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Abstract
Type 1 and type 2 diabetes are characterized by hyperglycemia and loss of beta-cell mass,
function, and peptide hormones. Beyond hyperglycemia, diabetes is also associated with obesity
and increased risk of cancer, particularly pancreatic cancer. Islet amyloid polypeptide (IAPP) is
the second most abundant beta-cell hormone, co-secreted with insulin, and reduced in diabetes.
Paracrine actions of endogenous IAPP have been proposed in glycemic regulation and tumour
growth suppression, but remain incompletely understood. To further characterize the effects of
IAPP loss, we used an IAPP-knockout mouse fed a high-fat or control diet and assessed
glycemia and adiposity. We also generated a genetic mouse model of pancreatic ductal
adenocarcinoma in IAPP-knockout mice to investigate IAPP loss as a potential mechanism for
the association of diabetes and pancreatic cancer. Trends in IAPP-knockout mice suggest
elevated adiposity and glycemia in the absence of IAPP. We observed no effect of IAPP on
pancreatic ductal adenocarcinoma survival in mice, or cancer cell proliferation, death, or
glycolysis.
A reduction in the processing efficiency of beta-cell peptide prohormones is also observed in
diabetes. Pcsk1 and Pcsk2 are the two major prohormone endoproteases within insulin granules,
and are responsible for multiple steps in the proIAPP and proinsulin processing pathways. To
determine whether impaired processing functions as a biomarker or driver of beta-cell
dysfunction, we generated mouse models of beta-cell specific (Ins1cre-driven) Pcsk1 and Pcsk2
deficiency using Cre-lox recombination. Loss of Pcsk1 in beta cells caused severe proinsulin
processing impairments and increased diabetes susceptibility in male mice, while female mice
remained euglycemic. In contrast, male and female beta-cell Pcsk2-deficient mice were
euglycemic with minimally impaired proinsulin processing, but severely impaired proIAPP
iii

processing. Deletion of both Pcsk1 and Pcsk2 in beta cells blocked proinsulin processing, drove
hyperglycemia, increased beta-cell glucose responsiveness and mass, and reduced beta-cell
maturity and proliferative capacity. In a mouse model expressing amyloidogenic human IAPP in
beta cells, Pcsk1 deficiency significantly increased amyloid deposition. Collectively, these
findings show that loss of beta-cell prohormone processing alters beta-cell function and drives
hyperglycemia, and that endogenous IAPP does not act as a pancreatic tumour suppressor but
may alter glycemia and adiposity.
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Lay Summary
Pancreatic beta cells secrete insulin and fail in type 1 and type 2 diabetes, resulting in
insufficient insulin and high blood sugar. Insulin is first made as a larger molecule proinsulin,
which is cut by the enzymes PCSK1 and PCSK2 to make insulin. People with diabetes have
increased proinsulin in their blood, suggesting that PCSK1 and PCSK2 function is reduced in
diabetes. This thesis investigates how reductions in PCSK1 and PCSK2 impact the function of
beta cells and control of blood sugar. It also investigates the physiological roles of another
hormone from beta cells, IAPP, that is also lost in diabetes with insulin. We found that reducing
PCSK1 can cause dysfunction in beta cells and increases the risk of diabetes in mice. We also
found that loss of IAPP has minimal impact on blood sugar levels. This new information will
help guide the development of new and existing diabetes therapies.
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Chapter 1: Introduction
1.1

Pancreas function
The pancreas is a multipurpose organ with dual exocrine and endocrine functions. It is

intricately linked to metabolism from digestion of macronutrients through to regulation of
glycemia, and it integrates and releases a multitude of signals to tightly control these processes.
Functionally, the pancreas contains two major compartments – the exocrine and endocrine
pancreas.
1.1.1

The exocrine pancreas
The exocrine compartment accounts for the vast majority of the pancreas volume and

contains two major cell types, acinar and ductal cells. Tightly packed rosettes of acinar cells
release digestive enzymes to branching ducts which eventually reach the major pancreatic duct.
The pancreatic duct merges with the common bile duct and drains to the duodenum to provide a
mixture of secretions essential for the digestion and absorption of macronutrients.
Acinar cells are specialized secretory cells that synthesize and secrete abundant proteins.
Lipases, amylases, and proteases are synthesized and stored as inactive zymogens in regulated
secretory vesicles (granules) that are released upon stimulation of acinar cells. Macronutrients in
the duodenum stimulate the release of cholecystokinin, which acts as an endocrine signal to
activate acinar cells and release digestive enzymes, and also acts to stimulate vagal afferent
signalling and acute induction of satiety in mice1.
Ductal epithelial cells create lumens to carry acinar secretions to the duodenum. They
have additional roles of water secretion to flush and carry the digestive enzymes, and bicarbonate
secretion to prevent premature activation of digestive zymogens and neutralize acidity in the

1

duodenum from chyme. Secretin, released from the duodenum in response to increased acidity,
stimulates ductal cell release of water and bicarbonate.
1.1.2

The endocrine pancreas
The endocrine compartment accounts for approximately 1% of the pancreas mass2. It is

organized into island-like clusters throughout the exocrine tissue that were first noted in 1869 by
Paul Langerhans3, and were later named the islets of Langerhans, or more commonly, pancreatic
islets. The human pancreas contains over 3 million islets4 distributed throughout the pancreas as
innervated and highly perfused mini-organs5. Endocrine cells within the islet synthesize their
respective hormones as prohormones that are processed and stored in granules in the regulated
secretory pathway. Each cell-type contains extensive exocytotic machinery and finely tuned
stimulus-secretion coupling to respond to extracellular cues.
Beta cells are the most abundant and account for 55-60% of the human islet6–8. In
response to rising blood glucose, beta cells secrete insulin which acts on the liver, muscle, and
fat to promote glucose uptake and energy storage. Alpha cells are the next most abundant at 3035% of endocrine cells in the human islet6,7. Alpha cells secrete glucagon in response to low
blood glucose, which acts on hepatocytes to stimulate glycogenolysis and gluconeogenesis. Delta
cells account for approximately 10% of the human islet6,7, and secrete somatostatin in response
to high glucose or islet paracrine factors such as urocortin 39. Islet somatostatin acts largely in a
paracrine manner to suppress islet secretions, providing a negative feedback mechanism for
neighbouring endocrine cells. Gamma cells constitute less than 5% of islet cells and secrete
pancreatic polypeptide (PP) postprandially10. PP acts in the hypothalamus to induce satiety11,12,
and on the exocrine pancreas to inhibit ductal and acinar secretions. The final endocrine cell type
is the ghrelin-expressing epsilon cell, which peaks during development at up to 30% of the
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endocrine population, and rapidly drops around birth to less than 1% in adulthood13. Ghrelin is
an orexigenic signal released in the fasted state that acts on the hypothalamus14. In addition to
endocrine cells, islets contain macrophages (other immune cells are rare but present15),
endothelial cells, pericytes, stellate cells, and nerve fibers that all contribute to islet function and
maintenance16.
Mouse islets largely resemble human islets; however, several architectural differences
exist that are worth noting17. Mouse islets contain a 75% majority of beta cells, 20% alpha cells,
and less than 10% delta cells, making beta cells relatively more abundant in mouse islets6–8. In
humans, the endocrine populations are dispersed throughout the islet, whereas in mice beta cells
dominate the islet core while alpha cells predominantly occupy the mantle7. This results in
relatively higher beta- to non-beta-cell contacts in human islets. Despite these differences, mice
have provided a useful model for studying islet function in health and diabetes.
1.1.3

Beta-cell physiology: proprotein and granule biosynthesis
Beta cells are specialized endocrine cells responsible for the biosynthesis and secretion of

insulin into the circulation. They are tuned for insulin biosynthesis, and it is estimated that a beta
cell can synthesize 1 million proinsulin molecules per minute18. Beta cells achieve rapid
proinsulin production by storing a large stable pool of insulin transcripts as polysomes that are
transported to the endoplasmic reticulum (ER) and initiate translation in response to glucose19.
Within 30-90 minutes proinsulin, proIAPP, and proPCSK1 protein levels are increased in
islets20,21, while mature insulin mRNA can take up to 48 hours to increase in response to
glucose22. Therefore, proinsulin and proIAPP biosynthesis are largely post-transcriptionally
regulated in beta cells.
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Peptide prohormones destined for secretion in beta cells traffic though the ER, where the
signal peptide is cleaved from the prepropeptide, the propeptide begins folding, and
glycosylation may occur. Insulin and IAPP are found both in non-glycosylated and glycosylated
forms in islets and circulation in humans and mice23–26. Propeptides are trafficked from the ER
through the Golgi to insulin secretory granules. In the late Golgi and early granule
compartments, the proteolytic processing enzymes PCSK1, PCSK2, and CPE become active and
trim propeptides to their mature lengths (reviewed more extensively in section 5.1). C-terminal
glycine residues are amidated via the enzyme PAM (peptidyl-glycine alpha-amidating
monooxygenase). As granules mature, luminal hydrogen and zinc ion concentrations increase,
which facilitates processing enzyme activation27 and insulin crystallization28. Finally, mature
granules are stored prior to exocytosis with some associating closely to the plasma membrane to
form a readily releasable pool upon beta-cell stimulation.
Given the high levels of peptide prohormone biosynthesis in beta cells, some will be
degraded to maintain beta-cell proteostasis. Early misfolded proinsulin in the ER can be
degraded via ER-associated degradation or ER-couple autophagy29. Later in the secretory
pathway, aged granules are degraded by crinophagy or macroautophagy resulting in a granule
half-life of 3-5 days30,31. However, under nutrient depletion beta cells may also degrade newly
synthesized granules32. These mechanisms ensure proteostasis within a beta cell while demand
for insulin fluctuates.
1.1.4

Normal beta-cell physiology: beta-cell stimulation and exocytosis
Human beta cells in the resting state maintain a net negative membrane potential of

approximately -70 mV33. This potential is maintained in part through an ATP-sensitive
potassium channel (KATP) composed of four Kir6.2 (KCNJ11) and four sulfonylurea receptor
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(ABCC8; SUR1) subunits. The KATP channel transports K+ ions to the extracellular space, against
the electrical gradient but with the K+ gradient to maintain a net negative charge inside the beta
cell33. Glucose is the primary secretagogue for insulin release and is transported into human beta
cells by GLUT1 (SLC2A1)34. After glucose import, glycolysis and oxidative phosphorylation
lead to elevated ATP/ADP ratios, closure of the KATP channel, and depolarization of the
membrane. At approximately -60 mV, voltage-gated Ca2+ channels on the plasma membrane
open and there is a rapid influx of Ca2+ to the cytosol33. Synaptotagmin on insulin secretory
granules bind Ca2+ and trigger SNARE activation, fusion of plasma and vesicle membranes, and
exocytosis of insulin35.
The rate-limiting step for insulin secretion is glucose phosphorylation by glucokinase
(GCK), a special hexokinase with a lower affinity for glucose than the other hexokinase family
members which are not expressed in beta cells. Half-maximal GCK activity and glucose-induced
insulin secretion is observed around 8 mM glucose in human islets36, emphasizing the
dependence of insulin secretion on GCK activity. In isolated islets and during an IV glucose
bolus in vivo, insulin secretion occurs in two phases: a 10-minute first phase consisting of the
readily releasable pool of insulin granules and a sustained second phase of both new and aged
insulin granules that continues until the stimulus is removed. Secretion dynamics differ in vivo
and are thought to consist of a single rising phase (or blending of the phases) as nutrients are
more slowly absorbed to circulation, and insulin secretion remains highly pulsatile both in vivo
and ex vivo37. Metabolism of fatty acids and amino acids can also stimulate insulin secretion
from anaplerotic pathways that drive an increase in the ATP/ADP ratio38,39.
Mouse beta cells largely resemble human beta cells with a few key differences. Mouse
GCK has a higher S0.5 than human GCK, resulting in a higher threshold for glucose-induced
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insulin release from beta cells and higher glycemic set point in rodents33. Human IAPP is also
highly amyloidogenic and amyloid deposits are observed in human islets, while mouse IAPP
does not form amyloid deposits due to sequence differences (reviewed more extensively in
section 6.1). Iapp mRNA is also relatively enriched in mouse beta cells relative to human beta
cells40. Mice also have two insulin genes: Ins2 is the human ortholog and is more abundantly
expressed, while Ins1 is a rodent-specific retrogene that arose approximately 20 million years
ago41. Lastly, mouse beta cells express predominantly Glut2 (Slc2a2) for glucose transport while
human beta cells express predominantly GLUT134,42. Both human and mouse beta cells transport
glucose into the cytosol extremely rapidly and this process is not rate-limiting for exocytosis
under normal conditions36.
1.1.5

Coordination of the islet
Islets integrate a plethora of signals to modify secretions and maintain metabolic

homeostasis. Paracrine signaling from beta cells has an inhibitory effect on alpha cells from
insulin and serotonin release, while urocortin 3 released from beta cells simulates somatostatin
release from delta cells16. Alpha-cell-derived glucagon and glucagon-like peptide 1 (GLP-1)
stimulate beta cells and potentiate insulin release43. Delta cells mediate a braking mechanism for
the islet in which somatostatin inhibits both alpha- and beta-cell exocytosis, resulting in delta
cells contributing to the establishment of a physiological glycemic set point9. Ghrelin potently
inhibits insulin secretion44, possibly resulting in epsilon-cell-mediated suppression of insulin
release during development when ghrelin-expressing cells are abundant in the islet. Beta cells are
also connected via gap-junctions, resulting in coordinated electrical activity throughout beta cells
in the islet. Recent evidence in mouse islets suggests that delta cells may also be connected to
beta cells via gap-junctions, facilitating even more rapid communication than paracrine
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interactions among islet cell types45. Metabolically distinct hub beta cells with high cell-cell
connectivity across the islet also play a role in coordinating islet responses to glucose in mice46.
Recent recognition of heterogeneity among islet cell types has been facilitated by the
development and application of single-cell RNA sequencing (scRNAseq) to human pancreas
biology47. Research into understanding the extent to which heterogeneity coordinates islet
function is ongoing.
Islet and beta-cell activity are also regulated by signals originating from outside the islet.
The incretin hormones glucose-dependent insulinotropic polypeptide (GIP) and GLP-1 are
released from enteroendocrine cells in response to feeding and potentiate beta cells to increase
insulin release48. Islet parasympathetic innervation releases acetylcholine which inhibits delta
cells and stimulates beta cells to release insulin and lower blood glucose5,49. Conversely, islet
sympathetic innervations release norepinephrine, stimulating glucagon release and an increase in
blood glucose50. Other nutrients in addition to glucose can also augment insulin release from beta
cells. For example, free fatty acid receptor 1 (FFAR1; GPR40) activation by long-chain fatty
acids such as palmitate can also potentiate insulin release from beta cells51.
Beta-cell potentiation and inhibition occurs largely through G protein-coupled receptor
(GPCR) signalling. Activation of G⍺s- and G⍺q-coupled receptors potentiates insulin release,
while activation of G⍺i-coupled receptors inhibits insulin release52. G⍺s signalling activates
adenylyl cyclase causing an increase in cyclic adenosine monophosphate (cAMP), which in turn
activates protein kinase A (PKA) and exchange protein activated by cAMP 2 (EPAC2) to further
stimulate insulin release from beta cells. G⍺q-coupled receptors activate phospholipase C, which
catalyzes hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2) into the secondary
messengers diacyl glycerol (DAG) and inositol 1,4,5-trisphosphate (IP3). IP3 is released to the
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cytosol where it binds to the IP3R, a ligand-gated calcium channel, on the ER membrane and
stimulates further release of calcium ions to the cytosol to increase exocytosis. DAG remains in
the membrane and activates protein kinases C and D1, which likely facilitate insulin release via
cortical F-actin remodeling and phosphorylation of SNARE complex proteins53. G⍺i-coupled
signaling inhibits insulin secretion by inhibiting adenylyl cyclase and reducing cAMP levels – a
mechanism in direct opposition to G⍺s-signaling.
The human genome is estimated to contain approximately 1,000 GPCRs, with about half
corresponding to endogenous ligands54. Given the complexity of both GPCR distribution on islet
cell types and downstream signaling, much remains to be elucidated on the coordination and
regulation of islet endocrine cells. Insights into these interactions and signalling mechanisms
have provided new therapeutics for diabetes, such as incretin mimetics, and will likely yield
further therapeutics as our understanding of islet physiology progresses.
1.2

Diabetes mellitus
Diabetes mellitus, or more commonly just diabetes, is a metabolic disease defined by

persistent hyperglycemia. In Canada, 3.2 million individuals live with diabetes55. Worldwide,
over 537 million adults (age 20-79) live with diabetes56 and the prevalence is expected to rise
from 9.3% to 10.9% by 204557. It is further estimated that 7.5% of adults have impaired glucose
tolerance and 50% of the individuals with diabetes are undiagnosed57. The global expenditure on
diabetes care is an estimated $760 billion USD annually and has doubled in the last decade58. In
addition to costs, complications from diabetes include a wide range of comorbidities and result in
a significant mental burden for disease management. There are two major types of diabetes, type
1 and type 2 diabetes, that have different pathologies.
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1.2.1

Type 2 diabetes
Type 2 diabetes (T2D) accounts for 90% of the diabetes in Canada and is characterized

by a relative insufficiency of insulin, often in the context of obesity or insulin resistance. Beta
cells are thought to compensate early in insulin resistance with increased beta-cell function and
mass, but eventually succumb to the rising demands for insulin. As T2D develops, beta-cell
function declines and apoptosis increases resulting in a relative insufficiency of insulin, and the
development of T2D59. The causes of T2D are thought to be heterogeneous, with a complex
interaction between genetic predisposition and the environment. Genome-wide association
studies have revealed numerous genetic components to T2D, with many variants residing in noncoding regions for which disease-causing mechanisms are unknown60. T2D risk-conferring
variants in known genes are dominated by those associated with beta-cell function61, highlighting
the importance of beta-cell failure in T2D development. In the environment, obesity can increase
insulin resistance and the risk of T2D62. A sedentary lifestyle also increases the risk of T2D63.
Although diet and lifestyle both contribute, they are not the sole cause of T2D for many, given
the genetic components.
Type 2 diabetes is diagnosed in Canada by the presence of one of the following
measures: (i) fasting (8 hour minimum) plasma glucose ≥ 7.0 mM; (ii) HbA1C ≥ 6.5% (in adults);
(iii) blood glucose ≥ 11.1 mM at 2 hours in a standardized 75g oral glucose tolerance test; or (iv)
random glycemia ≥ 11.1 mM at any time of day regardless of meal intervals64. Diabetes is
confirmed with two measurements in the diabetic range of any of the above tests, with the
exception of random glycemia ≥ 11.1 mM which can only be used for one of two confirmation
measurements. Prediabetes, a stage in which individuals are at high risk of developing diabetes,
is defined by HbA1C of 6.0-6.4%, fasting glycemia of 6.1-6.9 mM, or 7.8-11.0 mM blood
9

glucose 2 hours after a 75g oral glucose tolerance test. Although typically diagnosed over the age
of 25, T2D in youth is also becoming more prevalent and affects 1.54 per 100,000 Canadians
under 18 years old65.
1.2.2

Type 1 diabetes.
Type 1 diabetes (T1D) accounts for 9% of the diabetes in Canada, or about 0.8% of the

Canadian population. It is typically diagnosed with similar hyperglycemic criteria to T2D, but is
differentiated from T2D with clinical presentation of diabetic ketoacidosis, a young age of onset,
and typically the presence of one or more islet autoantibodies64. T1D results from autoimmunemediated destruction and dysfunction of beta cells66. Historically it was believed complete betacell loss occurred in T1D. However, circulating low levels of proinsulin are detected in over half
of individuals with T1D and some residual beta-cell mass is detected at autopsy67,68. Insulitis and
beta-cell destruction occur in waves in T1D, ultimately resulting in insufficient remaining
functional beta cells, hyperglycemia and T1D diagnosis69. Several autoantibodies (AAbs) have
been identified in T1D targeting key beta-cell proteins. The most common autoantibodies
include insulin (IAA), glutamic acid decarboxylase (GADA), protein tyrosine phosphatase
(IA2A), and zinc transporter 8 (ZnT8A). Islet AAbs do not guarantee T1D development, but
indicate high risk of T1D development especially if multiple AAbs are detected. Children with
two AAbs have a 70% chance of developing T1D70.
The causes of T1D remain elusive. Genome-wide association studies have identified loci
and variants conferring increased T1D risk71, and specific human leukocyte antigen haplotypes
increase the risk of T1D72. Concordance studies in monozygotic twins have shown there is a
heritable component to T1D73, but the concordance rate of 65% suggests additional
environmental triggers are present in T1D pathogenesis. Viral infections and dietary factors have
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been proposed74, but the contributions of these and other undefined triggers remain largely
unknown.
1.2.3

Monogenic diabetes, gestational diabetes, and late autoimmune diabetes in adults
Monogenic diabetes and latent autoimmune diabetes in adults (LADA) account for about

1% of people with diabetes. Monogenic diabetes is a unique collection of diabetes pathologies
that is defined by a single gene variant in a patient, often in a key beta-cell gene, that results in
hyperglycemia. Variants in a subset of genes, including KCNJ11, ABCC8, and INS often result in
monogenic neonatal diabetes that occurs before 6 months of age75. Variants in other genes such
as GCK, HNF1A, HNF4A, and HNF1B can lead to diabetes development in adolescence or early
adulthood, known as mature-onset diabetes of the young (MODY), which is inherited in an
autosomal dominant pattern75. Gestational diabetes occurs in over 5% of pregnancies in
Ontario76, and is defined as impaired glucose tolerance first recognized in pregnancy77, and
typically resolves postpartum. However, gestational diabetes confers a large increase in the risk
of developing T2D78. LADA is a form of diabetes that is similar to T1D, but occurs with
heterogenous severity. Individuals with LADA are distinguished from adult-onset T1D by an age
over 30 years old, no requirement of exogenous insulin for at least 6 months after diabetes
diagnosis, and the presence of at least one islet AAb79. The diagnostic criteria and route of
clinical care in LADA is an ongoing debate.
1.2.4

Hallmarks of diabetes in human islets
Although T1D and T2D have different etiologies, there are common hallmarks in

addition to hyperglycemia. Beta-cell mass ultimately declines as disease progresses in both59,68.
Additionally, beta-cell function declines during progression, resulting in reduced first-phase
insulin secretion during IVGTT prior to diabetes80,81. Postprandial suppression of glucagon
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release from alpha cells is also lost in T1D and T2D, contributing to postprandial hyperglycemia
in both diseases82,83. Increased immune cells are found in islets in diabetes, with islet
macrophages increased in both T1D and T2D84,85.
Altered beta-cell prohormone processing is observed in T1D and T2D. Elevated ratios of
proinsulin:insulin and proIAPP:IAPP are detected in the circulation in both diseases, suggesting
common mechanisms of beta-cell decompensation86,87. Islet amyloid is detected in over half of
T2D cases88–90, and recently it has also been found to a lesser extent in T1D91,92. It is currently
unclear to what extent and when islet amyloid is involved in the pathogenesis of T1D, and the
frequency with which it occurs in T1D. Although not a known hallmark of T1D islets, islet
amyloid may induce similar beta-cell dysfunction as it does in T2D. Beta-cell ER-stress is also
present in T1D and T2D93,94, possibly due to increased secretory demands on residual beta cells.
Loss of beta-cell maturity also occurs in T1D and T2D islets, contributing to the functional
decline of beta cells in both diseases95.
The hallmarks above highlight the similar states in which beta cells and islets exist in
T1D and T2D, despite different pathological mechanisms. Investigation into causes or
therapeutic corrections of the phenotypes may benefit individuals with T1D and T2D. Given
observations of islet stress and dysfunction in transplant studies96, characterization of these
hallmarks is also likely relevant to transplantation of stem-cell derived beta-like cells as a
therapy for diabetes.
1.2.5

Diabetes therapies
Early therapeutics in T2D focused on enhancement of insulin secretion (insulin

secretagogues) including sulfonylureas and meglitinides that bind to SUR1 causing KATP channel
closure and insulin release. These drugs often only have several years of efficacy before insulin
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insufficiency returns97, and carry increased risk of hypoglycemia and body weight gain due to
the decoupling of insulin release from glycemia98. New advancements in secretagogues have
focused on GLP-1 and GIP single or dual incretin mimetics that enhance insulin secretion in a
glucose-dependent manner, reducing hypoglycemic risk. GLP-1 has also been shown to help
preserve beta-cell mass and function, and reduces body weight, suggesting beneficial effects
beyond its role in beta-cell potentiation99.
Insulin sensitizing agents are also used in T2D. Metformin is among the most widely
used first-line pharmaceutical in T2D and reduces hepatic glucose output. Thiazolidinediones,
such as rosiglitazone, are also used to improve insulin resistance via activation of peroxisome
proliferator-activated receptors98. SGLT2 (sodium-glucose cotransporter 2) inhibitors, called
gliflozins, are a recently approved therapeutic that inhibits glucose reuptake in the kidneys,
facilitating glucose excursion in the urine. Gliflozins are effective at reducing glycemia without
uptake into cells, leading to the additional benefit of weight loss. However, due to the lack of
insulin signaling, gliflozins can lead to euglycemic diabetic ketoacidosis in some patients100. In
addition to pharmaceuticals, lifestyle adjustments as a therapy in T2D are associated with lower
HbA1C, reduced body weight, improved quality of life, and reduced health care costs, making
lifestyle management a high priority therapeutic option in T2D101.
Therapies for T1D were slow in the first half-century after the discovery of insulin, but
recent advancements are having remarkable impacts. Insulin pumps allow for continuous basal
and bolus releases of insulin, facilitating insulin dosing. Continuous glucose monitors (CGMs)
also have had a remarkable impact, facilitating glycemic tracking and patient learning of their
unique glycemic regulation. CGMs have been shown to improve time in the euglycemic range,
and minimize time spent in hyper- and hypo-glycemic ranges102. However, pumps and CGMs
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also carry a significant mental burden of continuous monitoring and adjustment. Islet
transplantation was pioneered in the late 1990’s and resulted in independence from exogenous
insulin and excellent glycemic control for 7 individuals with T1D103. However, transplant
recipients must maintain immunosuppressive regimens, and about half of recipients become
insulin-dependent after 5 years104. Given the limited availability of human islets for
transplantation, intensive research efforts have focused on producing beta cells from stem cells.
Stem-cell-derived beta-like cells have made immense progress in the last decade and may yield a
scalable source of beta cells for transplantation and therapy in T1D. Transplantation of stem-cellderived therapeutic cells are in early clinical trials105,106 with further results eagerly anticipated.
Despite remarkable therapeutic improvements in the last decades, diabetes management
continues to be challenging. Further therapies are ultimately needed to improve islet function and
actions in T1D and T2D, and may also benefit the function of transplanted tissue.
1.3

Diabetes, obesity, and cancer
Uncontrolled diabetes results in microvasculature complications that can lead to terminal

conditions if left unmanaged. There are numerous conditions associated with diabetes, and this
thesis investigates two diabetes-associated complications: increased obesity and risk of cancer.
1.3.1

Diabetes and obesity
The association between T2D and obesity is well established with approximately half of

individuals with T2D having a BMI of ≥ 30 in the United States107. Excessive adiposity
contributes to insulin resistance and participates in the decline of beta-cell dysfunction in
diabetes62. An acute increase in free fatty acids (FFAs) can increase insulin sensitivity, while
acute reductions improve insulin sensitivity and glucose tolerance108,109. Although FFAs can
potentiate insulin release as described earlier, chronically elevated FFAs, particularly in the
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presence of hyperglycemia can drive beta-cell dysfunction and increased basal insulin
release110,111. The resultant effect is hyperinsulinemia, where insulin signaling in the periphery
continues to promote glucose uptake, inhibit lipolysis, and increase body weight gain. Therapy
with early-generation insulin secretagogues like sulfonylureas, or exogenous insulin, maintain
high levels of insulin signalling and lead to increased body weight gain in T2D. In this context,
insulin resistance and secretion continue to rise, creating a detrimental feedback loop that
compromises beta-cell function.
It is becoming increasingly apparent that hyperinsulinemia can precede and drive insulin
resistance in T2D pathogenesis. This suggests an underlying beta-cell defect, where
inappropriate insulin release from beta cells initiates the detrimental cycle of increased secretion
and resistance. This has been shown to occur in humans followed longitudinally, where
individuals with insulin hypersecretion but undetectable insulin resistance have a higher
incidence of T2D or impaired glucose tolerance and increased fat mass after a 3 year followup112. Additionally, increased insulin levels are observed in obesity prior to the development of
insulin resistance113. Reducing insulin levels in mice protects against high-fat diet-induced
obesity114, and chronic insulin infusion for 6 weeks in lean rats leads to increased weight gain
and impaired glucose tolerance115. Deletion of the insulin receptor in adipocytes also leads to
reduced obesity and increased longevity in mice116. Altogether, the data in rodents and humans
suggest that hyperinsulinemia can precede insulin resistance and drive adiposity.
In T1D and T2D, islet-derived hormones circulate at a perturbed ratio. Insulin is
administered exogenously, restoring circulating insulin, but other islet hormones are not
corrected. Hyperglucagonemia occurs in both T1D and T2D. Glucagon receptors have been
identified at low levels in adipocytes, and glucagon stimulates glucose uptake and lipolysis in
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isolated human adipocytes, but only at supraphysiological concentrations 5-500-fold higher than
found in circulation117. Although hyperglucagonemia contributes to increased hepatic glucose
output and hyperglycemia in diabetes, it is unlikely to directly affect adipocytes. Glucagon also
stimulates energy expenditure118, further decreasing the likelihood it contributes to adiposity in
diabetes. IAPP is also reduced or absent in the circulation of individuals with diabetes and is
typically not administered with exogenous insulin. IAPP has been shown to reduce body weight
through suppression of appetite and increased energy expenditure, and loss of IAPP in diabetes
may contribute to increased adiposity (reviewed in Chapter 4). IAPP replacement therapy has
been shown to reduce body weight and improve glycemic control in T1D and T2D119,120,
highlighting the benefits of restoring additional hormones beyond insulin.
1.3.2

Diabetes and cancer
Diabetes is associated with a 1.2-2 fold increased risk in developing cancer, including

cancers of the liver, endometrium, pancreas, breast and colon, with the sole exception being
reduced risk of prostate cancer in diabetes121,122. In addition to increased risk, there is also an
increased risk of mortality in cancer patients with diabetes. Although the increased risks are low
for many cancers, it suggests that biological and pathological mechanisms may be shared
between diabetes and cancer.
Hyperinsulinemia contributes part of the increased risk in T2D. In individuals without
diabetes, increased circulating insulin creates a 2-fold increased risk of cancer mortality in both
obese and non-obese individuals123. Several cancers, including breast and lung, have increased
insulin receptor and IGF-1 receptor expression, and insulin can signal through both receptors
including a hybrid IGF-1/INSR receptor124. Constitutively active RAS-RAF-MEK-ERK or
PI3K-AKT signalling pathways are frequently found in cancer, and drive proliferative and anti16

apoptotic signaling in cancer cells125. Insulin receptor and IGF-1 receptor signalling both signal
through PI3K-AKT and MEK-ERK pathways and may drive further pro-survival and
proliferative signalling within cancer cells. Additionally, hyperglycemia in diabetes may provide
increased glucose availability for increased insulin-mediated glucose uptake in cancer cells,
which are highly glycolytic. High glycolysis rates in tumour cells yields ATP and metabolites for
cell growth, and increased lactate that is released to create an immunosuppressive tumour
microenvironment. Hyperglycemia may also contribute to cancer cell invasiveness and
metastasis126. IAPP has also been proposed as a tumour suppressor127, raising the question of
whether IAPP loss increases cancer risk in diabetes. Thus, there is both epidemiological and
physiological evidence suggesting that hyperinsulinemia and hyperglycemia contribute to the
elevated risk of cancer in diabetes.
An additional risk factor for cancer that is difficult to separate from T2D is obesity. A
high BMI is associated with increased risk of developing many cancers, with higher BMIs
conferring an even stronger risk resulting in a positive relationship between BMI and cancer risk
for several tissues128. Reductions in body weight can lower the risk of cancer – intentional weight
loss of 20 lbs or more was found to reduce cancer incidence by 11% over a 7-year period in a
cohort of over 21,000 women129. The adipokines leptin and adiponectin have also been proposed
to contribute to tumourigenesis in obesity. Leptin can stimulate cancer cell proliferation and
survival, and adiponectin can induce cell cycle arrest and apoptosis. The two adipokines have
been proposed to provide balancing effects in the lean state, and the increase in leptin relative to
adiponectin in obesity may contribute to increased cancer risk130. Chronic adipose inflammation
in obesity is also thought to sustain the tumour microenvironment through the production of local
and circulating proinflammatory cytokines that promote tumour growth131. In summary, obesity
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contributes to cancer risk independent of diabetes, but diabetes-associated obesity remains a
prevalent mechanism driving cancer risk in diabetes.
1.4

