mice had

reduction in CK19" pancreatic area in male and female mice. PK-Insr
significantly less CK19* pancreatic area compared to PK-Insr* male mice (9.89 + 2.23% vs
23.00 + 0.71%) (Figure 5.7B). For female mice, the reduction in CK19" pancreatic area was
significantly different between all genotypes (21.32 + 1.67%, 14.54 + 1.11%, and 8.59 + 1.59%

for PK-Insr™, PK-Insr*, and PK-Insrf mice, respectively) (Figure 5.7D). These data suggest

that insulin receptor in Kras®*?P-expressing acinar cells promotes ductal metaplasia.
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5.25 Loss of Insr in Kras®?P-expressing acinar cells reduced PanIN initiation and
development

Finally, we stained the pancreatic sections from PK-Insr"", PK-Insr'", and PK-Insrf
mice with H&E and performed histopathological analyses for normal acini, PanIN and PDAC.
Two cohorts of mice were euthanized at 12-week-old or 10-month-old for assessing INSR
effects on PanIN initiation or development, respectively. As expected, at 12 weeks of age, the
ADM and PanlINs just started to initiate, so the pancreata were predominantly normal with some
ductal lesions having histological characteristics of low-grade PanIN (Figure 5.8A&C).
Quantitively, we found a ~5.3-fold reduction in the percentage of pancreas occupied by PanINs
in PK-Insrf (0.31 + 0.19%) male mice compared to PK-Insr"" (1.64 + 0.16%, p<0.05) male
mice. PK-Insr*" had a PanIN area of 1.17 + 0.26% of the pancreas occupied by PanINs (Figure
5.8B). Moreover, there was a ~6.3-fold and ~3.5-fold reduction in the PanIN area in PK-Insrf
(0.23 + 0.039%) female mice when compared to PK-Insr¥™ mice (1.46 + 0.77%) and PK-Insr"f
(0.81 £ 0.21%) mice, respectively (Figure 5.8D). Therefore, our data suggest that INSR signaling
contributes to PanIN initiation for both sexes.

For mice euthanized at 10 months old, we detected ductal lesions with histological
characteristics of both low-grade and high-grade PanINs. However, as the representative
pancreatic sections show, there were still large areas of normal acinar cells present in PK-Insr™f
mice compared to the other two genotypes (Figure 5.9A&E). Consistent with these observations,
quantification of the acinar cell area per pancreas showed there was more acinar cell area in PK-
Insr™™ (36.72 + 15.85%) and PK-Insr*/f (20.39 + 6.31%) male mice compared to PK-Insr¥"V (2.67

+ 1.15%) male mice, but the difference was not statistically significant (Figure 5.9B). Female

PK-Insr*™(9.86 + 4.68%) and PK-Insr*/f (26.75 + 5.56%) mice had significantly reduced
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normal acinar area compared to PK-Insr”f (61.32 + 7.84%) female mice (Figure 5.9F). This
suggests that deletion of Insr in Kras®?P-expressing acinar cells reduces the effects of oncogenic
Kras and/or consuming a high-fat diet and promotes maintenance of the acinar cell morphology.
Different from our previous studies using mice models with reduced insulin production
(74,235), we observed that more mice developed tumors in this mouse model. We found 1 out of
5 (20%) PK-Insr"™, 4 out of 10 (40%) PK-Insr"f, and 3 out of 6 (50%) PK-Insr” male mice
developed tumors and they are marked as filled dots in Figure 5.9C. However, there were also

f male mice found dead before the

one PK-Insr*™, one PK-Insr'f, and zero PK-Insr
experimental endpoint (10 months). Their pancreata were collected to find the cause of death,
and we confirmed that tumors were in their pancreata; however, because the pancreata were
highly decomposed, we did not include them for quantitative histopathological measurements.
We found a ~2.9-fold significant reduction in the percentage of pancreas occupied by PanIN plus
tumor in PK-Insr™ (16.58 + 5.53%) male mice compared to PK-Insr*V (47.92 + 4.05%) male
mice and PK-Insr*" had PanIN plus tumor area (30.54 + 4.14%) in between (filled circles denote
mice that developed PDAC) (Figure 5.9C). To ensure the observed difference in PanIN plus
tumor area was not caused by tumor size, we also compared the PanIN only pancreatic area
between the genotypes. We detected a significant 2.7-fold reduction in PK-Insr* (16.89 +
4.73%) male mice, and a significant 1.7-fold reduction in PK-Insr*'f (26.59 + 3.82%) male mice
when compared to PK-Insr¥" (45.07 + 4.81%) male mice (Figure 5.9D). Our data indicated that
the insulin receptor is vital for PanIN development in male mice and hyperinsulinemia can
directly affect PanIN development through INSR in the Kras®?P-expressing acinar cells.

