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Abstract
Disrupted pancreatic β-cell function is a key event in the pathogenesis of diabetes mellitus,
a metabolic disorder resulting in elevated blood sugar levels. β-cells are responsible for the
secretion of insulin, which promotes the uptake of blood glucose into peripheral tissue.
Additionally, autocrine insulin signalling contributes to the maintenance of properly functioning
β-cells. Upon insulin binding, the insulin receptor tyrosine kinase is activated and recruits insulin
receptor substrates to its intracellular domain. These substrates can activate two major signalling
branches, the Akt branch and the Ras/Erk branch. Both signalling branches are suggested to be
involved in the maintenance of β-cell function and survival. Interestingly, results from experiments
in adipose-like cell lines demonstrate, that endocytic vesicles can act as signalling hubs potentially
directing insulin receptor signals between the Erk and Akt branches. Endosomes have also been
suggested as organelles that are capable of buffering the rapid influx of calcium into β-cells
following glucose stimulation thus avoiding calcium-induced β-cell death. These findings
highlight endosomes as important organelles involved in the maintenance of β-cell function. This
thesis examines the role of endosomes in autocrine insulin signalling and their involvement in
calcium homeostasis. To observe the impact of endocytosis on autocrine insulin signalling, a novel
fluorescent protein-labeled insulin receptor construct was developed and validated, revealing that
tyrosine-phosphorylated caveolin-1 (Cav1) participates in insulin receptor internalization in βcells. Remarkably, this process was found to bias insulin signalling towards the Erk branch in vitro
and in vivo. As a functional consequence, reduction of Cav1 activity inhibited Erk signalling and
was associated with increased β-cell apoptosis and decreased β-cell mass in mice lacking Cav1.
The role of endosomes in β-cell calcium buffering was elucidated by creating a genetically
encoded calcium sensor specifically localized to the lumen of endosomes and estimating calcium
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levels in defined endosome sub-populations. Indeed, endosomes accumulate calcium during
glucose stimulation. Together, this work highlights endosomes as hubs for autocrine insulin
signalling and contributors to the calcium homeostasis in the glucose response of β-cells.
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Chapter 1: Introduction
1.1

Diabetes mellitus
Diabetes mellitus is a metabolic disease affecting more than 340 million people worldwide1.

Diabetes is defined by the chronic elevation of the blood glucose (hyperglycemia). In particular, a
fasting plasma glucose level of greater than 7 mmol/l, a glycated hemoglobin (A1C) value of
greater than 6.5% or a 2 hr plasma glucose concentration in a 75g oral glucose tolerance test of
greater than 11.1 mmol/l define the clinical parameters for the diagnosis of diabetes2. While there
are a variety of treatment options, diabetes is still incurable. Diabetes incidence in Canada has
doubled in the past decade3. This illustrates that diabetes is expanding at an epidemic rate – every
hour, 20 patients in Canada are newly diagnosed. The consequences of chronic hyperglycemia are
costly; the cumulative 5-year health care costs for one Canadian diabetes patient are about CDN
$27,000 – excluding drug costs4. The complications resulting from diabetes are serious threats for
the health of the individuals. Diabetes significantly increases the risk of heart disease and stroke
with 50% of diabetes patients dying of cardiovascular disease5. Diabetes is furthermore one of the
leading causes for kidney failure6. The impaired blood circulation in diabetic patients can lead to
infections and eventual amputation of limbs7. Diabetes mellitus can be divided into multiple types
classified by the cause of the disease8.

1.1.1

Rare forms of diabetes
Approximately 1% of all diabetes mellitus cases are caused by single-gene defects8.

Mutations in the insulin receptor gene lead to severe insulin resistance, growth retardation and a
very short life expectancy (Leprechaunism, Rabson-Mendenhall syndrome)9,10. Leprechaunism,
also known as Donohue syndrome, is an autosomal recessive genetic disorder affecting the insulin
1

receptor gene. Initially described by Kadowaki et al. in 1988, Leprechaunism is caused by one or
more mutations in the insulin receptor gene11. In this first case report, a substitution of glutamic
acid for lysine at amino acid 460 by a missense mutation in the alpha subunit and a premature stop
codon at amino acid 671 resulted in the deletion of the transmembrane and tyrosine kinase domain
of the insulin receptor11. Recently a more thorough analysis of a larger group of patients suffering
Leprechaunism unveiled a number of other possible alterations in the insulin receptor gene
including frame shifts or deletion of entire gene fragments12. In Leprechaunism, most of the single
amino acid mutations are localized in the alpha subunit of the receptor and therefore likely
negatively affect the binding and signalling of insulin causing severe insulin resistance in the
patient12. This study concluded, that most of the mutations located within the first eleven exons of
the insulin receptor gene result in Leprechaunism while the Rabson-Mendenhall syndrome is
caused by mutations in the β-subunit of the receptor affecting the function of the tyrosine kinase12.
Together, the Rabson-Mendenhall syndrome appears less severe and treatment with IGF-1,
metformin or leptin improved insulin sensitivity while individuals with Leprechaunism usually die
within the first two years of life13.
Maturity-onset diabetes of the young (MODY) is a form of diabetes caused by heterozygous
mutations directly affecting β-cell function. In this condition individuals display hyperglycemia,
which develops during childhood or young adulthood14. To date, there are 11 identified types of
MODY, which are classified by the affected gene15-17. For example, mutations were observed in
the genes encoding the glucose metabolizing enzyme glucokinase (MODY2) or the insulin
expression regulator IPF-1 (insulin promoter factor-1 or Pdx1, MODY4) negatively effecting βcell function8,18. In MODY4 not only β-cell function is negatively affected but also β-cell survival
is suggested to be impaired because studies have shown that mice with reduced Pdx1 expression
2

display increased β-cell apoptosis19. Less than 1% of all MODY cases are caused by mutations in
the insulin gene (MODY10) causing hypoglycemia due to non-functional insulin16.
Another form of diabetes is gestational diabetes and describes any degree of glucose
intolerance in pregnant individuals20. Depending on ethnicity, approximately 7% of all pregnancies
are affected8. Individuals often display mild insulin resistance and hyperinsulinemia due to the
compensating pancreatic β-cells21. Another form of compensation for the increased demand of
insulin is an increased β-cell proliferation and elevated insulin synthesis in pregnancy22.
Gestational diabetes mellitus is often reversible and rarely affects the newborn severely given an
appropriate blood glucose level management by adapted diet and/or insulin treatments during
pregnancy23.
Diabetes mellitus can also be caused by diseases of the exocrine pancreas such as
pancreatitis, or surgical pancreatectomy after trauma or metastatic diseases24,25. However, by far
the most common forms of diabetes mellitus are type 1 diabetes (5% -10% of patients) and type 2
diabetes (90% - 95%). They will be discussed in more detail in the following sections.

1.1.2

Type 1 diabetes

1.1.2.1

Causes of type 1 diabetes

Type 1 diabetes, previously known as insulin-dependent or juvenile diabetes describes the
auto-immune destruction of pancreatic β-cells resulting in an insufficient amount of circulating
insulin to control the body’s blood glucose levels26. The precise causes for type 1 diabetes remain
unclear26. However, genetic and environmental factors are suggested to play a significant role in
the development of the disease. The expansion of auto-reactive CD4+ T-helper and CD8+ T-cells
as well as auto-antibody producing B lymphocytes leads to a targeted destruction of pancreatic β3

cells27-29. In this process, T-cells recognize epitopes of insulin, glutamic acid decarboxylase 65 and
islet tyrosine phosphatase 2 – both of which are expressed in β-cells30. In a regulated immune
response, T-cells are inactivated by increased apoptosis of the target cell type31. However, it is
thought that in type 1 diabetes conditions this inactivation fails and T-cells stay chronically
activated leading to an expansion and enrichment of autoreactive T-cells against β-cells30.
Type 1 diabetes does not show a definite mode of inheritance but single nucleotide
polymorphisms associated with the development of type 1 diabetes were identified in genome wide
association studies (GWAS)32. To date variations in 41 different genes have been associated with
a predisposed risk for the development of type 1 diabetes33. The strongest candidate for genetic
predisposition towards type 1 diabetes is the genetic region on Chromosome 6p21 associated with
the major histocompatibility complex HLA-DQB1 also referred to as IDDM134. Variation in the
alleles of the HLA loci can attribute to approximately 40% of familial aggregation of type 1
diabetes35,36. Interestingly, polymorphisms near the insulin gene, that increase local insulin
production, are the second highest risk factor for the development of type 1 diabetes32. It suggests
that insulin itself could be responsible for the specific recruitment of immune cells to β-cells. This
highlights the importance of studies directed towards the interaction between insulin and its
receptor in β-cells, which can help to understand the molecular mechanism behind the specific
destruction of β-cells by immune cells.
Besides genetic factors a number of environmental factors are thought to contribute to the
development of type 1 diabetes26. The “hygiene hypothesis” postulates that an increase in type 1
diabetes incidents is observed in populations of industrialized countries where people experience
a reduced exposure to parasites37. This hypothesis is supported by experimental data gained from
a type 1 diabetes mouse model. In these mice the incidence of type 1 diabetes is dramatically
4

reduced when the animals were exposed to microbial stimuli38. From these data, it is suggested
that the interaction between intestinal microbes and the innate immune system is essential for a
protective effect against type 1 diabetes38,39. Furthermore, recent studies suggest a direct effect of
the diet on the development of type 1 diabetes suggesting that certain diet components (e.g. fatty
acids, preservatives) can influence the development of auto immunity40-42. There is also evidence
suggesting that virus infections can be associated with the development of type 1 diabetes43.
Viruses of the Coxsackie family are strong candidates for being involved in outbreak of type 1
diabetes in individuals44,45. The exact mode of action of these viruses remains to be elucidated but
it is suggested that these viruses directly infect β-cells causing the release of auto-antigens which
in turn trigger the immune response of the body to destroy the inflamed tissue45. Together, the
cause for type 1 diabetes remains a mystery but can be associated with both genetic and
environmental factors.

1.1.2.2

Treatment for type 1 diabetes

The treatment for type 1 diabetes currently requires the lifelong administration of insulin.
Consequently, insulin therapy by pen or pump mediated injection is currently the most common
form for the treatment of type 1 diabetes46. To date, pump-supported insulin therapies show a
significantly better management of blood glucose levels in individuals compared to pen injections,
which are often associated with sudden hypoglycemic or hyperglycemic spikes46. Since both
treatment strategies come along with complications, such as infections of injection sites or
inconvenient handling especially for children, new treatment strategies emerged in the past decade.
Islet transplantation is a powerful treatment option for people with severe type 1 diabetes
symptoms. This therapy dramatically improves glycemic control compared to injections47,48.
5

However, high demand for islet donors is a major limiting factor for this treatment strategy.
Consequently, research has been directed towards the engineering of functional β-cells from stem
cells, theoretically providing an unlimited amount of β-cells for transplantation49. To date, fully
functional β-cells have not been successfully engineered from stem cells50. However, significant
progress has been made demonstrating that in vitro differentiated stem cells can reverse diabetes
in model organisms despite lacking some key β-cell features51-53. Currently, type 1 diabetes can be
managed with conventional insulin therapy and there are promising treatments on the horizon.

1.1.3

Type 2 diabetes
Type 2 diabetes, previously termed adult onset or non-insulin dependent diabetes, is the most

common form of diabetes mellitus, representing 90-95% of cases8. Individuals suffering from type
2 diabetes have insulin resistance in peripheral tissues and at more progressed stages of the disease
also a deficiency of circulating insulin resulting in dysfunctional regulation of blood glucose
levels8.

1.1.3.1

Causes of type 2 diabetes

The causes of type 2 diabetes are diverse. The development of type 2 diabetes is mostly
associated with a low physical activity and high calorie diet lifestyle but evidence emerges that
genetic factors can also play a role in the development of type 2 diabetes54-56. Just like type 1
diabetes, type 2 diabetes can be caused by genetic predisposition to the disease. Genome wide
association studies (GWAS) unveiled genetic factors which can lead to type 2 diabetes55,56. Type
2 diabetes has a concordance of 70% in monozygotic twins, suggesting that type 2 diabetes is not
exclusively dependent on environmental factors57,58. More than 65 genetic variants have been
6

associated with a predisposition to type 2 diabetes which can increase the risk for the development
of the disease by 10-30%59. This research has led to the abilities to diagnose previously
undiagnosed type 2 diabetes in individuals via a risk score, which is calculated based on their
genetic code60,61. Importantly, these studies also connected the development of insulin resistance
in type 2 diabetes to dysfunctions in β-cells such as defects in insulin secretion62. Indeed, GWAS
point to the β-cell as a major site for the predisposition to type 2 diabetes since most genes
identified are linked to β-cell function62. For example, a polymorphism in the cyclin-dependent
kinase 5 regulatory subunit-associated protein 1-like 1 gene was associated in multiple studies with
a predisposition to the development of type 2 diabetes63. The specific function of this gene is
unknown however patients with this polymorphism in this gene display defects in insulin secretion
suggesting an important role for cyclin-dependent kinase 5 regulatory subunit-associated protein
1-like1 in β-cell function64. Other examples of polymorphisms associated with the development of
type 2 diabetes are the hematopoietically-expressed homeobox protein (HHEX) and the cyclindependent kinase inhibitors 2 A and B (CDKI2). Genetic variations in these genes negatively affect
the insulin secretion of β-cells in response to glucose64,65. Together these results highlight the
importance of research directed to the understanding of β-cell biology to find novel treatment
strategies against type 2 diabetes.
Besides genetic factors, environmental factors can play a role in the development of type 2
diabetes. It has been speculated that environmental factors such as sleep deprivation, toxins in
plastic products (e.g. bisphenol A), or artificial sweeteners can lead to the development of glucose
intolerance and eventually type 2 diabetes66-68. However, the leading cause for the development of
type 2 diabetes is obesity.
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Obesity, defined by a body-mass index greater than 30 kg/m2 can be a consequence of a
particular lifestyle or genetic predisposition. It contributes to approximately 55% of type 2 diabetes
cases69-71. Weight gain can be promoted by an unhealthy diet. For example, the consumption of
sugar sweetened beverages was correlated to the increased incidences of type 2 diabetes in the
United States72. Consequently, the development of type 2 diabetes is often related to chronic
obesity. A consequence of obesity is the constant exposure of nutrients to the tissue. This leads to
the accumulation of toxic metabolic by-products73. Some of these by-products are cytokines which
are secreted by the expanding adipose tissue. Cytokines such as the tumor necrosis factor α (TNFα)
and the nuclear factor κ-light-chain-enhancer of activated B cells (NF-κb) can have a proinflammatory effect which can ultimately lead to insulin resistance74,75(Chapter 1.4). Initially, βcells respond to insulin resistance by the increased synthesis and secretion of insulin and by the
expansion of β-cell mass. However, if this increased demand of insulin becomes chronic, β-cell
failure and ultimately type 2 diabetes can be a result. Since individuals can become obese and
mildly insulin resistant but do not necessarily develop diabetes, it is the broad consensus that
clinically diagnosed type 2 diabetes is a result of β-cell failure73. The loss of functional β-cells can
either be promoted by the loss of β-cell mass due to increased apoptosis or reduced proliferation
rates or by the failure of key β-cell functions as a consequence of metabolic overload or cell
stress73. The effect of metabolic overload on β-cells was demonstrated in a number of ways.
Experiments with isolated rodent islets showed, that the constant exposure of β-cells to
hyperglycemia increases insulin secretion but reduces their response capabilities to stimulatory
glucose leading to an unregulated secretion of insulin76. Interestingly, an increased amount of free
fatty acids by themselves, as found in obese individuals, does not affect the glucose stimulated
insulin secretion of β-cells unless they are exposed to hypoglycemic conditions (greater than 8 mM
8

glucose) at the same time77. These data show that it is likely a combination of chronically elevated
glucose and free fatty acid levels which leads to defects in β-cell function rather than the effect of
a single component by itself. This effect is often summarized and termed to as glucolipotoxicity73.
Another important mechanism contributing to the failure and, ultimately, death of β-cells is
increased endoplasmic reticulum stress. The presence of excess nutrients requires increased insulin
synthesis in β-cells in order to control blood sugar levels appropriately. If this condition becomes
chronic, the endoplasmic reticulum’s protein folding capacity in β-cells can be exceeded leading
to the activation of the unfolded protein response and endoplasmic reticulum stress73. In regular
conditions, protein kinase RNA like endoplasmic reticulum associated kinase (PERK) controls
protein synthesis by the inhibition of the eukaryotic translation initiation factor-2a (eIF2a).
Interestingly, mice lacking PERK are severely diabetic and display increased β-cell death due to
an uncontrolled translation of protein - a condition similar to the metabolic overload of cells in
conditions of obesity78. Additionally, mice with reduced eIF2a gene dosage display reduced islet
insulin content and become diabetic on a high fat diet79. Together these findings highlight, that
metabolic overload can lead to endoplasmic reticulum stress in β-cells which can cause β-cell death
and diabetes73.
The peptide family of amyloids has also been associated with β-cell dysfunction in type 2
diabetes73. Increased insulin synthesis can lead to the increased production of the amyloid amylin,
which is secreted by the β-cell along with insulin in a ratio of approximately 1:10080. Upon
hypersecretion, amylin can accumulate in amyloid fibrils in β-cells as detected in islet sections of
type 2 diabetes patients81. A rodent model illustrated that human amylin overexpression in mice
led to increased β-cell apoptosis resulting in a decreased β-cell mass, which led to glucose

9

intolerance82. This progression resembles the course of type 2 diabetes in humans highlighting a
potential involvement of amyloids in the development of the disease73.
In addition to genetic predisposition or environmental factors, type 2 diabetes can be induced
by a number of medical conditions83. For example anti-hypertensive drugs, such as β-blockers are
known to increase the risk for the development of type 2 diabetes84. There is also evidence that a
kidney transplantation predisposes a recipient for type 2 diabetes83. In this context it is believed
that for example the immune-suppressive drugs, including cyclosporine, are the cause for the
development of type 2 diabetes in transplantation patients85. It was reported that β-cells of patients
treated with cyclosporine display cytoplasmic swelling and a reduction of insulin granules
negatively

affecting

β-cell

function86.

A

significant

percentage

(7-9%)

of

human

immunodeficiency virus (HIV) infected patients develop type 2 diabetes as a consequence of the
HIV therapy, which involves the administration of protease inhibitor drugs87. In summary, the
causes for type 2 diabetes are diverse and the disease can be caused by environmental, genetic or
medical conditions and unlike type 1 diabetes, type 2 diabetes is reversible at early stages of
progression.

1.1.3.2

Treatments for type 2 diabetes

Since obesity is the leading cause for type 2 diabetes, lifestyle changes have the largest effect
on preventing the development of type 2 diabetes or can even reverse an early onset of the
disease88,89. These changes involve the reduction of weight by a more controlled diet, which
includes a reduced intake of fat and an increased intake of fibre. Additionally, more physical
activity is suggested for the patients to achieve weight loss88. In general, these lifestyle changes
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are more effective in the treatment or prevention of type 2 diabetes than other currently available
treatments such as metformin88.
Metformin is a widely used anti-diabetic drug, which can prevent type 2 diabetes in patients
at high risk88,90. By inhibiting gluconeogenesis in the liver, metformin contributes to a decrease in
blood glucose levels independent of the insulin sensitivity of the patient91. Metformin is also
correlated with a decreased risk for cancer in type 2 diabetes patients additionally benefiting the
individuals receiving this treatment92. Metformin is a low cost, first-line choice for the treatment
of type 2 diabetes, but sulfonylureas are suggested as an additional or alternative therapy93.
Sulfonylureas are ligands for sulfonylurea receptors, which are the regulatory subunits of
ATP sensitive potassium channels93. The binding of sulfonylureas to their receptors leads to a
closure of the potassium channels and to a subsequent depolarization of the plasma membrane in
β-cells. This depolarization causes the opening of voltage gated calcium channels. The subsequent
influx of calcium causes the release of insulin into the blood stream. Sulfonylureas act as insulin
secretion stimulants (secretagogues) and are capable of decreasing the HbA1c values of diabetic
patients by 1-2%93. Another group of sulfonylurea receptor analogs are glinides, which are used
as alternatives in patients with sulfonylurea allergies or predisposition for fasting hypoglycemia93.
However, their short duration of action makes them a less desirable therapy option93.
Another class of type 2 diabetes drugs target and activate peroxisome proliferator activating
receptor gamma. These so called thiazolidinediones are another frequently used class of type 2
diabetes drugs. The activation of peroxisome proliferator activating receptor gamma causes a
reduction in the secretion of free fatty acids and NF-κb by adipose tissue93. In general
thiazolidinediones counteract tissue inflammation and increase insulin sensitivity93.
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Insulin secretion can be stimulated by incretins94. Incretins are a group of hormones
synthesized and secreted by enteroendocrine cells of the gastrointestinal tract94. Glucagon-like
peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP) are well characterized
incretins but due to their short half-life and the possible rapid inactivation through cleavage by
dipeptidyl peptidase-4 (DPP4) a direct injection of recombinant hormones to stimulate insulin
secretion in type 2 diabetic patients is not feasible94. Consequently, a class of drugs acting as either
GLP-1/GIP1 receptor agonists or DPP4 inhibitors emerged as a treatment option for type 2
diabetes94.
Recently, sodium-glucose transporter type 2 inhibitors have been introduced as a novel class
of drugs for the treatment of type 2 diabetes93. Sodium-glucose transporter type 2 are responsible
for the uptake of glucose into the kidney up to a blood glucose concentration of 180 mg/dl. If blood
glucose exceeds this concentration glucose is excreted into the urine causing glycosuria. By
inhibiting sodium-glucose transporters type 2, the threshold for the development of glycosuria is
lowered thus leading to a decrease in blood glucose levels. This therapy can effectively decrease
A1C levels by approximately 1 % and is characterized by the term “turning symptoms into
therapy”93.
Lastly, the treatment of advanced type 2 diabetes often requires insulin administration due
to a progressive loss in β-cell function95. Historically, insulin administration was one of the last
options in the treatment of type 2 diabetes after treatments with conventional drugs failed.
Currently, it is suggested to start insulin administration earlier to counteract β-cell exhaustion
caused by excessive insulin secretion due to the development of insulin resistance96. In this
preventative therapy option, a single or basal injection of insulin is administered daily to ensure a
steady control of blood sugar levels. The current development of the pharmaceutical industry is
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directed towards the improvement of these long acting insulins. The goal is to provide a stable
blood sugar control throughout the day despite a single injection96. If the administration of basal
insulin is not sufficient to control the blood sugar the injection of fast-acting insulin is
recommended. These fast-acting insulins are taken before meals to correct for the increased
demand of insulin during the digestion of nutrients. The downside of fast-acting insulin is that it
is often difficult for the patient to predict which amount of insulin is required for a specific meal.
Current development of fast-acting insulins is therefore directed toward a better predictability of
the action, a faster onset and a shorter period of action to avoid hypo- or hyperglycemia after
injection96. Together, insulin can be used as a therapy for onset or progressed type 2 diabetes
however, the administration of this metabolic hormone can often cause weight gain and therefore
counter-acts the suggested weight loss for type 2 diabetes patients97.

1.2

The insulin receptor
The insulin receptor (INSR) belongs to the family of receptor tyrosine kinases and is

responsible for executing the function of insulin in target tissues98. Including the insulin receptor,
58 receptor tyrosine kinase proteins have been identified in humans99. Multiple growth factors
such as the epidermal growth factor or the vascular endothelial growth factor signal through their
respective receptor tyrosine kinases to affect cell growth, migration, proliferation, metabolism and
development99,100. All receptor tyrosine kinases have a similar structure which consist of the
extracellular N-terminal region responsible for ligand or hormone binding, a transmembrane
domain and an intracellular C-terminal region which harbours the tyrosine kinase domain, which
is phosphorylated upon ligand binding and induces the respective signalling pathway100. The
insulin receptor is expressed among vertebrates and is also present in lower organisms such as
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Drosophila melanogaster or as the orthologue Daf-2 in Caenorhabditis elegans101. In humans,
insulin receptor expression can be detected in all body tissues102. It is highly expressed in kidney,
liver, adipose tissue and skeletal muscle. Significant levels of expression are also detected in the
brain and pancreas suggesting a global and fundamental role of insulin in the human body. Similar
expression profiles are observed in mice, which are often used as a model system for research
directed toward insulin signalling and the underlying mechanisms102.
In peripheral tissues, such as skeletal muscle and adipose tissue, the binding of insulin to the
insulin receptor initiates the translocation of the glucose transporter type 4 (GLUT4) to the plasma
membrane of the cells which enables the uptake of glucose and contributes to the decrease in blood
sugar levels enabling the metabolism of glucose, which is the primary function of insulin103. In
tissues with absent or low expression of GLUT4, such as β-cells, insulin signalling is thought to
primarily influence cell function, proliferation and growth (Chapter 1.3.3).

Together, the

ubiquitous expression of the insulin receptor among organisms highlights an essential role for this
protein.

1.2.1

Insulin
The primary ligand for the insulin receptor is insulin. The Nobel Prize in Physiology or

Medicine was awarded in 1923 to FJ Benting and JJR Macleod for the discovery of insulin. Soon
after the discovery the hormone became the first choice treatment for diabetes mellitus101. Due to
its early discovery and fundamental importance in treating diabetes, insulin was the first fully
sequenced protein and the first protein to be made by synthesis101. Insulin is transcribed as a
prepro-peptide from the INS gene in humans Ins1 and Ins2 genes in mice104. Pro-insulin is formed
by the cleavage of a 24 residue signal peptide upon the entry of the single chain peptide into the
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rough endoplasmic reticulum. In this cellular organelle, three disulfide bonds are established
contributing to the establishment of the conformation. The subsequent transport of the folded
proinsulin into the Golgi network is followed by a prohormone convertase 1 and 2 mediated
cleavage105. In this process, a central fragment, termed c-peptide, is cleaved from the single chain
leaving two insulin peptide chains (A and B), which are connected by 2 disulfide bonds. This
mature insulin is then packaged into secretory vesicles of the β-cell and released upon glucose
stimulation105. Insulin is stored as a hexamer, which is stabilized by a zinc ion101. Upon release,
the hexamer dissociates in the blood stream and insulin monomers can bind to insulin receptors
present on plasma membranes of cells thereby executing insulin’s physiological effects. The
structure and function of the insulin receptor will be discussed in further detail in the following
sections.