Summary and thesis investigation
Diabetes is a complex metabolic disease involving numerous tissues. Distinct and

separate pathologies cause T1D and T2D, but several shared hallmarks are present including
hyperglycemia, reduced functional beta-cell mass, errors in prohormone processing, and
disproportional islet-derived hormones in the circulation. Improving our understanding of betacell dysfunction and failure mechanisms shared in T1D and T2D may provide therapeutic
avenues to restore beta-cell function or prevent its decline. Further understanding the complex
hormonal balances that become disrupted in diabetes may also lead to better diabetes care,
resulting in reduced risk of comorbidities and improved quality of life for those affected by
diabetes.
This thesis aims to improve our understanding of the beta-cell dysfunction that occurs
early in diabetes pathogenesis. Namely, it investigates the impact of beta-cell prohormone
processing errors on beta-cell function and glucose homeostasis. Loss of beta-cell prohormone
processing occurs early in diabetes pathogenesis and alters the beta-cell secretome. This thesis
further investigates how beta-cell prohormone processing errors influence the aggregation of the
beta-cell hormone IAPP, which declines in circulation with insulin as diabetes progresses.
Lastly, this thesis investigates the impact of IAPP loss, as observed in diabetes, on body weight,
glycemia, and pancreatic cancer. The overall hypothesis of this thesis is that reduced mature
IAPP and beta-cell prohormone processing errors can cause beta-cell dysfunction and increase
the risk of obesity and hyperglycemia. The overarching goal is to improve our understanding of
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the impact beta-cell prohormone processing errors have on beta-cell functional decline, and the
impact of IAPP loss that results from beta-cell decline.
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Chapter 2: Methods and Materials
2.1

Animals
All animal husbandry and procedures were performed according to the Canadian Council

on Animal Care guidelines, and all experiments were approved by the University of British
Columbia Animal Care Committee (protocols A14-0222, A16-0100, A19-0127, and A20-0073).
2.1.1

Iapp-null mice
Congenic Iapp-null animals were generated by backcrossing Iapp+/- mice132 in-house to

C57BL/6J mice in-house for over 10 generations. Mice were housed at BC Children’s Hospital
Research Animal Care Facility on a 12-hour light/dark cycle at 22°C. Iapp+/- mice were
intercrossed to generate null and wild-type animals from the same breeding pairs. Breeders were
fed a 9% fat diet (Teklad 2919), and animals were weaned to a standard chow diet (Teklad 2918;
6% kcal from fat). At 6-8 weeks of age, mice were switched to a high-fat diet (45% kcal from
fat; Research Diets D12451) or a matched control diet (10% kcal from fat; Research Diets
D12450H).
2.1.2

Iapp-null pancreatic cancer mouse model
KrasLSL-G12D/+ mice (B6.129S4-Krastm4Tyj/J)133 were kindly provided by Dr. Francis Lynn

(University of British Columbia). Iapp and Kras are both located on chromosome 6 in mice
separated by approximately 3 Mb. Iapp-/- and KrasLSL-G12D/+ mice were bred, and heterozygous
animals were backcrossed to C57BL/6J mice. A recombinant Iapp- KrasLSL-G12D/Iapp+ Kras+
mouse was identified in the F2, which was then bred to Trp53flox/flox; Pft1aCreERTM/+ mice134,135 on
a mixed CD1-C57BL/6J background (courtesy of Dr. Janel Kopp, University of British
Columbia). A separate line of Iapp+ KrasLSL-G12D / Iapp– Kras+; Trp53flox/flox; Ptf1aCreERTM/+ mice
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were generated and maintained. Experimental animals were generated through breeding the Iapp–
KrasLSL-G12D / Iapp+ Kras+; Trp53flox/flox animals with the Iapp+ KrasLSL-G12D / Iapp– Kras+;
Trp53flox/flox; Ptf1aCreERTM/+ animals so that all experimental genotypes were generated from each
breeding pair (Figure 5). Mice were housed at the UBC Modified Barrier Facility.
2.1.3

Ins1cre/+; Pcsk1flox/flox mice (Pcsk1betaKO)
Pcsk1tm1a(EUCOMM)Wtsi mice136 (C57BL/6N) were obtained from Infrafrontier/EMMA and

crossed to FLPoTg/0 mice137 (B6.Tg(CAG-flpo)1Afst; CMMT, University of British Columbia) to
generate Pcsk1flox/+ mice, which were the bred to Ins1cre/+ mice138 (B6(Cg)-Ins1tm1.1(cre)Thor/J; The
Jackson Laboratory). Pcsk1flox/+ female mice were crossed with Pcsk1flox/+; Ins1cre/+ males to
generate all experimental genotypes. Mice were housed at BC Children’s Hospital Research
Animal Care Facility on a 12-hour light/dark cycle at 22°C. Breeders were fed a 9% fat diet
(Teklad 2919), and animals were weaned to a standard chow diet (Teklad 2918; 6% kcal from
fat) at 3 weeks old. Experimental animals were either maintained on standard chow diet or
switched to a high-fat diet (45% kcal from fat; Research Diets D12451) beginning at 8-9 weeks
old. Mice were additionally backcrossed to mTmG transgenic mice139 (B6.129(Cg)Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J; The Jackson Laboratory) to create Pcsk1betaKO
mTmGTg/0 mice.
2.1.4

Ins1cre/+; Pcsk2flox/flox mice (Pcsk2betaKO)
Pcsk2flox animals were generated in-house as previously described140. Pcsk2betaKO and

controls were generated as above for Pcsk1betaKO by crossing to Ins1cre/+ mice, and housed
identically.
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2.1.5

Ins1cre/+; Pcsk1flox/flox; Pcsk2flox/flox mice (DPCbetaKO)
Pcsk1betaKO and Pcsk2betaKO mice were crossed, and F1 heterozygous mice interbred to

generate Pcsk1flox/flox; Pcsk2flox/flox; Ins1cre/+ (DPCbetaKO) and Pcsk1flox/flox; Pcsk2flox/flox; Ins1+/+
(DPCbetaWT) breeders. DPCbetaWT female mice were then bred to DPCbetaKO male mice to generate
experimental animals. Animals were housed as described above for Pcsk1betaKO mice.
2.1.6

Ins1cre/+; Pcsk1flox/flox; hIAPPTg/0 mice (Pcsk1betaKO hIAPPTg/0)
Pcsk1betaKO mice were crossed to hIAPPTg/0 mice141,142 (FVB/N-Tg(Ins2-

IAPP)RHFSoel/J; The Jackson Laboratory). Mice were then backcrossed to Pcsk1betaKO animals,
and F2 Pcsk1flox/flox Ins1+/+; hIAPPTg/0 female mice were crossed to Pcsk1betaKO male mice to
generate F3 experimental animals (87.5% C57BL/6J, 12.5% FVB/N background). Animals were
housed as described above for Pcsk1betaKO mice.
2.2
2.2.1

Procedures in mice
Blood glucose and body weight monitoring
Mice were fasted for 4 h in a fresh cage from approximately 10 AM – 2 PM. Following

body weight measurement a small drop of blood was collected from the distal tip of the tail by
lancing with a 25 G needle. Blood glucose was measured using a OneTouch Ultra Mini
glucometer.
2.2.2

Survival analysis
Mice were monitored for random-fed body weight, appearance, and behaviour weekly. At

any sign of distress, animals underwent daily monitoring and were euthanized according to a
predetermined animal distress scoring chart (Appendix A).
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2.2.3

Glucose tolerance tests
Mice were fasted for 6 h in a fresh cage from approximately 8 AM – 2 PM. Mice were

administered glucose in a sterile buffered saline solution via intraperitoneal (IP) injection.
Glucose doses were adjusted for age, sex, and diet of the animals (0.8-2.0 g/kg body weight).
Blood glucose was measured prior to injection (0 min), followed by 15, 30, 60, and 120 min time
points as described above.
2.2.4

Insulin tolerance tests
Mice were fasted for 4 h from approximately 10 AM – 2 PM, and administered insulin

(0.8-1.6 U/kg body weight; Novo Nordisk) via IP injection. Glucose was measured prior to
injection (0 min), and at 15, 30, 60, 90, and 120 min post-injection. Any animal developing
behavioural signs of hypoglycemia was administered glucose via IP injection. For experiments in
which mice were recovered, the final timepoint included is the next timepoint after recovery, and
values were imputed for recovered mice as 1.0 mM.
2.2.5

Blood collection and ELISA
Mice were fasted for 4 h and blood was collected from the medial or lateral saphenous

veins into EDTA Microvette® capillaries. Samples were stored on ice during collection, and
centrifuged at 2000 x g at 4°C for 5 min. Plasma was stored at -80°C until further analysis.
Plasma analytes were analyzed by ELISA (enzyme-linked immunosorbent assay) for: proinsulin
(Mercodia, 10-1232-01), insulin for Pcsk1betaKO model (Meso Scale Discovery, K152BZC),
insulin for IAPP-null model (Alpco, 80-INSMR-CH10), glucagon (Mercodia, 10-1281-01).
2.2.6

Body composition analysis
Mice were weighed, and body composition (lean and fat percentage) was determined

using an EchoMRI-100 (EchoMRI) on conscious restrained mice.
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2.2.7

Tamoxifen injections
Tamoxifen (Toronto Research Chemicals) was dissolved in corn oil (20 mg/mL) by

sonication, and 0.2 µm filter sterilized. Mice were administered 3 tamoxifen doses (5 mg
tamoxifen / 40 g body weight) on alternating days over a 5-day period. Tamoxifen was
administered via subcutaneous injection.
2.3

Cell culture
PANC-1 cells were kindly provided by Dr. Wan Lam (University of British Columbia)

and maintained in ATCC-formulated DMEM (Gibco 11960044 base medium supplemented with
10% FBS, GlutaMAX, sodium pyruvate, penicillin, and streptomycin). H1299 cells were
purchased from ATCC and cultured in ATCC-formulated RPMI-1640 (Gibco 11875093 base
medium supplemented with 10% FBS, glucose, HEPES, sodium pyruvate, penicillin, and
streptomycin). HEK-CRE-hCALCR-hRAMP3 cells were passaged in DMEM (Gibco 11960044
base medium supplemented with 10% FBS, GlutaMAX, penicillin, and streptomycin).
2.4

Peptides
Davalintide, pramlintide, and rIAPP (rat IAPP) peptides were obtained from MedImmune

(Courtesy of Dr. James Trevaskis). Peptides were dissolved in 1,1,1,3,3,3-Hexafluoro-2-propanol
(MilliporeSigma) at 1 mg/mL, lyophilized in single-use aliquots (50-200 µg / tube), and stored at
-20°C. Lyophilized peptide mass was confirmed by BCA assay (Pierce, Thermo Scientific) with
a sample tube from each lot after lyophilization. Lyophilized peptides were reconstituted in assay
media for experiments.
2.5

PANC-1 and H1299 proliferation and death
Cell proliferation and death were determined by live-cell imaging (Molecular Devices

ImageXpress) with live/dead nuclear stains in humidified and incubated (37°C, 5% CO2)
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conditions. PANC-1 cells were seeded at a density of 4x103 cells/well on a 96-well ViewPlate
(PerkinElmer) and adhered overnight. The following day, cells were washed in their forthcoming
media, and treated with 0.25-25 µM pramlintide, davalintide, rIAPP, cycloheximide, or
gemcitabine in complete growth media or reduced FBS (10% to 0.1% FBS) and glucose media
(25 mM to 2.5 mM glucose). Cells were labelled with Hoechst 33342 (0.05 µg/mL) and
propidium iodide (0.5 µg/mL) for 1 h prior to imaging. Cells were imaged every 2 h for 48-62 h
at 9 non-overlapping sites per well, and a minimum of 3 technical replicate wells were used for n
= 1 replicate. Images were analyzed using MetaMorph (Molecular Devices) analysis software.
H1299 cells were assayed similarly but with 1x103 cells/well seeding density and 0.2 µg/mL
Hoechst 33342.
2.6

Pramlintide activity assay
HEK-293 cells expressing cAMP response element (CRE)-driven luciferase (HEK-CRE

cells) were kindly provided by Dr. Timothy Kieffer (University of British Columbia). A plasmid
containing human CALCR and RAMP3 sequences under a bidirectional CMV promoter (pBIhCALCR-hRAMP3) was generated in-house. HEK-CRE cells were transfected with the
linearized plasmid using Lipofectamine 3000 (Invitrogen), and a stable HEK-CRE-hCALCRhRAMP3 cell was isolated and clonally expanded. HEK-CRE-hCALCR-hRAMP3 cells were
seeded at 104 cells / well. Following overnight adherence, cells were washed with secretion assay
buffer and incubated with pramlintide in secretion assay buffer for 5 h. Following treatment,
cells were lysed and luciferase expression analyzed using a Bright-Glo luciferase assay
(Promega) following manufacturer’s protocol.
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2.7

Extracellular acidification rate
Extracellular acidification rate (ECAR) was assessed using a Seahorse XFe96 Analyzer

following manufacturer’s protocols. PANC-1 cells were seeded in a Seahorse XF cell culture
plate at a density of 1x104 cells / well in normal growth media and left overnight to adhere. Once
adhered cells were treated for 48 h with 0.25 - 25 µM pramlintide, davalintide, or rIAPP in
complete growth media or media with reduced FBS (10% to 0.1% FBS) and glucose (25 mM to
2.5 mM glucose). After 48 h, cells were washed and incubated in Seahorse XF base medium
(Agilent 102353-100) supplemented with GlutaMAX (2 mM final concentration) for 1 hour in a
non-CO2 incubator at 37°C. ECAR was measured in basal medium with 10 mM glucose
(MilliporeSigma, G7021), 1 µM oligomycin (MilliporeSigma, O4876), and 50 mM 2-deoxyglucose (MilliporeSigma, D8375). H1299 cells were assayed similarly, except for seeding
density (5x103 cells / well) and addition of 2 µM oligomycin was used during the assay.
Glycolysis was measured by (maximum ECAR rate during glucose phase) – (last basal ECAR
rate measured before glucose injection). Multiple (5-7) technical replicates were tested for each
condition.
2.8

Transmission electron microscopy
Islets were submitted to the Electron Microscopy Facility at McMaster University,

Faculty of Health Sciences for embedding, sectioning, and imaging. Freshly isolated islets were
fixed in 2% glutaraldehyde (v/v) in PBS during overnight shipping. Islets were then post-fixed in
1% osmium tetroxide in 0.1M sodium cacodylate buffer for 1 hour and then dehydrated through
a graded ethanol series (50%, 70%, 70%, 95%, 95%, 100%, 100%). Final dehydration was done
in two changes of 100% propylene oxide. Samples were infiltrated with and embedded in Spurr’s
resin and polymerized overnight in a 60°C oven. Thin sections were cut on a UCT
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ultramicrotome (Leica) and picked up onto copper grids. Unstained sections were viewed in a
JEM 1200 EX TEMSCAN transmission electron microscope (JEOL) operating at an accelerating
voltage of 80kV. Images were acquired with an AMT 4-megapixel digital camera (Advanced
Microscopy Techniques).
2.9
2.9.1

Islet assays
Islet isolation and culture
Mice were euthanized under surgical plane anesthesia (isoflurane inhalation). Pancreases

were perfused with 1070 U/mL collagenase type XI (MilliporeSigma C7657) in 1X HBSS
(Gibco 14185-052) via injection through the pancreatic duct. Following dissection pancreases
were incubated in collagenase at 37°C for 15 min followed by manual shaking until homogenous
(approximately 4-6 min). Digestion was stopped by addition of HBSS containing 1 mM CaCl2
and placing samples on ice. Islets were washed and filtered using a 70 µm strainer and handpicked under a dissection microscope to fresh RPMI-1640 (Gibco 11875-093) supplemented
with 10% FBS, GlutaMAX, penicillin, and streptomycin, and cultured in 37°C, 5% CO2
incubation conditions.
2.9.2

Islet dispersion
Following isolation, islets were rested overnight and then hand-picked to 1.5 or 15 mL

tubes. Islets were washed in PBS and resuspended in Accutase (2-5 µL/islet; Innovative Cell
Technologies AT-104). Islets were digested for 15 min at 37°C and dispersed with gentle
pipetting up/down 15-20 times using a P1000 tip. Digestion was stopped with addition of 4x
volume of islet culture media. Cells were centrifuged at 300-500x g for 4 min at 4°C, and
resuspended in culture medium for downstream applications.
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2.9.3

Proliferation of dispersed islets
One-hundred dispersed islets were resuspended in 500 µL RPMI-1640 (Gibco 11879-

020) with 5 mM glucose, 10% FBS, GlutaMAX, penicillin, and streptomycin. Dispersed islets
were split to 250 µL/well of an 8-well chamber slide (Nunc Lab-Tek II). Additional media (250
µL) containing 5 mM or 35 mM glucose was added for final glucose concentrations of 5 mM or
20 mM, and dispersed islets were cultured for 48 h. Media (350 µL) was removed after 48 h and
150 µL fresh media (5 or 20 mM glucose) containing EdU (10 µM final concentration; Toronto
Research Chemicals) was added for an additional 24 h (72 h dispersed culture time). Cells were
then washed in PBS and fixed twice for 10 min in 4% PFA at room temperature. EdU was
detected by click chemistry following manufacturers protocol (Invitrogen C10337). Insulin was
detected using guinea pig anti-insulin (1:2 in PBS; Agilent Dako IR002) overnight at 4°C,
followed by Alexa-594 goat anti-guinea pig secondary (1:200 in PBS; Invitrogen A-11076) for 1
h at room temperature. Nuclei were detected using Hoechst 33342 (10 µg/mL; Invitrogen) for 1
h in the secondary antibody reaction. Coverslips were mounted with ProLong Gold antifade
(Invitrogen P36930) and imaged on a Leica SP5 confocal microscope. Images (30-40 per well)
were taken, resulting in over 1000 beta cells analyzed per replicate.
2.9.4

Islet proliferation co-culture (Transwell®)
Following overnight recovery, islets from C57BL/6J male mice were picked to the

bottom chamber (30 per well) and islets from DPCbetaKO or DPCbetaWT mice were picked to the
top chamber (100 per well) of a 24-well Transwell® plate with a pore size of 0.4 µm in the
polyester membrane. Islets were cultured for 72 h in low (5 mM) or high (20mM) glucose
serum-free RPMI-1640 medium (Gibco 11879-020) supplemented with 1% BSA, GlutaMAX,
penicillin, and streptomycin. EdU was added at a final concentration of 10 µM for the final 24 h
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of the 72 h high/low glucose culture, after which islets were dispersed and resuspended in PBS.
Suspended cells were seeded to a 96-well µ-plate (Ibidi), centrifuged at 500x G for 5 min, and
immediately fixed twice for 10 min in 4% PFA at room temp. EdU, insulin, and nuclei were
detected as described above for dispersed islets but with a TRITC-conjugated secondary
antibody (1:100 in PBS; Invitrogen PA1-28594). Plates were imaged on an ImageXpress Micro
confocal high-content system (Molecular Devices) and over 2000 beta cells were analyzed per
mouse.
2.9.5

Islet ER stress: glucose and thapsigargin treatment
Following overnight recovery, 50 or 100 islets per mouse were cultured in 5, 15, or 25

mM glucose RPMI-1640 (Gibco 11879-020; supplemented with 10% FBS, GlutaMAX,
penicillin, and streptomycin) in a 6-well dish. After 72 h, islets were washed in PBS, and islet
pellets were stored at -80°C until lysis. For thapsigargin treatment, islets were recovered
overnight and then 50 islets per well were transferred to a 6-well dish containing standard islet
culture media. Islets were treated with 1 µM thapsigargin or 0.1% DMSO for 6 h, washed once
with PBS, and islet pellets stored at -80°C until lysis.
2.9.6

Calcium imaging
Freshly isolated islets were seeded to glass coverslips in 35 x 10 mm dishes (15 islets per

dish) and cultured for 3 days in standard islet culture media to allow adhesion. Coverslips and
islets were transferred to a 2 mL perifusion chamber and loaded for 30 min with 5 µM Fura-2
AM dye (Invitrogen F1201), followed by perifusion for 30 min in basal buffer to flush excess
dye and equilibrate islets. Islets were perifused at 2.5 mL/min in Ringer’s solution containing
varying glucose concentrations (or tolbutamide or 30 mM KCl as indicated) with 5.5 mM KCl, 2
mM CaCl2, 1 mM MgCl2, 20 mM Na-HEPES, and 149 mM NaCl. Islets were imaged every 10
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seconds using a Leica DMI6000 inverted microscope and a 10x objective. Fura-2 was excited at
340 nm and 380 nm and emissions collected with 502 nm and 538 nm filters, respectively.
Intracellular calcium concentrations are expressed as a ratio of the 340/380 emission intensities.
2.9.7

Insulin secretion
Islets were rested for 24-48 h following isolation, and perifused on a Perifusion V4

system (Biorep Technologies). Equal numbers and sizes of islets (80-100) were picked to
chambers containing Bio-Gel P4 beads (Biorep Technologies, PERI-BEADS-100), and perifused
at 100 µL/min in basal KRB buffer for 60 min prior to the start of collection. Islets were
perifused in KRB (pH 7.4) containing varying glucose as indicated (or 30 mM KCl) and 133 mM
NaCl, 4.7 mM KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4, 1.9 mM CaCl2, 5 mM NaHCO3, 10 mM
HEPES, and 0.25% BSA. Perifusate was analyzed by ELISA for insulin (Alpco STELLUX
chemiluminescence rodent ELISA) or proinsulin (Mercodia rat/mouse proinsulin ELISA) as
indicated.
2.10 Tissue collection, histology, immunostaining and imaging
Mice were euthanized under surgical plane anesthesia (isoflurane inhalation) and
perfused with 5 mL cold PBS followed by 5 mL cold 4% PFA. Pancreases were dissected and
fixed overnight at 4°C in 4% PFA, and stored in 70% ethanol at 4°C. Fixed pancreases were
embedded in paraffin, and series of 5 µm sections were collected every 150-200 µm. Sections
were rehydrated through series of xylene, 95% ethanol, and 70% ethanol washes, and antigen
retrieval was performed using 10 mM sodium citrate (pH 6.0) buffer at approximately 95°C for
20 minutes. Sections were blocked for 1 h at room temperature using 5% horse serum (or Agilent
Dako serum-free protein block for MafA immunostaining) and incubated with primary
antibodies diluted in PBS overnight at 4°C and secondary antibodies (with 2.5 µg/mL DAPI) for
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1 h at room temperature. Slides were mounted with ProLong Gold (Invitrogen) and imaged using
20x or 40x oil immersion objectives on a Leica SP5 II confocal microscope, or a 20x objective
on an Olympus BX61 fluorescence microscope.
Beta-cell area analyses were performed using immunohistochemistry on 3-5 sections per
mouse separated by approximately 200 µm between sections. Following perfusion and tissue
collection, section processing, and antigen retrieval as above, sections were incubated with
BLOXALL (Vector Laboratories) for 15 min, blocked with 5% horse serum, and incubated
overnight at 4°C with guinea pig anti-insulin (1:4 in PBS; Agilent Dako IR002). Following PBS
washes, sections were incubated with HRP-conjugated goat anti-guinea pig (1:200 in PBS;
Invitrogen A18769) for 1 hour at room temperature and immunostaining visualized with DAB
substrate (Pierce, Thermo Scientific 34002) for 7 minutes. Sections were counterstained with
hematoxylin, dehydrated through 50%-100% ethanol series and xylene, and mounted with
Permount (Fisher Scientific). Tiled images were acquired with a Panoramic Midi II slide scanner
(3D Histech) for sections from 30-week-old animals and with a BX61 (Olympus) microscope for
sections from 4.5-week-old animals. All primary and secondary antibodies and dilutions are
included in Table 1.
2.11 Western blot
Islets were lysed in NP-40 lysis buffer with a protease inhibitor cocktail containing
EDTA (Roche cOmplete ULTRA 5892970001), centrifuged at 14,000x g for 20 min at 4°C and
the supernatant collected for western blot. For (pro)IAPP western blots, samples were resolved
on a 15% tris-tricine gel. For PCSK1, BiP, and phospho-eIF2⍺ western blots, samples were
resolved on a 4-20% tris-glycine gradient gel (Bio-Rad 456-1094). Protein was transferred to a
polyvinylidene difluoride membrane (or nitrocellulose membrane for proIAPP) by wet transfer
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and the membrane was blocked with Odyssey blocking buffer (diluted 1:2 in PBS; LI-COR 92740000). Membranes were probed with primary antibodies overnight at 4°C, and secondary
antibodies for 1 h at room temperature (for antibodies and dilutions see Table 1). Blots were
scanned on an Odyssey 9120 scanner (LI-COR). For analysis of (pro)insulin by western blot,
islets were lysed as above, and resolved using a 15% non-reducing urea (6 M) gel. Protein was
transferred to a nitrocellulose membrane via wet transfer, and blocked, probed, and visualized as
above.
2.12 Proteomics
2.12.1 Islet top-down proteomics
Islet pellets were analyzed at the BCCHR Analytical Core for Metabolomics and
Nutrition. Spectra were manually reviewed in MassHunter Profinder (Agilent) and compared to
expected masses of the indicated proteins. Peak areas of identified ions were quantified and
expressed as a ratio of Pcsk1betaKO / Pcsk1betaWT.
2.12.2 Beta-cell bottom-up proteomics
Dispersed islets were filtered using a 40 µm strainer and resuspended in FACS buffer
(PBS supplemented with 2% BSA) with 7-AAD. GFP+ Tomato− 7-AAD− live beta cells
(Pcsk1betaKO mTmG transgenic mice) were sorted on a FACSAria IIu cell sorter (BD
Biosciences). Over 70,000 live beta cells per mouse were collected. Following sorting, cells were
washed twice with 1 mL cold PBS, centrifuged at 500x g for 3 min at 4°C, and clean cell pellets
were snap-frozen in liquid nitrogen and stored at -80°C. Cells were lysed in 50 mM HEPES (pH
8.5) with 3% SDS, digested with benzonase, reduced with dithiothreitol (DTT), and alkylated
with chloroacetamide. Proteins were purified by an SP3 protocol with binding to a 1:1 ratio of
hydrophilic and hydrophobic magnetic beads (GE SpeedBeads; GE45152105050250 and
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GE65152105050250) and washing with 80% ethanol. Purified proteins were digested with
trypsin overnight at 37°C. Following trypsinization, peptides were cleaned via C18 stage-tip, and
all organics removed by speed vac. Samples were resuspended in 0.1% formic acid in water for
LC-MS/MS analysis.
Peptide concentration was determined by NanoDrop (Thermo Fisher Scientific) and 1 µg
of peptides per sample were analyzed by 2 h data-independent acquisition (DIA) LC-MS/MS
analysis on a Q Exactive HF Orbitrap (Thermo Fisher) coupled to an Easy-nLC 1200 (Thermo
Fisher Scientific). Spectra were searched by directDIA (Spectronaut, Biognosys) with a
precursor q-value cutoff of 0.001. Identified proteins were filtered for 30% completeness and
missing values imputed to allow downstream differential expression analysis. Differential
expression was analyzed using Limma with a q-value cutoff of < 0.05.
2.13 EdU labelling and proliferation in vivo
Mice were administered 100 µL of EdU (5 mg/mL; Toronto Research Chemicals) daily at
9 AM for 3 consecutive days beginning at 28 days old. On the 4th day (72 h EdU labelling), mice
were euthanized, perfused, and pancreases dissected, fixed, and processed as described above
(section 2.10). Littermate cre-negative controls were used. A minimum of 3 sections (separated
by 200 µm between sections) per animal were analyzed for EdU incorporation using a Click-iT
EdU detection kit (Invitrogen C10337) following manufacturers protocols. Insulin and nuclei
were detected as written above (section 2.10). Islets in sections were imaged using a 40x oil
immersion objective on a Leica SP5 II confocal microscope, with at least 20 islets per mouse
imaged and analyzed.
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2.14 Quantitative PCR (qPCR)
RNA was isolated from islet pellets using a PureLink RNA Micro kit (Invitrogen 12183016) with on-column DNA digestion, and quantified using a NanoDrop 2000c (Thermo Fisher
Scientific). SuperScript VILO (Invitrogen) was used for cDNA synthesis, and qPCR was
performed on a Viia 7 real-time PCR instrument (Thermo Fisher Scientific) using Fast SYBR
Green master mix (Applied Biosystems, Thermo Fisher Scientific; 4385612). Differential gene
expression was quantified using the 2−ΔΔCt method with Rplp0 as a housekeeping gene. Primer
sequences are listed in Table 2.
2.15 RNA sequencing
Islets were isolated from 14-week-old mice fed a HFD (45% kcal from fat; Research
Diets D12451) for 6 weeks. Immediately following isolation and picking by hand, RNA was
extracted using a RNeasy Plus Micro Kit (Qiagen 74034) and stored at -80°C. RNA integrity
numbers were checked on 2/6 samples using an Agilent 2100 Bioanalyzer and both had values of
10. Sequencing was performed using general methods at the BRC Sequencing Core (University
of British Columbia). NEBnext Ultra ii Stranded mRNA (New England Biolabs) was used for
library preparation, and sequencing was performed on an Illumina NextSeq 500 with paired end
42bp × 42bp reads. 16-28 million reads per sample were obtained, and alignment and differential
expression was performed using STAR and DESeq2 in the RNA Express application (Illumina).
2.16 Bioinformatics
Significant upregulated or downregulated genes or proteins were ranked by q-value and
input as separate ordered queries to gProfiler for functional enrichment analysis (FDR < 0.05) of
GO biological process and Reactome pathways. Gene set enrichment analysis (GSEA) was
performed using a gene list ranked by the sign of the fold change multiplied by -log10 of the p34

value, with gene sets Mouse_GOBP_AllPathways_no_GO_iea_March_01_2021_UniProt or
Mouse_GOBP_AllPathways_no_GO_iea_October_01_2021_symbol curated by the Bader
Laboratory (University of Toronto). Significantly enriched pathways and processes were
visualized as networks using the EnrichmentMap plugin in Cytoscape, and related nodes
annotated using the AutoAnnotate plugin.
2.17 Islet amyloid
Pancreas sections from 31-week-old Pcsk1betaKO hIAPPTg/0 and control mice were
collected as written above including perfusion, antigen retrieval, and immunostaining for insulin
(section 2.10). Following the secondary antibody, sections were stained for 2 min with 0.5%
(m/v) thioflavin S (0.2 µm filtered) and washed twice in 70% ethanol followed by twice in water.
Sections were mounted using ProLong Gold antifade (Invitrogen). Whole pancreas sections were
tiled using a 10x objective on a BX61 fluorescence microscope (Olympus). Thioflavin S
fluorescence was visualized using a FITC excitation/emission filter set. Three sections per mouse
(separated by 200 µm) were analyzed, and islets (defined as clusters of approximately 10 or
more insulin-positive cells) were roughly circled manually in each section and cropped images of
circled islets were generated using a custom-built FIJI plugin. Cropped images were then
analyzed using ilastik and CellProfiler, and 49-172 islets were analyzed per mouse for amyloid
prevalence and severity.
2.18 Image analysis
Images were analyzed using machine learning algorithms for pixel classification in ilastik
(amyloid and beta-cell area analyses), and custom-built CellProfiler pipelines and FIJI scripts
using an Otsu variable thresholding algorithm. Quantification of images are displayed as area
ratios or as cell number ratios as indicated on figures. Images displayed are contrasted identically
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between experimental groups, with contrasting, pseudocolouring, scale bars, and montages
created using automated custom FIJI scripts.
2.19 Statistical analyses
Data are presented as mean ± SD unless otherwise stated. Data were assumed to be
normally distributed and analyzed with parametric tests unless skewed or multi-modal
distributions were expected. Data were analyzed by two-tailed Student’s t-test with Welch’s
correction when only two means were compared, or by ANOVA with Holm-Sidak follow-up
testing when 3 or more means are compared. Non-parametric testing was performed using MannWhitney tests with Holm-Sidak correction for multiple comparisons when more than two
experimental groups were compared. Survival curves were compared by log-rank tests and
correlations by Spearman correlation. Statistical analyses were performed in Prism 9 (GraphPad)
except bioinformatics analyses which were performed in R. P-values are either stated in figures,
or listed as *(p < 0.05), **(p < 0.01), *** (p < 0.001), ****(p < 0.0001).
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Table 1: Antibodies used for western blotting and immunohistochemistry
Antibody
Primary antibodies
rabbit anti-Aldh1a3
rabbit anti-⍺-amylase
mouse anti-glucagon
rabbit anti-glucagon
guinea pig anti-insulin
rabbit anti-MafA
rabbit anti-PC2
rabbit anti-IAPP
mouse anti-actin
rabbit anti-phospho-eIF2⍺
rabbit anti-Grp78(BiP)
mouse anti- amidated IAPP
rabbit anti-insulin
rabbit anti-PC1/3

Dilution

Product reference

I: 1:800 in PBS
I: 1:250
I: 1:200 in PBS
I: 1:150 in PBS
I: 1:2 or 1:4 in PBS
I: 1:100 in PBS
I: 1:200 in PBS
I: 1:250 in PBS
W: 1:2500 in TBS
W: 1:1000 in TBS
W: 1:1000 in TBS
W: 1:1000 in TBS
W: 1:2000 in TBS
I: 1:500 in PBS
W: 1:1000 in TBS
W: 1:1000 in TBS