Similarly, we also found abundant ductal lesions with histological and molecular

characteristics of PanINs in all female mice regardless of genotypes. Mice with only one or two
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alleles of Insr had more normal acinar cells (Figure 5.9E). Quantitively, PK-Insr”* (61.32 +
7.84%) female mice had significantly more (2.3-fold and 6.2-fold, respectively) acinar cells
when compared to PK-Insr"/(26.75 + 5.56%) and PK-Insr*" (9.86 + 4.68%) female mice
(Figure 5.9F). This indicated that INSR signaling in acinar cells contributes to the ductal
metaplasia observed in female mice from our mouse model.

There were 7 out of 9 (78%) PK-Insr¥", 8 out of 15 (53%) PK-Insr*/f, and 2 out of 9
(22%) PK-Insr”ffemale mice developed tumors and they are marked as filled triangles in the
figure (Figure 5.9G). None of the female mice were found dead before the experimental endpoint
(10 months). This suggests insulin receptor contributed to tumor initiation and this phenotype
was stronger in female mice. When we quantified the percentage of pancreas occupied by
PanINs plus tumors in female mice, we found a significant reduction (~5.3-fold) in PanIN plus
tumor area in PK-Insr”" (8.96 + 4.28%) pancreata compared to PK-Insr*" (47.19 + 5.67%)
pancreata and a significant reduction (~2.7-fold) when compared to PK-Insr"/f (24.45 + 4.48%)
pancreata (filled triangles donated mice developed PDAC) (Figure 5.9G). When the tumor area
was removed in the female samples, we still detected a significant reduction in PanIN area in
PK-Insr™f (6.86 + 2.69%) pancreata compared to PK-Insr/f (19.56 + 2.62%) and PK-Insr*/"V
(27.02 + 4.66%) pancreata (3.9-fold and 2.9-fold reduction, respectively) (Figure 5.9H). Our data
suggested that the loss of INSR signaling also reduces the PanIN formation in female mice. In
sum, our evidence strongly suggests hyperinsulinemia promotes PanIN and PDAC development

from acinar cells through its paracrine activation of INSR in Kras®?P-expressing acinar cells.
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5.2.6  The sex differences in histopathological parameters

In our previous study, we found there was a sex difference in PanIN and ADM
development for mice in Ins1-null genetic background and the male mice tended to develop less
PanIN and ADM lesions compared to the female mice from the same genotype (235). To check
if there was also a sex difference in precursor lesions development in this study, we compared
male and female mice from the same genotype for each histologic measurement. For Alcian
blue™ area, there was no statistically significant difference between male and female mice from
PK-Insr*™ and PK-Insr”f genotypes; nevertheless, there was a significant reduction in Alcian
blue* area in female PK-Insr*'f compared to male PK-Insr*f mice (Figure 5.10A-C). In contrast,
there was no significant difference in CK19* pancreatic area between male and female mice from
all three genotypes (Figure 5.10D-F). Even though there was a trend toward higher normal acinar
cell area in female mice than male mice for all three genotypes, the difference was not
statistically significant (Figure 5.10G-I). In addition, we did not find a significant difference in
PanIN plus tumor pancreatic area between male and female mice from all three genotypes
(Figure 5.10J-L). However, we observed that in comparison to PK-Insr/fand PK-Insr”" male
mice, PK-Insr*"and PK-Insr”f female mice tended to have less PanIN plus tumor area which is
consistent with the observations of an increased normal acinar area in these mice (Figure 5.10K-
L). Overall, female mice seem to be more sensitive to loss of Insr than male mice, but the sex

difference was not very strong.

5.3 Discussion
The purpose of this study was to investigate the role of insulin receptor during HFD-

promoted PanIN and PDAC development in the context of acinar-cell-specific expression of
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Kras®'?P, Taken collectively with the other studies in this thesis, we have clearly shown that
hyperinsulinemia acts through insulin receptors on acinar cells to enhance Kras®*?P-induced
PanIN initiation and expansion from acinar cells. Our results do not preclude the possibility that
insulin may also have indirect effects on PanIN development, such as modulating the immune
microenvironment (235) or other locally important cell types.