1.2.2

Insulin receptor structure and function
The INSR is transcribed from the INSR gene in two different splice variants. Isoform A is

characterized by the absence of exon 11 (12 amino acids) compared to isoform B (Figure 1.1)106.
Following translation, proteolytic cleavage separates the prepro insulin receptor protein into α and
β chain. Subsequently a disulfide bridge links the two chains and the final functional INSR protein
is formed by dimerization with another α-β chain pair107,108. In this process homo- or heterodimers
can be formed between A and B insulin receptor isoforms108. It has also been demonstrated that
hybrid dimers between INSR and insulin like growth factor 1 receptor (IGF1R) can be formed108.
The cysteine rich region (residues 158-310) at the N terminal end of the INSR is flanked by
the first and second leucine rich repeat domain (residues 1-157; L2 residues 311-470)109. These
domains are followed by three fibronectin type III domains (FnIII 0-2, residues 471-906) in which
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FnIII1 is harbouring an insert domain109. The insert domain is terminated by the α-CT segment
(residues 704-719). Insulin binds with a strong affinity to this segment a process in which the
insulin receptor undergoes a conformational change110. The transmembrane domain (residues 930952) links the extracellular domains with the intracellular juxtamembrane domain (residues 9531001), the subsequent tyrosine kinase domain (residues 1002-1259) and the carboxy-terminal tail
(residues 1260-1382, Figure 1.1)111. The intracellular tyrosine kinase domain is responsible for
mediating insulin’s signal by the transphosphorylation of tyrosine residues within the tyrosine
kinase domain upon the binding of insulin to the α-CT unit at the extracellular part of the
receptor101. It is important to note, that to date no function has been described for the INSR residues
906-929 and it is thought that this region acts as a linker between the FnIII-2 and transmembrane
domain98.
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Figure 1.1: Secondary structure of the human insulin receptor.
(A) Schematic of the insulin receptor (drawn to scale). The left half of the schematic shows the 22 exons and their
boundaries. The right half outlines the predicted functional domains with their boundaries. L1 and L2, (leucine-rich
repeats); CR, Cys-rich domain; Fn0, Fn1, Fn2, fibronectin type III domains; Ins, insert in Fn1; TM, transmembrane
domain; JM, juxtamembrane domain; TK, tyrosine-kinase domain; CT, carboxy-terminal tail. Orange arrowheads
indicate N-glycosylation sites. Green arrowheads indicate ligand-binding site candidates. (B) 3D structure of the
insulin receptor. Black arrows indicate potential target sites for the insertion of fluorescent protein tags. The modules
are courtesy of Sir Tom L. Blundell. The figure was adapted with permission from reference98.

1.3

Insulin receptor signalling
The binding of insulin induces a conformational change to the INSR leading to the activation

of the tyrosine kinase activity in the β subunit112. The conformational change causes the transphosphorylation of the receptor tyrosine kinase a key process for the recruitment of INSR
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substrates113. Six insulin receptor substrates (IRS1 through IRS6) have been characterized as
important scaffolding proteins mediating insulin signalling113. The phosphotyrosine binding and
the pleckstrin homology domains are responsible for the docking of insulin receptor substrates to
the phosphorylated insulin receptor113. The docking of insulin receptor substrates to the insulin
receptor leads to a phosphorylation of IRS, which subsequently binds proteins containing a Srchomology 2 domain. Although insulin receptor substrate family members share binding domains,
their individual functions are very diverse. IRS1 is thought to be a mediator of body growth and
insulin signalling in muscle whereas IRS2 has been shown to be essential for β-cell survival and
insulin signalling in the liver114,115. Interestingly, the IRS3 gene is present in humans but it has
been reported that no protein is expressed63. However, in rodents IRS3 promotes, together with
IRS1, the differentiation of fat cells116. IRS4 knockout mice display glucose intolerance,
suggesting that IRS4 is an important signalling component inducing the translocation of GLUT4
to the plasma membrane promoting glucose uptake into the target tissue117. To date, the relevance
of IRS5 and IRS6 in insulin signalling is unclear. A recent study shows that both substrates are
only mildly stimulated by insulin and the interaction with the insulin receptor is weak compared
to other insulin receptor substrates118.
Phosphorylated IRS proteins are essential for inducing the metabolic actions of insulin by
the recruitment and activation of the phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)113.
This process generates the second messenger phosphatidylinositol (3,4,5)-trisphosphate (PIP3),
which is responsible for the recruitment of Akt to the plasma membrane (Figure 1.2). These
signalling events will be described in more detail below.
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1.3.1

The Akt signalling branch
Akt, also known as protein kinase B, is expressed in 3 isoforms in mammals. The global

knockout of Akt1 or Akt3 does not lead to an alteration of insulin sensitivity113. On the contrary,
a global deletion of Akt2 (Akt), which is the most abundant form in insulin sensitive tissues and
mediates insulin’s action on the metabolism, leads to the development of insulin resistance and
diabetes113,119. Akt is responsible for mediating a wide variety of cellular signalling events. For
example, by activating mammalian target of rapamycin complex 1 (mTORC1), the Akt signalling
pathway is responsible for regulating a number of genes controlling cellular anabolic processes
such as growth and protein synthesis120. Another important family of signalling proteins activated
by Akt is Forkhead Box O (Foxo). Foxo proteins are responsible for the inhibition of the cell cycle,
the resistance of cells to oxidative stress and the induction of apoptosis121. However, through the
phosphorylation and inhibition of Bax, Bad or Caspase-9 Akt signalling can also act antiapoptotic113. Furthermore Akt signalling is essential for glycogen synthesis by activating glycogen
kinase through the inactivation of glycogen synthase kinase 3 by phosphorylation through Akt122.
Insulin signalling can also inhibit lipolysis via the phosphorylation of phosphodiesterase 3B by
Akt, which decreases cyclic AMP levels in adipocytes123.

1.3.2

The Ras/Erk signalling branch
Another essential signalling branch that is activated by insulin is the Ras/Erk pathway

(Figure 1.2). Adaptor molecules containing SH2 domains such as Grb2 or Shc can be recruited
directly to the phosphorylated insulin receptor or bind to IRS proteins113. Grb2 can bind the
guanine exchange factor (GEF) son-of-sevenless. This enzyme catalyzes the switch of membrane
bound, inactive, guanosine diphosphate (GDP)-bound Ras to an active, Guanosine triphosphate
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(GTP)-bound Ras113. Ras interacts with the Raf kinase, which in turn stimulates mitogen-activated
protein kinase kinases (MEK) 1 and MEK2. MEK1/2 activate the mitogen-activated protein
kinases (MAPK) extracellular signal-regulated kinase 1 and 2 (Erk1 and Erk2) by
phosphorylation113. Erk1 is dual phosphorylated and activated at threonine residue Thr202 and
tyrosine residue Tyr204, while Erk2 is phosphorylated at threonine residue Thr183 and tyrosine
residue Tyr185. Erk signalling plays a direct role in cell differentiation and proliferation by
regulating gene expression113. Interestingly, Erk1 and Erk2 seem to execute similar functions since
the loss of Erk1 in whole body knockout mice is almost completely compensated by Erk2
activity124. However, Erk1 deficient mice display defects in T-cell maturation suggesting a specific
role for Erk1 signalling in immune cell proliferation124. The effects of insulin mediated Erk
signalling on gene expression can be mediated through the activation the transcription factor
Elk1125,126. It has been demonstrated in pituitary cells, that insulin stimulated Elk1 signalling
promotes prolactin expression127. Importantly, Erk1 signalling is required for adipogenesis and is
therefore responsible for the expansion of fat mass, a process that often precedes insulin resistance
and type 2 diabetes128. Indeed, a recent study suggests that defects in Erk signalling are likely
responsible for the development of insulin resistance in adipose tissue129.
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Figure 1.2: Insulin receptor signalling pathways.
The schematic represents a simplified version of the major insulin receptor signalling pathways. Insulin signalling can
be divided into the PI3K/Akt and Ras/Erk signalling branches. The schematic was adapted and modified with
permission from reference 130.

1.3.3

Autocrine insulin signalling in the pancreatic β-cell
The insulin receptor is highly expressed in β-cells131,132. β-cells have been suggested as an

insulin target for the first time in an early study from 1941; the administration of insulin was shown
to decrease the insulin content of the pancreas suggesting the autocrine action of insulin133. This
early pioneering work was the start of research directed toward the effects of insulin on β-cells.
Since then many models describing the autocrine effects of insulin have been introduced and will
be discussed in further detail in the following sections.
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1.3.3.1

Autocrine insulin effects on insulin synthesis

The pioneering study by Best et al. which suggested a negative effect of insulin on it’s own
biosynthesis has been revised. Many studies now demonstrate that insulin has a positive effect on
insulin gene transcription in the β-cell134. A popular model system to study the effects of insulin
signalling is a mouse strain with the β-cell specific knock-out of the insulin receptor, often referred
to as the BIRKO mouse131. In this model the rat insulin promoter drives the expression of Cre
recombinase, which excises exon 4 of the insulin receptor gene resulting in a frame shift and a
non-functional receptor131. BIRKO mice were reported to be glucose intolerant through a lack of
first phase insulin secretion and develop diabetes131. With age, BIRKO mice display reduced
insulin content in islets supporting the concept that insulin mediates it’s own biosynthesis131.
Another study proposed that insulin up-regulates the transcription of its own gene by
signalling via the insulin receptor A isoform134. In this process insulin signalling occurs from
receptors localized at the plasma membrane which activate insulin receptor substrates, PI3 kinase
and Akt135. The model suggests that Pdx1 acts as a transcription factor specifically activated by
insulin receptor signalling. It was demonstrated that insulin stimulation caused an increased
binding of Pdx1 to the insulin promoter region in β-cells136,137. This model is supported by a study
that found a transient increase in insulin content in human islets treated with physiological doses
of insulin138. The emphasis in this study was on using an insulin concentration that led to increased
insulin gene transcription. Importantly, circulating insulin levels in the body are usually within the
picomolar range139. However, many studies use high nanomolar range concentrations to stimulate
insulin signalling. Given that the IGF1 receptor has an affinity for insulin, especially at high
concentrations, it is critical to apply ‘physiological doses’ of insulin to ensure signalling through
the insulin receptor and not the IGF1 receptor101.
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Studies have shown, even independent of insulin administration, that insulin has positive
effects on its own synthesis. For example, the overexpression of the insulin receptor in β-cells
resulted in a three-fold increase of β-cell insulin content140. Additionally, the specific effect of
insulin on insulin biosynthesis via insulin receptor signalling was demonstrated by treating β-cells
with IGF1 or an IGF1 receptor antagonist. Both treatments displayed no changes in insulin
promoter activity strongly suggesting that insulin’s effect on it’s biosynthesis is specifically
mediated through insulin binding to the insulin receptor135. Together, these data suggest that
insulin can promote insulin gene transcription in β-cells.
However this concept has been challenged since it’s introduction141. A study suggests that
insulin biosynthesis is dependent on the exposure of β-cells to nutrients and that glucose controls
insulin mRNA translation142. In this work, an effect of insulin on insulin synthesis was not
observed. Another argument is that if insulin promotes it’s own synthesis this could lead to an
infinite cycle of insulin synthesis in β-cells141. But insulin can only be released and signal upon
glucose stimulated secretion, therefore an unlimited insulin synthesis is unlikely. In fact, it does
make physiologically sense to stimulate insulin biosynthesis after the release to refill secretory
granules with insulin. Together, the discrepancy of the data highlights that further research directed
toward the autocrine effects of insulin on insulin biosynthesis is required.

1.3.3.2

Autocrine insulin effects on insulin secretion

The autocrine role of insulin on it’s own secretion is controversial135,141. In the past decades,
the autocrine effects of insulin have been reported as a positive, negative or none on insulin
secretion141. Early studies did suggest that insulin inhibits it’s own secretion through unknown
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mechanisms135,143,144. However, a number of subsequent studies indicate the opposite and can show
a positive role of insulin on insulin secretion135,145-147.
Islets of the BIRKO mice were used to demonstrate in vitro that autocrine insulin signalling
is required for glucose sensing and insulin secretion of β-cells148. In these experiments, isolated βcells from BIRKO mice showed defects in the intracellular calcium homeostasis in response to
glucose challenges explaining the reduced secretion of insulin in response to the stimulus148.
Additional evidence for a positive effect of insulin on insulin secretion comes from studies
modulating insulin receptor substrates. It is proposed that insulin signalling through insulin
receptor substrates is responsible for mediating insulin exocytosis. Global knock-out of IRS1 leads
to reduced insulin secretion in response to a glucose challenge147. Similar results were obtained
from mice with a β-cell specific knock-out of IRS2149, but it is not clear whether these are acute or
chronic effects, due to the life-long duration of the knockout. Strikingly, diabetic individuals with
a polymorphism in IRS1 show defects in insulin secretion supporting that autocrine insulin
signalling can stimulate insulin secretion, either directly or indirectly150. However, these in vivo
results are only reproducible to some degree. For example, isolated IRS1-/- islets show reduced
insulin secretion in response to glucose but IRS2-/- islets are unaffected151. Surprisingly, DNA
antisense mediated knockdown of IRS1 and IRS2 in rat islets led to an increase in insulin secretion
suggesting that insulin signalling might indeed have an inhibitory effect on its secretion152. The
mechanism by which IRS signalling could potentially contribute to insulin secretion is not
completely understood, but observations in IRS deficient islet show that the cytoplasmic calcium
oscillations usually observed in the glucose response of β-cells are reduced in these mutant IRS1
islet cells145. Whether the regulation of cytoplasmic calcium through IRS signalling is mediated
by PI3 kinase signalling is controversial and both dependence and independence of PI3 kinase
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have been have been reported145,153. Collectively, it is still controversial if insulin has a positive or
negative effect on its own secretion and some studies even suggested no effects of insulin on
insulin secretion138,140,154,155. Together, the discrepancy of the data on insulin stimulated insulin
secretion could be explained by the fact that there is no universal protocol. The mentioned studies
have been carried out in a number of different models consisting of in vivo and in vitro experiments
in tissue of various species. Clearly, further systematic studies are required to resolve this question.

1.3.3.3

Autocrine insulin effects on β-cell proliferation

The rate of β-cell proliferation is highest in the prenatal state and gradually decreases with
age156. Under normal, adolescent conditions β-cells undergo at an approximate rate of 0.5% cell
death and birth135. This balance can change under certain conditions135. For example, in pregnancy,
as well as in early stages of type 2 diabetes, a β-cell mass increase is observed135. Pancreatic islets
of the BIRKO mice are smaller compared to controls thus suggesting a positive effect of insulin
on β-cell proliferation131. Direct evidence that insulin is a positive regulator of β-cell proliferation
was obtained from studies stimulating primary mouse β-cells with insulin, which resulted in
increased proliferation mediated by Raf1 signalling157. The modification of insulin signalling
through manipulation of insulin receptor substrates provided further evidence that insulin
positively affects β-cell proliferation135. Reduced β-cell mass was observed in mice with a global
IRS2 knock-out151. A β-cell specific IRS2 knock-out leads to the reduction of β-cell mass in adult
mice confirming results of global IRS2 knock-out studies149. This potential positive effect on
proliferation is suggested to be ensured by insulin signalling through insulin receptor substrates
and the Akt signalling branch135. This was demonstrated by the specific expression of a
constitutively active mutant of Akt in β-cells, which led to an increase in β-cell mass158. This study
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suggested that the increase in β-cell mass was mediated by both increased β-cell size and β-cell
proliferation. On the contrary, another study suggested that insulin mediated Akt signalling only
affects β-cell size positively but the number of β-cells and therefore β-cell proliferation rate
remained unchanged159. The potential role of Akt signalling in β-cell proliferation was supported
by a study addressing a signalling component upstream of Akt. A β-cell specific knock-out of 3phosphoinositide-dependent protein kinase 1 led to a decrease in β-cell mass in mice suggesting
an involvement of the Akt signalling branch in β-cell proliferation160. Surprisingly, loss of function
experiments realized by the expression of a kinase-dead Akt mutant in β-cells did not affect β-cell
size or number161. This could be explained by the fact that even though a mutant was expressed
about 20% Akt activity remained, which is likely sufficient to maintain basal β-cell proliferation
rates161. Together, evidence points toward a positive effect of insulin signalling via Akt on β-cell
proliferation in islets135.
On the contrary, early studies showed that an injection of rats with exogenous insulin leads
to a decrease in β-cell mass133. These studies are confirmed by recent work that analyzed prenatal
pancreas sections from mice lacking insulin genes162. The analysis revealed β-cell hyperplasia in
insulin deficient mice suggesting a negative effect of insulin on β-cell proliferation162.

1.3.3.4

Autocrine insulin effects on β-cell survival

A reduction of functional β-cell mass is one of the key symptoms in progressed stages of
type 2 diabetes75. At this stage, circulating insulin levels are low due to β-cell
dysfunction/exhaustion and β-cell death75. Lower levels of circulating insulin and increased β-cell
death in type 2 diabetes led to the hypothesis that insulin has an anti-apoptotic effect on β-cells.
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Despite their smaller islet sizes the islets of the BIRKO mice did not show increased β-cell
death at 2 weeks of age based on TUNEL staining131,163. However, experiments with isolated
human and murine islets demonstrated that the administration of insulin can protect β-cells from
serum withdraw induced apoptosis137. The physiological doses of insulin used in these experiments
did not activate Akt signalling, suggesting that the anti-apoptotic effect of insulin on β-cells is not
mediated by Akt signalling but rather signalling through Erk. This hypothesis was supported by a
study utilizing a kinase-dead Akt mutant in β-cells, which did not affect β-cell number161.
Interestingly, the knockout of 3-phosphoinositide-dependent protein kinase 1 in β-cells caused
increased islet apoptosis suggesting that the anti-apoptotic effect of insulin on β-cells is carried out
via PI3 kinase dependent signalling but likely independent of Akt160. Further evidence for an antiapoptotic role of insulin comes from studies that manipulated insulin receptor substrates. Indeed,
the global knock-out of IRS2 led to decreased β-cell mass115. However, a β-cell specific deletion
of IRS2 did not lead to β-cell apoptosis adding controversy to the proposed insulin receptor
substrate dependent anti-apoptotic effect of insulin149,151. Together, the role of insulin on β-cells
survival remains controversial and requires more studies to determine the exact signalling
mechanisms which are involved in this process135.

1.3.3.5

Interplay between insulin and IGF1 signalling in β-cells

Given that insulin receptors can form heterodimers with IGF1 receptors and both insulin and
IGF1 can bind to either receptor the question was raised how tightly IGF1 signalling is tied to
insulin receptor signalling and how it influences β-cell function and survival. Evidence for an
interaction between the two pathways in β-cells came from the observation that mice lacking IGF1
receptor specifically in β-cells displayed glucose intolerance a phenotype previously observed in
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the BIRKO mouse131,164. The glucose intolerance in the IGF1 receptor β-cell knockout mice was
due to a reduced expression of glucose transporter 2 in these cells, which led to a faulty sensing of
extracellular glucose concentrations164.
To elucidate the interaction between IGF1 and insulin signalling in β-cells a double knockout mouse model was developed which lacked both the insulin and IGF1 receptor specifically in
β-cells163. Strikingly, only double knock-out mice developed hyperglycemia under basal
conditions while a single knockout of either the insulin receptor or IGF1 receptor in β-cells did not
change basal blood glucose levels within 50 days after birth163. Single knock-out mice displayed
glucose intolerance but a remarkably more severe glucose intolerant phenotype was observed in
the double knock-out mice163. Additionally, double knockout-mice had a significantly higher rate
of β-cell death compared to single-knockouts leading to a decreased β-cell mass in 5 week-old
mice compared to single knock-out or wild type controls163. Interestingly, β-cell insulin content
and secretion were significantly lower in double knock-out mice compared to single knock-outs163.
Together, these data demonstrate that β-cell function and survival is not exclusively mediated by
either insulin receptor or IGF1 receptor signalling but that likely an interplay of both insulin and
IGF1 is responsible for the maintenance of functional β-cells163.

1.3.3.6

Lessons from the BIRKO mice

BIRKO mice provide a powerful tool to observe and understand the autocrine effects of
insulin signalling165. Studies involving the BIRKO mice provided evidence for the essential role
of insulin in β-cell function and survival and suggested a unifying mechanism that draws the
connection between insulin resistance and loss of β-cell function a process during the development
of type 2 diabetes131,165.
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However, it should be considered that the knock-out mediating Cre recombinase is driven
by the rat insulin promoter. The rat insulin promoter has been shown to be active in the brain166.
Insulin receptors are expressed in the brain since insulin has shown to affect metabolism, memory
and behaviour by binding receptors in the brain167. Therefore, results obtained from BIRKO mice
cannot be interpreted as exclusive effects of manipulated insulin signalling in the β-cell168.
Consequently, a promoter that is truly specific to β-cells should be applied to facilitate studies
directed toward insulin’s function on β-cells. The mouse insulin 1 promoter has been suggested as
a much more specific promoter to drive Cre expression exclusively in β-cells and studies to
confirm the BIRKO results with this new model system are underway168,169.

1.4
1.4.1

Insulin resistance
Insulin resistance caused by genetic defects
One of the major symptoms of type 2 diabetes is insulin resistance in peripheral tissue. As a

consequence, the body is not able to take up glucose from the bloodstream resulting in
hyperglycemia. A number of genetic defects are known which can cause insulin resistance. For
example, a polymorphism of IRS1 is observed in some type 2 diabetes patients leading to
decreased insulin signalling through the PI3K pathway170,171. Additionally, many polymorphisms
in the human IRS2 gene have been observed but a correlation to incidences of type 2 diabetes
remains to be established172. Furthermore, regulatory subunits of PI3K can be affected by
polymorphisms that lead to hyperglycemia and ultimately type 2 diabetes173. Finally, rare cases of
mutations in Akt or some of its downstream targets have also been reported in some patients
suffering from type 2 diabetes174,175.
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1.4.2

Insulin resistance caused by lipotoxicity
The accumulation of circulating triglycerides as a consequence of obesity leads to an

overexpression of hydrolyzing enzyme lipoprotein lipase, which is thought to be responsible for
causing insulin resistance in skeletal muscle176. c-Jun N-terminal kinases are major inhibitors of
insulin receptor signalling113. Free fatty acids, in particular, circulating palmitate levels are
elevated in obesity and induce the activation of c-Jun N-terminal kinases resulting in endoplasmic
reticulum (ER) stress and cytokine production177. Other lipid metabolites such as diacylglyerol can
cause insulin resistance by inducing IRS1 serine-307 phosphorylation reducing the tyrosine
phosphorylation on IRS1 consequently inhibiting the activation of PI3K through tyrosine
phosphorylated IRS1178. Moreover, an increase of saturated and a decrease of unsaturated fatty
acids is observed in type 2 diabetes and causes insulin insensitivity by reducing membrane
fluidity179.

1.4.3

Insulin resistance caused by tissue inflammation
The continuous expansion of adipocytes in the state of obesity leads to the secretion of

chemokines such as MCP-1. This process drives the recruitment of inflammatory macrophages
into adipose tissue causing a suppression of Akt signalling by the accumulation of the proinflammatory cytokine TNFα180. Interleukin-1β, another cytokine secreted by inflamed adipose
tissue and immune cells, leads to a reduction in IRS1 expression and therefore contributes directly
to impaired insulin signalling and consequently hyperglycemia in type 2 diabetes181. In obesity,
tissue inflammation is also caused by the Toll-like receptor driven activation of the NF-κB
signalling pathway. This pathway is of fundamental importance for the development of insulin
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resistance since mice with a reduced expression of Toll-like receptor signalling proteins are
protected from obesity induced insulin resistance182.

1.4.4

Insulin resistance caused by ER stress
The unfolded protein response is an adaptive quality control system for proper protein

folding and maturation in the ER. In obesity, this mechanism is enhanced due to a higher
conversion of metabolites. Crucial proteins such as PERK and IRE1α are involved in this process
but also activate JNK, which leads to an inhibition of insulin signalling pathways.177 However,
the body developed mechanisms to counter-act this process. For example, the transcription factor
XBP-1 is activated by ER-stress and decreases c-Jun N-terminal kinases activation and therefore
increases insulin signalling.177

1.4.5

Insulin resistance in β-cells
Given that β-cells are targets of autocrine insulin signalling (Chapter 1.3.3) the question

arises if they display forms of insulin resistance or if they are affected by it. Indeed, an IRS1
polymorphism, which is associated with insulin resistance and type 2 diabetes, has been reported
to affect β-cells by reducing their insulin content, secretion and the number of secretory insulin
granules per β-cell150. Importantly, an exposure of primary β-cells to palmitic acid, a saturated
fatty acid results in insulin resistance that is caused by JNK mediated phosphorylation of insulin
receptor substrates183. This interferes the binding of IRS to the insulin receptor inhibiting insulin
signalling183. This condition corresponds to the effects of lipotoxicity on other peripheral tissue
such as the liver in insulin resistant and diabetic conditions183. To simulate hyperglycemia in vitro,
rat β-cells were treated with glycosamine, which led to an inhibition of insulin receptor and insulin
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receptor substrate phosphorylation thus interfering insulin signalling in β-cells184. This inhibition
of insulin signalling by hypoglycemic conditions led to increased β-cell apoptosis demonstrating
the important role of insulin signalling on β-cell survival184. Collectively, there is strong evidence
for insulin resistance in β-cells, which highlights the requirement for research directed towards the
mechanisms of autocrine insulin signalling in this cell type.

1.5
1.5.1

Endocytosis
Endocytic pathways
Endocytosis describes the uptake of extracellular material into the cell. In this process the

cell invaginates parts of the plasma membrane to internalize cargo31. The process of endocytosis
can be divided in multiple pathways dependent on the cargo, the involved mechanism and the size
of the formed vesicle (Figure 1.3)31,185. These pathways describe a complex network of vesicles
and their trafficking, which involves the internalization and sorting of material. Specialized cells
such as macrophages and neutrophils are responsible for clearing large pathogens (e.g. bacteria or
yeast) in the organism by a process termed phagocytosis185. Macrophages bind bacteria with
antibodies located on their plasma membrane and engulf bacteria in organelles termed phagosomes
in which they are degraded.185 Multiple subtypes of phagocytosis have been defined and are
classified by the involved proteins and the nature of the ingested particle186.
Another mode of endocytosis found in a broad range of cell types is the process of
pinocytosis, which describes the fluid phase uptake of small particles by membrane ruffling into
the cell31,185. This is an unspecific process, which involves the uptake of solubilized cargo from
the extracellular medium31,185. In contrast, receptor mediated endocytosis describes the specific
internalization of ligands which bind to receptors localized on the plasma membrane31,185. These
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receptors can localize in different domains on the plasma membrane. Characterized by their protein
composition receptor mediated endocytosis can be further subdivided into modes: clathrindependent, caveolin-dependent, or clathrin- and caveolin-independent endocytosis185.

1.5.1.1

Clathrin-mediated endocytosis

Clathrin-mediated endocytosis is suggested to be the major pathway for receptor mediated
endocytosis in mammalian cells187. A recent publication suggests that up to 95% of internalized
receptor-bound cargo enters the cell via this pathway187. Clathrin is a protein which can form a
molecular coat around pits in the plasma membrane31. This coat is composed of subunits which
each contain three clathrin heavy chains strongly interconnected with their respective light chains
which together form a stable coat-like structure31,185. Upon ligand binding to the receptor, the
clathrin-coated pit invaginates. Subsequently, dynamin assembles around the neck of the pit and
pinches it off the plasma membrane generating the clathrin coated vesicle188. Shortly after
internalization an ATPase targets the clathrin light chains to drive the coat disassembly from the
clathrin coated vesicle189. Subsequently, effector proteins get recruited to the membrane of the
vesicle to mediate further transport steps.
Rab GTPases play an essential role in directing the transport of vesicles originated from
clathrin-mediated endocytosis190. Rab proteins cycle between an inactive, cytoplasmic GDPbound state and an active GTP- and membrane bound state190. Rab5 labels early endosomes and
is an essential component for the biogenesis of the entire endolysosomal system191. In particular,
Rab5 recruits effectors such as the early endosomal antigen 1 (EEA1) to membranes where it is
responsible for tethering endosomal membranes to initiate endosomal fusion192. Depending on the
internalized cargo, Rab5-positive early endosomes can be either recycled back to the plasma
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membrane via recycling endosomes labeled with Rab 11 or mature into late endosomes by an
exchange of Rab5 with Rab7193,194. Late endosomes fuse with lysosomes where cargo and receptor
degradation can take place31. Together, clathrin-mediated endocytic routes can be divided into a
recycling and degradation pathway31. Which particular route internalized cargo follows is ligand
and receptor specific. For example, the iron transporter transferrin and its receptor follow the
recycling pathway while the epidermal growth factor (EGF) and the EGF-receptor are trafficked
through the degradative pathways to lysosomes195,196.