Novus Biologicals NBP2-15339
MilliporeSigma A8273
MilliporeSigma G2654
Cell Signaling Technology 2760S
Agilent Dako IR00261-2
Bethyl Laboratories IHC00352
Thermo Fisher Scientific PA1-058
BMA Biomedicals T-4145
MP Biomedicals 0869100-CF
Cell Signaling Technology 3398S
Stressgen Biotechnologies SPA-826
MedImmune F025
Cell Signaling Technology 3014S
Dr. Lakshmi Devi, Icahn School of
Medicine at Mount Sinai
Cell Signaling Technology 86298S

mouse anti-β-tubulin
Secondary antibodies
Alexa-488 goat anti-guinea pig I: 1:250 in PBS
Alexa-594 goat anti-guinea pig I: 1:250 in PBS
HRP goat anti-guinea pig
I: 1:250 in PBS
TRITC goat anti-guinea pig
I: 1:250 in PBS
Alexa-594 goat anti-mouse
I: 1:250 in PBS
Alexa-488 goat anti-rabbit
I: 1:250 in PBS
Alexa-594 goat anti-rabbit
I: 1:250 in PBS
Alexa-647 goat anti-rabbit
I: 1:250 in PBS
IRDye800CW goat anti-rabbit W: 1:10 000 in PBS
IRDye680RD goat anti-mouse W: 1:10 000 in PBS
I: immunohistochemistry, W: western blot

Thermo Fisher Scientific A-11073
Thermo Fisher Scientific A-11076
Thermo Fisher Scientific A18769
Thermo Fisher Scientific PA1-28594
Thermo Fisher Scientific A32742
Thermo Fisher Scientific A-11008
Thermo Fisher Scientific A-11012
Thermo Fisher Scientific A32733
Li-Cor 926-32211
Li-Cor 926-68070
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Table 2: Primer sequences for qPCR
Primer
Asns F
Asns R
Atf4 F
Atf4 R
Atf6 F
Atf6 R
Ddit3 F
Ddti3 R
Erdj4 F
Erdj4 R
Grp78 F
Grp78 R
Herpud1 F
Herpud1 R
MafA F
MafA R
Pdia4 F
Pdia4 R
Rplp0 F
Rplp0 R
Trib3 F
Trib3 R
Txnip F
Txnip R
Xbp1 F
Xbp1 R
Xbp1s F
Xbp1s R

Sequence (5' - 3')
GGTTTCTGGCTGTGTGTTCAGAAGC
AGTGTCCAGGAAGGAAGGGCTCC
ATGGCGCTCTTCACGAAATC
ACTGGTCGAAGGGGTCATCAA
GACTCACCCATCCGAGTTGTG
CTCCCAGTCTTCATCTGGTCC
CTGGAAGCCTGGTATGAGGAT
CAGGGTCAAGAGTAGTGAAGGT
CGCTGTGGAGAAGCTGCGTC
GATTTGTCGCTCTGAGGCAGACT
ACTTGGGGACCACCTATTCCT
ATCGCCAATCAGACGCTCC
AAGTTCTTCGGAACCTTTCTCCC
CCCATACGTTGTGTAGCCAGA
AGGAGGAGGTCATCCGACTG
CTTCTCGCTCTCCAGAATGTG
GTGCTACTGGAGTTCTATGCACCA
ATCGATCTTCGCTACAGCAATGG
AGATTCGGGATATGCTGTTGGC
TCGGGTCCTAGACCAGTGTTC
CACAGGCACAGAGTACACCTG
CATGCTGGTGGGTAGGCAGC
GAGTACAAGTTCGGCTTCGAG
ACCCAGTAGTCTACGCAACCA
AGCAGCAAGTGGTGGATTTG
GAGTTTTCTCCCGTAAAAGCTGA
GAGTCCGCAGCAGGTG
GTGTCAGAGTCCATGGGA
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Chapter 3: Islet amyloid polypeptide is not a tumour suppressor
3.1

Introduction
There is a well-established association between diabetes and cancer. T1D and T2D

confers an increased risk of most cancers143,144 and a worsened prognosis upon cancer diagnosis.
Among the largest associations with diabetes is pancreatic cancer with an approximate 2-fold
increase in relative risk and increased mortality143. Pancreatic ductal adenocarcinoma (PDAC)
comprises over 90% of pancreatic cancer cases and has had a persistently low 5-year survival
rate over preceding decades. Immense efforts have moved the survival rate to approximately 8%
in Canada145. Unraveling the mechanisms driving the association between diabetes and PDAC
may provide insight into the pathogenesis of PDAC or therapeutic approaches that decrease
incidence or improve outcomes in PDAC.
Hyperglycemia, hyperinsulinemia, inflammation, and T2D-associated obesity have all
been shown to confer increased PDAC risk in individuals with diabetes146. Obesity is associated
with an increased risk of pancreatic cancer independently of diabetes147, and increased tumour
fibrosis and decreased survival is observed in a mouse model of PDAC fed a high-fat diet148.
Hyperinsulinemia and hyperproinsulinemia, as markers of insulin resistance, have been
associated with a greater increased risk of PDAC than hyperglycemia or beta-cell dysfunction149.
Reductions in endogenous insulin are protective in a mouse model of PDAC development
suggesting that hyperinsulinemia may increase PDAC risk in diabetes150. However, individuals
with T1D maintain an elevated risk for PDAC151 and suggest additional mechanisms beyond
hyperinsulinemia and obesity contribute to the association between diabetes and PDAC. It is
worth noting that the results of studies investigating T1D and PDAC have heterogeneous
findings, likely due to the small population of individuals with both T1D and PDAC which
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results in smaller cohort sizes and less robust statistical analysis of associations. Although some
studies show no significant association between T1D and PDAC, many studies find up to a 2.5fold increased relative risk of PDAC in T1D, and most find an increase in the relative risk of
developing non site-specific cancer in T1D144. Local pancreatic inflammation and systemic
hyperglycemia in diabetes may also increase the risk of PDAC. Elevated HbA1C glycation is
associated with increased PDAC risk, but this may be partially due to the associated elevations in
insulin149. Hyperglycemia is thought to drive increased proliferation and migration, reduced
apoptosis, and epigenetic alterations that increase tumour growth152. Proinflammatory signalling
is involved in the initiation of pancreatic neoplasia153,154, while M2-skewed macrophages are
more prevalent and drive growth and fibrosis of later stage neoplasia and tumours155,156.
Therefore, it is clear that hyperglycemia, hyperinsulinemia, and inflammation all contribute to
increased PDAC risk in diabetes, but additional mechanisms likely exist.
The liver, which is exposed to elevated levels of islet-secreted factors via the portal vein,
is among the tissues with the highest increase of cancer risk in diabetes (~2.2-fold increase in
relative risk). Given the exocrine pancreas and the liver are both exposed to elevated
concentrations of islet-secreted factors, alterations in the islet secretome in T1D and T2D may
identify additional factors beyond insulin that drive the association between diabetes and cancer.
IAPP, and the non-aggregating synthetic analog pramlintide, were recently reported to
have potent anti-tumour activity in mouse p53-deficient thymic lymphomas127,157. Pramlintide
was able to regress thymic lymphomas in Trp53-/- mice with only twice weekly injections for 3
weeks. The authors further showed that IAPP induced apoptosis via an IAPP receptor and
downstream inhibition of hexokinase II and glycolysis. The putative receptor for IAPP is a
heterodimer consisting of the calcitonin receptor (CALCR), a class B GPCR, complexed with one
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of 3 identified receptor activity modifying protein (RAMP) family members (RAMP1-3)158.
RAMPs are a single-pass transmembrane protein which alter the ligand specificity of CALCR
and increase the affinity of the receptor for IAPP over calcitonin159. Two splice variants, ‘a’ and
‘b’, exist in human CALCR differing only by the presence of a 16 amino acid insert in an
intracellular loop of the CALCRb variant160. In total there are six IAPP receptors generated from
two CALCR variants and their interaction with one of three RAMPs. All six receptors signal
predominantly through G𝛼s-coupled mechanisms, mediating downstream signalling by activation
of adenylyl cyclase and elevation of intracellular cAMP levels, but can also signal through other
G proteins depending on the RAMP and cell type161. Increased intracellular cAMP drives
downstream signalling through two predominant mechanisms162: (i) activation of protein kinase
A (PKA)163; and (ii) activation of exchange proteins activated by cAMP (EPAC)164,165. cAMP
signalling in PDAC has been shown to reduce proliferation in cell lines166 and accelerate tumour
growth in mouse models of PDAC167, highlighting the complexity and duality of cAMP
signalling in PDAC.
Human IAPP (hIAPP) readily aggregates and forms amyloid, while rodent IAPP (rIAPP)
does not form amyloid under physiological conditions despite sharing 84% sequence homology.
Three proline substitutions at positions 25, 28, and 29 drive the reduced amyloidogenicity in
rIAPP and are the basis of the synthetic analog pramlintide (Figure 1A). Both rIAPP and
pramlintide are capable of binding and signalling at the human IAPP receptors158. Salmon
calcitonin is an agonist of IAPP receptors, with slightly weaker affinity than IAPP or
pramlintide, and is a potent agonist of non-RAMP complexed human CALCR. Davalintide is an
IAPP-mimetic peptide with sequence homology to salmon calcitonin and IAPP that was
developed in an attempt to produce an IAPP receptor agonist with prolonged circulating half41

life168. Although davalintide was found to have a similar potency and circulating half-life to
IAPP, it has enhanced duration of signalling which is attributed to its reduced dissociation rate
from IAPP receptors169. Importantly the N-terminal region is highly similar in IAPP receptorstimulating ligands – a region thought to drive signalling after ligand binding to class B
GPCRs170. Fitting with this signalling mechanism, IAPP receptor competitive antagonists are
generated from calcitonin lacking the 7 N-terminal residues171.
In this chapter I investigate the role of IAPP signalling in PDAC to determine if loss of
IAPP confers a fraction of the increased pancreatic cancer risk in diabetes. Building on previous
literature in which IAPP stimulates apoptosis, and inhibits proliferation and glycolysis127, I
assess apoptosis, proliferation, and glycolysis in PANC-1 and H1299 cells. PANC-1 was chosen
as the pancreatic cell line for two reasons: (ii) detectable expression of CALCR and RAMP3 in a
microarray dataset (GSE8332)172; and (ii) loss of wild-type p53 expression as PANC-1 cells
display both copy loss and TP53R273H expression173,174. H1299 is a lung non-small cell carcinoma
line that was chosen for further analysis given its p53-null status and previously reported
sensitivity to pramlintide and IAPP127. To study the role of endogenous IAPP in PDAC
development and progression, I also generated an Iapp–/– mouse model of PDAC.
3.2
3.2.1

Results
IAPP does not impact glycolysis, proliferation, or cell death in PANC-1 cells
Time-lapse microscopy allows for high resolution kinetic studies of cell death and

proliferation under standard incubation (5% CO2 and 37°C) conditions. The membranepermeable nuclear dye Hoechst 33342 labels all nuclei while the membrane-impermeable
nuclear dye propidium iodide (PI) labels only the nuclei of dead cells with fragmented
membranes. Using this approach, we treated PANC-1 cells with 0.25, 2.5, or 25 µM rIAPP,
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pramlintide, or davalintide in complete growth media (25 mM glucose and 10% FBS
supplemented DMEM) or low-glucose low-FBS media (LGLF media; 2.5 mM glucose and 0.1%
FBS supplemented DMEM). Treatment of PANC-1 cells with 0.25 -25 µM rIAPP, pramlintide,
or davalintide did not alter proliferation (Figure 1F) or cell death (Figure 1G) after 50 hours in
either complete or LGLF media, while cycloheximide (protein synthesis inhibitor) and
gemcitabine (chemotherapeutic nucleoside analog) blocked proliferation and induced cell death.
There were also no kinetic differences observed in cell death or proliferation with rIAPP,
pramlintide, or davalintide when examining growth and death curves (Figure 1B-E) and when
quantifying by area under the curve (Figure 1H, I). These findings demonstrate that IAPP does
not induce cell death or inhibit proliferation in PANC-1 cells.
To measure the effect of IAPP on PANC-1 glycolysis, the extracellular acidification rate
(ECAR) of PANC-1 cells in response to glucose was measured using a Seahorse XFe96
Analyzer. PANC-1 cells were cultured for 48 h in the presence of 0.25-25 µM pramlintide, or
2.5-25 µM rIAPP or davalintide in complete or LGLF growth media prior to analysis. Glycolysis
was measured as the change from basal ECAR to glucose-stimulated ECAR. Treatment of
PANC-1 cells for 48 h with pramlintide, rIAPP and davalintide did not alter basal or glucosestimulated ECAR (Figure 2). This finding demonstrates that IAPP does not alter glycolysis in
PANC-1 cells.
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Figure 1: IAPP does not alter cell death or proliferation in the PANC-1 cell line.
(A) Sequence alignments of mature human IAPP (hIAPP), murine IAPP (rIAPP), and the
analogs pramlintide and davalintide. All peptides are amidated at the C-terminus. (B-E)
Representative plots showing proliferation and cell death of PANC-1 cells in complete growth
media (25 mM glucose and 10% FBS supplemented) in response to a range of pramlintide
concentrations (B,C), or to the highest concentration (25 µM) of each peptide (D,E). Error bars
represent SD of technical replicates. (F,G) Quantification of 3 independent proliferation and cell
death experiments of PANC-1 cells after 50 h incubation with 25 µM (dark blue), 2.5 µM (blue),
or 0.25 µM (light blue) rIAPP, pramlintide, or davalintide in either complete growth media or
reduced glucose and FBS media. (H,I) Alternate quantification of proliferation and cell death by
area under the curve (AUC) from 0-50 h. n = 3; error bars represent SD. CHX, cycloheximide (1
mg/mL). Gemcitabine (5 µg/mL).
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3.2.2

IAPP does not impact glycolysis, proliferation, or cell death in H1299 cells
PANC-1 cells are not a true TP53-null cell line and contain one R273H mutant allele174.

Given the lack of IAPP-induced cell death and inhibition of glycolysis and proliferation in
PANC-1 cells, I sought to test IAPP actions in a true TP53-null cell line. H1299 cells were
chosen due to previously reported sensitivity to IAPP and complete loss of P53 protein15. H1299
cells were treated similarly to PANC-1 cells with 0.25 -25 µM pramlintide, rIAPP, or davalintide
in complete or LGLF media. After 48 h culture, rIAPP, pramlintide, and davalintide had no
impact on H1299 cell number (Figure 3E) or death (Figure 3F) in either complete or LGLF
media. Quantifying cell death and proliferation over 48 h by AUC (Figure 3G,H), and inspection
of growth and death curves (Figure 3A-D) revealed no kinetic differences of rIAPP, pramlintide,
or davalintide on cell death and proliferation. Cycloheximide induced approximately 50% cell
death and inhibited H1299 proliferation, while gemcitabine inhibited proliferation with no
increase in cell death over 48 h. These results show that time-lapse microscopy effectively
detects alterations in cell proliferation and death, and that IAPP analogs do not impact H1299
cell proliferation or death in nutrient-deplete or -replete conditions.
The effects of IAPP signalling on glycolysis were further assessed in H1299 cells. H1299
cells were treated with pramlintide, rIAPP, and davalintide in complete or LGLF media for 48 h
prior to analysis on a Seahorse XFe96 Analyzer. Pramlintide, rIAPP, and davalintide had no
effect on H1299 glycolysis at any concentration in either media condition (Figure 4),
demonstrating that IAPP does not inhibit glycolysis in H1299 cells. Collectively, with the data in
PANC-1 cells, these data suggest that IAPP does not induce cell death, or inhibit proliferation or
glycolysis in TP53-null or TP53R273H/− cancer cells.
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Figure 3: IAPP does not alter cell death or proliferation in the H1299 cell line.
(A-D) Representative plots showing proliferation and cell death of H1299 cells in complete
growth media (25 mM glucose and 10% FBS supplemented) in response to a range of
pramlintide concentrations (A,B), or to the highest concentration (25 µM) of each peptide (C,D).
Error bars represent SD of technical replicates. (E,F) Quantification of 3 independent
proliferation and cell death experiments of H1299 cells after 48 h incubation with 25 µM (dark
blue), 2.5 µM (blue), or 0.25 µM (light blue) rIAPP, pramlintide, or davalintide in either
complete growth media or reduced glucose and FBS media. (G,H) Alternate quantification of
proliferation and cell death by area under the curve (AUC) from 0-48 h. n = 3; error bars
represent SD. CHX, cycloheximide (0.5 mg/mL). Gemcitabine (5 µg/mL).
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3.2.3

Pramlintide is biologically active in an IAPP receptor bioassay
To confirm the biological activity of our peptide preparations, we generated an IAPP

receptor activity bioassay (HEK-CRE-hCALCR-hRAMP3 cells; Section 2.6). IAPP receptor
activation in the HEK-CRE-hCALCR-hRAMP3 cell line drives adenylyl cyclase activation,
increased intracellular cAMP, CREB activation, and luciferase production (Figure 5A).
Pramlintide stimulated luciferase production with a sigmoidal dose-response and an EC50 of 6.8
nM (Figure 5B), in agreement with reported EC50 values of rIAPP at the CALCRa-RAMP3
receptor ranging from approximately 0.1 - 10 nM158. To confirm the sensitivity of our live
imaging technique to detect cell death, PANC-1 cells were treated with 0.01-100 µg/mL
gemcitabine (Figure 5C). PANC-1 cells displayed a concentration-dependent response to
gemcitabine-induced cell death. These data collectively suggest that our peptide preparations are
biologically active, and our approaches are sufficiently sensitive to detect dynamic differences in
cell death.
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Figure 5: Pramlintide preparations are biologically active and cell death detection is
sensitive.
(A) Schematic depicting the IAPP-receptor activity bioreporter assay we developed in which a
HEK293 CRE-luciferase cell line was stably transfected with a construct containing human
CALCR and RAMP3 under the control of a bi-directional promoter (HEK293-CRE-Bi-CALCRRAMP3 cells). (B) Representative experiment with pramlintide in HEK293-CRE-Bi-CALCRRAMP3 cells. Pramlintide elicited a sigmoidal concentration-response curve with an EC50 of 6.8
nM. Points represent the mean of technical triplicates. (C) PANC-1 cells were treated with 0.01100 µg/mL gemcitabine and a concentration-dependent response in cell death was observed
using time-lapse microscopy with Hoechst 33342 and propidium iodide labelling.
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3.2.4

IAPP deletion has no effect on survival in a mouse model of PDAC
To investigate the role of IAPP in PDAC development and progression in vivo we

developed an IAPP-deficient mouse model of PDAC (Iapp– KrasLSL-G12D / Iapp– Kras+;
Trp53flox/flox; Ptf1a+/CreERTM) and monitored survival. In this model, tamoxifen administration
initiates recombination in Ptf1a-expressing acinar cells. This results in acinar-cell-specific loss of
the tumour suppressor Trp53 and induction of oncogenic KrasG12D by excision of a floxed stop
cassette in the KrasLSL-G12D allele. A careful breeding scheme was designed to ensure both Iappnull and wild-type animals were generated from the same breeders (see Methods and Materials
section 2.1.2), as Iapp and Kras are closely linked by ~3.5 cM on mouse chromosome 6 (Figure
6). Subcutaneous tamoxifen injection at 4-5 weeks of age resulted in the development of fibrotic
pancreatic tumours (Figure 6). Iapp-null and wild-type mice displayed no difference in survival
(Figure 7A), with median survival times of 23.5 weeks in Iapp+/+ and 26 weeks in Iapp–/– mice
expressing KrasLSL-G12D/+; Trp53flox/flox; Ptf1aCreERTM/+. Study endpoint (survival) was determined
using a scoring chart for signs of illness in mice that included breathing, hydration, posture,
appearance, and body weight (Appendix A). Body weight loss as an endpoint occurred for
almost all mice, and macroscopic pancreatic tumours were confirmed by necropsy. Macroscopic
tumours were not observed in Ptf1a+/+ mice. Stratification of mice by sex revealed no sexspecific differences in survival in Iapp+/+ and Iapp–/– mice (Figure 7B). Importantly, no
differences in glycemia (Figure 7C) or body weight (Figure 7D) were observed in animals prior
to the onset of the first lethal tumour burden at 12 weeks post-tamoxifen. Tumour and pancreas
histology show similar tumour morphologies with extensive fibrosis and necrosis regardless of
Iapp genotype (Figure 7E). These data demonstrate that endogenous IAPP in the pancreas does
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not inhibit tumour proliferation, and the lack of IAPP does not accelerate the growth of
pancreatic tumours in mice.
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Figure 6: Generation of an IAPP-deficient pancreatic ductal adenocarcinoma model in
mice.
Iapp– Kras+ / Iapp+ KrasLSL-G12D were generated and crossed to C57BL6J mice to generate a
recombinant Iapp– KrasLSL-G12D / Iapp+ Kras+ mouse. Recombinant and non-recombinant IappKras mice were then crossed to Trp53flox/flox Ptf1aCreERTM/+ mice for multiple generations and
intercrossed to generate an Iapp-deficient mouse model of pancreatic ductal adenocarcinoma
(PDAC). After tamoxifen-induced recombination, mice developed lethal PDAC tumours with
survival times as indicated in Figure 7.
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(Figure legend on following page)
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Figure 7 (cont.): Physiological IAPP levels do not impact survival in a mouse model of
pancreatic ductal adenocarcinoma. (A) Iapp– KrasLSL-G12D / Iapp– Kras+; Trp53flox/flox;
Ptf1a+/CreER and Iapp+ KrasLSL-G12D / Iapp+ Kras+; Trp53flox/flox; Ptf1a+/CreER mice develop lethal
PDAC tumour burdens with comparable median survival times of 26 and 23.5 weeks posttamoxifen, respectively (n = 22, 27). Tamoxifen was administered via 3 subcutaneous injections
over 5 days beginning at P28-39. (B) IAPP-deficiency did not result in sex-specific impacts on
PDAC survival. (C) Random-fed glycemia and (D) body weight were not impacted by IAPPdeficiency in PDAC male or female mice prior to the development of lethal tumour burdens. (E)
Large pancreatic tumours with fibrosis and necrosis occur in Kras+/LSL-G12D; Trp53flox/flox;
Ptf1a+/CreER mice with and without IAPP loss.
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3.3

Discussion
Our data do not support a role for IAPP as a tumour suppressor in PDAC. For the PANC-

1 cell line, IAPP did not inhibit or promote proliferation, apoptosis, or glycolysis. Further, IAPP
did not have any effect on the proliferation or death of, or glycolysis in H1299 cells, which have
previously reported IAPP sensitivity127. The discrepancy between our observations and those
reported by Venkatanarayan et al.127 are challenging to reconcile given they observed rates of
apoptosis exceeding 70% in H1299 cells in response to pramlintide. Differences in peptide
preparation may cause discrepant findings. However, we generated a bioassay and confirmed the
biological activity of our pramlintide preparations. We further confirmed the sensitivity of our
time-lapse microscopy approach to detect differing PANC-1 cell death rates in response to
varying gemcitabine concentrations. The pramlintide, rIAPP, and davalintide concentrations used
in our studies (0.25-25 µM) and by Venkatanarayan et al.127 (2.5 µM) are approximately 1000fold above the reported EC50 values for IAPP and IAPP-mimetic peptides at the IAPP receptor
(0.1-10 nM)158, and the micromolar concentrations may be sufficiently high to activate other
receptors such as the calcitonin receptor-like receptor (CRLR)175,176. This may account for the
lack of effect in PANC-1 cells if off-target signalling pathways are activated, but it cannot
explain the lack of effect we observed in H1299 cells as comparable pramlintide concentrations
were used. Rodent IAPP can form small aggregates, but not fibrils, at concentrations of 7.5
µM177 and 50 µM178, raising the possibility that Venkatanarayan et al.127 observed aggregateinduced H1299 cell death in their preparations while our lyophilized peptide preparations have
reduced rIAPP aggregation and no cell death.
Culture conditions during peptide treatment may partially explain the disagreement
between our findings and those previously reported127. HEK-293 cells transfected to stably
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overexpress CALCR have a proliferative block in culture medium containing 10% fetal calf
serum (FCS) with no evidence of cell death179. However, in 0.5% FCS media, the HEK-293
CALCR overexpressing cells exhibit calcitonin-induced cell death179,180. If IAPP-induced cell
death is dependent on CALCR-driven elevations of cAMP and downstream PKA signalling, the
environmental conditions are likely key to IAPP’s ability to induce cell death. PKA acts as a
kinase for over 200 target peptides181 – the expression of which, and thus the effects of PKA
signalling, may highly depend on a cell’s environmental stimuli and the availability of PKA
targets in given culture conditions. We tested the effects of IAPP-mimetics in both nutrientreplete, standard growth conditions (10% FBS and 25 mM glucose), and nutrient-deplete (0.1%
FBS, 2.5 mM glucose) conditions and observed no effect of IAPP signalling in H1299 and
PANC-1 cells. The lack of IAPP-induced effects in both cell lines in either media conditions
suggest that any anti-proliferative or pro-apoptotic effects of IAPP-mimetics in cancer may occur
only in a very select set of culture conditions, rendering it unlikely to provide a therapeutic
benefit.
There are limited studies on IAPP, or IAPP mimetics, in cancer. Venkatanarayan et
al.127,157 have demonstrated in two studies that tumour-produced IAPP (in response to deletion or
knockdown of ∆Np63 or ∆Np73) and exogenous pramlintide have strong anti-tumour effects in
TP53-null cancers, including regression of TP53-null thymic lymphomas. Pramlintide has also
been shown to reduce the viability of two colorectal cancer cell lines, HCT-116 (TP53 wild-type)
and HT-29 (TP53R273H)182. Although HT-29 had a larger reduction in viability in response to
pramlintide, HCT-116 also displayed reduced viability in response to pramlintide182 suggesting
IAPP’s anti-proliferative effects may not depend on TP53 status. IAPP was also found to act as
an anti-proliferative factor in a lentiviral shRNA screen of cells in oncogene-induced senescence
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(OIS)183. IAPP knockdown increased the proliferation of cells in OIS, which was partially
rescued with exogenous IAPP. IAPP had no effect on cells lacking OIS, suggesting IAPP’s antiproliferative actions are restricted to only a subset of cellular states – a finding similar to that of
Evdokiou et al.179 that observed calcitonin-induced cell death only in reduced FCS media.
IAPP was also found among the top 5 most downregulated genes in human PDAC
relative to tumour-adjacent tissue184. Although this finding may be interpreted as IAPP loss
permitting growth of PDAC, it is also an expected observation since IAPP expression is much
higher in pancreatic islets than tumour-adjacent tissue, and is normally expressed at very low
levels in acinar and ductal cells185. Using TCGA data, Li et al.184 also showed increased survival
of PDAC patients with high IAPP expression relative to those with low IAPP expression. Welldifferentiated PDAC has been found to display an increased incidence of intratumoural
endocrine cells relative to poorly-differentiated PDAC, which may explain the association
between IAPP and survival in the TCGA cohort186. Further analysis of IAPP and endocrine gene
expression is unfortunately confounded by the low tumour content (mean ~ 35%) of PDAC
specimens in the TCGA cohort, where IAPP expression and biopsy tumour content are
negatively correlated (data not shown). Therefore, the IAPP-high PDAC patient group in the
TCGA cohort is also a tumour content-low group for biopsies, which may be reflective of the
patient tumour size and prognosis. It does however raise the question of whether high tumouradjacent IAPP expression may restrict PDAC tumour volume. Our findings in mice and cell lines
suggest otherwise though: that IAPP does not influence tumour growth in PDAC.
Although IAPP has not been studied extensively in cancer, signalling by CALCR and the
closely related CRLR has been studied extensively with calcitonin and adrenomedullin as ligands
that have been found to both inhibit and promote proliferation. Below, I briefly describe some of
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the existing evidence for CALCR and CRLR signalling via cAMP as both a pro- and anti-tumour
signal.
Overexpression of CALCR decreases cell attachment and increases apoptosis in HEK293 cells (TP53 wild-type)180. Calcitonin was also found to stimulate cAMP production and
reduce ERK1/2 phosphorylation in MDA-MB-231 (breast adenocarcinoma cell line; TP53R280K)
cells187. The authors further showed that calcitonin injected subcutaneously to nude mice also
reduced the growth of transplanted MDA-MB-231 tumours, while calcitonin had no effect on
tumours derived of transplanted MCF-7 cells (breast adenocarcinoma cell line; TP53 wild-type).
Ng et al. 188 demonstrated a dual response to calcitonin in T-47D cells (breast carcinoma cell
line; TP53L194F). Over a short 1-day incubation, calcitonin drove increased DNA synthesis and
cell numbers in T-47D cells, but decreased cell numbers over 7-day cultures. Calcitonin was
further able to inhibit both insulin- and EGF-induced proliferation in T-47D cells, while IBMX, a
phosphodiesterase inhibitor that raises intracellular cAMP levels, had no effect on proliferation.
This suggests additional signalling mechanisms beyond G𝛼s-coupled CALCR signalling is
required for the antiproliferative effects of calcitonin in T-47D cells. Calcitonin has also shown
differential responses in cell lines derived from prostate carcinomas and adenocarcinomas –
calcitonin reduces proliferation in DU145 (TP53P223L, V274F) and PC-3 (TP53null) cells and
increases proliferation in LNCaP cells (TP53 wild-type)189. Forskolin, a potent activator of
adenylyl cyclase that raises intracellular cAMP levels, reduces PANC-1 (TP53R273H) and
MiaPaCa (TP53R248W, R273H) proliferation via cAMP-induced EPAC signalling with no observed
contribution by cAMP-induced PKA signalling166. Thus, there is a strong body of evidence
suggesting CALCR signalling can inhibit proliferation in both TP53 mutant and wild-type cancer
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cell lines. There is further evidence that cAMP, a major secondary messenger of CALCR
signalling, restricts the proliferation of pancreatic carcinoma cell lines including PANC-1.
Balancing the role of CALCR as an anti-proliferative signalling receptor, there is
evidence suggesting CALCR has no role in tumour growth. While calcitonin drove cAMP
elevations in K562 cells (TP53null) suggesting active CALCR signalling, there was no effect of
calcitonin on proliferation190. It is worth noting that the authors also investigated IAPP signalling
in K562 cells but found no increase in cAMP up to 100 nM IAPP, highlighting the specificity of
CALCR for calcitonin in the absence of RAMPs. Ostrovskaya et al.191 found 2/12 primary
glioblastomas were positive for CALCR protein expression, along with 4 cell lines. Of the 4
CALCR-expressing cell lines, SB2b (TP53 wild-type) was the only cell line that exhibited
calcitonin-induced and rIAPP-induced cAMP responses. Despite active CALCR signalling,
calcitonin did not influence cell number or viability in SB2b cells. Ostrovskaya et al.191 further
show that patients with CALCR-positive and -negative glioblastomas in the TCGA and IVYGAP cohorts have no differences in outcome. Use of calcitonin in osteoporosis has been
associated with increased risk of cancer development in some studies, but a meta-analysis of all
available studies suggested no difference in cancer development with the use of exogenous
calcitonin192. These studies provide evidence suggesting there is no role for CALCR signalling in
the proliferation and viability of both TP53-null and wild-type cancers.
There is currently no direct evidence for IAPP as a mitogen. However, CALCR and
CRLR signalling have been found to induce proliferation and prevent cell death. Calcitonin has
been shown by multiple groups to stimulate the growth of LNCaP cells189,193. CALCR
knockdown in PC-3M cells (prostate adenocarcinoma; TP53null) was shown to drastically reduce
tumour volume and increase TUNEL+ apoptotic cells in xenografts, while CALCR
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overexpression increased the tumour volume and colony-forming ability of PC-3 cells (prostate
adenocarcinoma; TP53null)194. This suggests that CALCR signalling is tumourigenic, but the
findings in PC-3 cells are in stark contrast to Ritchie et al.189 who show reduced proliferation in
response to calcitonin. Similar to the discrepancies between our findings and others on the
effects of IAPP in H1299 cells, calcitonin signalling may highly depend on cell environment.
CRLR and CALCR share high homology and are both thought to primarily mediate downstream
signalling through G𝛼s-coupled mechanisms. Additionally, both receptors interact with RAMPs
1-3 and IAPP can bind and signal through the CRLR at supraphysiological concentrations
approaching 1 µM175,176. An adrenomedullin receptor is formed from CRLR-RAMP2 and
CRLR-RAMP3 heterodimers, and adrenomedullin signalling has been widely studied in PDAC.
Adrenomedullin expression and secretion have been found in PDAC cell lines, including PANC1 cells, and adrenomedullin stimulates cell proliferation, invasion, and tumour growth in human
PDAC cell lines and xenograft models195,196. High tumour adrenomedullin expression is also
associated with poor outcome in PDAC197. These effects are opposite to those observed with the
cAMP-elevating drug forskolin, which reduces proliferation in PANC-1 cells166. The divergent
findings of both increased and reduced proliferation in PANC-1 cells in response to
adrenomedullin-induced and forskolin-induced cAMP elevations highlights the complexity of
downstream cAMP signalling in PDAC. The ability of cAMP to act both as a pro- and antiapoptotic signal is well recognized198, emphasizing the dependency on tissue environment and
cellular milieu. Differences in adrenomedullin and forskolin effects in PANC-1 cells also suggest
that additional G-protein-coupled mechanisms beyond G𝛼s signalling may be involved in
CALCR and CRLR signalling in PDAC. Thus, our current understanding of CALCR, CRLR,
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and cAMP signalling in PDAC remains incomplete, and will likely continue to display variable
results in the future depending on the genetic and environmental conditions under investigation.
Although our results in mice suggest no role for endogenous monomeric IAPP in
delaying the progression of PDAC, there may still be a role for exogenous IAPP in PDAC.
Supraphysiological concentrations of IAPP, achieved through pramlintide, may exert effects that
improve outcomes in a subset of PDAC through improved glycemia199, or incompletely
understood effects on the tumour microenvironment. Our results in cell lines suggest no direct
effect of IAPP on cancerous cells. However, the lymphoma regression observed by
Venkatanarayan et al.127 in mice is astounding, and we did not investigate the effects of
supraphysiological IAPP levels on the tumour microenvironment. We also cannot exclude the
potential that endogenous IAPP may influence the early stages of PDAC, such as lesion initiation
or progression to PDAC, as our mouse model develops PDAC tumours rapidly following
tamoxifen exposure.
Human IAPP differs from rodent IAPP by its propensity to aggregate, forming toxic
oligomers and elongated fibrils. Although the data in this chapter does not support a role for
monomeric IAPP signalling in PDAC, human IAPP aggregates are a hallmark of islets in T2D200
and may increase the risk of PDAC. Circulating IAPP levels, and the IAPP:C-peptide ratio, are
increased in pancreatitis and pancreatic cancer201–204, suggesting increased IAPP biosynthesis
and secretion from beta cells. IAPP secretion relative to insulin secretion is also increased in rat
islets co-cultured with, or exposed to conditioned media from, human pancreatic cancer cell lines
PANC-1 and HPAF205–207. Elevated IAPP secretion may result in increased islet amyloid and
inflammation creating a positive feedback loop.
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IAPP aggregates induce a proinflammatory response in islet macrophages208,209, and may
skew the local pancreatic environment toward a state more amenable to neoplasia. Evidence of
islet IAPP-induced alterations in the exocrine pancreas have been observed in hIAPP-transgenic
rats, which display increased pancreatic ductal and ductal gland proliferation210. This was shown
to be independent of hyperglycemia by the authors – hyperglycemia and hyperinsulinemia in rats
induced by chronic glucose infusion did not induce proliferation of ductal cells. In addition to
rodent models expressing human IAPP, macrophage-secreted proinflammatory cytokines have
also been shown to promote acinar to ductal metaplasia via NF-κB signalling in mouse acinar
cells153. It is reasonable to speculate that islet IAPP aggregates in T2D may contribute to a local
pro-inflammatory environment that promotes exocrine neoplasia.
Although there is existing evidence in the literature that monomeric IAPP signalling may
influence PDAC tumourigenesis, there is also evidence suggesting no role, or even a mitogenic
role, for IAPP signalling in PDAC and cancer. Our results in this chapter do not support a role
for monomeric IAPP in PDAC cell proliferation, apoptosis, or glycolysis. Our results also show
no effect of endogenous IAPP loss on PDAC survival, and suggest that reduced IAPP levels in
diabetes do not influence the risk or outcome of PDAC. Further studies characterizing the islet
environment in diabetes, and its crosstalk with the exocrine pancreas, may decipher novel
mechanisms that explain the strong association between diabetes and PDAC.
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Chapter 4: The role of islet amyloid polypeptide in glycemia and adiposity
4.1