Stimulation of insulin receptor signaling can activate both PISK/AKT/mTOR and
MAPK/ERK signaling cascades, both of which have mitogenic effects and the effector proteins
in these two pathways are frequently mutated during tumorigenesis (178,179,194,195). Many
investigators have proposed that hyperinsulinemia promotes cancer cell growth through over-
activating the downstream signaling cascades of INSR (63,76,140,265). Nevertheless, there is no
in vivo study in any cancer using specific Insr deletion to study its causal role in the cancer cell
of origin. All cells in the body express INSR protein and require insulin signaling for key cellular
functions, including nutrient uptake for storage and anabolism. While the roles of INSR in
hepatocytes, myocytes, and adipocytes are well studied, the consequences of Insr knockout in
pancreatic acinar cells is understudied. In this study, we specifically knocked out Insr gene from
acinar cells using the Ptf1a®™ER™ allele and confirmed that insulin insensitivity in acinar cells
had no effects on systemic glucose homeostasis or serum insulin levels regardless of whether
acinar cells expressed the Kras®'?P variant. In contrast, a previous study suggested that insulin
may regulate acinar cell function (107). For instance, when the pB-cells were killed by
streptozotocin in rats, there was a diminishment in amylase production but when insulin was
injected, the synthesis and release of amylase was restored (107,277,278). Therefore, the serum
amylase levels in PK-Insr%, PK-Insr*f, and PK-Insr”" mice should be measured to examine if

the deletion of INSR is disrupting the normal exocrine physiology. Moreover, pancreatitis can be
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induced when acinar cells are overstimulated by CCK to secrete digestive enzymes which can
then accelerate PanIN progression (43). Therefore, deletion of INSR in acinar cells may reduce
PanIN development through reducing acinar cell workload and its associated inflammation.

Previous studies reported that HFD could accelerate PanIN and PDAC development (70-72).
For example, Chang et al showed that at 9 months, ~80% and ~95% of the analyzed pancreatic
ducts were PanINs for mice fed with chow diet and HFD, respectively (72). Previous studies
suggested this HFD-accelerated PanIN development was because of increased inflammation
(70). However, in this study, we showed that the loss of INSR significantly reduced the amount
of PanIN lesions and increased the amount of acinar cells remaining in the pancreas. This
indicated that INSR signaling may be upstream of increased inflammation.

By using anti-GFP IHC staining, we demonstrated that the remaining acinar cells present in
each mouse were not solely cells that escaped tamoxifen-induced Cre recombination. This
suggests that these acinar cells were unlikely to remain morphologically normal because they did
not carry KRAS mutation. However, because the nTnG reporter allele is not linked to Kras and
Insr genes, it was unlikely but possible for the PanINs in PK-Insrf and PK-Insr*f mice arose
from acinar cells retaining the Insr gene. It would also be interesting to perform anti-INSR
staining and determine the abundance of INSR in the PanIN lesions from PK-Insr”" and PK-
Insr" mice.

Insulin can also bind to IGF-1 receptors and hybrid receptors, although at a lower affinity
(149,202). Therefore, high insulin levels may activate and carry its downstream signaling
through IGF1R signaling pathways. Future studies should be conducted to compare the levels of
IGF1R and phosphorylated IGF1R between PK-Insr*", PK-Insr*f, and PK-Insr”f mice to see if

there is a compensation of insulin signaling, especially on the PanIN cells. Ultimately, an acinar
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cell-specific Insr/lgflr double-knockout mouse could be generated to rule out any compensation
between these related receptor tyrosine kinases.

High fat diet increases beta-cell mass (112), and induces basal insulin hypersecretion from 3
cells, resulting in sustained hyperinsulinemia. As expected, the mouse model used in this
Chapter, which had four full copies of insulin genes (both Insl and Ins2), had higher fasting
insulin levels than our previous mouse models, which had only two copies of insulin genes or
only one copy of insulin (1000-1500 pmol/L vs 400-800 pmol/L for males and ~500 pmol/L vs
100-200 pmol/L for females) (74,235). Consistent with the hypothesis that endogenous
hyperinsulinemia contributes to pancreatic cancer development, the PK-Insr¥ mice in this study
had ~50% PanIN plus tumor area while PK-Ins1**:Ins2”- mice had ~25% PanIN plus tumor area
and PK-Ins17;Ins2** mice had ~1-4% PanIN plus tumor area (74,235). Moreover, the endpoint
of mice with reduced insulin production was 57 weeks while the endpoint for mice from this
study was 43.5 weeks. Also, ~70% of female PK-Insr" mice developed tumors while only 5-
7% of female mice with reduced insulin production developed tumors (74,235). This together
again supports and validates that hyperinsulinemia can promote PanIN formation.