1.5.1.2

Caveolin-mediated endocytosis

The plasma membrane of the cell is a highly dynamic environment composed of a variety of
lipids. These lipids can form functional platforms termed lipid rafts197. Since lipid rafts are highly
mobile, intracellular scaffolding domains are responsible for anchoring these compartments to the
plasma membrane prior to membrane budding198. One of these scaffolding proteins is Caveolin198.
Caveolins are expressed in three different isoforms. Caveolin-1 (Cav1) is ubiquitously expressed
while Cav-2 expression is restricted to white adipose tissue, endothelial, smooth muscle and
pancreatic islet cells198. Cav-3 is predominantly expressed in cardiomyocytes198. While their
expression is tissue specific their role in mediating endocytosis is similar. Caveolins spatially limit
lipid rafts in the plasma membrane and form caveolae, membrane pits which act as entry portals
into the cell in caveolin-mediated endocytosis198. Similar to clathrin-mediated endocytosis,
caveolae pinch off the plasma membrane via the assembly of dynamin at the neck of the membrane
invagination188. However, the dynamics of caveolae and whether they are indeed internalized into
the cell was always controversial and cavaeolae have been suggested as both dynamic and stable
structures of the plasma membrane199-201. Since these controversial studies often use different cell
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types, it is likely that the dynamics of caveolae are cell type specific. However, it has been
demonstrated that several pathogens such as the HIV or the polyoma virus enter cells through the
endocytosis of caveolae, suggesting that caveolae are indeed internalized into the cell.202,203 The
internalization of caveoalae has shown to be dependent on Cav1 phosphorylation at tyrosine 14
mediated by the Src kinase201,204,205. The fate of the internalized caveolin coated vesicle is
controversial. Initially these organelles were referred to as caveosomes201. However the definition
of this organelle has been revised206. The current consensus is that internalized caveolin coated
vesicles merge with the classic endocytic pathways and traffic to a variety of intracellular
organelles such as endosomes, lysosomes and the ER206,207. Together, the internalized caveolin
coated vesicle is seen as an intermediate organelle feeding into endocytic routes rather than an
independent trafficking organelle.

1.5.1.3

Other endocytic pathways

Besides the vesicles derived from either clathrin- or caveolin-mediated endocytosis there is
a number of endocytic pathways which receive their organelles independent from clathrin or
caveolin positive membrane structures. For example, clathrin-independent carriers (CLIC)
originate from lipid rafts which are neither positive for clathrin nor caveolin protein208. The
GTPase activating protein GRAF1 is thought to be the regulating factor mediating the
internalization of endosomes in the CLIC pathway209. Flotillin-1 (Flot-1) is a protein localized in
plasma and vesicular membranes describing a pathway distinct from classical caveolin or clathrin
mediated endocytic routes210. Flot-1 mediated endocytosis has been implicated in toll-like receptor
signalling thus defining an important subset of endosomes for intracellular signalling211. Together,
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endocytic pathways are complex networks of vesicles originating from various membrane domains
ensuring directed intracellular trafficking and signalling.

Figure 1.3: Endocytic entry portals to the cell.
A simplified schematic of the major endocytic entry pathways in mammalian cells. The green structures represent
dynamin. This schematic was adapted with permission from reference 212.

1.5.2

The role of endocytosis in insulin receptor signalling
The internalization of tyrosine kinase receptors is a major mechanism to regulate ligand

binding induced signalling213. Depending on the cell type, the INSR can be internalized either
through caveolin- or clathrin-mediated endocytosis214,215. INSR internalization and signalling
through caveolae has been studied in many tissues and in particular detail in adipocytes216. Studies
in primary adipocytes showed that a binding of insulin to its receptor caused the
autophosphorylation of the receptor tyrosine kinase which in turn phosphorylated Cav1 at tyrosine
14 causing the internalization of the receptor complex through caveolin-mediated endocytosis214.
Notable is the tissue dependency of INSR trafficking routes after internalization. In adipocytes,
only a minor amount of internalized INSR complexes is degraded in lysosomes suggesting a
recycling of INSR to the plasma membrane217. Conversely, in hepatocytes the majority of the
internalized INSR complex is transported to lysosomes for degradation218. A mathematical model
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suggested that the internalization of the INSR is a mechanism mediating the negative feedback
loop in insulin signalling by the dephosphorylation of the internalized receptor217. The role of
caveolin in insulin receptor signalling appears to be of an essential nature. Studies in human
adipocytes showed, that IRS1 binds directly to Cav1 giving the scaffolding protein a fundamental
importance in directing proteins involved in INSR signalling to the receptor219. This link between
Cav1 and INSR signalling is further supported by results demonstrating that a Cav1 knockdown
leads to an increased degradation of IRS1 in murine embryonic fibroblasts and a reduced
expression of INSR in adipose tissue220,221. Lastly, inhibition of INSR endocytosis by the
overexpression of a dominant negative dynamin mutant leads to an impaired Erk signalling upon
insulin stimulation in a dose and time dependent manner in adipocytes222. Together, a large set of
data is pointing towards a direct involvement of endocytosis in the regulation of INSR signalling.
However, the mechanistic details especially in autocrine insulin signalling processes in β-cells
remain to be resolved216.

1.6

Intracellular calcium signalling
Calcium is one of the most important signalling molecules in the cell. It has been implicated

in the regulation of a wide variety of cellular events such as endocytosis and exocytosis, cell death
and proliferation, cell adhesion and motility, cell-to-cell signalling, and gene transcription223-226.
Local calcium signals are involved in the regulation of intracellular trafficking events. For
example, the glucose-stimulated release of insulin from secretory granules of β-cells is dependent
on local increases in cytosolic calcium levels227. It is well established that the depletion of
endoplasmic reticulum (ER) calcium and increase in cytosolic calcium are involved in the
execution of the programmed cell death called apoptosis via pathways regulated by the Bcl2
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protein family and caspase signalling cascades225,228. During this process, the ER releases calcium
leading to ER-stress, a pro-apoptotic phenomenon. Calcium released from the ER can be taken up
by mitochondria, which in turn release the proapototic factor cytochrome c, further promoting cell
death229. Nuclear calcium signalling, however, is known to control gene expression. In this context
calcium can act as an expression enhancer or suppressor224. Collectively, decades of research have
strongly highlighted the physiological importance of intracellular calcium signalling defined by
the interplay of intracellular organelles. The mechanism by which calcium gets exchanged within
these compartments is specific to the respective organelle.
In general, calcium can be transported across membranes via 3 different transport
mechanisms230. Calcium can diffuse through channels down its electro-chemical gradient. Calcium
can also be transported against the concentration gradient via molecular pumps, which consume
ATP, or shuttled through ion exchangers, which make calcium trafficking dependent on other ion
gradients230,231. Each cellular compartment has a specific set of calcium transporters. In this
context, organelles can act as discrete calcium stores or calcium buffers in the cell231.

1.6.1

Mechanisms of calcium signalling in the plasma membrane
The plasma membrane separates the low cytoplasmic calcium concentrations (100-200 nM)

from the extracellular medium, which has many orders of magnitude higher calcium content (1-2
mM)232. To maintain this gradient, the plasma membrane is equipped with a number of pumps and
exchangers. Their distribution and presence is cell type specific. All plasma membranes of
eukaryotic cells express the plasma membrane calcium ATPase (PMCA) a molecular pump which
is able to transport calcium out of the cell and against the concentration gradient by the hydrolysis
of ATP232. Calcium removal from the cytosol can further be executed by sodium calcium
38

exchangers (NCX). These antiporter ion exchangers use the energy stored in the electrochemical
gradient of sodium to facilitate calcium movement. It allows three sodium ions to flow down the
gradient across the membrane in exchange for the counter transport of one calcium ion232.
In contrast to the export of calcium, the cell allows the rapid influx of calcium from the
extracellular environment by opening channels embedded in the plasma membrane. Transient
receptor potential (TRP) channels can mediate the influx of calcium into the cell233. TRP channels
mediate sensations such as temperature, taste, pressure or vision. Therefore the channels can be
activated by extracellular stimuli like spices, stretch or osmotic pressure. TRP channels are rather
non-selective and mediate the influx of ions such as sodium and magnesium as well as calcium233.
The elevation of intracellular calcium can be executed by the opening of voltage gated
calcium channels (VGCC)234. VGCCs are composed of several subunits. According to the subunit
composition and the conduction of different calcium currents, VGCCs can be divided into 3
different classes235. Due to structural and functional difference each channel class is involved in
different cellular processes. The VGCC 1 family initiates endocrine secretion, muscle contraction,
gene transcription and is regulated primarily by second messenger-activated protein
phosphorylation pathways. The VGCC 2 family initiates synaptic signal transmission and is
regulated primarily by direct interaction with SNARE or G proteins. The VGCC 3 family is
associated with the mediation of cardiac muscle contraction and is activated and inactivated more
rapidly and at lower membrane potentials than other voltage gated calcium channels235.

1.6.2

Mechanisms of calcium signalling in the endoplasmic reticulum
The endoplasmic reticulum (ER) is the most well characterized intracellular calcium store.

Its resting calcium content is significantly higher (300-800 µM) than the cytoplasmic calcium
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concentration (100-200 nM)236. The ER calcium content is primarily regulated by the calciumimporting pump sarco/endoplasmic reticulum calcium-ATPase (SERCA) and the calcium export
channels IP3 receptor (IP3R) and ryanodine receptor (RyR)237-239. By hydrolysing one molecule
of ATP, SERCA raises ER calcium by transporting two calcium ions from the cytosol across the
ER membrane. SERCA activity can also be regulated directly by phospholamban, which acts in
an inhibitory manner. This inhibition can be released by protein kinase A dependent
phosphorylation of phospholamban239.
The release of ER calcium is primarily mediated by the IP3R and the RyR. Three IP3R
subtypes as well as alternative splicing variants of IP3R1 and IP3R2 have been identified238. The
IP3R subtypes share about 65-85% homology and are expressed in an overlapping manner where
most cells express more than one subtype238. Upon extracellular stimulation by various agonists,
such as growth factors, phospholipase-C is activated and phosphatidylinositol 4,5-bisphosphate is
hydrolysed. This process generates IP3. Subsequently, IP3 binds to the IP3R, leading to calcium
release from the ER238.
The RyR channel is present in three different isoforms. RyR1 is primarily expressed in
skeletal muscle tissue, whereas the RyR2 is highly expressed in the heart muscle. The third RyR3
isoform is expressed more widely, but has been shown to be especially expressed in the brain237.
RyR activity can be activated by a process of calcium-induced calcium release. In many cell types,
RyR receptor activity is coupled to the activity of voltage gated calcium channels located on the
plasma membrane237. The initial release of calcium from the plasma membrane (by VGCC’s) or
the ER (mediated by e.g. IP3R) can enhance RyR activity and lead to the propagation of calcium
waves. As a consequence, small calcium release events can lead to greater calcium release from
the ER lumen237.
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1.6.3

Mechanisms of calcium signalling in the Golgi network
The Golgi network is closely linked to the ER and the major site of post translational protein

modifications such as glycosylation and cleavage240. The activity of key enzymes mediating these
processes is strongly dependent on calcium240. Therefore, the Golgi apparatus is equipped with
calcium channels and pumps to regulate its calcium content. The calcium concentration in the
Golgi was estimated to be in a range of 100-300 µM241. Since this concentration is significantly
higher than the resting cytosolic calcium concentration, the Golgi apparatus was described as an
intracellular calcium store. Interestingly, calcium channels and pumps are specifically distributed
on sub-compartments of the Golgi network. The cis-Golgi, closely attached to the ER contains
SERCA pumps for calcium uptake and IP3R for calcium release241. The trans-Golgi network,
mostly responsible for protein packaging and forming of transport vesicles contains RyRs for
calcium release and the Golgi specific calcium pump secretory pathway calcium-ATPase (SPCA),
which can transport calcium into the Golgi by consuming ATP242. SPCA activity has been
associated with increases in cytosolic calcium in a calcium-induced calcium uptake mechanism.
In contrast to the SERCA pumps of the ER, SPCA pumps can transport manganese along with
calcium to prevent manganese toxicity caused by increased manganese content in the cytosol242.

1.6.4

Mechanisms of calcium signalling in the nucleus
Although the nucleus-limiting nuclear envelope contains a complete set of calcium

regulating pumps and channels, nuclear calcium content is similar to that of the cytosol224. Calcium
simply diffuses through the rather large nuclear pores in the nuclear envelope. Calcium channels
and pumps of the nuclear envelope have been implicated in local calcium signalling224. It has been
41

demonstrated that the import or export of proteins from and to the nucleus is dependent on calcium.
In fact the opening of the nuclear pore complex is associated with elevated local calcium levels
derived from the nuclear envelope lumen whereas low calcium levels cause the nuclear pore to
close243.

1.6.5

Mechanisms of calcium signalling in mitochondria
Mitochondrial calcium uptake and release play an important role in the control of multiple

physiological processes, such as cytoplasmic calcium signalling and ATP production244. A
dysregulation of mitochondrial calcium triggers the cascade of events that can ultimately lead to
cell death245. Mitochondrial calcium release and accumulation are based on calcium exchangers,
channels and pumps. The driving force for calcium accumulation in mitochondria is the membrane
potential across the inner mitochondrial membrane244. Calcium exchangers use the concentration
gradient of calcium-, hydrogen- and sodium ions across the inner membrane to drive the release
of calcium back into the cytosol. Using this machinery, the mitochondrial calcium concentration
can reach as high as 20 µM244.
Due to its characteristic morphology with an outer and a cristae forming inner membrane,
mitochondria have a characteristic set of calcium transporters to shuttle calcium across two
membranes. The permeability transition pore (PTP) shuttles calcium directly across the two
membranes and is the only mechanism known to export calcium directly out of the mitochondria
matrix246. The opening of PTPs and subsequent release of calcium is mediated by high luminal
calcium concentrations (calcium-induced calcium release). PTPs cause mitochondria to become
permeable to small molecules, which draw water in the matrix by increasing the organelle's
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osmotic load. Consequently, mitochondria swell and may rupture. Subsequently, cytochrome c can
be released into the cytosol and may cause apoptosis246.
Voltage gated calcium channels are responsible for transporting calcium from the cytosol
across the outer mitochondrial membrane. Conversely, the calcium-sodium antiporter NCLX
(sodium/calcium exchange protein 6) has been identified recently as an exchanger exclusively
expressed and localized on the inner mitochondrial membrane244. NCLX mediates the sodium
dependent calcium efflux from mitochondria. NCLX has been identified as the major calciumsodium exchanger since a catalytically inactive mutant of NCLX blocks the calcium-sodium
exchange in isolated mitochondria244.
The mitochondrial calcium uniporter (MCU) is located on the inner membrane and
responsible for direct calcium transport into the lumen247,248. MCU possesses two transmembrane
domains forming a gated ion channel. The down regulation of MCU leads to a significant reduction
mitochondrial calcium uptake highlighting MCU as the major channel responsible for calcium
uptake into mitochondria. The activation of MCU is mediated by motifs of a subunit identified as
MICU1 (mitochondrial calcium uptake 1)249.

1.6.6

Mechanisms of calcium signalling in endolysosomes
After the pinching from the plasma membranes the luminal pH of endosomes decreases to

dissolve the internalized ligands from their receptors. The acidification of the endosomal lumen
can be correlated to their maturation state. In this process the near neutral pH of the freshly formed
vesicle decreases on the way to lysosomes to an acidic pH 531. These endocytic vesicles and
lysosomes are therefore often termed acidic organelles and have been traditionally suggested as
calcium stores250,251. Due to their small size, fast dynamics and changing luminal pH, calcium
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measurements within endolysosomes have been technically challenging. Early pioneering work
by Gerasimenko and colleagues relied on the dye Oregon Green488 BAPTA-5 N taken up into
cells from the extracellular media, to estimate a calcium concentration of ∼28 μM in ‘early’
endosomes (defined as those imaged within 3 minutes after endocytosis). As the endosomes
matured, the calcium was seen to drop to 8.5 μM 5 minutes after endocytosis, and then further
decreased to 3 μM 20 minutes after endocytosis252. On the other hand, Christensen and colleagues
reported Ca2+ levels of 400-600 μM in lysosome-like structures loaded with FFP18-AM, a dye
reported to label cell membranes253. This wide range of values demonstrates, that the luminal
calcium concentrations in endosomes are highly dynamic. In fact these fluctuations have been
suggested to play a role in mediating vesicle fusion and fission254. Interestingly, defects in
lysosomal calcium handling have been associated with lysosomal storage disorders such as
Niemann–Pick type C and Mucolipidosis type IV, which are characterized by neurological
defects226. This suggests a central role of endolysosomal calcium in essential cellular functions.
Consequently, research has been directed toward the understanding of the role and mechanisms
behind the regulation of luminal calcium in endosomes. So far four types of channels are thought
to be involved in the regulation of luminal calcium in endosomes and will be discussed in further
detail below.

1.6.6.1

Transient receptor potential channels

Transient receptor potential (TRP) channels reside in membranes as tetramers251. TRP
channels of the mucolopin family have been characterized in three isoforms which are expressed
in vertebrates and are predominantly localized in membranes of endosomes and lysosomes251. TRP
mucolipin 1 is distributed along early and late endosomes and was also found to be localized on
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lysosomes255. TRP mucolipin 1 reaches the vesicular membrane either by a direct transport of the
newly synthesized protein from the Golgi or via an indirect route which includes the transport of
the protein to the plasma membrane prior to membrane invagination and endocytosis255. It is
suggested that TRP mucolipin 1 is responsible for lipid sorting to lysosomes since mutations in
TRP mucolipin 1 are the cause for the lysosomal storage disorder Mucolipidosis type IV reflected
by defects in lipid endocytosis255. However it is unclear if these defects in late endosomal sorting
are secondary to the accumulation of lipids caused by the mutations in TRP mucolipin 1255.
Interestingly, the depletion of TRP mucolipin 1 in the human HeLa cell line by RNA interference
led primarily to a decrease in lysosomal pH while low-density lipoprotein trafficking was
unaffected256. These results suggest that the trafficking defects observed in humans with TRP
mucolipin 1 mutations are likely secondary to an incomplete digestion of material in lysosomes
due to the altered luminal pH caused by TRP mucolipin 1 malfunction256.
The second isoform of the family, TRP mucolipin 2, is localized in the plasma membrane,
recycling and late endosomes and lysosomes255. TRP mucolipin 2 is thought to be an inactive
channel which acts as a negative regulator for the third isoform TRP mucolipin 3255. The
mechanism for this regulation is unknown but likely mediated by the first 28 residues of TRP
mucolipin 2 since a selective mutation of this region leads to increased TRP mucolipin 3 activity257.
TRP mucolipin 3 is highly expressed in the inner ear and a mouse with gain of function TRP
mucolipin 3 expressed displays hearing loss255. It is localized predominantly on early endosomes
and the maximum activity of TRP mucolipin 3 was determined at a luminal pH of 6.5 which is
found in freshly internalized vesicles only255. In contrast to TRP mucolipin 1 and 2, the mechanism
for the function of TRP mucolipin 3 is better characterized. Like all TRP channels it is permeable
to calcium but inhibited by hydrogen ions consistent with the observation, that this channel is
45

predominantly active at near neutral pH values255. However, the specific mode of activation or
inhibition of TRP mucolipin 1 and 2255 is less clear but both NAADP and PI(3,5)P2 have been
suggested as activators. Collectively, TRP mucolipins are a family of calcium channels specifically
localized on vesicles of the endolysosomal system and while their precise mode of action remains
to be elucidated their important role in vesicular trafficking by the regulation of luminal calcium
is well established255.

1.6.6.2

Two pore channels

Two pore channels (TPC) are localized throughout the endolysosomal system and are
arranged as dimers within the lipid bilayer251. In humans and mice there is two functional TPC
isoforms. A third isoform has been identified as a pseudo gene in most mammals, including
humans and mice258. TPC1 and 2 are ubiquitously expressed throughout the human body258. TPC1
is localized throughout the endolysosomal system including recycling endosomes and lysosomes.
On the contrary, TPC2 was observed to be predominantly localized on mature endocytic vesicles
such as late endosomes and lysosomes. The physiological role of two pore channels is associated
with cell differentiation in the nervous system. Interestingly, during the differentiation of mouse
embryonic stem cells into neuronal progenitor cells a significant decrease of TPC2 expression was
detected which gradually returned to normal levels during later stages of neuronal cell
differentiation259. The knockdown of TPC in embryonic stem cells led to an acceleration of stem
cell differentiation into neuronal progenitors but these cells failed to differentiate into functional
neurons259. In line with these results an overexpression of TPC2 led to the inability of embryonic
stem cells to differentiate into neuronal progenitors259. Together, these data suggest a role of TPC2
mode of action in neuronal cell differentiation and similar effects have been observed in myoblast
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and osteoblast differentiation258. Recently TPC2 has been implicated in the mediation of the fusion
between autophagosomes and lysosomes during autophagy. For example, the overexpression of
TPC2 in HeLa cells inhibited this fusion which resulted in an accumulation of autophagosomes
within the cell while a knockdown of TPC2 consequently led to a decrease in intracellular
autophagosomes260. Interestingly, the inhibited autophagosome-lysosome fusion was associated
with an increase in the luminal pH suggesting a correlation between the calcium content and pH
in the lumina of endolysosomal vesicles260. It remains to be determined if the defects in vesicle
fusion are caused by the altered pH or calcium, or if one is a consequence of the other.
The mechanisms behind two-pore channel activation and inactivation remain highly
controversial. However nicotinic acid adenine dinucleotide phosphate (NAADP) and
phosphoinositides are the strongest candidates for activators of TPCs on endolysosomes261,262. The
evidence for NAADP being the activator of two pore channels is striking258. For example, RNA
interference mediated knockdown of TPC1 in neuronal precursors led to an inhibited
differentiation which was mediated by NAADP in wild type cells263. The same study shows the
mobilization of calcium from lysosomes via NAADP263. The overexpression of TPC2 in the
human embryonic kidney cell line HEK293 led to a significant increase of radioactively labeled
NAADP binding to cellular membranes261. Furthermore, NAADP caused a significant increase of
calcium release from intracellular stores in cells overexpressing TPC2261. Importantly, the
sensitivity of two pore channels to NAADP is suggested to be concentration dependent with a
maximum TPC2 activation at NAADP concentrations of 30 nM in HEK293 cells264. Interestingly,
the thapsigargin induced emptying of endoplasmic reticulum calcium did not affect lysosomal
calcium content suggesting that ER and acidic organelle calcium contents are not functionally
coupled264. Remarkably, the same study did not find an increased response to NAADP when
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murine TPC1 was overexpressed suggesting different sensitivities of TPC1 and TPC2 to
NAADP264. This hypothesis is supported by studies that overexpressed either human TPC1 or
human TPC2 in rat astrocytes and the overexpression TPC2 led to a much greater response of cells
to NAADP than the overexpression of TPC1 did265. Collectively numerous studies strongly
suggest that two pore channels are targets of NAADP. If two pore channels bind NAADP directly
like a receptor or if adaptor proteins are responsible for the interaction remains to be determined.
Recently the concept of NAADP as the activator of two pore channels has been challenged.
For example, the double knock out of both two-pore channel isoforms in β-cells did not affect their
response to NAADP262. The same study demonstrated in artificially enlarged lysosomes, that two
pore channels were likely sodium channels which are activated by the phosphoinositide
PI(3,5)P2262. This was supported by a follow up study, which demonstrated that two pore channels
actually conduct sodium ions and are activated by ATP rather than by NAADP questioning the
concept of two pore channels as NAADP sensitive calcium channels266. Collectively, the mode of
action of two pore channels is highly debated and the mechanisms explaining their function need
to be further elucidated.

1.6.6.3

ATP gated ionotropic receptors

ATP-gated ionotropic receptors, also termed P2X receptors, are expressed in 7 isoforms in
vertebrates251. Calcium fluxes induced by P2X receptor activity have been associated with the
regulation of muscle contraction, neurotransmitter secretion, vesicle fusion and cell survival251,267.
The P2X4 receptors are found as trimmers on lysosomal membranes in a number of cell
types251,267. P2X receptors are activated by ATP and inhibited by acidic pH, which raises the
question if the localization of P2X4 receptor is exclusively on lysosomes or potentially also on
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less acidic late endosomal compartments. Interestingly, the P2X4 receptor has the highest calcium
permeability among the P2X receptor isoforms suggesting endolysosomes as compartment with
high calcium fluxes267. Secondary structures of the open and closed conformation of the P2X4
receptor have been established and the ATP binding sites to mediate channel opening are now
known267. Collectively, the mode of action of P2X receptors is now well established and the
observations regarding their functional roles in intracellular calcium homeostasis are underway267.

1.6.6.4

Ryanodine receptors

Historically, ryanodine receptors have been described as calcium release channels of the
sarcoplasmic and endoplasmic reticulum31. However, one study suggested that ryanodine receptors
can localize to compartments of the endolysosomal system in β-cells268. In this context, it was
demonstrated that nanomolar concentrations of ryanodine can increase cytoplasmic calcium
concentrations which caused insulin secretion in β-cells. Interestingly, this calcium was not
mobilized from the endoplasmic reticulum strongly suggesting that ryanodine receptors in β-cells
are not exclusively localized to the ER268. Confocal microscopy analysis of primary β-cells
suggested that ryanodine receptors could localize to endosomes since staining of endogenous
protein showed a colocalization to the early endosomal antigen 1268. Together, there is indirect
evidence that ryanodine receptors could be potential regulators of endosomal calcium. However,
further functional studies need to be carried out to test this concept.

1.7

Calcium signalling in the pancreatic β-cell
Calcium (Ca2+) is an essential second messenger ion and mediates crucial processes such as

insulin secretion, the major function of the pancreatic β-cell269. In this process, glucose enters β49

cells through GLUT2 transporters located at the plasma membrane. The subsequent metabolism
of glucose during glycolysis and the Krebs cycle leads to an increase in the ATP:ADP ratio in the
cytoplasm. This causes the closure of ATP-sensitive potassium channels on the plasma membrane.
The subsequent depolarization of the outer plasma membrane opens voltage-gated Ca2+ channels
leading to an influx of extracellular Ca2+ into the cell. Soluble N-ethylmaleimide-sensitive factor
attachment protein receptors (SNARE) located on the membrane of insulin granules respond to
this Ca2+ increase by binding to their partner SNARE proteins on the plasma membrane causing
the fusion of the insulin granule with the plasma membrane to release insulin in the blood
stream269. Interestingly, the acute stimulation of β-cell with free fatty acids stimulates an increase
in cytoplasmic calcium and promotes insulin secretion270. However, a chronic exposure has an
opposite effect highlighting that under diabetic conditions with increased circulating levels of fatty
acids β-cell calcium influx and therefore insulin secretion can be harmed270.
Besides affecting insulin secretion, intracellular Ca2+ fluxes in a variety of organelles affect
important processes in β-cells270. For example, the ER is able to take up cytoplasmic Ca2+ through
sarco-endoplasmic reticulum Ca2+-ATPase (SERCA) pumps270. This can be observed in the
glucose response of β-cells, when the metabolism of glucose leads to an increase in intracellular
ATP which in turns activates SERCA pumps and consequently decreases and transports
cytoplasmic calcium into the ER prior to the massive increase in cytoplasmic calcium upon the
opening of the voltage gated calcium channels270. In type 2 diabetes it is suggested that the elevated
levels of free fatty acids negatively influence ER calcium homeostasis. This condition has been
simulated in vitro by the incubation of β-cells with palmitate271. This led to a reversible decrease
in ER calcium but also resulted in ER stress and β-cell death271. Together, the proper regulation of
ER Ca2+ is essential for β-cell survival and can be affected under type 2 diabetic conditions270.
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Another important Ca2+ store in β-cells are mitochondria. This organelle is able to take up
large amounts of cytoplasmic Ca2+ through mitochondrial Ca2+ uniporters (MCU)270.
Mitochondrial fluxes can be observed during the glucose stimulation of β-cells270. In this process,
increasing mitochondrial Ca2+ stimulates the oxidative metabolism of glucose and contributes
therefore directly to the synthesis of ATP – an important step for the initiation of insulin secretion
by β-cells270. In type 2 diabetic conditions it was shown that glucolipotoxic effects can harm
mitochondrial calcium uptake and therefore delay the increase of the ATP/ADP ratio in the
cytoplasm which in turns delays insulin secretion which is dependent on the blockade of ATP
sensitive potassium channels270. Interestingly, mitochondrial Ca2+ uniporter expression was not
changed under these conditions but the structure of the mitochondrial network was impaired
suggesting that this could attribute for the decreased uptake of cytoplasmic calcium into
mitochondria during the glucose response of β-cells under diabetic conditions270.
The role of endosomes in β-cell calcium homeostasis is controversial270. Two pore channels
are suggested to be localized on endosomes and are also expressed in β-cells261. One model
proposes NAADP as the major activator of two pore channels. Indeed, β-cells from two pore
channel 2 knockout mice fail to respond to NAADP261. Since glucose was found to increase
intracellular NAADP concentrations in β-cells it was hypothesized that calcium mobilized from
endosomes via NAADP could potentially contribute to the cytoplasmic calcium increase during
the glucose response of β-cells270. Surprisingly, β-cells from two pore channel 1 and 2 double
knockout mice displayed an unchanged increase in cytoplasmic calcium during the glucose
response of β-cells, which argues against the previous model262. Another model suggests the
mobilization of calcium from β-cell endosomes via ryanodine binding to it’s receptor –
independent of NAADP268. The same group also proposed endosomes as calcium buffers rather
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than calcium releasing stores during the glucose response of β-cells268. Together, the physiological
role of endosomal calcium in β-cells is still unclear and the mechanism of calcium mobilization
from these organelles is poorly understood.