Introduction
IAPP was first isolated and identified from amyloid plaques in insulinomas in 1986 by

Westermark et al211. As the second most abundant transcript in mouse beta cells212, IAPP has
generated much interest as an abundant signalling factor and as an amyloidogenic protein. The
amyloidogenic aspects of IAPP biology are well characterized, and the role of islet amyloid in
the pathogenesis of T2D is widely recognized213, but the extent to which islet amyloid
contributes to T2D pathogenesis remains unknown. The role of IAPP signalling in metabolism
has proven challenging though. A wide range of biological actions have been documented for
IAPP, often with disagreements in the literature214.
IAPP immunoreactivity has been detected in lysates of human pyloric antrum215, and
Iapp mRNA (in situ hybridization) and protein (immunohistochemistry) are colocalized in rodent
stomachs216. Islet beta cells are the most abundant source of IAPP and are responsible for
circulating levels of IAPP201. IAPP in the islet can also be found in a fraction of somatostatinexpressing delta cells in rodents217, but minimal IAPP is observed in human delta cells218. IAPP
is also observed in the CNS (discussed below).
IAPP receptors (CALCR and at least one of three RAMPs) are found in multiple tissues
throughout the body. Tissues with the highest expression include the hypothalamus, area
postrema, solitary nucleus, kidney, muscle, and placenta219. Most expression data are at the
mRNA level, which does not guarantee functional expression of the receptor at the cell surface.
Robust detection of GPCRs at the protein level can be challenging due to the low abundance of
GPCRs, and requirement for a highly specific and rigorously validated antibody. Radioligand
binding assays can also provide insight into IAPP receptor expression, but do not provide
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information on the resulting biological and physiological actions of receptor signalling in the
target cell. The use of exogenous IAPP at physiological concentrations, with and without IAPP
receptor-specific inhibitors or genetic modification, provides a robust approach for determining
functional IAPP receptor expression while providing insight into the biological actions of IAPP.
The best characterized biological actions of IAPP are in appetite regulation and gastric
emptying. Both peripherally and centrally administered IAPP have been shown to induce satiety
in rodents220,221, primarily through reductions in meal size222. Subcutaneous administration of
IAPP (pramlintide) is also effective at inducing satiety and reducing meal size in humans223, with
accompanying reductions in body weight224. Gastric emptying is delayed by IAPP administered
centrally or peripherally in rats225,226, which along with postprandial glucagon suppression227 is
thought to be one of the mechanisms through which exogenous IAPP-mimetics improve
postprandial glycemic control in individuals with T1D228. Additional metabolic roles for IAPP
have been proposed in energy expenditure229, glucose uptake230,231, adipocyte function232, bone
resorption233, vasodilation234–236, and islet paracrine and autocrine regulation214,237.
The effects of IAPP on body weight are thoroughly documented in humans and animal
models, and are thought to occur primarily through receptors in the CNS224,238,239. IAPP induces
satiety when administered peripherally or centrally, with more potency during central
administration suggesting action in the brain229. Lesion of the area postrema abrogates anorexia
induced by peripherally administered IAPP240, and infusion of the IAPP receptor inhibitor
AC187 into this region induces hyperphagia in rats241. Thus, the area postrema is a target tissue
of peripheral IAPP that mediates part of its anorexic actions. The hypothalamus is also involved
in IAPP signaling, and IAPP expression is widely detected in the hypothalamus. Neurons in the
lateral hypothalamus were shown to contain IAPP immunoreactivity colocalized with a synapse
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marker at the border of neurons expressing the leptin receptor (ObRb), and IAPP signalling was
shown to stimulate ObRb neurons and potentiate leptin signaling242. IAPP-receptor and LepR coexpression has also been found in the area postrema243, and the synergistic effects of leptin and
IAPP are well documented in rodents and humans224. IAPP-induced ERK phosphorylation has
also been reported in POMC neurons of the arcuate nucleus244, and CalcR deletion in POMC
neurons results in increased body weight gain, food intake, and adiposity in male mice, with a
mild impairment in glucose tolerance245. Female and HFD-fed CalcRPOMC-KO mice did not
display any body weight gain, adiposity, or glycemic phenotype, suggesting sex and diet-specific
effects of hypothalamic IAPP signalling. Acute peripheral IAPP injections also retained their
efficacy in CalcRPOMC-KO mice, suggesting that POMC-expressing neurons are not the target of
peripherally-derived postprandial IAPP. In addition to appetite regulation, centrally administered
IAPP has been shown to induce sympathetic nervous activity and increase brown fat
thermogenesis, body temperature, and energy expenditure; peripherally administered IAPP
retains many of the same effects, albeit with weaker induction229,246. Cumulatively, these data
support a role for IAPP in regulating energy expenditure and intake primarily within the CNS.
IAPP actions have also been documented in the periphery, with roles in islet and
adipocyte function, skeletal muscle, and bone resorption. Within the islet, IAPP is reported to
suppress insulin, glucagon, and somatostatin secretion in stimulated states247, but with
inconsistent findings, even from within individual laboratories214. Often the doses required to see
an IAPP-induced effect on islet secretion required supraphysiological IAPP concentrations248.
Although these concentrations are higher than normal circulating IAPP levels, some are within
ranges that may be achievable in a paracrine or autocrine setting within the islet (i.e., low nM
levels of IAPP). In support of paracrine actions for IAPP, treatment of isolated rat islets with
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IAPP antiserum or a N-terminally truncated IAPP peptide (weak IAPP receptor antagonist) can
increase arginine-stimulated insulin, glucagon, and somatostatin secretion249. IAPP has been
found to increase insulin-stimulated glucose uptake to isolated rat adipocytes231, and in 3T3-L1
adipocytes IAPP was reported to induce proliferation, differentiation, and fatty-acid uptake232.
IAPP actions in the liver were initially reported, but IAPP was later shown to not impact
hepatocyte metabolism on its own, nor to modify insulin- or glucagon-mediated effects250. The
initial findings may have been due, in part, to the effects of IAPP aggregates, as human IAPP
was often used prior to the widespread appreciation for its amyloidogenicity and cytotoxicity. In
skeletal muscle, IAPP at modestly supraphysiological levels (high pM – low nM) inhibits
glycogen synthesis and insulin-stimulated glucose uptake251,252, and stimulates glycogenolysis
and lactate efflux253,254. Absence of IAPP in mice results in reduced bone mass due to increased
resorption, possibly via loss of IAPP-induced osteoclast inhibition233. IAPP also has reported
actions as a vasodilator, but mice lacking IAPP do not have altered islet blood perfusion234. IAPP
actions continue to be elucidated in the periphery, with efforts focused on both the
supraphysiological (pharmacological) and endogenous activities of IAPP in metabolism.
Rodent genetic models with altered Iapp or IAPP receptor expression have provided
insight into the paracrine and endocrine activities of IAPP, allowing for modification of
endogenous IAPP signalling levels in situ. These models allow greater insight into the effects of
sustained IAPP loss, as observed in diabetes, rather than acute pharmacological studies. An Iappnull mouse was first generated in 1998 by Gebre-Medhin and colleagues132. Iapp-null male, but
not female, mice were found to have increased body weight, and both male and female mice had
increased insulin levels and reduced blood glucose during oral and intravenous glucose tolerance
tests (OGTT and IVGTT). These initial studies were performed on F3 descendants of a
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129Ola/B6 chimeric mouse. The Iapp-null mouse was further backcrossed to the C57BL/6J
background, and no effects on body weight have been observed in the C57BL/6J background on
chow, high-fat (45% kcal from fat; HFD) or control diets (10% kcal from fat; CD)233,255–257.
Iapp-null mice display reduced leptin sensitivity, improved glucose clearance in OGTT and
IVGTT with increased insulin secretion132, no difference in fasting blood glucose132,234, and have
been reported with both elevated132 and decreased258 plasma insulin levels. Glycemia has not
been thoroughly investigated in the C57BL/6J inbred mouse strain, however, raising the question
whether differences in glycemia may exist similar to the differences in body weight observed
between Iapp-null 129Ola/B6 hybrid and Iapp-null congenic C57BL/6J mice. Further
differences in Iapp-null mouse islet function are suggested by the observation that Iapp-null beta
cells are more sensitive to alloxan-induced destruction258.
Clinical trials with IAPP mimetics have been performed leading to the FDA approval of
Symlin (pramlintide) in 2005 for use in T1D and T2D when glycemic control is not met with
insulin. In 1-year randomized controlled trials, preprandial subcutaneous injections of
pramlintide lowered HbA1c and body weight in individuals with T1D and T2D119,120. Meal-time
pramlintide has also been shown to reduce postprandial hyperglycemia and glucagon, and
increase time spent in a euglycemic range259,260 in T1D. Until recently, solubility issues restricted
pramlintide to a separate injection from insulin, limiting its widespread use. Recent advances in
co-formulations of insulin and pramlintide allow for simultaneous dual-hormone therapy, and
will hopefully improve usage and glycemic control in T1D and T2D261. The improved metabolic
health with pramlintide highlights the negative impact of IAPP loss on metabolic health, and
emphasizes the importance of circulating IAPP in the postprandial state.

68

The goal of this chapter is to investigate the impact of endogenous IAPP loss on glycemic
control and adiposity. Most of the available data on IAPP actions suggest an insulinostatic effect
of IAPP, but are derived from exogenous IAPP mimetics or receptor antagonists at
supraphysiological concentrations. In this chapter I use the Iapp-null mouse, backcrossed inhouse for over 10 generations to C57BL/6J mice, to determine the impact of IAPP loss in the
context of elevated obesity (HFD-fed) or a leaner control (CD-fed) state. I further age the mice
for up to one year of HFD feeding to determine if glycemic or adiposity phenotypes emerge in
aged, diet-induced obese mice.
4.2
4.2.1

Results
IAPP-deficient mice have unaltered glycemia and increased insulin sensitivity
Mice were weaned to a standard chow (6% kcal from fat) diet at 3 weeks-old, and

switched to HFD (45% kcal from fat) or a matched CD (10% kcal from fat) at 6-8 weeks-old.
Iapp-null mice did not display any significant differences in body weight or fasting glycemia
after 48 weeks of diet (Figure 8).
To further probe the effects of IAPP loss on glycemia, glucose tolerance was assessed by
IPGTT. Intraperitoneal administration was chosen over oral administration to assess beta-cell
function independent of gastric emptying rates, as IAPP has been shown to reduce gastric
emptying rates225,226. Mice lacking IAPP had comparable glucose tolerance to wild-type controls
in both sexes and diets (Figure 9). Insulin sensitivity was assessed by insulin tolerance tests after
35 weeks of diet. HFD-fed Iapp-null male mice displayed significantly increased insulin
sensitivity (Figure 10). This finding suggests endogenous IAPP has an inhibitory role on insulin
action, possibly in skeletal muscle as reported by others253,254. However, the effect of IAPP on
counterregulatory actions to insulin-induced hypoglycemia, such as glucagon secretion249,262,
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may be involved as well. Although no hyperglycemia was observed in the fasted state or during
glucose tolerance tests, IAPP-deficient animals displayed a trend toward elevated blood glucose
that cannot be explained by differences in insulin sensitivity.
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Figure 8: Iapp deletion does not significantly impact body weight and glycemia in mice.
Iapp–/– and Iapp+/+ C57BL/6J mice were generated from heterozygous breeders and fed a highfat diet (HFD; 45% kcal from fat) or control diet (CD; 10% kcal from fat) beginning at 6-8
weeks-old. (A,B) Iapp–/– male and female mice do not have significantly altered body weight.
(C,D) Iapp–/– male and female mice do not have significantly different fasting glycemia in both
CD and HFD. No timepoints were significantly different between Iapp–/– and Iapp+/+ mice by
repeated measures ANOVA. P-values of AUCs are indicated above the comparisons in the right
panels. n = 5-20 male, 3-11 female mice.
71

12 weeks diet

All Cohorts: 12 wk HFD IPGTT AUC

30

2000

B

40

2000

Blood Glucose (mM)

40

1000

0

20
10

30

10

60

30

120

60

0.1610

All cohorts wk 24 AUC y-intercept pos peak area

24 weeks diet
D

2000

2000

IPGTT, 24 wk
30

1000

30

Blood Glucose (mM)

AUC (0-120 min)

IPGTT, 24 wk

AUC (0-120 min)

3000

40

120

time (min)

All cohorts wk 24 AUC y-intercept pos peak area

Blood Glucose (mM)

500

20

time (min)

0

20
10

Female, HFD, IAPP-/Female, HFD, IAPP+/+
Female, NCD, IAPP-/Female, NCD, IAPP+/+

1500
1000
500
0

20

10

0

0
30

60

30

120

time (min)

60

All cohorts wk 36 AUC y-intercept pos peak area

1500
1000

2000

IPGTT, 36 wk

30

500

Blood Glucose (mM)

AUC (0-120 min)

IPGTT, 36 wk

36 weeks diet
F

AUC (0-120 min)

2000

30

120

time (min)

All cohorts wk 36 AUC y-intercept pos peak area

Blood Glucose (mM)

1000

0
30

E

1500

0

0

C

All Cohorts: 12 wk HFD IPGTT AUC

IPGTT, 12 wk
AUC (0-120 min)

3000

AUC (0-120 min)

Blood Glucose (mM)

A

0.1276

IPGTT, 12 wk

0

20

10

0

25

1500
1000
500
0

20
15
10
5
0

30

60

120

time (min)

30

60

120

time (min)

Male, CD, IAPP+/+

Male, HFD, IAPP+/+

Female, CD, IAPP+/+

Female, HFD, IAPP+/+

Male, CD, IAPP-/-

Male, HFD, IAPP-/-

Female, CD, IAPP-/-

Female, HFD, IAPP-/-

Figure 9: IAPP deficiency does not impact glucose tolerance in mice.
HFD- and CD-fed male and female mice were administered intraperitoneal glucose tolerance
tests after 12 (A,B), 24 (C,D), and 36 (E,F) weeks of diet. No significant differences were
observed between Iapp–/– and Iapp+/+ mice. n = 5-20 male, 3-11 female mice.
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Figure 10: Loss of IAPP causes a mild increase in insulin sensitivity.
(A,B) HFD-fed and (C,D) CD-fed male and female mice were administered intraperitoneal
insulin tolerance tests after 35 weeks of diet. IAPP loss in HFD-fed males resulted in a modest
increase in insulin sensitivity. n = 6-22 male, 3-11 female mice.
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Figure 11: Trend toward increased adiposity in Iapp-null male mice.
High-fat diet (HFD) and chow diet (CD) fed Iapp–/– and Iapp+/+ mice were assessed for lean and
fat mass after 36 weeks of diet using an Echo MRI body composition scanner. Fat and lean mass
are displayed as a percentage of body weight. (A) IAPP-deficiency results in a trend toward
increased body fat mass composition in male mice, but not female mice. (B) IAPP-deficiency
caused a trend toward reduced lean body mass composition in HFD- or CD-fed male mice, but
not female mice. n = 6-22 male, 3-11 female mice.
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4.2.2

IAPP loss does not cause significant adiposity in mice
After 36 weeks of diet (44 weeks-old), body composition was analyzed using an Echo

MRI body composition scanner. Iapp-null mice displayed no significant differences in body
composition (Figure 11).
After 48-54 weeks of diet, animals were euthanized. Tissues were collected and weighed
for CD-fed male mice, where the strongest trend in body composition differences was observed,
and a fraction of HFD-fed male mice as controls. Increased adiposity was not observed in the
inguinal or mesenteric fat pad masses in CD-fed Iapp-null mice at study endpoint (Figure 12).
Elevated brown fat activity has been observed in response to IAPP in mice246, and we also
measured interscapular brown fat mass and detected no significant difference in CD-fed Iappnull and wild-type mice (Figure 12 D). Liver and pancreas masses were also unchanged in male
mice (Figure 12 E, F).
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Figure 12: Control diet (CD)-fed Iapp–/– male mice do not have significantly increased fat
pad mass.
After 48-54 weeks of diet animals were euthanized and tissues were collected and weighed. (A)
Body weight trended higher in CD-fed Iapp–/– male mice. (B) Inguinal, (C) mesenteric, and (D)
brown fat masses trended upward in CD-fed Iapp–/– male mice but are not significantly
increased. (E) Liver mass was unaltered in CD-fed Iapp–/– male mice. (F) Iapp deletion had no
effect on pancreas mass in HFD- or CD-fed male mice. n = 5,10 CD-fed, 3-20 HFD-fed.
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4.2.3

Islet function and mass is unaltered in male mice lacking IAPP
IAPP is the second most abundant insulin granule peptide, and is present at a molar ratio

of approximately 1:100 with insulin263. To determine if loss of such a major granule constituent
altered insulin granule morphology, freshy isolated Iapp-null and wild-type islets were analyzed
by transmission electron microscopy (TEM). Loss of IAPP resulted in no qualitative differences
in insulin granule number (Figure 13 A,B) or morphology (Figure 13 D,C). Both the dense cores
and the halos of granules appeared similar in terms of density and size. IAPP loss was confirmed
by immunohistochemistry in pancreas sections from Iapp-null mice (Figure 13 E). These results
confirm that IAPP is not required for granule biogenesis, and mature insulin granules form in the
absence of IAPP.
Given the trend of elevated glycemia in the context of increased insulin sensitivity in
Iapp-null mice, I sought to determine if Iapp-null male mice may have reduced beta-cell
function. Due to the central actions of IAPP in altering glycemia245, we characterized glucosestimulated insulin secretion (GSIS) on isolated islets in a perifusion apparatus ex vivo. Iapp-null
islets did not display any differences in the kinetics (Figure 14 A) or quantity of insulin secreted
at basal glucose, or during first and second phase insulin secretion (Figure 14 B-D). The lack of
differences in GSIS by perifusion suggest that islet-derived paracrine IAPP does not act to
suppress insulin secretion, as others have reported with exogenous IAPP or IAPP signalling
blockade214,249. With no functional difference in insulin secretion, I next sought to determine if
altered beta-cell mass could explain the hyperglycemic trend in CD-fed Iapp-null male mice. I
detected no difference in beta-cell mass between Iapp-null and wild-type male mice (Figure 14
E). Fasting plasma insulin levels are also comparable in Iapp-null and wild-type mice (Figure 15
A,B), and further point toward unaltered beta-cell function and mass in Iapp-null mice. Fasting
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plasma glucagon is also unchanged in Iapp-null mice (Figure 15 C,D), indicating that
hyperglucagonemia cannot explain the hyperglycemic trend in Iapp-null animals.
Cumulatively, these data suggest that beta-cell mass and function is likely not impacted
by loss of IAPP in mice. Fasting insulin and glucagon levels are comparable in Iapp-null and
wild-type mice, and isolated islets display comparable GSIS. Islet function is likely unaltered in
mice lacking IAPP. Insulin tolerance tests show enhanced insulin sensitivity in Iapp-null mice,
despite trends toward adiposity and hyperglycemia, and point to a larger role for IAPP signalling
outside of the islet in glycemic regulation. In conclusion, loss of IAPP in mice likely has minimal
impact on islet function, but may influence glycemia through mechanisms external to the islet.
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Figure 13: Insulin granule morphology is not altered in Iapp–/– mouse beta cells.
Mature, dense-core insulin granules dominate the cytoplasm of beta cells in islets isolated from
16-week-old (A) Iapp+/+ and (B) Iapp–/– mice. (C) An expanded view of the white box in panel
A and (D) an expanded view of the white box in panel B, highlighting the similarities in Iapp+/+
and Iapp–/– insulin granules. Both genotypes contain granules with similar core densities and
halo sizes despite loss of IAPP in the granule. Scale bars in panels C and D represent 0.5 µm. (E)
Immunohistochemistry confirmation of IAPP loss in pancreas sections from Iapp–/– mice. Scale
bars represent 50 µm.
77

A

insulin
immunoreactivity (ng/mL)

male IAPPko and wt perifusion
80

1.67G

16.7G

1.67G KCl 1.67G

IAPP+/+

60

IAPP-/-

40
20
0
20

0

40

60

Time (min)
1.67G

0.6

16.7G

C

AUC first phase 14-20min
DAUC second phase 20-33 min

0.4

0.2

0.0
0

4

150

AUC 2nd phase (20 - 33 min)

Male IAPPko basal ins secretion

AUC 1st phase (14 - 20 min)

insulin
immunoreactivity (ng/mL)

B

100

50

0

8

250
200
150
100
50
0

beta-cell mass

Time (min)

E
Beta-cell mass (mg)

15

0.1306

IAPP+/+
IAPP-/-

10

5

0

IAPP:

+/+

–/–
CD

Figure 14: Loss of IAPP does not influence insulin secretion or beta-cell mass.
(A) Islets isolated from 15-18-week-old Iapp+/+ and Iapp–/– mice show no kinetic differences in
glucose- or KCl-stimulated insulin secretion. (B) Basal secretion rates are comparable in Iapp+/+
and Iapp–/– islets. Area under the curve of (C) 1st phase and (D) 2nd phase insulin secretion are
comparable in Iapp+/+ and Iapp–/– islets. (E) IAPP loss did not significantly alter beta-cell mass
in CD-fed male mice.
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Plasma was collected from 4 h-fasted mice after 48-54 weeks of diet duration. (A,B) Plasma
insulin and (C,D) glucagon are unaltered in male and female Iapp–/– mice relative to dietmatched wild-type control mice. n = 6-19 male, 3-11 female mice.
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4.3

Discussion
IAPP levels drop alongside those of insulin in individuals with T1D and late-stage T2D,

and the effects of IAPP loss remain incompletely understood. To better understand the impacts
of IAPP loss in diabetes, I analyzed global Iapp-null mice on a congenic C57BL/6J background
for changes in adiposity and glycemia, in an obese (HFD-fed) and leaner control state (CD-fed).
Our findings in Iapp-null mice partially support a wide body of literature pointing to
IAPP as a peptide that negatively regulates weight gain. Initial studies in a hybrid 129Ola/B6
mouse background showed that IAPP deletion resulted in increased body weight in male mice –
an expected finding given prior studies found that exogenous IAPP suppressed appetite and
increased energy expenditure. However, subsequent studies using congenic C57BL/6J Iapp-null
mice reported no body weight effect in the absence of IAPP255,256. We detect a small, nonsignificant trend toward elevated body weight and adiposity in Iapp-null male mice, straddling
the middle-ground of current evidence in the Iapp-null mouse.
There is evidence of synergistic interactions between IAPP and leptin signalling in
humans and rodents224, with recent mechanisms pointing to paracrine IAPP actions potentiating
LepR-expressing neurons in the hypothalamus242. In a state of reduced leptin activity, the loss of
IAPP may further reduce leptin’s actions and drive further adiposity. To our surprise, and that of
others255, the absence of IAPP does not worsen diet-induced obesity in rodents, a state in which
leptin sensitivity is reduced264,265. In agreement with our results showing a trend towards
increased body weight only in CD-fed Iapp-null male mice, deletion of CalcR in POMC neurons
results in increased body weight gain only in CD-fed male mice that was lost in HFD-fed
animals245. Leptin-induced STAT3 phosphorylation was found to be comparable in the
hypothalami of CalcRPOMC-KO and CalcRPOMC-WT mice, and acute IAPP responses in the area
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postrema remained intact in these animals. These findings suggest chronic hypothalamic IAPP
actions on anorexia and energy expenditure may be independent of its potentiation of leptin
signaling245.
Hypothalamic IAPP expression increases in HFD-fed male mice and decreases in HFDfed female mice242, but it remains unknown whether hypothalamic IAPP production remains
intact in T1D and T2D. However, circulating levels of IAPP are lost in T1D and late-stage T2D
due to loss of beta-cell function and mass. Chronic IAPP paracrine signalling in the
hypothalamus may remain intact in diabetes, and therefore some of IAPP’s actions on satiety and
energy expenditure may also remain intact. The benefits of replacing acute IAPP signaling
postprandially are clear in T1D and T2D though, with improved glycemic control attributable in
part to delayed gastric emptying266,267 and reductions in postprandial
hyperglucagonemia227,268,269. Sustained use of exogenous IAPP mimetics may also enhance
chronic IAPP signalling in the hypothalamus, and help improve adiposity in diabetes.
Most studies on IAPP paracrine actions within the islet have used supraphysiological
levels of IAPP in isolated islets or perfused rat pancreases. IAPP-receptor inhibition has provided
some insight into endogenous IAPP signalling, and mostly agrees with the findings of synthetic
IAPP mimetics; that is, IAPP has a dampening effect on islet endocrine cells and reduces insulin,
glucagon, and somatostatin secretion. However, high levels of receptor inhibitors may inhibit
off-target receptors, such as the calcitonin-gene-related peptide receptor, questioning whether the
observed dampening of islet secretions is truly due to IAPP signalling. True paracrine
concentrations of IAPP are also not known, and supraphysiological levels may represent a valid
islet paracrine level that signals through “off-target” receptors. The lack of GSIS differences
between Iapp-null and wild-type islets suggests no paracrine role for endogenous IAPP in the
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rodent islet. Paracrine signalling could be reduced in a perifusion paradigm if secreted factors are
removed quickly, but likely not entirely lost as differences in paracrine-modulated insulin
secretion from Ucn3-null and Sst-null islets are readily detected in perifusion apparatuses9,270.
The lack of effect in Iapp-null islets could be further confirmed in a static GSIS paradigm in
which paracrine signalling is enriched. Our model also differs from loss of IAPP in T1D and
T2D in that IAPP was deleted globally and constitutively, rather than reduced at juvenile or adult
ages with diabetes onset. Although unlikely, I cannot discount any developmental compensatory
mechanisms in Iapp-null mice that may replace some IAPP actions, such as an increase in islet
delta-cell mass or function that would act to suppress insulin and glucagon secretion in the
absence of IAPP.
IAPP at 10-100 pM (high circulating levels) has been shown to have a suppressive effect
on GSIS in Min6 cells and dispersed mouse islets, and a dual-effect on beta-cell proliferation237.
At 5.5 mM glucose, 100 pM IAPP enhanced proliferation and Erk1/2 phosphorylation in
dispersed mouse beta cells, while at 25 mM glucose 100 pM IAPP reduced Erk1/2
phosphorylation and beta-cell proliferation237. Our findings in mice, however, do not support a
role for IAPP in the maintenance of beta-cell mass, similar to earlier observations in Iapp-null
mice showing comparable beta-cell mass to wild-type controls258. Our model is not specific to
beta-cell loss of IAPP though, and disruption of hypothalamic IAPP may influence beta-cell
mass, as hypothalamic lesions have been shown to regulate beta-cell mass in rodents271.
Iapp-null mice were originally reported to have elevated insulin secretion and improved
glucose tolerance132. However, in additional studies using mice of a similar genetic background
(F3 descendants of a chimeric 129Ola/B6 mouse)132,258, or an unknown background233, there
were no differences in circulating insulin between Iapp-null and wild-type mice. Our results
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corroborate the latter findings, and further expand the available data to include no circulating
insulin differences in female and HFD-fed Iapp-null mice. We also detected no differences in
circulating fasting glucagon levels in Iapp-null mice, in contrast with the reported actions of
IAPP on suppression of glucagon secretion249. However, we did not measure glucagon levels in a
postprandial state when Iapp-induced suppression of glucagon secretion has been observed, and
hypoglycemia-induced glucagon secretion is not influenced by IAPP269. This suggests that IAPP
does not inhibit glucagon secretion in fasting conditions, but rather that IAPP may inhibit
glucagon secretion specifically during conditions of elevated glycemia.
We observed increased insulin sensitivity in Iapp-null mice, which largely agrees with
proposed roles for IAPP as an inhibitor of skeletal muscle glucose uptake and glycogen
synthesis, and stimulator of glycogen catabolism and lactate production254,272. Loss of IAPP in
the null mice may result in increased insulin signalling and glucose uptake in skeletal muscle.
IAPP has been found to not significantly alter basal or insulin-induced glucose uptake in
hepatocytes250. Despite improvements in insulin sensitivity, Iapp-null mice do not have
improved glucose tolerance. Our data show comparable plasma insulin levels and ex vivo islet
GSIS in Iapp-null and wild-type mice. With no difference in insulin secretion and improved
insulin action, Iapp-null mice may have reduced suppression of hepatic gluconeogenesis during
elevated glycemia. This mechanism would agree with the reductions in postprandial
hyperglucagonemia and glycemia observed in T1D and T2D individuals treated with
pramlintide227,268. Given the overall improvement of glycemia with preprandial pramlintide
injections, the negative impact of IAPP on skeletal muscle glucose uptake is likely outweighed
by the positive impact of reduced gluconeogenesis and delayed gastric emptying. There may also
be distinct mechanisms governing chronic and acute IAPP signalling in skeletal muscle, as acute
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IAPP (or mimetic) infusion in humans does not significantly impact glucose disposal or insulin
sensitivity230,273. Alterations in glucose disposal and insulin sensitivity after long-term use of
pramlintide have yet to be investigated, and will be challenging to dissociate from improvements
in glycemic control with reduced meal-time insulin.
Overall, our data in mice suggest that IAPP loss leads to a modest increase in insulin
sensitivity, but not a significant change in body weight, adiposity, or glycemia. Genetic
differences between the hybrid 129Ola/B6 and congenic C57BL/6J strains are likely to influence
metabolic phenotypes of IAPP loss. We did not observe any insulin secretion or granule
differences in Iapp-null islets ex vivo, or any differences in beta-cell mass. Our data suggest that
loss of IAPP likely has minimal impact on beta-cell function and mass. Further work in human
islets will be required to determine if the beta-cell-specific loss of IAPP in diabetes has
detrimental effects on human islets. Conditional knockout-ready Iapp mice are also now
available (Iapptm1a)136, and will become useful tools for dissecting what are likely independent
roles of circulating and paracrine IAPP in energy homeostasis and islet function.
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Chapter 5: Glycemia and beta-cell function in mice with beta-cell specific
deletion of Pcsk1 and Pcsk2
5.1