Male mice are generally more resistant to insulin signaling than female mice (112,120-122).
For instance, Mehran et al showed that compared to male Ins2”- mice, female Ins2”- mice had
lower fasting insulin levels, regardless of the copy of Insl alleles (112). The same sex difference
was also observed for mice in Ins1”- genetic background (120,122). However, as shown by
insulin tolerance tests, male mice were more resistant to insulin than female mice (112,120-123).
Consistently, in this study, we found male mice tended to develop more PanIN lesions than

f/f

female mice, especially for PK-Insr"" genotype. In contrast, we observed female mice developed

more PanIN and ADM lesions than male mice in mouse model with reduced insulin production
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(235). Together, the difference in PanIN development between sexes suggests female mice were
more sensitive to effects of insulin and insulin signaling on PanIN development. Future studies
are needed to investigate the molecular mechanism underlying how male and female mice have
different sensitivity to the loss of INSR in Kras®'?P-expressing acinar cells.

Although we demonstrated that INSR signaling inhibition could significantly suppress PanIN
initiation and progression in this study, we do not know the specific molecular mechanisms for
this effect. We do not know if hyperinsulinemia promotes PanIN initiation and formation
through the proposed PI3K/AKT/mTOR and MAPK/ERK signaling pathways or through other
signaling pathways. Also, we do not know if hyperinsulinemia executes its mitogen effects more
through PIBK/AKT/mTOR arm or the MAPK/ERK arm of INSR signaling. Therefore, future
studies, like RNA-sequencing and phospho-proteomics, should be performed to find the
signaling pathways and gene expression patterns significantly altered between the mice with and
without INSR. It is also important to check if the deletion of Insr at the transcript level led to a
deletion of INSR at the protein level. Collectively, our data strongly suggest that insulin receptor
in acinar cells contributes to the PanIN and PDAC development. However, INSR on other local
or distant cell types may also play a crucial role in promoting PanIN formation as our previous
study demonstrated that hyperinsulinemia altered cellular pathways in immune cells in the
microenvironment (235). As a result, prophylactic approaches targeting insulin receptor
signaling pathways, or hyperinsulinemia itself, may be beneficial in treating and preventing

pancreatic cancer.
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Figure 5.1. Mouse models used to test the role of insulin receptors in pancreatic cancer.

A, Schematic describing a mouse model designed to test the role of insulin receptor signaling on
HFD-accelerated PDAC initiation. On the background of the Ptf1a®"ER-induced Kras®!?P
pancreatic cancer model (PK), we generated mice having two wild-type alleles of Insr (Insr*™"),
one floxed allele of Insr (Insr"'f), or two floxed alleles of Insr (Insr”. B, Schematic describing a
mouse model designed to test the role of insulin receptor signaling on pancreatic acinar cells. On
the background of Ptf1a®"ER mice, we generated mice having two wild-type alleles of Insr
(Insr*™) or two floxed alleles of Insr (Insr". C, Three-week-old mice were weaned to an HFD,
and at 4-weeks-old, they were injected with TM for 3 consecutive days. Physiological measures
were routinely followed for 10 months, a cohort of mice was euthanized at 12 weeks of age and
the other cohort mice were euthanized at 10 months of age for histopathological analyses.
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Figure 5.2. Loss of Insr in pancreatic acinar cells does not affect glucose homeostasis in
Ptf1ac"ER-induced Kras®?P pancreatic cancer model.

A-B, Body weight in PK-Insr"™, PK-Insr"f, and PK-Insr”" male (A) and female (B) mice
measured over 1 year (n= 13-33). C-D, Fasting blood glucose in PK-Insr", PK-Insr"/f, and PK-
Insr”" male (C) and female (D) mice measured over 1 year (n= 13-33). E-F, Fasting insulin in
PK-Insr™, PK-Insr", and PK-Insr”® male (E) and female (F) mice measured over 1 year (n= 3-
33). G, The ratio of pancreas weight to mouse body weight for male and female mice from each
genotype (n= 3-15). H, Pancreas weight for male and female mice from each genotype (n= 3-
15). Values are shown as mean £ SEM.
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Figure 5.3. Loss of Insr in pancreatic acinar cells does not affect glucose homeostasis.

A-B, Body weight in Ptf1a®"®ER-Insr" and Ptf1a®"*ER-Insr”" male (A) and female (B) mice
measured over 1 year (n= 11-17). C-D, Fasting blood glucose in Ptf1a®ER-Insr*" and
Ptf1ac"ER-Insr" male (C) and female (D) mice measured over 1 year (n= 11-17). E-F, Fasting
insulin in Ptf1a®"®ER-Insr"™ and Ptf1a“"*=R-Insr”" male (E) and female (F) mice measured over 1
year (n=10-17). G, The ratio of pancreas weight to mouse body weight for male and female
Ptf1a"ER-Insr™ and Ptf1a*"*ER-Insr”" mice (n= 3-6). Values are shown as mean + SEM.

*p<0.05.
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Figure 5.4. The Ptf1ac™ER allele specifically and efficiently labeled acinar cells and acinar
cell-derived PanINs.