1.8

Measuring calcium in live cells
The field of signal transduction has benefited tremendously from a number of cell

physiology techniques enabling real-time analysis of Ca2+ signals. Of all second messengers, the
measurement of Ca2+ is the most advanced, and this has permitted advances in understanding Ca2+
signal coding and the mechanisms controlling diverse cellular functions. Direct analysis of Ca2+
fluxes involves either electrophysiological measurements of Ca2+ channel fluxes or Ca2+ imaging.
The many roles of Ca2+ signalling have been primarily established using various imaging
techniques. In general, intracellular Ca2+ can be measured using light microscopy or electron
microscopy. The Ca2+ content in various cellular compartments can be analyzed by the detection
of element-specific x-ray emissions upon excitation of the specimen with an electron beam272.
Light microscopy-based approaches allow for live cell imaging and are currently more common273275

. This can involve dyes or engineered protein probes. Most of the existing live-cell dyes for Ca2+

measurements are based on the Ca2+-binding properties of the carboxylic acid BAPTA, a potent
Ca2+ buffer. However, chemical probes based on BAPTA can have a significant Ca2+ buffering
capacity of intracellular Ca2+ and could therefore delay or obliterate natural Ca2+ fluxes275. Upon
binding Ca2+, BAPTA-based probes change their fluorescent intensity or properties such as
emission and/or excitation wavelength. Therefore, intensiometric or ratiometric dyes can be used
to monitor Ca2+ fluxes in live cells. Strengths of Ca2+ dyes include their rapid response to dynamic
changes in Ca2+, high dynamic range, resistance to photobleaching and the fact they do not need
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to be transfected into cells275. The biggest caveat involved in the use of Ca2+ dyes is the rather
unspecific uptake into multiple cellular compartments. The era of Ca2+ imaging using genetically
encoded sensors started with the adaptation of the luminescent protein Aequorin276. This 22-kDa
photoprotein, isolated from the jellyfish Aequorea victoria, is luminescent upon binding Ca2+.
However, this process is consumptive meaning that Aequorin can only be used to monitor an
increase in Ca2+ from an artificially low level, but cannot be used to monitor steady state or
dynamic fluxes in Ca2+ concentration starting at physiological levels. This pitfall was overcome
by the introduction of the fluorescent probes based on green fluorescent protein273. So-called
“cameleon” probes are based on fluorescent resonance energy transfer (FRET)-based detection of
the conformational change calmodulin undergoes upon binding Ca2+ bringing the fluorescent
proteins into close proximity allowing energy transfer during donor excitation. One caveat of the
FRET-based Ca2+ sensors is the size of the rather large construct, harbouring two fluorescent
proteins in addition to calmodulin and M13 domains, makes it difficult to transfect, and a proper
targeting to intracellular organelles might be challenging in some cell types. It should be noted that
the core elements of Ca2+ biosensors may also alter the Ca2+ homeostasis of the observed cells or
interact with various signalling pathways. For example, it has been reported that the
overexpression of calmodulin can induce cell death277. It has also been shown that calmodulin
interacts directly with Ca2+ channels235. Consequently, overexpression of a calmodulin-based
biosensor could affect the Ca2+ homeostasis in the cell. However, the introduction of circular
permutated fluorescent proteins significantly reduced the size of calmodulin-based Ca2+ indicators,
potentially making them less disruptive within microdomains278. The circular permutation
approach involves a single fluorescent protein that is split into two pieces and attached to the Cand N-terminus of the Ca2+-sensing calmodulin/ M13 domain. The conformational change
53

calmodulin undergoes upon Ca2+ binding rearranges the confirmation of the fluorescent probe and
changes its fluorescent properties such as emission or excitation wavelength and/or intensity.
These probes allow ratiometric Ca2+ imaging using a significantly smaller construct compared to
FRET-based cameleon probes. Collectively, these tools continue to enable the discovery of critical
mechanisms in signal transduction.

1.9

Goals and objectives
Endosomes are rapidly moving cargo transporters in the cell shaping the intracellular and

plasma membrane environment. Additionally, endocytosis acts as a mechanism for signal
transduction. The goal of this work was to characterize endosomes of the β cell as platforms in
insulin receptor trafficking and signalling and to determine their contribution to the regulation of
Ca2+ homeostasis in this endocrine cell type.
In order to characterize insulin receptor trafficking through the endolysosomal system in
living β cells, a novel molecular tool needed to be developed. The work presented in chapter 2
proposes a novel tagging strategy for tyrosine kinase receptors. The goal was to test whether a
fluorescent protein tag located between functional domains of the insulin receptor protein sustains
the receptors function but enables at the same time the visualization of the insulin receptor in livecell imaging. To discover potential links between insulin receptor trafficking and signalling in βcells a systematic mapping of the receptor’s trafficking routes was required. The objective was to
characterize the trafficking patterns of insulin receptors in β-cells using confocal and TIRF
microscopy. Results of this analysis are presented in chapter 2.
After the identification and characterization of the protein involved in insulin receptor
internalization in β-cells, the goal was to determine the proteins effect on insulin receptor
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signalling and the physiological meaning of this event. The results of experiments addressing this
objective are shown in chapter 3 and characterize the impact of insulin receptor endocytosis in
autocrine insulin signalling.
The goal of the work presented in chapter 4 was to develop molecular tools to enable the
measurements of calcium and pH in the lumina of β-cell endosomes to characterize their impact
on intracellular calcium homeostasis in this cell type. Together, the overall objective of the
investigations presented in this thesis was to characterize β-cell endosomes and their role in insulin
receptor trafficking, signalling and calcium homeostasis and the contribution of these organelles
to the maintenance of β-cell function.
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Chapter 2: Insulin receptor trafficking in β-cells
2.1

Rationale
The pathogenesis of type 2 diabetes is associated with defects in both insulin signalling and

pancreatic β-cell function75,113,135. Insulin receptor signalling in the β-cell is an established
mechanism which is responsible for maintaining β-cell function135. It has been shown that
autocrine insulin signalling affects insulin synthesis, secretion and β-cell survival (Chapter
1.3.3)135. Insulin receptors, like many other tyrosine kinases, are rapidly internalized upon ligand
binding279. Interestingly, it has been demonstrated that dynamin, a key enzyme in endocytic vesicle
synthesis, is required for insulin-stimulated Erk activation in adipocytes222 highlighting the
connection between insulin receptor trafficking and signalling. However, since dynamin is
required for the formation of both clathrin coated or caveolin coated endocytic vesicles and certain
raft-dependent pathways, this finding does not distinguish between the two pathways185,207.
Little is known about the mechanisms involved in insulin receptor internalization in
pancreatic β-cells, and what has been reported280 differs from findings in other cell types281,282.
One of the main challenges in the study of insulin receptor trafficking is the discrepancy between
the behaviour of fluorescently tagged insulin receptors and the localization of endogenous insulin
receptors. This can be partially explained by the fact that previous studies have fused fluorescent
proteins to the N-termini or C-termini of the insulin receptor283,284, which are critical domains for
insulin receptor function98. The goal of the studies presented in this chapter was to thoroughly
investigate the internalization and trafficking routes of functional insulin receptors by labeling
insulin receptor proteins between functional domains.
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2.2
2.2.1

Results
Subcellular localization of endogenous insulin receptors

In most cell types, insulin receptors have been found in multiple cellular compartments,
including the plasma membrane, endosomes, lysosomes, secretory granules, and the nucleus279,285287

. We examined insulin receptor localization in human and mouse pancreatic β-cells, both in vivo

and in vitro. In vivo, insulin receptors were found distributed throughout β-cells (Figure 2.1 A, B).
Confocal imaging of primary dispersed human β–cells in vitro confirmed that insulin receptors
were localized on vesicular and membrane structures throughout the cell (Figure 2.1 C), rather
than primarily on the plasma membrane, confirming multiple reports214,288 and pointing to a critical
role for receptor internalization in this cell type289. Subcellular fractionation, which required large
amounts of cell lysate was performed in NIH-3T3 fibroblasts and confirmed the localization of
insulin receptors on the plasma and vesicular membranes (Figure 2.1 D).
Figure 2.1: Endogenous
localization of insulin receptors.
(A) Islets in pancreatic tissue
sections from 24 week-old mice
immunostained for insulin receptors
(InsR, green), nuclei (blue). Scale
bar = 50 µm. (B) 3D reconstruction
of InsR staining (red) in (A), nuclei
(blue) (C) Confocal section of
endogenous InsR localization in
dispersed primary human β-cells.
Insets
show
AMCA-insulin
staining. Scale bar = 10 µm. (D)
Fractionation of NIH-3T3 cells
identifies InsR localized at the
plasma membrane (PM -Na+/K+
pump) and on intracellular vesicular
membranes (ICM – LAMP2). C –
Cytoplasmic fraction. Note: due to
the procedure the loadings per lane
are not even amounts of protein.
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2.2.2

Development of functional fluorescent insulin receptor fusion proteins
To accurately track the route of insulin receptors in living cells, the development of

fluorescently labeled receptor which resembles the localization of endogenous receptors was
required (Figure 2.1). We employed a novel tagging strategy whereby pH-resistant fluorescent
proteins were placed at the extracellular domain of the insulin receptor in between the furin-like
region and the transmembrane domain, avoiding the interruption of known functional domains
(Figure 1.1 B, Figure 2.2 A)98. TagRFP and TagBFP were used because they are bright,
monomeric, and most importantly pH-resistant, making them ideal for studying traffic from within
the endosomal lumen290,291. Indeed, the receptor localized to similar patterns as endogenous
receptors (Figure 2.2 B,C; Figure 2.1 C).
Several control experiments were conducted to ensure the functionality of these interdomaintagged insulin receptors and determine whether their cellular distribution matched endogenous
insulin receptor proteins. First, it was confirmed that interdomain-tagged InsRA-TagRFP and
InsRB-TagRFP colocalized with FITC-labeled insulin in cultured β-cells (Figure 2.2 D).
Importantly, InsRA-TagRFP or InsRB-TagRFP signalled in a manner comparable to endogenous
receptors. For this experiment HEK-293T cells were chosen over MIN6 cells to avoid signalling
artifacts potentially caused by autocrine insulin signalling. Furthermore embryonic kidney derived
HEK-293T cells represent a classical insulin target. Specifically, interdomain-tagged insulin
receptors expressed in HEK-293T cells mediated Erk activation in a temporal pattern that was
similar to endogenous receptors (Figure 2.2 E,F). These data indicate that interdomain-tagged
InsRA-TagRFP and InsRB-TagRFP proteins can be used to monitor the dynamics of functional
insulin receptors.
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Second, the subcellular localization of tagged insulin receptors was assessed by confocal
microscopy and stringent object-based colocalization analysis. To determine maximum biological
colocalization in this system, cells were transfected with InsRA-TagRFP and InsRA-TagBFP (i.e.
the same InsR isoform with different fluorescent tags) (Figure 2.2 G). As illustrated by the Venn
diagram in the inset of Figure 2.2 G, not all InsRA-TagRFP objects were positive for InsRATagBFP objects, and vice versa. This is expected and is likely due to the existence of objects with
sub-threshold expression of one InsR isoform, as well as different signal-to-noise ratios between
TagRFP and TagBFP. Similarly, there was significant intracellular colocalization between InsRATagRFP and InsRB-TagRFP (Figure 2.2 H), suggesting similar trafficking routes for each of the
isoforms, and between insulin receptor homodimers and heterodimers108. The newly created
interdomain tagged insulin receptors mirror the pattern observed for endogenous β-cell insulin
receptors in vivo and in vitro (Figure 2.1). This is in contrast to the near exclusive plasma
membrane localization of insulin receptors tagged at their C-termini (InsRA-C-eGFP) reported in
previous publications (Figure 2.2 I,J)283. In dynamic studies, clusters of C-terminal tagged insulin
receptors exhibited dramatically reduced mobility within the plasma membrane compared to
interdomain-tagged InsRA-TagRFP (10.5 s ± 2.6 s vs. 3.4 s ± 0.05 s domain life time, n=4, p≤0.05).
Together, our studies of inter-domain-tagged insulin receptors indicate that they are functional and
internalized in a pattern that is indistinguishable from endogenous insulin receptors.
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Figure 2.2: Design and validation of functional fluorescent protein-tagged insulin receptors.
(A) Schematic of inter-domain tagged insulin receptors Orange structure = InsR; Red structure = TagRFP (B,C)
Expression of InsRA-TagRFP and InsRB-TagRFP in MIN6 cells. (D) Representative confocal image of colocalization
between internalized FITC-insulin (1 h, 200 nM) and interdomain-tagged InsRA-TagRFP in MIN6 cells. (E,F) Over
expression of interdomain tagged InsR sustains insulin-stimulated (50 nM) Erk phosphorylation in HEK 293T cells
(n = 4). (G) Colocalization of identical insulin receptor isoforms tagged with different fluorescent proteins in MIN6
cells (n = 10). Inset Venn diagrams, here and throughout, can be used visualize the colocalization of the color-coded
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proteins. (H) Colocalization of fluorescently labeled insulin receptor A and B isoforms in MIN6 cells. (I,J) C-terminaltagged insulin receptors have a primarily plasma membrane localization that does not colocalize with interdomaintagged insulin receptors in MIN6 cells (n = 10). Scale bars = 10 µm

2.2.3

Localization of insulin receptors in β-cell endolysosomal compartments.
We sought to determine the internalization and trafficking route of functional insulin

receptors by comparing their localization to endosomal pathway markers. First, we examined
whether insulin receptors colocalized with epidermal growth factor (EGF), an established
endosomal cargo of the clathrin pathway, in a pulse chase experiment. Fluorescent A488-EGF to
InsRA-TagRFP showed very limited colocalization (<5%) at short-chase times, indicating that the
proximal routes of endocytosis were distinct (Figure 2.3 A). The significantly increased
colocalization at longer chase times indicated that the vesicles of the two different internalization
routes eventually merged into more mature compartments such as lysosomes (Figure 2.3 A’). Next,
we assessed the colocalization of InsRA-TagRFP with Rab5a, an endosomal marker associated
with clathrin-dependent receptor-mediated endocytosis191 in β-cells. We found virtually no
colocalization between Rab5a and InsR (Figure 2.3 B). Similarly, InsRA-TagRFP did not
colocalize with Rab7-labelled late endosomes or Rab11a-labelled recycling endosomes,
suggesting that insulin receptors spend little, if any, time in endocytic vesicles labeled with these
Rab-GTPases (Figure 2.3 C,D). Since fluorescent protein overexpression may alter trafficking
patterns, we also performed detailed colocalization analysis of insulin receptors and endogenous
Rab markers of clathrin-dependent endocytosis. Indeed, endogenous insulin receptors showed
minimal colocalization with endogenous clathrin in mouse β-cells (Figure 2.3 E). Similarly, tagged
insulin receptors did not significantly colocalize with endogenous Rab5a, Rab7, or Rab4a (Figure
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2.3 F-H). Together, these data suggest that insulin receptors are mainly internalized in β-cells via
a pathway that is independent of clathrin and the Rab GTPases studied here.

Figure 2.3: Insulin receptors do not associate with markers of clathrin-dependent endocytosis.
(A, A’) Pulse-chase colocalization analysis of Alexafluor488-labeled EGF relative to InsRA-TagRFP indicates
separate entry pathways but eventual fusion into a shared mature pool of endosomes in MIN6 cells. A significant
increase in the degree of colocalization was observed at a 45 min chase time compared to 0 min chase time (n = 4 per
time point). Scale bar = 5 µm. (B-D) Colocalization analysis of InsRA-TagRFP with TagBFP-tagged Rab5a (early
endosomes), TagBFP-Rab7 (late endosomes), and TagBFP-Rab11a (recycling endosomes) in MIN6 cells (n = 10).
Similar results observed with InsRB-TagRFP. Scale bar = 5 µm. (E) Colocalization analysis of immunolabeled
endogenous insulin receptors with immunolabeled endogenous clathrin in MIN6 cells (n =10). Scale bar = 10 µm. (FH) Colocalization analysis of tagged insulin receptors with immunolabeled endogenous Rab5a, Rab7, and Rab4a
(marker for recycling endosomes) in MIN6 cells. Scale bar = 10 µm.
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Given the observation that insulin receptors did not significantly colocalize with proteins or cargo
that mark ‘classical’ endosomes in β-cells, we examined alternative internalization and trafficking
routes. We decided to investigate the role of caveolin-1 (Cav1) because insulin receptors colocalize
with Cav1 in adipocytes, and Cav1 knockout mice show impaired insulin signalling in other tissues
221,292,293

. Total internal reflection fluorescence microscopy (TIRFM), whereby an evanescent

wave excites only <200 nm of the cell, was used to directly examine the plasma membrane and
sub-plasma membrane space in β-cells. These experiment revealed a colocalization of endogenous
insulin receptor and Cav1 protein at the plasma membrane of isolated human β-cells and in MIN6
cells overexpressing fluorescently labeled insulin receptors and Cav1 (Figure 2.4 A,B). Studies in
β-cells and other cell types have indicated that internalized insulin receptors travel to
lysosomes279,294, but the intracellular route of insulin receptors internalized via Cav1 has not been
studied in β-cells. Confocal imaging demonstrated that Cav1-mRFP colocalized with InsRATagRFP deep inside the cell, but to a lesser extent than the colocalization between the proteins at
the plasma membrane (Figure 2.4 A-C). Flotillin-I (Flot1) has been described in clathrinindependent endocytosis210, is known to associate with caveolae210,295, and has been implicated in
insulin signalling in other cell types296,297, but it has not been examined in pancreatic β-cells.
InsRA-TagBFP showed robust colocalization with Flot1-mRFP positive vesicles by standard
confocal imaging (Figure 2.4 D). Flot1-mRFP also colocalized with both Cav1-eGFP and LAMP2eGFP (Figure 2.4 E,F), suggesting a distribution of internalized receptors to early and late
compartments in the endolysosomal system.
A significant proportion of insulin receptors were found in lysosomes, as demonstrated by
the colocalization of InsRA-TagRFP with LAMP2-eGFP (Figure 2.4 G). The colocalization of
Cav1 and Flot1 prompted me to determine whether some Cav1 can be found on lysosomes, and
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indeed some colocalization between Cav1-mRFP and LAMP2-eGFP was observed (Figure 2.4 H),
consistent with previous reports localizing Cav1 to endolysosomal compartments206,298. The
concept of the transport of internalized insulin receptors in Flotillin-1 vesicles to lysosomes was
supported by staining of endogenous proteins in isolated primary mouse β-cells (Figure 2.4 I,J).
The relative colocalization of each of these markers to the functional tagged insulin receptors is
summarized in Figure 2.4 K,L. Taken together, the data suggest that InsR are internalized from
the plasma membrane via Cav1 positive vesicles and transported in Flot1 positive endosomes to
lysosomes.
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Figure 2.4: β-cell insulin receptors are transported to lysosomes in Cav1 and Flot-1 positive vesicles.
(A) Immunolabeling and TIRF microscopy of dispersed human islet cells demonstrates colocalization of endogenous
Cav1 to endogenous insulin receptors at the plasma membrane (n = 20). Scale bar = 5 µm. (B) TIRF imaging reveals
a high degree of colocalization of Cav1-mTFP to InsRA-TagRFP at the plasma membrane of MIN6 cells (n = 10).
Scale bar = 5 µm. (C) Confocal imaging of Cav1-mRFP and InsRA-TagBFP in MIN6 cells (n = 10). Scale bars = 10
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µm. (D-H) Colocalization between InsRA-TagBFP and Flot1-mRFP, Flot1-mRFP and Cav1-eGFP, Flot1-mRFP and
LAMP2-eGFP, InsRA-TagRFP and LAMP2-eGFP, Cav1-mRFP and LAMP2-eGFP in MIN6 cells demonstrates a
Cav1-Flot1-LAMP2 endocytic trafficking route to lysosomes (n = 10). Scale bars = 10 µm; F: Scale bar = 5 µm. (I,J)
Immunolabeling of endogenous insulin receptors, endogenous Flot1, and endogenous LAMP2 (lysosomes) in primary
12 week-old mouse islet cells. Scale bars = 10 µm. (K) Summary of object-based colocalization of tagged proteins
compared with InsRA-TagRFP in MIN6 cells. Note that InsRA controls represent the maximum colocalization in this
system (n = 10). (L) Summary of colocalization within vesicular pools in the Cav1/Flot1/LAMP2 pathway of MIN6
cells (n = 10).

2.2.4

Insulin receptor dynamics in Cav1 positive membrane domains
In order to examine the relationship between Cav1 and insulin receptors in living cells, we

expressed mRFP-tagged Cav1 in MIN6 cells to levels that were comparable to those found in
primary murine β-cells (Figure 2.5 A). The expression levels are crucial since an overexpression
of Cav1 can lead to altered trafficking routes206. Importantly, MIN6 cells lack significant levels of
Cav1 expression. The re-expression of Cav1 via transfection of plasmids leads to a Cav1
expression comparable to primary β-cells. These transfected MIN6 cells are therefore a model
system enabling the observation of Cav1 dynamics in living cells under physiological Cav1
expression levels. We employed two-color, time-lapse TIRFM to specifically assess the plasma
membrane complexes. This procedure revealed that Cav1-mTFP accumulated immediately prior
to the internalization of the insulin receptors into the intracellular space (Figure 2.5 B,C). Taken
together, these data strongly suggest that Cav1 is a key coat protein involved in the internalization
of functional insulin receptors in pancreatic β-cells.
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Figure 2.5: Cav1 accumulates in insulin receptor positive membrane compartments prior internalization.
(A) Cav1 levels in Cav1-mRFP transfected MIN6 cells relative to endogenous levels in primary mouse islets. (B, B’)
Live-cell TIRF imaging in MIN6 cells reveals the reciprocal recruitment of InsRA-TagRFP and Cav1-mTFP to
membrane domains prior to the internalization of insulin receptors. (C) Intensity analysis of InsRA-TagRFP positive
membrane domains during the process of vesicle budding. *p < 0.05, (n = 15).

2.3

Discussion
The present data illustrates important technical considerations for the analysis of tyrosine-

kinase receptor trafficking. Fluorescent tagging of proteins has the potential to provide insight into
their sub-cellular localization and trafficking kinetics. Despite the success and popularity of this
approach, attaching fluorescent proteins to key domains has been shown to disrupt the function of
some proteins, producing spurious results299,300. The insulin receptor is one of the most well studied
proteins, with clearly defined functions for numerous domains. To the best of my knowledge, Nterminal- or C-terminal-tagged insulin receptors have not been shown to localize with endogenous
insulin receptors or to signal with similar efficiency to downstream targets, associating a major
caveat to all previous studies. Indeed, analysis of C-terminal tagged insulin receptors in β-cells led
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to controversial results280-282,301. We overcame this technical problem by tagging the insulin
receptor between known functional domains, a method applied to other proteins302,303. We
demonstrated that interdomain-tagged insulin receptors have similar functionality when compared
to untagged, endogenous receptors. We also employed monomeric fluorescent proteins that, unlike
weak dimers such as GFP, do not accelerate the formation of dimers between tagged proteins.
These fluorescent proteins were also highly pH-resistant in order to reduce signal loss in the acidic
endo/lysosomal lumens (the extracellular interdomain location of the fluorescent protein tag
becomes luminal after endocytosis). This tagging strategy is likely to be broadly applicable to other
tyrosine kinase receptors, and we expect novel insights to be gained by using this approach in other
systems. Using these functional, tagged insulin receptors for live cell imaging and
immunofluorescent labeling of endogenous insulin receptors, We re-evaluated the molecular
mechanisms of insulin receptor internalization and transport in β-cells. These new molecular
probes were combined with TIRFM, and confocal imaging to determine the trafficking route of
the insulin receptors.
The data support the concept that Cav1 and flotillin-1 define a receptor trafficking
endosomal route to lysosomes. Indeed, the observation that insulin receptors do not colocalize to
Rab5a-positive early endosomes or Rab7-positive late endosomes suggested that they traffic via a
clathrin-independent pathway. The study represents the first analysis of flotillin-1 expression and
function in pancreatic β-cells. It also sheds light on the ultimate fate of internalized insulin
receptors in β-cells. The data suggest that many of the insulin receptors are found at LAMP2positive lysosomes, and likely exclude a major role for Rab11a or Rab4 positive-recycling
endosomes. However, this finding does not exclude recycling of insulin receptors from a pathway
independent of Rab11a. Indeed, recent data do suggest that insulin might be recycled in β-cells
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after clathrin-independent bulk-like endocytosis304. Together, by generating a novel fluorescently
labeled insulin receptor construct we were able to characterize the proteins involved in insulin
receptor internalization and subsequent sorting in pancreatic β-cells.

2.4
2.4.1

Materials and methods
Cell culture and islet isolation
Primary mouse β-cells were isolated, dispersed and cultured as previously described
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.

MIN6 β-cells were cultured in DMEM media containing 25 mM glucose (Sigma-Aldrich, St Louis,
MO) supplemented with 10% (v/v) FBS (Life Technologies, Burlington, ON) and
penicillin/streptomycin (100 µg/ml; Life Technologies) at 37°C and 5% CO2.

2.4.2

Cell fractionation
Cell fractionation was performed with NIH-3T3 cells, which were harvested and processed

according to the instructions given in the Plasma Membrane Protein Extraction Kit (Abcam,
Toronto, ON). Fractions were analysed using standard Western Immunoblot procedures.