Introduction
Type 1 (T1D) and type 2 diabetes (T2D) are characterized by a loss of beta-cell mass and

function as the diseases progress, resulting in a reduction of beta-cell hormones including insulin
and IAPP. In addition to reduced levels of these hormones, the processing efficiency of beta-cell
hormones declines during diabetes pathogenesis, and results in increased levels of prohormones
relative to mature hormones86,87,274. Peptide hormones are synthesized as larger precursor
propeptides and modified by proteolytic and other post-translational modifications to yield
mature, biologically active peptides. These mature peptides can act locally in the islet as
paracrine factors, or they can enter the bloodstream and travel to target tissues as endocrine
hormones. In the islet, four major proteolytic processing enzymes are enriched in the regulated
secretory pathway: PCSK1, PCSK2, CPE, and PAM275. The prohormone convertases PCSK1
and PCSK2 are the most abundant of the nine-member PCSK (proprotein convertase
subtilisin/kexin) protease family in islets, and are the two endoproteases responsible for cleaving
propeptides internally at paired basic residues in insulin granules. CPE (carboxypeptidase E) is
an exopeptidase that trims paired basic residues at the C-terminus of peptides, and PAM
(peptidylglycine alpha-amidating monooxygenase) also acts at the C-terminus to trim glycine
residues and C-terminally amidate peptides. PCSK1, PCSK2, CPE, and PAM are all enriched in
the secretory granule276 and provide the majority of proteolytic processing activity in islet
endocrine cells including the beta cell.
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Insulin granules are generated via trafficking of proinsulin to the regulated secretory
pathway in beta cells with over 99% efficiency277. Signal peptide cleavage from preproinsulin
occurs during translation and translocation to the ER to generate proinsulin278. Initial folding,
disulfide bond formation, and dimerization of proinsulin occurs prior to ER exit. During
maturation in the Golgi proinsulin, processing intermediates, or mature insulin form hexamers
around two Zn2+ ions28, with the exact timing and species still unclear. As hexamers form they
begin to exit the Golgi in immature secretory granules that continue to acidify and increase
granule zinc concentrations279,280. The ER has the highest free Ca2+ ion concentration along the
secretory pathway; granules are very high in calcium but it remains sequestered by abundant
Ca2+-binding proteins within the granule281. The low pH and high calcium provide optimum
conditions for PCSK activity (discussed below). The increasing Zn2+ and lowering pH drives
further processing and crystallization of insulin to generate a mature insulin secretory granule – a
dense secretory granule core of mostly insulin, a peripheral halo containing other granule
peptides (including IAPP), and enrichment of membrane proteins for exocytosis signalling282.
Upon maturation, insulin secretory granules may traffic to the readily releasable pool at the
plasma membrane where pre-docked granules can readily fuse with the plasma membrane for a
rapid secretory response283.
The exact processing sequence and location within the secretory pathway of human betacell prohormones remains incompletely understood. Insulin was first discovered to be derived
from the longer proinsulin peptide in 1967 by Steiner and colleagues284. Proinsulin contains 3
peptide chains: B-chain, C-peptide, and A-chain (from N- to C-terminus). After signal peptide
removal, proinsulin begins folding in the ER with assistance from abundant chaperones285. Three
intramolecular disulfide bonds (CysB7-CysA7, CysB19-CysA20, and CysA6- CysA11) are
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critical to proper proinsulin folding and form rapidly during translation286. PCSK1 is thought to
cleave first at the B-chain / C-peptide junction to generate split-32,33-proinsulin, which is
rapidly trimmed by CPE to des-31,32-proinsulin (Figure 16A). PCSK2 is then thought to cleave
at the C-peptide / A-chain junction to liberate mature insulin and an extended C-peptide.
Following CPE-mediated trimming of the paired basic residues, C-peptide is produced in a 1:1
ratio with mature insulin. Alternatively, PCSK2 may act first to generate split-65,66 proinsulin,
and following CPE-mediated trimming the des-64,65 proinsulin intermediate. However, PCSK1
is thought to act first in human beta cells for several reasons: (i) des-64,65 proinsulin peptides
are not detectable in human islets287,288 or circulation274; (ii) PCSK1 is likely more abundant than
PCSK2 in human beta cells289–292; and (iii) the pH optimum of PCSK2 is lower than that of
PCSK1 (PCSK1 and PCSK2 reviewed extensively in 2012 by Hoshino and Lindberg27).
ProIAPP processing in the insulin secretory granule follows a trajectory similar to
proinsulin (Figure 16B). The signal peptide is cleaved during translation and translocation to the
ER to generate the 67-residue human proIAPP peptide. An intramolecular Cys13-Cys18 (residue
numbering of proIAPP) disulfide bond is formed in the ER. Sorting of proIAPP to the regulated
secretory pathway is also highly efficient in adult beta cells, but is less efficient than proinsulin
in immature (neonatal) islets where abundant proIAPP also sorts to the constitutive pathway293.
In the late Golgi and early secretory granule compartment, proIAPP is cleaved near the Cterminus by PCSK1 to generate proIAPP1-51294,295. Trimming by CPE at the C-terminus yields
proIAPP1-49296, and a C-terminal glycine residue that is further trimmed and amidated by PAM
resulting in a C-terminally amidated proIAPP1-48N297. PCSK2 removes the N-terminal propeptide
of proIAPP by cleaving C-terminally to Arg11, resulting in mature, amidated IAPP (IAPP137N)

298,299

. Alternatively, PCSK2-mediated cleavage can occur prior to amidation, generating a
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non-amidated proIAPP1-38 processing intermediate. It is not currently clear yet whether
amidation occurs prior to PCSK2 activity. PCSK2 activity in rodent islets is also essential for
processing of proIAPP to mature IAPP. Mice lacking PCSK2 do not generate mature IAPP
because PCSK1 has minimal activity at the N-terminal cleavage site, while mice lacking PCSK1
can produce mature IAPP295,299.
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Figure 16: Proinsulin and proIAPP proteolytic processing.
(A) Proinsulin is initially cleaved by PC1/3 (PCSK1) at the B-chain / C-peptide junction,
followed by carboxypeptidase E (CPE)-mediated removal of the pair of basic residues remaining
on the C-terminus of the B-chain. PC2 (PCSK2) then cleaves at the A-chain / C-peptide junction
to produce mature insulin. CPE trims the pair of basic residues remaining on the extended Cpeptide, and yields mature C-peptide in a 1:1 ratio with mature insulin. (B) ProIAPP is processed
similarly with PC1/3 initiating the processing at the C-terminus, to produce a proIAPP1-51
intermediate that is further trimmed by CPE and amidated by peptidyl-glycine alpha-amidating
monooxygenase (PAM) at the C-terminus to yield an amidated proIAPP1-48N intermediate. PC2
then cleaves the N-terminal propeptide resulting in mature IAPP1-37N. PC2 may also act prior to
CPE and PAM to generate additional processing intermediates.
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The regulation and activity of PCSK1 and PCSK2 correlate well with the regulated
secretory pathway and luminal environment of insulin secretory granules. PCSK1 and PCSK2
are highly similar and contain four functional domains: pro-, catalytic-, P-, and C-terminal
domains27. The prodomains are autocatalytically cleaved, but remain bound and function as a
chaperone and inhibitor to prevent premature activity of PCSK1 and 2300,301. The catalytic
domain is highly similar in both with a catalytic triad of Asp, His, and Ser residues, and an
oxyanion hole that stabilises the initial reaction intermediate. The P-domain functions to regulate
enzyme activity through conformational changes induced by calcium binding and pH changes,
and is involved in trafficking to the secretory pathway. The C-terminal domain is involved in
membrane interactions that assist in trafficking PCSK1 and PCSK2 to secretory granules.
PCSK1 and PCSK2 both exist as a zymogen until they reach their pH optimum in the
presence of sufficient calcium. PCSK1 exists as a low-activity isoform with the full C-terminal
domain that has a broad pH optimum of 5-6.5. Autocatalytic cleavage at two locations in the Cterminal tail results in 2 isoforms of PCSK1 with higher activity but a narrower pH optimum of
5-5.5 and elevated Ca2+ requirements302. PCSK2 displays even lower pH requirements than
PCSK1 for prodomain cleavage and optimal activity303,304. Thus, the conditions within maturing
granules favour activation of PCSK1 prior to activation of PCSK2. The preferential activity of
PCSK1 at the proinsulin B-C junction305 and the proIAPP C-terminal cleavage site295, and the
intermediates observed, also provide evidence for PCSK1 activity occurring prior to PCSK2.
PCSK2 also has a substrate preference for des-31,32 proinsulin over intact proinsulin306. Taken
together, these provide reasonable evidence that PCSK1 acts prior to PCSK2 in the insulin
secretory granule.
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The events leading to reduced PCSK1 and PCSK2 activity in beta cells during T1D and
T2D pathogenesis are incompletely understood. Reduced processing activity in beta cells has
been documented to an extent in each pathology though, and the current evidence provides
conflicting clues as to possible causes. In T1D, low amounts of residual beta cells can be found
in the pancreas, and more than half of individuals with over 50-year disease duration have
detectable plasma C-peptide307. In a separate T1D cohort, proinsulin was still detectable in 90%
of individuals with undetectable C-peptide, and the circulating proinsulin:C-peptide (PI:C) ratio
was elevated in T1D67. ProIAPP1-48N:IAPP is also elevated in T1D, indicating that the processing
defect is not unique to proinsulin within the beta cells86. Islet autoantibody-positive (AAb+)
individuals also have elevated PI:C that increase further leading up to T1D diagnosis308, and PI:I
area by immunostaining is elevated in AAb+ and T1D pancreas sections309. Rodriguez-Calvo et
al. also found in the same study that beta-cell mass is unaltered in AAb+ individuals309. This
suggests that impaired processing of proinsulin to insulin occurs early in T1D pathogenesis, prior
to the decline in beta-cell mass and onset of hyperglycemia. Studies in human pancreas extracts
and laser-capture micro-dissected islets have shown reduced PCSK1 protein and transcript levels
in T1D, and inflammatory cytokines can reduce PCSK1 transcript levels in human islets310,311.
PCSK2 protein and mRNA were found unaltered in T1D islets and pancreas extracts,
respectively, but PCSK2 transcript and protein abundance have been shown to decline in human
islets with cytokine treatment310–312. T1D remission is also associated with a lower circulating
PI:C ratio313. The evidence in T1D points to islet inflammation as a potential mechanism for
reduced processing activity in beta cells, possibly through reductions in PCSK1 levels. Islet
transplant recipients also have elevated circulating PI:C and proIAPP1-48N:IAPP ratios 86,314,
further pointing to inflammation as a potential mechanism driving altered beta-cell prohormone
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processing. Recipients of islet auto-transplants also have elevated PI:C ratios314 suggesting
additional mechanisms beyond adaptive islet inflammation can drive impaired beta-cell
prohormone processing.
Individuals with T2D or impaired glucose tolerance also have an increase in circulating
PI:C315–317. Early during the compensatory stage of pre-T2D while beta-cell mass is expanding
there may also be an improvement in beta-cell prohormone processing, as the PI:I ratio is
negatively correlated with BMI in individuals with normal glucose tolerance317. In rodent islets
with high blood perfusion there is increased PCSK1 protein but not RNA318, indicating that beta
cells (or at least rodent beta cells) have the capacity to increase processing with demand.
Alternatively, the increased PCSK1 abundance may be due to increased glucose-induced
translation of Pcsk1 in highly perfused islets20. Regardless of potential early improvements in
function, individuals with impaired glucose tolerance have elevated circulating PI:C, suggesting
that the decline in processing efficiency occurs early in T2D pathogenesis. The PI:C ratio is
highest in the fasted state due to the longer circulating half-life of proinsulin over C-peptide or
insulin319,320, but elevated PI:C is still observed during beta-cell stimulation274. The stimulated
secretion of increased PI:C suggests the defect lies with the beta cell rather than altered clearance
of proinsulin and C-peptide. High-performance liquid chromatography studies have shown that
intact proinsulin and the des-31,32 proinsulin processing intermediate are responsible for the
elevated PI in T2D plasma, while des-64,65 or split-65,66 proinsulin is not detected in
circulation274. This suggests a possible defect in PCSK2 activity in human beta cells, as Pcsk2
deletion in mice generates an increase in the des-31,32 intermediate321. This is fitting with the
proIAPP processing impairment found in T1D, but does not correlate with the normal PCSK2
and reduced PCSK1 expression in T1D islets310,311, and suggests that PCSK1 and 2 expression
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may correlate poorly with their activity in human beta cells. Circulating proIAPP was also found
elevated in T2D87, but it is currently unclear whether this is intact proIAPP or a processing
intermediate. It is still not clear whether there is a defect in the activity of PCSK1, PCSK2, or
both in human beta cells in T2D. It is also worth noting that much of the work delineating
proinsulin and proIAPP processing pathways has been in rodent islets, and recent evidence
suggests very low expression of PCSK2 in human beta cells289, challenging the canonical model
of proinsulin processing.
Observations and studies in humans over the last two decades have helped elucidate some
of the roles of PCSK1 and PCSK2 in glycemic regulation. The first human with null activity of
PCSK1 was identified in adulthood in the late 1990s, and presented with obesity, normal fasting
glycemia, reactive hypoglycemia, elevated 2 h glycemia in an OGTT, undetectable circulating
mature insulin, and elevated proinsulin, split-65,66 proinsulin, and des-64,65 proinsulin322. Since
then, more individuals with homozygous or compound heterozygous null mutations have been
identified323. Individuals with PCSK1 mutations have a challenging and dynamic clinical
presentation. Following normal gestational terms and birth weights, malabsorptive diarrhea and
severe failure to thrive requires parenteral nutrition and careful monitoring beginning in the first
weeks of life despite mostly normal intestinal biopsies323. Of the 13 individuals identified in the
largest cohort to date323, 6 died during the neonate-childhood period due to complications arising
from chronic diarrhea and central venous line sepsis. The dependency on parenteral feeding
diminishes over time, and most are able to survive with enteral feeding by 18 months of age with
diarrhea improving with ageing into adulthood. Diabetes insipidus occurred in 8/13 individuals
with an average age of diagnosis at 18 months old, and was managed with vasopressin therapy
(desmopressin). Further complications exist with varying penetrance on hypothyroidism, growth
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hormone deficiency, hypoadrenalism, and hypogonadism, highlighting the importance of PCSK1
throughout much of the endocrine system.
Prader-Willi syndrome, resulting from the loss of a paternal chromosome 15 segment,
also results in reduced PCSK1 expression which has been attributed to loss of paternal
SNORD116324. Prader-Willi is a spectrum disorder with a high range of symptoms, but the
obesity, hyperphagia, impaired glucose tolerance, and elevated PI:I324,325 is similar to that of
individuals lacking functional PCSK1. Single nucleotide polymorphisms (SNPs) have also been
identified in PCSK1 and are associated with obesity, increased insulin sensitivity, elevated
fasting proinsulin, and strangely improved 2h OGTT glycemia and lowered fasting glycemia
(Table 3). The latter two may be due to the increased circulating half-life of proinsulin that is
thought to cause reactive hypoglycemia in patients carrying PCSK1 mutations, as proinsulin
retains about 10% of insulin’s activity at insulin receptors326,327. The two most common nonsynonymous PCSK1 SNPs rs6232 (N221D; catalytic domain, <5% allele frequency) and linked
rs6234/rs6235 (Q665E/S690T; C-terminal tail domain, 24% allele frequency) are not associated
with increased diabetes risk though, despite being associated with increased plasma proinsulin
(Table 3). Although PCSK1 SNPs are not associated with T2D, islet PCSK1 expression is
negatively correlated with HbA1c levels328 indicating loss of PCSK1 may occur with progression
of hyperglycemia. PCSK1 activity outside of the islet may also influence the risk of diabetes
given the essential role of PCSK1 in processing the gut-derived incretins GLP-1 and GIP329,330.
The current evidence suggests reduced PCSK1 activity, from polymorphisms or other genetic
conditions, alters glycemic control in humans but does not cause frank diabetes as a MODY
(maturity-onset diabetes of the young) gene.
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The available data on PCSK2 variation in humans is much more limited than PCSK1. No
individuals with complete PCSK2 deficiency have been identified. In an era where exome
sequencing is widely performed, this suggests functional PCSK2 expression is required for
viability in humans. A simple tandem repeat variant in intron 2 of PCSK2 was found enriched in
a Japanese T2D cohort, but was not associated with altered fasting PI:C, glucose, BMI, or
HbA1c331. Other non-coding polymorphisms in PCSK2 have been associated with elevated
OGTT AUC, and increased, decreased, and unaltered T2D risk (Table 3). One extremely rare
non-synonymous PCSK2 variant was identified in an Old-Order Amish population (R430W) and
was twice as prevalent in the T2D population332. PCSK2R430W was further found to have no
difference in enzyme activity or trafficking, but did display a broadened pH optimum suggesting
a conformational change332. Additional missense mutations have been found for PCSK2, but at
such a rare frequency that associating the polymorphism with a phenotype is challenging. This
includes several missense variant SNPs in PCSK2 that are present in the T2D Knowledge Portal
but are extremely rare and not associated with T2D or elevated fasting proinsulin 333. However,
rs1383425066 (PCSK2 missense variant) and several splice region variants in PCSK2 are
associated with elevated BMI333. The effect of PCSK2 polymorphisms on beta-cell function and
glycemia are also difficult to interpret, as PCSK2 is required for the processing of proglucagon to
glucagon334.
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Table 3: Human polymorphisms in PCSK1 and PCSK2
Processing

Identified variants

Clinical phenotype

References

Various homozygous

Malabsorptive diarrhoea, obesity, elevated proinsulin,

322,323,335–337

null

high 2 h OGTT glucose and 65,66 split proinsulin, 5 h

Enzyme
PCSK1

postmeal hypoglycaemia, diabetes insipidus
rs6232

Obesity, higher insulin sensitivity, improved 2 h OGTT

338–341

glucose
rs6234/rs6235

Obesity, elevated fasting proinsulin, lowered fasting

338–341

glucose
PCSK2

rs2021785

T2D and/or nephropathy risk

342

rs200711626

Trend toward increased prevalence in T2D (not

332

significant—very rare SNP enriched through founder
effect)
rs2208203

Altered insulin secretion and fasting glucagon levels

343

rs2269023

Elevated fasting glycaemia, and AUC glucose and insulin

344

rs2284912

Decreased fasting glycaemia

344

rs6044695

Decreased fasting glycaemia

344

Simple tandem

>20 repeats associated with T2D

331

repeats in intron 2
OGTT: oral glucose tolerance test, T2D: type 2 diabetes, SNP: single nucleotide polymorphism, AUC: area
under the curve
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Mouse models have aided our understanding of PCSK1 and PCSK2 in beta-cell function
and glycemia. The first Pcsk1-null mouse was generated via deletion of promoter elements and
the first exon, and resulted in pre- and perinatal lethality, with only 7/21 Pcsk1-null mice born
surviving to 7 days-old305,345. Similar to humans, the mice had diarrhea, normal gastrointestinal
histology, and elevated proinsulin levels, but did not develop obesity and had 40% reduced body
weight to controls at 6 weeks of age. The knock-out mice display comparable glucose tolerance
to wild-type mice, while heterozygotes have mildly impaired glucose tolerance. Proinsulin
processing is impaired in knock-out and heterozygous mice, with proinsulin accounting for
approximately 90% and 12% of total insulin, respectively, while wild-type littermates have
approximately 5% proinsulin305. A Pcsk1N222D point mutant mouse model was later generated
and better mirrors human PCSK1 deficiency, with elevated body weight and hyperphagia, islet
hypertrophy, increased proinsulin and impaired glucose tolerance, but no development of
diabetes346. A follow-up study found no change in beta-cell proliferation or death despite islet
hypertrophy in Pcsk1N222D mouse islets347. An additional Pcsk1V96L mouse has also been isolated
from an obesity mutagenesis screen that alters the splice acceptor site of the first codon in Pcsk1
exon 3, leading to the production of a truncated (but not frameshift-mutant) PCSK1 product348.
Pcsk1V96L/V96L mice display a phenotype similar to Pcsk1N222D/N222D mice with increased
proinsulin, hyperphagia, obesity, and transient diarrhea348. Isolated islets from these mice have
provided excellent tools for characterizing proinsulin and proIAPP processing in PCSK1deficient beta cells. However, the simultaneous hyperphagia, obesity, and altered endocrine
processing outside of beta cells make it difficult to attribute loss of PCSK1 in beta cells to any
functional changes in islets or glycemia.
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In the late 1990s, the Steiner laboratory generated the first Pcsk2-null mouse by insertion
of a neomycin cassette into exon 3. These mice appeared normal at birth, but displayed mildly
reduced growth rates, hypoglycemia, and lower glycemia during glucose tolerance tests349.
Lowered glycemia in the Pcsk2-null mice is attributed to the lack of mature glucagon from alpha
cells, and Pcsk2-null islets contain highly expanded delta- and alpha-cell fractions349. These mice
also lacked normal processing of prosomatostain (proSst) to Sst1-14, and instead produced
primarily Sst1-28 and intact proSst349. Glucagon replacement with mini-pumps or AAV6-RGPPCSK2 viral infection restores glycemia and normal islet architecture in Pcsk2-null mice, which
points to glucagon deficiency as the primary glycemic defect in these animals140,334. Proinsulin
processing is also impaired in Pcsk2-null mice, with proinsulin accounting for approximately
35% of total insulin in the pancreas and 60% of total insulin in the circulation, while wild-type
littermates have approximately 6% and 15% proinsulin in the pancreas and in the circulation,
respectively349. Increased intact proinsulin and des-31,32 proinsulin were found elevated in the
Pcsk2-null mice, and the conversion rate of proinsulin to mature insulin was slowed in the
absence of PCSK2321. In comparison to the proinsulin processing blockade in Pcsk1-null mice, it
was suggested that PCSK2 plays a lesser role than PCSK1 in proinsulin processing, but is still
important to enhance the speed and efficiency of proinsulin conversion321. Cell-specific deletion
of Pcsk2 was achieved in the last decade with the generation of a Pcsk2flox/flox mouse140. Deletion
of Pcsk2 in delta and beta cells by Pdx1-CreER and tamoxifen resulted in no difference in
glycemia or glucose tolerance in mice, but a complete blockade in islet proIAPP processing
when crossed to the RIP-Cre mouse140. This finding provides further evidence that in mice, betacell Pcsk2 is dispensable for maintaining euglycemia, but it is still important for proper beta-cell
prohormone processing.
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Although the effects of beta-cell PCSK1 and PCSK2 activity on glycemia are challenging
to interpret in human genetics studies and mouse models with global genetic modifications, they
have assisted in partially deciphering the regulation of PCSK1 and PCSK2 gene activity. The
paternal inactivation of Snord116 in Prader-Willi syndrome is thought to reduce Pcsk1 and
Pcsk2 expression via reduction of the transcription factor Nhlh2324. Further work has shown
NHLH2 can heterodimerize with STAT3 and bind to the Pcsk1 promoter350. PAX6 has also been
shown to bind the Pcsk1 promoter, and reductions in PAX6 have been suggested to reduce
PCSK1 levels and increase circulating proinsulin351,352. PAX6 binding and regulation of the
Pcsk1 promoter was not found in an inducible model of Pax6 deletion in beta cells (MIPCreERTg/0; Pax6flox/flox), despite significant islet and beta-cell changes, questioning Pax6 as a
regulator of Pcsk1 expression353. A key beta-cell maturity transcription factor, MafA, has also
been shown to positively regulate Pcsk1 expression354. The Pcsk2 promoter is bound and
positively regulated by NHLH2, C-MAF, and NEUROD1355,356. Glycosylation of PCSK1 and
PCSK2 is also required for protein exit from the ER to the Golgi357,358. Therefore, alterations in
the above transcription factors, or glycosylation, may impair PCSK1 and PCSK2 activity in beta
cells.
The aim of this chapter is to elucidate the role of beta-cell Pcsk1 and Pcsk2 in beta-cell
function and glycemic control. There is strong evidence for declining PCSK1 and PCSK2
activity in beta cells in diabetes. Currently, it remains unknown whether reduced PCSK1 and
PCSK2 activity in beta cells drives further beta-cell dysfunction and dysglycemia, or if reduced
PCSK1 and PCSK2 activity in beta are merely bystander biomarkers of failing beta cells. To
investigate the roles of Pcsk1 and Pcsk2 in beta-cell function, I used an Ins1cre mouse crossed to
Pcsk1flox/flox and Pcsk2flox/flox mice to drive deletion of Pcsk1 and/or Pcsk2 in mouse beta cells.
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5.2
5.2.1

Results
Proinsulin and proIAPP processing errors in mice lacking Pcsk1 or Pcsk2 in beta

cells
Pcsk1tm1a and FLPoTg mice were crossed to generate conditional Pcsk1flox mice. Pcsk2flox
mice were previously generated in our laboratory140. Pcsk1flox and Pcsk2flox animals were bred to
Ins1cre(Thor) mice to generate mice lacking Pcsk1 or Pcsk2 only in beta cells. For in vivo studies,
Pcsk1flox/+ Ins1cre/+ males were crossed with Pcsk1flox/+ Ins1+/+ females to avoid potential
maternal diabetes or fetal programming during gestation and nursing. Pcsk2flox animals were bred
using the same strategy.
I confirmed the absence of PC1/3 (PCSK1) protein in Pcsk1flox/flox Ins1cre/+ (Pcsk1betaKO)
mouse beta cells, and the absence of PC2 (PCSK2) protein in Pcsk2flox/flox Ins1cre/+ (Pcsk2betaKO)
mouse beta cells, by immunohistochemistry of mouse pancreas sections (Figure 17 A,B).
Deletion of the floxed Pcsk1 and Pcsk2 alleles by Ins1cre was qualitatively robust. Beta-cell
Pcsk1 deletion resulted in minimal residual PC1/3 immunoreactivity in islets, a result confirmed
by western blot of Pcsk1betaKO islet lysates in which minimal PC1/3 protein was detectable
(Figure 17C). Pcsk1flox/+ Ins1cre/+ (Pcsk1betaHET) islet lysates also show reduced PC1/3 protein
relative to Pcsk1+/+ Ins1cre/+ (Pcsk1betaWT) control islets, suggesting that loss of one Pcsk1 allele
may lead to haploinsufficiency (Figure 17C). Pcsk2 deletion was specific to beta cells, and nonbeta islet cells retained PC2 immunoreactivity (Figure 17B). These results confirm that
Ins1cre(Thor) induces robust and near-complete recombination specific to mouse beta cells within
the islet, as reported by Thorens et al.138
As expected, Pcsk1betaKO mice displayed fasting hyperproinsulinemia, with plasma
proinsulin levels 150-200 fold higher than Pcsk1betaWT mice in both males and females (Figure 18
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A,B). Plasma proinsulin was consistently elevated from 10-24 weeks old (Figure 18 C,D).
Pcsk1betaHET animals trended toward hyperproinsulinemia, suggesting haploinsufficiency of
Pcsk1 (Figure 18A-D). Plasma insulin immunoreactivity was also elevated in Pcsk1betaKO male
and female mice (Figure 18 E,F), likely due to cross-reactivity of proinsulin forms in the insulin
ELISA and increased secretion of des-64,65 proinsulin in Pcsk1betaKO mice. Given the magnitude
of the increase and that the cross-reactivity is unlikely to exceed 100%, these data suggest
elevated total (pro)insulin in the circulation of Pcsk1betaKO mice.
Beta-cell proinsulin and proIAPP processing in Pcsk1betaKO and Pcsk2betaKO islets revealed
differing substrate preferences for the two prohormone convertases. Using a non-reducing urea
gel, islet lysates from Pcsk1betaKO mice showed reduced mature insulin and elevated proinsulin
(Figure 19A). Pcsk1betaKO islets also appear to show an increase in the des-64,65 intermediate,
but it is difficult to discern from intact proinsulin (see Figure 19A). Qualitative top-down
proteomics of Pcsk1betaKO islet lysates revealed an increased abundance of peaks corresponding
to the masses of proinsulin, des-64,65 proinsulin, and split proinsulins, and reduced des-31,32
proinsulin and mature insulin (Figure 19C). However, standard peptides were not analyzed and
the quantification in Figure 19C is therefore qualitative. Pcsk2betaKO islets showed a slight
elevation in proinsulin by western blot, but contained comparable mature insulin to Pcsk2betaWT
islets (Figure 19A). Pcsk1betaHET islets had impairments in proinsulin processing comparable to
Pcsk2betaKO islets with ample mature insulin but elevated proinsulin, suggesting
haploinsufficiency of Pcsk1 in mouse beta cells. ProIAPP followed a markedly different
processing pattern compared to proinsulin in Pcsk1betaKO and Pcsk2betaKO islets: islets from
animals lacking beta-cell Pcsk1 contained ample mature IAPP, while animals lacking beta-cell
Pcsk2 contained minimal mature IAPP and elevated proIAPP1-48N (Figure 19B). These data
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indicate that Pcsk1 plays a much larger role in proinsulin processing but is not required for
proIAPP processing, while Pcsk2 plays a larger role in proIAPP processing but is not required
for proinsulin processing, in keeping with previous studies in mice with whole-body Pcsk1 or
Pcsk2 deficiency305,321.