A-B, Immunohistochemical staining for nTnG lineage marker on 12-week-old (A) and 43.5-
week-old (B) male PK-Insr¥™, PK-Insr*/f, and PK-Insr”f pancreatic sections. C-D,
Immunohistochemical staining for GFP lineage marker on 12-weeks-old (C) and 43.5-weeks-old
(D) female PK-Insr*™, PK-Insr*f, and PK-Insr”f pancreatic sections Scale bars: 2 mm (top) and
0.1mm (bottom).
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Figure 5.5. Ptf1aCrER allele specifically and efficiently labeled acinar cells.

A-B, Immunohistochemical staining for nTnG lineage marker on male (A) and female (B)
Ptf1aCER-Insr"™ and Ptf1a"*ER-Insr™" pancreatic sections. Scale bars: 2 mm (top) and 0.1mm
(bottom).
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Figure 5.6. The inhibition of insulin receptor signaling in acinar cells reduced low-grade
PanlIN lesions in female mice.

A, Representative whole section (top) and high-magnification (bottom) images of pancreatic
slides from PK-Insr"", PK-Insr*f, and PK-Insr”® male mice stained with Alcian blue. B,
Quantification of Alcian blue positive area in male mice from each genotype (n=5-10). C,
Representative whole section (top) and high-magnification (bottom) images of pancreatic slides
from PK-Insr*™, PK-Insr*f, and PK-Insr female mice stained with Alcian blue. D,
Quantification of Alcian blue positive area in female mice from each genotype (n= 8-16). Scale
bars: 2 mm (top) and 0.1mm (bottom). Values are shown as mean £ SEM. **p<0.01.
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Figure 5.7. Loss of Insr in acinar cells reduced metaplasia formation.

A, Representative whole section (top) and high-magnification (bottom) images of
immunohistochemical staining of CK19 for PK-Insr¥", PK-Insr'", and PK-Insr" male mice. B,
Quantification of CK19 positive area in male mice from each genotype (n= 5-10). C,
Representative whole section (top) and high-magnification (bottom) images of
immunohistochemical staining of CK19 for PK-Insr%, PK-Insr*'f, and PK-Insr”f female mice.
D, Quantification of the of CK19 positive area in female mice from each genotype (n= 9-15).
Scale bars: 2 mm (top) and 0.1mm (bottom). Values are shown as mean £ SEM. *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001.
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Figure 5.8. Loss of Insr in acinar cells reduced PanIN lesions initiation.

A, Representative whole section (top) and high-magnification (bottom) images of pancreatic
slides from PK-Insr"%, PK-Insrf, and PK-Insr”" male mice stained with H&E. B,
Quantification of PanIN area in male mice from each genotype (n=4-9). C, Representative
whole section (top) and high-magnification (bottom) images of pancreatic slides from PK-
Insr¥™, PK-Insrf, and PK-Insr™f female mice stained with H&E. D, Quantification of PanIN
area in female mice from each genotype (n= 3-14). Scale bars: 2 mm (top) and 0.1mm (bottom).
Values are shown as mean + SEM. *p<0.05
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Figure 5.9. Loss of Insr in acinar cells reduced PanIN lesions formation.

A, Representative whole section (top) and high-magnification (bottom) images of pancreatic
slides from PK-Insr"", PK-Insr'", and PK-Insr” male mice (10 months) stained with H&E. B-
D, Quantification of acinar cell area (B), PanIN plus tumor area (C), and only PanIN area (D) in
male mice (10 months) from each genotype (n= 5-10). Filled dots denote mice that developed
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tumors in C. E, Representative whole section (top) and high-magnification (bottom) images of
pancreatic slides from PK-Insr", PK-Insr'f, and PK-Insr™" female mice (10 months) stained
with H&E. F-H, Quantification of acinar cell area (F), PanIN plus tumor area (G), and only
PanIN area (H) in female mice (10 months) from each genotype (n= 8-16). Filled triangles
denote mice that developed tumors in G. Scale bars: 2 mm (top) and 0.1mm (bottom). Values are
shown as mean = SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 5.10. The comparison in multiple histopathological measurements between male and
female mice.