2.4.3

Treatments of cell cultures
For FITC-insulin (Life Technologies) uptake, MIN6 cells cultured in glass bottom 24 well

plates (MatTek Corporation, Ashland, MA) were starved in 5 mM glucose DMEM containing 10%
(v/v) FBS for 24 h. Prior treatment, cells were starved for 2 hrs in 5 mM glucose DMEM media
without serum. Subsequently, the starvation media was replaced by 5 mM glucose DMEM
containing 200 nM FITC-insulin and cells were incubated for 1 hr at 37°C and 5% CO2. Prior
imaging, cells were washed twice with PBS. Live cells were imaged in Ringer’s buffer (119 mM
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NaCl, 4.7 mM KCl, 25 mM NaHCO3, 2.5 mM CaCl2, 1.2 mM MgSO4, 1.2 mM H2PO4) containing
5 mM Glucose.
For insulin treatment and subsequent immunoblot analysis of various proteins, MIN6 cells
were starved in 5 mM DMEM containing 0.5% (v/v) FBS for 24 hrs. Subsequently, the media was
replaced with Ringers buffer supplemented with 0.2% (w/v) bovine serum albumin (SigmaAldrich, St Louis, MO) and cells were incubated for 2 hrs at 37°C and 5% CO2. For the treatment,
human recombinant insulin (Sigma-Aldrich) was diluted in Ringer’s buffer supplemented with
0.2% (w/v) bovine serum albumin and cells were treated for the time periods as indicated at 37°C
and 5% CO2 .
For Alexa488 labelled EGF uptake, InsRA-TagRFP transfected MIN6 cells grown on
coverslips were pulsed for 1 min with fluorescently labeled A488-EGF (final concentration 600
ng/ml, Life Technologies) in regular 25 mM Glucose DMEM media supplemented with 10% (v/v)
FBS. After the indicated chase times, cells were fixed in 4% (w/v) paraformaldehyde (SigmaAldrich) for 20 minutes. Coverslips were mounted using Prolong Gold Antifade reagent (Life
Technologies).

2.4.4

Plasmids and molecular cloning
Cav1-mRFP has been described previously
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. Cav1-eGFP was purchased from Addgene

(#14433). LAMP2-eGFP, Flotillin-1-eGFP, InsR-A/B-C-eGFP plasmids were generous gifts from
J. Lippincott-Schwartz, Bethesda, MD, USA; Ai Yamamoto, New York, NY, USA and Ingo
Leibiger, Stockholm, Sweden; respectively. PCR amplifications of DNA fragments were
performed using AccuPrime Pfx polymerase (Life Technologies) according to the manufacturer’s
instructions. Prior ligation with the target vector, all PCR products were subcloned into pCR2.1
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TOPO vector using the TOPO TA cloning kit (Life Technologies) according to the manufacturer’s
instructions. Subsequently, the PCR products were excised from the pCR2.1 TOPO vector, gel
purified and ligated with the digested target vector using T4 DNA ligase according to the
manufacturer’s instruction. The primer sequences and PCR-generated restriction sites are shown
in Table 2.1.
To generate Cav1-mTFP and Cav1-mTurquoise, human Cav1 was PCR-amplified from pCav1-mRFP using primers #1, #2 and inserted into the p-mTFP-NI and p-mTurquoise vector
respectively (kindly provided by R.E. Campbell, University of Alberta, Edmonton, Canada) using
EcoRI and KpnI restriction sites. To generate InsRA-EBFP2 and InsRB-EBFP2 plasmids, EBFP2
cDNA was PCR amplified from pEBFP2-Endosome (kindly provided by R.E. Campbell) using
primers #3,#4 and inserted into pcDNA3.1(-) vector (Life Technologies) using ApaI and Hind III
restriction sites creating pcDNA3.1(-)-EBFP2. The intracellular domains of the human insulin
receptor A and B isoforms were PCR amplified from pNTK2-hIRA and pNTK2-hIRB (kindly
provided by A. Ullrich, Max Planck Institute for Biochemistry, Martinsried, Germany) using the
primers #5,#6 and inserted into pcDNA3.1(-)-EBFP2 using AgeI and HindIII restriction sites
creating pcDNA3.1(-)-EBFP2-InsR-intracellular. The extracellular domains of the human insulin
receptor A and B isoforms were PCR amplified from pNTK2-hIRA and pNTK2-hIRB using
primers #7,#8 and inserted into pcDNA3.1(-)-EBFP2-InsR-intracellular using ApaI and BsiWI
restriction sites to create pcDNA3.1(-)-InsRA-EBFP2 and pcDNA3.1(-)-InsRB-EBFP2.
Subsequently, we employed a brighter, pH resistant fluorescent proteins that could replace the
surprisingly dim EBFP2. To generate InsRA-TagRFP and InsRB-TagRFP plasmids, TagRFP was
PCR amplified from pTagRFP-C (Evrogen, Moscow, Russia) using primers #9,#10 and inserted
into pcDNA3.1(-)-InsRA-EBFP2 and pcDNA3.1(-)-InsRB-EBFP2 to using BsiWI and AgeI
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restriction sites creating InsRA-TagBFP and InsRB-TagBFP plasmids. TagBFP was PCR
amplified from pTagBFP-C (Evrogen) using primers #11,#12 and inserted into pcDNA3.1(-)InsRA-EBFP2 and pcDNA3.1(-)-InsRB-EBFP2 to replace EBFP2 by TagBFP using BsiWI and
AgeI restriction sites. To generate TagBFP-Rab5a, human Rab5a cDNA was PCR amplified from
pCMV6-Entry-Rab5A (Origene, Rockville, MD) using primers #15,#16 and inserted into
pTagBFP-C using SacI and BamHI restriction sites. To generate TagBFP-Rab7, human Rab7
cDNA was PCR amplified from pCMV6-Entry-Rab7 (Origene) using primers #17,#18 and
inserted into pTagBFP-C using SacI and BamHI restriction sites. To generate TagBFP-Rab11a,
human Rab11a cDNA was PCR amplified from pcDNA3.1(+)-eGFP-Rab11A (kindly provided by
R. Lippe, Montral, Canada) using primers #19,#20 and inserted into pTagBFP-C using SacI and
BamHI restriction sites.

generated
restriction
sequence
site(s)
1
EcoRI
5’ CCGAATCCATGTCTGGGGGCAAATACGTAGACTCGG 3’
2
KpnI
5’ CCGGTACCGGTATTTCTTTCTGCAAGTTGATGCGGACATTGCTG 3’
3
ApaI, BsiWI
5’ GTGGGCCCGTCCGTACGATGGTGAGCAAGGGC 3’
4
AgeI, HindIII 5’ CCCAAGCTTCGGACCGGTCTTGTACAGCTCGTC 3’
5
AgeI
5’ CCACCGGTCCGTCAAATATTGCAAAAATTATCATC 3’
6
HindIII
5’ GGGAAGCTTTTAGGAAGGATTGGACCGAGGC 3’
7
ApaI
5’ GGGGGCCCGCCGCCATGGGCACCGGGGGCCGGC 3’
8
BsiWI
5’ CCCCGTACGGACGTCTAAATAGTCTGTCAGGTA 3’
9
BsiWI
5’ CCCGTACGATCGAATTCCCCGTGTCTAAGGGCGAAGAGCTG 3’
10
AgeI
5’ GGACCGGTATCTGATCCGGAATTAAGTTTGTGCCCCAGTTTGC 3’
11
BsiWI
5’ CCCGTACGATCGAATTCCCCAGCGAGCTGATTAAGGAGAACATGCAC 3’
12
AgeI
5’ GGACCGGTATCTGATCCGGAATTAAGCTTGTGCCCCAGTTTGCTAGGG 3’
13
BsiWI
5’ CCCGTACGATCGAATTCCCCGTGAGCAAGGGCGAGGAGCTGTTCAC 3’
14
AgeI
5’ GGACCGGTATCTGATCCGGACTTGTACAGCTCGTCCATGCCGAGAG 3’
15
SacI
5’ GGCGAGCTCAAATGGCTAGTCGAGGCGCAACAAG 3’
16
BamHI
5’ CGCGGATCCTTACAGATCCTCTTCTGAGATGAGTTTC 3’
17
SacI
5’ GGCGAGCTCAAATGGGCAGCCGCGACCACCTG 3’
18
BamHI
5’ CGCGGATCCTTACAGATCCTCTTCTGAGATGAGTTTC 3’
19
SacI
5’ GGCGAGCTCAAATGGGCACCCGCGACGACGAG 3’
20
BamHI
5’ CGCGGATCCTTAGATGTTCTGACAGCACTGCACCTTTGG 3’
Table 2.1: Primer sequences
Primer
#
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2.4.5

Transfection
Plasmid DNA (2 μg) was transfected into 1 million MIN6 cells using the NEON

Transfection system (Life Technologies) at two 1200 V pulses and a pulse width of 20 ms. Cells
were analyzed or fixed 48 hrs after transfection.

2.4.6

Immunofluorescence
For immunofluorescence analysis, cells were fixed in 4% (w/v) paraformaldehyde (Sigma-

Aldrich) for 20 minutes and permeabilized subsequently in 0.1% (v/v) Triton X-100 (SigmaAldrich) for 15 minutes. Primary antibodies (InsR, Cav1, Rab7 antibodies were obtained from Cell
Signaling, Danvers, MA; Flotillin-1 antibodies were obtained from Epitomics, Burlingame, CA;
Rab4a, Rab5a antibodies were obtained from Santa Cruz Biotechnolgy, Dallas, TX; LAMP2 and
Na/K pump antibodies were obtained from abcam, Eugene, USA) were applied for 12 hours at
4°C. Coverslips were washed in PBS and secondary antibodies (Alexa 488, Alexa 594 Life
Technologies) were applied for 2 hours at room temperature. After washing in PBS, coverslips
were mounted with Prolong Gold Antifade reagent (Life technologies).

2.4.7

Imaging
TIRFM life cell imaging was performed on a Zeiss Axiovert 200M with a 100x Alpha-Plan-

Fluar NA 1.45 oil objective (Zeiss, Germany) and a TIRF laser angle modifier (Zeiss). Cells were
kept at 37°C in a temperature controlled incubation chamber (Harvard Apparatus, Holliston, MA).
Images were acquired with a CoolSNAP HQ2 CCD camera (Photometrics, Tucson, AZ). 445 nm
and 532 nm diode pumped crystal lasers were used to excite mTFP and TagRFP respectively. The
73

TIRF system was upgraded during the study to a 405 nm, 488 nm, 561 nm solid state diode laser
system which was also used to excite TagRFP and eGFP tagged proteins.
Confocal imaging of fixed or live samples was performed with an Olympus Fluoview
FV1000 laser scanning confocal microscope. 488 nm Argon, 543,633 nm HeNe and 405 nm diode
lasers were used to excite fluorescent proteins or dyes. UPlan 60X NA 1.35 Oil and U-Plan S Apo
100X NA 1.40 Oil objectives (Olympus, Tokyo, Japan) were used to acquire images.

2.4.8

Image Analysis
The ImageJ distribution Fiji was used to process confocal micrographs306. Chromatic

aberration between individual channels was corrected using the Fiji plugin StackReg307.
Subsequently, the local background was subtracted using the rolling ball method308. Object based
colocalization analysis of endosomes was performed based on the distance of the object centres
between the different channels using the Fiji plugin JaCoP309. CellProfiler software and its
standard modules were used to track endosomal dynamics including life time and intensity in live
cell recordings310.

2.4.9

Immunoblot
MIN6 cells were washed with Ringers buffer prior to lysis with RIPA buffer (50 mM β-

glycerol phosphate, 10 mM HEPES, 1% Triton X-100, 70 mM NaCl, 2 mM EGTA, 1 mM Na3VO4,
and 1 mM NaF) supplemented with complete EDTA-free protease inhibitor cocktail (Roche,
Laval, QC). Protein quantification was determined by the Bradford method. Membranes were
probed with antibodies following standard procedures.
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2.4.10 Statistics
Data are expressed as mean with S.E.M. Means were considered statistically significantly
different if p≤0.05. Student’s t-tests were used for comparison between two means.
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Chapter 3: The role of Caveolin-1 in insulin receptor trafficking and
signalling
3.1

Rationale
Anti-apoptotic and pro-proliferative effects of autocrine insulin signalling involve the

Raf1/Mek/Erk pathway157,311, but the mechanisms that bias towards this arm over the PI3K/Akt
arm of the insulin signalling cascade have not been identified. However, previous work in
adipocytes showed that vesicle pinching from the plasma membrane biases insulin signalling along
the Erk branch while Akt signalling was unaffected when dynamin-dependent endocytosis was
inhibited222. Given the observation that Cav1 colocalizes and accumulates at insulin receptor
positive membrane domains prior to internalization (Chapter 2) I wanted to investigate the specific
role of this scaffolding protein in insulin receptor trafficking and signalling. Interestingly, a
relationship between Cav1 phosphorylation and insulin signalling has been described for a variety
of tissues281,282,312. However the role of Cav1 in insulin signalling in β-cells is unclear and it was
the goal of the work presented in this chapter to observe a potential effect of Cav1 on insulin
receptor trafficking and signalling in this cell type.

3.2
3.2.1

Results
Binding kinetics of Cav1 and insulin receptors
A potential interaction between Cav1 and insulin receptors upon insulin stimulation was

examined with co-immunoprecipitation. Indeed, insulin treatment resulted in a dose-dependent
increase in binding of Cav1 to the insulin receptor in NIH-3T3 cells (Figure 3.1). NIH-3T3 cells
were chosen over MIN6 cells due to their higher levels of endogenous Cav1 expression and to
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avoid interference of applied insulin doses with autocrine insulin signalling events. Together with
the live-cell imaging data (Figure 2.5), these experiments indicate that insulin stimulates the
recruitment of Cav1 to insulin receptor positive membrane domains to support receptor
internalization and signalling.

Figure 3.1: Cav1 binds to insulin receptors in an insulin dependent manner.
Co-immunoprecipitation of insulin receptors from NIH-3T3 cells reveals an insulin dependent binding of Cav1 to
the insulin receptor (n = 3). *p<0.05

3.2.2

The effects Cav1 phosphorylation on insulin receptor internalization
The colocalization studies (Chapter 2.2.3) showed a clear association between Cav1 and

insulin receptors, but loss-of-function studies were required to determine whether Cav1 drives the
process of insulin receptor internalization. Thus, I co-expressed mTFP-labeled constitutively
active or dominant negative Cav1 mutants, harbouring phosphomimetic or non-phosphorylatable
mutations at tyrosine 14205,305, along with TagRFP-labeled insulin receptors. TIRF microscopy
demonstrated that expression of the dominant negative Cav1-Y14F-mTFP mutant increased InsR
density at the plasma membrane compared to cells expressing wildtype Cav1 (Figure 3.2 A-F).
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In collaboration with Haoning Cen, we tested the effects of modified Cav1 phosphorylation
on InsR internalization with time-lapse TIRF microscopy. For this experiment, we cloned an eGFP
interdomain-tagged InsR construct (InsR-lum-eGFP) to take advantage of the superior
photostability of eGFP. The pH-sensitivity of eGFP can be disregarded for this experiment since
the fluorescent tag is facing the extracellular pH neutral environment when the receptor is residing
at the membrane. Stable MIN6 cell lines expressing Cav1 mutants showed that the expression of
the phospho-mimetic Cav1-Y14D-mRFP mutant leads to a significantly shorter lifetime of InsRA
domains at the plasma membrane prior internalization compared to controls (Figure 3.2 G). These
data strongly suggest that Cav1 phosphorylation promotes the internalization of insulin receptors
in pancreatic β-cells. Furthermore it can be concluded that under basal conditions, Cav1 is present
predominantly in an active state promoting constant insulin receptor turnover at the plasma
membrane.
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Figure 3.2: Cav1 phosphorylation modulates insulin receptor domain size and internalization.
(A-C) TIRF microscopy of MIN6 cells expressing InsRA-TagRFP and Cav1 mutant proteins. Scale bars = 10 µm.
(D-F) Overexpression of the Cav1-Y14F mutant leads to increased InsRA-TagRFP domain density, increased InsRATagRFP domain size, and a higher content of InsRA-TagRFP at the plasma membrane of MIN6 cells. (G)
Quantification of TIRF time lapse imaging of InsRA-lum-eGFP domain life time at the plasma membrane of stable
MIN6 cell lines expressing various Cav1 mutants. *p < 0.05, n > 4.
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3.2.3

The effects of Cav1 phosphorylation on insulin signalling in vitro.
Previously, we observed effects of Cav1 phosphorylation on receptor internalization

(Chapter 3.2.2). Additionally, dynamin-dependent insulin receptor internalization has been
implicated in the selective activation of Erk, but not Akt, by insulin in the rat hepatoma H4IIE cell
line222. Consequently, we wanted to establish the functional consequences of altered Cav1
phosphorylation in insulin signalling. Overexpressing wildtype Cav1 or the constitutively active
Cav1-Y14D mutant was sufficient to significantly increase Erk phosphorylation in β-cells in the
absence of exogenous insulin (Figure 3.3 A). In the presence of 2 nM insulin, the dominant
negative Cav1-Y14F mutant significantly suppressed Erk activation (Figure 3.3 A). On the other
hand, neither basal nor insulin-stimulated Akt phosphorylation were affected by the expression of
wildtype or mutant Cav1 (Figure 3.3 B). Similar results were obtained in experiments where
endogenous Cav1 phosphorylation was inhibited in NIH-3T3 cells by the Src kinase inhibitor PP2
(Figure 3.3 C). NIH-3T3 cells were used over MIN6 cells since they allowed us to validate the
inhibitory effects of PP2 on Cav1 phosphorylation due to the high Cav1 expression levels in this
cell type. Together, these data suggest a role for Cav1 phosphorylation in Erk signalling.
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Figure 3.3: Cav1 phosphorylation enhances insulin-stimulated Erk, but not Akt, signalling in vitro.
(A, B) Overexpression of wildtype Cav1-mRFP or the phosphomimetic mutant Cav1-Y14D significantly increases
basal insulin signalling to Erk. Erk signalling stimulated by 2 nM insulin is significantly reduced in cells
overexpressing the dominant negative mutant Cav1-Y14F. Akt signalling is unaffected by the overexpression of Cav1
mutants. Experiments were performed in MIN6 cells treated for 5 minutes with the indicated doses of insulin (n = 10).
(C) Insulin stimulated (5 min) Erk, but not Akt signalling is significantly reduced in NIH-3T3 cells previously treated
for 2 hrs with the 10 µM of Src kinase inhibitor PP2 (n = 4). *p < 0.05.

3.2.4

The effects of Cav1 deficiency in vivo.
The effects of Cav1 on insulin receptor trafficking and signalling in vitro needed to be

confirmed with in vivo experiments. For this purpose, a mouse models deficient of Caveolin 1
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(Cav1-/-) was used. Pancreatic tissue sections from Cav1-/- mice were obtained to study the effects
of Cav1 loss in vivo (Figure 3.4 A). Cav1-/- islet cells exhibited significantly reduced insulin
receptor staining in vesicular structures (Figure 3.4 B). These data suggest a reduced
internalization of insulin receptors in islet cells of Cav1-/- mice confirming the results obtained in
vitro (Chapter 3.2.2) but can also be interpreted as a potentially reduced expression or increased
degradation of insulin receptors in islets obtained from Cav1 deficient mice. Most notably, these
experiments revealed a striking reduction in Erk signalling in vivo, as demonstrated by a significant
reduction of nuclear Erk (Figure 3.4 C,D). In contrast, Akt activation was not altered in Cav1-/- βcells (Figure 3.4 E). Together, these data demonstrate the functional importance of Cav1-mediated
InsR endocytosis in pancreatic β-cells and point to receptor internalization as a bifurcation point
in insulin signalling.
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Figure 3.4: Cav1 loss decreases Insr
internalization and reduces Erk signalling in
vivo.
(A) Immunolabeling of pancreatic sections from
Cav1-/- or Cav1+/+ mice. Scale bar = 50 µm. (B)
Reduced Insr containing intracellular vesicles in
islets of Cav1-/- mice. *p < 0.05. (n = 9). Scale bar
= 25 µm. (C-E) Reduced Erk nuclear translocation
in islet cells from Cav1-/- mice with no significant
changes in Akt activation (n=3 mice, 22 (Erk); 6
(Akt) islets). Scale bar = 50 µm

To address the physiological consequences of Cav1-dependent Erk signalling, we assessed
the effect of in vivo Cav1 loss on β-cell survival. Multiple reports have previously shown that
insulin signalling has a positive effect on β-cell mass, through dual effects on β-cell growth and
survival132,135,157,294,313,314. Analysis of pancreatic sections of Cav1-/- animals revealed a significant
increase in apoptosis and a significant decrease in β-cell mass compared to wildtype controls
(Figure 3.5). Together, the in vivo and ex vivo data obtained from Cav1 deficient mice further
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supports the importance of Cav1 in insulin receptor signalling, which is essential for the
maintenance of β-cell survival.

Figure 3.5: Cav1 loss leads to a reduced β-cell mass and increased islet cell apoptosis.
(A) Pancreatic islet cells of mice lacking Cav1 display increased cell death indicated by cleaved caspase 3
immunolabelling (n=15) Scale bar = 10 µm (B) Immunolabeled pancreatic tissue sections (A488-Insulin, green;
DRAQ5, red) show reduced β-cell mass in mice lacking Cav1 compared to wild type littermate controls (n = 3 mice,
10 sections per mouse). Scale bar = 1 mm. *p<0.05

3.3

Discussion
The role of insulin signalling defects in pancreatic β-cells remains underappreciated,

although conceptually it links the two most widely recognized hallmarks of diabetes progression,
‘insulin resistance’ and β-cell dysfunction (including inappropriate insulin hyper-secretion)

314

.

Indeed, reduced insulin receptor expression and loss of insulin signalling has been observed in
islets from patients with type 2 diabetes315,316. Evidence from multiple animal models also suggests
that the loss of β-cell insulin signalling is sufficient for diabetes progression317. Although the Akt
arm of the insulin signalling pathway has received the most attention, previous studies have shown
that physiological levels of insulin318 have little effect on Akt in β-cells 137, but instead appear to
selectively signal through the Raf1/Mek/Erk pathway137,294,311. Our data suggest that Erk and Akt
signalling occur from insulin receptors localized in different nanodomains. Our data support the
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concept that Akt signalling occurs mostly at the plasma membrane319. Since Akt activation is only
detected after super-physiological doses of insulin in β-cells137,318, it is possible that this occurs
mainly via the cross-activation of Igf1 receptors, which have only 500-fold lower affinity for
insulin98. In contrast, we propose that Erk signalling occurs predominantly from internalized (or
internalizing) receptors in this system, and perhaps others320. It is known that Erk shuttles to the
nucleus upon activation to exert its effects on gene transcription321,322. Thus, it may be
advantageous for Erk signalling to occur from organelles (endosomes or lysosomes) located closer
to the nucleus than to the plasma membrane. Our data suggest that the balance between Erk and
Akt signalling may be dictated by Cav1-dependent insulin receptor internalization.
Multiple studies have implicated Cav1 in insulin receptor internalization in
adipocytes281,282,312,323. Electron microscopy illustrated that Cav1-positive membrane pits harbor
insulin-receptors323. The concept of caveolae as nanodomains for insulin receptors at the plasma
membrane has been suggested for several tissues324-327. Cav1, and the associated cavins, are
generally negative regulators of raft-dependent endocytosis328,329 while pCav1 tyrosine
phosphorylation

has been

reported

to

influence

pinocytosis and promote

integrin

internalization330,331. The demonstration that pCav1 promotes InsR internalization and Erk
signalling defines a novel role for tyrosine phosphorylated Cav1 in receptor internalization and
signalling.

3.4
3.4.1

Materials and methods
Immunoprecipitation
Immunoprecipitation was performed by incubating 1 mg of protein lysate with InsR

antibodies (Cell Signaling) at 4°C for 12 hrs. Subsequently, the solution was incubated with
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PureProteome™ Protein G Magnetic Beads (Millipore, Billerica, Massachusetts, USA) and
subsequently washed according to the manufacturer’s instructions. InsR protein complexes were
separated from the beads by 10 min incubation at 95°C. The resulting protein solution was
analyzed by standard immunoblot procedures.

3.4.2

Plasmids, cell culture, transfection, immunoblots, imaging and image analysis
Cav1-Y14F-mRFP and Cav1-Y14D-mRFP plasmids have been described previously305.

Cav1 mutants tagged with mTFP were generated as described in section 2.4.4 for the respective
wild type mTFP labeled variants using primers #1,#2 (Table 2.1) and the respective mRFP labeled
mutants were used as a template for mutant Cav1 protein.
To generate InsRA-lum-eGFP, eGFP was PCR amplified from peGFP-N1 (Life
technologies) using primers #13,#14 (Table 2.1) and inserted into pcDNA3.1(-)-InsRA-TagRFP
to replace TagRFP by eGFP using BsiWI and AgeI restriction sites.
Cell culture conditions, imaging setups, image analysis, immunoblots, and generation of all
other used plasmids in this chapter as well as transfection conditions are described in chapter 2.4.

3.4.3

Generation of MIN6 cell lines
Native MIN6 cells were transfected with Cav1-wt-mRFP, Cav1-Y14F-mRFP or Cav1-

Y14D-mRFP respectively using the NEON transfection system. Cells were cultured in selective
media (400ug/ml G418/Geneticin, Life technologies) for 10 passages. For subsequent passages the
G-418/Geneticin concentration was reduced to a maintaining concentration of 50ug/ml.
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3.4.4

Pancreatic tissue immunostaining
Paraffinized tissue sections were de-paraffinized with three Xylene washes and rehydrated

with ethanol solutions (100%, 95%, 70%), followed by a PBS wash. Epitope retrieval was
performed by incubating sections in sodium citrate buffer (10 mM sodium citrate, 0.05% Tween20, pH 6.0) for 15 minutes at 95˚C. The sections were briefly washed in PBS and blocked with
DAKO Protein Block solution for 30 minutes. The sections were incubated with primary
antibodies overnight at 4˚C. Following four PBS washes, the sections were incubated with
secondary antibodies for 1 hour at room temperature. The sections were finally washed and
mounted using Prolong Gold Antifade.

3.4.5

Mice
The caveolin-1 knockout (Cav1−/−) mice used in this study were originally produced by T.V.

Kurzchalia (MPI-CBG, Dresden, Germany)332. These mice were housed in the facility at the
Université catholique de Louvain in Belgium.