A

DAPI

insulin

Pc1/3

merge

DAPI

insulin

Pc2

merge

Ins1cre/+:
Pcsk1+/+

Pcsk1flox/flox
B
Pcsk2+/+
Pcsk2flox/flox
C
Ins1cre/+ Pcsk1:

+/+

flox/+

flox/flox

87 kDa Pc1/3
66/74 kDa Pc1/3
actin

Figure 17: Robust deletion of Pcsk1 and Pcsk2 in beta cells by Ins1-cre-recombinase.
(A) Deletion of Pcsk1 in beta cells of Pcsk1flox/flox; Ins1cre/+ mice was demonstrated by
immunohistochemistry. (B) Deletion of Pcsk2 in beta cells of Pcsk2flox/flox; Ins1cre/+ mice was
demonstrated by immunohistochemistry. Note the mantle of non-beta cells in the islet that retain
PCSK2 immunoreactivity in Pcsk2flox/flox; Ins1cre/+ mice. (C) Deletion of Pcsk1 was further
confirmed by western blot of islet lysates. Islets from Pcsk1flox/flox; Ins1cre/+ mice show minimal
PCSK1 protein suggesting nearly complete deletion of Pcsk1, while heterozygotes display
reduced islet PCSK1 protein relative to Pcsk1+/+; Ins1cre/+ mouse islets. Scale bars represent 50
µm.
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Figure 18: Elevated circulating immunoreactive proinsulin and insulin in Pcsk1flox/flox
Ins1cre/+ mice.
(A,B) Fasting plasma proinsulin was measured by ELISA at 10 weeks of age in male and female
mice, and again at (C,D) 24 weeks of age. Plasma proinsulin was consistently over 150-fold
higher in male and female Pcsk1betaKO mice relative to Pcsk1betaWT mice at both ages. (E,F)
Fasting plasma insulin was measured by ELISA at 10 weeks of age in male and female mice.
Note that the insulin ELISA cross-reactivity with the des-31,32 proinsulin intermediate or other
proinsulin processing intermediates is not known. **** p < 0.0001, ns = not significant. n = 4-12
female, 5-9 male mice.
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Figure 19: Pcsk1 and Pcsk2 requirements differ for proinsulin and proIAPP processing in
mice.
(A) Islet lysates were resolved on a non-reducing urea gel and blotted with an antibody that
detects insulin, proinsulin, and processing intermediates. Elevated proinsulin is detected in
Pcsk1- and Pcsk2-null islets, with a larger defect in islets lacking Pcsk1. Pcsk1betaHET islets
display impairments in proinsulin processing comparable to or worse than Pcsk2-null islets, and
all islets contain detectable mature insulin. (B) Islet lysates were resolved on a reducing tristricine gel and probed with an antibody targeting the amidated C-terminus of (pro)IAPP. Pcsk1null islets contain ample mature IAPP, while Pcsk2-null islets have minimal mature IAPP and
elevated proIAPP1-52N. (C) Pcsk1betaKO and Pcsk1betaWT mouse islet lysates (n = 1) were analyzed
by top-down mass spectrometry. Peaks were manually annotated for mouse proinsulin, insulin,
and processing intermediates, and quantified as a ratio of Pcsk1betaKO / Pcsk1betaWT. Standard
peptides were not included rendering the ratio qualitative.
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5.2.2

Deletion of Pcsk1, but not Pcsk2, increases diabetes susceptibility in mice
Female mice lacking Pcsk1 or Pcsk2 did not display any differences in fasting glycemia

or body weight (Figure 20 A-D) from 5-30 weeks old. Male mice lacking Pcsk1 or Pcsk2 did not
display any differences in body weight over the same period (Figure 20 E,F). Juvenile (i.e., 5-15
weeks old) Pcsk1betaKO male mice were euglycemic, but developed fasting hyperglycemia in
adulthood beginning at 18-20 weeks old (Figure 20G). Pcsk2betaKO male mice did not display
sustained fasting hyperglycemia (Figure 20H). Glucose tolerance tests showed similar patterns to
fasting glycemia measurements. Female mice lacking beta-cell Pcsk1 or Pcsk2 had no
impairment in glucose tolerance at 12 or 26 weeks old (Figure 21 A-D). Male mice lacking betacell Pcsk1 or Pcsk2 also had no differences in glucose tolerance at 12 weeks old, but by 26weeks-of-age Pcsk1betaKO male mice developed impaired glucose tolerance while Pcsk2betaKO
male mice retained normal glucose tolerance (Figure 21 E-H). Given the reduced islet mature
insulin and normal glucose tolerance in young Pcsk1betaKO mice, we also investigated insulin
sensitivity in Pcsk1betaKO mice with insulin tolerance tests. Pcsk1betaKO mice had similar insulinstimulated reductions in fasting glycemia compared to Pcsk1betaWT mice with the exception of 28week-old female Pcsk1betaKO mice, which displayed a larger reduction in blood glucose 60
minutes post-insulin injection (Figure 22A-D). However, there was no significant difference in
the area above the curves between PCSK1-deficient and control mice at any age and either sex,
suggesting that beta-cell PCSK1 deficiency does not drastically alter insulin sensitivity.
Given the remarkable ability of Pcsk1betaKO mice to largely maintain euglycemia despite
major impairments in proinsulin processing, I next sought to characterize the ability of beta-cell
Pcsk1- and Pcsk2-deficent mice to adapt to beta-cell stress. Mice were fed a high-fat diet (HFD;
45% kcal from fat) beginning at 8-9 weeks old and monitored for changes in glycemia and body
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weight. No differences were observed in the fasting glycemia or body weight of Pcsk1betaKO and
Pcsk2betaKO female mice, and no female mice developed diabetes (Figure 23 A-F). Of the 10
HFD-fed Pcsk1betaKO male mice, 4 developed diabetes (sustained fasting glycemia > 15.9 mM)
beginning after 14 weeks of diet (Figure 24A). In contrast, only 1/10 Pcsk2betaKO and 1/16
Pcsk2betaHET male mice developed diabetes (Figure 24B). Several Pcsk1betaKO mice that did not
develop diabetes experienced transient fasting hyperglycemia (Figure 24C). The remaining 9/10
Pcsk2betaKO and 15/16 Pcsk2betaHET male mice had comparable glycemia to Pcsk2betaWT mice over
the 30 weeks of HFD (Figure 20D). Body weight was unaltered in HFD-fed male mice lacking
beta-cell Pcsk1 and Pcsk2 in comparison to HFD-fed control mice (Figure 24 E,F). Glucose
tolerance tests revealed comparable handling of a glucose bolus in Pcsk1betaKO and Pcsk2betaKO
male and female mice after 4 weeks of HFD and after 14 (Pcsk1betaKO) or 20 (Pcsk2betaKO) weeks
of HFD (Figure 25 A-H). Interestingly, after 14 weeks of HFD and shortly preceding the
development of diabetes, Pcsk1betaKO mice did not display significantly impaired glucose
tolerance; the shape of the curve was similar to that of Pcsk1betaWT indicating comparable glucose
clearance, but glycemia tended to be higher at each time point (Figure 25G).
Analysis of insulin secretory granules revealed a complete lack of dense-core granules in
Pcsk1betaKO beta cells, while beta cells from Pcsk2betaKO mice had comparable insulin granules to
Pcsk2betaWT controls (Figure 26A). Pcsk1betaKO granules resemble immature insulin granules with
a pale lumen and no halo, while Pcsk2betaKO beta cells contain a blend of mature and immature
insulin granules comparable to control animals (Figure 26B).
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or glycemia between
5-29 15
weeks of age.
(E,F) Male Pcsk1- and Pcsk210
5
25
betaKO or heterozygous mice do not have differences
Age (weeks) in body weight gain from 5-29 weeks of
age. (G) Juvenile 5Pcsk1betaKO15male mice25have normal fasting glycemia but develop fasting
Age Pcsk2
(weeks)betaKO male mice do not display consistent fasting
hyperglycemia with age. (H)
hyperglycemia. n = 9-18 Pcsk1betaKO, 2-10 Pcsk2betaKO mice.
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Figure 26: Deficiency of Pcsk1, but not Pcsk2, causes immature-like insulin secretory
granules in beta cells.
Freshly isolated islets from 7-week-old mice were fixed and imaged by transmission electron
microscopy. Pcsk1betaKO insulin secretory granules are pale and diffuse, lacking a dense core and
translucent halo, while Pcsk2betaKO insulin secretory granules closely resemble control granules.
Scale bars represent 2 µm in (A) and 1 µm in (B). Images are representative of 10-15 images per
mouse. Islets from 2 mice per genotype were imaged.
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5.2.3

Deletion of both Pcsk1 and Pcsk2 blocks proinsulin processing and causes

hyperglycemia in mice
Pcsk1betaKO mice still produced mature insulin, suggesting Pcsk2 can process proinsulin
to mature insulin in mice. I next generated beta-cell specific double prohormone convertase
Pcsk1-Pcsk2 knockout mice (DPCbetaKO: Pcsk1flox/flox; Pcsk2flox/flox; Ins1cre/+) to further
characterize the contributions of Pcsk2 and beta-cell prohormone processing on glycemic
regulation. DPCbetaKO and control DPCbetaWT (Pcsk1flox/flox; Pcsk2flox/flox; Ins1+/+) mice had
comparable body weight in both male and female mice (Figure 27 A,B). Female DPCbetaKO mice
developed moderate fasting hyperglycemia early in adulthood, while male DPCbetaKO mice
developed more marked fasting hyperglycemia present at all ages measured (5-31 weeks old)
(Figure 25 C,D). Inspecting the fasting measurements of mice individually revealed that
DPCbetaKO male mice, but not female DPCbetaKO mice, had highly fluctuating week-to-week
glycemia with hyperglycemic excursions over 20 mM that returned to lower levels within a week
(Figure 27 E,F). In keeping with the fasting hyperglycemia we observed significantly impaired
glucose tolerance as early as 10-weeks-of-age in male and female DPCbetaKO with a more
pronounced phenotype in male mice (Figure 27 G,H).
Isolation of DPCbetaKO islets yielded pale islets (Figure 28A) and typically we observed
more isolated islets from each pancreas in comparison to age-matched DPCbetaWT control mice
(Figure 28 C,D). DPCbetaKO islets contained no mature insulin and only intact proinsulin when
analyzed with a non-reducing western blot (Figure 28B). These data show that complete lack of
beta-cell PCSK1 and PCSK2 activity results in negligible proinsulin processing, and
hyperglycemia and impaired glucose intolerance in both male and female mice, with a larger
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impact on the glycemic regulation of male mice. The glycemic, body weight, and proinsulin and
proIAPP processing phenotypes of Pcsk1betaKO, Pcsk2betaKO, and DPCbetaKO mice are summarized
in Table 4.
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Figure 27: Mice lacking both Pcsk1 and Pcsk2 in beta cells develop hyperglycemia.
(A,B) Ins1cre/+; Pcsk1flox/flox; Pcsk2flox/flox (DPCbetaKO) female and male mice show no differences
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Figure 28: DPCbetaKO islets are pale and lack mature insulin.
(A) Freshly isolated DPCbetaKO islets are pale in colour upon isolation. (B) Lysates from freshly
isolated islets were analyzed by a non-reducing urea gel and western blot with a pan-(pro)insulin
antibody. DPCbetaKO islets contained no detectable mature insulin by western blot. (C) DPCbetaKO
mice yield an increased number of isolated islets. (D) Age of mice for islets isolated in (C). In
(D) bar represents median, and comparison was performed using Mann-Whitney test.
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Table 4: Summary of mouse beta-cell PCSK deficiency phenotypes
Model

Mature
insulin

Mature
IAPP

Body
weight

Fasting glycemia

Glucose tolerance

Pcsk1betaKO
CD

reduced

−

−

hyperglycemia
(with age in males)

impaired
(with age in males)

Pcsk1betaKO
HFD

NA

NA

−

hyperglycemia
(in males)

impaired
(in males)

Pcsk2betaKO
CD

−

reduced

−

−

−

Pcsk2betaKO
HFD

NA

NA

−

−

−

DPCbetaKO

not detected

NA

−

hyperglycemia

impaired

− normal
NA, not assessed
5.2.4

Impaired beta-cell prohormone processing increases beta-cell mass while reducing

beta-cell proliferative capacity
To better characterize the adaptive mechanisms of islets in response to deficient beta-cell
processing activity, we quantified beta-cell mass and insulin / glucagon ratios in Pcsk1betaKO and
DPCbetaKO mice. Pancreas sections from 30-week-old DPCbetaKO male mice displayed abundant
islets, and a marked number of large islets that lacked proportional glucagon immunoreactivity
(Figure 29A). Pcsk1betaKO displayed a similar but more modest phenotype, with trends toward a
50% increase in beta-cell area and a reduced alpha/beta cell ratio (Figure 29 B,C). Pancreas mass
was found unaltered in a subset of Pcsk1betaKO mice (Figure 29D), suggesting beta-cell area
measurements are representative of beta-cell mass in Pcsk1betaKO mice. DPCbetaKO male mice
displayed a larger increase in beta-cell area than Pcsk1betaKO mice, with a doubling of
insulin+/pancreas area (Figure 29E). DPCbetaKO islets also contained a reduced ratio of
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glucagon+/insulin+ area (Figure 29F), while the area of glucagon+ immunoreactivity per islet
trended downward in DPCbetaKO mice (Figure 29G). These data suggest that beta-cell mass is
expanded in response to deficient beta-cell prohormone processing activity, but that alpha cell
mass is unchanged, resulting in an altered islet architecture with abundant beta cells compared to
non-beta cells.
Hyperglycemia can drive beta-cell proliferation359, so I next sought to analyze beta-cell
proliferation and mass at an early age prior to the onset of hyperglycemia in Pcsk1betaKO and
DPCbetaKO mice. Even by 4.5 weeks of age, Pcsk1betaKO male mice already tended to have
increased beta-cell area / pancreas area (Figure 30A), although this was not significant; however,
there was no difference in beta-cell proliferation (EdU incorporation) at 4.5 weeks of age (Figure
30B). At 4.5 weeks of age, DPCbetaKO male mice had an over two-fold increase in beta-cell mass,
yet a similar lack of difference in beta-cell proliferation (Figure 30 D,E). Male Pcsk1betaKO mice
had comparable random-fed glycemia to control animals from 4-4.5 weeks old, while DPCbetaKO
mice were hyperglycemic at this age (Figure 30 C,F).
With hyperglycemia present in young (4 weeks old) DPCbetaKO mice, I next assessed the
proliferation of processing-deficient beta cells ex vivo in dispersed islets under controlled glucose
concentrations. Male DPCbetaKO beta cells had significantly reduced glucose-stimulated
proliferation (Figure 31B). Female DPCbetaKO islets (Figure 31A) and male Pcsk1betaKO islets
(Figure 31C) also trended toward reduced glucose-stimulated proliferation, but additional
replicates are required for statistical analysis. Of note, DPCbetaKO islets from male mice are
isolated from an environment in which random-fed glycemia is significantly elevated at 6 weeks
old (Figure 31E). To determine if the reduced proliferation of DPCbetaKO beta cells is via a
secreted or cell intrinsic mechanism, I co-cultured DPCbetaKO and DPCbetaWT islets with
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C57BL/6J acceptor islets in a cell-contact-free Transwell® system (Figure 32A). Glucosestimulated proliferation of C57BL/6J beta cells was similar whether cultured with DPCbetaKO or
DPCbetaWT islets, whereas DPCbetaKO donor islets had markedly reduced glucose-stimulated
proliferation (Figure 32B). These data suggest that processing-deficient beta cells have reduced
proliferation via a cell intrinsic mechanism, rather than from a secreted factor.
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Figure 29: Pcsk1betaKO and DPCbetaKO mice have increased beta-cell mass.
Pancreas sections from 30-week-old male mice were analyzed by immunohistochemistry. (A)
DPCbetaKO pancreas sections contained hyperplastic islets with minimal glucagon
immunoreactivity. (B) Pcsk1betaKO mice trended toward an approximate 50% increase in insulin+
pancreatic area. (C) The ratio of glucagon+ to insulin+ cells was not significantly altered in
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Figure 31: Pcsk1- and double Pcsk1-Pcsk2-deficient beta cells have reduced proliferative
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capacity in response to glucose.
Islets were isolated from 6-8 week-old mice, dispersed, and cultured for 72 h in 5 or 20 mM
10
growth medium with 10% FBS. Dispersed
islets were labelled with EdU for the final 20 hours.
betaKO
(A) Female DPC
mouse islets trended toward reduced proliferation at 20 mM glucose
0
relative to DPCbetaWT islets in the same conditions.
(B) DPCbetaKO male islets had significantly
reduced glucose-induced beta-cell proliferation. (C) Pcsk1betaKO male islets trended toward
reduced glucose-stimulated proliferation. (D-F) Random-fed glycemia measurements from mice
in (A-C) the day of islet isolations. DPCbetaKO male mice had significant hyperglycemia, while
DPCbetaKO female mice trended toward hyperglycemia. Pcsk1betaKO male mice were euglycemic.
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Figure 32: DPCbetaKO islets likely do not secrete an anti-proliferative factor.
(A) Schematic outlining experimental protocol. Islets were isolated from 6-7 week-old male
DPCbetaKO, DPCbetaWT, and C57BL/6J (B6J) mice. Following overnight recovery, 30 B6J
acceptor islets were cultured under 100 DPCbetaKO or DPCbetaWT islets for 72 hours in serum-free
media containing 1% BSA and 5 or 20 mM glucose. EdU was added for the final 18 hours. After
72 hours, islets were collected, dissociated, centrifuged onto a 96-well imaging plate, and fixed.
EdU labelling and insulin immunohistochemistry was analyzed by microscopy. (B) B6J acceptor
beta cells displayed equivalent glucose-stimulated proliferation when cultured with DPCbetaWT or
DPCbetaKO islets. DPCbetaWT beta cells proliferate in response to 20 mM glucose, while DPCbetaKO
beta cells display negligible glucose-stimulated proliferation.
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5.2.5

The islet transcriptome in beta-cell Pcsk1 deficiency
To better characterize the islet adaptations in Pcsk1betaKO mice prior to diabetes

development, we performed RNA sequencing of islets isolated from male Pcsk1betaKO and
Pcsk1betaWT mice after 6 weeks of HFD, at which time random-fed glycemia was comparable in
the Pcsk1betaKO and Pcsk1betaWT control mice from which islets were isolated (11.3 vs 12.2 mM; p
= 0.60). We identified 131 upregulated and 117 downregulated differentially expressed genes
(DEGs) (Figure 33A). The significantly upregulated genes included abundant markers of
exocrine tissue. Of the significant DEGs, 11 of the 15 with the largest fold increase in
Pcsk1betaKO islets were exocrine (10) or ductal (1) markers such as Zg16, Cela1, and Amy2b
(Figure 33B). In pancreas sections, there was no alpha-amylase immunoreactivity in Pcsk1betaKO
islets, suggesting that the exocrine markers were derived from contaminant exocrine tissue that
was consistently higher in Pcsk1betaKO islets (Figure 33D). As expected, Pcsk1 was the most
downregulated DEG, with Pcsk1betaWT islets containing 16-fold higher Pcsk1 expression than
Pcsk1betaKO islets (Figure 33C).
Functional enrichment analysis revealed mostly downregulated pathways in Pcsk1betaKO
mice (Figure 34A). Gene Ontology (biological processes) and Reactome pathways were
analyzed for over-representation in significant DEGs, and EnrichmentMap was used to generate
a network of over-represented processes and pathways (q < 0.01) with high similarity. Actin and
cytoskeleton regulatory processes were enriched in Pcsk1betaKO islets, driven in part by
significant reductions in the actin binding proteins filamin (Flna), villin 1 (Vil1), vinculin (Vcl)
and alpha-actinin (Actn4), and by reduced actin (Actg1) expression. Other downregulated
processes of note are those involved in cell-junction and sterol biosynthesis. One cluster of
upregulated processes associated with digestion was found, and was driven by the increased
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expression of exocrine markers in Pcsk1betaKO islets (Figure 34A). Gene set enrichment analysis
(GSEA) was also performed, as GSEA uses a ranked differential expression list of all identified
genes, rather than only significant DEGs. This allows for detection of pathways or processes in
which many of the members trend in a common positive or negative direction, including those in
which few or no genes are significantly differentially expressed. GSEA revealed only
significantly downregulated processes (q < 0.05) in Pcsk1betaKO islets, with the majority
involving cholesterol biosynthesis processes (Figure 34B). This finding suggests that cholesterol
biosynthesis may be altered in Pcsk1betaKO islets.
Motif analysis flanking transcriptional start sites of significant DEGs by iRegulon
revealed FOX (forkhead box) family transcription factor motifs present in the upregulated DEGs,
including Foxo and Foxa family motifs (Table 5). SRF (serum response factor) motifs were
found enriched in the significantly downregulated DEGs, with many target genes associated with
actin and cytoskeletal processes (Table 5). These data suggest that increased Foxo and reduced
Srf signaling may be driving functional adaptations in Pcsk1betaKO islets.
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Figure 33: RNA sequencing of islets from high-fat diet-fed Pcsk1betaKO mice.
RNA sequencing was performed on freshly isolated islets from Pcsk1betaKO and Pcsk1betaWT
control mice fed a high-fat diet (HFD) for 6 weeks. (A) Gene expression of 131 and 117 genes
were found upregulated and downregulated, respectively, by differential expression analysis of
Pcsk1betaKO (KO) and Pcsk1betaWT (WT) islets. (B) Heat map displaying individual replicate
expression of the 15 most upregulated genes shows higher expression of exocrine genes in all
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observed in Pcsk1betaKO pancreas sections. Scale bar represents 50 µm. Pcsk1 (Log2 fold change 4.1, q < 3.02 x 10-171) was omitted from (A) for clarity.
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Table 5: iRegulon motif analysis of significant DEGs in Pcsk1betaKO islets
1 taipale-RRGWACANNNTGTWCYY-AR-DBD
2 taipale-RRGWACANNNTGTWCYY-AR-full
3 taipale-RRGNACANNNTGTNCYY-Ar-DBD

0.077
0.068
0.067

Cluster
Code
5.282 M1
4.451 M1
4.344 M1

4 taipale-WGTAAAYAN-FOXB1-full

0.067

4.312 M2

5 flyfactorsurvey-foxo_SANGER_10_FBgn0038197

0.067

4.297 M2

6 transfac_public-M00476

0.066

4.224 M2

7 transfac_pro-M00802

0.065

4.113 M3

8 homer-M00063

0.064

4.031 M2

9 iDMMPMM-SLP1

0.063

3.988 M2

0.063

3.915 M2

1 transfac_public-M00215

0.114

7.359 M1

Srf

2 transfac_pro-M00810

0.112

7.238 M1

Srf

3 transfac_pro-M00922

0.099

6.116 M1

Srf

4 transfac_pro-M01007

0.098

6.071 M1

Srf

5 homer-M00183

0.098

6.061 M1

Srf

6 taipale-MCCATATAWGGN-SRF-DBD

0.098

6.026 M1

Srf

7 factorbook-SRF

0.097

5.946 M1

Srf

8 transfac_pro-M01304

0.092

5.555 M1

Srf

9 transfac_public-M00186

0.089

5.309 M1

Srf

0.089

5.258 M1

Srf

Pcsk1-betaKO Upregulated Motifs

Rank Motif id

Pcsk1-betaKO Downregulated Motifs

10 swissregulon-FOXO1-3-4.p2

5.2.6

10 taipale-NNMCCATATAWGGKNN-SRF-full

AUC

NES

Transcription factor
Ar,Pgr,Nr3c1,Nr3c2
Ar,Pgr,Nr3c1,Nr3c2
Ar,Nr3c1,Pgr,Nr3c2
Foxb1,Foxa2,Foxl1,Foxa1,Foxk1,
Foxc2,Foxd3,Foxd2,Hltf
Foxo3,Foxo4,Foxo1,Foxo6
Foxo4,Foxo1,Foxo3,Foxf2,Foxj3,
Foxk1,Foxa2,Foxl1,Foxj1,311003
9M20Rik,Foxo6
Pou1f1
Foxp1,Foxj3,Foxa2,Foxj1,Foxo3,
Foxf2,Foxo1,Foxk1,Hltf,Foxo6
Foxg1,3110039M20Rik,Foxk1,Fo
xl1
Foxo3,Foxo1,Foxo4,Foxk1,Foxj3,
Foxl1,Foxa2,Foxj1,Foxf2,Foxd1,
Foxc2,Hltf,3110039M20Rik,Foxp
1,Nr3c1,Pgr,Foxo6,Foxd2

Beta cells deficient in prohormone convertase activity do not have elevated ER

stress
Given the apparent increase in insulin biosynthesis in Pcsk1betaKO islets, it was somewhat
surprising to not observe increased markers of ER-stress by RNA sequencing. To further probe
the ER-stress response of prohormone convertase-deficient beta cells, I analyzed the expression
of unfolded protein response (UPR) pathways in DPCbetaKO islets cultured for 72 hours in 5, 15,
and 25 mM glucose. To our surprise, the UPR appeared unaltered at the transcript level in
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DPCbetaKO mice relative to control DPCbetaWT islets in each glucose concentration (Figure 35A).
Txnip, a highly glucose-responsive gene, trended toward higher glucose-stimulated expression in
DPCbetaKO islets. This is in agreement with the significantly higher (1.8-fold) Txnip expression
that was observed Pcsk1betaKO islets (Figure 37A). We further determined protein levels of the
ER-chaperone BiP (GRP78) and phosphorylated eIF2α (p-eIF2α). BiP protein expression in
DPCbetaKO islets was comparable or lower than control islets at all glucose concentrations (Figure
35B), suggesting no increase in unfolded proteins in the ER of DPCbetaKO islets. Levels of peIF2α, a signal for translation attenuation, followed an expected pattern in DPCbetaWT islets with
increased levels at high glucose (Figure 35C). DPCbetaKO islets, however, did not increase peIF2α at 25 mM glucose (Figure 35C). This finding suggests that there is minimal unfolded
protein in the ER of DPCbetaKO islets, or that the UPR pathways have reduced functionality.
To further probe UPR activation I treated DPCbetaKO islets with thapsigargin, a SERCA
(sarco/endoplasmic reticulum Ca²⁺ ATPase) inhibitor that causes dysregulation of ER calcium
homeostasis and ER-stress. DPCbetaKO and DPCbetaWT islets had comparable expression of the
canonical UPR mediators Atf4, Atf6, and spliced Xbp1, as well as their respective transcriptional
targets Asns, Pdia4, and Erdj4 (Figure 36). Further UPR markers Trib3, Herpud1, and Grp78
were unaltered in DPCbetaKO mice. Ddit3 (CHOP) was not elevated in DPCbetaKO mice suggesting
no increase in ER-stress associated apoptosis. Collectively, the data suggest that DPCbetaKO islets
do not have elevated ER-stress ex vivo and have functional UPR activation.
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Figure 35: Islets from DPCbetaKO mice have similar levels of ER stress markers to
DPCbetaWT islets.
Islets from 14-week-old male mice were recovered overnight and treated for 72 hours in media
with 5, 15, or 25 mM glucose. (A) DPCbetaKO mice do not display elevated levels of ER-stressassociated transcripts when cultured at low (5 mM), slightly elevated (15 mM), or high (25 mM)
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are representative of duplicate experiments.
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5.2.7

Impairments in beta-cell prohormone processing drive an immature beta-cell

phenotype and increased glucose responsiveness
Analysis of the Pcsk1betaKO islet RNA-seq data in Figure 33 using Cuffdiff revealed
DEGs flagged as outliers in DEseq2. Using Cuffdiff we observed significantly increased
expression of Aldh1a3, a marker of failing or dedifferentiating beta cells360 (Figure 37A). In
agreement with reduced beta-cell maturity, there was also a significant decrease in Mafa and
Foxo1 expression in Pcsk1betaKO islets (Figure 37A). Immunostained pancreas sections from 4.5week-old DPCbetaKO male mice showed abundant ALDH1A3 immunoreactivity in beta cells
(Figure 37D). Quantification of ALDH1A3HI beta cells trended toward an increase from 0.3% of
beta cells in DPCbetaWT to 12% of beta cells in DPCbetaKO male mice (Figure 37B). Pcsk1betaKO
male mice did not display increased beta-cell ALDH1A3 immunoreactivity at 4.5 weeks old
(Figure 37C).
There tended to be fewer beta cells containing high MAFA immunoreactivity in 4.5week-old DPCbetaKO male mice (Figure 38A). Analysis of beta-cell nuclear MAFA intensity
showed a trend toward reduced nuclear MAFA levels in DPCbetaKO male mice (Figure 38B). The
cumulative distribution of nuclear MAFA intensity in beta cells also showed a leftward shift
toward lower MAFA intensities in DPCbetaKO male mice. Control (DMSO-treated) DPCbetaKO
islets (from Figure 36) also had significantly reduced Mafa expression relative to control
DPCbetaWT islets (Figure 38D). The reduced expression of Mafa, a key beta-cell maturity marker
and transcription factor, and the increased expression Aldh1a3, a dedifferentiation and
dysfunction marker, suggest that DPCbetaKO beta cells may have reduced maturity and function.
Using the ratiometric intracellular Ca2+ dye Fura-2, I next investigated the glucoseresponsiveness of Pcsk1betaKO and DPCbetaKO islets by ramping the glucose concentration in islet
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perifusion experiments. Ca2+ influx provides the signal for insulin secretory granule exocytosis in
beta cells. Barring differences in beta-cell Ca2+ sensing or signalling, Ca2+ influx provides a
reasonable marker for beta-cell stimulation and exocytosis activity. Pcsk1betaKO and DPCbetaKO
islets display accelerated glucose-induced calcium influx at 6 mM glucose, and reduced Ca2+
oscillation amplitudes at higher glucose concentrations (Figure 39 A,B). At 15 mM glucose,
Pcsk1betaKO and DPCbetaKO islets lacked oscillations in intracellular Ca2+ and maintained high
intracellular Ca2+ concentrations. When stepped abruptly from 1.67 to 16.7 mM glucose,
DPCbetaKO islets also displayed accelerated Ca2+ influx (Figure 39C). DPCbetaKO islets did not
show altered Ca2+-influx kinetics in response to a depolarizing KCl stimulus (Figure 39C). To
test whether the accelerated phenotype was due to alterations upstream or downstream of KATPchannel closure, I exposed islets to increasing concentrations of the KATP-channel inhibitor
tolbutamide in 3 mM glucose. DPCbetaKO and DPCbetaWT islets had comparable responses to
tolbutamide, suggesting comparable resting membrane potentials and electrical activity (Figure
39D) and that any differences in glucose-stimulated Ca2+-influx lie upstream of the KATP channel
in glucose metabolism or beta-cell potentiation.
Insulin secretion is challenging to assess in Pcsk1betaKO and DPCbetaKO, as ELISAs do not
discriminate between some proinsulin processing intermediates and mature insulin. Mature
insulin ELISAs also do not extensively cross-react with intact proinsulin, necessitating the use of
different ELISAs for DPCbetaKO and DPCbetaWT islets. Thus, strict quantitative comparisons are
not appropriate between processing-deficient and control islets, but kinetic differences can still
be observed in a perifusion experimental design. Pcsk1betaKO islets did not display altered
glucose- or KCl-stimulated (pro)insulin secretion differences in comparison to control mice
(Figure 40A). First- and second-phase insulin secretion content was, qualitatively, not
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diminished in Pcsk1betaKO islets (Figure 40 B,C). Basal insulin release was also not likely
increased in Pcsk1betaKO islets (Figure 40D). DPCbetaKO islets had increased proinsulin secretion
at 9 mM glucose compared to the insulin secretion of DPCbetaWT islets (Figure 40E). Separate
proinsulin and insulin ELISAs were used to analyze the perifusates of DPCbetaKO and DPCbetaWT
islets, making direct quantity comparisons challenging; however, the ratio of AUCs for 9 mM
glucose (20-30 min) / 6 mM glucose (10-20 min) can be used as an approximate measure of foldincrease in secretion. Relative to 6 mM glucose, DPCbetaKO islets had a 36-fold increase in
proinsulin secretion at 9 mM glucose while DPCbetaWT islet displayed a 1.6-fold increase in
insulin secretion (Figure 40F). These data suggest that DPCbetaKO islets have a reduced glucose
threshold for (pro)insulin secretion.
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Figure 37: Beta cells from Pcsk1betaKO and DPCbetaKO mice have increased expression of
Aldh1a3, a marker of beta-cell dysfunction.
(A) Analysis of high-fat diet-fed Pcsk1betaKO mouse islet RNA seq (from Fig. 33) using Cuffdiff
revealed an expression signature of failing beta cells, with significantly elevated Aldh1a3 and
decreased Mafa and Foxo1 expression. Aldh1a3 and Mafa were detected as outliers in DEseq2
due to variable expression and low number of replicates in Pcsk1betaKO islets. (B) Aldh1a3HI beta
cells are more abundant in 4-week-old male DPCbetaKO pancreas sections. (C) Aldh1a3
expression is not increased by 4 weeks of age in the beta cells of Pcsk1betaKO mice. (D) Example
images from quantification in (B). In all islets, including those of comparable size, DPCbetaKO
mice have increased beta-cell expression of Aldh1a3. Scale bars represent 50 µm. n = 3 mice.
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Figure 39: Pcsk1betaKO and DPCbetaKO mice have accelerated glucose-induced calcium
influx.
Intracellular calcium levels of 3-day rested islets were recorded using Fura-2 dye on a perifusion
apparatus. (A,B) Pcsk1betaKO and DPCbetaKO male islets have accelerated calcium influx in
response to 6 mM glucose, and reduced amplitude of calcium oscillations at higher glucose while
ramping glucose concentrations from 3 mM to 15 mM. (C) Male DPCbetaKO islets have
accelerated glucose-induced calcium influx stepping from 1.67 mM to 16.7 mM glucose, and a
slight delay in returning to baseline intracellular calcium upon returning to basal 1.67 mM
glucose. Response times to 30 mM KCl were comparable in DPCbetaKO and DPCbetaWT islets. (D)
DPCbetaKO and DPCbetaWT islets have comparable calcium influx responses to ramping
concentrations of the KATP-channel inhibitor tolbutamide. Islets were perifused with 6 mM
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Figure 40: Deletion of prohormone convertases lowers the glucose threshold for insulin
secretion.
(A) Pcsk1betaKO islets from male mice displayed comparable glucose-stimulated insulin secretion
kinetics when stepped from 1.67 to 16.7 mM glucose, and in response to KCl. (B,C) First and
second phase insulin secretion AUCs are similar for islets from Pcsk1betaKO and Pcsk1betaWT mice.
(D) Basal insulin secretion at 1.67 mM glucose is comparable in Pcsk1betaKO mice. Quantities
should be interpreted qualitatively due to Pcsk1betaKO mice secreting abundant proinsulin and
proinsulin processing intermediates that have unknown cross-reactivity with the insulin ELISA.
(E) DPCbetaKO islets from male mice have a larger secretory response to 9 mM glucose than
DPCbetaWT islets. (F) Quantification of (E). The ratio of 9 mM glucose AUC / 6 mM glucose
AUC is elevated in DPCbetaKO islets. ‘G’ represents “mM glucose” in panels A, D, and E.
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5.2.8

Proteomic characterization of beta cells lacking Pcsk1
To further characterize Pcsk1-deficient beta cells, I generated a Pcsk1flox/flox; Ins1cre/+;

mTmGTg/0 (Pcsk1betaKO) mouse line with Pcsk1+/+; Ins1cre/+; mTmGTg/0 (Pcsk1betaWT) controls.
This allowed for enrichment of recombined GFP+ beta cells by fluorescence-activated cell
sorting and removed contaminating exocrine tissue. Sorted beta cells were analyzed by label-free
shotgun proteomics. Pcsk1betaKO beta cells contained 37 upregulated and 27 downregulated
proteins relative to Pcsk1betaWT beta cells, and PCSK1 was found to be the most downregulated
protein confirming deletion of Pcsk1 in beta cells (Figure 41A). Among the most upregulated
proteins were INS2, confirming the elevated islet (pro)insulin levels observed by western blot,
and ALDH1A3, further suggesting an abundant population of dysfunctional beta cells (Figure
41B). NNT (nicotinamide nucleotide transhydrogenase) was among the most downregulated
proteins (Figure 41 A,C). A pair of Nnt mutations exist in C57BL/6J that result in minimal
translation of a truncated NNT product. Nnt and Pcsk1 are both located on chromosome 13 in
mice and separated by approximately 27 cM. The Pcsk1flox allele was generated on a C57BL/6N
genetic background that contains functional Nnt and were interbred with Ins1cre mice (C57BL/6J
background) for several generations. Therefore, the reduction in NNT is likely due to a linked
NntB6J allele cosegregating with Pcsk1flox, and the NntB6N allele with Pcsk1+, in the majority of
these mice (Figure 41 B,C).
Functional enrichment analysis was performed on significantly upregulated and
downregulated proteins. Upregulated proteins in Pcsk1betaKO were enriched in processes
associated with anterograde transport, translation, and insulin receptor signalling, while
downregulated proteins were enriched in sphingolipid metabolism (Figure 42A). The enrichment
139

pathways associated with insulin or insulin receptor signalling were driven in part by the large
upregulation of INS2. Similarly, the downregulated pathway “Peptide hormone biosynthesis”
was driven in part by the large reduction in PCSK1. Gene set enrichment analysis, which
includes all quantified proteins in the analysis, also highlighted enrichment of anterograde and
retrograde transport processes in Pcsk1betaKO beta cells (Figure 42B). Surprisingly, given the
increased glucose responsiveness of Pcsk1betaKO and DPCbetaKO islets (Figures 39,40), proteins
associated with oxidative phosphorylation were significantly (FDR < 0.05) downregulated in
Pcsk1betaKO beta cells (Figure 42B).
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Figure 41: Proteomics of sorted beta cells from Pcsk1betaKO mice.
Freshly isolated islets from 13-week-old Ins1cre/+; Pcsk1flox/flox; mTmGTg/0 (KO) and Ins1cre/+;
Pcsk1+/+; mTmGTg/0 (WT) male mice were dispersed, FACS sorted for GFP+ beta cells, and
analyzed by label-free shotgun proteomics. (A) Of the 4,766 proteins quantified in Pcsk1betaKO
beta cells, 64 proteins were differentially expressed at an FDR < 0.05. (B,C) Heat maps
displaying individual replicate expressions of the 15 most upregulated and downregulated
proteins by Pcsk1betaKO beta cells.
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5.3