A-C, Comparison of Alcian blue* area between male and female PK-Insr¥ (A), PK-Insr'f(B),
or PK-Insrf(C) mice (n= 5-15). D-F, The comparison of CK19* area between male and female
PK-Insr*™ (D), PK-Insr*f (E), or PK-Insrf(F) mice (n= 5-15). G-I, Comparison of acinar cell
area between male and female PK-Insr¥™ (G), PK-Insr"/f (H), or PK-Insrf (1) mice (n= 5-15). J-
L, Comparison of pancreatic area occupied by PanIN plus tumor between male and female PK-
Insr"™ (G), PK-Insr*f (H), or PK-Insr™f (1) mice (n= 5-15). Filled dots and triangles denote mice
that developed tumors. Values are shown as mean £ SEM. *p<0.05.
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Chapter 6: Discussion and conclusion

6.1 Summary and overall discussion

This doctoral dissertation was to understand whether and how hyperinsulinemia and
insulin/insulin receptor contributes to pancreatic cancer initiation and development. By
manipulating the Ins1 and Ins2 gene alleles, we found mice with reduced insulin production had
reduced PanIN lesions and fibrogenesis. Via sScRNA-seq, we found that hyperinsulinemia might
indirectly affect PanIN development through modulating the immune cells in the PanIN
microenvironment and the PI3BK/AKT/mTOR and MAPK/ERK signaling pathways were
downregulated in mice with reduced insulin production. We also found hyperinsulinemia can
promote PanIN formation directly through insulin receptor in acinar cells using a mouse model
with Insr deleted in Kras®*?P expressing acinar cells. These are the first in vivo studies to directly
demonstrate that limiting the increases in circulating insulin induced by high-fat diet via genetic
means or reducing the signaling through the INSR can reduce precursor lesion development in
any type of cancers. Therefore, our work suggests that strategies that lowering insulin levels (like
lifestyle changes) and targeting insulin receptor signaling pathways (like PI3K inhibitors) may be
useful in preventing and treating pancreatic cancer in some contexts.

Hyperinsulinemia has been proposed as one of the potential factors connecting T2D and
obesity to increased cancer risk; however, there are very limited studies investigating insulin-
cancer relationship. Because diet and obesity-induced hyperinsulinemia is usually accompanied
by other metabolic disorders like hyperglycemia, dyslipidemia, and altered adipokines, the
LeRoith group developed a mouse model, which was called MKR mice, developed
hyperinsulinemia without hyperglycemia or dyslipidemia (279). The hyperinsulinemia was

induced by muscle insulin resistance which was caused by overexpressing a dominant-negative
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IGF1R specifically in skeletal muscle (280). They found MKR mice had more severe
progression of breast cancer, melanoma, and oesophageal adenocarcinoma, as well as increased
lung metastases (216,280-284). They also showed that pharmacological blockade of PI3K or
IR/IGF-IR signaling by a small-molecule tyrosine kinase inhibitor can cause a reduction in breast
cancer growth in MKR mice (280,285,286). Using the MKR mouse model, other investigators
showed that hyperinsulinemia was associated with an acceleration of the development of various
types of cancers (216,280-284); however, there was no direct knockout experiment to show that
knocking out insulin gene could reduce cancer development. Moreover, they did not show the
relationship between hyperinsulinemia and pancreatic cancer, which is one of the cancers with
the strongest association to hyperinsulinemia (60). My study showed that irrespective of the
insulin gene used to reduce circulating insulin in mice, the mice with lower fasting insulin levels
had lower PanIN lesions (74,235). The fasting insulin level at endpoint significantly correlated
with the PanIN plus tumor area in the pancreas for female mice (Figure 3.3A&Figure 4.3H).
Also, compared to female mice with two alleles of both Ins1 and Ins2, there was about a 2-fold
reduction in PanIN plus tumor area in female mice with only one or two alleles of Ins1. This
suggests that solely knocking out two copies of the insulin gene in mice fed a high-fat diet was
sufficient to reduce PanIN development. Together with the MKR mouse model studies, our
studies using multiple mouse models strongly suggest that hyperinsulinemia, in the absence of
hyperglycemia, contributes to cancer development.

Several studies have demonstrated that HFD can predispose mice expressing the Kras®!2P
mutation in the pancreas to accelerate PanIN and PDAC development (70-72,287). In some of
these studies, investigators showed that it was increased inflammation and desmoplasia that

linked obesity to PanIN promotion. For instance, Incio et al showed that pancreatic stellate cells
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secreted IL1P that recruited tumor-associated neutrophils, and the inactivation of pancreatic
stellate cells by inhibiting angiotensin Il type-1 receptor and IL1p inhibition by antibody
neutralization could prevent obesity-promoted tumor growth (70). Moreover, Khasawneh et al
showed that blocking of TNFa signaling could reduce HFD-mediated enhancement of PanIN
formation (287). These findings support the proposed idea that increased inflammation underlies
the risk of developing PDAC in obese individuals (63). However, in all these studies using HFD
to induce obesity, the mice not only had increased inflammation, but also developed
hyperinsulinemia, hyperglycemia, hyperlipidemia, and elevated IGF-1. Because complex
metabolic and inflammatory cytokine alterations are induced by HFD, it is difficult to rule out
whether other tumor-promoting factors (like hyperinsulinemia) also play a role in accelerating
PDAC in these studies. By only deleting the insulin genes, we showed that PanIN lesions were
reduced in mice with reduced insulin production which suggested that HFD-induced
hyperinsulinemia is also one of the factors mediating HFD-promoted PanIN development.
Moreover, through scRNA-seq, we showed that the immune cell composition (like increased NK
cell number) and immune cells transcriptomes in the ductal metaplasia and PanIN
microenvironment were significantly altered between mice with and without hyperinsulinemia.
Therefore, it is also possible that hyperinsulinemia is upstream of the inflammation examined in
the studies of Incio and Khasawneh et al.