3.4.6

Statistics
Data are expressed as mean with S.E.M. Means were considered statistically significantly

different if p≤0.05. Student’s t-tests were used for comparison between two means.
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Chapter 4: Endosomal Ca2+ handling in β-cells
4.1

Rationale
Calcium ions (Ca2+) play many essential roles in cellular signalling. The plasma membrane

separates the low cytoplasmic Ca2+ concentration (<200 nM in a quiescent cell) from the much
higher extracellular Ca2+ levels (>1 mM). Multiple organelles participate in global cellular Ca2+
homeostasis, while also signalling locally to regulate specific subcellular events223,333,334.
Fluorescent protein-based biosensors enable direct measurements of Ca2+ dynamics within the
lumina of defined Ca2+ handling organelles, and provide minimally invasive windows into their
respective roles in cellular physiology335. Some organelles function primarily as Ca2+ stores,
whereas other organelles are transient Ca2+ buffers that act to shape cellular Ca2+ signals and
protect cells from excitotoxicity333. The endoplasmic reticulum (ER) is the most well characterized
intracellular Ca2+ store, with Ca2+ levels of 250-600 μM

336

. ER Ca2+ concentration is primarily

regulated by Ca2+-importing pumps called sarco/endoplasmic reticulum Ca2+-ATPases (SERCAs),
as well as Ca2+ release channels including the IP3R and RyR 333,337. The Golgi network also stores
Ca2+ (100-300 μM) at levels that facilitate post-translational protein modifications240,338. On the
other hand, direct measurements in living cells indicate that other organelles, such as the nucleus
and mitochondria, rapidly take up Ca2+ but do not act as long-term stores for significant amounts
of Ca2+ 333. Roles in Ca2+ handling have been proposed for other organelles, particularly the acidic
organelles of the endosomal and lysosomal systems339, but direct and specific measurements of
Ca2+ within those lumina have been challenging due to the disproportionate pH sensitivity of
existing Ca2+ biosensors275. Thus, despite the fact that endosomes are important signalling
organelles340, the physiological role of endosomal Ca2+ fluxes remains poorly understood.
88

The calcium homeostasis of β-cell endosomes is of particular interest. Glucose-stimulated
insulin release from pancreatic β-cells is strongly dependent on the influx of intracellular Ca2+
through voltage-gated Ca2+ channels in the plasma membrane341,342. On the contrary, chronically
elevated cytoplasmic Ca2+ can also induce cell death229, making the control of these Ca2+ influx
signals critical. It has been previously hypothesized that organelles close to the plasma membrane
may buffer the influx of Ca2+ within β-cells during glucose stimulation343. However, real-time
changes in endosomal Ca2+ during glucose stimulation in β-cells have never been accessed due to
technical limitations.
The highly acidic nature of endosomes dictates that biosensors with sufficient pH
insensitivity are required for luminal Ca2+ imaging in this compartment. Although current Förster
resonance energy transfer (FRET)-based ‘cameleon’ probes are acceptable for ER and other
organelles271,337,344, they are large (> 70 kDa) and typically incorporate highly pH-sensitive
fluorescent protein variants that are quenched in acid environments. Single fluorescent protein
Ca2+ biosensors (e.g. G-CaMP)278,345 are smaller, but also typically employ pH-sensitive
fluorescent proteins278,346. Recently, an expanded series of Ca2+ indicators via directed evolution
of G-CaMP3 has been developed346. One variant in this series, known as GEM-GECO1, exhibits
a blue-green ratiometric emission, a Kd of 340 nM, an exceptionally high dynamic range (11,000%
change in vitro) and is relatively pH insensitive346. Specifically, GEM-GECO-1 still maintains
50% of its maximum dynamic range at the acidic pH of 6.1, and we therefore considered that it
might be suitable for Ca2+ imaging in endosomes of living cells.
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4.2
4.2.1

Results
Development of an endosomal targeted calcium sensor
To generate an endosomal lumen targeted Ca2+ biosensor, tetanus-insensitive vesicle-

associated membrane protein (TiVAMP, also known as VAMP7) was used as a targeting protein.
TiVAMP is a SNARE protein that drives endosomal fusion and is known to be localized to
endosomes347-349. The functional domain responsible for membrane tethering is located at the
cytoplasmic N-terminus of TiVAMP350. It has been previously reported that C-terminal tagging of
TiVAMP leads to a functional protein with the tethered fusion partner localized to the endosomal
lumen350. GEM-GECO1 was fused to the C-terminus of TiVAMP-GEM-GECO1 via a 61 amino
acid linker that was included to mitigate functional interference with its fusion partners. To validate
the proper localization of TiVAMP-GEM-GECO1, the sensor was coexpressed with markers of
specific endolysosomal compartments. The endosomal calcium sensor colocalized with red
fluorescent markers for early endosomes (TagRFP-Rab5a, Figure 4.1 A), late endosomes
(TagRFP-Rab7, Figure 4.1 B) and Lysotracker, a tracer dye for acidic vesicles (Figure 4.1 C). By
this colocalization analysis we observed that ~70% of the TiVAMP-GEM-GECO1 positive
endosomal population is marked by Rab5a (23%), Rab7 (24%) or Lysotracker (22%). The
remaining minority of ~30% TiVAMP-GEM-GECO1 likely localized to endosomal
compartments, which are not labeled in this analysis (e.g. recycling endosomes). Taken together
with the known cellular localization of TiVAMP, these data confirm that the Ca2+ biosensor
TiVAMP-GEM-GECO1 localizes to both early and late endosomes in β-cells.
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Figure 4.1: TiVAMP-GEM-GECO1 is a luminal Ca2+ biosensor localized to early and late endosomes.
(A) TiVAMP-GEM-GECO1 colocalizes with early endosomes labelled by TagRFP-Rab5a. (B) TiVAMP-GEMGECO1 colocalizes with TagRFP-Rab7 positive late endosomes. (C) TiVAMP-GEM-GECO1 colocalizes to acidic
vesicles labelled by the tracer dye Lysotracker Red DND-99. Representative images are shown. Scale bar equals 10
µm. Inset Venn Diagrams visualize the degree of vesicle colocalization obtained by object based colocalization
analysis (n = 10 cells for each condition).

4.2.2

Validation of the Ca2+ sensing capabilities of TiVAMP-GEM-GECO1 in situ
Next, the functionality of TiVAMP-GEM-GECO1 was examined. First, we simply modified

endosomal Ca2+ by changing the Ca2+ content of the extracellular media entering MIN6 cells
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transfected with TiVAMP-GEM-GECO1. A switch from Ca2+-free media to standard media
containing 2 mM Ca2+ significantly increased the endosomal Ca2+ concentration detected with
TiVAMP-GEM-GECO1. Conversely, endosomal Ca2+ was reduced by incubating cells in buffer
containing 0 mM CaCl2 or 1 mM of the Ca2+ chelator EGTA, compared with standard 2 mM CaCl2
(Figure 4.2 A, B). These data suggest that TiVAMP-GEM-GECO1 can reflect changes in
extracellular Ca2+, possibly due to the simple fluid phase endocytosis of extracellular media.
Dynamic changes in endosomal Ca2+ were assessed with time-lapse imaging. TiVAMPGEM-GECO1-transfected MIN6 cells were initially incubated in standard 2 mM CaCl2 Ringer’s
solution, after which this baseline solution was replaced with a high Ca2+ (20 mM CaCl2) Ringer’s
solution containing ionomycin to promote Ca2+ flux across membranes. As expected, endosomal
Ca2+ levels increased significantly compared to baseline (Figure 4.2 C). Subsequently, the elevated
endosomal Ca2+ was depleted by perfusion of the cells with Ca2+ free Ringer’s solution containing
ionomycin and 1 mM EGTA. The TiVAMP-GEM-GECO1 biosensor reflected this change with a
change in the emission ratios, which corresponded to a lower relative Ca2+ concentration compared
to baseline (Figure 4.2 C). Note that the baseline emission ratio for endosomal Ca2+ is between the
maximum and minimum ratios obtained during this experiment. This maximum-minimum pattern
of TiVAMP-GEMCO1 could be observed both in averages of all endosomes within a cell, as well
as with analysis of populations of single endosomes (Figure 4.2 C,D). Taken together, these data
suggest that TiVAMP-GEM-GECO1 dynamically reports luminal Ca2+ changes in endosomes and
that it has adequate dynamic range to sense changes in luminal Ca2+ in these specific
compartments.
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Figure 4.2: TiVAMP-GEM-GECO1 senses
changes in endosomal Ca2+.
(A,B) Endosomal Ca2+ was modified by fluid phase
internalization. A: MIN6 cells were incubated with
either CaCl2 free or 2 mM CaCl2 containing
Ringer’s. B: Extracellular Ca2+ of 2 mM CaCl2
Ringer’s was with 1 mM EGTA and compared to
cells incubated in regular Ringer’s media containing
2 mM CaCl2. The bar graphs represent averaged
endosomal GEM-GECO1 ratios per cell (n = 4). (C)
Live-cell perfusion demonstrates the responsiveness
and dynamic range of TiVAMP-GEM-GECO1 to
induced changes in endosomal Ca2+ content
(averaged per cell). Inset graph shows a one-minute
average of endosomal GEM-GECO1 ratios at the
end of each treatment as a fold change to the baseline
(n = 4). (D) GEM-GECO1 ratio analysis of the
population of single endosomes per time point in one
cell in response to indicated treatments in a live cell
perfusion experiment. The black line represents the
average endosomal Ca2+ content at each time point.
* p < 0.05

4.2.3

Luminal Ca2+ during endosomal maturation
During the course of our experiments, a remarkable heterogeneity in Ca2+ levels in the total

pool of TiVAMP-GEM-GECO1 labeled endosomes was observed (Figure 4.2 2D). Single
endosome population analysis of MIN6 cells bathed in standard 2 mM CaCl2 buffer revealed that
Ca2+ levels varied dramatically between endosomes within a single cell (Figure 4.3 A-D). While
this heterogeneity can be caused to some degree by the movement of the vesicle between the
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acquisitions of the individual channels during ratiometric imaging, we still observed remarkable
differences in fluorescent ratios by observing individual vesicles (Figure 4.3 D). We therefore
tested the hypothesis that this heterogeneity in luminal Ca2+ levels was associated with the
maturation of endosomes toward the lysosomal compartment194. Indeed, by analyzing only
endosomes labeled with TagRFP-Rab5a and TiVAMP-GEM-GECO1, we found a lower relative
endosomal Ca2+ concentration in early endsomes compared to late endosomes labeled by TagRFPRab7 and TiVAMP-GEM-GECO1 (Figure 4.3 E,F). The increase in luminal Ca2+ composition of
endosomes as they mature and fuse with lysosomes is consistent with the process of endosomal
acidification during the transport of the organelle to lysosomes, which is thought to increase the
driving force for Ca2+ uptake351. Collectively, the data suggest that Ca2+ in TiVAMP-labeled
endosomes increases during the maturation from Rab5a-positive ‘early’ endosomes to Rab7positive ‘late’ endosomes.
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Figure 4.3: Ca2+ enrichment of endosomes during maturation.
(A-D) Heterogeneity in relative endosomal Ca2+ content in a MIN6 cell visualized with TiVAMP-GEM-GECO1.
Arrowheads point to endosomes with different luminal Ca2+ content. (E,F) Analysis of relative single endosome Ca2+
content of early, Rab5a labeled and late, Rab7 labeled endosomes (8 cells). * p <0.05; >1600 endosomes analyzed per
population.

4.2.4

Development of biosensors for quantitative Ca2+ and pH measurements.
From the above results, it was apparent that TiVAMP-GEM-GECO1 could qualitatively

report on endosomal Ca2+ dynamics. However, to achieve semi-quantitative interpretation of the
GEM-GECO1 emission ratio, we required a means of accounting for differences in both Ca2+ and
pH in single endosomes. Endosomes are challenging organelles for semi-quantitative approaches
since their luminal composition is highly dynamic 351. In addition, both the maximal fluorescence
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response and the Ca2+ dissociation constant (Kd) of GEM-GECO1 are dependent on the pH, despite
their improved pH resistance when compared to other Ca2+ sensors346. To achieve semiquantitative pH measurements, we employed mKeima, a fluorescent protein that is known to have
pH-dependent excitation peaks at 440 nm and 590 nm (pKa = 6.0)352,353, making it a suitable
ratiometric pH biosensor. To generate a probe for pH monitoring in endosomes, we fused mKeima
to TiVAMP to enable endosomal pH measurements. TiVAMP-mKeima was co-expressed with
TiVAMP-GEM-GECO1 for quantitative Ca2+ imaging in live cells. As expected, the biosensors
TiVAMP-GEM-GECO1 and TiVAMP-mKeima colocalized in the same organelles (Figure 4.4).
Together, this biosensor pairs provides the molecular tools for a quantification of calcium
concentrations and pH in single endosomes of a living cell. In collaboration with the laboratory of
Robert E. Campbell at the University of Alberta we were able to publish the first measurements of
endosomal calcium in living cells using the presented genetically encoded biosensors in
combination with a sophisticated in vitro calibration (Albrecht, Zhao et al. Cell Calcium, in press).
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Figure 4.4: A biosensor pair for quantitative Ca2+ and pH measurements in living cells.
Simultaneous imaging of mKeima and GEM-GECO1 targeted to the same population of endosomes via TiVAMP.
The merge panel shows the combined merge of 2 ratios (mKeima and GEM-GECO1) according to the 4 colors shown
at the bottom of each panel.

4.2.5

Endosomal Ca2+ fluxes in the glucose response of β-cells.
It has been reported, that Ca2+ concentrations within some endosomal lumina are not very

far from the cytosolic concentrations354. Additionally it has been hypothesized, that β-cell
endosomes may buffer the influx of Ca2+ during glucose stimulation343. With the newly generated
biosensor (Chapter 4.2.1) it is now possible to test this hypothesis by measuring real-time changes
in endosomal Ca2+ during glucose stimulation. Fluorescence imaging of TiVAMP-GEM-GECO1positive endocytic vesicles after switching extracellular glucose from 3 mM to 20 mM revealed an
elevation of Ca2+ within the endosome lumen (Figure 4.5 A,B). To further characterize this
phenomenon, we co-expressed TiVAMP-GEM-GECO1 and the early endosomal marker TagRFP97

Rab5a. Early endosomes were identified in the TagRFP channel and the GEM-GECO1 intensity
ratios for these objects were tracked to analyze relative early endosomal Ca2+ content. Ca2+
increases were measured in single Rab5-positive early endosomes upon glucose stimulation
(Figure 4.5 C). Indeed, the average early endosomal Ca2+ content increased under elevated glucose
conditions. The change of endosomal Ca2+ upon glucose stimulation was independent of the
luminal pH, which remained constant while the endosomal Ca2+ content doubled under these acute
high glucose conditions (Figure 4.5 D). Interestingly, the endosomal Ca2+ did not typically return
to baseline immediately after the return to non-stimulatory glucose after stimulation, possibly
supporting the concept that a sub-population of endosomes may act as relatively long-acting Ca2+
buffers. These data were supported by endosomal Ca2+ measurements in a single glucosestimulated human β-cell (Figure 4.5 E). Together, these data suggest that a population of
endosomes may act as a previously unappreciated component of the β-cell Ca2+ handling network
during the glucose response.
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Figure 4.5: Early endosomes enrich Ca2+ in
glucose-stimulated β-cells.
(A,B) Average and individual whole-cell
endosomal Ca2+ content in response to glucose
(n = 8). (C) Early, Rab5a positive endosomes
were analyzed for their relative Ca2+ content in
response to glucose. (D) Average whole-cell
endosomal pH in response to glucose. 20 mM
NH4Cl was perfused as a positive control for
mKeima (n = 4). (D inset) Relation between
endosomal pH and calcium content in the
glucose response of a β-cell (n = 3). Error bars
represent SEM. (E) Average whole-cell
endosomal Ca2+ content in response to glucose
in a human pancreatic β-cell.

4.3

Discussion
The goal of the work presented in this chapter was to develop a pH-resistant Ca2+ biosensor

to directly measure Ca2+ concentration in single endosomes and to determine whether endosomes
play any role in pancreatic β-cell Ca2+ homeostasis. To accomplish these goals, we paired the
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GEM-GECO1 fluorescent Ca2+ probe with the pH-sensitive mKeima fluorescent protein, and
targeted both proteins to the luminal side of a defined sub-population of endosomes. We found
endosomal Ca2+ was higher in more acidic Rab7-positive late endosomes when compared with
Rab5-positive early endosomes. Our results also identify Rab5-positive early endosomes as an
organelle compartment that can actively enrich Ca2+ in glucose-stimulated β-cells, demonstrating
a previously unappreciated role for these organelles in intracellular Ca2+ handling in pancreatic βcells.
We demonstrated that the biosensor pair of TiVAMP-GEM-GECO1 and TiVAMP-mKeima
can be used simultaneously to quantify the pH and the absolute Ca2+ concentration in single
endosomes. Control experiments demonstrated that TiVAMP-GEM-GECO1 responds primarily
to Ca2+ and only to pH to a lesser degree. Using this biosensor pair, we identified a remarkable
heterogeneity of endosomal Ca2+ content in β-cells. We determined that this heterogeneity of
endosomal Ca2+ is associated with organelle maturation and acidification. Specifically, later
endosomes with lower luminal pH have higher endosomal Ca2+ concentrations.
Live-cell, intra-organelle Ca2+ imaging is a powerful approach to understanding the
fundamental biology of endosomes and other organelles335. The GEM-GECO1 probe has been
extensively tested in vitro where it exhibits robust ratiometric Ca2+ sensing, with sufficient
dynamic range and relative pH insensitivity346. GEM-GECO1 is significantly smaller than
previous biosensors based on Ca2+-dependent FRET between two fluorescent proteins. We
propose that the combined use of endosome-targeted GEM-GECO1 and mKeima marks a
significant improvement over alternate approaches. Together with this previous work350, our data
demonstrate that linking GEM-GECO1 to TiVAMP permits high localization specificity, to an
extent that is not possible with dye-based approaches 355.
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The results provide an improved understanding of dynamic Ca2+ homeostasis in β-cells and,
as such, take a step towards further elucidating the physiological control of insulin secretion and
other Ca2+-dependent processes in this key endocrine cell type334,337,356,357. In response to elevated
extracellular glucose levels, cytoplasmic Ca2+ levels increase to drive the docking and fusion of
secretory insulin granules with the plasma membrane of β-cells342. Interestingly, alterations in βcell Ca2+ homeostasis have been implicated in the development of type 2 diabetes358. Specifically,
it has been proposed that excessive Ca2+ influx leads to an increased β-cell death by apoptosis, a
phenomenon associated with diabetes359. In this context, previous work suggested that endosomes
might act as Ca2+ buffers in β-cells responding to high glucose343. The present work provides
experimental data that are consistent with this model.
The degree to which endosomes contribute to the total Ca2+ buffering ability of intracellular
organelles remains to be elucidated. Endosomes occupy a small volume of many cell types (0.652%), but this may be higher in β-cells. We speculate that endosomes may play a role as
physiologically relevant local Ca2+ buffers only near the plasma membrane, shaping Ca2+ signals
that originate in close proximity. Unlike larger Ca2+-handling organelles such as mitochondria
(3.9% of the total β-cell volume) or ER (20% of the total β-cell volume)360-362, endosomes may not
play a primary role in shaping Ca2+ signals originating from within the cell. The novel endosomal
Ca2+ biosensor promises to shed light on the mechanisms involved in endosomal Ca2+ homeostasis
in intact living cells and resolve current controversies around the nature of this important
organelle262,363,364.
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4.4
4.4.1

Material and methods
Cloning, plasmids and transfection
Synthetic DNA oligonucleotides used for cloning and library construction were purchased

from Integrated DNA Technologies (Coralville, Iowa). TagRFP-Rab5a and TagRFP-Rab7 as well
as general cloning techniques are described in chapter 2.4.4. The sequences of all oligonucleotides
used in this chapter are provided in Table 4.1.
MIN6 β-cells were cultured as described in chapter 2.4.1. All constructs were transfected
into MIN6 cells using the NEON Transfection system. 2 µg of plasmid DNA were used to
electroporate 1 million MIN6 cells. Cells were electroporated with two 1200 V pulses with a pulse
width of 20 ms.
Primary handpicked human islets from an 11 year-old male donor were dispersed and
electroporated using the NEON transfection system (2 µg DNA per 1 million cells, 1000 V, 2
pulses, 30ms pulse width) and subsequently cultured in CMRL medium for 72 hrs prior imaging.
Primer name
Fw_NcoI_6xhis_mKeima
Rv_mKeima _KpnI_ HindIII
Fw_KpnI _GEM
Rv_GECO-Stop-HindIII
Fw_ApaI_TiVAMP
Rv_TiVAMP_NotI
Fw_EcoRI_GEM-GECO1
Rv_GEM-GECO1_HindIII
Fw_XbaI_mKeima
Rv_mKeima_HindIII
Table 4.1: Primer sequences

Primer sequence (5’ to 3’)
GCGATGCCATGGGTCATCATCATCATCATCATGGTACAATGGTCGAC
TCTAGAATGGTGAGTGTGATCGCTAAACAAATGACC
GCGAAAGCTTCTATCCGGTACCCATGGTACTTCCACCTGTGCCACC
GCGAGGTACCACCATGGTCGACTCATCACGTC
GCGATGAAGCTTCTACTTCGCTGTCATCATTTGTACAAACTCTTCGTA
GTTT
GGGGGCCCGCCGCCATGGCGATTCTTTTTGCTGTTGTTG
CGCGGCCGCTTTCTTCACACAGCTTGGCCATG
CGAATTCTAACGCCGCGACGTGCGACTGCG
CAAGCTTCTACTTCGCTGTCATCATTTGTACAAAC
CCTCTAGAATGGTGAGTGTGATCGCTAAACAAATGACCTACAAGG
GGAAGCTTCTAACCGAGCAAAGAGTGGCGTGCAATGG
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4.4.2

Microscopy and image analysis
Co-localization images were acquired using a widefield inverted Zeiss Axiovert 200M

microscope equipped with a 100x 1.45NA objective. Image stacks were deconvolved using
Slidebook Software to obtain confocal image planes. Object based colocalization studies were
performed using the Fiji/ImageJ plugin JaCoP309.
Live cell imaging of MIN6 and primary cells was performed on a wide-field microscope
setup (Zeiss Axiovert 200M) with a mounted 40x Plan-NeoFluar 1.3NA oil objective (Zeiss, Jena,
Germany)337. Cells were cultured and imaged on poly-D-lysine coated No 1.5 25 mm circular
borosilicate coverslips (Electron Microscopy Sciences, Hatfield, Pennsylvania) and were kept at
37°C in a temperature controlled incubation chamber (Harvard Apparatus, Holliston,
Massachusetts) during imaging. Images were acquired with a CoolSNAP HQ2 CCD camera
(Photometrics, Tucson, Arizona). GEM-GECO1 was excited with a selective bandpass filter
(386/23 nm) and emissions were detected with selective bandpass filters (440/40 nm and 520/32
nm) using a single filter cube with a mounted dichroic mirror. The Sutter Lambda 10-2 emission
filter wheel is capable of switching between different emission filters within 75 ms. Ratiometric
mKeima imaging was performed by using selective excitation filters (430/25 nm and 575/50 nm)
and a 632/60 nm emission filter. The excitation filters were mounted in a Sutter instruments DG4
light source enabling excitation switches in < 2 ms. The exposure times for GEM-GECO1 and
mKeima detection were kept at ≤ 1s.
Time-lapse image sequences, as well as still images, were analyzed using Slidebook software
(Intelligent Imaging Innovations, Denver, Colorado), Cell Profiler 2.0365, and the ImageJ
distribution Fiji306. Local background subtraction was performed to correct for cellular
autofluorescence308. Live-cell experiments were performed with preheated solutions and stable
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perfusion at 1 ml/min, and complete solution changes were achieved in <60 s. Live cells were
imaged in Ringer’s buffer (119 mM NaCl, 4.7 mM KCl, 25 mM NaHCO3, 2.5 mM CaCl2, 1.2 mM
MgSO4, 1.2 mM H2PO4) supplemented with glucose as indicated in the figures.

4.4.3

Statistics
Data are expressed as mean with S.E.M. Means were considered statistically significantly

different if p≤0.05. Student’s t-tests were used for comparison between two means.
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Chapter 5: Conclusion
5.1

Summary and impact
Traditionally, endosomes have been described as important cargo transport organelles of the

cells ensuring the uptake of nutrients. However, emerging evidence highlights the role of these
organelles in intracellular signalling events. In this thesis work, we focused on endosomes of
pancreatic β-cells and their role in autocrine insulin signalling and calcium homeostasis. β-cells
are fundamentally important endocrine cells in higher organisms: Through the secretion of insulin
they provide the peptide which enables peripheral cells to take up glucose – the key carbohydrate
which is metabolized to produce ATP, the source of energy in each cell of an organism. It is
therefore of particular interest to understand the molecular mechanisms contributing to the proper
function of this highly specialized cell type.
Autocrine insulin signalling has been shown to be a major contributor to proper β-cell
function (Chapter 1.3.3). In the work presented in this thesis I developed a tool which allows for
the first time to track functional fluorescent protein tagged insulin receptors within living cells
(Chapter 2.2.2). Using this tool I could establish a link between insulin receptor internalization and
signalling in β-cells. In particular, phosphorylated Cav1 positively affects insulin receptor
internalization and biases insulin signalling towards the Erk signalling branch (Chapter 3.2.3).
These results suggest an internalization of insulin receptors through Cav1 into flotillin-1-positive
vesicles that eventually fuse or mature into lysosomes. Internalized receptors signal predominantly
through Erk while receptors residing at the plasma membrane target the Akt signalling branch
(Figure 5.1).
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Figure 5.1: Working model of insulin receptor trafficking and signalling in β-cells.
My model proposes that Erk signalling is initiated from InsR internalized via the phosphorylation of Cav1, whereas
Akt signalling is transmitted from receptors located at the plasma membrane.

It is critical to understand the precise mechanisms driving insulin receptor internalization
and signal transduction in order to develop approaches to modulate insulin sensitivity in obesity
and early stages of type 2 diabetes. The data presented in this thesis highlights that drugs which
target the trafficking kinetics of insulin receptors could have the potential to direct and stimulate
insulin signalling along specific signalling pathways. My approach to tag insulin receptors between
functional domains provides a molecular tool which is suitable for high throughput screening and
can be applied to a variety of approaches in the search for molecules which target the insulin
receptor trafficking pathways and therefore potentially alter insulin sensitivity in tissues.
Additionally, the new targeting strategy could be applied to membrane receptors of similar
structure such as the IGF1-R or EGF-R to shed light on their trafficking patterns in living cells.
106

In addition to their role in insulin receptor trafficking and signalling, I characterized
endosomes of β-cells as potential contributors to the intracellular calcium homeostasis. The biggest
challenge was to develop a sensor, which is specifically localized to endosomes and capable of
sensing Ca2+ in the changing pH environment of these vesicles. By targeting GEM-GECO1 to the
endosomal lumen I could establish a calcium reporter, which is capable of sensing endosomal
calcium changes within physiological ranges (Chapter 4.2). To the best of my knowledge, this is
the first genetically encoded calcium sensor specifically targeted to endosomes. This development
now allows investigators to observe fluxes in endosomal calcium in living cells having the
potential to answer a broad range of biological questions. For example, the ongoing debate about
the mechanism by which endosomes regulate their luminal calcium is largely controversial due to
the lack of a suitable sensor that allows endosomal calcium measurements in situ. Here, I introduce
a sensor that can be applied to studies directed towards the mechanism by which endosomes
regulate their calcium content. The endosomal calcium content is thought to contribute directly to
the fusion behaviour of these vesicles, however live cell studies with sensors specifically localized
to endosomal population of interest was challenging due to a lack of a genetically encoded sensor
capable of measuring luminal calcium.
By introducing a new strategy to tag membrane receptors and developing a biosensor to
monitor endosomal calcium, I created molecular tools that allow the characterization of endosomes
beyond their classical role as cargo transporters. In this context, the question arises if there is a
functional relationship between caveolin-mediated insulin receptor endocytosis and calcium fluxes
in endosomes. Interestingly, Cav1 positive plasma membrane domains have been shown to contain
the calcium channel transient receptor potential channel 1 (TRPC1)366. TRPC1 is also known to
localize on endosomes post internalisation255. Remarkably, TRPC1 has two identified caveloin-1
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binding sites suggesting an interaction between these proteins, which potentially regulates the
specific localization of TRPC1 in the plasma membrane366. Indeed, studies in Cav1 deficient mice
showed that Cav1 is required for the specific subcellular localization of TRPC1 in endothelial
cells367. This hypothesis is supported by results showing that intracellular calcium fluxes mediated
by the administration of ATP originate from endothelial cell plasma membrane regions positive
for Cav1368. Recently this model was expanded by the demonstration that ATP can mobilize
calcium from endocytic vesicles derived from caveolin-mediated endocytosis369. Collectively,
these data suggest for endothelial cells that endosomes originated from Cav1 positive membrane
domains can indeed act as calcium stores370. If these concepts are translatable to β-cells remains
an open question. However, the tools presented in this thesis allow further research which can
further observe the physiological role of caveloin1 mediated insulin receptor internalization and
the role of these vesicles in the calcium homeostasis of the β-cells. Together, experimental
evidence presented here and in the literature suggests that caveloin1-mediated endocytosis is an
important mechanism to ensure β-cell function by both regulating autocrine insulin signalling and
intracellular calcium homeostasis370.