Discussion
The results in this chapter highlight the importance of beta-cell prohormone processing

for proper beta-cell function and glucose homeostasis. Our data support a larger role for PCSK1
in the processing of proinsulin and maintenance of euglycemia. This is largely in agreement with
evidence in human beta cells where reduced PCSK2 expression is found relative to neighbouring
alpha cells289–292. However, Pcsk2 is still involved in the proper function of mouse beta cells. Our
data show Pcsk2 is required for processing of proIAPP in mice. Moreover, Pcsk2 deletion did
modestly elevate proinsulin levels in islet lysates, suggesting that Pcsk2 does play a role in
mouse proinsulin processing, either directly or indirectly within the beta cell. These findings in
proinsulin and proIAPP processing are similar to those previously observed in global Pcsk1- and
Pcsk2-null mice295,299,305,321, and further suggest that Pcsk2 can partially compensate for Pcsk1
absence as the DPCbetaKO mice lack detectable mature insulin.
Reduced islet and pancreatic PCSK1 expression, but not PCSK2 expression, has been
observed in T1D310,311. Functional redundancy via PCSK2 activity may help partially preserve
beta-cell function during diabetogenic stress. However, the elevated processing intermediates
detected in the circulation of individuals with T1D and T2D (proIAPP1-48N and des-31,32
proinsulin) suggest reduced beta-cell PCSK2 activity in diabetes86,274. Other islet endocrine cells
contain abundant PCSK2, and if beta cells express low amounts of PCSK2, it may present a
challenge to detect reduced PCSK2 expression in beta cells specifically. Further, PCSK2 activity
is also modified post-transcriptionally – glycosylation and proper folding of PCSK2 is required
for trafficking to granules358 and the altered beta-cell ER and Golgi361 environments in T1D and
T2D may impair trafficking of PCSK2 to insulin secretory granules. Interestingly, Pcsk2betaKO
islets had similar proinsulin processing impairments to haploinsufficient Pcsk1betaHET islets.
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Although Pcsk1betaHET and Pcsk2betaKO mice were normoglycemic, diabetes susceptibility may be
increased and HFD was an insufficient beta-cell stressor to unmask a glycemic phenotype.
The overall glycemic phenotypes in our beta-cell processing models mirror our
observations in proinsulin processing. It is remarkable that female and young male Pcsk1betaKO
mice have normal fasting blood glucose and glucose tolerance given the degree of proinsulin
processing impairment. With ageing or HFD-induced insulin resistance362, we observed
hyperglycemia and impaired glucose tolerance in Pcsk1betaKO male mice. As only 4/10 HFD-fed
and no chow-fed Pcsk1betaKO male animals developed uncontrolled hyperglycemia, we conclude
that loss of Pcsk1 in beta cells increases the risk of diabetes but alone is insufficient to cause
diabetes. We also did not observe reactive hypoglycemia in Pcsk1betaKO animals monitored up to
4 hours post-glucose injection (data not shown), suggesting non-beta-cell mechanisms may be
involved in the reactive hypoglycemia observed in humans with PCSK1 mutations322. Although
a crude measure of insulin sensitivity, insulin tolerance tests showed minimal insulin sensitivity
differences in Pcsk1betaKO mice. Female Pcsk1betaKO mice had slightly higher insulin sensitivity
than female controls, which may partially explain their ability to remain normoglycemic.
However, male mice did not have altered insulin sensitivity. Fasting plasma insulin
immunoreactivity was approximately 10-fold higher in Pcsk1betaKO mice, and likely represents a
mixture of mature insulin and des-64,65 proinsulin. Given that proinsulin retains approximately
5-10% of insulin’s activity at insulin receptors326,327, there is likely comparable insulin receptor
signaling in Pcsk1betaKO mice due to hyper(pro)insulinemia. This also likely explains the
comparable body weights observed in all processing-deficient models.
The more severe proinsulin processing and hyperglycemic phenotypes of DPCbetaKO mice
highlight that loss of Pcsk2 further worsens Pcsk1 deficiency. Although female DPCbetaKO mice
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were hyperglycemic, they have a remarkably minor phenotype given their complete lack of
mature insulin. Male mice displayed more pronounced and highly variable hyperglycemia
suggesting DPCbetaKO mice may have slow proinsulin secretion and/or proinsulin’s actions on the
insulin receptor are slower than insulin. Our perifusion data in isolated islets show robust
secretion of (pro)insulin in DPCbetaKO and Pcsk1betaKO islets which points toward the delay being
due to proinsulin’s reduced activity at the insulin receptor. The highly variable glycemia and
sluggish proinsulin actions (relative to insulin) point toward extended periods of hyperglycemia
that likely do not return to normal fasting values within a 4 hour fast in DPCbetaKO male mice.
This may also explain why fasting glycemia is not lower in DPCbetaKO mice despite the lowered
glucose threshold for beta-cell secretion – they may never reach glycemic values sufficiently low
for insulin secretion to be inhibited. Thus, there is likely a sustained increased secretory demand
on DPCbetaKO beta cells to which female mice respond better363. The observed increase in
(pro)insulin content by western blot and mass spectrometry in Pcsk1betaKO islets support an
increase in secretory demand and proinsulin biosynthesis in processing-deficient beta cells.
Beta-cell mass was increased as expected in processing-deficient islets. Although area
measurements are used to represent mass, we observed no significant differences in pancreas
mass for the fraction of Pcsk1betaKO mice tested, indicating area is likely representative of mass.
Pcsk1betaKO and DPCbetaKO male mice displayed similarly increased beta-cell mass at 4 and 30
weeks old, with no differences in proliferation rates at 4-4.5 weeks old. This suggests an early
increase in beta-cell mass, either from an expansion of beta-cell progenitors or a rapid expansion
of beta cells postnatally, that is then sustained as mice age. In contrast to the evidence in vivo,
DPCbetaKO beta cells had reduced proliferation in response to glucose ex vivo, likely due to a cellintrinsic mechanism, as co-cultured wild-type islets were not affected. A reduction in beta-cell
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proliferation was also noted in Pcsk1+/N222D and Pcsk1N222D/N222D mouse beta cells, along with
elevated UPR and proteasomal gene sets, but no increase in apoptotic beta cells347. Cell death
was not determined for DPCbetaKO islets but is unlikely to account for the reduced proliferation.
Ddit3 expression was not increased in DPCbetaKO islets cultured in similar conditions, and neither
were most ER-stress markers. We also did not observe ER distension, a hallmark of ER-stress, in
TEM images of Pcsk1betaKO beta cells. However, some markers of ER-stress and cell death were
observed. Txnip expression, which can drive beta-cell apoptosis364, tended to increase in highglucose-cultured DPCbetaKO islets and was upregulated in freshly isolated Pcsk1betaKO islets. In
our proteomics analysis, Pcsk1betaKO beta cells had increased abundance of PDIA4 (protein
disulfide isomerase) and DNAJB11 (Hsp40 member B11; a BiP cofactor) suggesting some
degree of ER stress. Increased abundance of SPNS1 and TMEM102 were also identified which
have been associated with necrotic-like and apoptotic death mechanisms, respectively365,366. Less
canonical death mechanisms may be involved and contributing to the reduced proliferation
observed ex vivo. Increased beta-cell death is unlikely to be observed in vivo, however, given the
increased mass and normal proliferation rates of beta cells in Pcsk1betaKO and DPCbetaKO mice.
Exocrine gene expression presented a challenge for interpreting upregulated gene
expression in Pcsk1betaKO islets. Most of the highly upregulated genes were exocrine-specific,
including many digestive enzymes. Amy2b was found upregulated in Pcsk1betaKO islets, but no
islet amylase protein expression was observed by immunostaining in Pcsk1betaKO pancreas
sections. This suggests that the increased exocrine gene expression is from contaminating periislet exocrine tissue rather than exocrine gene expression in islet cells. Functional enrichment
analysis revealed reduced expression of genes associated with actin cytoskeleton and cell-cell
junctions processes in Pcsk1betaKO islets. Altered cytoskeleton and cell adhesion (cell-cell or cell146

extracellular matrix adhesions) may impact islet isolation and provide an explanation for the
consistent increase in exocrine cell contamination in Pcsk1betaKO islets. Beta-cell cortical
filamentous-actin (F-actin) remodeling and focal adhesion dynamics are also critical to proper
glucose-stimulated insulin secretion367. Vinculin, filamin, and alpha-actinin are all F-actin
binding proteins localized to focal adhesions, and are involved in crosslinking F-actin filaments
and associating F-actin with integrins368–370. The reduced expression of vinculin, filamin, and
alpha-actinin in Pcsk1betaKO islets suggests destabilized or reduced focal adhesions in beta cells,
and potentially a reduced capacity for exocytosis. However, a defect in second phase insulin
secretion, in which F-actin remodelling is critical for the sustained recruitment of new insulin
granules to the plasma membrane370, was not observed in Pcsk1betaKO islets. Upon considering
the reduced affinity of insulin ELISAs for the proinsulin products in Pcsk1betaKO beta cells, there
is likely enhanced exocytosis in Pcsk1betaKO beta cells. As a key step in insulin exocytosis, and
with differential expression of associated genes in Pcsk1betaKO islets detected by RNA
sequencing, regulation of the F-actin cytoskeleton and focal adhesion dynamics in Pcsk1betaKO
beta cells should be confirmed and further explored. This may provide novel cytoskeletal
adaptive mechanisms employed by beta cells in response to deficient prohormone processing.
Additional downregulated genes include those involved in cholesterol biosynthesis
pathways. Cholesterol homeostasis is key in secretory granule biogenesis and is thought to assist
in forming negative membrane curvature in the inner leaflet of the vesicle membrane. Depletion
of cholesterol inhibits formation of secretory vesicles371 while accumulation of cholesterol in
beta cells impairs insulin exocytosis372. As increased granule biogenesis and exocytosis are
suspected in Pcsk1betaKO beta cells, the reduced expression of genes involved in cholesterol
biosynthesis is surprising. Cholesterol production is regulated via the activation of SREBP
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transcription factors in response to low cholesterol, and biosynthesis may be low due to elevated
cholesterol in Pcsk1betaKO islets. Measurement of islet cholesterol content would provide further
insight into the reduced expression of genes involved in cholesterol biosynthesis.
Generating a Pcsk1betaKO mouse with the additional Cre-recombinase reporter transgene
mTmG allowed for FACS enrichment of recombined Pcsk1betaKO beta cells and improved
detection of upregulated genes. Increased abundance of INS2 protein, which is more abundant
than INS1 in mouse beta cells, along with increased proteins associated with trafficking
pathways further suggests increased secretory granule biogenesis in Pcsk1betaKO beta cells. The
increase in INS2 is unlikely to be accounted for by impaired secretion given we observed no loss
of insulin secretion in perifused isolated islets. Thus, translation or degradation of (pro)insulin
must be altered in Pcsk1betaKO mice. Further investigation into proinsulin translation by pulsechase, as well as autophagic and proteasomal flux, could uncover the cause of elevated
(pro)insulin in Pcsk1betaKO beta cells, and may provide insight into adaptive mechanisms used by
beta cells with impaired processing.
The dedifferentiated phenotype of DPCbetaKO and Pcsk1betaKO islets presents a possible
mechanism through which processing impairment may negatively impact beta-cell function and
mass. Dedifferentiation of beta cells has been observed in T2D373–375 and may lead to insulinpositive islet cells with reduced functionality. The evidence in this chapter points to an immature
phenotype of DPCbetaKO and Pcsk1betaKO beta cells; it is not known if these processing-deficient
beta cells dedifferentiate or fail to fully mature. The normoglycemia observed in 5-week-old
female DPCbetaKO and young Pcsk1betaKO mice suggest appropriate beta-cell differentiation occurs
during islet development. Elevated ALDH1A3 is detected in dedifferentiated and failing mouse
and human T2D beta cells360,373, but is not abundantly expressed in the developing mouse
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pancreas as shown in recent single-cell RNA sequencing studies376. The early normoglycemia
along with Aldh1a3 expression suggest that dedifferentiation rather than reduced maturation
occurs in processing-deficient islets. Further analyses in embryonic and perinatal pancreases will
be required to determine if Pcsk1 loss from insulin+ cells influences islet development.
Pcsk1betaKO and DPCbetaKO islets also display reduced Mafa expression, a key transcription
factor for beta-cell identity and function377,378. Reduced Foxo1 expression was also observed,
which has been shown to drive beta-cell dedifferentiation and dysfunction379. However, no
reductions in other key beta-cell identify genes were observed, including Pdx1, Nkx6.1, Nkx2.2,
Neurod1, Pax6, Foxa2, Ucn3, Isl1, or Gck375. There was also no increase in the immaturity
markers Neurog3, Mafb, Fev, Ghrl, or Npy, and no increased expression of disallowed genes
such as Ldha, Cat, or hexokinases I, II, or III 375. The lowered glucose threshold for beta-cell
excitability and insulin secretion in Pcsk1betaKO and DPCbetaKO islets is similar to neonatal
islets380, in support of an immature beta-cell phenotype.
Proliferating beta cells are also associated with an immature beta-cell phenotype381.
Despite increases in beta-cell mass, we observed no difference in beta-cell proliferation in vivo
at 4.5 weeks of age and reduced maturity in Pcsk1betaKO and DPCbetaKO beta cells. We did not
assess beta-cell proliferation at 13-14 weeks old when transcriptomics and proteomics was
performed, but proliferation is unlikely to be changed at this age as the beta-cell mass increase
occurs prior to 4.5 weeks old and does not further increase by 30 weeks old. Foxo family
members and MAFA were not detected in our proteomics analysis, but MAFA nuclear intensity
trended downward in 4.5-week-old DPCbetaKO beta cells. The mechanism for reduced Mafa
expression is unclear, but may involve the observed reduction in Foxo1 expression which
positively regulates Mafa382. In sum, the evidence in processing-deficient beta cells suggests an
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immature-like beta-cell phenotype that includes a reduced glucose threshold for excitability,
increased Aldh1a3 expression, and reduced Mafa expression.
The accelerated glucose-induced calcium influx and lowered glucose threshold for
(pro)insulin exocytosis in processing-deficient islets was a consistently observed phenotype. The
lack of kinetic differences and comparable amplitudes in response to 30 mM KCl and the KATP
channel inhibitor tolbutamide suggest that the acceleration lies upstream of KATP channel closure
in the glucose-sensing pathway of beta cells. KATP channel closure occurs in response to elevated
ATP/ADP ratios in beta cells, and glucose uptake and metabolism is a major driver of increasing
the cytosolic ATP/ADP ratio36. Glucose uptake is unlikely to accelerate beta-cell excitation to
the extent observed in processing-deficient islets, as glucose uptake is not rate-limiting in betacell glucose-sensing36 and intracellular glucose reaches 90% of extracellular glucose
concentrations within 60 seconds in dispersed rat islets383. Accelerated glucose metabolism is
also unlikely in processing-deficient beta cells, as we detected reduced abundance of proteins
involved in oxidative phosphorylation in the Pcsk1betaKO beta-cell proteome. However, these
measures are a static snapshot of a dynamic process. ATP synthesis rates in response to glucose
should be measured in processing-deficient islets given the conflicting evidence between our
beta-cell proteomics and activation data.
Altered paracrine actions may also partially explain the lower glucose setpoint for
DPCbetaKO Ca2+-influx and insulin secretion. Beta cells dominate the islet in DPCbetaKO islets,
resulting in a reduced ratio of alpha/beta cells. Although delta cells were not assessed, the ratio
of delta/beta cells is also likely to be decreased in DPCbetaKO islets given the expansion of beta
cells, and somatostatin secreted by delta cells can hyperpolarize beta cells384. Somatostatin can
further reduce exocytosis in depolarized beta cells384,385, suggesting somatostatin reduces insulin
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secretion by mechanisms beyond only beta-cell hyperpolarization. Reduced somatostatin
signaling, via a reduction in the delta/beta cell ratio, could partially be driving the elevated
insulin secretion at lower glucose thresholds in DPCbetaKO islets. We did not, however, observe
differences in islet Sst expression in our RNA sequencing data of Pcsk1betaKO islets, and the
accelerated glucose-induced insulin secretion in DPCbetaKO mice remains largely unexplained.
Future experiments to determine the ATP synthesis rate and resting membrane potential may
provide further evidence as to the origin of the increased glucose sensing and lowered exocytosis
threshold.
Collectively, our data in processing-deficient mice suggest that loss of beta-cell
prohormone processing increases diabetes susceptibility, but alone may be insufficient to cause
diabetes. Our data suggest that beta-cell Pcsk1 has a larger role than Pcsk2 in proinsulin
processing and glycemic regulation, but that Pcsk2 is still required in mouse beta cells for
processing of other secretory granule propeptides, specifically proIAPP. The normal body weight
in these models also suggest that beta-cell processing errors do not drive diabetes-associated
obesity. Female mice are more resistant to beta-cell processing error-induced hyperglycemia,
which may provide islet or peripheral adaptive mechanisms that could benefit humans with T1D
or T2D. Beta-cell mass is increased in our processing-deficient models, suggesting a deficit in
beta-cell mass and/or function early in life that is compensated for via beta-cell expansion. We
did not observe insulin secretion deficits in processing-deficient islets, but an immature
phenotype of excitability at lower glucose concentrations, expression of a beta-cell dysfunction
marker Aldh1a3, and reduced expression of a key beta-cell transcription factor Mafa. Proteomics
analysis revealed increased insulin content and upregulated trafficking processes in Pcsk1betaKO
islets, including many proteins with currently undefined roles in beta cells that may provide
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beneficial compensatory mechanisms to preserve beta-cell function under high protein
biosynthesis stress. Further work in processing-deficient beta cells will be required to understand
the mechanisms leading to reduced proliferative capacity despite increased mass, and reduced
maturity concurrent with increased (pro)insulin secretion. These mechanisms may provide
avenues to restore or preserve beta cells under secretory stress.
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Chapter 6: Pcsk1 deficiency in beta cells increases islet amyloid deposition in
human IAPP-transgenic mice
6.1

Introduction
Islet amyloid deposition is among the most observable histopathological changes in T2D

islets. IAPP was discovered to be the major constituent of pancreatic amyloid plaques in
1986211,386, after initially being described over a century ago from autopsies of individuals with
diabetes387,388. The largest cohort of pancreases analyzed to date are from T2D (n=235) and nondiabetic (n=533) donors in China, where islet amyloid was found in 40% of T2D pancreases and
only 3% of non-diabetic pancreases88. In T2D patients, amyloid severity was significantly
associated with BMI and HbA1C but not fasting glycemia or diabetes duration88. Although
amyloid severity (islet amyloid area) and prevalence (frequency of islets with amyloid) are
highly heterogenous in T2D, extensive islet amyloid is associated with reduced beta-cell mass
and worsening hyperglycemia389.
The association between T1D and amyloid is less clear and understudied relative to T2D.
It was previously assumed there was minimal amyloid in T1D given the reduction in beta cells,
and therefore IAPP secretion, during pathogenesis. Recently in 2017, Westermark et al.91
reported islet amyloid in 2/6 recent onset (3-9 weeks) T1D pancreas tail biopsies from the DiViD
study. In 2019 Beery et al.92 reported islet amyloid in three T1D cases (0-2 years from diagnosis)
in the nPOD biobank with no amyloid in non-diabetic matched controls, and Kahn et al.390
reported islet amyloid in a T1D case with a similar deposition pattern to T2D amyloid. These
studies reported similar extents of amyloidosis at far less than T2D, with approximately 0-10%
prevalence and 0-40% severity in each, and the total amount of amyloid at less than 0.05% of
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pancreatic area. Interestingly, islets containing amyloid were found to be scattered throughout
the pancreas in some cases, while confined to particular lobules in others, suggesting potential
differences in mechanisms of amyloidogenesis. The age ranges studied varied from 16-35 yearsold, and it remains unknown if islet amyloid is present during the pathogenesis of T1D in
younger individuals. The growth of recent T1D biobanks has improved access and facilitated
these observations. More robust quantifications of amyloid in T1D will be sure to follow, as
amyloid can drive islet inflammation391–393 and may be contributing to T1D pathogenesis in a
subset of individuals.
IAPP monomers largely adapt a random coil formation with minimal secondary structure.
In amyloid plaques, IAPP adopts a highly structured beta-sheet confirmation that gives rise to
amyloid fibrils. Although the mechanisms causing transition from random coil to fibril remain
unclear, kinetic and structural analyses of IAPP fibrillogenesis have provided insight213. IAPP
first forms oligomers in an energetically unfavourable process that involves exposure of
hydrophobic residues and sufficient time. During oligomerization, IAPP has been found to adopt
alpha-helical secondary structures, and interactions of monomers and oligomers with biological
membranes may stabilize the exposed hydrophobic residues394. Once oligomers are formed,
fibrils extend rapidly until a steady state fibril length is reached. This results in a sigmoidalshaped amyloid formation curve relative to time with three distinct phases: (i) a prolonged “lag
phase” leading to the formation of oligomers; (ii) a rapid fibril “elongation” phase in which
fibrils grow exponentially; and (iii) a “plateau” phase in which there is no net increase in fibrils
or fibril lengths.
Oligomers are thought to drive the majority of cytotoxicity, and cause membrane damage
during fibril elongation395. Preformed mature IAPP fibrils induce minimal cell death and
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membrane alterations on beta cells, whereas freshly dissolved hIAPP that transitions through lag
and elongation phases causes large reductions in cell viability396,397. Beta cells may also be more
prone to IAPP-aggregate-induced cell death than other cell types – hIAPP induces more cell
death in INS-1 cells than GH3 (pituitary) cells298 and TEM images of human islets show that
IAPP fibrils create membrane invaginations on beta cells but do not disrupt neighbouring nonbeta endocrine cell membranes213. Treatment of freshly dissolved IAPP, but not preformed IAPP
fibrils, increases the conductance of planar lipid bilayers and suggests membrane disruption397.
This was also found in the MIN6 beta-cell line, where exogenous hIAPP increased intracellular
Ca2+ and apoptosis following fibril formation, which was partially rescued by siRNA-mediated
knockdown of the mechanosensitive Trpv4 cation channel398.
Although mature fibrils are the robustly detectable form of IAPP aggregates in the islets
of individuals with T2D, they have been found to be a relatively inert conformation of IAPP
aggregates396. A significant challenge in diabetes and other amyloid pathologies is detection of
the cytotoxic and short-lived oligomers. Conformational antibodies have detected putative IAPP
oligomers and continue to improve, but detection remains challenging in biological samples due
to questionable cross-reactivity and challenging tissue preparation and staining techniques399.
Nonetheless, amyloid fibrils in situ originate from oligomers and can be readily detected
histologically as they remain in tissues. This results in challenging interpretations of amyloid
burden, where an increased abundance of mature fibrils can mark either ongoing oligomerization
and cell death, or prior oligomer-induced cell death with residual fibrils. This has also created a
challenge to model and characterize the conditions under which amyloid forms in vivo, as
investigators are unable to unequivocally determine if oligomerization is occurring. However,
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retrospective analyses can still be informative in deciphering the conditions which may have
driven oligomer and amyloid formation.
Much of our knowledge on the formation and effects of amyloid has come from tissue
culture of human islets or animal models. Several animal models exist to study islet amyloid in
vivo. The amino acid sequence of IAPP is highly conserved between humans and non-human
primates400, who also develop spontaneous islet amyloid. Serial longitudinal sampling in the
pancreatic tails of Macaca nigra animals as they transitioned from non-diabetic to borderlinediabetic and diabetic revealed increasing islet amyloid in each animal as glucose clearance and
insulin secretion declined and glycemia increased401. Transplantation of human islets to mice can
also provide another model for amyloid formation402, and amyloid is associated with islet graft
failure96. This has also been observed clinically in transplanted islets, performed as a therapy for
T1D, where human cadaveric donor islets are infused into the hepatic portal vein. Recovery of
transplanted islets or histology in the liver grafts upon autopsy have revealed amyloid in
transplanted islets ranging from 5-40% prevalence403,404. The increased prevalence is likely due
to acceleration of amyloid formation due to transplant-associated islet stress. Transplantation of
macro-encapsulated human stem-cell derived beta-like cells into mice also resulted in the
development of amyloid404.
Rodents do not develop islet amyloid, which is due primarily to three proline residue
substitutions from hIAPP (A25, S28, and S29 in hIAPP). Several early mouse models expressing
transgenic hIAPP failed to develop islet amyloid using the following promoters and mouse
backgrounds: (i) rat Ins2 promoter, C57BL/6J405; (ii) rat Ins2 promoter, C57BL/6 x DBA2
hybrid406; (iii) rat Ins1 promoter, FVB/N407; (iv) human INS promoter, C57BL/6J408. This was
despite confirmed expression by northern blots, HPLC, IHC, and approximately 5-fold elevated
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plasma IAPP immunoreactivity. However, intragranular fibrils were observed by TEM in two of
the models408,409. In 1996, islet amyloid and hyperglycemia were eventually observed in
approximately 80% of aged male mice hemizygous for a rat Ins2-hIAPP transgene (hIAPPTg/0)
on a C57BL/6 x DBA2 hybrid background when fed a higher fat diet410, and in younger male
mice homozygous for a rat Ins2-hIAPP transgene on a FVB/N background strain142.
Homozygous RIPHAT (Rat Ins2 Promoter Human IAPP Transgenic) males developed
diabetes with loss of circulating insulin and uncontrollable fasting hyperglycemia beginning
around 8 weeks of age. A fraction of RIPHAT males did not survive past 16 weeks old, while
only 20% of female mice developed mild hyperglycemia by 30 weeks old142. Similarly, only 1/9
female hIAPPTg/0 mice developed islet amyloid410. Islet secretory stress in mice with
experimentally induced insulin resistance drove hyperglycemia and islet amyloid in hemizygous
RIPHAT mice141. In another beta-cell stress model, male mice with heterozygous RIPHAT and
agouti viable yellow expression (RIPHATTg/0; Avy/A) developed amyloid and more severe
hyperglycemia than animals with only agouti viable yellow or RIPHAT expression411. Insulin
resistance and hyperinsulinemia due to leptin deficiency (Lepob/ob) was also able to induce
amyloid and further hyperglycemia in an hIAPPTg/0 model that previously lacked extracellular
amyloid deposition405,412. High-fat diet also induces insulin resistance in mice 362, and increasing
fat content beyond the 9% fat diet used by Verchere et al.410 further increased islet amyloid and
reduced insulin secretion in hIAPPTg/0 male mice413. Improving insulin sensitivity and reducing
beta-cell secretory stress with metformin or rosiglitazone in hIAPPTg/0 mice also reduces islet
amyloid414. More recently, two strains of hIAPP knock-in mice were created with wild-type
hIAPP and hIAPPS20G sequences415. Although hIAPP knock-in male mice on chow or HFD
developed mildly impaired glucose tolerance, no amyloid was detected after 15 months of high
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fat diet. The hIAPP knock-in mice have endogenous levels of IAPP rather than the 2-5 fold
increase observed in hIAPPTg/0 mice142,407. Cumulatively, the evidence in hIAPP mouse models
suggest that amyloid and hyperglycemia form slowly under increased secretory stress conditions
similar to T2D, proving this a useful model for studying amyloid formation.
Mouse hIAPPTg/0 islets, human islets, and cell lines have proven useful for characterizing
conditions that lead to islet amyloid formation and dissecting mechanisms of amyloid-induced
beta-cell dysfunction. Human and hIAPPTg/0 mouse islets cultured ex vivo naturally develop
amyloid that can be reduced with amyloid inhibitors or via siRNA targeting IAPP, which reduce
death and improve GSIS after 10 days in culture416,417. This parallels observations in mice where
hIAPPTg/Tg mice develop more amyloid relative to hemizygous animals142, and suggests that the
abundance of hIAPP contributes to its amyloidogenicity and ability to induce dysfunction. Beta
cells in hIAPPTg/0, but not control mice overexpressing rIAPP, have also been shown to have
increased markers of UPR activation and apoptosis along with a buildup of polyubiquinated
proteins, suggesting unresolved ER-stress and deficient proteasomal activity418. However, ER
stress may be a brief and transient phenotype, as UPR activation has also been shown to not
occur in hIAPPTg/0 mice during the development of amyloid419. Despite minimal ER stress,
protein disulfide isomerase (PDI) has been shown to interact with IAPP in human islets, and
overexpression of PDI reduces beta-cell death and improves beta-cell function in hIAPPTg/0 islets
despite no change in amyloid severity420. Thus, it remains unclear to what extent ER stress may
be involved in amyloid formation in human islets, but the abundance of hIAPP is closely
associated with amyloid formation.
IAPP aggregates activate islet macrophages via TLR2-MyD88 signalling and NLRP3
inflammasome activation that results in the secretion of abundant interleukin 1 beta (IL-1
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beta)391–393,421. Proinflammatory cytokines including IL-1 beta are elevated in T2D islets and can
drive beta-cell dysfunction and amyloid formation in vitro422. This creates a detrimental positive
feedback loop in which IAPP aggregation increases local IL-1 beta release, driving further IAPP
aggregation. Interestingly, depletion of islet macrophages improves glucose tolerance and
reduces islet inflammation despite increasing islet amyloid in hIAPPTg/0 mice393, likely due to
loss of amyloid phagocytosis by macrophages423. Macrophage depletion also results in reduced
IL1-beta production, beta-cell death, and improves islet GSIS and glucose tolerance in hIAPPTg/0
mice393. Impaired glucose tolerance and elevated plasma proinsulin:insulin ratios are also
observed in hIAPPTg/0 mice, and are improved with subcutaneous delivery of an IL-1 receptor
antagonist424. Therefore, islet inflammation mediated by macrophages is a major mechanism for
IAPP aggregate-induced beta-cell dysfunction.
Additional metabolic perturbations associated with T2D have been shown to alter islet
amyloid formation. Culturing hIAPPTg/0 islets in the presence of excess free fatty acids (FFAs)
initiates amyloid formation425. Excessive beta-cell cholesterol accumulation from either
cholesterol loading in cultured islets or via deletion of the cholesterol transporter Abcc8 in
hIAPPTg/0 mice leads to increased islet amyloid deposition426. Both FFAs and cholesterol may
increase amyloidogenesis through alterations in beta-cell membrane composition, which could
facilitate IAPP-membrane interactions and increase IAPP oligomerization427. Changes in the cell
surface and extracellular matrix (ECM) may also facilitate amyloid deposition. Heparan sulfate
proteoglycans (HSPGs) are abundant at the beta-cell surface and in the islet ECM, and are
incorporated into amyloid deposits with IAPP fibrils428. HPSGs have been shown to bind IAPP
and facilitate fibrillogenesis in cell-free assays429,430, and heparinase reduces amyloid formation
and apoptosis in cultured human islets431. In particular, heparin sulfate side chains on a perlecan
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core have been shown to interact with IAPP, and expression of mutant perlecan lacking heparan
sulfate side chains in hIAPPTg/0 mice reduces islet amyloid formation432.
Reduced proIAPP processing activity also occurs T1D and T2D and is associated with
similar timing in the pathologies as amyloid deposition and functional beta-cell decline. This has,
in part, led to the hypothesis that reduced proIAPP processing may increase islet amyloid
deposition. Another implication for proIAPP in fibrillogenesis is immunoreactivity toward the Nand C-terminal propeptides of IAPP in hIAPPTg/0 and human islets, both in amyloid deposits by
immunofluorescence microscopy and in IAPP fibrils by immunogold labelling and TEM
imaging433–435. In cell-free assays, proIAPP and processing intermediates have been consistently
found to display longer lag times and slower aggregation kinetics, particularly intact proIAPP436–
439