Hyperglycemia is another factor that is proposed to connect obesity and T2D to cancer risk
(63). However, based on our results, PanIN lesions were decreased in mice with reduced
hyperinsulinemia regardless of the fasting glucose levels and this indicates that glucose does not
affect pancreatic cancer progression. Therefore, our studies suggest it is hyperinsulinemia but not

hyperglycemia that contributes to pancreatic cancer. Future studies aimed at assessing the effect
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of glucose levels on PanIN lesions can be conducted to directly test the role of hyperglycemia on
PDAC.

In addition to HFD, investigators also used leptin-deficient ob/ob mice model to investigate
the mechanism of obesity-driven pancreatic tumorigenesis (73). Nevertheless, ob/ob mice lack
leptin and leptin may play an important role during tumorigenesis as well (76). Meanwhile,
individuals with obesity usually have elevated leptin levels compared with normal-weight
individuals. Therefore, it will be interesting to check if f cells also express CCK in HFD-induced
obesity and to investigate if leptin itself can affect pancreatic tumorigenesis. In sum, as shown by
various studies, the mechanism of HFD- (or obesity-) promoted pancreatic cancer progression is
complex and no sole molecular factor is independently and completely responsible for the
acceleration.

For all of the mouse models developed and characterized in my studies, we observed sex
differences in glucose metabolism. For example, as previously reported, male mice could not
survive with only one copy of Ins1 gene but female mice could (53,74). Male mice also tended to
develop fewer PanIN lesions than female mice in insulin gene knockout experiments, while
males tended to develop more PanIN lesions than females when the Insr is knocked out of acinar
cells in an insulin gene wild-type background. This phenotype is consistent with the well-known
sex differences that are observed in almost all animal models. Specifically, males are more likely
to become insulin resistant, and more likely to develop obesity and T2D (112,120-122,288,289).
Clinical and experimental studies have suggested that endogenous estrogens protect females
from insulin resistance (288). Studies showed that sex hormones were responsible for the
differences in insulin sensitivity. For example, estrogen replacement in ovariectomized wild-type

mice can improve insulin sensitivity (290,291). Androgens also have sex-dependent actions as
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androgen deficiency in men causes insulin resistance, while androgen excess in women causes
insulin resistance (289,292,293). Therefore, future studies exploring the specific molecular
differences between male and female mice from our mouse models would be of value to
understanding how sex hormones and biological sex-determinant factors contribute to PDAC
development. Also, future studies should analyze and report results from male and female mice
separately when exploring the insulin or glucose metabolism’ effects on pancreatic cancer

initiation and development.

6.2 Limitations

Although my studies showed insulin and local insulin signaling can contribute to pancreatic
cancer initiation through various mouse models, there are some limitations of these studies. For
example, except for my Insr knockout mouse model, a lineage reporter allele for the mouse
models used in the first two studies was not included. As a result, I could not assess whether the
recombination efficiency at the KRAS allele was similar between the genotypes, which could
subsequently affect the amount of PanIN lesions. Our studies also have limited insight into how
hyperinsulinemia and INSR signaling affect mice survival and metastasis. Future studies could
perform survival analysis (like Kaplan—Meier curve) to investigate if there is a difference in
survival rate, tumor number, tumor size, or metastasis when insulin/insulin receptor signaling is
manipulated.

Because all of our animal models were fed with a high-fat diet throughout the study, we do
not know if inhibition of hyperinsulinemia or INSR signaling can also reduce PanIN formation
without HFD-induced obesity. If time and funding are allowed, it would be interesting to

generate another cohort of mice from each genotype fed CD or HFD. By comparing the mice
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from different genotypes and diet groups, we could assess whether hyperinsulinemia and INSR
signaling could completely diminish the HFD-accelerated PanIN formation. For instance, we can
check that in the HFD group, if the mice with reduced insulin production have a similar amount
of PanIN lesions as the mice in the CD group.