5.2

Caveats and limitations
The studies presented in this thesis were performed with state-of-the-art technology but a

number of limitations apply to the introduced tools and concepts. Although I created a tagged
insulin receptor that was deemed functional based on Erk signalling, further validations are
required. For example, biochemical binding assays are required to test the affinity of the novel
construct to insulin compared to untagged receptors. Additionally, it is unclear at this point how
the introduction of the tag affects the secondary structure of the insulin receptor. X-ray
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crystallography would be an appropriate tool to determine the effects of the inter domain tagging
strategy on the structural properties of native insulin receptors. Inter domain tagging furthermore
requires the use of pH resistant proteins since the tag resides in the endosomal lumen post
internalization. This limits the selection of potential fluorescent tags for receptor trafficking
analysis. Another drawback is, that the expression of the construct was driven by a strong CMV
promoter leading to an overexpression of the insulin receptor in cells possibly masking or altering
physiological trafficking or signalling patterns. Consequently, physiological promoters (e.g.
insulin promoter for studies in β-cells) should be used in follow up studies to further characterize
trafficking patterns. Additionally, the artificial introduction of protein into cells might lead to a
competition between endogenous and exogenous receptor protein. A potential solution to this
caveat can be found by genome editing and an introduction of the tag sequence into the
chromosomal DNA leading to an endogenous like expression of the tagged receptor without
competition of unlabelled receptors.
The major caveat of the endosomal calcium sensor TiVAMP-GEM-GECO1 is that it is
exclusively localized to endosomes that recruit the SNARE TiVAMP. While this enables a very
specific localization of the sensor, it does fail to monitor calcium in the entire endosomal pool.
Furthermore, for quantitative measurements of calcium in endosomal lumina, a pH correction is
required to account for the slight pH sensitivity of GEM-GECO1. While this has been
demonstrated successfully354, the introduction of a pH sensor requires additional calibrations that
induce further systematic error affecting the accuracy of the obtained calcium concentrations.
Additionally, the introduction of a second ratiometric sensor uses up more available wavelength
on the light spectrum making it nearly impossible to use a marker to label specific vesicle
populations, such as early or late endosomes. Therefore, a biosensor which allows direct
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measurement of endosomal calcium with a truly pH insensitive fluorescent reporter would be
desirable.

5.3

Future directions
Although conclusive, the work presented in this thesis raises a number of questions for

further investigations. While I describe a Cav1-Flot1-LAMP2 trafficking route of β-cell insulin
receptors in the present study, the role or functional meaning of this trafficking route remains to
be elucidated. How is the cellular physiology affected when this trafficking route is intercepted?
Future work directed to the function of this trafficking route should address the effects of
knockouts of genes involved in this trafficking pathway. However, the most interesting question
to answer would be: what is the difference in the molecular composition of insulin receptors
signalling from internalized compartments versus plasma membrane localized receptors? The
composition of the insulin receptor complex at different stages of trafficking could give interesting
insights into which scaffolding proteins are responsible for a signalling through Erk or Akt. The
results could bring up more specific proteins worth targeting in a strategy developed towards the
reestablishment of insulin sensitivity in diabetic patients. Together, I provide a model of branchbiased insulin signalling in β-cells determined by the internalization status of the receptor.
However, the molecular details, especially the involved scaffolding proteins of the receptor remain
to be determined.
In this thesis, I present the first genetically encoded calcium sensor targeted to the lumina of
endosomes. The field of fluorescent genetically encoded calcium sensor is constantly emerging.
Hopefully, future research will result in a truly pH insensitive calcium sensor which can be targeted
to endosomes via TiVAMP-GECO1 avoiding the requirement of pH correction for the fluorescent
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intensities obtained from the calcium reporter. This would allow quantitative measurement of
endosomal calcium along with specific pathway markers. By targeting GEM-GECO1 to a SNARE
protein in the secretory pathway of β-cells, the fusion of secretory insulin granules with the plasma
membrane can be studied directly and the role of luminal calcium can be observed in conditions
with altered insulin secretion. Collectively, I provide a toolbox that enables future studies directed
towards an establishment of mechanisms underlying endosomal calcium homeostasis role in living
cells.
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Appendix A Plasmid maps and sequences
A.1

pcDNA-3.1-(-)-InsRA-TagRFP
3735
BsiWI

913
ApaI

InsR-A-PartI

10210 bp
TagRFP

4473
AgeI

5778
HindIII

InsR-PartII

>InsRA-TagRFP ORF sequence
ATGGGCACCGGGGGCCGGCGGGGGGCGGCGGCCGCGCCGCTGCTGGTGGCGGTGGCCGCGCTGCTACTGGGCGCCGCGGGCCACCTGTACCCCGGAG
AGGTGTGTCCCGGCATGGATATCCGGAACAACCTCACTAGGTTGCATGAGCTGGAGAATTGCTCTGTCATCGAAGGACACTTGCAGATACTCTTGAT
GTTCAAAACGAGGCCCGAAGATTTCCGAGACCTCAGTTTCCCCAAACTCATCATGATCACTGATTACTTGCTGCTCTTCCGGGTCTATGGGCTCGAG
AGCCTGAAGGACCTGTTCCCCAACCTCACGGTCATCCGGGGATCACGACTGTTCTTTAACTACGCGCTGGTCATCTTCGAGATGGTTCACCTCAAGG
AACTCGGCCTCTACAACCTGATGAACATCACCCGGGGTTCTGTCCGCATCGAGAAGAACAATGAGCTCTGTTACTTGGCCACTATCGACTGGTCCCG
TATCCTGGATTCCGTGGAGGATAATCACATCGTGTTGAACAAAGATGACAACGAGGAGTGTGGAGACATCTGTCCGGGTACCGCGAAGGGCAAGACC
AACTGCCCCGCCACCGTCATCAACGGGCAGTTTGTCGAACGATGTTGGACTCATAGTCACTGCCAGAAAGTTTGCCCGACCATCTGTAAGTCACACG
GCTGCACCGCCGAAGGCCTCTGTTGCCACAGCGAGTGCCTGGGCAACTGTTCTCAGCCCGACGACCCCACCAAGTGCGTGGCCTGCCGCAACTTCTA
CCTGGACGGCAGGTGTGTGGAGACCTGCCCGCCCCCGTACTACCACTTCCAGGACTGGCGCTGTGTGAACTTCAGCTTCTGCCAGGACCTGCACCAC
AAATGCAAGAACTCGCGGAGGCAGGGCTGCCACCAATACGTCATTCACAACAACAAGTGCATCCCTGAGTGTCCCTCCGGGTACACGATGAATTCCA
GCAACTTGCTGTGCACCCCATGCCTGGGTCCCTGTCCCAAGGTGTGCCACCTCCTAGAAGGCGAGAAGACCATCGACTCGGTGACGTCTGCCCAGGA
GCTCCGAGGATGCACCGTCATCAACGGGAGTCTGATCATCAACATTCGAGGAGGCAACAATCTGGCAGCTGAGCTAGAAGCCAACCTCGGCCTCATT
GAAGAAATTTCAGGGTATCTAAAAATCCGCCGATCCTACGCTCTGGTGTCACTTTCCTTCTTCCGGAAGTTACGTCTGATTCGAGGAGAGACCTTGG
AAATTGGGAACTACTCCTTCTATGCCTTGGACAACCAGAACCTAAGGCAGCTCTGGGACTGGAGCAAACACAACCTCACCACCACTCAGGGGAAACT
CTTCTTCCACTATAACCCCAAACTCTGCTTGTCAGAAATCCACAAGATGGAAGAAGTTTCAGGAACCAAGGGGCGCCAGGAGAGAAACGACATTGCC
CTGAAGACCAATGGGGACAAGGCATCCTGTGAAAATGAGTTACTTAAATTTTCTTACATTCGGACATCTTTTGACAAGATCTTGCTGAGATGGGAGC
CGTACTGGCCCCCCGACTTCCGAGACCTCTTGGGGTTCATGCTGTTCTACAAAGAGGCCCCTTATCAGAATGTGACGGAGTTCGATGGGCAGGATGC
GTGTGGTTCCAACAGTTGGACGGTGGTAGACATTGACCCACCCCTGAGGTCCAACGACCCCAAATCACAGAACCACCCAGGGTGGCTGATGCGGGGT
CTCAAGCCCTGGACCCAGTATGCCATCTTTGTGAAGACCCTGGTCACCTTTTCGGATGAACGCCGGACCTATGGGGCCAAGAGTGACATCATTTATG
TCCAGACAGATGCCACCAACCCCTCTGTGCCCCTGGATCCAATCTCAGTGTCTAACTCATCATCCCAGATTATTCTGAAGTGGAAACCACCCTCCGA
CCCCAATGGCAACATCACCCACTACCTGGTTTTCTGGGAGAGGCAGGCGGAAGACAGTGAGCTGTTCGAGCTGGATTATTGCCTCAAAGGGCTGAAG
CTGCCCTCGAGGACCTGGTCTCCACCATTCGAGTCTGAAGATTCTCAGAAGCACAACCAGAGTGAGTATGAGGATTCGGCCGGCGAATGCTGCTCCT
GTCCAAAGACAGACTCTCAGATCCTGAAGGAGCTGGAGGAGTCCTCGTTTAGGAAGACGTTTGAGGATTACCTGCACAACGTGGTTTTCGTCCCCAG
GCCATCTCGGAAACGCAGGTCCCTTGGCGATGTTGGGAATGTGACGGTGGCCGTGCCCACGGTGGCAGCTTTCCCCAACACTTCCTCGACCAGCGTG
CCCACGAGTCCGGAGGAGCACAGGCCTTTTGAGAAGGTGGTGAACAAGGAGTCGCTGGTCATCTCCGGCTTGCGACACTTCACGGGCTATCGCATCG
AGCTGCAGGCTTGCAACCAGGACACCCCTGAGGAACGGTGCAGTGTGGCAGCCTACGTCAGTGCGAGGACCATGCCTGAAGCCAAGGCTGATGACAT
TGTTGGCCCTGTGACGCATGAAATCTTTGAGAACAACGTCGTCCACTTGATGTGGCAGGAGCCGAAGGAGCCCAATGGTCTGATCGTGCTGTATGAA
GTGAGTTATCGGCGATATGGTGATGAGGAGCTGCATCTCTGCGTCTCCCGCAAGCACTTCGCTCTGGAACGGGGCTGCAGGCTGCGTGGGCTGTCAC
CGGGGAACTACAGCGTGCGAATCCGGGCCACCTCCCTTGCGGGCAACGGCTCTTGGACGGAACCCACCTATTTCTACGTGACAGACTATTTAGACGT
CCGTACGATCGAATTCCCCGTGTCTAAGGGCGAAGAGCTGATTAAGGAGAACATGCACATGAAGCTGTACATGGAGGGCACCGTGAACAACCACCAC
TTCAAGTGCACATCCGAGGGCGAAGGCAAGCCCTACGAGGGCACCCAGACCATGAGAATCAAGGTGGTCGAGGGCGGCCCTCTCCCCTTCGCCTTCG
ACATCCTGGCTACCAGCTTCATGTACGGCAGCAGAACCTTCATCAACCACACCCAGGGCATCCCCGACTTCTTTAAGCAGTCCTTCCCTGAGGGCTT
CACATGGGAGAGAGTCACCACATACGAAGACGGGGGCGTGCTGACCGCTACCCAGGACACCAGCCTCCAGGACGGCTGCCTCATCTACAACGTCAAG
ATCAGAGGGGTGAACTTCCCATCCAACGGCCCTGTGATGCAGAAGAAAACACTCGGCTGGGAGGCCAACACCGAGATGCTGTACCCCGCTGACGGCG
GCCTGGAAGGCAGAAGCGACATGGCCCTGAAGCTCGTGGGCGGGGGCCACCTGATCTGCAACTTCAAGACCACATACAGATCCAAGAAACCCGCTAA
GAACCTCAAGATGCCCGGCGTCTACTATGTGGACCACAGACTGGAAAGAATCAAGGAGGCCGACAAAGAGACCTACGTCGAGCAGCACGAGGTGGCT
GTGGCCAGATACTGCGACCTCCCTAGCAAACTGGGGCACAAACTTAATTCCGGATCAGATACCGGTCCGTCAAATATTGCAAAAATTATCATCGGCC
CCCTCATCTTTGTCTTTCTCTTCAGTGTTGTGATTGGAAGTATTTATCTATTCCTGAGAAAGAGGCAGCCAGATGGGCCGCTGGGACCGCTTTACGC
TTCTTCAAACCCTGAGTATCTCAGTGCCAGTGATGTGTTTCCATGCTCTGTGTACGTGCCGGACGAGTGGGAGGTGTCTCGAGAGAAGATCACCCTC
CTTCGAGAGCTGGGGCAGGGCTCCTTCGGCATGGTGTATGAGGGCAATGCCAGGGACATCATCAAGGGTGAGGCAGAGACCCGCGTGGCGGTGAAGA
CGGTCAACGAGTCAGCCAGTCTCCGAGAGCGGATTGAGTTCCTCAATGAGGCCTCGGTCATGAAGGGCTTCACCTGCCATCACGTGGTGCGCCTCCT
GGGAGTGGTGTCCAAGGGCCAGCCCACGCTGGTGGTGATGGAGCTGATGGCTCACGGAGACCTGAAGAGCTACCTCCGTTCTCTGCGGCCAGAGGCT
GAGAATAATCCTGGCCGCCCTCCCCCTACCCTTCAAGAGATGATTCAGATGGCGGCAGAGATTGCTGACGGGATGGCCTACCTGAACGCCAAGAAGT
TTGTGCATCGGGACCTGGCAGCGAGAAACTGCATGGTCGCCCATGATTTTACTGTCAAAATTGGAGACTTTGGAATGACCAGAGACATCTATGAAAC
GGATTACTACCGGAAAGGGGGCAAGGGTCTGCTCCCTGTACGGTGGATGGCACCGGAGTCCCTGAAGGATGGGGTCTTCACCACTTCTTCTGACATG
TGGTCCTTTGGCGTGGTCCTTTGGGAAATCACCAGCTTGGCAGAACAGCCTTACCAAGGCCTGTCTAATGAACAGGTGTTGAAATTTGTCATGGATG
GAGGGTATCTGGATCAACCCGACAACTGTCCAGAGAGAGTCACTGACCTCATGCGCATGTGCTGGCAATTCAACCCCAAGATGAGGCCAACCTTCCT
GGAGATTGTCAACCTGCTCAAGGACGACCTGCACCCCAGCTTTCCAGAGGTGTCGTTCTTCCACAGCGAGGAGAACAAGGCTCCCGAGAGTGAGGAG
CTGGAGATGGAGTTTGAGGACATGGAGAATGTGCCCCTGGACCGTTCCTCGCACTGTCAGAGGGAGGAGGCGGGGGGCCGGGATGGAGGGTCCTCGC
TGGGTTTCAAGCGGAGCTACGAGGAACACATCCCTTACACACACATGAACGGAGGCAAGAAAAACGGGCGGATTCTGACCTTGCCTCGGTCCAATCC
TTCCTAA
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A.2

pcDNA-3.1-(-)-InsRB-TagRFP

InsR-B-PartI

913

AgeI

BsiWI

ApaI

TagRFP

3771

10246 bp

HindIII

InsR-PartII

4509

5814

> InsRB-TagRFP ORF sequence
ATGGGCACCGGGGGCCGGCGGGGGGCGGCGGCCGCGCCGCTGCTGGTGGCGGTGGCCGCGCTGCTACTGGGCGCCGCGGGCCACCTGTACCCCGGAG
AGGTGTGTCCCGGCATGGATATCCGGAACAACCTCACTAGGTTGCATGAGCTGGAGAATTGCTCTGTCATCGAAGGACACTTGCAGATACTCTTGAT
GTTCAAAACGAGGCCCGAAGATTTCCGAGACCTCAGTTTCCCCAAACTCATCATGATCACTGATTACTTGCTGCTCTTCCGGGTCTATGGGCTCGAG
AGCCTGAAGGACCTGTTCCCCAACCTCACGGTCATCCGGGGATCACGACTGTTCTTTAACTACGCGCTGGTCATCTTCGAGATGGTTCACCTCAAGG
AACTCGGCCTCTACAACCTGATGAACATCACCCGGGGTTCTGTCCGCATCGAGAAGAACAATGAGCTCTGTTACTTGGCCACTATCGACTGGTCCCG
TATCCTGGATTCCGTGGAGGATAATCACATCGTGTTGAACAAAGATGACAACGAGGAGTGTGGAGACATCTGTCCGGGTACCGCGAAGGGCAAGACC
AACTGCCCCGCCACCGTCATCAACGGGCAGTTTGTCGAACGATGTTGGACTCATAGTCACTGCCAGAAAGTTTGCCCGACCATCTGTAAGTCACACG
GCTGCACCGCCGAAGGCCTCTGTTGCCACAGCGAGTGCCTGGGCAACTGTTCTCAGCCCGACGACCCCACCAAGTGCGTGGCCTGCCGCAACTTCTA
CCTGGACGGCAGGTGTGTGGAGACCTGCCCGCCCCCGTACTACCACTTCCAGGACTGGCGCTGTGTGAACTTCAGCTTCTGCCAGGACCTGCACCAC
AAATGCAAGAACTCGCGGAGGCAGGGCTGCCACCAATACGTCATTCACAACAACAAGTGCATCCCTGAGTGTCCCTCCGGGTACACGATGAATTCCA
GCAACTTGCTGTGCACCCCATGCCTGGGTCCCTGTCCCAAGGTGTGCCACCTCCTAGAAGGCGAGAAGACCATCGACTCGGTGACGTCTGCCCAGGA
GCTCCGAGGATGCACCGTCATCAACGGGAGTCTGATCATCAACATTCGAGGAGGCAACAATCTGGCAGCTGAGCTAGAAGCCAACCTCGGCCTCATT
GAAGAAATTTCAGGGTATCTAAAAATCCGCCGATCCTACGCTCTGGTGTCACTTTCCTTCTTCCGGAAGTTACGTCTGATTCGAGGAGAGACCTTGG
AAATTGGGAACTACTCCTTCTATGCCTTGGACAACCAGAACCTAAGGCAGCTCTGGGACTGGAGCAAACACAACCTCACCACCACTCAGGGGAAACT
CTTCTTCCACTATAACCCCAAACTCTGCTTGTCAGAAATCCACAAGATGGAAGAAGTTTCAGGAACCAAGGGGCGCCAGGAGAGAAACGACATTGCC
CTGAAGACCAATGGGGACAAGGCATCCTGTGAAAATGAGTTACTTAAATTTTCTTACATTCGGACATCTTTTGACAAGATCTTGCTGAGATGGGAGC
CGTACTGGCCCCCCGACTTCCGAGACCTCTTGGGGTTCATGCTGTTCTACAAAGAGGCCCCTTATCAGAATGTGACGGAGTTCGATGGGCAGGATGC
GTGTGGTTCCAACAGTTGGACGGTGGTAGACATTGACCCACCCCTGAGGTCCAACGACCCCAAATCACAGAACCACCCAGGGTGGCTGATGCGGGGT
CTCAAGCCCTGGACCCAGTATGCCATCTTTGTGAAGACCCTGGTCACCTTTTCGGATGAACGCCGGACCTATGGGGCCAAGAGTGACATCATTTATG
TCCAGACAGATGCCACCAACCCCTCTGTGCCCCTGGATCCAATCTCAGTGTCTAACTCATCATCCCAGATTATTCTGAAGTGGAAACCACCCTCCGA
CCCCAATGGCAACATCACCCACTACCTGGTTTTCTGGGAGAGGCAGGCGGAAGACAGTGAGCTGTTCGAGCTGGATTATTGCCTCAAAGGGCTGAAG
CTGCCCTCGAGGACCTGGTCTCCACCATTCGAGTCTGAAGATTCTCAGAAGCACAACCAGAGTGAGTATGAGGATTCGGCCGGCGAATGCTGCTCCT
GTCCAAAGACAGACTCTCAGATCCTGAAGGAGCTGGAGGAGTCCTCGTTTAGGAAGACGTTTGAGGATTACCTGCACAACGTGGTTTTCGTCCCCAG
AAAAACCTCTTCAGGCACTGGTGCCGAGGACCCTAGGCCATCTCGGAAACGCAGGTCCCTTGGCGATGTTGGGAATGTGACGGTGGCCGTGCCCACG
GTGGCAGCTTTCCCCAACACTTCCTCGACCAGCGTGCCCACGAGTCCGGAGGAGCACAGGCCTTTTGAGAAGGTGGTGAACAAGGAGTCGCTGGTCA
TCTCCGGCTTGCGACACTTCACGGGCTATCGCATCGAGCTGCAGGCTTGCAACCAGGACACCCCTGAGGAACGGTGCAGTGTGGCAGCCTACGTCAG
TGCGAGGACCATGCCTGAAGCCAAGGCTGATGACATTGTTGGCCCTGTGACGCATGAAATCTTTGAGAACAACGTCGTCCACTTGATGTGGCAGGAG
CCGAAGGAGCCCAATGGTCTGATCGTGCTGTATGAAGTGAGTTATCGGCGATATGGTGATGAGGAGCTGCATCTCTGCGTCTCCCGCAAGCACTTCG
CTCTGGAACGGGGCTGCAGGCTGCGTGGGCTGTCACCGGGGAACTACAGCGTGCGAATCCGGGCCACCTCCCTTGCGGGCAACGGCTCTTGGACGGA
ACCCACCTATTTCTACGTGACAGACTATTTAGACGTCCGTACGATCGAATTCCCCGTGTCTAAGGGCGAAGAGCTGATTAAGGAGAACATGCACATG
AAGCTGTACATGGAGGGCACCGTGAACAACCACCACTTCAAGTGCACATCCGAGGGCGAAGGCAAGCCCTACGAGGGCACCCAGACCATGAGAATCA
AGGTGGTCGAGGGCGGCCCTCTCCCCTTCGCCTTCGACATCCTGGCTACCAGCTTCATGTACGGCAGCAGAACCTTCATCAACCACACCCAGGGCAT
CCCCGACTTCTTTAAGCAGTCCTTCCCTGAGGGCTTCACATGGGAGAGAGTCACCACATACGAAGACGGGGGCGTGCTGACCGCTACCCAGGACACC
AGCCTCCAGGACGGCTGCCTCATCTACAACGTCAAGATCAGAGGGGTGAACTTCCCATCCAACGGCCCTGTGATGCAGAAGAAAACACTCGGCTGGG
AGGCCAACACCGAGATGCTGTACCCCGCTGACGGCGGCCTGGAAGGCAGAAGCGACATGGCCCTGAAGCTCGTGGGCGGGGGCCACCTGATCTGCAA
CTTCAAGACCACATACAGATCCAAGAAACCCGCTAAGAACCTCAAGATGCCCGGCGTCTACTATGTGGACCACAGACTGGAAAGAATCAAGGAGGCC
GACAAAGAGACCTACGTCGAGCAGCACGAGGTGGCTGTGGCCAGATACTGCGACCTCCCTAGCAAACTGGGGCACAAACTTAATTCCGGATCAGATA
CCGGTCCGTCAAATATTGCAAAAATTATCATCGGCCCCCTCATCTTTGTCTTTCTCTTCAGTGTTGTGATTGGAAGTATTTATCTATTCCTGAGAAA
GAGGCAGCCAGATGGGCCGCTGGGACCGCTTTACGCTTCTTCAAACCCTGAGTATCTCAGTGCCAGTGATGTGTTTCCATGCTCTGTGTACGTGCCG
GACGAGTGGGAGGTGTCTCGAGAGAAGATCACCCTCCTTCGAGAGCTGGGGCAGGGCTCCTTCGGCATGGTGTATGAGGGCAATGCCAGGGACATCA
TCAAGGGTGAGGCAGAGACCCGCGTGGCGGTGAAGACGGTCAACGAGTCAGCCAGTCTCCGAGAGCGGATTGAGTTCCTCAATGAGGCCTCGGTCAT
GAAGGGCTTCACCTGCCATCACGTGGTGCGCCTCCTGGGAGTGGTGTCCAAGGGCCAGCCCACGCTGGTGGTGATGGAGCTGATGGCTCACGGAGAC
CTGAAGAGCTACCTCCGTTCTCTGCGGCCAGAGGCTGAGAATAATCCTGGCCGCCCTCCCCCTACCCTTCAAGAGATGATTCAGATGGCGGCAGAGA
TTGCTGACGGGATGGCCTACCTGAACGCCAAGAAGTTTGTGCATCGGGACCTGGCAGCGAGAAACTGCATGGTCGCCCATGATTTTACTGTCAAAAT
TGGAGACTTTGGAATGACCAGAGACATCTATGAAACGGATTACTACCGGAAAGGGGGCAAGGGTCTGCTCCCTGTACGGTGGATGGCACCGGAGTCC
CTGAAGGATGGGGTCTTCACCACTTCTTCTGACATGTGGTCCTTTGGCGTGGTCCTTTGGGAAATCACCAGCTTGGCAGAACAGCCTTACCAAGGCC
TGTCTAATGAACAGGTGTTGAAATTTGTCATGGATGGAGGGTATCTGGATCAACCCGACAACTGTCCAGAGAGAGTCACTGACCTCATGCGCATGTG
CTGGCAATTCAACCCCAAGATGAGGCCAACCTTCCTGGAGATTGTCAACCTGCTCAAGGACGACCTGCACCCCAGCTTTCCAGAGGTGTCGTTCTTC
CACAGCGAGGAGAACAAGGCTCCCGAGAGTGAGGAGCTGGAGATGGAGTTTGAGGACATGGAGAATGTGCCCCTGGACCGTTCCTCGCACTGTCAGA
GGGAGGAGGCGGGGGGCCGGGATGGAGGGTCCTCGCTGGGTTTCAAGCGGAGCTACGAGGAACACATCCCTTACACACACATGAACGGAGGCAAGAA
AAACGGGCGGATTCTGACCTTGCCTCGGTCCAATCCTTCCTAA
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A.3