. Oxidation and amidation of proIAPP also increase amyloidogenicity, and the aggregation

kinetics of (pro)IAPP peptides were found to be: fastest IAPPmature > proIAPP1-48 > proIAPP12-51
> proIAPP12-67 > proIAPP1-67 (proIAPP residue numbering in subscript), where full-length
proIAPP1-67 had very low fibril-forming potential437. Despite slow aggregation kinetics,
proIAPP1-48 and proIAPP have been shown to insert into membranes and induce vesicle leakage
in cell-free assays438. ProIAPP peptides have also been shown to inhibit (i.e., increase lag time)
the aggregation of mature IAPP438. A truncated peptide spanning N-terminal proIAPP and part of
mature IAPP (proIAPP1-30) interacts with heparin and heparin sulfate, and weakly with
chondroitin sulfate430. Fibril nucleation and rapid proIAPP1-48 fibrillization has also been
demonstrated in the presence of heparin sulfate and chondroitin sulfate, but this also occurred for
mature IAPP suggesting it is not specific to the N-terminal propeptide of IAPP429.
Although cell-free assays have greatly aided our understanding of IAPP aggregation, the
kinetics of oligomerization and fibril formation are highly dependent on the environment. This is
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highlighted by aggregation in the presence of lipid vesicles, where increased anionic lipid
content can significantly accelerate fibril formation440. Given the highly complex and dynamic
composition of biological membranes, studying amyloid formation in biological systems is
critical to understanding the conditions leading to amyloid formation. Further, altered
aggregation kinetics can be challenging to understand, as a prolonged lag phase could represent
increased time in which cytotoxic oligomers are present. Biological systems allow for
measurement of cellular outcomes during the lag phase, with the caveat that we cannot easily
confirm the presence of oligomers. Consideration of both cell-free data and biological data
provides a better understanding of amyloidogenesis.
Most evidence of proIAPP processing errors and aggregation point toward a defect in
PCSK2 activity. Studies of preproIAPP expression in cell lines with both PCSK1 and PCSK2
(Beta-TC6), only PCSK2 (GH3), only PCSK1 (AtT-20), and neither PCSK1 nor PCSK2
(GH4C1) found that cells lacking PCSK2 have increased proIAPP abundance and intracellular
amyloid441. In contrast, PCSK1-deficient cells developed no amyloid. Additionally, cotransfection of GH3 cells with Pcsk2 and human IAPP improves viability relative to human
IAPP transfection alone298. Islets from Pcsk2-null hIAPPTg/0 mice also displayed elevated
amyloid and apoptosis in culture over 10 days relative to Pcsk2 wild-type hIAPPTg/0 animals298.
Further, Pcsk2-null hIAPPTg/0 islets displayed early graft failure relative to hIAPPTg/0 or Pcsk2null grafts in mouse islet transplants442. Cumulatively, there is significant evidence implicating
PCSK2-mediated proIAPP processing errors in amyloid formation in mouse and cell models.
PCSK1-mediated processing errors have been less characterized in human IAPP
aggregation. Although Pcsk1 loss has a lesser impact on proIAPP processing (Chapter 5, Figure
19B), and intact proIAPP has reduced amyloidogenicity in cell-free systems, it is reasonable to
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speculate that Pcsk1 deficiency in beta cells may alter amyloid formation. Insulin has been
shown to inhibit IAPP aggregation in cell-free assays, while proinsulin inhibits to a much lesser
extent443,444, and we and others have shown significant impairments in proinsulin processing
(Figures 18, 19) and altered insulin secretory granule morphology in mice lacking beta-cell
Pcsk1 (Figure 26). In the previous chapter, proteomics and RNA sequencing data in Pcsk1betaKO
beta cells and islets suggest altered trafficking and cholesterol biosynthesis which may also
indirectly affect IAPP aggregation as mentioned above.
The aim of this chapter is to characterize the impact of beta-cell Pcsk1 deficiency on
IAPP aggregation. Recent evidence suggests that PCSK1 is the predominant PCSK in human
beta cells289. PCSK1, but not PCSK2, has also been found reduced in islets and pancreas extracts
of individuals with T1D310,311. Given these recent studies, we hypothesize that PCSK1 deficiency
may drive increased islet amyloid formation. To investigate the effect of PCSK1-deficiency on
human IAPP aggregation and islet function, we crossed Pcsk1betaKO mice with hIAPPTg/0 mice
and analyzed glycemic regulation and islet amyloid deposition.
6.2
6.2.1

Results
Loss of Pcsk1 in beta cells does not increase glycemia in hIAPPTg/0 mice
Mouse IAPP does not form amyloid under physiological conditions. To study the effect

of beta-cell PCSK1 deficiency on IAPP aggregation, we generated a mouse model with beta-cellspecific Pcsk1 deletion and human IAPP expression. Human proIAPP transgenic mice
(hIAPPTg/0) (FVB/N background) were bred with Ins1cre/+ Pcsk1flox/flox mice (B6J/N hybrid
background), and backcrossed to Pcsk1flox/flox animals. All mice studied were F3 descendants
(87.5% B6J/N; 12.5% FVB/N). No significant body weight differences were detected up to 31
weeks old in any genotype (Figure 43 A,B). In hIAPPTg/0 males, Pcsk1betaKO mice trended toward
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reduced body weight (Figure 43A). Pcsk1betaKO male mice also showed trends toward elevated
fasting glycemia relative to Pcsk1betaWT controls, with the effect of Pcsk1 deletion similar in both
hIAPPTg/0 and hIAPP0/0 mice (Figure 43C), suggesting that the effect of beta-cell Pcsk1 loss on
fasting glycemia is comparable regardless of hIAPP expression. Interestingly, one Pcsk1betaKO
hIAPPTg/0 male mouse developed uncontrolled fasting hyperglycemia at 25 weeks old. However,
the remaining 10 mice of the same genotype did not. Female Pcsk1betaKO mice were not
hyperglycemic relative to Pcsk1betaWT controls (Figure 43D). In both sexes expression of hIAPP
resulted in elevated fasting glycemia regardless of beta-cell Pcsk1 status.
Glucose tolerance was similarly unaltered in mice lacking beta-cell Pcsk1 (Figure 44).
There was a transient trend toward hyperglycemia at 12 weeks old in hIAPPTg/0 male mice
lacking beta-cell Pcsk1, but this diminished with age (Figure 44A-C). In both sexes there was a
comparable effect of hIAPP expression in both Pcsk1betaKO and Pcsk1betaWT mice, with significant
hIAPP-induced impairments in glucose tolerance by 28 weeks old. In summary, Pcsk1 deletion
in beta cells has minimal impact on fasting glycemia or glucose tolerance in male and female
mice on a mixed B6JN/FVBN background, while hIAPP expression increases fasting glycemia
and impairs glucose tolerance in both sexes. Further, beta-cell Pcsk1 loss and hIAPP expression
have no significant effect on body weight.
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Figure 44: Loss of beta-cell Pcsk1 does not worsen hIAPP-induced impairments in glucose
tolerance.
Mice were fasted for 6 h prior to intraperitoneal glucose tolerance tests (GTT) at the ages
indicated. Glucose dose varied by age and sex. (A-C) Male Pcsk1betaKO hIAPPTg/0 mice do not
have impaired glucose tolerance relative to Pcsk1betaWT hIAPPTg/0 controls. (D-F) Female
Pcsk1betaKO mice have normal glucose tolerance relative to Pcsk1betaWT controls in both hIAPPTg/0
and hIAPP0/0 mice. hIAPPTg/0 mice display impaired glucose tolerance relative to hIAPP0/0
controls in both sexes, regardless of beta-cell Pcsk1 genotype. n = 10-15 male, 15-16 female
mice.
6.2.2

Islet amyloid is increased in hIAPPTg/0 mice lacking beta-cell PCSK1 activity
Pancreases were collected from mice at the study endpoint (31 weeks old, apart from one

hyperglycemic Pcsk1betaKO hIAPPTg/0 male mouse at 25 weeks old) and analyzed for amyloid.
Loss of Pcsk1 in beta cells increased amyloid prevalence (% amyloid+ islets) and severity
(amyloid area as a percentage of insulin+ area) in hIAPPTg/0 male animals. Although prevalence
was over 20% in Pcsk1betaWT hIAPPTg/0 animals, median severity was extremely low at less than
1% – significantly lower than the 8% median severity observed in Pcsk1betaKO hIAPPTg/0 mice
(Figure 45 A-C). Amyloid deposits were often found at the interface of beta cells and structures
resembling capillaries (Figure 45A), although this was not confirmed with an endothelial cell
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stain. Increased islet amyloid deposition in Pcsk1betaKO hIAPPTg/0 mice was particularly evident
in larger islets (Figure 45D). Analysis of islet sizes showed that Pcsk1betaKO hIAPPTg/0 islets were
not significantly larger than Pcsk1betaWT hIAPPTg/0 islets (Figure 45E), indicating that altered islet
size is not responsible for increased amyloid in Pcsk1betaKO hIAPPTg/0 mice. Despite minimal
amyloid severity in Pcsk1betaWT hIAPPTg/0 mice, there was a weak non-significant positive
correlation of amyloid severity with fasting glycemia, whereas a stronger correlation was
observed in Pcsk1betaKO hIAPPTg/0 mice (Figure 45F). Islet amyloid severity and prevalence were
well correlated for both genotypes, but increased amyloid severity is observed at a lower
prevalence in Pcsk1betaKO hIAPPTg/0 mice, suggesting that amyloid deposits expand more rapidly
once seeded in Pcsk1betaKO hIAPPTg/0 mice (Figure 45G).
Female hIAPPTg/0 mice developed very little amyloid as described by others (Figure 46A,
top panels). However, beta-cell Pcsk1 deficiency was sufficient to drive an increase in islet
amyloid prevalence and severity even in female mice (Figure 46 B,C), and islets with substantial
amyloid were more frequent in Pcsk1betaKO hIAPPTg/0 female mice than in Pcsk1betaWT hIAPPTg/0
female mice (Figure 46A, bottom panels). Similar to male mice, increased amyloid severity was
more pronounced in larger islets (Figure 46D), while islet sizes were comparable in both
genotypes (Figure 46E). Islet amyloid severity was only correlated with fasting glycemia in
Pcsk1betaKO hIAPPTg/0 mice (Figure 46F), and both genotypes displayed strong and similar
correlations between islet amyloid severity and prevalence (Figure 46G). Although the islet
amyloid severity and prevalence is low in hIAPPTg/0 female mice, the lack of amyloid detected in
hIAPP0/0 mice suggests this is unlikely to be an experimental artefact (Figure 46 B,C). In
summary, male and female mice lacking Pcsk1 activity in beta cells display increased islet
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amyloid, both in the number of islets affected with amyloid and in the total abundance of
amyloid.
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Figure 45: Male hIAPPTg/0 mice lacking beta-cell Pcsk1 have increased islet amyloid.
Mice were euthanized at 31 weeks of age (25 weeks old for one Pcsk1betaKO hIAPPTg/0 mouse)
and pancreas sections analyzed for amyloid by Thioflavin S and insulin by
immunohistochemistry. (A) Images representative of median amyloid severity are shown for
each genotype. (B,C) Deletion of Pcsk1 in beta cells increases islet amyloid prevalence and
severity in hIAPPTg/0 mice. (D) Islets were binned in quartiles by insulin+ area, and amyloid
severity was calculated for each animal using islets in each quartile. Loss of beta-cell Pcsk1
induces greater amyloid deposition in larger islets. (E) Violin plots of islet insulin+ areas
analyzed. Pcsk1betaKO hIAPPTg/0 islet size is slightly reduced compared to Pcsk1betaWT hIAPPTg/0
islet size. (F) Amyloid severity approached a significant correlation with fasting glycemia in
hIAPPTg/0 mice lacking Pcsk1 in beta cells but not in mice with beta-cell PCSK1 activity. (G)
Amyloid severity and prevalence were correlated in both genotypes, but Pcsk1betaKO hIAPPTg/0
mice had a significantly steeper slope. Mann-Whitney tests were performed due to nonparametric data. Data is presented as median ± IQR. Scale bars represent 50 µm.
168

Insulin Amyloid

0.0002

0.0002

30
20
10
0

4
Amyloid severity (%)

40

1.0

0.5

0.0

Pcsk1beta: WT KO WT KO
hIAPP:

0.09

8

Amyloid severity
(% ThioS+ /ins+ area)

Amyloid prevalence
(% ThioS+ islets)

50

Tg/0

0.05

0.01

hIAPPTg/0 Pcsk1flox/flox
Ins1+/+
Ins1cre/+

1.5
1.0
0.5
0.0

Pcsk1beta: WT KO WT KO

0/0

0.01

10
6
2
2.0

hIAPP:

Tg/0

1

2

3

4

Islet size (Ins+ area quartile)

0/0

8

50
40
30
20
10
0

Ins1: +/+

cre/+

Pcsk1flox/flox
hIAPPTg/0

8

Amyloid severity (%)

Amyloid severity (%)

Ins+ area per islet
(x103 pixels)

ns
200
100

6
4
r = 0.6345

2

r = -0.1555

0
6

8

10

Fasting glycemia (mM)

12

hIAPPTg/0 Pcsk1flox/flox
Ins1+/+
Ins1cre/+

6
4

r = 0.9107

ns

2

r = 0.9128

0
0

10

20

30

40

50

Amyloid prevalence (%)

Figure 46: Beta-cell Pcsk1 loss increases islet amyloid deposition in female hIAPPTg/0 mice.
Mice were euthanized at 31 weeks of age and pancreas sections analyzed for amyloid by
Thioflavin S and insulin by immunohistochemistry. (A) Islets in hIAPPTg/0 female mice
displayed less amyloid than males (top panels; representative of median severities), but islets
with abundant amyloid were more prevalent and had higher amyloid severity in Pcsk1betaKO
females relative to Pcsk1betaWT females (bottom panels). (B,C) Amyloid prevalence and severity
are increased in hIAPPTg/0 mice lacking Pcsk1 in beta cells. (D) Islets were binned by quartiles of
insulin+ area. Increased amyloid severity is most evident in larger islets. (E) Violin plots of
insulin+ areas for analyzed islets. Islets were comparable sizes in both genotypes. (F) Amyloid
severity was moderately correlated with fasting glycemia in hIAPPTg/0 mice lacking beta-cell
Pcsk1, but not in those with beta-cell Pcsk1 activity. (G) Amyloid severity and prevalence were
strongly correlated in both genotypes and the regression slopes were not significantly different.
Mann-Whitney tests were performed due to non-parametric data. Data is presented as median ±
IQR. Scale bars represent 50 µm.
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6.3

Discussion
Our data in hIAPPTg/0 mice suggest that reduced beta-cell PCSK1 activity increases islet

amyloid. The increased amyloid deposition is independent of significant hyperglycemia as
female Pcsk1betaKO and Pcsk1betaWT mice had comparable fasting glycemia, although Pcsk1betaKO
males displayed a trend toward hyperglycemia. Although the increase in islet amyloid associated
with Pcsk1 deficiency did not result in significant hyperglycemia, islet amyloid severity was
positively correlated with fasting glycemia in Pcsk1betaKO hIAPPTg/0 mice, suggesting that with
further ageing Pcsk1betaKO hIAPPTg/0 male mice may develop significant hyperglycemia. The
development of islet amyloid is a slow process in humans that likely takes decades to develop,
and from studies in monkeys it is thought extensive amyloid deposition is required prior to the
onset of diabetes401. With further aging, Pcsk1betaKO hIAPPTg/0 mice may have developed
amyloid-induced hyperglycemia. Although they were not measured, assessment of beta-cell
apoptosis rates and inflammation may provide insight as to whether beta-cell death and
functional decline are occurring in Pcsk1betaKO hIAPPTg/0 mice.
Islet amyloid prevalence and severity were strongly correlated in male and female
hIAPPTg/0 animals regardless of Pcsk1 expression. However, male Pcsk1betaKO mice displayed
increased severity at lower prevalence. This is in contrast to what others have observed in
hIAPPTg/0 mice, and what we observed in Pcsk1betaWT hIAPPTg/0 mice, where amyloid develops at
low severity across the majority of islets before increasing exponentially once prevalence reaches
approximately 80%445. This finding suggests that the rate of amyloid growth occurs more rapidly
in Pcsk1-deficient beta cells once fibrils are seeded. Pcsk1betaKO beta cells may also have
increased exocytosis to compensate for the reduced potency of proinsulin. Insulin
immunoreactivity is increased in the plasma of Pcsk1betaKO mice (Figure 18E), and Pcsk1betaKO
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islets have accelerated glucose-induced calcium influx (Figure 39A) and possibly increased
insulin secretion (Figure 40). This may result in increased release of (pro)IAPP in Pcsk1betaKO
mice, facilitating rapid amyloid growth once protofibrils are seeded.
In addition to accelerated amyloid deposition, the increase in amyloid prevalence and
severity in Pcsk1betaKO hIAPPTg/0 female mice suggests beta-cell Pcsk1 loss is sufficient to create
an amyloidogenic milieu, as Pcsk1betaWT hIAPPTg/0 controls contained almost no amyloid similar
to previous observations in hIAPPTg/0 female mice410. Impaired proIAPP processing in the
absence of Pcsk1 is unlikely to account for the increase in amyloid for several reasons. First,
human proIAPP expression in the PCSK2+ Pcsk1LOW rat GH3 cell line resulted in no amyloid or
proIAPP processing errors using antisera directed toward the N- and C-terminal processing sites,
while expression in the PCSK2LOW PCSK1+ mouse AtT-20 cell line resulted in detectable
amyloid and proIAPP processing errors441. Second, mouse proIAPP processing is very mildly
impaired in Pcsk1-null mouse islets295, and we observe abundant mature mouse IAPP in
Pcsk1betaKO islets from C57BL/6JN mice (Figure 19B). Third, cell-free assays have shown
proIAPP peptides delay IAPP aggregation and fibril formation, both in the presence and absence
of membranes436–439. It is important to recognize that cell line studies omit any islet extracellular
matrix-specific effects, and cell-free assays are unable to replicate the complexity of biological
membranes – both of which have been shown to modify (pro)IAPP fibrillogenesis; however,
these cell-free studies do suggest that impaired processing of proIAPP delays fibril formation
rather than accelerating it.
Altered processing of other contents of insulin secretory granules may influence amyloid
formation in Pcsk1betaKO mice. Insulin has been shown to interact with hIAPP to inhibit
fibrillogenesis, whereas proinsulin has greatly reduced binding to hIAPP and reduced inhibition
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of IAPP aggregation443,444. Although these interactions have again been studied in cell-free
systems, some included lipid membranes with high Zn2+ and Ca2+ concentrations to mimic the
granule environment, and show reduced but relevant insulin-mediated inhibition of IAPP
fibrillogenesis444. Given the extensive proinsulin processing defects in Pcsk1betaKO mice, reduced
inhibition of IAPP aggregation by the loss of mature insulin may contribute to amyloidogenesis
in Pcsk1betaKO hIAPPTg/0 mice. Zinc and calcium ions have also been shown to accelerate
amyloid formation in cell-free assays443. As (pro)insulin crystallization is reduced in Pcsk1betaKO
granules (Figure 26), there may be less sequestration and increased availability of granular zinc
to further promote nucleation of IAPP fibrils. Lastly, INS2 protein abundance was increased in
Pcsk1betaKO beta cells (Figure 41). Although mIAPP expression was not altered, the hIAPP
transgene contains the rat Ins2 promoter and 5’-UTR141. This may lead to increased translation
and abundance of the hIAPP transgene in Pcsk1betaKO mice relative to Pcsk1betaWT mice.
Cholesterol is also critical in secretory granule biogenesis371, and reduced expression of genes
associated with cholesterol biosynthesis were observed in Pcsk1betaKO islets (Figure 28B). As
excessive beta-cell cholesterol has been shown to increase amyloid deposition426, changes in
cholesterol biosynthesis in Pcsk1betaKO beta cells could further influence hIAPP aggregation.
Altogether, altered proIAPP processing is unlikely to be driving the increase in amyloid in mice
with Pcsk1-deficient beta cells. Rather, changes in the secretory granule environment, proIAPP
abundance, and secretory rates may drive increased islet amyloid.
It is also interesting to speculate that proteostasis may be altered in Pcsk1betaKO hIAPPTg/0
islets. Immunogold labelling in hIAPPTg/0 islets has shown increased lysosomal IAPP in beta
cells405, and increased autophagy has been observed in hIAPPTg/0 and hIAPP-knockin mouse beta
cells446–448. In hIAPPTg/0 mice, stimulation of autophagy has been reported to reduce hIAPP
172

oligomer abundance and beta-cell death, and improve glucose tolerance. In contrast, disruption
of autophagy further worsens hIAPP-induced cell death, oligomer abundance, and glucose
tolerance in hIAPP-expressing mice449,450. In Pcsk1betaKO mice we did not observe increased
expression of genes or abundance of proteins associated with autophagy. However, given the
abundant (pro)insulin content of Pcsk1betaKO islets, autophagic granule degradation (crinophagy)
may be reduced relative to proinsulin and proIAPP translation leading to increased IAPP
aggregation. Although impaired autophagy does not lead to amyloid in hIAPPTg/0 mice, an
increased abundance of IAPP oligomers indicates an environment conducive to fibrillogenesis.
In summary, we observed increased amyloid hIAPPTg/0 mice lacking beta-cell Pcsk1
activity. In male mice this resulted in accelerated amyloid deposition and a trend toward
hyperglycemia. In female hIAPPTg/0 mice, beta-cell Pcsk1 loss was sufficient to initiate amyloid
deposition with no differences in fasting glycemia. It is unlikely that altered proIAPP processing
is responsible for the increased islet amyloid, but rather alterations in beta-cell prohormone
biosynthesis and the secretory granule environment that drive increased amyloid deposition.
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Chapter 7: Conclusions
This thesis builds on a large body of literature in beta-cell prohormone processing and
IAPP biology. The beta-cell-specific deletion of Pcsk1 and Pcsk2 supports earlier observations
on proinsulin and proIAPP processing from the islets of whole-body Pcsk1- and Pcsk2-knockout
mice295,299,305,321. Namely, that Pcsk1 is the predominant prohormone convertase involved in
proinsulin processing, while Pcsk2 is the predominant prohormone convertase involved in
proIAPP processing. The lack of mature insulin in mice with deletion of both Pcsk1 and Pcsk2
also shows that no other endoproteases act on proinsulin in mice. Previous models of wholebody Pcsk1 and Pcsk2 deletion generated complex endocrine phenotypes that were challenging
to interpret due to expression of Pcsk1 and Pcsk2 in multiple endocrine tissues. With cre-lox
recombination, the tools were available to investigate the impact of altered PCSK expression
specifically in beta cells, and better model and investigate the loss of beta-cell processing activity
in diabetes.
It was surprising to us that loss of Pcsk2 in beta cells did not result in impaired glucose
tolerance or fasting hyperglycemia. It was previously believed that Pcsk2, at least in mice,
played an important role in beta-cell function with respect to glycemic control. Although Pcsk2
is still required for proIAPP processing, and therefore normal beta-cell function, the data in this
thesis suggest it may not play a role in diabetes pathogenesis. This is in agreement with recent
evidence highlighting PCSK1 as the primary prohormone endoprotease in human beta cells, and
PCSK1 deficiencies in dysfunctional human islets. In contrast to loss of Pcsk2, loss of Pcsk1 in
beta cells increased the risk of developing diabetes and hyperglycemia. Deletion of both Pcsk1
and Pcsk2 in beta cells did result in hyperglycemia, but to a variable extent. Given the entire lack
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of endoprotease activity in insulin secretory granules in these mice, we were somewhat surprised
these mice were viable, and further surprised that some animals were even euglycemic.
The initial results in young Pcsk1betaKO mice were surprising as well. Early in life
Pcsk1betaKO mice had normal glucose tolerance and fasting glycemia despite the large impairment
in proinsulin processing. With ageing or HFD, male Pcsk1betaKO mice do become hyperglycemic,
but the female mice remain normoglycemic. Further, complete deletion of PCSK1 is not
observed in islets of people with T1D or T2D. Rather, there is a modest reduction in PCSK1
levels and processing efficiency, likely more aligned with the Pcsk1betaHET mice. Given the lack
of glycemic phenotype in Pcsk1betaHET mice, it could be concluded that the moderate reductions
in PCSK1 in human islets may not be a significant driving factor of dysglycemia in diabetes.
However, progression to diabetes is typically a slow process in humans in which there is
repetitive or chronic islet stress. The development of hyperglycemia in male Pcsk1betaKO mice
with ageing or HFD suggests that beta-cell Pcsk1 deficiency increases the risk of diabetes.
Therefore, PCSK1 loss is likely insufficient to causally drive diabetes, but is one of many insults
that may contribute to beta-cell dysfunction and diabetes in an additive context. Further studies
using a DPCbetaHET mouse with an inducible beta-cell-specific cre-recombinase may yield a more
pathologically relevant model with acute, partial reductions in PCSK1 and PCSK2 levels, and
will further our understanding beta-cell processing deficiencies in diabetes pathogenesis.
Probing beta-cell function and islet alterations in PC-deficient mice yielded further
pathological changes beyond glycemia, similar to islets in diabetes. The increased amyloid
deposition in Pcsk1betaKO hIAPPTg/0 mice highlights the detrimental role beta-cell Pcsk1 loss may
have in human islets in which IAPP is amyloidogenic. The reduced maturity and proliferative
capacity of DPCbetaKO islets may also have implications for beta-cell regenerative therapy, as
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correcting processing deficiencies may lead to more effective beta-cell regeneration and
function. The increased release of (pro)insulin at lower glucose concentrations in DPCbetaKO islets
also suggests a pathogenic (immature) beta-cell. If processing errors can drive increased insulin
exocytosis at lower glucose levels, they may be a mechanism through which early
hyperinsulinemia occurs prior to the onset of insulin resistance. Altogether, the data in PCdeficient mice suggest that processing errors in beta cells contribute more to beta-cell
dysfunction than just altered processing. This is a new observation for Pcsk1 in beta-cell
function, and the mechanisms through which Pcsk1 loss alter beta-cell function remain
undefined.
Pcsk1betaKO and DPCbetaKO mice are a new model in the field of diabetes and islet biology
for modelling the early stages of lean T2D. These PC-deficient models likely have beta cells
under significant biosynthesis and secretory stress due to the reduced potency of proinsulin
signaling, yet they are not obese and have only mild hyperglycemia (especially Pcsk1betaKO
mice). Most models of beta-cell secretory stress are accompanied by obesity, such as the agouti
viable yellow mice or Leprdb/db mouse models, or have mutant proinsulin that results in
proinsulin misfolding, hypoinsulinemia, and hyperglycemia451. Models of reduced peripheral
insulin signaling, such as the liver-specific insulin receptor knockout mice, have drastic
hyperinsulinemia but also hyperglycemia452. Given the reduced but still present potency of
(pro)insulin released from Pcsk1betaKO and DPCbetaKO beta cells, these are likely unique models to
further explore early beta-cell secretory stress in a lean and normoglycemic environment.
Given the large secretory demand placed on PC-deficient beta cells, we were also
surprised at the lack of unfolded protein response in DPCbetaKO islets. This highlights the
remarkable adaptability and capacity of beta cells to synthesize and secrete (pro)insulin. As
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PCSK1 and PCSK2 become active in the late Golgi27, loss of these PCs is unlikely to directly
cause ER stress, and the data in this thesis support no indirect ER stress from reduced PC
activity. This thesis provides evidence that PC-mediated processing errors do not activate
canonical UPR mechanisms in murine beta cells.
Future directions in beta-cell processing errors should focus on human islets. More
pathologically relevant reductions in PCSK1 expression will be informative in determining the
role these errors have in beta-cell dysfunction and diabetes pathogenesis. The unaltered in vivo
beta-cell proliferation and increased beta-cell mass in the PC-deficient mice is also striking.
Given that we observed this phenotype at an early pre-pubescent age, there may be
developmental implications for PCSK1 loss during embryogenesis or early childhood. We also
did not thoroughly characterize cell death in these models, but suspect it is not increased as the
beta-cell mass increase is maintained throughout life and no defined apoptotic signatures were
observed by RNAseq or proteomics. The proteomics dataset may also provide a reference for
beta-cell granule biogenesis and trafficking. These processes remain less understood in beta cells
due to the challenging nature of trafficking experiments. It may contain insight into novel
mechanisms through which beta cells adapt to increased proinsulin biosynthesis, mechanisms
which may be therapeutically relevant to improve beta-cell secretory stress in diabetes. Lastly,
the sex differences in PC-deficient mice are also remarkable and suggest that female beta cells
are more resilient to PC-mediated processing errors. This implies that when interpreting
processing errors as biomarkers of beta-cell function, such as proinsulin:insulin or
proIAPP:IAPP ratios, we must consider that these ratios may represent different levels of betacell dysfunction depending on the sex.
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Once diabetes develops, prohormone processing errors and reduced beta-cell mass and
function lead to reduced secretion of mature beta-cell hormones. Reductions in insulin are the
most characterized, due to its critical role in metabolism and survival. IAPP is another beta-cell
hormone that is lost alongside insulin in diabetes, and the impacts of IAPP loss remain
incompletely understood. In this thesis we generated a C57BL/6J congenic Iapp-null mouse
strain, rather than the hybrid strains used early in the characterization of Iapp-null mice, and also
studied Iapp-null mice in the context of HFD-induced obesity. We found that loss of IAPP
resulted in no significant change in fasting glycemia, glucose tolerance, body weight, or
adiposity, including in the setting of HFD-induced obesity. IAPP loss did slightly improve
insulin sensitivity in HFD-fed male mice, raising the possibility that IAPP loss may be beneficial
in diabetes. This is in opposition, however, to the clear benefit IAPP-replacement therapy has in
individuals with T1D and T2D119,120. We have also shown that IAPP loss does not alter insulin
secretion kinetics or quantity in isolated islets, and that circulating insulin and glucagon levels
are comparable in Iapp-/- and Iapp+/+ mice. This is in disagreement with previous publications
reporting insulinostatic actions of supraphysiological concentrations of IAPP, or IAPP receptor
inhibitors, and suggests that IAPP does not exert a paracrine effect on insulin secretion ex vivo.
One of the many increased risks associated with diabetes is the development of cancer.
Given the previous reports of IAPP and its potent anti-tumour activity, we investigated the
actions of IAPP in cancer as an additional complication arising from beta-cell hormone loss in
diabetes. Our results in PANC-1 cells consistently showed no effect of non-aggregating human
IAPP mimetics on cell proliferation, death, or glycolysis. We were also unable to reproduce the
findings of others in H1299 cells127, where we also observed no effect of IAPP. In a genetic
mouse model of pancreatic ductal adenocarcinoma, IAPP loss also had no effect on survival.
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Collectively, our data do not support a role for IAPP in the association of diabetes and cancer.
However, there may be indirect effects in humans. Given that exogenous pramlintide improves
postprandial hyperglycemia and reduces body weight, IAPP replacement may result in better
cancer outcomes due to improved glycemic control and adiposity. Longitudinal monitoring for
cancer development in patients using pramlintide may provide better insight into whether IAPP
replacement therapy reduces the risk of cancer development in diabetes.
This thesis highlights the roles of PCSK1- and PCSK2-mediated processing errors in
driving beta-cell dysfunction and diabetes. Although they contribute less than we had initially
expected, the results in mice indicate reduced beta-cell function and increased diabetes risk upon
the loss of PCSK1 in beta cells. The loss of mature IAPP signalling due to beta-cell processing
errors and reduced beta-cell mass and function are unlikely to contribute to the pathogenesis of
diabetes or diabetes-associated cancer. However, increased IAPP aggregation due to beta-cell
PCSK1 loss may result in increased amyloid-induced beta-cell dysfunction prior to the
development of hyperglycemia. Collectively, the data in this thesis suggest there may be
therapeutic benefits to preventing the loss of, or restoring, beta-cell prohormone processing
activity in diabetes.
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Appendix: Mouse illness scoring chart for survival endpoint
Clinical Health Score

Clinical Signs
0
(not actively
monitored)
Body Weight (Loss)

No loss

Attitude/Activity

BAR
(Bright/alert/
responsive)

1
(begin active
monitoring til
resolved)
<5%

QAR (quiet/alert/
responsive)

2

3*

4

5**

5-9%

10-14%

15-19%

≥20%

Decreased
activity and
alertness or
hyperactivity

Huddled,
obvious activity
decrease,
vocalization
when handled

inactive, shaking or
increased aggression

Inactive, Nonresponsive to
handling,

Noticeable/
moderate
Mild piloerection
piloerection,
(hair stands up
(head/
slightly)
shoulders), light
jaundice

Moderate
Marked piloerection
piloerection/
(all over) or Pale/cold
pale or cool
to touch; dark
extremities; easily
jaundice
noticeable jaundice

Moderate
hunching,some
limb weakness

Obvious hunching or
Severe hunching,
head tilt, tip toe gait
immobile, falling over
or obvious weakness

dehydration (dull

Significant
dehydration (sunken,

Appearance

Normal

--

Posture/Gait

Normal

Mild infrequent/
possible
hunching

Mild persistent
hunching

Hydration

Normal

--

-

eyes, slightly sunken)

pale eyes, skin tent -1s

Severe dehydration
(obvious skin tent (>12sec), sunken/pale eyes
and tail)

Breathing

Normal

--

mild increase in
rate, normal
effort

Rapid/ increased
effort (chest
expansion)

Laboured (obvious
increase in effort)/
Irregular

Gasping or cyanosis

Tumor Scores

none

none

none

palpable tumor

palpable tumor

palpable tumor

Facial/Behavioural signs of
Pain (score 1-occasional-2

ears back

eyes squinted

nose
bulge/whiskers
tightened

vocalizations

flinching, twitching

writhing, pressing

persistent 3-severe) per
category)

* A score of 2 in any category or a cumulative score of 3 or higher results in increased monitoring, including: daily weighing, supportive care (e.g.
supplemental heat, SQ fluids, additional analgesia, gel food or food treats/moistened pellets on cage floor)
** A score of 3 in any category, more than one score of 2 or a cumulative score of >6 after appropriate analgesia or supportive care requires immediate
euthanasia or Veterinary consultation
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