For the mice with Ins1-null genetic background, we observed only about 1-4% of their
pancreata was occupied by PanIN lesions and we also observed ~50% of their pancreata was
replaced by adipocytes. We don’t know when this adipocytes replacement occurred, and it is
possible that it happens early enough that Kras®*?P expressing acinar cells are replaced by fat
before they have a chance to transform into PanIN cells. If lineage reporter allele was
incorporated, we could test whether lineage-labeled Kras®*?P-expressing acinar cells are
selectively eliminated in this mouse model, potentially suggesting that KRASC®?P affects the
survival of acinar cells in high fat diet, low insulin conditions. In addition, the source of the
adipocytes is also unknown, and incorporating the lineage label could help delineate whether
adipocytes were arising from Kras®!?P expressing acinar cells. As we suggested above, the
adipocyte replacement was possibly caused by the combined effects of loss of the Ins1 gene,
HFD, and Kras®'?P mutation. Future studies to measure the fat area in CD- and HFD-fed Ins1
null mice with and without KRAS mutations may extend our understanding of this phenotype.

Lastly, our studies could not examine how acinar cells and PanIN cells’ transcriptomes were
altered by hyperinsulinemia and INSR signaling. We performed single-cell RNA-sequencing on
PK-Ins1”;Ins2** and PK-Ins1”;Ins2*" mice and performed single nucleus RNA-sequencing on
PK-Insr*™ PK-Insr"f and PK-Insr”f mice. However, despite our diligent attempts to optimize
the protocol for these experiments, we could not isolate a large number of high-quality, healthy,

single acinar cells. Acinar cells are full of digestive enzymes and RNAse and the majority of the
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acinar cells are lysed during the dissociation process. As a result, we could not investigate the
specific molecular mechanisms of how hyperinsulinemia and INSR signaling regulate acinar

cells or PanIN cells themselves.

6.3 Future directions

For my thesis investigations, we only studied the effects of hyperinsulinemia and insulin
receptor in an acinar-cell-derived PDAC mouse model. However, many previous studies have
shown the importance of cells of origin in PDAC (10,43). For instance, Lee et al showed that
acinar-cell-derived PDAC and ductal-cell-derived PDAC have different precursor lesion
initiation, disease progression, and tumor phenotype (10). Thus, future experiments should
investigate whether inhibition of hyperinsulinemia and INSR signaling can also reduce PanIN
progression in a Sox9Cre;Kras®'?P mouse model, which expresses Kras®*?? in ductal cells.
Future studies should also investigate if hyperinsulinemia and INSR signaling can affect other
types of PDAC precursor lesion development, like IPMN and MCN, using mouse models
described in (9,294).

Furthermore, investigators have also proposed metabolic subtypes of PDAC based on their
transcriptomes. For instance, Moffitt et al. identified 2 PDAC subtypes: classical and basal-like
subtypes and Bailey et al. identified four subtypes: squamous, pancreatic progenitor,
immunogenic, and aberrantly differentiated endocrine exocrine (295,296). Karasinska et al. also
stratified PDAC into four metabolic subgroups based on expression of glycolytic and
cholesterogenic genes: quiescent, glycolytic, cholesterogenic, and mixed (297). These tumor

subtypes were associated with different patient survival rate and sensitivity to chemotherapies.
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Therefore, it will be interesting to examine whether hyperinsulinemia and INSR signaling have
similar effects on these tumor subtypes.

Lastly, the findings from this study should be tested and validated in clinical studies. Some
patients that are diagnosed with PDAC also have diabetes, but oncologists generally do not
manage their glucose homeostasis, as PDAC is more life-threatening. Therefore, we are
collaborating with Dr. Daniel Renouf’s group to see if managing the PDAC patients’ diabetes
can improve their PDAC treatment outcome. We are also generating patient-derived organoids to
see if insulin and INSR signaling influences their growth to examine how these factors affect
PDAC tumorigenesis after the epithelium is already transformed.

During my doctoral studies, I investigated whether hyperinsulinemia and INSR signaling
affect pancreatic cancer development. My data showed that endogenous hyperinsulinemia
contributed to pancreatic cancer development through indirectly regulating the immune cells and
fibroblasts in the PanIN microenvironment, as well as through directly INSR signaling in the
acinar cells. This thesis contributes to the body evidence that demonstrates hyperinsulinemia is a
factor linking obesity and T2D to excess PDAC risk and my studies provide useful mouse
models and scRNA-seq dataset for future studies. PDAC is one of the most lethal cancers with a
5-year survival rate of less than 10% and there is less funding available in the PDAC field.
Hopefully, continued research in the PDAC field will ultimately lead to better interventions for

this lethal cancer and better diagnostic tools to detect it at an early stage.
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