pcDNA-3.1-(-)-InsRA-TagBFP

InsR-A-PartI

926

AgeI

BsiWI

ApaI

TagBFP

3748

10211 bp

HindIII

InsR-PartII

4474

5779

> InsRA-TagBFP ORF sequence
ATGGGCACCGGGGGCCGGCGGGGGGCGGCGGCCGCGCCGCTGCTGGTGGCGGTGGCCGCGCTGCTACTGGGCGCCGCGGGCCACCTGTACCCCGGAG
AGGTGTGTCCCGGCATGGATATCCGGAACAACCTCACTAGGTTGCATGAGCTGGAGAATTGCTCTGTCATCGAAGGACACTTGCAGATACTCTTGAT
GTTCAAAACGAGGCCCGAAGATTTCCGAGACCTCAGTTTCCCCAAACTCATCATGATCACTGATTACTTGCTGCTCTTCCGGGTCTATGGGCTCGAG
AGCCTGAAGGACCTGTTCCCCAACCTCACGGTCATCCGGGGATCACGACTGTTCTTTAACTACGCGCTGGTCATCTTCGAGATGGTTCACCTCAAGG
AACTCGGCCTCTACAACCTGATGAACATCACCCGGGGTTCTGTCCGCATCGAGAAGAACAATGAGCTCTGTTACTTGGCCACTATCGACTGGTCCCG
TATCCTGGATTCCGTGGAGGATAATCACATCGTGTTGAACAAAGATGACAACGAGGAGTGTGGAGACATCTGTCCGGGTACCGCGAAGGGCAAGACC
AACTGCCCCGCCACCGTCATCAACGGGCAGTTTGTCGAACGATGTTGGACTCATAGTCACTGCCAGAAAGTTTGCCCGACCATCTGTAAGTCACACG
GCTGCACCGCCGAAGGCCTCTGTTGCCACAGCGAGTGCCTGGGCAACTGTTCTCAGCCCGACGACCCCACCAAGTGCGTGGCCTGCCGCAACTTCTA
CCTGGACGGCAGGTGTGTGGAGACCTGCCCGCCCCCGTACTACCACTTCCAGGACTGGCGCTGTGTGAACTTCAGCTTCTGCCAGGACCTGCACCAC
AAATGCAAGAACTCGCGGAGGCAGGGCTGCCACCAATACGTCATTCACAACAACAAGTGCATCCCTGAGTGTCCCTCCGGGTACACGATGAATTCCA
GCAACTTGCTGTGCACCCCATGCCTGGGTCCCTGTCCCAAGGTGTGCCACCTCCTAGAAGGCGAGAAGACCATCGACTCGGTGACGTCTGCCCAGGA
GCTCCGAGGATGCACCGTCATCAACGGGAGTCTGATCATCAACATTCGAGGAGGCAACAATCTGGCAGCTGAGCTAGAAGCCAACCTCGGCCTCATT
GAAGAAATTTCAGGGTATCTAAAAATCCGCCGATCCTACGCTCTGGTGTCACTTTCCTTCTTCCGGAAGTTACGTCTGATTCGAGGAGAGACCTTGG
AAATTGGGAACTACTCCTTCTATGCCTTGGACAACCAGAACCTAAGGCAGCTCTGGGACTGGAGCAAACACAACCTCACCACCACTCAGGGGAAACT
CTTCTTCCACTATAACCCCAAACTCTGCTTGTCAGAAATCCACAAGATGGAAGAAGTTTCAGGAACCAAGGGGCGCCAGGAGAGAAACGACATTGCC
CTGAAGACCAATGGGGACAAGGCATCCTGTGAAAATGAGTTACTTAAATTTTCTTACATTCGGACATCTTTTGACAAGATCTTGCTGAGATGGGAGC
CGTACTGGCCCCCCGACTTCCGAGACCTCTTGGGGTTCATGCTGTTCTACAAAGAGGCCCCTTATCAGAATGTGACGGAGTTCGATGGGCAGGATGC
GTGTGGTTCCAACAGTTGGACGGTGGTAGACATTGACCCACCCCTGAGGTCCAACGACCCCAAATCACAGAACCACCCAGGGTGGCTGATGCGGGGT
CTCAAGCCCTGGACCCAGTATGCCATCTTTGTGAAGACCCTGGTCACCTTTTCGGATGAACGCCGGACCTATGGGGCCAAGAGTGACATCATTTATG
TCCAGACAGATGCCACCAACCCCTCTGTGCCCCTGGATCCAATCTCAGTGTCTAACTCATCATCCCAGATTATTCTGAAGTGGAAACCACCCTCCGA
CCCCAATGGCAACATCACCCACTACCTGGTTTTCTGGGAGAGGCAGGCGGAAGACAGTGAGCTGTTCGAGCTGGATTATTGCCTCAAAGGGCTGAAG
CTGCCCTCGAGGACCTGGTCTCCACCATTCGAGTCTGAAGATTCTCAGAAGCACAACCAGAGTGAGTATGAGGATTCGGCCGGCGAATGCTGCTCCT
GTCCAAAGACAGACTCTCAGATCCTGAAGGAGCTGGAGGAGTCCTCGTTTAGGAAGACGTTTGAGGATTACCTGCACAACGTGGTTTTCGTCCCCAG
GCCATCTCGGAAACGCAGGTCCCTTGGCGATGTTGGGAATGTGACGGTGGCCGTGCCCACGGTGGCAGCTTTCCCCAACACTTCCTCGACCAGCGTG
CCCACGAGTCCGGAGGAGCACAGGCCTTTTGAGAAGGTGGTGAACAAGGAGTCGCTGGTCATCTCCGGCTTGCGACACTTCACGGGCTATCGCATCG
AGCTGCAGGCTTGCAACCAGGACACCCCTGAGGAACGGTGCAGTGTGGCAGCCTACGTCAGTGCGAGGACCATGCCTGAAGCCAAGGCTGATGACAT
TGTTGGCCCTGTGACGCATGAAATCTTTGAGAACAACGTCGTCCACTTGATGTGGCAGGAGCCGAAGGAGCCCAATGGTCTGATCGTGCTGTATGAA
GTGAGTTATCGGCGATATGGTGATGAGGAGCTGCATCTCTGCGTCTCCCGCAAGCACTTCGCTCTGGAACGGGGCTGCAGGCTGCGTGGGCTGTCAC
CGGGGAACTACAGCGTGCGAATCCGGGCCACCTCCCTTGCGGGCAACGGCTCTTGGACGGAACCCACCTATTTCTACGTGACAGACTATTTAGACGT
CCGTACGATCGAATTCCCCAGCGAGCTGATTAAGGAGAACATGCACATGAAGCTGTACATGGAGGGCACCGTGGACAACCATCACTTCAAGTGCACA
TCCGAGGGCGAAGGCAAGCCCTACGAGGGCACCCAGACCATGAGAATCAAGGTGGTCGAGGGCGGCCCTCTCCCCTTCGCCTTCGACATCCTGGCTA
CTAGCTTCCTCTACGGCAGCAAGACCTTCATCAACCACACCCAGGGCATCCCCGACTTCTTCAAGCAGTCCTTCCCTGAGGGCTTCACATGGGAGAG
AGTCACCACATACGAAGACGGGGGCGTGCTGACCGCTACCCAGGACACCAGCCTCCAGGACGGCTGCCTCATCTACAACGTCAAGATCAGAGGGGTG
AACTTCACATCCAACGGCCCTGTGATGCAGAAGAAAACACTCGGCTGGGAGGCCTTCACCGAGACGCTGTACCCCGCTGACGGCGGCCTGGAAGGCA
GAAACGACATGGCCCTGAAGCTCGTGGGCGGGAGCCATCTGATCGCAAACATCAAGACCACATATAGATCCAAGAAACCCGCTAAGAACCTCAAGAT
GCCTGGCGTCTACTATGTGGACTACAGACTGGAAAGAATCAAGGAGGCCAACAACGAGACCTACGTCGAGCAGCACGAGGTGGCAGTGGCCAGATAC
TGCGACCTCCCTAGCAAACTGGGGCACAAGCTTAATTCCGGATCAGATACCGGTCCGTCAAATATTGCAAAAATTATCATCGGCCCCCTCATCTTTG
TCTTTCTCTTCAGTGTTGTGATTGGAAGTATTTATCTATTCCTGAGAAAGAGGCAGCCAGATGGGCCGCTGGGACCGCTTTACGCTTCTTCAAACCC
TGAGTATCTCAGTGCCAGTGATGTGTTTCCATGCTCTGTGTACGTGCCGGACGAGTGGGAGGTGTCTCGAGAGAAGATCACCCTCCTTCGAGAGCTG
GGGCAGGGCTCCTTCGGCATGGTGTATGAGGGCAATGCCAGGGACATCATCAAGGGTGAGGCAGAGACCCGCGTGGCGGTGAAGACGGTCAACGAGT
CAGCCAGTCTCCGAGAGCGGATTGAGTTCCTCAATGAGGCCTCGGTCATGAAGGGCTTCACCTGCCATCACGTGGTGCGCCTCCTGGGAGTGGTGTC
CAAGGGCCAGCCCACGCTGGTGGTGATGGAGCTGATGGCTCACGGAGACCTGAAGAGCTACCTCCGTTCTCTGCGGCCAGAGGCTGAGAATAATCCT
GGCCGCCCTCCCCCTACCCTTCAAGAGATGATTCAGATGGCGGCAGAGATTGCTGACGGGATGGCCTACCTGAACGCCAAGAAGTTTGTGCATCGGG
ACCTGGCAGCGAGAAACTGCATGGTCGCCCATGATTTTACTGTCAAAATTGGAGACTTTGGAATGACCAGAGACATCTATGAAACGGATTACTACCG
GAAAGGGGGCAAGGGTCTGCTCCCTGTACGGTGGATGGCACCGGAGTCCCTGAAGGATGGGGTCTTCACCACTTCTTCTGACATGTGGTCCTTTGGC
GTGGTCCTTTGGGAAATCACCAGCTTGGCAGAACAGCCTTACCAAGGCCTGTCTAATGAACAGGTGTTGAAATTTGTCATGGATGGAGGGTATCTGG
ATCAACCCGACAACTGTCCAGAGAGAGTCACTGACCTCATGCGCATGTGCTGGCAATTCAACCCCAAGATGAGGCCAACCTTCCTGGAGATTGTCAA
CCTGCTCAAGGACGACCTGCACCCCAGCTTTCCAGAGGTGTCGTTCTTCCACAGCGAGGAGAACAAGGCTCCCGAGAGTGAGGAGCTGGAGATGGAG
TTTGAGGACATGGAGAATGTGCCCCTGGACCGTTCCTCGCACTGTCAGAGGGAGGAGGCGGGGGGCCGGGATGGAGGGTCCTCGCTGGGTTTCAAGC
GGAGCTACGAGGAACACATCCCTTACACACACATGAACGGAGGCAAGAAAAACGGGCGGATTCTGACCTTGCCTCGGTCCAATCCTTCCTAA
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A.4

pcDNA-3.1-(-)-InsRB-TagBFP

InsR-B-PartI

923

AgeI

BsiWI

ApaI

TagBFP

3781

10244 bp

HindIII

InsR-PartII

4507

5812

> InsRB-TagBFP ORF sequence
ATGGGCACCGGGGGCCGGCGGGGGGCGGCGGCCGCGCCGCTGCTGGTGGCGGTGGCCGCGCTGCTACTGGGCGCCGCGGGCCACCTGTACCCCGGAG
AGGTGTGTCCCGGCATGGATATCCGGAACAACCTCACTAGGTTGCATGAGCTGGAGAATTGCTCTGTCATCGAAGGACACTTGCAGATACTCTTGAT
GTTCAAAACGAGGCCCGAAGATTTCCGAGACCTCAGTTTCCCCAAACTCATCATGATCACTGATTACTTGCTGCTCTTCCGGGTCTATGGGCTCGAG
AGCCTGAAGGACCTGTTCCCCAACCTCACGGTCATCCGGGGATCACGACTGTTCTTTAACTACGCGCTGGTCATCTTCGAGATGGTTCACCTCAAGG
AACTCGGCCTCTACAACCTGATGAACATCACCCGGGGTTCTGTCCGCATCGAGAAGAACAATGAGCTCTGTTACTTGGCCACTATCGACTGGTCCCG
TATCCTGGATTCCGTGGAGGATAATCACATCGTGTTGAACAAAGATGACAACGAGGAGTGTGGAGACATCTGTCCGGGTACCGCGAAGGGCAAGACC
AACTGCCCCGCCACCGTCATCAACGGGCAGTTTGTCGAACGATGTTGGACTCATAGTCACTGCCAGAAAGTTTGCCCGACCATCTGTAAGTCACACG
GCTGCACCGCCGAAGGCCTCTGTTGCCACAGCGAGTGCCTGGGCAACTGTTCTCAGCCCGACGACCCCACCAAGTGCGTGGCCTGCCGCAACTTCTA
CCTGGACGGCAGGTGTGTGGAGACCTGCCCGCCCCCGTACTACCACTTCCAGGACTGGCGCTGTGTGAACTTCAGCTTCTGCCAGGACCTGCACCAC
AAATGCAAGAACTCGCGGAGGCAGGGCTGCCACCAATACGTCATTCACAACAACAAGTGCATCCCTGAGTGTCCCTCCGGGTACACGATGAATTCCA
GCAACTTGCTGTGCACCCCATGCCTGGGTCCCTGTCCCAAGGTGTGCCACCTCCTAGAAGGCGAGAAGACCATCGACTCGGTGACGTCTGCCCAGGA
GCTCCGAGGATGCACCGTCATCAACGGGAGTCTGATCATCAACATTCGAGGAGGCAACAATCTGGCAGCTGAGCTAGAAGCCAACCTCGGCCTCATT
GAAGAAATTTCAGGGTATCTAAAAATCCGCCGATCCTACGCTCTGGTGTCACTTTCCTTCTTCCGGAAGTTACGTCTGATTCGAGGAGAGACCTTGG
AAATTGGGAACTACTCCTTCTATGCCTTGGACAACCAGAACCTAAGGCAGCTCTGGGACTGGAGCAAACACAACCTCACCACCACTCAGGGGAAACT
CTTCTTCCACTATAACCCCAAACTCTGCTTGTCAGAAATCCACAAGATGGAAGAAGTTTCAGGAACCAAGGGGCGCCAGGAGAGAAACGACATTGCC
CTGAAGACCAATGGGGACAAGGCATCCTGTGAAAATGAGTTACTTAAATTTTCTTACATTCGGACATCTTTTGACAAGATCTTGCTGAGATGGGAGC
CGTACTGGCCCCCCGACTTCCGAGACCTCTTGGGGTTCATGCTGTTCTACAAAGAGGCCCCTTATCAGAATGTGACGGAGTTCGATGGGCAGGATGC
GTGTGGTTCCAACAGTTGGACGGTGGTAGACATTGACCCACCCCTGAGGTCCAACGACCCCAAATCACAGAACCACCCAGGGTGGCTGATGCGGGGT
CTCAAGCCCTGGACCCAGTATGCCATCTTTGTGAAGACCCTGGTCACCTTTTCGGATGAACGCCGGACCTATGGGGCCAAGAGTGACATCATTTATG
TCCAGACAGATGCCACCAACCCCTCTGTGCCCCTGGATCCAATCTCAGTGTCTAACTCATCATCCCAGATTATTCTGAAGTGGAAACCACCCTCCGA
CCCCAATGGCAACATCACCCACTACCTGGTTTTCTGGGAGAGGCAGGCGGAAGACAGTGAGCTGTTCGAGCTGGATTATTGCCTCAAAGGGCTGAAG
CTGCCCTCGAGGACCTGGTCTCCACCATTCGAGTCTGAAGATTCTCAGAAGCACAACCAGAGTGAGTATGAGGATTCGGCCGGCGAATGCTGCTCCT
GTCCAAAGACAGACTCTCAGATCCTGAAGGAGCTGGAGGAGTCCTCGTTTAGGAAGACGTTTGAGGATTACCTGCACAACGTGGTTTTCGTCCCCAG
AAAAACCTCTTCAGGCACTGGTGCCGAGGACCCTAGGCCATCTCGGAAACGCAGGTCCCTTGGCGATGTTGGGAATGTGACGGTGGCCGTGCCCACG
GTGGCAGCTTTCCCCAACACTTCCTCGACCAGCGTGCCCACGAGTCCGGAGGAGCACAGGCCTTTTGAGAAGGTGGTGAACAAGGAGTCGCTGGTCA
TCTCCGGCTTGCGACACTTCACGGGCTATCGCATCGAGCTGCAGGCTTGCAACCAGGACACCCCTGAGGAACGGTGCAGTGTGGCAGCCTACGTCAG
TGCGAGGACCATGCCTGAAGCCAAGGCTGATGACATTGTTGGCCCTGTGACGCATGAAATCTTTGAGAACAACGTCGTCCACTTGATGTGGCAGGAG
CCGAAGGAGCCCAATGGTCTGATCGTGCTGTATGAAGTGAGTTATCGGCGATATGGTGATGAGGAGCTGCATCTCTGCGTCTCCCGCAAGCACTTCG
CTCTGGAACGGGGCTGCAGGCTGCGTGGGCTGTCACCGGGGAACTACAGCGTGCGAATCCGGGCCACCTCCCTTGCGGGCAACGGCTCTTGGACGGA
ACCCACCTATTTCTACGTGACAGACTATTTAGACGTCCGTACGATCGAATTCCCCAGCGAGCTGATTAAGGAGAACATGCACATGAAGCTGTACATG
GAGGGCACCGTGGACAACCATCACTTCAAGTGCACATCCGAGGGCGAAGGCAAGCCCTACGAGGGCACCCAGACCATGAGAATCAAGGTGGTCGAGG
GCGGCCCTCTCCCCTTCGCCTTCGACATCCTGGCTACTAGCTTCCTCTACGGCAGCAAGACCTTCATCAACCACACCCAGGGCATCCCCGACTTCTT
CAAGCAGTCCTTCCCTGAGGGCTTCACATGGGAGAGAGTCACCACATACGAAGACGGGGGCGTGCTGACCGCTACCCAGGACACCAGCCTCCAGGAC
GGCTGCCTCATCTACAACGTCAAGATCAGAGGGGTGAACTTCACATCCAACGGCCCTGTGATGCAGAAGAAAACACTCGGCTGGGAGGCCTTCACCG
AGACGCTGTACCCCGCTGACGGCGGCCTGGAAGGCAGAAACGACATGGCCCTGAAGCTCGTGGGCGGGAGCCATCTGATCGCAAACATCAAGACCAC
ATATAGATCCAAGAAACCCGCTAAGAACCTCAAGATGCCTGGCGTCTACTATGTGGACTACAGACTGGAAAGAATCAAGGAGGCCAACAACGAGACC
TACGTCGAGCAGCACGAGGTGGCAGTGGCCAGATACTGCGACCTCCCTAGCAAACTGGGGCACAAGCTTAATTCCGGATCAGATACCGGTCCGTCAA
ATATTGCAAAAATTATCATCGGCCCCCTCATCTTTGTCTTTCTCTTCAGTGTTGTGATTGGAAGTATTTATCTATTCCTGAGAAAGAGGCAGCCAGA
TGGGCCGCTGGGACCGCTTTACGCTTCTTCAAACCCTGAGTATCTCAGTGCCAGTGATGTGTTTCCATGCTCTGTGTACGTGCCGGACGAGTGGGAG
GTGTCTCGAGAGAAGATCACCCTCCTTCGAGAGCTGGGGCAGGGCTCCTTCGGCATGGTGTATGAGGGCAATGCCAGGGACATCATCAAGGGTGAGG
CAGAGACCCGCGTGGCGGTGAAGACGGTCAACGAGTCAGCCAGTCTCCGAGAGCGGATTGAGTTCCTCAATGAGGCCTCGGTCATGAAGGGCTTCAC
CTGCCATCACGTGGTGCGCCTCCTGGGAGTGGTGTCCAAGGGCCAGCCCACGCTGGTGGTGATGGAGCTGATGGCTCACGGAGACCTGAAGAGCTAC
CTCCGTTCTCTGCGGCCAGAGGCTGAGAATAATCCTGGCCGCCCTCCCCCTACCCTTCAAGAGATGATTCAGATGGCGGCAGAGATTGCTGACGGGA
TGGCCTACCTGAACGCCAAGAAGTTTGTGCATCGGGACCTGGCAGCGAGAAACTGCATGGTCGCCCATGATTTTACTGTCAAAATTGGAGACTTTGG
AATGACCAGAGACATCTATGAAACGGATTACTACCGGAAAGGGGGCAAGGGTCTGCTCCCTGTACGGTGGATGGCACCGGAGTCCCTGAAGGATGGG
GTCTTCACCACTTCTTCTGACATGTGGTCCTTTGGCGTGGTCCTTTGGGAAATCACCAGCTTGGCAGAACAGCCTTACCAAGGCCTGTCTAATGAAC
AGGTGTTGAAATTTGTCATGGATGGAGGGTATCTGGATCAACCCGACAACTGTCCAGAGAGAGTCACTGACCTCATGCGCATGTGCTGGCAATTCAA
CCCCAAGATGAGGCCAACCTTCCTGGAGATTGTCAACCTGCTCAAGGACGACCTGCACCCCAGCTTTCCAGAGGTGTCGTTCTTCCACAGCGAGGAG
AACAAGGCTCCCGAGAGTGAGGAGCTGGAGATGGAGTTTGAGGACATGGAGAATGTGCCCCTGGACCGTTCCTCGCACTGTCAGAGGGAGGAGGCGG
GGGGCCGGGATGGAGGGTCCTCGCTGGGTTTCAAGCGGAGCTACGAGGAACACATCCCTTACACACACATGAACGGAGGCAAGAAAAACGGGCGGAT
TCTGACCTTGCCTCGGTCCAATCCTTCCTAA
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A.5

pcDNA-3.1-(-)-TiVAMP-GEM-GECO1
ApaI

NotI

TiVAMP

913

Hind III

EcoRI

GEM-GECO1

1582

1609

7444 bp

3012

> TiVAMP-GEM-GECO1 ORF sequence
ATGGCGATTCTTTTTGCTGTTGTTGCCAGGGGGACCACTATCCTTGCCAAACATGCTTGGTGTGGAGGAAACTTCCTGGAGGTGACAGAGCAGATTC
TGGCTAAGATACCTTCTGAAAATAACAAACTAACGTACTCACATGGCAATTATTTGTTTCATTACATCTGCCAAGACAGGATTGTATATCTTTGTAT
CACTGATGATGATTTTGAACGTTCCCGAGCCTTTAATTTTCTGAATGAGATAAAGAAGAGGTTCCAGACTACTTACGGTTCAAGAGCACAGACAGCA
CTTCCATATGCCATGAATAGCGAGTTCTCAAGTGTCTTAGCTGCACAGCTGAAGCATCACTCTGAGAATAAGGGCCTAGACAAAGTGATGGAGACTC
AAGCCCAAGTGGATGAACTGAAAGGAATCATGGTCAGAAACATAGATCTGGTAGCTCAGCGAGGAGAAAGATTGGAATTATTGATTGACAAAACAGA
AAATCTTGTGGATTCTTCTGTCACCTTCAAAACTACCAGCAGAAATCTTGCTCGAGCCATGTGTATGAAGAACCTCAAGCTCACTATTATCATCATC
ATCGTATCAATTGTGTTCATCTATATCATTGTTTCACCTCTCTGTGGTGGATTTACATGGCCAAGCTGTGTGAAGAAAGCGGCCGCCACTGTGCTGG
ATATCTGCAGAATTCTAACGCCGCGACGTGCGACTGCGGCGCAAGCGGCGACTGACGCTTCTAGAGGTTCTCATCATCATCATCATCATGGTATGGC
TAGCATGACTGGTGGACAGCAAATGGGTCGGGATCTGTACGACGATGATGATAAGGATCTCGCCACAATGGTCGACTCATCACGTCGTAAGTGGAAT
AAGACAGGTCACGCAGTCAGAGCTATAGGTCGGCTGAGCTCACCAGAGAACGTGTATATCAAGGCCGACGAGCAGAAGAACGGCATCAAGGCGTACT
TCAAGATCCGCCACAACATCGAGGGCGGCGGCGTGCAGCTCGCCTACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGA
CAACCACTACCTGAGCGTGCAGTCCATACTTTCGAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATC
ACTCTCGGCATGGACGAGCTGTACAAGGGTGGCAGCGGTGGCATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCAGGTCGAGC
TGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGTGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCAC
CGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGTCCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGAC
TTCTTCAAGTCCGCCATGCCCGAAGGCTACATCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCG
AGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAGCACGCGTGA
CCAACTGACTGAAGAGCAGATCGCAGAATTTAAAGAGGCTTTCTCCCTATTTGACAAGGACGGGGATGGGACGATAACAACCAAGGAGCTGGGGACG
GTGATGCGGTCTCTGGGGCAGAACCCCACAGAAGCAGAGCTGCAGGACATGATCAATGAAGTAGATGCCGACGGTGACGGCACAATCGACTTCCCTG
AGTTCCTGACAATGATGGCACCTAAAATGCAGGACACAGACAGTGAAGAAGAAATTAGAGAAGCGTTCCGTGTGTTTGATAAGGACGGCAATGGCTA
CATCGGCGCAGCAGAGCTTCGCCACGTGATGACAAACCTTGGAGAGAAGTTAACAGATGAAGAGGTTGATGAAATGATCAGGGTAGCAGACATCGAT
GGGGATGGTCAGGTAAACTACGAAGAGTTTGTACAAATGATGACAGCGAAGTAG

139

A.6

pcDNA-3.1-(-)-TiVAMP-mKeima

ApaI

NotI

TiVAMP

913

Hind III

EcoRI

mKeima

1582

1609

6766 bp

2333

> TiVAMP-mKeima ORF sequence
ATGGCGATTCTTTTTGCTGTTGTTGCCAGGGGGACCACTATCCTTGCCAAACATGCTTGGTGTGGAGGAAACTTCCTGGAGGTGACAGAGCAGATTC
TGGCTAAGATACCTTCTGAAAATAACAAACTAACGTACTCACATGGCAATTATTTGTTTCATTACATCTGCCAAGACAGGATTGTATATCTTTGTAT
CACTGATGATGATTTTGAACGTTCCCGAGCCTTTAATTTTCTGAATGAGATAAAGAAGAGGTTCCAGACTACTTACGGTTCAAGAGCACAGACAGCA
CTTCCATATGCCATGAATAGCGAGTTCTCAAGTGTCTTAGCTGCACAGCTGAAGCATCACTCTGAGAATAAGGGCCTAGACAAAGTGATGGAGACTC
AAGCCCAAGTGGATGAACTGAAAGGAATCATGGTCAGAAACATAGATCTGGTAGCTCAGCGAGGAGAAAGATTGGAATTATTGATTGACAAAACAGA
AAATCTTGTGGATTCTTCTGTCACCTTCAAAACTACCAGCAGAAATCTTGCTCGAGCCATGTGTATGAAGAACCTCAAGCTCACTATTATCATCATC
ATCGTATCAATTGTGTTCATCTATATCATTGTTTCACCTCTCTGTGGTGGATTTACATGGCCAAGCTGTGTGAAGAAAGCGGCCGCCACTGTGCTGG
ATATCTGCAGAATTCTAACGCCGCGACGTGCGACTGCGGCGCAAGCGGCGACTGACGCTTCTAGAATGGTGAGTGTGATCGCTAAACAAATGACCTA
CAAGGTTTATATGTCAGGCACGGTCAATGGACACTACTTTGAGGTCGAAGGCGATGGAAAAGGAAAGCCTTACGAGGGAGAGCAGACAGTAAAGCTC
ACTGTCACCAAGGGTGGACCTCTGCCATTTGCTTGGGATATTTTATCACCACAGCTTCAGTACGGAAGCATACCATTCACCAAGTACCCTGAAGACA
TCCCTGATTATTTCAAGCAGTCATTCCCTGAGGGATATACATGGGAGAGGAGCATGAACTTTGAAGATGGTGCAGTGTGTACTGTCAGCAATGATTC
CAGCATCCAAGGCAACTGTTTCATCTACAATGTCAAAATCTCTGGTGAGAACTTTCCTCCCAATGGACCTGTTATGCAGAAGAAGACACAGGGCTGG
GAACCCAGCACTGAGCGTCTCTTTGCACGAGATGGAATGCTGATAGGAAACGATTATATGGCTCTGAAGTTGGAAGGAGGTGGTCACTATTTGTGTG
AATTTAAATCTACTTACAAGGCAAAGAAGCCTGTGAGGATGCCAGGGCGCCACGAGATTGACCGCAAACTGGATGTAACCAGTCACAACAGGGATTA
CACATCTGTTGAGCAGTGTGAAATAGCCATTGCACGCCACTCTTTGCTCGGTTAG
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